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The vertebrate immunological defense system relies upon
interdependent regulatory interactions between the innate
and adaptive immune compartments playing a pivotal role
in various physiological and immunopathological condi-
tions. It is, thus, imperative to study both of these immune
compartments as one functional unit. Detailed understand-
ing of the interaction between innate and adaptive immunity
can lead to new approaches aimed to improve immunother-
apy for various diseases. After receiving an overwhelming
number of submissions and successful compilation of
research/review articles on the innate-adaptive immune
crosstalk in the first season, this journal made a decision to
publish an annual special issue on this subject. This 2016
special issue consists of 10 review and 6 research articles
accepted from a total of 25 submissions following a rigorous
peer review.

This special issue includes three interesting review arti-
cles on the importance of NK cells in innate and adaptive
immune functions. A review by S. Gabrielli et al. discussed
the importance of NK cell memories and the innate-
adaptive immune intrinsic crosstalk. Another article by R.
Thomas and X. Yang reviewed literature on NK-DC crosstalk
in immunity to microbial infections with special emphasis on
the ability of various microbes to differentially influence NK-
DC crosstalk. J.-Q. Yang et al. discussed effects of invariant

NKT cells on parasitic infections and hygiene hypothesis.
They highlighted relevance of the natural ligands from para-
sites and the involvement of iNKT cells in the hygiene
hypothesis. Lipid-specific T cells comprise a group of T cells
that recognize lipids bound to the MHC class I-like CD1
molecules. In a review by C. S. Pereira and M. F. Macedo,
the characteristics of CD1 molecules and CD1-restricted
lipid-specific T cells were described to highlight the innate-
like and adaptive-like features of different CD1-restricted T
cell subtypes. Osteopontin (OPN) regulates the immune
response at multiple levels. The review by N. Clemente
et al. described the OPN structure, isoforms, and functions
and its role in regulating the crosstalk between innate and
adaptive immunity in autoimmune diseases. Deficiency of
Zinc (Zn), an essential micronutrient, has been shown to
suppress both innate and adaptive immune responses. In this
review, S. Hojyo and T. Fukada highlighted the emerging
functional roles of Zn and Zn transporters in immunity,
focusing on how the crosstalk between Zn and immune-
related signaling guides the normal development and func-
tion of immune cells. In a review article entitled “Crosstalk
between innate lymphoid cells and other immune cells in
the tumor microenvironment”, F. Flores-Borja et al. defined
the specific contributions of each type of innate lymphoid
cells leading to tumor development and discussed how the
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manipulation of their function will be important to develop
new anticancer interventions and therapeutic strategies. In
a review article on advances in immunotherapy for glioblas-
tomamultiforme (GBM), B. Huang et al. compiled studies on
the use of immunotherapy for GBM and discussed their lacu-
nae. Further, K. Zhou et al. discussed recent advances of the
NLRP3 inflammasome in central nervous system disorders.
The review by C. Zhang et al. summarized recent research
studies in the field of MDSCs and the role of immune cell
crosstalk in the establishment and maintenance of immune
tolerant microenvironment in transplantation and offered
future research directions.

The research articles published in this annual special
issue include an interesting article on therapeutic modulation
of innate and adaptive immune responses. L. Tan et al.
reported efficacy of dietary supplementation of Astragalus
polysaccharides to enhance immune components and
growth factors EGF and IGF-1 in sow colostrum (the main
external resource providing piglets with nutrients and mater-
nal immune molecules). In another article, S. Gorman et al.
showed that dietary supplementation of vitamin D increased
the percentages and suppressive activity of cells in the skin-
draining lymph nodes, which are poised to suppress dermal
inflammation. This special issue also contains two articles
on immune modulation during bacterial infections. G. F.
Schiavano et al. evaluated changes in STAT-1 activation after
the uptake of two Gram-positive and two Gram-negative
bacteria in human macrophages. Authors concluded that
STAT-1 activation is independent of the internalized bacte-
rial number and IFN-γ release. The other articles in this
special issue focused on preclinical and clinical cancer
immunology aspects. S. McNeal et al. evaluated association
of immunosuppression with death receptor-6 expression
during the development and progression of spontaneous
ovarian cancer in laying hen model. In the other clinical
study, 13 patients were treated with metastatic or locally
advanced pancreatic cancer using autologous RetroNectin-
activated CIK cells (R-CIK cells) alone or in combination
with chemotherapy. Authors concluded that RetroNectin
might enhance antitumor activity of CIK cells and it is safe
for use in treating pancreatic cancer. Finally, an article by
R. H. M. Raeven et al. performed a meta-analysis of pulmo-
nary transcriptomes from differently primed mice to identify
molecular signatures of differentiation leading to immune
responses following Bordetella pertussis infection.
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Glioblastoma multiforme (GBM) is the most common primary malignant brain tumor in adults. Patients with GBM have poor
outcomes, even with the current gold-standard first-line treatment: maximal safe resection combined with radiotherapy and
temozolomide chemotherapy. Accumulating evidence suggests that advances in antigen-specific cancer vaccines and immune
checkpoint blockade in other advanced tumors may provide an appealing promise for immunotherapy in glioma. The future of
therapy for GBMwill likely incorporate a combinatorial, personalized approach, including current conventional treatments, active
immunotherapeutics, plus agents targeting immunosuppressive checkpoints.

1. Introduction

Glioblastoma multiforme (GBM) is the most common
primary malignant brain tumor in adults, accounting for
approximately 60–70% of gliomas [1] and 15% of primary
brain tumors [2].The current standard treatment for patients
with GBM is maximal tumor resection followed by adjuvant
radiotherapy and temozolomide [3]. Although this stan-
dardized treatment has demonstrated efficacy in prolonging
patient survival, the prognosis for patients remains extremely
poor, with a median survival time (MS) of 14.6 months and
an average 5-year survival rate of less than 5% [1, 2, 4]. This
may be partly due to resistance of GBM cells to treatment
and their capacity to spread and invade into surrounding
brain parenchyma. Accordingly, substantial efforts have been
made in developing new approaches for gene therapy, tar-
geted chemotherapeutics, and/or radiotherapeutic modali-
ties. However, the MS for patients with newly diagnosed
GBM have improved only modestly during the past 10 years.

Immunotherapy, harnessing the power of the host’s
immune system by inducing, enhancing, or suppressing
immune responses to reject cancer cells, is rapidly becoming a
pillar of anticancer therapy. Immunotherapeutic approaches
can be classified as active immunotherapy aimed at pro-
moting a Th1 immune response through tumor vaccines,
nonspecific immune stimulants, or cellular vaccines, and
passive immunotherapy, to induce an antitumor effect by
transferring effector immune cells into patients. In 2010, the
first antigen-specific vaccine for castration-resistant prostate
cancer, sipuleucel-T, was approved by the FDA. In 2011,
the first checkpoint inhibitor for advanced melanoma, ipili-
mumab, was also approved. Since then, immunotherapy has
proven effective in the treatment of melanoma, Hodgkin’s
lymphoma, renal cell carcinoma, and non-small-cell lung
cancer (NSCLC) inwhich conventional therapies have gained
limited success [5–9] (Table 1). In this review, we will summa-
rize the application of immunotherapy for GBM and discuss
preclinical data and emerging clinical studies of vaccination,
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Table 1: Stage of clinical development of immunotherapeutics in select cancers.

Cancer type Mechanism Agent Phase
Melanoma Anti-CTLA-4 Ipilimumab FDA approved
Melanoma Anti-PD-1 Nivolumab Phase III
Melanoma Anti-PD-1 Pembrolizumab FDA approved
Melanoma Adoptive cell therapy Phases I-II
Melanoma Peptide Vaccine Melan-A peptides Phases I-II
Melanoma Autologous DC vaccine Phases I-II
Melanoma Whole tumor cell vaccine Phases I-II
NSCLC Peptide vaccine EGFR peptide Phase III
NSCLC Anti-CTLA-4 Ipilimumab Phase III
NSCLC Anti-PD-1 Nivolumab Phase II

immune checkpoint blockade, and adoptive T-cell transfer in
the treatment of this devastating disease.

2. CNS Immune Privilege and
Immunosuppression of GBM

The central nervous system (CNS) has been traditionally
viewed as an immune-privileged site, secondary to the blood-
brain barrier (BBB) that prevents free diffusion of cells and
molecules and lack of a conventional lymphatic drainage
system [10–13]. Paradoxically, however, it has been known
for over 20 years that brain tumors have the capacity to elicit
potent antitumor immune responses. Most recently, the dis-
covery of a CNS lymphatic system has provided an explana-
tion for this phenomenon. Using animal bearing intracranial
tumors models, it has been demonstrated that tumor-derived
antigens can be drained from the cerebrospinal fluid into the
cervical lymph nodes to stimulate specific T-cells [14]. After
amplification, these T-cells are able to efficiently migrate into
the CNS and target and kill tumor cells [15]. However, these
so-called tumor-specific T-cells have to exert their function
in a hypoxic environment, where chronic inflammation and
tumor cells can stimulate immunosuppression [16]. In addi-
tion, the inflammatory stimuli introduced by brain tumors
can induce microglial activation and blood-brain barrier
(BBB) disruption. Microglia serve as the main effector cells
of the innate immune system in the CNS and play a critical
role in cytotoxicity against phagocytosis and T-cell activation
through antigen presentation. It has been demonstrated that
microglia can increase GBM cell migration and invasion via
secretion ofmatrix-degrading enzymes andmembrane type I
metalloproteinases (MMPs) [17].The role thatmicroglia plays
in GBM tumor progression was verified by the identification
of protumorigenic Osteoactivin (GPNMB) and Osteopontin
(SP1) expression in profiledGBM tumor-associatedmicroglia
[18]. Disruption of the BBB with injury and disease can
facilitate the presentation of CNS antigens to the cervical
lymph nodes, serving to prime T-cells for homing and
infiltration into the tumor parenchyma [19–21].

InGBM, a high level of vascular endothelial growth factor
(VEGF) expression and pathologically structured microves-
sels can introduce increased permeability of BBB, enhancing

the interaction between tumor cells and the immune system.
GBM cells express high levels of MHC and Fas which play
a role in the adaptive immune response. However, GBM has
been traditionally considered an immunosuppressive tumor,
effective in evading the immune response through a variety
of mechanisms (Figure 1). First, GBM can express various
potent immunosuppressive factors, such as indoleamine 2,3-
dioxygenase (IDO), TGF-𝛽, and STAT3 [22–24]. IDO is
expressed in 96% of resectedGBM, of which the upregulation
is correlating with a poor patient prognosis [25]. IDO1 func-
tions to convert tryptophan into kynurenines, which mediate
apoptosis of effector T-cells and activation of regulatory T-
cells- (Treg-) mediated immunosuppression [26]. Inhibition
of TGF-𝛽/Smads signaling can restore immune surveillance
in glioma models [27] which could inhibit proliferation
through microRNA-182 and platelet-derived growth factor-
𝛽 (PDGF-𝛽). Second, another immunosuppressive pathway
mediated by interactions between programmed death 1 (PD-
1) and programmed death-ligand 1 (PD-L1) contributes to
the inhibition of T-cell activation and proliferation. Exami-
nation of 135 GBM specimens demonstrated that PD-L1 was
positively expressed in 88% newly diagnosed GBM patients
and 72% recurrent GBM patients [28]. Although the PD-
L1 expression in the healthy CNS parenchyma surrounding
GBM is very low, GBM cells express a relatively higher level
of PD-L1 than other tumors (∼30% of melanomas [29] and
25–36% of NSCLC [30]). Moreover, both tumor-infiltrating
macrophages andmicroglia in GBMwere reported to express
high levels of PD-L1, suggesting the need for optimal
immunotherapeutic benefit [31, 32]. A third predominant
and essential pathway contributing to immunosuppression
in GBM is mediation by cytotoxic T-lymphocyte antigen-
4 (CTLA-4), a coinhibitory receptor that outcompetes cos-
timulatory receptor, CD28, for binding to CD80 and CD86
[33, 34]. The inhibitory effects of CTLA-4 occur largely in
naive and resting T-cells and act to inhibit T-cell effector
function and augment the inhibitory activity of Tregs [35].

3. T-Cell Based Vaccine Therapies

Recent expansion in our knowledge of immune-mediated
mechanisms has led to the rapid development of immune-
targeted therapeutic strategies (Table 2). Among anticancer
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APC

CD80/CD86

CD80/CD86
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CD28

Decreased T-cell activation
and proliferation
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TCR

(1) Decreased T-cell activation
and proliferation; (2) decreased lytic

capability; (3) anergy

Inhibitory signal 

Inhibitory signal 

Signal 1 

PD-L1 PD1

GBM T-cell

T-cell

peptide

MHC-I/
peptide

Figure 1: Mechanism of CTLA-4 and PD-L1 immune checkpoints. The CTLA-4 immune checkpoint (left figure) occurs early during the
priming phase of the immune response, acting within secondary lymphoid organs. CTLA-4 is a powerful inhibitory T-cell receptor that can
preferentially bind to CD80/CD86 on the surface of APCs, preventing their binding to the T-cell costimulatory receptor CD28, thus leading to
decreased T-cell activation and proliferation in the context of antigen-presenting MHC class I. PD-1 signaling takes place during the effector
phase of the immune responses within the tumor microenvironment. The inhibitory PD-1 T-cell receptor interacts with one of two currently
identified PD-1 ligands: PD-L1 or PD-L2, expressed on the surface of tumor cells. Engagement of PD-1 ligands with the PD-1, in the context
of tumor antigen-presenting MHC class I, can decrease the T-cell tumor lytic capacity and induces T-cell anergy. APC: antigen-presenting
cell.

immunotherapies, the success of tumor vaccines and T-
cell therapies relies on the elicitation of significant numbers
of tumor-specific T-cells to seek and destroy tumor cells.
Adaptation of vaccination strategies in cancer is aiming
at eliciting unproductive immune responses against tumor
cells in the patient by injection of tumor-derived antigens.
The primary requirement for a safe and effective tumor
vaccine is that the antigen target be expressed specifically
in tumor cells but absent in normal cells of the body. In
this regard, tumor-specific antigens (TSAs) that arise from
mutations in the tumor are ideal candidates. An example of a
potential TSA in GBM is epidermal growth factor receptor
variant III (EGFRvIII), which induces the immune system
to act against the tumor by presenting the mutant peptide
to the stimulated immune cells [36]. EGFRvIII is the result

of an in-frame deletion of exons 2–7 on EGFR resulting
in a novel amino acid sequence and a truncated protein
with an altered extracellular domain epitope [37]. Phase II
clinical trials of Rindopepimut�, a 13-amino acid EGFRvIII
peptide vaccine conjugated to adjuvant has demonstrated
vaccine immunogenicity and increased overall survival (OS),
which is correlated with the magnitude of induced tumor
immunity [38–40]. Interestingly, most patients that relapsed
after vaccination had lost the EGFRvIII antigen, demon-
strating at the same time the efficacy of vaccine-induced
immune responses in eradicating tumor cells [38]. Another
phase III ACT IV study involved 700 patients with newly
diagnosed EGFRvIII-positive GBM demonstrated that treat-
ment of Rindopepimut (Rintega) plus temozolomide failed to
improve overall survival (OS) compared with temozolomide
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and a control [41]. However, as reported in a study using
single-cell DNA analysis, only a subset of cells in the tumor
may express EGFRvIII due to the intratumoral heterogeneity,
and expression may be highly variable [42, 43], resulting
in survival and recurrence of the non-EGFRvIII-expressing
cells. Despite these concerns, trials of Rindopepimut have
shown promising results overall, leading to an ongoing phase
III trial in newly diagnosed (NCT01480479) and relapsed
(NCT01498328) GBM. Unfortunately, since EGFRvIII is only
present in 20–30% of newly diagnosed GBM [44], the
identification of alternative GBM TSAs with higher levels of
expression will likely be necessary to achieve higher efficacy.
For example, another clinical trial based on the mutant
isocitrate dehydrogenase type 1 (IDH1) for recurrent grade II
astrocytoma (NCT02193347) has shown greater efficacy [45];
themutant IDH1 is carried bymore than 70% of diffuse grade
II and III gliomas [46].

Considering that heterogeneity of TSAs in the patient
population as a potentially limiting factor in treatment
efficacy, tumor-associated antigens (TAAs), which are not
tumor exclusive but are relatively overexpressed compared to
normal tissues, may be a more viable target in tumor vac-
cines. Clinical trials in GBM patients, using peptide-pulsed
dendritic cells or peptides alone in adjuvant, demonstrated
that TAA-based vaccine could elicit T-cell responses without
collateral autoimmunity, showing benefit in some patients
[47–50]. Early results were exciting, prompting initiation of
more clinical trials, such as applying the vaccine in patients
with lower-grade glioma, oligodendroglioma, oligoastrocy-
toma, and ependymoma (NCT01795313). On the other hand,
peptide elution from GBM cells was demonstrated capable
of identifying 10 novel GBM-associated antigens, brevican,
chitinase 3-like 2, Chondroitin sulphate proteoglycan, fatty
acid-binding protein 7, insulin-like growth factor 2messenger
RNA-binding protein 3, neuroligin 4, X-linked, neuronal cell
adhesion molecule, protein tyrosine phosphatase, receptor-
type, Z polypeptide, tenascin C, were overexpressed in 80–
100% of GBM patients, making a peptide vaccine possible
[51]. In this study, researchers found >6000 HLA-bound
peptides from HLA-A∗02+ glioblastoma, of which over 3000
were restricted by HLA-A∗02. They prioritized investigation
of these 10 glioblastoma-associated antigens, to which GBM
patients showed no T-cell tolerance. Moreover, researchers
demonstrated that these 10 peptides were highly immuno-
genic not only in healthy individuals but also in GBM
patients, 9 of which were being developed in a multipeptide
therapeutic vaccine designated IMA950. Moreover, peptide
elution from GBM cells identified 10 novel GBM-associated
antigens which are overexpressed in 80–100% of GBM
patients, making a peptide vaccine a potential reality [51].
Three trials that incorporate these well-characterized TAAs
(called the IMA950 antigens) are underway (NCT01403285,
NCT01920191, NCT01222221), using CD8+ T-cell epitopes
with different adjuvants. Other trials aiming at eliciting
both CD4 and CD8 T-cell responses use whole proteins as
immunogen to construct the TAA vaccines (NCT00626483,
NCT01522820, NCT00390299).

Vaccines that target single antigens are restricted to the
relatively small subset of patients with tumors that express

those TSAs and TAAs. Moreover, the heterogeneity of tumor
cells in expressing such antigens may also potentially limit
the utility and efficacy of these single-antigen vaccines.
Accordingly, alternative vaccine approaches have been cre-
ated to target a broad range of antigens. Among these, heat-
shock protein (HSP) peptide complexes (HSPPC-96) have
generated particular interest. HSPPC-96 is a primary resident
chaperone of the endoplasmic reticulum and binds various
client proteins that are involved in the antigen-presenting
pathway [52]. When conjugating to tumor peptides, intra-
cellular and extracellular HSPs coordinate to mediate the
internalization of HSPPC-96 into APCs for efficient class
I and II MHC-mediated presentation of tumor peptides
[53].Thus,HSPPC-96-tumor peptide complexes can generate
potent tumor-specific immune responses. In a phase II trial
for surgically resectable recurrent GBM, in which HSPPC-
96-loaded antigens were extracted from patient-derived
glioma tissue to use as a personalized antiglioma vaccine,
the median OS was increased to an impressive 42.6 weeks,
a substantial survival benefit when compared to historical
controls [54]. However, immunotherapeutic approaches may
be complicated by immunogenic side effects profiles, for
example, HSPPC-96 stimulation of both cytotoxic T lympho-
cytes (CTLs) and Tregs, especially at higher doses [55], and
lymphopenia [54].

4. Alternative Immune-Mediated Vaccines

The concept of vaccine immunotherapy involves priming
antigen-presenting cells (APCs) with tumor-derived antigens
in order to accelerate the eradication of tumor cells [56]
(Figure 1). Of the three types of professional APCs, dendritic
cells (DCs) are the most powerful and efficient in activating
T-cells, making DCs attractive candidates for therapeutic
antitumor strategies [57]. DCs express high levels of cell
surface markers MHC class I, MHC class II, and CD86 [58]
and are involved in both innate and adaptive immune systems
[59]. Compared to other APCs, DCs process antigens more
slowly generating a longer andmore sustainedT-cell response
[60]. Autologous DCs exposed to GBM-associated antigens
to take up and process the antigens as peptides on their cell
surface in the context ofMHCs are injected back into patients
as a vaccine therapy. Not only can the T-cells of patients be
activated by DCs-based vaccines via recognition of MHC
class I or II molecule, but natural killer (NK) and natural
killer T (NKT) cell function can be improved, both of which
can also elicit a powerful antitumor effect [61]. The efficacy
of DC-based vaccine for GBM utilizing pulsed autologous
DCs with tumor lysate is currently tested in a phase III
trial for newly diagnosed GBM patients (NCT00045968).
A preclinical study demonstrated that modulation of CMV-
specific DCs with tetanus/diphtheria (Td) preconditioning
could increase DC migration to vaccine site-draining lymph
nodes (VDLNs) [62]. This DC migration could also be
enhanced by exogenous administration of chemokine CCL3
in a mouse model with normal CD4 T-dependent immune
responses. The investigators propose CCL3 as a novel and
important mediator to increase DC migration to VDLNs.
In this study, researchers found that Td-treatment could

https://clinicaltrials.gov/ct2/show/NCT01480479
https://clinicaltrials.gov/ct2/show/NCT01498328
https://clinicaltrials.gov/ct2/show/NCT02193347
https://clinicaltrials.gov/ct2/show/NCT01795313
https://clinicaltrials.gov/ct2/show/NCT01403285
https://clinicaltrials.gov/ct2/show/NCT01920191
https://clinicaltrials.gov/ct2/show/NCT01222221
https://clinicaltrials.gov/ct2/show/NCT00626483
https://clinicaltrials.gov/ct2/show/NCT01522820
https://clinicaltrials.gov/ct2/show/NCT00390299
https://clinicaltrials.gov/ct2/show/NCT00045968
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Table 3: Representative clinical trials of immune checkpoint blockade in glioma.

Registration number New/recurrent/metastatic Mechanism Therapy Number of patients Phase

NCT02017717 Recurrent Anti-PD1, anti-CTLA4 Nivolumab, ipilimumab,
bevacizumab 𝑛 = 440 Phase III

NCT02336165 New + recurrent Anti-PDL1 MEDI4736,
Bevacizumab, 𝑛 = 84 Phase II

NCT02311920 New + recurrent Anti-PD1, anti-CTLA4 TMZ, nivolumab,
ipilimumab 𝑛 = 42 Phase I

NCT02337491 Recurrent Anti-PD1 Pembrolizumab,
bevacizumab 𝑛 = 79 Phase II

NCT01952769 Recurrent Anti-PD1 Pidilizumab 𝑛 = 30 Phase I/II

not only increase the PSF and OF in GBM patients but
also suppress the tumor growth in their established mouse
model. Accordingly, strategies aiming at modulating the DC
migration may be a promising therapeutic option. However,
the modification of autologous DCs is an expensive, time-
consuming, and labor-intensive process that must be carried
out in specialized facilities. In addition, the variability of some
antigens in inducing immune responses may also result in
variable and inconsistent effects. Tumor-specific proteins and
peptides that represent these proteins have then been used as
antigens to enhance tumor-specific cytotoxicity [63].

Another approach uses an immunotherapeutic strategy
to target glioma stem cells (GSCs). With their more active
DNA repair mechanisms and highly expressed multidrug
resistance genes, GSCs may play a role in mediating the
resistance of GBM to radiotherapy and chemotherapy and
contribute to local immunosuppression in theGBMmicroen-
vironment [64–66]. Several studies have demonstrated that
GSC-antigens-loaded DC vaccines could induce immune-
reactivity and a survival benefit in rodent orthotopic GBM
models [67, 68]. Another study showed that immunization
with GLAST peptides, a neural stem cell marker that is highly
expressed in the plasma membrane of GSCs, could efficiently
prevent the tumor progression in a glioma GL261 mouse
model [69]. Clinically, a DC vaccine (ICT-107) loaded with
six synthetically processed GBM-associated peptides, four of
which (HER2, TRP-2, AIM-2, and IL13R𝛼2) are considered
GSC-associated, has shown promising results in phase II trial
for newly diagnosed GBMpatients [70]. Another phase I trial
found that median PFS and OS in newly diagnosed GBM
patients were 16.9 and 38.4 months, which were correlated
with expression of the GSCs associated antigens in tumors
before vaccination [47]. Accordingly,GSC-antigens, however,
may be ideal for vaccination for their capability of stimulating
T-cells to induce tumor-specific cytotoxicity against GBM
cells when loaded to DCs [71].

Several studies have demonstrated that GSC-antigens-
loaded DC vaccines could induce immune-reactivity and
a survival benefit in rodent orthotopic GBM models [69,
70]. Clinically, a DC vaccine (ICT-107) loaded with six
synthetically processed GSC-associated peptides has shown
promising results in phase II trials for newly diagnosed GBM
patients [47]. Accordingly, GSC-antigens, however, may be
ideal for vaccination for their capability of stimulating T-cells

to induce tumor-specific cytotoxicity against GBMcells when
loaded to DCs [71].

5. Immune Checkpoint Inhibition

It has been recognized that coinhibitory receptors on T-cells
play an essential role in attenuating the strength and dura-
tion of T-cell-mediated immune responses. These inhibitory
receptors are referred to as immune checkpoint molecules
responsible for maintaining self-tolerance and preventing
autoimmune reactions [72, 73]. To date, the two most
intensely investigated coinhibitory molecules are CTLA-4
(that acts early in T-cell activation) and PD-1 (that blocks T-
cells at later stages of the immune response) [74]. It has been
demonstrated that blockade of CTLA4 and PD1 could induce
tumor regression and promote long-term survival in mouse
glioma models (Table 3) [35, 75]. Clinically, ipilimumab, a
humanized CTLA-4 antibody and the first FDA-approved
immune checkpoint inhibitor, has been demonstrated to
improve OS in a phase III clinical trial for metastatic
melanoma patients [76], however, with only a complete
response observed in 2% patients. In phase I and II trials
of solid tumors, ipilimumab improved PFS [77, 78] but with
severe immune adverse effects [79]. However, another CTLA-
4 antibody, tremelimumab, failed to show significant survival
benefit in phase III trial for metastatic melanoma patients
[74]. In GBM, robust antitumor immunity introduced by
CTLA-4 mAb was only observed in at the preclinical stage
[75] and the clinical utility of ipilimumab may be limited to
only a small subset of GBM patients.

Conversely, efforts aimed at inhibiting the PD-1/PDL1
pathway have shown more promising results. In a preclinical
study using the GL261 glioma mouse model, combination
of anti-PD-1 antibodies and radiotherapy doubled median
survival and elicited long-term survival in 15–40% of mice
compared with either treatment alone [75]. Clinically, pem-
brolizumab, a PD-L1 antibody, has been approved by the
FDA to apply in the treatment of metastatic melanoma
and NSCLC. In GBM, nivolumab, another PD-1 antibody,
developed for GBM patients is being tested, with two clini-
cal trials currently recruiting GBM patients (NCT02337491,
NCT02336165). The most promising results have been
achieved in a randomized control trial with combinatorial

https://clinicaltrials.gov/ct2/show/NCT02017717
https://clinicaltrials.gov/ct2/show/NCT02336165
https://clinicaltrials.gov/ct2/show/NCT02311920
https://clinicaltrials.gov/ct2/show/NCT02337491
https://clinicaltrials.gov/ct2/show/NCT01952769
https://clinicaltrials.gov/ct2/show/NCT02337491
https://clinicaltrials.gov/ct2/show/NCT02336165
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CTLA-4/PD-(L)1 blockade for advancedmelanoma, inwhich
combination of CTLA-4 and PD-1 blockade demonstrated an
improved objective response rate (ORR) of 58%, compared
to monotherapy of anti-CTLA-4 (19%) and monotherapy
of anti-PD-1 (44%) [80]. A randomized phase III study
aimed at testing nivolumab versus bevacizumab in recur-
rent GBM patients will also test combination therapy of
nivolumab and ipilimumab (NCT02017717). Another two
phase I/II trials will analyze the effectiveness of combinatorial
pembrolizumabwith bevacizumab (NCT02337491) and com-
binatorial pembrolizumab with MRI-guided laser ablation
(NCT02311582) in recurrent GBM patients. In addition,
MEDI4736, a humanized PD-Ll mAb, is currently being
tested in clinical trials for GBM patients combined with
radiotherapy and bevacizumab (NCT02336165).

However, relatively high frequency of immune-related
adverse effects, such as endocrinological, hepatic, gastroin-
testinal, and dermatological toxicities, have limited enthu-
siasm for immune checkpoint blockade as a immunother-
apeutic strategy against cancer [81]. These adverse effects
were considered to be associated with aberrant infiltration
of stimulated CD4+ and CD8+ T-cells into normal tissues in
company with elevated levels of proinflammatory cytokines
[82]. Recently, newer agents targeting PD-1 ligands (PD-
lLs) have now been tested in renal cell cancer, NSCLC, and
melanoma (NCT00729664). These agents have shown the
capability of inducing durable tumor regression with less
grade 3 or 4 adverse events compared with CTLA-4mAb and
PD-1 mAb [83]. Overall, the combination of various immune
checkpoint modulators have shown promising effectiveness
in the treatment of some solid tumors. The application of
combinatorial checkpoint modulators in GBM and other
tumors therefore requires further investigation into the inter-
play of costimulatory and coinhibitory molecules.

6. Adoptive T-Cell Therapy

While previously described therapeutic strategies endeavored
to induce endogenous T-cell responses, adoptive T-cell ther-
apies provide an alternative strategy: in vitro amplification
of tumor-specific autologous T-cells followed by venous
infusion into the same individual. Adoptive T-cell therapy
has evolved during the past two decades in concert with
the development of genetic engineering, resulting in the
generation of high avidity tumor-specific T-cells. Tumor-
reactive T-cells are often achieved by transducing the patient’s
autologous T-cells with vectors encoding T-cell receptors
(TCR) or chimeric antibody receptors (CAR) [84]. Although
TCR engineering has not yet been applied in glioma, several
preclinical studies of CARs targeting proteins (IL-13 receptor
[85, 86], Her2 [87, 88], EphA2 [89], and EGFRvIII [90, 91])
have shown promising results. Clinically, adoptive T-cell
therapy has demonstrated its effectiveness with CAR-based
treatment for CD19C B-cell malignancies [92]. A clinical trial
for 11 recurrent GBM patients has demonstrated infusions of
autologous adoptively transferred human cytomegalovirus-
(CMV-) specific T-cells increased OS to of >57 weeks,
with 4 patients maintaining no progression throughout the

study period [93]. Another clinical trial concerning CMV
adoptive T-cell therapy is ongoing (NCT00693095). The
next step of adoptive T-cell therapy for GBM patients will
likely involve transducing autologousT-cells withCAR.CAR,
which consist of the antigen-binding region of a mono-
clonal antibody fused with a T-cell cytoplasmic signaling
domain, acts independently of MHC I expression on tumors
[94]. Clinical trials investigating CAR targeting EGFRvIII
(NCT02209376, NCT01454596), HER2 (NCT01109095), and
IL-13R𝛼2 (NCT02208362) are underway, and therapeutic
benefits without unacceptable toxicity are anticipated.

7. Conclusions

Current open clinical trials of immunotherapy predomi-
nantly focusing on DC vaccines and antibodies targeting
immunosuppressive checkpoints have achieved promising
immune activity and clinical responses (see Tables 1 and 2 for
summary).However, durable and sustained responses remain
rare, highlighting the need for novel promising approaches
including gene therapy and combinatorial immunothera-
peutic treatment. Immunogenic side effect profiles underlie
the need for next-generation immunotherapies with non-
immunosuppressive and/or anti-inflammatory approaches.
Current obstacles for immune therapy for GBM lie in (1)
finding drugs to penetrate the BBB; (2) identifying spe-
cific, suitable, and immunogenic tumor antigens; and (3)
identifying appropriate pre- and posttherapeutic biomark-
ers. Other challenges include the limited number of GBM
patients eligible to join particular clinical studies and a
deep understanding of various regulatory and stimulatory
factors in the immune system and GBM microenvironment.
Considering that the brain tumors will ultimatelymetastasize
outside the CNS, one future direction of immunotherapy is
to design immunotherapies to obtain sufficient functional
antitumor T-cell in the CNS, with no other sites to be
targeted. If so, one challenge will be determining tolerable
levels of inflammation to occur without damage to the brain.
Additionally, there remains a need for standardized and
validated assays to measure the immune response. However,
increased efforts have been dedicated to establishing reliable
biomarkers to improve the assessment of clinical efficacy
to guide therapeutic decision-making [95]. Immune therapy
for GBM requires an integrated effort, with combinations
of vaccines, cell therapy, and molecules targeting the tumor
environment, trying as well to exploit the beneficial aspects
of radio- and chemotherapy. This will serve to improve
and promote the development of an optimal personalized
therapeutic strategy for the treatment of GBM.

Competing Interests

The authors have no conflict of interests.

Authors’ Contributions

Boyuan Huang and Hongbo Zhang equally contributed to
this work.

https://clinicaltrials.gov/ct2/show/NCT02017717
https://clinicaltrials.gov/ct2/show/NCT02337491
https://clinicaltrials.gov/ct2/show/NCT02311582
https://clinicaltrials.gov/ct2/show/NCT02336165
https://clinicaltrials.gov/ct2/show/NCT00729664
https://clinicaltrials.gov/ct2/show/NCT00693095
https://clinicaltrials.gov/ct2/show/NCT02209376
https://clinicaltrials.gov/ct2/show/NCT01454596
https://clinicaltrials.gov/ct2/show/NCT01109095
https://clinicaltrials.gov/ct2/show/NCT02208362


8 Journal of Immunology Research

Acknowledgments

This work was supported by the National Natural Science
Foundation of China (no. 81571147 to Xiaoxing Xiong, no.
81301019 to LijuanGu, and no. 81600101 to Bainxin Ye) and an
AmericanHeart Association Award 14FTF19970029 to Creed
Stary, and the Fundamental Research Funds for the Central
Universities (no. 2042016kf0078 to Bainxin Ye).

References

[1] P. Y. Wen and S. Kesari, “Malignant gliomas in adults,” New
England Journal of Medicine, vol. 359, no. 5, pp. 492–507, 2008.

[2] Q. T. Ostrom, H. Gittleman, P. Liao et al., “CBTRUS statistical
report: primary brain and central nervous system tumors
diagnosed in the United States in 2007–2011,” Neuro-oncology,
vol. 16, pp. iv1–iv63, 2014.

[3] M.Weller,M. van den Bent, K. Hopkins et al., “EANOguideline
for the diagnosis and treatment of anaplastic gliomas and
glioblastoma,”TheLancetOncology, vol. 15, no. 9, pp. e395–e403,
2014.

[4] R. Stupp, W. P. Mason, M. J. Van Den Bent et al., “Radiotherapy
plus concomitant and adjuvant temozolomide for glioblas-
toma,” New England Journal of Medicine, vol. 352, no. 10, pp.
987–996, 2005.

[5] S. J. O’Day, M. Maio, V. Chiarion-Sileni et al., “Efficacy and
safety of ipilimumab monotherapy in patients with pretreated
advanced melanoma: AMulticenter Single-arm Phase Ii Study,”
Annals of Oncology, vol. 21, no. 8, pp. 1712–1717, 2010.

[6] J. D.Wolchok, H. Kluger,M. K. Callahan et al., “Nivolumab plus
Ipilimumab in advanced melanoma,” New England Journal of
Medicine, vol. 369, no. 2, pp. 122–133, 2013.

[7] S. M. Ansell, A. M. Lesokhin, I. Borrello et al., “PD-1 blockade
with nivolumab in relapsed or refractoryHodgkin’s lymphoma,”
TheNewEngland Journal ofMedicine, vol. 372, no. 4, pp. 311–319,
2015.

[8] N. A. Rizvi, J. Mazières, D. Planchard et al., “Activity and safety
of nivolumab, an anti-PD-1 immune checkpoint inhibitor, for
patients with advanced, refractory squamous non-small-cell
lung cancer (CheckMate 063): a phase 2, single-arm trial,” The
Lancet Oncology, vol. 16, no. 3, pp. 257–265, 2015.

[9] R. J. Motzer, B. I. Rini, D. F. McDermott et al., “Nivolumab for
metastatic renal cell carcinoma: results of a randomized phase II
trial,” Journal of Clinical Oncology, vol. 33, no. 13, pp. 1430–1437,
2015.

[10] C. Jackson, J. Ruzevick, J. Phallen, Z. Belcaid, and M. Lim,
“Challenges in immunotherapy presented by the glioblastoma
multiforme microenvironment,” Clinical and Developmental
Immunology, vol. 2011, Article ID 732413, 20 pages, 2011.

[11] A. B. Heimberger and J. H. Sampson, “Immunotherapy coming
of age: what will it take to make it standard of care for
glioblastoma?” Neuro-Oncology, vol. 13, no. 1, pp. 3–13, 2011.

[12] M. J. Carson, J. M. Doose, B. Melchior, C. D. Schmid, and C. C.
Ploix, “CNS immune privilege: hiding in plain sight,” Immuno-
logical Reviews, vol. 213, no. 1, pp. 48–65, 2006.

[13] E. Vauleon, T. Avril, B. Collet, J. Mosser, and V. Quil-
lien, “Overview of cellular immunotherapy for patients with
glioblastoma,” Clinical and Developmental Immunology, vol.
2010, Article ID 689171, 18 pages, 2010.

[14] T. Calzascia, F.Masson,W.Di Berardino-Besson et al., “Homing
phenotypes of tumor-specific CD8 T cells are predetermined at

the tumor site by crosspresenting APCs,” Immunity, vol. 22, no.
2, pp. 175–184, 2005.

[15] F. Masson, T. Calzascia, W. Di Berardino-Besson, N. De Tribo-
let, P.-Y. Dietrich, and P. R. Walker, “Brain microenvironment
promotes the final functional maturation of tumor-specific
effector CD8+ T cells,” Journal of Immunology, vol. 179, no. 2,
pp. 845–853, 2007.

[16] J. M. Pitt, A.Marabelle, A. Eggermont, J. Soria, G. Kroemer, and
L. Zitvogel, “Targeting the tumormicroenvironment: removing
obstruction to anticancer immune responses and immunother-
apy,” Annals of Oncology, vol. 27, no. 8, pp. 1482–1492, 2016.

[17] S. Lively and L. C. Schlichter, “The microglial activation state
regulates migration and roles of matrix-dissolving enzymes for
invasion,” Journal of Neuroinflammation, vol. 10, article no. 75,
2013.

[18] F. Szulzewsky, S. Arora, L. deWitte et al., “Human glioblastoma-
associated microglia/monocytes express a distinct RNA profile
compared to human control and murine samples,” GLIA, vol.
64, no. 8, pp. 1416–1436, 2016.

[19] S. Rivest, “Regulation of innate immune responses in the brain,”
Nature Reviews Immunology, vol. 9, no. 6, pp. 429–439, 2009.

[20] A. Farin, S. O. Suzuki,M.Weiker, J. E. Goldman, J. N. Bruce, and
P. Canoll, “Transplanted glioma cells migrate and proliferate on
host brain vasculature: a dynamic analysis,” Glia, vol. 53, no. 8,
pp. 799–808, 2006.

[21] S. Watkins, S. Robel, I. F. Kimbrough, S. M. Robert, G. Ellis-
Davies, and H. Sontheimer, “Disruption of astrocyte-vascular
coupling and the blood-brain barrier by invading glioma cells,”
Nature Communications, vol. 5, article no. 4196, 2014.

[22] T. T. Tran, M. UhI, J. Y. Ma et al., “Inhibiting TGF-𝛽 signaling
restores immune surveillance in the SMA-560 glioma model,”
Neuro-Oncology, vol. 9, no. 3, pp. 259–270, 2007.

[23] D. A. Wainwright, A. L. Chang, M. Dey et al., “Durable
therapeutic efficacy utilizing combinatorial blockade against
IDO, CTLA-4, and PD-L1 in mice with brain tumors,” Clinical
Cancer Research, vol. 20, no. 20, pp. 5290–5301, 2014.

[24] A. T. Parsa, J. S. Waldron, A. Panner et al., “Loss of tumor
suppressor PTEN function increases B7-H1 expression and
immunoresistance in glioma,”NatureMedicine, vol. 13, no. 1, pp.
84–88, 2007.

[25] K. Mitsuka, T. Kawataki, E. Satoh, T. Asahara, T. Horikoshi,
and H. Kinouchi, “Expression of indoleamine 2,3-dioxygenase
and correlation with pathological malignancy in gliomas,”
Neurosurgery, vol. 72, no. 6, pp. 1031–1038, 2013.

[26] S. Herbertz, J. S. Sawyer, A. J. Stauber et al., “Clinical devel-
opment of galunisertib (Ly2157299 monohydrate), a small
molecule inhibitor of transforming growth factor-beta signaling
pathway,” Drug Design, Development and Therapy, vol. 9, pp.
4479–4499, 2015.

[27] L. Zhai, K. L. Lauing, A. L. Chang et al., “The role of IDO in
brain tumor immunotherapy,” Journal of Neuro-Oncology, vol.
123, no. 3, pp. 395–403, 2015.

[28] A. S. Berghoff, B. Kiesel, G. Widhalm et al., “Programmed
death ligand 1 expression and tumor-infiltrating lymphocytes
in glioblastoma,” Neuro-Oncology, vol. 17, no. 8, pp. 1064–1075,
2015.

[29] J. S. Weber, R. R. Kudchadkar, B. Yu et al., “Safety, efficacy,
and biomarkers of nivolumab with vaccine in ipilimumab-
refractory or -naive melanoma,” Journal of Clinical Oncology,
vol. 31, no. 34, pp. 4311–4318, 2013.



Journal of Immunology Research 9

[30] V. Velcheti, K. A. Schalper, D. E. Carvajal et al., “Programmed
death ligand-1 expression in non-small cell lung cancer,” Labo-
ratory Investigation, vol. 94, no. 1, pp. 107–116, 2014.

[31] O. Bloch, C. A. Crane, R. Kaur, M. Safaee, M. J. Rutkowski,
and A. T. Parsa, “Gliomas promote immunosuppression
through induction of B7-H1 expression in tumor-associated
macrophages,”Clinical Cancer Research, vol. 19, no. 12, pp. 3165–
3175, 2013.

[32] A. S. Berghoff, B. Kiesel, G. Widhalm et al., “Programmed
death ligand 1 expression and tumor-infiltrating lymphocytes
in glioblastoma,” Neuro-Oncology, vol. 17, no. 8, pp. 1064–1075,
2014.

[33] M. F. Krummel and J. P. Allison, “CD28 and CTLA-4 have
opposing effects on the response of T cells to stimulation,”
Journal of Experimental Medicine, vol. 182, no. 2, pp. 459–465,
1995.

[34] P. S. Linsley, W. Brady, M. Urnes, L. S. Grosmaire, N. K. Damle,
and J. A. Ledbetter, “CTLA-4 is a second receptor for the B cell
activation antigen B7,” The Journal of Experimental Medicine,
vol. 174, no. 3, pp. 561–569, 1991.

[35] P. E. Fecci, H. Ochiai, D. A. Mitchell et al., “Systemic CTLA-4
blockade ameliorates glioma-induced changes to the CD4+ T
cell compartment without affecting regulatory T-cell function,”
Clinical Cancer Research, vol. 13, no. 7, pp. 2158–2167, 2007.

[36] I. Mellman, G. Coukos, and G. Dranoff, “Cancer immunother-
apy comes of age,” Nature, vol. 480, no. 7378, pp. 480–489, 2011.

[37] P. C. Gedeon, B. D. Choi, J. H. Sampson, and D. D. Bigner,
“Rindopepimut: anti-EGFRvIII peptide vaccine oncolytic,”
Drugs of the Future, vol. 38, no. 3, pp. 147–155, 2013.

[38] J. H. Sampson, A. B. Heimberger, G. E. Archer et al., “Immuno-
logic escape after prolonged progression-free survival with epi-
dermal growth factor receptor variant III peptide vaccination in
patients with newly diagnosed glioblastoma,” Journal of Clinical
Oncology, vol. 28, no. 31, pp. 4722–4729, 2010.

[39] J. H. Sampson, K. D. Aldape, G. E. Archer et al., “Greater
chemotherapy-induced lymphopenia enhances tumor-specific
immune responses that eliminate EGFRvIII-expressing tumor
cells in patients with glioblastoma,”Neuro-Oncology, vol. 13, no.
3, pp. 324–333, 2011.

[40] J. Schuster, R. K. Lai, L. D. Recht et al., “A phase II, multicenter
trial of rindopepimut (CDX-110) in newly diagnosed glioblas-
toma: theACT III study,”Neuro-Oncology, vol. 17, no. 6, pp. 854–
861, 2015.

[41] A.Marucci, RindopepimutMisses OS Endpoint in Phase III Glio-
blastoma Trial, OncLive, Cranbury, NJ, USA, 2016, http://www
.abta.org/about-us/news/brain-tumor-news/rindopepimut-misses-
OS-endpoint.html.

[42] C. A. Del Vecchio, C. P. Giacomini, H. Vogel et al., “EGFRvIII
gene rearrangement is an early event in glioblastoma tumori-
genesis and expression defines a hierarchy modulated by epi-
genetic mechanisms,” Oncogene, vol. 32, no. 21, pp. 2670–2681,
2013.

[43] J. M. Francis, C.-Z. Zhang, C. L. Maire et al., “EGFR variant
heterogeneity in glioblastoma resolved through single-nucleus
sequencing,” Cancer Discovery, vol. 4, no. 8, pp. 956–971, 2014.

[44] C. E. Pelloski, K. V. Ballman, A. F. Furth et al., “Epidermal
growth factor receptor variant III status defines clinically
distinct subtypes of glioblastoma,” Journal of Clinical Oncology,
vol. 25, no. 16, pp. 2288–2294, 2007.

[45] T. Schumacher, L. Bunse, S. Pusch et al., “A vaccine targeting
mutant IDH1 induces antitumour immunity,” Nature, vol. 512,
no. 7514, pp. 324–327, 2014.

[46] H. Yan, D. W. Parsons, G. Jin et al., “IDH1 and IDH2 mutations
in gliomas,”The New England Journal of Medicine, vol. 360, no.
8, pp. 765–773, 2009.

[47] S. Phuphanich, C. J. Wheeler, J. D. Rudnick et al., “Phase
I trial of a multi-epitope-pulsed dendritic cell vaccine for
patients with newly diagnosed glioblastoma,” Cancer Immunol-
ogy, Immunotherapy, vol. 62, no. 1, pp. 125–135, 2013.

[48] H. Okada, P. Kalinski, R. Ueda et al., “Induction of CD8+ T-
cell responses against novel glioma–associated antigen peptides
and clinical activity by vaccinations with 𝛼-type 1 polarized
dendritic cells and polyinosinic-polycytidylic acid stabilized by
lysine and carboxymethylcellulose in patients with recurrent
malignant glioma,” Journal of Clinical Oncology, vol. 29, no. 3,
pp. 330–336, 2011.

[49] M. Terasaki, S. Shibui, Y. Narita et al., “Phase I trial of a
personalized peptide vaccine for patients positive for human
leukocyte antigen-A24 with recurrent or progressive glioblas-
toma multiforme,” Journal of Clinical Oncology, vol. 29, no. 3,
pp. 337–344, 2011.

[50] I. F. Pollack, R. I. Jakacki, L. H. Butterfield et al., “Antigen-
specific immune responses and clinical outcome after vaccina-
tion with glioma-associated antigen peptides and polyinosinic-
polycytidylic acid stabilized by lysine and carboxymethylcellu-
lose in children with newly diagnosedmalignant brainstem and
nonbrainstem gliomas,” Journal of Clinical Oncology, vol. 32, no.
19, pp. 2050–2058, 2014.

[51] V. Dutoit, C. Herold-Mende, N. Hilf et al., “Exploiting the
glioblastoma peptidome to discover novel tumour-associated
antigens for immunotherapy,” Brain, vol. 135, no. 4, pp. 1042–
1054, 2012.

[52] R. J. Amato, “Heat-shock protein-peptide complex-96 for the
treatment of cancer,” Expert Opinion on Biological Therapy, vol.
7, no. 8, pp. 1267–1273, 2007.

[53] S. Basu, R. J. Binder, T. Ramalingam, and P. K. Srivastava, “CD91
is a common receptor for heat shock proteins gp96, hsp90,
hsp70, and calreticulin,” Immunity, vol. 14, no. 3, pp. 303–313,
2001.

[54] O. Bloch, C. A. Crane, Y. Fuks et al., “Heat-shock protein
peptide complex-96 vaccination for recurrent glioblastoma: a
phase II, single-arm trial,” Neuro-Oncology, vol. 16, no. 2, pp.
274–279, 2014.

[55] Z. Liu, X. Li, L. Qiu et al., “Treg suppress CTL responses
upon immunization with HSP gp96,” European Journal of
Immunology, vol. 39, no. 11, pp. 3110–3120, 2009.

[56] A. Bregy, T. M. Wong, A. H. Shah, J. M. Goldberg, and R.
J. Komotar, “Active immunotherapy using dendritic cells in
the treatment of glioblastoma multiforme,” Cancer Treatment
Reviews, vol. 39, no. 8, pp. 891–907, 2013.

[57] K. Palucka and J. Banchereau, “Cancer immunotherapy via
dendritic cells,” Nature Reviews Cancer, vol. 12, no. 4, pp. 265–
277, 2012.

[58] L. H. Butterfield, “Dendritic cells in cancer immunotherapy
clinical trials: are we making progress?” Frontiers in Immunol-
ogy, vol. 4, article no. 454, 2013.

[59] X. Jie, L. Hua, W. Jiang, F. Feng, G. Feng, and Z. Hua, “Clinical
application of a dendritic cell vaccine raised against heat-
shocked glioblastoma,”Cell Biochemistry and Biophysics, vol. 62,
no. 1, pp. 91–99, 2012.

[60] C. Goyvaerts and K. Breckpot, “Pros and cons of antigen-
presenting cell targeted tumor vaccines,” Journal of Immunology
Research, vol. 2015, Article ID 785634, 18 pages, 2015.

http://www.abta.org/about-us/news/brain-tumor-news/rindopepimut-misses-OS-endpoint.html
http://www.abta.org/about-us/news/brain-tumor-news/rindopepimut-misses-OS-endpoint.html
http://www.abta.org/about-us/news/brain-tumor-news/rindopepimut-misses-OS-endpoint.html


10 Journal of Immunology Research

[61] M.-Y. Yang, P. M. Zetler, R. M. Prins, H. Khan-Farooqi, and L.
M. Liau, “Immunotherapy for patients with malignant glioma:
from theoretical principles to clinical applications,” Expert
Review of Neurotherapeutics, vol. 6, no. 10, pp. 1481–1494, 2006.

[62] D. A. Mitchell, K. A. Batich, M. D. Gunn et al., “Tetanus
toxoid and CCL3 improve dendritic cell vaccines in mice and
glioblastoma patients,” Nature, vol. 519, no. 7543, pp. 366–369,
2015.

[63] J. A. Berzofsky,M. Terabe, S. Oh et al., “Progress on new vaccine
strategies for the immunotherapy and prevention of cancer,”
Journal of Clinical Investigation, vol. 113, no. 11, pp. 1515–1525,
2004.

[64] S. Bao, Q. Wu, R. E. McLendon et al., “Glioma stem cells
promote radioresistance by preferential activation of the DNA
damage response,”Nature, vol. 444, no. 7120, pp. 756–760, 2006.

[65] A.-M. Bleau, D. Hambardzumyan, T. Ozawa et al., “PTEN/
PI3K/Akt pathway regulates the side population phenotype and
ABCG2 activity in glioma tumor stem-like cells,” Cell Stem Cell,
vol. 4, no. 3, pp. 226–235, 2009.

[66] A.Wu, J.Wei, L.-Y. Kong et al., “Glioma cancer stem cells induce
immunosuppressive macrophages/microglia,” Neuro-Oncology,
vol. 12, no. 11, pp. 1113–1125, 2010.

[67] S. Pellegatta, P. L. Poliani, D. Corno et al., “Neurospheres
enriched in cancer stem-like cells are highly effective in eliciting
a dendritic cell-mediated immune response against malignant
gliomas,”Cancer Research, vol. 66, no. 21, pp. 10247–10252, 2006.

[68] Q. Xu, G. Liu, X. Yuan et al., “Antigen-specific T-cell response
from dendritic cell vaccination using cancer stem-like cell-
associated antigens,” Stem Cells, vol. 27, no. 8, pp. 1734–1740,
2009.

[69] G. Cantini, F. Pisati, S. Pessina, G. Finocchiaro, and S. Pellegatta,
“Immunotherapy against the radial glia marker GLAST effec-
tively triggers specific antitumor effectors without autoimmu-
nity,” OncoImmunology, vol. 1, no. 6, pp. 884–893, 2012.

[70] P. Wen, D. Reardon, S. Phuphanich et al., “AT-60—a random-
ized double blind placebo-controlled phase 2 trial of dendritic
cell (DC) vaccine ICT-107 following standard treatment in
newly diagnosed patients with GBM,” Neuro-Oncology, vol. 16,
no. 5, article v22, 2014.

[71] B. Ji, Q. Chen, B. Liu et al., “Glioma stem cell-targeted dendritic
cells as a tumor vaccine against malignant glioma,” Yonsei
Medical Journal, vol. 54, no. 1, pp. 92–100, 2013.

[72] B. Engels, V. H. Engelhard, J. Sidney et al., “Relapse or eradica-
tion of cancer is predicted by peptide-major histocompatibility
complex affinity,” Cancer Cell, vol. 23, no. 4, pp. 516–526, 2013.

[73] P. F. Robbins, Y.-C. Lu, M. El-Gamil et al., “Mining exomic
sequencing data to identify mutated antigens recognized by
adoptively transferred tumor-reactive T cells,”Nature Medicine,
vol. 19, no. 6, pp. 747–752, 2013.

[74] D. M. Pardoll, “The blockade of immune checkpoints in cancer
immunotherapy,”Nature Reviews Cancer, vol. 12, no. 4, pp. 252–
264, 2012.

[75] J. Zeng, A. P. See, J. Phallen et al., “Anti-PD-1 blockade
and stereotactic radiation produce long-term survival in mice
with intracranial gliomas,” International Journal of Radiation
Oncology Biology Physics, vol. 86, no. 2, pp. 343–349, 2013.

[76] F. S. Hodi, S. J. O’Day, D. F. McDermott et al., “Improved sur-
vival with ipilimumab in patients with metastatic melanoma,”
The New England Journal of Medicine, vol. 363, no. 8, pp. 711–
723, 2010.

[77] T. J. Lynch, I. Bondarenko, A. Luft et al., “Ipilimumab in com-
bination with paclitaxel and carboplatin as first-line treatment
in stage IIIB/IV non-small-cell lung cancer: results from a
randomized, double-blind, multicenter phase II study,” Journal
of Clinical Oncology, vol. 30, no. 17, pp. 2046–2054, 2012.

[78] J. C. Yang, M. Hughes, U. Kammula et al., “Ipilimumab (anti-
CTLA4 antibody) causes regression of metastatic renal cell
cancer associated with enteritis and hypophysitis,” Journal of
Immunotherapy, vol. 30, no. 8, pp. 825–830, 2007.

[79] A. Ribas, R. Kefford, M. A. Marshall et al., “Phase III ran-
domized clinical trial comparing tremelimumabwith standard-
of-care chemotherapy in patients with advanced melanoma,”
Journal of Clinical Oncology, vol. 31, no. 5, pp. 616–622, 2013.

[80] J. Larkin, V. Chiarion-Sileni, R. Gonzalez et al., “Combined
nivolumab and ipilimumab or monotherapy in untreated
Melanoma,” New England Journal of Medicine, vol. 373, no. 1,
pp. 23–34, 2015.

[81] L. Gelao, C. Criscitiello, A. Esposito, A. Goldhirsch, and G.
Curigliano, “Immune checkpoint blockade in cancer treatment:
a double-edged sword cross-targeting the host as an ‘innocent
bystander’,” Toxins, vol. 6, no. 3, pp. 914–933, 2014.

[82] K. C. Kaehler, S. Piel, E. Livingstone, B. Schilling, A. Hauschild,
and D. Schadendorf, “Update on immunologic therapy with
anti-CTLA-4 antibodies in melanoma: identification of clini-
cal and biological response patterns, immune-related adverse
events, and their management,” Seminars in Oncology, vol. 37,
no. 5, pp. 485–498, 2010.

[83] J. R. Brahmer, S. S. Tykodi, L. Q. M. Chow et al., “Safety
and activity of anti–PD-L1 antibody in patients with advanced
cancer,” New England Journal of Medicine, vol. 366, no. 26, pp.
2455–2465, 2012.

[84] S. A. Rosenberg and N. P. Restifo, “Adoptive cell transfer as
personalized immunotherapy for human cancer,” Science, vol.
348, no. 6230, pp. 62–68, 2015.

[85] C. E. Brown, R. Starr, B. Aguilar et al., “Stem-like tumor-
initiating cells isolated from IL13R𝛼2 expressing gliomas are
targeted and killed by IL13-zetakine-redirected T cells,” Clinical
Cancer Research, vol. 18, no. 8, pp. 2199–2209, 2012.

[86] S. Kong, S. Sengupta, B. Tyler et al., “Suppression of human
glioma xenografts with second-generation IL13R-specific
chimeric antigen receptor-modified T cells,” Clinical Cancer
Research, vol. 18, no. 21, pp. 5949–5960, 2012.

[87] M. Hegde, A. Corder, K. K. Chow et al., “Combinational
Targeting offsets antigen escape and enhances effector functions
of adoptively transferred T cells in glioblastoma,” Molecular
Therapy, vol. 21, no. 11, pp. 2087–2101, 2013.

[88] N. Ahmed, V. S. Salsman, Y. Kew et al., “HER2-specific T cells
target primary glioblastoma stem cells and induce regression of
autologous experimental tumors,”Clinical Cancer Research, vol.
16, no. 2, pp. 474–485, 2010.

[89] K. K. Chow, S. Naik, S. Kakarla et al., “T cells redirected
to EphA2 for the immunotherapy of glioblastoma,” Molecular
Therapy, vol. 21, no. 3, pp. 629–637, 2013.

[90] M. Ohno, T. Ohkuri, A. Kosaka et al., “Expression of miR-
17-92 enhances anti-tumor activity of T-cells transduced with
the anti-EGFRvIII chimeric antigen receptor in mice bearing
humanGBMxenografts,” Journal for ImmunoTherapy of Cancer,
vol. 1, no. 1, p. 21, 2013.

[91] J. H. Sampson, B. D. Choi, L. Sanchez-Perez et al., “EGFRvIII
mCAR-modified T-cell therapy cures mice with established
intracerebral glioma and generates host immunity against



Journal of Immunology Research 11

tumor-antigen loss,” Clinical Cancer Research, vol. 20, no. 4, pp.
972–984, 2014.

[92] S. L. Maude, N. Frey, P. A. Shaw et al., “Chimeric antigen
receptor T cells for sustained remissions in leukemia,” New
England Journal of Medicine, vol. 371, no. 16, pp. 1507–1517, 2014.

[93] A. Schuessler, C. Smith, L. Beagley et al., “Autologous t-cell
therapy for cytomegalovirus as a consolidative treatment for
recurrent glioblastoma,” Cancer Research, vol. 74, no. 13, pp.
3466–3476, 2014.

[94] H. Ikeda andH. Shiku, “Antigen-receptor gene-modified T cells
for treatment of glioma,” Advances in Experimental Medicine
and Biology, vol. 746, pp. 202–215, 2012.

[95] J. S. Sims, T. H. Ung, J. A. Neira, P. Canoll, and J. N. Bruce,
“Biomarkers for glioma immunotherapy: the next generation,”
Journal of Neuro-Oncology, vol. 123, no. 3, pp. 359–372, 2015.

[96] J. H. Sampson, G. E. Archer, D. A. Mitchell et al., “An epidermal
growth factor receptor variant III-targeted vaccine is safe
and immunogenic in patients with glioblastoma multiforme,”
Molecular Cancer Therapeutics, vol. 8, no. 10, pp. 2773–2779,
2009.

[97] M. A. Shevtsov, A. V. Kim, K. A. Samochernych et al., “Pilot
study of intratumoral injection of recombinant heat shock
protein 70 in the treatment of malignant brain tumors in
children,” OncoTargets andTherapy, vol. 7, pp. 1071–1081, 2014.

[98] C. E. Fadul, J. L. Fisher, T. H. Hampton et al., “Immune
response in patients with newly diagnosed glioblastoma mul-
tiforme treated with intranodal autologous tumor lysate-
dendritic cell vaccination after radiation chemotherapy,” Jour-
nal of Immunotherapy, vol. 34, no. 4, pp. 382–389, 2011.

[99] H. Ardon, S. Van Gool, I. S. Lopes et al., “Integration of
autologous dendritic cell-based immunotherapy in the primary
treatment for patients with newly diagnosed glioblastoma
multiforme: a pilot study,” Journal of Neuro-Oncology, vol. 99,
no. 2, pp. 261–272, 2010.

[100] R. D. Valle, “Dendritic cell vaccination in glioblastoma after
fluorescence-guided resection,”World Journal of Clinical Oncol-
ogy, vol. 3, no. 11, pp. 142–149, 2012.

[101] Y. Akiyama, C. Oshita, A. Kume et al., “𝛼-type-1 polarized den-
dritic cell-based vaccination in recurrent high-grade glioma: a
phase I clinical trial,” BMC Cancer, vol. 12, article no. 623, 2012.

[102] C.-N. Chang, Y.-C. Huang, D.-M. Yang et al., “A phase I/II
clinical trial investigating the adverse and therapeutic effects
of a postoperative autologous dendritic cell tumor vaccine in
patients with malignant glioma,” Journal of Clinical Neuro-
science, vol. 18, no. 8, pp. 1048–1054, 2011.



Research Article
Meta-Analysis of Pulmonary Transcriptomes from Differently
Primed Mice Identifies Molecular Signatures to Differentiate
Immune Responses following Bordetella pertussis Challenge

René H. M. Raeven,1,2 Jeroen L. A. Pennings,3 Elly van Riet,1

Gideon F. A. Kersten,1,2 and Bernard Metz1

1 Institute for Translational Vaccinology (Intravacc), Bilthoven, Netherlands
2Division of Drug Delivery Technology, Leiden Academic Centre for Drug Research, Leiden, Netherlands
3Centre for Health Protection, National Institute for Public Health and the Environment, Bilthoven, Netherlands

Correspondence should be addressed to René H. M. Raeven; rene.raeven@intravacc.nl
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Respiratory infection with Bordetella pertussis leads to severe effects in the lungs. The resulting immunity and also immunization
with pertussis vaccines protect against disease, but the induced type of immunity and longevity of the response are distinct. In this
study the effects of priming, by either vaccination or infection, on a subsequent pathogen encounter were studied. To that end,
three postchallenge transcriptome datasets of previously primed mice were combined and compared to the responses in unprimed
control mice. In total, 205 genes showed different transcription activity. A coexpression network analysis assembled these genes
into 27 clusters, combined into six groups with overlapping biological function. Local pulmonary immunity was only present in
mice with infection-induced immunity. Complement-mediated responses were more prominent in mice immunized with an outer
membrane vesicle pertussis vaccine than in mice that received a whole-cell pertussis vaccine. Additionally, 46 genes encoding for
secreted proteinsmay serve asmarkers in blood for the degree of protection (Cxcl9, Gp2, andPla2g2d), intensity of infection (Retnla,
Saa3, Il6, and Il1b), or adaptive recall responses (Ighg, C1qb). The molecular signatures elucidated in this study contribute to better
understanding of functional interactions in challenge-induced responses in relation to pertussis immunity.

1. Introduction

Whooping cough, caused by Bordetella pertussis, is an
endemic disease with considerable health impact [1, 2]. Sev-
eral vaccines against B. pertussis aremarketed or under devel-
opment. These include whole-cell pertussis vaccine (wPV),
acellular pertussis vaccine (aPV), live-attenuated pertussis
vaccine (BPZE1), and vaccines based on outer membrane
vesicles (omvPV) [3–6].These vaccines are very differentwith
regard to concept (whole-cell inactivated, subunit, live atten-
uated), composition, and route of immunization. Although
all vaccines confer protection in the mouse challenge model
[3–6], the type and level of immunity are different [3–6].This
difference in immunity leads to distinct pulmonary immune
responses upon subsequent B. pertussis encounter [7, 8].

Analysis of different transcriptome datasets is a tool for
unbiased investigation of biological processes. It has been
used to compare, for instance, the immune responses induced
by different vaccines to identify universal vaccine-induced
signatures [9–11]. Previously, differences in pulmonary gene
expression of mice immunized with omvPV or wPV [8]
and mice receiving a primary infection [7] were elucidated.
However, the pulmonary transcriptome datasets obtained by
challenge experiments may contain potential gene markers
related to pertussis immunity. The identification of those
markers may contribute to better understanding of pertussis
immunity and as readout in a human challenge model [12].

We performed a meta-analysis of pulmonary transcrip-
tome datasets obtained after a B. pertussis challenge in mice
with a different pertussis immune status.These includedmice
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with infection-induced immunity, wPV-immunized mice
(wPV-mice), omvPV-immunized mice (omvPV-mice), and
nonimmunized mice (NI mice) as control [7, 8]. The molec-
ular signatures were characterized with special attention for
secreted proteins, since these markers could potentially be
useful for monitoring immune responses in blood samples
to determine degree of protection, intensity of infection, or
promptness of adaptive recall responses for later application
in human challenge studies.

2. Methods

2.1. Datasets. We used gene expression datasets from four
B. pertussis challenge experiments in BALB/c mice. These
included data from challenge studies performed 56 days
after the primary immunization or infection [7, 8]. We
includedmicewith (i) infection-induced immunity following
a single infection with 2 × 105 colony forming units of a B.
pertussis B1917 strain, mice immunized twice with 4𝜇g total
protein of (ii) wPV or (iii) omvPV, and (iv) nonimmunized
mice (Figure 1(a)).The lung colonization data was previously
obtained and described for unprimed mice and mice with
infection-induced immunity [13] and mice immunized with
wPV and omvPV [8].

2.2. Gene Expression Analysis. The flow diagram showing
all stages of the gene expression analysis and the selection
criteria is shown in Figure 1(b). For all datasets, we included
five time points: 56 days postprimary infection (p.i.) or
immunization, but before challenge (D0), and 4 hours, 2
days, 7 days, and 14 days postintranasal B. pertussis chal-
lenge (p.c.). Gene expression profiles of nonchallenged and
nonimmunized mice were used as a control. In each of the
four experiments, differentially expressed genes (DEGs) were
identified by using previously described methods [13, 14],
namely, a one-way ANOVA at a stringency value of 𝑝 <
0.001 and an absolute Fold Ratio (FR, i.e., challenge response
to the control group) ≥ 2.0. Data for the combined set
of DEGs (across time points in one study) were merged.
This set of DEGs was further refined by (i) identifying
DEGs that differed by a fold change ≥ 2.0 across studies at
one time point; (ii) excluding genes that are not protein-
coding (mainly genes annotated by NCBI as “gene model” or
“hypothetical gene”); and (iii) excluding genes with batch-to-
batch variation between arrays in the control groups.

2.3. Functional Analysis. For the resulting datasets, a coex-
pression network was created, based on the Euclidean dis-
tance between their overall response patterns across all
groups and time points. Genes were connected in a network
if their coexpression similarity fell in the top 1% of overall
most similar responses. Additionally, remaining genes were
connected to genes with the most similar response over
time in order to include each gene in the network. Further
functional analysis and identification of genes that encode for
secreted proteins based on the Uniprot-term “secreted” were
performed by using DAVID [15].

2.4. Data Visualization. Data were visualized using Adobe
Illustrator CC 2015, Cytoscape (version 2.8.3) (http://www
.cytoscape.org), R (https://www.r-project.org), Genemaths
XT (AppliedMaths, St-Martens-Latem, Belgium), andVenny
(http://bioinfogp.cnb.csic.es/tools/venny/index.html).

3. Results and Discussion

3.1. Identification of Gene Expression Signature Clusters. The
pulmonary transcriptomes of four individual B. pertussis
challenge experiments were merged. The immunization and
B. pertussis challenge scheme of these studies is shown in
Figure 1(a). Individual datasets revealed 975 DEGs (FR ≥ 2.0,
p ≤ 0.001) in one or more datasets (Figure 2). In total, 627,
256, 169, and 280 genes were included in the nonimmunized,
omvPV-immunized, and wPV-immunized mice and mice
with infection-induced immunity, respectively. Subsequently,
we identified DEGs (FR ≥ 2.0, p ≤ 0.001) between the datasets
for each time point. This second round of identifying DEGs
between studies, combined with a “cleanup” by exclusion
of functionally less relevant genes, that is, hypothetical or
nonprotein-coding genes (Figure 1), left 205 genes for fur-
ther analysis (Table 1). Coexpression patterns for these 205
genes were determined and visualized in a network analysis
(Figure 3). This analysis split the 205 genes into 27 signature
clusters (A–AA) ranging in size from 2 to 75 genes (Table 1).
The average gene expression was calculated for each gene
cluster and visualized in a heatmap (Figure 4).

3.2. Function of Clusters and Relation to Pertussis-Vaccinated
Background. To determine the function of the individual
clusters, an overrepresentation analysis was performed using
DAVID. The different clusters were combined to six groups
with overarching biological functions (group I–VI) (Figures
3 and 4). From these molecular signatures, we additionally
identified the genes that encode for secreted proteins. Because
they may serve as markers that can be analyzed in blood
and could be interesting candidates for later application in
human studies. In total, 46 genes were identified to code for
secreted proteins, which were present in the different groups,
except for group III (Figure 5). Gene expression of clusters
and single genes were compared with the number of colony
forming units (cfu) in the lung (Figures 4 and 5) which were
determined previously in primed and unprimed mice [7, 8].

At this point, we are able to isolate different molecular
signatures from this analysis based on the gene expression
kinetics: first, (i) signatures of local immunity induced by
the primary vaccination or infection that are still active or
present in the lungs on D0, just before challenge; second, (ii)
signatures of infection intensity (the NImice have the highest
number of bacteria in the lungs on 7 days p.i. whereas these
are cleared faster in primedmice (Figures 4 and 5); therefore,
the kinetics and/or intensity of gene expression of acute
phase and proinflammatory proteins that are secreted during
colonization could indicate the intensity of infection in the
mouse model); finally, (iii) signatures of recall responses of
adaptive immunity.These are expressed earlier (within 2 days
p.c.) in immunized mice but are absent or expressed later
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The immunization and challenge scheme of the experiments of these datasets. (b) The different steps of the meta-analysis and criteria used
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on (7–14 days p.i.) in NI mice. The different, groups (I–VI),
clusters (A–AA), and genes encoding secreted proteins will
be described hereafter.

3.2.1. Group I: Innate Activation. Clusters A–E were com-
bined to group I and comprised genes involved in general

immune responses or related to macrophages and T-cell
activation. These clusters were exclusively upregulated in the
lungs of NI mice and mice with infection-induced immunity
mice 4 hours p.c. Cluster A is the largest cluster, with 75 genes,
and included genes involved in cell activation (Relb, Gadd45g,
Lbp, and Sbno2). Lipopolysaccharide binding protein (Lbp)
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Table 1: Detailed information on the 27 gene clusters.

Clusters Number of
genes Included genes

I

A 75

Abcf1, Abhd8, Agap3, Amotl2, Arap1, Arhgef40, Atp9a, B4galnt1, Cenpb, Cldn3,
Cnp, Cpsf1, Cyp2s1, D17H6S56E-5, Dctn1, Ddr1, Egln2, Fasn, Flii, Lbp, Gadd45g,
Gclc, Get4, Gpr56, Grn, Gstm1, Hgs, Hspb1, Itga3, Itga7, Itih4, Keap1, Kif1c, Lrp10,
Mgll, Mmrn2, Nfe2l1, Os9, Pard6b, Parm1, Pex14, Piezo1, Pip4k2c, Pkm, Plbd2,
Pnpla2, Por, Ralgds, Rbm19, Relb, Rftn1, Rgp1, Rgs12, Rnh1, Rptor, Rrp1, Rsph1,
Rusc2, Sbno2, Sdc3, Sec61a1, Sema3b, Sh3tc1, Slc3a2, Spint2, Sqstm1, Stab1, Tap2,
Tgm2, Tmbim6, Tnip1, Ucp2, Vars, Vpreb3, Zbtb7a

B 5 Crip2, Hdac5, Isyna1, Lrg1, Plxnb2
C 4 Prpf8, Psap, Psmd3, Shisa5
D 4 Cyba, Ehd1, Mvp, Myh14
E 2 Hadha, Man2b1

II

F 10 Ccl19, Ciita, Cxcl12, Cxcr2, Fam26f, Gm12407, Plbd1, Reg3g, Rrm2, BC048546
G 8 Cd74, H2-Ab1, H2-D1, H2-DMa, H2-Eb1, H2-K1, Nup62-il4i1, Steap4
H 7 Bpifb1, Cp, Cxcl17, Ltf, Prom1, Scgb3a1, Tmc5
I 5 Cdhr1, Clca4, Pglyrp1, Ubd, 4833428L15Rik

III
J 3 Ccar1, Gbp10, Gbp6
K 2 Iigp1, Mki67
L 2 Ccna2, Ckap2

IV

M 10 Basp1, C1qb, Cd177, Cxcl13, Gm9758, Gp2, Pla2g2d, Speer4b, Speer4c, Speer4e
N 6 Ccl20, Ighg, Igj, Igk, Igkv4-59, Igkv8-30
O 5 Igh-VJ558, Ighm, Igkc, Igkv4-53, Pigr
P 4 C3, C4a, C4b, Tnfaip2
Q 4 Ccl8, Cxcl9, Retnla, Saa3
R 4 Cfb, Clca3, Lcn2, Tff2

V

S 14 Ank3, BC117090, Bcl2a1a, Bcl2a1b, Bcl2a1c, Bcl2a1d, Cd209f, Cxcl5, Fpr2, Mmp3,
Rorc, Scel, Tspan2, A130040M12Rik

T 7 Chil3, Ear1, Ear10, Ear12, Ear2, Ear3, Rnase2a
U 6 Aif1, H2-Aa, H2-Ea-ps, Ms4a7, S100a4, Serpina3g
V 3 Ccl17, Clec4n, 2900060B14Rik
W 3 Ctss, Fcgr2b, Wfdc17

VI

X 4 Agr2, Cxcl11, Igtp, Timp1
Y 3 Cd14, Cxcl2, Fgg
Z 3 Ccl2, Il1b, Il6
AA 2 Arntl, Lox

is involved in recognition of LPS. Moreover, two integrins
(Itga3, Itga7) were detected in this group, which are cell
membrane proteins but not specific for immune cells.

3.2.2. Group II: Pulmonary Bridging Phase. Clusters F–I are
part of group II that was enriched for antigen processing and
presentation. These clusters were induced 7–14 days p.c. in
NI mice, whereas these clusters were constantly expressed
in mice with infection-induced immunity. Cluster G more
specifically included genes involved in MHC signaling (H2-
Ab1, H2-D1, H2-DMa, H2-Eb1, and H2-K1). Additionally,
group II contains genes coding for proteins that are secreted.
These are expressed earlier in mice with infection-induced
immunity compared to the mice receiving a vaccination

(Cxcl12, Cxcl17, Ccl19, and Pglyrp1) (Figure 5). Cxcl17 is a
mucosal cytokine that attracts lung macrophages [16].

3.2.3. Group III: Cell Cycle and Tissue Remodeling. Group
III comprised genes of clusters J–L, associated with the
cell cycle, which were only upregulated 7–14 days p.c. in
NI mice. This group was marked by high activation of the
cell proliferation marker Mki67. In addition, this group is
comprised of interferon-induced GTPases such as Gbp6 and
Gbp10, which are involved in the innate response to protect
against a bacterial infection [17] and Iigp1. Activation of
these genes solely in NI mice suggests enhanced lung cell
proliferation as a result of lung tissue damage. Therefore, the
absence of this gene expression signature in protected mice
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Figure 2: Venn diagram. The overlap of differentially expressed
genes between four datasets obtained from lungs of mice at different
time points after B. pertussis challenge is depicted.

might indicate less collateral lung damage as a result of a
B. pertussis challenge and, accordingly, suggests that recall
responses of the adaptive immune system are sufficient.

3.2.4. Group IV: Mucosal and Systemic Adaptive Recall
Responses. Clusters M–R were part of group IV of which the
genes encode proteins with immunological functions, such as
immunoglobulins, complement factors, and acute inflamma-
tory proteins. Clusters N-O both contain genes involved in
antibody production. Cluster N is related to IgG production
and more active in the lungs of mice with infection-induced
immunity compared to omvPV- and wPV-immunized mice.
Previously, we showed that pertussis immunization leads
to higher total IgG levels compared to infection [18]. The
higher expression of these genes in the lungs may suggest
that the mice with infection-induced immunity have higher
numbers of lung-resident IgG-producing B-cells, especially
in combination with the coclustering of these genes with
Ccl20 that attracts CCR6+ B-cells.The genes (Pigr, Igh-VJ558)
in cluster O are specifically related to IgA production [19] and
were strongly upregulated in mice with infection-induced
immunity from 4 hours to 14 days p.c. This suggests that
mice with infection-induced immunity have more intense
and faster antibody production in the lungs compared to
subcutaneously immunized mice. This was also shown at the
functional level by the presence of specific-IgA in the lungs
of mice with infection-induced immunity [7] and absence
in wPV-mice and omvPV-mice [8]. Local stimulation of
the immune system might be critical because the induction
of antibody-related genes (Iga, Pigr) and mucosal IgA may
lead to better protection. Cluster P contains three members
of the complement system (C3, C4a, and C4b). Members
of complement systems (C1qb, Cfb, C3, C4a, and C4b)
were expressed most profoundly in the lungs of mice with
infection-induced immunity and to a lesser extent in omvPV-
immunized mice. Interestingly, these genes were hardly
expressed in the lungs of wPV-immunized mice (Figure 5).
This suggests that complement-mediated responses, which

may contribute to clear B. pertussis from the lungs [20],
are more prominent in omvPV-immunized mice. Cluster
Q showed most pronounced expression in NI mice 7–14
days p.c. but was also present in wPV-mice 7 days p.c. In
omvPV-mice and mice with infection-induced immunity,
upregulated expression of cluster Q was observed 2 days p.c.
This cluster included Saa3, part of the acute phase response,
Cxcl9, that attracts CXCR3+ cells, a chemoattractant (Ccl8),
and resistin-like molecule 𝛼 (Retnla) that is important in
lung pathology [21]. Notably, the expression of Saa3 and
Retnla follows the number of cfu in the lungs (Figure 5). Mice
with infection-induced immunity showa limited induction of
gene expression for Saa3 and Retnla, which also peaks early,
already 2 days p.c. In addition, they show the fastest lung
clearance [13]. On the contrary, the wPV-mice and NI mice
showed later andmore intense gene expression in accordance
with prolonged lung clearance. The omvPV-mice revealed
earlier expression compared to wPV-mice and NI mice
conforming to the lower inflammatory responses observed in
omvPV-immunized mice [8]. Both Saa3 and Retnla encode
for secreted proteins (Figure 5) and can therefore serve as a
predictor of infection intensity when measured in blood.

3.2.5. Group V: Vaccine-Primed Innate Responses. Clusters S–
W were part of group V, which included genes associated
with myeloid cells. These clusters were mainly upregulated
in omvPV-mice 4 hours p.c. and in wPV-mice 7 days p.c.
In cluster S, which is moderately expressed in omvPV-mice
and wPV-mice, four members were identified belonging to
the B cell leukemia/lymphoma 2 related proteins (Bcl2a1a,
Bcl2a1b, Bcl2a1c, and Bcl2a1d), a pathogen recognition recep-
tor (Fpr2), a C-type lectin receptor (Cd209f ), and matrix
metallopeptidase 3 (Mmp3). Additionally,Cxcl5, a neutrophil
attractant, was highly expressed before the challenge in the
lungs of omvPV-mice and wPV-mice (Figure 5). Notably,
this cluster also included the retinoic acid receptor- (RAR-)
related orphan receptor C (Rorc) that is essential forTh17 cell
differentiation [22]. Cluster T included five members (Ear1,
Ear2, Ear3, Ear10, and Ear12) of the eosinophil-associated,
ribonuclease A family. Cluster Vwas intensely upregulated in
omvPV-mice 4 hours p.c. It containedCcl17 and dendritic cell
specific Clec4n. Together, these clusters represent an influx or
higher proliferation of myeloid cells and DCs that are most
profound in the omvPV-mice.

3.2.6. Group VI: Inflammation. Finally, cluster X–AA formed
group VI that was enriched for the GO-term inflammatory
response. Cluster Y was mainly upregulated 4 hours p.c. This
was most intense in nonimmunized mice and the lowest in
omvPV-mice.This cluster contained the CD14marker (Cd14)
that is involved in LPS recognition, a neutrophil attractant
(Cxcl2), and fibrinogen (Fgg), which is an important atten-
uator of LPS-mediated responses [23]. Cluster Z included
Ccl2 and the proinflammatory cytokines Il6 and Il1b that
were strongly induced in the NI mice and not in the three
immunized groups. This indicates that previous exposure
to either a vaccine or infection prevents induction of these
proinflammatory markers in the lungs upon a B. pertussis
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Figure 3: Network analysis. The 205 differentially regulated genes formed 27 clusters (A–AA). According to overlap in function, the clusters
were subsequently combined in six groups (I–VI).

challenge. Therefore, the presence of these signatures may
serve as amarker formice being unprotected against pertussis
(Figure 5). Finally, cluster AA was only present in wPV-
immunized mice.

4. Conclusions

This meta-analysis revealed molecular signatures specific for
immune responses against pertussis. The signatures were

measured in the lungs ofmice that were previously exposed to
either pertussis vaccination or infection. Comparison of the
gene expression profiles in the lung of differently treatedmice
revealed the following:

(i) Infection, but not subcutaneous vaccination, leads
to induction of local immunity in the lungs. This
local immunity is characterized by enhanced IgA
production and involvement of “trained” pulmonary
innate cells [7].
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(ii) Responses to pertussis challenge in the lungs of
omvPV-mice and wPV-mice were similar in nature,
but the omvPV-mice respond slightly faster.

(iii) Gene expressions of complement-mediated responses
aremore prominent in omvPV-immunizedmice than
in wPV-mice.

(iv) Genes with unknown function (Speer4b, Speer4c, and
Speer4e) were associated with genes with well-known
function (C1qb, Cd177) based on their coexpression,
providing insight into their potential immunological
functions.

(v) Genes of potentially secreted proteins were identified
of which some may serve as markers in blood for
analysis of degree of protection (Cxcl9, Gp2, and
Pla2g2d), intensity of infection (Retnla, Saa3, Il6, and
Il1b), or adaptive recall responses (Ighg, C1qb). This
analysis can be performed by using an ELISA or
multiplex immunoassay and, for instance, applied as
readout in a human challenge model [12].
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Colostrum is the main external resource providing piglets with nutrients and maternal immune molecules. Astragalus
polysaccharides (APS) have beenused as immunopotentiators in vitro and several animalmodels.This study aimed to determine the
effects ofAPSon immune factors in sow colostrumandmilk.The sowdietwas supplementedwithAPSoneweek before the expected
delivery date. Colostrum and milk were collected and designated as 0 h- (onset of parturition), 12 h-, and 24 h-colostrum and 36 h-
milk postpartum. Samples were measured using porcine immunoglobulin (Ig) G, IgM, classical swine fever virus antibody (CSFV
Ab), epidermal growth factor (EGF), and insulin-like growth factor- (IGF-) 1 ELISA Quantitation Kits. Dietary supplementation of
APS significantly enhanced the presence of IgG, IgM, EGF, and IGF-1 in 0 h-colostrum (𝑃 < 0.001).The blocking rates of CSFV Ab
were increased in samples fromAPS-supplemented sowwhen compared to those from thematched sampleswithoutAPS treatment.
The results indicate that supplement of APS could improve the immune components in sow colostrum and/or milk; and status of
some specific vaccination could be determined through using colostrum or early milk in sow.

1. Introduction

Newborn piglets can hardly obtain passive immunity from
maternal blood during fetal period because of the special
epitheliochorial structure of pig placenta. Before their own
immune system is fully developed, colostrum is the sole exter-
nal resource which provides piglets with nutrients, maternal
immune molecules, and growth factors [1, 2]. Colostrum
production lasts for 24 h after the onset of parturition in
swine; afterwards, breast secretion is called milk [3]. The
maternal molecules include nonspecific immunoglobulins
like immunoglobulin (Ig) G, IgM, and IgA as well some
specific antibodies [4, 5]. Maternal blood antibodies in
colostrum are transferred to newborn piglets to supply
protection against foreign antigens. Piglets have the best
maternal immunoglobulin absorption from 4 h to 24 h post-
partum, and during this period IgG and IgM are principal
immunoglobulins in colostrum; after three days delivery,

IgA is the primary immunoglobulin in milk [4, 6]. Factors
in colostrum play important roles in promoting the devel-
opment of the gastrointestinal tract of piglets [5]. Studies
indicate that the volume of colostrum intake by piglets is
highly related to their health and growth [7, 8].

Astragalus polysaccharides (APS) isolated from a tradi-
tional Chinese medicinal herb Astragalus mongholicus are
potentially used as immunopotentiatorswhich could increase
serum antibody titer and enhance secretion of a wide range
of cytokines [9–13]. Supplementation of APS could increase
the immunostimulatory effects against several animal viruses
like H9N2 avian influenza virus, foot and mouth disease
virus, Newcastle disease virus, and infectious bursal disease
virus [9, 13, 14]. Diarrhea and dyspepsia are common diseases
for piglets due to the immature digestive system. Studies
indicated that growth factors epidermal growth factor (EGF)
and insulin-like growth factor-1 (IGF-1) in colostrum and
milk play important roles in piglet intestinal growth and
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Table 1: Composition of the common gestation diet of sow.

(a)

Corn Soybean meal Rapeseed meal Barley bran Calcium dihydrogen phosphate Calcium carbonate Compound premix Salt
65% 15% 10% 5% 0.8% 1% 1.7% 0.5%

(b)

Nutrient components
ME (MJ/kg) CP (%) Ca (%) P (%) Lys (%) Met (%)
13.07 12.943 0.6725 0.594 0.706 0.256

development [15]. In weaned pigs, optimal dietary APS has
beneficial effect on piglet growth performance and immune
function [16].

To study the effects of APS on immune function in
sow colostrum, dietary APS supplementation was admin-
istrated prior to one week of parturition; concentrations
of nonspecific immune factors IgG and IgM were mea-
sured as well as titer of the specific antibody against the
classical swine fever virus (CSFV) after vaccination. Lev-
els of growth factors including EGF and IGF-1 were also
quantified.

2. Materials and Methods

2.1. Animals. Twenty crossbred sows (large white × lan-
drace) with same number of parturitions were used from
a commercial herd, Tianzhao Garden Animal Husbandry
Co. Ltd. (Yueyang City, Hunan Province, China). All sows
were vaccinated with a swine fever vaccine (Qianyuanhao
Biology Co., Ltd., Beijing, China) on day 25 following the
previous parturition. One week prior to the expected date
of delivery, all pregnant sows were transferred to individual
farrowing crates and randomly separated into two groups
as the control group (𝑛 = 10) and APS group (𝑛 = 10).
The control group was fed a common control diet (Table 1).
The APS group received the same diet supplemented with
APS powder (1.5 g/day/sow, Beijing Centre Biology Co., Ltd.,
Beijing, China). All sows were fed two times per day at 09:00
a.m. and 6:00 p.m. and all diets were consumed completely
by all sows. After delivery, APS was withdrawn and all sows
were fed the same diet. The dose of APS feed was determined
according to our pilot trial results (unpublished data). All
animal procedures were approved by the Ethical Committee
of Hunan Agricultural University.

2.2. Sample Collection. Colostrum (3-4mL per sample) was
collected from the first teat of each sow at onset of parturition
as 0 h-colostrum. Samples were also collected from the
first teat at different time points postpartum (as 12 h- and
24 h-colostrum and 36 h-milk) by using individual artificial
milking equipment. Sample collection from the fixed first teat
was to avoid the value deviation caused by the location of
teat as referred by others [17]. All samples were immediately
frozen at −20∘C before processing.

2.3. Quantitation of IgG and IgM. All samples were cen-
trifuged at 5,000 gravity (𝑔) for 30 min at 4∘C, and super-
natants were collected. IgG and IgM were measured using
porcine IgG and IgM ELISA Quantitation Kits (Elabscience
Biotechnology Co., Ltd., Wuhan, China) according to the
manufacturer’s instruction.

2.4. Determination of CSFV Antibody. Classical Swine Fever
Virus antibodies (CSFV Ab) were determined using a com-
mercial ELISA Quantitation Kit (IDEXX Laboratories, Inc.,
One IDEXX Drive, Westbrook, Maine, USA). The assay is
a blocking ELISA using a microplate coated with CSFV
antigen. Each samplewas analyzed in duplicate, and themean
OD value of each tested sample (ODTEST) and that of the
negative control (ODNEG) were calculated. The inhibition
percentage of each samplewas calculated according to the fol-
lowing formula: Blocking% = [(ODNEG−ODTEST)/ODNEG]∗
100. The test sample was determined as positive with a
blocking rate ≥40% (antibodies are present), or negative with
a blocking rate ≤30% (antibodies are absent). Blocking rate
was calculated according to the instructions as described by
others [18].

2.5. Growth Factors EGF and IGF-1 Assay. Growth factors
EGF and IGF-1 were assayed in colostrum and milk. Super-
natants were diluted in 10-fold (for EGF assay) and 40-
fold (for IGF-1 assay), respectively. The different dilutions
of these growth factors were chosen according to our pilot
trial results. The concentrations of the growth factors were
quantified using swine EGF or IGF-1 ELISA Quantitation
Kits (Elabscience Biotechnology Co., Ltd., Wuhan, China)
according to the manufacturer’s instructions.

2.6. Statistical Analyses. SAS version 8was used for the statis-
tical analysis and the test of significance was calculated using
two-way ANOVA analysis with Duncan’s multiple-range test.
Results were presented as mean ± standard deviation (mean
value ± SD). Difference was considered significant at a level
of 𝑃 < 0.05.

3. Results

As shown in Figure 1, prior to one week of the expected
parturition, dietary supplementation of APS significantly
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Figure 1: Effects of dietary APS on concentrations of IgG and IgM in sow colostrum. Concentrations of IgG (a) and IgM (b) were measured
by ELISA assay. Values are expressed as mean with SD (𝑛 = 10 for each group). 𝑃 values from two-way ANOVA analysis with Duncan’s
multiple-range test. ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01.

Table 2: Effect of APS on blocking rates of CSFV Ab in sow
colostrum.

Colostrum Groups
Control APS

0 h 48.7 ± 4.5a 56.4 ± 4.2a,∗∗

12 h 46.7 ± 3.6a 51.3 ± 3.6b,∗

24 h 38.0 ± 2.8b 45.0 ± 5.4c,∗

36 h 36.2 ± 4.6b 43.0 ± 5.5c,∗

Values (blocking rate, %) are expressed as mean with SD (𝑛 = 10 for
each group). a,b,cValues in the same column differ significantly (𝑃 < 0.05).
∗,∗∗Values in the same row differ significantly (∗𝑃 < 0.05 and ∗∗𝑃 < 0.01).𝑃
values were created from two-way ANOVA analysis with Duncan’s multiple-
range test.

enhanced the presence of IgG (Figure 1(a)) and IgM (Fig-
ure 1(b)) in 0 h-colostrum (𝑃 < 0.001) at the onset farrowing
and decreased with the time development after delivery.
Concentrations of IgG and IgM in 12 h-colostrum were kept
higher in APS group when compared to the control group
(𝑃 < 0.05). Twenty-four hours postpartum, both IgG and
IgM in colostrum showed no obvious difference between the
APS and control groups.

In the present study, blocking rates against CSFV Ab
were also determined. As shown in Table 2, CSFV antibody
blocking rates from all test colostrum were above 30% with
antibodies presence in 0 h- and 12 h-colostrum (blocking
rates above 40%), which indicated that vaccination with a
swine fever vaccine could obtain good immunity. In APS
treated or control group, the blocking rates of CSFV Ab
were decreased with the time development. With the sup-
plementation of APS, blocking rates were increased in all
indicated time points’ colostrum and milk when compared

to the controls, and significant differences were observed as
𝑃 < 0.01 in 0 h-colostrum and as 𝑃 < 0.05 in other two time
points’ colostrum and milk postpartum, respectively.

Growth factor concentrations of EGF and IGF-1 were
measured as shown in Figure 2. Concentrations of EGF were
rapidly decreased in colostrum postpartum when compared
to the 0 h-colostrum (𝑃 < 0.001), and dietary supple-
mentation with APS increased the EGF production in 0 h-
colostrum (𝑃 < 0.001) (Figure 2(a)). After farrowing, no
difference in EGF was observed between colostrum collected
on the indicated time points (Figure 2(a)). The growth
factor IGF-1 showed a similar change as EGF that APS
increased its production in 0 h-colostrum (𝑃 < 0.001), but it
continued to decreasewith the time development postpartum
(Figure 2(b)).

4. Discussion

In the current field study, supplementation of APS in sow diet
markedly improved the levels of IgM and IgG in colostrum
one week before the expected delivery date. APS is used
to be a immunomodulatory agent to improve growth and
immune function in chickens and weaned pigs. Additives
of APS in drinking water or diet could increase the aver-
age daily gain of chickens and weaned pigs [16, 19]. APS
enhanced the production of serum IgM and IgG in agedmice
and synergistically resisted the immunosuppression with
epimedium polysaccharide in chickens, which are the major
immunoglobulins products of humoral immune responses
[20, 21].Therefore, the increase of IgG and IgM upon the APS
supplementation in the present study might result from the
improvement of humoral immune in the current study.

Vaccination with appropriate vaccines is the main way to
prevent the viral infectious diseases. Combined application
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Figure 2: Effects of supplemental dietary APS on concentrations of growth factor EGF (a) and IGF-I (b) in sow colostrum or milk. Growth
factors were measured by ELISA assay. Values are expressed as mean with SD (𝑛 = 10 for each group). 𝑃 values from two-way ANOVA
analysis with Duncan’s multiple-range test. ∗∗Values differ significantly between groups at the same indicated time point (∗∗𝑃 < 0.01).

of a vaccine with an adjuvant or immunomodulator could
improve the efficacy of a vaccine. Classical swine fever (CSF)
is a contagious viral disease, and mandatory vaccination
against CSF is carried out in several countries worldwide.
Studies showed that the presence of maternally derived
antibodies can protect piglets against this disease [22, 23]. An
in vitro study indicated that APS had immunomodulatory
effects on peripheral blood mononuclear cells (PBMCs)
exposed to CSFV [24]. In the present study, daily supplemen-
tation of APS before farrowing could increase the maternally
derived specific antibody against CSFV in colostrum which
suggested that APS might serve as an effective agent of vac-
cines against CSFV. Studies showed that APS has beneficial
effects on immune response, improving the function of T-
lymphocytes and increasing the proliferation of lymphocyte
[24–26]. In the present study, the enhancement of CSFV
antibody with the dietary APS supplementation in sow could
be a result of the increase of the cellular immunity in animals.

Usually, blood is collected from the jugular vein to
determine the status of some specific vaccination in sow,
which can cause stress and experienced staff is needed in the
process of sample collection. Due to relatively high concen-
trations of immunoglobulins in colostrum, the correlation of
maternal E. rhusiopathiae- and M. hyopneumoniae-specific
antibody ELISA levels was investigated; the results showed
that colostrum has the potential to improve the sensitivity
of both ELISAs when compared with serum [27]. In the
present study, high levels of specific CSFV antibody were also
measured in colostrum, which indicates that colostrum could
be used a resource to determine the status of sow immunity.

In colostrum, high content of bioactive compounds
such as growth factors, antioxidants, and antimicrobial
and immune-modulatory factors can support intestinal
maturation, balance and priming of the immune system
and establishment of a beneficial gut microbiota [28, 29].

Bovine colostrum can restore intestinal function after initial
formula-induced inflammation in preterm pigs [29]. EGF
is one of the most abundant growth factors found in the
milk and plays important roles in neonatal intestinal devel-
opment to protect neonates against pathogens infection [30–
32]. Plasma anabolic hormones, such as insulin and IGF-
1, are highly associated with the local bovine mammary
metabolism; highest levels of IGF-1 in milk were found
2 weeks antepartum followed by a rapid decrease during
the first milking postpartum [33]. Studies indicated that
neonatal tissue development may be improved when piglets
consume colostrum with high growth factors such as IGF-1
[34, 35]. In the present study, growth factors EGF and IGF-
1 were increased in sow colostrum upon supplementation
of APS in diets which may promote the neonatal intestinal
development.

In conclusion, APS can improve the concentrations of
IgG, IgM, EGF, and IGF-1 in sow colostrum as well the levels
of specific antibody against CFSV. Further studies need to be
done to investigate the effects of APS on the development and
maturation of the newborn piglet intestine.
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The interaction between natural killer (NK) cell and dendritic cell (DC), two important cellular components of innate immunity,
started to be elucidated in the last years.The crosstalk between NK cells and DC, which leads to NK cell activation, DCmaturation,
or apoptosis, involves cell-cell contacts and soluble factors. This interaction either in the periphery or in the secondary lymphoid
organs acts as a key player linking innate and adaptive immune responses to microbial stimuli. This review focuses on the
mechanisms of NK-DC interaction and their relevance in antimicrobial responses. We specifically aim to emphasize the ability of
various microbial infections to differently influence NK-DC crosstalk thereby contributing to distinct adaptive immune response.

1. Introduction

The implementation of an effective immune response
requires recognition of pathogen and consequent induc-
tion of innate and adaptive immune systems. Even though
adaptive immune system provides a more versatile means
of defense by ultimate protection and memory against the
pathogen, innate immune system is crucial in the initiation
and subsequent direction of adaptive immune responses. NK
cells and dendritic cells represent two central components
of the innate immune system, both of which play a key
role in combating early infection. NK cells provide the first
line of defense against a variety of tumors and microbial
pathogens. Morphologically they are characterized as large
granular bone marrow derived lymphocytes, which repre-
sent 10% of peripheral blood lymphocytes. In humans, NK
cells are divided, based on their functional and phenotypic
properties, into two main subsets, namely, CD56dim and
CD56bright. CD56dim subset shows enhanced cytotoxic activ-
ity and expresses CD16, KIRs (killer cell immunoglobulin-
like receptors), and perforin whereas CD56bright subset
secretes enormous amounts of cytokines and expresses low
levels of perforin and CD16 [1]. Upon stimulation, NK cells
secrete large amounts of cytokines and chemokines such as
IFN-𝛾, TNF-𝛼, GM-CSF, CCL3, CCL4, and CCL5 [2]. NK

cells identify their targets through a number of activating and
inhibitory receptors on their surface and the balance between
these signals controls NK cell activation [3].

DCs are the major antigen-presentation cells (APCs)
of the immune system and have a crucial role in both
sensing pathogens and tuning the immune responses [4].
They consist of different subtypes and are classified based
on their phenotype, location, and function [5]. Conventional
DCs (cDCs) mainly reside in the lymphoid tissues such as
spleen, thymus, and secondary lymph nodes (LNs). These
conventionalDCs express higher levels ofMHC-II andCD11c
and can be further divided into CD8𝛼+ and CD8𝛼− DCs
in mice. When compared with CD8𝛼+ DCs which more
often induce Th0 cells to elicit Th1 response, CD8𝛼− DCs
more likely induce Th2 responses [6]. In addition, cDCs
in the nonlymphoid tissues such as the intestine and the
lung consist of two major subsets: CD103+ and CD11bhi
DCs. Interestingly, CD103+ DC in the nonlymphoid organs
including lung, gut, and skin form a unified subset, which
is developmentally related to the CD8+ cDC in lymphoid
organs [7]. This correlation is demonstrated by their shared
dependence on certain transcriptional factors such as Batf3
and Irf8 and functional characteristics of antigen cross-
presentation. The linkage between CD8+ DC and CD103+
DC was further strengthened by the reports showing unique
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common expression of XCR1, a chemokine receptor, by these
DC subsets [8, 9]. Since XCR1 are also expressed in human
BDCA3+DCand sheepCD26+DC (the equivalents ofmouse
CD8+ DC), the term “XCR1+ DC” could be designated to
“CD8+ type DC” in both lymphoid and peripheral tissues
across all mammalian species. Plasmacytoid DCs (pDCs)
represent a small subset of DCs that enter the lymph nodes
through the blood circulation. Upon activation through
Toll-like receptor (TLR)-7 and TLR9 stimulations, pDCs
secrete profound amounts of IFN-𝛼 and several chemokines
(CCL3, CCL5, and CXCL10) [10]. In humans, DCs express
high levels of MHC II and lack markers such as CD3,
CD19/20 and CD56. They can be classified as either myeloid
or plasmacytoid [11]. Myeloid DCs (mDCs) correspond to
mouse cDCs and express myeloid antigens such as CD11c,
CD13, CD33, and CD11b. They are divided into CD1c+ and
CD141+ DCs, which share homology with mouse CD11b+ DC
and CD8/CD103+ DC, respectively. CD14+ DCs, originally
described as interstitial DCs, are a third subset CD11c+
myeloid DC found in tissues and lymph nodes. Human
plasmacytoid DCs lack myeloid antigens and express CD123,
CD303, and CD304 [11]. DCs reside in an immature form
at various portals of pathogen entry. Under steady state
conditions, DCs express low levels of MHC and costimula-
tory molecules. On exposure to pathogens, TLRs and other
receptors on surface of DCs recognize molecular patterns
associated with microbes, which initiates DC maturation,
upregulation of CCR7, and consequent migration to the
local draining lymph nodes where interaction with naive
T cell occurs. Mature DCs express high levels of MHC
and costimulatory molecules which enable them to activate
naive T cells in T cell areas of secondary lymphoid organs
[12]. Priming and modulation of T cells by DCs involves
the interaction of CD80 (B7-1)/CD86 (B7.2) and CD40 with
CD28/CTLA4 (CD152) and CD40L on T cells, respectively
[13]. In addition, activated DCs produce proinflammatory
and immunomodulatory cytokines and chemokines, which
shape the pattern of immune responses [14].

2. NK-DC Interaction

The bidirectional crosstalk between DCs and NK cells can
occur in the periphery or in secondary lymphoid tissues
where they interact with each other through cell–cell contact
and soluble factors. Interaction of NK cells with DC results
in maturation, activation, and cytokine production by both
cells.

2.1. DCs Induce NK Activation. TLRmediated recognition of
pathogen by DC stimulates their maturation and secretion of
several cytokines, which can activate NK cells. DC promotes
NK cell proliferation, cytokine production, and cytolytic
activity mainly through the release of cytokines and cell-cell
contacts. In vitro studies have demonstrated a central role
for DC-derived IL-12 in the induction of IFN-𝛾 producing
NK cells. IL-18 produced by DC can further induce the
expression of IL-12 receptor on NK cells [15]. IL-15 is another
relevant cytokine produced by DC which can stimulate NK

cell proliferation, survival, and priming of protective NK cell
response [1]. In addition, pDCs secrete profound amounts of
type 1 interferon (IFN-𝛼/𝛽) which induceNK cell cytotoxicity
[16]. Furthermore, it is found that upon TLR stimulation,
IFN-𝛽 produced by DC induces IL-15 production by DCs
as well as NK cells. This IL-15 can be transpresented by
DCs to NK cells as well as cispresented by an NK cell to
itself for efficient NK cell activation [17, 18]. It has also
been shown that TLR-9 stimulated pDCs promote a selective
proliferation of CD56bright NK cell subset [19]. Other soluble
factors, such as prostaglandin E2 (PGE2) produced by DC
have emerged as a potential regulator of NK-DC crosstalk. It
can modulate secretion of the chemokines and cytokines that
are involved in NK cell recruitment [20]. NK cell activation
by DCs also requires direct cell-to-cell contacts. Even though
there are controversial reports regarding formation of stable
or transient NK-DC interactions in vivo, it is evident that
cell-cell contact is required for the confined secretion of
IL-18 at the immunological synapse [21, 22]. In fact, the
formation of stimulatory synapses, between DCs and NK
cells, promotes DC to secrete preassembled stores of IL-
12 towards the NK cell. This synaptic delivery of IL-12 by
DCs is required for IFN-𝛾 secretion by NK cells [23]. Other
interactions that promote NK cell IFN-𝛾 production include
CXC3CL1 expressed on DCs with its receptor on NK cells
and triggering of activation receptors NKp46 and NKG2D
[24, 25].

2.2. NKCells PromoteDCActivation. It is well known from in
vitro studies that activatedNKcells release profound amounts
of IFN-𝛾 and TNFwhich promoteDCmaturation [1].Mature
DCs secrete cytokines such as IL-12, IL-6, IL-27, IL-21, IL-
23, and TGF-𝛽 [26]. These cytokine signals provided by
NK cell-activated DCs in turn control the adaptive immune
responses against infections. On the other hand, activated
NK cells also have the ability to kill DCs that fail to undergo
proper maturation (“DC editing”) through engagement of
the activating receptor NKp30 [27]. NK cells discriminate
betweenmature and immatureDCs (iDC) by recognizing low
amount of class 1MHCmolecules on the surface of immature
DCs. In vitro studies have demonstrated that culture of
activated human NK cells with iDCs at low NK/DC ratios
promotes DCmaturation, whereas a higher NK/DC ratio can
result in NK cell-mediated killing of DCs [28].

3. NK-DC Crosstalk in Viral Infection

The role of NK-DC crosstalk in controlling viral infection
has long been recognized. Studies in human immunode-
ficiency virus (HIV), hepatitis C virus (HCV) and mouse
cytomegalovirus (MCMV) infection provide a strong body of
evidence to implicate NK-DC interaction in fine-tuning the
adaptive immune response to viral infections.

3.1. NK-DC Crosstalk in HIV Infection. Recent evidence
suggests that the crosstalk between NK cells and DCs is
impaired during HIV-1 infection. In vitro studies by Mavilio
et al. have shown that there was a marked impairment in
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the interactions between CD56neg NK subset and autologous
DCs from HIV 1-infected viremic but not aviremic indi-
viduals. Defective interaction includes abnormalities in the
process of reciprocal NK–DC activation, maturation as well
as a defect in the NK cell–mediated editing of immature
DCs (iDCs) [29]. This defect in DC editing is mediated
by an increase in CD56neg NK cells with impaired NKp30
function. In addition, DCs infected with HIV-1 are resis-
tant to NK-induced TNF-alpha-related-apoptosis-inducing-
ligand- (TRAIL-) mediated apoptosis. This resistance occurs
due to High-mobility group box 1 (HMGB1) mediated upreg-
ulation of two anti-apoptotic molecules, the cellular-Flice
like inhibitory protein (c-FLIP) and the cellular inhibitor of
apoptosis 2 (c-IAP2) [30]. In fact, in vitro studies suggest
that HIV infection induces IL-10 production of DC, which
promotes resistance of immature DCs to NK cell-mediated
elimination [31]. Moreover, pDCs from HIV-infected indi-
viduals are found to have deficiency for producing IFN-𝛼 and
TNF [32]. Similarly, cDCs from HIV-1-infected individuals
show impaired secretion of IL-12, IL-15, and IL-18, leading to
decreased NK cell activation [33].

3.2. NK-DC Crosstalk in HCV Infection. In vitro studies
have demonstrated that NK cells from chronic hepatitis
C virus infected donors (HCV-NK) express higher levels
of NK inhibitory receptor, CD94/NKG2A. On binding of
CD94/NKG2AwithHLA-E expressed on hepatic cells, HCV-
NK cells produce IL-10 and transforming growth factor-𝛽
(TGF𝛽) [34]. IL-10 and TGF𝛽 are found to act as suppressive
factors of DC activation. Studies suggest that IL-10/TGF𝛽-
modified DCs can induce IL-10-producing T cells as well
as CD25+CD4+ regulatory T cells [35]. The blockade of
NKG2A also stimulated NK cells to generate Th1-polarized
CD4+ T cells. The results suggest that NK cell modulation
of DC through NKG2A interferes with the ability of DCs
to generate HCV-specific adaptive immune responses. In
addition, chronic hepatitis C virus (HCV) infected DC
virtually lost the ability of type I IFN-mediated production
of IL-15. This defect in IL-15 production leads to reduced
expression of MHC class I-related chains A and B (MICA/B)
on DCs. MIC-A and MIC-B are ligands for NKG2D, which
transduce positive intracellular signals inNK cells to promote
NK activation [36]. This explains the reduced frequency of
NK cells in individuals with chronic HCV infection [37].

3.3. NK-DC Crosstalk in Mouse Cytomegalovirus (MCMV)
Infection. During early stage of MCMV infection, pDCs
produce IFN-𝛼/𝛽 and IL-12 as a consequence of recognition
of viral CpG DNA sequences through the TLR9/MyD88
pathway. The IFN-𝛼/𝛽 and IL-12 cytokines produced by
pDCs promote the capacity of NK cells in cytotoxicity, IFN-𝛾
production, and functional maturation of cDC for effective
antiviral CD8+ T cell response [38]. Moreover, CD11b+
myeloidDCs also activateNK cells throughNKG2D-NKG2D
ligand interactions as well as the production of IFN-𝛼/𝛽,
IL-18, and IL-12 [39]. This effect was independent of TLR9
but requires TLR2 and/or TLR3 [40]. In addition, MCMV

infectedCD8𝛼+DCs produce very high levels of IL-12 and IL-
18, which specifically expand Ly49H+ subset of NK cells [41].
It has been reported that MCMV can induce high IFN-𝛼/𝛽
to promote its own survival by inhibiting cDCs and delaying
the response of antiviral effector, CD8+ T cells. Interestingly,
Ly49H+ NK cell−mediated functions during early stage of
MCMV infection prevent release of immunosuppressive
levels of IFN-𝛼/𝛽 to protect against MCMV-induced loss of
splenic CD8𝛼+ DCs [42]. Altogether, these studies suggest
that NK cell and DC interact with each other to create a
balance between the positive and negative effects of IFN-
𝛼/𝛽 and other cytokines for the optimal control of MCMV
infection.

4. NK-DC Crosstalk in Parasite Infection

In response to Plasmodium chabaudi AS infection in mice,
NK cells stimulated DC to mature and produce IL-12 by cell-
cell contact and NK cell derived IFN-𝛾 [43]. In vitro studies
suggest that during infection with Toxoplasma gondii, NK-
DC interaction leads to elevated IL-12 production by DC
which in turn increases their ability to prime CD8+ T cell
response against the parasite. This effect was due to TLA
(Toxoplasma lysate Ag) mediated upregulation of NKG2D
receptors such as MULT-1 and RAE-1 on DC. Neutralization
of NK activating receptor, NKG2D, in T. gondii infected mice
led to defect in parasite clearance [44]. Moreover, adoptive
transfer studies of preactivated NK cells into Leishmania
amazonensis-infected mice significantly increased DC and
T cell activation as well as reduced tissue parasite loads
[45]. Similarly, it is found that, in response to P. berghei
ANKA infection, NK cells stimulated DC-mediated priming
of CD8+ T cells. On the other hand, both DC-depletion
and genetic deletion of IL-12 in mice almost completely
abrogated NK cell-mediated IFN-𝛾 responses to P. berghei
ANKA infection [46]. Moreover, IL-12 has been shown to
be essential for the in vitro NK cell-derived IFN-𝛾 response
to P. falciparum [47], P. chabaudi [43], T. gondii [48], and
in vivo NK cell responses to Leishmania major [49]. In
addition, studies in P. falciparum infected RBC [50] and
Leishmania major infection in mice [51] suggest that NK cell
activation also depends on IL-2 production from antigen-
specific CD4+ T cells apart from DC derived stimuli. These
studies highlight the concept that stimulation of adaptive
immune response by NK-DC crosstalk enhances NK cell
activation and cytotoxicity for optimal immune response.

5. NK-DC Crosstalk in Bacterial Infection

Recent studies suggest that the cooperation between NK cells
and DC is also crucial in several antibacterial responses.
Initial studies using in vitro systems demonstrated that
stimulation of human peripheral NK cells with LPS treated
mature DC augmented the cytolytic activity of NK cells.
Reciprocally, coculture of NK cells with immature DC
induced DCmaturation and IL-12 production and promoted
ability of DCs to activate allogenic naive CD4+ T cells. This
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Figure 1: Bidirectional activation of NK cells and DCs for optimal immune response to microbial infection. DCs recognize pathogen-
associated molecular patterns (PAMPs) found on the surface of pathogen through the expression of pattern recognition receptor (PRR).
Following recognition of pathogen, DCs release cytokines such as IL-12, IL-15, IL-18, and IFN-𝛼/𝛽. These cytokines produced by DCs as
well as the interactions of DC with NK cell activation receptors promote NK cell activation, proliferation, and cytotoxicity. Reciprocally, NK
cells release IFN-𝛾 to promote DC maturation and release of IL-12. IL-12 produced by DC further promotes CD8+ T cell and/or CD4+ T cell
activation depending upon the nature of pathogen. IL-2 produced by CD4+ T cell can also stimulate NK cell activation for optimal immune
response.

effect on DC maturation was mainly dependent on cell-
cell contact although NK produced IFN-𝛾 and TNF also
made contribution [26]. The studies on effect of DC on NK
cells by Van Elssen et al. demonstrated that DCs triggered
by membrane fraction of Klebsiella pneumoniae have the
ability to induce CCR7 expression on CD56dimCD16+ NK
cells which promoted their migration in response to lymph
node associated chemokine, CCL19. Interestingly, bacterial
fragment–matured DC also promoted NK cell activation
resulting in higher production of IFN-𝛾 andTh1 polarisation
[52]. Similarly, chemokines (CXCL10) released from DCs
infected with Mycobacterium tuberculosis (Mtb) enhanced
the migration of NK cells to the site of infection where
they can directly destroy Mtb-infected cells or produce IFN-
𝛾 to stimulate macrophage activation [53]. Moreover, acute
systemic infections with L. monocytogenes and Yersinia pestis
identified the regulatory role of NK cells in NK-DC crosstalk.
It is found that NK cells are the major source of IL-10, which

suppresses IL-12 secretion of DC, thereby preventing further
NK cell activation and tissue damage [54].

Our laboratory has studied the modulating effect of NK
cells on the function of DCs using an in vivo model of
chlamydial lung infection [55, 56]. Chlamydia is an obligate
intracellular bacterium causing various human diseases. The
most important protectivemechanism in host defense against
chlamydial infection is Th1 mediated immunity [57, 58].
Chlamydial infection induces strong NK and NKT cell
responses [59–62]. We examined NK and DCs collected
from the spleen and lung of Chlamydiae-infected mice and
analyzed DC phenotype and function by flow cytometry,
primary cell culture, and adoptive transfer experiments. We
found that depletion of NK cells altered the phenotypic and
functional maturation of DCs and promoted infection and
pathological reaction in the lung. In line, adoptive transfer
of DCs from Chlamydiae-infected NK-depleted mice (NK-
DC) in contrast to DC from the infected mice without NK
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depletion (NK+DC), failed to induce type 1 protective immu-
nity in recipient mice after challenge infection. Moreover,
NK cells from Chlamydiae-infected mice showed enhancing
effect on IL-12 production by DC. This effect was depending
on NKG2D receptor signaling and IFN 𝛾 production by
NK cells [55]. Furthermore, cytokine analysis of the local
tissues of the recipient mice receiving NK-DC compared
with those receiving NK+DC exhibited lower levels of Th1
(IFN-𝛾) and Th17 (IL-17) but higher levels of Th2 (IL-
4) cytokines. Consistently, NK-DCs were less efficient in
directing Chlamydiae-specific Th1 and Th17 responses than
NK+DCs when co-cultured with CD4+ T cells [56]. These
studies taken together demonstrate that NK cells modulate
DC function to elicitTh1/Th17 immunity during intracellular
bacterial infection (Figure 1).

6. Conclusion

The generation of pathogen specific adaptive immune
response requires efficient interaction between NK cells and
DC in the periphery or secondary lymphoid organs. This
crosstalk is evident in several models of viral, parasite, and
bacterial infection and provides a strong rationale for the
combined use of NK cells and DCs in the immunother-
apy of chronic infections. The development of therapeutic
interventions aimed at enhancing the immune response
against infections will require a complete understanding of
the molecular mechanisms involved in NK-DC crosstalk and
how it becomes disrupted during chronic infection.
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Osteopontin (OPN) regulates the immune response at multiple levels. Physiologically, it regulates the host response to infections
by driving T helper (Th) polarization and acting on both innate and adaptive immunity; pathologically, it contributes to the
development of immune-mediated and inflammatory diseases. In some cases, the mechanisms of these effects have been described,
but many aspects of the OPN function remain elusive. This is in part ascribable to the fact that OPN is a complex molecule with
several posttranslational modifications and it may act as either an immobilized protein of the extracellular matrix or a soluble
cytokine or an intracytoplasmicmolecule by binding to a wide variety of molecules including crystals of calcium phosphate, several
cell surface receptors, and intracytoplasmic molecules. This review describes the OPN structure, isoforms, and functions and its
role in regulating the crosstalk between innate and adaptive immunity in autoimmune diseases.

1. Introduction

OPN is an acidic glycoprotein that, depending on its intracellu-
lar (iOPN) or extracellular (OPN) localization, is involved in
inflammation by inducing cell adhesion and migration, reg-
ulating the differentiation of proinflammatory lymphocytes,
and inhibiting the apoptosis of inflammatory cells. It was
initially described as a bone-specific sialoprotein [1] and then
as a molecule expressed in activated T cells, consequently
being named the “early T cell activated gene” (ETA-1) [2, 3].

OPN is produced by a variety of cell types, such as B and
T cells, natural killer (NK) cells, NKT cells, macrophages,
neutrophils, dendritic cells (DC), bone cells (osteoblasts and
osteocytes), breast epithelial cells, and neurons, and high
expression is detected in the bone, lung, liver, brain, joints,
adipose tissue, and body fluids such as blood, urine, andmilk
[4–6].

1.1. OPN Gene. OPN is encoded by an 8 kb gene mapping
on chromosome 4q13 and composed of 7 exons; the first
exon is untranslated while exons 2–7 contain the coding
sequences (Figure 1). Genetic variations of the OPN gene
have been described in the 5 flanking region, exons, introns
and the 3 untranslated region (3UTR) [7–9]. Some of these
variations are associated with development and/or disease
activity of several autoimmune diseases [10–13] and some of
them influence OPN expression [14]. For instance, the four
single nucleotide polymorphisms (SNPs) +282T>C (exonVI:
rs4754), +750C>T (exon VII; rs1126616), +1083A>G (3UTR;
rs1126772), and +1239A>C (3UTR; rs9138) are associated
with three haplotypic combinations, that is, 282T-750C-
1083A-1239A (haplotype A), 282C-750T-1083A-1239C (hap-
lotype B), and 282C-750T-1083G-1239C (haplotype C), and
carriers of haplotype B and haplotype C display higher OPN
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Figure 1: Genomic, transcriptional, and protein features of OPN. The figure shows in the upper panel the genomic organization of the SPP1
gene and the relevant single nucleotide polymorphisms. OPN is transcribed with 3 splicing variants: variant a contains exons 2–7 while
variants b and c lack exons 5 and 4, respectively (middle panel). OPN transcripts have also two starting points generating a secreted or/and
intracellular form. Several posttranslational modifications are also shown (lower panel) including phosphorylation (asterisks), glycosylation,
and sulfation sites. Proteases (thrombin and matrix metalloproteinase, MMP) cleavage sites are also depicted.

serum levels and higher risk of developing several autoim-
mune diseases than haplotype A homozygotes. This effect
may be related to the higher stability of the mRNA coded by
haplotype B and haplotype C compared to that coded by hap-
lotype A [15]. Interindividual differences of OPN expression
may be also influenced by variations in the promoter region,
such as −66T>G (rs28357094) and −156G>GG (rs7687316)
SNPs, which may modulate the transcriptional activity of
the gene [15–18]. Table 1 summarizes several associations
reported between OPN SNPs and autoimmune diseases
(http://www.ncbi.nlm.nih.gov/projects/SNP/) [10, 13–16, 19–
25].

1.2. OPN Structure. The protein is composed of 314 amino
acids, rich in aspartate, glutamate, and serine residues, and
it contains functional domains for calcium binding [26].
Its molecular weight ranges from 44 to 75 kDa, depending
on alternative splicing and posttranslation modifications.
Given its composition, OPN is a highly negatively charged
protein lacking extensive secondary structure that displays
8 𝛼-helices and 6 𝛽-sheets. Besides the full-length variant,
namedOPN-a and containing all exons, two splicing variants
areOPN-b andOPN-c lacking exon 5 and exon 4, respectively
[27]. All of them use exon 2, which contains the signal

peptide, and are expected to be secreted. Another form
derives from alternative initiation of transcription, lacks the
signal peptide, and is expressed as an intracellular protein
(iOPN) (Figure 1). As both OPN and iOPN are generated
from the same mRNA, selective silencing of only one of
these isoforms is not possible. OPN deficient mice lack both
forms, while administration of OPN neutralizing antibodies
or aptamers selectively blocks only OPN [28]. Other variants
depend on several posttranslational modifications, includ-
ing phosphorylation, O-linked glycosylation, sialylation, and
tyrosine sulfation [29–34].

1.3. OPNFunctions. OPN functions as a free cytokine in body
fluids or as an immobilized extracellular matrix molecule in
mineralized tissue. Its pleiotropic effects are partly due to its
capacity to interact with multiple ligands including several
cell surface receptors, intracellular signaling molecules, cal-
cium, and heparin.

The binding sites to cell surface receptors include a
RGD (arginine–glycine–aspartate) motif interacting with
integrins 𝛼v𝛽1, 𝛼v𝛽3, 𝛼v𝛽5, 𝛼v𝛽6, 𝛼8𝛽1, and 𝛼5𝛽1 [35–37],
and a binding site for CD44, in particular for the isoform
CD44v6-v7. Moreover, thrombin cleaves OPN at a conserved
site (168RS169) and exposes a cryptic 162SVVYGLR168 motif

http://www.ncbi.nlm.nih.gov/projects/SNP/
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Table 1: OPN gene polymorphisms associated with autoimmune diseases.

SNP rs Located Autoimmune disease References
−156 G>GG Rs7687316 Promoter MS, T1D, SLE [15, 16, 19]
−66 T>G Rs28357094 Promoter T1D, CD, SLE [10, 19, 20]
+282 T>C (8090TH)$ Rs4754 Exon VI MS, SLE, ALPS/DALD, RA, CD [10, 14, 21]
+750 C>T (+707; 9250TH)$ Rs1126616 Exon VII SLE#, PBC, MS, CD, ALPS/DALD [10, 14, 21–23, 25]
+1083 A>G (9583RD)$ Rs1126772 3UTR BD, SLE∗, MS, ALPS/DALD, CD [10, 13, 14, 16, 21, 24, 25]
+1239 A>C Rs9138 3UTR CD, TDM1, MS, SLE, ALPS/DALD [10, 13–16]
#∗A recent meta-analysis found an association only in Asian but not in European SLE patients (#) and no association with SLE patients (∗) [25].
$SNPsmay have different numbering depending on the transcript analysed and the assembly used.

interacting with the integrins 𝛼9𝛽1, 𝛼4𝛽1, and 𝛼4𝛽7 [38, 39].
The RGD and the cryptic sites are located in the N-terminal
fragment of OPN produced by thrombin cleavage (OPN-N),
whereas the CD44 binding site is located in the correspond-
ing C-terminal fragment (OPN-C).

The role ofOPN in the crosstalk between innate and adap-
tive immunity (iOPN is described later) is clearly highlighted
in the development of proinflammatory T helper (Th) type-1
and Th17 cells (Figure 2). By acting on macrophages, OPN
upregulates interleukin- (IL-) 12 production and enhances
Th1development. By acting onThcells, OPN induces produc-
tion of IL-17 by triggering𝛼v𝛽3 integrin and inhibits secretion
of IL-10 by triggeringCD44 [40]. By interactingwithCD44 in
Th cells, OPN induces hypomethylation of interferon- (IFN-)
𝛾 and IL-17a genes enhancing differentiation ofTh1 andTh17
cells. In contrast, CD44 deficiency promotes hypermethyla-
tion of IFN-𝛾 and IL-17a and hypomethylation of IL-4 gene,
leading toTh2 cell differentiation [41].

We have recently demonstrated that OPN-N and OPN-
C generated by thrombin-mediated cleavage display distinct
functions. In T cells, OPN-N promotes IL-17 secretion,
whereas OPN-C inhibits IL- 10 secretion. In monocytes,
secretion of IL-6 is induced mainly by OPN-N. In several
cell types, including vascular endothelial cells and tumor
cells, OPN-N induces migration whereas OPN-C induces
adhesion. By contrast, both fragments similarly induce IFN-𝛾
secretion in T cells and tubulogenesis in vascular endothelial
cells and inhibit activation-induced cell death in lymphocytes
[42].

Human OPN has two strong heparin-binding domains
associated with internalization signals, which suggests that
it rapidly binds to surface heparan sulfate proteoglycans to
be internalized. Interestingly, the thrombin cleavage site is
located close to one of these heparin-binding domain. Thus,
heparin binding to OPN blocks the access of thrombin and
maintains OPN in the full-length form. Furthermore, the N-
terminal of OPN is dominated by acidic, negatively charged
amino acids, whereas all of the positively charged heparin-
binding domains are on the C-terminal part [43, 44].

The biological activity of OPN can be modulated also
by cleavage mediated by several matrix metalloproteinases
(MMPs), including MMP-1, MMP-2, MMP-3, MMP-8,
MMP-9, MMP-10, MMP-11, MMP-12, MMP-13, MMP-14,
and MMP-25. These are increased in biological samples
of patients with autoimmune diseases, and the majority of
them have a detrimental role since their activity inhibit cell

adhesion and/or the migration driven by OPN [45, 46].
Human OPN contains three cleavage sites for MMPs located
between the amino acids Gly166-Leu167, Ala201-Tyr202, and
Asp210-Leu211. Interestingly, MMP-12 processes OPN into a
less-inflammatory form, or, alternatively, it generates OPN
peptides with anti-inflammatory properties [47].

Other mechanisms controlling OPN functions are post-
translational modifications, including O-linked glycosyla-
tion, sialylation, phosphorylation, and tyrosine sulfation,
which influence each other and complicate the functional
study on OPN and its variants [48]. For instance, O-
GlcNAcylation antagonizes phosphorylation in terms of
abundance, protein distribution, and activity of the protein
[49]. Moreover, reduction of sialylation may prevent OPN
from binding to cell surface receptors [31].

OPN displays substantial O-glycosylations, while the
level of N-glycosylation seems to be low. Accurate analysis of
O-glycosylation on human OPN detected multiple complex
and heterogeneous glycans and 𝛼 (2-3) sialic acids and a
novel O-glycosylation site (S146) in the SVVYGLR domain
which might regulate the interaction of OPN with integrins
[50, 51]. Additionally, steric hindrance of glycan structures
on S146 may impair the OPN cleavage mediated by MMPs.
Other O-glycosylation sites are located in the C-terminus of
OPN, which binds to CD44 andmay regulate various cellular
events, including binding interactions [52].

OPN displays 26 phosphorylation sites which may inter-
play with the O-glycosylation sites [53]. Nevertheless, one
new phosphorylation site, Y209, was detected. Interestingly,
among the identified O-glycopeptides, aa205–225, aa234–
252, and aa286–298 were also identified as phosphorylation
sites, indicating that interplay between O-glycosylation and
phosphorylation on these sites may occur in OPN.

OPN phosphorylation seems to play regulatory roles in
bone mineralization, OPN-receptor interactions, and tumor
metastasis [54].

OPN regulates bone mineralization and has diverse
effects on hydroxyapatite (HA) formation and growth
depending on the extent of phosphorylation, since phosphor-
ylated OPN can bind to Ca2+ and Mg2+ which are essential
bone components. Phosphorylated OPN from bone inhibits
hydroxyapatite mineral deposition in both cell-free systems
[55–58] and in cell cultures [59–62]. In contrast the highly
phosphorylated milk OPN promotes mineralization in solu-
tion [63]. Moreover, in OPN-KO mice, mineralization is
enhanced in bone, calcified cartilage [64], vasculature [65],
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and kidney [66]. Bovine OPN has two thrombin cleavage
sites, thus generating three thrombin-cleaved fragments: an
N-terminal, a central, and a C-terminal fragment.These frag-
ments have distinct effects on HA formation and growth: the
central fragment is an inhibitor of HA formation, while the
C- and N-terminal fragments promote HA formation [67].

Sulphate groups of OPN have been shown to act coopera-
tively with polyaspartic acid peptides in a𝛽-sheet structure in
promoting HA formation. Accordingly, Nagata et al. showed
that sulfation of OPN is important for early formation of HA
crystals in bone, is a valuable indicator of bone formation, and
marks the osteoblastic phenotype [68].

1.4. iOPN. iOPN was initially found in rat calvarial cells
[69] showing two patterns of OPN staining: a perinuclear
staining located in the Golgi apparatus and a perimembrane
staining reminiscent of focal adhesion staining [69]. In
addition, staining was also detected in the nucleus [70]. It
was initially suggested that iOPN plays a role mainly in
innate immunity, since DCs and macrophages constitutively
express high levels of OPNmRNA but secrete relatively small
amounts of OPN. By contrast, activated T cells produce 50-
fold more OPN than macrophages [71, 72]. The function of
iOPN seems to be mainly involved in supporting signaling
through several receptors. In plasmacytoid DC (pDC), it is
involved in toll-like receptor- (TLR-) 9/TLR-7 by “anchoring”
multiple pattern-recognition receptors (PRRs) to form recep-
tor clusters. Moreover, TLR9 ligation promotes association of
iOPN and myeloid differentiation primary response gene 88
(MyD88) and enhances IFN-𝛼 expression through interferon
regulatory factor (IRF) 7 activation. In conventional DC,
iOPN inhibits IL-27 expression and enhances the response
of Th17. In macrophages, it promotes nuclear translocation
of interleukin-1 receptor-associated kinase 1 (IRAK1) and
IL-10 expression. Recent data have detected a key role of

iOPN in T follicular helper (TFH) cells, since inducible T
cell costimulator (ICOS) signaling induces iOPN interaction
with the PI3K p85𝛼 regulatory subunit, followed by translo-
cation into the nucleus and binding to B cell lymphoma-
(Bcl-) 6 (involved in TFH differentiation) protecting it
from proteasome-mediated degradation [73]. Moreover, at
perimembrane regions, iOPN colocalizes with CD44-ERM-
(ezrin-radixin-moesin-) actin complexes, and it is involved
in cell motility [74]; this activity seems to play a key role in
the osteoclast function [75, 76].

2. OPN and Autoimmune Diseases

In the past thirty years, OPN has attracted attention follow-
ing observations that high levels of OPN can be detected
in several autoimmune diseases, like systemic lupus ery-
thematosus (SLE) [77, 78], multiple sclerosis (MS) [79],
rheumatoid arthritis (RA) [80], and others [14, 81]. In line
with these observations, transgenic overexpression of OPN
in a nonautoimmune background causes accumulation of
B cells, hypergammaglobulinemia, and production of anti-
DNA antibodies, which is typical of SLE [82]. Moreover,
OPN deficient mice are relatively protected against MS [83],
RA [84], type 1 diabetes mellitus (T1DM) [85], autoimmune
uveitis [86], autoimmune hepatitis [87, 88], intestinal bowel
disease (IBD) [89], and Sjögren’s syndrome (SS) [90, 91].

The detrimental activity of OPN in autoimmune diseases
may involve its ability to promote secretion of IL-17 and IFN-
𝛾 in T cells and IL-6 in monocytes, to promote lymphocyte
adhesion and migration, to inhibit activation-induced cell
death that is involved in the switching off the immune
response and to support TFH differentiation (Figure 2).

Genetic investigations, including genome-wide associa-
tion studies (GWAS), have identified numerous, replicable,
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genetic associations between common SNPs and susceptibil-
ity to autoimmune disease, some of which are shared between
two or more diseases [92, 93]. Along with epidemiological
and clinical evidence, this suggests that some genetic risk
factors may be clustered into groups and influence entire
pathways to create risk to multiple diseases [94]. Unexpect-
edly, no GWAS identified OPN SNPs as associated to any
autoimmunedisease.Nevertheless, GWASapproach has been
enriched and complemented by genome-wide expression
profiling, in ex vivo innate (NK and monocytes) or adaptive
immune cells (CD4+ T cells, B cells) [92]. Interestingly,
genome-wide differential analysis in SLE identified distinct
inflammatory pathways involved, including OPN [95].

In this part of the manuscript, we will review the data on
SLE, MS, and RA, which display a huge literature related to
OPN. They are also mediated by distinct immunopathologic
features, since SLE is mainly mediated by antibodies and MS
byT cells, whereas RAdamage involves bone erosions. Recent
advances in other autoimmune diseases are also discussed at
the end.

2.1. Systemic Lupus Erythematosus. SLE is a complex autoim-
mune disease characterized by production of autoantibodies
(autoAbs) against nuclear, cytoplasmic, and cell surface
molecules that transcend organ-specific boundaries. Tissue
deposition of antibodies or immune complexes induces
inflammation and subsequent injury of multiple organs and
finally results in clinical manifestations of SLE, including
glomerulonephritis, dermatitis, thrombosis, vasculitis, and
arthritis [96, 97].

The first evidence of a relationship between OPN and
SLE was reported in MRLlpr/lpr mice, developing a disease
partly resembling SLE [98]. MRLlpr/lpr mice were found to
carry a loss-of-function mutation of the FAS gene, which
was followed by identification of the corresponding human
disease, which was named autoimmune lymphoproliferative
syndrome (ALPS). MRLlpr/lpr mice and ALPS patients are
characterized by accumulation of polyclonal lymphocytes
in the secondary lymphoid organs, expansion of a peculiar
subset of T cells expressing TCR𝛼𝛽 but not CD4 or CD8
(named double negative T cells) and autoimmune mani-
festations. MRLlpr/lpr mice, but not ALPS patients, produce
anti-DNA autoAbs and develop vasculitis, arthritis, and
glomerulonephritis causing fatal renal failure [99–101]. In
both MRLlpr/lpr mice and ALPS patients, the disease is due to
decreased function of the proapoptotic FAS receptor involved
in switching off the immune response. Most ALPS patients
carry an inherited or somatic loss-of-function mutation of
FAS. RareALPS patients carrymutations of FASLG coding for
FAS-ligand, or CASP10 coding for caspase 10 involved in FAS
signaling; a mutation of FASLG is carried also by MRLgld/gld

mice showing a disease similar to that displayed byMRLlpr/lpr
mice. However, a substantial proportion of ALPS patients
display a defective function of FAS in the absence of known
mutations, which is a pattern shown also by patients with
Dianzani autoimmune lymphoproliferative disease (DALD)
displaying lymphoproliferation and autoimmune manifesta-
tions but lacking DN T cell expansion [102, 103].

In mice, CD4− CD8− T cells expressed high levels of
OPN. Overexpression of OPN in MRLlpr/lpr mice induces B
cell activation and IgG and IgM production, elevated autoan-
tibodies levels (including autoAbs to double-stranded (ds)
DNA), and increased cytokine expression (TNF-𝛼, IFN-𝛾,
and IL-1𝛽) [12, 82, 97]. In MRLlpr/lpr mice, OPN upregulation
begins at the onset of the autoimmune response andpositively
correlates with the symptom severity [86], which is also
influenced by allelic differences in OPN gene [12, 104], since
development of glomerulonephritis is favored by the OPN
variant carried by MRL strain but not by the one carried by
the C3H strain. These allelic variants correlate with different
levels of antibody production, tumor necrosis factor- (TNF-)
𝛼, IL-1𝛽 and IFN-𝛾 expression, and macrophage activation
[12]. Similar findings are reported for patients with ALPS
or DALD, who show increased levels of serum OPN and an
increased risk of developing the diseases in subjects carrying
the OPN haplotype B or haplotype C causing production
of high levels of OPN. We proposed that high levels of
OPNmay contribute to the disease by inhibiting lymphocyte
apoptosis, worsening the defect due to defective FAS function
[14]. In particular, OPN directly inhibits activation-induced
lymphocyte apoptosis and promotes secretion of TIMP1 [105]
and IL-17 [106], which, in turn, inhibit both Fas-induced and
activation-induced lymphocyte apoptosis.

Increased levels of OPN have been reported also in the
sera and plasma of SLE patients [16, 84, 107], and their use has
been suggested in monitoring SLE severity [107]. In line with
these observations, a prospectic study suggested that high
plasma levels of OPNmay be predictors of poor outcome and
are associated with the presence of autoAbs anti-ds-DNA and
elevated IFN-𝛼 levels in the serum [108].Moreover, highOPN
levels in the serum and glomeruli are associated with renal
damage, possibly mediated by the OPN’s ability to support
secretion of Th1 and Th17 proinflammatory cytokines and
inflammatory cell migration and activation [107, 109, 110].

Recently a meta-analysis revealed that the OPN level
was significantly higher in SLE patients and particularly in
those with renal disease [25]. Moreover, it showed a trend
of positive correlation between OPN levels and the systemic
lupus erythematosus disease activity index (SLEDAI) [25].
The relationship between OPN and SLE has been confirmed
by genetic studies showing correlations between OPN poly-
morphisms and development of SLE and suggesting thatOPN
may participate in a complex network of gene-gene and gene-
environment interactions accounting for the SLE clinical
heterogeneity. In line with this view, OPN polymorphisms
have been correlated with specific clinical features of the
disease, such as thrombocytopenia and hemolytic anemia,
renal disease and opportunistic infections, lymphadenopathy,
and high serum levels of IgE. Moreover, a correlation has
been found with high serum levels of IFN-𝛼, which is a
key cytokine in SLE pathogenesis [16, 20, 22, 111, 112]. Some
studies have detected a predominant influence of some poly-
morphisms on SLE development in males, who account for
about 10% of SLE patients, which suggests that theOPN effect
may be highlighted in the absence of strong SLE-promoting
factors acting on females [113]. However, other reports have
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detected the same polymorphism as SLE-promoting factors
in females and particularly in the young ones [16, 111], which
may be ascribed to OPN’s role in long bone remodeling
during adolescence [114]. Other studies investigated OPN
9250C/T (rs1126616) polymorphism as SLE susceptibility
variants, in associationwithOPN levels and clinical outcome.
Authors found that the frequency of TT genotypes was higher
in SLE patients with nephritis compared to controls, suggest-
ing that theCTandTTgenotypes could be risk factors for SLE
[115]. Recently, Lee and Song conducted a meta-analysis on
the role of OPN in SLE. They found that elevated OPN levels
positively correlated with SLE activity and demonstrated
a significant association between OPN 1239C/A, 9250C/T
polymorphisms, and SLE susceptibility [25].

Interestingly, OPN in kidneys may also be secreted by
senescent myofibroblasts and drive glomerular fibrosis [116].
OPN is required for myofibroblasts differentiation, and it
regulates themolecules involved in tissue fibrosis. High levels
of glomerular OPN are associated with macrophage accumu-
lation and progressive renal injury in an antiglomerular base-
ment membrane (GBM) glomerulonephritis (GN) model
[116, 117]. OPN may modulate also angiotensin-II- (AII-)
induced inflammation, oxidative stress, and fibrosis of the
kidney [118]. Moreover, studies showed a localization of OPN
at the origin of the fibrotic lesion in Bowman’s capsule and
the OPN deposition colocalized to the fibrotic lesion [116].

OPN also has an important function in vascular inflam-
mation. It acts through modulation of the proliferation,
migration, and accumulation of smoothmuscle and endothe-
lial cells [116, 119]. Under injury conditions, OPN plays a reg-
ulating role in arterial mineral deposition and in atheroscle-
rotic lesions. OPN levels are high in human atheroscle-
rotic lesions, and in lesions of ApoE−/− mice, a model of
atherosclerosis and aneurysm formation especially associated
with macrophage and foam cells [120]. In vivo the function
of OPN in atherosclerotic plaque formation has been proven
by backcrossing ApoE−/− mice with OPN−/− mice. Double
knockout mice highlighted the role of OPN in recruiting
leukocytes, inmacrophage apoptosis, and in reduction ofAII-
induced aortic aneurysm formation andMMP-2 andMMP-9
activity.These data support the idea that OPN andMMPhave
a role in regulation and vessel rupture [120].

2.2. Multiple Sclerosis. MS is a chronic inflammatory disease
of the Central Nervous System (CNS). At onset, approxi-
mately 15% of patients display a primary progressive course
(PP), whereas the others display a relapsing-remitting (RR)
course, which mostly switches to a secondary progressive
(SP) course within 10–15 years [121]. Analysis of the transcrip-
tome has identified more than 50 genes highly overexpressed
inMS lesions, and they includedOPN [122]. HighOPN levels
have been reported in the serum, plasma, and cerebrospinal
fluid (CFS) ofMSpatients and levels are higher inRRMS than
in PP and SP MS, especially during the relapses. Moreover,
OPN is expressed in reactive astrocytes andmicroglial cells in
patients with RR-MS, particularly during the relapses [123–
128]. The high OPN levels are positively correlated with the
levels of IL-17 [129, 130].

Genetic analyses have associated variations of the OPN
gene with MS [21, 131]. In this regard, we found that the
variants of the OPN gene coding for a mRNA with increased
stability (haplotype B and haplotype C) were associated
with increased risk of MS, severe disease course, and rapid
evolution of disability [132]. Furthermore, we detected a
correlation between the 156G>GG SNP in theOPN promoter
region and timing of disability progression and switch to the
SP form [15, 132]. In Japanese patients, an OPN SNP (i.e.,
9583A>G) has been associated with age of onset of disease
[21]. However, other studies have not found associations
between OPN variants and MS development or course [131].

Experimental autoimmune encephalomyelitis (EAE), the
animal model of MS, is mediated by myelin specific autore-
active Th1 and Th17 cells. OPN deficient mice develop an
attenuated form of EAE with a single relapse and lack of
exacerbations or progression [79]. From the immunological
point of view, they show a shift toward aTh2 cytokine profile,
a reduction of proinflammatory cytokines, such as IFN-𝛾, and
TNF-𝛼, and increased numbers of apoptotic immune cells in
the CNS lesions.Moreover, daily treatment with recombinant
OPN worsened EAE in OPN+/+ mice and the effect was even
more striking in OPN deficient mice. These results suggest
that OPN influences the disease course not only by support-
ing expression of proinflammatory cytokines, but also by
inhibiting apoptosis of autoreactive immune [133]. Treatment
with IFN-𝛽 suppressed the production of IL-17 and OPN,
through activation of signal transducer and activator of
transcription (STAT)1 and suppression of STAT3 activity, and
decreased spinal cord infiltration of cells secreting OPN and
IL- 17 [130].

Proteomic studies performedonMS lesions have detected
the expression of severalmolecules of the coagulation cascade
and administration of coagulation inhibitors, such as hirudin,
decreased disease severity, and suppressed production ofTh1
and Th17 type cytokines [79, 133, 134]. These effects may
involve OPN, since thrombin cleavage unmasks the OPN
cryptic domain interacting with 𝛼4𝛽1 integrin. This plays a
key role in the recruitment of autoimmune T cells in MS
lesions and is targeted by natalizumab, a humanized mono-
clonal antibody active in the treatment of RRMS [135].More-
over, 𝛼4𝛽1-OPN interaction prevents nuclear translocation of
the transcription factor forkhead boxO3A (FOXO3A), block-
ing transcription of proapoptotic genes such as Bim, Bcl-
2 homologous antagonist killer (Bak), and Bcl-2-associated
X protein (Bax), and promotes degradation of Ik-B with
activation of NF-kB and upregulation of antiapoptotic genes
andTh1 andTh17 cytokines [136].

A modulatory effect on OPN activity may also be exerted
by OPN cleavage byMMPs whose levels are increased in sev-
eral autoimmune diseases [45]. In line with this view, MMP-
12-deficient mice develop more severe EAE than wild type
mice, and this effect disappears in OPN/MMP-12 double-
deficient mice [46, 47].

It has been reported that, after spinal cord injury, OPN
is expressed by microglia and correlated with cell infiltration.
OPNplays amajor role in attracting inflammatory cells to the
injury site [137] and, for a long time,most authors highlighted
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the role of OPN in exacerbating tissue damage after spinal
cord injury. By contrast, Hashimoto et al. observed that the
expression of Bcl-2, TNF-𝛼, IL-1𝛽, and IL-6 is downregulated
inOPNknockout spinal cord after spinal cord injury thatmay
result from a deficiency of OPN’s proinflammatory activity
[138]. Lower cytokine expression is accompanied by reduc-
tion of the number and activity of microglia/macrophages.
Moreover, KO mice showed lower Basso Mouse Scale (BMS)
scores than in wild type mice. These findings suggest that
OPN is beneficial for recovery from spinal cord injury and
plays a neuroprotective role during inflammatory response
to spinal cord injury. This is also supported by research
showing an upregulation of OPN, secreted by astrocytes and
microglial cells, during the demyelination and remyelination,
at the site of spinal cord injury [139]. A stroke model, too, in
which focal cerebral ischemia is induced by photothrombosis,
has shown a neuroprotective and regenerative function of
OPN, especially when it is cleaved by thrombin [140].

2.3. Rheumatoid Arthritis. RA is a chronic, disabling autoim-
mune disease characterized by an inflammatory attack of the
joint space, leading to the invasive growth of the synovial
tissue and progressive destruction of the articular cartilage
and bone [141]. RA patients have a shortened life span,
and they suffer cardiovascular diseases caused by accelerated
atherosclerosis which are a common cause of death in these
patients. In the diseased joints, several cytokines are highly
expressed, including OPN together with IL-1 and TNF-𝛼
[142].

The first evidence of a relationship between OPN and
RA was provided in OPN−/− mice that are protected from
joint destruction in collagen-antibody-induced arthritis, an
RA animal model (CAIA) [84]. High levels of OPN have
been reported in the plasma and synovial fluid of RA patients
[143] and have been associated with clinical severity indexes
[144]. Furthermore, OPNmRNA is highly expressed in CD4+
synovial T cells and correlates with coexpression of selected
OPN receptors, including 𝛼v and 𝛽1 integrin chains and
CD44 [145]. Moreover, OPN plasma levels decrease after
treatment with biologics or immunosuppressive drugs [145].

The effects of OPN on bone resorption are mainly
ascribed to the interaction with CD44 and 𝛼v𝛽3 integrin
expressed by osteoclasts in the site of bone erosion [146].
However, other receptors may also be involved, since block-
ing 𝛼v𝛽3 integrin by means of anti-𝛽3 antibodies or other
specific antagonists, such as SB273005 or cyclic RGD pep-
tides, inhibits bone resorption only partly in animal models
of RA [147].

Integrins 𝛼4 and 𝛽9 chains are expressed in arthritic
joints and mAbs against the cryptic domain of OPN ame-
liorate collagen-induced arthritis by decreasing infiltration
of inflammatory cells, proliferation of synovium, and devel-
opment of bone erosions [148]. In line with a role of the
cryptic domain, high levels of thrombin, OPN-N, and OPN-
C have been detected in the synovial fluid of patients
with RA. The levels of OPN-C and OPN-N correlate with
the disease’s severity, and the thrombin inhibitor hirudin
ameliorates collagen-induced arthritis [149]. Moreover, the
activity of OPN-N may be inhibited by thrombin-activatable

carboxypeptidase B (CPB), which cleaves the C-terminal
arginine from the cryptic site [150]. Interestingly, RA synovio-
cytes express a modified form of OPN, forming a complex
with fibronectin and thus exposing the cryptic domain that
promotes secretion of IL-6 in B cells [151].

In RA, OPN may play a crucial role by promoting differ-
entiation of Th17 and Th1 cells, whose levels are elevated in
rheumatoid synovium and correlate with several parameters
of inflammation in RA patients [152]. Genetic studies did
not detect univocal associations of OPN variants with RA.
Some studies did not find any association between OPN
polymorphisms and susceptibility to RA nor any correlation
between OPN levels and OPN genetic polymorphisms [153,
154]. By contrast, an Italian study associated a SNP in theOPN
promoter region (−156G>GG) with RA susceptibility [155].
These differences may be ascribed to the different influence
of other concurrent genetic or environmental factors in the
different populations of patients.

A recent prospective study, conducted in biologic-naı̈ve
patients with RA, pointed out that low OPN serum levels at
baseline predict clinical remission one year after initiating
tocilizumab treatment but not infliximab treatment [156].

OPN is also a crucial regulator involved in osteoarthritis
(OA) progression [157]. OA is the most common form of
arthritis, which mainly affects older people. OPN is highly
expressed in the joints of OA patients, and its levels correlate
with the severity of joint lesion and inflammatory status in
the OA patients [158]. Abnormal mechanical load to chon-
drocytes alters the composition and metabolism of articular
cartilage [159], which induces the release of OPN, and the
enhanced level of OPN in cartilage leads to the induction
of MMP-13 [160]. MMP-13 is thought to be involved in
the degradation of cartilage matrix components of type II
collagen and the release of proteoglycan from cartilage tissue
that promotes the development of OA [161]. Elevated levels of
OPN in cartilage also activate the transcription factor NF-𝜅B
pathway involved in the production of many inflammatory
factors, including chemokines and cytokines (e.g., IL-1, IL-
6, IL-8, CXCL1, and CCL2) in cartilage, which leads to the
spontaneous production of nitric oxide (NO), prostaglandin
E2 (PGE2), IL-1𝛽, IL-6, and IL-8.The overproduction of these
cytokines and mediators exerts injurious effects on chondro-
cyte functions which lead to an imbalance of cartilage home-
ostasis resulting in progressive articular degeneration [162].

2.4. Other Autoimmune Diseases

2.4.1. Type 1 DiabetesMellitus (T1DM). In T1DM, the autoim-
mune process is marked by the presence of antiglutamic
acid decarboxylase (GAD), anti-islet cell, or anti-insulin
antibodies, but the disease is mainly due to cell-mediated
destruction of insulin-producing pancreatic 𝛽-cells [163].
This destruction is preceded by insulitis, a massive invasion
of the islets by a mixed population of lymphocytes and
macrophages. OPNmay play a role in this inflammation since
serum levels are increased in T1DM compared to controls
and in diabetic patients correlated with high systolic and
diastolic blood pressure, body mass index, low high density
lipoprotein, diagnosis of retinopathy, and microalbuminuria
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[164, 165]. High OPN concentrations are associated with
an unfavorable metabolic profile in these patients and are
strong predictors of incipient diabetic nephropathy [164, 166].
SNPs analysis of the OPN gene showed that +1239C carriers
displayed a significantly higher risk of T1DM than +1239A
homozygotes [13]. Another SNP that can have a susceptibility
role in T1DM development is located in the position 66.
The G allele had significantly higher frequency in controls
than T1DM patients. Interestingly, case-control comparison
in males showed no significant association, whereas the
association was confirmed in females [19]. Intriguingly, a
screening of random peptide libraries with sera of young T1D
patients detected an epitope of humanOPNas an autoantigen
expressed in the somatostatin cells of human islets [167].

2.4.2. Sjögren’s Syndrome (SS). SS is an autoimmune disease
characterized by lymphocyte infiltration of exocrine glands
but can also involve the lungs, kidneys, and nervous system.
Moreover, patients with SS are predisposed to develop non-
Hodgkin’s B cell lymphoma at a substantially higher rate
than the general population. Recent studies suggested a role
for OPN in SS pathogenesis [168, 169] since OPN levels are
increased in the serumand salivary glands of patients with SS.
Transgenicmice expressing OPN under the immunoglobulin
enhancer/SV40 promoter spontaneously develop SS and dis-
play increasedOPN levels both in the salivary glands and sys-
temically. In tissues, OPN colocalizes with the inflammatory
infiltration and is associated with reduced saliva production
and increased autoantibody levels. These data have been
confirmed in both the serum and submandibular salivary
gland tissue using the well-characterized NOD/ShiLtJ mice,
developing spontaneous SS disease in a highly predictable
time frame [170]. SinceOPN transgenicmice showed elevated
OPN levels especially in B cell, B cell derived OPN has been
speculated to play a role in SS development [90], even if a role
may be played also by T cell derived OPN, and iOPN in TFH
cells [73].

2.4.3. Inflammatory BowelDiseases (IBD). IBDs are immune-
mediated diseases typically resulting from abnormal mucosal
T cell response to commensal bacteria in intestine and involve
chronic intestinal inflammation, mucosal damage, and
epithelial barrier dysfunction. Plasma concentration of OPN
is elevated in patients with ulcerative colitis (UC) and corre-
late with clinical activity [81].Moreover, Crohn’s disease (CD)
patients show elevated OPN expression in the terminal ileum
and elevated plasmaOPN levels correlatewith disease activity
[171–175]. In particular, in patients with active disease, the
plasma OPN levels were increased compared with the quies-
cent disease and reduced after infliximab treatment. Genetic
studies also found association of OPN haplotypes with CD
susceptibility, and the combined effects of certain OPN vari-
ants may modulate IL-22 secretion [10]. However, preclinical
studies showed that, in the acute phase of colitis, OPN-KO
mice showedmore extensive colonic ulcerations andmucosal
destruction than wild type mice and the clinical pheno-
type was ameliorated by delivery of OPN. By contrast, in
chronic dextran sulfate sodium- (DSS-) induced colitis, in
which a Th1 response of the lamina propria infiltrates played

a pivotal role, OPN-KO mice were protected from mucosal
inflammation and produced less serum levels of IL-12 than
wild type mice. Furthermore, neutralization of OPN was
therapeutic in these mice. These data suggest a dual function
of OPN in intestinal inflammation: during acute inflamma-
tion it activates innate immunity, reducing tissue damage and
initiating mucosal repair; during chronic inflammation, it
activates adaptiveTh1 response, reducing inflammation [176].

2.5. Targeting OPN in Autoimmune Diseases. Patients with
with RA or OA spontaneously produce anti-OPN autoAbs,
and their serum levels are inversely correlatedwithmarkers of
disease activity [177]. These data are in line with a large body
of data showing that autoAbs against inflammatory cytokines
can be detected in several inflammatory diseases and suggest-
ing that they are a physiological mechanism to counteract the
pathological effects of these cytokines [178]. In line with this
model, induction of EAE promotes the production of anti-
OPN autoAbs, and remission occurs when their titers peak.
Furthermore, DNA vaccination with a plasmid encoding
OPN before EAE induction boosts the production of these
autoAbs and ameliorates the course of the disease [179]. In
MS,we found increased levels of anti-OPNautoAbs in RRMS
patients especially in the early phases of the disease and dur-
ing the remission phase. Moreover, high levels of anti-OPN
autoAbs at diagnosis correlate with relented development of
disability in the RR MS patients treated with immunomodu-
lating therapy.

These data suggest that the use of antagonists of OPN
may be effective in the treatment of autoimmune diseases.
In line with this possibility, injection of anti-OPN antibodies
ameliorates the disease in primate and mouse RA [84].These
experiments showed that this cryptic epitope is involved in
leukocytes migration, cell adhesion, cytokine production,
and progression of arthritis [180]. Moreover, in a rat model
of antiglomerular basement membrane glomerulonephritis,
induced by immunizing mice with the nephritogenic T cell
epitope pCol(28–40) derived from 𝛼3 chain of type IV
collagen, treatment with neutralizing antibodies to OPN
inhibited development of glomerular fibrosis [117].

These results obtained in animal models have prompted
a recent study on safety, tolerability, pharmacokinetics, phar-
macodynamic, and efficacy of a monoclonal antibody against
OPN in patients with RA [180]. Patients with RAwere divided
into two random groups, that is, treated with a placebo or a
humanized IgG1monoclonal antibody (ASK8007) directed to
the cryptic site of OPN and inhibiting both RGD- and 𝛼9𝛽1
integrin-dependent cell binding to human OPN [180, 181].
Overall ASK8007 administration appeared safe and well tol-
erated up to a highest dose (20mg/kg), but it did not induce
any improvement in joint inflammation and destruction.This
can be the consequence of the clinical trial design (early time
of evaluation, low power of the study, and aggressive disease
compared to the mild preclinical one), low affinity of the
mAb for the humanOPN, or themethodology used targeting
OPN but not iOPN. To overcome this problem, silencing
OPN expression might be a good approach since mice with
collagen-induced arthritis ameliorated the inflammatory
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response and bone destruction (articular swelling and car-
tilage erosion) in the ankle joint upon inhibition of OPN
expression, by mean of lentiviral OPN short hairpin RNA
[182]. Moreover, preclinical data on experimental autoim-
mune uveitis, in which targeting of OPN has been obtained
by mean of a small interfering RNA (siRNA) [183], are
encouraging.

Results showed that plasma levels of OPN and the clinical
and histopathological scores of disease were lower in the
siRNA-treated group than that in the control group.

3. Conclusions

OPN is multifaceted protein exerting several roles in inflam-
mation, adaptive immunity, tissue repair, bone formation,
and cell signaling. These heterogeneous activities may be
ascribed to the multiple variants of OPN including those due
to transcriptional, posttranscriptional, and posttranslational
modifications.These variants may be variably involved in the
pathogenesis of different autoimmune diseases and clarifica-
tion of the role of each variants is crucial to tailor appropriate
therapeutic approaches targeting this complex molecule.
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Although NK cells are considered part of the innate immune system, a series of evidences has demonstrated that they possess
characteristics typical of the adaptive immune system. These NK adaptive features, in particular their memory-like functions, are
discussed from an ontogenetic and evolutionary point of view.

1. Introduction

Innate immunity and adaptive immunity are two comple-
mentary aspects of the immune response, which consists of a
complex system of interactions aimed either at the clearance
of pathogens or at the elimination of transformed cells.
Although the two terms, inherited from the biology of the last
century, present themselves as antithetical, the high degree
of cooperation and interdependence between immunological
mechanisms makes a clear-cut distinction between the two
concepts increasingly difficult. This difficulty is also caused
by the fact that, from a phylogenetic point of view, the
adaptive immunity can be considered an evolution and an
improvement of the innate immunity, and the coexistence
of partially similar and mutually intertwined mechanisms is
therefore possible [1].

The lymphoid cells which are traditionally considered
as the effectors of innate immunity are NKT cells and the
so-called ILC (innate lymphoid cells), among which NK
cells are one of the most important populations [2]. They
recognize their ligands in a non-MHC restricted way and,
as part of the innate immunity, are generally considered
unable to remember antigens and to increase the magnitude
of their response over time [3]. The lymphoid cells which are

traditionally considered as the effectors of adaptive immunity
are T and B lymphocytes. They feature both the need to
recognize the antigen and the ability to arouse a faster and
stronger response when they encounter their cognate antigen
for a second time. The two mechanisms underlying this last
function, which is called immunologic memory, are basically
the same in both populations.The first consists of an antigen-
dependent clonal proliferation, and the second of a capability
to maintain for a very long time (sometimes throughout life)
a population of derived cells able to proliferate again on the
occasion of a further encounter with the same antigen.

In T cells the process of memory formation can be
divided into 3 distinct phases [4]. Initially there is a phase
of “expansion” during which clones of naive T cells expand
and differentiate into effector T cells following exposure to
foreign antigens in the framework of the major histocom-
patibility system (MHC); this is followed by a phase called
“contraction,” during which most effector T cells undergo
apoptosis. Only a few cells survive and enter the third stage,
called “memory,” during which they tend to persist and self-
renew, ready to encounter the same antigen to which they
had been previously exposed [5]. The receptor that plays a
key role in the activation of the transcriptional program of
naive T cells towards the formation of memory T cells is the
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Figure 1: NK cell subsets. The majority of peripheral blood human NK cells belongs to the highly cytotoxic CD56dim/CD16bright NK subset,
while the “cytokine producers” CD56bright NK cells are more abundant in secondary lymphoid tissues. Some differences in the receptor
expression and response to stimuli are indicated; remarkably, the level of CD16 expression has functional consequences for the antibody-
dependent cell cytotoxic (ADCC) mechanism.

T cell receptor or TCR [6], whose rearrangement during the
maturation in the thymus allows recognition of any virtually
possible antigenic determinant.

Gene rearrangement and the establishment of a memory
cell population are features which are shared by B lympho-
cytes, whose antigen receptor (BCR) consists in membrane-
bound immunoglobulins. After the first encounter with the
antigen, B lymphocytes proliferate as well, giving rise to
expanded populations of cells sharing the same antigen
receptor. Compared to T lymphocytes, B lymphocytes are
characterized by the presence of further mechanisms aimed
at improving the efficacy of the response. The first mecha-
nism is called somatic hyper mutation process (SHM) and
consists in a modulation of the antigen receptor affinity by
inserting random point mutations in the sequences coding
for the variable regions of the receptorial immunoglobulin.
Such editing, which takes place in the germinal center, is
followed by the positive selection of the cells which display
an improved antigen recognition [7].The secondmechanism,
also carried out in the germinal center, is called isotype-
switching or class-switch recombination (CSR). According
to CSR, postgerminative B cells and related plasma cells
mount and produce immunoglobulins characterized by a
new constant region. When secreted, these isotype-switched
immunoglobulins are able to perform different biological
activities, aimed at amore rapid clearance of pathogens in the
different contexts in which they are released [7]. Irrespective
of the different strategies put in place to ensure the presence
of long-lived populations, or to improve their response,
there is no doubt that the effectiveness of the immunologic
answer relies on the gene rearrangement able to amplify the
repertoire of receptors.

It is interesting to note that the amplitude of the rear-
rangement depending repertoire is not the same in every cell
population able to rearrange. It is similar in B and alpha/ beta
T lymphocytes, but it appears significantly reduced in gam-

ma/delta T lymphocytes, which are considered as a phyloge-
netically older population [1], specialized in the immediate
recognition of a reduced range of pathogens [8]. From this
point of view, gamma/delta T lymphocytes, as well as NKT
cells, which are traditionally included in the innate immunity
mainly because their effector activity is independent ofMHC,
are actually located in an overlapped gray area between innate
and adaptive immunity [9]. They further differ from other
effectors characterized by the expression of receptors not
subjected to rearrangement processes. NK cells belong to this
latter group.

2. Natural Killer Cells: Part of
Innate Immunity

Natural Killer (NK) cells were initially described for their
functional ability to kill cancer cells without prior sensitiza-
tion. For this feature, they have been always counted within
the innate immunity. They represent 10–15% of circulating
lymphocytes which are able not only to lyse tumor and
pathogen-infected cells, but also to secrete cytokines.NK cells
respond to both cytokine stimulation and cell to cell contacts
with fast kinetics, resulting in strong effectors when B and T
cells, which recognize specifically foreign antigens, are still in
limited number or absent.

Human NK cells are a heterogeneous population of
cytotoxic cells that can be divided into two main subsets,
based on the different density of expression of CD16 and
CD56: CD56dim/CD16bright andCD56bright/CD16dim/neg [10].
Both NK populations can mediate cytotoxicity and secrete
cytokines, but, similar to CD8 and CD4 T cells, they have
significant phenotypic and functional differences (Figure 1).
CD56dim/CD16bright NK cells represent about 90% of NK
cells in peripheral blood, and they show a low expression of
CD56 and a high expression ofCD16 and the humankiller cell
immunoglobulin- (Ig-) like receptors (KIRs); functionally



Journal of Immunology Research 3

they perform strong antibody-dependent cell cytotoxicity
(ADCC) and spontaneous cytotoxic activity, preferentially
against cells of hematopoietic origin. CD56bright NK cells
show a high expression of CD56 andCD94/NKG2A antigens;
functionally they have a high ability to produce immunoreg-
ulatory cytokines, in particular interferon- (IFN-) 𝛾 and
tumor necrosis factor- (TNF-) 𝛼. CD56bright and CD56dim
NK cells have been proposed to represent either different NK
cell stages or distinct NK subpopulations [10–12]. Consistent
with this latter hypothesis are the evidences of their different
pathways of in vitro differentiation [12–14] and responses
to stimuli. In fact, CD56bright and CD56dim NK cells are
preferentially activated by NK activating cytokines or by cell
targets, respectively [15, 16].

It is known that NK cells develop, in both mice and
humans, in the bone marrow. Nevertheless, NK cell progeni-
tors can be also found in secondary lymphoid and peripheral
organs, suggesting that they can leave bone marrow and
differentiate in other locations [17–19]. NK cell maturation
is accompanied by the expression of a number of activating
and inhibitory receptors in a fashion that prevents NK-
mediated autoaggression against normal cells [20]. Indeed,
inhibitory and activating receptors finely tune NK cell
functional activities. Among several inhibitory receptors
expressed by NK cells, those sensitive to MHC class I
(MHC-I) molecules expressed on target cells are of particular
interest. From an evolutionary point of view, the lectin-like
CD94/NKG2(A,B) heterodimeric receptors are the oldest;
in fact they are expressed on both human and mouse NK
cells. These receptors bind to human HLA-E or mouse Qa-
1, whose expression on the cell surface depends on loaded
peptides deriving from MHC-I molecules [21]. By a phylo-
genetic point of view, the lectin-like Ly49 receptor family
in mice and the human killer cell immunoglobulin- (Ig-)
like receptor (KIR) family are more recent. In fact, despite
their similar function of recognizing MHC-I molecules, they
have different structures, suggesting that the genes evolved
after the divergence of the two species. These receptors sense
overallMHC-I expression on target cells and eventually block
activating signals; intriguingly, activating forms of KIRs,
Ly49, and lectin-like CD94/NKG2(C,E,H) have been also
described [20, 21]. The MHC-I sensing receptors transmit
inhibitory signals which spare normal self-cells, but on the
other hand they allow increasing the cytotoxic potential of
NK cells that express them, forming the molecular basis of
the “missing self” recognition [22]. As a matter of fact, the
MHC-I-specific inhibitory receptors regulate not only NK
cell reactivity against targets, but also their overall “licence”
to kill target cells in a missing self-MHC-I fashion [23, 24].
Of note, some allele of KIR-HLA-I pairs seems to protect
from HIV [25, 26], suggesting that KIRs, differently from
CD94/NKG2(A,B) receptors, could represent a new immune
armament against recently evolved diseases. Several receptors
have been described to participate in the spontaneous NK
cell activation, among which are NKp46, NKp30, and NKp44
(collectively termed Natural Cytotoxicity Receptors, NCRs),
NKG2D, DNAM-1 (CD226), 2B4 (CD244), LFA-1 (CD11a-
CD18), and CD2 [27]. Some of these act as costimulatory

receptors that synergize with the real triggering receptors.
The most important activating receptors responsible for NK
spontaneous cytotoxicity are NCRs and NKG2D, which, by
engaging their ligands expressed on the surface of “stressed”
cells in the absence of inhibitory signals, lead to NK cell acti-
vation and target cell death [20, 28]. Another important acti-
vating receptor is represented by CD16 (or Fc𝛾RIIIA), the low
affinity receptor for immunoglobulin G (IgG), able to bind
immune complexes and IgG-coated, opsonized cells. Binding
of this receptor with the crystallisable fragment of IgG on the
opsonized target cells activates CD56dim/CD16bright NK cells
to kill through ADCC mechanism and to produce cytokines
(see Figure 1).

Interestingly, NK cells play a complementary role to CTLs
in MHC-I-driven immune responses: MHC-I molecules
loaded with peptides are necessary to activate T cells, while
they inhibit NK cells (Figure 2(a)). Of note, missing self-
recognition of NK cells can be exploited in the improvement
of haploidentical hematopoietic stem cell transplantation
[29–32]. In fact, a haploidentical donor (usually a relative),
who expresses the class I groups which are missing in the
recipient, mediates NK cell killing of recipient leukemic,
dendritic, and T cells (alloreaction) which reduces leukemic
relapse, graft versus host disease (GvHD), and graft rejection
(Figure 2(b)).

3. First Evidences of NK Adaptive Features

Although NK cells are considered innate immune cells, the
fact that NK cells possess a number of characteristics in
common with the cells of the adaptive immune system is
emerging. NK cells share, in particular with T cells, not only
the common lymphoid and the bipotent T/NK progenitors
[33, 34], but also a series of functional features. In fact, NK
cells have been described to be activated by dendritic cells
[35], involved in autoimmune response [36], and able to
recognize and respond to viral peptides [37, 38]. In particular,
it has been shown that someMHC-I loaded viral peptides can
antagonize inhibitory signals from KIRs, possibly masking
KIR-mediated self-recognition.This last observation suggests
that, in analogy to the T cell thymic maturation, a selection
of KIR-HLA-I pairs able to “recognize” self-antigens should
sometime occur during ontogenesis or phylogenesis. Evi-
dences that some combinations of maternal KIR and fetal
HLA-I molecules influence the reproductive success [39]
suggest the possibility that, along the evolution of the human
species, maternal uterine KIR+NKcells could have biased the
HLA-I (loaded with fetal peptides) of newborn. Of note, the
too low- or too high-affinity binding ofmaternal KIRs to fetal
MHC class I molecules is related to the birth of babies too
small or too large, who are less likely to survive, a process
resembling the outcome of thymic selection dependent on
binding affinity of TCR for self-peptide-MHC complexes
[40, 41].

Finally, NK subpopulations are stably expanded in
response to some viral infections or cancers and seem to
be involved in the long lasting control of these diseases
[25, 26, 42–44]. Altogether, these findings have highlighted
that NK cells possess adaptive features and have suggested
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their memory-like activity. This last characteristic has been
observed for the first time in a mouse model of hapten-
induced contact hypersensitivity (CHS) [45]. In Rag2-
deficient mice, lacking both B and T cells, NK cells are
necessary and sufficient to mediate contact hypersensitivity
and hapten-induced memory [46] (Figure 3(a)). Although
the molecular basis for the specificity remains unclear, NK
cell-mediated CHS is strictly antigen-specific, since different
haptens used for restimulation did not produce a memory-
like response [47]. Adoptive NK cell transfer from donor
liver, but not from other donor’s districts, is itself capable
of transferring memory to a naive recipient, suggesting that
memory-like NK cells are localized in the liver [46, 47].

These memory-like NK cells are characterized by expression
of CXCR6 chemokine receptor, and the need of its presence
on NK cell surface for mediating CHS has suggested a
role in their liver homing and the importance of their
liver localization [47]. Indeed, during the priming phase,
only liver-resident CD49a+/DX5− NK cells proliferate and
confer hapten-specific CHS memory response [48], while
liver CD49a−/DX5+ conventional NK cells have been shown
to promote CTL anti-HBV activity via IFN-𝛾 secretion, likely
induced by dendritic cell- (DC-) derived IL-12 [49]. Surpris-
ingly, during the effector phase of memory, CD49a−/DX5+
NK cells increased both in the liver and at the site of
second exposure. This observation raised the possibility that
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liver-resident CD49a+/DX5− NK cells may change their phe-
notype into CD49a−/DX5+ NK cells or alternatively theymay
directly or indirectly induce proliferation of CD49a−/DX5+
NK cells [48].

Exogenous substances introduced into the body from
outside through gastrointestinal absorption are first trans-
ported by the bloodstream to liver, which senses and metab-
olizes the absorbed nutrients and chemical molecules. In the
liver, hepatic immune cells directly participate in the control
and elimination of potentially dangerous biological and
chemical material [50]; thus, it is possible that the antigenic
activation of NK cells occurs directly in that organ [48, 51].
Indeed, bacterial products, toxins, and nutritional antigens
have to be quickly eliminated by innate immune cells, before
these dangerous substances could create damage at systemic
level [50]. Alternatively, NK cells could be activated in
draining lymph nodes by antigen presenting cells, homing
thereafter in the liver. After a second antigen exposure, these
hepatic memory NK cells would move from the liver to
the organ where the second exposure has taken place [52]
(Figure 3(c)).

4. Memory-Like NK Cells in Viral Infections

The role of NK cells in the control of viral infections in
humans has been highlighted in some rare genetic diseases
resulting from a deficiency of NK cell number. In particular,
human natural killer cell deficiencies have been associated
with an increased susceptibility to herpesvirus infections
[53]. Interestingly, the first evidence of an antigen-specific
memory-like NK cell response in viral infections has been
reported in a murine cytomegalovirus (MCMV) model [54].
The m157 glycoprotein, specifically expressed by MCMV-
infected cells, is recognized by the Ly49H activating receptor
expressed on a murine NK cell subset [38, 55] and is able
to induce a selective activation and expansion of Ly49H+
NK cell subset [56]. However, to fully activate NK cells,
antigen receptor engagement synergizes with inflammatory
cytokines. Similar to activated T cells, these effector NK
cells undergo a contraction phase, during which they con-
stitute a pool of long-lived, self-renewing antigen-specific
cells (Figure 3(a)). Following a subsequent exposure to
MCMV, specific memory NK cells respond more quickly
and effectively than the naive NK cells [54]. Similarly
to MCMV, human cytomegalovirus (HCMV) is able to
induce the expansion of a NK subpopulation expressing the
CD94/NKG2C activating receptor [57, 58]. The expansion of
CD94/NKG2C+ NK cells is believed to be linked to the recog-
nition of a ligand on HCMV infected cells [59], but unlike
in the mouse, this ligand has not been identified yet (Fig-
ure 3(a)). Surprisingly, this CD56dim/CD16bright/NKG2C+
cell subset does not perform a specific cytotoxicity against
fibroblasts infected with HCMV, as expected from memory
cells. Nevertheless, when stimulated by opsonized HCMV+

target cells via CD16 receptor, CD56dim/CD16bright/NKG2C+
cells display an enhanced ability to proliferate [60] and to
secrete cytokines (in particular TNF-alpha) [59, 61]. Notably,
humans lacking one KLRC2 allele that encodes NKG2C
receptor had a compromised NK cell differentiation during

HCMV infection, with altered adaptive response and high
anti-HCMV IgG titers [62, 63]. Goodier and colleagues [63]
concluded that the impairment of HCMV control by adaptive
NK cells would need a higher B cell response. On the other
hand, since anti-HCMV IgG-coated infected cells are able to
preferentially activate adaptiveNK cells, it is also possible that
CD56dim/CD16bright/NKG2C+ functional adaptations may
be “aimed” to improve the cooperation with B lymphocytes,
finally leading to a lower need of anti-HCMV IgG secretion
for controlling HCMV.

Increase of CD56dim/CD16bright/NKG2C+ NK cells has
also been found in patients with other viral infections, such
as hepatitis C virus (HCV), hepatitis B virus (HBV) [64, 65],
EBV (Epstein Barr Virus) [66], or HIV-1 [67], but only in
people previously infected with HCMV as well, suggesting
that expansion of the CD94/NKG2C+ NK cell subset is
CMV specific rather than a generalized response after virus
infection. Interestingly, HCMV drives clonal-like expansions
of NK cell subsets commonly characterized by increased
expression not only of NKG2C, but also of self-HLA-I-
specific KIRs and CD57, as well as decreased expression
of Fc𝜀R𝛾, SYK, and EAT-2 adaptor molecules, which may
drive the functional changes of these adaptive, memory-like
NK cells [19, 60, 68, 69]. Indeed, HCMV induces epigenetic
modification of signaling molecules in adaptive NK cells that
affect their effector function [60].

Moreover, NK cells with memory characteristics have
been found after exposure to viral-like particles or in various
viral infections such as genital herpes (HSV-2), vaccinia
virus, influenza, and human immunodeficiency virus type 1
(HIV-1) [47, 70–73]. A murine study has demonstrated the
existence of short-term antigen-specific NK memory against
HSV-2 virus. Following the reexposure to the same viral
antigen, memory-like NK cells are able to respond with an
increased IFN-𝛾 production [70]; nevertheless they do not
acquire NKG2C antigen expression [71], confirming again
the peculiar association of CD94/NKG2C+ subset with CMV
infection. Finally, poxvirus infection has also been described
to induce an immunological NKmemory response inmouse.
A subset (Thy1+) of NK cells, generated in a first exposure
to infection, are sufficient to provide protection against lethal
doses of virus injections and, similarly to CHS model, reside
in liver [72]. Differently from vaccinia virus- and CHS-
inducedmemory-likeNK cells, after influenza virus infection
the primary site of proliferation of long-lived NK cells is
the bone marrow [73]. Since influenza-induced long-lived
NK cells proliferate even after respiratory syncytial virus
challenge, the authors conclude that cytokine activation alone
is likely generating these long-livedNKcells and that the bone
marrow is not only a site of NK differentiation but also an
important site for homing of memory-like NK cells [73].

Although in the majority of these viral infection mod-
els NK cells are thought to protect host in an antigen-
specific manner, the NK cell proliferative signals produced
by proinflammatory cytokines IL-18, type I-IFN, and in
particular IL-12 are also indispensable in the generation
of virus-specific NK cell memory [74, 75]. Downstream of
inflammatory signals, Zbtb32 transcription factor has been
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shown to have an essential cell-intrinsic function to generate
NK cell memory [76]. Intriguingly, it has been also described
that a subset of NK cells transiently expressed RAG during
their development and its expression is critical for their
survival following virus infection, indicating a cell-intrinsic
role for RAG inNK cells.This subset ofNK cells is responsible
for more robust memory response to MCMV infection [77],
suggesting an involvement of RAG during the development
of a NK cell subset specialized in the generation of MCMV-
specific memory-like NK cells.

5. Antigen-Independent Long-Lived
Cytokine-Activated NK Cells: Involvement
in Trained Immunity and Vaccine

Numerous experimental evidences suggest that the stimu-
lation of NK cells with proinflammatory cytokines is able
to generate long-lived activated NK cells. Such NK cells
activated in vitro with IL-12, IL-15, and IL-18 and then
inoculated in Rag1−/− mice produce higher amount of IFN-𝛾
after a subsequent restimulation with cytokines. This feature
ismaintained for at least 12 weeks after inoculation and seems
to be an intrinsic characteristic of the cytokine-activated NK
cells that can be transmitted to the progeny [78, 79]. Similar
cytokine-induced memory-like NK cells were also observed
in both human CD56dim and CD56bright NK cell subsets [80].
The increased capacity to produce IFN-𝛾 and the prolonged
longevity of these long-term activated NK cells induced by
proinflammatory cytokines seem to be independent of the
recognition of a viral antigen by activating receptors. There-
fore, these cytokine-induced long-lived activated NK cells
show an antigen-independent functional memory, which
is distinct from that induced by CMV specific activating
receptors (Figure 3(b)).

Nevertheless, similar to HCMV-induced CD94/NKG2C+
NK cells and memory type 1 T helper cells [60, 81], an
exposure of human NK cells to IL-12, IL-15, and IL-18
resulted in NK cell stable demethylation of the IFNG locus
regulatory regions [81], suggesting that epigenetic imprinting
is a common hallmark driving both antigen-dependent and
antigen-independent memory-like NK cells.

Both CD56dim and CD56bright NK cell subsets, preac-
tivated with IL-12, IL-15, and IL-18, showed an increased
production of IFN-𝛾 (but not degranulation) to a subsequent
stimulation with cytokines or with the HLA-I-negative K562
leukemic cell line [80], suggesting new potential approaches
in NK cell-based immunotherapies against cancer. A charac-
teristic of thesememory-like cells is the prolonged expression
of CD25, which confers responsiveness to low amounts of IL-
2 [82], thus indirectly enhancing NK cell response to IL-2
produced by CD4+ T cells.These observations have provided
the rationale for the immunotherapeutic strategies based
on adoptive cell transfer of cytokine preactivated NK cells,
followed by low dose IL-2 administration. Remarkably, in
somepatientswith acutemyeloid leukemia, clinical responses
after adoptive transfer of long-lived cytokine-activated cells
have been described [83]. In a recent study it has also
been shown that, after annual flu vaccination, NK cells

were more prone to produce IFN-𝛾 and also to provide
a response against other influenza strains different from the
vaccine, ensuring a wider coverage and a vaccine-induced
cross-protection for several months [84]. This response is
reminiscent of the phenomenon termed “trained immunity,”
first described inmonocytes. According to this phenomenon,
monocytes respond with an increased cytokine production
upon restimulation due to epigenetic changes induced by the
first stimulation or priming [85, 86]. Similar to long-lived
cytokine-activated NK cells, the improved responsiveness
to subsequent challenges coincided with their epigenetic
changes and was independent of the nature of restimulation.
As a matter of fact, this kind of response has also been
described in NK cells. Interestingly, in mice lacking B and
T cells, priming of NK cells with Bacillus Calmette-Guérin
(BCG) gave protection against a wide spectrum of pathogens
[87]. In line with these observations is the employment of
BCG as adjuvant in cancer therapy [88]. Indeed, BCG has
been shown to induce in vivo antitumor effects via DC toll-
like receptor 2 (TLR2) and TLR4 [89] and proinflammatory
cytokines produced by DC in response to TLRs likely rep-
resent the explanation of anticancer mechanisms induced by
microbial components [28].

Interestingly, NK cells appear to play a role in the control
of rabies virus infection after vaccination. As a matter of fact,
after in vitro PBMC stimulation with inactivated rabies virus,
only NK cells in vaccinated individuals showed a strong and
prolonged cytokine (IFN-𝛾) production and degranulation
[90]. NK cells represent the main population of cells able to
secrete IFN-𝛾 and to degranulate in the first 12–18 hours after
reexposure to the inactivated virus, indicating that they are
necessary for a rapid response after vaccination. During the
first exposure to the virus, the interaction of the virus with
antigen presenting cells (APC)would induce IL-12, IL-18, and
also IL-15 secretion which would prime not only naı̈ve T, but
alsoNK cells into long-lived CD25+ NK cells [82]. During the
reexposure of the virus, the intense NK cytokine production
and the potent NK degranulation would be also determined
by the synergy of proinflammatory cytokines from APC with
IL-2 from antigen-specific CD4+ T cells (Figure 4).

Similarly, it has been shown that the response of T cells
induced by a HIV-1 specific vaccine is able to improve NK
cell function, typically impaired in individuals with HIV-1
chronic infection [91]. However, vaccination against specific
viral antigens (influenza, vesicular stomatitis virus, or HIV-1)
has been shown to generate not only long-lived cytokine-
activated NK cells but also memory-like NK cells capable
of protecting mice against viral challenge in a virus/antigen-
specific manner [47]. The data indicate that NK cells are
important actors in vaccine-induced immune responses and
assessment of NK cell activation after vaccination could rep-
resent a further and important indicator of vaccine efficacy.

6. Concluding Remarks and Future Research

NK cells, as well as monocytes, have historically been consid-
ered short-lived, rapid, and aspecific effectors of the innate
immunity; however, it is now clear that, once sensitized by
viral antigens or haptens, they are also able to mount an
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adaptive response that resembles the classical immunological
memory [75]. In fact, challenging the classical concept of
immunological memory, NK cells with an extended lifespan
and an enhanced recall response have been characterized. NK
cells can respond to antigens although with a limited choice
of antigen specificity. The specific interaction between the
glycoprotein m157 and Ly49H receptor makes the MCMV
infection model a special case for the NK cell memory. This
NK antigen recognition resembles that of T cell memory
generation, since Ly49H+ memory-like NK cells require
costimulatory signals. In fact, Ly49H+ NK cells missing the
DNAM-1 receptor fail to expand and to form long-lived
memory NK cells [92].

6.1. Cooperation of NK Cells with B Cells. Differently from
mice, in humans it is not clear whether the expansion of
CD56dim/CD16bright/NKG2C+ NK cells is aimed at pro-
tecting against a second exposure to the virus or rather
represents a “side effect” of HCMV infection. Of note,
CD56dim/CD16bright/NKG2C+ NK cells develop a specific
adaptive feature [59–61] characterized by an enhanced
response via CD16 stimulation, which suggests an improved
cooperation ofmemory-likeNK cells with B cells. In line with
this hypothesis, the T cell cytokine IL-21 has been described
to induce both the development of CD56dim/CD16bright NK
cells from CD34+ hematopoietic progenitors [12, 13, 93] and
the switching of Ig produced by B cell to IgG1 and IgG3
isotypes [94], for which Fc𝛾RIIIA receptor (CD16 of NK
cells) displays a higher affinity [95]. Thus, through IL-21
secretion, T cells would be able to coordinate an ADCC
response, inducing both an adequate isotype switching in B

cells and anADCCspecializedNKcell subset. Similarly, other
T cell cytokines (i.e., IL-2 and/or type 2) might be involved
in the generation of memory-like NK cells with a peculiar
understanding with B cells.

6.2. Sites of Memory NK Cell Generation and Homing.
Although there are several evidences of human NK antigen
recognition and generation of memory-like NK cells, many
gaps remain in understanding the mechanisms, particularly
the sites and the receptors involved in these processes. Both
HCMV and MCMV memory-like NK cells are not organ-
specific, while in CHS model and in some viral infection
memory-like NK cells are resident in the liver [46–48, 51, 72].
For this reason, it has been suggested that in CHS model the
antigen recognition by NK cells could occur in the liver [48,
51]. On the other hand, the bone marrow is the primary site
of long-livedNK cells generated after influenza infection [73].
The homing of memory-like NK cells might be imprinted by
the first site of NK antigen/hapten recognition, consequently
depending on the NK cell subset involved, on the way of
entering into the body, and on the organ for which the
antigen/hapten expresses its tropism.

6.3. Are NK-LGLs Memory-Like NK Cells? How human NK
cells could recognize antigens is under debate. A possibility is
suggested by the observation that viral peptides can interfere
with MHC-I recognition by NK inhibitory receptors [37],
unleashing NK cell response in a “masking self-recognition”
fashion. On the other hand, activating NK cell receptors
that selectively recognize viral peptides/antigensmounted on
MHC-I or HLA-E have been associated to NK memory-like
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and NK-LGL expansion [54, 57, 96]. Intriguingly, HCMV-
driven CD94/NKG2C+ NK clonal expansion shows several
similarities with NK-type chronic lymphoproliferative dis-
ease of granular lymphocytes (LGL). NK-LGL is an indolent
NK cell disease characterized by a persistent increase of
circulating NK cells, typically expressing activating forms
of KIRs [97]. Remarkably, in the large majority of NK-LGL
patients, there is a serologic evidence of past viral infection,
suggesting that viral infection and collateral proinflammatory
cytokine secretion may play a role early in disease patho-
genesis [97, 98]. Intriguingly, NK-LGL positive for KIR3DS1
are mainly confined to HLA-Bw4 positive individuals [99,
Zambello R, unpublished data], suggesting that KIR3DS1+
clonal expansionmight be driven by (viral) peptidesmounted
on HLA-Bw4 molecules. Therefore, the NK-LGL could be
a good “model” to explore in order to shed more light
to NK clonal expansion. Moreover, a heavy methylation of
inhibitory KIR3DL1 promoter was also described in NK-LGL
[100]. The authors conclude that the lack of the inhibitory
signal together with the increased expression of activating
receptors could play a role in the disease pathogenesis.
On the other hand, epigenetic modifications are typical of
both adaptive memory T and memory NK cells and have
been described in both virus-specific and cytokine-induced
memory-like NK cells [60, 75, 81]. Thus, a more detailed
understanding of the epigenetic control could help to better
understand the mechanisms of chronic lymphoproliferative
diseases and lead to new NK cell-based immunotherapeutic
approaches.

6.4. Are TLRs Involved in NK Memory Formation? Of note,
the limited antigen specificity of activating Ly49H (and
likely CD94-NKG2C) receptors against pathogen ligands is
not so far from that of TLRs, an old and evolutionarily
conserved system for recognition of pathogen-associated
molecules and danger-associated molecular patterns [89].
Similar to Ly49H and CD94-NKG2C receptors, these innate
antigen-specific receptors require the presence of accessory
cells or of proinflammatory cytokines to induce NK cell
responses [101]. Moreover, resembling NK cell response to
cytokines [15, 16], there are evidences of heterogeneity in
the ability to respond to TLRs [102], further confirming that
NK cell subsetting is an intrinsic characteristic of NK cell
lineage. Whether or not TLRs are involved in NK memory-
like formation is not documented and evidences for innate
immune memory (basically, trained immunity) associated
with TLRs are limited [75]. Nevertheless, distinct TLRs have
been associated with a specific protection against several
viral infections [101], raising the possibility that some virus-
specific memory-like NK cells could be driven by a specific
TLR engagement. Indeed, TLR2 signaling on NK cells, but
not on accessory cells, has been shown to be necessary for
efficient NK cell activation and control of vaccinia virus
infection in vivo [103]. Moreover, a report has highlighted a
prominent role of TLRs in contact allergen-induced innate
immune activation [104]. The authors describe a hapten-
specific CHS selectively mediated by TLR2 or TLR4 [104].
These evidences are suggestive of a role of TLRs in the
hapten-specificmemory-likeNK cell-generation. If this is the

case, the hapten-specific NK cell response should be directly
mediated by NK TLRs rather than DC ones. In fact, TLR-
activated DCs would, in turn, produce a general hapten-non-
specific inflammation.

From an evolutionary point of view, TLRs are the pro-
totypes of the antigen specific receptors. It is tempting to
speculate that the main difference between the two types
of activating receptors lies in the MHC-I “intermediation.”
NK cells are known to be the first lymphoid cells to appear
during ontogenesis andphylogenesis andTLRs one of the first
activating receptors expressed during NK cell “evolution.”
Activating receptors recognizing MHC-I molecules/peptides
evolved later, together or after the occurrence of MHC-I
molecules either on an ancient NK cell population or on a
new evolved NK subset.

6.5. Heterogeneity of the NK Cell Population. Whether
memory-like NK cells can develop from all or only a
subset of NK cells is currently not clear. However, several
observations suggest the possibility that different NK cell
subsets act against distinct pathogens or in a different
manner. This is attested by the recent evidence that mouse
Ly49H+ and Ly49H− NK cell subsets give a complemen-
tary protection to MCMV differentiating into memory-
like and cytokine-activated NK cells, respectively [105]. A
similar behavior has been reported both for mouse liver
CD49a+/DX5− and CD49a−/DX5+ and for human peripheral
blood CD56dim/CD16bright and CD56bright/CD16dim/neg NK
cell subsets. In line with this, there is also the observation
that RAG expression during NK cell ontogeny correlates with
functionally distinct progeny cells, indicating heterogeneity
in the NK cell population (see review [19]), as, in general, in
ILC groups. Remarkably, there are recent evidences of innate
lymphoid cell redundancy [106]. It is possible that during
the evolution of the immune system some ILC subsets, orig-
inally developed against a specific pathogen, have lost their
usefulness in the current (relatively “aseptic”) environment
(“hic et nunc”). Nevertheless, the immune system and life in
general maintain trace of their existence; they do not forget
the past, their history, perhaps becausememory is an intrinsic
characteristic of the immune system and, in general, of the
current life, likely selected among the primordial types of
life. This could suggest that they are not eliminated during
evolution because might they become useful again in the
future?

6.6. Walking Four Paths along Ontogenetic Memory Lane.
Altogether the data would suggest that while B and T cell
are preferentially able to mount an immunological response
inducing modification within a relatively homogeneous pop-
ulation (differing mainly for the conformation of one recep-
tor), NK cells and in general ILCs along their ontogeny
have privileged the expansion of different cell populations
with distinct functional features. We suggest that this NK
cell heterogeneity constitutes also the basis of the different
types of NK cell memories. Based on NK cell receptors
and/or subsets involved in NK memory-like formation, a
sequence of four different types of NK cell memory occurring
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during NK cell evolution could be hypothesized: (1) long-
lived cytokine-activated NK cells (low specificity, possibly
limited to specific cytokine-responder NK cell subsets); (2)
TLR-mediated memory-like NK cells (perhaps against some
viral antigens and haptens); (3) CD94/NKG2C-mediated
memory-like NK cells (specific against HCMV); (4) acti-
vating Ly49-mediated memory-like NK cells and activating

KIR-mediated (NK-LGL) memory-like NK cells (specificity
against MCMV and perhaps some viral infections, resp.)
(Figure 5). A similar sequence of NK cell types could be
also imagined for NK cell-mediated autoimmune diseases,
in which some activating KIRs have been associated with
an increased susceptibility [36, 107]. In this case, instead of
foreign, self-antigens or peptides (mounted or not mounted
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on MHC-I) are supposed to drive an anomalous recognition
by activating KIRs and perhaps TLRs expressed by NK cell
subsets (Figure 5).

6.7. Do NK Cells Protect the Species from New Evolved
Pathogens? Interestingly, in some subjects, depending on the
type of disease and on the relationships between KIRs and
their ligands, NK cells can function as well as CTLs, pro-
ducing a long-lasting immune cell response against specific
viral infections, neoplastic transformation, and autoimmune
disorders.These evidences suggest a possible complementary
and nonredundant role shared by T and NK cell populations
(and ILCs in general), the first preferentially aimed to protect
single members of a species from “known” pathogens and
the second, thanks to their interindividual heterogeneity,
preferentially aimed to protect the species as a whole from
new evolved pathogens. It is well known that in the single
individual NK cells rapidly tackle and predispose to the
development of following immune-adaptive eradication of
“known” pathogens. It is tempting to speculate that similarly,
in the occurrence of new pathogens evolved under the
strong selective pressure produced by the immune (adaptive)
system, within the whole population the interindividual
heterogeneity of NK cells gives more chance to temporarily
protect the species (allowing reaching the reproductive age),
finally giving the time to develop a new specialized and
stronger adaptive immunity, which will become heritage
of the following generations. The majority of the scientific
studies that evaluate the performance of the different immune
populations are performed in the current relatively “static”
environment and do not take in account this evolutionary
scenario. For this reason, the actual impact and importance
of this heterogeneous population of cells has been for a
long time underestimated. On the other hand, in a more
“dynamic” and challenging environment, as in the case in
which a population faces an infectious agent never met
before, the impact of NK cell response has been suggested to
increase [25, 26, 108].

6.8. Conclusive Considerations. The rapidity of NK cell
response could be exploited to exert an early control of
infections, and in case of HIV, which target cells of the
adaptive immune system, it could be finalized to prematurely
limit the spread of the virus. The fact that NK cells acquire a
“memory” broad spectrum, able to act also against pathogens
or transformed cells not involved in the first activation, has
opened new horizons in the development of next-generation
vaccines and in therapeutic use of long-lived activated NK
cells against cancer. Further studies are required to elucidate
the mechanisms involved in the generation and maintenance
of the memory-cell pools, to identify the specific markers
expressed by these memory NK subsets, and to understand
the pathways involved in antigen recognition, not to speak of
the molecular epigenetic mechanisms behind the generation
of memory-like NK cells.
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Lipid-specific T cells comprise a group of T cells that recognize lipids bound to the MHC class I-like CD1 molecules. There are
four isoforms of CD1 that are expressed at the surface of antigen presenting cells and therefore capable of presenting lipid antigens:
CD1a, CD1b, CD1c, and CD1d. Each one of these isoforms has distinct structural features and cellular localizations, which promotes
binding to a broad range of different types of lipids. Lipid antigens originate from either self-tissues or foreign sources, such
as bacteria, fungus, or plants and their recognition by CD1-restricted T cells has important implications in infection but also in
cancer and autoimmunity. In this review, we describe the characteristics of CD1 molecules and CD1-restricted lipid-specific T cells,
highlighting the innate-like and adaptive-like features of different CD1-restricted T cell subtypes.

1. Introduction

CD1-restricted T cells recognize lipid antigens bound to
MHC class I-like CD1 molecules. The first paper describing
CD1-restricted T cells was published in 1989, but the nature of
the antigen presented was not identified [1]. The emergence
of lipids as T cell antigens presented by CD1 molecules
was only established 5 years later by the discovery of the
antigenic properties of mycolic acid [2]. Nowadays, a variety
of lipids, from both self- or non-self-origin, are known to
bind CD1 molecules and to participate in lipid-specific T cell
development and activation.

CD1-restricted T cells comprise specialized subtypes
that participate in immune responses with innate-like and
adaptive-like features. The relevance of these cells was des-
cribed in the context of infection [3] and immune response
against tumors [4]. Therefore, it has become pivotal to
understand the properties of CD1 molecules, the mechanism
of CD1-mediated lipid antigen presentation, and the biology
of CD1-restricted T cells, to develop new strategies to control
infection and cancer.

2. CD1 Molecules

Human CD1 molecules are encoded by 5 different genes
localized to chromosome 1. These genes encode 5 different
CD1 isoforms: CD1a–CD1e. The functional CD1 molecules
are heterodimers composed by association of CD1 with 𝛽2-
microglobulin. Based on sequence homology, CD1 isoforms
can be classified into three groups. Group I is composed by
CD1a,CD1b, andCD1c isoforms, group II byCD1d, and group
III by CD1e.

2.1. Expression. Group I CD1 molecules are almost only
expressed on thymocytes and dendritic cells (DCs) and are
present in humans but not in mice or rats. CD1a is also
expressed on Langerhans cells and CD1c in a subset of B cells
[5]. CD1d has a wide expression pattern and is present in both
hematopoietic and nonhematopoietic derived cells. CD1d is
highly expressed on cortical thymocytes, but it gets downreg-
ulated in medullary thymocytes. In peripheral blood, B cells,
monocytes, DCs, and activated T cells express CD1d. CD1d is
also expressed in the gut, liver, bile duct epithelium, pancreas,
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Figure 1: Schematic representation of the binding pockets from the different CD1molecules (cross-sectional view). Dashed light colored area
in CD1a represents the terminus of the A pocket. 𝛽2M: 𝛽2-microglobulin.

kidney, endometrium, testis, epididymis, conjunctiva, breast,
and skin [5]. In the human gut, intestinal epithelial cells
express and present antigens by CD1d [5]. More recently,
adipocytes were also found to express CD1d and a role in
lipid antigen presentation has been suggested [6, 7]. CD1e
is expressed on DCs but does not function as an antigen
presenting molecule, since it is not present at the plasma
membrane.Thismolecule functions as a lipid transfer protein
(LTP) [8].

2.2. Structural Features. CD1 shares many structural features
with MHC class I molecules. All CD1 isoforms are composed
by a heavy chain that contains three extracellular domains
(𝛼1, 𝛼2, and 𝛼3), a transmembrane domain, and an intracel-
lular tail. The 𝛼1 and 𝛼2 extracellular domains are composed
by two antiparallel 𝛼-helices on the top of 6 𝛽-strands.
These are supported by the 𝛼3 domain that interacts with
𝛽2-microglobulin (the light chain) creating a heterodimer
[9]. The striking difference between CD1 and MHC class I
molecules relies on the antigen binding pockets. Contrary to
MHC class I, CD1 pockets are lined by hydrophobic residues
that interact with the hydrophobic part of the lipids while
leaving the polar moieties exposed for TCR recognition [9].
The size, shape, and number of the pockets vary between CD1
isoforms, allowing the accommodation of lipids with variable
fatty acid chain length (Figure 1) [10].

Similarly toMHCclass I, CD1molecules possess twodeep
pockets: A and F. CD1b has two additional pockets, C and
T that allow the binding of lipids with larger hydrophobic
chains [11]. CD1a has the smallest binding groove and,
contrarily to what is observed in the other CD1 isoforms, its
A pocket is not directly connected to the other pockets, but

instead it abruptly ends deep in the binding groove, function-
ing as a “molecular ruler” that prevents the binding of long
hydrophobic chains (Figure 1) [12].The F pocket ismore per-
missive and allows binding of lipopeptides [13]. CD1a also has
a semi-open conformation that facilitates the loading of lipids
at neutral pH and without the action of LTP [12, 14]. CD1b
has the larger binding site, composed of four pockets, three
of which are interconnected to form a large ATF super
channel. This characteristic confers CD1b the unique ability
to bind long-chain mycolyl lipids [15]. The acidic pH of the
lysosomes allows relaxation of CD1b, which improves lipid
binding [16]. Similarly to CD1a, CD1c has an F pocket that is
permissive to lipopeptide binding and usually associates with
antigens that only have one alkyl chain, suggesting that the A
pocket might be occupied by spacer lipids that stabilize CD1c
structure [17]. CD1d was crystallized in complex with several
lipids [18–21]. In all glycosphingolipids containing a ceramide
backbone, the sphingosine chain binds the F pocket while
the fatty acid occupies the A pocket, exposing the sugar head
to the TCR. Despite its inability to present lipid antigens, the
CD1e structure also containsA and F pockets, although they
are not clearly separated, thus creating a larger groove [22].
Also, CD1e has a solvent exposed groove. These two charac-
teristics together allow quick binding and release of different
types of lipids, compatible with CD1e function of LTP [22].

2.3. Synthesis and Trafficking. After translation, CD1 mole-
cules initiate their maturation process in the endoplasmic
reticulum (ER). In the ER, glycosylation allows the binding
of calnexin, calreticulin, and thiol oxidoreductase ERp57 that
promote correct folding and assembly with𝛽2-microglobulin
[23]. Another ER protein with a pivotal role in CD1 assembly
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Figure 2: The cellular trafficking of CD1 molecules. After synthesis, CD1 molecules associate with 𝛽2-microglobulin in the endoplasmic
reticulum. Then, they traffic to the trans-Golgi network, where they are glycosylated and follow to the plasma membrane (solid arrows).
There, CD1 molecules are internalized by the endocytic pathway, where most of the loading occurs. The different CD1 isoforms localize
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is microsomal triglyceride transfer protein (MTP). Absence
of MTP results in severe defects in lipid antigen presentation
by group I and group II CD1 isoforms [24–26]. The analysis
of soluble CD1 molecules revealed that, during assembly,
they are associated with different lipids rather than having
empty pockets. Thus, it was suggested that MTP could
load ER lipids into these pockets, stabilizing the molecules
[26, 27]. However, another report showed that MTP absence
does not alter the biosynthesis, glycosylation maturation, or
plasma membrane internalization of CD1 molecules, but it
is important for the recycling from the lysosome to the cell
surface, suggesting another function for MTP besides CD1
stabilization through lipid loading [28].

CD1 molecules continue their maturation in the trans-
Golgi network (Figure 2). The identification of some Golgi-
synthesized lipids bound to CD1 suggests that they are loaded
along the secretory pathway, after exiting the ER [29]. In
the trans-Golgi network, CD1 molecules also complete their
glycosylation process before being exposed at the cell surface.
When in the plasma membrane, CD1 molecules are recycled
through the endosomal route, where they encounter lipid
antigens (Figure 2). Internalization of CD1b, CD1c, and CD1d
is mediated by interaction of the cytoplasmic tail with the
adaptor protein complex- (AP-) 2, which sorts cargo proteins
into clathrin-coated pits [30–33]. Contrarily, CD1a does not
interact with AP-2 and is internalized using clathrin and
dynamin-independent pathways [34]. After internalization
into sorting endosomes, the different CD1 isoforms have dis-
tinct fates (Figure 2). CD1a andCD1c localize in the endocytic
recycling compartment, which indicates that they follow the
slow recycling pathway back to the plasma membrane. How-
ever, CD1c can also be found in late endosomes. CD1b and

mouse CD1d (mCD1d) interact with AP-3, which sorts these
molecules to the late endosomes and lysosomes. Curiously,
human CD1d does not interact with AP-3 and can be found
in late endosomes [35]. Studies with mCD1d lacking the
cytoplasmic tail (and therefore not internalized for recycling)
revealed the presence ofmCD1dmolecules in lysosomes, sug-
gesting the existence of an alternative pathway that directly
sorts mCD1d to lysosomes [36]. This was explained by the
association of mCD1d with the invariant chain (Ii) andMHC
class II in the ER, which directly sends mCD1d to MHC class
II compartments or lysosomes [37]. Later, Ii was also shown to
associate with CD1a, suggesting that this might be applicable
to all CD1 isoforms [38]. After reaching the endocytic com-
partments, CD1 molecules exchange the nonimmunogenic
lipids acquired during assembly with antigenic lipids, with
the help of several LTP. The mechanisms responsible for the
targeting of CD1 molecules from the lysosome to the plasma
membrane are not well understood, but it is known that
localization of these molecules in lipid rafts improves antigen
presentation [39]. Recently, it was shown that lysosomal
pH had an influence on CD1d localization at the plasma
membrane [40].

2.4. CD1-Binding Lipids. Lipid antigens includemostly phos-
pholipids and sphingolipids (Table 1). Interestingly, sphin-
golipids are the only lipids shown to be presented by all CD1
isoforms, so far.However, a variety of lipid classeswere shown
to bind someCD1 isoforms and activateCD1-restrictedT cells
(Table 1). Curiously, some antigens can be presented by more
than one CD1 isoform.Themost striking example is sulfatide
that has the unique property of binding and activating T cells
restricted to all CD1 isoforms [14].
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Table 1: Naturally occurring antigens for CD1-restricted T cells.

Class Lipid Origin CD1 References

Phospholipids

PE Cypress; self CD1a; mCD1d [41, 42]
PC Cypress; self CD1a; hCD1d; CD1c [41, 43]

PG
M. tuberculosis; L.

monocytogenes; E. coli; C.
glutamicum Self

CD1b; mCD1d [42, 44–46]

PI M. tuberculosis; self mCD1d [42, 46]
Cardiolipin Self mCD1d [18]

DPG M. tuberculosis; L.
monocytogenes mCD1d [45, 46]

Lyso-PE Self m/hCD1d [47]
Lyso-PC Self m/hCD1d; CD1a [47–49]

Sphingolipids Lyso-Sph Self hCD1d [49]

Glycosphingolipids

Sulfatide Self CD1a; CD1b; CD1c; m/hCD1d [14, 50]
Lysosulfatide Self mCD1d [50]

GM1 Self CD1b [51]
GD3 Self mCD1d [52]
𝛼-GalCer Self m/hCD1d [53]
𝛽-GlcCer Self mCD1d [54]

Lyso-GalCer Self mCD1d [54]
𝛽-GlcSph Self m/hCD1d [54, 55]
𝛽-GalCer Self mCD1d [54]
iGb3 Self mCD1d [56]
GSL-1 Sphingomonas spp. m/hCD1d [57]

Plasmalogens
pLPE Self m/hCD1d [58]
mLPA Self CD1c [59]
eLPA Self mCD1d [58]

Oils Triacylglyceride Self CD1a [60]
Terpenes Squalene Self CD1a [60]
Diacylglycerolipids GalDAG B. burgdorferi m/hCD1d [61]

Mycolates
GMM M. tuberculosis CD1b [62]

Mycolic acid M. tuberculosis CD1b [2]

Lipoglycans
PIM M. tuberculosis CD1b [63]
LAM M. tuberculosis CD1b [63]
LPG L. donovani mCD1d [64]

Lipopeptides Dideoximycobactin M. tuberculosis CD1a [65]

Mycoketides
MPM M. tuberculosis CD1c [66, 67]
PM M. tuberculosis CD1c [66]

PE: phosphoethanolamine; PC: phosphatidylcholine; PG: phosphatidylglycerol; PI: phosphatidylinositol; DPG: diphosphatidylglycerol; Sph: sphingomyelin;
GalCer: galactosylceramide; GlcCer: glucosylceramide; GlcSph: glucosylsphingosine; iGb3: isoglobotriaosylceramide; GSL-1: glycosphingolipid 1; pLPE:
lysophosphatidylethanolamine; mLPA: methyl-lysophosphatidic acid; eLPA: lysophosphatidic acid; GalDag: galactosyldiacylglycerol; GMM: glucose
monomycolate; PIM: phosphatidylinositol mannose; LAM: lipoarabinomannan; LPG: lipophosphoglycan; MPM: mannosyl phosphomycoketide; PM:
phosphomycoketide.

Not all CD1-binding lipids are immunogenic. Another
important group of CD1 binding lipids is spacer lipids.
CD1 isoforms typically bind lipids with hydrophobic chains
that match the size of the binding groove, suggesting a 1 : 1
stoichiometry. However, CD1b was found to be associated
with rather small lipids that do not fully occupy the binding
pocket. This raised the question of whether CD1b was able

to bind two lipids simultaneously. Crystallography analysis of
CD1b structure and lipidomics analysis of CD1b eluted lipids
identified, besides the antigenic lipid, several spacer lipids
that stabilize the CD1b molecule and that rearranged upon
binding to allow antigen recognition [68]. Evidence from
crystallographic studies also suggests the presence of spacer
lipids in CD1a, CD1c, and CD1d [19, 66, 69].
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Among nonimmunogenic CD1-binding lipids, we can
also find molecules with inhibitory properties.The glycosph-
ingolipid globotriaosylceramide was shown to bind CD1d
and inhibit the activation of a subset of CD1d-restricted
T cells, the invariant Natural Killer T (iNKT) cells [70].
The inhibition is achieved through a direct competition
between globotriaosylceramide and iNKT cell antigens for
CD1d binding. It is possible that this inhibitory characteristic
is shared by other CD1 binding lipids that are not recognized
by a TCR, thus representing an important mechanism for
controlling the activation of lipid-specific T cells.

2.5. Lipid Loading on CD1 Molecules. Lipids are hydrophobic
and therefore need assistance for transport, uptake, and pro-
cessing.This role is played by LTPs. In the bloodstream, lipids
travel in very low density or high density lipoprotein particles
or associated with somemonomeric proteins [13].The uptake
of the lipid antigens by the cells occurs by interactionwith cel-
lular receptors such as low density lipoprotein receptors and
scavenger receptors. The receptor usage seems to be depen-
dent on the type of cell and influenced by the lipid structure
[13, 71, 72]. Lipid structure also influences intracellular
trafficking. While lipid antigens with short unsaturated alkyl
chains localize in the endocytic recycling compartment, lipids
with long saturated tails travel to the late endocytic compart-
ments [13].This difference in trafficking allows the encounter
of the different CD1 isoforms with their preferred ligands.

In endocytic compartments, specialized LTPs assist lipid
binding to CD1. Although some self-lipids are loaded into
CD1 during folding in the ER, exogenous lipids need to
be loaded from membranes or lipid-protein complexes,
once internalized. The lysosomal proteins that facilitate this
process include saposins, GM2 activator protein, Niemann-
Pick C2 (NPC2) protein, and CD1e [8, 73–81]. Saposins are a
group of 4 proteins that arise due to cleavage of a common
precursor: prosaposin. They were shown to be important for
endogenous and exogenous lipid removal and loading into
mouse and human CD1d, both in the steady-state and during
infection [75–77, 81]. Saposin B greatly improves human
CD1d-mediated lipid antigen presentation, but saposins A
and C were also shown to efficiently perform lipid exchange
in mCD1d molecules [75, 76, 81]. Saposin C binds both CD1b
and CD1c, facilitating lipid loading in these molecules [73,
74]. Importantly, this function is restricted to lipid exchange,
meaning that saposins are not capable of removing lipids
from CD1 if they cannot be replaced by another. GM2
activator protein is a cofactor for 𝛽-hexosaminidase A but
it also removes mCD1d bound-lipids, without the need of
binding other lipids [81]. A similar function was found for
the NPC2 protein [78]. CD1e was described as an isoform
incapable of presenting lipid antigens, due to its absence from
the plasma membrane. However, the endosomal localization
and the similarities in the binding pocket shared by the
different CD1 isoforms suggested that CD1e binds lipid
antigens. In 2005, the role of CD1e in lipid antigen processing
was demonstrated by the identification of CD1e as a cofactor
for 𝛼-mannosidase, a lysosomal enzyme that in the presence
of CD1e degrades complex nonimmunogenic mycobacterial
lipids to antigenic forms [8]. Importantly, CD1e promotes

the loading and unloading of lipids into CD1d [80] and also
influences lipid presentation by CD1b and CD1c [80].

Besides LTP, CD1 lipid exchange in endosomal compart-
ments is also facilitated by the low pH that induces relaxation
of the CD1 structure, promoting amore dynamic binding and
dissociation of lipids [16, 71].

3. CD1-Restricted T Cells

CD1-restricted T cells can be classified as restricted to group
I CD1 molecules or to CD1d. CD1d-restricted T cells are also
designated Natural Killer T (NKT) cells, because most of
these cells share surface markers of NK and T cells. NKT
cells are further divided into two subsets. Type I NKT cells,
or iNKT cells, are characterized by the expression of a semi-
invariant TCR (V𝛼24J𝛼18V𝛽11 in humans and V𝛼14J𝛼18
paired with a limited repertoire of V𝛽 chains in mice) and
by the recognition of the lipid antigen 𝛼-galactosylceramide
(𝛼-GalCer) [82]. Type II NKT cells recognize a variety of
lipid antigens and express variable TCRs, althoughwith a bias
towards some V𝛼 and V𝛽 chains [82].

Group I CD1-restricted T cells are polyclonal and prob-
ably undergo clonal expansion at the periphery, after anti-
gen encounter. This results in a delayed effector response,
consistent with an adaptive-like immune response, similar to
what is observed for MHC-restricted T cells [4]. iNKT cells
differ from most T cells due to their innate-like functions.
After expansion and maturation in the thymus, iNKT cells
are capable of responding to innate signals, such as cytokine
stimulation, within hours. However, they also respond to
TCR engagement by specific antigens, thus standing in the
middle of the innate and adaptive immune response.

3.1. Adaptive-Like Group I CD1-Restricted T Cells. To date,
there is no specific method to identify all lipid-specific group
I CD1-restricted T cells. However, studies analyzing self-
reactive group I CD1-restricted T cells described a high
frequency of these cells, similar to what is observed for
autoreactive conventional T cells [83]. Furthermore, autore-
active group I CD1-restricted T cells are present in both
umbilical cord blood and peripheral blood at similar frequen-
cies [83]. They express mainly the marker CD45RA, but a
decrease of CD45RA-positive cells is seen in peripheral blood
when compared with umbilical cord blood, consistent with
an adaptive-like phenotype [83]. Also in accordance with
the adaptive-like phenotype of these cells, the presence of
Mycobacterium tuberculosis-specific CD1b-restricted T cells
is dependent on previous contact withM. tuberculosis [84].

Upon activation, group I CD1-restricted T cells present a
Th0orTh1 phenotype, producing large amounts of IFN-𝛾 and
TFN-𝛼. They can also display cytotoxic activity and induce
the lysis of intracellular mycobacteria [83–85].

CD1a-restricted T cells are among the most frequent
self-reactive CD1-restricted T cells in peripheral blood [83,
86]. Moreover, they are common in the skin. Skin CD1a-
restrictedT cells become activatedwhen in contactwithCD1a
expressed by Langerhans cells. Upon activation, they produce
IFN-𝛾, IL-2, and IL-22, a cytokine with suspected roles in
skin immunity [86]. CD1a-restricted T cells are unique in the
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way that their TCR can directly recognize the CD1a molecule
without corecognition of a lipid antigen [48]. Self-ligands
for CD1a can be either permissive, such as lysophosphatidyl-
choline that allows activation of autoreactive T cells as it
allows the contact of the CD1a with the TCR, or nonpermis-
sive, such as sphingomyelin that disrupts the TCR-CD1a con-
tact zone and in this way does not allow activation of CD1a-
restricted T cells [48]. Nevertheless, some CD1a-restricted T
cell clones were shown to recognize antigens protruding out
of the CD1a pocket, such as sulfatide [12, 14], indicating that
some TCRs require a lipid antigen for recognition.

The number of CD1b-restricted self-reactive T cells in
blood is very low [83, 86]. CD1b-restricted T cells seem to
be especially important in mycobacterial immunity [84, 87–
89].More recently, lipids from Staphylococcus aureus,Brucella
melitensis, and Salmonella Typhimurium were shown to
activate CD1b-restricted T cells [44]. Interestingly, these cells
also displayed autoreactivity, indicating that bacteria and
mammalian cells share CD1b antigens.

The frequency of CD1c-autoreactive T cells is not con-
sensual in the literature [83, 86], with one study reporting
a very low frequency [86] and a second study reporting an
intermediated frequency between the high frequent CD1a
autoreactive T cells and the low frequent CD1b and CD1d
autoreactive T cells [83]. Although CD1c is widely expressed
in DCs and B cells from peripheral blood, only sulfatide
andmLPAwere identified as self-antigens presented by CD1c
(Table 1) [14, 59]. Similarly to what was observed for other
CD1-restricted T cells, mycobacterial lipids induce CD1c-
dependent T cell responses (Table 1) [66].

3.2. Innate-Like CD1-Restricted T Cells: iNKT Cells. iNKT
cells are easily identified by staining with CD1d tetramers
loaded with 𝛼-GalCer or with antibodies against the semi-
invariant TCR.Thus, these are the most studied lipid-specific
T cells. iNKTcell frequency varies betweenmice andhumans.
Inmice, iNKT cells aremore frequent in the liver and adipose
tissue and are present at a lower percentage in thymus,
spleen, bone marrow, peripheral blood, and lymph nodes. In
humans, iNKT cells are more frequent in the adipose tissue,
followed by the liver, and appear at lower percentages in
spleen, peripheral blood, lymph nodes, bone marrow, and
thymus [90].

An important feature of iNKT cells is related to their
ability to quickly produce large amounts of cytokines upon
stimulation, either by aTCR-dependent or independentman-
ner [91]. This innate-like phenotype of iNKT cells is further
demonstrated by the expression of CD45RO in humans and
CD44 in mice and the early activation marker CD69 [82,
92]. Furthermore, iNKT cells display high autoreactivity. To
date, the mechanisms that allow the control of iNKT cell
autoreactivity are not completely understood. However, it has
been shown that some self-lipids are capable of inhibiting
iNKT cell activation and therefore may function as limiters
of iNKT cell activation [70, 93].

The development of iNKT cells starts in the thymus by
interactions of CD1d loaded with self-antigens, expressed
in double-positive (DP) thymocytes, with DP thymocytes
expressing the semi-invariant TCR [13]. This interaction

ultimately leads to the expression of the transcription factor
PLZF and iNKT cell maturation. In mice, iNKT cells express
different types of transcription factors that drive them to
NKT1, NKT2, or NKT17 subsets (Table 2).

NKT1 cells expressmainly IFN-𝛾, high levels of T-bet, and
low levels of GATA3. They are also characterized by NK1.1
expression, absence of IL-17RB, and dependence on IL-15
[94]. During differentiation, these cells downregulate PLZF
[95].

NKT2 cells produce mainly IL-4 and are characterized
by the expression of the transcription factor GATA-3 [94,
95]. They are localized mainly in the lung and are more
frequent in BALB/cmice. Contrary toNKT1 cells, NKT2 cells
are dependent on IL-17RB expression for development and
express high levels of PLZF [95]. In humans, the functional
properties of CD4+ iNKT cells are highly associated with the
NKT2 phenotype [96–98].

The NKT17 subset is characterized by the preferential
production of IL-17 and IL-22, instead of IL-4 and IFN-𝛾
[94]. They were identified within NK1.1− CD4− cells and
are mainly present in the lung, lymph nodes, and skin
[99, 100]. Recently, they were shown to express syndecan-
1 [101]. Despite the fact that some IL-17 producing cells are
committed to this fate in the thymus, iNKT cells can also
acquire this ability in the periphery, under certain conditions
[102]. At the transcriptional level, the development of NKT17
cells is repressed byThPOK and driven by ROR𝛾t expression
[103–105]. E protein was also shown to be important to drive
subset commitment. Increased expression of this protein
leads to a reduction in NKT1 cells with an increase in NKT2
and NKT17 cells [106].

So far, the existence of these subsets in humans was not
clarified. Thus, in humans, iNKT cell subsets are still defined
based on the expression of cell surface molecules (such as
CD4 and CD8) and cytokine production. Contrary to what
is observed in mice, iNKT cells in humans can express only
CD4, only CD8, or none of the molecules. Importantly, CD4
and CD8 expression defines functionally distinct subsets.
CD4− iNKT cells (which include bothCD8+ and double neg-
ative cells) are characterized by aTh0phenotype, while CD4+
iNKT cells tend to produce larger amounts of Th2 cytokines
[96–98, 107]. AmongCD4− iNKTcells, those expressingCD8
present a Th1 bias, producing larger amounts of IFN-𝛾 and
almost no IL-4, when compared to double negative cells [98].
They also display the highest cytotoxic activity [98]. Another
subset is characterized by cells producing IL-17 that arise in
response to proinflammatory conditions and express CD161
[108]. It is therefore necessary to analyze the different iNKT
cell subsets in pathology, since their impact in disease may
be different. Indeed, alterations in iNKT cell CD4+/CD4−
subsets were described in Fabry disease, a lysosomal storage
disease characterized by accumulation of glycosphingolipids,
despite the fact that a normal percentage of total iNKT cells
was observed in the peripheral blood of patients [109–111].

3.3. Type II NKT Cells: A Mixed Population of Innate-Like
and Adaptive-Like T Cells. Type II NKT cells are the most
frequent CD1d-restricted T cells in humans but represent the
minority in mice [112]. Contrary to iNKT cells, type II NKT
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Table 2: Main iNKT cell subsets in mice: transcriptional programs, surface markers, cytokine production, and frequency.

Transcriptional factors Surface markers Cytokine production Frequency∗

NKT1

T-bethi NK1.1 IFN-𝛾

Most frequent subsetGATA-3lo IL-17RB− IL-4
PLZF− IL-15R𝛼+

Id2+ CD4+/−

NKT2

T-betlo NK1.1− IL-4

More common in the lungGATA-3hi IL-17RB+ IL-13
PLZFhigh CD4+

Id3+

NKT17
ROR𝛾t+ NK1.1− IL-17

Mainly present in the lung, lymph nodes, and skinPLZFint IL-17RB+ IL-22
CD4−

∗In C57BL/6 mice. hi: high; lo: low.

cells express diverse TCRs and respond to a variety of lipid
antigens, of either self- or non-self-origin (Table 1). Thus,
identifying the whole population of type II NKT cells is cur-
rently a challenge. Initially, the comparison ofMHC-deficient
mice (lacking conventional T cells) with MHC/CD1d double
knockouts described a population of CD4+ non-𝛼-GalCer
reactive T cells that displayed an effector memory phenotype
and bias towards some autoreactive TCRs [113, 114].

More recently, using 4get mice (in which cells expressing
IL-4 areGFP+) type IINKT cells were shown to constitutively
express IL-4 [115].Thus, thesemicewere crossedwith J𝛼18−/−,
to obtain a model in which type II NKT cells are identi-
fied by GFP expression [115]. A polyclonal population that
shares some developmental traits with iNKT cells was char-
acterized. Deficiency of SAP and PLZF compromises the
development of iNKT cells but also leads to decreases in
type II NKT cell percentage [115]. Phenotypically, these poly-
clonal type II NKT cells are very similar to iNKT cells. They
are characterized by an activated memory state, as deter-
mined by CD69 and CD44 expression. Regarding coreceptor
expression, they can express only CD4 or neither CD4 nor
CD8 [115]. However, they are distinct from iNKT cells when
considering cytokine production.They produce less IL-4 and
less IFN-𝛾, but similar levels of IL-13 and GM-CSF [115].
Although polyclonal, type II NKT cells showed a bias towards
the usage of TCR V𝛽 8.1/8.2 chains [115].

A different approach for the characterization of type II
NKTcells relies in the use ofCD1d tetramers loadedwith lipid
antigens. Staining of human PBMCs with sulfatide-loaded
CD1d tetramers revealed that most of sulfatide-reactive NKT
cells possess 𝛾𝛿 TCRs, expressing the V𝛿1 segment [116].
Another report that characterized𝛽-glucosylceramide and𝛽-
glucosylsphingosine-specific type II NKT cells showed that
these cells could express CD4 or CD8 [55]. Furthermore,
these cells can convert to a T follicular-helper phenotype
upon injection of antigen and induce antibody production,
germinal center formation, and the differentiation of B cells
in plasmablasts, indicating a role in help to B cells, as
previously described for iNKT cells [55]. Importantly, the 𝛽-
glucosylceramide and 𝛽-glucosylsphingosine-specific type II

NKT cells identified in this studymainly expressed CD45RA,
consistent with a näıve phenotype, instead of the effector
memory phenotype previously described in mice [55].

Altogether, these studies suggest that type II NKT cells
represent a heterogeneous group of CD1d-restricted T cells,
with cells that display an innate-like response similar to
iNKT cells, but also with other cells, displaying adaptive-like
immune functions. The relative contribution of the innate-
like and adaptive-like cells for the overall group of type II
NKT cells is still unclear.

4. Concluding Remarks

Lipid-specific CD1-restricted T cells comprise an important
part of the immune system. However, the existent studies so
far were not able to completely characterize and unequivo-
cally include CD1-restricted T cells in the innate or adaptive
immune responses. Instead, they stand at the crossroad of
these responses and may have an important role in bridg-
ing the adaptive and the innate arms of the immune system.
A complete characterization of lipid-specificCD1-restrictedT
cells is hampered by the lack of specificmarkers to identify the
different CD1-restricted T cell populations. Hence, most of
the information available on these cells arose from the study
of individual T cell clones. Although valuable, this informa-
tion may not be representative of the in vivo dynamics. In
the past few years, great progresses were made in this field,
mainly due to the development of CD1 tetramers loaded with
lipid antigens. Using CD1 tetramers, it is possible to analyze
lipid-specific CD1-restricted T cells ex vivo and to pheno-
typically and functionally characterize them. Lipid antigens
were shown to be present in cancer cells and infectious
agents, and therefore the complete knowledge of these cells is
important to develop new strategies against cancer and infec-
tious diseases.
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Zinc (Zn) is an essential micronutrient for basic cell activities such as cell growth, differentiation, and survival. Zn deficiency
depresses both innate and adaptive immune responses. However, the precise physiological mechanisms of the Zn-mediated
regulation of the immune system have been largely unclear. Zn homeostasis is tightly controlled by the coordinated activity of
Zn transporters and metallothioneins, which regulate the transport, distribution, and storage of Zn. There is growing evidence
that Zn behaves like a signaling molecule, facilitating the transduction of a variety of signaling cascades in response to extracellular
stimuli. In this review, we highlight the emerging functional roles of Zn and Zn transporters in immunity, focusing on how crosstalk
between Zn and immune-related signaling guides the normal development and function of immune cells.

1. Introduction

In the 1960s, Prasad andhis colleagues reported that zinc (Zn)
plays indispensable roles in such diverse cellular events as
cell proliferation, differentiation, and survival in humans [1].
In the past decade, studies in animal models have provided
considerable knowledge about the molecular principles of
Zn’s function in the immune system, including new insights
into how a single nutritional deficiency can alter immune-
cell homeostasis and functions in both innate and adaptive
immunity. Zn’s physiological importance is supported by
recent in silico studies showing that the proteins encoded
by approximately 10% of entire genome in Homo sapiens
can potentially bind Zn through Zn-finger motifs, RING
finger domains, LIM domains, and PHD domains [2], all
of which are involved in basic cellular activities [3]. In the
present era, approximately two billion people in developing
countries suffer from Zn deficiency (ZnD), mainly due to
malnutrition and manifest clinical characteristics of growth
retardation and compromised immune systems [1, 4]. ZnD
induces thymic atrophy and lymphopenia and depresses both
innate and adaptive immune responses: it impairs phagocy-
tosis, intracellular killing activity, and cytokine production
by macrophages; host defense by neutrophils and natural
killer cells; and the proliferation, cytokine production, and

antibody secretion of T andB cells [5].These outcomes,which
appear to be mostly rooted in the dysregulation of basic cel-
lular functions such as DNA replication, RNA transcription,
and cell activation, proliferation, differentiation, and survival
[6–11], result in an increased susceptibility to a wide range of
infectious agents and a longer duration of infection [1, 5].

Zn homeostasis is tightly controlled by Zn transporters
and metallothioneins [12]. Zn acts as a cofactor for proteins
and affects the structural and catalytic functions of enzymes
and transcription factors [12]. In addition to recent mecha-
nistic investigations into Zn’s functions, other recent studies
using chemical or gene-targeting approaches have revealed
Zn’s role as a second messenger, similar to that of cyclic
adenosine monophosphate (cAMP) and calcium, in Zn sig-
naling axes mediated by specific channels or Zn transporters
[12].

In this review, we describe recent discoveries about the
role of Zn signaling in the immune system and along
specific Zn transporter axes. We will particularly focus on
the physiological importance of Zn signaling in dendritic
cells (DCs), T cells, and B cells, major populations that
are required for crosstalk between the innate and adaptive
immune systems. Ongoing research in this field will improve
our understanding of the physiological significance of this
vital trace element.
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Figure 1: Zn transporters control Zn homeostasis. (1) Zn is ingested from the diet (or from breast milk in infants). (2) Zn is absorbed by
intestinal Zn transporters and is released into the bloodstream. (3) Zn is taken up into peripheral cells by Zn transporters located on the
plasma membrane. (4) Zn is distributed within the cell by intracellular Zn transporters. Each step is important for maintaining intracellular
Zn levels. Disrupting Zn uptake results in ZnD and subsequent pathogenesis. ZIP (blue) and ZnT (red) transporters are indicated.

2. Physiological Roles of Zn Transporters
in Zn Homeostasis

Zn is the second most abundant metal in the human body,
with 2–4 grams distributed throughout the whole body. Zn
is generally taken in through food or breast milk, is absorbed
via several intestinal Zn transporters, and is released into the
bloodstream (Figure 1). Circulating Zn is taken up into cells
and distributed within the cell (Figure 1). At each step, Zn
transporters and metallothioneins play coordinated roles in
the transport, distribution, and homeostatic maintenance of
Zn (Figure 2) [12]. Based on their predicted membrane
topology, Zn transporters are divided into twomajor families,
SLC39s/ZIPs and SLC30s/ZnTs, which mediate the inward
and outward transport of Zn through cell-surfacemembranes
and intracellular organelles (Figure 2) [13].

The ZIP family, which consists of 14 members containing
eight putative transmembrane domains, elevates intracellular
cytoplasmic Zn levels by eliciting the influx of Zn from
the extracellular space or from intracellular organelles [12].

No ZIP crystal structure has been determined, but ZIPs are
postulated to transport Zn by diffusion, symporters, or a
secondary active transport system but not via an ATP-
dependent mechanism.

Accumulated evidence from genetic approaches has
demonstrated specific physiological roles of Zn transporters
in mice and humans (Table 1) [12]. A single ablation of the
ZIP1, ZIP2, or ZIP3 allele or a double ablation of ZIP1 and
ZIP2 in mice leads to abnormal embryonic development
in the ZnD environment of the mother [14–16]. ZIP4, the
most intensively studied Zn transporter in human genetics,
serves as a first gate for absorbing Zn into the body through
the apical membrane of enterocytes [17]. Loss-of-function
mutations in ZIP4 lead to acrodermatitis enteropathica
(AE; OMIM 201100), a rare, pseudodominant, lethal genetic
disorder characterized by severe ZnD symptoms such as
periorificial and acral dermatitis, alopecia, and diarrhea in
infants [17–20]. Supplementing with at least 1-2mg Zn per
kg of body weight per day dramatically improves the health
and saves the lives of these patients, who would otherwise
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Figure 2: Subcellular localization of Zn transporters andmetallothioneins (MTs).The localization of ZIP (blue) and ZnT (red) transporters is
determined by the cell type, developmental process, and Zn status. ZIP transporters elevate the intracellular cytoplasmic Zn level by eliciting
the influx of Zn from the extracellular space or from intracellular organelles. ZnT transporters reduce the intracellular cytoplasmic Zn level
by exporting Zn from the cytosol to the extracellular space or into intracellular organelles or vesicles. MTs (green) contribute to Zn storage.
Arrows indicate the predicted direction of Zn mobilization. ER: endoplasmic reticulum.

die within 2 years [17, 19]. In mice, targeted disruption of the
ZIP4 gene impairs early embryonic development, since ZIP4
is thought to transport Zn into the embryo via the visceral
yolk sac and later by the uptake of dietary Zn through
the intestine [21]. Furthermore, mice with conditional
ZIP4 ablation in enterocytes exhibit dramatic wasting and
death unless they receive additional dietary Zn through
nursing or supplementation [22]. These mice have reduced
labile Zn and abnormal gene expression in Paneth cells,
leading to an abnormal stem-cell niche in the crypts and
subsequent disorganization of the absorptive epithelium.
Loss-of-function ZIP5 mutations are associated with autoso-
mal dominant nonsyndromic high myopia [23]. ZIP8-
hypomorphic mice are embryonically lethal due to abnormal
hematopoiesis and organ morphogenesis [24]. ZIP8 is also
associated with human and murine osteoarthritis, in which
an influx of Zn into cartilage chondrocytes elevates the
expression of matrix-degrading enzymes [25]. Most recently,
it has been reported that a nonsynonymous variant in ZIP8 is
associated with schizophrenia [26]. A lack of ZIP10 impairs
B-cell development and function in mice [27, 28]. Targeted
ZIP12 disruption attenuates the development of pulmonary

hypertension in rats in a hypoxic atmosphere [29]. ZIP13-
deficient mice have abnormal systemic and bone growth
with characteristics reminiscent of human Ehlers-Danlos
syndrome (EDS), a group of recessive genetic disorders that
affect connective tissue development, and of Osteogenesis
Imperfecta, formally named as Spondylocheirodysplastic
Ehlers-Danlos syndrome (SCD-EDS, OMIM 612350) [30–
35]. ZIP14-deficient mice have impairments in systemic
growth, bone metabolism, and gluconeogenesis [35],
impaired liver regeneration (after partial hepatectomy) [36],
decreased insulin signaling and hypertrophied adipocytes,
and increased adipose cytokine production and plasma
leptin [37]. In addition, it has been recently reported that the
homozygous loss-of-function mutations of ZIP14 cause
progressive parkinsonism-dystonia and neurodegeneration
with hypermanganesemia in childhood [38].

The ZnT family, which consists of 10 members containing
six transmembrane domains [12], reduces intracellular cyto-
plasmic Zn levels by exporting Zn from the cytosol to the
extracellular space or into intracellular organelles or vesicles.
Mice with a targeted disruption of ZnT1 exhibit embryonic
lethality [39]. In mice, a targeted disruption or mutation
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Table 1: Zn transporters in physiology and pathophysiology.

Gene symbol Protein name Mutation type Phenotype and disorder Reference
SLC39A1 ZIP1 KO Abnormal embryonic development [15]
SLC39A2 ZIP2 KO Abnormal embryonic development [16]
SLC39A3∗1 ZIP3 KO Abnormal embryonic and T-cell development [14]

SLC39A4∗2 ZIP4 KO Embryonic lethality [18, 20–22, 60]
Mutation AE

SLC39A5 ZIP5 Mutation Autosomal dominant nonsyndromic high myopia [23]

SLC39A8∗3 ZIP8

Hypomorphic
mutation

Impaired multiple-organ organogenesis and hematopoiesis

[24–26, 61]Abnormal innate immune function
KO Osteoarthritis
SNP Schizophrenia

SLC39A10∗4 ZIP10 KO Abnormal early B-cell development [27, 28]
Impaired humoral immune response

SLC39A12 ZIP12 KO Attenuation of pulmonary hypertension in a hypoxic atmosphere [29]

SLC39A13 ZIP13 KO Connective tissue dysplasia [34, 62]
Mutation SCD-EDS

SLC39A14 ZIP14
KO

Growth retardation and impaired gluconeogenesis

[35–38]

Impaired hepatocyte proliferation during liver regeneration after
hepatectomy

Decreased insulin signaling, hypertrophied adipocytes, and
increased adipose cytokine production and plasma leptin

Mutation Parkinsonism-dystonia and neurodegeneration with
hypermanganesemia in childhood

SLC30A1 ZnT1 KO Embryonic lethality [39, 63]
Abnormal vulva formation

SLC30A2 ZnT2 Mutation
KO Low Zn in milk [40–43]

SLC30A3 ZnT3 KO Prone to seizures
Alzheimer’s disease-like abnormalities [45, 64]

SLC30A4 ZnT4 Mutation Lethal milk: lm
Low Zn in milk [46]

SLC30A5 ZnT5 KO
Growth retardation, osteopenia, hypodontia, and male-specific

cardiac death [47, 48]
Impaired mast-cell functions

SLC30A7 ZnT7 KO
Reduced body fat accumulation

[49, 50]Insulin resistance, glucose intolerance, and hyperglycemia on a
high-fat diet

SLC30A8 ZnT8 KO Type 2 diabetes mellitus [51–56]
SNP Type 1 and 2 diabetes mellitus

SLC30A10 ZnT10 Mutation Parkinsonism, dystonia, hypermanganesemia, polycythemia, and
chronic liver disease [57–59]

∗1Mice with a targeted ZIP3 deletion show lower DP thymocyte counts but increased number of CD4+ SP or CD8+ SP thymocytes under a Zn-limiting
condition.
∗2Patients with ZIP4 mutation (AE) show severe ZnD symptoms characterized by immunodeficiency with thymic atrophy and lymphopenia, and by recurrent
infections. Epidermal LCs, which inhibit ICD triggered by the ATP release from epidermal keratinocytes, are significantly reduced in the lesions of AE patients,
resulting in inflammatory skin manifestations. However, oral Zn supplementation allows LCs to recolonize and improve clinical symptoms in these patients.
∗3Fetal fibroblasts from ZIP8 hypomorphic mice exhibit dysregulated Zn uptake and increased NF-𝜅B activation due to insufficient control of I𝜅B kinase.
Consistent with this, mice given ZnD dietary intakes develop excessive inflammation to polymicrobial sepsis.
∗4Mice with a targeted disruption of ZIP10 show impaired early B-cell development and antibody response, due to increased caspase activity and decreased
CD45R PTPase activity, respectively.
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of ZnT2 results in severe ZnD in nursing pups due to the
extremely low Zn content of breast milk; a genetic mutation
is known to cause the same symptoms in humans [40–43].
ZnT3 localizes to presynaptic vesicles, which are required
for extracellular signal-regulated kinase (ERK) activation
and hippocampus-dependent memory [44]. A targeted ZnT3
disruption causes memory deficits with Alzheimer’s disease-
like abnormalities in mice [45]. Similar to ZnT2-deficient
mice, the milk of mice with a loss-of-function mutation in
ZnT4 (lethal milk mutant) is deficient in Zn, resulting in
postnatal lethality [46]. ZnT5-deficient mice exhibit severe
osteopenia, sudden death from bradyarrhythmia in males
in their reproductive period [47], and impaired delayed-
type allergic responses mediated by mast cells [48]. ZnT7-
deficient mice show stunted growth due to a decrease in body
fat accumulation [49]. In addition, ZnT7-deficient males are
resistant to insulin and become hyperglycemic and glucose
intolerant on a high-fat diet [50]. The ZnT8 transporter
is associated with both type 1 [51] and type 2 diabetes
mellitus [52]. ZnT8-deficient mice have impaired insulin
secretion and crystal formation in diabetes mellitus [53–55]
and rapidly clear insulin from the liver [56]. ZnT10mutations
cause parkinsonism and dystonia with hypermanganesemia,
polycythemia, and chronic liver disease [57–59].

3. Zn-Signal Axes (Zn-Zn
Transporter Signaling)

Neurons respond to exocytotic stimuli by releasing vesicular
Zn into the surrounding milieu, where it is probably taken
up into adjacent postsynaptic neurons and glial cells via Zn-
permeable channels [65–68]. Thus, Zn acts as a neurotrans-
mitter [69–71]. Zn also mimics the actions of hormones,
growth factors, and cytokines [72] and regulates their func-
tions by changing their structures via direct binding [73, 74].
These data suggest that Zn not only acts as an accessory
factor for the function of various cellular components but also
behaves as a signaling molecule, like calcium and cAMP [75,
76]. In fact, Zn acts through Zn channels and transporters to
regulate a variety of signaling cascades mediated by hormone
and growth factor receptors [77], cytokine receptors [28, 78,
79], toll-like receptors (TLRs) [61, 80], and antigen receptors
[27, 48], so called “Zn signaling” [75].

Zn’s behavior as a second messenger has been clearly
observed in some cell types. For example, mast cells, which
induce allergic responses, express a surface Fc epsilon recep-
tor I (Fc𝜀RI) specific for IgE binding.Upon sensing an antigen
through IgE-Fc𝜀RI engagement, mast cells release intracel-
lular granules containing histamine, lipids, and proteases to
initiate an allergic response. Simultaneously, Fc𝜀RI crosslink-
ing induces a rapid release of intracellular Zn from the
perinuclear area, including the endoplasmic reticulum (ER),
in a phenomenon known as the Zn wave [81]. The Zn wave
depends on calcium influx and mitogen-activated protein
kinase (MAPK)/ERK activation and is mediated by the pore-
forming 𝛼(1) subunit of the Cav1.3 (𝛼(1D)) L-type calcium
channel (LTCC) as a gatekeeper [82]. The LTCC-mediated
Zn wave enhances NF-𝜅B’s DNA-binding activity, inducing
the gene transcription of inflammatory cytokines (Figure 3).

In fact, LTCC antagonists inhibit the cytokine-mediated,
delayed-type allergic reaction in mice without affecting the
immediate-type allergic reaction [82]. Furthermore, Nishida
et al. demonstrated using ZnT5-deficient mice that ZnT5 in
mast cells plays a crucial role in the delayed-type allergic
response represented by contact hypersensitivity (Figure 3)
[48]. ZnT5 is highly expressed inmast cells and is upregulated
by Fc𝜀RI stimulation. ZnT5-Zn signaling regulates the Fc𝜀RI-
induced translocation of protein kinase C (PKC) to the
plasma membrane, which induces NF-𝜅B activation, leading
to the production of interleukin- (IL-) 6 and tumor necrosis
factor alpha (TNF-𝛼) [48]. Thus, Zn signaling via specific
Zn channel and transporter controls Fc𝜀RI-induced NF-𝜅B
signaling in delayed-type allergic reactions (Figure 3).

Other instances of Zn signaling via Zn transporters have
been observed. Zn transported by ZIP6 controls embryo-
genesis by regulating the nuclear translocation of SNAIL (a
suppressor of E-cadherin transcription) during the epithelial
mesenchymal transition (EMT) in zebrafish [79]. ZIP6-Zn
signaling also negatively modulates the TLR-induced activa-
tion of DCs during immune responses [80]. The ZIP8-Zn
axis negatively regulates NF-𝜅B activity by downmodulating
the I𝜅B kinase activity in proinflammatory responses [61].
ZIP10-mediated Zn signaling suppresses caspase activity to
promote cell survival in early B-cell development in the bone
marrow [28] and regulates the activity of CD45R protein
tyrosine phosphatase (PTPase) to control the strength of B-
cell antigen receptor (BCR) signaling in antibody responses
[27]. Most recently, Taylor et al. revealed that ZIP10 forms a
heteromeric complex with ZIP6 and controls EMT through
inactivation of GSK-3 and downregulation of E-cadherin
in a breast cancer cell line and in zebrafish embryos [83].
Zn uptake mediated by ZIP13 and ZIP14 controls systemic
growth and bone homeostasis; ZIP13 positively regulates
SMAD’s nuclear translocation in bone morphogenetic pro-
tein/transforming growth factor beta (BMP/TGF-𝛽) signal-
ing [34], and ZIP14 suppresses phosphodiesterase (PDE)
activity to maintain cAMP levels in hormone-G-protein
coupled receptor (GPCR) signaling [35]. ZIP14-induced Zn
signaling also inhibits the protein tyrosine phosphatase 1B
(PTP1B) activity, thereby increasing c-Met phosphorylation
to promote hepatocyte proliferation during liver regeneration
[36]. Collectively, these findings indicate that individual Zn
transporters form specific Zn signaling axes to selectively
organize distinct intracellular signaling events.

4. Roles of Zn and Zn Transporters in
the Adaptive Immune System

ZnD’s multifaceted effect on the immune system results in a
high susceptibility to a variety of infections. Zn supplemen-
tation effectively improves immunity on the one hand and
efficiently ameliorates chronic dysfunctional inflammatory
responses on the other. These findings strongly suggest
that Zn is essential for normal immune-cell homeostasis
and function. There is already an excellent body of litera-
ture about Zn’s roles in specific innate cell types, such as
monocytes/macrophages and natural killer cells [84, 85],
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and we here focus on the roles of Zn and Zn transporters
specifically in DCs, T cells, and B cells, which are bridging
populations that enable crosstalk between the innate and
adaptive immune systems.

4.1. DCs. DCs are professional antigen-presenting cells that
are differentiated from a hematopoietic lineage and are
important in linking the innate and adaptive immune sys-
tems. They circulate as immature cells and differentiate into
mature DCs when activated by exposure to pathogens. In this
process, DCs take up antigens, degrade them into peptides,
load the antigenic peptides onto major histocompatibility
complex II (MHC-II), and finally present the peptide-MHC-
II complex on their cell surface to antigen-specific CD4+
helper T (Th) cells to initiate immune responses [86].

When mouse DCs in vivo or in vitro are exposed to
a ligand for toll-like receptor 4 (TLR4), lipopolysaccharide

(LPS), which is a component of bacterial cell walls, the DCs
elicit cell maturation with a reduction in intracellular-free Zn
levels and an increase in surface MHC-II and costimulatory
molecules (Figure 4) [80]. During the maturation process,
Zn transporter expression is changed: ZIP6 and ZIP10 are
downregulated, while ZnT1, ZnT4, and ZnT6 are upregulated
for a net decrease in cytosolic Zn content. Chemical Zn
chelation by the membrane-permeable Zn chelator TPEN
(N,N,N,N tetrakis (2-pyridylmethyl) ethylenediamine) mim-
ics this phenomenon, while the forced introduction of Zn
or the ectopic expression of ZIP6 suppresses LPS-induced
DC maturation. Consistent with these findings, DCs that
overexpress ZIP6 fail to activate antigen-specific CD4+ Th
cells. Microscopic analysis revealed that Zn facilitates the
endocytosis of MHC-II but inhibits the trafficking of MHC-
II from the lysosome/endosome compartments to the plasma
membrane. These results suggest that a reduction in cellular
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Zn is required for proper antigen presentation via MHC-II to
elicit adaptive immune responses (Figure 4) [80].

Although ZnD causes immunodeficiency [1], it can also
induce abnormal skin inflammations accompanied by ery-
thematous rashes, scaly plaques, and ulcers on the acral
and periorificial areas [17–20]. In fact, these paradoxical
symptoms are particularly obvious in patients with hereditary
and acquired AE, in which an immunostimulated skin
inflammation develops in areas subject to repeated contact
[19]. Interestingly, dietary ZnD mice with allergic contact
dermatitis (ACD) induced by dinitrofluorobenzene (DNFB)
showmarkedly reduced ear swelling, while thosewith irritant
contact dermatitis (ICD) induced by croton oil (CrO) exhibit
augmented ear swelling [60]. Histological analysis revealed
that the ICD lesions in ZnD mice have features similar
to cutaneous manifestations in human AE lesions, such
as subcorneal vacuolization and epidermal pallor. In ZnD
mice, damaged epidermal keratinocytes release adenosine 5-
triphosphate (ATP) that leads to ICD, which can be ame-
liorated by locally injecting soluble nucleoside triphosphate
diphosphohydrolase. Notably, experiments in ex vivo organ
culture showed that Zn chelation by TPEN enhances the

ATP release in response to CrO whereas TPEN alone does
not, suggesting that a combination of ZnD and chemical
irritants synergistically increases the release of ATP from
keratinocytes [60].

These findings raise the question of why a ZnD envi-
ronment enhances the irritant-induced ATP release from
keratinocytes. Langerhans cells (LCs) are epidermis-resident
DCs that act as sentinels to orchestrate immune responses
against foreign antigens, including pathogens, in the skin
[87]. LCs exclusively express the ecto-NTPDase CD39 [88],
which protects the cells against ATP-mediated inflammatory
signals by hydrolyzing the extracellular nucleotides released
by keratinocytes [88]. Interestingly, the number of epidermal
LCs is significantly reduced in ZnD mice [60]. A similar
phenomenon is observed in the lesions of patients with AE,
but not those with atopic dermatitis or psoriasis vulgaris.
Notably, LC recolonization of the epidermis and marked
clinical improvement are observed in AE patients treated
with oral Zn supplements.These data collectively suggest that
inflammatory skin manifestations in AE patients may result
from excessive ICD responses upon repeated exposure to
various irritants in a ZnD environment, due to the aberrant
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ATP release from epidermal keratinocytes and the depletion
of LCs [60].

4.2. T Cells. Activated T cells are largely divided into CD4+
Th cells which provide vital assistance to B cells to induce
antibody response and CD8+ cytotoxic T cells (CTLs) which
induce cell death by direct interactions with pathogen-
infected cells or tumor cells. During an adaptive immune
response, both types of cells establish an immunological
memory that is poised to respond rapidly and effectively
to a pathogen that has been previously encountered (recall
response).Th-cell populations are involved in autoimmunity,
allergic response, and tumor immunity. Upon T-cell receptor
(TCR) activation in a particular cytokine milieu, naive
CD4+ T cells can differentiate into several subsets, including
Th1, Th2, Th17, and regulatory T (Treg) cells. The resultant
CD4+ T-cell subsets are characterized by their functions and
patterns of cytokine production [89]. Th1 cells promote cell-
mediated immune responses against intracellular pathogens
and produce the cytokines, interferon gamma (IFN-𝛾), TNF-
𝛼/𝛽, and IL-2. These cytokines promote macrophage activa-
tion, nitric oxide production, and CTL proliferation, leading
to the phagocytosis and destruction of microbial pathogens.
The differentiation and expansion of Th1 cells are driven
mainly by IL-12, which induces the signal transducers and
activator of transcription (STAT) 4-dependent Th1-specific
transcription factor T-bet. T-bet promotes the expression of
IFN-𝛾 and IL-12Rb2, which, together with IL-12Rb1, form a
functional IL-12 receptor complex to further stimulate IFN-
𝛾-inducedTh1 differentiation. ExaggeratedTh1 responses are
associated with autoimmune diseases, including rheumatoid
arthritis, multiple sclerosis, inflammatory bowel disease, and
type 1 diabetes. Th2 cells, which are required for humoral
immunity against extracellular pathogens, secrete IL-4, IL-5,
IL-6, IL-10, and IL-13. ExposingTCR-stimulatedCD4+ T cells
to IL-4 induces the STAT6-dependent expression of the Th2
master transcriptional regulator GATA-3 and then produces
IL-5 and IL-13 for cell expansion. IL-2, IL-7, or thymic stromal
lymphopoietin (TSLP) is also required during Th2 differ-
entiation to activate STAT5, which cooperates with GATA-
3 to promote the T-cell production of IL-4. IL-4 regulates
the clonal expansion of Th2 cells and, along with IL-13,
promotes the B-cell production of IgE and alternative macro-
phage activation. ExcessiveTh2-type immune responses have
been implicated in the development of chronic allergic in-
flammation and asthma. Th17 cells are involved in immune
responses mounted against specific fungi and extracellular
bacteria. In mice, Th17 cells develop from naive CD4+ T
cells in the presence of TGF-𝛽 and IL-6, inducing the
STAT3-dependent expression of IL-21, the IL-23 receptor,
and the transcription factor ROR𝛾t. IL-21 and IL-23 regulate
the establishment and clonal expansion of Th17 cells, while
ROR𝛾t-induced gene expression leads to the secretion of IL-
17A, IL-17F, and IL-22. Cytokines produced by Th17 cells
stimulate resident cells to secrete chemokines to recruit
neutrophils and macrophages to inflammation sites. The
persistent secretion of Th17 cytokines promotes chronic
inflammation and may be involved in the pathogenesis of
inflammatory and autoimmune diseases such as rheumatoid

arthritis, multiple sclerosis, and inflammatory bowel dis-
orders. Tregs play an indispensable role in maintaining
the immunological unresponsiveness to self-antigens and
in suppressing excessive immune responses that would be
deleterious to the host.

T cells reachmaturity after passing through several stages
in the thymus [90]. They begin as CD4−CD8− double-
negative (DN) thymocytes, pass through a double-positive
(DP) stage (CD4+CD8+ thymocytes), become single-positive
(SP) T cells (CD4+CD8− or CD8+CD4− SP thymocytes), and
finally leave the thymus as naive T cells. In humans and
mammalianmodel animals, ZnD causes thymic atrophy with
a substantial reduction of DP thymocytes and a subsequent
decline in mature T-cell counts [91–101]. Patients with AE
due to a ZIP4 mutation show symptoms of severe ZnD
characterized by immunodeficiency with thymic atrophy
and lymphopenia and by recurrent infections in ∼30% of
patients [102].Onemechanism that contributes to this thymic
atrophy is accelerated apoptosis, due in part to chronically
elevated levels of glucocorticoids (corticosterone in partic-
ular) from the adrenal glands [103–108], although human
thymocytes are relatively resistant to glucocorticoids [106].
In fact, adrenalectomized mice fed a ZnD diet show little
change in thymic weight [105, 106], whereas, in adult mice
given a corticosteroid implant, the thymus size is substantially
reduced [109]. Furthermore, antiapoptotic proteins such as
B-cell lymphoma- (BCL-) 2 and BCL-X are reduced in ZnD
DP thymocytes, increasing their susceptibility to apoptosis
compared to DN thymocytes,Th cells, and CTLs [110–112]. In
vitro studies showed that more lymphocytes and thymocytes
undergo apoptosis when cultured in a Zn-free medium [113]
or with a Zn chelator [114–116] as opposed to when cultured
in a normal medium.

Another potential mechanism underlying thymic atro-
phy in a ZnD environment is the impaired activity of
the nonapeptide thymulin (H-Pyr-Ala-Lys-Ser-Gln-Gly-Gly-
Ser-Asn-OH) [117–119]. Thymulin, which is secreted by
thymic epithelial populations, binds a specific high-affinity
receptor on T cells to promote T-cell maturation, cytotoxic
function, and IL-2 production [117, 118, 120–122]. Serum
thymulin is present but less active in ZnD subjects; its activity
is restored by Zn supplementation [117], suggesting that Zn
promotes a conformational change in thymulin to confer
biological activity [119]. Thus, the ZnD-induced thymic
atrophy could result from the combination of increased
glucocorticoid levels, an impairment of thymulin’s activity
and impaired cell-intrinsic survival function.

Which Zn transporter regulates early T-cell differentia-
tion in the thymus is poorly understood.Mice with a targeted
ZIP3 deletion have lowerDP thymocyte counts and increased
counts of CD4+ SP or CD8+ SP thymocytes under a Zn-
limiting condition [14], suggesting that ZIP3 loss accelerates
T-cell maturation. However, deleting ZIP3 does not change
Zn homeostasis in terms of the levels of essentialmetals or the
expression of Zn-responsive genes. These data suggest that
ZIP3 plays an ancillary role in Zn homeostasis to generate
naive T-cell populations in the thymus [14].

In contrast to the susceptibility of DP thymocytes to
ZnD, mature CD4+ and CD8+ T cells are relatively resistant
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to ZnD and survive well in the atrophying thymus [112].
However, in adrenalectomized mice fed a ZnD diet, the
Th-cell helper functions that promote the differentiation of
B cells into antibody-secreting plasma cells are impaired,
even though there is little change in the thymic weight [105,
106], indicating that Zn status is important not only in the
early development of T cells but also in their activation and
function in periphery. Indeed, microarray analysis showed
that even a modest Zn deficiency in mice changes the
expression of 1,200 genes related to the proliferation, survival,
and response of T cells [123]. Furthermore, IL-2 production
is decreased in mice with a marginal ZnD, even though there
is no thymic shrinkage or increase in glucocorticoid con-
centrations [124, 125]. Several in vitro studies demonstrated
that Zn is important for T-cell proliferation in response to
cytokines and mitogenic agents [9, 126–132]. Zn is required
during the mid to late G1 phase [10], the transition to S phase
[133], and the transition to the G2 and M phases [134, 135].
Phytohemagglutinin- (PHA-) stimulated lymphocytes from
mildly ZnD patients contain a greater proportion of cells at S
phase than those from normal human controls; this increase
is reversed by Zn supplementation [136].

TCR signaling is indispensable for cell proliferation,
differentiation, and survival and for cytokine production
[137]. Upon antigen recognition, the TCR stimulates LCK
to activate the PI3K-AKT pathway and phosphorylate the
immunoreceptor tyrosine-based activation motifs (ITAMs)
of the TCR/CD3 complex on the cytosolic side, thereby
recruiting and activating ZAP70, which in turn recruits
and activates downstream adaptor or scaffold proteins such
as SLP-76, VAV, and ITK. ITK activates phospholipase
C, gamma 1 (PLC𝛾1), which leads to the production of
the second messengers diacylglycerol (DAG) and inositol
trisphosphate (IP3). DAG further activates the protein kinase
C theta (PKC𝜃), NF-𝜅B, and MAPK/ERK pathways. On the
other hand, IP3 induces the ER to release calcium. Calcium-
bound calmodulin activates the phosphatase calcineurin
(CN), which promotes IL-2 gene transcription through the
nuclear translocation of transcription factor NFAT.

Zn is reported to affect components of the TCR signaling
pathway [138, 139]. Some reports indicate that increased
intracellular Zn concentrations enhance the activation of
LCK and PKC [140] but inhibit the activity of the phosphatase
CN [141, 142] and other PTPases. Stimulating T cells by
incubation with DCs induces an influx of Zn across the
plasma membrane via ZIP6, which rapidly increases the
intracellular Zn concentration at spatially restricted regions;
the Zn is concentrated near the immunological synapse
between the T cell and DC [143].This phenomenon enhances
ZAP70 and inhibits the recruitment of tyrosine phosphatase
SHP-1 (a negative regulator for TCR signaling) to the TCR,
resulting in a prolonged calcium influx that contributes to
cell proliferation and cytokine production (Figure 5). This
mechanism suggests an important potential role for the Zn
transporter-Zn signaling axis in TCR signaling.

ZIP8 is highly expressed in humanT cells and ismarkedly
upregulated by in vitro stimulation with TCR [144]. RNA
interference against ZIP8 reduces the ZIP8 expression and
attenuates the production of IFN-𝛾 and perforin in human

T cells. In contrast, overexpressing ZIP8 enhances the IFN-
𝛾 production. ZIP8 localizes to lysosomes, and labile Zn
decreases in the lysosomes and increases in the cytoplasm
during T-cell activation. Further analysis revealed that ZIP8-
Zn reduces the CN phosphatase activity, leading to higher
IFN-𝛾 production following prolonged phosphorylation of
the transcription factor CREB. Thus, ZIP8-Zn signaling pos-
itively controls TCR-induced cytokine production (Figure 5)
[144]. In fact, several studies indicate that ZnD suppresses
the production of cytokines such as IL-1, IL-2, IL-4, and
IFN-𝛾 [93, 145–152]. In Th0 and Th1 cell lines cultured in
low Zn medium, mitogenic stimulation reduces the mRNA
expression of IL-2 and IFN-𝛾 [153]. In this context, exper-
iments in humans revealed that Zn deprivation decreases
the production of Th1 cytokines but has less effect on the
production of Th2 cytokines (IL-4, IL-6, and IL-10), so
the Th1/Th2 balance is disturbed and shifted toward Th2
[145, 149]. Consistent with this observation, cell-mediated
immunity and delayed-type hypersensitivity fail in Th1 cells
with a ZnD condition, whereas Th2-dependent function
appears to be less affected [94, 145, 149, 154, 155]. In contrast,
Zn enhances production of the Th1 cytokine IFN-𝛾 and
decreases the Th2 cytokine IL-10 in human PBMCs exposed
to allergens [156]. These dysregulations associated with low
Zn are restored by Zn supplementation [145, 149, 157–162],
suggesting that Zn controls the Th1/Th2 balance.

Tregs play a special role in controlling immune home-
ostasis by suppressing undesirable immune responses [163].
Several reports indicate that Zn treatment prevents T-cell-
mediated immune responses in vivo and in vitro [78, 164–166]
and enhances the number and activity of Tregs in some cases
[156, 167, 168]. In vitro, Zn attenuates Th17 differentiation,
which is controlled by IL-6-induced STAT3 activation during
chronic inflammation by suppressing STAT3 activation [89].
Reflecting this result, in vivo studies show that moderate Zn
treatment inhibitsTh17-cell development and disease severity
in mice with experimental autoimmune encephalomyeli-
tis (EAE) and collagen-induced arthritis (CIA) [78, 167].
Moreover, at higher concentrations, Zn suppresses T-cell
proliferation in mice [169] and cytokine production in
human Jurkat [154] and CD4+ T cells [144]. Although
the molecular mechanisms underlying these concentration-
dependent effects of Zn is largely unknown, they may
involve the overcapacity of the intracellular buffering sys-
tem to absorb large amounts of Zn and a breakdown of
the system of Zn transport. Thus, Zn immunomodulates
cytokine signaling in T cells to control antigen-specific
immune reactions.

Although many reports have revealed the importance of
nutritional Zn in classical Th subsets, Zn’s effect in vivo on
follicular helper T (Tfh) cells, an important component in
humoral immunity, has not yet been addressed. Tfh cells
are a subset of specialized effector Th cells that help B cells
and are essential for germinal center (GC) formation, which
promotes the generation of high-affinity antibody-secreting
plasma cells and memory B cells in vivo [170]. Although
it is still controversial whether Tfh cells are differentiated
from a lineage that is independent from those of Th1,
Th2, Th17, and Treg cells, Tfh cells differentiate through
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multistage and multifactorial processes that accommodate
significant heterogeneity. Tfh-cell differentiation begins with
the priming of naive CD4+ T cells by DCs. Early Tfh cells
can migrate to the border between the periarterial lymphatic
sheath (PALS) and B-cell follicles; this migration depends
on the CXCR5 chemokine receptor. Finally, the Tfh cells
mature in B-cell follicles. Tfh cells express relatively high
levels of BCL6, a critical regulator of Tfh differentiation,
and secrete IL-4 and IL-21, which cause B cells to induce
class-switch recombination (CSR) for immunoglobulin (Ig)
(e.g., IgM to IgG1 and IgE) and to elicit GC persistence,
respectively [170, 171]. IL-2 antagonizes Tfh differentiation in

a T-cell-intrinsic manner, and IL-2 deficiency augments the
generation of Tfh cells and enhances GC formation [172].
ZnD impairs the T-cell-induced IL-2 production [145, 149,
154] but also compromises GC formation, thereby decreasing
the subsequent IgG1 production [27]; thus, it is possible
that ZnD also affects the generation of Tfh cells. This idea
is supported by the fact that BCL6 bears a C-terminal Zn
cluster, consisting of six Zn-finger domains, that is necessary
for its DNA binding to target genes [173]. Future studies
should focus on clarifying Zn’s role and identifying the Zn
transporter involved in Tfh-cell generation in a variety of
immunological contexts.
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4.3. B Cells. B cells play crucial roles in the humoral immune
response, which is a major weapon in the adaptive immune
system [174, 175]. B cells develop initially in the bonemarrow.
Pro-B cells commit to pre-B cells followed by immature
(IMM) B cells, which express BCR on their cell membrane.
The IMM B cells then migrate to the spleen, where they
further differentiate into transitional (TR) B cells and then
into mature B-cell populations such as follicular (FO) and
marginal zone (MZ) B cells.

Mature B cells, which are classified as professional
antigen-presenting cells along with DCs, capture and process
antigens taken up by specific BCRs, load antigenic peptide
onto MHC-II, and present it to CD4+ Th cells. Among the
mature B cells, FOB cells account for themajority of splenic B
cells and are crucial for T-cell-dependent (TD) immune re-
sponses. During an immune response, activated FO B cells
form the GC in the follicle with the help of Tfh cells, and they
undergomassive expansion,with somatic hypermutation and
CSR (e.g., IgM to IgG1) of the Ig genes to acquire a high-
affinity Ig [176]. In contrast, MZ B cells, which are noncircu-
lating, mediate rapid T-cell-independent (TI) immune
responses against blood-borne pathogens.

Cook-Mills and Fraker indicate that ZnD has little effect
on antibody secretion [177]. However, the plaque-forming
cell (PFC) assays in this study were interpreted by evaluating
the antibody-secreting ability of the surviving residual cells
in ZnD mice on a per-cell basis not on a whole-organ
scale. Other reports show that ZnD depresses both TD and
TI antibody responses [96, 99, 178, 179]. In addition, ZnD
reduces the TD antibody responses against sheep red blood
cells by 90% of control [96, 125] and reduces the TI antibody
responses against dextran by 50% of control [124, 180]. In
contrast, both the IgM and IgG PFC activities are restored
when ZnD mice are fed a normal diet, although the recovery
of IgG PFC is greatly delayed [96, 178]. These observations
strongly suggest that Zn controls antibody-mediated humoral
immune responses.

The ZIP-family member ZIP10, which is a cell-mem-
brane-localized transporter, is expressed in splenic B cells
[27]. ZIP10 transports Zn from the extracellular fluid to the
intracellular space [27, 28]. The targeted disruption of ZIP10
in antigen-presenting cells, including mature B cells, dimin-
ishes antigen-specific antibody responses, in particular, the
production of IgG antibodies, which is correlated with severe
GC-formation impairment in a B-cell-intrinsic manner [27].
Furthermore, in immunized mice fed a ZnD diet, the GC
B-cell population and the antigen-specific IgG1 response are
significantly reduced, partly mimicking the phenotypes in
ZIP10-deficientmice. Although the number ofmature resting
FO B cells is significantly decreased in ZIP10-deficient mice
in vivo, their proliferative activity in response to BCR stim-
ulation is also reduced in vitro. Moreover, TI responses are
also impaired in ZIP10-deficient mice, which have an intact
number of MZ B cells. Collectively, these results suggest that
Zn not only quantitatively controls FO B-cell maintenance
but also qualitatively regulates the BCR signaling pathway.
Thus, the abrogated TD antibody response in ZIP10-deficient
mice cannot be fully explained by the reduced FO B-cell
count; impaired BCR signaling is also appreciably involved.

BCR signaling is transmitted through multiple pathways
to mediate cell activation, proliferation, and death [181–
184]. BCR signaling is initiated by LYN, an SRC-family
protein tyrosine kinase (Src-PTK). LYN activates SYK, which
activates downstream kinases and transcription factors such
as MAPK, PI3K, and NF-𝜅B [176]. Paradoxically, the over-
all BCR signaling is enhanced in ZIP10-deficient B cells,
with hyperactivated LYN and SYK and downstream ERK,
AKT, and NF-𝜅B in response to BCR stimulation [27]. This
phenomenon is partly attributed to a 20% decrease in the
expression and 50% decrease in the overall activity of CD45R
PTPase that inhibits LYN activity (Figure 6) [185], although
its precise role in regulating Src-PTKs remains controversial
[186–190]. Generally, Zn has a negative impact on PTPase
activity, as reported for the receptor PTPase beta [191], PTP1B
[192], and SHP-1 (a negative regulator for BCR signaling)
[143]. It has also been proposed that intracellular Zn is
incorporated into the Golgi by ZnT5/6/7 and then released
into the cytosol by ZIP9, which in turn inhibits PTPase
activity to activate BCR signaling in DT40 cells [193]. If
these situations are applicable to ZIP10-deficient B cells, there
would be a loss of the suppressive effect of Zn normally
exerted via ZIP10, resulting in reduced LYN activity due
to enhanced CD45R PTPase activity. However, the opposite
result is reported: downregulated CD45R PTPase activity
is accompanied by enhanced LYN activation after BCR
stimulation [27]. The involvement of CSK, which downreg-
ulates the LYN activity by increasing phosphorylation at its
inhibitory site [194], is also unlikely, since Zn completely
suppresses CSK’s function [195]. In fact, when an active
form of CD45R recombinant protein is coincubated with
high concentration of Zn in vitro, its PTPase activity is
suppressed [27]. However, the forced introduction of Zn
into ZIP10-deficient B cells partially recovers the CD45R
PTPase activity and suppresses LYN activation ex vivo
in the stimulated cells [27]. Taken together, these results
suggest that ZIP10-Zn signaling regulates the expression
of CD45R while simultaneously (and indirectly) enhanc-
ing the CD45R PTPase activity through a Zn-dependent
process rather than by a direct effect on PTPase activity
(Figure 6).

Although the detail mechanism underlying how ZIP10-
Zn signaling controls the CD45R PTPase activity in vivo is
currently unclear, one potential target of ZIP10-Zn signal-
ing may be an oxidant (Figure 6). Zn negatively regulates
oxidants [196], which can suppress PTPase activity [197].
The involvement of reactive oxygen species (ROS) in BCR
signaling as a secondmessenger has been reported [198, 199].
BCR engagement stimulates ROS production, which inhibits
PTPase activity (e.g., SHP-1) around the BCR, thereby ampli-
fying BCR signaling [198, 199]. Another possibility is that Zn
is involved in dimerizing CD45, thereby downregulating its
function (Figure 6) [200].These issues remain to be clarified.
It would be interesting to investigate (1) how ZIP10 regulates
the expression of CD45R, (2) how ZIP10 regulates CD45R
activity in a steady state and the BCR signaling process (e.g.,
whether ZIP10 forms a complexwith BCR clusters), (3) which
microdomains ZIP10 is located in, and (4) whether ZIP10 can
act through other factors to regulate BCR signaling.
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Notably, ZIP10 protein levels are low in splenic B cells
and even in 293T cells with ectopic ZIP10 expression [27].
There is no difference in the intracellular Zn content of ZIP10-
deficient and control B cells. Nevertheless, ZIP10 deficiency
leads to a striking loss of mature B cells and a marked
impairment of the antibody response. Given that a redundant
system involving other Zn transporters does not appear
to be active in ZIP10-deficient B cells, since there is no
alteration in the expression of any other transporters, these
data collectively suggest that ZIP10 is not a major contributor
to the overall intracellular Zn homeostasis but rather set
the threshold of BCR signal strength, probably by locally
transporting small amounts of Zn from the extracellular fluid.
In this regard, ZIP10 may be able to transport Zn more
efficiently than other Zn transporters.

This raises the question of why, despite the augmented
LYN activity, BCR-induced proliferative activity is attenuated
in ZIP10-deficient B cells [27]. One possibility is that the
hyperactive LYN simultaneously initiates BCR signaling and
generates strong inhibitory signals mediated by FC𝛾RIIb1,
CD22, and PIR-B that lead to the recruitment of the SHIP-
1 and SHP-1 PTPases [201]. In fact, LYNup/up mice, which

express a constitutively active form of LYN, spontaneously
and simultaneously activate positive (SYK) and negative
(CD22, SHP-1, and SHIP-1) regulators, leading to impaired
BCR-induced cell proliferation [202].Thus, rapidly generated
LYN-induced inhibitory signals may result in a signal that
is insufficient for proliferation and that subsequently impairs
GC formation.

It is interesting to note the similarities in immunolog-
ical abnormalities in ZIP10-deficient and ZnD mice. ZnD
attenuates the Th1 response, which promotes Ig CSR to
noncytophilic IgG2, such as IgG2a (IgG2c in C57BL/6), with-
out affecting the Th2 response, which promotes cytophilic
IgG1 and IgE [203]. Given that ZIP10 deficiency significantly
attenuates the level of IgG2c but not of IgG1 or IgE in the
steady state [27], it is tempting to speculate that the loss
of ZIP10 affects the signal transduction mediated by Th1
cytokines such as IFN-𝛾while thatmediated byTh2 cytokines
in resting B cells remains intact.

Immunological memory, which involves memory B cells
and long-lived plasma cells (PCs), is primarily generated
through GC reactions. Hence, it is not surprising that
memory-recall responses to previously encountered antigens



Journal of Immunology Research 13

are attenuated in ZnD animals [74, 167, 168, 173], since a
ZnD or ZIP10-deficient environment considerably attenuates
GC formation [27]. These findings suggest that the impaired
signaling through BCR in the mature B cells from these mice
may be not sufficient to support their differentiation during
GC reaction. Therefore, immunological memory cannot be
properly generated in these mice. Further investigation will
clarify this issue.

Early B-cell development is adversely affected by ZnD
[109, 204]. Mice fed a diet marginally deficient in Zn show
a 50% decline in pre-B and 25% decline in immature B-
cell populations [177]. Given that steroid-implanted mice
have markedly reduced numbers of pre-B and immature
B cells in the bone marrow [109, 205], the effects of ZnD
on early B-cell development might be partly explained by
the effect of glucocorticoids, as is also the case with T
cells. ZnD primarily affects B-cell precursors; resting mature
B cells are relatively resistant to ZnD. Indeed, a detailed
study revealed that the number of FO B cells and their
levels of intracellular-free Zn were unchanged in mice fed
a ZnD diet for 2 weeks [27], even though these mice
clearly showed growth retardation and reduced serum Zn
[27, 60]. Such an environment changes the expression levels
of some Zn transporters and metallothioneins, suggesting
that an unknown mechanism of resistance involving the
altered expression of Zn mediators somehow maintains Zn
homeostasis and avoids cell death due to insufficient Zn.
However, specifically ablating ZIP10 in antigen-presenting
cells causes a significant reduction in mature FO B cells
[27]. Furthermore, the forced chelation of intracellular Zn by
TPEN induces apoptotic cell death ofmature B cells. Since the
loss of ZIP10 affects neither the expression of other plasma
membrane-localized Zn transporters nor the intracellular Zn
content under normal conditions, these data suggest that
ZIP10 plays a definitive role in mature B-cell maintenance
by locally targeting the responsible molecules. In light of the
enhanced overall BCR signaling already discussed, it appears
that the ZIP10-deficient phenotype is a partial phenocopy
of the LYNup/up phenotype, since LYNup/up mice also have
significantly fewer resting mature B cells, probably due to
enhanced signaling above a certain threshold [202]. How-
ever, LYN activation does not appear to be upregulated in
ZIP10-deficient B cells in the steady state, indicating that
ZIP10 maintains mature B cells through a LYN-independent
mechanism [27].

ZIP10 is expressed on the surface of pro-B cells at a
relatively high level compared to other bonemarrow-resident
B-cell subsets [28]. Specifically deleting ZIP10 in pan-B
cells leads to splenic atrophy with a marked reduction of
peripheral B cells due to a decreased number of pro-B cells in
the bone marrow [28]. ZIP10 ablation enhances the activities
of the cystein-aspartic acid proteases (caspases) 3, 8, 9, and
12 in pro-B cells, resulting in increased apoptotic cell death
that can be mimicked by chemically chelating intracellular
Zn using TPEN and can be restored by Zn supplementation.
This finding indicates that ZIP10-Zn signaling inhibits the
apoptosis induced by activated caspases and promotes pro-
B-cell survival in a cell-autonomous manner (Figure 6).

JAK-STAT signaling induced by cytokine stimulation
controls pro-B-cell survival and development [206] but
also has oncogenic effects [207]. IL-3 or IL-7 stimulation
induces ZIP10 expression through the JAK-STAT pathway
[28]. In human follicular lymphoma, ZIP10 is abundant in
constitutively active STAT3- and STAT5-expressing cells. In
silico findings also show that ZIP10 is strongly expressed
in acute myeloid and lymphoid leukemia. Thus, cytokine
stimulation (the first signal) activates the JAK-STAT pathway
(the second signal), which further induces ZIP10 expression
and eventually generates ZIP10-Zn signals (the third signal).
In this way, ZIP10-Zn signaling may control fate decisions
in lymphocyte progenitors under physiological conditions
and exacerbate malignancy under pathological conditions,
according to the highly regulated pattern of ZIP10 expression
[28]. Given that a rigorous selection process in early B-cell
development ensures functionality and avoids autoreactivity
by eliminating the majority of newly formed B cells through
apoptosis [208], suppressing or augmenting the ZIP10-Zn
signaling axis may lead to lymphopenia on one hand or
autoimmunity and malignancy on the other. The molecular
mechanism by which ZIP10-Zn signaling inhibits apoptosis
is currently unclear. ZnD influences the gene expression
of the BCL/BAX family [209], which is downregulated to
eliminate nonreactive or autoreactive B cells during the
developmental process but is also overexpressed in follicular
lymphoma cells [210]. Since ZIP10-deficient pro-B cells show
lower intracellular Zn level [28], ZIP10 function may be
coordinated with these antiapoptotic factors.

Taken together, these findings underscore the definitive
role of ZIP10-Zn signaling not only in antibody responses
but also in early B-cell development and the maintenance of
mature B cells (Figure 6). Collectively, these studies provide
deep insights into how Zn controls lymphocyte homeostasis
and function.

5. Conclusion

The importance of nutritional Zn for the immune systems
is evident from the immunodeficiency seen in ZnD mice.
AlthoughZn’s function as a key structural or catalytic compo-
nent in more than 300 enzymes and transcription factors are
well known, there is a growing body of evidence that supports
Zn’s role as a second messenger in a variety of cellular
activities. The intracellular Zn concentration can be changed
by immune-related extracellular stimulation, and the sub-
sequent crosstalk between Zn and signaling components
facilitates the transduction of signaling pathways for immune
homeostasis and functions. However, contradictory results
have been reported regarding the effects of Zn on the immune
system. Some studies show that excessive Zn impairs T-cell
proliferation and cytokine production. Although the molec-
ular mechanisms underlying the concentration-dependent
effects of Zn are poorly understood, they probably involve
the capacity of the intracellular buffering system to absorb
large amounts of Zn and a breakdown of the system of
Zn transport. Collectively, these findings strongly suggest
that cellular Zn levels can determine the threshold for Zn
functions in physiology and pathophysiology. In this regard,
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Figure 7: Zn-signal axes in immune system. Each Zn-signal
axis targets a specific molecule and controls a variety of cellular
activities such as proliferation, differentiation, survival, migration,
and function via a distinct signaling pathway to control immune
homeostasis and functions. ZnD (red) impairs these Zn-signal axes
and leads to disease if there is no redundant machinery.

it is reasonable that Zn signaling by Zn transporters and
channels would be tightly controlled in physiology.

In this review, we focused mainly on the physiological
effects of Zn signaling mediated by specific Zn transporter
families in the adaptive immune system. Each Zn-signal
axis targets a specific molecule, allowing Zn to influence a
wide range of cellular activities such as proliferation, dif-
ferentiation, survival, migration, and function by selectively
regulating distinct signaling pathways in immune systems
(Figure 7). The disruption of a Zn-signal axis by ZnD can
cause immunodeficiency if there is no redundant machinery.
However, there are still few studies of the involvement of
the individual Zn transporters in immune homeostasis and
functions; thus, research into Zn signaling in humoral immu-
nity has barely scratched the surface. Since ZnD depresses
both primary and secondary immune responses, it will be
important to use both nutritional and genetic approaches to
investigate Zn signaling in the prominent cell types involved
in each immunological process (e.g., Tfh cells, GC B cells,
and memory B and memory T cells). These analyses may
provide a deeper understanding of the relevance of Zn signals
in adaptive immunity and lead to novel therapeutic drugs and
vaccines for immune-related disorders and infections.
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[62] C. Giunta, N. H. Elçioglu, B. Albrecht et al., “Spondylocheiro
dysplastic form of the ehlers-danlos syndrome—an autosomal-
recessive entity caused bymutations in the zinc transporter gene
SLC39A13,” American Journal of Human Genetics, vol. 82, no. 6,
pp. 1290–1305, 2008.

[63] J. J. Bruinsma, T. Jirakulaporn, A. J. Muslin, and K. Kornfeld,
“Zinc ions and cation diffusion facilitator proteins regulate Ras-
mediated signaling,” Developmental Cell, vol. 2, no. 5, pp. 567–
578, 2002.

[64] T. B. Cole, H. J. Wenzel, K. E. Kafer, P. A. Schwartzkroin, and R.
D. Palmiter, “Elimination of zinc from synaptic vesicles in the
intact mouse brain by disruption of the ZnT3 gene,” Proceedings
of the National Academy of Sciences of the United States of
America, vol. 96, no. 4, pp. 1716–1721, 1999.

[65] M. Hershfinkel, A. Moran, N. Grossman, and I. Sekler, “A zinc-
sensing receptor triggers the release of intracellular Ca2+ and
regulates ion transport,” Proceedings of the National Academy
of Sciences of the United States of America, vol. 98, no. 20, pp.
11749–11754, 2001.

[66] Y. Li, C. J. Hough, S.W. Suh, J. M. Sarvey, and C. J. Frederickson,
“Rapid translocation of Zn2+ from presynaptic terminals into

postsynaptic hippocampal neurons after physiological stimula-
tion,” Journal of Neurophysiology, vol. 86, no. 5, pp. 2597–2604,
2001.

[67] G. Wei, C. J. Hough, Y. Li, and J. M. Sarvey, “Characterization
of extracellular accumulation of Zn2+ during ischemia and
reperfusion of hippocampus slices in rat,”Neuroscience, vol. 125,
no. 4, pp. 867–877, 2004.

[68] X. Xie and T. G. Smart, “Modulation of long-term potentiation
in rat hippocampal pyramidal neurons by zinc,” Pflügers Archiv,
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B. Plümäkers, and L. Rink, “Zinc enhances the number of
regulatory T cells in allergen-stimulated cells from atopic
subjects,” European Journal of Nutrition, 2015.

[157] Z. T. Cossack, “T-lymphocyte dysfunction in the elderly associ-
atedwith zinc deficiency and subnormal nucleoside phosphory-
lase activity: effect of zinc supplementation,” European Journal
of Cancer andClinical Oncology, vol. 25, no. 6, pp. 973–976, 1989.

[158] J. Duchateau, G. Delespesse, and P. Vereecke, “Influence of oral
zinc supplementation on the lymphocyte response to mitogens
of normal subjects,”The American Journal of Clinical Nutrition,
vol. 34, no. 1, pp. 88–93, 1981.

[159] L. Kahmann, P. Uciechowski, S. Warmuth et al., “Zinc sup-
plementation in the elderly reduces spontaneous inflammatory
cytokine release and restores T cell functions,” Rejuvenation
Research, vol. 11, no. 1, pp. 227–237, 2008.

[160] E. Mocchegiani, L. Santarelli, M. Muzzioli, and N. Fabris,
“Reversibility of the thymic involution and of age-related
peripheral immune dysfunctions by zinc supplementation in
old mice,” International Journal of Immunopharmacology, vol.
17, no. 9, pp. 703–718, 1995.

[161] R. S. Pekarek, H. H. Sandstead, R. A. Jacob, and D. F. Barcome,
“Abnormal cellular immune responses during acquired zinc
deficiency,” The American Journal of Clinical Nutrition, vol. 32,
no. 7, pp. 1466–1471, 1979.

[162] A. S. Prasad, J. T. Fitzgerald, J. W. Hess, J. Kaplan, F. Pelen, and
M. Dardenne, “Zinc deficiency in elderly patients,” Nutrition,
vol. 9, no. 3, pp. 218–224, 1993.

[163] N. Ohkura, Y. Kitagawa, and S. Sakaguchi, “Development and
maintenance of regulatory T cells,” Immunity, vol. 38, no. 3, pp.
414–423, 2013.

[164] C. A. Campo, N. Wellinghausen, C. Faber, A. Fischer, and L.
Rink, “Zinc inhibits the mixed lymphocyte culture,” Biological
Trace Element Research, vol. 79, no. 1, pp. 15–22, 2001.

[165] C. Faber, P. Gabriel, K.-H. Ibs, and L. Rink, “Zinc in pharma-
cological doses suppresses allogeneic reaction without affecting
the antigenic response,” Bone Marrow Transplantation, vol. 33,
no. 12, pp. 1241–1246, 2004.

[166] A. Varin, A. Larbi, G. V. Dedoussis et al., “In vitro and in
vivo effects of zinc on cytokine signalling in human T cells,”
Experimental Gerontology, vol. 43, no. 5, pp. 472–482, 2008.

[167] E. Rosenkranz, M. Maywald, R.-D. Hilgers et al., “Induction
of regulatory T cells in Th1-/Th17-driven experimental autoim-
mune encephalomyelitis by zinc administration,” Journal of
Nutritional Biochemistry, vol. 29, pp. 116–123, 2016.

[168] E. Rosenkranz, C. H. Metz, M. Maywald et al., “Zinc supple-
mentation induces regulatory T cells by inhibition of Sirt-1
deacetylase in mixed lymphocyte cultures,”Molecular Nutrition
& Food Research, vol. 60, no. 3, pp. 661–671, 2016.

[169] N. Wellinghausen, M. Martin, and L. Rink, “Zinc inhibits
interleukin-1-dependent T cell stimulation,” European Journal
of Immunology, vol. 27, no. 10, pp. 2529–2535, 1997.

[170] S. Crotty, “T follicular helper cell differentiation, function, and
roles in disease,” Immunity, vol. 41, no. 4, pp. 529–542, 2014.

[171] D. Zotos and D. M. Tarlinton, “Determining germinal centre B
cell fate,”Trends in Immunology, vol. 33, no. 6, pp. 281–288, 2012.

[172] A. Ballesteros-Tato, B. León, B. A. Graf et al., “Interleukin-2
inhibits germinal center formation by limiting t follicular helper
cell differentiation,” Immunity, vol. 36, no. 5, pp. 847–856, 2012.

[173] X. Mascle, O. Albagli, and C. Lemercier, “Point mutations in
BCL6DNA-binding domain reveal distinct roles for the six zinc
fingers,”Biochemical and Biophysical Research Communications,
vol. 300, no. 2, pp. 391–396, 2003.

[174] D. Allman and S. Pillai, “Peripheral B cell subsets,” Current
Opinion in Immunology, vol. 20, no. 2, pp. 149–157, 2008.

[175] R. R. Hardy, P. W. Kincade, and K. Dorshkind, “The protean
nature of cells in the B lymphocyte lineage,” Immunity, vol. 26,
no. 6, pp. 703–714, 2007.

[176] T. Kurosaki, H. Shinohara, and Y. Baba, “B cell signaling and
fate decision,” Annual Review of Immunology, vol. 28, pp. 21–55,
2010.

[177] J. M. Cook-Mills and P. J. Fraker, “Functional capacity of the
residual lymphocytes from zinc-deficient adult mice,” British
Journal of Nutrition, vol. 69, no. 3, pp. 835–848, 1993.

[178] P. DePasquale-Jardieu and P. J. Fraker, “Interference in the
development of a secondary immune response in mice by zinc
deprivation: persistence of effects,” Journal of Nutrition, vol. 114,
no. 10, pp. 1762–1769, 1984.

[179] P. Zanzonico, G. Fernandes, and R. A. Good, “The differential
sensitivity of T-Cell and B-Cell mitogenesis to in vitro zinc
deficiency,”Cellular Immunology, vol. 60, no. 1, pp. 203–211, 1981.

[180] P. J. Fraker, K. Hildebrandt, and R. W. Luecke, “Alteration
of antibody-mediated responses of suckling mice to T-cell-
dependent and independent antigens bymaternalmarginal zinc
deficiency: restoration of responsivity by nutritional repletion,”
Journal of Nutrition, vol. 114, no. 1, pp. 170–179, 1984.

[181] J. C. Cambier, C. M. Pleiman, and M. R. Clark, “Signal
transduction by the B cell antigen receptor and its coreceptors,”
Annual Review of Immunology, vol. 12, pp. 457–486, 1994.

[182] A. L. DeFranco, “The complexity of signaling pathways acti-
vated by the BCR,” Current Opinion in Immunology, vol. 9, no.
3, pp. 296–308, 1997.

[183] T. Kurosaki, “Genetic analysis of B cell antigen receptor signal-
ing,” Annual Review of Immunology, vol. 17, pp. 555–592, 1999.

[184] M. Reth and J. Wienands, “Initiation and processing of signals
from the B cell antigen receptor,”Annual Review of Immunology,
vol. 15, pp. 453–479, 1997.

[185] P. Shrivastava, T. Katagiri, M. Ogimoto, K. Mizuno, and H.
Yakura, “Dynamic regulation of Src-family kinases by CD45 in
B cells,” Blood, vol. 103, no. 4, pp. 1425–1432, 2004.

[186] D. R. Alexander, “The CD45 tyrosine phosphatase: a positive
and negative regulator of immune cell function,” Seminars in
Immunology, vol. 12, no. 4, pp. 349–359, 2000.



Journal of Immunology Research 21

[187] J. D. Ashwell and U. D’Oro, “CD45 and Src-family kinases: and
now for something completely different,” Immunology Today,
vol. 20, no. 9, pp. 412–416, 1999.

[188] J. M. Penninger, J. Irie-Sasaki, T. Sasaki, and A. J. Oliveira-
dos-Santos, “CD45: new jobs for an old acquaintance,” Nature
Immunology, vol. 2, no. 5, pp. 389–396, 2001.

[189] M. L.Thomas and E. J. Brown, “Positive and negative regulation
of Src-family membrane kinases by CD45,” Immunology Today,
vol. 20, no. 9, pp. 406–411, 1999.

[190] H. Yakura, “Phosphatases and kinases in lymphocyte signaling,”
Immunology Today, vol. 19, no. 5, pp. 198–201, 1998.

[191] M. Wilson, C. Hogstrand, and W. Maret, “Picomolar concen-
trations of free zinc(II) ions regulate receptor protein-tyrosine
phosphatase 𝛽 activity,”The Journal of Biological Chemistry, vol.
287, no. 12, pp. 9322–9326, 2012.

[192] E. Bellomo, A. Massarotti, C. Hogstrand, and W. Maret, “Zinc
ions modulate protein tyrosine phosphatase 1B activity,”Metal-
lomics, vol. 6, no. 7, pp. 1229–1239, 2014.

[193] M. Taniguchi, A. Fukunaka, M. Hagihara et al., “Essential
role of the zinc transporter ZIP9/SLC39A9 in regulating the
activations of Akt and Erk in B-Cell receptor signaling pathway
in DT40 cells,” PLoS ONE, vol. 8, no. 3, Article ID e58022, 2013.

[194] J. A. Cooper and B. Howell, “The when and how of Src
regulation,” Cell, vol. 73, no. 6, pp. 1051–1054, 1993.

[195] G. Sun and R. J. A. Budde, “Substitution studies of the second
divalent metal cation requirement of protein tyrosine kinase
CSK,” Biochemistry, vol. 38, no. 17, pp. 5659–5665, 1999.

[196] S. R. Powell, “The antioxidant properties of zinc,” Journal of
Nutrition, vol. 130, pp. 1447S–1454S, 2000.

[197] T.-C. Meng, T. Fukada, and N. K. Tonks, “Reversible oxidation
and inactivation of protein tyrosine phosphatases in vivo,”
Molecular Cell, vol. 9, no. 2, pp. 387–399, 2002.

[198] M. Capasso, M. K. Bhamrah, T. Henley et al., “HVCN1 mod-
ulates BCR signal strength via regulation of BCR-dependent
generation of reactive oxygen species,”Nature Immunology, vol.
11, no. 3, pp. 265–272, 2010.

[199] M. Reth and T. P. Dick, “Voltage control for B cell activation,”
Nature Immunology, vol. 11, no. 3, pp. 191–192, 2010.

[200] A. Takeda, A. Matsuda, R. M. J. Paul, and N. R. Yaseen, “CD45-
associated protein inhibits CD45 dimerization and up-regulates
its protein tyrosine phosphatase activity,” Blood, vol. 103, no. 9,
pp. 3440–3447, 2004.

[201] H. Nishizumi, K. Horikawa, I. Mlinaric-Rascan, and T.
Yamamoto, “A double-edged kinase lyn: a positive and negative
regulator for antigen receptor-mediated signals,”The Journal of
Experimental Medicine, vol. 187, no. 8, pp. 1343–1348, 1998.

[202] M. L. Hibbs, K. W. Harder, J. Armes et al., “Sustained activation
of Lyn tyrosine kinase in vivo leads to autoimmunity,” Journal
of Experimental Medicine, vol. 196, no. 12, pp. 1593–1604, 2002.

[203] S. Romagnani, “The Th1/Th2 paradigm,” Immunology Today,
vol. 18, no. 6, pp. 263–266, 1997.

[204] P. J. Fraker and W. G. Telford, “A reappraisal of the role of zinc
in life and death decisions of cells,” Proceedings of the Society for
Experimental Biology andMedicine, vol. 215, no. 3, pp. 229–236,
1997.

[205] B. A. Garvy, L. E. King, W. G. Telford, L. A. Morford, and P.
J. Fraker, “Chronic elevation of plasma corticosterone causes
reductions in the number of cycling cells of the B lineage in
murine bone marrow and induces apoptosis,” Immunology, vol.
80, no. 4, pp. 587–592, 1993.

[206] L. M. Heltemes-Harris and M. A. Farrar, “The role of STAT5 in
lymphocyte development and transformation,”CurrentOpinion
in Immunology, vol. 24, no. 2, pp. 146–152, 2012.

[207] J. Bromberg and J. E. Darnell Jr., “The role of STATs in
transcriptional control and their impact on cellular function,”
Oncogene, vol. 19, no. 21, pp. 2468–2473, 2000.

[208] D. Nemazee, “Receptor editing in lymphocyte development and
central tolerance,”Nature Reviews Immunology, vol. 6, no. 10, pp.
728–740, 2006.

[209] A. Q. Truong-Tran, J. Carter, R. E. Ruffin, and P. D. Zalewski,
“The role of zinc in caspase activation and apoptotic cell death,”
BioMetals, vol. 14, no. 3-4, pp. 315–330, 2001.

[210] R. Kridel, L. H. Sehn, and R. D. Gascoyne, “Pathogenesis of
follicular lymphoma,” The Journal of Clinical Investigation, vol.
122, no. 10, pp. 3424–3431, 2012.



Review Article
The Crosstalk between Myeloid Derived
Suppressor Cells and Immune Cells: To Establish Immune
Tolerance in Transplantation

Chao Zhang,1,2 Shuo Wang,1,2 Cheng Yang,2,3 and Ruiming Rong1,2,4

1Department of Urology, Zhongshan Hospital, Fudan University, Shanghai, China
2Shanghai Key Laboratory of Organ Transplantation, Shanghai, China
3Department of Plastic Surgery, Zhongshan Hospital, Fudan University, Shanghai, China
4Department of Transfusion, Zhongshan Hospital, Fudan University, Shanghai, China

Correspondence should be addressed to Ruiming Rong; rong.ruiming@zs-hospital.sh.cn

Received 14 June 2016; Accepted 25 September 2016

Academic Editor: Mikhail M. Dikov

Copyright © 2016 Chao Zhang et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Myeloid derived suppressor cells (MDSCs) are a heterogeneous population of myeloid precursor and progenitor cells and endowed
with a robust immunosuppressive activity in multiple pathophysiological conditions. Recent studies have uncovered the crosstalk
between MDSCs and immune cells (i.e., natural killer cells, dendritic cells, macrophages, natural killer T cells, and regulatory T
cells) and its role in the establishment and maintenance of immune tolerant microenvironment in transplantation. Considering
their strong immunosuppressive capability, MDSCs could become a prospective clinical regimen during transplantation tolerance
induction, resulting in long-term graft survival with decreased or without immunosuppressive drugs. The review summarized
recent research advances in this field and looked ahead at the research directions in the future.

1. Introduction

One of the major concerned questions in solid organ trans-
plantation is how to establish long-term allograft survival
that is free from immunosuppressive strategies. The most
promising answer to this question is to establish immune
tolerance in the recipient. Decades of years have witnessed
the attempts to achieve this goal from cotransplantation
with hematopoietic stem cell to the induction of chimerism.
Recently, emerging evidence highlights that myeloid derived
suppressor cells (MDSCs) have great potential as a novel
immune intervention for inducing transplant tolerance.

MDSCs are a heterogeneous population of cells com-
posed of progenitors and precursors of myeloid cells such
as dendritic cells, macrophages, and granulocytes at various
stages of differentiation [1, 2]. In mice, MDSCs are generally
identified by coexpression of surface markers CD11b and Gr-
1, but with two subtypes, G-MDSCs andM-MDSCs, based on
their distinct expression of Ly-6C and Ly-6G [3]. However,
human MDSCs cannot be uniformly identified by specific

markers so far. Some investigators defined humanMDSCs as
CD11b+CD33+HLA-DRlow/− cells [4], but without consen-
sus in academics. Bartmann et al. affirmed in their study that
human MDSCs could also be subdivided into two main sub-
sets: CD15+CD14−CD11b+CD33+HLA-DRlow/− G-MDSCs
and CD15−CD14+CD11b+CD33+HLA-DRlow/− M-MDSCs
[4]. The reason why these cells with different origins can be
summarized as one group is that they share two common
characteristics: one is that they are all staying in an immature
state; the other is that they are able to exert strong suppressive
activity on T cell proliferation and activation. In terms of the
mechanism involved in T cell inhibition, G-MDSC subtype
is dependent on reactive oxygen system (ROS) while M-
MDSC subtype is through high expression of inducible nitric
oxide synthase (iNOS) and nitric oxide (NO) [5, 6]. High
expression of arginase-1 (Arg-1) is of pivotal importance
for both of these two subtypes [7]. MDSCs were originally
reported in tumor-associated animal models [8]. Locating in
the tumor microenvironment, MDSCs contribute to tumor
growth and metastasis via suppressing tumor antigen-driven
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activation of T cells [9]. MDSCs have also been shown to
produce vascular endothelial cell growth factor (VEGF), 𝛽-
fibroblast growth factor (𝛽-FGF), VEGF analogue Bv8, and
matrixmetalloproteinase 9 (MMP9), all of which are essential
for angiogenesis and tissue invasion at tumor sites [10].
Interestingly, MDSC’s role of promoting tumor progression
reminds us that they can serve as a potential immunotolerant
inducer in transplant immunity. Recent studies demonstrated
that MDSCs interacted with multiple immune cells and
contributed greatly to the induction of immune tolerance
in organ or cell transplants. This review summarized the
crosstalk between MDSCs and natural killer cells, dendritic
cells, macrophages, natural killer T cells, and regulatory T
cells as well as the effect on kidney transplant, skin transplant,
pancreatic islet transplant, cardiac transplant, and graft-
versus-host disease in hematopoietic stem cell transplanta-
tion.

2. The Crosstalk between MDSCs and
Immune Cells

2.1. MDSC and Natural Killer (NK) Cell. Currently, there still
exists controversy about the influence of MDSC on NK cells.
However, most investigators agreed that the coculture with
MDSC impaired NK cell’s recognition and cytotoxic effects
on alloantigens, leading to immune tolerance in transplants.
The study showed that MDSC was able to downregulate
the expression of CD247 on the surface of NK cells, which
was the key subunit of natural cytotoxicity receptor (NCR)
NKp46, NKp30, and Fc𝛾 RIII.The downexpression of CD247
inhibited the development and cytotoxic activity of NK cells,
therefore attenuating its killing effect on allogenic antigens
[11]. Besides, the expression of NKG2D, a killer lectin-like
receptor (KLR) which could initiate killing effects of NK cells,
and the secretion of interferon- (IFN-) 𝛾 were also downreg-
ulated after coculture [12]. Interestingly, the inhibition of NK
cell activity by MDSC was reversed when membrane-bound
transforming growth factor- (TGF-) 𝛽 expressed on MDSCs
was blocked, which indicated that the inhibitory effect was
dependent on cell-cell contact [13].

2.2. MDSC and Dendritic Cell (DC). Most investigations on
the interaction between MDSCs and DCs were implemented
on animal models or patients with tumors. These investiga-
tions reported that MDSCs could inhibit DCs maturation in
tumor microenvironment and prevent them from differenti-
ation, thereby inducing immune tolerance to tumor-specific
antigens [14]. The main mechanism in this process was that
vascular endothelial growth factor (VEGF) and interleukin-
(IL-) 10 in tumor microenvironment downregulated the
expression of major histocompatibility complex (MHC) II
and costimulators on DCs by activating signal transducer
and activator of transcription (STAT) 3 signaling [15, 16].
Another research on the MDSCs isolated from the patients
with melanoma revealed a different mechanism involving
MDSC-mediated retardant maturation of DC: MDSCs could
interfere with the process of antigen capture and the migra-
tion of immature DC to secondary lymphoid organs, both of

which are essential for DC maturation [17, 18]. In addition,
MDSCwas also reported to alter the cytokine profile secreted
by DCs [19]. Despite the development regarding the crosstalk
between MDSC and DC, the scientific academics have not
illuminated whether MDSC suppresses the process of DC
maturation directly orMDSC just redirects the differentiation
of immature DCs. Besides, one fact that must be clarified is
that seldom researches are implemented on animal transplant
model or relevant clinical settings so far, which restricts our
understanding in this field.

2.3. MDSC and Macrophage. Firstly, the crosstalk between
MDSC and macrophages altered the cytokine secretion
profiles of both: IL-10 secreted by MDSC decreased the
expression of IL-6, IL-12, and tumor necrosis factor- (TNF-)
𝛼while it increased the expression of NO in macrophages. In
return, IL-6 produced by macrophages could indirectly regu-
late IL-10 secretion byMDSC [20]. MDSC was demonstrated
to participate in the phenotype switch from proinflamma-
tory MI subtype to anti-inflammatory MII subtype, thereby
rebalancing the immune response in transplant towards
immune tolerance [21, 22]. Other studies concluded that the
interaction of MDSC and macrophages were strengthened
in inflammatory milieu [23]. For example, in the existing
of proinflammatory cytokine IL-1𝛽 or proinflammatory lipid
prostaglandin (PGE) 2, MDSC produced significantly greater
amount of IL-10 [24, 25]. Secondly, after coculture with
MDSC, the expression of MHC II molecules was downregu-
lated, and thus macrophages were unable to present alloanti-
gens as professional antigen-presenting cells, resulting in
specific unresponsiveness of T cells to alloantigens [26, 27].
Interestingly, this process was dependent on the expression
of IL-10, revealing the vital role of IL-10 in MDSC’s function
[27].

2.4. MDSC and Natural Killer T (NKT) Cell. NKT cells can
be divided into two subtypes: type I NKT cells, also known as
inducible NKT cells, participate in antitumor immunity, and
on the contrary, type IINKT cells facilitate tumor progression
[28, 29]. The investigations on the relationship between
MDSC and NKT cells are limited. One study showed that IL-
13 produced by type II NKT cells augmented the accumula-
tion of MDSCs in target organs [30]. A recent research found
that the crosstalk of MDSC and NKT cells contributes to
immunotolerant microenvironment in a clinical regimen for
immune tolerance induction [31]. In the microenvironment,
NKT cells were activated to produce a great number of IL-4,
which stimulated MDSC’s expansion and activation [31].

2.5. MDSC and Regulatory T Cells (Tregs). Being different
from conventional T cells, Tregs are a group of T cells that
exert immunoregulatory functions once activated by specific
antigens [32]. The relationship between MDSCs and Tregs
has been illustrated in abundant studies in vivo and in vitro.
Actually, it is widely acknowledged that the induction of
Tregs is one of the most important mechanisms involved in
MDSC-mediated T cell inhibition [5, 33, 34]. The induction
of Treg required both IFN-𝛾 and IL-10 secreted by MDSC,
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indicating that the crosstalk was not dependent on cell-cell
contact. The cytotoxic T-lymphocyte antigen (CTLA) 4 was
also required for the injection of anti-CTLA-4 antibodies into
tumor-bearing mice leading to blockade of tumor growth
[35–37]. Based on the results regarding the effect of MDSC
in transplant tolerance, we believe that the crosstalk between
MDSC and Tregs is a priority in contributing to immunotol-
erant microenvironment.

In conclusion, the crosstalk between MDSCs and these
immune cells not only results in the impaired capability
of eliciting specific recognition and response to alloanti-
gens, but also promotes the expansion and accumulation of
immunoregulatory participators such as Tregs and MDSCs
themselves, thereby contributing to the induction of immune
tolerance in tumor sites or allografts.

3. Induction of Transplant
Tolerance by MDSCs

3.1. Kidney Transplant. The study of Vanhove’s group showed
a significant accumulation of MDSCs in rat kidney trans-
plantation [38]. In this study, MDSCs have a nonspecific
immunosuppressive activity both in vivo and in vitro. The
suppressive function was dependent on iNOS in isolated
MDSC as well as in graft-infiltrating MDSC, and the admin-
istration of the iNOS inhibitor amino guanidine induced
the rejection of accepted allografts [38, 39]. Surprisingly,
CD4+CD25+Foxp3+ regulatory T cells were insensitive in
vitro to MDSC-mediated suppression. These results pre-
sented the crosstalk between these two cell types in immune
tolerance. More recently, clinical significance of MDSCs in
renal transplantation with acute T cell-mediated rejection
has been investigated. Allograft function was significantly
increased in patients with high accumulation of MDSCs.
Furthermore, isolated MDSCs from recipients are able to
expandTreg cells and inhibit production of IL-17 in vitro [40].
Another clinical investigation found that elevated frequencies
of circulating CD14− and CD14+ MDSCs were found in the
recipients of renal transplants. Furthermore, CD14−MDSCs
were found to be associated with higher occurrence of
squamous cell carcinoma in these patients [41].

3.2. Skin Transplant. In a model of skin allograft in mice,
the mechanism of MDSCs in transplant tolerance was
demonstrated to involve the inhibitory receptors Ig-like
transcript 2 (ILT2), an inhibitory T cell receptor (TCR)
whose activation caused the inhibition of T cell activation. In
this study, ILT2 interaction with human leukocyte antigen-
(HLA-) G was shown to induce expansion of MDSCs with
significant suppressive activity. In addition, survival of skin
allografts was prolonged after adoptive transfer of MDSC
from ILT2 transgenic mice and histologic evaluation of
the allografts, showing that MDSCs from ILT-2 transgenic
mice were recruited to the graft. ILT2 transgenic mice
also have an increased expression of Arg1, most likely
resulting from upregulated IL-4 and IL-13 in MDSCs [42].
Another study reported that adoptive transfer of MDSCs
from lipopolysaccharide- (LPS-) treated mice in untreated

recipients significantly prolonged skin allograft survival. In
this study, they identified heme oxygenase-1 (HO-1), a stress-
responsive enzyme of immunoregulatory properties, as the
main mechanism by which MDSC regulated alloreactive T
cells. Importantly, the fact that blockade of HO-1 before
MDSC transfer prevented the delay of skin allograft rejection
revealed a new immunosuppressive mechanism relevant for
transplantation in addition to iNOS and arginase-1 [43]. In
another skin graft model in mice, the in vivo induction
of Gr-1+CD11b+ MDSC by Neupogen, the recombinant
human granulocyte colony-stimulating factor (rhG-CSF), or
the induction of CD4+Foxp3+ Treg by IL-2 complexes (IL-
2C) similarly prolonged allograft survival [44]. Interestingly,
when mice were treated with both IL-2C and Neupogen,
a further increase of Tregs was recorded. This observation
suggested a possible crosstalk between MDSC and Treg to
prolong allograft survival.

3.3. Pancreatic Islet Transplant. Adoptive transfer of gra-
nulocyte-macrophage colony-stimulating factor (GM-CSF)
+IL-6-inducing MDSCs from bone marrow cells could pre-
vent allograft rejection and allow long-term survival of pan-
creatic islet allografts. This transplant tolerance was depen-
dent on the expression of regulatory transcription factor
CCAAT/enhancer binding protein beta (C/EBP𝛽) inMDSCs,
which suggested that C/EBP𝛽maywork as a critical regulator
of the immunosuppressive environment [45]. Another group
demonstrated that with injecting the mixture of cotransplan-
tation of 2.5× 106MDSCs and islet cells into diabeticmice, the
survival of the islet cell allograft was significantly prolonged
without requirement of immunosuppression. In this process,
both in vitro and in vivo data presented that B7-H1 was
absolutely indispensable for MDSC to exert immune tolerant
activity [46]. This group later reported that iNOS played a
key role in MDSC-mediated T cell unresponsiveness in islet
cell transplant. iNOS−/− MDSCs largely lost their ability to
induce islet allograft tolerance [47]. This study held great
potential of MDSC as a novel adjunctive immunotherapy for
islet transplantation andmay overcome the allograft rejection
in islet cell transplants.

3.4. Cardiac Transplant. It is demonstrated that the number
of CD11b+CD115+Gr1+ monocytic MDSCs was increased in
a mouse model of heart transplantation. Shortly after trans-
plantation, these MDSCs migrated from bone marrow where
they generated to the allograft where they promoted the
induction of Treg and prevented adaptive immune responses
[34]. This result suggested that mobilization of bone marrow
CD11b+CD115+Gr-1+ MDSCs under sterile inflammatoryv
conditions could induce indefinite cardiac allograft survival.
In another study, Luo’s group demonstrated the expansion of
two subpopulations ofMDSCs induced by donor splenocytes
treated with the chemical cross-linker ethylcarbodiimide
(ECDI-SPs) was important for cardiac allograft protec-
tion [48]. Lastly, mammalian target of rapamycin (mTOR)
inhibitors are the main immunosuppressive drugs for organ
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Figure 1: The role of MDSCs in immune tolerance induction of transplant. The crosstalk between MDSCs and immune cells such as NK
cells, DCs, Tregs, macrophages, and NKT cells contributes to the establishment of immune tolerance in kidney transplant, skin transplant,
pancreatic islet transplant, cardiac transplant, and GVHD in HSC transplant (NK cells: natural killer cells; DCs: dendritic cells; Tregs:
regulatory T cells; NKT cells: natural killer T cells; GVHD: graft-versus-host disease; HSC: hematopoietic stem cell).

transplant recipients. The results from murine cardiac trans-
plant model revealed that rapamycin treatment led to the
recruitment of MDSCs and increased their expression of
iNOS. Moreover, adoptive transcoronary arterial transfer of
MDSCs from rapamycin-treated recipients prolonged allo-
graft survival. The mTOR and Raf/MEK/extracellular signal
regulated kinase (ERK) signaling pathways played an impor-
tant role inMDSC expansion after rapamycin treatment [49].

3.5. Graft-versus-Host Disease (GVHD). Allogeneic hema-
topoietic stem cell transplantation will initiate GVHD, but
the effect of MDSCs on GVHD is not still fully understood.
In the study of Zhou’s et al., embryonic stem (ES) cells and
bone marrow hematopoietic stem (HS) cells derived MDSCs
were reported to exhibit strong suppression against T cell
proliferation via multiple mechanisms involving iNOS and
IL-10.They were also capable of inducing the development of
CD4+CD25+Foxp3+Tregs. Interestingly, adoptive transfer of
ES-MDSCs can effectively prevent lethal GVHD in mice and
lead to long-term survival among treated mice [50]. Highfill
et al. demonstrated similar effect of bone marrow-derived
MDSCs in preventing GVHD, however through a different
mechanism involving Arg1 [51]. Wang et al. investigated
the dynamic changes and effects of MDSCs in GVHD
development and found that adding functional MDSCs in
donor graft alleviated GVHD, whereas removal of MDSCs in
vivo exacerbated GVHD. However, the occurrence of GVHD
is not necessary for increase of MDSCs [52].

4. Final Remarks

In this review, we summarized the crosstalk betweenMDSCs
and natural killer cells, dendritic cells, macrophages, nat-
ural killer T cells, and regulatory T cells as well as the
effect on kidney transplant, skin transplant, pancreatic islet
transplant, cardiac transplant, and graft-versus-host disease
in hematopoietic stem cell transplantation (Figure 1). MDSCs
certainly have great function in attenuating or delaying

graft rejection and in inducing allograft immune tolerance,
which makes MDSCs a prospective strategy to control the
ensuing graft rejectionwithoutweakening thewhole immune
system of the recipients. Despite the breakthroughs we have
achieved in the mechanism of MDSC-mediated immune
tolerance, greater efforts are still needed in the following
respects. Firstly, cell-based regimens required a rather large
amount of identified and purified cells to exert the expected
therapeutic effects. Thus, clinically applicable protocols for
expanding MDSCs ex vivo would provide a significant boost
for translational application. Secondly, pharmacodynamics
and pharmacokinetics assessments after MDSC adminis-
tration are indispensable for determining whether or not
these reagents could be used in clinic. How long is half-
life period of MDSCs in vivo? Will MDSCs cause allergic
reactions within the body as allergens? The safety of these
heterogeneous cells should also be considered since severe
adverse effects are not permitted regardless of the therapeutic
effect. Last but not least, current studies on the crosstalk
between MDSCs and immune cells are mainly implemented
on animalmodels of transplantation.That is partially because
MDSCs in mice are more precisely identified than MDSCs
in humans. However, more experiments and preclinical trials
on human volunteers or recipients are required to determine
the safety and efficiency of MDSC-mediated treatment. With
breakthroughs regarding specific surface markers of human
MDSCs, we believe that immunotherapy based on MDSCs
could benefit induction of immune tolerance in solid organ
transplantation as well as hematopoietic stem cell transplan-
tation in the near future.
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Our knowledge and understanding of the tumormicroenvironment (TME) have been recently expandedwith the recognition of the
important role of innate lymphoid cells (ILC). Three different groups of ILC have been described based on their ability to produce
cytokines that mediate the interactions between innate and adaptive immune cells in a variety of immune responses in infection,
allergy, and autoimmunity. However, recent evidence from experimental models and clinical studies has demonstrated that ILC
contribute to the mechanisms that generate suppressive or tolerant environments that allow tumor regression or progression.
Defining the complex network of interactions and crosstalk of ILC with other immune cells and understanding the specific
contributions of each type of ILC leading to tumor development will allow themanipulation of their function and will be important
to develop new interventions and therapeutic strategies.

1. Introduction

Developments in both basic immunology and tumor biology
have increased our knowledge of the interactions between the
tumor cells and the immune system. Collectively referred to
as the tumor microenvironment (TME), cancers are complex
tissues that are comprised of malignant cells and a multitude
of stromal cells, such as fibroblasts, epithelial cells, and
innate and adaptive immune cells. The TME also includes
cells that form blood and lymphatic vasculature, as well as
specialized mesenchymal cell types that are unique to each
tissue microenvironment [1, 2]. Recently, innate lymphoid
cells (ILC) have been added to the list of immune cells that
may contribute to the TME [3]. Components within the TME
have been shown in experimental models and clinical studies
to provide either host protection leading to tumor regression

or tumor promotion by providing an immunosuppressive
milieu (Table 1). This review will focus primarily on current
views of the role of ILC on the control or induction of tumor
development and their crosstalk with other immune cells.
We also comment on different experimental approaches to
further investigate ILC function.

2. The Innate Lymphoid Cells (ILC) Family

Lacking a B cell or T cell receptor, ILC are derived from a
common lymphoid progenitor and possess a wide range of
cell surface markers, many of which have only recently been
elucidated [4, 5]. It has been suggested that these antigen
receptor-lacking cells play a key role in facilitating and coor-
dinating the innate and adaptive immune responses because
they are evolutionary precursors of the adaptive immune
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Table 1: Involvement of ILC in different types of tumors.The three different ILC groups have been linked andhave been shown to be associated
with pro- or antitumor activities in diverse types of tumors.Themechanisms involved include secretion of cytokines and induction of changes
in the tumor microenvironment that contribute to control of tumor growth or tumor progression and escape. For details, see main text.

ILC group Tumor type Effect Mechanism

ILC1 Intestinal tumors Antitumor Secretion of IFN-𝛾, activation of cytotoxic CD8+ T cells, inhibition of
macrophage differentiation, and tumor angiogenesis

ILC2 Melanoma Antitumor Secretion of IL-5 and recruitment of eosinophils
ILC2 Breast cancer Protumor TGF-𝛽-mediated induction of MDSC and Treg
ILC2 Cholangiocarcinoma Protumor IL-13-mediated proliferation
ILC3 Colon cancer Protumor Induction of inflammation by secretion of IL-17 and IL-22
ILC3 Colon cancer Protumor IL-22-induced proliferation of tumor cells

ILC3 Melanoma Antitumor Increased expression of ICAM and VCAM in tumor vasculature allows CD4+
and CD8+ infiltration

system [6]. ILC comprise a small population of mononuclear
hematopoietic cells that can be found in the circulation and
tissues. Recent moves to propose a uniform nomenclature
divide ILC into three subgroups based on the production of
Th1, Th2, and Th17 cell associated cytokines [6, 7]. This led
to an expert consortium recommending dividing ILC into
3 distinct categories (group 1, group 2, and group 3 ILC)
based on the expression of transcription factors, phenotypic
markers, and effector cytokine production profiles [6].

2.1. Group 1 ILC. Group 1 ILC (ILC1) have a wide range
of functions, including cytotoxicity, macrophage activation,
immunity to viruses and cancer, and chronic inflammation
[8]. ILC1 are dependent on the transcription factor T-bet
(encoded by the Tbx21 gene). There are 2 main subgroups of
group 1 ILC in human and mouse—natural killer (NK) cells
and non-NK ILC1—and their phenotypic markers and effec-
tor cytokines are well defined (Tables 2 and 3). NK cells and
non-NK ILC1 can be distinguished based on the expression of
the transcription factor Eomesodermin (Eomes); while NK
cells express it, non-NK ILC1 do not. [9]. Furthermore, NK
cells do not express IL-1 receptor (IL-1R) and therefore do
not require development of the transacting T cell-specific
transcription factor- (GATA-) 3, which is required by all
other ILC including the non-NK ILC1 [10]. Further, only
NK cells are distinguished by the expression of CD56 and
natural cytotoxicity receptors (NCRs), including NCR1 and
NCR2 (also known as NKp46 and NKp44, resp.) [11]. ILC1
produce a range of cytokines upon stimulation by IL-12 or IL-
18. Amongst the characteristic cytokines of group 1 ILC are
interferon gamma (IFN𝛾) and tumor necrosis factor (TNF-
𝛼), which are bothTh1-related cytokines [12].

2.2. Group 2 ILC. Group 2 ILC (ILC2) were first identified
in experiments with RAG-deficient mice, in which IL-25 or
IL-33 stimulation resulted in increased levels of IL-5 and
IL-13 [13], the key characteristic markers and cytokines for
the ILC2 (Tables 2 and 3). ILC2 are dependent on epithelial
cell-derived cytokines to coordinate responses during inflam-
mation and infection [14] and have an important role in
the antihelminth response [15] and development of allergy-
related inflammation [16, 17]. This group of ILC displays

little heterogeneity, with their development and maintenance
dependent on the transcription factors GATA-3 and retinoic
acid receptor-related orphan receptor-𝛼 (ROR𝛼), and the
growth factor independent 1 transcriptional repressor (Gfi-
1), respectively (reviewed in [18]). ILC2 are activated by IL-
25, IL-33, and the thymic stromal lymphopoietin (TSLP) and
play an important role in type 2 inflammation in the lung
and intestine due to their ability to affect T cell responses
to allergens through Th2-associated cytokines (IL-4, IL-5,
and IL-13) [19, 20]. ILC2 have also been found residing in
both human and murine skin. These skin ILC2 are “critically
dependent” on activation by TSLP, which is key to promoting
skin inflammation [21]. It is well known that the TNF
superfamily cytokine TL1A (TNFSF15) promotes ILC2 to
produce IL-13 ex vivo. Furthermore, TL1A costimulates the
expansion of ILC2 via their highly expressed TNF-receptor
superfamily member DR3 (TNFRSF25), independently of
the IL-25 or IL-33 stimulation pathways [22]. Studies with
DR3−/− mice demonstrated the importance of ILC2 stim-
ulation by TL1A at the mucosal barriers. The lack of this
costimulation leads to deregulated ILC2 functions, as these
mice developed gut helminth infections and were unable to
mount ILC2 responses in the lungs upon induction of an
allergic reaction by nasal papain challenge. The disruption
of ILC2 stimulation leads to reduced T cell accumulation
and response in T cell dependent allergic models, which
was suggested to be potentially beneficial for ILC2-related
allergies such as allergic asthma [23].

2.3. Group 3 ILC. Group 3 ILC are unique in that they
not only are involved in immunity against extracellular
bacteria and chronic inflammation but also play a key role in
intestinal homeostasis [24, 25] and lymphoid tissue develop-
ment. Indeed, one of the subgroups of ILC3-lymphoid tissue
inducer cells (LTi) was first discovered in the developing
lymph nodes, where they play a pivotal role in the formation
of lymphoid tissue during organogenesis [26].

In addition to LTi, group 3 ILC include NCR+ILC3 and
NCR−ILC3 (Table 2), which depend on GATA-3 and ROR𝛾t
expression. Unlike ILC2, which require ROR𝛾t for their
development only, ILC3 require ROR𝛾t for both development
and function, while GATA-3 regulates NCR+ILC3 as well as
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Table 2: Cell markers that define human and mouse ILC.

Marker
ILC1 ILC2 ILC3

NK cells Noncytotoxic ILC1 LTi NCR−ILC3 NCR+ILC3
H M H M H M H M H M H M

CD4∗1 − − − − − − − +/− − Low − −

CD11c − − − − − − − − − − − −

CD25 −/+ −/+ Low Low Low Low ND ND + + Low Low
CD56 + + − − ND ND − − − − −/+ −/+
CD117 − − − − + −/+ High High + + Low Low
CD127 (IL-7R𝛼) −/+ −/+ − − + + + + + + + +
NKp44 (NCR2)∗2 −/+ − − − − − − − − − + −

ICOS Low Low + + + + + + + + + +
NKp46 (NCR1) + + − − − − − − − − + +
CRTH2 (CD294) − − − − + + − − − − − −

IL-1R − − + + + + + + + + + +
IL-23R − − − − ND ND + + + + + +
IL-12R𝛽2 + + + + − − − − − − − −

ST2 − − − − + + − − − − − −

IL-17RB − − − − + + − − − − − −

NK1.1 (CD161) −/+ + −/+ − + − −/+ − ND − + −/+
Sca1 (Ly6A)∗3 − + − ND − + − − − + − ND
MHC class II − − − − − − + + + + − −

CCR6∗4 ND ND + − −/+ − + + + − + −

∗1There are differences between human and murine CD4 expression. Some murine LTi and a small number of NCR−ILC3 express CD4, whereas all human
subsets are negative. ∗2NKp44 is only expressed in human cells. ∗3Sca1 (also known as Ly6A) is a mouse cell surface protein of the Ly6 family and is not found
in human ILC. ∗4CCR6 expression in human and mouse ILC is different. In mice, CCR6 is not expressed in non-NK ILC1, ILC2, or NCR+ILC3. In humans,
ILC1, ILC2, and NCR+ILC3 all express CCR6. CCR6, C-C chemokine receptor type 6; CRTH2, chemoattractant receptor-homologous molecule expressed on
Th2 cells; ICOS, inducible T cell costimulator; IL, interleukin; ILC, innate lymphoid cell; LTi, lymphoid tissue inducer cells; MHC, major histocompatibility
complex; NCR, natural cytotoxicity triggering receptor; ND, not determined; NK, natural killer; Sca1, stem cell antigen 1; H, human; M, mouse.

Table 3: Effector cytokines produced by ILC.

Cytokines ILC1 ILC2 ILC3
NK cells Noncytotoxic ILC1 LTi NCR−ILC3 NCR+ILC3

IFN𝛾 + + − − + −

TNF + + − − + +
Perforin + − − − − −

Granzyme + − − − − −

IL-4 − − −/+ − − −

IL-5 − − + − − −

IL-9 − − + − − −

IL-13 − − + − − −

IL-17A − − − + + −

IL-22 − − − + + +
Areg − − + − − −

LT-𝛼1𝛽2 − − − + + +
GM-CSF + − − + + +
Areg, amphiregulin; GM-CSF, granulocyte macrophage colony-stimulating factor; INF𝛾, interferon gamma; LT, lymphotoxin; and TNF, tumor necrosis factor.

NK cells and plays a critical role in the production of IL-22
by these cells [6, 27, 28]. NCR+ILC3 express the activating
NKp46 orNKp44 receptors [11], and there is also a differential
expression of chemokine receptors, whereby only LTi but not
NCR+ILC3 express CCR6. Upon IL-23 or IL-1𝛽 stimulation
all ILC3 produce IL-22 (Table 3). IL-22 is highly important for

ILC3 functions, and studies have shown that mice deficient
in lymphotoxin- (LT-) 𝛼1𝛽2 were unable to produce IL-22 in
response to colonic infection [29]. In addition to IL-22, LTi
and NCR−ILC3 also produce the Th17 associated cytokine
IL-17 and granulocyte macrophage colony-stimulating fac-
tor (GM-CSF) which contribute to the proinflammatory
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response [30, 31]. Studies in models of intestinal infection
have shown that NCR−ILC3 are able to produce IFN-𝛾 in
addition to IL-22 and IL-17 [25]. Interestingly, it was noted
that the ability of ILC3 to produce IFN-𝛾 is coupled with the
disappearance of ROR𝛾t expression and increased expression
of T-bet [32]. Other studies have shown that T-bet expression
has the ability to induce a phenotype in ILC3 characterized
by high levels of IFN-𝛾 but not IL-17 [33]. These studies
suggest a degree of plasticity between ILC1 and ILC3, similar
to that described between Th1 and Th17 cells (reviewed in
[6]). This reported plasticity and ability to modify functional
phenotype might be important to explain the different effects
(pro- or antitumor) of ILC in different models of cancer as
will be discussed next.

3. Migration and Tissue Distribution of ILC

ILC display a tissue specific distribution with ILC2 and
NCR−ILC3 preferentially being distributed in skin, while
NCR+ILC3 are more prominent in the thymus, tonsils, bone
marrow, and gut (reviewed in [7]). The mechanism by which
the different types of ILC migrate to different tissues is
under the control of a differential expression of integrins
and chemokine receptors gradients similar to that described
for adaptive T cells [2]. Kim et al. have recently shown that
ILC1 and ILC3 migrate from the bone marrow to mesenteric
lymph nodes in a process controlled by the expression of
their homing receptor CCR7. Once in the lymph nodes,
ILC1 and ILC3 undergo a homing receptor program switch
and express CCR9 and 𝛼4𝛽7 receptors following stimulation
by retinoic acid (RA) produced by dendritic cells (DC).
This change in their receptor profile then allows migration
to intestinal tissue. ILC2 migration, on the other hand, is
developmentally controlled as the expression of gut homing
receptors occurs in the bone marrow [34]. Further evidence
has shown that expression of CXCR6 enables the definition
of subpopulations of ILC3 and dictates the distribution of
these cells within gut microenvironments. In a model of
intestinal infection, CXCL16 released by DC induces the
migration of ILC3 to the villus lamina propria where they
respond to IL-23 and produce IL-22, which is essential for the
release of antimicrobial peptides and infection control [35].
Recent studies using in vivo photoconversion to enable cell
tracking have also revealed how ILCmove frommucosal and
peripheral tissues to local draining lymphoid tissues.Mackley
et al. have shown that mouse ROR𝛾t+ILC migrate from
the intestine to draining mesenteric lymph nodes under the
influence of chemokine receptor CCR7 [36]. In this way, ILC
are enriched in locations such as the marginal sinus, bridging
channels, and interfollicular areas where they can interact
with trafficking lymphocytes as they recirculate through the
blood and lymphatic vessels [37, 38]. Given their anatomical
location and ability to rapidly secrete immunoregulatory
cytokines and crosstalk with other innate and adaptive
immune cells, ILC are proving to be crucial in the regulation
of immune responses. ILC respond to environmental stress in
immune disorders, infections, allergy, and autoimmunity by
producing cytokines that target stromal and epithelial cells,
which then mediate the communication between ILC and

other immune cells [39]. Understanding themechanisms and
molecules that inhibit [40, 41] or enhance ILC function is
vital for the development of immunotherapy for a number of
inflammatory diseases, including cancers [42, 43]. In the next
sections we will discuss evidence describing the role of ILC in
tumor biology.

4. Effector Mechanisms of ILC in Cancer

4.1. ILC1. The role of NK cells in cancer has been extensively
discussed in recent reviews [44] and here we will only
focus on non-NK ILC1. New insights from clinical and in
vivo studies have shown that non-NK ILC1, together with
adaptive immune cells, might be involved in responses that
either mediate the elimination of tumors (natural cytotoxi-
city, antibody-dependent cytotoxicity, and phagocytosis) or
promote tumor growth and metastasis (Figure 1) [15, 45–47].
Recent reports have started to unravel the role of non-NK
ILC1 in tumorigenesis and although they lack expression of
granzyme and perforin, they may have similar functions to
NK cells in the antitumor response as they share a similar
cytokine secretion signature. Recent studies in models of
inflammatory bowel disease [32, 48] and intestinal infection
with Toxoplasma gondii [9] have demonstrated that cells with
an ILC1 phenotype secrete IFN-𝛾 and TNF-𝛼 and contribute
to the inflammatory response and pathology in response
to IL-12 and IL-15. The antiproliferative and proapoptotic
properties of IFN-𝛾 and TNF-𝛼, produced by activated T
cells and monocyte-macrophages, are well established in
many tumor models. However, whether these cytokines are
secreted by ILC and how thesemight inhibit proliferation and
induction of apoptosis need to be addressed. Interestingly,
Djenidi et al. have shown that ILC1 had an integrin profile
(expression of CD103, integrin alpha E) and a memory-
activated phenotype similar to that observed in tumor-
infiltrating CD8+ T cells, which are tumor-tissue specific and
whose presence correlates with improved early stage survival
in patients with non-small-cell lung cancer (NSCLC) [49].

4.2. ILC2. ILC2 were originally identified in mesenteric
lymph nodes and characterized by their ability to prime
and stimulate Th2 responses. Following stimulation with IL-
25 or IL-33, ILC2 produce IL-5, IL-13 [50, 51], IL-4, IL-6,
IL-9, and amphiregulin which induce Th2 differentiation,
production of antibodies, and class switching [52].The effects
of ILC2 can be mediated through the secretion of pro-Th2
cytokines or by cell-cell interactions via presentation ofMHC
class II-associated antigens to T cells or OX40L stimulation
[53, 54]. IL-5- and IL-13-producing ILC2 are associated with
protective immunity at mucosal surfaces. Clinical studies
suggested that increased numbers of ILC2 in peripheral
blood, and the cytokines they secrete, could contribute to
the immunosuppressive environment maintained by Th2,
myeloid-derived suppressor cells (MDSC), and macrophages
observed in patients with gastric cancer [55, 56]. Ikutani et al.
were amongst the first to show evidence of the role of ILC2 in
cancer. Using a mouse model of lung metastatic melanoma,
ILC2 were specifically shown to produce IL-5 in response to
IL-33 stimulation (Figure 2(a)). Following tumor induction,
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Figure 1: Antitumor activities of group 1 innate lymphoid cells (ILC1). Upon tumor development dendritic cells (DC) are activated and secrete
IL-12, which activates ILC1. ILC1 respond to stimulation secreting IFN-𝛾 and TNF-𝛼, which target and activate different cell types within
the tumor microenvironment that display antitumor activities. These cell types include NK cells that kill tumor cells through mechanisms
involving perforin and granzyme secretion. CD4+ T cells provide costimulation (through cell to cell interactions and secretion of soluble
factors) and priming of CD8+ cytotoxic T cells which display antitumor cytotoxic activities. IFN-𝛾 secreted by ILC1 inhibits the differentiation
of tumor-infiltratingmacrophages intoM2macrophages providing amechanism that prevents secretion of vascular endothelial growth factor
(VGEF) and tumor angiogenesis. Due to cell plasticity ILC3 can differentiate into ILC within the tumor microenvironment and contribute to
the anti- and protumor responses.

administration of rIL-33 induced the development of IL-5-
producing ILC2, which recruited andmaintained eosinophils
that induced tumor cell death and prevented tumor metas-
tasis [57], possibly through an IL-4-dependent mechanism
[58]. Contrary to an observed antitumor effect and highlight-
ing the dual role of ILC in tumor progression, studies with
the 4T1 syngeneic murine model of human triple negative
breast cancer have shown that endogenous IL-33, produced
by tumor cells, was associated with increased frequencies of
TGF𝛽-producing MDSC, regulatory T cells (Treg), and ILC2
that expressed IL-5 and IL-13 (Figure 2(b)). The results sug-
gested that ILC2-derived IL-13 targets and activates MDSC
to express arginase and nitric oxide synthase, contributing to
the establishment of a suppressive environment characterized
by increased numbers of Treg and functionally impaired
NK cells that allow tumor escape and progression [59].
Preliminary evidence suggesting the involvement of IL-33
and Th2-like cells in other forms of cancer was provided
by studies in models of liver disease in which inflammation
and fibrosis can result in cancer. The components of IL-33
signaling axis (IL-33/ST2/IL-1RAcP) are increased in human
and mouse fibrotic livers but not, interestingly, in human
hepatocellular carcinoma [60]. Increased levels of IL-33 were
also found in clinical studies in patients with liver cirrhosis
and mouse models of hepatic fibrosis. In these studies it
was determined that IL-33 secreted by stressed hepatic cells
induced the activation and expansion of ILC2.Activated ILC2
responded by secreting IL-13 that targeted stellate cells, which

contributed to the mechanisms leading to fibrosis [61, 62]. A
recent study highlighting the critical balance that determines
whether ILC2 display pro- or anticancer effects has been
recently published. In studies by Li et al., they have shown
that IL-13 released by IL-33-activated ILC2 promoted prolif-
eration of epithelial cells of the bile ducts or cholangiocytes.
Strikingly, cholangiocyte proliferation induced by exogenous
IL-33, in a model of biliary injury, promoted epithelial repair
(Figure 2(c)). However, the same proliferative effect in mice
with oncogenic priming (constitutively active Akt and Hippo
pathways) induces cholangiocarcinoma and liver metastasis
[62]. These studies suggest that ILC2-activating cytokines
might represent potential targets in the design of anticancer
therapeutic tools.

4.3. ILC3. ILC3 are the group of ILC that have gathered
the most evidence suggesting their role in tumor biology.
Inflammation due to infection and tissue injury confers an
increased risk of cancer and tumorigenesis [63, 64]. In partic-
ular, the association between inflammation and colon cancer
has been documented for more than 30 years in patients with
inflammatory bowel disease (IBD) [65]. IL-17 is an important
cytokine linking both innate and adaptive immune responses
in infection and autoimmunity [66]. Evidence points to its
dual role in both tumorigenesis—inducing angiogenesis [67,
68], tumor evasion, and inhibition of apoptosis—and the
control of antitumor responses that activate and recruit NK
cells, Treg, and neutrophils to the tumor microenvironment.
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Figure 2: Anti- and protumor activities of group 2 innate lymphoid cells (ILC2). (a) The antitumor activity of ILC2 has been demonstrated
in a model of lung metastatic melanoma. IL-33-activated ILC2 produce IL-5, which induces the recruitment and maintenance of eosinophils
that display antitumorigenic activity. In contrast, ILC2 can also play an important role in tumor progression as shown in models of liver and
breast cancer (b). A study in the 4T1 syngeneic model of breast cancer has shown that IL-33 produced by tumor cells is associated with the
induction of a protumor environment characterized by increased numbers of MDSC and Treg. Contributing to the suppressive environment,
an increased number of ILC2 secrete IL-5/IL-13 and target MDSC, which in turn secrete TGF𝛽 (to activate and maintain Treg) and arginase
(Arg) to inhibit natural killer (NK) cell activity. Under these immunosuppressive conditions, 4T1 tumors develop andmetastasize. (c) Further,
evidence of the dual role of ILC2 in tumor development has been highlighted by studies in models of liver cancer. Cell damage of epithelial
cells lining the bile ducts (cholangiocytes) in the presence of IL-33-activated ILC2 leads to secretion of IL-13, which under normal conditions
is used by epithelial cells to proliferate and induce tissue repair. However, under conditions of oncogenic priming (activation of protumor
signaling pathways) the control of epithelial cells proliferation is lost and leads to tumor development.

Clinical and animal models studies have shown correlations
between the levels of IL-17 and aggressiveness and tumor
progression in gastric, ovarian, breast, and lung carcinomas.
The source of IL-17 in those studies was attributed to Th17,
mast cells, and tumor-associated macrophages (reviewed
in [69]). It is only recently when Kirchberger et al. have
demonstrated that microbe-induced colon cancer is directly
associated with the accumulation of ILC and IL-17 signaling
(Figure 3(a)(i)). Using well-established models of bacteria-
induced colon cancer and antibody-based cell depletion and
cytokine neutralization protocols, the authors concluded that

IL-17 and IL-22 produced by colonic ILC3 contribute to
inflammation and tumor development, with an additional
role for IL-22 to perpetuate the cancerous state by induc-
ing proliferation of epithelial cells in a STAT-3-mediated
mechanism [70]. Whether ILC contribute to recruitment
of Treg, MDSC, and protumor M2 macrophages to induce
an immunosuppressive protumor environment as shown
in mouse models of melanoma and hepatic, cervical, and
prostate cancer remains to be fully established [71, 72]. The
role of IL-22 in color cancer, however, is complex and not
only limited to inducing tumor development, as some studies
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Figure 3:The role of ILC3 in tumor development. Studies in microbe-induced intestinal cancer have provided evidence of the protumor role
of ILC3. (a)(i) The expression of CXCR6 allows ILC3 to migrate in response to the CXCL13 gradient and localize in gut microenvironments
where they respond to DC-derived IL-23. Upon activation, ILC3 secrete IL-17 and IL-22, which contribute to the inflammatory environment
that supports tumor development by inducing proliferation of epithelial cells in a STAT-3-mediated mechanism.The control of IL-22 activity
by a soluble receptor, IL-22BP, is important to maintain a fine balance that dictates proliferation and tissue repair or tumor development.
Highlighting the importance of crosstalk between ILC and other immune cells, gutmacrophages (a)(ii) activated bymicrobial signals produce
the proinflammatory cytokine IL-1, which targets and induces ROR𝛾t+ ILC to secrete GM-CSF required to maintain Treg and macrophages.
The action of these three cell types creates a tolerant environment that results in tumor progression. Another potential mechanism that might
operate in cancer involves Ly6hi monocytes (a)(iii), which produce TNF-𝛼 following stimulation by microbial signals. The proinflammatory
monocytes increase the frequency of IL-17-producing ILC3 and as part of the functional circuit IL-17 acts upon monocytes to increase
their microbicidal activity. It would be interesting to evaluate whether this functional circuit results in increased tumoricidal activity by
inflammatory monocytes. In subcutaneous melanoma, tumor-derived IL-12 activates NKp46+LTi, which induce the tumor microvasculature
to express increased levels of ICAM and VCAM. The increased expression of these adhesion molecules allows the infiltration of CD4+ and
CD8+, which mediate tumor suppression. Panel (a)(i) diagram is based on [35].

have shown that IL-22 can display antitumor effects. The
control of IL-22 activity is regulated by IL-22 binding pro-
tein (IL-22BP), an endogenous neutralizing soluble receptor
(Figure 3(a)(i)). Using a model of colon cancer in mice
deficient for IL-22BP, Huber et al. demonstrated that IL-22
has an important role in the homeostatic colonic epithelial
cell repair. However, in the absence of IL-22BP, the control of

the activity of IL-22 by this soluble IL-22 receptor is lost and
its protumorigenic activity is triggered [73]. Although, in this
study, the source of IL-22 was not attributed to ILC, given the
recruitment and presence of these cells in the inflammatory
tissue environment, it is likely that they might play a role.
In a different model of IBD, the IL-23/IL-17 signaling axis
has been reported to operate in the development of mouse
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gut adenocarcinomas. In the absence of carcinogens or
bacterial infection, transgene expression of IL-23 activated
IL-23R+ILC, which responded by producing IL-17, IFN-𝛾,
and IL-22 which contributed to tumor development [74].
These studies suggest that IL-23, IL-17, and IL-22 could be
considered as novel therapeutic targets. Interestingly, IL-
22-independent crosstalk between ILC3, macrophages, and
intestinal microbes has been recently described. Mortha et al.
have shown that gutmacrophages respond tomicrobe signals
by producing IL-1 (Figure 3(a)(ii)). This proinflammatory
cytokine induces ROR𝛾t+ILC to secrete GM-CSF, which is
required tomaintain the tolerancemediated bymacrophages,
DC, and Treg [75]. This study showed that deficiency of GM-
CSF led to reduced numbers of Treg, thus suggesting that
targeting the ability of ILC3 to produce GM-CSF could be
used as a therapy in cancers where Treg have been described
to be increased [76]. Another interestingmechanism of toler-
ance induction involving ILC3 yet independent of cytokines
IL-17, IL22, or IL-23 has been recently described. Hepworth
et al. [77] demonstrated that ROR𝛾t+ILC3 express MHC-II
molecules and present antigens in the absence of costimula-
tory molecules which allows them to limit microbial-specific
CD4+ T cell responses which if uncontrolled would cause
intestinal inflammation [77]. Whether this is a mechanism
that operates in the tumor microenvironment and enables
ILC to present tumor antigens and thereby inhibit tumor-
specific antigen responses by cytotoxic and effector T cells
has not been evaluated. These studies highlight the emerging
view on the critical importance of the interactions between
resident commensal bacteria and cells of the immune system
that maintain gut homeostasis. There are contrasting reports
showing, on the one hand, that bacteria are able to promote
antitumor responses and, on the other hand, that crosstalk
between bacteria and ILC leads to chronic inflammation and
cancer development.These observations have clinical impor-
tance as many patients with cancer are treated with drugs
that might compromise the integrity of intestinal cells, and
whether this can have an effect on shifting a balance towards
pro- or antitumor responses is something that merits careful
consideration [78]. The recently described crosstalk between
ILC3 andmonocytes highlights another potentialmechanism
that might operate in cancer. Xiong et al. have shown in
a model of lung infection with Klebsiella pneumoniae that
bacterial infection induces the recruitment of proinflamma-
tory Ly6Chi monocytes, which produce TNF and increase
the frequency of IL-17-producing cells (Figure 3(a)(iii)). IL-
17 released by ILC3 acts upon recruited monocytes and these
cells increase their microbicidal properties and manage to
clear off the infecting bacteria [79]. It is very tempting to sug-
gest that such a mechanism with activated monocytes could
target tumor cells in a TNF-mediated mechanism. Further
to the well-characterized IL-12-dependent cytotoxic activity
by Th1 and NK cells, studies with IL-12-deficient mice and
mice lacking mature B and T cells (RAG-2 knock-out) have
provided clear evidence that IL-12 is an important effector
cytokine in the response against melanoma [80, 81]. These
results provided a basis to suggest that ILC are involved in
the antitumor function of IL-12. Indeed, Eisenring et al. have
described an alternative tumor suppression mechanism that

depends on the activation of NCR-expressing NKp46+LTi, a
member of ILC3. Using models of subcutaneous melanoma,
IL-12 secreted by tumor cells activated NKp46+LTi and
these cells induced the tumor microvasculature to express
increased levels of ICAM and VCAM. The expression of
these two adhesion molecules then allowed the infiltration
of CD4+ and CD8+, which mediate the tumor suppres-
sion (Figure 3(b)). Interestingly, IL-12 treatment induced
NKp46+LTi to secrete IFN-𝛾 and LT cytokines, which have
well-characterized antitumor and proapoptotic functions.
However, the observation that IL-12-mediated tumor rejec-
tion operated in IFN-𝛾−, IFN-𝛾R−, or perforin-deficient mice
suggests that in this model NKp46+LTi do not contribute
to the antitumor activity of other innate (NK) or adaptive
(CD4+ and CD8+ T) cells in the TME [82]. The role of LTi-
like cells has also been highlighted in studies with CCL21-
producing melanoma cells. Along with the formation of
lymphoid tissue, tumor-derived CCL21 induced the recruit-
ment of LTi-like cells to the TME. Whether the induction
of lymphoid-like stroma tissue facilitates immune escape
or tolerance has not been fully established [83]. In our
own recent studies in patients with triple negative breast
cancer (TNBC), we have found evidence suggesting that
ROR𝛾t+ILC3 might contribute to tumor metastasis through
a differentmechanism. First, ROR𝛾t+ILC3 localize within the
primary tumor and an increased number of these cells are
associated with tumor migration into lymphatics and subse-
quent lymphnode (LN)metastasis. Using the 4T1.2 syngeneic
model of breast cancer we showed that ILC3 recruitment
to primary tumors is CCL21-dependent. Once within the
tumors, ILC3 stimulate stromal cells to produce CXCL13,
which feeds back to promote the production of LT and
receptor activator of nuclear factor kappa-B ligand (RANK-
L) to promote lymphangiogenesis and enhance tumor cell
motility [84]. The identification of ILC3 within the human
breast cancer microenvironment is a significant advance for
understanding tumor-stromal interactions and their effect on
malignant phenotypes in cancer. Analysis of a cohort of 234
breast cancer patient samples showed a correlation of tumors
with aggressive invasive properties and a signature of genes
expressed by ILC3, enriched for CXCL13, CCL19, CCL21,
and the receptors CXCR5 and CCR7 [84]. These findings
have potential clinical relevance because they might relate
to lymphatic invasion leading to lymph node metastases,
a feature routinely assessed by pathologists and considered
as poor prognostic factor for breast cancer patients. These
results suggest, as seen in other studies, that ILC3 might
have different roles in tumor progression depending on the
type of tumor and the specific characteristics of the TME.
An interesting mechanism through which ILCmay influence
tumor development is by their role in the formation of
tertiary lymphoid structures (TLS). It has been shown that the
proinflammatory features of the TME lead to the activation
of chemokine signaling pathways and the recruitment of
immune cells that contribute to the formation of TLS [85].
TLS are ectopic and highly organized lymphoid formations
that develop in inflamed and infected tissues or within
or adjacent to primary tumors. These formations present
well-defined T and B cell zones, high endothelial venules
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(HEV), mature DC, germinal centre reactions, and B cell
class switch in the B cell follicles, suggesting the generation of
adaptive immune responses [86]. These lymphoid aggregates
are also characterized by the expression of chemokines
(CCL19, CCL21, CXCL10, CXCL12, and CXCL13), adhesion
molecules (ICAM-2, ICAM-3, VCAM-1, and MAdCAM-1),
and integrins (alphaL, alpha4, and alphaD) [87], which not
only attract effector immune cells such as Treg, DC, näıve B
cells, andT follicular helper (TFH) cells but also determine the
architecture and cell segregation in specific compartments.
The composition of TLS might be different depending on the
tumor type and a growing number of clinical studies suggest
that TLS and associated biomarkers correlate with clinical
outcome and prognostic value [88]. Studies of patients with
melanoma, breast [89], colorectal, lung, pancreas [90], or
renal cell carcinomas have shown that the presence of TLS is
of positive prognostic value. However, two different studies
in patients with breast and renal cell carcinomas have also
shown that the presence of TLS has a negative prognostic
value (an extensive revision of the clinical studies and trials
are reviewed in [86, 91]). Detailed analyses have found that
particular cell types within the TLS confer the prognostic
value; for instance, CD8+ T cells and antibody-producing-
plasma cells in ovarian cancer [92] and DC in primary
lung tumors [93] confer a positive prognostic value. On the
other hand, Joshi et al. have recently shown that tumor-
infiltrating Treg in a mouse model of lung adenocarcinoma
are increased and found at the tumor margins in tertiary
lymphoid structures. At these sites, Treg actively restrain
effector T cells [94]. These results, elevated numbers of
Treg, correlate with the adverse clinical outcome (poor
survival) in patients with breast cancer [95]. In a striking
study, Finkin et al. have used a model of hepatocellular
carcinoma (HCC) with mice constitutively expressing the
active form of IKK-B in hepatocytes to activate the NF-𝜅B
pathway. They reported the presence of small clusters of
hepatocytes expressing markers of tumor progenitor cells
within TLS formed in nontumor sites of the inflamed liver.
These clusters progressively coalesced and egressed from the
TLS to grow as HCC in all IKK-B-expressing livers. These
results suggest that TLS serve as niches supporting tumor
cells growth and contribute to recurrence in HCC [96].
Despite the strong correlation between clinical or prognostic
value and the presence of TLS in different types of cancer,
it is unclear which factors (intrinsic or extrinsic) contribute
to their development. Studies from the rheumatology field
have suggested a role for ILC in the formation of TLS. Noort
et al. have recently shown that TLS within the synovial
tissue of some patients with rheumatoid arthritis contain low
numbers of CD3−RORC+ ILC3 which might play a role in
TLS formation through a mechanism involving the release of
LT𝛽 and the expansion of follicular DC [97]. Interestingly,
in the cancer setting, Carrega et al. have recently reported
the presence of NCR+ILC3 at the edge of tumor-associated
TLS in NSCLC. Increased number of these cells in early stage
tumors correlated with the density of intratumoral TLS and
predicted favorable clinical outcomes [98]. Further analyses
are required to evaluate the role of ILC3 on TLS formation
and function in other types of cancer. From the studies

mentioned above, it is clear that identifying the mechanisms
and cellular components underlying TLS formation will be
helpful to understand the pro- and antitumor responses
within the tumor microenvironment. This knowledge will
be helpful to develop new therapies to promote or inhibit
TLS formation. In fact, different drugs and antagonist of
the LT𝛼/𝛽, RANK/RANK-L, and ICOS/ICOS-L signaling
pathways are being developed and tested for their potential
to manipulate TLS formation (reviewed in [91]). Thus, the
paradoxical role of ILC3 in both host protective and tumor-
promoting immunosuppressive effects can be associated with
the reported functional plasticity that allows these cells
to respond to changes in the tumor microenvironment
accordingly (reviewed in [6]). Whether ILC display pro- or
antitumor activities seems to depend on the type of tumor
and stage of development and on the complex network of
fine-tuned incoming signals that control cell-cell interactions
in themicroenvironment. It is likely that the ability to control
or influence those interactions will be important for the
development of new therapeutic tools to fight cancer. Recent
encouraging studies with chemical inhibitors of ROR𝛾t-
mediated transcription (such as GSK805) have revealed a
transient and specific targeting/inhibition tool for ROR𝛾t+
cells. In a recent study of a model of intestinal infection
with bacteria, administration of GSK805 reduced cytokine
production by Th17, but not ILC3, thus preserving innate
immunity. This treatment resulted in a therapeutic response
as reduced activity of Th17, but not ILC3, contributed to
the control of inflammation in their infection model [99].
Given the nonredundant functions of cytokines produced by
T cells and ILC, this cell-specific and transient inhibition of
ROR𝛾t+ cells might have applications in models of cancer
where manipulating and enhancing the antitumor functions
of ILC over the proinflammatory functions of Th17 might
be beneficial and important to control tumor development.
Details on how these cytokines, chemokines, and growth
factors allow the cell-cell interactions that maintain the
homeostatic balance are currently being explored and will be
essential for the development of new therapeutic tools against
cancer. In the next sectionwewill discuss imaging approaches
to analyze the crosstalk between ILC and other innate and
adaptive immune cells.

5. Imaging Strategies to Study the
Crosstalk and Interactions between
ILC and Other Immune Cells

Immunohistochemistry (IHC), immunofluorescence, and
flow cytometry methodologies are fundamental tools that
have contributed to the identification and our knowledge
of the different ILC subsets. In some studies and using
IHC techniques, ILC1 have been identified with markers
NKp44+, CD103+, and CD3− [48] and ILC3 using Ror𝛾t+IL-
7RB+CD11c− [100] or CD3−CD127+CD117+ROR𝛾t+ [101].
With the use of many different markers and multicolor
cytometric analyses, it has been possible to study and
determine the presence and changes in ILC populations
in normal, disease, and inflammatory settings. However,
understanding the roles of ILC in the control of immune



10 Journal of Immunology Research

responses requires a refined knowledge of the crosstalk and
interactions between ILC and other innate and adaptive
immune cells. This has been approached through the use
of novel imaging techniques using fluorescent probes. Using
ILC3 as an example, here we describe some approaches that
can be used to examine the role of ILC in the ex vivo and in
vivo settings.

A major complication arising when looking at a subset of
cells, such as the ILC, is the necessity to define that subset with
a range of different markers. The current series of markers
and phenotype accepted for identifying ILC3 require four
(five including a nuclear stain) separate fluorophores when
imaging tissue to identify the one cell type. If ILC3 are
to be imaged along with other cells of interest, the use of
serial sections is required, labeling a certain cell type per
section and overlaying the images. Alternatively, a multiplex
of 6 or 7 fluorescent probes can be used to identify two
different cell types on a single slide and imaging on a
standard commercial confocal microscope. Using multiple
fluorophores in a single slide is generally better accepted
as it avoids any slight alterations between sections and the
inherent difficulty in obtaining good quality sequentially
cut sections. With using such a high number of fluorescent
proteins on the same slide, it is common to find spectral
bleed-through and cross-excitation between the detected
channels. Fluorophore selection including fluorophores with
large stokes shift, such as the Brilliant Violet and Pacific
Blue/Green/Orange, and the use of quantum dots [102] allow
multiplexing on a single excitation laser. This approach,
combined with carefully customized microscope configura-
tion, means it is possible to avoid spectral bleed-through
altogether [103]. However, in the cases where it is unavoid-
able, postacquisition correction algorithms can be utilized to
correct for unwanted fluorescent emission crosstalk (spectral
overlap) by deconvolution/unmixing [104] to remove any
remaining overlaps between the fluorophores of the detected
channels [105]. Multicolor confocal microscopy provides
high-resolution tissue imaging, allowing the labeling of
different cell types that require several markers to identify.
This provides key localization information in fixed tissue at
a particular time point and as such is extremely useful in
indicating possible cellular interactions based on the relative
cell-cell proximity, which can be further investigated using
time-lapse microscopy or other means. A drawback of using
confocal microscopy as an approach to imaging ILC3 is
the lack of temporal information. Relatively little is known
regarding the role these cells play in different scenarios;
therefore, the ability to track where these cells migrate and
the cells they interact with is fundamental to deciphering
their role and function.Multiphotonmicroscopy (also known
as 2-photon microscopy) allows the imaging of fluorescently
labeled cells deep within tissue in an in vivo setting, visu-
alizing cell behavior in the natural environment. Kinetic
information such as cell velocity, track length, meandering
index, and displacement can reveal valuable information
regarding immune cells activity [106, 107] and the ability
to image and track the interactions between different cell
subsets is fundamental to further elucidate the roles ILC3may
play in inhibiting particular signaling or receptor pathways.

Current commercial multiphoton systems typically have the
capacity for 2 to 4 fluorescent probes to be imaged at a
time, and using the same multifluorescent labeling as used
in confocal microscope is impractical. In this situation, the
preferable method is to isolate ILC3 using flow cytometry
based cell sorting with the markers for ILC3 (CD3, CD127,
CD117, and NKp46), followed by fluorescent labeling of this
population using cell tracker dyes [108]. These labeled cells
can then be injected intravenously into the target animal and
imaged 18–72 hours later, allowing for the cells to migrate
to their respective homing tissues [108, 109]. This method
allows for the imaging of ILC3 using a single fluorescent
channel, leaving the rest for additional labeled cells of interest.
As multiphoton microscopy is primarily used for intravital
imaging, several approaches could be used to facilitate the
imaging of ILC3. The activity of ILC3 within the lymph node
could be imaged in a direct manner by surgically exposing
the inguinal lymph node [110]. While this approach allows
for controllable intravital imaging, it is a terminal proce-
dure and specific experimental time points must be chosen
when imaging. This approach could be applied to models
of breast cancer with direct exposure and imaging of the
draining inguinal lymph node and the primary tumor [111].
Furthermore, in the same tumor model, the use of surgically
implanted windows can allow for longitudinal imaging of
these organs, allowing repeated imaging of the same tissue
throughout tumor development, with or without experimen-
tal intervention. A small abdominal window implanted over
the inguinal lymph node allows the inguinal lymph node to
be reexposed several times for imaging [112]. ILC3 can also
be imaged deep within tumors via a mammary window that
is inserted in the skin over the lower mammary gland region.
Breast cancer cell lines can then be injected/implanted and
allowed to grow up into the recess created by the window,
therefore allowing a surgery free method of imaging ILC3
behavior over the development of the tumor [111, 113, 114].
The use of this window method can be extended to imaging
ILC3 in the lung using a technique developed by Looney et
al. [115] which, although terminal, can allow the studying of
ILC3 and other target cells in a fully functional lung from
chronic obstructive pulmonary disease [116] and lung cancer
[98]. Taking advantage of current photo-switchable mouse
models provides another tool to examine ILC3 function. In
these mice, exposure to ultraviolet light induces changes in
fluorescence on the reporter cells [117]. Using this, organs or
tissues of interest can be activated using a UV light source,
either through surgical exposure or using the aforementioned
window systems, and the migration of cells from this tissue
was tracked, for instance, as has been shown between intes-
tine and mesenteric lymph nodes [36]. This same approach
could be applied to a variety of tumor models to further
unveil ILC3migration properties and the elements that affect
them.

6. Conclusions

Interest and attention on ILC has increased in recent years
and a great deal of information has been gathered. The
discovery of this family of innate immune cells, the definition
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of their phenotypes, and their classification into different
subgroups based on their differentiation requirements and
biological functions represent important achievements in
biomedical research.The description of intricate interactions
in different tissues and organs, beyond the gut, with other
innate and adaptive immune cells in homeostasis or during
different types of infection, inflammatory diseases, and can-
cer partially highlights the functional importance of these
cells. The challenge for future research is to fully understand
and decipher the complex and specific contributions of
each type of ILC to the control and regulation of immune
responses. In particular, further studies on dissecting the
detailed nature and implications of the reported plasticity
will be required. In the specific case of cancer, observations
from the clinic and studies in a variety of animal models
have shown opposing abilities of ILC to either promote or
repress tumor growth. A better understanding of the precise
roles of ILC cell types in tumorigenesis or control will allow
understanding of the potential value of manipulation of
their functions to develop new interventions and therapeutic
strategies.

Additional Points

Review Search Strategy.This is a narrative review.We searched
PUBMED for original articles focusing on innate lymphoid
cells and cancer published in the last 10 years, from 2006
to 2016. Search terms included “Group 1, 2, and 3 Innate
lymphoid cells and tumor”, “ILC1, 2, 3 and cancer”, and
“Innate lymphoid cells and tumor microenvironment”. All
papers identified were English-language, full-text papers. We
also searched the reference lists of identified articles for
further papers.
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Skin inflammatory responses in individuals with allergic dermatitis may be suppressed by dietary vitaminD through induction and
upregulation of the suppressive activity of regulatory T (TReg) cells. Vitamin D may also promote TReg cell tropism to dermal sites.
In the current study, we examined the capacity of dietary vitamin D

3
to modulate skin inflammation and the numbers and activity

of TReg cells in skin and other sites including lungs, spleen, and blood. In female BALB/c mice, dietary vitamin D
3
suppressed

the effector phase of a biphasic ear swelling response induced by dinitrofluorobenzene in comparison vitamin D
3
-deficient female

BALB/c mice. Vitamin D
3
increased the percentage of TReg (CD3+CD4+CD25+Foxp3+) cells in the skin-draining lymph nodes

(SDLN).The suppressive activity of TReg cells in the SDLN, mesenteric lymph nodes, spleen, and blood was upregulated by vitamin
D
3
. However, there was no difference in the expression of the naturally occurring TReg cell marker, neuropilin, nor the expression

of CCR4 or CCR10 (skin-tropic chemokine receptors) on TReg cells in skin, SDLN, lungs, and airway-draining lymph nodes. These
data suggest that dietary vitamin D

3
increased the percentages and suppressive activity of TReg cells in the SDLN, which are poised

to suppress dermal inflammation.

1. Introduction

Vitamin D plays an intrinsic role in shaping innate and
adaptive immune responses [1, 2]. Vitamin D is produced
following skin exposure to ultraviolet B photons of sunlight,
resulting in the conversion of the precursor 7-dehydro-
cholesterol into vitamin D

3
, which can also be acquired

through dietary supplementation. The vitamin D-binding
protein (VDBP) transports much of this vitamin D

3
into the

liver, where a hydroxylation reaction converts vitaminD
3
into

25-hydroxyvitamin D
3
(25(OH)D

3
).This form of vitamin D

3

is found at nanomolar levels in blood, and because of its
relative stability and longer half-life, it is used as a measure
of vitamin D sufficiency, with 50 nM currently considered
the tipping point for insufficiency by the National Institute of
Health [3] (although this remains controversial [4]). In renal
proximal tubule epithelial cells, and other cells including
disease-activated macrophages (reviewed in [5]), 25(OH)D

3

is converted into the most active vitamin D metabolite,
1,25-dihydroxyvitamin D

3
(1,25(OH)

2
D
3
). It is this form of

vitamin D
3
which has the most potent effects on regulating

immune responses, with circulating levels in the picomolar
range [1, 6].

Central to the ability of 1,25(OH)
2
D
3

to modulate
immune responses are changes to regulatory T cells (TReg
cells) and dendritic cells (DCs) [7]. Topical (skin) application
of 1,25(OH)

2
D
3
enhanced the suppressive capacity [8, 9] and

proliferative activity [10] of CD4+CD25+Foxp3+ TReg cells.
Stimulation of DCs with bacterial products like lipopolysac-
charide or cytokines like transforming growth factor-ß may
result in the synthesis of 1,25(OH)

2
D
3
from circulating

25(OH)D
3
, promoting TReg cell activity (reviewed in [1, 2]).

The VDBP may also play an important role in this process,
whereby high affinity VDBP can prevent conversion of
25(OH)D

3
to 1,25(OH)

2
D
3
by DCs and thus their ability to

modulate TReg cell activity [11]. With the right costimulators,
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including interleukin-2, 1,25(OH)
2
D
3
can modulate the sup-

pressive functions of TReg cells independently of DCs [12].
While the capacity for 1,25(OH)

2
D
3
to regulate adap-

tive immunity through its effects on TReg cells and DCs
is clear, most studies have used supraphysiological levels
of 1,25(OH)

2
D
3
(≥10 nM). During monocyte differentiation

into macrophages, increased concentrations of 1,25(OH)
2
D
3

(up to 1 nM) were detected in cell culture media, but this
was not observed during monocyte differentiation to DCs
[13]. This increased production of 1,25(OH)

2
D
3
could have

paracrine effects on colocated DCs [13] and T cells [14].
However, most in vitro studies have used substantially more
1,25(OH)

2
D
3
(≥10 nM) tomodulate DC and T cell phenotype

and function. TReg cell numbers and/or their suppressive
activity correlate with circulating 25(OH)D

3
levels. This has

been observed in patients with pancreatitis [6], multiple
sclerosis [15], and asthma [16, 17] or those chronically
infected with the hepatitis C virus [18]. Supplementationwith
vitamin D

3
or an analogue increased TReg cell numbers in

healthy individuals (140,000 IU oral vitamin D
3
/month) [19]

or patients with undifferentiated connective tissue disease
(0.5 𝜇g oral alfacalcidol/day) [20]. Other studies report a
positive correlation between serum 1,25(OH)

2
D
3
levels (but

not 25(OH)D
3
levels) and circulating TReg cell numbers in

patients with multiple sclerosis [21]. A negative correlation
between 25(OH)D

3
and TReg cell numbers has been reported

in cord blood [22]. Most studies support a positive rela-
tionship between circulating 25(OH)D

3
levels and TReg cell

activity; however, this has not always been associated with
improved disease-related outcomes [15, 19].

Another intriguing aspect of vitamin D biology includes
its ability to modulate the tropism of cells for certain tissues.
Tropism for skin has been suggested in some studies, where
1,25(OH)

2
D
3
or an analogue (nM range) increased the

expression of the skin-tropic chemokine receptor CCR10 on
cultured T cells [14, 23]. The 1,25(OH)

2
D
3
analogue TX527

significantly upregulated other skin-homing molecules like
CCR4 (but not CLA) on T cells, as well as inflammation-
homing molecules (e.g., CCR5, CXCR3, and CXCR6) but
downregulated expression of lymph node-homing molecules
(CD62L, CCR7, and CXCR4) [23]. Serum 25(OH)D

3
levels

are associated with increased expression of the skin-tropic
chemokine receptors CCR4 andCLAon circulating TReg cells
from healthy male volunteers [24]. Other studies in HIV-
infected participants suggested that serum 25(OH)D

3
was

negatively associated with CCR4 expression on circulating
TReg cells. Vitamin D

3
supplementation (25,000 IU/week) of

these participants increased CCR4 and CCR10 expression on
blood TReg cells [25]. Collectively, these studies suggest that
1,25(OH)

2
D
3
promotes homing of TReg cells towards skin or

sites of inflammation.
The results of a recent meta-analysis of clinical trials

suggest that dietary vitamin D
3
supplementation may reduce

symptoms of atopic dermatitis [26], an inflammatory skin
disease. In this study, we investigated how the tissue distri-
bution and suppressive function of TReg cells are regulated
by dietary vitamin D

3
. We used a murine model of dietary-

induced vitamin D
3
restriction to induce vitamin D

3
defi-

ciency and compared the effects of dietary vitamin D
3
on

TReg cell function and numbers in various tissues and skin
inflammation induced by a hapten.

2. Materials and Methods

2.1. Mice and Diet. All experiments were performed accord-
ing to the ethical guidelines of the National Health and
Medical Research Council of Australia and with approval
from the Telethon Kids Institute Animal Ethics Committee
(AEC#229). BALB/c mice were purchased from the Animal
Resources Centre, Western Australia. Mice transgenic for
the OVA

323–339-specific (ISQAVHAAHAEINEAGR) T cell
receptor (DO11.10) on a BALB/c background were originally
purchased from the Jackson Laboratory and bred in-house.
Expression of OVA

323–339-specific T cell receptor on T cells
from DO11.10 mice was confirmed as previously described
[9]. Female 3-week-old BALB/c or DO11.10 transgenic mice
were placed on semipure diets, which were supplemented
with vitamin D

3
(2280 IU vitamin D

3
/kg with 1% calcium,

SF05-34, Specialty Feeds, Perth, Western Australia) or were
not supplemented with vitamin D

3
(0 IU vitamin D

3
/kg

with 2% calcium, SF05-033, Specialty Feeds) as previously
described [27, 28]. At 8 weeks of age, female mice were mated
with adult male mice maintained on standard mouse chow
(Specialty Feeds, containing 2000 IU vitamin D

3
/kg). Female

or male offspring were maintained on the same vitamin D
3
-

replete or vitamin D
3
-deficient diets (as their mothers) for

the rest of the experiment. All results shown are for female
offspring, unless otherwise stated.

2.2. Measurement of Serum 25-Hydroxyvitamin D3
(25(OH)D3). Serum 25(OH)D

3
levels were measured in

BALB/c mice using IDS EIA ELISA kits (Immunodiagnostic
Systems Ltd., Fountain Hills, AZ) as described by the
manufacturer (limit of detection was 7 nmol⋅L−1). We have
previously shown that results from this assay correlate highly
(𝑟 = 0.99) [29] with a liquid chromatography-tandem mass
spectrometrymethod, which has been certified to a reference
measurement procedure developed by the National Institute
of Standards and Technology and Ghent University [30, 31].

2.3. Biphasic Ear Swelling Assay. A biphasic ear swelling
response [32, 33] was induced by painting both sides of each
ear pinnae with 10 𝜇L of 0.05–0.2% 2,4-dinitrofluorobenzene
(DNFB, Sigma, St Louis, MO) in acetone using a micrometer
to measure ear thickness in a blinded fashion at the indicated
times. Results are shown as the change in ear thickness, with
baseline measures subtracted from those measured at each
time point.

2.4. Identification of 𝑇
𝑅𝑒𝑔

Cells by Flow Cytometry. Single cell
suspensions were generated from minced ear skin or whole
lung digested for 90min with collagenase IV (3mg/mL,Wor-
thington) at 37∘C with frequent vortexing. To isolate periph-
eral bloodmononuclear cells (PBMC), heparinized bloodwas
diluted 1 : 2 in 0.9% saline (Baxter, Old Toongabbie, NSW,
Australia) and layered over 1mL Lymphoprep (Axis-Shield,
Oslo, Norway) for every 2mL of diluted blood. Samples were
then centrifuged at 800×g for 20min at room temperature
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with PBMCs collected from the resulting interface. Skin-
draining lymph nodes (SDLN; brachial, inguinal, and axil-
lary), airway-draining lymph node cells (ADLN; posterior
mediastinal, tracheobrachial, and parathymic), mesenteric
lymph nodes (MLN), or spleens were removed from mice
and physically disaggregated to generate single cell suspen-
sions as previously described [9]. Staining of surface (CD3,
CD4, CD25, CCR4, CCR10, neuropilin, MHC class II, and
CD11c) and intracellular (Foxp3) antigens was performed
as previously described [9]. At least 10,000 cells of interest
were collected using the FACS LSRII (BD Biosciences) flow
cytometer. Data were analyzed using FlowJo software (v9.5.2,
TreeStar Inc., Ashland, OR, USA).

2.5. Assessing the Suppressive Capacity of 𝑇
𝑅𝑒𝑔

Cells. We
isolated TReg cells from vitamin D

3
-replete or vitamin D

3
-

deficient DO11.10 mice to test the capacity of dietary vitamin
D
3
to modify the suppressive activity of cells located in a

number of different immune sites. As the majority of TReg
cells express the OVA

323–339 receptor [9], they will sup-
press the IL-2-secreting capacity of cocultured OVA

323–339
receptor-specific CD4+ T cells in the presence of antigen-
presenting cells and OVA

323–339 peptide, as we have demon-
strated previously [9]. CD4+CD25+ cells (≥95% pure, as
determined by flow cytometry) were isolated from specified
tissues of DO11.10 mice using a CD4+CD25+ regulatory
T cell isolation kit (Miltenyi Biotec) or by cell sorting as
previously described [9, 34]. Greater than 90% of the puri-
fied CD4+CD25+ cells expressed Foxp3 (confirmed by flow
cytometry). Peripheral lymph node cells (including SDLN,
ADLN, MLN, auricular-draining lymph nodes, and para-
aortic lymph nodes) of näıve DO11.10 mice were used as
responder cells. These were resuspended in RPMI with 10%
FCS and 2 𝜇M 2-ME and aliquot into round-bottomed 96-
well plates at 105 cells/0.1mL/well. CD4+CD25+ cells were
added to responder cells at ratios of 1 : 8, 1 : 16, or 1 : 32.
OVA
323–339 peptide was added at a final concentration of

1 𝜇g/mL. After incubation for 92 h at 37∘C in 5% CO
2
, super-

natantswere harvested and the concentration of interleukin-2
(IL-2) was determined by ELISA as previously described [9].

2.6. Assessing the Ability of Dendritic Cells to Induce 𝑇
𝑅𝑒𝑔

Cells. A single cell suspension of ADLN cells was prepared by
physically disaggregating lymph nodes and digesting samples
with collagenase IV (1mg/mL, Worthington) and DNase I
(0.1mg/mL, Sigma) for 30min at 37∘C. Conventional DCs
were enriched from the ADLN cells by removal of CD3+,
Thy1.1+ CD19+, GR-1+, and TER-119+ cells using magnetic
bead separation as previously described [35]. The remaining
cells were then labelledwith antibodies specific for CD11c and
MHC class II [9] and MHC class IIhiCD11cmed cells sorted
by FACS using the FACSAria (BD Biosciences). MHC class
IIhiCD11cmed cells were incubated with peripheral lymph
nodes from naı̈ve DO11.10 (vitamin D-replete) mice (see
[9]) at a ratio of 1 : 40 with 1𝜇g/mL OVA

323–339 peptide.
DCs were not added to some cultures as controls. Cells
were incubated for 62 h at 37∘C and 5% CO

2
, and then

CD3+CD4+CD25+Foxp3± cells were identified by flow

cytometry using the FACS LSRII, where at least 5,000 Foxp3+
cells were collected. Data were analyzed using FlowJo soft-
ware.

2.7. Statistical Analyses. Data were compared using an
unpaired two-way Student’s 𝑡-test using Prism 5 statistical
analysis program for Mac OS X. Differences were considered
significant with a 𝑝 value < 0.05. Data are shown throughout
as mean ± SEM.

3. Results and Discussion

3.1. Vitamin D Deficiency Promoted Allergic Dermatitis
Responses Measured during a Biphasic Ear Swelling Response.
We investigated the effects of dietary vitamin D on allergic
dermatitis responses mimicked by inducing a biphasic ear
swelling response.We tested adult female offspring of vitamin
D
3
-replete or vitaminD

3
-deficient BALB/c dams, whichwere

maintained on the same diet as their mothers. Serum levels of
25(OH)D

3
were <20 nmol⋅L−1 for offspring fed the vitamin

D
3
-deficient diet and >50 nmol⋅L−1 for offspring fed the

vitamin D
3
-replete diet (Figure 1(a)). These diets did not

significantly alter serum calcium [27, 28]. The contact sen-
sitizer DNFB was then used to initiate a biphasic ear swelling
response [32, 33].The ears of vitamin D

3
-deficient or vitamin

D
3
-replete mice were sensitized with 0.05–0.2% DNFB (in

acetone), and ear swelling was recorded over a 3-week period.
The ability of dietary vitamin D

3
to suppress ear swelling

responses depended on the sensitizing dose of DNFB, where
responses to ≤0.1% DNFB were suppressed at 144 h after sen-
sitization, corresponding to the second peak of ear swelling
(Figure 1(b)). As expected, the ear swelling response was
biphasic, with an initial peak at 3 h and later peak at 168 h
after DNFB treatment (Figure 1(c)). Previous studies have
shown that this first peak represents an early innate influx
of neutrophils and inflammatory cells into ear skin, which
may depend on histamine release bymast cells [32], while the
second peak is an antigen-specific (DNFB) effector response
driven by CD8+ T cells expressing interferon-𝛾 [33]. Dietary
vitamin D

3
significantly suppressed (by 61%) this second

“efferent” ear swelling response, which peaked at 168 h after
DNFB application in vitaminD

3
-sufficient mice as compared

to responses observed in deficient mice (Figure 1(c)).

3.2. Increased Percentages of 𝑇
𝑅𝑒𝑔

Cells Were Observed in the
Skin-Draining Lymph Nodes of Vitamin D3-Replete Mice. We
have previously published that topically applied 1,25(OH)

2
D
3

increased the capacity of TReg cells to suppress contact
hypersensitivity responses initiated byDNFB [9]. To examine
the effects of dietary vitamin D

3
on TReg cells, their per-

centages in various tissues were measured in naı̈ve female
mice prior to sensitization with DNFB. The percentages of
CD3+CD4+CD25+Foxp3+TReg cells in the skin, SDLN, lung,
ADLN, MLN, spleen, and blood were determined by flow
cytometry (Figure 2(a), a representative plot for a MLN
sample is shown). CD4+ TReg cell percentages were increased
in the SDLN (from 5.0 ± 0.2 (vitD−) to 5.7 ± 0.1 (vitD+);
14% increase; 𝑛 = 6/treatment) and reduced in the ADLN
(from 4.8 ± 0.3 (vitD−) to 3.3 ± 0.2 (vitD+); 31% reduction;
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Figure 1: Dietary vitamin D suppressed the biphasic ear swelling response induced by the hapten DNFB. Female offspring born to vitamin
D
3
- (vitD-) replete (+) or vitamin D

3
-deficient (−) BALB/c mothers were maintained on vitamin D

3
-replete or vitamin D

3
-deficient diets

(resp.). (a) Serum 25(OH)D
3
levels of female offspring at 8 weeks of age (mean ± SEM for ≥5 mice per group). The broken line indicates the

level of detection for 25(OH)D
3
(7 pg/mL). In (b), the ear pinnae of mice were sensitized with 0.2, 0.1, or 0.05% DNFB and the ear swelling

response was measured at the second peak of the biphasic response (144 h). In (c), the ear pinnae of mice were sensitized with 0.1% DNFB
and the resulting biphasic ear swelling response was measured over 305 h. Data are shown as mean ± SEM in (b) and (c) for 8–12 ear pinnae
of 4–6 mice per treatment (∗𝑝 < 0.05). In (b), data are from a single experiment and in (c) they are representative of 2 experiments.

𝑛 = 6/treatment) of vitamin D
3
-replete mice in comparison

to vitamin D
3
-deficient mice, but there was no difference

in the percentages of these cells in the skin, lungs, MLN,
spleen, or blood (Figure 2(b)). There was also a trend
(𝑝 = 0.08, Student’s 𝑡-test) for increased Foxp3 expres-
sion (by 16%) on CD3+CD4+CD25+Foxp3+ cells from the
SDLN of vitamin D

3
-replete mice, when geometric mean

fluorescence intensity was compared (1053 ± 43 (vitD+);
910 ± 63 (vitD−); 𝑛 = 6/treatment, data from cells
collected in Figure 2(b)). There was no difference in the
expression of Foxp3 onCD3+CD4+CD25+Foxp3+ cells from
the other tissues (data not shown). With the exception
of blood, CD3+CD4+CD25+Foxp3− T “effector” cell (TEff )
(Figure 2(c)) percentages were unaffected by vitamin D

3

deficiency. Inmalemice, CD3+CD4+CD25+Foxp3+TReg cell
percentages were affected in a similar way by dietary vitamin
D
3
as those observed in female mice and were increased

in the SDLN (by 21%) (from 4.1 ± 0.3 (vitD−) to 5.0 ±
0.2 (vitD+); 𝑛 = 6/treatment) and reduced in ADLN (by
23%) (from 4.3 ± 0.3 (vitD−) to 3.3 ± 0.1 (vitD+); 𝑛 =
6/treatment).Therewas also an increase (42%) in the percent-
age of CD3+CD4+CD25+Foxp3− TEff cells in the SDLN of
male mice fed a vitamin D

3
-containing diet (from to 0.31 ±

0.04 (vitD−) to 0.44 ± 0.04 (vitD+); 42% increase; 𝑛 =
6/treatment).

The number of cells isolated from the SDLN was altered
by vitamin D

3
supplementation of female mice. Signifi-

cantly fewer SDLN cells (2.8 ± 0.4 × 107/mouse (vitD−);
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Figure 2: Dietary vitamin D
3
increased the percentage of Foxp3+ TReg cells in the SDLN. Female offspring born to vitamin D

3
- (vitD-)

replete (+) or vitamin D
3
-deficient (−) BALB/c mothers were maintained on the vitamin D

3
-replete or vitamin D

3
-deficient diets (resp.). (a)

The FACS gating strategy for determining the percentage of CD3+CD4+CD25+Foxp3+ (TReg cells, orange) or CD3+CD4+CD25+Foxp3−
(TEff cells, yellow) cells in skin, SDLN, lung, ADLN, MLN, spleen, and blood. Representative plots from a MLN sample are shown. For
all tissues, a gate was used to exclude red blood cells using forward and side scattering properties of cells prior to selection of the various
T cell populations. (b) and (c) The percentage of TReg cells and TEff cells (resp.) in various tissues. Data are shown as mean ± SEM for 6
mice/treatment with results combined from two experiments; ∗𝑝 < 0.05.
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Figure 3: Dietary vitamin D
3
reduced the absolute number of cells in the SDLN. Female offspring born to vitamin D

3
- (vitD-) replete

(+) or vitamin D
3
-deficient (−) BALB/c mothers were maintained on the vitamin D

3
-replete or vitamin D

3
-deficient diets (resp.). In (a),

the number of cells (×107)/mouse or mL of blood isolated from the SDLN, ADLN, MLN, spleen, or blood is shown. The numbers of
CD3+CD4+CD25+Foxp3+ (TReg cells) or CD3+CD4+CD25+Foxp3− (TEff cells) cells in these tissues were calculated using the percentages
depicted in Figure 2. In (b) and (c), the number of CD4+ TReg and TEff cells (×106)/mouse or mL of blood is shown. Data are shown as mean
± SEM for 6 mice/treatment with results combined from two experiments; ∗𝑝 < 0.05.

1.7 ± 0.1 × 10
7/mouse (vitD+); 39% reduction; 𝑛 =

6/treatment) were isolated from vitamin D
3
-supplemented

mice (Figure 3(a)). These effects were in the opposite direc-
tion to those of dietary vitamin D

3
on TReg cell percentages

in the SDLN.There was no difference in the numbers of cells
isolated from other tissues (Figure 3(a); data not shown for
skin and lung). There was a trend for fewer CD4+ TReg cell
numbers in the SDLN (1.5 ± 0.2 × 106/mouse (vitD−); 0.9 ±
0.1 × 10

6/mouse (vitD+)); 40% reduction; 𝑛 = 6/treatment)
of vitamin D

3
-supplemented mice in comparison to vita-

min D
3
-deficient mice (Figure 3(b)). Similarly, numbers

of CD3+CD4+CD25+ Foxp3− TEff cells were significantly
reduced in the SDLN of mice fed a vitamin D

3
-supplemented

diet (3.8 ± 0.2 × 105/mouse (vitD−); 1.8 ± 0.2 × 105/mouse
(vitD+); 53% reduction; 𝑛 = 6/treatment) (Figure 3(c)).There
was no effect of dietary vitamin D

3
on the total cell numbers

or numbers of TReg or TEff cells identified in the SDLN,
ADLN, or blood of male mice (data not shown). These

data suggest that while the proportions of CD4+ TReg cells
increased in the SDLN with dietary vitamin D

3
, this sig-

nificant increase did not persist when cell numbers were
considered, as significantly fewer SDLN cells were isolated
from mice fed a diet containing vitamin D

3
.

3.3. The Suppressive Activity of 𝑇
𝑅𝑒𝑔

Cells Was Enhanced by
Dietary Vitamin D3 in Most Immune Tissues but Not the
Airway-Draining Lymph Nodes. An in vitro assay was used to
test if dietary vitamin D

3
altered the suppressive function of

TReg cells in comparison to those from vitamin D
3
-deficient

mice. Purified CD4+CD25+(Foxp3+) cells were cocultured
with responder lymph node cells from DO11.10 mice and
OVA
323–339 peptide for 92 h. ResponderCD4+Tcells express-

ing the OVA
323–339 TCR proliferate and produce cytokines

like IL-2 in response to presentation of the OVA
323–339 pep-

tide by antigen-presenting cells. We assessed IL-2 levels as a
measure of the proliferative capacity of responder cells, where
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cocultured TReg cells significantly suppressed supernatant
levels of IL-2 in a dose-dependent manner (Figure 4). TReg
cells produce very low levels of IL-2 when stimulated in
vitro. These levels are up to 10 times less than CD4+ TEff
responder cells [12]. TReg cells therefore do not significantly
contribute towards the pool of IL-2 in coculture assays.
CD4+CD25+(Foxp3+) cells from the SDLN (Figure 4(a)),
MLN (Figure 4(c)), spleen (Figure 4(d)), and blood (Fig-
ure 4(e)) of vitamin D

3
-replete mice had increased capacity

to suppress IL-2 production by cocultured responder cells.
There was no significant difference in suppressive function
observed for CD4+CD25+(Foxp3+) cells from the ADLN
(Figure 4(b)) of vitamin D

3
-replete or vitamin D

3
-deficient

mice. The results reported in Figure 4 were for suppressive
activities of CD4+CD25+(Foxp3+) cells from female mice;
however, similar results were obtained for cells from male
mice (data not shown). We were not technically able to assess
the suppressive activity of TReg cells in the skin or lungs
as their numbers were too infrequent for efficient isolation.
These data suggest that dietary vitamin D

3
is required for

the optimal activity of TReg cells at various immune sites
throughout the body, with the exception of the ADLN.

3.4. Vitamin D3 Did Not Induce 𝑇
𝑅𝑒𝑔

Cells in the Periphery.
Surface expression of neuropilin can be used to identify nat-
urally occurring TReg cells [36]. We examined the expression
of neuropilin on TReg cells from the skin, SDLN, lungs, or
ADLN of vitamin D

3
-replete or vitamin D

3
-deficient mice

and observed no difference in the expression of this molecule
(Figure 5(a)). These results suggest that dietary vitamin D

3

did not favour the induction of new TReg cells in the SDLN.
The observed reduction in the percentage of TReg cells in
the ADLN of mice fed a vitamin D

3
-containing diet was a

surprising result. A lack of difference in neuropilin expression
on TReg cell from the ADLN of vitamin D

3
-replete and vita-

min D
3
-deficient mice suggested that dietary vitamin D

3
did

not prevent the induction of new TReg cells (Figure 5(a)).
However, to confirm this observation, we then tested whether
there was a functional difference between DCs from vita-
min D

3
-deficient and vitamin D

3
-replete mice, as DCs are

required for the induction of new TReg cells in the periphery
[37]. ConventionalMHCclass IIhiCD11cmedDCswere sorted
(Figure 5(b)) from the ADLN of vitamin D

3
-replete and vita-

min D
3
-deficient mice and cocultured with lymph node cells

from naı̈ve DO11.10 mice and OVA peptide. The percentage
of CD4+CD25+Foxp3± cells was determined after 62 h of
coculture (Figure 5(c)). CD4+CD25+Foxp3− TEff cell and
CD4+CD25+Foxp3+ TReg cell percentages were increased
(>2-fold) by the presence of DCs in the cocultures (Figures
5(c) and 5(d)).However, therewas no effect of dietary vitamin
D
3
on the ability of ADLN DCs to regulate TReg cell percent-

ages (Figure 5(d)). These results suggest that dietary vitamin
D
3
did not impair the induction of new TReg cells in the

ADLN.

3.5. Dietary Vitamin D3 Did Not Affect the Expression of CCR4
or CCR10 on 𝑇

𝑅𝑒𝑔
Cells in the SDLN or ADLN. Dietary vita-

min D
3
could induce the migration of TReg cells to augment

the percentages of these cells in the SDLN, facilitated by the
expression of chemokine receptors. There was no difference
in the expression of the skin-homing receptors CCR4 or
CCR10 on TReg cells in the skin, SDLN, lungs, or ADLN
of vitamin D-replete or vitamin D-deficient mice (Figures
6(a) and 6(b)). Significant levels of CCR4 (Figure 6(a)) were
detected on TReg cells in skin and SDLN with less expression
on cells from the lung and ADLN, while similar levels of
CCR10 (Figure 6(b)) were identified on TReg cells from these
tissues. While dietary vitamin D

3
promoted TReg cell accu-

mulation in the SDLN, there was no difference in the expres-
sion of CCR4 and CCR10 skin-homing receptors once cells
entered the SDLN.

3.6. Dietary Vitamin D3 May Promote Dermal Tolerance to
Reduce Skin Inflammation. Our findings of the immunosup-
pressive effects of dietary vitamin D

3
in controlling DNFB-

induced skin inflammation reiterate emerging data from
clinical trials, which suggest that vitamin D

3
supplementa-

tion reduces symptoms of allergic dermatitis [26]. Similar
suppressive effects of dietary vitamin D

3
have been observed

in other animal models that used haptens to induce skin
inflammation [38]. In other studies, hypocalcaemia induced
by vitamin D

3
deficiency may have impaired hapten-induced

ear swelling responses [39]. The vitamin D
3
-containing diets

used in our studies and those of others [38] were enriched
with calcium to prevent hypocalcemia [27, 28]. While clin-
ical trials suggest that maintaining optimal serum levels of
25(OH)D through dietary vitamin D

3
supplementation (or

safe sun exposure) reduces symptoms of atopic dermatitis
[26], we are still uncertain of the optimal levels of 25(OH)D
needed to limit atopic dermatitis. It is also important to
note that some studies have observed no significant effect
of vitamin D

3
supplementation [40], with suggestions that

genetic or other population-based factors (e.g., initial circu-
lating 25(OH)D levels) or the supplementation regimen (e.g.,
dose, schedule of treatment, and type of vitamin D)may have
limited the efficacy of the vitamin D treatment.

3.7. Dietary Vitamin D3 Increased the Percentages and Activity
of 𝑇
𝑅𝑒𝑔

Cells in the SDLN. We observed a greater suppressive
activity of CD4+CD25+(Foxp3+) cells isolated from the
SDLN, MLN, spleen, and blood of mice fed the vitamin
D-containing diet, suggesting a systemic effect of dietary
vitamin D on TReg cell activity. It is important to note
that we examined TReg cell numbers and function prior to
sensitization with DNFB, and so these findings are inde-
pendent of skin inflammation induced by the irritant. These
observations were accompanied by a lack of effect of dietary
vitaminD on the suppressive activity of cells from the ADLN.
This curious observation is difficult to explain but may
represent a site from which TReg cells actively migrate (to
the SDLN). We did not observe increased expression of skin-
tropic chemokine receptors CCR4 or CCR10 on TReg cells
from any of the tested sites (skin, SDLN, lung, and ADLN)
of vitamin D

3
-fed mice, but it may be that these molecules

are upregulated during transition (in blood) between loca-
tions, which could be a focus of future studies. Crosstalk
between the immune reactions initiated in the skin and
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Figure 4: Dietary vitamin D enhanced the activity of Foxp3+ TReg cells at multiple immune sites. Female offspring born to vitamin D
3
-

(vitD-) replete (+) or vitamin D
3
-deficient (−) DO11.10 mothers were maintained on vitamin D-replete or vitamin D-deficient diets (resp.)

until 8 weeks of age. CD4+CD25+(Foxp3+) cells were purified from (a) SDLN, (b) ADLN, (c) MLN, (d) spleens, or (e) blood of mice and
cocultured with lymph node responder cells from DO11.10 mice at ratios of 1 : 8, 1 : 16, or 1 : 32 and OVA peptide. IL-2 levels in the coculture
supernatants were measured after 96 h. The broken lines indicate the levels of IL-2 measured in supernatant of responder cells cultured with
OVA peptide alone. Data are shown as mean ± SEM for 6 wells/treatment, representative of two experiments; ∗𝑝 < 0.05.
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Figure 5: Continued.
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Figure 5: Dietary vitamin D
3
did not modify neuropilin expression on Foxp3+ TReg cells from the skin, SDLN, lung, or ADLN or alter

the capacity of DCs from the ADLN to induce new Foxp3+ TReg cells. Female offspring born to vitamin D
3
-replete or vitamin D

3
-deficient

BALB/c mothers were maintained on the vitamin D
3
-replete (vitD+) or vitamin D

3
-deficient (vitD−) diets (resp.) until 8 weeks of age. In (a),

the expression of neuropilin in the skin, SDLN, lungs, and ADLN is shown, with cells from vitamin D
3
-replete and vitamin D

3
-deficient mice

shown in blue and black, respectively (unstained = red shaded). Data are representative of two experiments. In (b), MHC class IIhiCD11cmed

cells from the ADLN were sorted with the prepurity (left) and postpurity (right) shown, as determined by flow cytometry. These cells were
cocultured with lymph node cells from OVA-TCR transgenic mice (DO11.10 mice) at a ratio of 0 : 1 (no DC) or 1 : 40 (with DC) for 62 h with
OVA peptide. (c)The gating strategy for determining the percentage of CD25+Foxp3− and CD25+Foxp3+ cells after 62 h of coculture. In (d),
the percentages of CD25+Foxp3− and CD25+Foxp3+ cells of CD4+CD3+ cells are shown as mean ± SEM for 3 wells/treatment. ∗𝑝 < 0.05.

airways is illustrated by the “atopic march” concept, where
allergic responses in the skin affect immunity in the airways.
Indeed, hapten-induced skin inflammation can worsen signs
of allergic airway disease inmice [41].We suggest that dietary
vitamin D

3
may prevent the “atopic march” by promoting

TReg cell accumulation and activity in the SDLNs.The lack of
difference in neuropilin levels suggests that vitamin D

3
may

increase SDLN TReg cell accumulation through migration.

3.8. Inconsistencies between These Observations and Other
Published Data. Urry et al. (2012) observed a positive cor-
relation between circulating 25(OH)D and the percentages
of TReg cells in the airways (lavage fluid) of children with
severe asthma [42]. We did not see any difference in the
percentages of TReg cells in the lungs of mice fed a vitamin
D
3
-replete or vitamin D

3
-deficient diet and did not assess the

percentages of these cells in the trachea or bronchoalveolar
lavage fluid. Furthermore, reduced percentages of TReg cells
were observed in the ADLN of mice fed a vitamin D

3
-replete

diet. In addition, it is possible that, upon respiratory stimu-
lation with allergen, TReg cell percentages could increase in
the lungs of vitamin D

3
-replete mice. In other studies, Mann

et al. (2015) found that more CD4+ cells stimulated with
1,25(OH)

2
D(100 nM) in vitro expressed neuropilin compared

to control cells [43]. It is therefore possible that new TReg cells
may be generated under conditions of highly concentrated
1,25(OH)

2
D
3
.

3.9. Modelling Skin Inflammation. We induced a biphasic
cutaneous skin reaction using the contact sensitizer DNFB

to examine the effects of dietary vitamin D
3
on skin inflam-

mation. A humanized mouse model would have been an
interesting alternative means of comparing these treatments
through xenotransplantation of human skin [44] or bioengi-
neered human skin equivalents [45] onto immunodeficient
mice. These models can induce some (but not all) clinical
manifestations of atopic dermatitis, particularly acute lesions
[45]. While such models would improve our understanding
of the effects of dietary vitamin D

3
in humanized settings, we

were more interested in the capacity of dietary vitamin D
3
to

modulate TReg cell proportions and function in certain tissues
(e.g., skin or lungs) prior to the onset of inflammation.

4. Conclusion

Our studies suggest that dietary vitaminD
3
increased the per-

centages and suppressive function of TReg cells in the SDLN
and that these cells are poised to suppress dermal inflam-
mation. These studies support the notion that maintaining
adequate serum 25(OH)D through dietary vitamin D

3
sup-

plementation or safe sun exposure is important to reduce the
severity of allergic dermatitis and other inflammatory skin
conditions.

Abbreviations

1,25(OH)
2
D
3
: 1,25-Dihydroxyvitamin D

3

25(OH)D
3
: 25-Hydroxyvitamin D

3

ADLN: Airway-draining lymph nodes
DNFB: 2,4-Dinitrofluorobenzene
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Figure 6: Dietary vitamin D
3
did not modify CCR4 or CCR10 expression on Foxp3+ TReg cells from the skin, SDLN, lung, or ADLN.

Female offspring born to vitamin D
3
-replete or vitamin D

3
-deficient BALB/c mothers were maintained on the vitamin D

3
-replete (VitD+)

or vitamin D
3
-deficient diets (VitD−) (resp.) until 8 weeks of age. The expression of (a) CCR4 and (b) CCR10 was measured on

CD3+CD4+CD25+Foxp3+ cells in the skin, SDLN, lungs, and ADLN, with cells from vitamin D
3
-replete and vitamin D

3
-deficient mice

shown in blue and black, respectively (unstained = red shaded). Data are representative of two experiments.

TEff cells: Effector T cells
MLN: Mesenteric lymph nodes
TReg cells: Regulatory T cells
SDLN: Skin-draining lymph nodes
VDBP: Vitamin D-binding protein.
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Inflammasomes are multiprotein complexes that trigger the activation of caspases-1 and subsequently the maturation of
proinflammatory cytokines interleukin-1𝛽 and interleukin-18. These cytokines play a critical role in mediating inflammation and
innate immunity response. Among various inflammasome complexes, the NLRP3 inflammasome is the best characterized, which
has been demonstrated as a crucial role in various diseases. Here, we review recently described mechanisms that are involved
in the activation and regulation of NLRP3 inflammasome. In addition, we summarize the recent researches on the role of NLRP3
inflammasome in central nervous system (CNS) diseases, including traumatic brain injury, ischemic stroke and hemorrhagic stroke,
brain tumor, neurodegenerative diseases, and other CNS diseases. In conclusion, the NLRP3 inflammasome may be a promising
therapeutic target for these CNS diseases.

1. Introduction

In the central nervous system (CNS), the innate immune
response plays a significant role in the pathology after tissue
damage or pathogen invasion. This process is known as
neuroinflammation and is characterized by the activation
of the microglia and astrocyte population [1]. It is known
that several cell types in the brain express specialized
pattern recognition receptors (PRRs) such as membrane-
bound Toll-like receptors (TLRs) and cytosolic NOD-like
receptors (NLRs). The NOD-like receptors are a class of
cytosolic sensors or receptors that respond to a variety of
pathogen-associated molecular patterns (PAMPs) linked to
various microbes and damage-associated molecular patterns
(DAMPs) produced during tissue-based injury [2].

One of the most extensively studied classes of NLRs is
the inflammasome-forming NLRs including NLRP1, NLRP3,
NLRC4, NLRC5, NLRP6, NLRP7, and NLRP12 as well as the
non-NLR inflammasome receptor known as AIM2. Among
them, NLRP3 is the best characterized. The NLRP3 inflam-
masome is composed of NLRP3, apoptosis-associated speck-
like (ASC) adapter protein, and the downstream effector
enzyme (procaspase-1) [3]. When stimulated by PAMP or

DAMP, NLR forms a protein complex known as the inflam-
masome through the combination of the adaptor protein
ASC [4]. This initiates the cleavage of procaspase-1 into
the active and mature form of caspase-1 [5]. Subsequently,
active caspase-1 converts the inactive pro-IL-1𝛽 and pro-IL-
18 into their active and secreted forms: IL-1𝛽 and IL-18.These
cytokines initiate or amplify diverse downstream signaling
pathways and drive proinflammatory responses, leading to
cellular damage, such as autophagy and pyroptosis [6, 7].

Recently, increasing attention is being paid to the role
of the NLRP3 inflammasome in the central nervous system
(CNS). The NLRP3 inflammasome plays a pathogenic role
in neuroinflammatory diseases. Here, we review described
mechanisms that have been proposed to be involved in
the activation and regulation of NLRP3 inflammasome and
further explore the role of NLRP3 inflammasome in several
CNS diseases.

2. The Activation and Regulation of NLRP3
Inflammasome (Figure 1)

To date, it has been demonstrated that the activation of
the NLRP3 inflammasome appears to occur by two signals.
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Figure 1: Models of NLRP3 inflammasome activation. Signal 1 activates the Toll-like receptor (TLR)/NF-𝜅B pathway, leading to the
transcription of pro-IL-1𝛽 and pro-IL-18. Signal 2 is mediated by PAMPs or DAMPs stimulation and promotes the assembly of NLRP3
inflammasome complex. Three main mechanisms of the NLRP3 inflammasome activation have been proposed. (1) Stimuli can trigger the
production of mitochondrial ROS and then induce the NLRP3 inflammasome activity. (2) Extracellular ATP or bacterial toxins can induce
K+ efflux through the P2X purinergic receptor 7 (P2X7), which leads to the activation of the NLRP3 inflammasome. (3) The phagocytosis of
specific crystalline can cause lysosomal rupture and induce the release of lysosomal contents cathepsin B, which contributes to the activation
and assembly of theNLRP3 inflammasome. Consequently, these trigger the cleavage of procaspase-1 into its active andmature form caspase-1,
which leads to the production of the mature IL-1𝛽 and IL-18.

The initial priming signal, induced by the Toll-like recep-
tor (TLR)/nuclear factor NF-𝜅B pathway, affects NLRP3 at
the transcriptional level and also serves to trigger post-
translational modifications of inflammasome components
[8, 9]. The second signal triggers assembly of the NLRP3
inflammasome complex [10, 11]. The NLRP3 inflammasome
complex can be activated by both exogenous (including infec-
tion, tissue damage, and metabolic dysregulation) [12] and
endogenousmolecules such as extracellular ATP, hyaluronan,
A𝛽 fibrils, and uric acid crystals [13].

For a large number and diversity of NLRP3 inflamma-
some stimuli, it seems unlikely that they all bind to theNLRP3
structure to form the NLRP3 inflammasome. So far, there
have been three mainly mechanisms regarding activation
of the NLRP3 inflammasome, including the generation of
reactive oxygen species (ROS), the efflux of potassium, and
the rupture of lysosomal [14, 15].

2.1. Reactive Oxygen Species (ROS). ROS, mainly associated
with the normal or malfunctioning mitochondria, has been
proved to play a significant role in the activation of NLRP3
inflammasome [16]. Numerous NLRP3 inflammasome acti-
vators are known to trigger mitochondrial ROS production.

A recent study has shown that the thioredoxin-interacting
protein (TXNIP) is a ROS-sensitive regulator of the activation
of NLRP3 inflammasome [17]. The binding of TXNIP to
NLRP3 leads to the activation of NLRP3, the recruitment
of ASC and procaspase-1, and the formation of the active
NLRP3 inflammasome complex [18, 19]. In addition, several
researches suggest that the damage to NADPH oxidase by
mitochondrial ROS can activate the inflammasome [20,

21]. Other studies suggest that NADPH oxidase and the
production of ROS are dispensable forNLRP3 inflammasome
activation, but crucial for IL-1𝛽 secretion [15, 22]. Moreover,
it has been demonstrated that the mitochondria-targeted
antioxidantMito-TEMPO,which targetsmitochondrial ROS,
can inhibit the activation of inflammasome and subsequently
reduce the secretion of IL-1𝛽 and IL-18 [23, 24].

However, ROS activation is not an absolute requirement
for activation of all NLRP3 inflammasomes [25]. Some stud-
ies implicate that mitochondrial ROS mediates the upreg-
ulation of NLRP3 and pro-IL-1𝛽 transcription rather than
the NLRP3 inflammasome activation [26]. Therefore, more
studies are required to understand the precise role of ROS in
regulating NLRP3 inflammasome activation.

2.2. K+ Efflux. Another fully studied mechanism of NLRP3
inflammasome activation is the decrease in the intracel-
lular K+. Several mechanisms underlying the efflux of K+
have been proposed. For example, high extracellular ATP
concentrations can reduce intracellular K+ concentrations
by activating the P2X purinergic receptor 7 (P2X7), which
is considered an important signaling pathway to activate
NLRP3 inflammasomes [27, 28]. Furthermore, a reduction
in intracellular K+ levels was found to be essential for
NLRP3 inflammasome activationwhen triggered by bacterial
infection, MSU crystals, and pore-forming toxins [29, 30].
Another study indicated that inflammasome activation in
response to many NLRP3 activators was effectively inhibited
by K+ channel inhibitor glibenclamide [13]. Recently, the
reduction in intracellular K+ concentration is thought to
be a common pathway for NLRP3 inflammasome complex
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activation. However, themechanisms of how low cytoplasmic
K+ concentration activates inflammasome activation are
needed to further study.

2.3. Rupture of Lysosome. It has also been widely accepted
that the disruption of the lysosomal membrane can result
in NLRP3 activation. lysosome destabilization, caused by the
phagocytosis of specific crystalline and particulate matter,
leads to the release of lysosomal contents [31]. Cathepsin
B, as one of the lysosomal contents, has been proved to
activate the NLRP3 inflammasome. Cathepsin B inhibitor
CA-074-Me was found to partially inhibit NLRP3 acti-
vation [32, 33]. Besides the mechanisms of activation by
endogenous crystalline, the role of environmentally derived
crystals such as asbestos, silica, and aluminum salts has
also been proved in NLRP3 inflammasome activation [34].
In addition, to understand how lysosomal rupture leads to
NLRP3 activation, a recent study found that the TAK1-JNK
pathway, a MAPK signaling pathway, was activated through
lysosome rupture and that this activation was necessary for
the complete activation of the NLRP3 inflammasome [35].
Thus, the lysosome plays an essential role in the activation
of the NLRP3 inflammasome. Further understanding of the
mechanism is needed in future.

2.4. Other Activators. Despite the former three mecha-
nisms regarding activation of the NLRP3, it is becoming
increasingly clear that one signal alone is insufficient to
induce inflammasome activation [16]. Several other path-
ways have been revealed to explain the mechanisms by
which diverse stimuli activate the NLRP3 inflammasome
complex. Recently, it has been reported that Ca2+ mobi-
lization mediated mitochondrial damage and dysfunction
can also activate the NLRP3 inflammasome [36, 37]. In
addition, mitochondria-associated cardiolipin is required for
recruitment and activation of the NLRP3 inflammasome
[38]. Moreover, some studies elucidated the contribution
of the mitochondrial antiviral signaling protein (MAVS) in
NLRP3 inflammasome activation [39, 40]. It has also been
reported that infection with RNA virus initiates assembly
of the RIP1–RIP3 complex, which promotes activation of
the GTPase DRP1 and its translocation to mitochondria to
drive mitochondrial damage and activation of the NLRP3
inflammasome [41].

2.5. Negative Regulation. Despite the multiple positive regu-
lation contributed to the activation of NLRP3 inflammasome,
negative regulation is also necessary to maintain appropriate
induction of inflammasome function.

Recent studies have indicated that autophagy can act
as a negative regulator of NLRP3 inflammasome activation
by removing sources of endogenous NLRP3 inflammasome
agonists [42, 43], suppressing of IL-1𝛽 secretion [44], and
degrading inflammasome components, such as NLRP3 and
ASC [45, 46]. And also inhibition of autophagy by 3-
methyladenine (3-MA) can promote the activation of the
NLRP3 inflammasome [47]. Additionally, nitric oxide (NO)
downregulates NLRP3 activation through enhancing the

removal of the dysfunctional mitochondria and preventing
assembly of the inflammasome [48, 49]. Moreover, type I
IFNs inhibit the NLRP3 inflammasome in both the priming
signal and the activation signal [50]. Other forms of negative
regulation, such as the roles of microRNAs and bacterial
and viral mechanisms, have been detailed in recent reviews
[8, 51].

Considering the recent findings of activation and regu-
lation of the NLRP3 inflammasome, further understanding
of these molecular mechanisms and signal pathways may be
helpful in designing potential therapeutics to prevent inflam-
matory diseases associated with the NLRP3 inflammasome.

3. NLRP3 Inflammasome and CNS Diseases

Recently, an increasing number of studies have been inves-
tigating the underlying role of NLRP3 inflammasome in the
central nervous system.The NLRP3 inflammasome has been
proved to express in diversity of cells such asmicroglia, astro-
cyte, neuron, and endothelial cell [52–55] and in different
kinds of diseases such as traumatic brain injury, stroke, brain
tumor, neurodegenerative disease, and others.

3.1. NLRP3 Inflammasome and Traumatic Brain Injury. Trau-
matic brain injury (TBI), caused by physical force to the
brain tissue, initiates a primary insult and secondary cascade
of events. The primary insult results in direct neuronal
loss and necrotic death, which is then followed by a wave
of injury cascades including excitotoxicity, oxidative stress,
mitochondrial dysfunction, blood-brain barrier disruption,
and inflammation [56]. Numerous studies laid emphasis on
the role of inflammatory response among the components of
the secondary brain injury [57, 58].

The significant increasing of IL-1𝛽 and IL-18 after exper-
imental TBI has been demonstrated [59]. Recently, a study
found that TBI could induce assembly of NLRP3 inflam-
masome complex, expression of ASC, activation of caspase-
1, and processing of IL-1𝛽 and IL-18. It may be possible
that NLRP3 inflammasome is a promising therapeutic target
for patients with TBI [60]. Similar to NLRP3, NLRP1 has
also been proved as an important component of the innate
inflammatory response after TBI. TBI induced assembly of
the NLRP1 inflammasome, cleavage of X-linked inhibitor
of apoptosis protein (XIAP), activation of caspase-1, and
processing of IL-1𝛽 [61]. Another study showed that TBI
patients with higher levels ofNLRP1 in the cerebrospinal fluid
(CSF) had a worse outcome than that with a lower expression
of NLRP1 [62]. NLRP1 and NLRP3may work together to play
a role in the inflammation after TBI and serve as candidate
therapeutic targets in TBI [4]. However, the relationship
between those two inflammasomes needs further study.

Although the studies indicated a correlation between
enhanced inflammasome expression and TBI pathology, the
potential functional role that inflammasomemay play in TBI
remains to be directly demonstrated. Therefore, inflamma-
tory response, especially in the postinjury period of TBI, is
an important therapeutic target for reducing the neurological
dysfunction and improving the outcome.
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3.2. NLRP3 Inflammasome and Ischemia Stroke. Stroke is
regarded as a severe disorder with high mortality and
long-term disability. Clinically, stroke can be classified into
ischemic stroke and hemorrhagic stroke. Ischemic stroke
commonly accounts for approximately 80% of all stroke
cases while hemorrhagic stroke accounts for approximately
20% [63]. The mechanisms responsible for ischemic stroke-
induced neuronal cell death include bioenergetic failure,
oxidative stress, excitotoxicity, apoptosis, and inflammatory
process [64–66].

Recently, the increasing number of evidences has indi-
cated that inflammatory mechanism fundamental to the
innate immune system may contribute to the death of neu-
ronal and glial cell during cerebral ischemia [67].TheNLRP3
inflammasome has been proved to play an important role
in detecting cellular damage and mediating inflammatory
responses to tissue injury during ischemic stroke. Hence,
targeting pathways upstream and downstream of NLRP3
inflammasome signaling may offer substantial promise in
developing new therapeutics for stroke [68].

A study found the neuroprotective effects of intravenous
immunoglobulin (IVIg), which could significantly reduce
the levels of NLRP3 inflammasome proteins as well as IL-
1𝛽 and IL-18 during simulated ischemia in vitro and in
a mouse model of focal ischemic stroke [69]. Another
study showed that intermittent fasting (IF) could contribute
to reducing expression of NLRP1 and NLRP3 inflamma-
some and the precursors of IL-1𝛽 and IL-18 in a mouse
model of focal ischemic stroke by suppressing the activa-
tion of NF-𝜅B and MAPK pathway [70]. More evidence
showed that, in neuronal cells, oxygen-glucose depriva-
tion (OGD) could induce the accumulation of dsRNA to
prime the NLRP3 and proinflammatory cytokines produc-
tion, which were involved in the inflammatory progres-
sion and injuries of cerebral ischemia [71]. These suggest
that targeting NF-𝜅B pathway and transcriptional level
may provide a therapeutic effect on inflammasome expres-
sion and activity during cerebral ischemia. Recently, the
research targeting TXNIP/NLRP3 inflammasome activation
is also a hotspot. A study indicated that Umbelliferone
(UMB) suppressed the inflammatory cytokines production
through the inhibition of TXNIP/NLRP3 inflammasome
activation [72]. Another study showed that curcumin inhib-
ited TXNIP/NLRP3 inflammasome activation by suppress-
ing endoplasmic reticulum stress and thereby protected
neuronal cell survival from glutamate neurotoxicity after
ischemic insult [73]. In addition, one study demonstrated that
pharmacological inhibition by using resveratrol or genetic
deletion of TXNIP attenuated brain infarction and neuro-
logical outcome in mice embolic mode via restoring redox-
balance and inhibition of TXNIP-NLRP3 inflammasome
activation [74]. Moreover, there are also researches targeting
inflammasome componentsNLRPs, ASC, and caspase-1. One
study demonstrated that estrogen and progesterone could
regulate ASC and NLRP3 at the protein level and reduce
the expression of inflammasome components in the transient
focal rat ischemic model [53]. In addition, Bruton’s tyrosine
kinase (BTK) regulated activation of the NLRP3 inflamma-
some by interacting with NLRP3 and ASC [75]. Another

study found that A151, a synthetic oligodeoxynucleotide,
attenuated ischemic brain injury by reducing the matura-
tion of caspase-1 and IL-1𝛽 and the production of NLRP3
[76].

Therefore, numerous studies have focused on the expres-
sion, activity, and products of NLRP3 inflammasome, which
may discover potential therapeutics for ischemia stroke.
However, there are still many underlying mechanisms of the
inflammasome remained to investigate.

3.3. NLRP3 Inflammasome and Hemorrhagic Stroke. Sponta-
neous intracerebral hemorrhage (ICH), as one type of hem-
orrhagic stroke, is also a devastating disease with high mor-
bidity and mortality [77]. The mechanisms responsible for
neurological dysfunction after ICH include hematoma for-
mation, brain edema, inflammation, andmicroglia activation
[78–81]. Accumulating evidence indicates that inflammatory
mechanism, especially the role of NLRP3 inflammasome, is
involved in the pathophysiology of ICH [82].

In a mouse model of ICH, Ma et al. found the role
of NLRP3 inflammasome in contributing to ICH-induced
inflammatory activation. The mPTP inhibitor (TRO-19622)
and mitochondria ROS scavenger (Mito-TEMPO) were used
in the study to indicate the mechanism of mitochondria
ROS inNLRP3 inflammasome activation [24].The inhibition
of P2X7R pathway by using blue brilliant G (BBG) could
be a potential therapeutic target for secondary brain injury
after ICH [83]. Additionally, a recent study found that a
recombinant adenovirus encoding NLRP3 RNAi attenuated
inflammation in ICH [84]. Moreover, another study iden-
tified miR-223 suppressed NLRP3 production by directly
binding to its 3UTR, which reduced neuronal inflammation
and improved neuronal function after ICH [85]. Recent
studies have revealed new information on the NLRP3 inflam-
masome during ICH, and the NLRP3 inflammasome may be
a promising therapeutic target in ICH patients.

Subarachnoid hemorrhage (SAH), as another type of
hemorrhagic stroke, is associated with a high mortality and
morbidity [86, 87]. Recently, increasing evidence has empha-
sized the role of early brain injury (EBI) associated with
the poor outcome of SAH patients [88–91]. The underlying
mechanisms include a reduction in cerebral blood flow,
increased intracranial pressure, oxidative stress, apoptosis,
and inflammation [92]. NLRP3 inflammasome has been
proved a key component of inflammatory response in the
pathophysiology of SAH.

A recent study made the observation that treatment
with minocycline in a rat SAH model could inhibit NLRP3
inflammasome activation and attenuate brain edema in EBI
after SAH. This effect may be associated with the reduction
of mitochondrial ROS [93]. Another study demonstrated the
downregulating role of hydrogen-rich saline (HS) treatment
in the activation of NLRP3 inflammasome via inhibiting NF-
𝜅B pathway after SAH [94]. In addition, the neuroprotection
role of melatonin treatment has been proved in the EBI fol-
lowing SAH by inhibiting NLRP3 inflammasome activation
and NLRP3-associated apoptosis [95].

An increasing number of studies focus on the role of
NLRP3 inflammasome in inflammatory response after SAH.
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These studies may provide a promising therapeutic choice for
patients with SAH.

3.4. NLRP3 Inflammasome and Brain Tumor. In recent years,
the important role of NLRP3 inflammasome in carcinogene-
sis and tumor progression has been reported. A number of
endogenous and exogenous stimuli can behave as tumor pro-
moters by inducing chronic inflammation and consequently
provide signals for inflammasome activation in cancer [96].
And NLRP3 inflammasome is also reported to suppress the
function of natural killer cell in controlling carcinogenesis
and metastases [97]. Moreover, NLRP3 inflammasome plays
a significant role in tumor control by recruiting neutrophils,
which may provide a prognostic marker and promising
therapeutic target in cancer patients [98].

In CNS, malignant glioma is the most common pri-
mary brain tumors with poor prognosis. Increasing evidence
indicates the crucial role of innate immunity and chronic
inflammation in carcinogenesis and tumor progression [99–
101]. And the role of NLRP3 inflammasome in glioma has
also been described. NLRP3 inflammasome can active in
glioblastoma multiforme (GBM) cells constitutively [102].
NLRP3 inflammasome can also be activated by different
signals in different types of cells [54, 55, 103]. Moreover,
by using a mouse glioblastoma model, it has been proved
that the inhibition of NLRP3 can reduce tumor growth and
prolong the survival of mouse following IR treatment. They
demonstrated that NLRP3 inflammasome was a molecular
link between brain aging and progression of glioma and
radiotherapy resistance [104].

The NLRP3 gene signature may serve as a promising
biomarker in glioma patients. However, the potential mecha-
nism ofNLRP3 inflammasome in the progress of brain tumor
has not been totally understood. More studies are needed in
understanding the character of inflammasome and exploring
therapeutic potential in brain cancer.

3.5. NLRP3 Inflammasome and Neurodegenerative Diseases.
Recent researches have indicated that innate immune acti-
vation and neuroinflammation may be involved in various
neurodegenerative diseases, such asAlzheimer’s disease (AD)
and Parkinson’s disease (PD). There is increasing evidence
that sustained inflammatory responses may contribute to
disease progression. It can not only be a consequence but also
be a trigger of pathology [105]. Neuroinflammatory cascades
rely on the activation of NLRP3 inflammasome, which has
been proved crucial in neurodegenerative diseases.

AD is the most prevalent form of dementia. Extensive
evidence has indicated that IL-1𝛽 and IL-18 may contribute
to the pathogenesis of AD and cause cognitive impairment
[106, 107]. The pathogenesis of AD involves extracellular
accumulation of amyloid-𝛽 (A𝛽) in senile plaques [108]. It has
been demonstrated that the toxicity ofA𝛽 can activateNLRP3
inflammasome, process IL-1𝛽 and IL-18, and eventually
induce AD pathology and tissue damage. Moreover, in AD
transgenic mouse model, the inhibition of NLRP3 can largely
protect memory loss and decrease A𝛽 deposition, which
provides a possibility of AD therapy by targeting NLRP3
inflammasome [109].

PD is another common degenerative disease with two
main pathological hallmarks: progressive loss of dopaminer-
gic neurons in substantia nigra and accumulation of Lewy
body in neurons [110]. Lewy body is mainly composed of
the presynaptic protein 𝛼-synuclein (𝛼-syn), which has been
proved to be a significant role in NLRP3 inflammasome
activation and PD pathogenesis [111, 112]. And it also provides
a therapeutic possibility for PD.

In addition, numerous researches have revealed the role
of NLRP3 inflammasome in many other neurodegenera-
tive diseases such as frontotemporal dementia, amyotrophic
lateral sclerosis (ALS), Huntington’s disease, and multiple
sclerosis (MS) [105, 113].The innate immune activation could
be an early cause in neurodegenerative diseases and this indi-
cates that anti-inflammatory therapies could be a promising
treatment approach.Although the inhibition of inflammation
may not alter the underlying cause of disease, it may reduce
the production of factors involved in neurotoxicity and
consequently result in clinical benefits.

3.6. NLRP3 Inflammasome and Other CNS Diseases. It has
been widely accepted that neuroinflammation is involved in
the epileptogenesis by promoting neuronal excitability and
decreasing seizure threshold [114]. The role of the NLRP3
inflammasome in status epilepticus (SE), one of the most
serious types of epilepsy, has been proved. In SE rat model,
the expression of NLRP3 inflammasome was promoted,
which could activate caspase-1 signaling and contribute
to neuroinflammation and epileptogenesis. The inhibition
of NLRP3 inflammasome may play a neuroprotective role
against neuroinflammation and neuronal damage followed
by SE [115].

In addition, increasing evidence shows that the NLRP3
inflammasome is also involved in microbial infections in
CNS. Microglial cells constitute the first defense line of the
CNS against microbial invasion [116]. A study of Jamilloux
et al. found that microglial cells detected that legionella
pneumophila could lead to the activation of inflammasome
[117]. And another study showed that NLRP3 knockout
mice infected with pneumococcal meningitis could present
decreased scores of disease severity and brain inflammation
[118]. Moreover, another study found the expression of
NLRP3 and IL-1𝛽 changed in the brain of avian influenza
virus H9N2 infected mice. This study indicated the role of
NLRP3 inflammasome in host response to influenza virus
infection and the outcome of pathological injury and clinical
manifestation [119]. In general, inhibiting inflammasome
activation might be a promising target for microbial infec-
tion diseases. Besides, many other CNS disorders, such as
prion diseases, experimental autoimmune encephalomyelitis
(EAE), are associated with the activation of NLRP3 inflam-
masome [120, 121]. Further studies are aimed at providing
new therapeutic choices for all these disorders.

4. Conclusion

In this review, we have elaborated on the mechanisms
involved in the activation and regulation of NLRP3 inflam-
masome. In addition, we collected the recent researches on



6 Journal of Immunology Research

the role of NLRP3 inflammasome in CNS diseases. The
exact molecular mechanisms on the assembly, activation,
and regulation of NLRP3 inflammasome are required to
be further examined, which are very important for NLRP3
inflammasome to be as a novel therapeutic strategy in CNS
disorders.
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Ovarian cancer (OVCA) mainly disseminates in the peritoneal cavity. Immune functions are important to prevent OVCA
progression and recurrence.The mechanism of immunosuppression, a hallmark of tumor progression, is not well understood.The
goal of this study was to determine the immune system’s responses and its suppression during OVCA development and progression
in hens. Frequencies of CD8+ T cells and IgY-containing cells and expression of immunosuppressors including IRG1 and DR6 in
OVCA at early and late stages in hens were examined. Frequencies of stromal but not the intratumoral CD+8 T cells and IgY-
containing cells increased significantly (𝑃 < 0.01) during OVCA development and progression. Tumor progression was associated
with increased expression of IRG1 and DR6 and decreased infiltration of immune cells into the tumor. Frequency of stromal but
not intratumoral immune cells increases during OVCA development and progression. Tumor-induced IRG1 and DR6may prevent
immune cells from invading the tumor.

1. Introduction

Ovarian cancer (OVCA) is a fatal malignancy in women with
high case-to-death ratio [1]. The rate of survival of OVCA
patients is remarkably high when it is detected at an early
stage as compared with late stages [2, 3]. Due to the non-
specificity of symptoms at early stage and the lack of an early
detection test, OVCA in most cases is detected at late stages
with a 5-year survival rate of patients of <20% as opposed
to >90% when detected at an early stage [3]. Moreover,
development of resistance to currently available chemother-
apeutics and frequent recurrence of OVCA contribute to the
poor prognosis of the disease. Thus, aggressive growth rates
together with ineffective conventional chemotherapeutics
and subsequent recurrence are associated with high rates of
death of OVCA patients. Therefore, information on factors
associated with tumor survival, progression (metastasis),
and recurrence is critical for designing the interventional

strategies to prevent the high rate of death associated with
OVCA.

During the process of malignant transformation, devel-
oping tumors express neoantigens. These neoantigens are
considered as “foreign” by the body’s immune system; as
a result, it elicits immune responses against a growing
tumor. However, spontaneous rejection of an established
tumor is rare, suggesting inefficacy of the immune system
in eradicating a tumor and/or existence of a condition for
suppression of antitumor immune function [4]. Ovarian
tumors, in contrast to other solid tumors, progress mainly
through local diffusion, in addition to systemic dissemina-
tion, and immune cells in the tumor microenvironment play
critical roles in preventing tumor progression or metastasis.
However, as the tumor continues to grow, it may induce
factors required to suppress antitumor immunity in the local
tumor microenvironment. Immunosuppression induced by
ovarian tumors is poorly understood. Thus, information on
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tumor-induced factors associated with immunosuppression
is essential for defining the interventional strategies required
for the prevention of tumor metastasis and recurrence.
Emerging information suggests that death receptor 6 (DR6)
is an immunosuppressive factor shown to be secreted by
malignant cells in several cancers. Death receptor 6 is a
member of the tumor necrosis factor 𝛼 receptor superfamily
21 (TNFRSF21) [5, 6].

In contrast to othermembers of TNFRSF, increased tissue
expression of DR6 has been reported in association with the
progression of cancers of several organs [7]. An increased
expression of DR6 was reported to be associated with the
progression of prostate cancer [7]. On the other hand,
increase inDR6 gene expressionwas not observed in lung and
colorectal cancer cell lines. Thus, changes in DR6 expression
may vary in relation to the sites of malignancies. Information
on the changes in DR6 expression by ovarian malignant
cells in patients during OVCA development, progression,
and recurrence is not known. Monocytes are an important
member of the innate immune system, and DR6 has been
suggested to stimulate switching normal differentiation of
monocytes into immature dendritic cells (iDCs) in lieu of
mature dendritic cells (mDCs) [8]. Immature dendritic cells
are involved in the induction of tolerance [9]. Furthermore,
DR6 has also been suggested to be immunosuppressive as it
is involved in the inhibition of proliferation and migration of
T and B cells. Thus, it is possible that expression of DR6 by
ovarian malignant cells may be involved in the induction of
immunosuppression aiding tumor survival, progression, and
recurrence [10].

Increase in serum levels of DR6 was associated with
late stage OVCA patients [11, 12]; however, changes in DR6
expression during ovarian malignant transformation and
early stage OVCA are not known. Difficulty in identification
of patients at early stage and access to them is a significant
barrier to study the association of DR6 with OVCA-induced
immunosuppression. Rodents do not developOVCA sponta-
neously and inducedOVCA differs from spontaneous OVCA
both in histological types and in the mode of dissemination.
In contrast, laying hens develop OVCA spontaneously with
similarities in histopathology together with high rates of
incidence [13, 14]. Similarities between hens and humans also
exist in reproductive physiology including endocrine regu-
lation of ovarian functions. Moreover, laying hens are also a
model of the consequence of incessant ovulation and OVCA
development [15]. In addition, OVCA in laying hens has been
shown to express several markers including DR6 similarly
expressed in human OVCA [16–18]. Furthermore, laying
hens have contributed immensely to our understanding of
the immune system [19]. Thus, the goal of this exploratory
study was to examine (1) whether cell mediated cytotoxic and
humoral immune function in the ovary changes in response
to spontaneous ovarian tumor development and progression
and (2) whether ovarian tumor progression is associated with
tumor-induced suppression of antitumor immune function.

2. Materials and Methods

2.1. Animals. Four-year-old commercial strains of White
Leghorn laying hens (𝑛 = 120) reared under standard

husbandry practices were selected based on their status of
egg laying including cessation or low rates of egg laying as
reported previously [20]. Rate of incidence of spontaneous
OVCA in hens of this age group is ∼20% and is accompanied
with low or complete cessation of egg laying [21, 22]. All
husbandry and experimental procedures were performed
according to the institutional animal care and use committee
(IACUC) approved protocol.

2.2. Collection and Processing of Tissues

2.2.1. Serum Samples. Blood samples were collected from
wing veins (brachial veins) of all hens before sacrifice and
centrifuged (1,000×g, 10min). Sera were separated and
aliquots were stored at −80∘C for later use.

2.2.2. Ovarian Tissue Sample. Normal ovarian tissues or
ovaries with tumors were collected following euthanasia.
Gross examination of hens was performed for abnormal pre-
sentation of various organs including ovaries and oviducts.
Presence of ovarian tumors and their stages were classified
based on the extent of dissemination of the disease including
the presence or absence of ascites as reported earlier [13].
When solid mass was present both in the ovaries and in
the oviducts, inner layers of oviduct tissues were examined
to determine the presence of any solid mass. Hens with
solid mass appearing in the inner side of the oviducts
were discarded from the study. Tissues from normal ovaries
or malignant ovaries were divided into four portions for
paraffin and frozen sections as well as protein and total RNA
collection. Paraffin embedded tissues were used for routine
histology to determine the histological types of ovarian
cancer while both paraffin and frozen sections were used
for immunohistochemical studies as reported previously
[22]. In addition to tumor tissues, normal ovarian surface
epithelial (OSE) cells or ovarian malignant epithelial cells
were collected as reported earlier [23, 24]. Collected samples
were classified into 3 groups including normal, early stage
OVCA, and late stage OVCA based on gross examinations
and routine microscopy as previously reported [13].

2.3. Processing of Ovarian Samples for Proteomic Studies. Col-
lected snap frozen tissues (mentioned above) were homoge-
nized using a Polytron homogenizer (Brinkman Instruments,
Westbury, NY) as reported previously [21] and centrifuged.
Following centrifugation, supernatants were collected; their
protein contents were measured and stored at −80∘C for later
use.

2.4. Immunohistochemistry. Rabbit polyclonal anti-DR6,
anti-CD8, anti-IgY, and anti-IRG1 (immune responsive gene
1 protein) antibodies were used as primary antibodies and
immunoreactions were determined using Vectastain Elite
ABC kit (Universal, RTU, Vector Lab Inc., Burlingame,
CA). Normal or malignant ovaries [normal, early, and
late stages] were used for immunohistochemical study as
determined by the power analysis to achieve significant
differences in different parameters among hens of different
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pathological groups. For determination of CD8 T cells and
IRG1 expression, frozen sectionswere used as reported earlier
[25, 26]. Control staining was carried out simultaneously in
which the first antibodies were omitted and normal serum
was used. No staining was found in these control slides.
Sections were then examined under a light microscope
attached to digital imaging software (MicroSuite version
5; Olympus Corporation, Tokyo, Japan). The intensities
of IRG1 and DR6 staining as well as the frequencies of
CD8+ T cells and IgY-expressing cells in different groups
including normal and OVCA hens were determined. Three
sections per ovary and 5 regions of interest with the highest
immunoreactivity (ROI, 20,000𝜇m2/region at ×40 objective
and ×10 ocular magnification) per section were selected.
Using the software, the intensity of the IRG1 and DR6
immunostaining in each region was measured and recorded
as arbitrary values in 20,000𝜇m2 of the tissue as reported
previously [27]. The mean of arbitrary values of these 5
regions in a section was considered as the intensity of IRG1
and DR6 in 20,000𝜇m2area of tissue. The mean intensity
of 3 sections was considered as the IRG1 and DR6 staining
intensity in 20,000𝜇m2 area of each normal or malignant
ovary. The group-wise IRG1 and DR6 staining intensity
(normal or tumor groups) was expressed as mean ± SEM in
20,000𝜇m2 area of tissue in normal or malignant groups.
Similarly, using the same software, the frequencies of CD8+
T cells and IgY-expressing cells in the sections were counted
and reported as the average frequency (mean ± SEM) cells in
20,000𝜇m2 area of the tissue as reported previously [27–29].

2.5. One-Dimensional (1D)Western Blot. Ovarian expression
of IRG1 and DR6 was confirmed by immunoblotting using
homogenates of normal (𝑛 = 5) or malignant ovaries
at early and late stages. Representative samples of serous,
endometrioid, and mucinous carcinoma at early and late
stages of OVCA were selected for immunoblotting based on
their immunoreactivity for IRG1 and DR6 in immunohis-
tochemistry. 𝛽-actin was used as control for determining
changes in protein expression relative to disease status.
Immunoreactions on the membrane were visualized as a
chemiluminescence product (Super Dura West substrate;
Pierce) and the images were captured using ChemiDoc XRS
(Bio-Rad) [21].

2.6. Reverse Transcription-Polymerase Chain Reaction (RT-
PCR). IRG1 and DR6 mRNA expression was assessed by
semiquantitative RT-PCR as reported previously [30]. For
RT-PCR analyses, representative tissue samples from nor-
mal, early stage, and late stages of OVCA hens were
selected based on their reactivity in immunohistochemistry
and immunoblotting. Chicken-specific DR6 primers were
designed by OligoPerfect Designer software (Invitrogen,
Carlsbad, CA) using the DR6 sequence from the NCBI
(accession number A1980074) as reported earlier [18, 31].The
forward primer was 5-GAT GGA GGA CAC CAC GCC-3
and the reverse primer was 5-TCG GGG TTG AGG ATG
TGC-3. 𝛽-actin was used as the endogenous control with
a forward primer of 5-TGCGTGACATCAAGGAGAAG-3

and a reverse primer of 5-ATGCCAGGGTACATTGTGGT-
3. The expected base pair size for the DR6 amplicon
was 384 bp and for 𝛽-actin was 300 bp. PCR ampli-
cons were visualized in a 3% agarose gel (Pierce/Thermo
Fisher, Rockford, IL, USA) in TAE buffer and stained
with ethidium bromide. The image was captured using a
ChemiDoc XRS system (Bio-Rad, Hercules, CA). Similarly,
for IRG1 mRNA expression, the forward primer was 5-
GAAGCGGCTTGCTTAGCATC-3 and the reverse primer
was 5-TCCAACAGCCAGGGATAGGA-3.

2.7. Statistical Analysis. The differences in the frequency of
CD8+ T cells and IgY-expressing cells as well as in the inten-
sity of IRG and DR6 immunostaining in normal ovaries and
malignant ovaries were assessed by ANOVA, 𝐹-tests, and the
alternative nonparametric Kruskal-Wallis tests. Subsequently,
pairwise comparisons between the groups (normal, early,
and late stage OVCA) by two-sample 𝑡-tests and alternative
Mann-Whitney tests were performed. Statistical analyses
were performed using GraphPad Prism software (GraphPad
Software Inc., San Diego, CA). Data are presented as mean +
SEM and 𝑃 < 0.05 was considered as statistically significant.

3. Results

3.1. Ovarian Gross Morphology. In contrast to the 5-6 pre-
ovulatory follicles in a fully functional ovary of a 1-2-year-
old young laying hen, the ovary in an apparently healthy
4-year-old hen with low egg laying rate contains 2-3 large
preovulatory follicles (Figure 1(a)). On the other hand, the
ovary in an apparently healthy hen that ceased or stopped
laying becomes atrophied or regressed without any develop-
ing follicle resembling a postmenopausal ovary in a woman
(Figure 1(b)). The atrophy of the ovary is accompanied with
the atrophy of the oviduct. Of 120 hens, solid masses were
observed in 22 hens. Tumors in 8 of these hens were limited
either to a small area or to the entire ovary, with little or no
accompanying ascites. These hens were diagnosed to have
early stage OVCA (Figure 1(c)). In the remaining 14 hens,
the tumor metastasized to distant organs accompanied with
profuse ascites. These hens were diagnosed to have late stage
OVCA (Figure 1(d)).

3.2. Microscopic Evaluation. In normal ovaries, ovarian
stroma consists of embedded cortical follicles of various
sizes containing developing granulosa cell layer and theca
layers (Figure 2(a)). The medulla consists of large and
smaller vascular tissues located at the center of the ovary.
Histological presence of tumors was confirmed by micro-
scopic examination in hens that had solid masses detected
at gross examination following euthanasia (Figures 2(b)–
2(d)). However, microscopic malignant features including
large cells with pleomorphic nuclei arranged in focal lesions
were also detected during histological examinations in 2
additional hens without any grossly detectable solid tumor
mass and were considered as early stage OVCA. Overall, 10
(8 + 2) hens had early stage and 14 hens had late stage OVCA.
No abnormality was detected in the remaining 96 hens.
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Figure 1: Gross presentation of spontaneous ovarian cancer (OVCA) in hens. (a) Ovary (OV) of a normal old laying hen showing few large
preovulatory follicles (F1 and F2) and small developing follicles.The oviduct (OD) appears to be functional and no abnormalities are detected.
(b) Ovary of a hen out of lay without large follicles. Both the ovary and the oviduct regressed remarkably. (c) Early stage OVCA in a hen.
Tumor limited to the ovary with little ascites (∗). (d) Late stage OVCA in a hen accompanied with profuse ascites (∗). Tumor metastasized
to other organs (arrows indicate examples of tumor metastasis).

Following microscopic examinations, tumors were classified
histopathologically as reported previously [13] and 10 hens
had serous, 8 had endometrioid, and 4 had mucinous OVCA
while 2 had mixed (1 seromucinous and 1 endomucinous)
OVCA.

3.3. Enumeration of CD8+ T Cells and IgY-Containing Cells.
In normal ovaries, immunopositive CD8+ T cells were local-
ized in the ovarian stroma and theca of the stromal embedded
follicle (Figure 3(a)). In the ovaries with tumors, CD8+T cells
were seen in the tumor stroma (spaces in between the tumor
cores). Compared with the ovarian stroma in normal hens
(Figure 3(a)), more CD8+T cells were observed in the stroma
of ovaries with tumors at early stage (Figure 3(b)) and late
stage (Figure 3(c)) OVCA. In addition, fewCD8+T cells were
also seen to be infiltrating into the tumor nests.

The population of CD8+ T cells was counted separately
by their localization as stromal (stroma of the normal ovaries
or ovaries with tumor) and intratumoral including those
infiltrating into the tumor nests. The mean frequency of
CD8+T cells in the stroma of normal henswas approximately
6.0 ± 1.30 (mean ± SEM) cells in 20,000 𝜇m2 of the tissue.
Compared with normal hens, the mean frequency of CD8+ T

cells was significantly greater (mean ± SEM = 18 ± 1.80 cells,
𝑃 < 0.01) in the tumor stroma at early stage and increased
further in the stroma of tumors at late stage OVCA (mean ±
SEM = 26 ± 1.83 cells, 𝑃 < 0.05) in 20,000𝜇m2 of the tissue
(Figure 4(a)). The mean frequency of intratumoral CD8+
T cells in hens with early stage OVCA was 5 ± 1.30 (mean
± SEM) cells in 20,000𝜇m2 area of the tissue. Although,
compared with hens with early stage OVCA, the frequency
of stromal CD8+ T cells was higher in hens with late stage
OVCA, the mean frequency of intratumoral CD8+ T cells in
late stage OVCA (mean ± SEM = 6 ± 1.35 cells in 20,000𝜇m2
area of the tissue) did not increase significantly (𝑃 < 0.4)
(Figure 4(b)).

Similar to CD8+ T cells, IgY-containing cells were also
localized in the stroma (normal ovaries or ovaries with
tumor) as well as in the theca of stromal follicles in normal
hens and in the nests of the tumor (intratumoral infiltration)
in OVCA hens at early and late stages (Figures 5(a)–5(c)).
The mean population of IgY-containing cells in the tumor
stroma was significantly (𝑃 < 0.0001) high in OVCA hens
at early stage (mean ± SEM = 21 ± 2.35 cells in 20,000𝜇m2
area of the tissue) compared with the stroma of the normal
hens (mean ± SEM = 7 ± 1.10 cells in 20,000 𝜇m2 area
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Figure 2: Observed histologic subtypes of spontaneous ovarian cancer in hens. (a) Section of normal ovary showing a cortical follicle
embedded in the stroma. (b) Ovarian serous carcinoma showing a sheath-like structure containing cells with large pleomorphic nuclei and
mitotic bodies. (c)Ovarian endometrioid carcinoma showing back-to-back confluent tumor (Tu) glands consisting of a single layer of cuboidal
epithelial cells with sharp luminal margin. (d) Ovarian mucinous carcinoma showing the tumor with crowded glands containing very thin
intervening stroma.The tumor contains a columnar layer of intercalated ciliated goblet cells with abundant mucin-like luminal secretion (∗).
G and T: granulosa and theca layers of follicle (F); S: stroma; Tu: tumor. H&E, 40x.

of the tissue) and increased further in hens with late stage
OVCA (mean ± SEM = 35 ± 2 cells in 20,000𝜇m2 area of
the tissue) (Figure 6(a)). Although the frequency of stromal
IgY-containing cells increased as theOVCAprogressed to late
stages, the intratumoral influx of IgY-containing cells was not
significantly (𝑃 < 0.10) different between the early (mean ±
SEM = 8±1.10 cells in 20,000𝜇m2 area of the tissue) and late
stage (mean ± SEM = 9 ± 1.07 cells in 20,000𝜇m2 area of the
tissue) OVCA (Figure 6(b)).

3.4. Expression of Immune Responsive Gene 1 (IRG1) Protein.
Malignant cells in ovaries with tumor showed strong staining
for IRG1; however, IRG1 expression was very occasional
and weak in the stroma of normal ovaries (Figures 7(a)–
7(c)). Immunoblotting for IRG1 expression by homogenates
from whole normal or malignant ovaries confirmed the
immunohistochemical expression of IRG1. Immunoblotting
detected a band of 50 kDa for IRG1 in all groups (Figure 7(d)).
As observed in immunohistochemistry, stronger immunore-
active bands for IRG1 were observed for the homogenates
of ovaries with tumor than for normal ovaries. Similarly,
compared with the normal hens, strong amplification of
signals for IRG1 mRNA expression was observed in the
ovarian extracts from hens with early and late stages of

OVCA (Figure 7(e)) as observed by the immunoreactivities
in immunohistochemistry and immunoblotting.

Compared with normal ovaries (mean ± SEM= 27 × 105±
1.60 × 105 in 20,000𝜇m2 area), the mean intensity of IRG1
expression in early stage OVCA was significantly high (mean
± SEM = 35 × 105± 3.1 × 105 in 20,000𝜇m2 area, 𝑃 < 0.01)
and increased further in late stage OVCA (mean ± SEM = 75
× 105± 19.50 × 105 in 20,000𝜇m2 area, 𝑃 < 0.02) (Figure 8).
Significant differences were not observed in the expression
of IRG1 among different histological types including serous,
endometrioid, and mucinous OVCA at early and late stages.

3.5. Expression of DR6. Intense expression of DR6 was
detected in the malignant cells in ovaries with tumor at
early and late stage OVCA while few OSE cells in normal
ovaries showed weak to moderate staining for DR6 (Figures
9(a)–9(c)). Immunohistochemical expression of DR6 by
the normal ovaries and ovarian tumors was confirmed by
immunoblotting using homogenates from whole normal or
malignant ovaries. Similar immunoreactions with a band size
of 60 kDa were detected in the tissue homogenates (Fig-
ure 9(d)). As observed in the immunohistochemical study,
compared with normal ovaries, intense immunoreactions
for DR6 were detected in malignant ovaries. Compared
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Figure 3: Localization of CD8+ T cells in hen ovaries with or without tumors. (a) Normal ovary showing CD8+ T cells. (b-c) Ovarian tumors
at early and late stages showingmore CD8+ T cells in tumor stroma. Few CD8+ T cells are seen to invade the tumor. Although influx of CD8+
T cells into the stroma increased with OVCA progression, intratumoral population of CD8+ T cells did not increase. Black and red arrows
indicate examples of stromal and intratumoral CD8+ T cells, respectively. Dotted lines indicate the tumor. G and T: granulosa and theca of
follicle (F); S: stroma; Tu: tumor; 40x.
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Figure 4: Changes in the frequency of CD8+T cells in the ovaries of hens during the development and progression of ovarian cancer (OVCA).
(a) Compared to the normal, frequency of CD8+ T cells was significantly greater (𝑃 < 0.01) in the stroma of the tumor at early stage and
increased further in late stage OVCA. (b) In contrast to the influx of stromal CD8+ T cells, the frequency of the intratumoral CD8+ T cells
did not increase significantly during OVCA progression to late stage. Bars with different letters indicate significant differences in CD8+ T
cells among hens of different pathological groups.

with the normal hens, strong amplification of signal for
DR6 mRNA (Figure 9(e)) was observed in the ovarian
extracts from hens with early and late stages of OVCA as
observed for immunoreactivities in immunohistochemistry
and immunoblotting.

The mean intensity of DR6 expression in early stage
OVCA (mean ± SEM = 34 × 105± 5.5 × 105 in 20,000𝜇m2
area) was significantly high (𝑃 < 0.01) as compared with
normal ovaries (mean ± SEM = 20 × 105± 4.1 × 105 in
20,000𝜇m2 area). The mean intensity of DR6 expression
increased further (mean ± SEM = 62 × 105± 18.4 × 105 in

20,000 𝜇m2 area) in late stage OVCA (𝑃 < 0.05) (Figure 10).
Significant differences in DR6 staining intensities were not
observed among 3 different histological subtypes of OVCA
at early and late stages.

4. Discussion

This is the first report on the changes in the frequency of cell
mediated cytotoxic and humoral immune function relative to
the expression of tumor-induced immunosuppressive factors
including IRG1 and DR6 during OVCA development and
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Figure 5: Immunodetection of IgY-containing cells in normal and tumor ovaries in hens. (a) Few IgY-containing cells are seen in the normal
ovary. (b-c) Ovarian tumors at early and late stages. More IgY-containing cells are seen in the tumor stroma. Only a few IgY-containing cells
are seen to be infiltrating into the tumor. Although influx of IgY-containing cells into the tumor stroma increased with OVCA progression,
intratumoral population of IgY-containing cells did not increase. Black and red arrows indicate the examples of stromal and intratumoral
IgY-containing cells, respectively. Dotted lines indicate the tumor in the stroma. Other legends are similar to Figure 3; 40x.
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Figure 6: Changes in the frequency of IgY-containing cells in the ovaries of hens during OVCA development and progression. (a) The
population of stromal IgY-containing cells was significantly greater (𝑃 < 0.0001) in early stage OVCA than the stroma of normal ovaries.The
frequency of IgY-containing cells increased further (𝑃 < 0.0001) in the stroma of the ovaries with tumor at late stages. (b) Although influx
of IgY-containing cells increased in the stroma during OVCA progression, infiltration of IgY-containing cells into the tumor did not increase
significantly. Bars with different letters indicate significant differences in IgY-containing cells among hens of different pathological groups.

progression in the laying hen model of spontaneous OVCA.
This study showed the following. (1) Influx of immune cells
(including CD8+ T cells and IgY-containing cells) into the
tumor stroma increased in response to tumor development;
however, infiltration of these cells into the tumor nests during
OVCA progression did not increase significantly. (2) Tumor
development and progression were associated with increased
expression of tumor-associated stress factor DR6 and tumor-
induced immunosuppressor IRG1.

Tumor development and progression are associated with
elicitation of antitumor immune responses including the acti-
vation of both cytotoxic T lymphocytes and antibody medi-
ated immune functions [32]. However, these spontaneous
antitumor immune responses appeared to be inefficient as
the tumor continues to grow and natural rejection of solid
tumors is rare [4, 33]. The mechanism(s) of suppression of
antitumor immune function involved in the development and
progression of tumor is not known. Emerging information
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Figure 7: Immunohistochemical detection of IRG1 expression during OVCA development and progression in hens. (a) Normal ovary. Few
stroma and granulosa cells of the follicle expressed IRG1. (b-c) Sections of ovarian tumors at early and late stages. Compared with normal
ovaries, the tumor expressed IRG1 intensely. (d) Western blotting showed a strong band of approximately 50 kDa in OVCA at early and late
stages while it was very weak for normal hens. (e) Semiquantitative PCR showed strong amplification for IRG1 mRNA in tumors compared
with normal ovaries. F: follicle; G: granulosa layer of the follicle; S: stroma; Tu: tumor. Magnification: 40x.
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Figure 8: IRG1 expression in normal ovaries and ovarian tumors at
early and late stages. Intensities of IRG1 are expressed as arbitrary
values (mean ± SEM) in 20,000 𝜇m2 area of the tissue. Compared
with the normal, the intensity of IRG1 expression was significantly
greater in hens with early stage OVCA (𝑃 < 0.01) and increased
further in hens with late stage OVCA (𝑃 < 0.05). Significant
differences were not observed in the intensity of IRG1 expression
among hens with serous, endometrioid, and mucinous OVCA at
early and late stages. Bars with different letters indicate significant
differences in IRG1 expression.

suggests that the tumor escapes antitumor immune func-
tions by inducing immunosuppressive factors [4]. This study
showed that, compared with age-matched normal ovaries,
the frequency of CD8+ T cells and IgY-containing cells in
the tumor stroma increased significantly at early stage and
increased further at late stages. Thus, these results suggest
that influx of CD8+ T cells and IgY-containing cells into the
tumor vicinity increases in response to OVCA development
and progression. In contrast, significant changes were not
observed in the frequency of intratumoral CD8+ T cells and
IgY-containing cells between the OVCA at early and late
stages. These results indicate that although influx of CD8+
T cells and IgY-containing cells increased into the tumor
stroma during tumor progression, the rate of intratumoral
infiltration of CD8+ T and IgY-containing cells was not
increased. Thus, lower rate of intratumoral infiltration of
immune cells may be a reason allowing the tumor to progress
to late stages. However, factors associated with low rate of
intratumoral CD8+ T cells are not known. It is possible that
tumor-induced factor(s) may be involved in the inhibition of
immune cell infiltration into the tumor.

In this study, strong expression for immunoresponsive
gene 1 (IRG1) protein was observed in the malignant cells at
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Figure 9: DR6 expression in normal or tumor ovaries. (a) Normal ovary. Few stromal and granulosa cells of the follicle expressed DR6. (b-c)
Ovarian tumors at early and late stages showing strong expression of DR6. (d) Western blotting detected the DR6 protein of 50–60 kDa in
normal or malignant ovaries. Compared with the normal, stronger bands for DR6 proteins were observed in early and late stages of OVCA.
(e) Semiquantitative mRNA expression assays showed strong amplification for DR6 in tumor compared with normal ovaries. F: follicle; G
and T: granulosa and theca layers of the follicle, respectively; S: stroma; Tu: tumor. Magnification: 40x.
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Figure 10: Changes in DR6 expression during ovarian cancer
(OVCA) development and progression. Compared with normal
ovaries, the intensities of the DR6 expression (arbitrary values
expressed as mean ± SEM in 20,000 𝜇m2 area of the tissue) were
significantly higher in hens with early stage OVCA (𝑃 < 0.01) and
increased further in henswith late stageOVCA (𝑃 < 0.05).However,
significant differences were not observed in the intensity of DR6
expression among hens with serous, endometrioid, and mucinous
OVCA at late stages. Bars with different letters indicate significant
differences in DR6 expression.

early and late stages of OVCA. IRG1 is highly expressed under
proinflammatory conditions [33, 34] in both mammals and
avian species [35]. IRG1 is also highly expressed by the uterus
during implantation of fetuses which is also accompanied
with high levels of proinflammatory cytokine production
[36]. All these reports suggest that IRG1 plays critical roles
to suppress antitumor immunity and allow the tumor to
progress. Similarly, IRG1 has also been reported to induce
tolerance during fetal implantation in the uterus [37]. Thus,
based on the observations of the present study, it is possible
that increased expression of IRG1 may be associated with
the immune tolerance and decreased rate of intratumoral
infiltration of immune cells during OVCA development and
progression. However, the mechanism of OVCA-induced
increased expression of IRG1 in the inhibition of intratumoral
infiltration of CD8+ T cells and IgY-containing cells is not
known. Emerging information suggests that enhanced IRG1
is associated with the increased generation of reactive oxygen
species and hypoxia [38].

Malignant transformation in the ovary was shown
to be associated with increased secretion of chemoat-
tractant cytokines resulting in the influx of immune cells into
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the tumor microenvironment. Increased immune cells in the
tumor vicinity increase the demand for oxygen leading to
a hypoxic condition resulting in the production of reactive
oxygen species. DR6 expression has been shown to increase
in association with hypoxia and this study showed increased
expression of DR6 by the tumor cells at early and late stages
of OVCA. Furthermore, increase in expression of IRG1 was
positively associated with enhanced DR6 expression during
OVCA development and progression.Thus, it is possible that
increase in DR6 expression during OVCA development and
progression may lead to the increased expression of IRG1.
Increased IRG1 expression by ovarian malignant cells may be
a factor for the decreased infiltration of CD8+T cells and IgY-
containing cells into the tumor.

The results of the present study offer several translational
aspects with respect to the prevention of OVCA development
and progression as well as recurrence. This study, for the first
time, revealed an association of tumor-induced IRG1 expres-
sion and CD8+ T cell infiltration of ovarian tumors. Thus,
targeting tumor-associated hypoxia as well asDR6 expression
may reduce IRG1 expression and thus may enhance infiltra-
tion of immune cells into the tumor. Because immunotherapy
is safer than other conventional chemotherapeutics as well as
radiotherapies, this animalmodel of spontaneousOVCAmay
be used to develop targeted immunotherapies against OVCA.
As thismodel resembles humanOVCA inhistopathology and
tumor progression, results from this study may be translated
to the clinical study with minor modification.

5. Conclusions

Taken together, the results of the current study showed
that ovarian tumor progression is associated with the
decreased rate of intratumoral infiltration of CD8+ T cells
and IgY-containing cells as well as increased expression of
IRG1. Increased expression of IRG1 was associated with the
enhanced expression of DR6 duringOVCAdevelopment and
progression.
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Invariant natural killer T (iNKT) cells are unique subset of innate-like T cells recognizing glycolipids. iNKT cells can rapidly
produce copious amounts of cytokines upon antigen stimulation and exert potent immunomodulatory activities for awide variety of
immune responses and diseases.We have revealed the regulatory effect of iNKT cells on autoimmunity with a serial of publications.
On the other hand, the role of iNKT cells in parasitic infections, especially in recently attractive topic “hygiene hypothesis,” has
not been clearly defined yet. Bacterial and parasitic cell wall is a cellular structure highly enriched in a variety of glycolipids and
lipoproteins, some of whichmay serve as natural ligands of iNKT cells. In this review, wemainly summarized the recent findings on
the roles and underlying mechanisms of iNKT cells in parasite infections and their cross-talk withTh1,Th2,Th17, Treg, and innate
lymphoid cells. In most cases, iNKT cells exert regulatory or direct cytotoxic roles to protect hosts against parasite infections. We
put particular emphasis as well on the identification of the natural ligands from parasites and the involvement of iNKT cells in the
hygiene hypothesis.

1. Introduction

Natural killer T (NKT) cells are recently discovered innate-
like subset of lymphocytes expressing both NK and T cell
markers. NKT cells are a phenotypically and functionally
diverse subset of T cells that recognize self- and microbial
lipids [1, 2]. Most NKT cells are restricted by MHC-I like
molecule CD1, which can further distributed into two major
subsets: type I and type II NKT cells (Table 1). Type I NKT
cells are also called invariant NKT (iNKT), expressing exclu-
sively limited T cell receptor 𝛼 (TCR𝛼) and TCR𝛽 receptors,
that is, V𝛼14-J𝛼18 predominately paired with V𝛽8.2, V𝛽7, or
V𝛽2 inmice andV𝛼24-J𝛼18 pairedwithV𝛽11 in human [2, 3].
iNKT cells secrete a wide array of cytokines and chemokines
immediately upon activation through TCR engagement by
glycolipids. iNKT cells exert their regulatory and cytotoxic
activities also through direct contact, granzyme B, or FasL-
induced mechanisms [4–6]. Hence, iNKT cells exert both

regulator and effector cell function and bridge the innate and
adaptive immune responses [7]. Recently, iNKT cells have
been further classified intoNKT1,NKT2, andNKT17 lineages
based on their cytokine profiles and distinct transcription
factors, T-Bet, Gata-3, and Ror𝛾t, as conventional T helper 1
(Th1), Th2, and Th17 cells [8, 9]. On the other hand, type II
NKT cells, which are also called non-iNKT or variant NKT
(vNKT) cells, express more diverse TCR𝛼 and TCR𝛽 recep-
tors [10].There still exists aminor group of CD1 nonrestricted
NKT cells, referred to as NKT-like cells [11, 12].The functions
of vNKT and NKT-like cells are relatively unknown.

A hallmark of iNKT cells is their capacity to rapidly pro-
duce copious amounts of cytokines and chemokines upon
TCR stimulation, which endows these cells with potent
immunomodulatory activities for a wide variety of immune
responses and diseases (Figure 1). iNKT cells exhibit potent
effector functions and play critical roles in antimicrobial
defense, cancer immunosurveillance, and modulation of
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Figure 1: Diagram of iNKT cells in diseases. Activated iNKT cells can secrete a broad range of Th1, Th2, and Th17 effector cytokines and
change the cytokine profiles of hosts in vivo. iNKT cells can directly bind target cells, such as autoreactive B cells and pathogens, to mediate
cytotoxic activity. Moreover, iNKT cells may cross talk and regulate different T cell subsets.Through these and other mechanisms, iNKT cells
exert, in most cases, protective, or otherwise, pathogenic roles in the pathogenesis of various diseases.

Table 1: Classifications of NKT cells.

Type I Type II NKT-like

Alternative name iNKT
Non-
iNKT,
vNKT

CD1-dependent Yes Yes No

TCR𝛼-chain V𝛼14-J𝛼18 (mice) Diverse Diverse
V𝛼24-J𝛼18 (humans)

TCR𝛽-chain
V𝛽8.2, V𝛽7, and V𝛽2

(mice) Diverse Diverse
V𝛽11 (human)

𝛼-GalCer
response Yes No No

Cytokine profile Th1, Th2, andTh17 Th1, Th2 Th1

immune-mediated disorders [13–16]. As iNKT cells recognize
glycolipids that are enriched in microbes and parasites, they
are believed to play important roles in the infections caused
by these pathogens. Recent findings indicate that iNKT cells
might be a key player in “hygiene hypothesis,” which tries
to explain the declined infections with rising autoimmune
and atopic diseases in the recent two to three decades
[17, 18]. In this review, we summarize the roles of iNKT
cells in parasitic infections, with particular emphasis on the
involvement of iNKT cells in the hygiene hypothesis and
underlying mechanisms.

2. NKT Cells in Parasitic Infections

Albeit being widely studied during viral and bacterial infec-
tions, the role of iNKT cells during parasite infections
remains largely unexplored. As helminth infections can
usually induceTh2-dominated immune responses and iNKT
cells can rapidly produce copious amounts of various cytok-
ines including interleukin-4 (IL-4), these cells might be
important players in the initial steps leading toTh2 responses
during helminthiasis [19]. Recent reports have indicated that
NKT cells are involved in the pathogenesis of several parasite
infections in animal models and patients, playing, in most
cases, protective or regulatory roles towards hosts.

2.1. NKT Cells in Helminth Infections. Schistosomiasis
remains a severe public health problem in many developing
countries in endemic areas. It is caused by digenetic blood
trematodes, of which there are three main species: Schisto-
soma mansoni, S. japonicum, and S. haematobium. Previous
studies by others and us indicated that egg deposit in the liver
was a determining factor to driveTh2 response in S. mansoni
and S. japonicum infections in mice [20, 21]. NKT cells
may contribute to regulating the cytokine secretion profiles
during infections. In mice infected with S. mansoni, iNKT
cells exhibited an activated phenotype. Hepatic iNKT cells
produced both interferon-𝛾 (IFN-𝛾) and IL-4 following
schistosome egg deposited in the liver [22]. Further studies
revealed that S. mansoni activated both iNKT and non-iNKT
cells in vivo. iNKT cells contributed toTh1 cell differentiation,
whereas non-iNKT cells might be mostly implicated in Th2
cell differentiation in response to this parasite [23]. Luo and
colleagues reported that NK and NKT cells were activated
and expanded from draining mesenteric lymph node (MLN)
in mice 5–7wk after infection with S. japonicum. These cells
produce IL-4 and IL-17 [24]. However, the kinetics of NKT
cells and their precise roles in immunomodulation during
schistosome infections remain unclear. This is also true to
nematode infections, where NKT cells remains ill-defined
in their pathogenesis [19]. A pioneer work from Balmer and
colleagues found an expansion of NKT (CD3+NK1.1+) as
early as 24 hours following the infection with Brugia pahangi
[25]. However, depletion of NK1.1-expressing cell had no
effect on the Th2 development during the gastrointestinal
nematode Trichuris muris infection [26].

2.2. NKT Cells in Protozoan Infections. iNKT cells have been
reported playing crucial roles in the pathogenesis of proto-
zoan infections. Inmalaria, early interactions between blood-
stage Plasmodium parasites and cells of the innate immune
system, including innate-like NKT cells, are important in the
timely control of parasite replication and in the subsequent
elimination and resolution of the infection [27]. The lipid
extracts from murine malaria parasites could actually be
loaded onto CD1 molecules to stimulate iNKT cell by the
use of artificial antigen-presenting beads [28]. The level of
protective antimalaria immunity was greatly enhanced by
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coadministration of 𝛼-galactosylceramide (𝛼-GalCer) with
suboptimal doses of irradiated sporozoites or recombinant
viruses expressing a malaria antigen in mice [29]. iNKT cells
were increased in numbers and played critical roles through
the secretion of IFN-𝛾 in reducing liver-stage burden to a
secondary infection by murine malaria Plasmodium yoelii
[30]. 𝛼-C-GalCer displayed a superior inhibitory activity
against the liver stages of the rodent malaria parasite P.
yoelii compared to its parental glycolipid, 𝛼-GalCer [31]. 𝛼-
GalCer and its analogs have also been used as adjuvants for
malaria vaccine. This adjuvant effect depended on NKT cell
activation, which was able to boost IFN-𝛾 production by NK
cells and memory CD8+ T cells [32].

Visceral leishmaniasis (Kala-azar) is a deadly disease
caused by the parasitic protozoa Leishmania donovani. iNKT
cells are involved in the pathogenesis of leishmaniasis. In
patients with visceral leishmaniasis, bone-marrow-derived
non-iNKT cells dominantly produced IFN-𝛾 in response
to L. donovani antigen in vitro [33]. Post-kala-azar dermal
leishmaniasis is a chronic dermal complication that occurs
usually after recovery from visceral leishmaniasis. There was
a raised proportion of circulating NKT cells in these patients
compared to health controls [34]. Karmakar and colleagues
isolated a natural ligand of NKT cells, 𝛽-(1–4)-galactose
terminal glycosphingophospholipid (GSPL) from this par-
asite to treat infected BALB/c mice. This immunotherapy
with GSPL induced IFN-𝛾 through the cooperative action
of TLR4 and NKT cells, which contributed to the effective
control of acute parasite burden in the infected animals
[35]. By use of iNKT cell-deficient (J𝛼18−/−) C57BL/6 mice,
another study demonstrated that iNKT cells played a role
in early and sustained proinflammatory cytokine response
warranting efficient organization of hepatic granulomas and
parasite clearance of L. donovani [36]. NKT cell activation by
𝛼-GalCer during intradermal DNAp36 priming was highly
protective against murine cutaneous leishmaniasis, resulting
in the heightened activation and development of CD4+
and CD8+ effector and memory T cells [37]. Conversely,
activation of iNKT cells exacerbated, rather than ameliorated,
experimental visceral leishmaniasis by L. donovani, which
was correlated with a bias towards increased IL-4 production
by iNKT [38]. This may illustrate the double-edged sword of
NKT cell-based therapy in leishmaniasis.

iNKT cells protect mice against Toxoplasma gondii infec-
tion. By oral infection ofmildly virulent strainME49T. gondii
cysts, most CD1d-deficient C57BL/6 mice died within 2wk
of infection compared to no death in WT mice [39]. After
activationwithT. gondii, NKT cells were importantmediators
of the immune response via a robust IFN-𝛾-mediated effect
that limited parasite replication and allowed for parasite
clearance [40]. Nevertheless, this strong Th1 response, when
uncontrolled, canmediate the lethal ileitis. Treatment ofmice
with a single injection of 𝛼-GalCer one day before infection
activated intestinal NKT and led to a shift in cytokine
secretion towards a Th2 profile and a dramatic increase in
Treg cells in MLNs, which alleviated intestinal lesions and
increased survival of mice [40]. On the other hand, iNKT
cells may negatively regulate the immune response against T.

gondii infection possibly by producing IL-4 and suppressing
the induction of heat shock protein 65. The latter is induced
in host macrophages by 𝛾𝛿T cells and plays an essential role
in protective immunity in this infection [41].

NKT cells are involved in the pathogenesis of some
other protozoan infections, providing protection against infec-
tions in most cases. CD8+ NKT cells were able to activate
macrophages to kill Trypanosoma congolense through the
production of nitrogen oxides, whereas Treg cells prevented
the activation of the CD8+ NKT cells [42]. However, another
report indicated that loss of iNKT cells did not affect
the susceptibility or resistance in CD1d−/− C57BL/6 mice
to the infections with virulent African trypanosomes, T.
congolense or T. bruce [43]. Lotter and colleagues identi-
fied a lipopeptidophosphoglycan from Entamoeba histolytica
membranes (EhLPPG) as a possible iNKT natural ligand.
EhLPPG treatment, similar to 𝛼-GalCer application, induced
protective IFN-𝛾 but not IL-4 production from iNKT cells
and significantly reduced the severity of amebic liver abscess
in mice infected with E. histolytica [44]. By the use of
CD1d KO mice, it was found that iNKT cells contributed
to resistance against this protozoan and to the control of
inflammation in the colitis induced by the infection [45].
iNKT cells play important roles in the pathogenesis of some
other parasitic diseases, as well as of a wide range of microbe
infections, as seen in recent nice reviews [10, 46, 47].

2.3. Underlying Mechanisms. NKT cells play protective role
against a wide range of parasite infections as discussed above,
whereas the underlying molecular mechanisms are not fully
elucidated. Shifting of host’s cytokine secretion profiles may
account for the protective or, in some cases, pathogenic effects
of NKT cells on parasitic infections. Activated iNKT cells
can also transactivate many other immune cells or attract
these cells to the sites of infection to exert their regulatory
roles. Like NK cells, activated NKT cells can also mediate
cytotoxic activity, possibly involving both perforin/granzyme
and Fas/FasL pathways [5, 6, 48]. This function could be
relevant to immunity against intracellular microorganisms
and tumors [49]. Parasites are enriched in lipid, which may
contain natural ligands for NKT cells as discussed in the
next section. Therefore, it is not surprising that iNKT cells
participate in the pathogenesis of a range of different parasitic
infections. Further detailed studies are needed before devel-
oping iNKT-based therapy to parasite infections. The role of
iNKT cells in some parasitic infections and possible effect
mechanisms are summarized in Table 2.

3. Contribution of NKT Cells to
Hygiene Hypothesis

3.1. Hygiene Hypothesis. The “hygiene hypothesis” was pro-
posed in 1989 by Strachan [17] to explain the dramatic
increase in the prevalence of autoimmune and allergic dis-
eases over the past two to three decades [18]. According to
this hypothesis, reduced exposure to microorganisms and
parasites in childhood is the main cause for the increased
incidence of both Th1-mediated autoimmune diseases and
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Table 2: Summary of NKT cells on parasite infections.

Parasites Host Model or treatment Effect-mechanism NKT overall function Ref.

Schistosoma mansoni C57BL/6 CD1 KO IL-4 ↑
IFN-𝛾 ↑ Activated [22, 23]

Schistosoma japonicum C57BL/6 WT IL-4 ↑
IL-17 ↑ Activated [24]

Brugia pahangi C57BL/6 WT IL-4 ↑ Activated [25]
Trichuris muris B10.BR NKT deletion IL-4∼ Protective [26]

Plasmodium yoelii BALB/c
C57BL/6 CD1 KO IFN-𝛾 ↑ Protective [27]

Leishmania donovani patient Non-iNKT
→IFN-𝛾 ↑ Protective [33]

Leishmania donovani BALB/c
C57BL/6

J𝛼18 KO,
𝛼-GalCer

IL-4 ↑ and/or
IFN-𝛾 ↑ Protective [35–37]

Leishmania donovani C57BL/6 𝛼-GalCer IL-4 ↑ Pathogenic [38]

Toxoplasma gondii BALB/c
C57BL/6

CD1 KO,
𝛼-GalCer IFN-𝛾 ↑ Protective [39, 40]

Trypanosoma congolense BALB/c
C57BL/6

Anti-CD1d,
CD1 KO

Protective or suppressive [42]
No effect [43]

Entamoeba histolytica C57BL/6 J𝛼18 KO,
CD1 KO IFN-𝛾 ↑ Protective [44, 45]

→: induce; ↑: increase; and ∼: no change.

Th2-mediated allergic diseases. Currently, the hypothesis is
becomingmore accepted with accumulating epidemiological
and clinical evidences to support [50–52]. Although the
exact scientific underpinnings for the hygiene hypothesis and
the underlying mechanisms by which infections affect the
immune system to prevent diseases have remained a puzzle
over the years for both scientists and clinicians [18], there
is increasing recognition that exposure to infectious agents
evokes fundamental effects on the development and behavior
of the immune system [18, 53]. The core of this hypothe-
sis consists in the notion that the microbial environment
interfaces with the innate immune system and modulates its
ability to impart instructions to adaptive immune responses,
particularly when such interactions occur in utero and/or in
early life [54]. Many chronic infections, both microbial and
parasitic, induce forms of immune suppression or downmod-
ulation [55]. Recent studies have indicated that infectious
agents stimulate a large variety of regulatory T cells, such as
Th2, Treg, Tr1, andNKT cells, which secrete immunosuppres-
sive cytokines/chemokines, such as IL-10 and TGF-𝛽 to alter
theTh1/Th2 balance. Additionally, the innate immune system
is also associated with the hygiene hypothesis. Infectionsmay
induce the generation of regulatory macrophages, dendritic
cells, innate lymphoid cells (ILC), NK, and B cells [56–
58]. TLR-MyD88 pathway is believed to be involved in the
induction of different subsets of regulatory T cells, such as
Treg and NKT cells [50]. The ability of infectious agents to
regulate the immune system of their host is an increasingly
fascinating topic [53].

3.2. Parasites and Hygiene Hypothesis. Helminths, as long-
lived parasites, are remarkable for their ability to manipu-
late host immunity, protecting themselves from elimination

and minimizing severe pathology in the host [53, 56, 59,
60]. Immunomodulation by parasitic helminths is a general
phenomenon that is conserved across species, classes, and
even phyla [61]. Therefore, parasitic infections are a major
theme in the hygiene hypothesis. Allergies and autoimmune
diseases are less prevalent in countries with higher burdens
of helminths and other parasitic organisms [55]. There are
strong epidemiological evidences to support the premise that
the dramatic increase in atopic disease in the developed
world is a direct consequence of the eradication of helminth
infections [58]. At least some helminthes seem to have antial-
lergic or anti-inflammatory effects in humans. Experimental
evidences have also shown the significant suppression for the
development of airway hyperresponsiveness (AHR) in mice
infected with numerous helminths, including blood fluke
Schistosoma japonicum [62], filaria Litomosoides sigmodontis
[63], nematode Heligmosomoides polygyrus [64], and Nip-
postrongylus brasiliensis [65]. These mice show attenuated
airway inflammationwith reduced infiltration of eosinophilia
in the BAL and lung and allergen-specific IgE in sera.
Many studies have also demonstrated that helminth infec-
tions lower the risk of autoimmunity. Experimental studies
have also shown protective effects of helminth infections
in animal models of autoimmunity. Surprisingly, helminths
have been shown to suppress various types of autoim-
mune disease, such as collagen-induced arthritis, experimen-
tal autoimmune encephalomyelitis, and type 1 diabetes in
murinemodels as reviewed recently [51]. Helminth infections
might be beneficial to the induction of multiple regulatory
mechanisms, including various regulatory cell populations,
inhibitory receptors, blocking antibodies, and two prominent
cytokines: IL-10 and TGF-𝛽 [61, 66].Thus, it is not surprising
that helminths can modulate immunopathology, whether in
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the context of allergic inflammation or autoimmune disease,
either directly or indirectly [55].

Infections by protozoan, like helminth, also modulate
host immune system. A study shows that serum antibodies
to Toxoplasma gondii tend to be negatively associated with
allergic sensitization to food and aeroallergens in children
from different geographical areas in Greece, Netherlands,
China, India, and Russia [67]. A negative association also
exists betweenT. gondii infection and the presence ofmultiple
sclerosis [68].

3.3. iNKT Cells in Hygiene Hypothesis. Nevertheless, the
roles of iNKT cells in the hygiene hypothesis mostly remain
unknown.The literature is limited regarding the involvement
of iNKT cells in this hypothesis. On the other hand, many
microorganisms and parasites contain various lipids in their
structures. The bacterial and parasitic cell wall is a cellular
structure highly enriched in a variety of glycolipids and
lipoproteins [49]. Along with 𝛼-GalCer, growing evidences
suggest that some microorganisms, including Mycobacteria,
Sphingomonas, Borrelia, Helicobacter pylori, Streptococcus
pneumoniae, and Group B streptococcus, can produce CD1d-
restricted ligands capable of activating a proportion of iNKT
cells [2]. Hence, iNKT cells can respond directly by recog-
nizing the glycolipid antigens expressed by these bacteria.
iNKT cells can also respond indirectly tomany other bacteria
such as Salmonella enterica and Staphylococcus aureus [18]. Of
note, some protozoan and helminthic parasites also contain
natural ligands of NKT cells and several candidates have been
successfully isolated. The excretory and secretory (ES) prod-
ucts, which are often glycosylated, are found in the blood-
stream of infected hosts and dictate particular functional
immune responses that allow persistence of the parasite,
typically by inducing Th2-associated cytokines and expan-
sion of various regulatory cell subsets, including NKT cells
[22, 56, 69].The adult worms of Schistosomamansoni express
a range of glycoconjugates, such as galactosylceramide and
glucosylceramide [70], which may contain natural ligands of
NKT cells. Infectionwith S.mansoni or exposure to eggs from
this helminth inhibited the development of type 1 diabetes in
NOD mice [71]. In addition, soluble extracts from worms or
eggs of this schistosomepossess the similar ability as infection
to prevent the onset of diabetes if injection is given at early age
(4wk old). Soluble adult worm antigen or soluble egg antigen
may expand the iNKT cell population inNODmice, although
the lipids binding to iNKT cells have not been targeted in this
study [71]. Lipid extracts from murine malaria parasites can
actually be loaded onto CD1 molecules to expand iNKT cells
[28]. Lotter and colleagues have identified a lipopeptidophos-
phoglycan from E. histolyticamembranes as a possible iNKT
natural ligand, which can stimulate iNKT cells to produce
IFN-𝛾 to exert protective role against this infection [44].
Karmakar and colleagues isolated a natural ligand of NKT
cells, 𝛽-(1–4)-galactose terminal glycosphingophospholipid
(GSPL), from L. donovani to treat infected BALB/c mice [35].
These investigations pave the way to identify natural ligands
of iNKT cells for the development of novel therapeutic agents.

iNKT cells may exert their immunomodulatory effects in
hygiene hypothesis through the interaction with Treg, Th17,

and other immune cells. Upon activation with microbial and
parasitic lipid antigens, iNKT cells rapidly produce a wide
range of cytokines and chemokines, transactivating many
immune cell types, such asTh1,Th2, and Treg. In EAEmodel,
iNKT cells were found necessary for maintaining the mesen-
teric Th17 cells. Th17 cells in the MLNs are greatly reduced
in CD1−/− mice or J𝛼281−/− mice [72], which lack iNKT
cells. iNKT cells induce the conversion of naı̈ve diabetogenic
BDC2.5 T cells into Foxp3(+) Treg cells in the pancreatic
lymph nodes accumulating in the pancreatic islets [73]. In
addition, iNKT cells can suppress both antigen-induced acute
arthritis and collagen-induced chronic arthritis, likely via
inhibition of arthritogenic Th1 cells [74]. In Toxoplasma
gondii infection, activation of iNKT cells by 𝛼-GalCer can
lead to a shift toTh2 cytokine profile and a significant increase
in Treg cells in MLNs, which exerts protective role and
increases survival of mice [40]. The recently defined innate
lymphoid cells (ILC) [75] share some features with iNKT
cells. Upon activation without the need of prior sensitization,
both cells can release copious amounts of Th1, Th2, and/or
Th17 cytokines that shape subsequent innate and adaptive
immune responses [76]. Although sparse up to now, there
exists experimental evidence for direct interactions of ILCs
and NKT cells possibly via their effector cytokines [77]. For
example, NKT cells, as well as alveolar macrophages, secrete
endogenous IL-33 that enhance IL-5 production from ILC2 in
lungs during influenza virus infection [78]. The interaction
of iNKT cells with other T cell subsets and underlying
mechanisms remain to be elucidated.

Taken together, microbe and parasite infections, espe-
cially at early lifetime, may sincerely modulate the host’s
immune system. Parasitic worms are able to survive in their
mammalian host formany years due to their ability tomanip-
ulate the immune response. The underlying mechanisms
regarding how infections affect the immunity of hosts remain
to be clarified. Upregulation of regulatory T cell subsets,
such as Treg, and induction of inhibitory cytokines and/or
chemokines are the common findings. The involvement of
NKT cells in the hygiene hypothesis mostly remains elusive.
Given the fact that manymicrobes and parasites are enriched
in lipid antigens and NKT cells are unique T cell subset that
can recognize lipid antigens, it is reasonable to speculate that
NKT cells play key roles in this hypothesis (Figure 2). Further
studies are needed to verify this idea.

4. Conclusions

iNKT cells are unique innate-like T cell subset that bridge
between innate and acquired immunity systems. iNKT cells
exert both effector and regulatory functions through direct
contact or quick secretion of copious amounts of cytokines,
chemokines, and other mediators upon their TCR engage-
ment by glycolipid antigens.These cytokines and chemokines
critically regulate the downstream differentiation of Th1,
Th2, Th17, and other cells. Therefore, iNKT cells have been
postulated to have an important proximal immunoregulatory
role and influence both innate and acquired immune systems.
iNKT cells play crucial regulatory roles in autoimmunity,
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Th1/2 subsets via secreted cytokines or direct contact. iNKT cells may exert their immunomodulatory effects in hygiene hypothesis through
the above combined and other effects.

allergy, and infections. They participate in the host’s immu-
nity and immunopathogenesis of a wide range of parasite
infections as discussed above. More thorough investigation is
clearly necessary to better define their mode of activation and
their regulatory functions in parasitic infections. Although
the involvement of iNKT cells in the hygiene hypothesis
and the contribution to autoimmunity and allergic inflam-
mation remains to be fully elucidated, exploiting iNKT cells
in helminth immunomodulatory mechanisms may lead to
opening a new avenue to develop novel safer therapeutic
agents for these diseases based on the manipulation of iNKT
cell function.
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The infection of human macrophages by pathogenic bacteria induces different signaling pathways depending on the type of
cellular receptors involved in the microorganism entry and on their mechanism(s) of survival and replication in the host cell.
It was reported that Stat proteins play an important role in this process. In the present study, we investigate the changes in Stat-1
activation (phosphorylation in p-tyr

701
) after uptake of two Gram-positive (Listeria monocytogenes and Staphylococcus aureus) and

two Gram-negative bacteria (Salmonella typhimurium and Legionella pneumophila) characterized by their varying abilities to enter,
survive, and replicate in human macrophages. Comparing the results obtained with Gram-negative and Gram-positive bacteria,
Stat-1 activation in macrophages does not seem to be related to LPS content. The p-tyr

701
Stat-1 expression levels were found to be

independent of the internalized bacterial number and IFN-𝛾 release. On the contrary, Jak/Stat-1 pathway activation only occurs
when an active infection has been established in the host macrophage, and it is plausible that the differences in the expression levels
of p-tyr

701
Stat-1 could be due to different survival mechanisms or to differences in bacteria life cycles within macrophages.

1. Introduction

Intracellular bacterial pathogens are a group of microor-
ganisms that have developed many abilities to survive and
replicate in mammalian cells [1]; thus, they are protected
from the defense mechanisms of the host, such as specific
antibodies and complement, making their exposition to
antimicrobial agents more difficult. As a consequence, they
are one of themajor causes of global morbidity andmortality.

Although any type of tissue cells potentially serves as a
habitat, for most intracellular bacteria, the macrophage rep-
resents the typical host cell. Indeed, although macrophages
contribute to the first line of defense against infection through
phagocytosis, paradoxically, in host-pathogen interactions,
they can also become a reservoir for several pathogenic
bacteria. This occurs because these pathogens have evolved

to reside within the hostile environment of macrophages and
are able to avoid host cell death.

When macrophages make contact with bacteria, several
signal-transduction pathways are activated [2] stimulating
phagocytosis. This cellular function is extremely complex,
and no single model can fully account for the diverse kind
of microorganisms that enter macrophages. In fact, differ-
ent bacteria-recognition receptors induce different signaling
pathways according to the type of cellular receptors called
into play by microorganism entry.

The signal transducer and activator of transcription
1 (Stat-1) is an indispensable component of the cellular
response to interferons (IFNs) during the immune reaction
to pathogens. In fact, interferons employ receptor-associated
Janus kinases (Jaks) to activate Stats by tyrosine phosphory-
lation [3].
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Recent findings suggest that Stat proteins play an impor-
tant role in bacterial infections and in the activation of
the innate immune response [4]. In fact, it is known that
the Jak/Stat-1 pathway constitutes one of the main ways to
activate macrophages, upregulating the expression of many
different genes associated with the secondary cell responses
leading to macrophage activation or apoptosis [5]. In a pre-
vious study [6] we demonstrated that Mycobacterium avium
infection induces Stat-1 hyperactivation for a considerable
period and that it is important for macrophage survival
after the establishment of an infection. Hence, it represents
a potential target for drugs lowering phosphorylate Stat-1
expression levels.

In a subsequent study [7] we showed that internalization
of heat-killed M. avium or inert particles induced a fast and
transient activity of the Jak/Stat-1 pathway when internalized
by Fc𝛾 receptor engagement, probably as a preventive defense
mechanism. However, a persistent Stat-1 pathway activation
occurs only when an intracellular M. avium infection is
established in macrophages.

Bacteria can be classified into two major groups, Gram-
positive and Gram-negative, and their classification depends
on staining determined by different cell wall components.
In Gram-negative bacteria there is a strong presence of
lipopolysaccharides (LPSs). LPSs are a potent macrophage-
activating stimulus inducing the expression of several genes
necessary for the execution of host defense function [8].

Interestingly, LPS and IFN are known to induce expres-
sion of a common set of genes in sensitive cell types such
as macrophages. Although Stat-1 appears to play an essential
role in various forms of innate immunity, its role in LPS-
inducible gene expression is not fully understood [9]. Thus,
since phagocytosis involves the recognition and binding of
bacteria by receptors on the cell surface, Stat-1 activation
could vary according to the type of bacteria involved in the
infection: Gram-positive or Gram-negative. In the present
study, we therefore selected both intracellular Gram-positive
(Listeria monocytogenes, Staphylococcus aureus) and Gram-
negative (Salmonella typhimurium, Legionella pneumophila)
species responsible for infectious diseases in humans.

L. monocytogenes, a Gram-positive bacterium causing
infections in immune-compromised patients and pregnant
women [10], mainly recognizes TLR-2 and the TLR-2 depen-
dent signaling as PI3K and Rac 1, and this mechanism
is involved in the phagocytosis of L. monocytogenes by
macrophages [11]. The bacterium is enclosed into the phago-
some; however, it survives and escapes from the organelle
producing a pore-forming toxin (listeriolysin-O) [12]. It has
also been reported that L. monocytogenes can influence Stat-1
activity in a time-dependent manner [13].

S. aureus is one of the major human pathogens causing
serious diseases such as nosocomial infections, impetigo,
toxic shock syndrome, and bacteremia. After engulfment, S.
aureus persists for several days inside macrophages using
them as vehicles for the dissemination of the infection. The
S. aureus then proliferate into the cytoplasm causing host cell
lysis [14, 15]. Peptidoglycan and lipoproteins of S. aureus have
been proposed to be such ligands for TLR2 as a cellular innate
immune receptor, although the bacterium could be sensed by

a receptor other thanTLR2 [16, 17].Other authors have shown
that the phagocytosis of S. aureus occurs after binding on
various receptors, including FcyRs and CR3, and contributes
to the activation of MAPKs cascades [18].

S. typhimurium, an intracellular facultative pathogen
responsible for gastroenteritis and other enteric diseases,
invades and replicates within the host cell after binding on
macrophage surfaces. During the initial contact with host
cells, a group of effectors is delivered across the plasma
membrane to modulate host signal transduction pathways,
including the activation of Rho family GTPases, inducing
actin rearrangements and the uptake of the bacteria into
Salmonella-containing vacuoles (SCVs). By modifying SCV
fusion using type III secreted effectors and other virulence
factors, the bacteria are able to block SCV fusion with
lysosomes [19, 20]. TLR4 plays an important role in invasive
salmonellosis [21]. MAPK kinase (MEK) and ERK are acti-
vated by virulent Salmonella in the very early stages of LPS
stimulation and macrophage infection [22].

L. pneumophila is an intracellular pathogen causing a
severe and atypical pneumonia called Legionnaire’s disease
and the influenza-like illness called Pontiac fever. L. pneu-
mophila invades macrophages using a bacterial surface pro-
tein,MOMP, that fixes complement component C3 to the sur-
face of the parasite [23]. After internalization, the Legionella-
containing vacuole evades transport to the lysosomal net-
work and subsequent degradation. L. pneumophila remodels
its compartment using a type of IVB secretion apparatus,
and within this protected vacuole, the bacterium becomes
acid tolerant, downregulates virulence factor expression, and
establishes a replicative niche [24].

Highly specialized mechanisms have been evolved by
intracellular bacteria to avoid or survive the hostile envi-
ronment of the macrophage phagosome. These mechanisms
culminate in the expression of inflammatory cytokine and
chemokine genes as well as the regulation of endosomal
trafficking [2].

In the present work, we investigated the changes in Stat-1
activity after the uptake of Gram-positive and Gram-negative
bacteria with their varying abilities to enter, replicate, and
survive in human macrophages.

2. Material and Methods

2.1. Bacteria. S. typhimurium (clinical isolate), L. monocy-
togenes (ATCC 9525), and S. aureus (clinical isolate) were
initially grown overnight (16–18 hours) at 37∘C in Tryptic Soy
Broth (TSB). Samples were diluted 50-fold in fresh TSB and
grown under aerobic conditions to an optical density (OD)
corresponding to about 1 × 108 cells per mL. Cultures were
then collected by centrifugation at room temperature, washed
once with PBS, and resuspended in RPMI 1640 medium
supplemented with 10% (v/v) human pooled serum (AB). L.
pneumophila (clinical isolate) were initially grown in buffered
charcoal yeast extract (BCYE) agar for 72 h. Some colonies
were then harvested and suspended in PBS to obtain an OD
corresponding to approximatively 1 × 108 bacteria per mL.
They were then washed once and resuspended in RPMI 1640
medium supplemented with 10% serum AB. The bacterial
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number in each suspension was subsequently estimated by
standard plate counts.

2.2.Macrophages. Monocyte-derivedmacrophageswere pre-
pared from leukocyte buffy coats obtained from healthy
donors and purified as previously described [6]. Briefly,
the peripheral blood mononuclear cells were isolated by
Histopaque 1077 (Sigma Chemical Co.) gradient centrifu-
gation and monocytes were separated from lymphocytes
by adherence to plastic dishes, scraped, washed twice, and
suspended in RPMI 1640 medium (cell culture tested) with
10% (v/v) inactivated fetal bovine serum and 1% antibiotics
(v/v). Aliquots of 1 × 106 cells were seeded in 35mm Petri
dishes and cultured at 37∘C in 5% CO

2
atmosphere for 10

days, at which time the monocytes had adhered to the plastic
and matured into macrophages.

2.3. Phagocytosis Assay. Bacteria were suspended in RPMI
1640 medium supplemented with 10% heat inactivated
human autologous (AB) serum to promote opsonization
and subsequent internalization into phagocytic cells. Bacteria
were then added to mature macrophages at a multiplic-
ity of infection (MOI) of 25 : 1 (S. aureus/macrophage),
50 : 1 (L. monocytogenes/macrophage), or 100 : 1 (L. pneu-
mophila/macrophage and S. typhimurium/macrophage) and
incubated for 20min (S. typhimurium), 60min (L. mono-
cytogenes), or 120min (S. aureus, L. pneumophila) at 37∘C
in 5% CO

2
. Phagocytosis was stopped by putting the dishes

on ice (time 0) and unbound or nonphagocytized bacteria
were removed by an initial extensive washing with ice-cold
HBSS. Any remaining extracellular bacteria were killed by
bathing the macrophages for 2 h in RPMI 1640 medium con-
taining 100𝜇g/mL gentamycin. In pilot experiments, stepwise
increasing concentrations of gentamicin (50–300𝜇g/mL)
gave increasingly efficient killing of external bacteria but
constant yield of internalized bacteria upon cell lysis, suggest-
ing that extracellular gentamicin did not compromise intra-
cellular bacterial viability. To prevent extracellular growth
of released bacteria the medium was then changed again
with fresh media containing 10𝜇g/mL gentamycin, and the
cultures were incubated at 37∘C in 5% CO

2
for 3 days. The

intracellular bacteria were evaluated after phagocytosis (time
0) and after 24 and 72 hours after phagocytosis. Briefly,
infected macrophages were osmotically lysed with 1mL of
ice-cold distilled water, and the number of viable intra-
cellular bacteria was assessed by the colony-forming units
(CFU) assay from duplicate dishes on the appropriate agar
medium. In parallel, the colony-forming assay was carried
out in the culture media to exclude the presence of viable
bacteria.

In a set of experiments, humanmacrophage cultures were
exposed toL.monocytogenes and S. typhimurium as described
above and incubated in the presence of 0.15 𝜇g/mL of anti-
hIFN-𝛾 antibody (clone 25718) (R&D System, Minneapolis,
MN 55413) for 24, 48, and 72 hours at 37∘C in 5% CO

2
. After

incubation, macrophages were lysed to assess the number
of intracellular CFU/mL by dilution plate counts on Plate
Count Agar (PCA, Oxoid) and to evaluate Stat-1 pathway
modulation.

2.4. Western Blot Assay for Stat-1 and p-tyr
701

Stat-1 Evalua-
tion. After exposure to bacteria for 0, 24, 48, and 72 hours
(experimental times), macrophages were lysed in lyses buffer
(the lyses buffer consists of 50mMTris-HCl pH 7.8, 2% (w/v)
SDS (sodium dodecyl sulfate), 5mM EDTA (ethylenedi-
aminetetraacetic acid), 109mM NEM (N-ethylmaleimide),
protease inhibitors: 2mg/mL leupeptin, 2mg/mL pepstatin,
4mM AEBSF [4-(2-aminoethyl) benzenesulfonyl fluoride]
and 1mM PMSF (phenyl-methylsulphonylfluoride), and
phosphatase inhibitors: 1mM sodium orthovanadate and
1mM of sodium fluoride). Cells lysates were boiled imme-
diately for 5min and centrifuged at 6,000×g for 13min. The
protein concentration of cell extracts was determined by the
Lowry assay [25]. For the detection of p-tyr

701
Stat-1, ten

micrograms of cell extracts was resolved on 7.5% SDS-PAGE
and then blotted on Hybond-C Extra nitrocellulose mem-
brane (Amersham Pharmacia Biotech, Italy) for 60 minutes
at 100V with a Bio-Rad Trans-Blot (Bio-Rad Laboratory,
Germany) [26, 27]. For the immunoassay, membranes were
treated with blocking solution [5% (w/v) nonfat dry milk
dissolved in TBS (150mM NaCl, 50mM Tris, pH 7.5)] and
maintained for 1 hour at room temperature. The specific
immune-complexes were revealed after incubation with anti
p-tyr
701

Stat-1 (cell signalling). An antiactin polyclonal anti-
body (Sigma Aldrich) was also used for the actin deter-
mination. The immune reactive bands were revealed after
successive exposure to a horseradish peroxidase-conjugated
anti rabbit IgG (Bio-Rad laboratory, Germany) followed
by an enhanced chemiluminescence reaction (ECL, Amer-
sham Pharmacia Biotech, Italy) [28]. Quantitative analysis
was performed by a ChemiDoc System and Quantity One
Program System (Bio-Rad Laboratory). The p-tyr

701
Stat-1

densitometric values were normalized on actin bands.

2.5. Statistical Analysis. The results are presented as means
± standard error (SEM) of at least 3 separate experiments.
Statistical analyses were performed by the ANOVA type E
post hoc test with the Graph Pad Prism 5 software. The
significance of the data was evaluated on the control cells. A
𝑃 value of less than 0.05 was determined to be statistically
significant.

3. Results

3.1. Phagocytosis. In this study we selected two species of
Gram-positive (S. aureus and L. monocytogenes) and two
species of Gram-negative (S. typhimurium and L. pneu-
mophila) intracellular bacteria to evaluate Stat-1 signal-
ing pathway modulation after the phagocytosis of these
pathogens by human macrophages. Macrophage cells were
infected as reported in Section 2 and the intracellular number
of viable bacteria was determined at each experimental time
by enumeration of CFU.

As shown in Table 1 and Figure 2, 24 hours after phago-
cytosis the number of viable intracellular S. typhimurium
increased up to 1 log and declined slightly (0.5 logs) after 72
hours from phagocytosis. In contrast, intracellular S. aureus,
L. monocytogenes, and L. pneumophila decreased in a time-
dependent manner after phagocytosis (Table 1, Figures 1(a),
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Table 1: Variation in intracellular bacterial concentrations at differ-
ent times after infection of humanmacrophages. Data are expressed
as increment (+) or reduction (−) of log CFU ± SEM.

Bacterial species Times
24 h 48 h

Salmonella typhimurium +0.98 ± 0.09 +0.51 ± 0.13

Listeria monocytogenes −0.41 ± 0.11 −2.18 ± 0.75

Staphylococcus aureus −1.91 ± 0.47 −3.87 ± 0.53

Legionella pneumophila −0.18 ± 0.40 −3.70 ± 0.40

1(b), and 2(b)). In particular, a marked decrease in viable
intracellular bacteria was observed for S. aureus after 24 (up
to −1.91 logs) and 72 (up to −3.87 logs) hours and for L.
pneumophila after 72 hours (up to−3.81 logs), while the viable
L. monocytogenes declined more gradually: up to −0.41 and
−2.18 logs after 24 and 72 hours, respectively. Taken together
these results confirm the differences among the four bacteria
species in terms of their ability to survive intracellular killing
in macrophages.

3.2. Stat-1/p-tyr
701

Stat-1 Pathway. In one set of experiments
macrophages were infected with S. aureus, L. monocytogenes,
S. typhimurium, and L. pneumophila.Then after 0, 24, and 72
hours, the levels of p-tyr

701
Stat-1 expression, used as amarker

of Stat-1 pathway activity, were correlated with the amount
of pathogens present inside the macrophage cells. In Figures
1 and 2 it is clearly shown that the Stat-1 pathway remains
activated when the pathogen persists within the host cell.
The p-tyr

701
Stat-1 expression levels do not always decrease in

parallel with the number of bacteria in the cells.
In the case of Gram-positive infected macrophages (Fig-

ure 1), the p-tyr
701

Stat-1 expression levels increase immedi-
ately after phagocytosis reaching values up to 600% and 70%
higher than values measured in uninfected cells for S. aureus
(Figure 1(c)) and L. monocytogenes (Figure 1(d)), respectively.
In these two cases, the p-tyr

701
Stat-1 levels were maintained

for up to 24 hours before declining to much lower levels at
72 h in correlation with the elimination of the pathogen from
the macrophage.

Gram-negative bacteria showed a similar trend to Gram-
positive bacteria. Figure 2 shows macrophages infected
with S. typhimurium (Figures 2(a) and 2(b)) and L. pneu-
mophila (Figures 2(c) and 2(d)). S. typhimurium infected
macrophages showed an increase in p-tyr

701
Stat-1 expression

levels of up to 300% compared to control cells after phago-
cytosis (time 0). At 24 hours the increment of p-tyr

701
Stat-1

persisted, with values up to 135% higher than controls, while
at 72 hours after infection, levels were once again found to
be 300% higher than controls. In L. pneumophila infected
macrophages, p-tyr

701
Stat-1 expression levels increased most

significantly after 24 hours after phagocytosis (up to 80%),
and in this case as well, these values were measured when
pathogens were present in the host cell. Decreased levels of
Stat-1 phosphorylation correlated with the elimination of the
bacteria from the host.

3.3. IFN. Data reported in Figure 3 show that Stat-1/p-
tyr
701

Stat-1 pathway activity is independent of INF𝛾 release.
In fact, macrophages infected with both L. monocytogenes
and S. typhimurium showed high levels of expression of p-
tyr
701

Stat-1 also in the presence of an antibody blocking
INF𝛾 release. The increased p-tyr

701
Stat-1 expression levels

are consistent with the different ratio of replication of the two
pathogens, respectively.

4. Discussion

Intracellular pathogens are responsible for much of the
worldwide morbidity and mortality caused by infectious
diseases. These pathogens are so dangerous because of their
ability to survive and grow inside host macrophages [29].
Phagocytosis is a key process of defense in the host and begins
with the binding of phagocytic receptors to their ligands on
the surface of pathogens. Immunoglobulin receptors (FcRs)
bind to bacteria opsonized by antibodies, while complement
receptors (CRs) recognize bacteria opsonized by comple-
ment. In both cases, phagocytosis activates many signaling
pathways to induce antibacterial effectors [30, 31]. However,
the relative contribution of each signal transduction pathway
to the fate of the internalized bacteria is not fully understood,
and phagocytosis does not always lead to the eradication
of microorganisms that survive and replicate in human
macrophages.

Various findings suggest that Stat proteins play an impor-
tant role in bacterial infections [5, 32]. In a previous work,
we reported that live M. avium infection in macrophages
kept the Jak/Stat-1 pathway active for a considerable period
(more than 7 days), subsequent to the establishment of
an intracellular infection and bacteria replication in the
phagosome [7]. We believe that certain membrane receptors
such as FcRs correlated with the Jak/Stat-1 signaling pathway
activation and may be able to mediate bacilli phagocytosis
or particle internalization inmacrophages after opsonization.
In particular, Stat-1 may play a pivotal role in the immune
response and in the activation of macrophages, as demon-
strated in knock-out mice [33, 34].

We have previously postulated that p-tyr
701

Stat-1 overex-
pression gives the infected cells a perfect target for cytotoxic
drugs, such as fludarabine, which exert their action by
inhibiting Stat-1 transcription [6]. It has also been postulated
that Gram-negative and Gram-positive bacteria, while using
different pattern recognition receptors, elicit signaling path-
ways that converge at the level of Stat-1 activation [13].

In the present study we investigated Stat-1 activation after
the uptake of four bacterial species with varying abilities
to enter, survive, and replicate in human macrophages.
For this purpose we selected two Gram-positive bacteria
(L. monocytogenes and S. aureus) and two Gram-negative
bacteria (S. typhimurium and L. pneumophila) responsible for
infectious diseases in humans.

It is known that the lipopolysaccharide (LPS) molecule,
the major component of the outer membrane of Gram-
negative bacteria, activates the Jak/Stat-1 pathway through
LPS-induced CD40 expression [35]. In our previous works
[6, 7], we postulated that all intracellular bacterial species
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Figure 1: p-tyr
701

Stat-1 expression in humanmacrophages in response to Gram-positive bacterial infections. Ten-day-old macrophages were
infected with Staphylococcus aureus (a, b) or Listeria monocytogenes (c, d). After removing extracellular microorganisms, cells were exposed
for 30min to gentamicin to kill noningested bacteria and then cultured for an additional 3 days in fresh medium containing gentamicin. At
the indicated times, the intracellular viable bacteria were determined by enumeration of CFU in specific medium ((a) and (c)) and data are
the mean of three independent experiments ± SEM. Stat-1 and p-tyr

701
Stat-1 expression levels were evaluated by Western blot assay at the

same times ((b) and (d)). Data were normalized on untreated (control) cells as a percentage increase. ∗p-tyr
701

Stat-1 expression levels are
significant compared to control cells.
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Figure 2: p-tyr
701

Stat-1 expression in humanmacrophages in response to Gram-negative bacterial infections. Ten-day-oldmacrophages were
infectedwith Salmonella typhimurium (a, b) orLegionella pneumophila (c, d). After removing extracellularmicroorganisms, cells were exposed
for 30min to gentamicin to kill noningested bacteria and then cultured for an additional 3 days in fresh medium containing gentamicin. At
the indicated time, the intracellular viable bacteria were determined by enumeration of CFU in specific medium ((a) and (c)), and data are
the mean of three independent experiments ± SEM. Stat-1 and p-tyr

701
Stat-1 expression levels were evaluated by Western blot assay at the

same times ((b) and (d)). Data were normalized on untreated (control) cells as a percentage increase. ∗p-tyr
701

Stat-1 expression levels are
significant compared to control cells; ∗∗Stat-1 expression levels are significant compared to control cells.

induce notable activation of the Jak/Stat-1 pathway, although
the extent of the activation varies according to the species.
However, comparing the results obtained for Gram-negative
and Gram-positive bacteria confirms that Stat-1 activation

does not seem to be related to LPS content. The p-tyr
701

Stat-
1 expression levels were found to be independent of the
internalized bacterial number, which is consistent with what
we observed in the our previous work onM. avium [7].Thus,
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Figure 3: Densitometric analysis of p-tyr
701

Stat-1 expression levels in macrophages infected with Salmonella typhimurium (St) and Listeria
monocytogenes (Lm). After infections, macrophages were cultured for 2 days in the absence or presence of 0.15𝜇g/mL of anti-IFN-gamma
antibody and Stat-1 and p-tyr

701
Stat-1 expression levels were evaluated by Western blot assay at the indicated times. Data were the mean

of three different experiments. The differences of the p-tyr
701

Stat-1 expression levels between infected and infected cells after INF-gamma
blocking were not significant.

Jak/Stat-1 pathway activation occurs only when an active
infection is established in the host, and it is plausible that the
differences in the expression levels of p-tyr

701
Stat-1 could be

due to different bacterial survival mechanisms or differences
in their life cycles within macrophages. It is known that
macrophages infected with intracellular pathogens release
IFN-𝛾 [36, 37], which potently activate macrophages to
kill ingested organisms including bacteria. Moreover, IFN-
𝛾 efficiently stimulates overexpression of p-tyr

701
Stat-1. In

this investigation, we showed that by blocking INF-𝛾 release,
p-tyr
701

Stat-1 expression levels in macrophages remained
unchanged compared to values measured in untreated cells,
suggesting that the Stat-1 activation was independent of IFN-
𝛾.

5. Conclusion

Taken together, the findings of this work show a strong activa-
tion of the Stat-1 pathway in different intracellular pathogens
without significant differences between Gram-positive and
Gram-negative bacterial pathogens. The unchanged expres-
sion levels of p-tyr

701
Stat-1 after blocking the release of INF𝛾

suggest that internalization and replication of pathogens in
macrophages potentially activates the Stat-1 pathway by intra-
cellular signaling. The exceptionally high expression levels
of p-tyr

701
Stat-1 reconfirms Stat1 pathway activation as a

marker to identify bacterial reservoirs. Such reservoirs could
be eliminated after treatment with drugs blocking the Stat-1
pathway of Stat-1 phosphorylation. Further experiments will
be carried out using animal disease models.
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Adoptive cell therapy (ACT) using autologous cytokine-induced killer (CIK) cells is a promising treatment for metastatic
carcinomas. In this study, we investigated the impact of RetroNectin on the proliferation, phenotype alternation, cytokine secretion,
and cytotoxic activity of CIK cells from pancreatic cancer patients. Furthermore, we treated 13 patients with metastatic or
locally advanced pancreatic cancer using autologous RetroNectin-activated CIK cells (R-CIK cells) alone or in combination with
chemotherapy. Compared with only CD3 activated CIK cells (OKT-CIK cells), R-CIK cells showed stronger and faster proliferative
ability, with a lower ratio of spontaneous apoptosis. Moreover, this ability continued after IL-2 was withdrawn from the culture
system. R-CIK cells could also secrete higher levels of IL-2 and lower levels of IL-4 and IL-5 versus OKT-CIK cells. There was no
difference betweenOKT-CIK and R-CIK cells in cytotoxic ability against lymphoma cell line K562. In patients who received auto-R-
CIK cell infusion therapy, the overall objective response rate was 23.1%. Median survival time (mOS) after first R-CIK cell infusion
was 10.57 months; the 1-year survival rate was 38.5%. No serious toxicity was associated with R-CIK cell infusion. In conclusion,
RetroNectin may enhance antitumor activity of CIK cells: it is safe for use in treating pancreatic cancer.

1. Introduction

Adoptive therapy using T cells for cancer therapy is a promis-
ing strategy that has curative potential and broad applica-
bility. Cytokine-induced killer (CIK) cells are generated by
in vitro expansion of peripheral blood lymphocytes (PBL)
using anti-CD3 antibodies, IFN-𝛾, and IL-2 [1]. CIK cells are
a heterogeneous population of effector T cells, some of which
possessing non-MHC-restricted cytolytic activities against
cancer cells [2]. Although clinical studies have confirmed
the benefit and safety of CIK cell-based therapy for patients
with hematopoietic and solid tumors, there are many factors
impacting the clinical response due to the characteristics of
ex vivo expanded lymphocyte cells. It was shown that the
use of minimally cultured “young” less-differentiated tumor
infiltrating lymphocytes (TILs), with stronger proliferative
ability and higher levels of the costimulatorymolecules CD27

and CD28, is an important factor for success [3]. RetroNectin
is a chimeric peptide of recombinant E. coli-expressed human
fibronectin fragments, with two functional domains which
can interact with integrin molecules: very late antigen-4
(VLA-4, 𝛼4𝛽1) and very late antigen-5 (VLA-5, 𝛼5𝛽1) of
the target cells. RetroNectin is always used to enhance
retroviral mediated gene transduction by colocalizing target
cells and virions on the RetroNectinmolecules [4]. It was also
found that T lymphocytes could be efficiently expanded by
stimulation with a combination of immobilized RetroNectin
and anti-CD3 mAb, resulting in a higher expansion fold and
more naive T cells than othermethods [5].Therewere reports
that RetroNectin activated lymphocytes could be used to treat
solid tumors, proving that these cells were safe for clinical use
[6, 7]. The detailed mechanism of how RetroNectin affects
the biologic character of CIK cells, however, has not been
systemically researched. In order to find an effective way to
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increase the number of high quality CIK cells for clinical
use, we investigated the impact of using RetroNectin on
proliferation, cytotoxic activity, phenotype alternation, and
cytokine secretion of CIK cells. The CIK cells we used in this
studywere generated from the peripheral bloodmononuclear
cells of pancreatic cancer patients.We found that RetroNectin
could increase the proliferative ability of the resultant CIK
cells, increase growth time when IL-2 was withdrawn from
the culture system, and make the cells secrete higher levels of
IL-2 and lower levels of IL-4 and IL-5. Moreover, these CIK
cells could be safely used to treat pancreatic cancer, as some
of the patients get significant therapeutic efficacy.

2. Material and Methods

2.1. Culture of OKT-CIK and R-CIK Cells from Pancreatic
Cancer Patients. 50mL of heparinized peripheral blood was
obtained from five pancreatic cancer patients. All patients
were approved by the Ethics Committee of Affiliated Cancer
Hospital Zhengzhou University and signed an informed
consent prior to initiation of lymphocyte cultures. Peripheral
blood mononuclear cells (PBMCs) were separated from
the blood by density gradient centrifugation. PBMCs were
divided into two groups: group I and group II. Each grouphad
1 × 107 cells.The PBMCs of group I were seeded into a 75 cm2
flask precoated with CD3 mAb (OKT3) (Cuba CIMAB SA,
Cuba), while the PBMCs of group II were seeded into another
75 cm2 flask precoated with RetroNectin (Takara, Japan) and
OKT3. Both groups of PBMCs were cultured with GT-T551
serum-free culture medium (Takara, Japan) supplemented
with 2% autologous plasma, 1000U/mL IFN-𝛾 (Shanghai Kai
Mao Biotechnology Co. Ltd., China), and 1000U/mL IL-2
(ShandongQuangang Pharmaceutical Co. Ltd., China). After
4 days in culture, the two group cells in the 75 cm2 flasks
were pipetted up completely toGT-T610 culture bags (Takara,
Japan), with fresh medium containing 1000U/mL IL-2 to 3
times the volume of the original medium added in the flask.
Fresh culture medium containing 1000U/mL IL-2 was added
in the culture bags every 3 days. The cell product in the flask
precoated with RetroNectin and OKT3 was named R-CIK
cells, while the cell product in the flask precoated with OKT3
only was named OKT-CIK cells.

2.2. Culture of LeukemiaCell LineK562. K562human immor-
talized myelogenous leukemia cells (ATCC) were cultured
with RPMI-1640medium (Gibico, USA) containing 10% fetal
calf serum (Gibico, USA) at 37∘C and 5% CO

2
incubator.

Fresh medium was changed every 3 days. The daily growth
conditions of the cells were observed. Logarithmic growth
phase of the K562 cells were used for cytotoxicity assays.

2.3. Checking Proliferative Activity of OKT-CIK and R-CIK
Cells. After 4 days in culture, 5mLmedium containingOKT-
CIK or R-CIK cells was extracted with a syringe from the
75 cm2 flasks and then cultured in a 25 cm2 flask in GT-
T551 medium supplemented with 1000U/mL of IL-2.The cell
number was counted once every 3 days, and the expansion
multiple was calculated by comparison with the original

seeded cell number. Growth curve was drawn according to
the cell expansion multiple.

We checked the continuing proliferative ability of the
resultant OKT-CIK and R-CIK cells in the medium without
IL-2 by performing IL-2 withdrawal tests. After 12 days in
culture, parts of the OKT-CIK and R-CIK cells cultured in
the culture bag were extracted and continued to be cultured
in 24-well plates without IL-2, each sample in triplicate, with 1
× 104 cells per well containing 1mLmedium. Cell numbers in
the 24-well plate were counted every 2 days; the expansion
multiple was calculated and the growth curve was drawn
according to the multiple.

2.4. Measurement of Apoptosis. Apoptosis of the OKT-CIK
and R-CIK cells was measured by Annexin V and Propidium
Iodide (PI) staining using an Annexin V-FITC Apoptosis
Detection kit (KeyGen, China). The cells were harvested and
washed in cold PBS, then resuspended in 500 𝜇L binding
buffer supplied by the kit, and stained with Annexin V-FITC
5 𝜇L, PI 5 𝜇L for 10 minutes at room temperature. The cells
were analyzed by flow cytometry (BD Biosciences, San Jose,
CA, USA) within 1 hour.

2.5. Phenotype of OKT-CIK and R-CIK Cells at Different
Culture Times. OKT-CIK and R-CIK cells were measured
on the 10th and 16th days after RetroNectin and OKT3
stimulating.The cells were harvested and washed in cold PBS
and resuspended at 1 × 106 in 100 𝜇L cold PBS consisting of
5% serum. The cells were stained for anti-CD3-APC, anti-
CD4-PerCP, anti-CD8-PerCP, anti-CD27-FITC, anti-CD28-
PE, anti-CD56-PE, and anti-PD-1-PE purchased from BD
Biosciences (San Jose, CA, USA) for 20 minutes on ice.
FACS analysis was performed by using a FACSCalibur and
CellQuest software (BD Biosciences, San Jose, CA, USA).

2.6. CFSE-Based Cytotoxicity Assay. We harvested the loga-
rithmic growth K562 cells by centrifuge as target cells. These
cells were suspended at 1 × 106 cells/mL and labeled with
1.25 𝜇mol/L CFSE (Invitrogen, USA) for 5 minutes at 37∘C.
The reaction was stopped by addition of an equal volume
of RPMI1640 containing 10% fetal calf serum. Then, CFSE-
labeled cells were centrifuged and resuspended in 10mL
RPMI1640 containing 10% fetal calf serum and incubated
at 37∘C for 30 minutes. Before use, CFSE-labeled K562
cells were washed two times with PBS and resuspended
in GT-T551 medium at the cell concentration of 5 × 105
cells/mL. Adjusting the concentration of OKT-CIK and R-
CIK cells at 5 × 106 cells/mL as effector cells, the effec-
tor and target cells were added at different effector-target
ratios at 40 : 1 (400𝜇L/100 𝜇L), 20/1 (330 𝜇L/165 𝜇L), and
10/1 (250 𝜇L/250 𝜇L) and were mixed to a final volume of
500𝜇L in 48-well plates. The plates were then incubated
in a humidified atmosphere of 5% CO

2
and 37∘C for 4

hours. To stain for dead cells, propidium iodide (final con-
centration 1𝜇g/mL) was added 5 minutes before analysis.
When using flow cytometry analysis, the CFSE+PI− cells were
alive target cells and the CFSE+PI+ cells were dead target
cells. Spontaneous dead targets were obtained from targets
incubated with medium alone and with PI staining which is
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positive. The percentage of CFSE+PI+ or PI+ K562 cells was
performed by using a FACSCalibur and CellQuest software

(BD Biosciences, San Jose, CA, USA). The percentage of
specific target cell death (cytotoxicity) was then calculated as

(
dead targets in the sample (%) − spontaneously dead targets (%)

100 (%) − spontaneously dead targets (%)
) × 100 (%) . (1)

2.7. Cytokine Secretion Assay. After 15 days in culture, OKT-
CIK and R-CIK cells (1 × 105) were plated at 1 × 105 cells per
well in a 96-well flat-bottom plate, with 1 × 105 K562 tumor
cells and 200𝜇L GT-T551 medium without IL-2. After 24-
hour coculture, supernatants were harvested and cytokine
secretion was quantified by BD Cytometric Bead Array
(CBA) HumanTh1/Th2 Cytokine Kit II (BD Biosciences, San
Jose, CA, USA) according to the protocol of the kit.

2.8. Patient Selection and Treatments. From September 2010
to December 2013, 13 patients with advanced pancreatic can-
cer from Affiliated Cancer Hospital of Zhengzhou University
were treated by autologous R-CIK cells for at least 2 cycles,
with or without chemotherapy according to the patients
Eastern Cooperative Oncology Group performance status
(ECOG PS) (Table 1). Eleven patients were diagnosed with
metastatic pancreatic cancer; the other two were diagnosed
with local advanced cancer. From 10 patients who were
treated as first-line, three patients were treated after a failure
with other treatments. The median age of these patients was
70 (49–79) years old, seven males and six females. Eight
patients among them had histologically or cytologically con-
firmed pancreatic adenocarcinoma and the other five patients
were diagnosed with computed tomography/magnetic reso-
nance imaging (CT/MRI) combined with abnormal increase
of cancer and tissue-specific marker carbohydrate antigen-
199 (CA-199). Patients whose expected survival time was less
than 2 months were excluded from the trial.

The protocol of R-CIK cells culture from the patients
was similar to the protocol described above. Briefly, 50mL
of heparinized peripheral blood was obtained from the
patients, after 11∼16 days in culture, and the R-CIK cells were
harvested and infused to those patientswhowere fit to clinical
use through quality control. All patients who were entered
into the clinical protocols signed informed consent forms
that were approved by the Ethics Committee of Affiliated
Cancer Hospital of Zhengzhou University prior to initiation
of lymphocyte cultures.

Six patients received S-1 (Jiangsu Hengrui Medicine Co.
Ltd., China) based chemoimmunotherapy; the dose of S-1
used in each cycle was 80, 100, or 120mg/d according to body-
surface area on days 1 through 14 of a 21-day cycle. After
24∼48 hours of the last day’s S-1 oral administration, 3∼5 ×
109 autologous R-CIK cells were intravenous drop infused
to each patient, followed by 2 million units of interleukin-2
intravenous drop infusion each day, for 3 days.Three patients
received gemcitabine (Haosenh Pharmaceutical Co., China)
based chemoimmunotherapy; the dose of gemcitabine used
in each cycle was 1000mg/m2 on days 1 and 8 of a 21-day

cycle. After 24∼72 hours of the second gemcitabine dose
infusion, 3∼5 × 109 autologous R-CIK cells were intravenous
drop infused to each patient, followed by 2 million units of
interleukin-2 intravenous drop infusion each day, for 3 days.
These patients received 1∼6 cycles chemoimmunotherapy
altogether, according to the patients Eastern Cooperative
Oncology Group performance status (ECOGPS). After those
chemoimmunotherapy cycles were completed, 1∼4 doses of
more R-CIK cells were infused after the last chemotherapy
cycle; each dose contained about 3∼5 × 109 R-CIK cells. Four
patients received only R-CIK cells infusionwithout treatment
of chemotherapy due to age or refusal to use chemotherapy
drugs. These patients received 2∼10 doses of R-CIK cells
infusion, respectively, twice a month; each dose contained
about 3∼5 × 109 R-CIK cells. After R-CIK cells infusion,
patients received 2 million units of interleukin-2 intravenous
drop infusion each day, for 5 days.

2.9. Assessment of Response and Toxicity. The staging of pan-
creatic cancer was diagnosed according to UICC/AJCC 2002
criteria. Tumor response was determined according to the
National Cancer Institute (Bethesda, MD) Response Evalu-
ation Criteria in Solid Tumors (RECIST1.1) [8]. Patients were
assessed serially using CT/MRI of chest, abdomen, pelvis,
and brain and technetium bone scan. Tumor evaluation was
done 2 months after treatment start. Overall survival was
calculated from the date of therapy initiation until the date of
death or December 31, 2013. Adverse events were evaluated
according to World Health Organization (WHO) criteria.

2.10. Statistical Analysis. Overall survival (OS)was calculated
from initiation of therapy to death, and patients alive were
censored at the time of last contact. We retrospectively
analyzed tumor response and overall survival of 13 patients.
Distributions of survival time and rate were estimated by
using the Kaplan-Meier method. Median survival time along
with 95% confidence intervals (CI) was reported. All calcula-
tions were conducted using the SPSS 17.0 software.

3. Results

3.1. RetroNectin Activated CIK Cells Had Stronger Proliferative
Ability. Three days after activation by OKT3 alone or OKT3
combined with RetroNectin, both OKT-CIK and R-CIK cells
began a logarithmic growth stage, but the growth speed
of R-CIK cells was much higher than that of OKT-CIK
cells (Figure 1(a)). Both OKT-CIK and R-CIK cells achieved
growth platform after 15 days in culture: the OKT-CIK cells
displayed 100 times amplification at this time, while the
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Figure 1: RetroNectin activated CIK cells had stronger proliferative ability. (a) Proliferative curve of OKT-CIK and R-CIK cells. The
proliferative speed of R-CIK cells was much higher than that of OKT-CIK cells, 𝑛 = 5. (b) Mean percentage of OKT-CIK and R-CIK cells
undergoing early apoptosis (Annexin+PI−) and late apoptosis/necrosis (Annexin+PI+). ∗𝑃 < 0.05 for the comparison, 𝑛 = 5. (c) Continual
proliferative curve of OKT-CIK and R-CIK cells in medium without IL-2. R-CIK cells could continue expanding 4 days after IL-2 was
withdrawn from the medium, and the maximum average amplification is 6 times. OKT-CIK cells could only continue expanding 2 days
in the same condition, and the maximum average amplification is 3 times, 𝑛 = 5. (d) Shape of cultured OKT-CIK and R-CIK cells (400x).
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Table 2: The cell phenotype of CIK at different culture time (𝑥 ± 𝑠, 𝑛 = 5).

Phenotype Day 10 (%) Day 16 (%)
OKT-CIK R-CIK OKT-CIK R-CIK

CD3+CD4+ 37.95 ± 17.38∗∗ 46.01 ± 17.02∗∗ 20.90 ± 12.94 20.66 ± 9.16
CD3+CD8+ 57.82 ± 25.32 51.20 ± 17.83 77.00 ± 12.11 77.04 ± 15.49
CD3+CD56+ 11.14 ± 7.02∗ 8.66 ± 5.36∗ 22.21 ± 7.85 25.18 ± 3.38
CD3+CD27+ 35.62 ± 12.43 39.84 ± 8.33 56.11 ± 27.11 65.42 ± 20.82
CD3+CD28+ 85.06 ± 9.25∗ 87.49 ± 9.58∗ 87.41 ± 15.57 88.93 ± 14.60
CD3+PD-1+ 0.09 ± 0.21 0.12 ± 0.12 2.22 ± 0.64 1.70 ± 0.18
∗
𝑃 < 0.05; ∗∗𝑃 < 0.01 for the comparison.

R-CIK cells displayed 200 times amplification (Figure 1(a)).
Coincident with the growth speed, the spontaneous apop-
tosis of R-CIK cells was lower than that of OKT-CIK cells
(Figure 1(b)). After IL-2 was withdrawn from the medium,
R-CIK cells could continue growing to 6 times amplification,
whileOKT-CIK cells could only grow to 3 times amplification
(Figure 1(c)).These results indicate that R-CIK cells activated
by RetroNectin have much stronger proliferative ability than
only CD3 activated CIK cells. There were also some shape
differences between OKT-CIK and R-CIK cells; OKT-CIK
cells displayed easily formed cells aggregates, while R-CIK
cells displayed dispersed growth (Figure 1(d)).

3.2. Subpopulation Cells in OKT-CIK and R-CIK Cells Changed
at Different Culture Times. We analyzed the cell subpopula-
tions in OKT-CIK and R-CIK cells cultured on the 10th and
16th days, including CD3+CD4+, CD3+CD8+, CD3+CD56+,
CD3+CD27+, CD3+CD28+, and CD3+PD-1+ cells. As shown
in Table 2 and Figure 2, the percentage of CD3+CD4+ cells
and the percentage of CD3+CD28+ cells were higher inR-CIK
cells on the 10th day (𝑃 < 0.05), but they became equal on
the 16th day. Conversely, the percentage of CD3+CD56+ cells
was lower in R-CIK cells on the 10th day (𝑃 < 0.05); it also
became equal on the 16th day. There was no difference seen
between the OKT-CIK and R-CIK cells when compared to
other subpopulation cells (𝑃 > 0.05).

As the culture time prolonged, CD3+CD8+ cell counts
were raised in both OKT-CIK and R-CIK cells; their per-
centages were higher on the 16th day than on the 10th day.
Correspondingly, CD3+CD4+ cells decreased in both OKT-
CIK and R-CIK cells at the same time.

3.3. Cytokines Secreted by OKT-CIK and R-CIK Cells. We
checked the cytokines secreted by OKT-CIK and R-CIK
cells when they were cocultured with K562 cells using the
Cytometric BeadArray (CBA)HumanTh1/Th2Cytokine Kit.
The cytokines checked included IL-2, IL-4, IL-5, IL-10, TNF-
𝛼, and IFN-𝛾. As shown in Figure 3, comparedwithOKT-CIK
cells, R-CIK cells secreted higher IL-2, while they secreted
lower level IL-4 and IL-5 (𝑃 < 0.05). There was no difference
between theOKT-CIK andR-CIK cells when compared to IL-
10, TNF-𝛼, and IFN-𝛾 (𝑃 > 0.05). These results indicate that
RetroNectin can promote the activity of Th1 cells.

3.4. Cytotoxicity of OKT-CIK and R-CIK Cells to K562 Cells.
The OKT-CIK and R-CIK cells were tested for cytotoxicity

against the K562 tumor cells, measured by CFSE/PI double
staining and flow cytometry analysis. As shown in Figure 4,
both OKT-CIK and R-CIK cells could kill K562 cells at
different effector/target ratio, but there was no statistical
difference between the two group cells (𝑃 > 0.05).

3.5. Tumor Response and Prognosis of R-CIK Cell Treated
Pancreatic Cancer Patients. Of the 13 pancreatic cancer
patients studied, one patient (7.7%) achieved a complete
remission (CR): this patient had local relapsed pancreatic
adenocarcinoma after surgery and preventive radiotherapy.
Two patients (15.4%) who received chemotherapy combined
R-CIK cells infusion achieved a partial remission (PR).
Eight patients (61.5%) had a stable disease (SD). The overall
objective response rate (CR+PR) was 23.1% and the disease
control rate (CR+PR+SD) was 84.6%. The median survival
time (mOS) after first R-CIK cells infusion was 10.57 months
(95%CI, 6.6 to 14.6months; Figure 5).The 1-year survival rate
was 38.5%.

3.6. Treatment Toxicity. The distributions of side effects were
shown in Table 1. No toxic death was observed. Common
toxicities consisting of bone marrow suppression, anorexia,
and fatigue were mainly in the chemotherapy group. One
patient who received solo R-CIK infusion had toxicity of
mild fever. The toxicities in the chemotherapy group were
more frequent and serious than those in the group without
chemotherapy.

4. Discussion

CIK cells are generated by culturing peripheral blood lym-
phocytes (PBL) with interferon-𝛾 (INF-𝛾), monoclonal anti-
body against CD3 (anti-CD3), and IL-2 in a particular time
schedule. The cytokines INF-𝛾 and IL-2 are crucial for the
cytotoxicity of the cells and anti-CD3 provides mitogenic
signals to T cells for proliferation [9]. CD3+CD8+CD56+
cells are referred to as natural killer T (NK-T) cells and
represent the cell type with the greatest cytotoxicity in the
CIK cell population. Among different adoptive lymphocyte
therapies, CIK cells have a particularly advantageous profile
as these cells are easily available, have a high proliferative rate,
own non-MHC-restricted cytotoxicity ability, and exhibit a
high antitumor activity [10]. There are reports that CIK cells
could even kill cancer stem cells [11, 12]. Both autologous
and allogeneic CIK cells have been used in phases 1 and 2 of
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Figure 2: Composition of T subpopulation cells at different culture times. (a) CD3+CD4+ T cells cultured on the 10th and 16th day. (b)
CD3+CD8+ T cells cultured on the 10th and 16th day. (c) CD3+CD56+ T cells cultured on the 10th and 16th day. (d) CD3+CD27+ T cells
cultured on the 10th and 16th day. (e) CD3+CD28+ T cells cultured on the 10th and 16th day. (f) CD3+PD-1+ T cells cultured on the 10th
and 16th day. CD3+CD4+ and CD3+CD28+ cells were higher in R-CIK cells, while CD3+CD56+ cells were lower in R-CIK cells on the 10th
day, but they became equal on the 16th day. There was no difference seen between the OKT-CIK and R-CIK cells when compared to other
subpopulation cells. As the culture time prolonged, CD3+CD8+ cell counts were raised in both OKT-CIK and R-CIK cells, and CD3+CD4+
cells decreased in both OKT-CIK and R-CIK cells at the same time.The % of the cells shows the % of cells in all cell population in the culture.
∗

𝑃 < 0.05; ∗∗𝑃 < 0.01 for the comparison, 𝑛 = 5.
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Figure 3: Cytokine secreted by OKT-CIK and R-CIK cells. (a) IL-2 was secreted by OKT-CIK and R-CIK cells. (b) IL-4 was secreted by OKT-
CIK and R-CIK cells. (c) IL-5 was secreted by OKT-CIK and R-CIK cells. (d) IL-10 was secreted by OKT-CIK and R-CIK cells. (e) TNF-𝛼
was secreted by OKT-CIK and R-CIK cells. (f) IFN-𝛾was secreted by OKT-CIK and R-CIK cells. R-CIK cells secreted higher IL-2, while they
secreted lower level of IL-4 and IL-5. There was no difference between the OKT-CIK and R-CIK cells when compared to IL-10, TNF-𝛼, and
IFN-𝛾 (𝑃 > 0.05). ∗𝑃 < 0.05; ∗∗𝑃 < 0.01 for the comparison, 𝑛 = 5.

clinical trials for the treatment of different tumor types. In
these trials, they displayed limited toxicity, whereas evidence
has been obtained that they exert antitumor activity [13].
Although clinical studies have confirmed benefit and safety
of CIK cell-based therapy for patients with malignancies,

the efficacy was usually low, so enhancement of the potency
of CIK cells is very important. In order to find an easy
way to improve the efficacy of CIK cells for clinical use,
we added RetroNectin to the traditional CIK cell culture
system. We found that, after using RetroNectin, most of
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Figure 4: Cytotoxicity of OKT-CIK and R-CIK cells against K562
cells. Both OKT-CIK and R-CIK cells could kill K562 cells at
different effect or target ratio, but there was no statistical difference
between the two groups. 𝑃 > 0.05, 𝑛 = 5.
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Figure 5: Overall survival measured using the Kaplan-Meier
method. The median survival time after first R-CIK cells infusion
was 10.57 months. One-year survival rate was 38.5%.

the biologic characters of the R-CIK cells were similar to
unaltered CIK cells. For example, CIK and R-CIK cells
had similar T cell subpopulations after 16 days in culture;
their cytotoxicity abilities against lymphoma cell line K562
cells were also equal. RetroNectin, however, could make
R-CIK cells secrete more Th1 cell-associated cytokine IL-2
and secrete less Th2 cell-associated cytokine IL-4 and IL-5,
indicating that RetroNectin could enhance the activity ofTh1
cells, while suppressing the activity of Th2 cells. This is a
clinically significant advantage for R-CIK cells, since cancer
immunotherapy needs the help of Th1 cells, while the Th2
cells always inhibit antitumor activity of immune system [14].
Another advantage of RetroNectin is that it could promote
the proliferative ability of CIK cells; the R-CIK cells’ growth
speed was faster, with a lower ratio of spontaneous apoptosis.
This characteristic of RetroNectin could shorten the culturing

time in vitro to get a certain amount of cells for clinical use;
it could also improve the quality of resultant lymphocytes, as
it has been reported that the use of less-differentiated TILs
with stronger proliferative ability was an important factor for
success [3]. More importantly, after IL-2 was withdrawn from
the medium, R-CIK cells continue growing for a longer time
and expanded double numbers of OKT-CIK cells which were
not excited by RetroNectin.This characteristic of R-CIK cells
made them have two merits for clinical use. First, traditional
CIK cells should stop growing soon after they were infused
into the patient blood, because the concentration of IL-2 in
the patient’s body is very low, while RetroNectin activated R-
CIK cells may continue to grow for a longer time. Second, the
patient’s blood may be the most favorable culture medium
for R-CIK cells’ growth: if the patient is given IL-2 several
days after infusion, the cells may continue to grow for more
days in the patient body, so the therapeutic number of R-
CIK cells needed for cancer patients could be less than that of
traditional CIK cells. Indeed, we used average 4 × 109 R-CIK
cells in each dose to treat pancreatic cancer in our study; it
seems that R-CIK cells could work at this order of magnitude,
while other researchers usually use more than 1 × 1010 CIK
cells to treat cancer patients [15, 16].

Pancreatic cancer is a relatively common malignancy,
with around 43,000 new cases diagnosed in the U.S. in 2012.
The majority of patients have advanced pancreatic cancer at
the time of diagnosis. Advanced disease is associated with
a dismal outcome, with a median survival of 3–6 months
[17]. Although advanced pancreatic cancer shows a modest
response to chemotherapy, different studies suggest that
pancreatic cancer can elicit antitumor immune responses
[18–21]; thus, immunotherapy could be of great importance
in treatment. Recently, immunotherapy has been shown to
be a novel approach with the potential to function alone
or in concert with traditional therapies: results in many
clinical trials have shown improved survival without added
toxicity. In a large retrospective cohort analysis, 138 palliative
treatment pancreatic cancer patients had added treatment
with dendritic cells. The therapy was well tolerated and no
serious side effects were observed. Median survival time
was 8.9 months. Median survival was significantly higher
in the group of patients who started immunotherapy within
2 months following diagnosis or repeated immunotherapy
[22]. CIK cells have been used to treat many types of
malignant tumors in clinical trials, where they displayed
limited toxicity and some efficacy. And, in our previous
study, we found that R-CIK cells combined with conventional
therapies could improve the prognosis of metastatic brain
tumor patients, especially of those with adenocarcinoma of
the lung [23]. However, there were no clinical trial reports
on CIK treatment in pancreatic cancer. In the present study,
we use R-CIK cells to treat 13 pancreatic cancer patients
alone or combined with chemotherapy. Eleven patients were
diagnosed with metastatic pancreatic cancer; the other two
were local advanced. The overall objective response rate
was 23.1%, including one patient who achieved a complete
remission (CR) after receiving R-CIK cells infusion alone;
two patients achieved a partial remission (PR) after receiving
chemotherapy combined with R-CIK cells infusion. Eight
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patients (61.5%) had a stable disease (SD). The overall objec-
tive response rate (CR+PR)was 23.1% anddisease control rate
(CR+PR+SD) was 84.6%. The median survival time (mOS)
after first R-CIK cell infusion was 10.57 months, and the 1-
year survival rate was 38.5%. There was no serious toxicity
associated with R-CIK cells infusion; one patient had a mild
fever. Although the patients’ number was low, it seems that
R-CIK greatly improved the survival time of the metastatic
pancreatic cancer.

In conclusion, our results showed that after activation by
RetroNectin, CIK cells displayed stronger and faster prolifer-
ative ability, even in an environment without extraneous IL-
2, and enhanced the activity of Th1 cells. The R-CIK cells can
be safely used to treat pancreatic cancer patients, and some
patients can experience significant results from the treatment.
Due to the limited number of cases in our study, however,
additional studies should be performed.
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