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Dendritic cells (DCs) are a highly specialized population of
antigen-presenting cells that play a key role in the induction
of adaptive immune responses against different pathogens
and in the maintenance of peripheral tolerance [1, 2]. Since
their discovery by Ralph Steinman in the 70s [3–6], much has
been learned about their ontogeny, migration, and antigen
presentation capacities in lymphoid and nonlymphoid organs
[7]. Advances in flow cytometry allowed the selection of
surface markers that help distinguish different DC subsets
[8]. In addition, the identification of many receptors has
added information on how these cells sense the environment
and respond to different stimuli [9]. The role of DCs in
the induction of immune responses and/or in peripheral
tolerance has been extensively studied, particularly in mice,
using different models that include infectious diseases and
cancer, but also autoimmune diseases. In addition, progress
has been made in our understanding of human DC subsets.

In this special issue, a number of review articles will
illustrate our current understanding of how DCs are affected
in different contexts, ranging from inflammatory to more
tolerogenic settings. For example, J. M. Motta and V. M.
Rumjanek will discuss how different environments affect DC
function.They focus especially on howDC function ismodu-
lated in the presence of tumors (a tolerogenic setting) or in the
presence of organ transplantation (a more proinflammatory

setting). The role of DCs following heart transplantation is
also revised by M.-T. Dieterlen et al., when they additionally
discuss in detail DC function in hypertension, atherosclero-
sis, and heart failure. On the other hand, S. Winning and J.
Fandrey discuss how hypoxia modulates DC function. This
is an important topic because antigen presentation normally
takes place in organs and tissues that exhibit low oxygen
tension, and we are just starting to recognize hypoxia as a
key factor on the modulation of immune responses. On a
more tolerant setting, we will learn from A. Steimle and J.-
S. Frick how intestinal DCs interact constantly with different
species of commensal bacteria and how these bacteria can
regulate DC phenotype. DC function and tolerance break in
systemic lupus erythematosus are addressed by X. Liao et al.
Recent evidence suggests that DC activation by self-antigens
contributes to tolerance breakdown and to the induction of
lupus pathogenesis. The role of DCs in different contexts of
infection is also the focus of three reviews in this special issue.
N. A. Mabbott and B. M. Bradford address how prions may
exploit conventional DCs to infect the host, while D. Feijó et
al. and K. N. S. Amorim et al. focus on DC interactions with
two different intracellular parasites. Interactions between
DCs and parasites from the genus Leishmania are discussed
by D. Feijó et al., while K. N. S. Amorim et al. overview the
importance of DCs during Plasmodium infection and how
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they sense different parasite components. Finally, I. G. Zizzari
et al. specifically address how a DC receptor recognizes
modified glycoproteins expressed by tumors and highlight
the importance of antigen structure in the modulation of DC
mediated immune responses.

New information is also provided by this special issue.
T. Bertran et al. analyze interactions between Gardnerella
vaginalis and humanmonocyte-derivedDCs, while D. Clarke
et al. study how DCs in contact with group B Streptococcus
modulate activation of CD4+ T cells.

In conclusion, this special issue highlights different func-
tions of DCs in complex scenarios such as immunity and
tolerance. Understanding how DCs help our immune system
to deal with infections and to maintain the steady state is
important, and such knowledge may be used in the design of
better vaccines and in the treatment of autoimmune diseases.

Silvia Beatriz Boscardin
Daniela Santoro Rosa
Alice O. Kamphorst

Christine Trumpfheller
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Dendritic cells (DCs) play a central role in the initiation of adaptive immune responses, efficiently presenting antigens to T cells.
This ability relies on the presence of numerous surface and intracellular receptors capable of sensing microbial components as well
as inflammation and on a very efficient machinery for antigen presentation. In this way, DCs sense the presence of a myriad of
pathogens, including Plasmodium spp., the causative agent of malaria. Despite many efforts to control this infection, malaria is
still responsible for high rates of morbidity and mortality. Different groups have shown that DCs act during Plasmodium infection,
and data suggest that the phenotypically distinct DCs subsets are key factors in the regulation of immunity during infection. In
this review, we will discuss the importance of DCs for the induction of immunity against the different stages of Plasmodium, the
outcomes of DCs activation, and also what is currently known about Plasmodium components that trigger such activation.

1. Introduction

Malaria is the most important protozoan parasitosis in
humans. It afflicts millions of people annually causing an
expressive burden, mainly in tropical countries. Plasmodium
has a very complex life cycle, and its different stages alternate
between the vertebrate host and the mosquito.The vertebrate
infective stages are able to move around in the skin but
also traverse and infect cells in tissues. During this journey,
Plasmodium interacts with DCs that are responsible for the
initiation of adaptive immune responses. The interactions
among DCs and the parasite are complex and may shape the
outcome of the anti-Plasmodium immune responses.

2. Dendritic Cells and Their Role in
the Induction of Immune Responses

DCs are a distinct lineage of mononuclear phagocytic cells
specialized in antigen presentation. They show excellent
ability to capture, process, and present antigens to T cells [1],

directly activate B cells [2], and are also involved in the ampli-
fication of innate immune responses, such as activation ofNK
cells [3, 4]. Once in contact with a pathogen, DCs undergo a
process known as maturation that culminates with efficient
antigen presentation and cytokine production. Cytokines
produced by DCs become part of the microenvironment
that induces immune responses capable of stimulating the
development of effector T lymphocytes [5]. In addition, DCs
are involved in tolerance development in the thymus by
negative selection of autoreactive lymphocytes [6] and in the
periphery, where they present self-antigens in the absence
of inflammation [7]. This entire range of DC functions
is associated with their ability to recognize pathogen- or
damage-associated molecular patterns (PAMPs or DAMPs,
resp.) through pattern recognition receptors (PRRs) [8].

Different classes of PRRs were discovered in the last dec-
ades and include membrane anchored receptors such as toll-
like receptors (TLRs) [9] and C-type lectin receptors (CLRs)
[10], besides the cytoplasmic nucleotide-binding oligomer-
ization domain- (Nod-) like receptors (NLRs), RIG-I-like

Hindawi Publishing Corporation
Journal of Immunology Research
Volume 2016, Article ID 2926436, 11 pages
http://dx.doi.org/10.1155/2016/2926436

http://dx.doi.org/10.1155/2016/2926436


2 Journal of Immunology Research

receptors (RLRs), and AIM-2-like receptors [11, 12], as well as
a family of enzymes that function as intracellular sensors of
nucleic acids, including OAS proteins and cGAS [12]. These
PRRs are capable of triggering complex intracellular signals
that stimulate DC maturation, increase the expression of
major histocompatibility complex (MHC) and costimulatory
molecules, and promote proinflammatory cytokines expres-
sion [13, 14].Thus, in a context of infection and inflammation,
DCs can identify the presence of pathogens through PRRs
and induce adaptive immune responses [13].

DCs can be subdivided into different subsets based on
the expression of different surface molecules (Figure 1).
Human and mouse DCs normally express CD45, CD11c, and
MHC class II (MHCII). In mice, the CD11c and MHCII
molecules are expressed in all DC subsets with different
intensities, and other markers such as CD11b, CD8𝛼, CD103,
and B220 can be used to distinguish the subsets even further.
DCs expressing B220 and intermediate amounts of CD11c
are known as plasmacytoid dendritic cells (pDCs). DCs
expressing high levels of CD11c are known as conventional
dendritic cells (cDCs) or myeloid dendritic cells (mDCs) and
can be subdivided into CD8𝛼+CD11b− and CD8𝛼−CD11b+ in
lymphoid tissues and CD103+CD11b−, CD103+CD11b+, and
CD103−CD11b+ in nonlymphoid tissues [15]. Langerhans cells
(LCs) are DCs that populate the epidermal layer of skin
and, different from cDCs, undergo a unique differentiation
process [16].

The CD8𝛼+CD11b− cDCs are efficient in antigen capture
and presentation to CD4+ T cells in the context of MHCII
molecules but have been mainly associated with antigen
presentation to CD8+ T cells [17]. They are also able to
cross-present exogenous antigens in MHC class I (MHCI)
molecules, promoting activation of CD8+ T cells [18]. On
the other hand, CD8𝛼−CD11b+ DCs are extremely efficient in
presenting antigens to CD4+ T cells, polarizing them to Th2
orTh17 that in turn help B cells to produce antibodies [19].

As mentioned above, cDCs can reside in lymphoid and
nonlymphoid organs. Normally, cDCs residing in nonlym-
phoid organs such as skin, lungs, or gut aremore frequently in
contact with antigens derived from pathogens. They capture
antigens in the periphery and thenmove to lymphoid organs,
where they present them to T cells. During migration, DCs
mature and are able to prime lymphocytes, initiating the
adaptive immune response [20]. Evidence has shown that the
CD103+ DCs are the nonlymphoid organ counterparts of the
CD8𝛼+ DCs, as they have a similar expression profile and can
also efficiently perform cross-presentation and CD8+ T cell
activation [15, 21].

On the other hand, pDCs express lower levels of MHCII
and are much less efficient in inducing proliferation of T
lymphocytes [22, 23]. However, during inflammation pDCs
can be activated and differentiated into a specific DC subtype
in spleen with higher capacity to induce T cell activation [24–
26].

There are relatively fewer studies on human DCs when
compared to mice, mainly because of the difficulty in
isolating them from human tissues. In this way, most of
our knowledge involves skin and blood DCs [15]. As in
mice, human DCs can be divided into mDCs (or cDCs)

and pDCs. In the blood and in lymphoid tissues, mDCs
are CD3−CD14−CD19−CD20−CD56−HLA-DR+CD11c+ [27]
and can be further subdivided into two subsets that express
CD1c (BDCA1) or CD141 (BDCA3) [28]. On the other
hand, pDCs are CD3−CD14−CD19−CD20−CD56−HLA-
DR+CD11c+CD303(BDCA2)+CD304(BDCA4)+ [29]. In the
skin, three populations can be found: CD1a+CD14− DCs,
CD1a−CD14+ DCs, and LCs [15, 30]. Their functions in the
steady state or during inflammatory/infectious diseases are
beginning to be elucidated only recently [31].

3. Malaria

Malaria is an infection caused by protozoa that belong to the
phylum Apicomplexa, genus Plasmodium. This unicellular
parasite is transmitted to humans through the bite of an
infected mosquito. Approximately 200 million cases of this
disease are reported annually causing half a million deaths.
Most of the deaths occur among children living in Africa.
Malaria is prevalent in tropical and subtropical regions and
is currently endemic in parts of America and parts of Asia
and in Sub-Saharan Africa. In 2013, 97 countries reported
endemic malaria [32].

There are five species of Plasmodium that infect humans:
P. falciparum, P. vivax, P. malariae, P. knowlesi, and P. ovale
[32]. The parasitic cycle begins when infected mosquitoes
transfer sporozoites (the infective forms of Plasmodium)
during the bloodmeal.These forms can remain in the skin for
hours, slowly reaching circulation [33, 34]. In the circulatory
system, sporozoites are carried to the liver, where they invade
and replicate within hepatocytes [35]. Replication gives rise
to merozoites that are released from the liver in structures
namedmerosomes and can subsequently invade erythrocytes
[36]. This phase of the cycle is known as erythrocytic phase
and is whenmalaria symptoms start. At this stage, schizogony
is repeated at specific intervals depending on the species and
the febrile seizures correlate with the release of merozoites
in the circulation. After a few days, some merozoites that
infect erythrocytes give rise to male and female gametocytes
that once taken up by the mosquito continue the cycle in the
invertebrate host.

Severe cases of malaria are generally caused by P. falci-
parum. Infection with this parasite may progress to cerebral
malaria, and infected individuals often present neurologi-
cal symptoms such as convulsions and coma. In addition,
patients with severe malaria may also present abnormal
posture, respiratory syndrome, severe anemia, and multi-
ple organ failure [37, 38]. The fact that severe malaria is
usually associated with P. falciparum may be related to the
potential of this species to produce hyperparasitemia. On
the other hand, P. falciparum is the only species that clearly
produces alterations in the microcirculation, allowing the
parasite to escape destruction in the spleen. For example,
erythrocytes infected with P. falciparum have the ability to
adhere to the microvasculature. This phenomenon is known
as cytoadherence and is mediated by molecules expressed by
the infected erythrocyte that are able to bind to a series of
endothelial receptors [39], such as CD36 and ICAM-1 [40,
41]. In addition, infected erythrocytes are able to bind to other
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Figure 1: Most common DC surface markers used to differentiate conventional from plasmacytoid DCs and lymphoid tissue/blood from
nonlymphoid tissue resident DCs. The colors indicate if a specific marker is expressed only in humans (orange), only in mice (green), or in
both (blue) either in humans or in mice. Langerhans cells (LCs) are not represented. Based on [15, 125, 126].

infected and also noninfected erythrocytes, in a phenomenon
known as rosetting. In this case, there is formation of cell
aggregates that also interfere with the microcirculation [42].

The immunologic memory generated during infection
with Plasmodium spp. is most often transient and restricted
to patients living in endemic areas due to frequent exposure
to the parasite by bites of infected mosquitoes [43]. In
other words, naturally acquired immunity is not sterilizing
and requires the persistence of the parasite to maintain the
population of memory cells [44]. Several evidences suggest
that naturally acquired protective immunity against malaria
is obtained after successive infections [45]. Children intensely
exposed to transmission have successive clinical episodes
of malaria. With increasing age, clinical symptoms are less
pronounced, although individuals may have high blood
parasitemia [46]. In general, naturally acquired immunity is
partly strain specific and primarily leads to a reduction of
mortality rates and incidence of complications and later to
a decrease in the incidence of disease. Finally, this naturally
acquired immunity leads to a drop in parasitemia to low or
even undetectable levels by conventional detection methods
[47].

There is evidence that protective immune responses
against malaria (sporozoites or blood stages) are initiated
when antigen-presenting cells, DCs or macrophages, inter-
nalize the parasite and process and present its antigens to
T cells via MHCI (through cross-presentation) or MHCII
in a proinflammatory environment in which IL-12, TNF𝛼,
and IFN𝛾 are produced. During the blood stage infection, it

was shown that these cytokines act synergistically activating
macrophages to produce reactive oxygen species (ROS) and
nitrogen leading to parasite death [48, 49]. CD8+ T cells
have also been implicated in the protective immune response
against sporozoites of Plasmodium [50, 51]. Several studies
have shown that theCD8+ T cells play a vital role in immunity
against the preerythrocytic phase ofPlasmodiumboth inmice
[52] and in humans [53]. CD8+ T cells eliminate infected
hepatocytes and are capable of producing TNF𝛼 and IFN𝛾
[54]. The role of CD4+ T cells during Plasmodium infection
has also been extensively studied in humans and mice. They
seem to be particularly important during the erythrocytic
phase, when IFN𝛾 producing CD4+ T cells are required for
the elimination of iRBCs. In addition, follicular helper T
(Tfh) cells were also shown to be pivotal for the activation of
antibody producing B cells [55].

Our understanding of the immunity and immunoregula-
tion that develop duringmalaria is still incomplete.DCs act in
the immune response to activate and/or regulate production
of proinflammatory or regulatory cytokines that may have
fundamental roles in regulating the acquisition of protection
or in the exacerbated response observed in severe malaria
patients. In the following sections, we will discuss what is
known about DC participation during Plasmodium infec-
tion. Much of this knowledge was generated using mouse
models that can only be infected with murine Plasmodium
species. Despite that limitation, mouse models have helped
us to understand how DCs influence the anti-Plasmodium
response.
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4. Role of Dendritic Cells during
Plasmodium Infection

DCs ability to present antigens during malaria infection
was recently reviewed [48]. As mentioned above, DCs are
responsible for T cell priming and thus regulate the devel-
opment of adaptive immune responses [56]. DC function
has been extensively studied during infection with different
species of Plasmodium, and, in some aspects, contradictory
data was obtained.The reasons for such contradictions could
be ascribed to the use of different Plasmodium species and
stages, as well as differences in the DC activation status. We
will discuss the data in more detail in the sections ahead.

4.1. DCs during Acute Plasmodium Infection in Humans. The
first study analyzing DC function directly in the context of
P. falciparum infection was reported by Urban et al. These
authors incubated monocyte-derived DCs with infected red
blood cells (iRBCs) and showed that they were able to
bind to human DCs and inhibit their maturation, reducing
their ability to stimulate T cell responses [57]. These results
were questioned by Elliott et al. when they showed that in
fact inhibition of DC maturation was only obtained when
iRBCs were used in a 100 : 1 iRBC :DC ratio and was not
contact dependent. In addition, when a lower dose of iRBC
(10 : 1 ratio) was used, DCs matured efficiently and activated
autologous T cell proliferation [58]. In a field study with
Kenyan children, BDCA3+ DCs were significantly increased
during acute infection, while CD1c+ DC numbers were
unaltered when compared to healthy individuals [59, 60].
In addition, an association between increased numbers of
circulating BDCA3+ DCs and severe humanmalaria was also
observed [60, 61].

Although more prevalent, infection with P. vivax is
more benign and less studied. However, a few studies were
performed in an attempt to examine DC status and function
during acute and symptomatic P. vivax infection. For exam-
ple, the numbers of pDCs (HLA-DR+CD123+) and mDCs
(HLA-DR+CD11c+) were evaluated in infected individuals
fromThailand and Brazil, and a decrease in the mDCs/pDCs
ratio was observed in both studies [62, 63]. In addition, 1/3
of the P. vivax-infected Brazilian patients showed low surface
expression of CD86 [62]. A similar reduction in CD86 levels,
as well as in CD83 and HLA-DR, was observed in Indonesian
patients infected with P. falciparum and P. vivax [64]. This
reduction correlated with an increase in DCs spontaneous
apoptosis and impairment in their ability to capture, mature,
and present antigens toT cells [64]. Interestingly, when patent
asymptomatic patients were studied, HLA-DR expression
was preserved in groups infected with either P. vivax or P.
falciparum [65]. This result may indicate that DC function
is preserved in patients that are infected but do no present
symptoms, suggesting that functional DCs are important
for the maintenance of clinical, but not parasitological,
immunity.

4.2. Are DCs Capable of Inducing T and B Cell Responses
during Plasmodium Infection? Human and murine species of
Plasmodium have been used in studies designed to harness

the participation ofDCs in the induction of immunity against
the preerythrocytic stages. DCs pulsed with sporozoite
extractswere shown to elicit specific killing ofP. vivax exoery-
throcytic stages within infected hepatocytes [66], while DCs
pulsed with a well-characterized CD8+ T cell epitope derived
from the P. yoelii circumsporozoite protein reduced the liver
burden in BALB/cmice after a sporozoite challenge [67].This
CD8+ T cell response was abrogated whenDCswere depleted
in vivo [68]. Moreover, after an infectious mosquito bite, the
CD8𝛼+CD11b− DCs located in the draining lymph nodes
were shown to be the DC subset responsible for CD8+ T cell
priming in vivo [69, 70] (Figure 2). In the P. berghei model,
DCs pulsed with irradiated sporozoites were able to similarly
prime central memory CD8+ T cells when compared to
DCs primedwith untreated sporozoites.However, irradiation
enhanced sporozoites’ ability to prime effector CD8+ T cells
capable of producing IFN𝛾. In this particular study, the fine
specificity of CD8+ T cells was not evaluated [71]. A more
detailed study showed that the twomajor splenic DCs subsets
(CD8𝛼+CD11b− and CD8𝛼−CD11b+) induced IFN𝛾 produc-
ingCD8+ Tcells specific for the circumsporozoite protein, the
major sporozoite surface protein [72]. In addition, the CD8+
T cell protective response against a genetically modified P.
yoelii strain was shown to be dependent on effective DC
maturation obtained through CD40 signaling [73]. The fact
that DCs are able to induce CD8+ T cell responses against
antigens expressed in the preerythrocytic stage seems undis-
putable. However, an observation made by Ocaña-Morgner
et al. added another layer of complexity to the picture. These
authors observed that DCs from mice previously infected
with P. yoelii strain 17XNL and undergoing erythrocytic
cycle presented an immature phenotype and were unable
to initiate CD8+ T cell responses to subsequent liver-stage
antigens [74]. An unidentified soluble factor released by the
iRBC seemed to be responsible for the inhibition of DCs
maturation [75]. Cross-presentation to CD8+ T cells was also
inhibited during active P. berghei blood infection [76] and
was mainly dependent on the CD8𝛼+CD11b− DCs subset
[77]. Taken together, these results suggest that blood stage
infection with Plasmodium can impair the development of an
effective CD8+ T cell response against the liver stages, which
then could clear the parasite upon reinfection.

The role of DCs in the activation of CD4+ T cell responses
was also evaluated during P. yoelii infection (Figure 2).
DCs derived from infected mice (day 6) presented higher
expression of the surface costimulatory molecules CD80 and
CD40 and were able to efficiently present antigens to CD4+
T cells that in turn produced higher levels of IL-2, IFN𝛾, and
TNF𝛼. Production of these cytokines required DC-derived
IL-12 [78, 79].

Infections with P. chabaudi have also shed light on the
role of DCs during malaria. In vitro studies showed that P.
chabaudi schizonts induced bone marrow-derived DCs to
express MHCII and costimulatory molecules and to produce
IL-6, IL-12, and TNF𝛼 [80]. An in vivo study showed that
DCs migrated from the marginal zone of the spleen into the
T cell area within 5 days after infection, and by day 7 an
increase in costimulatory molecules was observed [81]. The
role of CD8𝛼+CD11b− and CD8𝛼−CD11b+ DCs subsets in
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Figure 2: Plasmodium infection activates different DCs subsets. Infection with different stages of Plasmodium activates DCs that in turn
start producing proinflammatory (IL-6, IL-12, and TNF𝛼) but also regulatory (IL-10) cytokines. The CD8𝛼+CD11b− DCs are responsible for
priming CD8+ T cell responses against intrahepatic forms, while both cDCs subsets (CD8𝛼+CD11b− and CD8𝛼+CD11b+) play a role in the
activation of CD4+ T cell responses that can lead to an inflammatory or regulatory outcome, depending on the timing of infection. pDCs also
play a role in the induction of a more regulatory CD4+ T cell response. The number of BAFF expressing DCs is reduced during Plasmodium
infection, and that may reduce their ability to support B cell differentiation directly. Based on [69, 70, 78–80, 82, 85, 86, 91].

antigen presentation and specific CD4+ T cell activation was
also investigated. Despite the fact that both subsets induced
IFN𝛾 production, only the CD8𝛼−CD11b+ DCs isolated at
the infection peak (day 7) were able to induce proliferation
of Plasmodium-specific Tg CD4+ T cells and considerable
amounts of IL-4 and IL-10 [82], indicating that this subset
could be responsible for the switch in the balance from the
proinflammatory Th1 response seen in the first few days
to a more pronounced Th2 response. However, on days 10
and 13 after P. chabaudi infection, the CD8𝛼−CD11b+ DCs
were no longer able to induce CD4+ T cell proliferation or
cytokine production due to downregulation of costimulatory
molecules and IL-12 expression [83]. Nevertheless, the in vivo
CD4+ T cell response later recovers and the mice are able
to control infection, and at this stage antibodies seem to
play an important role in the parasitemia control [55, 84].
pDCs were also studied in this model and, despite an increase
in their numbers during infection, they played no role in
CD4+ T cell activation or in the control of infection [85].
On the other hand, in a P. yoelii model of infection, pDCs
numbers increased by day 6 and remained high until at least

day 14, and they were able to induce IL-10-expressing CD4+ T
cells [86]. Taken together the results discussed above suggest
that different DC subsets have different functions during the
blood stage Plasmodium infection, with cDCs involved in
the induction of the proinflammatory response and pDCs
accounting for a more balanced response at a later stage
(Figure 2).

As reported for P. falciparum [57] and P. yoelii [74], DCs
were also able to bind and internalize P. chabaudi iRBC. This
phenomenon was shown to be partially dependent on actin
polymerization, and the iRBCs uptake was again associated
with increased expression of MHCII and costimulatory
molecules, IL-12 production, and stimulation of CD4+ T cell
proliferation and IFN𝛾 production [87]. Moreover, a recent
study using intravitalmicroscopy inmice showed that splenic
DCs not only interact with CD4+ T cells in T cell rich
areas and in the red pulp but also very actively phagocytose
iRBCs, contributing directly to their elimination during acute
infection [88].

The function of DCs in the development of cerebral
malaria was also assessed using a model of P. berghei
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ANKA strain infection in C57BL/6 mice. In this setting,
cDCs were shown to play a major role in the induction of
cerebral malaria [89]. A more detailed study showed that
the CD8𝛼+ and CD103+ DCs subsets are essential to induce
the pathogenic CD8+ T cells responsible for lethal brain
inflammation during P. berghei ANKA infection [60]. A
recent set of experiments showed that the numbers of cDCs
and pDCs were drastically reduced during P. berghei ANKA
infection, through a mechanism that involved activation of
caspase-3 and induction of DC apoptosis. In this particular
case, the function of the remaining DCs was not evaluated
[90].

DCs also play an important role in direct B cell activation
(Figure 2). This happens because they produce a cytokine
known as B cell activating factor (BAFF) that enhances B
cell differentiation and survival [2]. During P. yoelii infection,
there is a decrease in the percentage of DCs expressing BAFF,
resulting in a reduction of their ability to support memory B
cell differentiation into antibody secreting cells [91].

Finally, besides T and B cells, DCs are also able to interact
with innate immune cells such as NK and 𝛾𝛿 T cells during
Plasmodium infection. The depletion of NK cells during P.
bergheiANKA infection led to a significant reduction in DC-
mediated CD8+ T cell priming but did not affect CD4+ T
cells. It seems that NK cells stimulate DCs to produce IL-
12 that in turn is required for optimal T cell priming. The
effect of DCs on NK cell function was also evaluated, and DC
depletion reduced NK cell-mediated IFN𝛾 responses to this
Plasmodium species [92]. In the same way, 𝛾𝛿 T cells can also
communicate with DCs and do so when they express CD40L
and produce IFN𝛾 that in turn enhance DC activation [49].

The data discussed above indicates that DCs may play
distinct roles during Plasmodium infection, promoting either
activation of protective immune responses or exacerbation of
pathology.

4.3. How Do DCs Recognize Plasmodium Components? The
expression of TLRs on DCs was studied in patients infected
with P. falciparum. Patients with mild and severe forms of
the disease displayed increased surface expression of TLR2
and TLR4 on mDCs and decreased intracellular expression
of TLR9 on pDCs, when compared to healthy controls [93].
Despite this decreased TLR9 expression on pDCs, another
study showed that the TLR9-MyD88 signaling pathway was
required for pDCactivation upon stimulation using schizonts
or soluble schizont extracts [94]. The possible ligand for this
pathway will be discussed below. A study using P. chabaudi
infected mice showed that DCs fromMyD88 knockout mice,
but not from TLR2, TLR4, TLR6, TLR9, or CD14 knockout
mice, were unable to produce proinflammatory cytokines and
induce CD4+ T cell responses [95]. This result indicates that
the adaptormoleculeMyD88 is required, but different ligands
may be signalizing through different TLRs.

As mentioned before, DCs express different classes of
PRRs capable of recognizing PAMPs derived froma vast array
of pathogens [8]. In the case of Plasmodium, three PAMPs
have been more extensively studied: hemozoin, immunos-
timulatory nucleic acid motifs, and glycosylphosphatidyli-
nositol (GPI) anchors [96].

When Plasmodium invades the RBC, it degrades hemo-
globin as a source of amino acids, which in turn releases
heme that is potentially toxic. To survive, the parasite detox-
ifies heme into hemozoin using an enzyme named Heme
Detoxification Protein (HDP) [97]. Contrasting results have
been obtained and the role of hemozoin is still a matter of
debate. Initially, hemozoin was shown to be present inside
macrophages and circulatingmonocytes during P. falciparum
infection, reducing their ability to phagocytose other par-
ticles or generate oxidative burst [98]. Human monocytes
loaded with hemozoin and then in vitro differentiated into
DCs presented impaired surface expression of MHCII and
costimulatory molecules [99, 100], while monocyte-derived
DCs incubated with synthetic hemozoin upregulated costim-
ulatory molecules and released proinflammatory (IL-6) and
anti-inflammatory (IL-10 and TNF𝛼) cytokines, but not IL-
12, leading to suboptimal T cell activation [101, 102]. In a P.
chabaudi model, hemozoin-containing DCs were unable to
fully activate T cells that in consequence did not cluster or
migrate to lymphoid organ follicles [103, 104].

Different results showed that P. falciparum iRBC hemo-
zoin, but not -hematin (a synthetic hemozoin), was able to
induce human monocyte-derived DCs to upregulate costim-
ulatory molecules (CD83, CD86, and CD1a) and produce
IL-12 [105]. A follow-up study by the same group showed
that this effect was dependent on TLR9 activation followed
by MyD88 signaling but independent of TLR2, TLR4, TLR7,
or TRIF [106]. In contrast with these authors, Parroche
et al. showed that hemozoin is not a direct ligand for
TLR9; instead it functions as a carrier for plasmodial DNA
that is phagocytosed by DCs and carried to intracellular
compartments [107]. Finally, Wu et al. argued that hemozoin
was not a TLR9 ligand for DCs and did not function
as a DNA carrier into cells. Instead, their results showed
that a protein-DNA complex was the parasite’s component
responsible for the DC activation through TLR9 signaling.
Protein-DNA complex formation was essential for the entry
of parasite DNA into DCs leading to TLR9 recognition [108].
In addition, hemozoin was also found to activate the NLRP3
inflammasome during experimental malaria infections [109,
110].

P. falciparum genome is specially rich in AT-motifs. It was
recently shown that these motifs have immunostimulatory
properties and are able to induce type I IFNs. In fact,Plasmod-
ium iRBCs triggered type I IFN production in macrophages
[111]. DCs were not directly tested, but there is a very good
possibility that they are activated in the same way.

GPI anchors are essential for Plasmodium survival and
link different proteins to the parasite surface. P. falciparum
merozoite-derived GPI anchors induced the production of
proinflammatory cytokines and nitric oxide by macrophages
[112, 113] mainly in a TLR2-dependent way but also, to a
lesser extent, in a TLR4-dependent way [114], which requires
CD36 cooperation [115]. P. falciparumGPIs’ ability to activate
DCs was evaluated more recently, and a study showed that
TLR2-signaling was also important for DCs activation and
induction of TNF𝛼 and IL-12 production. As observed for
macrophages, CD36 also collaborated with TLR2 [116].
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The participation of different TLRs was also evaluated
in a P. berghei ANKA model of cerebral malaria. Results
showed that mice deficient in TLR1, TLR2, TLR3, TLR4,
TLR6, TLR7, or TLR9 and their adapter proteins MyD88,
TIRAP, and TRIF were as susceptive to cerebral malaria as
their wild-type counterparts [117, 118]. In contrast to these
results, another group showed the contrary: cerebral malaria
pathogenesis seems to be mediated by MyD88 signaling
and its absence increases survival [119]. DCIR—a CLR that
recognizes carbohydrates—deficient mice are resistant to
cerebral malaria and present less CD8+ T cell infiltration and
inflammation in their brains when compared to wild-type
mice [120].

In addition to PAMPs, Plasmodium infected erythrocytes
were also shown to accumulate uric acid, a very potent
endogenous danger-associated molecular pattern (DAMP).
Uric acid precipitates accumulated within P. falciparum and
P. vivax iRBC are released by cell rupture and induce the
maturation of human dendritic cells in vitro [121]. Taken
together, these results indicate that DCs sense and are able to
respond to different Plasmodium PAMPs and also to DAMPs
that are generated during infection.

5. Harnessing DCs for the Development of
Vaccines against Malaria

DCs have also been studied as targets for the develop-
ment of vaccines against malaria. The circumsporozoite
protein (CSP)—the major sporozoite surface protein—from
P. yoelii was fused to a monoclonal antibody capable of
binding to a CLR—known as DEC205—expressed on the
surface of the CD8𝛼+CD11b− DCs subset. The adminis-
tration of low doses of the 𝛼DEC205-CSP monoclonal
antibody in the presence of a DCs maturation stimulus—
𝛼CD40+polyinosinic:polycytidylic acid, poly(I:C)—was able
to induce IFN𝛾 producing CD4+ and CD8+ T cells, besides
specific anti-CSP antibodies [122]. The use of an anti-human
DEC205monoclonal antibody fused to the P. falciparumCSP
together with poly(I:C) to immunize nonhuman primates
elicited anti-CSP antibodies and also multifunctional CD4+
T cell responses [123]. Another approach used to target the P.
yoelii CSP to DCs was to fuse its sequence to the macrophage
inflammatory protein 3𝛼 (MIP3𝛼) that targets the CCR6
receptor present on the surface of immature DCs. Mice were
immunized with a DNA plasmid encoding the MIP3𝛼-CSP
in the presence of Vaxfectin, and protection was obtained
against the challenge [124]. These results indicate that DCs
may be targeted with Plasmodium antigens in an attempt to
induce potent immune responses and ultimately induce long-
lasting protection.

6. Concluding Remarks

The effects of Plasmodium infection on dendritic cells are
broad and normally result in DC activation and induction of
potent T cell responses that also lead to B cell activation and
antibody production. However, evidence has been gathered
that malaria may also suppress DC function. The complexity

of the parasite cycle and also the different DCs subsets
contribute to increase the level of difficulty in understanding
the outcome of all interactions. Amultidisciplinary approach
to elucidate the mechanisms involved in the activation of
DCs by Plasmodium is necessary. If we understand how the
parasite modulates DCs, it may be possible tomanipulate this
information to develop an effective vaccine against malaria.
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Dendritic cells are antigen-presenting cells capable of either activating the immune response or inducing andmaintaining immune
tolerance.They do this by integrating stimuli from the environment and changing their functional status as a result of plasticity.The
modifications suffered by these cells have consequences in the way the organism may respond. In the present work two opposing
situations known to affect dendritic cells are analyzed: tumor growth, leading to a microenvironment that favors the induction of
a tolerogenic profile, and organ transplantation, which leads to a proinflammatory profile. Lessons learned from these situations
may help to understand the mechanisms of modulation resulting not only from the above circumstances, but also from other
pathologies.

1. Introduction

Although studies of the immune system mainly focus on
its role in protecting against infections, this is only part
of its function in helping to maintain the homeostasis of
the organism. The tolerance and unresponsiveness to self-
antigens, as well as the ability to terminate immune responses
after pathogens control, are mechanisms carefully regulated
and essential to keep and return to the steady-state. To be able
tomaintain the necessary equilibrium, the systemmust adapt
to different challenges producing distinct and sometimes
paradoxical responses.

Dendritic cells contribute to this purpose exhibiting a
large spectrum of phenotypes and activities. The present
review examines the role played by dendritic cells in two
extremes and opposing situations (tumor microenvironment
versus organ transplantation) where the plasticity of these
cells is clearly observed and is directly related to their
microenvironment.

2. Dendritic Cell Origin and Function

Dendritic cells are cells specialized in antigen presentation.
These cells are capable of perceiving environment imbalances,
capturing self and non-self-antigens, and processing and

presenting them as peptides linked to themajor histocompat-
ibility complexes (MHC) to T lymphocytes. Dendritic cells
are extremely sensitive tomicroenvironment signals and they
scan the organism, especially the sites where there is more
probability of antigen entrance. In otherwords, dendritic cells
efficiently instruct the adaptive immune system in response
to peripheral cues, as discussed by Merad et al. [1].

Evidence suggests that dendritic cells are originated from
both myeloid and lymphoid hematopoietic progenitors. The
cytokine Flt3 ligand (Flt3L) was shown to be necessary for
dendritic cell development in the bone marrow of both
human andmice. Furthermore, this cytokine plays a role later
in murine and human lymphoid organs. Deficiency of its
receptor (Flt3) is associated with these cells depletion in mice
[2–5]. In vivo, it was demonstrated that Flt3L administration
can drive and expand dendritic cell generation along both the
lymphoid and myeloid developmental pathways from Flt3+
progenitor cells [3].

In humans, dendritic cells represent only 0.1–0.5% of
mononuclear cells present in peripheral blood [6]. Due to
the low concentration and difficulty in obtaining these cells,
the work with human dendritic cells was limited for years.
However, obtaining humandendritic cells, in vitro, frombone
marrow precursors or monocyte-induced differentiation has
made it possible to study the biology of these cells [7, 8].
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Granulocyte-macrophage colony-stimulating factor (GM-
CSF) combined with tumor necrosis factor-alpha (TNF-𝛼)
is efficient in differentiating bone marrow CD34+ cells into
dendritic cells [7, 9], while the best mixture to differentiate
monocytes into dendritic cells is interleukin-4 (IL-4) plus
GM-CSF [8]. In this context, GM-CSF was characterized
by inducing the expansion of progenitor cells, as well as
promoting their differentiation and survival. TNF-𝛼 induces
differentiation and stimulates the proliferation of hematopoi-
etic CD34+ cells. IL-4, in turn, inhibits the formation of
macrophage colonies [10]. Monocyte-derived dendritic cells
can be activated with CD40L or TNF-𝛼, since the cells have
already been differentiated [8].

A number of alterations regarding surface proteins are
observed during differentiation. Monocytes gradually lose
CD14 expression yet start to express molecules of CD1 family
[8, 11]. When activated, they increase the expression of
costimulatory molecules, such as CD80, CD86, and CD40,
and express high levels of CD83 and MHC class II [12, 13].
The expression of chemokine receptors also changes during
their maturation. Immature dendritic cells express receptors
to inflammatory chemokines, such as CCR1, CCR2, CCR5,
CCR6, and CXCR1, which facilitate their targeting of the
site of inflammation. During activation, CCR6 expression
is downregulated, while CCR7 and CXCR4 are upregulated,
allowing the movement of cells toward lymph nodes [14–
16]. In parallel to these changes, cells modify their activity
during development. Immature dendritic cells are strongly
capable of endocytosis of potential antigens through different
mechanisms involving a number of pattern recognition
receptors, whereas activated cells have this ability diminished,
albeit displaying increased allostimulatory activity [17, 18].

3. Dendritic Cell Plasticity and Subtypes

Dendritic cells are heterogeneous and dynamic cells. Den-
dritic cells were first characterized by Steinman and Cohn,
who isolated them from the spleen of animals and described
their remarkable motility and usual conformational change.
They also highlighted the fact that, in contrast to B lym-
phocytes, dendritic cells were unable to increase significantly
their numbers in an immune response [19–21]. Therefore,
dendritic cell plasticity was always suspected although only
recently this has become evident.

These cells can be classified according to their functional
development: dendritic cells that are resident in peripheral
nonlymphoid tissues and able to recognize and process
antigens are called immature. After capturing antigens,
dendritic cells migrate to secondary lymphoid organs and
acquire the ability to activate lymphocytes. At this point
in development, they are classified as mature or activated
dendritic cells [22]. Despite some divergence in the literature,
these cells are also classified in accordance to their phenotypic
differences. Two groups have been proposed: conventional
or classical dendritic cells, a group characterized by an
integrin expression (CD11c) and in which Langerhans cells
and interstitial dendritic cells are included; plasmacytoid
dendritic cells, which are producers of interferon (IFN) type
I (𝛼 and 𝛽), therefore, mainly involved in viral infection

responses [23–26].Nevertheless, there are controversies espe-
cially regarding plasmacytoid dendritic cells, due to the fact
that they present morphological and phenotypical charac-
teristics of both lymphocytes and classical dendritic cells. A
comparative study between human lymphoid and myeloid
progenitor cells showed that both can give rise to classical
and plasmacytoid cells [25]. In contrast to classical dendritic
cells, human plasmacytoid cells do not express CD11c, express
low levels of costimulatory molecules and MHC class II, and
express a commonmarker of B lymphocytes, B220.They also
differ in the pattern of toll-like receptors (TLRs) expressed,
with plasmacytoid cells expressing more TLR 7 and 9 [1, 26].

Independently from the classification, dendritic cells
possess the capacity of switching between tolerogenic and
effector/cytotoxic phenotypes. Studies in mice characterized
immature dendritic cells as cells prone to develop tolerogenic
responses while activated dendritic cells were more efficient
at promoting effective responses by T cells. This conclusion
was based on the fact that dendritic cells resident in periph-
eral tissues are generally immature and, under homeostatic
situations, they induce anergy or T regulatory cell devel-
opment [27, 28]. The generalization that involves immature
dendritic cells as promoters of tolerance versus activated
dendritic cells as inducers of effective immune response
was accepted for a long time; however, certain stimuli that
promote dendritic cell activation are also capable of inducing
tolerance, like microbial-derived products [29]. Another
example is the treatment of activated dendritic cells with
IFN-𝛾 which promotes the expression of indoleamine 2,3-
dioxygenase (IDO) leading these cells to acquire tolerogenic
properties that could be reverted by the inhibition of IDO
[30]. Therefore, dendritic cell activities are not dependent on
the activation state and they represent a complex group with
multiple functional intermediates as opposed to immature
and activated cells [31, 32].

Dendritic cell tolerance to self-antigens and to resident
nonpathological microorganisms is as essential as the capac-
ity of being immunogenic when a pathogen is present; thus,
their ability to switch from these two phenotypes must be
finely regulated.

4. Dendritic Cells in
the Tumor Microenvironment

In the tumor microenvironment the tolerogenic pathway is
increased in relation to the effector pathway. Moreover, this
microenvironment is generally suppressive to immune cells,
which means that immune functions are often prevented,
consequently leading to unresponsiveness. Many cell types
are affected by tumor cells contact and their various released
products. For instance, CD8+ T lymphocytes have their
cytotoxicity ability compromised [33], NK cells are impaired
[34], and macrophages acquire a M2-like phenotype [35, 36].

Dendritic cells are also strongly susceptible to tumor
products that may induce important alterations. Analyzing
dendritic cell differentiation from human CD34+ progenitor
cells, the vascular endothelial growth factor (VEGF) was
the first tumor-derived protein described as a suppressor
of this process [37]. Moreover, it was shown that serine
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proteases secreted by prostate tumor cells and gangliosides
from various tumors inhibited dendritic cell generation in a
manner similar to the development (from CD34+ cells) in
both, humans and mice [38, 39].

Using a different model, monocyte-induced differentia-
tion toward dendritic cells,Menetrier-Caux and collaborators
showed that this process was also modulated by tumor prod-
ucts [40]. IL-6 and macrophage colony-stimulating factor
(M-CSF) produced by tumors and macrophages present in
the tumor microenvironment suppress dendritic cell differ-
entiation, whereas they stimulate macrophage differentiation
through the increase of M-CSF receptor expression in mono-
cytes [40].

As discussed by Zou, in 2005, the concentration of
cytokines that favor dendritic cell development and function,
like GM-CSF, IL-4, IL-12, and IFN-𝛾, is very low, while
factors that suppress dendritic cells, such as IL-6, IL-10,
prostaglandin E2 (PGE2), VEGF, and transforming growth
factor-beta (TGF-𝛽), are found in higher levels [34]. In sum-
mary, the imbalance of cytokines found in tumor microenvi-
ronment does not favor dendritic cell development.

Clinical studies revealed a correlation between the num-
ber of dendritic cells inside the tumor and the survival
of patients [41]. The presence of a consistent number of
CD1a+ cells in the tumor microenvironment is associated
with a better prognosis [42, 43].Moreover, Joo and coworkers
showed that monocyte-derived CD1a+ dendritic cells, during
activation process, induce apoptosis and cell cycle arrest in
breast cancer cells via secretion of soluble products [44].

Despite the importance of dendritic cells during an
antitumoral response, there is clear evidence pointing to the
fact that dendritic cells are strongly suppressed by factors
present in the tumor microenvironment. Both blood (sys-
temically) and tumor microenvironment (locally) dendritic
cells seem to be functionally compromised, whichmeans that
tumor products may affect cells in distant sites and possibly
undifferentiated cells in the bone marrow [45]. The presence
of activated dendritic cells is rare in tumor areas and it has
been demonstrated in ovarian, breast, prostate, and some
renal carcinomas. All steps of dendritic cell development,
migration, and activity may present significant defects [46–
49].

Some workers have tried to reveal the mechanisms
involved in tumor-related inhibition of dendritic cells.
Among them, Sombroek and collaborators demonstrated
that primary tumors (renal carcinoma, cervical cancer, breast
cancer andmelanoma) negatively modulate the development
and activity of dendritic cells through factors regulated by
cyclooxygenase-1 (COX-1) and cyclooxygenase-2 (COX-2)
[50]. In our hands, investigating a plausible regulation of
COX-2 in developing dendritic cells, it was possible to
determine that this enzyme was upregulated when cells were
under the stimulation of leukemic cell products (Figure 1).
Here, once more, we could detect an impairment of dendritic
cell development by tumor-derived products.

In another work, Kiertscher et al. showed that mono-
cytes CD14+ respond to products present in tumor cell
cultures by increasing the expression of antigen-presenting
cells surface receptors and increasing the translocation of
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Figure 1: mRNA expression of COX-2 by monocytes differentiated
with leukemic cell products. Mononuclear cells were obtained after
gradient density from buffy coats of healthy individuals. After 2 h of
adhesion, lymphocytes were removed and monocyte cultures were
stimulated with IL-4 and GM-CSF (50 ng/mL) to induce dendritic
cell differentiation. K562 supernatants (SN K562) were obtained
after 3 days of cell culture in RPMI plus 10% of fetal bovine serum
(FBS) followed by filtering (0.22𝜇m). 10% of SN K562 was used
since the beginning of monocyte culture until the end (5 days).
Afterward, totalmRNAwas collected using trizol, retrotranscription
was performed, and, finally, qPCR was done using COX-2 specific
primers. The graph shows mean ± SEM of expression of COX-2
mRNA. ∗𝑝 ≤ 0.05; ∗∗∗𝑝 ≤ 0.001. 𝑛 = 5.

nuclear factors [51]. However, despite having activated den-
dritic cells characteristics, these cells lose their ability to
secrete IL-12, do not acquire allostimulatory capacity, and
rapidly undergo apoptosis [51]. Furthermore, it was shown
that cervical adenocarcinoma cells affect the generation of
dendritic cells which become incapable of producing IL-12.
This has been attributed to the production of IL-10 by tumor
cells and consequently to a less expression of CD40 by
dendritic cells [52]. Blocking VEGF was the approach used
by Osada and coworkers in a study with lung, breast, and
colon carcinoma patient cells. They were able to show that
anti-VEGF treatment increases cell ability of activating and
promoting lymphocyte proliferation [53].

Most studies have been performed with products
obtained from solid tumors. In 2010, our group showed
that soluble products released by leukemic cells inhibited
dendritic cell differentiation through the induction of IL-1𝛽
and this effect could be partially reversed when IL-1𝛽 was
neutralized in culture [54]. Because we knew the importance
of IL-1𝛽 to tumor progression and metastasis [55], we
decided to study the effect of this cytokine along with tumor
products on dendritic cell differentiation. Stimuli resulting
from tumor products or from IL-1𝛽 produced different
results regarding the appearance of macrophage markers in
these cells, with leukemic cell products increasing CD68 and
CD16 expression, a feature not observed with IL-1𝛽. On the
other hand, similarities involving a suppressive phenotype
were demonstrated with both kinds of stimuli [56].

In addition to preventing dendritic cell generation and
function and stimulating tolerogenic pathways, tumors can
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Figure 2: Leukemic cell microvesicles influence on dendritic cell differentiation.Mononuclear cells were obtained after gradient density from
buffy coats of healthy individuals. After 2 h of adhesion, lymphocytes were removed and monocyte cultures were stimulated with IL-4 and
GM-CSF (50 ng/mL) to induce dendritic cell differentiation. K562 supernatants (SN K562) were obtained after 3 days of cell culture in RPMI
plus 10% of fetal bovine serum (FBS) followed by filtering (0.22 𝜇m). Part of the tumor supernatant was centrifuged twice at 100000 g for 1 h to
purify microvesicles. After this process, two supernatants were obtained: K562 supernatant only with microvesicles resuspended in the same
original volume of medium (MVK562) and K562 supernatant with all the other products except microvesicles (freeMVK562). Supernatants
were added (10% of final volume) at the beginning of monocyte culture and remained until the end (5 days). Afterward, cells were stained
with anti-CD14 FITC and anti-CD1a PE and data were acquired in a FACS Calibur. Graphs show the percentage of CD14+ (a) and CD1a+ (b)
cells. Each individual analyzed in different conditions is represented by one symbol. ∗𝑝 ≤ 0.05; ∗∗𝑝 ≤ 0.01; ∗∗∗𝑝 ≤ 0.001. 𝑛 = 4.

induce specific cell phenotypes, such as regulatory dendritic
cells and myeloid-derived suppressor cells (MDSCs). Tumor
products may induce immature dendritic cells conversion
into regulatory dendritic cells, which promote T regulatory
cell activation and produce TGF-𝛽 [32]. In contrast, MDSCs
were described as a more undifferentiated population and
were characterized in humans by the expression of CD33
[57]. Recent studies showed that the appearance of both
phenotypes is directly related to tumor progression and
metastasis establishment [32].

Tumors not only represent a pathological condition that
is associated with cellular changes, but also represent an
organized system of communication between different cells.
Diverse and numerous cell types communicate and collab-
orate in order to establish a favorable environment for the
development of cancer. One of the forms of communication
used by normal cells, but amplified in neoplastic cells, is the
secretion of microvesicles [58]. Microparticles or microvesi-
cles are plasma membrane fragments released by almost
all cell types when subjected to stress conditions, including
apoptosis. For a long time they were considered only cellular
debris. However, more recently it has been shown in vitro that
microvesicles may reflect cell activation and, in vivo, tissue
degeneration in various pathophysiological conditions [59].
These structures can vary widely in size (the diameter varies
within 0.1–1𝜇m) and also with regard to their composition
[60].

The association of microvesicles with tumors is deduced
by the fact that they are secreted in larger amounts by tumor
cells and it explains why they circulate at higher levels in the
peripheral blood of cancer patients [61–63]. In vitro studies
demonstrated that microvesicles accumulate in tumor cell
cultures stimulated or not [64]. Some tumor microvesicles
inhibitory effects on immune cells have been described.
Baj-Krzyworzeka and collaborators showed that tumor
microvesicles interact with monocytes by changing their
phenotype [65]. Furthermore, effects like the blockage of pro-
liferation, cytotoxic activity, and the induction of apoptosis
in lymphocytes have been shown [66–68]. Suppression of
MHC class II molecules expression by murine macrophages
was also described [69].These data suggest that microvesicles
derived from tumors may have immunosuppressive charac-
teristics. In our experiments, using leukemic cell products
duringmonocyte differentiation into dendritic cells, we failed
to associate inhibition of this process with microvesicles
(Figure 2). Here, the comparison performed was between
microvesicles-free tumor supernatants and supernatants in
which only microvesicles were present. It was observed that
the effect on blocking the decrease of CD14 and CD1a
appearance was restricted to microvesicles-free supernatant,
thus eliminating the role of these tumor microvesicles at least
on the CD14 and CD1a modulation (Figure 2).

Furthermore, experiments were performed to verify
whether tumor cell products responsible for the modulation
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Figure 3: Leukemic cell-derived proteins effect on monocytes differentiating into dendritic cells. Mononuclear cells were obtained after
gradient density from buffy coats of healthy individuals. After 2 h of adhesion, lymphocytes were removed and monocyte cultures were
stimulated with IL-4 and GM-CSF (50 ng/mL) to induce dendritic cell differentiation. K562 supernatants (SN K562) were obtained after 3
days of cell culture in RPMI plus 10% of fetal bovine serum (FBS) followed by filtering (0.22 𝜇m). Part of tumor supernatant and part of
IL-4 and GM-CSF were boiled for 10 minutes at 100∘C in order to denature proteins. After cooling, some cells were incubated with these
supernatants or cytokines at the same concentration described above for 5 days. Anti-CD14 FITC and anti-CD1a PE were used to stain the
cells and data were assessed by a FACS Calibur. Graphs show mean ± SEM of the percentage of CD14+ (a) and CD1a+ (b) cells. ∗𝑝 ≤ 0.05;
∗∗
𝑝 ≤ 0.01; ∗∗∗𝑝 ≤ 0.001. 𝑛 ≥ 5.

obtained were of a proteic nature. To that end, the tumor
supernatant was compared to a supernatant that was boiled
at 100∘C. In some individuals analyzed, a small reversion
of the effect on CD14 and CD1a expression was observed
when supernatants were heated, indicating the involvement
of any product with a proteic nature. However, residual effects
still persisted (Figure 3). Moreover, this was not seen in all
the experiments carried out when IL-4 and GM-CSF were
heated (used as control).They were still able to induce partial

differentiation (Figure 3). Therefore, further investigation is
required to better identify the nature of leukemic cell prod-
ucts responsible for dendritic cell generation impairment.

5. Dendritic Cell Role in Allograft Rejection

Transplantation is a therapy used for the majority of bone
marrow-derived cancers and for many metabolic disorders
or failure of diverse organs. Serious complications may occur
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in transplantation. Bone marrow transplanted patients might
suffer from graft-versus-host disease. On the other hand,
solid organ transplanted patients might suffer from graft
failure. In both situations the risk of infection is a serious
problem. Dealing with these issues, it is of great relevance
for the understanding of immunemechanisms able to control
effective and tolerogenic responses. Contrary to what has
been done for immunotherapy against cancer, proposals to
avoid transplant rejection are geared towards increasing the
ratio tolerance/effective response.

In a model of renal transplantation, an increased number
of monocyte-derived dendritic cells in mature stage were
found. Moreover this dendritic cell subset was more frequent
than the classical dendritic cells that are usually present
in major numbers in the kidney. Therefore, a consistent
infiltration of monocytes was proposed by Zuidwijk et al.
[70]. Another subset of dendritic cells seems to be related to
kidney graft rejection. Although plasmacytoid dendritic cells
have been described as cells closely associated with tolerance,
studies with renal transplantation acute rejection showed that
the presence of this subset is not rare. Thus, it could be
correlated to inflammation as these plasmacytoid dendritic
cells are important producers of IFN [71, 72].

Graft-resident dendritic cells seem to have a protective
activity whereas infiltrating dendritic cellsmight act as proin-
flammatory cells. This idea was reinforced by experiments
with animals in which the progressive infiltration of dendritic
cells and CD4+ T lymphocytes increased effector responses
against the graft in a kidney model of transplantation [73].

Interestingly, liver transplantation is better accepted
in patients and its grafting may be able to enhance the
acceptance of other organs, like heart and skin allografts.
Therefore, it was proposed that the liver microenvironment
favors immune tolerance not only locally, but also system-
atically [74]. Most dendritic cells that reside in the liver
display a typical immature phenotype with low expression
of costimulatory molecules. Furthermore, dendritic cell-
mediated tolerance in liver can be explained by the expres-
sion of programmed death ligand 1 (PD-L1) by these cells
as well as cytotoxic T lymphocyte antigen 4 (CTLA-4)
that was found to be highly expressed by T lymphocytes
in the organ [75, 76]. Even though liver dendritic cells
may produce IL-12, the IL-10 level is increased in this
organ compared to others and, in part, it may explain the
tolerogenic behavior of liver-resident dendritic cells [74,
77].

Certain subsets of dendritic cells have been related to
heart graft rejection. A role for CD11c+ dendritic cells in
heart graft rejection has been demonstrated by Oberhuber
et al. [78]. Making use of a murine model, they showed
that intragraft CD11c+ cells enhance CD4+ and CD8+ T
cells responses and the production of cytokines, such as IL-
17A. Conversely, depletion of this population of dendritic
cells or blocking of IL-17A is able to delay the rejection of
transplanted heart [78].

The generation of regulatory dendritic cells in this cir-
cumstance could be interesting. Murine regulatory dendritic
cells that lack the expression of costimulatory proteins were
induced in vitro and injected in mice 7 days before heart

transplantation. Results demonstrated longer graft survival
even in mice that were not treated with immunosuppressive
drugs [79, 80].

One of the most studied types of transplantation is the
skin graft due to the high index of rejection. Dermal dendritic
cells and Langerhans cells (present in epidermis) are themain
subsets of dendritic cells in normal skin. In skin transplanta-
tion, both populations of dendritic cells migrate out of the
graft in the direction of draining lymph nodes where they
present donor antigens to T recipient cells. In this context,
T cells from the recipient may recognize antigens from
the donor dendritic cells (direct allorecognition) and also
donor antigens presented by recipient dendritic cell (indirect
allorecognition) [81, 82]. A third way of T cell activation
is the recognition of donor MHC previous transferred to
recipient dendritic cells (semidirect recognition) [83]. Thus,
the activation of T cells occurs in a very efficient way in
skin transplantation and it explains why this kind of graft is
frequently rejected.

Solid organs transplantations require immunosuppres-
sive therapies in order to ensure graft acceptance. However,
bone marrow transplantation is unique because in this case
the recipient immune system is destroyed and replaced by
the donor system. Therefore, the new immune system is
capable of rejecting not the graft but all the other organs.
Immunosuppressive therapies are also required for this
kind of transplantation, even though for different reasons
[84].

The induction of peripheral tolerance is the main goal
to avoid graft rejections and manipulating dendritic cells to
acquire a tolerogenic activity is one of the mechanisms to
reach this objective. Carreño and collaborators suggested the
blockage of NF-𝜅B as a way to induce tolerogenic charac-
teristics in dendritic cells [85]. Recently, some immunosup-
pressive agents, which have been used to treat autoimmune
disease and to avoid allograft rejection, were described as
inductors of tolerance in dendritic cells [86].

6. Final Considerations

The plasticity of dendritic cells is evident and it is essential to
keep the homeostasis of normal individuals. However, due to
the capacity of these cells to easily switch phenotypes accord-
ing to microenvironmental signals, this plasticity might be
harmfulwhendisorders such as cancer occur orwhen an allo-
transplantation is required (Figure 4). Nevertheless, lessons
learned on how these situations may affect dendritic cells
might help to understand how to handle themodulation con-
nected to modifications in the microenvironment resulting
from diverse pathologies. Here we discussed two paradoxical
situations in which the balance of tolerance/effective immune
response was considered especially looking at dendritic cell
phenotype and function.
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The antigen-presenting dendritic cells (DCs) are key to the immunological response, with different functions ascribed ranging
from cellular immune activation to induction of tolerance. Such immunological responses are involved in the pathophysiological
mechanisms of cardiovascular diseases, with DCs shown to play a role in atherosclerosis, hypertension, and heart failure and most
notably following heart transplantation. A better understanding of the interplay between the immune system and cardiovascular
diseases will therefore be critical for developing novel therapeutic treatments as well as innovative monitoring tools for disease
progression. As such, the present review will provide an overview of DCs involvement in the pathophysiology of cardiovascular
diseases and how targeting these cells may have beneficial effects for the prognosis of patients.

1. Introduction

Dendritic cells (DCs) and their antigen-presenting properties
possess a central role in the immune system, with many
diseases associated with a heightened immune response.
Among these, cardiovascular diseases (CVDs) represent the
most frequent causes of death worldwide, with an estimated
17.3 million deaths per year [1]. While most research has been
done in the field of heart transplantation, more recently, DCs
were also shown to be involved in numerous other CVDs.
This present review, therefore, will discuss the underlying role
of DCs in the immunological mechanisms that underpin the
development and progression of CVDs. In contrast to previ-
ous reviews, the present essaywill focus exclusively on human
rather than animal studies, as the different phenotypical and
functional DC subsets between groups [2] can often lead to
misleading conclusions.

2. Immunological Mechanisms

DCs patrol the blood and peripheral tissue to detect foreign
and pathogenic antigens. According to their hematopoietic

origin, DCs can be divided into myeloid DCs (mDCs) and
plasmacytoid DCs (pDCs). Additionally, numerous surface
markers have been shown to be useful for the identification of
multiple DC subsets. For example, blood dendritic cell anti-
gens (BDCA1–BDCA4) can be used to discriminate among
DC types [3, 4], while further markers can also classify DCs
such as S100 (expressed in mature and immature DCs), CD1a
(expressed mainly in immature DCs), and CD83 (expressed
mainly in mature DCs). Furthermore, specialized “cardiac”
DCs have been found in the human heart [5–7], with
immunohistochemical andmorphological analyses revealing
a subtype of DC expressing human leukocyte antigen-
(HLA-) DR (but not S100, CD1a, CD21, CD23, and CD35 [5]).
This different surface marker profile compared to ordinary
DCs therefore led to the hypothesis that cardiac DCs change
their characteristics depending on their location either in the
blood vessels or in the heart [5].

The detection of foreign or pathogenic antigens (patho-
gen-associated molecular patterns, PAMPs) as well as tissue
damage and inflammation (damage-associated molecular
patterns, DAMPs) leads to phagocytosis of antigens by DCs,
the latter then expressing the maturation marker CD83
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and class I and class II major histocompatibility complexes
(MHC). Mature, antigen-presenting DCs migrate to sec-
ondary lymphoid tissue where they present antigens to T
cells [8]. While the homing of immature DCs is regulated by
chemokine receptors (CCRs) on the DC surface, homing of
mature DCs to regional lymph nodes is mediated by CCR7
and CXC-chemokine receptor type 4 (CXCR4) [9–11]. In the
secondary lymphoid tissue, T cells are activated by receiving
three signals from mature DCs as follows: (1) mature DCs
present an antigen bound to a MHC molecule; (2) T cells
then require costimulators such as CD80 or CD86; and (3)
cytokines such as IL-12, IL-23, and IL-27 finally are secreted
[12]. T cell activation leads to proliferation and differentiation
of T cells into regulatory T cells (Tregs), T helper cells (TH), or
killer T cells. In general, DCs can activate all types of effector
T cells and regulate activation and regulation of immune
responses, which are both involved in disease patterns of
CVDs.

3. DCs in Atherosclerosis and
Aortocoronary Bypass

Atherosclerosis is the dominant cause of CVDs leading to
myocardial infarction (MI), heart failure (HF), or stroke
[13]. The investigation of the underlying pathophysiologi-
cal mechanisms shows that immune cells such as T cells,
monocytes, and DCs invade the vascular wall stimulated by
oxidized LDL, TNF-𝛼, and hypoxia [14, 15], which are often
found in atherosclerotic lesions where they produce proin-
flammatory cytokines [16]. Both PAMPs and DAMPs can
activate DCs [17] which subsequently mature, while further
atherogenic factors in the vascular wall such as oxidized
low-density lipoprotein (LDL) cholesterol [18], advanced
glycation end products (AGE) [19], nicotine [20], insulin [21],
and angiotensin II [22] also have the capacity to induce the
maturation of DCs. Mature DCs activate T cells and initiate
the upregulation of DC licensing factors such as CD40L [17].
These processes contribute to chronic vascular inflammation
and form the basis for vascular obliteration.

Several reports on immunohistochemical analyses of
carotid specimens raised the suggestion that DCs contribute
to plaque destabilization, possibly through activation of T
cells [23–26]. Yilmaz and colleagues analysed mDCs in
atherosclerotic plaques in 44 carotid specimens and reported
that advanced plaques had higher numbers of mDCs and a
higher percentage of mature mDCs than initial lesions [23].
These observations were also confirmed in another patient
study (𝑛 = 29), when unstable compared to stable plaques
showed a 1.6-fold increase in both fascin+ mDCs and S100+
DCs, while a 5.9-fold increase of mature CD83+ mDCs was
observed [26]. However, while these observations could not
be detected in pDCs [26], alternative DC markers such as
BDCA-1 and BDCA-2 have revealed that mDCs and pDCs
are indeed recruited to advanced plaques [27].

In addition, the research work of the Weyand laboratory
further showed that 53% of the 30 carotid endarterectomy
samples contained CD123+ pDCs, but also CD11c+ DC-Sign+
fascin+ mDCs, which are both located either in the shoulder
region of the plaque or at the plaque base. The mDC/pDC

ratio in the plaques was 2.7, and further characterization
of the pDCs revealed that these cells were the main source
of interferon-𝛼. The number of pDCs as well as interferon-
𝛼 transcript concentrations strongly correlated with plaque
instability in the tissue samples [24, 25]. Further research
on the cytokine and chemokine expression in atheroscle-
rotic plaques from coronary artery disease (CAD) patients
revealed that the T cell cytokines, interferon-𝛾 and TNF-𝛼, as
well as DC chemokines, CCL19 and CCL21, are increased in
patients with ischemic symptoms compared to asymptomatic
patients [28].

Beyond DC tissue analyses, circulating DCs hold signifi-
cant value in patients suffering from atherosclerosis, as sup-
ported by CAD patients having increased number of DCs in
the atherosclerotic vascular wall concomitant with decreased
levels of circulating DCs in the blood [29–33]. While Yilmaz
et al. reported a reduction of circulating mDCs, pDCs, and
total DCs in patients with advanced CAD [31] and mDCs
in patients with angina pectoris and MI [29], Van Vré et al.
found that absolute and relative numbers of circulating pDCs
were lowered in 18 CAD patients compared to age- and sex-
matched controls [30]. Interestingly, the same group further
reported an inverse correlation between mDCs and IL-6 and
C-reactive protein, suggesting that these cytokines may be
involved in their regulation [32]. Other factors may also play
a role, such as IL-23 and IL-23R [34] and tyrosine kinase 3
ligand (Flt3L) [33], which have also been correlated to pDC
levels.

A large clinical study provided further evidence of
a strong association between the roles of DCs in CAD,
with 290 patients classified as “early CAD,” “moderate
CAD,” “advanced CAD,” and “CAD excluded” by coronary
angiogram. In summary, the study demonstrated an inverse
correlation between the CAD score and mDCs, pDCs, and
total DCs, which were also independent predictors of CAD
[31]. Yet noteworthy, patients undergoing percutaneous coro-
nary intervention (PCI) or coronary artery bypass grafting
(CABG) had lower total DCs and both DC subsets (mDCs
and pDCs) compared to no intervention, suggesting that
DC levels might be predictive of the targeted therapy after
coronary angiogram [31].

Increased levels of DCs are also present in stenotic vein
coronary bypass grafts [35]. In comparison to atherosclerosis
of coronary arteries, the degeneration of vein grafts proceeds
more rapidly [36] and finally leads to graft failure. In general,
atherosclerosis develops in almost 50% of all vein grafts
within ten years [37]. Cherian et al. investigated the presence
of DCs in vein grafts and found DCs positive for S100 and
CD1a in the vascular walls of these vessel grafts [35]. A further
study on stenotic vein coronary bypass grafts demonstrated
that DCs positive for the costimulatory molecule CD40 were
clustered within the intima as well as in themedia and adven-
titia [38]. In accordance with the results on human coronary
bypass grafts, it has been demonstrated that T cells were accu-
mulated in the vascular wall of saphenous vein grafts [39].
These data indicate that interactions between DCs and T cells
are involved in the rapid development of atherosclerosis and
degeneration of vein grafts, which finally promote eventual
graft failure.
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4. Hypertension and DCs

Hypertension is one of the most common chronic diseases,
which promotes atherosclerosis and represents a major risk
factor for CVD-related death [40]. A number of studies have
suggested that immunological mechanisms, especially the
inflammatory responses, are involved in hypertension [41–
44]. Macrophages and lymphocytes infiltrate the intersti-
tium in angiotensin II-induced hypertension [41], where T
cells increase in the adventitia of blood vessels and secrete
cytokines such as tumor necrosis factor-𝛼 (TNF-𝛼) and IL-17
as well as NADPH oxidase [43, 45], which then lead to ele-
vated blood pressure. This suggestion is reinforced by obser-
vations that immunosuppression causes reduced hyperten-
sion-induced end-organ damage while immunodeficiency
reduces hypertension [42, 44].

While one research arm is related to the investigation of
T cell variations in hypertension, another should represent
T cell activating cells, specifically DCs. Indeed, Abbas et al.
showed that hypertension activates DCs [34] and also further
confirmed that reactive oxygen species (ROS) produced
by DCs through phagocyte oxidase caused lipid oxidation,
which resulted in accumulation of proteins that were oxida-
tively modified by highly reactive 𝛾-ketoaldehydes (isoke-
tals). The isoketal-modified proteins behave like DAMPs and
activate DCs, which start to express IL-6, IL-1𝛽, and IL-23
and the costimulators CD80 and CD86. The isoketal-pulsed
DCs induced T cell proliferation, particularly of CD8+ and
IFN-𝛾 and IL-17A, with the latter shown to elevate blood
pressure [46]. Thus, one key mechanism of hypertension
could be related to an autoimmune component [47], which is
supported by evidence that isoketal proteins were traceable in
mDCs in hypertensive compared to normotensive controls.
Unfortunately, in vivo studies of DCs in hypertension are not
well investigated, with only one study onDCs in hypertensive
patients [47].

5. DCs and Heart Failure

Inflammation and immune responses are processes that
can lead to HF such as myocarditis and cardiomyopathy.
Myocarditis is an inflammatory heart disease that can be initi-
ated by infectious viruses (e.g., Coxsackie B virus, Parvovirus)
or the parasite Trypanosoma cruzi [48]. These pathogens
infect cardiomyocytes, which cause direct tissue injury but
also initiate immune responses against pathogenic antigens
that lead to further tissue damage. In addition, myocardi-
tis has an autoimmune component driven by molecular
“mimicry” between microbial and myocardial self-antigens
[49]. Molecular mimicry means that specific structures of
certain pathogens imitate defined cardiac self-antigens [50].
Subsequently, the T cell response against such microorgan-
isms includes the expansion of self-reactive T cells with the
potential to attack the myocardium [51]. For example, struc-
tural proteins from Chlamydia strains mimic myosin and
induce myocarditis after immunizing mice with homologous
Chlamydia peptides [52].

A histological study of cardiac samples from autopsied
patients with myocarditis (𝑛 = 22) and from an age- und

sex-matched control group (𝑛 = 20) provided evidence that
HLA-DR-positive cardiac DCs proliferate in the acute phase
of myocarditis [5]. Cardiac DCs showed typical morphology
of DCs with large cellular processes and were in close contact
with myocytes, suggesting that cardiac DCs exert a destruc-
tive effect on myocytes. This hypothesis is supported by the
fact that necrotic lesions were surrounded by infiltrating
HLA-DR-positive cells, with dendritic-formingmononuclear
cells also in the immediate environment. Similarly, polymor-
phonuclear giant cells, cardiacDCs, andT cells have also been
detected in active inflammatory lesions in chronic patients
[5].

MI causes progressive remodeling of myocardial tissue
and impairs contractile function, with eventual progression
to HF [53]. Immunological and inflammatory processes play
an important role in cardiac remodeling after MI [54], with
DCs playing a central role in mediating immunological
effects following MI by their role in the development of
autoimmunological processes andmaintenance of peripheral
tolerance. For example, MI is characterized by the uptake and
presentation of myocardial peptides by DCs resulting in T
cell activation. The infiltration of mature activated CD11c+
CD11b+ DCs into the infarcted heart, as well as an association
between mature DCs and the deterioration of left ventricle
remodeling, has been demonstrated in experimental MI [7,
55]. Furthermore, DCs act as a potent immunoprotective
regulator during the post-MI healing process via DC control
of the monocyte/macrophage homeostasis [54], with it being
demonstrated early after MI where DCs activate not only
regulatory T cells (Tregs), which are purported to prevent
tissue-destructive autoimmunity after cardiac injury [56], but
also other T cell subsets such as CD4+ T cells [56] and CD4+
T cells [57].

The effects on DC populations measured in human tissue
are dependent on the type of MI [58, 59]. For example,
a study on infarct tissue in patients with ST-elevation MI
(STEMI), where patients with present or absent cardiac
rupture were compared, found that CD209+ DCs and CD11+
DC infiltration was higher in patients with cardiac rupture,
with a significant positive correlation between CD209+ DCs
CD11c+ DCs and the extent of fibrosis further detected [58].
A more systematically designed study, where STEMI, non-
STEMI (NSTEMI), and CAD (𝑛 = 123) patients were
assessed for tissue-residing and circulatingDCs [59], revealed
circulatingmDCs, pDCs, and total DCs decreased after acute
MI, especially in STEMI patients, with higher DC numbers
found in the infarctedmyocardium.These results suggest that
the lower numbers of circulating DCs after MI may be medi-
ated by DC migration into the myocardium, which is indeed
supported by several studies showing a reduction of circu-
lating immature DCs [60], mDCs [61–63], or both, mDCs
and pDCs [64] afterMI. Further evidence shows that reduced
circulating DC numbers return to baseline levels after seven
days and do not change for a time period of threemonths later
[64]. Moreover, the mDC/pDC ratio seems to be an addi-
tional important predictor to distinguish between coronary
syndromes, as data has shown that a mDC/pDC ratio ≥ 4
allows patients suffering from acute coronary syndrome to



4 Journal of Immunology Research

HTx 1st week after HTx 1 year after HTx

Whole DC 
population

mDCs

pDCs

[72,77]
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Figure 1: Changes of dendritic cells and their subsets following heart transplantation. Increases and decreases of the whole DC population
and the subsets mDCs and pDCs following heart transplantation were visualized.The appropriate references were added in squared brackets.
DCs: dendritic cells; HTx: heart transplantation; mDCs: myeloid dendritic cells; pDCs: plasmacytoid dendritic cells.

be separated compared to those with stable angina pectoris
or healthy controls [62].

In contrast, other studies have suggested that autoim-
munological processes occur after MI in consequence to
defective peripheral tolerance, as autoantibodies against
myosin heavy chain, troponins, and 𝛽1-adrenoreceptors have
been found in patients with dilative cardiomyopathy (DCM)
or HF [65–69]. Ischemia induces changes not only to DCs
but also in DCM, where data shows that chronic DC-driven
myocardial inflammation results in ventricular functional
impairment with hemodynamic characteristics resembling
DCM [70]. Pistulli and coworkers investigated 72 endomy-
ocardial biopsies from patients with diagnosed DCM and
found a reduction in both myocardial DCs of all subtypes
(mDCs, pDCs, mature DCs, and immature DCs) and mat-
uration markers (fascin, CD11c, CD209, CD83, and CD304),
as well as an inverse correlation of DCs with tissue fibrosis.
Furthermore, a reduction of mDCs in DCM hearts in
concert with positive testing for cardiotropic viruses has been
reported, which raises the hypothesis about a connection
between mDCs and myocardial virus clearance [71].

The situation of DCs looks different in whole blood of
patients with chronic HF (CHF) [72], where elevated mDC
and mature DCs levels have been reported while pDCs were
unchanged. It has been hypothesized that the shift of the
mDC/pDC balance towardsmaturemDCsmay be associated
with TH1 biased immune responses in later stages of CHF
[72]. A few years after this study was published, Athanas-
sopoulos et al. reported that patients with end-stage CHF of
NYHA category III and category IV had comparable levels
of circulating DC subsets to NYHA II patients and healthy
volunteers [73]. In contrast, Sugi et al. showed that patients
withNYHA III andNYHA IVhad lower counts of circulating
mDCs and pDCs [74]. After treatment of decompensated
HF with optimized oral and intravenous heart insufficiency
medication, the reduction of circulating mDCs and pDCs
was restored and increased during the following weeks.
Overall, these findings suggest that the role of DCs in the
pathophysiology of HF is controversial, with further studies

required to clarify the associations between DCs and disease
development.

6. DCs and Heart Transplantation

The central role of DCs in mediating inflammation and
immune tolerance has been demonstrated for MI, myocardi-
tis, DCM, and HF. Aside from these diseases, DCs hold a
key role in the immunological processes that are connected
to allograft rejection. Inflammatory processes and allograft
rejection belong to the major complications after heart trans-
plantation (HTx), whereas immunological tolerance is closely
related to a positive outcome following HTx. Clinical studies
have focused on monitoring DCs after HTx, with the aim of
investigating whether DCs are a valuable marker of immune
function status after transplantation [75]. Athanassopoulos
et al. examined total peripheral bloodmDC and pDC subsets
expressing CD83 and CCR7 in 16 patients before HTx and
one week after HTx compared to 14 healthy controls [72]. A
further study of this group investigatedDCs and their subsets
up to 38 weeks after HTx in 20 HTx patients [76]. Dieterlen
et al. investigated DCs andmDC and pDC subsets in the first
twelve months after HTx in 46 HTx patients [75]. In sum-
mary, these studies revealed that patients had higher percent-
age of DCs before transplantation (Figure 1). Within the first
week after HTx, a marked decrease in both the percentage
of DCs and that of pDCs was observed but an increase in the
percentage of mDCs was observed [72, 76], with the number
of the whole DC populations increasing continuously during
the following months [76]. A more detailed analysis of DC
subsets showed that pDCs increased during the first year after
HTx, while mDCs remained constant within that time [75].
In summary, these studies demonstrated that DC incidence
and subset distribution differed substantially between recipi-
ents before and after HTx as well as in healthy subjects. Thus,
it has been stated that DC homeostasis is altered after trans-
plantation (see Figure 1) [77].

Surgery and stress cause a transient increase of peripheral
blood DCs [78, 79], and therefore the decrease of DCs and
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their subsets in the early posttransplantation period has to
be ascribed to the immunosuppressive treatment by antithy-
mocyte globulin, corticosteroids, calcineurin inhibitors, or
mycophenolate mofetil [72, 76]. The different effects and
mechanisms of immunosuppressive drugs on DCs are shown
in Table 1.

Immunosuppressive drugs keep DC subsets in an imma-
ture state, where there is a potent effect not only on matu-
ration but also on the migration characteristics of mDCs and
pDCs [90–92].These findings are in accordance with a report
on circulating DCs, which found lack in the expression of the
maturation markers CD83 and CCR7 early after HTx [72].
Furthermore, it has been reported thatmycophenolatemofetil
influenced phenotype and function during the maturation
process, and cyclosporine A and tacrolimus inhibited DC
migration [93]. A direct comparison of cyclosporine A- (𝑛 =
14) and tacrolimus-treated (𝑛 = 14) HTx recipients showed
that the percentage ofmDCvalues was higher and percentage
of pDC values was lower in the cyclosporine A-treated
group than in the tacrolimus-treated group. Additionally,
monitoring the same study cohort for DC subsets over a
period of six months showed that mDC values only differed
at study onset and aligned up to month 6. In contrast,
pDC values and the pDC/mDC ratio differed significantly
at all study time points (day 0, month 3, and month 6)
[94]. Barten et al. monitored DCs in 16 HTx patients with
regard to the immunosuppressive regimen after conversion
of calcineurin inhibitors or sirolimus to everolimus [95].
Regardless of the immunosuppressive regimen, HTx patients
had higher percentage of mDCs compared to healthy con-
trols, whereas pDCs were only significantly lower in patients
with conversion from calcineurin inhibitors to everolimus.
Sirolimus maintenance therapy caused a similar percentage
of pDCs compared to controls, with a shift to pDCs in the
pDCs/mDCs ratio compared to recipients with calcineurin
inhibitor therapy. Furthermore, an additional elevated shift
in the pDC/mDC ratio towards pDCs after conversion from
calcineurin inhibitors or sirolimus to everolimus has been
observed, which was comparably higher than controls [95].

As mentioned above, DC monitoring is performed to
investigate DCs as a marker of immune function status.
Thus, studies often correlate DC numbers and acute cellular
rejection (ACR). Two different study cohorts have been
investigated regarding the influence of rejection episodes on
DCs. Firstly, John et al. analysed twenty-eight HTx patients
and found that the percentage of pDCs was lower in HTx
recipients with rejection compared to HTx recipients with-
out ACR. In contrast, no differences between rejector and
nonrejectors have been detected for mDCs [94]. Secondly, a
study cohort including twenty-one HTx patients correlated
DC subsets with different rejection grades [76, 77]. A negative
association ofmDCs but not of pDCswith the rejection grade
determined from endomyocardial biopsies has been found.
The number of peripheral blood DCs and the mDC/pDC
ratio decreased markedly during ACR episodes, and a lower
mDC number has been documented even three months
after ACR [77]. Furthermore, Athanassopoulos et al. showed
that aberrant DC reconstitution is related to adverse clinical
outcome after HTx [76].

The central role of DCs in immunological processes led
to the development of cellular vaccination strategies aiming
to induce transplant tolerance [96]. DCs that are involved in
processes leading to tolerance were named “tolerogenic DCs”
(tolDCs). tolDCs have immunosuppressive characteristics
and exert their function via passive (lack of costimulatory
signals) and active (presence of inhibitory signals) tolerance
[97]. According to their organism of origin, tolDCs can
be classified into “donor-derived tolDCs” and “recipient-
derived tolDCs.” Furthermore, it is possible to generate
tolDCs in vitro, for example, from monocytes [98], or to
induce tolDCs in vivo.

One possibility for the in vivo induction of tolDCs is
extracorporeal photopheresis (ECP) [99]. ECP is an apheresis
technique that collects a portion of patients’ venous whole
blood in a medical device located outside the patients’ body
(extracorporeal). After separating the blood into its compo-
nents by centrifugation, the fraction containing white blood
cells is treated with the photosensitizing drug methoxsalen
and UV-A light and then returned into the patients’ circula-
tion.The investigation ofDC subsets inHTxpatients (𝑛 = 25)
during and after ECP treatment showed that almost 80% of
the treated HTx patients had increased pDCs and regulatory
T cells (Tregs) [100].The authors proposed classification crite-
ria based on the individual courses of pDCs and Tregs to dis-
criminate between patient specific responses to ECP therapy.

tolDCs induce tolerogenic immune reactions and immun-
omodulation faster and more frequently than immature DCs
[97]. The mechanisms that are involved in immunomodula-
tion are the IL-10- and TGF-𝛽-driven differentiation of Tregs,
the cytokine production that promotes tolDC biology, and
the cytokine expression of inhibitory molecules that regulate
T cell responses [97]. Animal models demonstrated that car-
diac allograft survival is prolonged by infusion of tolerogenic
pDCs in combination with anti-CD40L therapy [101, 102].
At present, no clinical application of tolDCs is approved or
under investigation for HTx. The ONE Study, which is an
ongoing multicenter, prospective, and randomized clinical
trial, is the first study that evaluates immunomodulatory
cellular therapy of ECP on tolDCs in kidney transplantation
[103].

Irrespectively of the in vitro generation of tolDCs, dif-
ferent types of tolDCs have been found in humans in vivo
[97]. DC-10 cells, a type of mDC expressing IL-10, have been
identified byGregori et al. [104].This type of tolDC expressed
inhibitory molecules (ILT-2, ILT-3, and ILT-4) and the
costimulatory surfacemolecules CD40 andCD86 and trigger
tolerogenic effects [104]. Natural tolerogenic pDCs differed in
their tolerance-inducing properties compared to tolerogenic
mDCs. These differences are caused by the biology of pDCs,
which includes a less effective antigen presentation, different
maturation characteristics, and expression of costimulatory
molecules [105].

7. Conclusions

Wehave reviewed the role and alterations of DCs in CVD and
also the current state-of-the-art research.While there remain
numerous gaps and contrary findings related to the effects of
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DCs in different CVDs, many observations of human studies
are based on circulating measurements despite distinct DCs
residing in the tissue that are not detected in analyses of
peripheral blood samples. Therefore, analyses of circulating
DCs fail to provide information about the processes that
are initiated after DC activation or tissue-specific DCs. Such
limitations can be closed with further intensive preclinical
and clinical research, which should include studies measur-
ing circulating and tissue-residing DCs simultaneously. An
interesting aspect, which is yet to be studied in prospective
clinical trials, is the role of circulating DCs as immunological
markers for CVDs.

While circulatingDCs can be analysed by flow cytometry,
tissue-residing DCs are measurable by immunohistochem-
istry or slide-based cytometry [106]. However, it has to be
noted that the investigation of tissue-residing DCs requires
biopsy material, which may pose additional risks for patients
dependent on CVDs. While it is clinical routine to perform
endomyocardial biopsies to detect graft rejection after HTx,
this is not the case for patients with MI and atherosclerosis.

At present, only few human studies with low patient num-
bers compared DCs in the tissue with peripheral blood DCs
(Table 2). In particular, the role of DCs in hypertension and
in diseases leading to HF is still widely unexplored. Further-
more, many studies present conflicting results, which may be
related to the different markers used for DC classification, as
some study groups favor the classification via the expression
ofCD11 andothers defineDC subsets by themarkers BDCA1–
BDCA4, DC-1a, or S100. Thus, a consensus is urgently
required on the functional and phenotypical DC classifica-
tion in order to allow results to become more comparable.

Furthermore, the number of circulating DCs is extremely
small with less than 1% of the leukocytes being DC subsets.
Therefore, by using detection methods that are designed to
identify very rare cell populations, such as flow cytometry, for
example, this problem could be dramatically reduced. How-
ever, the establishment of high-throughput methods for clin-
ical diagnostics of DCs is hindered for rare cell populations.

In conclusion, while DCs represent a cell type capable of
modulating immunological processes in CVDs, only clinical
studies investigating both the circulating and tissue-residing
DCs will help further clarify the underlying mechanisms of
how these cells exert their immunological effects in humans.
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[13] J. Frostegård, “Immunity, atherosclerosis and cardiovascular
disease,” BMCMedicine, vol. 11, article 117, 2013.

[14] M. Weis, C. L. Schlichting, E. G. Engleman, and J. P. Cooke,
“Endothelial determinants of dendritic cell adhesion and
migration: new implications for vascular diseases,” Arterioscle-
rosis, Thrombosis, and Vascular Biology, vol. 22, no. 11, pp. 1817–
1823, 2002.

[15] G. K. Hansson, “Inflammation, atherosclerosis, and coronary
artery disease,” The New England Journal of Medicine, vol. 352,
no. 16, pp. 1626–1695, 2005.
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Dendritic cells (DC) play an important role in the pathogenesis of systemic lupus erythematosus (SLE), an autoimmune disease
with multiple tissue manifestations. In this review, we summarize recent studies on the roles of conventional DC and plasmacytoid
DC in the development of both murine lupus and human SLE. In the past decade, studies using selective DC depletions have
demonstrated critical roles of DC in lupus progression. Comprehensive in vitro and in vivo studies suggest activation of DC by
self-antigens in lupus pathogenesis, followed by breakdown of immune tolerance to self. Potential treatment strategies targeting
DC have been developed. However, many questions remain regarding the mechanisms by which DCmodulate lupus pathogenesis
that require further investigations.

1. Introduction

Systemic lupus erythematosus (SLE) is an autoimmune dis-
ease that causes damage of multiple organs [1]. Disease activ-
ity and stages can be generally divided into three patterns—
the remitting relapsing pattern, chronically active disease,
and long quiescence—based on various clinical manifesta-
tions that include, but are not limited to, skin rash, arthritis,
nephritis, hematological disorders, and neurological dis-
orders [2]. During SLE pathogenesis, autoreactive T cells
are activated which in turn activate autoreactive B cells to
produce high affinity autoantibodies against self-antigens [3].
Immune complexes (ICs) formed by aggregation of autoanti-
bodies and self-antigens circulate in the blood and eventually
deposit in peripheral tissues where the complement system
is activated, ultimately inducing the release of signals that
further recruit and activate autoreactive cells to feed forward
a vicious cycle of chronic inflammation. Different innate
and adaptive immune cell populations, includingmonocytes/
macrophages, neutrophils, dendritic cells (DC), and lym-
phocytes, are recruited into peripheral tissues following the
inflammatory signals to amplify inflammation and cause
tissue damage [1, 4–6].

DC were discovered as the professional antigen-present-
ing cells (APC) with a primary function of priming naı̈ve T
cell activation [7]. Since their discovery, our understanding
of how DC contribute to immune responses has much
expanded, and DC have been divided into many subpopula-
tions with distinct phenotypes and functions [8]. Two main
subpopulations are classical DC (cDC) and plasmacytoid DC
(pDC). DC are developed from a series of dedicated DC pro-
genitors [8]. Commondendritic cell progenitors (CDP) origi-
nated frommacrophage dendritic cell progenitors (MDP) are
the first dedicated DC progenitors that can differentiate into
pre-cDC and pDC in bone marrow. Pre-cDC then migrate
into lymphoid and nonlymphoid tissues to differentiate into
cDC. Monocytes originated fromMDP can also differentiate
into cDC in lymphoid and nonlymphoid tissues [8]. Murine
cDC is characterized by high expression of CD11c andMHC-
II on surface, while human cDC also express nonoverlapping
makers CD1c (blood dendritic cell antigen 1 or BDCA1)
or CD141 (BDCA3) on different subsets besides CD11c and
MHC-II. Different from cDC,murine pDCs express low level
CD11c and MHC-II but are positive for B220 and Siglec-H
on surface, and human pDCs are defined by the expression
of MHC-II, BDCA2, and BDCA4.
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Functionally, cDC are professional APC that prime näıve
T cells upon antigen uptake and maturation induced by
appropriate maturation signals (e.g., upon TLR ligation).
Mature cDC start to prime näıve T cells with the interac-
tion between MHC-II-peptide complex on cDC and T cell
receptor on T cells. The ligation of costimulatory molecules,
with CD80 and CD86 on cDC and CD28 on T cells, further
mutually activates cDC and T cells. Finally the cytokines
secreted by cDC induce the differentiation of naı̈ve T cells
into different effector helper T cell subsets. pDCs, on the other
hand, are professional interferon 𝛼 (IFN𝛼) producing cells
that, through producing a high level of IFN𝛼, activate multi-
ple immune cell populations that express type I IFN receptor
(IFNAR) [9]. Interestingly, pDC can also upregulate MHC-II
upon activation and act like cDC to activate T cells [10].

Both cDC and pDC are important for immune tolerance
to self [8]. Immature cDC when presenting self-antigens in
the absence of maturation stimuli express low level MHC-
II on the surface and induce immune tolerance to self.
Upon activation bymaturation stimuli, however, cDCmature
with upregulation of MHC-II and activationmarkers (CD40,
CD80, CD86, PD-L1, PD-L2, etc.) to facilitate inflammation.
For pDCs, while their primary function is to control infec-
tions, pDCs in thymus are involved in the negative selection
to maintain the central tolerance. Not surprisingly, studies
have shown that both cDC and pDC play important roles in
the development of autoimmune diseases, such as SLE [11].

Peripheral blood mononuclear cells (PBMC) from SLE
patients can be used to study in vitro DC responses. Whilst
important, information obtained from blood cells is limited.
To this end, lupus-prone mouse models that develop lupus-
like symptoms spontaneously or artificially can be used
to better understand DC-mediated mechanisms of lupus
progression under both in vivo and in vitro conditions. In this
review, we summarize recent results obtained from studies of
SLE patients and lupus-prone mice on the roles of cDC and
pDC in lupus development.

2. In Vivo DC Depletion Studies:
Indication of DC Involvement in Lupus

A direct strategy to study whether a cell population is critical
for the development of a disease is to deplete the population
in vivo. Depletion of DC in wild-type mice and lupus-prone
mice shows differential contributions of DC to immune
homeostasis, with a tolerogenic role of DC in wild-type
mice versus an immunogenic role of DC in lupus-prone
mice. In wild-type mice, constitutive depletion of CD11chigh
cDC showed normal development of regulatory T (Treg)
cells and normal negative selection of CD4+ T cells in the
thymus without an autoimmune response [12]. Constitutive
depletion of both cDC and pDC in wild-type mice, however,
led to increased autoimmune inflammation with elevated
autoantibodies, increased IFN𝛾/IL-17-secreting T cells in
peripheral tissues, and abnormal negative selection of CD4+
T cells in the thymus [13]. This suggests that pDC, or the
combination of pDC and cDC, may contribute to immune
tolerance to self. Interestingly, regardless of the presence of

pDC, the absence of cDC consistently resulted in dramatic
expansion of myeloid cells, particularly neutrophils and
macrophages [12, 13].

In MRL/lpr lupus-prone mice, constitutive depletion of
cDC and pDC did not influence the negative selection of
T cells in the thymus. However, it led to fewer splenic
Treg cells and less CD25 expression on the surface of these
cells, suggesting compromised immune tolerance inMRL/lpr
mice in the absence of DC [14]. Importantly, even though
myeloid cells expanded dramatically as in wild-type mice
[12, 13], glomerulonephritis and dermatitis were significantly
reduced with DC depletion in MRL/lpr mice, which was
accompanied by a significant decrease of the proliferation
of total T cells and IFN𝛾-producing effector T cells. The
lack of DC also led to significantly fewer plasmablasts and
impaired autoantibody production and class switching to
IgG, the primary autoantibody isotype in lupus [14]. These
results demonstrate a critical role of DC in promoting lupus-
like disease in MRL/lpr mice. Interestingly, the initiation of
T cell activation in lupus may be DC-independent, as the
ratio of näıve to activated T cells in the spleen did not change
withDCdepletion. It appears that autoreactive B cells, instead
of DC, initiate the activation of autoreactive T cells through
antigen presentation inMRL/lprmice [15].These data suggest
that although DC can maintain immune tolerance to self
in wild-type mice, overall their functions have switched to
promoting autoimmune responses in lupus-prone mice.

For pDC, early transient depletion of these cells from
BXSB (Yaa) lupus-prone mouse model inhibited type I IFN
signature, reduced T and B cell activation, decreased autoan-
tibody production, and improved lupus nephritis [16]. While
pDC reappeared later on, the effect of early depletion was
sustained, suggesting that pDCs contribute to lupus disease
at the initiation stage. This observation has been confirmed
by another study using B6.Nba2 lupus-prone mice [17].

These depletion studies indicate the importance of cDC
and pDC in the development of lupus. Therefore, we will
next summarize in detail how cDC and pDC, respectively,
break down immune tolerance to self and facilitate lupus
progression.

3. Breakdown of Immune Tolerance to
Self in SLE by cDC

3.1. Changes of cDC Number and Phenotype in Lupus.
Changes of cell number and phenotype may reflect changes
of the cells’ activation status and/or their dynamic trafficking
into different tissues. Studies on the changes of cDC number
and phenotype in lupus will help us understand whether
cDC are activated and where they function to break down
self immune tolerance. In SLE patients, a general sense is
that cDC number and frequency in the blood are lower with
higher disease activity [18–23]. The decrease of blood cDC
may be due to increased migration of cDC into peripheral
tissues. For example, more cDC were found to infiltrate the
tubulointerstitial region in the kidney biopsy of SLE patients
with proliferative or active nephritis than the healthy control
(HC) or patients with nonproliferative nephritis, and the
increase in renal infiltration was accompanied by a decrease
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of cDC number in the peripheral blood [20, 24]. Murine
cDC, particularly those expressing CD11b, also accumulated
in the kidney of various types of lupus-prone mice as lupus
nephritis progressed [25–27]. In addition, we and others
showed increased cDC accumulation in the spleen and lymph
nodes of lupus-prone mice [28–32]. How cDC infiltrated
inflamed tissues is unclear, but studies have shown that
chemokine receptors chemR23 and CCR7 may be important
for cDC migration into the kidney and secondary immune
tissues, respectively [32–35]. Renal expression of chemerin—
the chemokine ligand of chemR23—and increased chemR23+
DC in the kidney of SLE patients suggest chemerin-
dependent migration of cDC into inflamed kidney in lupus
[34]. CCR7, on the other hand, mediates migration of cDC
to lymph nodes. Upon IFN𝛼 priming and lipopolysaccharide
(LPS) stimulation, monocyte-derived cDC (moDC) from
SLE patients expressed a significantly higher level of CCR7
[35]. Besides IFN𝛼 andLPS, ICs can also induce themigration
ofmoDC towards CCR7 ligands both in vitro and in vivo [32].

The phenotype of cDC is different between tolerogenic
cDC, which suppress inflammation, and immunogenic cDC
that stimulate inflammation. cDC in the blood of SLEpatients
or secondary immune tissues of lupus-prone mice have been
shown to exhibit elevated expression of CD40, CD80, CD86,
PD-L1, and PD-L2, suggesting that cDC in lupus may be
activated and immunogenic [18, 36–38]. However, in vitro
studies using moDC from SLE patients or lupus-prone mice
have shown inconsistent results regarding the activation
phenotype of cDC [18, 36, 39–41]. Some showed higher
activation state of moDC and enhanced T cell activation with
lupus, while others showed either comparable activities or
reduced moDC and T cell activation. The inconsistency may
be due to different methods used for moDC differentiation,
maturation, and activation, as different amounts of granu-
locyte macrophage colony-stimulating factor (GM-CSF) and
IL-4 were used to generate immature moDC, and different
stimuli (e.g., LPS, TNF𝛼, CpG, or IFN𝛼) were used to mature
or activate moDC in different studies.

3.2. MoDC in Lupus. Monocytes can differentiate into cDC
under both steady state and inflammatory state in vivo [8].
GM-CSF and IL-4 can also induce moDC in vitro [42].
However, whether monocytes are a precursor of cDC in
lupus is still an open question. Monocytes incubated with
sera from SLE patients could differentiate into cDC, but the
differentiation depended on the presence of IFN𝛼 in the
serum [43]. Later studies also showed that IgG-containing
ICs in the serum, tumor necrosis factor (TNF) receptor I on
monocytes, and the interaction between monocytes and T
cells are all important for the differentiation of monocytes
into cDC in lupus [35, 43, 44]. Regarding the function of
differentiated moDC, only those generated in the presence
of SLE sera, rather than moDC generated by IFN𝛼/GM-
CSF alone, could promote differentiation of IgG- and IgA-
producing plasmablasts from B cells. This suggests that
factors other than IFN𝛼 in the SLE patient sera affect the
function of moDC in lupus [45].

3.3. Regulation of cDC Activation in Lupus. As discussed ear-
lier, activated cDCaccumulate in lymphoid andnonlymphoid
tissues during lupus progression. It is important to under-
stand how they are activated in the context of lupus. In vitro
studies suggest that self-DNA and/or self-RNA containing
antigens could activate cDC [46–48]. In vitro generated
moDC from both healthy human PBMC and wild-type
mouse bonemarrow can be activated by necrotic or apoptotic
cell particles containing self-DNA and self-RNA to produce
inflammatory cytokines (IL-6, TNF𝛼), upregulate MHC-II
and costimulatory molecules (CD40, CD80, and CD86), and
activate allogeneic T cells that in turn produce IL-2, IFN𝛾, and
IL-17. It has been demonstrated that cDC generated in vitro
or isolated directly from human or mouse could be activated
by DNA- and RNA-containing self-antigens through
the signaling of toll-like receptor (TLR)9 and TLR7/8,
respectively [49–54]. However, it is still unclear whether cDC
can be activated by nucleic acid-containing self-antigens
in vivo, because natural IgM antibodies and complement
C1q-opsonized apoptotic particles, both present in vivo but
not necessarily in in vitro experiments, have the ability to
suppress cDC activation [55–57]. The suppression of p38
MAPK phosphorylation by MAPK phosphatase-1 appears to
be important for cDC tolerance induced by natural IgM [56].

Studies using gene knockouts in mice have shown that
TLR7, MyD88, and interferon regulatory factor (IRF)5 are
important for cDC activation in lupus, and TLR8, A20, Lyn,
B lymphocyte-induced maturation protein-1 (Blimp1), and
Bim can downregulate cDC activation [58–65]. While TLR7
promotes cDC activation in lupus, TLR8 downregulates
TLR7 expression and TLR7-dependent cDC activation [58].
IRF5-deficient cDC exhibited a reduced ability to produce
TNF𝛼, IL-6, and IL-10 in lupus-prone mice [61]. DC-specific
deficiency of A20, Lyn, or Blimp1 led to lupus-like disease in
mice [60, 62–64]. cDC isolated from Bim−/− mice compared
to wild-type mice induced higher T cell proliferation in
vitro, and autoantibodies can be generated in non-lupus-
prone mice upon transfer of Bim-deficient cDC [65]. The
role of MyD88 in lupus cDC is debated. One study using
MyD88-deficient MRL/lpr mice showed no obvious change
of lupus nephritis [59], while another study usingDC-specific
MyD88 and Lyn double-deficient mice showed attenuated
lupus disease compared to DC-specific Lyn-deficient mice
[60]. Interestingly, polymorphisms withinTLR7, IRF5, TLR8,
A20, Lyn, and Blimp1 gene loci have all been shown to be
associated with SLE [66–70].

Activation of cDC can be regulated by several additional
factors according to studies of SLE patient samples. Expres-
sion of immunoglobulin-like transcript (ILT)3, an inhibitory
receptor, was found to be decreased on circulating cDCof SLE
patients, and the decrease was correlated with higher levels of
proinflammatory cytokines (type I IFN, TNF𝛼) in the plasma
of these patients [71]. Not surprisingly, SLE-susceptible single
nucleotide polymorphisms were identified in the ILT3 gene
locus. Sex hormones may also affect the activation of cDC. In
a minichromosome maintenance protein (MCM)6 depen-
dent manner, 17beta-estradiol, a female hormone, could
induce upregulation of CD40 on in vitro-generated moDC
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that in turn increased T cell activation [72]. cDC purified
from SLE patients compared to HC expressed a higher level
of MCM6, and MCM6 expression was positively correlated
with the level of 17beta-estradiol in the sera of SLE patients
[72]. Moreover, cDC activation is affected by complement
C1q, although the effect of complement C1q on cDC is still
unclear. One study showed that immobilized C1q coated on
plates induced maturation of immature moDC differentiated
in vitro from healthy PBMC by GM-CSF/IL-4 [73]. Mature
moDC, compared to immature moDC, had increased
production of IL-12, TNF𝛼, and IL10 and enhanced T cell
proliferation and secretion of IFN𝛾. However, another study
showed that, when immobilized C1q was added concurrently
with GM-CSF/IL-4 during moDC differentiation from
PBMC, moDC stayed at immature state [74]. Upon LPS or
LPS/IFN𝛾 stimulation, these moDC did mature, but they
produced less IL-12, TNF𝛼, and IL-6 but more IL-10 [74].
Mature cDC generated by LPS or LPS/IFN𝛾 also had reduced
ability to activate T cells. The timing of C1q addition appears
to be important, and further studies are required to uncover
the roles of C1q in regulating cDCmaturation and activation.

Apoptosis of activated cDC is important for immune
tolerance to self. Under normal condition, activated cDC
undergo apoptosis through either Fas-dependent or mito-
chondria-dependent pathways, the latter by interacting with
activated Treg cells that express lymphocyte-activation gene
(LAG)3 [75, 76]. DC-specific deficiency in either Fas-
dependent or Fas-independent apoptosis in mice could
induce lupus-like symptoms, suggesting that abnormal accu-
mulation of activated cDC may contribute to breakdown of
self-tolerance and lupus development [75–77].

3.4. Activation of T Cells and B Cells by cDC in Lupus.
Upon activation by self-antigens, cDC can promote lupus
development by interacting with T cells and B cells. While
in vivo studies of how cDC affect autoreactive T cells are
still lacking, in vitro evidence suggests that moDC derived
from the bone marrow of lupus mice or from PBMC of SLE
patients, upon activation, can promote T cell activation and
hamper Treg response [39, 52, 78–80]. It is demonstrated in
both mouse and human cell studies that moDC activated by
apoptotic cells or cytosolic dsDNA could induce the activa-
tion of T cells, including that of autoreactive T cells [52, 79]. In
addition, compared to bone marrow-derived macrophages,
bone marrow-derived cDC (BMDC) from lupus-prone mice
possessed higher ability to activate autoreactive T cells,
suggesting that cDC rather than macrophages are the APC
for autoreactive T cell activation [78]. Moreover, in vitro
generated tolerogenic BMDC from SLE patients were less
capable of generating Treg cells in vitro than HC BMDC [80].
Furthermore, LPS-activated BMDC from lupus-prone mice
suppressed Treg function by producing more IL-6, which
indirectly promoted proliferation of CD4+ T cells [39].

Several studies using in vitro systems have indicated
possible roles of cDC in promoting autoreactive B cell
activation [45, 52, 81–83]. A couple of them have shown that
GM-CSF/IL-4-induced BMDC from B6.Sle1.Sle2.Sle3 lupus-
prone mice, compared to BMDC from B6 mice, promoted
better B cells proliferation and IgM/IgG production in in

vitro coculture system upon anti-CD40 ligation [81, 82]. The
enhancement was partially dependent on elevated IL-6 and
IFN𝛾 produced by activated BMDC. In addition, upon i.p.
injection of ICs, splenic CD11c+ DC from B6.Sle1.Sle2.Sle3
mice producedmore IL-6 and IFN𝛾 than those fromB6mice.
In human cell studies, moDC derived from healthy PBMC
in vitro activated by either the sera from SLE patients or
cytosolic dsDNApromotedB cell antibody class switch to IgG
and IgA [45, 52]. Contradictory to these observations, how-
ever, one study showed that BMDC from several lupus-prone
mousemodels, when activated by LPS, possessed reduced IL-
6-producing ability compared to BMDC from B6 mice [83].
Due to the decrease of IL-6 production, LPS-activated BMDC
from MRL/lpr mice failed to suppress autoreactive IgM pro-
duction by B cells.The discrepancymay have been due to dif-
ferent lupus-pronemousemodels used or different activation
methods (anti-CD40 versus LPS), although another study has
shown that LPS could increase IL-6 production from BMDC
of B6.Sle1.Sle2.Sle3 mice [39].

Besides activating T cells and B cells, cDC may also pro-
mote lupus development by producing high-mobility group
box 1 (HMGB1) protein that not only binds nucleosomes to
facilitate activation of cDC as a positive feedback but also
enhances IFN𝛼 production by pDC, the latter of which will
be discussed below [46, 49, 84].

3.5. Potential Treatment Strategies of Lupus by Targeting cDC.
Since cDC can promote lupus development, they are a poten-
tial target for the development of new drugs against lupus.
To target innate immune cells such as cDC, nanogel-based
immunosuppressive drugs have been tested in lupus-prone
mice that led to prolonged survival and reduced lupus nephri-
tis [85, 86].The lipid coating of nanogel enables better uptake
of the drug by cDC, thus increasing the amount of immuno-
suppressive drug inside the cells. In addition, in vitro studies
have shown that BMDC incubated with immunosuppressive
drug-containing nanogel had lower production of inflamma-
tory cytokines compared to cells incubated with free drug.
The ability of pDC to produce IFN𝛼was also suppressed, with
less IFN𝛼 produced in the presence of nanogel [85]. It appears
that cDC-targeted therapies may benefit from nanogel-based
delivery with minimal side effects.

Efforts have been made to induce the generation of
tolerogenic cDC to ameliorate lupus. Several studies have
shown that tolerogenic cDC generated by transgenic method
or induced in vitro can rebuild immune tolerance to self after
adoptive transfer to lupus-prone mice [87–89]. Tolerogenic
cDC can also be induced from PBMC of SLE patients in vitro
to suppress T cell activation [18, 90].

4. Breakdown of Immune Tolerance to
Self in SLE by pDC

4.1. Changes of pDC Number and Phenotype in Lupus. pDCs
play an important role in lupus development in addition
to cDC. Human studies of pDC frequency and number in
the blood of SLE patients have shown inconsistent results
[19–21, 91–95]. The inconsistency may reflect the dynamic
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change of cell number and migration of pDC corresponding
to different disease stages and/or treatments. The decrease of
pDC in the circulation of some SLE patients may indicate
increased migration of the cells into peripheral tissues.
Notably, increased infiltration of pDC to the kidney of SLE
patients has been confirmed by several studies [20, 24, 95],
although the location of the infiltrate is still a matter of
debate. It has been suggested that pDCmay use IL-18 receptor
and chemR23 to migrate into the inflamed kidney that
expresses IL-18 and chemerin, respectively [33, 34, 95]. In
mice, however, one study showed no change of pDC in the
kidney as lupus progressed [27]. pDC can also accumulate
in the skin of SLE patients and lupus-prone mice [96, 97].
In MRL/lpr lupus-prone mice, UVB irradiation induces skin
infiltration of pDC, while IFN𝛼 response in the skin has been
shown to be positively correlated with the level of chemerin
that can attract pDC through chemR23 [97].

Conversely, the increase of pDC in the circulation of
some SLE patients may be due to increased generation and
emigration of pDC from the bone marrow. Our study using
MRL/lpr mice demonstrated that the number of pDC was
increased in the bonemarrow compared toMRL controlmice
[28]. A higher percentage of pDC was also found in the bone
marrow of SLE patients compared to HC [98]. It is worth
noting that phenotypic identification of pDC varies from one
study to another and that the surface markers used to define
pDC in healthy individuals may not be appropriate under the
disease environment [99].

However, we and others have consistently observed the
expansion of pDC in secondary immune tissues during lupus
progression. We have found that pDC are increased in the
MLNof youngMRL/lprmice compared to age-matchedMRL
controls [28]. Others using NZB/W F1 mice and NZM2328
mice have found similar results in MLN and renal lymph
nodes [38, 100]. pDCs also accumulate in the spleen of lupus-
prone mice, particularly in the marginal zone (MZ) of the
spleen [30, 38, 82, 101, 102].The increase of pDC in secondary
lymph tissues on one hand may be caused by inflammation-
induced migration and/or self-expansion in situ, as will be
discussed later. On the other hand, pDCs appear to be able
to survive better in lupus [102–104], as their expression of
antiapoptotic Bcl-2 was found to be increased [102]. Survival
signal in pDC from both humans and lupus-prone mice is
activated by TLR7/9-inducedNF𝜅B pathway [103, 105]. pDCs
in lupus are constantly stimulated by TLR7/9 ligands, which
are known to suppress miR-29b and miR-29c, allowing for
upregulation of the target of thesemicroRNAs, including Bcl-
2 [104].

Many functional markers expressed on pDC are altered
in SLE patients and lupus-pronemice.The expression of three
inhibitory receptors, BDCA2, leukocyte-associated immuno-
globulin-like receptor 1 (LAIR-1), and ILT3, on human pDC
is reduced in SLE patients compared to HC [94, 106, 107].
On the contrary, MHC-II and costimulatory molecules are
increased on pDCof both SLE patients and lupus-pronemice,
suggesting an increased ability to present self-antigens and
activate autoreactive T cells [28, 37, 38, 101, 108, 109].

4.2. Critical Roles of IFN𝛼 in Lupus Development. One
major function of pDC in immune responses against foreign
pathogens is to produce a large amount of type I IFN. Many
studies have shown that type I IFN, particularly IFN𝛼, is
critical for lupus development. It is well known that SLE
patients have elevated serum IFN𝛼 level that is positively
correlated with disease severity [43]. Administration of IFN𝛼
into humans for antivirus or antitumor treatment, or into
preautoimmune lupus-prone mice, can induce or accelerate
lupus-like symptoms [110–112]. Deficiency of the receptor of
type I IFN and IFNAR in several lupus-prone mouse mod-
els resulted in ameliorated lupus symptoms [100, 113, 114].
Interestingly, anti-IFNAR treatment transiently ameliorated
lupus disease in MRL/lpr mice, but constitutive depletion
of IFNAR in the same model deteriorated lupus symptoms
[115, 116]. IFN𝛽 deficiency in BXSB mice failed to modify
lupus progression, indicating that the IFN𝛼 subtype is the
principal type I IFN important for lupus development [116].
Recent studies have shown that by either depleting pDC or
abrogating IFN𝛼 production of pDC, lupus disease is reduced
[16, 17, 117]. However, only the depletion of pDC or blockade
of IFN𝛼 signaling at early stage of disease could prevent lupus
development [17, 116]. Together, these studies suggest that
through secreting IFN𝛼, pDC may play a critical role in the
development of lupus disease at the early initiation stage.

Many types of leukocytes can express IFNAR on the
surface and respond to IFN𝛼, including monocytes, cDC,
pDC, T cells, and B cells [116]. Sera from SLE patients
can induce normal monocytes to differentiate into cDC in
an IFN𝛼-dependent manner [43]. Differentiated cDC can
subsequently activate both allogeneic and autologous CD4+
T cells. IFN𝛼 can also expand splenic cDC, particularly
CD11b+CX3CR1+ cDC, that may have been derived from
monocytes [30]. In addition, IFN𝛼 is able to precondition the
immunogenic status of monocytes. Without IFN𝛼 priming,
monocytes incubated with RNA-containing ICs from SLE
patients failed to upregulate activation markers [118]. The
same phenomenon was observed for moDC differentiated
by apoptotic blebs or apoptotic cells, where IFN𝛼 priming
enabled these moDC, which were tolerogenic without IFN𝛼,
to activate T cells [119, 120]. The molecular mechanism of
how IFN𝛼 activates monocytes is still unclear, but studies
have shown increased expression of two IFN𝛼 inducible
genes, Ifi202 in bone marrow-derived DC from lupus-
prone mice and Ifit4 in monocytes from SLE patients [121,
122]. Overexpression of these genes can activate normal
moDC with enhanced IL-12 production, which promotes
Th1 differentiation. Besides activation, IFN𝛼 also affects the
migration of moDC. IFN𝛼/GM-CSF-induced rather than IL-
4/GM-CSF-induced moDC from healthy human PBMC can
upregulateMMP-9 andmigrate towardsCCL5 andCCL3 that
are expressed in inflamed tissues [123].

IFN𝛼 also influences pDC themselves as well as
non-monocyte-derived cDC. In lupus-prone mice, IFN𝛼-
dependent expansion of splenic pDC has been documented
[30]. With IFNAR-I deficiency, both cell number and surface
activation markers of splenic pDC were reduced [100]. In the
case for non-monocyte-derived cDC, studies of IFNAR-I-
deficient NZM2328 mice have shown reduced splenic CD8+
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and CD8− cDC with decreased activation markers [100].
IL-12- and TNF𝛼-producing ability of CD8+ cDC was also
reduced in the absence of IFNAR-I [100].

Regarding T cells, an in vitro study showed that normal
cDC primed by IFN𝛼 could promote näıve T cells to dif-
ferentiate into Th1/Th17 T cells [124]. However, if IFN𝛼 was
constantly present in the cDC-T cell coculture system, it had
a suppressive effect for Th1/Th17 differentiation. IFN𝛼 can
also promote inflammatory T cell function by inducing the
migration of effector T cells into inflamed tissues in aCXCR3-
dependent manner [125].

Studies on lupus-prone mouse models have shown that
IFN𝛼-producing pDC can directly influence autoreactive B
cell response. In BXD2 lupus-prone mice, it was demon-
strated that the accumulation of activated pDC in the MZ
of spleen resulted in the upregulation of CD86 on MZ
B cells, which was important for germinal center (GC)
formation and autoantibody production [126]. In addition,
MZ B cells increased their migration into the follicular
region in response to IFN𝛼 produced by the accumulated
pDC. Such migration of B cells reduced the interaction with
MZ macrophages, causing the macrophages to decrease in
number in theMZ [127].Thiswould compromise clearance of
apoptotic cells in the spleen of lupus-pronemice and promote
exposure of autoantigens to DC, autoreactive T cells, and B
cells.

4.3. Regulation of IFN𝛼 Production from pDC in Lupus. Due
to the critical role of IFN𝛼 in lupus development, how pDC
are activated to produce IFN𝛼 in lupus has been studied.
pDCs produce a large amount of IFN𝛼 upon TLR7 and TLR9
stimulation by bacterial or viral nucleic acids [8].Thus, infec-
tions could be a trigger of IFN𝛼 production by pDC in lupus.
One study showed that Epstein-Barr virus (EBV) infection
was associated with lupus [128]. In addition, nucleic acid
self-antigens and/or nucleic acid-containing ICs are another
potential inducer of TLR7/9-dependent IFN𝛼 production
by pDC in lupus [128]. Nucleic acid self-antigens derived
from apoptotic or necrotic cells are increased significantly in
SLE patients and lupus-prone mice compared to respective
controls [1]. When the sera of SLE patients were mixed with
healthy PBMC, more IFN𝛼 production was induced from
pDC [129]. The patient sera contained ICs formed between
IgG and apoptotic cells, which were found to activate pDC
to produce IFN𝛼 through TLR7/9 [53, 130–133]. Interestingly,
IgG alone or ICs with nucleic acid digestion failed to induce
IFN𝛼 production by normal pDC, suggesting a critical role
of TLR7/9 stimulation by nucleic acids within the ICs.
However, DNA/RNA alone or nucleic acid-containing ICs in
the presence of Fc𝛾RAII blockade also could not trigger pDC
to produce IFN𝛼, indicating that the interaction between IgG
in ICs and Fc𝛾RAII on pDC is important for IC-induced
IFN𝛼 production by pDC [130, 133]. Moreover, it has been
shown that CpG motif in dsDNA of DNA-containing ICs is
required for IFN𝛼 production by normal pDC [50].

Nucleic acid self-antigens can also induce IFN𝛼 produc-
tion by pDC in an Fc receptor- (FcR-) independent pathway
free from the formation of ICs. LL37, an antimicrobial
peptide, has been shown to complex with self-DNA and

self-RNA to form nanoscale aggregates that trigger IFN𝛼
production by normal pDC in a TLR7/9-dependent manner
[54, 134]. Neutrophils from SLE patients possess an increased
ability to release neutrophil extracellular traps (NETs), which
contain LL37 [108, 135]. When LL37 was digested, NETs were
no longer able to induce IFN𝛼production by pDC, suggesting
a critical role for this peptide [135]. IFN𝛼 in turn can
upregulate LL37 andHNP (another antimicrobial peptide) on
the surface neutrophils as seen in the blood of SLE pateints
[108]. The levels of anti-LL37 and anti-HNP antibodies in
the patient sera are also increased, which, when ligated with
transmembrane expressed LL37 and HNP, respectively, can
trigger the release of NETs by neutrophils. These results
suggest that a positive feedback loop betweenNETs release by
neutrophils and IFN𝛼production by pDCmay initiate and/or
promote lupus development in SLE patients. Interestingly,
LL37 has been found to be also important for Fc𝛾RIIA-
dependent IFN𝛼 production from pDC, likely through facil-
itating the internalization of ICs [135].

Signaling molecules in the TLR7/9 pathway are impor-
tant for autoantigen-induced IFN𝛼 production from pDC.
SLC15A4-, MyD88-, IRF8-, or IRF5-deficient lupus-prone
mice have shown ameliorated lupus symptoms with reduced
IFN𝛼 protein level in the serum, decreased IFN𝛼 transcript
level in pDC, downregulation of type I IFN inducible genes,
and suppressed activation of both T cells and B cells [59,
61, 136–138]. In addition, pDC from IRF-5- or IRF7-deficient
mice failed to produce IFN𝛼 upon stimulation with RNA-
containing ICs from the sera of SLE patients [50, 139].
Moreover, interleukin-1 receptor-associated kinase (IRAK)1
and IRAK4 are required for IFN𝛼 induction from pDC,
as their inhibition abrogates the production of IFN𝛼 from
healthy pDC stimulated with the sera of SLE patients [140].

The ability of pDC to produce IFN𝛼 is also regulated by
many other factors that may influence the outcome of lupus
development. High-mobility group box (HMGB) proteins,
for example, function as universal sentinels for nucleic acid-
mediated immune response through both cytosolic recep-
tors and those in endosomes including TLR9 and TLR7
[141]. It has been shown that, compared to CpG-A alone,
HMGB1-bound CpG-A could induce higher IFN𝛼 and TNF𝛼
production by normal pDC [142]. This is due to increased
recruitment ofMyD88 to TLR9 in the presence ofHMGB1. In
addition, HMGB1 can facilitate the formation of CpG-TLR9
complexes and retain the complexes in early endosome rather
than lysosome, resulting in sustained IFN𝛼 production by
pDC [49]. Studies on SLEpatient samples have shown that the
level of HMGB1 in the circulation was positively correlated
with the concentration of IFN𝛼 [46, 107]. Moreover, the
interaction between HMGB1 and receptor for advanced
glycation endproducts (RAGE) is required, as PBMC from
HC incubated with the sera of SLE patients produce much
less IFN𝛼 when the interaction is blocked [46, 142].

Amyloid fibrils can also regulate IFN𝛼 production from
pDC by modulating the trafficking of nucleic acid-TLR com-
plexes.These are stable insoluble aggregates ofmisfolded pro-
tein products with extensive 𝛽-sheet structure that can facil-
itate the maintenance of nucleic acid antigens in early endo-
somes of pDC [143]. Albeit rare, amyloid fibrils have been
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found to be associated with SLE cases and complicate lupus
nephritis [144]. Immunization of healthy mice with DNA-
containing amyloid fibrils induces lupus-like disease, pro-
moting autoantibody production and lupus nephritis [143].

C-reactive protein (CRP), an acute-phase reactant pro-
duced by liver in response to inflammation, can suppress
IFN𝛼 production from normal pDC by increasing the traf-
ficking to ICs into late endosomes in pDC [132]. Therefore,
CRP may be beneficial for lupus disease through inhibiting
IFN𝛼 production. In SLE patients, the elevation of CRP in
response to inflammation is modest and much less than
expected, suggesting compromised regulation of IFN𝛼 pro-
duction [145].

Complement C1q is another suppressive factor of IFN𝛼
production from pDC. Human individuals with C1q-
deficiency can develop SLE [146, 147]. When C1q is added
simultaneously, RNA-containing ICs or CpG stimulated less
production of IFN𝛼, IL-6, IL-8, and TNF𝛼 from PBMC or
purified healthy pDC [148]. The suppressive effect of C1q on
IFN𝛼 production from pDC has been shown to be dependent
on the ligation of C1q to LAIR-1 expressed on pDC [149].

Sex hormones may also regulate IFN𝛼 production from
pDC in SLE patients. One study has shown that that TLR7
agonist induced higher IFN𝛼 production by PBMC from
healthy women than those from healthy men [150]. In
addition, 17beta-estradiol, a female hormone, can increase
IFN𝛼 production from pDC upon CpG stimulation [151].

pDC may interact with other cell types in vivo that affect
their ability to produce IFN𝛼. Studies have shown that B cells,
platelets, NK cells, andmonocytes can differentially influence
IFN𝛼 production by pDC [152–156]. B cells facilitate IFN𝛼
production by normal pDC stimulated with RNA-containing
ICs or CpG-A [152]. Interestingly, the mechanisms of B
cell involvement are different depending on the stimulation.
For RNA-containing ICs, the contact between B cells and
pDC through adhesion molecule CD31 is required, while
the elevation of CpG-induced IFN𝛼 production is B cell
contact-independent. The latter may be dependent on an
unknown secreted molecule, as the supernatant from CpG-
A-stimulated B cell culture could promote IFN𝛼 production
from pDC. In addition, activated platelets, found to be
more abundant in the blood of SLE patients, can promote
IFN𝛼 production from normal pDC stimulated with nucleic
acid-containing ICs through interaction between CD154 on
platelets andCD40onpDC [153]. In lupus-pronemice, deple-
tion of platelets improved, while administration of activated
platelets worsened, lupus disease, suggesting the involvement
of platelets in lupus development. Moreover, CD56dimCD16+
NK cells can promote IFN𝛼 production from pDC upon
stimulation with RNA-containing ICs in the coculture of
pDC and NK cells through both secretedMIP-1𝛽 and CD11a-
dependent direct contact between the two cell types [154,
155]. NK cells isolated from SLE patients, however, produced
less IFN𝛼 than NK cells from HC, since most of them
were CD56brightCD16− rather than CD56dimCD16+ NK cells.
Furthermore, CD14+ monocytes, contrary to B cell, platelets,
and NK cells, can suppress IFN𝛼 production from pDC
through various mechanisms. It has been shown that upon

RNA-containing ICs stimulation, CD14+ monocytes pro-
duced TNF𝛼, prostaglandin E2, and reactive oxygen species,
all of which suppressed IFN𝛼 production from normal pDC
in coculture [155]. Additionally, monocytes can suppress
IFN𝛼 production from normal pDC through competitive
binding of C1q-coated ICs to reduce internalization of ICs in
pDC [156]. Monocytes isolated from SLE patients have less
suppressive effect on IFN𝛼 production from pDC compared
to those isolated from HC [155].

4.4. IFN𝛼-Producing Ability of pDC in Lupus. While the
essential role of IFN𝛼-producing pDC in lupus is inarguable,
questions remain on whether pDCs are the major IFN𝛼-
producing cells during the entire course of lupus progression.
It has been demonstrated in several studies that PBMC or
pDC purified from PBMC of SLE patients produced much
less IFN𝛼 upon TLR9-ligand stimulation compared to HC
[93, 157–159]. Similar results have been obtained from lupus-
prone mice [101]. We have shown in our recent study that
pDC isolated from older MRL/lpr mice in the late stage of
lupus development produced significantly less IFN𝛼 upon
CpG stimulation in vitro compared to pDC purified from
younger mice in the early stage [109]. The reduced IFN𝛼-
producing ability may be due to continuous exposure to
nucleic acid self-antigens, as pDC from HC produced much
less IFN𝛼 after repeated stimulation with CpG or DNA-
containing ICs [159]. Notably, one study showed comparable
IFN𝛼 production between pDC from SLE patients versus
healthy individuals [160]. In their study, however, IL-3 was
added in cell culture medium, which may have enhanced
IFN𝛼 production by pDC from SLE patients. Resting or the
addition of IFN𝛼, IFN𝛾, and GM-CSF could also recover
IFN𝛼-producing ability of pDC from SLE patients to some
extent [157, 159]. This suggests that the deficiency of IFN𝛼
production from pDC is reversible. Moreover, IFN𝛼 pro-
duction by pDC from SLE versus HC was comparable upon
stimulation with influenza viruses or TLR7 agonist [43, 158].
It is possible that pDC in SLE patients and lupus-prone mice
can still produce a normal level of IFN𝛼 through the TLR7
pathway. Collectively, the results of these studies have raised
two important questions: (1) Do pDCs gradually lose the
ability to produce IFN𝛼 in vivo during lupus progression? (2)
If pDC fail to produce IFN𝛼 in late stage lupus, what is the
source of IFN𝛼 that stays at a high level in SLE patients and
lupus-prone mice? [94].

4.5. Possible IFN𝛼 Production from Cells Other Than pDC
in Lupus. An early study showed that PBMC from SLE
patients could still produce detectable IFN𝛼when pDCswere
depleted, suggesting that other cell types besides pDC may
have the ability to produce IFN𝛼 in SLE [43]. Neutrophils
isolated from HC, SLE patients, and B6 mice were able
to do so upon nucleosomes or CpG-B stimulation [161].
Interestingly, neutrophils from TLR9-deficient mice retained
their ability to produce IFN𝛼 upon nucleosomes stimulation,
suggesting that the production IFN𝛼 in neutrophils is TLR9-
independent. Moreover, neutrophils from both SLE patients
and lupus-prone mice possessed increased IFN𝛼 transcript
level compared toHC, although the protein level of IFN𝛼was
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not measured in these studies [162–164]. Besides neutrophils,
monocytes and cDC can also produce IFN𝛼. With IFN𝛽
priming, monocytes purified from healthy human PBMC, as
well as cDC derived in vitro from bone marrow of normal
mice, were shown to produce IFN𝛼 through LPS-activated
TLR4 pathway [165]. Monocytes from healthy human PBMC
also produced IFN𝛼 upon stimulation with liposome-coated
RNA [166]. In addition, Ly6Chigh monocytes are the primary
source of IFN𝛼 in pristine-induced lupus-prone mice, as
depletion of these monocytes abrogated IFN𝛼 production
[167]. cDC, on the other hand, have been shown to produce
IFN𝛼 through a cytosolic pattern recognition pathway via
stimulator of interferon genes (STING) [168].

4.6. Potential Treatment Strategies of Lupus by Targeting
pDC and IFN𝛼. Due to the critical role of pDC and IFN𝛼
in the development of lupus, potential treatment strategies
targeting them have been proposed. One example is intra-
venous immunoglobulin (IVIG) therapy, where IgG, the
major antibody in IVIG, inhibits IC- or CpG-A-mediated
production of IFN𝛼 from pDC [129]. It has been suggested
that Fc fragment of IgG through blocking Fc𝛾RIIA on pDCs
directly suppresses the uptake of nucleic acid-containing ICs
by pDC [169].Through the function of IgG glycan hydrolysis,
Endoglycosidase S (Endo S) can also inhibit the uptake
of ICs [170]. Sialylated subfraction positive (SNA+) Fab
fragment of IgG, targeting unknown receptor on monocytes,
induces production of PGE2 by monocytes, which in turn
suppresses TLR7/9 agonist-mediated IFN𝛼 production by
pDC.Another potential treatment targeting pDCand IFN𝛼 is
DNA-like class R inhibitory oligonucleotides (INH-ODNs),
which block TRL7/9-mediated activation of pDC upon stim-
ulation with nucleic acid-containing ICs [171]. Administra-
tion of INH-ODN in MRL/lpr lupus-prone mice dramati-
cally ameliorated lupus disease with reduced pathology and
autoantibodies. Moreover, proteasome inhibitors have been
shown to suppress IFN𝛼 production from normal pDC by
inhibiting TLR9 translocation from endoplasmic reticulum
to endosomes and lysosomes [172, 173]. Furthermore, HMG-
CoA reductase inhibitors (statins) and histone deacetylases
inhibitors can suppress IFN𝛼 production by healthy human
pDC through inhibiting IRF7 translocation into the nucleus
[174, 175]. Lastly, by neutralizing IFN𝛼 directly, sifalimumab,
a monoclonal antibody against human IFN𝛼, was able to
reduce IFN-signature in phase I clinical trial [176].

A strategy to induce tolerogenic pDC has also been
proposed. Subcutaneous injection of H471-94 peptide from
histone proteins into NSF1 lupus-prone mice at a low dose
induced tolerogenic pDC that promoted Treg cells [177].
Adoptive transfer of tolerogenic pDC into lupus-prone mice
was able to reduce autoantibodies against DNA-containing
antigens, decrease IL-17 production in spleen, and delay the
development of lupus nephritis [177].

5. Open Questions

Many questions remain regarding the mechanisms by which
DC modulate lupus pathogenesis that needs to be revealed
by additional studies. The first question is whether and how

selective depletion of cDC would affect lupus. Many different
lupus-prone mouse models have been generated, making it
feasible to investigate whether DC are important for lupus
development in vivo. Depletion studies of whole DC pop-
ulations, including both cDC and pDC, in MRL/lpr lupus-
prone mice suggest the involvement of DC in promoting
lupus development, but not activation of näıve T cells. Two
additional studies that selectively deplete pDC or abrogate
IFN𝛼-producing ability of pDC in lupus-prone mouse mod-
els other than MRL/lpr further demonstrate the importance
of pDC in lupus pathogenesis. However, selective depletion of
cDC populations in lupus-prone mice has not been reported.

The second question is which TLR, TLR9, or TLR7 is
critical for the role of pDC in lupus pathogenesis. Studies have
shown that the pathogenic role of TLR7 in lupus-prone mice
is partially dependent on IFN𝛼 induction, and TLR9 on the
contrary can regulate lupus progression by suppressing TLR7
signaling [178–181]. However, pDC-specific TLR7 or TLR9
deficiency in lupus-prone mice has not been reported, as B
cells and some other innate immune cell types also express
TLR7 and TLR9.

A third question is how to develop new treatment strate-
gies targeting DC populations for lupus. Current treatments
for lupus are nonspecific immunosuppressive drugs that
suppress general immune responses from both innate and
adaptive immune system. Side effects, including increases
susceptibility to cancers and/or infections, can be severe.
Future direction for lupus treatment should be focused on
specific targeting with minimal side effects, where DC are a
valuable target. New drugs targeting DC should avoid block-
ing the mechanism by which they defend against pathogens
or cancer cells. Therefore, a better understanding of how
DC are activated in lupus versus cancer/infection will be
particularly useful.

How to translate results obtained from in vitro studies
is another question. Through either purifying DC directly
from PBMC of SLE patients or in vitro generating moDC,
researchers have investigated activation of DC by self-
antigens, activation/maturation markers on DC, cytokine
production by DC, and the ability of DC to activate T cells.
Similar studies have also been done with bone marrow cells
or sorted splenic DC from lupus-prone mice. However, the
results from different studies are not always consistent or
even contradictory to each other, likely due to differences
in stimulation protocols. It is also unclear whether in vitro
stimulationmethods would create the actual environment for
DC in SLE patients or lupus-prone mice. In many cases, in
vitro studies have revealed that the stimuli for DC activation
have to be of certain concentrations or given at specific time
points, making it difficult to translate the results.

6. Summary

Based on the reviewed studies above, we summarize how
cDC and pDC may be involved in lupus pathogenesis. At
the initiation stage of lupus, dysregulated cDC and pDC are
activated by accumulated self-antigens (e.g., self-nucleic acids
bound with associated molecules) and cytokines in geneti-
cally predisposed individuals and accumulate in peripheral
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immune and nonimmune tissues. Activated pDCs through
secreting IFN𝛼 then provide immunogenic signals to other
immune cells including cDC, monocytes, neutrophils, T
cells, and B cells. These leukocytes further promote the
activation of pDC and IFN𝛼 production. With increasing
inflammation, monocytes differentiate into activated cDC,
which, togetherwithCDP-derived activated cDC, sustain and
amplify primed adaptive immune responses in both immune
and nonimmune tissues, thus exacerbating the disease.
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Bacterial vaginosis (BV), the most common genital infection in reproductive-aged women, is associated with increased risk
of sexually transmitted infections. Its etiology remains unclear, especially the role of Gardnerella (G.) vaginalis, an anaerobic
bacterium characteristic of the BV-alteration of the vaginal ecosystem. In the genital mucosa, dendritic cells (DCs) sense bacteria
of the microenvironment via receptors and then orchestrate the immune response by induction of different T cell subtypes. We
investigated the interactions betweenG. vaginalis and humanmonocyte-derivedDCs using awide range of bacterial concentrations
(multiplicity of infection from 0.01 to 100), and the effects of this pathogen on PHA-induced lymphocyte proliferation. As observed
by electron microscopy and cytometry, G. vaginalis reduced the internalization ability of DCs by forming extracellular clusters and
induced neither DC maturation, nor DC secretion of cytokines, except at the highest dose with a very early DC maturation state.
The same profile was observed on lymphocytes with significant increases of proliferation and cytokine secretion only at the highest
bacterial concentration. Our findings indicate that G. vaginalis possesses slight immune-stimulating activities against DCs and T
cells, reflecting thus a defective inflammatory response and giving rise to the atypical, non- or low-grade, inflammatory clinical
disease profile.

1. Introduction

Bacterial vaginosis (BV) is the most common low genital
infection among reproductive-aged women, with a preva-
lence of 29% among 14- to 49-year-old US women and
almost 40% in individuals at high risk for sexually trans-
mitted infections (STIs) [1]. BV is associated with serious
medical complications, including adverse pregnancy out-
comes, endometritis, and pelvic inflammatory disease such

as endometriosis [2, 3]. BV also increases women’s risk of
acquiring STIs, particularly HIV infections [4, 5].

Clinically, one-half of BV-positive women are asymp-
tomatic while the others suffer only from mild symptoms,
such as homogeneous white vaginal discharge and amine
(fishy) odor [6]. These signs are associated with a vaginal pH
> 4.5 and the presence of characteristic “clue cells” on micro-
scopic examination. These four manifestations constitute
Amsel’s clinical criteria [6]. The microbiological diagnosis
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of BV is usually based on Nugent’s score, which includes
assessment of lactobacilli by Gram’s stain of vaginal fluid
samples. BV is associated with an alteration of the vaginal
ecosystem, characterized by a decrease in hydrogen peroxide-
producing Lactobacillus (L.) species such as L. crispatus
and L. jensenii and a concomitant increase in polymicrobial
anaerobic bacteria like Gardnerella (G.) vaginalis [7, 8].

The microbial etiology of BV is unclear and a matter
of debate [9]. Two opposing hypotheses exist [10]. In the
monomicrobial hypothesis, historically the first one, G.
vaginalis is the single, specific etiologic agent of BV [11].
In the polymicrobial hypothesis, which has gained general
acceptance in the last 20 years, G. vaginalis acts synergically
with other anaerobes to unbalance the vaginal flora and
trigger the disease [12]. Vaginal inoculation experiments in
the monkey show thus that the co-occurrence of anaerobes
and G. vaginalis is required to induce BV [13]. Moreover,
G. vaginalis is frequently isolated in healthy women without
BV [14]. Nevertheless, recent works have relaunched the
debate by confirming its importance in the pathophysiology
of the disease. G. vaginalis predominates in vaginal BV-
associated biofilms, which are implicated in persistent BV,
thus constituting a major factor of resistance to standard
treatment [15].

Dendritic cells (DCs) are professional antigen present-
ing cells (APCs) which, by inducing both tolerance and
immunity, are critical for the orchestration of the adaptive
immune response [16]. Immature DCs reside in peripheral
mucosa, where they sense the microenvironment via pat-
tern recognition receptors (PRRs) that recognize pathogen-
associated molecular patterns (PAMPs). PRRs include toll-
like receptors (TLRs) and C-type lectin receptors (CLRs)
[17]. PRR stimulation triggers a DC maturation process with
up-regulation or down-regulation of membrane molecules
(CD83, CD86 and HLA-DR, and DC-SIGN and Mannose
Receptor, resp.) and cytokine production. DC activation
by several PAMPs, via distinct PRRs with antagonistic or
synergistic effects, modulates their differentiation, which
secondarily determines the polarization of the effector T cell
responses, that is, the balance between Th1, Th2, Th17, and
T regulatory (Treg) subsets [18]. Cytokine production by
DCs is an important factor in this process. IL-12 production
drives polarization towards Th1 cells, whereas synthesis of
IL-1𝛽, IL-6, TGF𝛽 and IL-23, and IL-10 promotes induction
of Th17 or Treg cells, respectively [19]. These different stages
of the immune response have been recently described in
the human genital mucosa. Notably, in both the upper and
lower tracts, several DC subsets exist and express specific
TLRs, such as TLR-6, TLR-7, and TLR-8, and CLRs, such as
langerin andDC-SIGN, and are able to induce different T cell
subpopulations [20–22].

The effects of mucosal fluids from women with BV
or healthy flora, without analysis of implicated bacterium
species, were examined on DC function [23, 24]. BV samples
induced IL-12 and IL-23 production, as well as expression
of maturation markers (HLA-DR, CD40, and CD83) by
monocyte-derived DCs (moDCs). Concerning T cells, there
has been yet no investigation on the impact of BV on
the polarization of the different lymphocyte subpopulations.

Only one study reported effects of BV on the percentage of
Treg cells in peripheral blood mononuclear cells (PBMCs).
However, this study did not test the possibility of a specific
impact of G. vaginalis and it did not objectify differences in
the distribution of Treg in BV+ versus BV− HIV-negative
women, decreased Treg being solely observed in BV+/HIV+
women compared to BV−/HIV+ women [25]. Many studies
have attempted to measure cervicovaginal production of
cytokines in BV, but disparate results were obtained. Most
articles reported an elevation in IL-1𝛽, and less consistently in
IL-6 and IL-8, in BV-affected women [26–29]. Additionally,
BVmucosal fluidwas found to increase proliferation of T cells
in allogeneic mixed-leukocyte reaction (MLR) [23]. Finally,
the specific effects ofG. vaginalisonDCandT cells have never
been evaluated yet.

Unlike conventional vaginitis that is characterized by
burning, dysuria, dyspareunia, and frequent pruritus, BV
causes scant inflammatory signs without primary pain or
pruritus in affected women [14]. Likewise, a relative paucity
of inflammatory cells and a near normal number of vaginal
neutrophils are characteristic of BV status. In view of the
literature data, we hypothesized that BV corresponds to
a unique local immunological environment, with a low-
grade inflammation, potentially mediated by so far unknown
immunomodulatory mechanisms of action of G. vaginalis on
the vaginal immune system, particularly on the DCs and T
cells. In the present study, we investigated this hypothesis
in in vitro models by monitoring (i) the internalization,
maturation, and cytokine secretion of moDCs; (ii) lympho-
cyte proliferation and subset cytokine production, after cell
exposure to G. vaginalis or to commensal or pathogenic
microorganisms potentially found in the vaginal mucosa.

2. Material and Methods

2.1. Bacterial Strains and Culture Conditions. G. vaginalis
ATCC14018 was grown in brain heart infusion (Biomérieux)
supplemented with maltose (0.1%), glucose (0.1%), yeast
extract (1%), and horse serum (10%) in 5% CO

2
at 37∘C for

72 h. L. reuteri ATCC23272 was grown in De Man, Rogosa,
Sharpe (MRS) medium (BD Difco™) at 37∘C overnight.
Candida albicans ATCC10231 was grown in Sabouraud broth
at 37∘C overnight. Microbial cells were harvested by centrifu-
gation (11,000×g for 10min), and the pellet was washed twice
and then resuspended in RPMI 1640 (Cambrex Bio Science).
Optical density (OD) measurements were performed at
620 nm to adjust the final concentration of the microbial
suspension, and the exact number of colony forming units
(CFU) was determined by plating serial dilutions of the
inocula onto adapted agar plates (Columbia 5% Sheep Blood
Agar, MRS, or Sabouraud). Before being added to the cell
samples, the microbial cells were inactivated by exposure to
UV for 1 h.The effectiveness of the inactivation was evaluated
by plating 20𝜇L of the irradiated inocula on adapted agar
plates.

2.2. Ethics Statement. Thehuman cells used in this studywere
generated from the buffy-coat of healthy volunteers obtained
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from the local French blood agency (Etablissement Français
du Sang, EFS, Saint-Etienne). It is a statutory requirement
that blood donors be given full necessary information (arti-
cle R.1221-5 of the Public Health Code, 12/01/2009 and
11/06/2006 decrees). Written informed consent was obtained
by the EFS from all volunteers involved in our study.

2.3. In Vitro Differentiation of Monocyte-Derived Dendritic
Cells. DCs were generated from PBMCs. Briefly, PBMCs
were isolated from the buffy-coats of healthy volunteers by
Ficoll-Histopaque (Sigma) density gradient centrifugation.
PBMCs were washed twice in RPMI 1640 and resuspended
at a final concentration of 5 × 107 cells per mL of phosphate
buffered saline (PBS) supplemented with 2% fetal calf serum
(FCS, Biowest-Abcys) and 1mM EDTA. Monocytes were
purified by negative selection using the EasySepÝ Human
Monocyte Enrichment Kit, as recommended by the manu-
facturer (StemCell Technologies). They were then cultured
for 5 days in RPMI 1640 supplemented with 1% L-glutamine
(Sigma), 10% FCS, and 0.5% penicillin-streptomycin (Sigma),
in the presence of 500U/mL IL4 (R&D systems) and
800U/mL granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF, R&D systems). After 3 days of incubation,
one-half volume of fresh culture medium containing 2x
concentrations of IL4 and GM-CSF was added to each well.

2.4. Electron Microscope Observations. DCs obtained as pre-
viously described were plated in a sterile 12-well plate at a
concentration of 1 × 106 cells/mL. G. vaginalis was added
to wells at a multiplicity of infection (MOI) of 10 for 1 h
(Scanning Electron Microscopy, SEM) and at a MOI of 0.01,
1, or 100 for 3 h (Transmission Electron Microscopy, TEM).
Cells were harvested, centrifuged (400×g for 10min), rinsed
with Natrium Cacodylate (0.2M pH 7.4) for 10min, and then
fixed at 4∘C overnight with glutaraldehyde 1.6% in Natrium
Cacodylate buffer. The samples were then rinsed, postfixed
with 1% Osmium Tetroxide (1 h, room temperature), rinsed
again, and dehydrated with graded series of ethanol (70
to 100%) and eventually with 100% hexamethyldisilazane.
Finally, after overnight drying, samples were placed on
a Jeol SEM filter and metallised with carbon (40 s). For
TEM, dried samples were embedded in a polymerized 2mm
thick Epon coating, and ultrathin sections were picked up
with Formvar-coated copper grids (300mesh). Sections were
counterstained with 4% aqueous uranyl acetate. For negative
staining, bacteria were grown overnight in M63B1-0.4% Glu
medium and negatively stained with 2% phosphotungstic
acid on Formvar-coated copper grids (300mesh). Images
were captured at the Centre d’Imagerie Cellulaire Santé
(CICS) of the Université d’Auvergne with a Jeol JSM-6060LV
(SEM) and a Hitachi H-7650 (TEM).

2.5. Flow Cytometry Analysis of DC Maturation and Via-
bility. On day 6, the immature DCs from each well were
harvested, pooled, centrifuged, and reseeded at 1 × 105
cells/mL. UV-killed bacteria were then added at 10 𝜇L of
suspension per well to reach a final concentration ranging
from 103 to 107 CFU/mL, that is, a MOI between 0.01

and 100. Lipopolysaccharide (LPS) from Escherichia coli
(Sigma) at a final concentration of 100 ng/mL was used as
positive control. Immature DCs without addition of LPS
or bacteria were used as negative control. After 48 h of
maturation at 37∘C in a 5% CO

2
atmosphere, DCs were col-

lected, centrifuged, and resuspended in PBS with 1% bovine
serum albumin (BSA, Sigma). Cell surfaces were stained
with the appropriate fluorescence-labeled murine antibod-
ies: APC-Cy7-conjugated anti-CD14 (LPS coreceptor specific
to monocytes), PE-conjugated anti-CD86 (costimulatory
molecule, activation marker), V450-conjugated anti-HLA-
DR, PerCP-Cy5.5-conjugated anti-DC-SIGN (DC-specific
ICAM-3 grabbing-nonintegrin or CD209, member of the
CLR family, specific marker of immature DCs), Alexa FluorÝ
488-conjugated anti-MR (Mannose Receptor or CD206,
member of the CLR family, specific marker of immature
DCs and macrophages), and streptavidin APC-conjugated
anti-TLR4 (biotin antibody, an LPS receptor with activation
functions). Antibodies were obtained from BD Biosciences,
except anti-MR (Biolegend). Corresponding murine isotype-
matched and non-labeled antibodies (BD Biosciences or
Biolegend) were used as controls. The cells were analyzed
by a BD-LSRII flow cytometer with FACSDiva Software
(BD Biosciences) at the CICS. Fluorescence compensation
adjustments were performed. Gates were set on living DCs
based on their forward/side scatter (FSC/SSC) properties.
The analysis was halted at a count of 3,000 DCs. The level
of staining was expressed as the mean fluorescence intensity
(MFI). Culture supernatants were collected and stored at
−20∘C until cytokine analysis. To determine cell viability, dye
LIVE/DEADÝ beads (Fixable Blue Dead Cell Stain Kit, for
UV excitation Life technologies) were added to cells and used
as markers of dead cells. DCmortality was assessed by gating
together dead cells and live DCs on SSC/FSC diagram. Two
other gates were created from this gate to separate the two
populations. From the dead cell gate, cells that expressed
LIVE/DEADmarkerwere considered as effectively dead.This
dead cell number was expressed as a ratio of the first created
overall gate to obtain a dead DC percentage.

2.6. Lymphocyte ProliferationAssays. Themitogenic response
to plant lectins, as phytohemagglutinin A (PHA), is conven-
tionally used to measure cell-mediated immunity in mam-
mals in general and especially in humans [30]. These tests
are named lymphocyte proliferation assays or lymphocyte
transformation test (LTT). They were performed here to
study the functional properties of G. vaginalis and especially
its capabilities to modulate PHA-induced T cell proliferation.
On day 1, PBMCs collected from a buffy-coat as previously
described were adjusted to a concentration of 1 × 106 cells per
mL of complete medium, that is, RPMI 1640 supplemented
with 1% L-glutamine and 10% FCS. The cell suspension was
deposited in a sterile 96-well plate (100 𝜇L per well). Each
measurement was done in triplicate. Polyclonal proliferation
of lymphocytes was induced with 2 𝜇g/mL of PHA (Sigma).
Cells without PHA or bacteria were used as a negative
control and cells with PHA without bacteria as a positive
one. G. vaginalis was added to other PHA-treated wells
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to obtain concentrations ranging from 103 to 107 CFU/mL.
After a 72 h incubation at 37∘C under 5% CO

2
, 1 𝜇Ci of

tritiated thymidine (Perkin Elmer) was added to each well
and the cells were further incubated for 4 h. Labeling was
stopped by cooling the plate to 4∘C. The cells were then
collected under vacuum onto a Whatman filter paper and
incorporation of tritiated thymidine was measured using a 𝛽
counter (Tri-Carb 2300TR, Canberra-Packard). Proliferation
results were expressed as mean cpm (counts per min) values
of triplicate measurements. Identical incubations, however,
without addition of tritiated thymidine, were carried out in
parallel to collect supernatants for cytokine quantification.

2.7. Cytokine Quantification. For DC maturation experi-
ments, the cytokines IL-10, TNF-𝛼, IFN-𝛾, and IL-12p70
were assayed in culture supernatants with Biolegend enzyme-
linked immunosorbent assay (ELISA) kits according to the
manufacturer’s instructions. For lymphocyte proliferation
assays, the cytokines IFN-𝛾, IL-4, IL-17A, IL-10, IL-12p70, and
TNF-𝛼 were quantified in supernatants of PBMC cultures
using Pro Human Cytokine Group 1 6-Plex 1 × 96 kit (Bio-
Rad) on a Bio PlexÝ 200 (Bio-Rad).

2.8. Statistical Analysis. All data were expressed as means
+ SD. After variance dispersion test, three different statisti-
cal tests were performed. Two-way ANOVA with post hoc
Bonferroni test, Friedman’s test with Nemenyi’s group, and
Kruskal-Wallis test with Dunn test were used to analyze the
significant effect of bacteria on DCs or PBMCs with XLStat
7.5.2 software (Addinsoft, Paris, France). 𝑝 values lower than
0.05 were considered statistically significant.

3. Results

3.1. Electron Microscopy Observation of G. vaginalis-DC Inter-
action. In vivo, the first step of the immune response in
the vaginal mucosa corresponds to the interactions between
bacteria and immature DCs, which lead to the internalization
of bacteria. To mimic this initial phenomenon in vitro, we
put in contact DCs with G. vaginalis during 1 to 3 h and
took SEM and TEM pictures. SEM produced 3D images
of cell and bacteria surfaces after 1 h of contact (Figures
1(a) and 1(b)). G. vaginalis bacteria were rarely found on
isolated cell forms (in contrast with what we observed with
Lactobacillus, data not shown) and were in general organized
in clusters (Figure 1(a)). However, DC dendrites interacted
with this cluster of bacteria and sometimes surrounded it
(Figure 1(b)). TEM realized at 3 h, to allow the cells to have
time to internalize bacteria, confirmed interactions of DC
dendrites with clusters of G. vaginalis (Figures 1(c) and 1(d)).
Figure 1(c) shows additionally that the cluster is composed
of bacteria enrobed in an extracellular matrix which may
interact with DCs. TEM also shows internalized intracellular
G. vaginalis bacteria, but only in their isolated form, without
intracellular clusters (Figure 1(e)). At a MOI of 0.01 no
DCs with internalized G. vaginalis were found, very few
at a MOI of 1, and only 35% at a MOI of 100 (count on
100 DCs). For each DC with internalized G. vaginalis, the

number of bacteria ranged from 1 to 9 bacteria per cell. This
experiment was performed in parallel with L. reuteri at the
same concentrations. Internalization of Lactobacillus, unlike
G. vaginalis, could be observed on few cells at aMOI of 0.01, a
majority of cells at aMOI of 1, and up to 82% of cells at aMOI
of 100 (count on over 160 DCs). The number of Lactobacillus
internalized in those cells was higher than with that of G.
vaginalis since it ranged from 6 to 18 bacteria per cell (data
not shown). To conclude on this part, we showed that DCs
were able to interact withG. vaginalis and to internalize it, but
less effectively than lactobacilli, probably due to G. vaginalis
ability to form extracellular clusters.

3.2. Flow Cytometric Analysis of Microbial Effects on DC Phe-
notype. During the immune response, bacterium internal-
ization can then induceDC activation andmaturation, result-
ing in modifications detectable by cytometry of numerous
membrane markers and permitting to distinguish immature
DCs from mature ones. In our study, DC activation and
maturation were assessed by changes affecting an extensive
phenotype of the cell membrane. As expected, immature
DCs were characterized by low levels of CD86, HLA-DR,
and CD14 expression (the latter was compared to its initial
level in monocytes before IL-4 and GM-CSF treatment, data
not shown), together with high levels of DC-SIGN and MR
expression (Figures 2 and 3). Comparatively, LPS-induced
DCs expressed a phenotype characteristic of fully mature
DCs with increased levels of CD86 and HLA-DR (Figures
3(a) and 3(b)) associated with decreased levels of DC-SIGN,
MR, TLR4, and CD14 (Figures 3(c), 3(d), 3(e), and 3(f)).

Incubation with low or medium doses of G. vagi-
nalis (103–106 CFU/mL, i.e., MOI from 0.01 to 10) did
not alter immature DC cell surface phenotype, as shown
by the absence of significant change in either membrane
marker (Figures 2 and 3). At the highest concentration
(107CFU/mL, i.e.,MOI 100), G. vaginalis caused a very slight
increase in HLA-DR expression (statistically non-significant,
Figure 3(b)) combined with moderate decreases in MR and
CD14 expressions (both non-significant, Figures 3(e) and
3(f)), which reflect early signs of maturation. However, the
lack of increase in CD86 expression and decrease in DC-
SIGN and TLR4 expressions indicated that this maturation
process was incomplete.

Taken together, our overall cytometric results indicate
that G. vaginalis induced no maturation of DCs or an
incomplete DC maturation process at high doses.

Unlike G. vaginalis, L. reuteri and C. albicans induced
a clear dose-dependent higher expression of CD86 and
HLA-DR upon maturation of DCs (Figures 3(a) and 3(b)).
Combined with decreased expressions of DC-SIGN, MR,
CD14, and TLR4 (Figures 3(c), 3(d), 3(e), and 3(f)), these
results show that the last two microorganisms induced fully
mature DCs, similarly to LPS extract.

3.3. Flow Cytometric Analysis of G. vaginalis Effects on DC
Mortality. Given the very low level of maturation of DC by
G. vaginalis observed in our experiments, we hypothesized
that this strain would not induce DC cytotoxicity. To test
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Figure 1: Pictures of DCs after exposure to G. vaginalis. (a) SEM (×5500), after a 1 h exposure, DC dendrites surrounding clusters of G.
vaginalis. (b) Zoom (×13000) on the contact zone between DCs and bacteria. (c) TEM (×12000), after a 3 h exposure, a cluster of G. vaginalis
in contact with DC dendrites. (d) Enlargement of DC dendrite-G. vaginalis interaction zone. (e) TEM cutting, internalized G. vaginalis in
one DC. moDC: monocyte-derived dendritic cell, Gv: Gardnerella vaginalis.
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Figure 2: Surface phenotype of humanDCs after exposure to a range ofG. vaginalis or L. reuteri concentrations.The dot plots and histograms
show MFI values on gated DCs. DC-SIGN/CD86 dot plots gated on human DCs. Data from a representative experiment comparing G.
vaginalis-induced DC process of maturation with that induced by L. reuteri.

this assertion, a viability marker was added during flow
cytometric experiments. Immature DCs alone had almost
no mortality. In comparison, exposure of DCs to LPS
extract induced a slight, but significant, increase in mortality
(Figure 4). Three concentrations of G. vaginalis were tested
to analyze their impact on DC survival. Results showed that,
from 103 to 107 CFU/mL (MOI 0.01 to 100), G. vaginalis
induced no increase in dead DCs.

3.4. Cytokine Secretion by Microbial-Matured DCs. In vivo,
mature DCs migrate to secondary lymphoid organs and
present the antigen to T cells. During this interaction, DCs
deliver three signals, notably a cytokinic signal polarizing the
differentiation of lymphocytes into several subpopulations.
To decipher the preferential pathway of T cell polarization
induced by G. vaginalis, four cytokines assumed to be of
particular interest were selected for ELISA measurements.
Compared to untreated immature DCs, DCs incubated with
G. vaginalis did not significantly increase the production of
TNF-𝛼 or IL-10, except at the upper dose of 107 CFU/mL

(Figures 5(a) and 5(b)). Additionally, the production of IL-
12p70 and IFN-𝛾 was not or barely detectable in G. vaginalis-
treated or immature DCs (Figures 5(c) and 5(d)). Conversely,
a strong dose-dependent increase in the production of TNF-
𝛼 and IL-10 was induced by L. reuteri and C. albicans and, to
a lesser extent, of IL-12p70 by L. reuteri and of IFN-𝛾 by C.
albicans (Figures 5(a), 5(b), 5(c), and 5(d)). The fold changes
determined by comparing the level of cytokines produced by
DCs exposed to 107 CFU/mL G. vaginalis (i.e., a MOI of 100)
to that produced by immature DCs were equal to 8.9 for IL-
10, 6.5 for TNF-𝛼, and only 1.1 and 1.3 for IL-12p70 and IFN-𝛾,
respectively. By comparison, the fold changes induced by the
same dose of L. reuteri or C. albicans ranged from 70 to 307
for IL-10 andTNF-𝛼 production.Whatever the concentration
of G. vaginalis, the level of DC-produced cytokines attained
only 10 to 28% of that generated by LPS-treated DCs. Overall,
these results show that G. vaginalis barely induces cytokinic
secretion, in accordance with our findings on DCmaturation
(Figure 3), thus indicating absence, or slight induction, of DC
activation by G. vaginalis.
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Figure 3: Human DC membrane marker expression after exposure to a range of G. vaginalis, L. reuteri, or C. albicans concentrations. (a,
b) Differential expression of CD86 and HLA-DR, two membrane markers typically increasing during DC maturation. (c, d, e, f) Differential
expression of DC-SIGN, TLR4, CD14, and MR CD206, four membrane markers typically decreasing during DCmaturation. Data are means
(+ SD). For every marker, the isotypic control values were subtracted from the MFI values. Imm-DCs: immature DCs, LPS-DCs: DCs
matured by a 48 h exposure to 100 ng/mL E. coli LPS; G. vaginalis, L. reuteri, and C. albicans: DCs matured after a 48 h incubation at different
concentrations (103 to 107 CFU/mL, i.e.,MOI = 0.01 to 100) of G. vaginalis (𝑛 = 5), L. reuteri (𝑛 = 3), and C. albicans (𝑛 = 2). Kruskal-Wallis
test with Dunn comparison. ∗𝑝 < 0.05, ∗∗𝑝 < 0.01, as compared to the Imm-DCs.
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Figure 4: DC viability after 48 h of culture with G. vaginalis.
Histogram shows the dead cell percentage, calculated from SSC/FSC
diagram and live/dead marker. LPS induced a significant increase in
DCmortality compared to immatureDCs alone in themedium. Low
and high concentrations of G. vaginalis did not induce any increase
in DCmortality, even at aMOI of 100. Data aremeans (+ SD) from 6
individual experiments. Imm-DCs: immature DCs, LPS-DCs: DCs
matured by a 48 h exposure to 100 ng/mL E. coli LPS; G. vaginalis.
DCsmatured after a 48 h incubation at different concentrations (103
to 107 CFU/mL, i.e., MOI = 0.01 to 100) of G. vaginalis. Friedman’s
test with Nemenyi’s comparison ∗𝑝 < 0.05.

3.5. Slight Increase in PHA-Stimulated Lymphocyte Prolifer-
ation by G. vaginalis. To investigate lymphocyte activation,
the next classical stage of the immune response, we carried
out functional tests of bacterium-induced modulation of
lymphocytic proliferation, using a model of PHA-induced T
cell proliferation.Addition of the strain to themediumcaused
a slight dose-dependent increase in PHA-stimulated lympho-
cyte proliferation in comparison to lymphocyte control assays
without bacteria (Figure 6). The increase in proliferation was
only significant at a dose of 107 CFU/mL (𝑝 < 0.001) and
attained an upper average value of 20% compared to that
of PHA-stimulated control cells. Lower concentrations of G.
vaginalis did not cause any significant modulation of PHA-
stimulated lymphocyte proliferation. Similar experiments we
performed in parallel showed that L. reuteri and C. albicans
did not induce a similar pattern (data not shown).

3.6. G. vaginalis-Dependent Increase in Cytokine Secretion by
PHA-Stimulated Leukocytes. To depict the type of immune
response involved during theG. vaginalis-dependent increase
in PHA-stimulated lymphocyte proliferation, secretion of
cytokines by the four main subpopulations of T cells (IFN-
𝛾, IL-4, IL-17A, and IL-10 corresponding to Th1, Th2, Th17,
or Treg, resp.) or by APCs (IL-12p70 and TNF-𝛼) was
measured in extracellular media of lymphocyte proliferation
assays. PHA (2𝜇g/mL) alone induced a strong secretion of
IFN-𝛾, IL-17A, IL-10, IL-12p70, and TNF-𝛼 from PBMCs
(Figure 7). A clear dose-dependent increase in IFN-𝛾 and
IL-17A production was observed in PHA-stimulated PBMCs
exposed to varying concentrations of G. vaginalis (Figures
7(c) and 7(d)). As shown previously for PHA-stimulated

proliferation, only the highest dose of G. vaginalis tested
induced a significant augmentation in the production of
these two cytokines, compared to the PHA control without
bacteria. For TNF-𝛼, IL-12p70, and IL-10, the increases were
non-significant, even at high doses (Figures 7(a), 7(b), and
7(e)). Compared to the control conditions without bacteria,
exposure to 107 CFU/mL G. vaginalis induced fold increases
of 4.9, 4.0, 3.0, 2.2, and 2.2 for IFN-𝛾, IL-10, TNF-𝛼, IL-
17A, and IL-12p70 production, respectively. Contrastingly, the
secretion level of IL-4 was barely measurable or undetectable
at any dose of G. vaginalis (not shown). Furthermore, at
their highest concentration, L. reuteri and C. albicans caused
an increase in cytokine secretion that, depending on the
cytokine, was 4- to 5-fold higher than that caused by G.
vaginalis (data not shown). Overall, these data show that
G. vaginalis can induce a slight dose-dependent secretion of
cytokines on both the inflammatory (IFN-𝛾, TNF-𝛼, IL-17A,
and IL-12p70) and anti-inflammatory (IL-10) sides.

4. Discussion

DCs, the main sentinels of the immune system, are abundant
in the human vaginal mucosa, both in the epithelium and
in the lamina propria [21]. In this mucosal area, DCs can
interact with luminal microorganisms, either indirectly via
epithelial transport mechanisms or directly via dendrites
extended across epithelial cells that take up bacteria from
the vaginal lumen [31, 32]. As BV is characterized by an
imbalance of the normal H

2
O
2
-producing Lactobacillus flora

toward a polymorphic anaerobic flora with predominant
G. vaginalis, it is likely that the PRRs of vaginal DCs are
subsequently affected by this alteration. To gain insight into
the pathophysiological role of G. vaginalis in BV, we decided
to characterize the interactions between this bacterium and
DCs.

We first carried out an electron microscope study of
bacteria-DC interactions, the first stage in the immune
response, to determine whether G. vaginalis can internalize
DCs. This was confirmed by using TEM, but we observed
that the bacteria were very sparsely represented in free form
in culture medium and rather formed clusters coated in an
extracellular matrix. As compared to a Lactobacillus species
which remained in free form,G. vaginaliswas internalized by
DCs much less efficiently. It can reasonably be assumed that
this difference is related to the propensity of G. vaginalis to
form clusters. In addition,G. vaginalis forms, in vivo, biofilms
in the vagina, a process that is involved in BV pathogen-
esis [33]. These clusters might be the beginning of biofilm
formation. Biofilms reduce the host-immune response by
decreasing bacteria internalization owing to their large size
and to the fact that their extracellular matrix can prevent
antigen recognition by APCs [34]. This conformation might
thus allow bacteria like G. vaginalis to be less internalized
by DCs comparatively to strains like Lactobacillus that are
unable to form biofilms.

We then studied the impact of internalization of G.
vaginalis on DC maturation status. The maturation state of
DCs is a critical determinant of the balance between their
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Figure 5: Cytokine production by human DCs exposed to a range of G. vaginalis, L. reuteri, or C. albicans concentrations. (a, b) TNF-𝛼 and
IL-10 cytokine production. G. vaginalis induceda slight increase in IL-10 secretion at high doses but no significant production of TNF-𝛼. (c,
d) IL-12p70 and IFN-𝛾 cytokine production. G. vaginalis induced no significant production of the 2 cytokines, even at the highest bacteria
concentrations. Data are means (+ SD) of measurements from 6 independent experiments, except for C. albicans (3 experiments). Imm-DCs:
immature DCs; LPS-DCs: DCs matured by a 48 h exposure to 100 ng/mL E. coli LPS; G. vaginalis, L. reuteri, and C. albicans: DCs matured
after a 48 h incubation at different concentrations (103 to 107 CFU/mL, i.e., MOI = 0.01 to 100) of G. vaginalis, L. reuteri, and C. albicans,
respectively. Friedman’s test with Nemenyi’s comparison ∗𝑝 < 0.05, ∗∗𝑝 < 0.01, and ∗∗∗𝑝 < 0.001 as compared to the Imm-DCs.

tolerogenic and immunogenic abilities [35]. Immature or
semi-mature DCs generally promote tolerogenic responses
whereas mature DCs promote immunogenic responses [36].
Flow cytometry analysis showed that, whatever bacterial
concentrations, G. vaginalis elicited minimal changes in the
DC membrane phenotype, thus inducing a very incom-
plete maturation of human DCs. Concurrently, cytokine

production remained very low compared to that from LPS-
induced fully mature DCs or L. reuteri- or C. albicans-
matured DCs, even at high doses of microorganisms. Taken
together, our cytometric and cytokinic data characterize a
non-inflammatory DC response at low G. vaginalis doses
and a very slight pro-inflammatory DC response at the
highest concentration.G. vaginalis concentrations interacting
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Figure 6: Modulation of PHA-induced lymphocyte proliferation
after exposure to a range ofG. vaginalis concentrations.As expected,
2 𝜇g/mL PHA induced a strong proliferation of the lymphocyte
control cells, reaching on average about 20 000 cpm. Compared to
the PHA-stimulated control cells, a significant slight increase in
lymphocyte proliferation was observed with theG. vaginalis-treated
cells at a high dose. Data are means (+ SD) of measures from 13
independent experiments. PBMC: PBMCs cultured for 72 h without
any effector; PHA control: PBMCs only exposed to PHA (2𝜇g/mL)
for 72 h; G. vaginalis: PBMCs exposed for 72 h to PHA (2𝜇g/mL) in
the presence of 103 to 107 CFU/mL ofG. vaginalis. Two-way ANOVA
with post hoc Bonferroni test (∗∗∗𝑝 < 0.001). A, B, C, and D: means
with different superscript letters are significantly different from each
other.

in vivo with mucosal DCs in the human genital tract have
not been widely assessed. However, in women with BV, the
number of bacteria present can be equal or superior to 108
per mL of vaginal fluid, including about 107 CFU/mL of G.
vaginalis [37, 38]. Although unknown, the actual number
of bacteria in direct contact with vaginal DCs within the
mucosa is certainly much lower than this number. Thus, the
concentrations of G. vaginalis interacting with vaginal DCs
in the mucosa of women with BV probably correspond to the
low or intermediate MOIs used in our model and causing no
or very little DC maturation. The results obtained with G.
vaginalis were compared to those obtained with two other
microorganisms potentially present in the vaginal mucosa,
a commensal bacterium (L. reuteri) and a pathogenic yeast
responsible formycotic vaginitis (C. albicans). Each induced a
clear-cut maturation of the DCs, similar to that we previously
observed with other pathogens and probiotic strains [39, 40]
but in strong contrast to the G. vaginalis DC response. In
our model, G. vaginalis did not induce DC mortality, unlike
the two other microorganisms (data not shown). Overall, our
findings show that G. vaginalis is slightly pro-inflammatory,
but less than the Lactobacillus strain we used as control.

The effects of G. vaginalis on DCs observed in our study
were slighter than those reported in other studies, which
showed activation and maturation of human moDCs when
exposed to the mucosal fluid of women with BV [23, 24].
In these previous studies, DCs were exposed to a mixture of
numerous bacterial products secreted by the characteristic
polymorphic BV flora and to molecules produced by the

mucosal immune system of women with BV. By contrast, in
our model, DCs were placed in the presence of G. vaginalis
alone to find new evidence of its role as a putative BV etiolog-
ical agent.Thus, the absence of or the very slightG. vaginalis-
induced DC maturation by in vitro direct contact is not
inconsistent with a DC maturation induced by substantially
secreted products of the overall BV flora, like, for example,
the LPS of Prevotella bivia. In the vaginalmucosa,G. vaginalis
could have local specific modulatory effects on immune cells,
independently of an overall effect on the maturation of BV
flora.

We next performed functional tests of lymphocytic
proliferation using a model of PHA-stimulated PBMCs to
investigate the activation of lymphocytes, the following stage
in the classical immune response.We observed no significant
variation in lymphocyte proliferation at all doses of G.
vaginalis that we used, except the highest one where a sig-
nificant increase was measured.These findings are consistent
with the variations observed in DC status and confirm that
G. vaginalis induces very few immunologic effects at low
doses and a slight pro-inflammatory response at the highest
concentrations, which are unlikely to be encountered in vivo.
This profile of the immunological response to G. vaginalis
could explain the characteristic lack of external inflammatory
signs during BV, in contrast with bacterial or mycotic vagini-
tis, despite increased pro-inflammatory TLR2 and TLR4
signaling and IL-1𝛽 secretion reported elsewhere [41–43]. In
light of our results, we hypothesize that, depending on its
actual amount in contact with the mucosal immune cells,
G. vaginalis could either go unnoticed or induce low-grade
inflammation in vivo.

To explore the mechanism of the slight G. vaginalis-
induced increase in lymphocyte proliferation, a large panel
of cytokines was measured in the cell supernatants including
molecules secreted by APCs (IL-10, IL-12p70, and TNF-
𝛼) and/or by T cells (IFN-𝛾, IL-4, IL-17A, and IL-10). We
evidenced a similar G. vaginalis dose-dependent profile of
secretion for all these cytokines, except for IL-4, which
remained undetectable. The higher the dose of the pathogen
was, the stronger the PHA-stimulation of cytokine secretion
was. Thus, this cytokine secretion profile is clearly related to
that of the proliferation of PHA-stimulated PBMCs, irrespec-
tive of the anti- or pro-inflammatory nature of the cytokines.
With regard to the response to G. vaginalis of the four main
subpopulations of T cells, cytokine secretion suggests a clear
dose-dependent induction ofTh1 (IFN-𝛾, IL-12p70) andTh17
(IL-17A) and Tregs (IL-10), but not of Th2 (IL-4). Thus, Th1,
Th17, and Tregs could be involved in the immune response
to high doses of G. vaginalis. This topic deserves further
investigation in future studies of T cell polarization.

Taken together, our findings show that G. vaginalis, by
forming clusters and reducing the internalizing ability of
DC, induces a slight immunological host response includ-
ing maturation of DCs, lymphocyte proliferation, and pro-
Th1, pro-Th17, and pro-Tregs cytokine production. These
immunomodulatory properties are consistent with the atyp-
ical clinical profile of BV, which is characterized by a low-
grade inflammatory process, as we observed in our in vitro
model at the highest dose of the bacterium. Our results
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Figure 7: Modulation of PHA-induced cytokine secretion after exposure to a range of G. vaginalis concentrations. (a) TNF-𝛼 secretion
(𝑛 = 6). (b) IL-12p70 secretion (𝑛 = 8). (c) IFN-𝛾 secretion (𝑛 = 7). (d) IL-17a secretion (𝑛 = 8). (e) IL-10 secretion (𝑛 = 8). Compared to
the PHA-stimulated control cells, a significant and dose-dependent increase in cytokine secretion was observed for IL-17a and IFN-𝛾 with
the G. vaginalis-treated cells. Other cytokines showed no significant increase in secretion. Data are means (+ SD). PBMC: PBMCs cultured
for 72 h without any effector; PHA control: PBMCs only exposed to PHA (2𝜇g/mL) for 72 h; G. vaginalis: PBMCs exposed for 72 h to PHA
(2𝜇g/mL) in the presence of 103 to 107 CFU/mL of G. vaginalis. Friedman’s test with Nemenyi’s comparison (𝑝 < 0.05). A, B, and C: means
with different superscript letters are significantly different from each other.

show the potential immunological effects of the bacteria of
the vaginal flora and suggest the existence of a mechanism
whereby BV and its associated changes in flora composition
could affect host vaginal immunity. Finally, these results
lend weight to the putative role of G. vaginalis in the
pathophysiology of BV and open up broader prospects, in
particular for the understanding of the contribution of local
immunological alterations to the increased risk of STIs in
women with BV.
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Group B Streptococcus (GBS) serotype III causes life-threatening infections. Cytokines have emerged as important players for the
control of disease, particularly IFN-𝛾. Although potential sources of this cytokine have been proposed, no specific cell line has ever
been described as a leading contributor. In this study, CD4+ T cell activation profiles in response to GBS were evaluated through
in vivo, ex vivo, and in vitro approaches. Total splenocytes readily produce a type 1 proinflammatory response by releasing IFN-𝛾,
TNF-𝛼, and IL-6 and actively recruit T cells via chemokines like CXCL9, CXCL10, andCCL3. Responding CD4+ T cells differentiate
intoTh1 cells producing large amounts of IFN-𝛾, TNF-𝛼, and IL-2. In vitro studies using dendritic cell and CD4+ T cell cocultures
infected with wild-type GBS or a nonencapsulated mutant suggested that GBS capsular polysaccharide, one of the major bacterial
virulence factors, differentially modulates surface expression of CD69 and IFN-𝛾 production. Overall, CD4+ T cells are important
producers of IFN-𝛾 and might thus influence the course of GBS infection through the expression balance of this cytokine.

1. Introduction

Group B Streptococcus (GBS) or Streptococcus agalactiae is
the main cause of life-threatening infections in newborns
worldwide [1, 2]. GBS also affects pregnant women, elders,
and immunocompromised patients [3]. Type III GBS is
frequently involved in neonatal infections and is the most
common type in GBS meningitis [1, 2].

Cytokines are important for controlling GBS disease,
although exaggerated responses might be dangerous [4, 5].
While IL-10, IL-12, and IL-18 are beneficial [6–9], TNF-𝛼
contributes to GBS-induced sepsis [7, 10]. IFN-𝛾 appears
promising for control of GBS disease; IL-12 and IL-18 exert
therapeutic effects by stimulating immune cells to produce
IFN-𝛾 [6, 8, 9], IFN-𝛾 production is impaired in neonates
and this might partly explain their susceptibility to GBS
infection [8, 11, 12], and IFN-𝛾 inhibitsGBS survival in human
endothelial cells [13]. Although NK and NKT cells have been
proposed to secrete IFN-𝛾 in response to GBS [14, 15], no

specific cell line has been clearly identified yet as a major
source.

ActivatedCD4+ Tcells can differentiate intoThelper (Th)
cell types depending on the signals they receive. Th1 cells
readily produce IFN-𝛾 upon activation. GBS-infected den-
dritic cells (DCs) produce large amounts of proinflammatory
cytokines like TNF-𝛼, IL-6, and IL-12 [16] that could activate
T cells. Furthermore, GBS-activated DCs release chemokines
recruiting T cells, like CXCL9 and CXCL10 [16]. Although
these evidences support IFN-𝛾 production by T cells [17, 18],
the participation ofCD4+ T cells duringGBS-induced disease
is unknown.

GBS possesses a thick sialylated polysaccharide capsule
(CPS) [19]. It is known as the most important factor for
GBS survival within the host and interferes with innate
defense mechanisms [4, 20, 21]. Encapsulated GBS is highly
internalized byDCs but survives better intracellularly than its
nonencapsulated counterpart. Bacterial internalization and
the presence of CPS are also related to modulation of several
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cytokines and chemokines released by GBS-infected DCs
[16, 22, 23].

It is hypothesized here that GBS drives CD4+ T cells
differentiation into IFN-𝛾-producing Th1 cells and that the
CPS canmodify this response.The role of CD4+ T cells in the
immune response against GBS type III was investigated using
in vivo, ex vivo, and in vitro approaches in a mouse model. A
nonencapsulatedGBSmutant was included to dissect the role
of this virulence factor in T cell activation.

2. Materials and Methods

2.1. Bacterial Strains. COH-1, a highly encapsulated type III
GBS isolate extensively described in [16, 22, 24], and its
isogenic nonencapsulated (ΔcpsE) mutant [16, 22] were used.
GBS strains were cultivated as described previously [22].

2.2. Antibodies. Anti-mouse antibodies (BioLegend unless
otherwise noted) used for FACS analysis were as follows:
FITC-conjugated anti-CD3 (17A2) and anti-CD4 (GK1.5;
BD Pharmingen); PE-conjugated anti-CD4 (GK1.5), anti-
CD19 (6D5), anti-CD69 (H1.2F3; BDPharmingen), anti-IFN-
𝛾 (XMG1.2; eBioscience), anti-TNF-𝛼 (MP6-XT22; eBio-
science), and anti-IL-2 (JES6-5H4; eBioscience); PE-Cy7-
conjugated anti-NK-1.1 (PK136) and anti-CD44 (IM7; BD
Pharmingen); APC-conjugated anti-IFN-𝛾 (XMG1.2), anti-
TNF-𝛼 (MP6-XT22) and anti-IL-7R𝛼 (A7R34), and BV421-
conjugated anti-CD62L (MEL-14).

2.3. Mice and Experimental Infections. Five-week-old female
C57BL/6 mice (Charles River Laboratories) were used for
all experiments. The University of Montreal Animal Welfare
Committee guidelines and policies were followed. On the
day of the experiment, 0.5mL of the bacterial suspension
(106, 107, or 108 CFU) or sterile vehicle solution was admin-
istrated intraperitoneally (i.p.). Mortality and clinical signs
were monitored [25]. Blood samples (5 𝜇L) were collected
at different times after infection. Bacteremia (number of
CFU/mL)was determined by plating samples onto blood agar
using an Automated Spiral Plater (Spiral Biotech).

2.4. Generation of Bone Marrow-Derived DCs and Isolation of
Splenic CD4+ TCells. DCswere generated as described previ-
ously fromnäıvemice [16]. Cell purity was 86–90%CD11chigh

and F4/80−/dim cells by FACS analysis as reported previously
[16]. For purification of untouched CD4+ T cells, spleens
(from either näıve or infected mice) were harvested, per-
fused with RPMI complete medium (Gibco), and pressed
gently through a sterile fine wire mesh. After red blood
cells lysis (eBioscience), total splenocytes were suspended in
2mM EDTA-PBS solution and separated using Lympholyte-
M density gradient (Cedarlane Lab.). Low-density cells at the
interphase were purified by magnetic-activated cell sorting
(MACS) negative selection (Miltenyi Biotec). The enriched
CD4+ T cells had >96% purity by FACS analysis using CD3
and CD4 antibodies (data not shown). For all experiments,
cells were incubated at 37∘C, 5% CO

2
.

2.5. In Vivo Infection Model. For survival curves and selec-
tion of the infectious dose, mice (𝑛 = 16) were injected i.p.
with 106, 107, or 108 CFU (strain COH-1) and clinical signs
were monitored. Based on the obtained data (Figure 1(a)),
mice were injected i.p. with 106 CFU. Surviving animals
who displayed clinical signs were boosted with 106 CFU
2 weeks after initial infection. Bacteremia was monitored
during 72 h after primary infection or at 24 h after boost.
Spleens of animals with clinical signs and positive bacteremia
were harvested 96 h after primary infection or 48 h after
boost (𝑛 = 2 per group × 5 individual experiments). Five
hours before spleen collection, mice were injected i.p. with
200𝜇g of Brefeldin A (eBioscience), a protein transport
inhibitor. Control (mock-infected) animals were similarly
treated. Brefeldin A was kept throughout the purification
steps. The selected time points are based on pretrials analysis
(data not shown). Purified CD4+ T cells were analyzed for
cytokine production by intracellular flow cytometry (IC-
FACS). Total splenocytes were analyzed for memory surface
markers bymultiparametric FACS. Cells were gated on CD3+

CD4+ double-positive cells, followed by gating CD44high

CD62L− (effector [memory] T cells) and CD44high CD62L+
(centralmemory T cells). Analysis with a fifth surfacemarker,
IL-7R𝛼+, was used to further identifymemory cells (CD44high
IL-7R𝛼+) within these two subsets [26, 27].

2.6. Ex Vivo Analysis of Total Splenocytes. Mice were injected
i.p with 107 CFU (strain COH-1) (𝑛 = 3 per group × 3
individual experiments). Spleens were harvested 6 h after
infection. Total splenocytes (5 × 106 cells/mL) were plated
in complete medium without antibiotics and incubated for
48 and 72 h. After an initial 4 h incubation, the bacterio-
static agent chloramphenicol (12 𝜇g/mL, Sigma-Aldrich) was
added to control the bacterial load as reported previously
[16]. Total splenocytes from control (mock-infected) animals
were similarly treated. Concanavalin A (ConA, 0.1𝜇g/mL,
Sigma-Aldrich) served as positive control. Supernatants were
harvested at different time points for cytokine analysis. In
selected experiments, Brefeldin A (3𝜇g/mL) was added for
the last 5 h of incubation, and total splenocytes or CD4+ T
cells (MACS-isolated from the culture wells) were analyzed
by IC-FACS after a total 48 h incubation. The culture condi-
tions were selected based on pretrials (data not shown).

2.7. In Vitro DC-T Cell Coculture Model. DCs were plated in
48-well flat-bottom plates (105 cells/well; 1 h) prior to a 1 h
infection with COH-1 or ΔcpsE strains (MOI:1). After a 1 h
treatmentwith 100𝜇g/mL gentamycin and 5 𝜇g/mLpenicillin
G (Sigma-Aldrich) to kill extracellular bacteria as described
previously [16], DCs were washed. Freshly isolated CD4+
T cells from näıve mice were added (5 : 1 T cell/DC ratio;
8 and 24 h). Cocultures incubated with medium alone or
ConA (0.1 𝜇g/mL) served as negative and positive controls,
respectively. Cells were harvested for FACS analysis of surface
marker expression. For T cell cytokine expression, after a
48 h incubation, plates were centrifuged and replenishedwith
fresh medium containing 10 ng/mL of mouse rIL-2 (Miltenyi
Biotec). After a 3-day resting period, T cells were harvested,
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Figure 1: Survival curves and bacteremia levels ofGBS-infectedC57BL/6mice. (a)Mice (𝑛 = 16) were injected intraperitoneallywith different
doses of wild-type GBS serotype III strain COH-1 and survival levels recorded. Mock-infected animals (injected with the vehicle solution)
were used as controls. (b) Systemic bacteremia levels of infected mice were monitored at 18 h after infection (for mice infected with 106, 107,
and 108 CFU) and at 72 h after infection (for mice infected with 106 CFU). Blood was drawn by tail puncture and serially diluted in PBS prior
to plating on blood agar dishes. Individual colonies were counted and data expressed as CFU/mL of blood. ∗𝑃 < 0.05, compared to higher
infectious doses.

washed, and seeded into 96-well flat-bottom culture plates
coated with 5𝜇g/mL of anti-mouse-CD3mAb (BD Pharmin-
gen) (105 cells/well; 48 h). Supernatants were harvested for
ELISA testing. Single cell cultures (DCs or T cells alone)
served as controls.

2.8. Cytokine and Chemokine Quantification by ELISA. Lev-
els of IL-6, IL-10, IFN-𝛾, TNF-𝛼, CCL3, CXCL9, and CXCL10
in cell culture supernatants were measured by sandwich
ELISA using pair-matched antibodies (R&D Systems or
eBioscience). Sample dilutions giving OD readings in the
linear portion of a standard curve were used to quantify
the levels of each cytokine. The results include at least three
independent ELISA measurements.

2.9. FACS Analysis. For multiparametric IC-FACS, total
splenocyteswere treatedwith FcR-blocking reagent (Fc𝛾III/II
Rc Ab; BD Pharmingen) for 15min on ice. Cells were
stained for CD19, NK-1.1, CD3, and/or CD69 (30min on ice),
fixed, and permeabilized (eBioscience). After intracellular
staining for IFN-𝛾 or TNF-𝛼 (45min, room temperature),
FACS was performed using a FACSCanto II instrument
(BD Biosciences). Fluorescence Minus One (FMO) control
staining was performed for proper analysis and gating of
target cells. For IC-FACS of MACS-purified CD4+ T cells
from in vivo or ex vivo experiments, cells were stained intra-
cellularly for IFN-𝛾, TNF-𝛼, and IL-2 as described above and
analyzed with a FACSCalibur instrument (BD Biosciences).
For analysis of the memory response by multiparametric
FACS, total splenocytes were blocked and surface-stained
for CD3, CD4, CD44, CD62L, and IL-7R𝛼 (45min on ice).
FACS was performed using a FACSCanto II instrument.

Cells from in vitro cocultures were surface-stained for CD4
and CD69 (30min on ice). FACS was performed using a
Cell Lab QuantaTM SC MPL MultiPlate Loader instrument
(Beckman Coulter).

2.10. Statistical Analysis. Survival curves of infected mice
were generated using Kaplan-Meier plots and log-rank
(Mantel-Cox) tests allowed comparison between groups.
Bacteremia levels were compared using the Mann-Whitney
test. Cytokine data (expressed as means ± SEM) and FACS
data were analyzed for significance using Student’s unpaired
𝑡-test. All analyses were performed using the Sigma Plot
System (Systat Software). A 𝑃 < 0.05 was considered as
statistically significant.

3. Results

3.1. Survival of GBS-Infected Mice Is Dose-Dependent. After
18 h, infectionwith 107 or 108 CFUofCOH-1 strain resulted in
75% and 69%mortality (𝑃 > 0.05), respectively (Figure 1(a)).
Mortality continued to increase until 24 h after infection to
82% and 94% (𝑃 > 0.05), respectively, and was maintained
until 60 h after infection when the experiment was termi-
nated. Mice infected with 106 CFU were significantly less
prone to mortality than mice from the other groups. At 18 h
after infection, only a 6% mortality rate was observed, which
was significantly lower than in the other groups (𝑃 < 0.05).
Mortality continued to increase at 24 and 36 h after infection
yet remained significantly lower than in mice infected with
higher doses (𝑃 < 0.05). Indeed, mice infected with 107 or
108 CFU manifested intense clinical signs as early as 8 h after
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infection, while 106 CFU usually induced less severe signs
starting 12 h after infection.

Bacteremia induced by COH-1 infection was consistent
with survival curves (Figure 1(b)). Mice infected with 107
or 108 CFU showed high bacteremia at 18 h after infection
and reached an average of 2.6 × 108 and 1.3 × 109 CFU/mL,
respectively. In contrast, mice infected with 106 CFU showed
significantly lower bacteremia and reached an average of
5.7 × 105 CFU/mL. High mortality rates impeded follow-up
of bacteremia in mice infected with high doses. However,
in mice infected with 106 CFU, bacteremia slowly decreased,
reaching an average of 7.2 × 104 CFU/mL at 72 h after
infection.

3.2. Splenocytes Produce Type-1 Proinflammatory Cytokines in
Response to Encapsulated GBS Infection. Before investigating
T cell activation, the splenic immunological environment
was characterized. Total splenocytes from mice infected
with COH-1 strain were incubated ex vivo for 48 and 72 h
(Figure 2). High amounts of IFN-𝛾, TNF-𝛼, and IL-6 were
detected (𝑃 < 0.05), suggesting a type-1 proinflammatory
response. IL-10 was also upregulated in infected spleens,
suggesting a homeostatic role. Important chemokines for T
cell recruitment were also detected: CXCL9, CXCL10, and
CCL3 (𝑃 < 0.05). It is worth noting that CXCL9 and
CXCL10 are mainly released in response to IFN-𝛾 activation
[28], thus in agreement with the observed high levels of
IFN-𝛾 produced by GBS-infected splenocytes. No significant
differences were observed between 48 and 72 h cultures,
except for CXCL9 where maximal production was delayed to
72 h of incubation.

3.3. Activated CD4+ T Cells Contribute to IFN-𝛾 Production
during Encapsulated GBS Infection. With current under-
standing of the splenic environment, the contribution of
activated T cells to cytokine production was investigated.
A multiparametric IC-FACS analysis of IFN-𝛾 production
from ex vivo total splenocytes cultures was performed. CD3+
T cells markedly contributed to the IFN-𝛾 response in the
spleen of infected mice (Figure 3(a); 𝑃 < 0.05). NKT cells
(NK1.1+ CD3+) produced very low levels of IFN-𝛾 (data not
shown). NK cells (NK1.1+) were major contributors to IFN-𝛾
productionwithin the CD3− population (data not shown). As
expected, B cells (CD19+) did not produce significant levels of
this cytokine (data not shown). Activated CD3+ T cells also
contributed to approximately half the production of TNF-𝛼
by splenic cells (Figure 3(c); 𝑃 < 0.05). Compared to control
mice, splenocytes from infected animals showed a significant
increase in surface expression of the early activation marker
CD69. High expression of CD69was also observedwithin the
CD3+ population (Figure 3(b); 𝑃 < 0.05).

CD4+ T cells were isolated from ex vivo total splenocyte
cultures and analyzed by IC-FACS to specifically evaluate
their role (Figure 4). Activated CD4+ T cells contributed to
the production of IFN-𝛾 and TNF-𝛼. Low levels of intracel-
lular IL-2 were also observed (Figure 4). In vivo experiments
confirmed these results; CD4+ T cells directly isolated from
the spleen of infected mice 96 h after primary infection

showed that they contribute to the production of IFN-𝛾
and TNF-𝛼. Intracellular levels of IL-2 were hardly detected
during a primary infection (Figure 5, black histograms).
CD4+ T cells isolated 48 h after boost displayed an enhanced
contribution to IFN-𝛾, TNF-𝛼, and IL-2 production (Fig-
ure 5, dark grey histograms). This is consistent with the
generation of memory CD4+ T cells (CD44high IL-7R𝛼+)
observed at that time with the increase in IL-7R𝛼+ cells
in the central memory subset (CD44high CD62L+) (Figures
6(a) and 6(b), red population and histograms). The decrease
in IL-7R𝛼+ cells in the effector (memory) subset (CD44high
CD62L−) likely reflects cellular migration from the spleen to
peripheral tissues (Figures 6(a) and 6(b), blue population and
histograms).

3.4. The CPS of GBS Modulates Cytokine Release by CD4+ T
Cells. AsGBS is a well-encapsulated bacterium, the impact of
CPS on CD4+ T cell activation was evaluated by comparing
COH-1 with its nonencapsulated mutant, ΔcpsE, in an in
vitroDC-T cell coculture system. Since nonencapsulatedGBS
mutants are rapidly cleared from circulation [20], in vivo
comparison was impossible. Coculture supernatants were
tested by ELISA for CD4+ T cell-derived cytokines. No
significant cytokine production was observed in single cell
cultures (DCs or T cells alone) that served as controls (data
not shown). COH-1-activated cocultures showed extremely
high levels of IFN-𝛾 (∼45000 pg/mL) and significant levels
of TNF-𝛼 (∼1500 pg/mL).ΔcpsE-activated cocultures showed
a significant reduction in IFN-𝛾 production (Figure 7; 𝑃 =
0.012), along with reduced TNF-𝛼 production, although this
difference was not statistically significant (𝑃 = 0.053).
Overall, these results suggest that nonencapsulated GBS-
pulsed DCs induce reduced cytokine production by CD4+ T
cells compared to encapsulated GBS-pulsed DCs.

3.5. The CPS of GBS Affects Surface Expression of CD69 on
Activated CD4+ T Cells. In addition to cytokine production,
expression of surface molecules is essential for proper T
cell activation. The effect of CPS on CD69 expression on
activated CD4+ T cells was investigated. In COH-1-activated
cocultures, CD69 expression on CD4+ T cells was signifi-
cantly lower than in ΔcpsE-activated cocultures after an 8 h
incubation (Figure 8; 𝑃 < 0.01). CD69 expression remained
lower in COH-1-activated cocultures at 24 h (𝑃 < 0.05),
although the difference and levels of expression were less
pronounced. After 48 h, no significant differences in CD69
expression were observed between strains (data not shown).

4. Discussion

Although interactions between GBS and innate immune cells
are increasingly documented, activation profiles of adaptive
immune cells have never been investigated. This is the first
study evaluating CD4+ T cells contribution to GBS immune
response using in vivo, ex vivo, and in vitro analysis.

While cytokines contribute to host defense development,
they can also exacerbate GBS-induced pathologies. Initial
ex vivo analysis of cytokine production by total splenocytes
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Figure 2: Ex vivo cytokine and chemokine production profile by total splenocytes. C57BL/6 mice were injected intraperitoneally with a dose
of 107 CFU of wild-type GBS serotype III strain COH-1 (𝑛 = 3 per group × 3 individual experimental infections). Spleens were harvested 6 h
after infection and total splenocytes plated at 5 × 106 cells/well. After 4 h of incubation, the bacteriostatic agent chloramphenicol (12𝜇g/mL)
was added to the culture to prevent cell toxicity. Cells were then incubated for 48 h and 72 h and supernatants were collected for cytokine
analysis by ELISA. Nonstimulated cells frommock-infected animals served as negative (−) control for basal expression. Cells stimulated with
Concanavalin A (0.1 𝜇g/mL) were used as positive (+) control. Data are expressed as means ± SEM (in pg/mL) from 3 different experimental
infections. ∗𝑃 < 0.05 indicates statistically significant difference compared to (−) control cells.
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Figure 3: Ex vivo analyses of cellular sources of IFN-𝛾 during GBS infection. C57BL/6 mice were injected intraperitoneally with a dose of
107 CFU of wild-type GBS serotype III strain COH-1 (𝑛 = 3 per group × 3 individual experimental infections). Spleens were harvested 6 h
after infection and total splenocytes plated at 5 × 106 cells/well. After 4 h of incubation, the bacteriostatic agent chloramphenicol (12𝜇g/mL)
was added to the culture to prevent cell toxicity. Nonstimulated cells from mock-infected animals served as negative (−) control for basal
expression. Total splenocytes were incubated for 48 h with Brefeldin A (3 𝜇g/mL) added during the last 5 h of incubation. Cells were harvested
and intracellularly stained for IFN-𝛾 (a) or surface-stained for CD69 (b) in combination with several surface markers for multiparametric
FACS analysis. Representative data from 3 different experimental infections based on CD3+ population or total splenic population (Void). (c)
Number of TNF-𝛼+ cells within the CD3+ population or total splenic population (All). Data are expressed as means ± SEM from 3 different
experimental infections; ∗𝑃 < 0.05 indicates statistically significant difference compared to (−) control cells. Fifty thousand gated events were
acquired per sample and data analysis was performed using FACSDivaTM software.

from encapsulated GBS-infected mice revealed the presence
of IFN-𝛾, TNF-𝛼, IL-6, and IL-10. Production of IFN-𝛾, TNF-
𝛼, and IL-6 suggests a type-1 proinflammatory response being
developed shortly after infection, while IL-10 production can
be related to immune regulation. Interestingly, TNF-𝛼 and
IL-6 have routinely been reported as mediators of GBS sepsis
[7, 10]. This result might also highlight the homeostatic role
of IL-10. Indeed, IL-10 was shown to reduce TNF-𝛼 and thus
protect neonatal mice from developing GBS sepsis [7].

DCs, monocytes, and macrophages are known to secrete
TNF-𝛼, IL-6, and/or IL-10 when responding to GBS [16, 17,
29–31]. However, sources of IFN-𝛾 remain poorly identified.
Early works reporting IFN-𝛾 production used GBS-infected
total splenocytes ormixedmononuclear cells, without identi-
fying the cellular source [8–10, 17]. The present study defined
the role of T cells in IFN-𝛾 production. Ex vivo and in vivo
analysis showed that CD4+ T cells are important producers
of IFN-𝛾 and TNF-𝛼 during GBS infection. Activated CD4+
T cells also produce low, but still significant levels of IL-2,
suggesting the development of a Th1 response. CD4+ T cells

produce the same pattern of cytokines more efficiently after
a boost infection, likely thanks to the memory response [32].
An important contribution of NK cells to the IFN-𝛾 response
was also evidenced in vivo, in accordance with previous
in vitro studies with splenocytes from severe combined
immunodeficiencymice [15]. IFN-𝛾 production byNKT cells
was very limited during GBS infection, even at earlier time
points (unpublished observations), although purified GBS
glycolipids have been shown to activate NKT cells [14].

Early chemokine release by innate immune cells attracts
T cells to the site of infection. Ex vivo analysis of chemokine
production by total splenocytes suggested that T cells are
actively recruited via CCL3, CXCL9, and CXCL10. Interest-
ingly, CXCL9 and CXCL10 are two CXCR3 ligands, both
induced by IFN-𝛾. CXCR3 is rapidly upregulated on naive
T cells following activation and remains preferentially highly
expressed on Th1 cells [28]. Different splenic cell types, like
DCs, might produce these chemokines in response to GBS
[16]. Although upregulation of Cxcl10 gene expression was
observed in mouse peritoneal macrophages [31], GBS was
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unable to induce either CXCL10 or CXCL9 secretion by these
cells [33]. Nevertheless, both macrophages and DCs seem to
contribute to CCL3 production [31, 33, 34].

As GBS possesses a thick CPS, its most important viru-
lence factor, the potential of CPS to modulate CD4+ T cell
activation was investigated. Similarly to ex vivo and in vivo
results, DCs pulsed in vitro with encapsulated GBS induced
the release of high levels of IFN-𝛾 and TNF-𝛼 by CD4+ T
cells. The production of IFN-𝛾 was significantly decreased
with nonencapsulated GBS. Production of TNF-𝛼 was also
reduced. It is surprising that the loss of capsule does not
trigger an exaggerated response or increased IFN-𝛾 produc-
tion by T cells, as reported for other encapsulated pathogens
[35–37]. However, studies on GBS-activated DCs have shown
similar trends; encapsulated GBS induced similar or stronger
cytokine production by infected DCs than nonencapsulated

GBS-infected counterparts [16, 34]. The only exception was
IL-10, where production was significantly higher in DCs
infected with the nonencapsulated mutant [16]. Two inter-
related hypotheses were suggested to explain these obser-
vations: (a) increased IL-10 production by DCs reduces the
production of other cytokines; or (b) more efficient killing of
the nonencapsulated mutant reduces cytokine production by
DCs [16, 22]. Moreover, it was reported that the presence of
CPS modulates the endocytic pathways used by DCs for GBS
uptake [22]. Since the route of entry influences the repertoires
of epitopes presented to CD4+ T cells, the ensuing immune
response might be affected [38]. Thus, in our DC-T cell
coculture system, DC modulation by the nonencapsulated
strain may lead to lower levels of IFN-𝛾 production by CD4+
T cells.

In contrast to cytokine production, the surface expression
of CD69 was higher (early time points) or similar (late time
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points) in CD4+ T cells cocultured with nonencapsulated
mutant-pulsed DCs compared to encapsulated GBS-infected
cocultures. However, this could just be related to different
kinetics of CD69 expression. In fact, attempting to explain
modulation of CD69 expression on CD4+ T cells is quite
difficult, due to limited information on this marker. Indeed,
characterization of its ligand has just started [39]. CD69
is known to be one of the earliest markers induced upon
activation of T cells and acts as a signal-transmitting recep-
tor for immunoregulatory events [40]. Of the few studies
available on CD69 expression by T cells upon streptococcal
infection, Harimaya et al. demonstrated a dose-dependent
upregulation of CD69 on CD3+ T cells from peripheral
blood lymphocytes infected with Streptococcus pneumoniae.
Yet, authors failed to correlate CD69 expression and IFN-
𝛾 production by these target cells [41]. More recently, in
a S. pneumoniae mouse model of infection, CD4+ T cells

exhibited significant upregulation of CD69 in the spleen. As
this response was MHC-II unrestricted, authors suggested
that this increased CD69 expression on T cells might be
due to secondary factors like cytokine release by other cells
[42]. Likely, a polyclonal (indirect) activation of T cells in
our system cannot be ruled out, although GBS failed to
directly activate T cells without antigen-presenting cells (data
not shown), similarly to that reported for S. pneumoniae
[37, 42]. Finally, it has been suggested that CD69 plays
an immunoregulatory role by preventing infection-induced
immunopathology [43]. Enhanced expression of CD69 may
result in reduced IFN-𝛾 production by CD4+ T cells [44].

5. Conclusion

Undoubtedly, IFN-𝛾 production by CD4+ T cells during GBS
infection is crucial for host defense [8] but might also result
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in disease pathology, as suggested in the mouse model of
pneumococcal sepsis [42]. Although this study characterized
for the first time IFN-𝛾 production by CD4+ T cells, a
definitive understanding of all mechanisms regulating IFN-
𝛾 production during GBS infection requires further research.

For instance, as the CPS confers a survival advantage to
GBS [16, 22], persistence of GBS within antigen-presenting
cells may affect their activation and thus the ensuing T
cell immune response, including altered IFN-𝛾 and CD69
expression balance early during infection.
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How does the host manage to tolerate its own intestinal microbiota? A simple question leading to complicated answers. In order to
maintain balanced immune responses in the intestine, the host immune system must tolerate commensal bacteria in the gut while
it has to simultaneously keep the ability to fight pathogens and to clear infections. If this tender equilibrium is disturbed, severe
chronic inflammatory reactions can result. Tolerogenic intestinal dendritic cells fulfil a crucial role in balancing immune responses
and therefore creating homeostatic conditions and preventing from uncontrolled inflammation. Although several dendritic cell
subsets have already been characterized to play a pivotal role in this process, less is known about definite molecular mechanisms
of how intestinal dendritic cells are converted into tolerogenic ones. Here we review how gut commensal bacteria interact with
intestinal dendritic cells andwhy this bacteria-host cell interaction is crucial for induction of dendritic cell tolerance in the intestine.
Hereby, different commensal bacteria can have distinct effects on the phenotype of intestinal dendritic cells and these effects are
mainly mediated by impacting toll-like receptor signalling in dendritic cells.

1. Introduction

The mammalian intestinal immune system has to rise to
different challenges. On the one hand, it has to tolerate
the intestinal microbiota consisting of commensal bacteria,
fungi, and other microbes, thereby profiting from beneficial
bacterial metabolites and other advantages. On the other
hand, pathogen induced infections of the intestine have to
be cleared without spacious damage of the intestinal tissue.
Since a loss of tolerance to the own microbiota causes
chronic inflammation of the gut, efficient sensing of the
intestinal homeostasis is crucial to avoid pathophysiological
immune responses. In this context, intestinal tolerogenic
dendritic cells play a crucial role as key mediators for the
maintenance of the intestinal homeostasis. While the main
question “how does the host manage to tolerate its own
intestinal microbiota?” is pretty simple, the answer is not
trivial.

Here, we want to focus on (1) the molecular mechanisms
that might contribute to the induction of tolerogenic DCs in
the intestine and (2) the potential clinical applications arising

from these findings for the treatment of chronic inflamma-
tory disorders of the gut: inflammatory bowel diseases.

2. Intestinal Dendritic Cells: Subsets and
Biological Functions

Dendritic cells (DCs) comprise a heterogeneous leukocyte
population of different developmental origin and with dis-
tinct surface markers and biological functions. DCs originate
from blood monocytes or a common DC progenitor in the
bone marrow under steady-state conditions. The differen-
tiation into DCs relies on local presence of GM-CSF [1].
DCs in general are utterly specialized antigen presenting cells
(APCs)which are able to induce a variety of different immune
responses. They are the most important cell type connecting
the innate immune system with adaptive immune responses
[2]. DCs patrol almost all lymphoid and nonlymphoid organs
andmeld properties of the innate and adaptive immunity and
therefore link these two mechanistically distinct branches of
the immune system [3]. Furthermore, DCs play a pivotal
role in mediating a protective adaptive immunity against
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pathogens while maintaining immune tolerance to self-
antigens. Their crucial role for mediating self-tolerance is
confirmed by the observation that DC depletion leads to a
loss of self-tolerance and results inmyeloid inflammation and
the induction of autoimmune processes [4].

The gut-associated lymphoid tissue (GALT) is the largest
immune organ of the body. The GALT has to ensure that
there is a dynamic balance between protective immunity by
fighting pathogens and regulatory mechanisms to prevent
autoimmunity [5]. Since the GALT is constantly exposed
to large amounts of luminal antigens like food metabolites,
foreign pathogens, and commensalmicrobes, this balance has
to be well adjusted in order to create homeostatic conditions
in the intestine. Dendritic cells are hereby the key players for
maintaining intestinal homeostasis [6]. They are spread out
in the connective tissue underlying the epithelial layer of the
gut [7].

2.1. Morphological Differences between DCs and Macrophages
(MΦ) in the Murine Intestine. DCs belong to the group
of mononuclear phagocytes (MPs) with macrophages
(MΦ) being another cell type belonging to this group.
Discrimination between DCs on one hand and MΦ on the
other hand is still a matter of ongoing debate. However,
concerning intestinal DCs and MΦ, certain surface markers
and transcription factors have been reported to be uniquely
expressed by only one of these two groups. In the murine
intestine, surface proteins which are exclusively expressed
by DCs are CD103 [8–10], CD26, and CD272 [9]. However,
CD103 is not expressed from every DC subset (see below)
[11–13]. A DC specific transcription factor is Zbtb46 [13].
The only MPs in the murine intestine that express the
proteins CD14, MerTK [9, 14], F4/80, and CD64 [15] are
intestinal MΦ. The widely used surface markers for DC-
macrophage discrimination, CD11c and MHC-II, are not
useful to distinguish murine intestinal DCs from MΦ,
since both proteins can be expressed in DC or macrophage
subpopulations [13, 15–19]. The expression of CD11b and
MHC-II varies among DC and MΦ subpopulations [13].
Therefore, the protein expression pattern of murine intestinal
DCs under steady state conditions can be summarized as
CD11c+CD103+/−CD11b+/−MHC-II+CD26+CD272+Zbtb46+
CD14−MerTK−F4/80−CD64−, while the phenotype of intesti-
nal murine MΦ is CD11c+/−CD103−CD11b+/−MHC-II+/−
CD26−CD272−Zbtb46−CD14+MerTK+F4/80+CD64+. An-
other distinctive feature between DCs and MΦ is the
migratory and proliferation behaviour. In general, intestinal
DCs are short-lived, proliferating migratory cells while MΦ
are tissue resident, long-lived, and nonproliferating [13].

2.2. DC Subpopulations in the Intestine. Asmentioned above,
dendritic cells do not comprise a homogenous cell popu-
lation. Different ways to distinguish one DC from another
are published and popular. The most prominent approach
to differentiate between distinguishable DC subsets is to
focus on different expression of surface proteins, especially
CD103 and CD11b [12, 13]. However, Guilliams and van de
Laar have recently proposed to distinguish DCs rather by

their biological function and cellular origin than their surface
marker expression [11, 12]. We will adapt this system, but we
will focus on DC subsets located in the intestine and add
latest findings on different surface marker expression among
these subsets [13]. In general, DCs derive from common
dendritic cell progenitors (CDP) which, in turn, develop
from hematopoietic precursor cells. CDPs may differentiate
into either preplasmacytoid DCs (pre-pDCs) or precommon
DCs (pre-cDCs) precursor cells [20, 21]. Murine pDCs are
characterized by PDCA1 expression and their development
is dependent on the transcription factors BATF3 [22], ID2
[23], NFIL3 [24], E2-2 [25], and IRF8 [22]. Murine cDCs
commonly express XCR1 and SIRP𝛼 [26] and need RelB
[27], RPBJ [28], and IRF4 [29] for differentiation. Intestinal
murine cDCs additionally express CD103 and can be further
subdivided into two ontogenetically different populations,
dependent on their surface expression of CD11b [30]. IRF4
is needed for the CD11b+ lineage of these CD103-expressing
or CD103-nonexpressing conventional DCs [29, 31, 32].
CD103+CD11b− build up cDC subset 1 (cDC1) whereas
CD103+CD11b+ form subgroup cDC2 (see Figure 1). One of
the most important events for the maintenance of intestinal
homeostasis is the induction of regulatory T cells (Tregs) (see
below). Besides TGF-𝛽, Treg formation is dependent on the
presence of retinoic acid (RA) that is produced by dendritic
cells [33, 34]. But only DCs possessing retinaldehyde dehy-
drogenases (ALDHs) can convert vitamin A-derived retinol
to RA.Therefore, ALDH is a crucial enzyme for a subsequent
induction of Tregs and thus promotion of intestinal tolerance
and homeostasis. It was not clear which CD103+ DC subset
is responsible for Treg induction, since both CD103+CD11b+
and CD103+CD11b− DCs can produce RA and induce Tregs
in vitro [35, 36]. Meanwhile, it could be demonstrated
that each CD103+ DC subset (CD11b+ versus CD11b−) can
be subdivided in an ALDH-expressing and a non-ALDH-
expressing subset [35]. Therefore, both CD11b+CD103+ and
CD11b−CD103+ DCs are able to induce a RA-mediated Treg
formation. This was initially demonstrated in skin-draining
lymph nodes [35], but Janelsins et al. confirmed the presence
of CD103+CD11b+ALDH+/− DCs also in the murine cLP
[37]. Both CD103+ DC subsets together monitor the luminal
environment in the intestine. Not only are CD103+ DCs able
to induce Treg-mediated immune tolerance in the intestine
but they are also able to promoteTh17 differentiation of näıve
T cells. Th17 cells contribute to the manifestation of autoim-
mune diseases [38, 39] and CD103+CD11b+ seem to be more
efficient in Th17 promotion than their CD11b− counterparts
[36, 40]. It can be assumed that ALDH−CD103+CD11b+/−
might promote thisTh17 immune response, but final evidence
is missing until now.

Concerning their distribution in the intestine, CD103+
CD11b− DCs are prominent in the colonic lamina propria
(cLP), while CD103+CD11b+ DCs are mostly found in the
LP of the small intestine [29]. Additionally, CD103+CD11b+
DCs from the mesenteric lymph nodes (MLN) also express
ALDH, which is, surprisingly, abdicable for the induction of
Tregs since a loss of ALDH activity in the MLN did not affect
Treg induction [29]. This might support the hypothesis that
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Figure 1: Ontogenetic development of intestinal dendritic cells subpopulations. Adapted fromGuilliams et al. [35] and expanded by findings
from Scott et al. [13]. See text for details. Common dendritic cell progenitor (CDP), preplasmacytoid dendritic cell (pre-pDC), precommon
dendritic cell (pre-cDC), plasmacytoid dendritic cell (pDC), common dendritic cell (cDC), aldehyde dehydrogenase (ALDH), regulatory T
cell (Treg), retinoic acid (RA), and T-helper 17 cell (Th17). Arrows with solid lines represent published data, and arrows with broken lines
represent speculative hypotheses with missing final evidence.

ALDH activity is more important at other intestinal sites like
the lamina propria of the small or large intestine for later Treg
induction after DC migration.

Recently, Scott et al. discovered an additional CD103-
negative DC population in the murine intestine [13]. There is
a CD11c+MHC-II+CD103−CD11b+ cell population, of which
about 15% provide features of DCs like Zbtb64, CD26,
and CD272 expression; they respond to Flt3L; they are
migratory cells and lack macrophage markers like F4/80 and
CD64 [13, 41]. They could be shown to be derived from
committed pre-DCs as are CD103+ mucosal DCs [8]. These
CD103− DCs can be further subdivided into two functionally
distinct subpopulations dependent on their CCR2 expres-
sion. CCR2+CD103+CD11b+ DCs are more efficient in Th17
induction than their CCR-negative counterparts and a loss
of the CCR2+CD103−CD11b+ DCs leads to a defective Th17
response and therefore fails to clear a Citrobacter infection in
vivo.

Another specific protein that is expressed exclusively by
intestinal DCs and not by intestinalMΦ or nonintestinal DCs
is SIRP𝛼 [42, 43]. It seems to be essential for the generation of
CD103+CD11b+ since a loss of function of SIRP𝛼 results in a
decrease of this DC population in the intestine, accompanied
by markedly reduced induction of Th17 immune responses
under steady-state and inflammatory conditions [42].

In general, it is important to keep in mind that CD103
expression on DCs is not a marker for universal tolero-
genicity, since (1) even CD103+ DCs can fail to induce
tolerogenicity if ALDH is not expressed and (2) a tolerogenic
environment can be established even in the absence of
CD103+ DCs [44].

2.3. Locations of Intestinal DCs. The murine intestine is a
multifarious habitat for DCs where distinct sites harbour
differentDC subsets. A common feature of intestinalDCsdis-
tinguishing them from DCs from other nonintestinal tissues
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is the expression of CD103, with the already mentioned
exception of CCR2+/−CD103−CD11b+ DCs, especially DCs in
the small intestine (SI) and Peyer’s Patches (PP) inmesenteric
lymph nodes (MLN) and, with minor occurrence, in the
colonic lamina propria (cLP) [8, 29, 41, 43, 45]. DCs from
nonlymph node tissues remain some days at their inherent
site before migrating to neighbouring draining lymph nodes
[35, 46].

3. Antigen Sensing and Sampling by
Intestinal Dendritic Cells

Invading microorganisms are recognized by pattern recog-
nition receptors (PRRs) on the DC surface. PRRs include
toll-like receptors (TLRs), retinoic acid-inducible gene I-
like receptors (RLRs), and nucleotide-binding oligomeriza-
tion domain-like receptors (NLRs) [47, 48]. PRRs recog-
nize pathogen-associated molecular patterns (PAMPs) [49].
PAMPs comprise a heterogeneous class of different antigens,
that is, surface components of bacteria. One of the most
prominent PAMPs which usually induces DC maturation is
lipopolysaccharide (LPS), an integral cell surface component
of all Gram-negative bacteria.Usually, dendritic cells underlie
the intestinal epithelium and therefore the connection to
the colonic lumen is restricted. However, there are three
prominent ways how intestinal dendritic cells can sample
luminal antigens: (1) with participation of goblet cells which
deliver soluble and preferably low molecular weight antigen
to neighbouring DCs [50], (2) with the support of CX3CR1+
phagocytotic cells which can actively capture antigen fol-
lowed by transport to neighbouring DCs via tight junctions
[51], and (3) a direct sampling by DCs that extend their
dendrites towards the lumen establishing a direct connection
to the colonic lumen [52].

4. Intestinal Dendritic Cells and
the Gut Microbiota

CD103+ DCs are reported to sample mainly bacteria [52]
in contrast to CX3CR1+ MΦ which also capture soluble
proteins and fungi [51, 53]. This illustrates the relevance
of the bacterial microbiota composition for intestinal DCs.
Interaction of DCs with the gutmicrobiota can occur directly
by sampling bacterial antigen or by interaction with bacterial
metabolic products like short chain fatty acids (SCFAs).
SCFAs like butyrate can interact with the DC receptor
GPR109A which finally leads to an IL-10 mediated induction
of Tregs [54]. Since not all gut commensal bacteria produce
SCFAs, amicrobiota shift leading to dysbiosis can profoundly
affect immunological mechanisms in the intestine. Toll-like
receptor (TLR) signalling in DCs also seems to be crucial
for the maintenance of intestinal homeostasis. Different
bacterial components bind to distinct TLRs on the surface
of DCs resulting in the activation of intracellular signalling
cascades which leads to DC maturation or semimaturation
(see below) accompanied by secretion of pro- or anti-
inflammatory cytokines. The TLT adaptor molecule TNF-
receptor associated factor 6 (TRAF6) seems to play a pivotal

role in maintaining intestinal homeostasis since Traf6−/−
mice fail to maintain intestinal homeostasis mediated by
a reduction of Tregs and an increase of T-helper 2 (Th2)
cells, finally resulting in amicrobiota composition-dependent
induction of colonic inflammation [55].

5. The Different Maturation Phenotypes of
Dendritic Cells

The capability of initiating an immune response depends on
the current DC maturation state. Usually, antigen encounter
results in rapid DC maturation which is characterized
by efficient endocytosis and antigen processing. Further-
more, upregulation of MHC-II and T cell costimulatory
molecules like CD40, CD80, and CD86 enhanced expression
of chemokine receptors and the secretion of proinflammatory
cytokines like IL-1𝛽, IL-6, TNF𝛼, and IL-12 are part of
DC maturation. These events influence and activate other
cellular components of an induced immune response like
MΦ, neutrophils, and especially T cells [56].

5.1. Mature DCs (mDCs). Induction of DC maturation is
accompanied by a loss of the capacity to take up and
process antigen [57]. However, they literally develop into
professional antigen presenting cells (APCs) indicated by
powerful antigen presentation to näıve T cells [2], aswell as by
their ability to migrate to secondary lymphatic organs where
they present antigens to T cells.

5.2. Immature DCs (iDCs). Immature DCs (iDCs) express
low amounts of MHC-II and T cell costimulatory molecules.
They tend to promote T cell anergy and to generate Tregs,
with both effects being crucial for intestinal homeostasis
[58]. iDCs furthermore express high levels of PRRs with
which they mediate the recognition of potential antigens and
therefore their endocytosis [57].

5.3. Semimature DCs (smDCs) and Tolerant DCs. The
definition of a semimature DC phenotype is less distinct.
The most important property of smDCs uniting different
definitions is the inability to induce a proinflammatory
Th1 or Th17 response and to be nonresponsive, or in other
words “tolerant,” towards subsequent maturation stimuli
[59, 60] with the latter being the criterion that mediates the
tolerogenic functions of smDCs [60]. DC semimaturation
leads to a certain expression of T cell activation and a cytokine
secretion pattern that is distinct from the ones of immature
and mature DCs. The definite phenotype varies from one
semimaturation inducing strategy to another. SmDCs
that are generated by treating immature DCs with TNF𝛼
display a phenotype that can be summarized as CD11c+

MHCIIhiCD86hiCD80hiCD40loCD54+CD205hiCD25hiTNFlo
IL-12p40loIL-10lo [61]. Induction of semimaturation via low-
dose LPS and subsequent dexamethasone treatment results
in CD14+CD1aloCD80hiCD86hiMHCIIhiIL-10hiTNFlo DCs
[62]. We use a Gram-negative gut commensal, Bacteroides
vulgatus, to induce semimaturation and define the smDC
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Table 1: Phenotypes of semimature dendritic cells dependent on semimaturation inducing agent. LPS (lipopolysaccharide), Dex (dexameth-
asone), and PSA (polysaccharide A); high expression (hi), low expression (lo), intermediate expression (int), and not determined (n.d.).

Semimaturation inducing agent MHC-II CD40 CD80 CD86 IL-10 IL-6 TNF𝛼 IL-12 Source
B. vulgatus int lo lo lo n.d. int lo lo [59]

TNF𝛼 hi lo hi hi lo n.d. lo lo [61]

LPS + Dex hi n.d. hi hi hi n.d. lo n.d. [62]

B. fragilis PSA int n.d. n.d. n.d. hi n.d. n.d. n.d. [66]

ATP + LPS hi lo hi hi hi n.d. lo lo [120]

E. multilocularis lo n.d. n.d. lo int lo n.d. lo [121]

Low dose LPS int lo lo lo n.d. int lo lo [64]

𝛼-1 Antitrypsin int lo n.d. int hi lo n.d. n.d. [65]

phenotype as CD11c+MHCIIintCD40loCD80loCD86lo

TNF𝛼loIL-12loIL-6int [59]. Besides these strategies, DC sem-
imaturation can be induced by treating immature DCs
with ATP and LPS [63], low dose Salmonella LPS [64], 𝛼-1
antitrypsin [65],Bacteroides fragilisPSA [66], orEchinococcus
multilocularis cell aggregates [67]. The resulting phenotypes
concerning the most important immunomodulatory mole-
cules are summarized in Table 1.

5.4. Tolerogenic DCs. While mature DCs (mDCs) promote
efficient induction of inflammatory immune responses, iDCs
and smDCs fail to do so. They rather have the property
to actively prevent from inflammatory reactions and are
therefore also termed tolerogenic DCs (tolDCs). The term
“tolerogenic” includes one, several, or all of the following
features DCs must provide to be considered “tolerogenic”:
(1) the induction of unresponsiveness of T cells, (2) active
induction of Tregs, (3) inhibition of proinflammatory T
cell responses, and (4) promotion of T cell apoptosis or T
cell anergy [6]. In this context, the interplay between the
intestinal epithelial cells and the host immune system is of
essential importance.

More generally, regulatory or tolerogenic DCs keep their
ability to present antigens, but at the same time they down-
regulate the expression of T cell costimulatory molecules and
proinflammatory cytokines but in turn upregulate inhibitory
molecules like PD-L1, CD95L, or IDO as well as anti-
inflammatory cytokines such as TGF-𝛽 and IL-10 [68]. Fur-
thermore, they are resistant to a second maturation inducing
signal [68]. Importantly, DCs also influence the differentia-
tion of näıve T cells into Th1, Th2, Th17, or Treg cells, mostly
due to supplying a certain cytokine environment [69]. In
a healthy individual, the presence of tolDCs is important
and a loss of tolDCs can result in the development of AID
[4]. Semimature DCs are potent tolerant and tolerogenic
DCs since they fulfil many to all of the above-mentioned
criteria, dependent on the agent with which semimaturation
is induced. As already mentioned before, the main char-
acteristic that makes semimature DCs tolerogenic is their
unresponsiveness (tolerance) towards subsequentmaturating
stimuli [59, 64, 65].

6. The Role of Dendritic Cells in Induction of
Inflammatory Bowel Disease (IBD)

The development of inflammatory bowel diseases (IBD)
with its two major representatives Crohn’s disease (CD) and
ulcerative colitis (UC) is associated with (1) an inappropriate
immune response to normally benign stimuli like commensal
microbes, (2) an inefficient clearance of microbes leading
to a continuous stimulation of the immune system, or (3)
failing to turn from an adequate proinflammatory response
to inflammation resolving anti-inflammatory immune reac-
tions [70]. In this context, the composition of the intestinal
microbiota is decisive for the onset of colonic inflammation
in most mouse models of experimental colitis [71] and
intestinal DCs are crucial for driving immune responses in
either a proinflammatory or a rather homeostatic direction
[72]. For example, Il10−/− mice develop chronic colitis which
results from the absence of suppression ofMyD88-dependent
commensal-induced inflammation by IL-10 [73].

Under steady-state conditions, circulating Ly6Chi mono-
cytes are repopulated into tolerogenic F4/80lowCD103+
CD11c+ LP DCs, which contribute to homeostasis by sup-
porting tolerogenic functions [16]. On the other hand, under
inflammatory conditions during colitis, Ly6Chi monocytes
develop into CD103−CX3CR1intCD11b+ LP DCs, which
mediate inflammation during colitis [16].

The tolerogenic functions of intestinal DCs are mainly
mediated by the induction of regulatory T cells (Tregs).
As a characteristic feature, Tregs express the transcrip-
tion factor forkhead box P3 (Foxp3) [74]. Induction of
CD4+CD25+Foxp3+ Tregs is essential for intestinal home-
ostasis [75] and a loss of Tregs leads to a fatal multiple-
organ-associated autoimmune disease [76]. Tregs are usually
converted in the peripheral immune system with the help of
CD103+ dendritic cells [77] whereupon this Treg induction is
dependent on the presence of TGF-𝛽 and retinoic acid (RA)
[78].

However, during colitis, CD103−CXCR1intCD11b+ DCs,
although also present under steady-state conditions, mas-
sively infiltrate the colonic LP and mediate proinflammatory
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immune responses by producing IL-12, IL-23, iNOS, andTNF
[16].

7. Possible Molecular Mechanisms of
DC Tolerance Induction in the Intestine

Less is known about defined mechanisms of tolerance induc-
tion in intestinal DCs. However, knowledge about tolerance
induction mechanisms of other DC subsets or of in vitro
generated DCs can be transferred to intestinal DCs to explain
how they manage to tolerate luminal bacterial or food anti-
gens and therefore prevent from uncontrolled inflammatory
reactions. Here, we want to present latest research results and
discuss how and if these findings can be assigned also to

intestinal DCs. All proposed mechanisms are summarized in
Figure 2.

(1) Cell-to-Cell-Contact and STAT3 Signaling. Epithelial cells
of the intestine express the surface protein CD47 which can
directly interact with signal regulatory protein 𝛼 (SIRP𝛼)
expressed on the surface of DCs which underlie the intestinal
epithelial cell layer.This protein-protein-interaction has been
shown to result in a janus kinase-2 (JAK-2) dependent signal
transducer and activator of transcription 3 (STAT3) activa-
tion downstream of SIRP𝛼 in DCs [79]. STAT3 activation,
in turn, leads to enhanced IL-10 secretion from DCs and
therefore promotes tolerogenic properties in the intestinal
environment [79]. STAT3 has long been known as a crucial
negative regulator of immunity. Disruption of STAT3 leads to



Journal of Immunology Research 7

a loss of T cell tolerance inmice and efficient STAT3 signaling
is associated with the immature DC phenotype, general IL-
10 secretion, and tolerance induction [80]. Therefore, not
only does DC alone seem to be important for homeostasis
maintenance but also the “teamwork” with neighbouring
epithelial cells seems to contribute to tolerance mechanisms.

(2) IL-10 as a Central Cytokine for Intestinal Homeostasis.
Interleukin-10 is a key inhibitory cytokine in T cell activation
and a mediator of intestinal homeostasis [81]. It is secreted
by T cells, B cells, and most myeloid-derived cells [82]. Mice
lacking functional IL-10 or its IL-10R receptor counterpart
spontaneously develop severe intestinal inflammation.

Supporting the idea of IL-10 being a crucial mediator
for intestinal homeostasis [83]. Also humans with defec-
tive mutations in the genes encoding for IL-10 or IL-
10R develop a severe form of enterocolitis within the first
months after birth [84]. These observations made IL-10 a
promising therapeutic candidate in order to treat chronic
inflammatory conditions of the intestine. However, results
were not convincing since, in mice as well as in humans,
IL-10 administration did not ameliorate the inflammatory
conditions [85]. IL-10 not only affects T cell responses but
can also provide autocrine and paracrine effects on DCs.
Since DCs express the IL-10 receptor (IL10R), IL-10 can
bind to IL10R resulting in a negative regulation of myeloid
differentiation primary response 88 (MyD88) signaling inside
DCs. MyD88 is an adaptor molecule of TLRs and is required
for downstream TLR signalling. IL-10/IL10R interaction
mediates this negative regulation by a downregulation of
interleukin 1 receptor associated kinase 4 (IRAK4) on the
protein level without altering IRAK4 gene transcription rates
[86]. It also leads to dissociation of MyD88 from TLRs and
subsequently promotes proteasomal degradation of IRAK1,
IRAK4, and TRAF6, therefore silencing MyD88-dependent
TLR signalling [86]. However, this is just the case if LPS as
a TLR4 ligand is present at the same time to induce TLR
signaling. IL-10 silencing of MyD88 signaling seems to be
crucial for the maintenance of intestinal homeostasis since
IL-10−/− mice fail to develop intestinal inflammation if these
mice simultaneously lack MyD88 [73]. As a consequence, the
cytokine environment does also affect DCs in their ability to
induce tolerance mechanisms.

(3) NF𝜅B Signalling as a Mediator for Tolerogenicity. A key
regulator for DC maturation and inflammatory reactions
in general is NF𝜅B [87, 88]. NF𝜅B family members do
not only have an activating potential for the induction of
proinflammatory cytokines. Two NF𝜅B proteins, p50 and
p52, have been associated with transcription repression func-
tions and therefore induction of tolerance [89, 90]. Both
proteins lack the carboxyterminal transactivation domain
and can form inhibitory homodimer complexes that prevent
from transcription of proinflammatory genes. NF𝜅B p50
has been shown to promote a tolerogenic DC phenotype
by negatively affecting DC survival and their capacity to
efficiently activate T cells [91]. Accumulation of p50 in
the nucleus of tolerogenic DCs can be accompanied by
enhanced expression of tolerance-promoting molecules like

indoleamine dioxygenases (IDOs) and decreased expression
of proinflammatory cytokines like IFN𝛽, IL-1𝛽, and IL-18
[91]. These implications for p50 in the induction of tolDCs
are supported by the finding that p50-deficient DCs are weak
inducers of a Foxp3+ Treg differentiation [92]. Formation of
p50-p50 homodimers contributes to LPS tolerance in MΦ
[93] and p50 expression in immatureDCs is crucial to prevent
from autoreactive T cells [91].

(4) 𝛽-Catenin Promotes DC Tolerogenicity. 𝛽-catenin is a
transcription factor and part of the wnt signalling pathway.
It could be demonstrated that this signalling pathway with
the subsequent release of 𝛽-catenin into the nucleus results
in the induction of tolDCs [94]. Gene expression profiles
of intestinal LP DCs revealed that this signalling pathway is
decisive for the DC to become either mature or tolerogenic.
𝛽-catenin translocation into the DC nucleus resulted in
the expression of various tolerance-associated factors like
retinoic acid-metabolizing enzymes, IL-10 and TGF-𝛽 [94].

(5) Prevention of V-ATPase Domain Assembly Induces Tolero-
genic DCs. Vacuolar (H+)-ATPases (V-ATPases) are ATP-
driven proton pumps. They are composed of two domains: a
peripheral V

1
domain and membrane-embedded V

0
domain

[95]. V-ATPases are involved in acidification of lysosomes by
shuffling protons from the cytosol into the lysosomic lumen
[96]. The pH value of lysosomes is a crucial regulator for
the efficiency of antigen processing since lysosomal proteases
being involved in antigen proteolysis require acidic envi-
ronments [95]. The most important mechanism to regulate
lysosomal acidification is to control the assembly of the two
V-ATPase domains which is a required event for forming
a functional proton pump. It is known that activation of
TLRs promotes domain assembly and therefore supports
DC maturation [96]. Domain assembly seems to be a PI-3
kinase andmTORmediated event since inhibitory substances
for both molecules could block V-ATPase domain assembly
and therefore prevent from DC maturation and promote the
induction of a tolerogenic phenotype [95]. Also, stimulation
of integrins and E-cadherins by cluster disruption of DC
prevents from domain assembly and supports induction of
a tolerogenic phenotype [96, 97].

(6) p38𝛼 Expression Influences Expression of ALDH1A2. MAP
kinases like ERK, JNK, and p38𝛼 form central pathways
that are activated by innate immune signals like PAMPs
[98, 99] and excessive activation ofMAP kinases are reported
to be associated with many autoimmune and inflammatory
diseases [99]. However, the MAP kinase p38𝛼 provides a
dichotomic role. Besides being involved in promoting proin-
flammatory responses, its activity seems also to be crucial
for the induction of a tolerogenic phenotype in intestinal
CD103+ DCs. In these DCs, p38𝛼 is constitutively active
and this activity is crucial for the expression of TGF-𝛽 and
aldehyde dehydrogenase 1A2 (ALDH1A2), the latter being
involved in metabolizing retinoic acid (RA). TGF-𝛽 and RA
are involved in Treg generation and therefore promote gut
homing properties of T cells [99].
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(7) Gadd45𝛼-Mediated TLR2 Signalling Contributes to Tolero-
genic Features of Intestinal DCs. An abundant bacterial gut
commensal, B. fragilis, is able to protect from the induction of
EAE and experimental colitis and increases the proportions
of CD103+CD11c+ DCs [100, 101]. It could be demonstrated
that this effect is mediated by polysaccharide A (PSA), an
immunomodulatory component present in outer membrane
vesicles derived from B. fragilis bacteria [66]. PSA pro-
motes immunological tolerance by inducing IL-10 producing
Foxp3+ Tregs and protects animals from experimental colitis
[102]. The PSA caused induction of tolDCs is dependent
on TLR2 and growth arrest and DNA-damage-inducible
45 𝛼 (Gadd45𝛼), since Gadd45𝛼-deficient DCs are unable
to mediate PSA-induced protection of experimental colitis
[66]. Gadd45𝛼 itself inhibits an alternative way of MAPK
p38-mediated signalling [103] and PSA-containing outer
membrane vesicles lead to upregulation of Gadd45𝛼 [66].

Taken together, all of the mentioned molecular mech-
anisms of tolerance induction in DCs are potentially able
to take place in the intestine, either through participation
of neighbouring intestinal epithelial cells or through direct
interaction ofDCswith luminal content. Concerning luminal
content, bacteria and their PAMPs could promote all of
the potential mechanisms via interaction with host pattern
PRRs, especially TLRs. We identified apathogenic Gram-
negative commensal strains, namely, Bacteroides vulgatus
mpk andEscherichia colimpk,mediating completely contrary
effects on DC maturation and, in consequence, the progress
of experimental colitis in mice [104, 105]. As mentioned
above, B. vulgatus interaction with immature DCs converted
them into a tolerant and tolerogenic semimature phenotype
characterized by low to intermediate expression of MHC-
II, CD40, CD80, and CD86, almost absent secretion rates of
TNF𝛼 and IL-12p70, and remarkable IL-6 secretion [59]. As
a characteristic of tolerant DC, this phenotype could not be
overcome with a subsequent maturating bacterial stimulus
or by CD40 ligation [106]. E. coli mpk stimulation, however,
resulted in efficient DCmaturation. As a consequence, E. coli
mpk colonization in experimental mouse colitis using Il2−/−
mice resulted in colonic inflammation, a feature that could
be prevented by simultaneous B. vulgatus mpk colonization
[104, 105]. We could prove that both bacteria differentially
alter the phenotype of dendritic cells not only in vitro but also
in vivo in the colonic LP via adjusted bacterial colonization
of the gut [105]. In this context, feeding B. vulgatus always
induced tolerant and tolerogenic DC in the colonic LP. In
another study using distinct E. coli bacteria that just differ in
the structure of their cell surface LPS, we could prove that
the LPS structure alone decides if LP DCs are converted into
a mature phenotype and therefore promote inflammation or
if they are converted into tolerogenic semimature DCs and
thus maintain intestinal homeostasis [107]. As LPS primarily
signals via TLR4, tolerance induction mechanisms where
NF𝜅B p50, Gadd45𝛼, MyD88-signaling, 𝛽-catenin, and/or
V-ATPase domain assembly are involved could be possible.
Since LPS is a cell wall component of all Gram-negative
bacteria, the resulting abundance in the intestinal lumen
could largely contribute to tolerance induction in intestinal

DCs. As we have demonstrated, different commensal bacteria
can have opposite effects on DC maturation. This makes
the composition of the microbiota decisive on whether DCs
mediate tolerogenic or inflammatory LPS-triggered immune
responses.

8. Perspectives for Clinical Approaches for
the Treatment of IBD Using Tolerant and
Tolerogenic Dendritic Cells

In order to be suitable as an administrable therapeutic,
tolerogenic DCs (tolDCs) have to be generated in vitro. One
efficient way to induce tolDCs is coincubating them with
apoptotic cells. Phagocytosis of apoptotic cells through DCs
results in production of TGF-𝛽 which in turn contributes
to immune tolerance. Apoptotic cell-treated DCs efficiently
converted näıve CD4+ T cells into Foxp3+ Tregs [108, 109].
In general, apoptotic cell induced tolDCs are important for
induction of immune tolerance [110, 111].They provide upreg-
ulation of Galectin-1 and CD205 [112], two molecules that
facilitate the manifestation of immune tolerance [113, 114].
At the same time, apoptotic cell treated DCs downregulate
Gr-1 and B-220 [112], two molecules triggering inflammatory
responses. These DCs furthermore downregulate the tran-
scription factor ROR𝛾t which is the decisive transcription
factor for Th17 differentiation. Not only does treatment
with apoptotic cells lead to induction of tolDCs but also
treatment with herbal coumarins [115] and the macrocyclic
antibiotic rapamycin [116] leads to tolDC induction. In vitro
generated tolDCs have already been successfully used for
the treatment of autoimmune disorders in animal models
and peripheral tolerance could be restored by administrating
tolerogenic DCs [117]. Approaches to treat autoimmune type
1 diabetes in a mouse model using nonobese diabetic (NOD)
mice with tolerogenic DCs were very successful [112]. To do
so, apoptotic islet cells were used to induce DC mediated
tolerance against own islet cells [118]. All these applications
lead to the question if transfer of tolerogenic dendritic cells
would also be an approach to treat IBD and, if yes, which
method to induce DC tolerance would be the method of
choice. A published approach for the treatment of Crohn’s
disease patients is in vitro generation of DCs followed by
pulsing with dexamethasone, proinflammatory cytokines IL-
6, IL-1𝛽, and TNF𝛼, and PGE

2
[119]. Concerning our findings

that a certain gut commensal, B. vulgatus mpk, efficiently
induces tolerant and tolerogenic DCs in vitro as well as in
vivo [59, 104, 105], we would recommend using host gut
commensal bacteria for in vitro tolDC generation. In order to
provide more potential luminal antigens presented by MHC-
II of tolDCs, a defined mixture of commensal bacteria could
be used.This would enlarge the amount of antigenic peptides
against which tolerance would be induced.
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Dendritic cells (DCs) are considered as one of the main regulators of immune responses. They collect antigens, process them, and
present typical antigenic structures to lymphocytes, thereby inducing an adaptive immune response. All these processes take place
under conditions of oxygen shortage (hypoxia) which is often not considered in experimental settings. This review highlights how
deeply hypoxia modulates human as well as mouse immature and mature dendritic cell functions. It tries to link in vitro results to
actual in vivo studies and outlines how hypoxia-mediated shaping of dendritic cells affects the activation of (innate) immunity.

1. Introduction

Dendritic cells (DCs) are major directors of immune
responses [1]. DCs are part of the innate immune system
and function as sentinels for pathogens at potential sites of
invasion (e.g., the skin or the gastrointestinal tract). Once
they have recognized pathogens DCs capture them and
process the respective antigen structures. Proteins are then
converted into peptides which are subsequently presented
on major histocompatibility complex (MHC) molecules and
recognized by T lymphocytes [2]. The dendritic cell drives
the immune response depending on the kind of antigen it
has taken up. If the host needs defense against an invaded
pathogen, DCs present the antigenic peptides to cytotoxic
CD8+ T cells and proinflammatory CD4+ T helper (Th1) cells
activating the lymphocytes via direct cell-cell contact and
proinflammatory cytokines such as interleukin- (IL-) 12 or
IL-6 [3, 4]. If autoimmunity or abundant inflammation needs
to be dampened DCs interact with regulatory T cells (Treg)
directly and via secretion of anti-inflammatory cytokines
such as IL-10 or retinoic acid (RA) [5–7]. What is often
hardly considered in experimental settings is the fact that all
processes directing the immune response of our organism
take place under deprivation of nutrients and oxygen. The
interplay of dendritic cells and lymphocytes either takes
place in severely inflamed tissue or in secondary lymphoid

organs. These tissues have been described to exhibit low
oxygen tensions. Oxygen distribution in the spleen and
lymphnodes is highly variable and hypoxic lymphocytes have
been identified in both organs [8]. The adaptation of cells to
reduced oxygen tensions is largely coordinated by hypoxia-
inducible factors (HIFs) which have come into the focus of
immunological research during the last ten years.

2. Criteria for This Review

Inflammatory hypoxia is increasingly recognized as a critical
determinant for the immune response. This review focuses
on mouse and human dendritic cells and their maturation
and activation under hypoxic conditions. By covering pub-
lications on in vitro studies a particular emphasis is put on
HIFs as coordinators of the genetic response to hypoxia.
The availability of mice with a DC-specific HIF-1𝛼 k.-o. now
allows a first appreciation of the potential role of hypoxia in
DC function in vivo.

2.1. Hypoxia-Inducible Factors
2.1.1. Posttranslational Modifications. Hypoxia-inducible fac-
tors belong to the family of basic helix-loop-helix proteins
[9]. They consist of one 𝛼- (HIF-1𝛼, HIF-2𝛼, or HIF-3𝛼)
and one common 𝛽-subunit (HIF-1𝛽 or ARNT, aryl carbon
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nuclear translocator) forming the DNA-binding transcrip-
tion factor dimer. Whereas the HIF-1𝛽 protein is not
affected by changes in oxygen tension HIF-𝛼 proteins are
only detectable under hypoxic conditions. HIF-1𝛼 mRNA
is expressed and transcribed in all nucleated cells whereas
the expression of HIF-2𝛼 is more limited. HIF-2𝛼 is found
especially in endothelial cells but also in immune cells such as
macrophages or dendritic cells. The role of HIF-3𝛼 remains
poorly defined so far, particularly in immune cells, and
this review will therefore focus on HIF-1𝛼 and HIF-2𝛼.
HIF-𝛼 proteins are under tight posttranslational control by
oxygen. Under normoxia, specific prolyl hydroxylase domain
containing enzymes (PHD 1, 2, and 3) use molecular oxygen
to immediately hydroxylate distinct prolyl residues of newly
synthesized HIF-𝛼-subunits. Hydroxylated HIF-𝛼 (OH-HIF-
𝛼) interacts with the von-Hippel-Lindau protein (pVHL)
E3 ligase complex that polyubiquinates OH-HIF-𝛼 leading
to instantaneous proteasomal degradation under normoxia
[10]. Thus, HIF-𝛼 proteins are oxygen-labile. In contrast,
under hypoxia, prolyl hydroxylases lack oxygen as a crucial
cosubstrate and are reduced in their enzymatic activity. HIF-
𝛼s can accumulate, translocate into the nucleus, and dimerize
with HIF-1𝛽.The transcription factor complexes HIF-1 (HIF-
1𝛼/HIF-1𝛽) and HIF-2 (HIF-2𝛼/HIF-1𝛽) recruit cofactors
such as p300/CBP (cAMP-response element binding protein)
and bind to hypoxia-responsive elements of target geneDNA.
In addition to proline hydroxylation, HIF-1𝛼 and HIF-2𝛼
can be hydroxylated at an asparagine residue in their C-
terminal part. Asparagine hydroxylation is controlled by
an oxygen-sensitive asparagyl hydroxylase, termed factor-
inhibiting HIF- (FIH) 1. FIH-1 activity under normoxia
prevents cofactor recruitment and transcriptional activity of
the HIF complex. HIFs have been shown to regulate more
than 100 genes that are involved in glucose metabolism, cell
death, cell cycle, angiogenesis, and erythropoiesis [11].

2.1.2. Inflammatory Stimulation. During the last decade it has
been recognized that many other factors are able to induce
HIF-𝛼 although HIF-1𝛼 has been studied more thoroughly
than HIF-2𝛼. Bacterial lipopolysaccharides (LPS) are able
to induce the NF-𝜅B pathway and HIF-1𝛼 mRNA has been
shown to be a target of classical NF-𝜅B activation by several
groups [12–15]. Recently it was shown that HIF-1 is one of
the essential modulators of the cytokine response to bacterial
LPS as it is crucial for the synthesis of IL-1𝛽 [16]. LPS induce
intracellular succinate which stabilizes HIF-𝛼 protein via
PHD inhibition. In macrophages, this led to increased IL-
1𝛽 synthesis and release [16]. Furthermore, HIF-1𝛼 protein
and mRNA expression have been shown to be induced
in macrophages purified from wounds. The authors could
show that elevated protein levels hereby depended on the
inflammatory cytokine TNF-𝛼 [17]. Reactive oxygen species
(ROS) have been shown to induce HIF-1𝛼 as well, although
this effect seemed to be time-dependent as external H

2
O
2

induced HIF-1𝛼 protein in human osteosarcoma cells at early
time points but suppressed it later on. HIF-1 target gene
expression was suppressed over the whole time period [18].
Nitric oxide (NO∙) has been shown to induce HIF-1𝛼 in
normoxic macrophages stimulating macrophage migration

by modulating the actin cytoskeleton via small GTPases
[19]. The role of HIF-2 in the function of immune cells has
been studied much less. Imtiyaz et al. [20] have charac-
terized macrophages lacking HIF-2𝛼 under immunological
settings. Macrophage NO∙ production and expression of
costimulatory molecules CD86 and MHCII were unaffected
by loss of HIF-2𝛼, but Imtiyaz and coworkers found profound
changes in cytokine mRNA expression and protein release
after stimulation with LPS and interferon 𝛾 (IFN𝛾). Murine
bone-marrow-derived macrophages lacking HIF-2𝛼 showed
reduced induction of IL-1𝛽, IL12p35, Cxcl2, and IL-6 mRNA
levels under inflammatory hypoxia whereas hypoxia alone
if at all only moderately affected mRNA expression of these
genes. Moving to in vivo models the authors found that
macrophage HIF-2𝛼 was required for an adequate immune
response to cutaneous and peritoneal irritants [20]. Fur-
thermore, loss of macrophage HIF-2𝛼 prevented infiltration
of tumor associated macrophages (TAMs) in models of
hepatocellular carcinoma and colitis-associated cancer which
inhibited tumor growth [20]. The role of HIF-2 in the
function of dendritic cells under hypoxia is almost completely
unexplored, although Filippi et al. could show that human
dendritic cells express HIF-2𝛼mRNA [21].

HIF-1 activity has been shown to be induced by a number
of viral infections as well. The human immunodeficiency
virus HIV-1 induces HIF-1𝛼 protein via induction of intra-
cellular ROS. HIF-1 associates with the HIV long-term repeat
to induce HIV gene transcription [22]. Hepatitis Bx protein
(Hbx) increases the stability of HIF-1𝛼 protein via p42/44
mitogen-activated protein kinases (MAPK). Transactivation
of HIF-1 is also increased as Hbx induces the interaction of
the transcription factor with CBP, one of the cofactors HIFs
recruit for DNA binding [23]. Kaposi’s sarcoma-associated
herpesvirus (KSHV) and Epstein-Barr-Virus (EBV) induce
HIF-1𝛼 protein by increasing the proteasomal degradation
of proteins involved in the normoxic degradation of HIF-
1𝛼. LANA, KSHV latency-associated nuclear antigen [24],
increases the degradation of pVHL whereas the PHDs 1
and 3 are degraded by proteasomes upon EBV infection
[25]. Furthermore, KSHV expresses functional HREs in the
promoter regions of viral genes which could be activated in
vitro by binding of eitherHIF-1𝛼 orHIF-2𝛼 [26]. Taking these
data into consideration, activation of HIF-1 (and potentially
HIF-2) in viral infections seems to bring benefit to the
pathogen rather than the host.

2.2.Dendritic Cells andHIFs. DCs are central in coordinating
immune responses against pathogens: whenever they reg-
ister pathogens they pick them up, process the proteins of
pathogens, and present typical antigenic peptides to cells of
the adaptive immunity. These processes do not only activate
the cell but also induce DC differentiation and maturation
andmake themmigrate towards secondary lymphoid organs.
DC differentiation and maturation are accompanied and at
least in part defined by the upregulation of costimulatory
molecules such as CD80 and CD86 [27]. Furthermore,
mature dendritic cells express high levels of surface MHCII
and CD40 and are able to secrete IL-12 [27].This is important
as DCs have to function as antigen presenters and producers
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of IL-12 at the same time to induce differentiation and
proliferation of Th1 cells [3]. Until now, several groups have
analyzed DC function under hypoxic conditions.

2.3. In Vitro Analysis. For human DCs it has been shown
that differentiation of DCs from blood monocytes under
hypoxia resulted in a more active phenotype exhibiting
a higher ability to stimulate allogeneic T cell responses.
Furthermore, hypoxic immature DCs have been shown to
downregulate bacterial phagocytosis and exhibit an increased
migratory capacity. Several groups have contributed to the
current knowledge on the underlying mechanisms: Elia et al.
[28] and Ricciardi et al. [29] have found higher expression
of the costimulatory molecules CD80, HLA class II, and
CD86 on the cellular surface of hypoxic immature DCs. In
contrast, costimulatory molecule expression appeared not to
be different between mature hypoxic or normoxic DCs [28].
Ogino et al. [30] reported that hypoxic immature like mature
DC exhibited higher allo-T cell stimulation than normoxic
DCs.This finding was partly supported by Elia et al. [28] who
also found this effect for hypoxic immature DCs. Spirig et
al. [31] exposed immature monocyte-derived DCs to hypoxia
but could not detect any differences in the expression of
costimulatory markers. In turn, LPS-mediated maturation of
these cells was augmented by hypoxic conditions [31]. Rama
et al. [32] in contrast observed a hypoxia-mediated differ-
entiation of immature human monocyte-derived DCs. They
exposed the cells for longer time periods to harsher hypoxic
conditions than Spirig and coworkers and could detect a
higher expression of CD40 after hypoxic treatment. Hypoxia
also led to higher T cell stimulatory activity of DCs and this
effect could be blocked by inhibition of the HIF pathway [32].
Of note, maturation of DCs under hypoxia leads to a shift
in the expression of chemokines and chemokine receptors.
While chemokines get downregulated chemokine receptors
are upregulated indicating that hypoxia may favor migratory
capacity of mature DCs carrying cytokine receptors rather
than immunologic functions such as immune cell recruit-
ment [29, 33]. Filippi et al. could recently show that short-
term hypoxia induces the migratory capacity of immature
and mature DCs in an in vitro migration assay and that this
effect depends on the expression of HIF-1𝛼 [21]. In contrast
to the enhanced migratory capacity hypoxic DCs exhibit a
reduced phagocytic activity. Several groups have shown that
hypoxia downregulated antigen uptake by immature DCs
[28, 30] in amanner that seemed to be independent ofHIF-1𝛼
[30].These in part divergent reports may in fact be explained
by some still existing uncertainties about the actual degree of
cellular hypoxia under different experimental conditions. In
addition, the duration of hypoxic exposure will affect the DC
response as well as continuous versus intermittent hypoxia.

Hypoxia did not change costimulatory molecule expres-
sion of mature DCs, but several groups have found other
hypoxia-dependent changes inmature DC function. Chronic
hypoxia promoted the onset of a highly proinflammatory
gene expression profile inmatureDCs generated fromhuman
monocytes [34]. Hypoxic mature DCs thereby showed
induced gene expression of cytokines and chemokines that
are known to induce endothelial cell survival, recruitment

and adhesion of mononuclear phagocytes, and recruitment
and activation of predominantly Th1/Th17 cells [34]. Yang et
al. [35] extended this knowledge and showed that hypoxic
mature DCs upregulated the expression of A2B adenosine
receptor (A2BAR) and thereby predominantly induced Th2
activation. In 2011, Bosco et al. found that chronic hypoxia
potently induced the cell surface expression of triggering
receptor expressed on myeloid cells- (TREM-) 1 on mature
DCs [36]. The authors illustrated a transient induction
depending on the severity of hypoxia and they identified
an HRE in the promoter region of TREM-1. Silencing of
HIF-1𝛼 decreased TREM-1 protein levels. Additional work
of the same group has shown that hypoxia induces TREM-1
expression also in immature DCs [37]. TREM-1 cross-linking
has been associated with an induced release of inflammatory
cytokines such as TNF-𝛼, IL-6, and chemokines such as
CXCL8, CCL4, and CCL5. In addition, TREM-1 cross-
linking has been shown to induce the release of IL12p70,
a cytokine inducing Th1 immune responses. This would
mean that hypoxia does not only favor migration of mature
DCs but also modulates their inflammatory repertoire to
attract other immune cells and to direct T cell activation.
Thus, for human dendritic cells it seems appropriate when
Bosco and Varesio claim a “dendritic cell reprogramming by
hypoxic environment” [38]. Examples of how hypoxia affects
differentiation and cytokine response of human dendritic
cells can be found in Table 1.

Jantsch et al. reported that murine bone-marrow-derived
dendritic cells upregulate CD80 and CD86 after exposure to
hypoxia and bacterial LPS in an HIF-1-dependent manner.
Consistent with these findings DCs cultivated under hypoxic
conditions were less efficient in antigen uptake as they
showed a more mature phenotype. In contrast, hypoxic
treatment (24 h) alone was not able to induce expression of
costimulatorymolecules on the surface of BmDCs [41].These
findings appear to be in conflict with the results of Köhler
et al. This group used a conditional knockdown of HIF-1𝛼
in BmDCs (by crossing HIF-1𝛼+f/+f mice with CD11c-crewt/tg
animals) rather than a siRNAapproach and they kept BmDCs
under normoxic or hypoxic conditions during the whole
process of differentiation from bone marrow cells [42]. DCs
differentiated for six days under hypoxic conditions showed
amarked upregulation of CD80, CD86, andMHCII but none
of these molecules showed an HIF-1𝛼 dependent regulation.
These somehow contradictory results may be explained by
the different exposure times to hypoxia. The work of Köhler
et al. instead revealed changes in cytokine expression of
hypoxic DCs which were mainly unaffected by loss of HIF-
1𝛼. Only secretion of IL-22 seemed to be HIF-1𝛼 dependent
when BmDCs were differentiated under hypoxic conditions.
In addition, only DCs expressing functional HIF-1𝛼 showed
an increase of surface CCR7 after hypoxic differentiation.
This led to a reduced migration of HIF-1𝛼 deficient dendritic
cells [42]. Further experiments regarding DC stimulation
with defined pathogens revealed that bacterial CpGs but
not viral poly(I:C) were able to stabilize HIF-1𝛼 protein
[43]. Jantsch et al. concluded that MyD88 is essential to
induce inflammatory, HIF-1-dependent gene transcription
(MyD88 is not involved in intracellular TLR3 signaling
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Table 1: Gene expression changes induced by hypoxia in human DCs.

Gene(s) Changes in
gene expression Gene function HIF dependency References

cd80, cd83, cd86, hla II, and cd40 ↑ Costimulatory molecules cd83: yes [30]
cd40: yes [32] [28–30, 32]

cx3cr1, ccr3, ccr2, and cxcr4 ↑ Chemokine receptors [29]
ccl13, ccl14, ccl18, ccl23, ccl24, and ccl26 ↓ Chemokines [29]
tnfsf14 ↑ Stimulation of T cells [29]
vegf ↑ Angiogenesis Yes [29]

il-8,mif ↑ Inflammatory cytokines
il-8: dependency shown for human
mesenchymal stem cells [39]
mif: yes [40]

[29]

trem-1 ↑

IRS receptor, triggers release of
inflammatory cytokines Yes [36, 37]

cxcl2, cxcl3, cxcl5, cxcl6, and cxcl8 ↑ Neutrophil recruitment HRE found in cxcl2, cxcl5, and
cxcl6 [34]

ccl20, ccl3, and ccl5 ↑

Recruitment of activated T cells,
monocytes, and immature DCs HRE found in all of them [34]

ccl18, ccl23 ↓

Chemoattractants for
näıve/resting T cells Most likely indirect [34]

a2bar ↑ Adenosine receptor Yes [35]

Table 2: Gene/protein expression changes induced by hypoxia in murine DCs.

Gene(s)/protein(s) Changes in gene/protein expression Gene/protein function HIF dependency References

cd80, cd86
Unaffected in differentiated BmDCs after
24 h of hypoxia
↑ after hypoxia + LPS
↑ after hypoxic differentiation of BmDCs

Costimulatory molecules Yes
No

[41]
[42]

nos2 ↑ after hypoxia + LPS ROS production Yes [43]

IFN𝛼4, IFN𝛼12 ↑ after hypoxia + LPS Type I interferon Most likely
indirect [44]

IFN-𝛽 ↑ after hypoxia + LPS Type I interferon Most likely
indirect [44]

IL-22 ↑ after hypoxic differentiation of BmDCs Inflammatory cytokine Yes [42]
CCR7 ↑ after hypoxic differentiation of BmDCs Chemokine receptor Yes [42]
id2 ↑ after hypoxic differentiation of pDCs Inhibits pDC lineage determination Yes [45]

triggered by poly(I:C)). One potential target gene of HIF-
1 in DCs cultivated under inflammatory hypoxia (hypoxia
+ LPS or hypoxia + CpGs, resp.) was inducible nitric oxide
synthase. Along that line Wobben et al. [44] reported that
LPS as well as CpGs could stimulate HIF-1𝛼 protein in
BmDCs generated from control and conditional HIF-1𝛼
knockout animals (deletion of the DNA binding domain of
HIF-1𝛼 under the control of the lyz2-cre-promoter; BmDC
cultures of these mice show knockout in generated DCs,
although circulating dendritic cells do not express lyz2-cre-
promoter). Furthermore, BmDCs lacking functional HIF-
1𝛼 protein showed severe deficiencies in the release of type
I interferons after LPS stimulation and could not induce a
proper T cell activation in an in vitro CD8+ lymphocyte
activation assay [44]. Last but not least HIF-1-induced gene
expression has been found to modulate the differentiation
of murine plasmacytoid DCs (pDCs). Fms-related tyrosine
kinase 3-ligand (flt-3L) induced differentiation of pDCs from
murine bone marrow cells was dramatically reduced upon

hypoxic cultivation and this effect was not found when
pDCs were lacking HIF-1𝛼. Inhibitor of DNA binding 2 (id2)
was identified as suppressor of differentiation. id2 thereby
seemed to be exclusively regulated by HIF-1 as a loss of HIF-
2𝛼 in the respective cells could not hinder suppression of
differentiation [45]. Examples on how hypoxia affects the
differentiation and cytokine response of murine dendritic
cells can be found in Table 2.

2.4. In Vivo Models. Until now, there are only few published
studies that address the role of HIFs in dendritic cells in
inflammatory settings. Weigert et al. [45] have analyzed the
role of HIFs for plasmacytoid DC differentiation and found
that HIF-1𝛼 limited pDC generation in the bone marrow. In
its absence, pDC development was encouraged and numbers
of pDC increased. When mice with breast tumors in a
PyMT-MMTV model were crossed with HIF-1𝛼+f/+f lyz2-
cre mice lacking functional HIF-1𝛼 in myeloid cells Weigert
et al. observed markedly enhanced numbers of pDC within
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the tumors compared with WT controls [45]. Whether this
affects tumor progression and disease outcome still has to be
analyzed. Köhler et al. [42] have assayed the ability of BmDCs
differentiated under hypoxic conditions to get recruited to
secondary lymphoid organs. For this purpose, they gen-
erated differentially labeled BmDCs from HIF-1𝛼+f/+f and
HIF-1𝛼+f/+f CD11c-cre mice under normoxic and hypoxic
conditions and injected equal amounts of WT and HIF-1𝛼
k.-o. BmDCs into the footpad of mice. Due to the different
labels they could distinguish how many WT or knockout
DCs had migrated towards the popliteal lymph nodes and
found that the hypoxic increase in DC migration was HIF-
1 dependent [42]. Three other models have been used to
elucidate the influence of dendritic cell HIF expression on
their interaction with T cells. First, vaccination efficacy has
been addressed and second two models of inflammation
were investigated, namely, Leishmania infection and dextran
sodium sulfate- (DSS-) induced murine colitis [46–48].
Bhandari et al. studied HIF-1𝛼+f/+f Tie2-cre mice showing
knockout not only in endothelial but also in hematopoietic
cells. They vaccinated HIF-1𝛼+f/+f and HIF-1𝛼+f/+f Tie2-cre
mice with a synthetic OVA peptide that specifically induced
a CD8+ T cell response. Analysis of IFN𝛾 release by specific
T cells in the spleens eight days after vaccination revealed
that dendritic cells lackingHIF-1𝛼 very insufficiently induced
T cell activation compared to WT DCs. In addition to this,
HIF-1𝛼+f/+f Tie2-cre mice showed reduced titers of specific
OVA antibodies [46].

Very recent studies used mouse models with dendritic
HIF-1𝛼 knockout in inflammatory settings in vivo. Ham-
mami et al. [47] analyzed HIF-1𝛼+f/+f and HIF-1𝛼+f/+f

CD11c-crewt/tg animals in Leishmania infection. Somehow in
contrast to Bhandari et al. [46] they found that ablation of
HIF-1𝛼 in dendritic cells resulted in a more efficient immune
response. This comprised increased production of IL-12,
induced expansion of CD8+ cells, and higher frequency of
short-lived effector cells, a specializedCD8+ T cell population
that can be found in resolving acute infection. Leishmania
infection led to upregulation of HIF-1𝛼 in splenocytes.
This could be shown to restrict CD8+ T cell expansion as
hemizygous HIF-1𝛼+/− mice exhibited a significantly higher
expansion of CD8+ cells. HIF-1𝛼 expression in dendritic cells
in turn exacerbated disease [47].

Fully in line with these findings that HIF-1𝛼 dampens
the inflammatory response, but with a different consequence
for the outcome of these mice, Flück et al. reported that
HIF-1𝛼 is essential for dendritic cells to induce regulatory T
cells (Tregs) in a model of acute DSS-colitis [48]. HIF-1𝛼+f/+f

mice and HIF-1𝛼+f/+f CD11c-crewt/tg animals received equal
amounts of DSS, but loss of dendritic HIF-1𝛼 caused more
abundant inflammation and worse outcome for the animals.
Mesenteric lymph nodes of HIF-1𝛼+f/+f CD11c-crewt/tg ani-
mals showed significantly reduced expression of the anti-
inflammatory cytokine IL-10 and of transforming growth
factor- (TGF-) 𝛽—both are potent inducers of Tregs. In
addition, the authors found a strongly reduced expression
of aldehyde dehydrogenase (Aldh) 1a2, which is necessary

for dendritic cells to catalyze retinal to retinoic acid (RA).
RA also promotes Treg differentiation in the lymph node
[7]. T cells of these lymph nodes in turn showed reduced
expression of the retinoic acid receptor (RAR) 𝛼 and dimin-
ished expression of the gut homing markers CCR9 and
𝛼4𝛽7 integrin. HIF-1𝛼 deficiency in DCs thus abrogated their
ability to induce Treg proliferation in secondary lymphoid
organs and disrupted Treg homing towards the inflamed gut.
Apart from the interplay between dendritic cells and T cells
predominantly occurring in the mesenteric lymph nodes the
authors could also show that the loss of HIF-1𝛼 by DCs
affected the crosstalk between DCs and intestinal epithelial
cells (IECs) causing IECs to produce more mucins and
therefore overcome intestinal barrier damage. Another hint
that loss of dendritic HIF-1𝛼may affect the crosstalk between
DCs and IECs was the finding that only HIF-1𝛼+f/+f mice
exhibited increased levels of thymic stromal lymphopoietin
receptor (TSLPR) in DSS colitis. IECs release TSLP, which
conditions mucosal DCs to noninflammatory tolerogenic
DCs. A reduced expression of the respective receptor may
drive DCs towards a more inflammatory phenotype. Figure 1
summarizes the effects of (inflammatory) hypoxia and HIF-
1𝛼 knockout on dendritic cells as it has been discussed above.

3. Conclusion

Dendritic cells normally have to function under conditions
of inflammatory hypoxia. Not only inflammatory stimuli,
but also hypoxia profoundly affects their cellular function.
The key transcription factors regulating DCs’ adaptation to
conditions of (inflammatory) hypoxia are hypoxia-inducible
factors (HIFs) 1 and 2.

Hypoxic culture of immature DCs induces expression
of costimulatory molecules such as CD80, CD86, and HLA
class II/MHCII [28, 29]. Whether these effects are dependent
on hypoxia-inducible factor- (HIF-) 1 or not is still under
debate [41, 42]. In contrast, HIF-1 is well recognized to affect
migratory capacities of human and murine dendritic cells,
most likely by shaping the cellular chemokine/chemokine
receptor profile [21, 29]. Until now, only very few in vivo
studies have addressed the role of HIFs for dendritic cell
function; however these studies indicate that HIF-1 affects
(i) differentiation of plasmacytoid dendritic cells in the
bone marrow [45], (ii) migration of DCs towards secondary
lymphoid organs [42], (iii) CD8+ T cell activation and release
of pathogen-specific antibodies [46], (iv) expansion of CD8+
T cells and short-lived effector cells [47], and (v) induction
of Tregs [48]. The studies of Hammami et al. [47] and Flück
et al. [48] used the identical dendritic cell-specific HIF-
1𝛼 knockout model (HIF-1𝛼+f/+f CD11c-crewt/tg) in different
inflammatory settings. Very strikingly, both studies reported
findings tending in the same direction but with very different
outcomes for the treated animals. In both studies, dendritic
cells lacking HIF-1𝛼 were the more potent inducers of an
inflammatory response—with benefits for the outcome in
Leishmania infection [47] but abundant inflammation and
more severe illness in DSS colitis [48]. Clearly, more in
vivo studies are needed to better understand the fragile
balance between necessary induction of immunity to fight
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Figure 1: Features of dendritic cells in the presence or absence of active HIF-1𝛼. Dendritic cells expressing HIF-1𝛼 have been shown to induce
costimulatory molecules (CD80, CD86, andMHCII/HLA class II) under inflammatory hypoxic conditions. Transcripts of nod2, cxcr4, cxcr1,
ccr3, ccr2, trem-1, il-8, andmif are upregulated. Induced expression of CCR7 favors migration of DC towards secondary lymph nodes. These
DCs are potent inducers of Tregs via TGF-𝛽, IL-10, RA, and IL-22 although they are able to induce a robust early T cell activation by secretion
of type I interferons. Via TSLP, DCs in the gut may be shifted towards a tolerogenic phenotype (∗: TSLPR expression is limited to gut DCs).
Dendritic cells lacking HIF-1𝛼 under inflammatory conditions secrete steady high levels of IL-12 and thereby induce a robust activation of
proinflammatory T cell populations. They upregulate transcripts of chemokines to attract more immune cells.

a disease and overactivation of immune cells damaging the
host. Hypoxia-inducible factors may thereby be important
transcriptional regulators in the balance of the immune status
of dendritic cells.
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[42] T. Köhler, B. Reizis, R. S. Johnson, H. Weighardt, and I. Förster,
“Influence of hypoxia-inducible factor 1𝛼 on dendritic cell dif-
ferentiation and migration,” European Journal of Immunology,
vol. 42, no. 5, pp. 1226–1236, 2012.
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Leishmaniasis is a group of neglected diseases whose clinical manifestations depend on factors from the host and the pathogen.
It is an important public health problem worldwide caused by the protozoan parasite from the Leishmania genus. Cutaneous
Leishmaniasis (CL) is the most frequent form of this disease transmitted by the bite of an infected sandfly into the host skin.
The parasites can be uptook and/or recognized by macrophages, neutrophils, and/or dendritic cells (DCs). Initially, DCs were
described to play a protective role in activating the immune response against Leishmania parasites. However, several reports showed
a dichotomic role of DCs in modulating the host immune response to susceptibility or resistance in CL. In this review, we discuss
(1) the interactions between DCs and parasites from different species of Leishmania and (2) the crosstalk of DCs and other cells
during CL infection. The complexity of these interactions profoundly affects the adaptive immune response and, consequently, the
disease outcome, especially from Leishmania species of the NewWorld.

1. Introduction

Leishmaniasis are a complex of vector-borne diseases caused
by an intracellular protozoan parasite from Leishmania
sp. (Kinetoplastida, Trypanosomatidae). Its clinical spec-
tra depends largely on parasite species and host immune
response. Although the disease has been known and stud-
ied for a long time, it is still considered as a neglected
and public health problem worldwide. Such diseases affect
approximately 12 million people in 88 countries, where 350
million inhabitants are exposed, mainly in remote rural areas
and underserved urban areas [1]. The clinical forms range
fromasymptomatic infection to twomain clinical syndromes:
visceral leishmaniasis (VL) and cutaneous leishmaniasis
(CL).

VL is a chronic infection, fatal if not treated. It is
characterized by progressive fever, weight loss, splenomegaly,
hepatomegaly, anemia, and spontaneous bleeding associated
with marked inflammatory imbalance [2]. The hallmark of

this disease is thought to be a lack of cellular immune
response against the parasite and high systemic levels of IFN-
g and IL-10 [3].

CL is the most frequent form of this disease. It is
characterized by chronic evolution, which affects the skin
and cartilaginous structures [4]. The main clinical forms
of diseases associated with CL are the Localized Cutaneous
Leishmaniasis (LCL), Mucocutaneous Leishmaniasis (ML),
disseminated and diffuse Leishmaniasis [1].

LCL is mainly caused by the species Leishmania tropica,
L. aethiopica, and L. major in the Old World. However, New
World LCL ismainly caused bymultiple species of both Leish-
mania subgenera Leishmania (L. amazonensis, L. infantum,
L. mexicana, and L. venezuelensis) and Viannia subgenera (L.
braziliensis, L. guyanensis, L. panamensis, and L. peruviana).
The incubation period lasts on average from 2 weeks to 3
monthswith the appearance of papules or nodules and, some-
times, is preceded or accompanied by the swelling of under-
lying nodes. The hallmark of this illness is the development
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of single or multiple ulcerated dermal lesions. Over time, the
lesion may evolve spontaneously to healing or develop into
different frames of gravity in ulceration of the lesion with its
expansion [4].

Some patients (a fraction of 3%) may develop the ML,
caused by the infection with L. braziliensis and L. guyanensis.
The symptoms are associatedwith the destruction of the nasal
cavity and oropharyngeal tissues [4]. Genetic diversity of
Leishmania species contributes to the difficulty of controlling
the disease and to the increase in the number of cases that are
resistant to conventional treatment [5]. Although both forms
of CL are rarely fatal, they can cause nasty scars on the skin
and severe problems in the oropharyngeal device [4].

Dendritic cells (DCs) are a family of professional antigen-
presenting cells (APCs) that resides in all peripheral tissues in
an immature state, capable of antigen uptake and processing.
As such, they function as sentinel of the immune system.
After contact with microorganisms or substances associated
with infection or inflammation, DCs undergo a process of
maturation and migrate to the T cell areas of lymphoid
organs.There, they present antigens to näıve T cells andmod-
ulate their responses [6]. The maturation process consists of
(1) increased expression of major histocompatibility complex
(MHC) and costimulatory molecules, such as CD40, CD80,
CD86, and CD54; (2) downregulation of antigen capture
and phagocytic capacity; (3) enhanced cytokine secretion;
(4) different patterns of chemokine receptor expression and
chemokine production, enabling DC migration and recruit-
ment of other cell types [7, 8].

DCs are able to take up antigens via different groups of
receptor families, such as Fc receptors, C-type lectin receptors
(CLRs), and pattern recognition receptors (PRRs), such as
Toll-like receptors (TLRs) [9]. The engagement between
ligand and its receptor enables DCs to recognize a wide range
of microbial stimuli [10].

DCs are a heterogeneous population of cells that can
be divided into 2 main categories: the plasmacytoid DCs
(pDCs), experts in type I interferon synthesis, and the
conventional DCs (cDCs), specialized in antigen capture,
processing, and presentation for T cell priming. pDCs consti-
tutively express MHC class II molecules and lineage markers,
such as CD45RA/B220+, Ly6C/GR-1+, and siglec-H [11–13].
Two cDCs subsets can be distinguished based on functional
specialization. cDC1s are particularly efficient in CD8+ T cell
activation and cross-presentation. cDC2s are most efficient
for CD4+ T helper polarization, especially Th2 or Th17 [14].
In mice, cDC1s express high levels of CD8𝛼 or CD103 [15,
16] and cDC2s express CD11b and CD172a (also known as
SIRP𝛼) [17]. In humans, DCs can be subdivided into two
main populations: CD141+ DCs (also referred to as BDCA3+)
and CD1c+ DCs (also known as BDCA1+). Based on gene
expression profiles and functions similarities, human CD141+
DCs and CD1c+ DCs resemble those of mouse cDC1s and
cDC2s, respectively [18–21]. Also, monocytes can adopt a
DCmorphology and antigen-presenting functions in inflam-
matory sites, leading to their designation as monocytes-
derived DCs (MoDCs) [22, 23]. In mice, MoDCs derived
from Ly6Chi monocytes can express CD11c and MHC class
II, and, similarly to macrophages, F4/80 and CD64 [23, 24].

In humans, MoDCs derived from CD14+ monocytes and
can express CD1a [24]. Langerhans cells (LCs) present DC
morphology and antigen-presenting functions in the skin
[25, 26].They constitutively express major histocompatibility
complex (MHC) class II and high levels of the lectin Langerin
[27].Themost current phenotypes described for each type of
DC are summarized in Table 1.

Several reports show a central role for DCs in orches-
trating immune responses in leishmaniasis [28–30]. In this
review, we discuss the heterogeneity of the interaction
between DCs and different species of Leishmania that causes
CL.

2. Interaction of DC with
Different Leishmania Species

Infection with Leishmania parasites leads to lifelong immu-
nity against the same subspecies, after the infection is healed.
Experimental models of CL infections are largely used to
study the mechanism under this lifelong immunity. Most of
these studies have been carried out by inoculation of L.major,
a species present in the Old World. However, experimental
studies with the New World Leishmania sp., such as L.
amazonensis and L. braziliensis, are scarce.This reinforces the
importance of studies about the immune response induced by
specific species of Leishmania.

2.1. Interaction of DC Subtypes with Leishmania major. Cur-
rent paradigms of the involvement of T helper subsets in
infectious diseases are based, in large part, on the results
of studies about resistance and susceptibility to L. major
in inbred mice. In murine LCL, BALB/c mice respond to
infection with production of Th2-type cytokines, in par-
ticular IL-4 and IL-10. These cytokines are associated with
disease progression and susceptibility to L.major. In contrast,
recovery from infection of resistant mice (e.g., C57BL/6)
depends on the induction of a polarized Th1-type response,
resulting in macrophage activation and killing of parasites.

Early studies demonstrated that epidermal LCs phagocyte
L. major in vivo andmigrate to draining lymph nodes (dLNs)
for presentation to antigen-specific T cells [31]. However,
later studies showed that DCs harboring parasites in dLNs
are Langerin negative and express dermal DC markers [32].
Besides, mice deficient for MHC class II exclusively in LCs
(but not in dermal DCs) control L. major infection, similar
to wild type animals [33]. This finding suggests that LCs are
dispensable for triggering T cell response during Leishmania
infection. Moreover, a recent study showed that LCs might
even play a pathogenic role during low dose infection via
the induction and expansion of regulatory T cells [34].
Some studies showed that dermal DCs harboring parasites
migrate out of the skin and transport antigens to the dLNs
[32, 35]. Another study suggested that blood MoDCs might
phagocyte parasites and transport them to the dLN, where
they present parasite-derived antigen to T cells [29]. In this
way, depending on the tissue and the subtype involved, DCs
could have different biological response towards Leishmania
interaction.
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Table 1: Summary of current phenotypes described for different DC subsets.

DC type Phenotype/markers Function Reference

Plasmacytoid DC (pDC) MHC-II, CD45RA/B220,
Ly6C/GR-1, Siglec-H Type I-IFN synthesis [11–13]

Conventional DC type 1 (cDC1) CD8𝛼, CD103 (mice);
CD141/BDCA3 (humans) Antigen cross-presentation, CD8𝛼+ T cell activation [15, 16, 18, 19]

Conventional DC type 2 (cDC2) CD11b, CD172/SIRP𝛼 (mice);
CD1c/BDCA1 (humans) CD4+ T cell polarization [17, 20, 21]

Monocyte-derived DC (MoDC) CD11c, MHC-II, F4/80, CD64
(mice); CD1a (humans) Antigen presentation at inflammatory sites [23, 24]

Langerhans cell (LC) MHC-II, Langerin Antigen presentation in the skin [25–27]

The production of IL-12 by APCs is critically important
for the polarization of naı̈ve T cells toward Th1 subset and
subsequent IFN-𝛾 production [30, 36]. Infection of DC
with L. major results in functional IL-12p70 production
[37]. Interestingly, DC subsets are differentially permissive
to Leishmania parasites and this differential infectivity seems
to be inversely correlated with the ability of infected cells to
produce IL-12p70 [38, 39]. CD8𝛼+ DCs are less permissive
to L. major amastigotes compared to CD8𝛼− DCs. However,
CD8𝛼+ and CD103+ DCs are the most powerful IL-12p70
producers in response to this infection [36, 38]. The mech-
anism(s) that control the induction of IL-12 from DCs and
the functional differences between IL-12-producing DCs and
nonproducers are still not known.

It has been speculated that different outcomes of Leish-
mania infection between resistant and susceptible mice may
be related to differences in their DC functions, particularly in
the differentiation of näıve TCD4+ into effector cells [40, 41].
However, L. major-infected skin-derived DCs from BALB/c
and C57BL/6 mice upregulated costimulatory molecules and
produced comparable levels of proinflammatory cytokines
[30]. In further contrast, LCs from BALB/c mice upregulate
IL-4 receptor expression and downregulate IL-12p40 produc-
tion in response to L. major infection [42]. These findings
suggest that L. major is able to inhibit Th1 immune response
through altering DCs functions, depending on the cell type
involved. Baldwin et al. [43] found that L. major-infected
BALB/c mice have an increased number of plasmacytoid
DCs in their dLNs [43]. This was associated with increased
pDC recruitment early after infection, compared to infected
C57BL/6 mice.

Ashok and Acha-Orbea [44] proposed a model of infec-
tion based on DCs subtypes at the different time points after
L. major infection. This model nicely explains many features
and contradiction in the role of DCs subsets in cutaneous
leishmaniasis: (1) dermal DCs and LCs play a role early in
infection and (2)monocyte-derived dendritic cells and lymph
node resident DCs are important to establish an efficient
immune response at later time points [44]. However, this
proposed model only focuses on DCs role in murine models
based on L. major infection. It is not clear whether the
differences observed in DCs from susceptible and resistant
mice are relevant to the pathogenesis of the disease in
humans. At present, there is still limited information on
initial or late DC responses to other species of Leishmania

and their contribution to prime protective or pathogenic T
cell responses in cutaneous leishmaniasis.

2.2. Role of DCs Interaction with Other Leishmania Species.
Even though cutaneous leishmaniasis is caused by almost 20
species of Leishmania, most studies about the role of DCs
are focused on experimental models of 4 species: L. major,
L. mexicana, L. amazonensis, and L. braziliensis.

The role of Langerhans cells (LCs) was examined in
patients with different forms of cutaneous leishmaniasis (CL)
caused by the New World Leishmania sp. (L. braziliensis,
L. mexicana, and L. amazonensis) [45, 46]. The analysis of
LCs density among different clinical forms of CL showed
a reduced LC density in L. braziliensis infection with a
positive DTH response (delayed type IV hypersensibility). In
comparison to nonreactiveDTH from severe forms caused by
L. amazonensis, an increase of LC density was observed [46].
These results indicate a species-specific negative correlation
between LC density and DTH reaction among clinical forms
of CL. This could lead to a suppression of T cell immune
response. However, in CL caused by L. mexicana, the LCs
density is similar betweenmild and severe clinical forms [45].
These findings indicate that L. amazonensis may use LCs to
prime regulatory T cells, inhibiting the T cell responses, in a
similar way to L. major infection [34].

Moreover, corroborating this clinical observation, exper-
imental evidence confirms that early stages of L. amazonensis
infection in BALB/c mice may impair multiple immune
functions, leading to an antigen-specific T cell immune
suppression [47]. Similar results were observed in murine
and human DCs infected in vitro by L. amazonensis [48,
49]. However, for L. braziliensis murine infection, a full
DC maturation process and activation were observed [50].
Together, these studies point out the specificity of strategies
from different Leishmania species tomodulate T cell immune
response through DCs. Besides, there is a lack of information
about the importance of other DC types for the development
of different clinical forms caused by one species.

The dynamics of DCs migration to lymph nodes and
to nonlymphoid tissues is also an important issue for the
disease outcome. DCs progenitors andmonocytes terminally
differentiate into DCs subsets, depending on the nonlym-
phoid tissue they migrate, such as the skin. When activated,
skin DCs upregulate CCR7 and migrate again to draining
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lymph node via afferent lymphatics in response to CCL19 and
CCL21 [14, 51]. The migration of monocyte-derived DCs to
the lymph nodes is driven by CCR2 and its ligands [52]. In
VL, there is a lack of protective immune response, partially,
due to an altered DC migration to the spleen and dLNs [53–
56]. This is also observed in CL. During L. major infection,
MoDCs are preferentially recruited to the infected skin and
dLN. They are important to mediate a Th1 response and to
control the infection [29]. Such enhanced recruitment of DCs
to dLN leads to hypertrophy of the LN, which is associated
with a protective response against L. major [57]. On the other
hand, L. mexicana infection induces limited recruitment of
MoDCs and decreased LN expansion, without affecting T
cell proliferation [58, 59]. This diminished recruitment is
independent of IL-10 and leads to disease progression, since
treatmentwith neutralizing antibodies against IL-10 increases
MoDCs migration and decreases parasite burden [59]. The
modulation of DC recruitment to the infected skin and dLN
could be used as amechanismof immune evasion by different
Leishmania sp. that causes CL.

3. Differences in Recognition of
Leishmania Parasites by DCs

DCs express a wide variety of pattern recognition recep-
tors (PRRs) that are important for initiating and directing
subsequent adaptive immunity. The recognition of pathogen
associated molecular patterns (PAMPs) can vary among
species of Leishmania. de Veer et al. [60] found that MyD88
deficient (MyD88−/−) C57BL/6 mice are more susceptible
to L. major infection, suggesting a critical role of TLR
signaling in initiating anti-Leishmania immunity [60]. They
further demonstrated that LPG, the most abundant surface
molecule of Leishmania and a TLR2 ligand, is responsible for
the generation of protective immunity against leishmaniasis.
Neutralization of TLR2 and TLR4 in vivo reduced the
expression of costimulatory molecules on DCs infected with
L. major [61]. However, the lack of TLR2 in mice infected
with L. braziliensis resulted in an enhancedDC activation and
increased IL-12 production. As such, L. braziliensis-infected
DCs from TLR2−/− were more competent in priming näıve
CD4+ T cells in vitro. These findings correlated with an
increased IFN-𝛾 production in vivo and enhanced resistance
to infection [62]. On the other hand, L. braziliensis-infected
DCs from MyD88−/− exhibited less activation and decreased
production of interleukin-12 [62].

Furthermore, it has been shown that TLR9 signaling is
crucial to the release of IL-12 and type I IFN from DCs
exposed in vitro to L. major and L. braziliensis. In vivo assays
with L. major infection also confirmed the importance of
TLR9 to IL-12 production from DCs [63, 64]. However, for
L. braziliensis infection, in vivo experiments established that
TLR9−/−mice could generate aTh1 response and activate DC,
despite the diminished DC activation in vitro [65]. Together
these data fromTLR assays reinforce the importance to define
in vitro and in vivo approaches to better characterize the
modulation of DC induced by different Leishmania sp. on the
immune response.

The recognition of pathogens could be optimized by the
action of antibodies, a process called opsonization [66]. The
uptake of L. amazonensis amastigotes by DC and LCs can
be promoted by opsonization [67]. This process leads to IL-
10 production from these DCs, as well as the consequent
priming of IL-10-producing T CD4+ and lesion progress in
mice [67]. In contrast, the uptake of opsonized L. major by
murine DCs leads to cell activation, IL-12 production, and
protective immunity [68, 69]. In further contrast, L.mexicana
and L. braziliensis are highly efficient in infecting DCs, even
in the absence of antibodies [62, 70].These findings point out
that the profile of cytokine production fromDC is differently
induced in a species-specific way, despite the same pathway
recognition of Leishmania.

4. Interaction of DC with Other Leukocytes

Dendritic cells are the most important APCs, making a link
among innate and adaptive immunity. They can have direct
and diverse functions on the immune response, leading to
activation as well as tolerance and anergy. In the context
of CL, the functions of DCs could be modulated by the
interaction with other leukocytes, such as neutrophils and
NK cells.

It has been shown that genomic DNA of L. major and
L. braziliensis promastigotes activate cDCs and pDCs to
produce IL-12 and IFN-𝛼/𝛽, respectively. After, they were
cocultured with NK cells, leading to an increased IFN-𝛾
release and NK cytotoxicity [63, 64]. Certain Leishmania
species (L. tropica, L. amazonensis, and L. mexicana), in
their amastigotes phase, are poor inducers of IL-12 by DC.
This might account for the limited NK cell response during
prolonged infections in vivo [71, 72]. Hernandez Sanabria
et al. [73] demonstrated that infection of L. amazonensis
amastigotes triggers minimal DC activation, but the inter-
action with activated NK cells could partially overcome the
deficiencies in DC activation in vitro [73]. The injection of
activated NK cells 24 hours after infection in vivo promoted
IL-12 release and increased the expression of costimulatory
molecules in infected DCs (CD40, CD83, and CD80) [73].
Regarding NK cells in this context, they showed increased
expression of IFN-𝛾 and CXCL10. Such interaction forms
a positive loop, leading to the induction of a Th1 immune
response to reduce parasite loads.

In a vaccination context against L. major, BALB/c
depleted of NK cells and vaccinated with DCs pulsed with
parasites lysates and, then, challenged with L. major showed
a significant increase in footpad swelling and parasite load in
the dLN [74]. In order to evaluate the mechanisms under this
process, coculture of these cells was assessed.This resulted in
upregulation of CD69 and IFN-𝛾 onNK cells as well as CD86
and MHC-II on pulsed DCs. The interaction of DC and NK
cells is a good example of a positive interaction that leads to
cross activation and host immune protection, either, in the
context of an infection or vaccination.

Neutrophils are also an important cell type which inter-
act with DCs. The ingestion of L. major by neutrophils
in parasite-inoculated mice increased cell apoptosis. This
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Figure 1: Interaction of DC with different leukocytes in the cutaneous leishmaniasis context. (a) shows the interaction among NK and
infected DCs that leads to host immune protection and parasite killing through IFN-𝛾 production during L. amazonensis [73] or L. major
[74] infection. (b) shows the outcome induced by the increased production of IL-10 after the interaction between infected neutrophils (NΦ)
with L. major [75] or L. mexicana [76] and DCs, leading to parasite persistence.

favored the capture of apoptotic neutrophils by DCs, pre-
venting the activation of infected DCs in the skin [75].
In the case of L. mexicana infection, this effect was not
observed, since the infection did not induce neutrophil
apoptosis. Parasites sequestration by neutrophils impaired
DCmigration to the site of infection, through reduced CCL2,
CCL3, and CCL5 release. Furthermore, the diminished DCs
that migrate to the site of infection had a decreased motility
and parasite uptake [76]. The interaction among DCs and
neutrophils is a good example of negative regulation of the
immune response, regardless of the Leishmania sp. Although
the consequences of DCs and neutrophils interaction lead
to immune suppression, the mechanisms of action could
be diverse and Leishmania species-specific (summarized in
Figure 1).

5. Systems Biology as a Tool to Develop
Vaccines against CL Based on DCs

Recently, Matos et al. [77] showed the potential of targeting
DC in vivo for induction of protective immune response
against L. major in murine model of CL [77]. However, the
role of DCs in CL is diverse and complex. Such role could
explain some unique clinical manifestations, depending on
the species of Leishmania that causes the disease. Because
of that, the use of vaccines based on DCs is not yet a
reality for CL. This is not only due to the complexity of the
disease. Genomic and transcriptional profiles vary not only
interspecifically in Leishmania parasites that causes CL [78–
81], but also within parasites strains isolated from patients
[82]. This variability leads to a difficult task to identify a
universal antigen vaccine candidate to clinical trials.

Systems Biology could be a useful tool to overcome
these difficulties. Systems Biology have a holistic approach
to describe complex interactions between multiple compo-
nents in a biological context [83]. Using high dimensional
molecular approaches, Systems Biology identifies changes
caused by perturbations, such as infection or vaccination,
combined with computational analysis to model and predict
responses [84]. The first studies of Systems Biology about
the immune response predicted that certain signatures of
CD8+ T cells and B lymphocytes correlated with a protective
immune response induced by a vaccine against Yellow Fever
Virus [85, 86]. Since then, there is an increased interest
about the research of immune responses based on Systems
Biology approaches. These studies lead to the identification
of interactions between pathogens and hosts and factors for
parasite dissemination and disease progression, as well as
to the selection of promising antigens as vaccine candidates
[87–89]. For instance, hub genes with unknown functions
were identified from Plasmodium falciparum parasites iso-
lated from noncerebral clinical complications of malaria.
The presence of these genes correlates parasite burden and
survival with complicated clinical manifestations [90]. These
findings revealed the crucial roles of these genes in parasite
biology and their potential as candidates for intervention
strategies.

Regarding leishmaniasis, Albergante et al. [91] have
developed an in silico Petri net model that simulates hepatic
granulomadevelopment during the infection in experimental
visceral context. This model identified an intergranuloma
diversity of the antileishmanial activity and a dominant reg-
ulatory role of IL-10 produced by infected Kupffer cells at the
core of the granuloma [91].This approach raised new insights
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into how effector mechanisms may be regulated within
the granuloma and revealed a useful tool to interpret how
interventions may operate. For cutaneous leishmaniasis, the
analysis of DNA sequence of L. braziliensis and L. guyanensis
isolated from patients with different treatment outcomes
identified polymorphisms related to drug resistance [92].This
study showed that genes related to drug resistance could
be used to discriminate the two species of the subgenus L.
Viannia and also could predict treatment failure.

Those studies mentioned above demonstrate the use
of System Biology as a useful tool to better understand
an infection, to identify unknown pathogen cell signaling
pathways, potential biomarkers of disease susceptibility, and
immunological alterations that aggravates the pathology.
However, the studies employing this approach are few, but
they will be very promising for the development of new
technologies on the leishmaniasis field.

A successful application of the System Biology approach
wasmodeled to study the function and the role of pDCduring
cytopathic virus infection to identify multiscale interactions
involved in the protection against the virus [93]. The results
obtained from this analysis identified and predicted that (1)
one infected pDC secretes sufficient type I IFN to protect up
to 104 macrophages from cytopathic viral infection; (2) pDC
population in the spleen protects against virus variants which
inhibit IFN production; and (3) antiviral therapy should
primarily limit viral replication within peripheral organs.
Together, these results demonstrate the importance of System
Biology application to direct and optimize the use of different
technologies based on DCs.

In this way, the application of System Biology could
be a useful tool to design and develop promising vaccines
candidates based on DCs pulsed with Leishmania antigens.
Studies about DC signaling network based on Systems Biol-
ogy approach are already published and they stand for the
feasibility of this technique [94, 95]. However, the develop-
ment of vaccines based on DCs through Systems Biology
approach needs to bewell designed to avoid undesired effects,
such as the exacerbation of the CL through the increase of
inflammation [96].

6. Conclusion and Future Directions

Given the fact that the disease pathology of CL is highly
variable depending on the species of Leishmania, it is very
hard to generalize specific modulatory mechanisms to all
strains and in all hosts. This is important because most
of the studies about the role of DCs during Leishmania
infection were usually conducted with a single species of the
parasite, which precludes multi-species/strain comparison.
Not all Leishmania species and its interaction with DCs
were studied. For instance, infection caused by L. guyanensis
paradoxically induces a specific immune response via TLR3
early after infection that impairs killing of parasites [97]. A
more comprehensive study would be very helpful for a better
understanding about the role of these cells and the mech-
anisms that regulate their antigen presentation functions
and also pathogen factors that could influence the antigen

presentation and subsequent activation of the adaptive
immune system. Besides that, the development and use of
computational immunology have been constantly increasing
its value.Nowadays, different in silico approaches are available
for identification of potential epitopes and antigens for
vaccines, since experimental methods are difficult and time-
consuming [98]. In addition, theDNAsequencing techniques
became less expensive and, therefore, many parasite genome
strains can be sequenced. Their predicted proteomes can be
assessed considering their variability, an important feature
of antigen candidates for vaccine development to one or
all Leishmania species that cause CL. In this way, the use
of DCs is promising for generation of potential alternatives
therapies and vaccines protocols to improve the quality of life
of patients infected by these protozoan parasites.
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(IL-4) receptor expression and IL-4-induced decrease in IL-12
production by langerhans cells infectedwithLeishmaniamajor,”
Infection and Immunity, vol. 70, no. 3, pp. 1627–1630, 2002.

[43] T. M. Baldwin, C. Elso, J. Curtis, L. Buckingham, and E.
Handman, “The site of Leishmaniamajor infection determines
disease severity and immune responses,” Infection and Immu-
nity, vol. 71, no. 12, pp. 6830–6834, 2003.

[44] D. Ashok and H. Acha-Orbea, “Timing is everything: dendritic
cell subsets in murine Leishmania infection,” Trends in Para-
sitology, vol. 30, no. 10, pp. 499–507, 2014.

[45] U. Ritter, H. Moll, T. Laskay et al., “Differential expression of
chemokines in patients with localized and diffuse cutaneous
American leishmaniasis,”The Journal of Infectious Diseases, vol.
173, no. 3, pp. 699–709, 1996.

[46] M. B. Xavier, F. T. Silveira, S. Demachki, M. M. R. Ferreira, and
J. L. M. do Nascimento, “American tegumentary leishmaniasis:
a quantitative analysis of Langerhans cells presents important
differences between L. (L.) amazonensis and Viannia subgenus,”
Acta Tropica, vol. 95, no. 1, pp. 67–73, 2005.

[47] J. Ji, J. Sun, and L. Soong, “Impaired expression of inflammatory
cytokines and chemokines at early stages of infection with
Leishmania amazonensis,” Infection and Immunity, vol. 71, no.
8, pp. 4278–4288, 2003.

[48] C. Favali, N. Tavares, J. Clarêncio, A. Barral, M. Barral-Netto,
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C-type lectin receptors (CLRs) on antigen-presenting cells (APCs) facilitate uptake of carbohydrate antigens for antigen
presentation, modulating the immune response in infection, homeostasis, autoimmunity, allergy, and cancer. In this review, we
focus on the role of the macrophage galactose type C-type lectin (MGL) in the immune response against self-antigens, pathogens,
and tumor associated antigens (TAA). MGL is a CLR exclusively expressed by dendritic cells (DCs) and activated macrophages
(MØs), able to recognize terminal GalNAc residues, including the sialylated and nonsialylated Tn antigens.We discuss the effects on
DC function induced throughout the engagement of MGL, highlighting the importance of the antigen structure in the modulation
of immune response. Indeed modifying Tn-density, the length, and steric structure of the Tn-antigens can result in generating
immunogens that can efficiently bind to MGL, strongly activate DCs, mimic the effects of a danger signal, and achieve an efficient
presentation in HLA classes I and II compartments.

1. Introduction

Dendritic cells (DCs), as professional antigen-presenting
cells (APCs), sense the microenvironment through different
types of receptors to scan local environmental changes and
eliminate incoming pathogens [1]. They play an essential role
in the uptake of self- or pathogen-associated antigens, thus,
steering and directing the immune response. After activation,
DCsmigrate to the draining lymph nodes, where they initiate
specific immunity. DCs, similarly tomacrophages (MØs) and
B cells, are equipped with a set of receptors that recognize,
capture, and internalize foreign antigens to facilitate an
efficient processing and presentation through MHC II and I
molecules.While B cells are specialized to recognize an exten-
sive variety of epitopes due to the presence of somatically
variable surface immunoglobulin receptors, DCs and MØs
rely on a set of germline-encodedmembrane receptors for the
discrimination and recognition of antigenic determinants.
Besides complement and Fc receptors, DCs express a large
array of pattern-recognition receptors (PRRs), which have
evolved to activate and modulate immune functions upon

encountering ligands from “nonself ” (pathogen-associated
molecular patterns (PAMPs)), “damaged self” (damage-
associated molecular patterns (DAMPs)), or “altered self” as
in cancer (tumor-associated molecular patterns (TAMPs))
[2, 3]. The PRRs are a heterogeneous group of receptor
subfamilies, among which the best characterized are the
toll-like receptors (TLRs) and the C-type lectin receptors
(CLRs). The TLRs respond to a wide variety of pathogen-
derived molecular structures with a response characterized
by the activation of proinflammatory signaling pathways [4].
However, TLRs are not able to internalize antigens. This
function is instead largely covered by CLRs. CLRs were
initially thought to function only as scavenger receptors able
to bind various pathogens upon recognition of particular
carbohydrate profiles through at least one carbohydrate
recognition domain (CRD). CLRs recognize and internalize
specific carbohydrate antigens inCa2+-dependentmanner [5]
thus influencing the outcome of the immune response [6]. In
fact, the importance of C-type lectins is highlighted by the
fact that these receptors are able to trigger numerous cellular
and immunological responses critical for the control and
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MGL II
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antigen, LDN)
and sialyl-Tn (STn)

Dectin-1 II
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CTLD
FNII
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Figure 1: Schematic representation of type I and type II C-type lectins and lectin-like receptors. Type I CLRs (MR,DEC-205) are composed of
a N-terminal cysteine-rich domain, a single fibronectin type II (FNII) domain, and 8–10 CTLDs all expressing CRDs. Type II CLRs (Langerin,
DC-SIGN, MGL) or lectin-like receptors (Dectin-1) are composed of a single CTLD, an extracellular stalk region, a transmembrane region,
and a N-terminal cytoplasmic tail with or without a signaling motif or proline-rich region. Langerin, DC-SIGN,MGL, and Dectin-1 express a
CRD on their CTLD. CTLD, C-type lectin like domain; CLR, C-type lectin receptor; CRD, carbohydrate recognition domain; MR, mannose
receptor; DC-SIGN, DC-specific ICAM3-grabbing nonintegrin; MGL, macrophage galactose type C-type lectin.

regulation of infection, homeostasis, autoimmunity, allergy,
and cancer [7–9]. Several studies have demonstrated that
some C-type lectins may function as adhesion, signaling, or
antigen-uptake receptors [10–12].These results are consistent
with the fact that CLRs are present on MØs and DCs, which
play a role in the initial step of capturing the antigens carrying
carbohydrates [13]. Pathogens recognition by CLRs leads
to its internalization, degradation, and subsequent antigen
presentation. Besides antigen recognition and internaliza-
tion, CLRs are also able to induce intracellular signaling
and recruit other molecules such as TLRs that can modulate
the signaling cascade [14]. In particular, CLR triggering by
different pathogens can induce diverse immune responses
[8]. For this reason and for their potential implication in the
therapy of immune diseases and cancer, this receptor family
has received great attention in recent years.

The most important molecules from the CLR family
include macrophage galactose type C-type lectin (MGL),
dendritic cell-specific intercellular adhesion molecule-3-
grabbing nonintegrin (DC-SIGN), mannose receptor (MR),
DEC205, Dectin-1, and Langerin. These receptors are able
to trigger distinct signaling pathways that modulate APC
functions through the expression of specific molecules and
cytokines, determining the polarization of T cells [8].

CLRs such as DC-SIGN, MGL, and Langerin are well
characterized for their specificity for high-mannose, fucose-
containing glycans (LewisA,B,X,Y), GalNAc (N-Acetylgalac-
tosamine) and high mannose, fucose (LewisY, LewisB), and
GlcNAc (N-Acetylglucosamine), respectively (Figure 1) [15,
16]. These glycan structures can be expressed by both mam-
malian cells and pathogens, reflecting CLR dual function in
host-pathogen recognition and immune cell responses.

The APCs are the first line of defence responsible for
clearing pathogens and they subsequently initiate adaptive
immune responses. The DC-expressed C-type lectins man-
nose receptor, DC-SIGN, MGL, Dectin-1, and Langerin on
Langherans cells are involved in glycan-mediated pathogen
recognition and internalization of antigen for loading on
MHC class I and class II molecules, thereby facilitating
effective antigen-specific CD4+ and CD8+ T cell responses
[17]. Thus, most C-type lectins are antigen-uptake receptors
that facilitate MHC-restricted antigen presentation to T cells.
All these lectins are considered powerful signaling molecules
that positively or negatively instruct DC differentiation and
subsequent T cell responses.

In this review, we focus on the role of human MGL as
prototype receptor highly specialized in the glycan recogni-
tion in immune system, on its high plasticity and capacity to
modulate the immune response conditioned by the type of
the ligand.

2. Human MGL in Immune Response

MGL is a CLR exclusively expressed in vivo by human DCs
of skin and lymph nodes and in vitro by macrophages and
monocytes derivedDCs [18, 19].Within theCLR family,MGL
is the only CLRwithin the human immune system that exclu-
sively recognizes terminal 𝛼- or 𝛽 N-acetylgalactosamine
(GalNAc or Tn) residues [20, 21]. In particular, its carbohy-
drate recognition domains contain a QPD sequence that is
responsible for recognition of GalNAc/Tn residues of N- and
O-glycans carried by glycoproteins and/or glycosphingolipids
of helminths, bacteria, filovirus, and tumor-associated anti-
gens [20].
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Figure 2: Representation of ligands binding human MGL expressed by DCs and impact of MGL triggering on immune response.

In mice, there are two homologs of human MGL, MGL1,
and MGL2 [22], expressed by dermal DCs and alternatively
activated macrophages [18, 23]. MGL1 is highly specific for
Lewis X and Lewis A structures, while MGL2, similar to the
human MGL, recognizes N-GalNAc and galactose and O-
linked Tn-antigen, TF-antigen, and core 2 structures [24].

Human MGL is equipped with a partial dileucine zipper,
with YENF internalization motifs [25], and is involved in
(a) the recognition of a large plethora of pathogens by
DCs [26, 27], (b) in the maintenance of homeostasis [28],
and (c) in the interaction with TAA derived from aberrant
glycosylation processes [16, 29]. More recently, our group has
also demonstrated the role of MGL in immunosuppression
given by its capacity to modulate regulatory T cell function
[30] (Figure 2). Thus MGL acts as promiscuous receptor
that can bind more than one ligand modulating various
types of immune response. The pathogens that bind human
MGL include Ebola virus through the interaction with the
viral envelope protein GP2. It was demonstrated that this
lectin promotes filovirus entry suggesting a role for MGL in
viral replication in vivo [31]. Also the helminths Schistosoma
mansoni and Trichuris suis interact with MGL [32, 33].
Schistosoma soluble egg antigens (SEA) consistently are
inducers of Th2 responses in different experimental settings
either in vitro or in vivo and both in humans or in animal
models. In particular, studies performed on DCs have been
instrumental in understanding the polarization of immune
responses towards Th2 by SEA [32, 34–38]. While DCs fail

to show classic signs of maturation when stimulated with
SEA [32, 34], in vitro experiments show that SEA-primed
monocyte-derived DCs (both human and murine) are very
potent in polarizing naiveTh cells towards aTh2 type [34, 35,
38].

DCs show remarkable phenotypic changes when recog-
nizing soluble products (SPs) of Trichuris suis, a pig whip-
worm that is experimentally used in therapies to ameliorate
inflammation in patients with Crohn’s disease and multiple
sclerosis [39]. Trichuris suis glycans play an important role
in the capacity to suppress proinflammatory cytokine and
chemokine production of DCs interacting with DCs via
CLRs, such as MGL. In particular, T. suis SPs suppress the
production of the proinflammatory cytokines, IL-12, TNF-
𝛼, and IL-6, and many proinflammatory chemokines. These
properties, in combination with upregulation of OX40L and
CXCL16 expression, are regarded as positive signals for Th2
polarization [40, 41].

Human MGL, through GalNAc-terminated lipopolysac-
charide (LPS) and glycoproteins, interacts also with bacteria
such as Campylobacter jejuni and Neisseria gonorrhoeae [26,
27]. N. gonorrhoeae phenotype C, carrying a terminal N-
acetylgalactosamine, primarily interacted with MGL and
skewed immunity towards theTh2 lineage through IL-4 pro-
duction, whereas N. gonorrhoeae variant A with a terminal
N-acetylglucosamine on its lipooligosaccharide (LOS) was
recognized by DC-SIGN and induced significantly more IL-
10 production.
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In humans, monocyte-derived DCs express moderate
MGL levels, which become negative after DC maturation.
In addition variation of its expression related to seasonal
changes is observed [42]. Moreover, MGL is upregulated on
tolerogenic DCs generated in the presence of glucocorti-
coids and during chronic inflammatory conditions such as
rheumatoid arthritis, implicatingMGL in immune regulation
[43]. In fact MGL has been shown to interact directly with
a subset of CD4+ and/or CD8+ effector T cells. The MGL
ligand on these T cells was identified as CD45, which exposes
terminal GalNAc (Tn) structures. This interaction negatively
regulates T cell receptor-mediated signaling by decreasing
the phosphatase activity of CD45 and inhibiting lymphocyte
protein tyrosine kinase (Lck) activation and Ca2+ mobiliza-
tion [9] that results in enhanced apoptosis of T cells and
reduced secretion of proinflammatory cytokines [9, 43]. We
have more recently demonstrated that also CD45RA+ Treg
subpopulation is affected by MGL engagement. CD45RA-
MGL cross-linking induces a decrease of Treg immunosup-
pressive activity by affecting CD45RA and TCR signaling and
an increase of Foxp3 methylation accompanied by a reduced
production of suppressive cytokines [30]. Recent evidence
indicates that human MGL expressed on DCs is also able to
generate antigen specific IL-10 producing CD4+ T cells when
stimulated with foreign and self-antigens fused to an anti-
MGL antibody [44].

These results demonstrate an important function for
MGL in the regulation of T cell homeostasis and in the
silencing of potentially harmful T cell activation.

3. MGL in Cancer Immunity

The capacity of CLRs to bind, process, and cross-present
antigens has received much attention in the field of can-
cer immunity. Several of tumor-related glycoforms of self-
antigens are in fact specific ligands for CLRs expressed
on DCs, such as MGL. These evidences open up a new
area of research to investigate whether these tumor specific
glycoforms affect CLR signaling and DC differentiation,
thereby modulating innate and adaptive antitumor response.
MGL is able to recognize the mucin MUC1, an O-linked
glycosylated transmembrane protein normally expressed on
the apical surface of epithelial cells, but aberrantly expressed
in a broad spectrumof carcinomas.Uponmalignant transfor-
mation,MUC1 loses polarity and becomes overexpressed and
aberrantly glycosylated, revealing an immunogenic region of
tandem repeats of 20 residues. The novel MUC1 glycoforms
that arise carry shortened glycan moieties: Tn (GalNAc), T
(Gal𝛽1, 3GalNAc), ST (NeuAc𝛼2, 3Gal𝛽1, and 3GalNAc), and
STn (NeuAc𝛼2, 6GalNAc) [20, 45]. Because MGL recognizes
GalNAc-containing epitopes frequently expressed on the
surface of cancer cells and is involved in the regulation of
the adaptive and innate immune response, it was chosen as
a probe for glycoprofiling in breast cancer. Results indicate
that high MGL-binding molecules in breast were associated
with the expression ofHER2/neu [46, 47]. In particular, it was
demonstrate that detection of Tn ligands in mammary tissue
is feasible employing the MGL recombinant protein and that

this experimental approach permits recognizing posttrans-
lational modifications (PTMs) such as phosphorylation and
glycosylation.The identification of tumor-associated glycans,
which potentially interact with the CRDs, could become a
tool to identify those patientswhowill profit fromMGLbased
specific therapeutic approaches. Tn antigen has previously
been associated with worse survival [48, 49] and recent
research indicates that tumor-specific Tn expression not only
promotes tumor cell invasiveness [50] but also alters the
immunogenicity of tumor antigens [51]. MGL is able to
distinguish healthy tissue from tumor through its specific
recognition of Tn antigen. In vitro studies, using CRC cell
lines, showed an association between MGL ligand expres-
sion and the presence of BRAFV600E, suggesting a model
in which activating BRAF mutations, and possibly other
oncogenic alterations that activate the MAPK pathway, lead
to an altered tumor cell glycosylation profile and enhanced
expression of MGL ligands [48]. These aberrant glycans
on tumor cells may have the ability to suppress antitumor
immune responses through activation of the MGL receptor
on DC. In fact, the prognostic value of MGL-binding to
tumor cells is predominantly evident in stage III of colon
cancer patients and not in stage II patients, that is, when
tumor cells are no longer confined to the intestine but have
spread into the local lymph nodes.

Recently MGL has been shown to bind also STn [21, 52,
53]. Although the binding of glycoproteins carrying Tn has
been investigated [16, 54], the actual role of STn-carrying
proteins binding to MGL is still to be fully investigated.
Highly purified recombinant human MUC1 glycoproteins
and MUC1 glycopeptides carrying either Tn or STn glycans
bind MGL expressed by immature monocyte-derived DCs
and by K562 transfected with MGL [52]. The interaction
with the two glycoforms displays a similar affinity as demon-
strated by atomic force microscopy (AFM).This is important
because, although the vast majority of breast cancers stain
for Tn [50], the 20–25% of breast cancer express the STn
glycoforms on plasma membrane [54].

The most relevant result in tumor is the interaction
between MGL, expressed by DCs, and tumor through the
Tn glycans expressed by MUC1 tumor associated antigen
[16, 29, 55].The signaling activated byMGL has been recently
well characterized in DCs. The MGL engagement with an
anti-MGL antibody or MUC1-Tn glycopeptide (60 amino
acids) triggers the extracellular signal-regulated kinases 1 and
2 (ERK1,2) and nuclear factor-𝜅B (NF-𝜅B) pathways and
induces phenotypic and functional DC maturation to license
DCs to initiate a strong CD8+ T cell immune response [55].
Moreover, similar to other CLRs, MGL signaling synergies
with TLR2-induced pathways in DCs, leading to elevated
IL-10 mRNA levels and enhanced TNF-𝛼 mRNA stability.
In addition, MGL signaling promoted phosphorylation of
the MAPK ERK1,2 and the transcription factor CREB. At
the same time, NF-𝜅B seems to be crucial for the IL-10
response and dispensable for TNF-𝛼 production. Together,
these results demonstrate thatMGL activationmodulates DC
maturation and this ability highlights the possibility to use
this receptor as a target for anticancer vaccination strategies.
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4. The Nature of the Ligand Can Modulate
Signals through MGL

The coupling of CLRs to different signal transduction mod-
ules is influenced not only by the receptor but also by the
nature, density, size, and architecture of the ligand, which can
affect the rate of receptor internalization and trafficking to
different intracellular compartments. Understanding how the
variety of ligands can trigger differential CLR signaling and
function represents a fascinating biological challenge.

MGL was first described as a C-Type lectin with high
endocytic activity regulated by the “YENF” consensus
sequence contained in the cytoplasmic tail. MGL mediated
endocytosis of soluble Tn-carrying antigens resulted in pro-
cessing in HLAII compartment and activation of antigen
specific CD4+ T cells [25, 56]. However these reports did
not investigate the processing in HLAI compartment and
the possible induction of CD8+ T cells responses. The effects
on DCs induced by MGL engagement differ on the basis
of ligands. Employing the Tn-MUC1 glycoform as cancer
model glycoantigen, we showed that the structure of theMGL
ligand dictates the upcoming intracellular processing. In fact,
upon MGL engagement, the large soluble recombinant Tn-
MUC1 glycoprotein (Tn-MUC1

16TR) corresponding to the
one shed in vivo by epithelial cancers remained trapped in
the endolysosomal/HLAII compartment, while the MUC1
peptide (Tn-MUC1

3TR), 60 amino acids long, carrying 9 Tn
moles colocalized both in HLAII and HLAI compartments
[16, 57] (Figure 3(a)).

It is interesting to note that this distinct intracellular
routing of the two MUC1 based ligands matches with a
distinct signaling and phenotypic profile of DCs induced by
MGL engagement.

In fact, cross-processing in HLAI compartment of the
9Tn-MUC1

3TR is accompanied by triggering of ERK1,2
phosphorylation, activation of NF-𝜅B signal, and upreg-
ulation of maturative markers. These effects are similar,
although weaker, to the ones induced by a strong ligand
as a specific anti-MGL MoAb [55], suggesting that MGL
engagement could be used as adjuvant in DC-based vacci-
nation (Figure 3(b)). On the other hand, preliminary and
unpublished results from our laboratory indicate that the
MGL mediated endocytosis of the large soluble Tn-MUC1
molecule, retained in HLAII compartment, does not modify
the balance of ERK1,2/NFkB and DC phenotype. How the
different structure of the ligand and therefore its avidity and
affinity canmodulate intracellular pathway activated byMGL
cytoplasmic tail is yet to be defined. For other C-type lectins
it has been proposed that ligand affinity and avidity as well as
the particulate form of the ligand are crucial for the clustering
of the receptor and the generation of the “endocytic synapsis.”
These steps seem to be important for tuning the strength
of the signaling and determining the type of immunological
response induced [58].

MGL oligomerization appears to occur independently by
the structure of its ligand; however signaling and phenotypic
changes can be different. It has shown that heterodimeriza-
tion with other receptors and association with distinct PPRs
modulate and enhance pathogen sensor function of several

CLRs. MGL has been shown to synergize with TLR2-induced
pathways in a study employing artificial model ligands, not
present in the physiological microenvironment [59]. The
working hypothesis that is sketched out by these evidences
is that the ligand structure is not an absolute requirement for
MGL oligomerization since this event appears to be indepen-
dent of the nature of the ligand (peptide, protein, or single
carbohydrate). However the structure becomes relevant for
the functional outcome. The recruitment of alternative array
of adaptor molecules at the “endocytic synapsis” may be
involved in the differential intracellular sorting of the ligand
and in the tuning of the signaling pathways crucial for DC
polarization.

For this reason, it will be interesting to further charac-
terize the interaction between MGL and its ligand, in terms
of affinity, avidity, and ligand structure in order to design
molecules to be employed as immunomodulators in thera-
peutic strategies for several pathologies, as well as for cancer.

5. Conclusions

The study of MGL and its role in DCs as well as in
macrophage functions is an open interesting area of research.
The specificity for terminal GalNAc residues combined with
the restricted tissue expression of this carbohydrate residue
makesMGL a very specific detector of pathogens and a highly
sensitive modulator of APCs in physiological as well as in
inflammatory and cancer microenvironment.

The engagement of MGL by GalNAc carrying structures
induces oligomerization of the receptor and internalization
of the ligand; however the intracellular signaling pathways
triggered can profoundly vary depending on the structure of
the ligands, differentially affecting function of DCs and the
resulting immune response.

In this view, the possibility to exploit MGL targeting as a
way to modulate APC functions is an appealing hypothesis
for the design of immunotherapeutic intervention.

Avidity and affinity of MGL ligand can be modulated
by modifying Tn-density, the length, and steric structure of
the backbone peptides. For cancer therapy, activation of DCs
could be obtained by mimicking the effects of a danger signal
and achieving an efficient presentation inHLA classes I and II
pathways. Moreover, a wide variety of immunogens carrying
Tn-epitopes could be envisaged, where the Tn-peptide stretch
could only be a way to deliver other TAAs as well as other
molecules. On the other hand, the fine-tuning of MGL func-
tion could lead to the induction of “Th2 oriented DCs” and
interfere in the immunosuppressive/inflammatory network
induced by pathogens infection. So far, investigators have
focused their attention on the understanding the effect of
MGL engagement on DCs. However, one has to bear in mind
that the MGL-GalNAc ligand engagement mediates a one to
one interaction between two cells. Thus functional changes
may also occur in the cell carrying the GalNAc moieties.
This mechanism seems to be particularly relevant in the
physiological tissue homeostasis such as in T cell compart-
ment. In this prospective, the design of optimal immunother-
apeutic molecules based on MGL triggering could be novel
approaches for the treatment of autoimmune diseases.
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Figure 3: The structure of tumor antigen formulations internalized by MGL influences their processing and DC performance. (a)
Recombinant Tn-MUC1

16TR protein remains blocked inDCsHLA class II compartment after internalization throughMGL, while the shorter
Tn-MUC1

3TR peptide (60 amino acids) is processed in HLA classes I and II compartments. (b) Effects induced on DC functions by MGL
engagement with MoAb anti-MGL and Tn-MUC1 peptide.

It is also important to retain that the molecular targeting
and the choice of the antigen represent only “one side of
the coin” in designing immunotherapeutic approaches. The
choice of the optimal DC subset for priming T cells and
strategies to contain or eliminate immunosuppression are
other crucial parameters that should be considered to obtain
an efficacious and long-lasting immune response.
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Prions are a unique group of proteinaceous pathogens which cause neurodegenerative disease and can be transmitted by a variety
of exposure routes. After peripheral exposure, the accumulation and replication of prions within secondary lymphoid organs are
obligatory for their efficient spread from the periphery to the brain where they ultimately cause neurodegeneration and death.
Mononuclear phagocytes (MNP) are a heterogeneous population of dendritic cells (DC) andmacrophages.These cells are abundant
throughout the body and display a diverse range of roles based on their anatomical locations. For example, some MNP are
strategically situated to provide a first line of defence against pathogens by phagocytosing and destroying them. Conventional DC
are potent antigen presenting cells andmigrate via the lymphatics to the draining lymphoid tissue where they present the antigens to
lymphocytes.The diverse roles of MNP are also reflected in various ways in which they interact with prions and in doing so impact
on disease pathogenesis. Indeed, some studies suggest that prions exploit conventional DC to infect the host. Here we review our
current understanding of the influence of MNP in the pathogenesis of the acquired prion diseases with particular emphasis on the
role of conventional DC.

1. Introduction

Prion diseases, or transmissible spongiform encephalop-
athies, are subacute neurodegenerative diseases affecting
humans and certain domestic and free-ranging animal spe-
cies. These diseases are characterized by the presence of
aggregations of PrPSc, abnormally folded isoforms of the cel-
lular prion protein (PrPC), in affected tissues. Although the
precise nature of the infectious prion is still the subject of
intense debate, prion infectivity copurifies with PrPSc which
is considered to constitute the major component of the infec-
tious agent [1, 2]. The accumulation of PrPSc in the central
nervous system (CNS) of prion-infected hosts is accompa-
nied by neuronal loss, spongiosis, and reactive glial responses
(Figure 1). Someprion diseases appear to have idiopathic aeti-
ology. These may arise spontaneously within the CNS (such
as sporadic Creutzfeldt-Jakob disease (CJD)) or are asso-
ciated with polymorphisms within the PRNP gene (which
encodes PrPC) which some consider predisposes the prion
protein to abnormally fold into the disease-specific isoform

(such as Gerstmann-Straussler-Scheinker syndrome). Many
other prion diseases, including natural sheep scrapie, bovine
spongiform encephalopathy, and chronic wasting disease
in cervids and kuru and variant Creutzfeldt-Jakob disease
(vCJD) in humans, are acquired following exposure to prions,
for example, by oral consumption of prion-contaminated
food. For the efficient transmission of prions to the CNS
after peripheral exposure (a process termed neuroinvasion),
the replication of prions within secondary lymphoid tis-
sues is crucial [3]. Within lymphoid tissues, prions repli-
cate upon stromal-derived follicular dendritic cells (FDC)
located within the B cell follicles [4–6] (Figure 2). Following
their replication and amplification upon FDC, the prions
subsequently spread along neurones of the sympathetic
and parasympathetic nervous systems, accessing the CNS
wherein they ultimately cause neurodegeneration resulting in
the death of the host [7–10].

Mononuclear phagocytes (MNP) arise from haematopoi-
etic precursor cells within the bone marrow and are a
heterogeneous population of monocytes, macrophages, and
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Figure 1: Neuropathological characteristics of prion disease within the brains of clinically affected mice. (a) Prion diseases are characterized
by the presence of aggregations of abnormally folded, disease-specific prion protein (PrP) in affected tissues (brown). In the brain, as shown
here, these accumulations are accompanied by extensive neuronal loss, spongiform change (indicated by vacuolation in panel “(b)”), reactive
microglia (Iba1+ cells, panel “(c),” brown), and reactive astrocytes expressing high levels of glial fibrillary acidic protein (GFAP, panel “(d),”
brown). Sections are counterstained with haematoxylin (blue).
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Figure 2: Stromal-derived follicular dendritic cells are important sites of prion accumulation and replication in the B cell follicles of secondary
lymphoid tissues. Detection of high levels of abnormally folded, disease-specific prion protein (PrP, brown) in Peyer’s patches, mesenteric
lymph nodes (MLN), and spleen of a mouse infected with ME7 scrapie prions. Sections are counterstained with haematoxylin (blue).

dendritic cells [11–13]. These cells are abundant throughout
the body and possess a diverse range of functions based
on the anatomic locations they occupy. For example, some
MNP are strategically situated at exposure sites such as the
skin or intestinal lamina propria to provide a first line of
defence against pathogens by phagocytosing and destroying
them in their phagolysosomal compartments. Others, such

as conventional dendritic cells (DC), are potent antigen
presenting cells and provide an important link between the
innate and adaptive immune systems.TheseMNP are located
to efficiently sample host tissues and fluids for pathogens
and their antigens (Figure 3). The immature conventional
DC at these sites are highly phagocytic. Following the
uptake of pathogens or antigens, these cells typically undergo
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Figure 3:Mononuclear phagocytes (MNP) are a heterogeneous population ofmonocytes, macrophages, and dendritic cells and are abundant
throughout the body. MNP are strategically situated at exposure sites such as in the epidermis or dermis of the skin (panels “(a)” and
“(b),” resp.) and in the intestinal lamina propria where they provide a first line of defence against pathogens. (a and b) Whole-mount
immunohistochemical detection of langerin+ Langerhans cells in the epidermis (green, panels “(a)”) and langerin+ conventional DC in the
dermis (green, panels “(b)”). The boxed region in the upper panels is shown at higher magnification in the adjacent lower panels. (c) CD11c+
MNP (red) are abundant in Peyer’s patches and the intestinal lamina propria. SED, subepithelial dome region on Peyer’s patch; V, villus;
broken line indicates the boundary of the epithelium overlying Peyer’s patch.

maturation and migrate via the lymphatics to the draining
(regional) lymphoid tissue, such as the mesenteric lymph
nodes (MLN) associated with the intestine [14], where they
present the antigens to lymphocytes to initiate an antigen-
specific (adaptive) immune response or induce tolerance [15].
Other MNP populations appear to play an important role
within lymphoid tissues in the transfer of intact antigens to
B cells [16, 17]. In this review, it is important to remember
that the migratory, bone marrow-derived conventional DC
[15] are entirely distinct from the stromal derived FDC [18,
19] which have been shown to be the critical sites of prion
replication in lymphoid tissues [6]. The FDC, in contrast, are
localized within B cell follicles of lymphoid tissues, derive
from ubiquitous perivascular precursor cells [19], are tissue
fixed and nonphagocytic. In contrast to conventional DC,
FDC are long-lived cells which can retain native antigens on
their surfaces for long periods.

Viable commensal bacteria can be recovered from DC
migrating from the intestine [20] and some pathogenic
microorganisms may exploit DC as an efficient way to infect
host tissues [21]. In the transient absence of CD11c+ DC at the
time of peripheral exposure, the early accumulation of prions

in the draining lymphoid tissue was blocked and disease
susceptibility reduced [22–24]. These data imply that prions
may also exploit conventional DC to infect the host. Thus, in
this review we discuss our current understanding of the role
of MNP in the pathogenesis of the acquired prion diseases
with particular emphasis on conventional DC.

2. Conventional DC:
A Multifunctional Cellular Component of
the Innate Immune System

MNP such as conventional DC exhibit a diverse array of
functions in the mammalian innate immune system. This
is reflected in the various ways in which they may interact
with prions, and, by doing so, impact on prion disease patho-
genesis (Figure 4). Following their uptake by conventional
DC, the prions may (i) activate innate immune responses
and be sequestered and partially degraded within the cell’s
phagolysosomal compartments; (ii) undergo amplification
(replication) since these cells express the substrate PrPC; (iii)
activate acquired immune responses and induce a specific
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Figure 4: The influence of DC on prion disease pathogenesis. (1) Conventional DC are strategically placed throughout the mammalian host
and are amongst the first cell populations to interact with prions. Following their uptake of prions DC have been proposed to exert a diverse
range of contrasting effects on prion disease pathogenesis which may have a significant outcome on the spread of infection to the CNS. (2)
Some studies have suggested that DCmay help to protect the host against infection by attempting to sequester and destroy the prions [25–29].
(3) Others suggest that prionsmay exploit themigratory characteristics of DC to facilitate their efficient propagation from the site of exposure
to the lymphoid tissues [22–24, 34, 39]. (4) DCmay also play an important role in the subsequent transfer of prions to the CNS by bridging the
gap between the immune and peripheral nervous systems [36, 61, 91–93]. (5) The adoptive transfer of PrP peptide-loaded DC into mice can
overcome host tolerance towards PrP and prolong survival time after prion infection. This implies that DC could be manipulated to provide
immunotherapeutic protection against prion diseases [54, 106, 107]. (6) The physiological function of cellular PrPC is uncertain but in DC
may play a role in the immune synapse or in the regulation of cell migration [51, 52].
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immune response to prions as conventional DC are potent
antigen-presenting cells; (iv) be conveyed from the site of
exposure to sites of prion replicationwithin the draining lym-
phoid tissue. The sections below describe the many studies
which have attempted to address the potential contribution
of these roles to prion disease pathogenesis.

3. In Vitro Cultivated DC Can
Acquire and Destroy Prions

“Immature” conventional DC are highly phagocytic cells and
have the potential to sequester and destroy prions in a similar
manner to that in which they process peptide antigens for
presentation to T cells in association withMHC class II. Data
from several independent studies support this hypothesis and
have shown that in vitro cultivated DC-like cells can readily
acquire and degrade prions [25–28]. Within these cells, the
prion-specific PrPSc appears to be preferentially degraded by
cysteine proteases [29]. These data are congruent with data
from similar studies using macrophages which show they
can also acquire and degrade prions after extended in vitro
exposure [30, 31]. Whether these data accurately reflect the
handling and processing of prions by conventional DC in
vivo is uncertain since these cells can retain high levels of
infectious prions in infected rodents [32–36]. Furthermore,
when macrophages are depleted in vivo in prion-infected
hosts, higher concentrations of prions are recovered from
their lymphoid tissues [37, 38]. In contrast, depletion of
CD11c+ cells impedes the early accumulation of prions in the
draining lymphoid tissue [22–24, 39] (see below).

4. DC Are Not Important Sites
of Prion Replication

Although conventional DC are typically considered to inter-
nalize antigens which they then process into short peptides
and present themon their surfaces to T cells, someMNPpop-
ulations including certain conventional DC subsets appear
to be equipped with both degradative and nondegradative
antigen handling pathways [40, 41]. These distinct pathways
may enable conventional DC to present processed peptide
antigens to T cells or native antigens to B cells. During prion
infection DC can sequester high levels of prions [32–36],
but these cells are highly unlikely to be acting as important
early sites of prion replication or amplification. Expression
of the cellular prion protein, PrPC, is obligatory for prion
replication, and MNP including conventional DC in mice,
humans, and cattle express PrPC on their surfaces [42–44].
However, several studies have shown that prion replication
within the secondary lymphoid tissues and disease pathogen-
esis are not influenced by the absence of PrPC expression in
haematopoietic cells [6, 45–48]. Thus, the role of DC during
prion pathogenesis is more complex than simply acting as
sites of prion replication.

5. The Enigmatic Function of PrPC in
the Immune System

The cellular prion protein, PrPC, is 30–35 kDa glycoprotein
linked to the cell surface via a glycosylphosphatidylinositol
anchor. The precise function of PrPC in mammalian cells
remains elusive, but the expression of PrPC by many immune
cell populations, including conventional DC, implies a role
in immune function [42–44]. However, mice that lack PrPC

expression in the haematopoietic compartment display no
obvious immune deficit and are able to maintain antigen-
specific antibody responses and affinity maturation [49].
Some studies have suggested that PrPC may regulate phago-
cytosis. Upon further scrutiny, a separate study revealed that
the reduced ability of MNP to phagocytose apoptotic cells in
Prnp−/− mice was due to effects on a linked locus encoding
the signal regulatory protein 𝛼 (Sirpa) gene rather than
the absence of PrPC expression [50]. Microscopical analyses
show PrPC accumulates at contact sites between T cells
and antigen-loaded conventional DC implying a role in the
immune synapse between these cell populations. Consistent
with this, the absence of PrPC in antigen-presenting cells
impacted on their ability to stimulate T cells [51].

A separate study has proposed that PrPC may regulate
human monocyte migration by modulating cell adhesion
dynamics [52]. The authors propose that PrPC regulates 𝛽1-
integrin-mediated adhesion by modulating the remodelling
of the actin cytoskeleton through the RhoA-cofilin pathway.

6. Induction of Specific Immunity
against Prions

Although conventional DC are potent antigen-presenting
cells and play an important role in the induction of antigen-
specific immune responses, these cells are unlikely to play a
role in the induction of specific immunity against prions.The
prion protein is tolerated by the host immune system due
to the widespread expression of PrPC throughout the body.
This prevents the induction of specific cell-mediated and
antibody-mediated immune responses to PrPSc, the major
component of infectious prions [53]. Despite this, a cell-based
immunotherapy approach may be possible against prions as
experiments have shown that the adoptive transfer of PrP
peptide-loaded conventional DC into mice can overcome
host tolerance towards PrP and prolong survival time after
peripheral prion exposure [54].

7. DC and the Propagation of Prions to
Draining Lymphoid Tissues

Some DC populations have been shown to have the ability
to capture and retain unprocessed antigens in their native
states and transfer them intactly to näıve B cells to initiate
a specific antibody response [17]. Viable commensal bacteria
can also be recovered from conventional DC migrating from
the intestine [20]. The demonstration that some pathogenic
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microorganisms appear to exploit migratory DC to enable
their delivery to lymphoid tissues [21, 55–57] raised the
hypothesis that DCmay play a similar role in the initial deliv-
ery of prions from the site of infection (such as the gut lumen)
to the draining lymphoid tissues (such as the gut-associated
lymphoid tissues after oral exposure). This hypothesis was
further supported by the observation that some migrating
intestinal DC in the afferent mesenteric lymph had acquired
PrPSc following its injection into the gut lumen [34]. Sub-
sequent studies have since shown that, in the absence of
migratory DC at the time of peripheral exposure, the early
accumulation of prions in the draining lymphoid tissue
and the subsequent spread of disease to the CNS are both
impeded [22–24, 39]. However, not all DC subsets appear to
share this property. For example, whereas the depletion of
CD11c+ cells (using CD11c-DTR-eGFP-tg mice) dramatically
impedes oral prion pathogenesis [22], specific depletion of
CD8+CD11c+ cells (using CD11c-N17Rac1-tg mice) does not
[24]. Similarly, prion pathogenesis following infection via
skin lesions was impaired in the specific absence of CD11c+
langerin− dermal DC but was not affected in the absence of
epidermal Langerhans cells or langerin+ dermal DC [39].

Chemokines help to attract lymphocytes and DC to
lymphoid tissues and control their positioning within them.
For example, the chemokines CCL19 and CCL21 are consti-
tutively expressed by stromal cells within the T cell zones and
mediate the homing of chemokine receptor CCR7-expressing
näıve T cells and mature DC towards them [58]. The posi-
tioning of DC within the interfollicular T cell regions of
Peyer’s patches and their steady-state migration from Peyer’s
patches to the MLN are likewise dependent upon CCR7-
CCL19/CCL21-signalling [59]. However, the CCL19/CCL21-
mediated attraction of DC is unlikely to influence prion
neuroinvasion from Peyer’s patches since oral prion patho-
genesis is unaffected in pltmice which lack CCL19 andCCL21
[33]. This observation is consistent with data from other
studies showing that Peyer’s patches in the small intestine,
not the MLN which collect the lymph and cells draining
the intestine [14], are the critical sites of prion accumulation
and neuroinvasion after oral prion exposure [3, 60]. Prion
pathogenesis is likewise unaffected in the specific absence of
T cells [61].

The demonstration that the accumulation of prions upon
FDC in the draining lymphoid tissues was prevented in
the absence of DC at the time of exposure [22–24, 39]
implied that prions exploit these cells to access the draining
lymphoid tissue, perhaps by using them as “Trojan horses.”
The detection of PrPSc-containing DC within the villous
lacteals and submucosal lymphatics in the intestines of sheep
soon after exposure to prions by oral infection or by injection
into ligated gut loops implies a similar role [62–64]. Distinct
DC subsets have been described that can transport native
antigen to B cells in vivo [17, 65, 66].The chemokine CXCL13
is highly expressed by FDC and follicular stromal cells in
the B cell follicles of lymphoid tissues and modulates the
homing of CXCR5-expressing B cells into them [67, 68].
The migration of certain populations of splenic DC and

dermal DC into B cells follicles is also mediated by CXCL13-
CXCR5 signalling [69, 70]. During virus infection, DCwithin
the medullary sinus have been shown to capture lymph-
borne influenza virus particles and subsequently migrate
to the FDC-containing B cell follicles [71]. Further studies
are clearly necessary to determine whether, after acquiring
prions, DC similarly migrate similarly towards B cell follicles
and in doing so infect FDC.

Although several studies suggest that DC may play an
important role in the initial delivery of prions to and within
the draining lymphoid tissues, the possibility that some of the
prions may enter these tissues in a cell-free manner should
not be excluded [39, 72, 73].

8. How Do DC Acquire Prions?

Whether DC acquire and endocytose prions via a specific
receptor or receptors is uncertain, but the neurotoxic prion
protein fragment PrP

106–126 is a chemoattractant for mon-
ocyte-derived DC [74]. Some MNP subsets express cellular
PrPC highly which may itself act as a receptor for prion-
specific PrPSc [42–44]. However, if DC do acquire some
prions in a PrPC-dependent manner, it does not play a major
role in disease pathogenesis. The propagation of prions from
various peripheral sites of exposure to FDC and their
subsequent neuroinvasion are not influenced by a lack of
PrPC expression by haematopoietic cells [6, 45–48]. These
observations suggest the existence of other receptors on the
surfaces of DC besides PrPC that they may use to acquire
prions.

The FDC within the B cell follicles are considered to
acquire prions in the form of complement-opsonized com-
plexes [75, 76]. Conventional DC may similarly indirectly
acquire prions following their opsonisation by complement
components such as C1q and C3 [72, 77]. The comple-
ment C1q-dependent uptake of prions by conventional DC
appeared to be complement receptor- (CR-) mediated [77].
The identity of the specific receptor which mediates the
uptake of complement-opsonized prions by conventional DC
is uncertain, but many candidate molecules such as CR1
(CD35), CR2 (CD21), CR4 (CD11c/CD18), calreticulin, CD93,
and SIGN-R1 (CD209b) are expressed by specific populations
of these cells and can bind C1q [72, 77]. In other studies, it
is interesting to note that the SIGN-R1-mediated uptake of
influenza virus by DC lining the medullary sinus of lymph
nodes stimulates their subsequent migration towards FDC
[71]. After oral exposure, it is possible that the prions are
acquired from the gut lumen in complex with dietary ferritin
[78]. Finally, since MNP such as conventional DC are highly
phagocytic, they may simply acquire prions nonspecifically
as the cells constitutively sample their microenvironment, for
example, via micropinocytosis.

9. Plasmacytoid DC also Sequester Prions

The plasmacytoid DC are a distinct subset of MNP which
rapidly secrete large amounts of type I interferon (IFN-𝛼/𝛽)
in response to foreign nucleic acids such as during virus infec-
tion [79]. One study has shown that plasmacytoid DC, like
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conventional DC, can also sequester high levels of infectious
prions during infection [36]. The consequences that this may
have on prion disease pathogenesis are uncertain. Plasmacy-
toidDC are unlikely to play a role in the propagation of prions
to the draining lymphoid tissues since these cells do not
migrate in the lymphatics during the steady-state or following
activation [80]. Plasmacytoid DC also express negligible
levels of PrPC, even after activation, so like classical DC they
are unlikely to be important sources of prion replication [81].
Prion disease also does not induce the synthesis of significant
levels of IFN [82–84], and treatment of mice soon after
prion infection with polyriboinosinic-polyribocytidylic acid
(poly(I:C)), which stimulates type I IFN production, does not
alter disease pathogenesis [85, 86]. Splenic plasmacytoid DC
may simply be attempting to sequester and destroy prions
following their amplification by FDC. However, some studies
have suggested that plasmacytoid DC and classical DC [36,
87] may play a role in prion neuroinvasion by facilitating the
subsequent propagation of prions to peripheral nerves (see
below).

10. DC and the Propagation of Prions between
the Immune and Nervous Systems

Following their amplification upon FDC prions subsequently
infect the peripheral nerves within the lymphoid tissue [8,
9, 88]. The prions then spread along the nerves of both
the sympathetic and parasympathetic nervous systems and
subsequently infect the CNS where they cause neurodegen-
eration leading to the death of the host [9, 10]. How prions
spread between FDC and peripheral nerves is not known
as these cells do not make significant physical contacts or
synapses. Within peripheral tissues, there is much crosstalk
between MNP and peripheral nerves. For example, in the
intestine MNP/conventional DC are abundant in the mus-
cular layer where they interact with enteric neurones and
help regulate gastrointestinal motility [89, 90]. Given their
migratory properties, experiments have sought to determine
whether DC might also bridge the gap between FDC and
peripheral nerves during prion disease.

Data from in vitro coculture studies show that prion-
infected DC could potentially transfer prions to primary
neurones ormouse neuroblastomaN2a cells [91–93]. Efficient
prion transfer between these populations required cell-cell
contact [92, 93]. Furthermore, when fixed bone marrow-
derived DC were used, this activity was blocked implying an
active process was required [92]. Data from a detailed in vitro
study have proposed that tunnelling nanotubes (TNT), thin
membrane-bound cylinders of cytoplasm which can connect
neighbouring cells, might represent a novel method through
which the intracellular exchange of prions between these cells
may occur [91]. Within the TNT the PrPSc appears to travel
in endolysosomal vesicles [94]. Whether significant transfer
of prions between cells by TNT occurs in the dynamic
environment of the lymphoid tissues in vivo remains to
be determined. However, the analysis of lymphoid tissues
from HIV patients shows intercellular transfer via a similar

mechanism is possible. Xu and colleagues revealed that HIV-
1-infected macrophages were able to establish long range
intercellular connections (consistent with TNT) with B cells
[95]. These intercellular conduits were exploited by the virus
to deliver a virus encoded immunosuppressive factor to B
cells to enable it to suppress the humoral response.

Prions have also been proposed to be released from
infected cells in the form of small endosomal-derived vesicles
termed exosomes [96]. Therefore, during prion infection DC
may also release significant amounts of infectious prions in
this manner and in doing so enhance their ability to infect
neighbouring cells [36].

An in vivo study has suggested that prion-infected DC
alone are potentially sufficient to transfer infection directly
to the nervous system. Immunodeficient Rag1−/− mice lack
T and B cells and are indirectly deficient in FDC. As a
consequence thesemice are refractory to peripheral infection
with prions [61]. Despite this, live prion-infected DC were
sufficient to transmit disease after intravenous injection into
Rag1−/− mice [32]. Since these mice lack mature FDC and
are unable to replicate prions in their lymphoid tissues, these
data implied that the DC had transferred the prions directly
to the peripheral nervous system. However, an indepen-
dent study using FDC-deficient Tnfr1−/− mice was unable
to demonstrate significant direct infection of the nervous
system by prion-infected DC [35]. The precise reason for
the discrepancy between these two studies is uncertain but
may relate to the much higher density of peripheral nerves
in the spleens of Rag1−/− mice when compared to Tnfr1−/−
mice [35]. Clearly further studies are necessary to determine
the precise contribution of DC and DC-derived tunnelling
nanotubes or exosomes to the transfer of prions between FDC
and peripheral nerves in vivo.

A subset of MNP with apparent conventional DC charac-
teristics has been described in the mouse brain [97]. Within
the brains of variant CJD patients deposits of PrPSc have
been described in vascular-associated DC [98], and another
study has proposed that CD205+ (DEC-205) expressing DC
may also migrate into the murine brain during prion disease
[99]. Under certain circumstances, monocytes may also
traffic to the brain and, in doing so, act as potential vectors
for the delivery of pathogens such as virus or prions or
misfolded aggregates of Alzheimer’s disease-related amyloid
𝛽 protein [100]. The possibility cannot therefore be entirely
exclude that prion-infected conventional DC contribute to
the establishment of prion infection in theCNS. Complement
components C1q and C3 associate with PrPSc in the brains of
prion-infected mice [101], raising the possibility that prions
are acquired by DC in the CNS in a complement-dependent
manner [72, 77].

Thedetection of prion-specific PrPwithin the circumven-
tricular organs of the brain has been reported to be an early
feature in scrapie-affected sheep [102]. Due to the presence
of their fenestrated capillaries, the circumventricular organs
are important sites of molecular exchange between the
blood stream and the CNS. However, during prion disease
monocytic infiltration into the circumventricular organs is
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not observed arguing against the cell-associated haematoge-
nous spread of prions into the CNS. Studies in mice also
show that CCR2-deficiency and absence of recruitment of
circulating monocytes do not significantly impact on prion
disease pathogenesis within the CNS [103]. The depletion
of sympathetic nerves dramatically impedes the spread of
prions from lymphoid tissues to the CNS [10]. Conversely,
prion pathogenesis after peripheral exposure is exacerbated
by treatments which increase the density of sympathetic
nerves in lymphoid tissues [10] or in mice in which the dis-
tance between FDC and sympathetic nerves is reduced [88].
These findings are consistent with the conclusion that prions
initially infect the CNS via their spread along peripheral
nerves rather than direct haematogenous transfer.

11. Conclusions

11.1.TheManyFaces ofDCduring PrionDisease. Asdescribed
above, DC have been proposed to exert a diverse range of
contrasting effects on prion disease pathogenesis which may
have a significant outcome on the spread of infection to
the CNS. Some studies have suggested that DC may help to
protect the host against infection by attempting to sequester
and destroy the prions. Others suggest that prions may
exploit the migratory characteristics of prions to facilitate
their efficient propagation from the site of exposure to the
lymphoid tissues. DC may also play an important role in the
subsequent transfer of prions to the CNS by bridging the
gap between the immune and peripheral nervous systems
(Figure 4).

11.2. DC or Not DC? While it is evident from data described
above that the actions of certain MNP populations may
significantly influence the outcome of a peripheral prion
infection, it is uncertain whether the cells involved actually
are DC. Indeed there is much controversy over whether
DC and macrophages can be separated based on either
their functions or transcriptomes [13, 104]. Most of the
studies in experimental mice have defined conventional DC
based on their expression of a limited number of cell surface
markers such as the integrin CD11c (integrin alpha x (Itgax)).
Murine conventional DC do express CD11c highly, but
this integrin is not restricted to these cells as most MNP
express CD11c, including the majority of the MNP within
the intestine [12]. Large numbers of DC-like cells can be
prepared in vitro following the treatment of bone marrow
cells ormonocytes withGM-CSF and IL-4.The cells obtained
from these preparations do sharemany typical characteristics
of conventionalDC, such as expression of high levels ofCD11c
and potent antigen-presenting activity, but macrophages can
also share these characteristics [13, 104]. Furthermore, at
the transcriptomic level these in vitro bone marrow-derived
or monocyte-derived DC prepared from mice and humans
are indistinguishable from macrophages and do not cluster
with conventional DC enriched from tissues [11, 13, 105]
(Figure 5).While data clearly show thatMNPmay havemany
important effects during prion infection, further studies are
necessary to distinguish between the separate roles of DC and

macrophages in disease pathogenesis in experimental rodents
and natural host species.

11.3. DC-Based Antiprion Immunotherapy. As well as playing
an important role in the establishment of a peripherally
acquired prion infection, current data suggest that con-
ventional DC may potentially be manipulated in order to
provide immunotherapeutic protection against peripherally
acquired prion diseases. As proof-of-principal studies have
shown, a conventional DC-based immunotherapy approach
can overcome host tolerance towards PrPC and impede
peripheral prion disease pathogenesis [54, 106, 107]. Finally,
the early accumulation of prions in the draining lymphoid
tissue is impeded and disease susceptibility reduced in the
absence of CD11c+ cells at the time of exposure [22–24, 39].
Therefore, the identification of the molecular factors which
influence the handling of prions by CD11c+ MNP may reveal
novel targets for therapeutic intervention in the initial phase
of infection with these invariably fatal neurodegenerative
diseases.
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[98] O. Koperek, G. G. Kovács, D. Ritchie, J. W. Ironside, H. Budka,
and G. Wick, “Disease-associated prion protein in vessel walls,”
TheAmerican Journal of Pathology, vol. 161, no. 6, pp. 1979–1984,
2002.



Journal of Immunology Research 13

[99] B. Rosicarelli, B. Serafini, M. Sbriccoli et al., “Migration of
dendritic cells into the brain in amousemodel of prion disease,”
Journal of Neuroimmunology, vol. 165, no. 1-2, pp. 114–120, 2005.

[100] A. F. Cintron, N. V. Dalal, J. Dooyema, R. Betarbet, and L.
C. Walker, “Transport of cargo from periphery to brain by
circulating monocytes,” Brain Research, vol. 1622, pp. 328–338,
2015.

[101] R. Hasebe, G. J. Raymond,M. Horiuchi, and B. Caughey, “Reac-
tion of complement factors varies with prion strains in vitro and
in vivo,” Virology, vol. 423, no. 2, pp. 205–213, 2012.
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