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Immune responses play a key role in maintaining tissue
homeostasis, influencing nearly all organs and systems of
the body including skin, gut, lungs, brain, and the cardiovas-
cular system. Excessive or dysregulated immune responses
and chronic inflammation represent a central driving force
in many disorders, including infectious, inflammatory, and
autoimmune diseases, as well as cancer. Cells of the mononu-
clear phagocyte lineage act as innate sentinels and are actively
involved in regulating the balance between homeostasis and
inflammation, thus ultimately contributing to the mainte-
nance of the health condition. Age- and gender-related dif-
ferences in immune response as well as in gut microbiota
are emerging as important contributors in increasing the
complexity in the diagnosis, treatment, and prevention of
immune-mediated disorders.

In four original investigation articles, different autoim-
mune diseases were studied to find new biomarkers that
could help explain the aetiology and pathogenesis of the dis-
eases and be useful for new targeted therapy.

Myasthenia gravis (MG) is an antibody-mediated dis-
ease affecting the neuromuscular junction, caused by anti-
bodies against the nicotinic acetylcholine receptor (AChR,
AChR-Ab). Thanks to short half-life serum levels, free
immunoglobulin light chains (FLCs) can be considered an
instantaneous marker of B cell activity. In their study, U.
Basile et al. showed an increase in free k chains in both
AChR- and muscle-specific tyrosine kinase (MuSK-) MG
while free λ chain levels were increased only in AChR-
MG. Thus, they suggest that at least k chains can be
considered a very sensitive circulating biomarker of B cell

activation and humoral autoimmune response. This may
represent a preliminary important study for a more detailed
multicenter analysis.

It is clinically known that patients with one autoimmune
disease tend to develop additional autoimmune diseases, and
recently an increased prevalence of neuromyelitis optica
(NMO) in patients with MG has been reported. To explain
the exacerbation or increased susceptibility of patients with
one autoimmune disease to developing an additional autoim-
mune syndrome, T. Mizrachi et al. established an animal
model for both NMO and MG, using EAMG mice immu-
nized with Torpedo AChR and then subjected to passive
transfer of NMO-IgG or to immunization with AQP4-
derived peptide. This study shows that injection of either
AQP4 peptide or NMO-Ig to naïve mice caused increased
fatigability and when the same molecules were injected into
EAMG mice, the disease severity mediated by muscle weak-
ness significantly increased.

In the course of primary Sjögren’s syndrome (pSS),
inflammatory cell infiltration consists mainly of lymphocytes
infiltrating exocrine glands, which leads to their impaired
function. The characteristic feature is generalized dryness.
The disease develops slowly, and months can pass before a
patient presents full spectrum of clinical symptoms. Insuffi-
cient treatment without inhibiting the autoimmune response
leads to severe complications. A. Sebastian et al. attempted to
answer the question whether it is possible to distinguish
between patients with pSS and individuals with dryness
caused by other pathologies without applying invasive diag-
nostic methods. The study included 68 patients with pSS
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and 43 healthy controls with dryness. They found that chronic
fatigue syndrome is more common in pSS patients and can
be a subjective distinguishing factor in the group of people
with dryness.

E. Dziadkowiak et al. have planned their study to estab-
lish whether in patients with pSS without central nervous sys-
tem (CNS) involvement, the function of the central portion
of the sensory pathway can be challenged. The authors, by
measuring somatosensory evoked potentials (SEP) to evalu-
ate the function of afferent sensory pathways, confirmed dys-
function of the central sensory neuron, which indicates
subclinical damage to the CNS in pSS patients.

Behcet’s disease (BD) is an autoimmune and autoin-
flammatory disorder which origin is unknown, although
both genetic and environmental factors play a role. Several
genes have been found to be associated with the disease.
Transcriptional profiling of PBCs, obtained from patients
with active BD, to evaluate the role of the immune system
in the pathogenesis of the disease was performed by A.
Puccetti et al. The authors found up- and downregulated
transcripts. By performing Gene Ontology analysis, they
evidenced that most of the regulated transcripts can be
related to inflammation, immune response, apoptosis,
blood coagulation, vascular damage, and cell proliferation
pathways, all playing a key role in BD.

The mechanisms contributing to the chronic inflamma-
tory condition underlying some immunomediated disorders
have been investigated or reviewed in a number of articles.

Lobular inflammation and mixed portal/periportal
inflammation were observed in recurrent hepatitis C virus
(HCV) infection and in acute cellular rejection (ACR),
respectively. The aim of the research by A. I. Gomaa et al.
was to evaluate whether the origin of macrophages and the
immune mediator CXCR3 could help in differentiating
between acute recurrent HCV infection and ACR after liver
transplantation. Analyzing the expression of CD68 and
CXCR3 in the postliver transplant biopsy in cases of recur-
rent HCV infection and cases of ACR, the authors found that
CD68 was expressed in both recurrent HCV infection and
ACR, and in patients suffering from recurrent HCV, stronger
CD11b deposits in liver biopsies were also detected. On the
other hand, CXCR3 is a marker and plays a considerable
role in acute rejection following liver transplantation. The
authors concluded that macrophages infiltrating the liver
tissue after transplantation can distinguish between ACR
by upregulation of CXCR3 and recurrent HCV infection
by predominantly expressing CD11b.

H. Li et al. have reviewed the role of the innate immune
system, inflammatory cells, immunoglobulins, immune-
mediated mechanisms, and key cytokines in the pathogenesis
of abdominal aortic aneurysm (AAA), a common degenera-
tive cardiovascular disease. Reviewed studies demonstrate
that immune-inflammatory reactions play a key role in
AAA formation, development, and progression opening the
door to the individuation of molecular targets and that,
although a good deal of strategies have been proposed, the
clinical practice is still lacking a valuable test.

G. Gelders et al. have reported current concepts of neuro-
inflammation and its involvement in Parkinson’s disease-

(PD-) associated neurodegeneration and interventions that
could modify the pathological immune response in PD. In
particular, the potential link among α-synuclein, activated
microglia, increased expression of Toll-like receptors
(TLRs), and several proinflammatory mediators, which
consequently activate peripheral immune response, might
open novel therapeutic options to modulate disease pro-
gression and outcome.

Among the recognized chronic inflammatory disorders is
atherosclerosis, that represents a major threat to public
health worldwide as is the main cause of cardiovascular dis-
eases. Atherosclerosis is induced by oxidized low-density
lipoprotein (ox-LDL) accumulation in the arterial intima
under hypercholesterolemic conditions, which generates a
state of chronic vascular inflammation. Multiple innate cell
types contribute to this pathophysiological process, with
macrophages playing a major role. In their original research
paper, Y.Wu et al. reported, in the mouse macrophage model
RAW264.7, that Toll/IL-1R domain-containing adaptor-
inducing IFN-β (TRIF), a key adaptor of TLR3/TLR4-medi-
ated signaling, plays an important role in regulating the ox-
LDL-induced inflammatory response. They specifically dem-
onstrated that TRIF modulates the expression of BIC/miR-
155 and the downstream SOCS1-STAT3-NF-κB signaling
pathway via ERK1/2 activation, highlighting the potential
role of TRIF as a novel therapeutic target for atherosclerosis.
Y. Hao et al. investigated the mechanisms of the chronic
inflammatory response contributing to visceral hyperalgesia
(VH), providing new insight into the mechanisms involved
in the antinociceptive effect of protease-activated receptor 4
(PAR4) activation. VH characterizes subjects with irritable
bowel syndrome (IBS) who perceive excessive pain during
abdominal distension. Activated colonic mucosal mast cells
(MC) have been shown to play a crucial role in this process,
through the release of proinflammatory mediators like tryp-
tase, iNOS, IL-1β, and P2X7. The authors confirmed the
expression of PAR4 in this cell type in a rat model of VH
and its role in blocking the induction of proinflammatory
mediators, suggesting that, in the gastrointestinal tract, the
antinociceptive effects of PAR4 activation are mediated,
directly or indirectly, by MC. They also hypothesized that
nociceptive receptors could represent additional targets for
modifying pain in gastrointestinal disorders such as IBS
and inflammatory bowel diseases.

Myocarditis, mostly induced by viral infections, is an
immune-mediated disorder resulting from both direct
virus-triggered damage and indirect lesions induced by the
host immune system. In particular, dilated cardiomyopathy,
a complication of myocarditis, results from host immune
response-induced killing of virus-infected and virus-
uninfected cardiomyocytes and can lead to death. L. Zhao
and Z. Fu summarized in their review article the specific role
of host immunity (autoimmunity) in the development of
viral myocarditis and in dilated cardiomyopathy.

Regarding cardiovascular diseases, in another review
article, W. Zhou et al. reported on a novel mediator, the
NLRP3. The NLRP is a subfamily of the nucleotide-binding
and oligomerization domain- (NOD-) like receptors (NLRs)
containing a pyrin domain. The NLRP mainly participates
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in inflammasome formation that is linked to many cardio-
vascular diseases. In this review, the authors presented the
current knowledge about the function of NLRP in vascular
disease, ischemic and nonischemic heart disease, and they
discussed the potential therapeutic options targeting the
NLRP3 inflammasome.

Human gut microbiota, as well as microbiota associated
with other body sites (i.e., oral cavity, airways, and skin), is
increasingly recognized for its important role in health.
Microbiota and host mutually affect each other, and this inti-
mate relationship strongly contributes to the maintenance of
homeostasis. Disruption of this equilibrium has been associ-
ated with several chronic inflammatory diseases.

In this special issue, F. A. Salzano et al. have reviewed
recent studies documenting the emerging role of nasal micro-
biota in reactive nasal inflammatory conditions, where the
effects of allergens and environmental agents are mediated
by host factors, including innate and adaptive immune
responses. The critical role of nasal microbiota in coordinat-
ing these components and the contribution of microbial
composition in affecting the onset and progression of allergic
or nonallergic inflammation were discussed. Likewise, R.
Yang et al. discussed the role of structural changes in gut
microbiota composition in inducing immunological changes
and in sustaining chronic hepatitis B virus infection and liver
inflammation. The role of innate immunity components
such as TLRs in linking intestinal flora and liver immunity
is also reviewed.

Given the need of improving cancer prognosis, Y. Gidron
et al. have studied the influence of the vagus nerve on tumor-
igenesis and observed that the vagus nerve may slow tumor
progression because it inhibits inflammation. They have
examined the relationship between a new vagal neuroimmu-
nomodulation (NIM) index and survival in pancreatic cancer
and in non-small-cell lung cancer. They found that the NIM
index, reflecting vagal modulation of inflammation, may be a
new independent prognostic biomarker in fatal cancers.

An interesting study on ventilator-induced lung injury
(VILI) in preterm newborns has been also published in this
issue. Here, the authors, C. Gutiérrez Carvalho et al., ana-
lyzed any association between the oxygen levels at blood
sampling and plasma levels of the interleukins IL-6, IL-1β,
IL-10, and IL-8 and TNF-α in preterm newborns under
mechanical ventilation (MV) in their first two days. The
study was conducted on 20 neonates (gestational age 32.2
± 3 weeks) with severe respiratory distress. Blood samples
were collected right before and 2 hours after invasive MV.
The newborns were separated according to oxygen require-
ment: low-oxygen (≤30%) and high-oxygen (>30%) groups.
In the high-oxygen group, IL-6, IL-8, and TNF-α plasma
levels increased significantly after two hours under MV.
Despite the small sample studied, data showed that there is
some relationship between VILI, proinflammatory cytokines,
and oxygen-induced lung injury, but a study considering
oxidative marker measurements is needed. It seems that less
oxygen may keep safer saturation targets playing a less
harmful role.

Finally, a large amount of evidence has demonstrated
that neuroinflammation plays a significant role in both acute

and chronic neurodegenerative disorders including Parkin-
son’s disease, Alzheimer’s disease, multiple sclerosis, stroke,
and traumatic brain injury. Y. Fu et al. reviewed the role of
excessive microglial activation inducing inflammation-
mediated neuronal damage and degeneration. They explored
new herbal compounds that are able to suppress neurotoxic-
ity via inhibiting microglial activation. The therapeutic tar-
gets and pharmacological mechanisms of these compounds
have also been discussed in the review.

This special issue is a collection of original or review arti-
cles submitted by investigators representing eight countries
across Europe, Asia, Africa, and South America, to highlight
some of the objectives achieved in basic, translational, and
clinical immunology. It provides a glimpse on some selected
immune-mediated disorders highlighting the cell types and
molecular mechanisms involved in the damage triggered by
host immune responses either directly or following virus
infections or changes in commensal flora composition.
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Hepatitis B can cause acute or chronic liver damage due to hepatitis B virus (HBV) infection. Cirrhosis or hepatocellular carcinoma
(HCC) caused by chronic HBV infection often leads to increased mortality. However, the gut and liver have the same embryonic
origin; therefore, a close relationship must exist in terms of anatomy and function, and the gut microbiota plays an important role
in host metabolic and immune modulation. It is believed that structural changes in the gut microbiota, bacterial translocation, and
the resulting immune injury may affect the occurrence and development of liver inflammation caused by chronic HBV infection
based on the in-depth cognition of the concept of the “gut-liver axis” and the progress in intestinal microecology. This review
aims to summarize and discuss the immunologic role of the gut microbiota in chronic HBV infection.

1. Introduction

Chronic hepatitis B virus (HBV) infection is a global problem
that threatens human health. Chronic HBV infection can
easily lead to some severe complications, such as liver failure,
cirrhosis, and even hepatocellular carcinoma (HCC), which
can be life-threatening if not treated in a timely and norma-
tive manner. According to the latest report from the World
Health Organization (WHO), there are approximately 257
million people with chronic HBV infection worldwide, and
of these cases, 887,000 people die due to complications
caused by chronic HBV infection [1]. Although the applica-
tion of the hepatitis B vaccine and antiviral drugs has caused
the rate of HBV infection to decrease yearly, chronic HBV
infection still remains a heavy economic burden and health
threat for many families [2, 3].

Researchers have persisted in finding better ways to con-
trol this disease. In recent years, studies on intestinal flora
have provided new targets for the prevention and treatment
of chronic HBV infection. Studies have demonstrated that
changes in the gut microbiota play important roles in induc-
ing and promoting the development of liver diseases, and the
diversity of the gut microbiota has been associated with

alcoholic liver disease, autoimmune liver disease, chronic
hepatitis B (CHB), cirrhosis and HCC; moreover, changes
in the intestinal flora are dependent on the various pathogen-
eses that are present [4–8]. Furthermore, scholars from
Taiwan have indicated that the gut microbiota may deter-
mine acute hepatitis B and CHB attacks. Specifically, the
composition of the gut microbiota affects the host immune
response to HBV, and the infection can easily transform into
a chronic infection when the intestinal flora is in an abnormal
state [9]. Accordingly, the fact that immune injuries caused
by structural changes in the gut microbiota have a significant
influence on the development of chronic HBV infection
cannot be ignored.

2. Chronic HBV Infection and Innate Immunity

Adults generally experience acute onset after infection with
HBV. However, most people are able to clear the virus via a
healthy immune system, and only a few individuals with
impaired immunity or other liver diseases progress to
chronic HBV infection. Most chronic HBV infections occur
in infants and young children due to their immature immune
systems and unstable intestinal flora [10, 11]. Therefore, the
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occurrence and development of chronic HBV infection not
only depend on the viral load, virulence, and invasion path
of the HBV but also are associated with the immune function
and intestinal flora of the host. It is currently believed that the
cause of liver injury is not HBV replication in liver cells but
rather the immune response caused by the HBV. The
immune response is considered a key factor in the develop-
ment of CHB. Various immune cells and cytokines not only
are involved in the initiation and regulation of the immune
response but also can activate downstream signaling path-
ways that directly or indirectly inhibit HBV replication. It
can be concluded that the host immune response caused by
HBV infection exerts a significant influence on the prognosis
of hepatitis B and the treatment effect of antiviral drugs [12].
The immune response against HBV mainly includes innate
immunity and adaptive immunity; however, the effective
innate immune response not only can eliminate the virus
directly but also can exert a significant influence on HBV-
specific immunity [13].

Toll-like receptors (TLRs) are important protein
molecules involved in innate immunity. Acting as a bridge
connecting nonspecific immunity and specific immunity,
they recognize molecules with conserved structures derived
frommicroorganisms. After the breach of the body’s physical
barriers, such as the skin or mucous membranes by microor-
ganisms, TLRs identify molecules and become activated,
leading to immune responses [14]. TLRs are expressed in
multiple liver immune cells, including plasmacytoid den-
dritic cells (pDCs), monocytes, macrophages, Kupffer cells,
hepatic stellate cells, and liver cells [12]. Experimental studies
have indicated that the activation of cell signaling pathways
by TLRs and the release of antiviral cytokines are the main
mechanisms by which HBV replication in liver cells is
suppressed. When the host is infected by HBV, the virus is
identified by the relevant TLRs, and the mechanisms of anti-
viral regulation are activated. These mechanisms include
TLR recognition, the release of interferon (IFN), activation
of NK and NKT cells, and the production of proinflamma-
tory cytokines [14]. For example, the activation of the
HBV-TLR3 signaling pathway causes the production of
IFN-α/β, and TLR2/TLR4 can initiate the MAPK and
PI3K/Akt signaling pathways [15]. However, another
research has demonstrated that HBV can reduce the expres-
sion of TLR2 in liver Kupffer cells and mononuclear cells in
patients with chronic HBV infection and can also attenuate
intracellular signaling pathways to enable the evasion of the
immune response [16]. A recent study also found that the
HBV DNA viral load is negatively correlated with TLR7
expression in biopsy samples, which indicates that expression
of TLR7 on liver cells can be inhibited by HBV [17]. Obvi-
ously, the TLR-mediated signaling pathways induce immune
responses to HBV infection, but the HBV virus itself downre-
gulates the expression of TLRs on the immune cells. The lat-
ter mechanism may be one of the main causes of progression
to chronic HBV infection in patients. Studies on the gut-liver
axis have revealed that the intestine and liver have the same
embryonic origin and are linked by the portal venous system.
The intestinal tract has been proposed to exert a regulatory
effect on the development of chronic HBV infection. The

intestinal flora is an important mediator of the interaction
between the intestine and the liver and the portal vein
functions as a bridge connecting these structures [8].

3. Gut Microbiota

As the name suggests, the gut microbiota includes microor-
ganisms that have colonized and coexist in the human intesti-
nal tract. Due to host genetic, diet, and environmental factors
and use of antibiotics, certain differences exist in the compo-
nents of the human intestine among individuals, but the
human body will gradually establish a stable intestinal flora
structure and regulate and maintain the body’s health under
the influence of these factors [18–20]. Tens of thousands of
microbes live in the intestinal tracts of normal adults, and
most of these microbes are located in the colon. The number
of bacteria located in the colon of the human body is esti-
mated to be approximately 3.8× 1013 according to the identi-
fied bacterial content and colon volume. There are
approximately 40,000 types of microbes in the gut and can
be divided into two main categories, that is, Bacteroides and
the thick-walled bacteria. The most common bacteria are
Bifidobacteria, Lactobacillus, Clostridium, and Streptococcus
[21]. These intestinal bacteria are considered beneficial, and
their roles in metabolism, immunity, and nutrition can pre-
vent invasion of the host by disease-causing pathogens [22].
Thus, the intestinal immune function cannot be neglected.
Data of experiments showed that imbalances of the intestinal
flora easily lead to disorders of the intestinal immune system
and cause a variety of diseases such as irritable bowel syn-
drome (IBS), inflammatory bowel disease (IBD), autoim-
mune liver disease, and CHB [23–26]. Moreover, the gut
microbiota is involved in nonalcoholic fatty liver disease
(NAFLD) and associated with the progression of NAFLD to
nonalcoholic steatohepatitis, cirrhosis, or HCC [19, 27].

4. Immune Function of Gut Microbiota in the
Development of Chronic HBV Infection

In recent years, many scholars, especially domestic scholars,
have studied the relationship between gut microbiota and
chronic HBV infection because of the high proportion of
HBV-infected people worldwide. In 2006, Xing et al. found
that liver ischemia and reperfusion can reduce the numbers
of intestinal Bifidobacteria and Lactobacillus and increase
the numbers of Enterobacteriaceae and Enterococcus; these
changes are associated with the loss of intestinal microvilli,
the widening of the intestinal mucosal space and intestinal
bacterial translocation [28]. Subsequently, the same changes
were found in the intestinal flora of chronic HBV carriers,
CHB patients, and hepatitis B-induced cirrhosis patients;
that is, the structures and abundances of the bacterial groups
were obviously different. Specifically, patients with CHB and
cirrhosis exhibit dramatically decreased Bifidobacteria and
Lactobacillus levels, while Enterococcus and Enterobacteria-
ceae levels are significantly increased compared to healthy
people. The progression of liver diseases, particularly liver
cirrhosis, is caused by bacterial products from the intestine
[29, 30]. Chou et al. found that HBV could not be detected
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after six weeks of HBV infection in adult mice without intes-
tinal flora (treated by antibiotics), and 60% of adult mice with
intestinal flora (no antibiotics) still exhibited HBV. These
data imply that gut microbes play a critical role in immunity
against HBV [9]. Wang et al. studied the intestinal flora of
CHB patients and healthy people, and the data revealed that
the Bacteroides level was decreased in CHB patients com-
pared to healthy people based on sequencing the V3-V4
region of the 16S rRNA gene of the intestinal flora. Addition-
ally, these authors also discovered that the intestinal micro-
flora structure of the CHB patients had changed compared
to that before severe liver injury, which indicated that the
structural changes in the intestinal flora played a potential
pathogenic role in patients with chronic HBV infection
[31]. In summary, an imbalance exists in the intestinal
microbiota of patients with CHB and cirrhosis. Similarly,
overgrowth of harmful bacteria in the intestinal tract leads
to increased mucosal permeability, which causes harmful
bacteria to travel through the portal vein into the liver and
thus activate the liver’s innate immune system. The structural
changes in the intestinal microflora and the severity of liver
disease are mutually causal, and to a certain extent, they affect
the transformation process of CHB to liver fibrosis or liver
failure [12]. Therefore, we suggest that, in chronic HBV
infection, the injury to hepatocytes not only originates from
the cellular immune response caused by HBV invasion but
also is caused by the natural immune response elicited by
pathogen-associated molecular patterns (PAMPs) produced
by the intestinal microbes with structural disorders. TLRs
are the main pattern recognition receptors in the natural
immune system and play a crucial role in the immune
response [12]. It is now known that the intestinal PAMPs
associated with chronic HBV infection are mainly composed
of lipopolysaccharide (LPS), unmethylated CpGDNA, bacte-
rial cell wall components, and bacterial DNA/RNA. The
related immune mechanisms are described below.

4.1. The LPS-TLR4 Pathway. LPS is the main component of
the outer membrane of Gram-negative bacteria and is an
endotoxin mainly released by Enterobacteriaceae. Research
has demonstrated a high level of LPS in the blood of patients
with chronic HBV liver failure, which indicates that LPS may
be related to the severity of the disease [32]. Another study
found that LPS in the intestinal tract can downregulate the
expression of tight junction proteins (ZO-1 and closed pro-
tein), increase the permeability of the intestinal mucosa,
and enter the blood flow through the portal venous system
[33, 34]. LPS can be recognized by TLR4, and TLR4 is mainly
expressed in mononuclear macrophages [32]. Chou et al. [9]
found that mice, regardless of age, subjected to TLR4 silenc-
ing are able to clear HBV and obviously produce antibodies
in 8 weeks. In other words, TLR4-silenced mice are not
immune to LPS but can clear HBV. Conversely, LPS-
induced immune responses may contribute to the progres-
sion of chronic HBV infection. Researches showed that LPS
binds to LPS-binding protein, and this combination can be
identified by TLR4 on the surface of mononuclear macro-
phages. This recognition then stimulates CD14+ Kupffer
cells, triggers the inflammatory cascade effect, activates the

NF-κB-related pathway, and produces inflammatory cyto-
kines, such as tumor necrosis factor-α (TNF-α), IL-1, and
IL-6, and thus causes acute liver injury [35, 36]. Simulta-
neously, this pathway also induces Kupffer cells to release
immunosuppressive mediators, such as IL-10, which can
inhibit the release of inflammatory mediators of mononu-
clear macrophages and HBV-specific immune responses, in
turn inhibiting the efficient clearing of bacteria and HBV
[37]. Additionally, hepatic stellate cells also express TLR4
and can release a large number of extracellular matrix
proteins in a LPS-TLR4 pathway-dependent manner. These
proteins are involved in the fibrotic process and may also
be among the factors that cause chronic HBV infection to
develop into liver fibrosis [38].

4.2. The Unmethylated CpG DNA-TLR9 Pathway. Unmethy-
lated CpG DNA is an important immune adjuvant that can
activate TLR9. TLR9 is mainly expressed on mononuclear
cells, B cells, CD4+ T cells, pDCs, and Treg cells [39]. The
CpG-TLR9 signaling pathway not only activates the innate
immune response but also adjusts the adaptive immune
response. The CpG-TLR9 signaling pathway plays an
important role in the prevention and treatment of infec-
tious diseases [40]. Researches have highlighted that
CpG-TLR9 and MyD88 form compounds (MyD88,
IRAK4, and TRAF6), and TRAF6 phosphorylates IRAK1
to trigger the NF-κB and MAPK signaling pathways,
which may activate DCs to express and secrete cytokines
and chemokines to further promote the proliferation and
differentiation of B and T cells, resulting in the secretion
of proinflammatory cytokines and IFN [40, 41]. However,
different bacteria have different CpG DNA levels. In the
intestinal flora of animals, unmethylated CpG DNAs are
abundant in Lactobacillus casei, Lactobacillus plantarum,
Lactobacillus rhamnosus, Bifidobacteria, Proteobacteria,
and Bacteroidetes [40]. As mentioned above, the intestinal
floras of chronic HBV-infected patients with aggravated
conditions are highly maladjusted, and Lactobacillus and
Bifidobacteria with richer unmethylated CpG DNA levels
are greatly reduced, causing the weakening of the CpG
DNA-TLR9 pathway, decreasing of the production of pro-
tective cytokines, especially IFN, and diminishing of the
immune effect on HBV.

4.3. Other Pathways. Other components of intestinal bacteria
can also be identified by liver immune cells, such as the fol-
lowing cell wall components: teichoic acid (TA), peptidogly-
can (PGN), and specialized proteins (flagellin). TA and PGN
are recognized by TLR2, and flagellin mainly activates TLR5
[42, 43]. TLR3 can combine with dsRNA in bacteria, and
ssRNA can activate TLR7 and TLR8 receptors [44]. A series
of protective immune responses depend on the MyD88-
TRIF pathway, which triggers the downstream signal and
then initiates the activation of related immune cells to release
proinflammatory cytokines [45]. Nevertheless, this process
will also aggravate liver injury if the immune response per-
sists for a long time or reaches an excessive intensity, which
then results in the production of a large number of cytokines
in the body [32].
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5. Summary and Prospects

In conclusion, studies have confirmed that imbalances of the
intestinal flora play an important role in promoting the
development of chronic HBV infection. The PAMPs of intes-
tinal bacteria are transferred into the liver through the portal
vein and identified by TLRs in the immune cells, which
causes a series of immune responses, the release of various
cytokines (IL, TNF, and IFN), and further liver cell damage.
Among these processes, TLRs play an essential role as an
important link between the intestinal flora and the liver
immune reaction.

Although antiviral drugs and IFN have significant effi-
cacy in the treatment of chronic HBV infection, for various
reasons, it seems inevitable that chronic HBV infection
develops into liver cirrhosis, liver failure, or liver cancer.
Currently, studies on the gut microbiota and its products
have provided a new therapeutic target. An article proposed
that the application of synthetic unmethylated CpG DNA is
a promising measure for the treatment of infectious diseases
[41]. Additionally, the physiological indexes (BMI) and
serum metabolites of the patients with chronic HBV infec-
tion also correlated with the structure of the intestinal
flora and liver fibrosis [31]. Certain physical exercises
may actively regulate the intestinal floras of patients with
chronic diseases [46].

In recent years, probiotics have been widely used in the
treatment of intestinal diseases. Many studies have demon-
strated that compound probiotics can improve the abnormal
state of the gut microbiota, as well as chronic inflammation
in chronic liver diseases, but short-term probiotic treatment
still has no effect on adjusting intestinal permeability or liver
function [47, 48]. With the in-depth study of gut microbiota,
someone suggested that fecal microbiota transplantation
(FMT) will be a promising treatment for chronic HBV infec-
tion. FMT refers to the infusion of a faecal suspension from
healthy people into the intestinal tract of patients to cure a
specific disease [32]. More and more researches showed that
FMT has been used to treat Clostridium difficile infection,
IBD, IBS, and various liver diseases with some effects [49].
A 2015 case report described that FMT can reduce blood
ammonia, increase cognitive abilities, and improve hepatic
encephalopathy for a 57-year-old male with cirrhosis second-
ary to both alcohol and the hepatitis C virus [50]. A report on
HBeAg-positive CHB therapy in patients with ongoing ETV/
TDF therapy showed that FMT can induce HBeAg clearance
in a significant proportion of cases who have persistent pos-
itive HBeAg even after long-term antiviral treatment.
Although only 5 patients participated in the FMT group,
the statistics varied significantly (P = 0 0001) and these dra-
matic results were particularly encouraging for patients with
HBeAg-positive CHB who could not cease oral antiviral ther-
apy [51]. Therefore, FMT may be as a potential immuno-
modulator in improving the intestinal microenvironment
and alleviating the damage to the liver caused by harmful
intestinal bacteria [32]. However, there are also associated
ethical, legal, and social problems; we should establish a
balance of scientific research, health, and marketing regard-
ing the study of the intestinal flora [52]. And the data on

the field of FMT treatment related to HBV-related diseases
is still limited. So there will be a lot of work to do on FMT
and chronic HBV infection for us in the future [32].
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Toll/IL-1R-domain-containing adaptor-inducing IFN-β (TRIF) is an important adaptor for TLR3- and TLR4-mediated
inflammatory signaling pathways. Recent studies have shown that TRIF plays a key role in vessel inflammation and
atherosclerosis; however, the precise mechanisms are unclear. We investigated the mechanisms of the TRIF-regulated
inflammatory response in RAW264.7 macrophages under oxidized low-density lipoprotein (ox-LDL) stimulation. Our data
show that ox-LDL induces TRIF, miR-155, and BIC expression, activates the ERK1/2 and SOCS1-STAT3-NF-κB signaling
pathways, and elevates the levels of IL-6 and TNF-α in RAW264.7 cells. Knockdown of TRIF using TRIF siRNA suppressed
BIC, miR-155, IL-6, and TNF-α expression and inhibited the ERK1/2 and SOCS1-STAT3-NF-κB signaling pathways. Inhibition
of ERK1/2 signaling also suppressed BIC and miR-155 expression. These findings suggest that TRIF plays an important role in
regulating the ox-LDL-induced macrophage inflammatory response and that TRIF modulates the expression of BIC/miR-155
and the downstream SOCS1-STAT3-NF-κB signaling pathway via ERK1/2. Therefore, TRIF might be a novel therapeutic target
for atherosclerosis.

1. Introduction

Atherosclerosis (AS) is a chronic arterial disease and a major
threat to public health worldwide, as it is a main cause of
cardiovascular disease (CVD), ischemic stroke, and local
thrombosis [1]. AS is now recognized as a chronic inflamma-
tory disorder that is induced by oxidized low-density lipopro-
tein (ox-LDL) accumulation and inflammation in the arterial
intima under hypercholesterolemic conditions [2]. Multiple
cells, such as macrophages, lymphocytes, endothelial cells,
and smooth muscle cells, contribute to the occurrence and
development of AS [3]. Macrophages play especially impor-
tant roles in this pathophysiological process, as they are the
major effector cells that stimulate the vascular inflammatory
response through various inflammatory mediators and form
foam cells in atherosclerotic lesions, thereby promoting
plaque formation and impacting plaque stability [4, 5]. There-
fore, it is important to explore novel mechanisms underlying
the ox-LDL-induced macrophage inflammatory response.

Toll/IL-1R-domain-containing adaptor-inducing IFN-β
(TRIF) is a Toll/IL-1R- (TIR-) domain-containing adaptor
[6, 7]. TRIF plays a pivotal role following the activation of
Toll-like receptor (TLR) 3 and 4 signaling, leading to the pro-
duction of inflammatory mediators through the activation of
several transcription factors, including NF-κB, IRF3, and
AP-1 [8–11]. Vorkapic E et al. showed that knockout of TRIF
suppressed angiotensin (Ang) II-induced aneurysm forma-
tion and vascular inflammation in vivo [12]. Lundberg and
colleagues reported that TRIF deficiency in hematopoietic
cells reduced atherogenic diet-induced vascular inflamma-
tion and protected against atherosclerosis, as shown in
Ldlr−/− mice after receiving a bone marrow transfer from
TRIF-deficient mice [13]. Another study revealed that
Ldlr−/− mice with a loss-of-function mutation in TRIF
(Lps2) were significantly protected from atherosclerosis and
exhibited reduced cytokine secretion from peritoneal macro-
phages under hyperlipidemic conditions [14]. Overall, the
above studies indicate that TRIF plays a key role in vessel
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inflammation and atherosclerosis; however, its precise
mechanism is unclear.

MicroRNA (miRNA) is an endogenous, short length
(~22 nucleotides) noncoding RNA. Recently, several reports
have shown that miRNAs, especially miR-155, play a pivotal
role in the regulation of inflammatory responses in AS by
binding to the 3′-untranslated region (UTR) of target
mRNAs [15]. There was a previous report by Tian et al. that
miR-155 was upregulated in macrophages by ox-LDL
stimulation. They also reported that miR-155 is involved
in ox-LDL-induced macrophage inflammatory response,
including expression of inflammatory factors IL-6 and
TNF-α. Other studies have also demonstrated that elevated
miR-155 promotes foam cell formation and atherosclerosis
by repressing its downstream target genes, including Bcl-6,
SOCS1, HMG box-transcription protein 1 (HBP1), and
mitogen-activated protein kinase 10 (MAP3K10) [16–19].
Although ox-LDL-induced miR-155 play a key role for
AS occurrence and progress, the potential mechanism is
still unknown.

In the present study, we investigated the potential
mechanism of ox-LDL-induced miR-155 and inflamma-
tion response in macrophages and found that ox-LDL
induced TRIF expression and activated ERK1/2 signal, then
enhanced the expression of B-cell integration cluster (BIC,
miR-155 host gene)/miR-155, thus promoting inflammation
mediator production.

2. Materials and Methods

2.1. Materials. Raw264.7 macrophages were purchased from
CellBio (Shanghai, China). Oxidized low-density lipoprotein
(ox-LDL) was purchased from Peking Union-Biology Co.
Ltd. (Beijing, China). TriPure Isolation Reagent, X-
tremeGENE siRNA Transfection Reagent, X-tremeGENE
HP DNA Transfection Reagent, the Transcriptor First Strand
cDNA Synthesis Kit, and FastStart Universal SYBR Green
Master Mix were purchased from Roche (Switzerland). The
following primary antibodies were used in this study: rabbit
antisuppressor of cytokine signaling 1 (SOCS1) (Abcam,
UK), rabbit antiphosphorylation-signal transducer and
activator of transcription 3 (p-STAT3) (Cell Signaling
Technology, USA), rabbit antiphosphorylated-protein kinase
(MAPK)/extracellular signal-regulated kinase1/2 (p-ERK1/2)
and ERK1/2 (Cell Signaling Technology, USA), NFκB p65
(Cell Signaling Technology, USA), and rabbit anti-β-actin
(Cell Signaling Technology, USA). Horseradish peroxidase-
(HRP-) conjugated AffiniPure goat anti-rabbit IgG was
purchased from Beijing Zhongshan Golden Bridge Biotech-
nology Co. Ltd. (Beijing, China). NF-κB luciferase reporter
plasmid (pNFκB-luc) was purchased from Beyotime Inc.
(Jiangsu, China). High-glucose Dulbecco’s Modified Eagle
Medium (DMEM) and fetal bovine serum (FBS) were
purchased from Gibco (USA). ERK inhibitor, SCH772984,
was purchased from MedChem Express (USA). TRIF siRNA
sequences have been designed and synthesized by Gene-
Pharma Co. Ltd. (Shanghai, China). All other reagents were
commercially available and used as received.

2.2. Cell Culture and Treatment. RAW264.7 cells were
cultured in DMEM with 10% FBS and 1% penicillin/strepto-
mycin. These cells were treated with 20μg/mL ox-LDL for 0,
6, 12, and 24 h and then underwent further study.

2.3. Transfection with TRIF siRNA. TRIF siRNA and negative
control (NC) had been transfected into RAW264.7 cells as
previously described [20]. The sequences of TRIF siRNA
are the following: (1) 5′-GCU AUG UAA CAC ACC GCU
GTT-3′; (2) 5′-GGA CAU ACG UUA CAC UCC ACC
AACA GTT-3′; (3) 5′-GGU CAA ACG UGA CAC UCa
ACC UGC GTT-3′; and NC sequence: 5′-ACG UGA CAC
GUU CGG AGA ATT-3′.

2.4. RT-qPCR Analysis of miR-155 and B-Cell Integration
Cluster (BIC), IL-6, and TNF-α mRNA Expression. Total
RNA was isolated from treated RAW264.7 cells, and
cDNA was synthesized using a Transcriptor First Strand
cDNA Synthesis Kit according to the manufacturer’s instruc-
tions. The following primers were used in the quantitative
PCR (qPCR) assay: miR-155 forward primer, 5′-ACACTC
CAGCTGGGTTAATGCTAATCGTG-3′, miR-155 reverse
primer, 5′-CTCAACTGGTGTCGTGGAGT-3′; U6 forward
primer, 5′-GTGCTCGCTTCGGCAGCA-3a′, U6 reverse
primer, 5′-CAAAATATGGAACGCTTC-3′; BIC forward
primer, 5′-CAAACCAGGAAGGGGAAGTGT-3′, BIC
reverse primer, 5′-TAGGAGTCAGTCAGAGGCCAA-3′;
TRIF forward primer, 5′-GCAGGCAGCACAAGTACAA
C-3′, TRIF reverse primer, 5′-GTGCTCGGTTTCAGGC
AATG-3′; TNF-α forward primer, 5′-GACCCTCACAC
TCAG ATCATC-3′, TNF-α reverse primer: 5′-GAACCT
GGGAGTAGATAAGG; IL-6 forward primer, 5′-GTAT
GAACAACGATGATGCACTTG3′, IL-6 reverse primer,
5′-ATGGTACTCCAGAAGACCAGAGGA-3′; and β-actin
forward primer, 5′-CACGGCATCGTCACCAACT-3′, β-
actinreverseprimer,5′-GTCCTACGGAAAACGGCAGA-3′.
PCR amplification was performed under the following
conditions: 95°C for 10min followed by 95°C for 30 s,
60°C for 30 s, and 72°C for 30 s for 35 cycles. Data analysis
was performed using the 2−△△CT method to determine the
relative level of target gene expression, which was normalized
to U6 or β-actin expression.

2.5. Evaluation of TRIF, SOCS1, p-STAT3, NFκB p65,
p-ERK1/2, and ERK1/2 Protein Levels by Western Blot.
Western blot was performed as previously described [21].
Briefly, total protein was isolated from treated cells. Each
protein sample was separated by 10% SDS-PAGE and trans-
ferred onto polyvinylidene difluoride (PVDF) membranes.
PVDF membranes were then incubated with antibodies,
including TRIF, SOCS1, p-STAT3, p-ERK1/2, and ERK1/2
antibodies. The protein bands were detected by an enhanced
chemiluminescence detection system.

2.6. Analysis of NF-κB Promoter Activity by Dual-Luciferase
Reporter Assay. RAW264.7 cells were seeded onto 24-well
tissue culture plates and cultured overnight. The cells were
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cotransfected with 100ng of pNFκB-luc and 100ng of pRL-
TK as a control using X-tremeGENE HP DNA Transfection
Reagent for 6 h. Then, TRIF siRNA or negative control (NC)
was transfected into these cells. After 24 h, the cell culture
media were replaced with DMEM containing 10% FBS, and
the cells were treated with 20μg/mL ox-LDL for 24 h. The
treated cells were harvested in the lysis buffer, and luciferase
activity was analyzed [22].

2.7. Statistical Analysis.Data are presented as the mean± S.E.
Statistical comparisons among groups were performed using
one-way ANOVA. p < 0 05 was considered statistically
significant.

3. Results

3.1. ox-LDL Induced TRIF Expression in a Time-Dependent
Manner. To explore the effect of TRIF on the ox-LDL-
induced inflammatory macrophage inflammatory response,
we investigated the expression of TRIF protein after
RAW264.7 cells were treated with 20μg/mL ox-LDL for
24 h. As shown in Figures 1(a) and 1(b), TRIF protein expres-
sions were significantly increased at 6, 12, and 24h compared
to those at 0 h (p < 0 05). Moreover, the level of TRIF mRNA
was higher at 6, 12, and 24 h than at 0 h (p < 0 05). Therefore,
ox-LDL increased TRIF levels in a time-dependent manner.
These data showed that ox-LDL gradually increased the
expression of TRIF protein and mRNA over time, suggesting
that TRIF might be involved in the ox-LDL-induced inflam-
matory response.

3.2. ox-LDL Induced miR-155 Expression and the
Macrophage Inflammatory Response. In this study, we ana-
lyzed the expression of miR-155 and BIC following the expo-
sure of RAW264.7 cells to ox-LDL. These data demonstrated
that the expression of BIC RNA was markedly increased at 6,
12, and 24 h compared to that at 0 h (p < 0 05) (Figure 2(a)).
Similarly, the expression of miR-155 increased with pro-
longed ox-LDL treatment time compared to that at the 0 h
time point (p < 0 05) (Figure 2(b)). We further studied the
effect of ox-LDL on the miR-155-mediated inflammatory sig-
naling pathway. These data showed that the level of SOCS1
protein, a target of miR-155, was lower at 6, 12, and 24 h after
ox-LDL exposure than at 0 h (p < 0 05). In contrast, the
expression of p-STAT3 was significantly elevated after the
RAW264.7 cells were treated with ox-LDL for 6, 12, and
24 h compared to the 0 h time point (p < 0 05). The expres-
sion of NFκB p65 protein was similar with p-STAT3.
(Figures 2(c) and 2(d)). NF-κB promoter activity and the
level of IL-6 and TNF-α mRNA expression were also
increased when RAW264.7 cells were exposed to 20μg/mL
ox-LDL (Figures 2(e)–2(g)). Additionally, the expression of
IFN-β mRNA was lower at 6 h than at 0 h (p < 0 05), and
the IFN-β mRNA expression at 12h and 24 h was not
significantly different compared to that at 0 h (p > 0 05)
(Figure 2(h)). These data suggested that ox-LDL not only
induced miR-155 generation but also activated the inflam-
matory signaling pathway via miR-155.

3.3. Inhibition of TRIF by TRIF siRNA Suppressed ox-LDL-
Induced miR-155 Generation. To explore the role of TRIF
in ox-LDL-induced inflammation, we silenced TRIF mRNA
and protein using TRIF siRNA. The data showed that the
three TRIF siRNA oligos markedly suppressed TRIF mRNA
and protein expression (p < 0 05) and that the TRIF siRNA-
1 and siRNA-2 oligo was more effective in silencing TRIF
expression than the other siRNA oligos (Figures 3(a)–3(c)).
Interestingly, the expression of BIC RNA was significantly
decreased when the Raw264.7 cells were preincubated with
TRIF siRNA-1 and siRNA-2, then exposed to ox-LDL com-
pared to cells that were preincubated with NC followed by
ox-LDL exposure (p < 0 05) (Figure 3(d)). Similarly, miR-
155 expression was lower in the ox-LDL/TRIF siRNA group
than that in the ox-LDL/NC group (p < 0 05) (Figure 3(e)).
However, the levels of BIC and miR-155 remained higher
in the ox-LDL/TRIF siRNA group than those in the
control group (p < 0 05). These data demonstrated that
TRIF knockdown could partly reverse ox-LDL-induced
miR-155 generation and suggested that TRIF modulates
miR-155 generation. Additionally, given to TRIF siRNA-1
was better to suppress TRIF expression; therefore, it was used
to knock down TRIF expression in subsequent experiments.

3.4. TRIF Silencing Inactivated the miR-155-Mediated
Inflammatory Pathway. TRIF plays an important role in the
MyD88-independent inflammatory pathway. Given that
TRIF could upregulate the generation of miR-155, we
hypothesized that TRIF knockdown could suppress the
miR-155-mediated inflammatory pathway. Our data demon-
strated that the level of SOCS1 protein expression was
decreased after RAW264.7 cells were challenged with ox-
LDL in the ox-LDL/NC group and partly restored in the
ox-LDL/TRIF siRNA group. In contrast to the expression
of p-STAT, NFκB p65 was significantly inhibited in the ox-
LDL/TRIF siRNA group compared to that in the ox-LDL/
NC group (p < 0 05) (Figures 4(a) and 4(b)). The promoter
activity of NF-κB was higher in the ox-LDL, ox-LDL/NC,
and ox-LDL/TRIF siRNA groups than that in the control
group (p < 0 05). Moreover, NF-κB activity was notably
suppressed in the ox-LDL/TRIF siRNA group compared to
that in the ox-LDL/NC group (p < 0 05) (Figure 4(c)).
Meanwhile, the expressions of IL-6 and TNF-α mRNA were
consistent with the NF-κB promoter activity (Figures 4(d)
and 4(e)). These data revealed that TRIF knockdown
inactivated the miR-155-mediated inflammatory pathway,
suggesting that TRIF was a novel and important target
for the inhibition of the ox-LDL-induced macrophage
inflammatory response.

3.5. ERK1/2 Signaling Is Involved in TRIF-Mediated miR-155
Generation. ERK1/2 signaling plays a key role in the patho-
physiology of AS [23–25]. In our study, we investigated the
role of ERK1/2 in ox-LDL-induced miR-155 generation in
RAW264.7 cells. As shown in Figures 5(a) and 5(b), the level
of p-ERK1/2 was elevated at 12 and 24 h after macrophages
were treated with 20μg/mL ox-LDL compared to that at
the 0 h time point (p < 0 05). Subsequent experiments
showed that TRIF silencing by TRIF siRNA significantly
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inhibited the expression of p-ERK1/2 compared to the NC
group (p < 0 05). Furthermore, the level of p-ERK1/2 expres-
sion was lower in the TRIF siRNA/ox-LDL group than that in
the ox-LDL group (p < 0 05) (Figures 5(c) and 5(d)). More-
over, the level of p-ERK1/2 expression was lower in the
SCH772984 group than that in the control group (p < 0 05)
and lower in the ox-LDL/SCH772984 group than that in
the ox-LDL group (p < 0 05) (Figures 5(e) and 5(f)).
Additionally, the expressions of BIC and miR-155 were
suppressed in the ox-LDL/SCH772984 group compared with
that in the ox-LDL group (p < 0 05) (Figures 5(g) and 5(h)).
These data suggest that ERK1/2 signaling is involved in
TRIF-mediated miR-155 generation.

4. Discussion

Herein, we determined that ox-LDL induced TRIF, miR-155,
and BIC (the precursor of miR-155) expression. Knockdown
of TRIF expression partly reversed ox-LDL-induced BIC and
miR-155 expression, inactivated the miR-155-modulated
SOCS1-STAT3-NF-κB pathway, and reduced the production
of inflammatory mediators. Moreover, we showed that
ERK1/2 signaling is involved in the induction of mediated
miR-155 generation by TRIF. These data suggest that TRIF
promotes the ox-LDL-induced macrophage inflammatory
response by inducing miR-155 generation.

Recent studies have shown that TRIF plays a critical
role in modulating the progression of AS and vessel
inflammation in animal models [13, 14] following the acti-
vation of TLR 3 and 4 in the endosomes [26]. Our data
showed that ox-LDL induced the expression of TRIF in
macrophages; furthermore, activation of NK-κB signaling
and upregulated TNF-α and IL-6 expression were also
been found [21, 27]. While knockdown of TRIF using
TRIF siRNA partly suppressed ox-LDL-induced NK-κB
activation and inflammatory mediator expression, our data
suggest that upregulation of TRIF by ox-LDL promotes the
macrophage inflammatory response and that TRIF is a novel
target for blocking inflammatory mediator release from
macrophages. Additionally, the expression of IFN-β was
decreased when RAW264.7 cells were exposed to ox-LDL
for 6 h and then gradually restored to baseline. This finding
might be due to the induction of TRAF family member-
associated NF-κB activator (TANK) monoubiquitination by
ox-LDL and the subsequent suppression of TRIF-dependent
IFN-β expression [28].

BIC was first identified in avian leukosis virus-induced
B lymphomagenesis as a collaborator with c-myc even
though it is a nonprotein-coding RNA due to the lack of
a large open reading frame (ORF) [29–31]. Lagos-
Quintana et al. identified the miR-155 foldback precursor
sequence within a conserved region of BIC [32]. Eis and
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Figure 1: Effect of ox-LDL on TRIF expression in RAW264.7 cells. (a) TRIF protein expression was evaluated by Western blot. RAW264.7
cells were treated with 20 μg/mL ox-LDL for the indicated times. Representative bands show the expression of TRIF protein (upper panel) and
β-actin protein (lower panel). (b) Histograms illustrate TRIF protein expressions, which were normalized to β-actin expression. The data
represent the mean± S.E. of three independent experiments. (c) qPCR was used to detect the level of TRIF mRNA. The data represent the
mean± S.E. of four independent experiments. ∗p < 0 05 and ∗∗p < 0 01 versus the 0 h time point.
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Figure 2: ox-LDL induced miR-155 generation and the macrophage inflammatory response. RAW264.7 cells were treated with 20μg/mL ox-
LDL for the indicated times. (a and b) qPCR was used to detect the expression of miR-155HG (BIC) andmiR-155 in macrophages. (c) SOCS1,
NFκB p65, STAT3, and p-STAT3 protein expression was evaluated using Western blot. Representative bands show the expression of SOCS1
protein (upper panel), p-STAT3 (second panel), STAT3 (third panel), NFκB p65 (fourth panel), and β-actin protein (lower panel). (d)
Histograms illustrated the SOCS1, NFκB p65, and p-STAT3 protein expressions, which were normalized to β-actin expression. The data
represented the mean± S.E. of three independent experiments. (e) The promoter activity of NF-κB was analyzed by dual-luciferase
reporter assay. (f, g, h) The expressions of IL-6, TNF-α, and IFN-β mRNA were measured using qPCR. The data represent the mean± S.E.
of four independent experiments. ∗p < 0 05 and ∗∗p < 0 01 versus the 0 h time point.
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Figure 3: TRIF silencing suppressed BIC and miR-155 expression. (a and b) TRIF mRNA and protein expression was inhibited by TRIF
siRNA. Three TRIF siRNA oligos and negative control (NC) were separately transfected into RAW264.7 cells for 24 h, and then, the cells
were harvested for detection of TRIF mRNA and protein expressions by qPCR and Western blot, respectively. Representative bands in B
show the expression of TRIF protein (upper panel) and β-actin protein (lower panel). (c) Histograms illustrate the TRIF protein
expressions, which were normalized to β-actin expression. The data represent the mean± S.E. of three independent experiments.
∗p < 0 05 and ∗∗p < 0 01 versus the NC group. (d and e) BIC RNA and miR-155 expression was evaluated by qPCR. RAW264.7
cells were preincubated with TRIF siRNA-1 or siRNA-2 for 24 h followed by treatment with 20μg/mL ox-LDL for 24 h. The data
represent the mean± S.E. of four independent experiments. ∗∗p < 0 01 versus the control group and ∧p < 0 05 versus the 20μg/mL
ox-LDL/NC group.
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Figure 4: Knockdown of TRIF suppressed the miR-155-mediated inflammatory pathway. RAW264.7 cells were preincubated with TRIF
siRNA for 24 h followed by treatment with 20 μg/mL ox-LDL for 24 h. (a) The levels of SOCS1 NFκB p65, STAT3, and p-STAT3
protein were evaluated using Western blot. Representative bands showed the levels of SOCS1 protein (upper panel), p-STAT3
(second panel), STAT3 (third panel), NFκB p65 (fourth panel), and β-actin protein (lower panel). (b) Histograms illustrated the
SOCS1, NFκB p65, and p-STAT3 protein expressions, which were normalized to β-actin expression. (c) NF-κB promoter activity was
analyzed using a dual-luciferase reporter assay. (d and e) The expressions of IL-6 and TNF-α mRNA were measured using qPCR. The
data represent the mean± S.E. of four independent experiments. ∗p < 0 05 versus the control group, ∗∗p < 0 01 versus the control group,
#p < 0 05 versus the 20μg/mL ox-LDL group, and ∧p < 0 05 versus the 20μg/mL ox-LDL/NC group.

7Journal of Immunology Research



0 6 12 24
20 �휇g/mL ox-LDL (h)

ERK1/2 44/42

44/42p-ERK1/2

�훽-Actin 43

(k
D

a)

(a)

0 6 12 24

⁎⁎ ⁎⁎

Time after 20 �휇g/mL ox-LDL (h)

0.0

0.5

1.0

1.5

2.0

p-
ER

K 1
/2

 p
ro

te
in

re
lat

iv
e e

xp
re

ss
io

n

(b)

44/42

44/42

43

ERK1/2

p-ERK1/2

�훽-Actin

20 �휇g/mL ox-LDL −
NC

TRIF siRNA −
+
−

−

+

−
+

+
−
+

+

(k
D

a)

(c)

20 �휇g/mL ox-LDL −
NC

TRIF siRNA −
−
−

+

+

−
+

+
−
+

+

^

⁎⁎

⁎⁎

0.0
0.5
1.0
1.5
2.0
2.5

p-
ER

K 1
/2

 p
ro

te
in

re
lat

iv
e e

xp
re

ss
io

n

(d)

20 �휇g/mL ox-LDL −
SCH772984 − +

− +
+
+

−

p-ERK1/2 44/42

�훽-Actin 43

ERK1/2 44/42

(k
D

a)

(e)

−
−
+ −

+ +
+

−20 �휇g/mL ox-LDL
SCH772984

⁎⁎

⁎⁎

⁎⁎^#

0.0
0.5
1.0
1.5
2.0
2.5

p-
ER

K 1
/2

 p
ro

te
in

re
lat

iv
e e

xp
re

ss
io

n

(f)

⁎⁎^

−
−
+ −

+ +
+

−20 �휇g/mL ox-LDL
SCH772984

⁎⁎

0

2

4

6

m
iR

-1
55

 re
lat

iv
e

ex
pr

es
sio

n

(g)

−
−
+ −

+ +
+

−20 �휇g/mL ox-LDL
SCH772984

⁎

⁎⁎

⁎⁎^

0
1
2
3
4
5

BI
C 

RN
A

re
lat

iv
e e

xp
re

ss
io

n

(h)

Figure 5: ERK1/2 is involved in the regulation of BIC and miR-155 expression by TRIF. (a) The expression of p-ERK1/2 protein was evaluated
by Western blot. RAW264.7 cells were treated with 20 μg/mL ox-LDL for the indicated times. Representative bands showed the expression of
p-ERK1/2 protein (upper panel), p-ERK1/2 protein (middle panel), and β-actin protein (lower panel). (b) Histograms illustrated the p-ERK1/2
protein level, which was normalized to the ERK1/2 level. The data represented the mean± S.E. of three independent experiments. ∗p < 0 05
and ∗∗p < 0 01 versus the 0 h time point. (c) TRIF silencing suppressed p-ERK1/2 expression. RAW264.7 cells were transfected with NC or
TRIF siRNA for 24 h followed by treatment with 20μg/mL ox-LDL for 24 h. Representative bands show the expression of p-ERK1/2
protein (upper panel), p-ERK1/2 protein (middle panel), and β-actin protein (lower panel). (d) Histograms illustrate the p-ERK1/2
protein expression, which was normalized to the ERK1/2 expression. The data represent the mean± S.E. of three independent experiments.
∗∗p < 0 01 versus the NC group and ∧p < 0 05 versus the TRIF siRNA/ox-LDL group. (e) The level of p-ERK1/2 expression was suppressed
by SCH772984 (ERK1/2 inhibitor). RAW264.7 cells were preincubated with 1μM SCH772984 for 2 h followed by treatment with 20μg/mL
ox-LDL for 24 h. (f) Histograms illustrate the p-ERK1/2 protein expression, which was normalized to the ERK1/2 expression. (g and h) The
expressions of miR-155 and BIC RNA were measured using qPCR. RAW264.7 cells were preincubated with 1 μM SCH772984 for 2 h
followed by treatment with 20μg/mL ox-LDL for 24 h. The data represent the mean± S.E. of three independent experiments. ∗∗p < 0 01
versus the control group, ∧p < 0 05 versus the 20μg/mL ox-LDL group, and #p < 0 05 versus the SCH772984 group.
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colleagues subsequently found that the level of miR-155
expression was dependent on the level of BIC RNA and
the regulation of pre-miR-155 generation [33]. Recently,
O’Connell et al. demonstrated that activation of TLRs
by their ligands upregulated miR-155 through either a
MyD88-dependent or MyD88-independent (TRIF) signal-
ing pathway in THP-1 cells. Moreover, BIC RNA was
shown to be involved in TLR ligand-induced miR-155
expression [34]. Similarly, our study found that ox-LDL
induced BIC and miR-155 expression in RAW264.7 cells,
thereby suppressing the target gene SOCS1 and activating
the STAT3-NF-κB signaling pathway. Knockdown of TRIF
suppressed the expression of BIC and miR-155, partly
inactivated the STAT3-NF-κB signaling pathway, and
downregulated the expression of inflammatory mediators,
thus suggesting that TRIF induces miR-155 expression and
activates its downstream signaling pathways by regulating
the level of BIC RNA.

It is well known that activation of the ERK1/2 signaling
pathway plays an important role in controlling several
cellular biological responses, including cell cycle arrest, cell
survival, and apoptosis [35–37]. Recently, studies have
shown that ERK1/2 activation is involved in ox-LDL-
induced endothelial cell injury [38–40], vascular smooth
muscle cell (VSMC) proliferation and migration [41],
and the macrophage inflammatory response [42, 43].
Consistent with the above research, our study also demon-
strated that ERK1/2 signaling pathways are activated in
macrophages following stimulation with ox-LDL. Interest-
ingly, we found that knockdown of TRIF hampered the
ox-LDL-mediated activation of ERK1/2 signaling pathways,
suggesting that activation of ERK1/2 signaling is dependent
on TRIF when macrophages are exposed to ox-LDL.
Luan et al. showed that knockdown of TRIF-related
adaptor molecule (TRAM) using TRAM siRNA suppressed
Broncho-Vaxom-induced ERK1/2 activation in RAW264.7
cells [44]. Other studies have revealed that lipopolysaccha-
ride (LPS) induces ERK1/2 activation through TRIF and
MyD88- and TRIF-dependent signaling in vivo and in vitro
[45–47]. According to the results of the above research,
activation of ERK1/2 might be at least partly dependent on
TRIF signaling when macrophages are stimulated by ox-
LDL. In addition, our results suggest that ERK1/2 plays an
important role in the regulation of BIC and miR-155 expres-
sion. Our findings are consistent with those of the previous
report that the activation of ERK1/2 and c-Jun N-terminal
kinase (JNK) pathways could upregulate BIC and miR-155
expression [48]. However, the exact mechanism requires
additional investigation.

In conclusion, these findings illustrate that TRIF
pathways play an important role in the regulation of
the ox-LDL-induced macrophage inflammatory response.
The elevation in TRIF leads to ERK1/2 signal activation,
which in turn enhances the expression of BIC/miR-155,
thus promoting inflammation mediator production. This
study precisely defined an important mechanism under-
lying the ox-LDL-induced macrophage inflammatory
response and showed that TRIF is a novel therapeutic target
for atherosclerosis.
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Abdominal aortic aneurysm (AAA), a deadly vascular disease in human, is a chronic degenerative process of the abdominal aorta.
In this process, inflammatory responses and immune system work efficiently by inflammatory cell attraction, proinflammatory
factor secretion and subsequently MMP upregulation. Previous studies have demonstrated various inflammatory cell types in
AAA of human and animals. The majority of cells, such as macrophages, CD4+ T cells, and B cells, play an important role in
the diseased aortic wall through phenotypic modulation. Furthermore, immunoglobulins also greatly affect the functions and
differentiation of immune cells in AAA. Recent evidence suggests that innate immune system, especially Toll-like receptors,
chemokine receptors, and complements are involved in the progression of AAAs. We discussed the innate immune system,
inflammatory cells, immunoglobulins, immune-mediated mechanisms, and key cytokines in the pathogenesis of AAA and
particularly emphasis on a further trend and application of these interventions. This current understanding may offer new
insights into the role of inflammation and immune response in AAA.

1. Introduction

Abdominal aortic aneurysm (AAA) is a common degenera-
tive cardiovascular disease. This disease is generally caused
by smoking, genetic diversity or variants, and atherosclerosis
[1–3]. The majority of AAAs are detected in the infrarenal
aorta, proximal to the aortic bifurcation [4]. AAA is a poten-
tially lethal disease due to the risk of rupture [5]. Clinically,
AAAs can be repaired using open surgical technique only
when the diameter of aorta has surpassed 5.5 cm with a
substantially increased risk of rupture [6]. Understanding
the potential mechanism of AAA development and develop-
ing therapeutic strategies that modify the disease process of
AAA is very important.

Vascular inflammation is the main initial factor of aortic
aneurysm. In this process, a large number of exogenous
immune cells, including lymphocytes, macrophages, mast

cells, neutrophils, and natural killer cells, infiltrate into the
tissue from adventitia to intima gradually, evoking a series
of inflammatory response [7–11]. Infiltration of inflamma-
tory cells and cellular elements produce and stimulate
smooth muscle cells (SMC) to secret matrix metalloprotein-
ases (MMPs), which are considered key enzymes directly
related to AAA formation and progression [12, 13]. These
enzymes destroy the stability and mechanical property of
the aortic walls by modulating interstitial elastin and collagen
[14–16], resulting in loss of smooth muscle cells in the aortic
media and destruction of extracellular matrix (ECM) [17].
Inflammation is an important component of the immune
system. The adaptive and innate immune systems have a
great role in the initiation and propagation of the inflamma-
tory response in aortic tissue. Recent increased knowledge
suggests that immunological processes are involved in the
pathogenesis of AAA [18–20]. In this view, we will discuss
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phenotypes of inflammatory cells, innate immune system,
immunoglobulins, and key cytokines in the AAA disease
and provide novel mechanistic insight for the development
of immune-targeted therapies.

2. Innate Immunity

Innate immune system, also known as the nonspecific
immune system, is the first line of defense against pathogenic
invasion. In the pathological process of aortic aneurysm, a
series of changes in the innate immune system including
upregulation of TLRs (Toll-like receptors), activation of
chemokine receptors, and deposition of complements
were involved. We will show the most recent research
progress in these areas and discuss particularly in the
following paragraph.

2.1. TLRs in AAA. TLRs play a fundamental role in several of
inflammatory response and innate immunity process. As the
initiating gate of innate immunity, pattern recognition
receptor (PRR) activation is a start of all the subsequent
immune responses [21, 22]. One of the transmembrane
subtypes of PRRs, TLR, is a researching hotspot in recent
years on the pathological mechanism of AAAs. TLRs are
expressed on inflammatory cells (such as macrophages,
monocytes, and B lymphocytes), endothelial cells, and
SMCs, and all of these types of cells contribute to the inflam-
matory response of aortas [23]. In general, myeloid differen-
tiation primary response gene-88 (MyD88) and TRIF as the
intracellular signaling adaptors were involved in the proin-
flammatory process initiated by TLR activation. Most TLRs,
including TLR2 and TLR4, signal through MyD88. But
TLR3 signals through TRIF. Only TLR4 signals through
both MyD88 and TRIF [24]. Till now, about 9 kinds of TLRs
were discovered [25, 26] and some of these subtypes work
actively in AAA (Figure 1).

2.1.1. TLR2. TLR2 is mainly implicated in the initiation and
maintenance of the inflammatory responses of autoimmune
diseases. Upregulation of TLR2 contributes to immune reac-
tivity and aggravates the inflammatory response [19]. TLR2
pathway displays a strong proinflammation action in aorta.
TLR2 deficiency will decrease the concentrations of proin-
flammatory cytokines, whereas anti-inflammatory interleu-
kin 10 (IL-10) was elevated [27, 28]. In atherosclerosis,
TLR2 was involved in the process of inflammation and
matrix degradation. Recently, activation of the TLR2 path-
way has also been confirmed accelerating AAA formation
[29], and a series of reactions coinciding with the crucial pat-
tern of how the AAAs generate proinflammatory and MMP
secretion followed. However, blocking TLR2 decreased the
expression of endogenous ligands interacting with TLR2,
and consecutively decreased chronic inflammation, activity
of MMP2/9, and vascular remodeling of AAA [30]. Com-
pared with their inhibitors of MMPs and anti-inflammatory
agents, TLR2 blocking may provide a new therapeutic
method in AAA treatment.

2.1.2. TLR4. TLR4 is recognized as a vital traffic joint in AAA
progression in recent years [31–35]. TLR4 can promote AAA

formation directly by upregulating the expression of MMP-2
and MMP-9. In the indirect pathway, TLR4 induces the
progression of AAA by elevating proinflammatory chemo-
kine like IL-6 and MCP-1, proinflammatory cells like M1
macrophages, and the c-Jun NH2-terminal protein kinase
(JNK) pathway [36–38]. JNK-signaling pathway can regu-
late inflammatory responses and is mainly activated by a
series of phosphorylation [39]. TLR4 is an upstream of
the JNK-promoting pathway [33, 38, 40]. The JNK path-
way enhances MCP-1 expression and inflammatory cell
infiltration [41]. Our investigation and other groups show
that blockade of this pathway by its inhibitor, SP600125 or
curcumin, can inhibit secretion of MCP-1, MCP-2, and
MMP-9, thereby attenuating aortic aneurysm formation
[42–44]. Shang et al. found MyD88-dependent TLR4 path-
way participants in AAA progression. In this experiment,
tanshinone IIA significantly decreased the overexpression
of TLR-4, MyD88, phosphorylated nuclear factor κB
(pNF-κB), and phosphorylated IκBα (pIκBα) in AAA
induced by elastase perfusion [32]. Nevertheless, Owens
et al. report that MyD88 slows down AAA formation
independent of signal from TLR4 or TLR2. Given the critical
roles of MyD88 and TLR4 in AAA, bone marrow transplan-
tation is performed to determine whether the effect of
MyD88 or TLR4 deficiency on AngII-induced AAA is
mediated by cells of the hematopoietic lineage. MyD88
deficiency in bone marrow-derived cells profoundly reduces
AngII-induced AAA. However, TLR4 deficiency in bone
marrow-derived cells has no effect on AAA [45]. The differ-
ence appears probably due to the different inducer for the
AAA model in use. In the future, a more detailed
upstream and downstream of the TLR4 in AAA are
needed to explore.

2.1.3. TLR3. TLR2 and TLR4 have been shown to signifi-
cantly induce atherosclerotic lesion and AAA by promoting
macrophage recruitment and expression of inflammatory
factors. However, TLR3 deficiency has no effect on aortic
cytokine/chemokine expression [24, 46]. Ishibashi et al.
discover that matrix-degrading action of TLR3 is partly
mediated by modulation macrophage MMP-2 and -9
activities. The study highlighted that TLR3 signaling may
increase MMP-2 activity by the p38/MAPK pathway
[46]. However, collagen type I as an important structural
component of plaque caps was not studied. In the future
study, the role of TLR3 on collagen type I degradation
should be investigated.

2.2. Chemokine Receptors. Chemokines are critical for the
function of the innate immune, which own the ability to
induce chemotaxis of immune cells after activation of the
innate immune system [47]. According to the chemokine
subclass, chemokine receptors, a large family of G protein-
coupled receptors (GPCRs) [48], are classified into CR,
CCR, CXCR, and CX3CR with a large variety of distribution
and function in AAA [49]. Chemokines start a series of
inflammatory reaction in AAAs. CXCR4 is believed to
contribute to the AAA formation. When the receptor is
blocked, the progression of AAA is attenuated [50, 51].
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However, increased expression of CXCR4 in bone mesen-
chymal stem cells (BMSCs) might improve the treatment
of AAA. Further studies are required to clear the detailed
mechanism [52]. In TAA patients, a high concentration of
CXCR3 ligand chemokines is detected in plasma. CXCR3
are the proinflammation chemokine receptor in AAA by
attracting CD45-positive cell infiltration [53, 54]. Blockade
of C-X-C motif ligand 1 (CXCL1) receptor, CXCR2, will
attenuate tissue damage through inhibition of neutrophil
recruitment [55, 56]. In aortas, CXCR2-neutralizing anti-
body obviously prevented the expansion and rupture of
the dissected aorta by preventing neutrophil infiltration
and reducing IL-6 expression [57]. As to another impor-
tant chemokine receptor, CCR2, activation of CCR2
mediates the inflammation in AAA [58, 59] and this
may be achieved by attracting mast cells to the tissue.
One of its ligands, CCL2 (MCP-1), plays a crucial role
in macrophage chemotaxis [60].

2.3. Complement. Complement factors are the major proin-
flammatory components of the innate immune system.
Although as one of the nonclassical complement pathway,
the complement alternative pathway contributes a lot to the
AAA formation. C3 deposition is recognized as a cause of
the subsequent reactions in AAA [61]. Zhou et al. discovered
that IgG antibodies in plasma were able to activate the com-
plement alternative pathway by inducing C3 deposition in
AAA [62]. In their later study, they find that the IgG antibod-
ies binding to fibrinogen can lead to AAA formation by acti-
vating the complement lectin pathway [63]. Another lectin
pathway activator, ficolin-3, was also demonstrated to con-
tribute to AAAs [64]. This may provide the evidence that
the C3-inducing AAAs are not specific, and some proper
anti-C3 drugs may work in attenuating the development of
AAAs. Another complement component C4d, however,
shows a protective role in some inflammatory aortic disease
such as aortic dissection [65].
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3. Immune Cell Infiltration in AAA

3.1. Macrophages.Macrophages play an important role in the
innate and adaptive immune responses. Macrophage
infiltrating into aortic tissue and secreting matrix degradable
substance directly contributes to AAA formation [8, 66, 67].
Macrophages may recruit to the AAA area through an
“outside-in” pattern which means infiltration initiates from
the adventitia [68].

Macrophages have a great number of subtypes in which
M1 phenotype and M2 phenotype play a major role in
AAA. The M1/M2 ratio imbalance can promote the AAA
development. M1 macrophages are proinflammatory, while
M2 macrophages are anti-inflammatory [69–71]. M2 macro-
phages may achieve the anti-inflammation effect by release of
IL-10 and profibrotic factors such as TGF-beta [72]. The
protective effect of TGF-beta also involves a critical role in
the control of excessive monocyte/macrophage activation,
as monocyte depletion inhibits AAA formation [73]. M1 or
M2 macrophage polarization plays an important effect in
regulating chronic inflammatory process. The infiltrating
M2 macrophage will convert to M1 macrophage and vice
versa in certain circumstances [74]. CD4(+)CD25(+)Treg
cells play a key role in the macrophage-to-M2 switching
[75, 76]. So, intervention of preventing M2 to M1 transition
or promoting macrophage switching into M2 may help a
lot in AAA treatment.

3.1.1. Cytokines Modulating Macrophage Infiltration. Granu-
locyte-macrophage colony-stimulating factor (GM-CSF) was
once reported being able to change mesothelial cells into
macrophage-like cells by an autocrine pattern [77]. GM-
CSF gene expression was also associated with macrophage
densities in the arterial wall [78]. Constantly increasing
secretion of GM-CSF may trigger aortic aneurysm [79].
The study shows that GM-CSF is the key regulator of AAA.
If the GM-CSF pathway is blocked, macrophage infiltration
andMMP-9 secretion will decrease [80]. CD4+ T cells secrete
more GM-CSF in smad3−/− mice compared with WT mice.
Deficiency of smad3 in genes contributes to aortic aneurysm
maybe through GM-CSF pathway [81].

MCP-1 (monocyte chemotactic protein-1), also called
CCL-2, is a kind of c-c chemokine secreted mainly by inflam-
matory cells and endothelial cells [82]. It is positively corre-
lated with macrophage infiltration into aortic walls and acts
as a promoter of AAA formation and development [78, 83,
84]. Usually upregulation of MCP-1 occurs early than the
chronic inflammatory responses [85]. Our previous study
found that MCP-1 was involved in aortic aneurysm develop-
ment. MCP-1 secreted by SMCs could promote AAA
progression by enhancing MMP-9 production [86, 87]. The
apoptotic SMCs attract monocytes and other leukocytes by
producing MCP-1. However, MCP-1-primed macrophages
will further elicit aortic SMC apoptosis [88, 89]. MCP-1-
promoted AAA may also be achieved by enhancing macro-
phage infiltration and cytotoxicity as well as promoting
SMC phenotype transformation and apoptosis [85, 90, 91].
IL-6 is a proinflammatory cytokine that can contribute to
SMC apoptosis and modulate extracellular matrix by MMP

enhancement [92, 93]. There is a regulatory loop between
IL-6 and MCP-1. Recent study shows that IL-6 can promote
macrophages secreting MCP-1 and, in turn, MCP-1 has a
positive feedback on IL-6 through the p38 pathway [93]. In
the AngII-induced mouse model, IL-6 andMCP-1 are upreg-
ulated. Lacking either IL-6 or MCP-1 receptor CCR2 will
reduce the early onset of aortic dissections. The enhancement
of MCP-1 and IL-6 can promote macrophage secreting CD14
and CD11b, which in turn can induce MCP-1 and MMP-9
expression [94]. At the same time, researchers identify that
CD14 plays the crucial role in promoting the macrophage
precursor recruitment in early AAA walls [67].

3.2. T Cells

3.2.1. Th Cells. CD4+ Th cells include two main types, Th1
cells and Th2 cells. Th1 cells mainly secrete cytokines includ-
ing IL-2 and INF-γ, while Th2-characteristic cytokines
include IL-4 and IL-5 [95, 96]. Both types of cells regulate
each other by these cytokines, and the Th1/Th2 ratio is
dependent on the environment and inflammatory response
[96]. Both Th1 cells and Th2 cells can contribute to vascular
inflammation [97]. In most cases, Th1 cells play an anti-
inflammatory role and Th2 cells play a proinflammatory role
[98, 99]. A high ratio of Th2 cells in AAA was observed, and a
dysfunctional IL-4 expression will reduce AAA formation
[100, 101]. Th2 polarizing induced by CD19 treatment in
mice alleviates the macrophage infiltration and vascular
inflammation [102]. INF-γ secreted by Th1 cells may attenu-
ate AAA formation and development [103]. Blockade of the
INF-γ pathway will lead to sequential severe AAA formation
with increased expression of MMP-2 and MMP-9 [100].
Cytokines of Th2 cells may promote collagenolytic and elas-
tolytic activation while Th1-characteristic cytokine reduces
MMP expression. On the contrary, Galle et al. find that
Th1 cells are the prominent in fresh T cells isolated from
AAA tissue with high expression of INF-γ, which suggests
that INF-γ contributes to AAA formation [104]. Another
study also demonstrates that INF-γ deletion attenuates
MMP expression and inhibits aneurysm development. The
attenuation function of INF-γmay come from other coacting
signaling in Th1 cells [105]. The differences are potentially
attributable to different animal models studied. The INF-γ
effect on the development of AAA should be further explored
in the same animal models, disease stage, and anatomical
areas in the future study. The regulation of Th cell polariza-
tion will be an investigation direction in AAA treatment.

3.2.2. Regulatory T (Treg) Cells. Treg cells as the T cell
subpopulation are engaged in sustaining immunological
self-tolerance and homeostasis, which are essential for pre-
venting autoimmune diseases and limiting chronic inflam-
matory diseases [106]. The transcription factor Foxp3 helps
Treg cells complete the specification to control immune
responses. Foxp3(+) Tregs may prevent AAA formation by
inhibiting local inflammation in the aortic wall. Genetic
depletion of Foxp3(+) Tregs significantly increases the
mortality of AAA [107]. It is always thought that functional
Treg cells limit AAA development by secreting the inhibitory
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cytokines [108–110], such as IL-10, which plays key effect in
reduction of cell death, inhibition of vascular smooth muscle
cell proliferation, inhibition of macrophage function, and
reduction in inflammatory cell recruitment. Cytokine IL-10
secreted by the Treg cells acts in the pathogenesis of AAA
and suppresses inflammatory response [111–113]. TGF-beta,
secreted by Treg cells, is confirmed that it can protect AAA
progression [73]. Genetic variation of the TGF-beta pathway
leads to AAA development and contributes to multiple
syndromic presentations of aortic aneurysm [114, 115]. In
contrast, the recent study also reports that deficiency of
TGF-beta signal prevents AAA formation [116]. To under-
stand the concreted mechanism, the studies should be to
investigate the TGF-beta isoform involved in AAA formation
and delete it in a cell-specific manner in mice.

Some cytokines can act back on Treg cells and regulate
their function. A recent study finds that impaired secretion
of TGF-beta results in number loss of Treg cells. Once mono-
cytes and B cells have an impaired capacity in inducing
Foxp3 upregulation of Treg cells, exogenous TGF-beta can
rescue the function [117]. Flores-García et al. also find that
Treg cells have an immunosuppressive activity on CD4+ T
cell-dependent TGF-beta [118]. By releasing IL-10, IL-10-
producing B cells are able to enhance Treg cell function and
convert T effector cells into Treg cells [119]. Other cytokines
such as IL-33, in collaboration with IgE, can also stimulate
expansion of Treg cells [120, 121].

Recently, Balmert et al. have already succeeded in prohi-
biting allergic contact dermatitis by Treg induction. They
use degradable microparticles containing TGF-beta, IL-2,
and rapamycin to sustain a microenvironment to promote
Treg cell differentiation [122]. The above evidence shows
that the enhancing expansion and differentiation of Treg
cells stimulated by cytokines may be a new therapeutic goal
for AAA.

3.2.3. CD8+ T Cells. CD8+ T cells are important in cell-
mediated toxicity. Cytotoxic CD8+ T cells have been impli-
cated in targeting vascular endothelial and smooth muscle
cells [123]. Yet the study on their role in AAA is few. In
one study, CD8+ T deficiency significantly promotes
elastase-induced AAA formation [124]. Another report
shows that modulation of the function CD8+ T cells through
reducing macrophage infiltration and Th17 cell polarization
can attenuate the AAA induced by AngII.

3.3. B Cells. B cells can be divided into two developmentally
distinct groups, B1 and B2 cells. B1 cells play crucial roles in
the process of innate immunity, while B2 cells are the con-
ventional players in adaptive humoral immunity [125]. In
AAA, IgM, IgG, and C3c deposits are detected in the fibrous
zone, which indicates that pathogenic B cell response is
involved in the pathogenesis of AAA [126]. B cells in AAA
are mainly specifically recruited to the adventitia of the
aortic wall after stimulation [127]. B2 cells are the largest
constituent of B cells in mouse AAA [128]. In atherosclero-
sis, B1 cells are protective via production of natural antibod-
ies IgM, whereas B2 cells are proatherogenic via activation/
proliferation of T cells. The recent study found that B cell

deficiency could increase Treg cell infiltration in AAA tissue
and inhibit AAA formation. In their study after anti-CD20
treatment, both wild type and apolipoprotein in E-
knockout mouse model appear significant B1 and B2 deple-
tion. Sequentially, higher number of dendritic cells appeared
in aortas. Treg cell number is increased, but proinflammation
genes are downregulated [128]. Another study also supports
this result, which demonstrates that angiotensin II mobilizes
monocytes from spleen to aorta in a B cell-dependent man-
ner and promotes AAA formation in the apolipoprotein E
KO mice [129]. However, one group finds that B2 cells from
spleen of 8- to 10-week-old wild-type mice could suppress
experimental aortic aneurysm of muMT mice by upregulat-
ing Treg cells and decreasing the number of aortic-
infiltrating mononuclear cells [130]. It is possible that B2 cell
transplantation might produce the protective antibodies. The
differences of above results are needed to further explore the
paradox immune response in muMT and anti-CD20
antibody-mediated B cell depleted mice.

3.4. NK Cells. Natural killer cells have shown the role in the
development of chronic inflammatory responses. Apart from
macrophages, T cells, and B cells, NK cells were significantly
increased in the peripheral blood in AAA patients, which
resulted in the increasing of cytotoxic activity and contribut-
ing the AAA formation [10]. NK cells can produce the proin-
flammatory cytokines such as IL-2 and INF-γ [131, 132].
Evidence indicates that the NK pathway is activated in
AAA. One study shows that TNFα level is increased in
AAA patients, and T cells isolated from AAA patients pro-
duce more TNFα [133, 134]. Recently, the protein expression
of the NK cytotoxic signaling pathway is identified. In AAA
tissues, two important NK pathway proteins (HCST and
GRZB) are found expressed in CD8+ T cell and macrophage
that participating in this pathway [135]. However, the exact
role of NK cells in AAAs is still unclear.

3.5. Mast Cells. Mast cells are implicated in a number of
inflammatory diseases through releasing of inflammatory
mediators, serglycin and other proteoglycans, and proteases
[136]. In human and animal AAA, the mast cells have been
identified [9]. Interventions of mast cells such as tryptase
deficiency, chymase deficiency, and mast cell functional
substance antagonists attenuated the formation of AAA
[137, 138]. In a recent human AORTA trial, three doses of
the mast cell inhibitor pemirolast are given to 326 patients
and AAA growth is monitored over 12 months; the result
demonstrates that AAA growth rates are similar in patients
receiving placebo and different doses of pemirolast, which
concludes that pemirolast cannot retard the growth of
medium-sized AAAs [139]. The effect of mast cells in the
AAA and the validity of mast cell inhibition used to develop
effective medications for AAA need to be cleared.

3.6. Neutrophils.Neutrophils have already been recognized as
one of the initial contributors in AAA formation [11] via
secreting some particular ECM-degrading enzymes such as
neutrophil collagenase (MMP-8) and neutrophil protease
[140, 141]. In adventitia neutrophil recruitment and
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activation, neutrophil-derived IL-6 enhances the adventitial
inflammation that leads to aortic rupture [57]. Recent studies
have detected an elevated level of neutrophil gelatinase-
associated lipocalin (NGAL), a protein expressed by poly-
morphonuclear neutrophil which is considered an activated
form of neutrophil [142]. NGAL is also a potential indicator
for evaluation in aortic aneurysm repair [143]. Further
studies are needed to understand the relationship between
the NGAL level and AAA presence and growth.

Neutrophil extracellular traps (NETs) are originally iden-
tified as an innate immune response to bacterial infection
[144]. In human AAA, neutrophil activation is also associ-
ated with NET formation in the intraluminal thrombus
(ILT) [145]. IL-1β-induced NET formation promotes the
development of AAA [146]. Neutrophil protease-mediated
NET release contributes to elastase-induced AAA through
plasmacytoid dendritic cell activation and type I interferon
production [141].

4. ILT in AAA

In about 75% of clinically relevant AAA patients, the
aneurysm lumen wall is covered by ILT [147]. ILT is a
complex fibrin network and contains inflammatory cells,
chemokines, and proinflammatory cytokines as well as

ECM constituents [148–151]. ILT has been shown to be
related with aortic wall weakening and a higher level of
immunoinflammation in the AAA [152]. The volume of
ILT is associated strongly with AAA size and growth in
patients [153]. Recent studies demonstrate that the proin-
flammatory cytokines, reactive oxygen species, and proteases
in the thrombus play a significant role in the development of
human AAA [150, 151, 154]. In aortic aneurysms induced by
AngII in the ApoE−/−mouse, the thrombus within the aortic
wall is often observed [155]. The blood-ILT interface releases
biological mediators which will activate the platelets and the
coagulation cascade [151]. Anticoagulants fondaparinux
treatment can reduce intramural thrombus formation,
inflammation, and growth of experimental aortic aneurysm
in the mouse model [154].

5. Immunoglobulins

B cells (and/or dendritic cells) present that antigen to T cells,
activated T cells, and B cells interacts to promote the
activation, proliferation, and differentiation of B cells. After
activation, B cells in the germinal centers experience class
switching and affinity maturation to become plasma cells that
secrete large amounts of highly specific antibodies.

Table 1: Treatment effects of different immune therapeutic targets on the AAA progression.

Target Treatment effect Agent Model Reference

Immune system Decrease aortic dilatation Immunosuppressive agents Elastase-induced rat aneurysm [18]

TLR2
Decrease chronic inflammation,

vascular remodeling
and AAA formation

TLR2-neutralizing mAb AngII-induced mouse aneurysm [30]

TLR4 Repress aneurysm recurrence Alginate oligosaccharide Aneurysm patients [31]

TLR4/MyD88 Attenuates AAA formation Tanshinone IIA Elastase-induced rat aneurysm [32]

TLR4/JNK
Inhibit experimental
AAA development

Rosiglitazone AngII-induced mouse aneurysm [33]

CXCR4
Suppress AAA formation

and progression
AMD3100 CaCl2-induced mouse aneurysm [50]

CCR2 monocytes Decrease aortic dilatation Everolimus
Angiotensin II- (A2-) infused

apolipoprotein E-deficient mouse
[58]

Complement alternative
pathway

Prevent aneurysm formation
Properdin-free AP
C3 convertase

Elastase-induced mouse aneurysm [62]

M1/M2 macrophages
polarization

Inhibit AAA formation D-series resolvins Elastase-induced mouse aneurysm [70]

Foxp3(+) Tregs
Decrease incidence (52%)

and mortality (17%) of AAA
Interleukin-2 complex

Apolipoprotein E-deficient mice
fed a high-cholesterol diet

with angiotensin II
[110]

B cells
Prevent experimental

AAA formation
Anti-CD20 antibody

Elastase perfusion or angiotensin
II infusion apolipoprotein

E-knockout mouse
[128]

Mast cells
No difference with the

placebo group
Pemirolast Medium-sized AAA patient [139]

Neutrophils
Inhibit experimental
AAA formation

Antineutrophil antibody Elastase-induced mouse aneurysm [11]

NETs Attenuate AAA formation
Cl-amidine, an inhibitor

NET formation
Elastase-induced mouse aneurysm [146]
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5.1. IgG. IgG4 is the least abundant subclass among the IgG
antibodies in the human body, but its level is associated with
a series of vasculitis syndrome [156, 157]. One of the most
common manifestations is inflammatory aortic aneurysm
(IAA). Researchers find IgG4-positive plasma cell infiltration
in the aortic wall of IgG4-related AAA [158–160]. The high
level of serum IgG4 contributes to the aortic dilation [161].
IgG4-related AAA is one symptom of IgG4-related disease
(IgG4-RD), a systemic inflammatory disease with a high level
of serum IgG4, instead of an isolated disorder [162, 163].
Compared with the non-IgG4-related AAA, IAA shows a sig-
nificant increase in the number of infiltrating IgG4-positive
cells and the incidence of a disrupted follicular dendritic cell
network in lymph follicles [164, 165], which indicates that
IAA is not a simple inflammatory aorta. In general, patients
with IgG4-related inflammatory aortic aneurysm have an
allergic constitution [166]. Vasculitis caused by a high serum
level of IgG4 is always treatable [158]. B cell depletion ther-
apy acts well on IgG4-related AAA [128]. However, steroid
therapy did not work well [167].

5.2. IgE. According to previous studies, high IgE concentra-
tion tends to promote coronary atherosclerosis and dilation
[168–171]. Generally, it is always considered that IgE partic-
ipates in artery inflammatory disease mainly through activat-
ing mast cells. However, a recent study shows that IgE
participates the aortic aneurysm formation by acting on not
only mast cells but also on CD4+ T cells and macrophages

[9]. IgE induces CD4+ T cell production of IL-6 and IFN-γ
but reduces the production of IL-10 [9]. This process may
be similar to pulmonary inflammatory disease such as
asthma [172–174].

5.3. IgM. In 2014, Villar et al. have found an intimate positive
correlation between IgM and inflammatory disease [175].
Diepenhorst et al. also detected a promoting role of IgM anti-
bodies in inflammation in acute myocardial infarction (AMI)
patients [176]. In secreted IgM deficiency mouse model, ath-
erosclerosis was facilitated by IgE [170]. However, natural
IgM antibodies produced by B1 cells show a protective role
in atherosclerosis and artery remodeling [177, 178]. IgM
was also detected in the adventitia of AAA [126]. But its role
in AAA formation and development is still unknown.

6. Immune Regulation Application

The outcome of targeting the inflammatory cells, innate
immune system, and immunoglobulins in AAA has been
reviewed (Table 1). Understanding and developing new strat-
egies that regulate immunity will provide useful therapeutic
targets for AAA.

Lots of studies have shown inflammatory cell infiltration
in the AAA. The prominent of the cell types, such as macro-
phages and T cells, plays a significant role in the progression
of AAA. Intervention of preventing M2 to M1 transition or
promoting macrophage switching into M2 may help a lot
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in AAA treatment. About T cells, regulation of Th cell
polarization (Th1/Th2 ratio) can be an investigation direc-
tion in AAA treatment. Another kind of T cell, Treg cells
have the anti-inflammation ability. The investigations pro-
vide data which are beneficial to the treatment of AAA.
Enhancing expansion and differentiation of Treg cells
stimulated by cytokines may be a new therapeutic method
for AAA (Figure 2).

In normal physiological conditions, B cells play crucial
roles in innate immunity and humoral immunity. Under
pathological environments, T cells are activated and then
stimulate B cells to produce the diseased antibodies in
response to stimulations. The diseased antibodies take effect
in the inflammatory process [179]. Recent studies refer that
the B cells were involved in the AAA. Removing B cells
prevents the development of AAA. However, delivery of
B2 cells from the young wild-type mice to the AAA mice
increases the number of Treg cells and also inhibits the
formation of AAA. It seems that the results are paradoxical.
B cell function in AAAmight be impaired. The immunoglob-
ulins secreted by B cells are pathological and lost the normal
function. It is possible that B2 cell transplantation might
produce the healthy protective antibodies. In the future
studies, the B cell number and immunoglobulins should
be monitored and analyzed in the development of AAA.
Although the related experiments on B cell effect in AAA
are few, modulation of B cells might bring a new field for
AAA treatment.

Immunoglobulins in blood own an extensive variety of
recognizing ligands and functions. They can greatly affect
the functions and differentiation of immune cells [180–182].
A high level of serum IgG4 contributes to the aortic dilation.
B cell depletion therapy will be a good method to treat the
IgG4-related AAA. Intravenously applied normal polyclonal
immunoglobulins (IVIg) have great therapeutic applications
in the treatment of autoimmune, infectious, and inflamma-
tory diseases [183]. Immunoglobulins can hopefully be a
new therapy target in these aortic inflammation diseases.
Taking good advantage of the effect among immunoglobu-
lins in the immunologic therapy can be another task.

Innate immune system such as Toll-like receptors
(TLRs), chemokine receptors and complements are recently
shown to regulate immunological processes leading to the
formation and progression of AAAs as well as to other
cardiovascular pathologies. Most recent work highlights the
significance of TLRs in AAA development. TLR2 and TLR4
promote the inflammation and matrix degradation by upreg-
ulation of MMP expression in AAA. Blockage of TLRs may
serve as a potential therapeutic strategy for AAA.

7. Conclusions

As the previous study demonstrates, inflammation plays a
vital role in AAA formation, development, and progres-
sion. The immune system also participates in regulation
control of the AAA pathological process and has a pro-
found effect on the AAA-related inflammatory reactions.
Therefore, it is very important to understand the immune-
inflammatory responses in abdominal aortic aneurysm

and search the potential molecular targets in AAA. Although
a good deal of strategies has been proposed, the clinical
practicability is still lack of testing. The validity requires
further clinical validation.
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The prevalence of reactive nasal inflammatory conditions, for example, allergic rhinitis and chronic rhinosinusitis, is steadily
increasing in parallel with significant environmental changes worldwide. Allergens and as yet undefined environmental agents
may trigger these conditions via the involvement of host intrinsic factors, including the innate and adaptive immune system, the
nasal epithelium, and the nasal nervous system. The critical role of the nasal microbiota in coordinating these components has
emerged in recent studies documenting a significant association between microbial composition and the onset and progression
of allergic or nonallergic inflammation. It is now clear that the local microbiota is a major player in the development of the
mucosa-associated lymphoid tissue and in the regulation of such adaptive responses as IgA production and the function of
effector and regulatory T cells. Microbial components also play a major role in the regulation of epithelial barrier functions,
including mucus production and the control of paracellular transport across tight junctions. Bacterial components, including
lipopolysaccharide, have also been shown to induce or amplify neuroinflammatory responses by engaging specific nociceptors.
Finally, bacterial products may promote tissue remodeling processes, including nasal polyp formation, by interacting with
formyl peptide receptors and inducing the expression of angiogenic factors and matrix-degrading enzymes.

1. Introduction

The nose, the uppermost portion of the respiratory tract,
serves important physiologic functions, such as air filtration,
warming, humidification, and olfaction. It consists of two
cavities or fossae extending from the external nostrils (ante-
rior nares) to the choanae and separated longitudinally by
an osteocartilaginous septum. The lateral wall of each fossa
provides insertion to three turbinates, or conchae, which
divide the cavity in three passages, or meatuses [1]. These
anatomical structures are essential to the air conditioning
functions of the nose in that they expand the surface exposed
to inhaled air. While the anterior nares and vestibule are
lined with a skin-like stratified, keratinized epithelium,

the nasal fossa proper is entirely coated with respiratory
mucosa, consisting of a ciliated, highly vascularized, pseu-
dostratified epithelium containing a sizeable number of
mucus-producing goblet cells. The extensive vascularization
of the nasal mucosa favors its air warming and humidifying
functions, whereas the sticky seromucous secretions contrib-
ute to air filtering by effectively trapping inhaled particulate
matter [2].

If the anatomy and physiology of the nasal cavities are
complex, at least as complex are the pathophysiological pro-
cesses that underlie the onset and progression of reactive
nasal inflammatory conditions. These include a heteroge-
neous group of disorders, ranging from seasonal allergic rhi-
nitis to nonallergic, persisting, refractory forms of chronic
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rhinosinusitis (CRS). About 400 million people worldwide
are affected by allergic rhinitis, and another 200 million are
thought to be affected by nonallergic forms of nasal inflam-
mation including CRS [3, 4]. The overall prevalence of these
conditions has been on a steady rise for almost 25 years con-
comitant with gross environmental changes in developed and
developing countries [5]. While the inflammatory responses
underlying allergic rhinitis are triggered by exposure to mol-
ecules with intrinsic allergenic properties, which promote
type 2 T helper cell- (Th2-) biased, IgE-dependent immune
responses, triggers of nonallergic rhinitis or CRS are nonspe-
cific and largely unknown [4, 6]. Regardless, a number of
common factors variably contribute to favoring and worsen-
ing the inflammatory response in these reactive nasal condi-
tions [7–9]. These include the innate and adaptive immune
system, the epithelial barrier function, a neuroinflammatory
component (i.e., neurogenic inflammation), tissue remodel-
ing processes, and the nasal microbiota.

In spite of the growing level of interest by the scientific
community, still very little is known on the relationship
between the nasal mucosal microenvironment, nasal allergic
or nonallergic inflammation, and the nasal microbiota. Con-
versely, for a number of reasons, including the availability of
suitable animal models, the central role of the microbiota in
the coordination of the host homeostasis and specific disease
processes is amply documented in several studies of gut
immunopathology. In this review, we will touch on some of
these studies in parallel with discussing more recent acquisi-
tions in allergic rhinitis and related reactive nasal inflamma-
tory conditions.

2. Towards the Definition of a “Healthy”
Nasal Microbiota

The human microbiota, that is, the population of symbi-
otic microbes in the human body, has gained growing
attention in the past few years, accounting for over 30,000
articles indexed in PubMed, over 25,000 of which published
in the last five years [10, 11]. In recent years, studies of
tissue-associated microbial communities have increasingly
exploited the striking advances in next-generation sequenc-
ing and quantitative PCR of microbial genomes, or metagen-
omes [12]. Sequencing strategies vary greatly in different
studies, the most common involving amplicon analysis of
the 16S ribosomal RNA (rRNA), whereby bacterial opera-
tional taxonomic units (OTU) are mostly defined at the phyla
or genera level depending on the sequence similarity thresh-
old [13, 14]. However, coverage of larger, more complete sets
of genes, as in whole-genome shotgun sequencing, is
required to more accurately define microbial taxa down to
the species and strain level and provide specific information
on their physiological state, including the acquisition of
accessory genes involved in virulence or antibiotic resistance
[15]. Regardless of the breadth of coverage, current metage-
nomics tools have allowed to fully appreciate the extreme
diversity of microbial communities and document the rela-
tionship between their imbalance, or dysbiosis, and seemingly
unrelated disease processes, for example, obesity, autoimmu-
nity, cancer, and mental disorders [12, 16–19]. On the other

hand, they have allowed extending and overcoming most
basic assumptions from earlier studies relying on semiquan-
titative cultures of bacterial colonies from fecal samples or
other sources [12, 15]. It is now clear that distinct microbial
communities exist on almost all epithelial surfaces of the
human body [12, 13, 20] and that these consist of a highly
diverse repertoire of bacterial, archaeal, viral, and fungal spe-
cies [21–23]. In fact, recent estimates challenge the long-
standing notion that a healthy human microbiota mostly
consists of bacteria and that their numbers vastly exceed
the total number of human cells [24]. Viruses, especially bac-
teriophages, are currently thought to outnumber the bacterial
community by a ratio of at least 10 : 1 and contribute at least
as substantially to the host homeostasis by acting on the bac-
terial phenotype and function or by directly interacting with
the host mucosa [22, 23, 25].

Regardless of the association with clinical disease, the
microbiota composition varies greatly in different individuals
or different anatomical sites [12, 13]. As inferred in recent
metagenomics studies of gut and oral samples from large
populations sharing relatively common environments, inter-
individual variability largely reflects the environmental bio-
diversity rather than the host genetic background [26, 27].
On the other hand, the basis for intraindividual variability
is still a matter of conjecture. The gastrointestinal microbiota
has been investigated in most studies to date and is possibly
the most abundant and diverse in the human body [13, 28].
Comparable OTU numbers, a measure of species richness,
as well as disease-specific perturbations, for instance in
patients with rheumatoid arthritis or cirrhosis, have been
observed in distinct niches within the upper or lower gastro-
intestinal tract [29–31]. However, profound differences have
been reported in the relative stabilities and recovery rates of
commensal bacteria within the oral and gut mucosa follow-
ing the administration of several classes of antibiotics [32].
Studies of the Human Microbiome Project cohort, in which
16S rRNA sequence clusters were examined at 18 different
sites, have provided a possible explanation to these apparent
discrepancies [13, 14]. In these studies, a core microbiota,
defined as OTU shared across at least 95% of all samples
for a given site, is identified as a stable, relatively ubiquitous,
well-adapted microbial community, whereas noncore, satel-
lite communities are identified at the subgenus level which
are more variable across individuals, anatomical niches, time,
and response to treatment [13, 14].

The nasal mucosa, given its affinities and contiguity to
the lower respiratory tract and the sinus mucosa, the hetero-
geneity of its cellular components, its air conditioning and
olfactory functions, and its permanent exposure to the exter-
nal environment, represents a quite unique, attractive model
for studies of host-microbe relationships in health and dis-
ease. The complex anatomy of the nasal cavities offers a
highly diversified habitat to microbial species in a relatively
narrow space [33, 34]. Most culture- or sequence-based stud-
ies of the nasal microbiota have until recently been limited to
sampling the anterior nares and the vestibule, which exhibit
similar overall histology to the external skin. Not surprisingly
then, the distribution of certain phyla within this niche,
namely, Actinobacteria and Firmicutes, as well as the overall
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richness in bacterial communities have been found to
resemble those of the skin [13, 35]. A systematic study
of 16S rRNA sequence clusters within two additional nasal
sites besides the vestibule—the middle meatus and the sphe-
noethmoidal recess—identified in these mucosal sites a
superimposable microbial colonization, consisting of about
50% Actinobacteria, 25% Firmicutes, and 20% Proteobacteria
[33]. In contrast, the nasal vestibule was relatively enriched in
Firmicutes, including Staphylococcus aureus [33]. A similar
study identified almost 140 different taxa down to the species
level by combining 16S rRNA sequencing and extensive cul-
ture of samples obtained during surgery from the anterior
and posterior vestibule and the middle and inferior meatuses
[34]. Core species identified at all sites by either approach
included distinct Staphylococcus and Corynebacterium spe-
cies, among others [34]. Similar core profiles were identi-
fied in a more recent study comparing the 16S rRNA
amplicon sequence variants in samples from the anterior
nasal cavity and the nasopharynx [36]. Aside from the rel-
ative abundance of species also detected in the lower respi-
ratory tract, for example, Streptococcus and Haemophilus
[37], nasopharynx samples from the majority of donors
showed a more diverse “nasal” community, where Coryne-
bacterium, Staphylococcus, and/or Dolosigranulum were the
dominant core members [36].

3. Microbial Communities in
Nasal Inflammation

Taken together, the findings outlined in the previous section
are in line with the notion that, rather than being distributed
in discrete niches, microbial communities throughout the
nasal cavities and the upper respiratory tract may represent
a continuum [36, 38]. This lends support to the idea, backing
common clinical practice, that at least certain disease-specific
associations can be recapitulated in swabs from a single site
within the nasal cavities [39]. A number of studies have
investigated the relationship between the nasal or nasophar-
ynx microbiota and the frequency and severity of acute viral
infections of the upper or lower respiratory tract (reviewed in
[40]). A consistent association of 16S rRNA sequence profiles
with disease severity was found in the anterior nares or naso-
pharyngeal swabs from over 800 infants hospitalized for
bronchiolitis, whereby a Haemophilus- or Moraxella-domi-
nated profile in either site appeared to be predictive of a
higher or lower likelihood of intensive care use [39]. Along
this line, a positive correlation between bacterial diversity,
the relative abundance of Haemophilus and other species,
and disease severity is documented in a metagenomics study
of nasopharyngeal swabs from children hospitalized for
influenza [41]. In contrast, a robust association was found
between the frequency of symptomatic human rhinovirus
(HRV) infections and a loss of microbial diversity in anterior
nares swabs from an unselected cohort of 32 infants [42].
Evidence in support of a direct impact of viral pathogens
on the nasal bacterial community is provided in a controlled
study in which significant, long-lasting increases in Staphylo-
coccus species relative abundance were seen in nasal swabs
from healthy adult volunteers administered a live attenuated

influenza virus vaccine [43]. Consistently, an up to 13-fold
increase in Staphylococcus abundance was reported in the
nasal lavage of volunteers subjected to experimental infection
with HRV serotype 16 (HRV-16) [44].

Changes in microbiota composition subsequent to acute
respiratory infections presumably reflect direct and diverse
interactions of pathogenic viruses with the resident virome
and bacteriome and/or the host immune system (reviewed
in [45]). Studies in mouse models of influenza virus respira-
tory infection show that superinfection from S. aureus
strains, including methicillin-resistant S. aureus (MRSA), is
mediated by immune activation and the production of type
I and III interferons (IFN) [43, 46]. Staphylococcal carriage
within the nasal mucosa can be detected in about 30% of
the general population and is a major risk factor for clinically
significant, often severe infections of the lower respiratory
tract, the skin, the bone, and other deep tissues [47–49].
An association between staphylococcal carriage, nasal dys-
biosis, and nasal reactive inflammation was hypothesized by
Salzano et al. in the early 1990s, who documented, using tra-
ditional culture methods and nasal challenges with bacterial
antigens, the onset of more severe nasal symptoms concom-
itant with nasal colonization by Chlamydia and Staphylococ-
cus species [50]. The relationship between nasal allergic
inflammation and S. aureus carriage has been conclusively
documented in a meta-analysis of ten studies conducted
between 2000 and 2007: in nine out of ten studies, signifi-
cantly higher numbers of adult or pediatric patients with
allergic rhinitis were shown to test positive, at the local or sys-
temic level, for S. aureus colonization [51]. Amore recent 16S
rRNA sequencing study documented increased microbial
diversity in the middle nasal meatus of adult patients with
seasonal allergic rhinitis and possible implications for airway
inflammatory disease more in general [52]. Studies in
patients with CRS, a more persisting form of nasal inflamma-
tion, presumably reflect the heterogeneity of this condition,
as well as the protocols used for sample collection and pro-
cessing, in that reduced or increased microbial diversity is
detected from case to case; regardless, in most cases a relative
enrichment is documented in staphylococcal species, espe-
cially S. aureus (reviewed in [53]).

Thus, studies of nasal inflammatory conditions of infec-
tious or noninfectious etiology not necessarily fit the notion,
inferred from studies of the gut or skin microbiota, that
reduced microbial diversity, resulting from dietary changes,
antibiotic overuse, and overall declining biodiversity, is most
consistently associated with chronic disease, including aller-
gic disease [54–56]. Conversely, clinical or subclinical infec-
tion with staphylococcal pathogenic strains emerges as a
common denominator in the onset and progression of these
conditions. Of note, superinfection by S. aureus strains in the
context of a less diverse microbial community is a quite con-
sistent finding in skin isolates from patients with atopic
eczema (reviewed in [57]). Whether staphylococcal out-
growth in the atopic skin or nose is an initiating event that
affects the relative abundance of symbiotic species or, rather,
the result of changes in the microbial environment induced
by other factors has yet to be determined. Such changes pre-
sumably reflect complex interactions between a genetically
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biased, imbalanced host response and more or less identi-
fiable environmental signals. Substantial changes in the
respiratory microbiota, staphylococcal outgrowth, and the
development of a Th2-driven inflammatory response are
consistently seen in human and animal models of infec-
tion with HRV, influenza, and other respiratory viruses
[41–44, 58]. Indeed, these viruses are well-known for con-
tributing to the onset and exacerbations of rhinitis, CRS,
and asthma (reviewed in [59]).

While a body of evidence from studies of the gut micro-
biota may be extrapolated to such other districts, as the oral,
vaginal, and respiratory mucosa, clearly more studies are
required, above and beyond association studies, to under-
stand how changes in the nasal microbiota affect the local
homeostasis in health and disease. On the other hand, intes-
tinal dysbiosis can precede and be conducive to the develop-
ment of respiratory allergy [56, 60]. A possible cause-effect
relationship between enrichment in a clostridial gut symbi-
ont, Ruminococcus gnavus, and allergic rhinitis was convinc-
ingly demonstrated in a recent study combining prospective
findings in fecal samples from an infant twin cohort and a
suitable mouse model of airway inflammation [60]. More-
over, interventions aimed at rebalancing enteric communi-
ties in gastrointestinal disorders, as the oral administration
of probiotics or prebiotics, have proved beneficial in several
studies of apparently unrelated conditions of the respiratory
tract, including cystic fibrosis, allergic asthma, and rhinitis
[61–64]. Thus, regardless of site-specific differences in the
core microbiota lining the respiratory and gastrointestinal
mucosa, connections must exist between these mucosal sites
and the factors that regulate their homeostasis, which will be
discussed in the following sections.

4. The Microbiota in the Development and
Regulation of the Immune System

It was shown as early as in 1970 that Peyer’s patches, the
spleen, and the lymph nodes of mice hosted in a sterile envi-
ronment are underdeveloped and do not contain germinal
centers, resulting in reduced serum immunoglobulin levels,
and that normal immune system development and function
were restored following oral administration of Salmonella
paratyphi A [65]. Such germ-free, or gnotobiotic, mice, lack-
ing a microbial antigenic stimulus and presenting an imma-
ture immune system, are still a widely used in vivo model
to dissect host-microbe and microbe-microbe interactions
at the gut mucosa [66]. An alternative mouse model allows
dissecting the contribution of at least certain bacterial com-
mensals to the host immune response via the sustained
administration of distinct classes of antibiotics [67]. Knowl-
edge acquired in these overall study models represents the
experimental basis for the dominant current paradigms on
how these interactions regulate the immune response and
other processes.

The gut microbiota contributes to shaping both the
innate and adaptive components of the immune systems.
These include the gut-associated lymphoid tissue (GALT),
effector T cells, regulatory T cells (Treg), IgA-producing B
cells and plasma cells, innate lymphoid cells (ILC), and

resident macrophages and dendritic cells in the lamina pro-
pria [68, 69]. The development and function of Peyer’s
patches is a case in point, as it is the macroscopic epiphenom-
enon of a complex molecular process. A number of studies
have focused on the mediators involved in the interaction
between the gut microbiota and the production of IgA
from B cells in Peyer’s patches. It has been shown that
the coadministration of retinoic acid and the Toll-like
receptor- (TLR-) 4 ligand, lipopolysaccharide (LPS), a toxic
by-product of Gram-negative bacteria also referred to as
endotoxin, stimulates follicular dendritic cells to secrete
B-cell activating factor (BAFF), the chemokine, C-X-C
motif ligand 13, and transforming growth factor- (TGF-) β,
which collectively act onto Peyer’s patch B cells to promote
class switch recombination and the production of IgA [70].

It is well known that dimeric IgA are a fundamental
effector arm of mucosal immunity and that IgA dimers
produced from B cells activated in Peyer’s patches play a
significant role in the mucosal firewall and the prevention
of infections both locally and at distant sites [71, 72]. Sev-
eral lines of evidence, including studies in patients with
selective IgA deficiency, suggest that proper IgA induction
within the GALT also confers protection against allergic
and autoimmune inflammatory conditions at distant sites
[73, 74]. Accordingly, IgA-inducing, viable strains of Bifi-
dobacterium and Lactobacillus have been shown to alleviate
symptoms of pollen-induced rhinitis when administered
orally at the onset of pollen season [62]. In addition, recent
work has identified significant associations between the
development of influenza-specific nasal IgA responses and
the presence of such microbial species in the nasal mucosa,
as certain Lactobacillus and Bacteroides strains [75]. While
the GALT is considered the primary induction site for
body-wide IgA production, antigen-specific, mucosal IgA
responses can in fact be promoted in subjects administered
an intranasal vaccine [76, 77]. The demonstration of compa-
rable levels of IgA class switch by-products in Peyer’s patches
and the nasal mucosa provide factual evidence that the
nasopharynx-associated lymphoid tissue may represent a
primary IgA induction site (Figure 1) [78, 79]. While it was
thought that primary antibody responses could only develop
in secondary lymphoid organs, for example, lymph nodes
and Peyer’s patches, it is now clear that more or less orga-
nized ectopic or tertiary lymphoid tissue may form in the
respiratory mucosa, where naïve B cells undergo class-
switch recombination and the production of high-affinity
antibodies (reviewed in [80]). This phenomenon is more
accentuated in inflammatory conditions and on instances
has been associated with the development of autoimmunity
[80]. Of note, increased numbers of B cells and plasma cells,
elevated levels of BAFF, and the local production of antinu-
clear autoantibodies of the IgG and IgA isotypes have been
observed in the nasal polyps of patients with CRS [81, 82].
Naïve or IgA+ B cells in the nasal mucosa have also been
shown to switch to IgE production in allergic rhinitis
patients, which represents a conceptual basis in the appreci-
ation of a subset of patients with local allergic rhinitis [8, 83].

Studies in gnotobiotic or antibiotic-treated mice have
also provided evidence for a central role of the gut microbiota
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in the regulation of effector T cell responses. Selective
depletion of gut-associated Gram-positive communities in
neomycin-treated mice was shown to be sufficient to
impair the airway innate and adaptive response to influenza
virus infection, which could be rescued following rectal or
nasal inoculation of a mix of TLR ligands [67]. Allergic air-
way inflammation is typically enhanced in germ-free animals
as a result of skewed activation of Th2 clones, suggesting a
major role for gut colonization in the development of a bal-
anced type 1 T helper (Th1)/Th2 response [84]. Consistently,
reduced Th1 responses can be observed in early infancy,
especially in infants delivered by cesarean section, in whom
an increased predisposition to develop allergic disease is
associated with delayed gut colonization of Bacteroides spe-
cies and a less diverse microbial community [85]. These
and similar studies provide factual evidence in support of
the hygiene hypothesis, according to which exposure to a
declining environmental biodiversity is a major contributing
factor in the increasing prevalence of allergic and other
chronic inflammatory diseases as it adversely affects the
human microbiota and its central functions in the develop-
ment and regulation of the immune system [55].

Several studies have focused on the interactions of
FoxP3+ Treg cells, a fundamental player in the immune reg-
ulatory network, with microbiota-delivered signals. A mini-
mally diverse flora is required for activation and expansion
of Treg cells and the production of interleukin- (IL-) 10,
which involves the interaction of a host of bacterial compo-
nents with distinct TLR or other pattern recognition recep-
tors and depends on myeloid differentiation primary
response 88-mediated signaling (Figure 1) [86, 87]. One such
component is polysaccharide A from Bacteroides fragilis,
which interacts with TLR-2 [88]. These effects, however, are
apparently ligand-specific, as various TLR-2 ligands have

been reported to either augment or decrease IL-10 produc-
tion and Treg suppressive function [89]. Microbial metabo-
lites, for example, butyrate and other short-chain fatty acids
from Bacteroides and Clostridium species, can also direct
the development and function of Treg cells and do so via
the interaction with G protein-coupled receptors expressed
by the intestinal epithelial cells and mucosal CD103+ den-
dritic cells [90, 91].

Induction and maintenance of a tolerogenic, Treg-
dominated immune profile in the gut mucosa has been
invoked to explain the beneficial anti-inflammatory proper-
ties of Lactobacillus and Bifidobacterium probiotic mixtures
and of high-fiber diet [90, 92–94]. It is inferred, then, that
an imbalanced diet would be associated with a dysbiotic
microbial community and an augmented predisposition
for inflammatory disease. Studies in germ-free mice have
identified distinct bacterial species, for example, segmented
filamentous bacteria, which can sustain autoimmune
inflammation in models of arthritis and multiple sclerosis
via the activation of IL-17-producing T helper (Th17) cells
[95–97]. A more or less direct connection between diet,
the microbiota composition, and allergic inflammation is
postulated in several studies [64, 98]. Studies in germ-
free and mutant mice have shown that the microbiota
can regulate Th2-driven immunity through the induction
of Th17 cells and of a subset of Treg cells expressing the
Th17 hormone receptor, retinoid-related orphan receptor-
(ROR-) γt [99]. Symbiotic Lactobacillus strains and other
bacterial species may directly activate these cells, as well
as ROR-γt+ type 3 ILC (ILC3), through the production
of tryptophan-indole derivatives [100]. By engaging the
aryl-hydrocarbon receptor, these metabolites induce in
these cells the production of IL-22, a cytokine that pro-
motes epithelial cell regeneration and the secretion of
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Figure 1: The regulation of immune responses by microbiota-associated factors. Follicular dendritic cells (FDC), myeloid differentiation
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antimicrobial peptides and mucus, thus contributing to
intestinal homeostasis (Figure 1) [100].

The beneficial effects of a properly balanced diet and/or
the supplementation with oral probiotics in respiratory
allergy support the notion that signals from the gut microbi-
ota can shape local immunity at distant sites, including the
upper and lower airways [64, 98]. In fact, evidence for a bidi-
rectional crosstalk between the respiratory and gastrointesti-
nal mucosa is provided in several studies [101, 102]. It has
long been known that airway inflammatory changes of some
sort are detectable in about 50% of patients with inflamma-
tory bowel disease [101]. Conversely, gastrointestinal symp-
toms, including such disorders as eosinophilic esophagitis
or gastroenteritis, are frequent comorbidities in children with
asthma or allergic rhinitis (reviewed in [103]). This might
reflect recirculation of inflammatory cells, for example,
eosinophils, redirection of gut- or lung-homing antigen-
specific cells, antigen cross-sensitization between the two
sites, and/or concomitant changes in site-specific microbial
communities (reviewed in [101]). However, changes in the
nose and lung microbiota are found in patients with airway
inflammation which hardly reflect the microbial environ-
ment in the gut [51, 52, 104, 105]. It has been shown that
substantial changes in the lung microbiota, which also take
place in the first few weeks of life, are sufficient to drastically
reduce Th2-driven eosinophilic responses to aeroallergens by
promoting the emergence of a Helios− Treg subset via
engagement of programmed death ligand 1 [106]. Nasal
administration of Lactobacillus strains is sufficient to acceler-
ate the recovery of functional humoral immune responses
against respiratory pathogens in malnourished mice [107].
A reduced load of S. aureus, a pathogen commonly hosted
in the inflamed nasal mucosa, and lower goblet cell counts
are seen following intranasal administration of S. epidermidis
[108]. Preclinical evaluations of similar probiotics prepara-
tions, which are shown to induce IL-10 expression in human
PBMC, support the notion that they promote tolerance via
the activation of distinct Treg cell subsets [109]. A decreased
ratio of Treg to effector T cells can be appreciated in the
inflamed nasal mucosa, as shown in adults with seasonal
allergic rhinitis and, regardless of the allergic status, in those
with CRS with nasal polyps (CRSwNP) or without nasal
polyps (CRSsNP) [110, 111]. Consistently, significantly
increased numbers of FoxP3+ Treg cells are seen in the nasal
mucosa of adult patients with allergic rhinitis patients who
successfully underwent grass pollen immunotherapy [112].
It can be envisioned then, as implicated in studies in mice
administered nasal Lactobacillus probiotics carrying a spe-
cific allergen, that direct manipulation of the nasal commen-
sal flora may significantly contribute to shaping the local
immune response to promote antigen-specific tolerance via
the induction of Treg cells [113].

5. Regulation of Epithelial Cell Functions by
the Microbiota

Epithelial cells and their functions are well-established
direct targets of microbiota-delivered signals. Epithelial
cells lining the mucosa contribute to immune regulation

via the production of cytokines and chemokines and by
providing a dynamical barrier to corpuscular and molecu-
lar antigens present in the environment. The mucin layer
that coats epithelial surfaces physically excludes commen-
sal microbes [114]. Direct microbial contact with epithelial
cell surfaces can occur in the absence of mucin layers or
when specific microbes can penetrate mucin (Figure 1)
[114]. Muc2 is the predominant mucin secreted by goblet
cells in the intestine [115]. Two mucus layers are orga-
nized in the colonic mucosa, the innermost of which is
dense and impenetrable to bacteria [114]. A more penetra-
ble mucus layer and reduced barrier function have been
detected in C57BL/6 mice being fed an autoclaved chow
relative to wild or experimental mice on a standard diet
[116]. This was associated with pronounced differences
in the composition of the colonic microbiota at the class
and genus level and could be reproduced in germ-free
mice transferred with caecal contents from either diet
group [116]. While the mechanisms of microbial regula-
tion of mucus formation and stability have not been eluci-
dated, it is likely that these reflect the differential abilities
of bacterial strains to process and degrade carbohydrates
of dietary or host origin, including Muc2-associated gly-
cans [117].

The human nasal mucosa contains a substantial number
of mucus-producing goblet cells. These are evenly distributed
within the pseudostratified ciliated epithelium and are mostly
concentrated in the maxillary sinus, where they represent
about 40–70% of the surface cells [118]. Muc5B andMuc5AC
are the prevailing mucins produced by the human respiratory
epithelium and are produced at similar levels in the upper
and lower airways [119]. Expression of both mucin genes
has been found upregulated in the nasal and sinus mucosa
of patients with CRSwNP or CRSsNP [120]. However, the
pattern of mucin glycosylation appears to be altered in CRS
and especially so in patients in which the nasal bacterial com-
munity assembles a biofilm [121]. While the cause-effect
relationship of biofilm development and a dysfunctional
mucus barrier has yet to be elucidated, it is well known that
biofilm development favors antibiotic resistance and is asso-
ciated with persisting inflammatory changes in the nasal and
sinus mucosa, worse sinus symptoms, and poor clinical
improvement following polyp removal [122]. One possibility
is that increased mucin production in the absence of suffi-
cient mucociliary clearance might lead to the formation of
thickened mucus patches providing a favorable milieu for
bacterial outgrowth, as previously postulated for Pseudomo-
nas aeruginosa biofilm development in cystic fibrosis lungs
[123]. Notably, a sizeable proportion of patients with refrac-
tory forms of CRSwNP are carriers of mutated alleles of the
cystic fibrosis transmembrane regulator gene [124]. Besides
P. aeruginosa, S. aureus is the most common isolate in bio-
films from CRSwNP patients with relapsing disease after
functional endoscopic sinus surgery [125].

Factors produced by S. aureus can promote nasal inflam-
matory changes by directly acting on epithelial tight-junction
(TJ) components to compromise mucosal barrier function
[126, 127]. It has been documented that exposure of nasal
epithelial cells grown at the air-liquid interface (ALI) to S.

6 Journal of Immunology Research



aureus-conditioned media determines a reduction of transe-
pithelial electric resistance (TEER), a measure of barrier
integrity, which is paralleled by the detection of a distinct
separation between adjacent cells in the apical region, where
TJ proteins are harbored [126]. These effects could be reca-
pitulated upon exposure of these ALI cultures to staphylo-
coccal V8 protease, which appeared to act on the assembly
and expression of the TJ integral components, claudin-1
and zonula occludens protein- (ZO-) 1 [127]. As shown by
Steelant et al. in two separate studies, the nasal epithelium
from subjects allergic to dust mite or other inhalants
expresses, both ex vivo and when cultured in vitro, reduced
levels of occludin and ZO-1 and exhibits reduced TEER
and increased permeability to fluorescein isothiocyanate-
labelled 4 kDa dextran [128, 129]. Allergenic proteases,
including dust mite major allergen, Der p 1, can at least in
part account for these findings (Figure 2) [130]. TEER was
further reduced in cells cultured in IL-4-supplemented
media, suggesting that Th2-dependent immunity can affect
the barrier function of the nasal mucosa [128]. In line with
this notion, Saatian et al. demonstrated that the addition of
IL-4 or IL-13 increases the permeability of airway epithelial
cell monolayers in vitro, which is accompanied by the
appearance of intercellular gaps and the accumulation of
claudin-4 in cytoplasmic vesicles [131]. Besides Th2 cyto-
kines, histamine, tumor necrosis factor-α, and the Th1 signa-
ture cytokine, IFN-γ, can also promote similar changes,
including a decreased TEER and reduced claudin-1 and

claudin-4 expression [129, 132]. Indeed, dysfunctional TJ
and barrier function are not an exclusive feature of allergic
inflammation but of chronic inflammatory processes in
general [132].

The mechanisms of epithelial barrier disruption by
pathogenic bacteria are not completely understood. It has
long been known that certain bacterial toxins, for example,
C. perfringens enterotoxin and Vibrio cholerae zonula
occludens toxin (ZOT), may affect TJ integrity either by
targeting its specific components or by binding to receptors
shared with host-expressed homeostatic factors [133, 134].
One such factor, zonulin, shares with ZOT the ability to
reversibly disassemble TJ complexes in the gut epithelium
by interacting with protease-activated receptor-2 [135].
Zonulin may be induced upon exposure of small intestine
monolayers to pathogenic enterobacteria or molecular pat-
terns in certain nutrients, for example, gluten [136, 137].
Excess zonulin production, as a result of gluten intolerance
or intestinal dysbiosis, and the ensuing loss of gut barrier
integrity have been demonstrated in such chronic inflamma-
tory conditions, as celiac disease and type I diabetes [135].
Less clear is zonulin involvement in the regulation of airway
barrier function by the associated microbiota or aeroaller-
gens. A molecule related to zonulin, presumably a serine
protease, has been found to mediate albumin leak and com-
plement activation in a mouse model of acute lunge injury
[138]. An 8-mer peptide recapitulating zonulin and ZOT’s
effects on TJ complexes has the ability to increase the
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permeability of the nasal mucosa and help deliver antigen to
the submucosa, thereby acting as an effective adjuvant for
mucosal vaccines [139]. Thus, it is feasible that zonulin, or
a closely related molecule, may play a critical role in the reg-
ulation of the nasal epithelial barrier and the nasal response
to allergens, irritants, and toxins.

6. The Integration of Microbial and
Neuroimmune Signals

Neurogenic inflammation owes to the dense sensory innerva-
tion of the nasal mucosa. The nasal mucosa is densely inner-
vated with trigeminal fibers. Trigeminal nociceptors in the
nasal mucosa consist of myelinated and unmyelinated fibers.
The former, named Aδ, transmit impulses faster than the
slowly conducting, unmyelinated C fibers. C fibers mostly
conduct nociceptive signals but also function as chemorecep-
tors in response to signals from transient receptor potential
cation channel, subfamily A, member 1 (TRPA1), and tran-
sient receptor potential cation channel, subfamily V, member
1 (TRPV1), among others [140]. These are ionic channels
that can be activated upon engagement by such specific
ligands, as bradykinin to TRPA1 and lipid peroxidation or
reactive oxygen species (ROS) to TRPV1. This implies that,
besides sensory stimulation, also mediators of allergic inflam-
mation can activate these receptors. The activation of TRPA1
and TRPV1 induces the inflow of cations and the antidromic
depolarization of afferent fibers, also known as axon reflex.
This in turn triggers the secretion, by the chemoreceptor
itself, of such vasoactive mediators, as substance P, neuroki-
nin A, neuropeptide Y, gastrin-releasing peptide (GRP),
and calcitonin gene-related peptide (CGRP) (Figure 2)
[141]. These neuropeptides contribute to vasodilation, glan-
dular secretion, and lymphocyte and eosinophil effector
function, resulting in such clinical symptoms, as congestion,
rhinorrhea, sneezing, and headache, typical of nasal allergic
inflammation (Figure 2) [142].

While nociceptive trigeminal fibers contribute to the
development of allergic inflammation, they also directly
affect nasal reactivity. In fact, the inhalation of irritating che-
micals (gases, diesel particulate matter, etc.) induces more
severe symptoms in allergic patients than in nonallergic con-
trols, as shown in a 1998 study in which patients and controls
were exposed to chlorine vapors [143]. Trigeminal nocicep-
tors of allergic patients also have an increased activation
threshold to tactile stimuli. We have detected a reduced tac-
tile sensitivity of the nasal mucosa in elderly subjects follow-
ing stimulation of the inferior turbinates with Semmes-
Weinstein monofilaments [144]. Using a similar approach,
we detected a reduction in the nasal tactile sensitivity of com-
parable grade in patients with allergic rhinitis compared to
nonallergic controls [145]. Recent studies support a specific
role for TRPA1 channels in the detection and response to
microbial products. It has been shown that TRPA1 in vagal
and somatic nociceptors can be activated by LPS, leading to
the local release of such neuropeptides as CGRP, pain, neuro-
genic inflammation, and vasodilation (Figure 2) [146]. These
effects of bacterial endotoxin are very fast, occurring within
seconds of exposure and independently of TLR-4 ligation,

and presumably involve specific structural features in lipid
A, the LPS biologically active lipid moiety [146]. Similar
results were obtained in a study in which distinct bacterial
products, for example, N-formylated peptides, could mediate
S. aureus-induced mechanical and thermal hyperalgesia in
mice by directly activating nociceptors [147].

Taken together, these findings have led to the apprecia-
tion that bacterial products can induce a neuroinflammatory
response independently of their interactions with the innate
or adaptive immune system. The role of nociceptors in
amplifying pathological immune responses to adaptive stim-
uli is in turn stressed in another study, in which ablation or
pharmacological inhibition of Nav1.8-lineage neurons,
which include the subpopulation of TRPA1+ nociceptors,
decreased eosinophilia and macrophage accumulation in
bronchoalveolar lavage fluids of mice subjected to allergen
challenge [148]. One possible mechanism by which neuro-
transmitters can enhance the mucosal immune response to
pathogens and allergens is suggested in recent studies show-
ing that the neuropeptide neuromedin U (NMU), expressed
in cholinergic neurons localized in the mouse gastrointestinal
tract, can directly activate type 2 ILC (ILC2) through the
interaction with the specific receptor, NMUR1 (Figure 2)
[149]. NMU release occurred subsequent to direct sensing
of parasite products and alarmins, and NMUR1-dependent
induction of the cytokines IL-5, IL-9, and IL-13 in this model
was found to promote accelerated parasite expulsion [149,
150]. Moreover, coadministration of NMU and the ILC2-
activating epithelial alarmin, IL-25, strongly amplified airway
inflammation in mice who underwent allergen challenge
[151]. A similar crosstalk of neuroinflammatory signals in
the nasal mucosa is suggested in studies showing that ligands
of the GRP and neuromedin B receptors can interact with
related or unrelated G protein-coupled receptors (GPCR),
such as N-formyl peptide receptors (FPR), to promote mucus
secretion, neutrophil recruitment, and the production of
ROS [152, 153]. Thus, it can be envisioned that signals ema-
nating from the microbial community may engage a complex
interaction with immune and nervous system components
within the nasal ecosystem as recently appreciated in the
enteric mucosa [154].

7. Microbial Regulation of Tissue Remodeling in
Nasal Inflammation

Morphologic alterations of the nasal mucosa are variably
observed in patients with chronic inflammatory disorders
of the nose and sinuses. These range from simple hypertro-
phy, mesenchymal transition, collagen deposition and fibro-
sis, polypoid degeneration, to polyps of various sizes and
extension, resulting from different grades of tissue remodel-
ing processes [9]. Tissue remodeling is defined by transient
or permanent changes in tissue architecture, which involves
breakdown of tissue structures, for example, basement mem-
branes and interstitial stroma, as well as repair [155]. A pseu-
dostratified, respiratory epithelium comprising ciliated and
secretory cells and supported by basal cells lines the nasal
and paranasal sinuses. In reactive nasal inflammation, its
morphology is subverted and characterized by squamous
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metaplasia, ciliary destruction, increase of microfold cells,
and mucous gland and goblet cell hyperplasia [9]. Although
angiogenesis appears to be an important event in these pro-
cesses, little is known about the mechanisms of vascular
remodeling in the nasal mucosa. Numerous factors are dys-
regulated in the CRS mucosa which are involved in vessel
remodeling, including TGF-β, platelet-derived growth factor,
periostin, and vascular-endothelial growth factor (VEGF)
[156–159]. Among these, VEGF could play a key role in
polyp formation in CRS, thanks not only to its proedematous
and angiogenic properties but also to its ability to promote
nasal epithelial cell growth and resistance to apoptosis [156].

Several studies indicate that such innate immunity
receptors, as FPR-1, FPR-2, and FPR-3, and matrix metal-
loproteases (MMP) may mediate the effects of microbial
components on the tissue remodeling processes taking
place in these conditions. The FPR are GPCR for the N-
formylated peptides present in bacterial cell walls or in
mitochondria and are expressed on the membrane of
mononuclear and polymorphonuclear leukocytes. FPR
ligation activates recruitment and activation of these cells
via the engagement of phosphorylation cascades involving
Akt, protein kinase C, and the Ras-mitogen-activated pro-
tein kinase pathway [160]. We hypothesized that engage-
ment of FPR by bacterial ligands might be one possible
mechanism linking nasal inflammation and dysbiosis to
tissue remodeling processes leading to polyp formation.
As shown by Prevete et al., the FPR agonists, f-Met-Leu-
Phe and uPAR84–95, induce the migration of nasal epithe-
lial cells in vitro and the production of VEGF and TGF-β,
two factors involved in tissue remodeling [161]. A significant
increase in VEGF expression, both at the mRNA and protein
levels, and of MMP species involved in tissue remodeling,
including MMP-2 and MMP-9, has been detected in fibro-
blasts from nasal polyps following in vitro infection with
HRV-16 [162]. Consistently, in the nasal mucosa of patients
with CRSwNP, we have detected a marked increase in the
expression of MMP-2, MMP-7, and MMP-9, which was par-
alleled by reduced expression of tissue inhibitor of MMP-
(TIMP-) 1 and TIMP-2 [163].

That tissue remodeling and polyp formation may be
favored in a dysbiotic microenvironment is inferred in a
number of studies showing increased S. aureus colonization
in the nasal cavities of patients with polyposis [164]. Recent
work has shown that α-toxin, one of the major S. aureus
toxins, can substantially contribute to airway remodeling
via a combined effect on the epithelial cell cytoskeleton and
endothelial TJ integrity, leading, respectively, to altered
morphology and edema [165, 166]. However, the main
mechanism this far ascertained by which S. aureus may
induce or favor nasal polyp formation is the production of
such superantigens as staphylococcal enterotoxins (SAE)
[7, 167]. SAE can bind to invariant domains of the T-
cell receptor and of the major histocompatibility
complex-II of antigen-presenting cells (APC) and induce
the production of T cell and APC cytokines and other fac-
tors. More than 20 SAE have been described to date, the
most studied being type A (SEA) and type B (SEB) staph-
ylococcal enterotoxins [168]. It has been documented that

exposure to SEB can induce the secretion of both Th1- and
Th2-restricted cytokines, for example, IFN-γ, IL-4, and IL-
13, from the healthy nasal mucosa. However, a polypoid
nasal mucosa would release increased amounts of these cyto-
kines when exposed to a comparable load of SEB, possibly
reflecting priming by co-colonizing microbial species [167].
Among these, fungal species, for example, Malassezia and
Aspergillus, are present at higher abundance in at least certain
CRS phenotypes and may contribute to immune activation in
the nasal mucosa via the interaction with lectin and antigen
receptors (discussed in [169]). Consistently, it has been
shown that the polypoid tissue contains increased amounts
of the eosinophil-specific chemokine, C-C motif ligand-11,
eosinophil cationic protein, IL-5, total IgE, and SEA- and
SEB-specific IgE, relative to controls with CRSsNP [7].

Thus, while the mechanism of S. aureus-induced polyp
formation has not been elucidated to date, it is current belief
that this process is mediated by chronic Th2-dependent,
eosinophilic inflammation in a S. aureus-colonized mucosa.
In contrast, CRSsNP is mostly characterized by a predomi-
nantly neutrophilic infiltrate and a diverse Th1, Th2, and
Th17 cytokine profile [170]. Remodeling in this condition
is characterized by excessive collagen production and thick-
ening of the extracellular matrix [157]. This process is medi-
ated by TGF-β, which is distinctly upregulated in the
CRSsNP mucosa relative to CRSwNP [157]. These findings
present important therapeutic implications, in that, while
Th2-driven eosinophilic inflammation and polyp formation
are relatively well controlled with, and at least partly reversed
by, inhaled corticosteroids, Th17-dependent inflammation
and TGF-β-mediated remodeling are not [171–173]. How-
ever, numerous exceptions challenge these paradigms [170].
As shown in Figure 3, patients with apparently similar clini-
cal and histological pictures may respond differently to med-
ical and surgical treatment. The identification of discrete
endotypes within either CRS phenotype is a growing need
given the enormous potential of newly available targeted bio-
technological therapies, for example, anti-IgE and anticyto-
kine monoclonal antibodies (reviewed in [174]). An initial
definition of up to 10 CRS inflammatory endotypes and their
clinical correlates is provided in recent studies of expression
clusters of cytokines and other biomarkers in the nasal cavi-
ties [175, 176]. One of these studies confirmed the strong
association of SAE-specific IgE, a proxy for S. aureus carriage
within the nasal mucosa, with nasal polyposis, measures of
Th2-driven inflammation, and asthma comorbidity [175].

These results imply that distinct microbial signatures
might be recognized across the expanding repertoire of CRS
clinical and inflammatory endotypes. In a recent study com-
paring 16S rRNA sequences in paired swabs from the middle
and inferior meatuses of adults with distinct nasal reactive
inflammatory phenotypes, samples from patients with
CRSsNP exhibited significantly lower overall microbial
diversity relative to patients with CRSwNP, allergic rhinitis,
and healthy controls [177]. Taxa enriched in CRSsNP relative
to CRSwNP included Streptococcus and Haemophilus among
others, whereas Staphylococcus and Alloiococcus were
enriched in CRSwNP [177]. A separate 16S rRNA sequenc-
ing study of sinus brushings from a heterogeneous group of

9Journal of Immunology Research



adults with CRS identified three main groups of patients
based on bacterial community composition [178]. The larg-
est group of patients, mostly with CRSwNP and a Th2-
biased immune phenotype, exhibited a sinus microbiota
reciprocally dominated by Corynebacteriaceae or Staphylo-
coccaceae [178]. This confirmed that competing interactions
may exist between these microbial families, whereby an
increased colonization of a corynebacterial species, C. pseu-
dodiphtheriticum, is associated with a reduced colonization
of S. aureus and vice versa [33]. This led to hypothesizing that
a C. pseudodiphtheriticum-colonized mucosa provides a less
favorable microenvironment to S. aureus growth [33].
Besides competition for nutrients, S. aureus outgrowth in
the nasal mucosa might be limited by the antimicrobial mol-
ecules produced by certain microbial species, as documented
for species colonizing the intestinal mucosa [179]. One such
species, the coagulase-negative staphylococcal strain S. lug-
dunensis, a common dweller in the human nose, produces a
natural antibiotic, named lugdunin, which exerts a distinctive
antimicrobial activity against S. aureus strains including
MRSA [180]. Taken together, these findings emphasize the
potential impact of interventions aimed at manipulating the
nasal microbial community in the setup of a less favorable
milieu for colonization from pathogenic species and ulti-
mately the predisposition to develop nasal inflammation
with different grades of such associated morphologic

alterations, as hyperplasia, thickening, fibrosis, polypoid
degeneration, or polyps of various sizes and extensions.

8. Concluding Remarks

The relationship between nasal dysbiosis and reactive, aller-
gic or nonallergic, nasal inflammation involves a complex
network of processes regulating mucosal permeability and
TJ function, neurogenic signals, innate immunity cells and
receptors, vascular and mucosal remodeling factors, effector
T cells and related cytokines, and the production of specific
IgE or IgA antibodies. The literature to date has not clarified
the timing and reciprocity of these connections, and whether,
for instance, intrinsic alterations in the mechanisms govern-
ing barrier function would typically precede or follow
immune activation and inflammation. Moreover, the precise
mechanisms that lead to distinct clinical phenotypes and
endotypes and the inherent specific inflammatory processes
are still largely unknown. Regardless, it can be concluded that
the barrier function of the nasal mucosa, or mucosal firewall,
represents the key element linking nasal dysbiosis to the cel-
lular and molecular processes that lead to and sustain inflam-
mation. An increased mucosal permeability may in turn
favor bacterial translocation to the submucosa, where antigen
presentation and recognition take place, as well as the

(a) (b)

(c) (d)

Figure 3: The effect of corticosteroid treatment on eosinophilic inflammation in CRSwNP. Hematoxylin and eosin stainings of polyp sections
from two patients with CRSwNP before (a and c) and after (b and d) a short course of oral prednisone (0.4mg/kg/day for 7 days) prior to
polyp resection by functional endoscopic sinus surgery. Both patients did not have any allergies and were aspirin-intolerant. Polyp size
and eosinophilic infiltration in the first patient (a and b), a 50-year-old female, were promptly reduced following prednisone
administration, whereas polyp size and histology in the second patient (c and d), a 69-year-old male, remained substantially unchanged
(F.A. Salzano and C. Stellato, unpublished observations).
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interaction of bacterial components with innate immune and
nociceptive receptors.

In light of these considerations, given the complex inter-
actions between the microbial microenvironment, the nasal
epithelium, the innate and adaptive immune system, and
the nasal nervous system, it would be quite reductionist to
classify nasal inflammatory processes based on the prevailing
inflammatory cytotypes, for example, neutrophils, eosino-
phils, or mast cells, but should include at a minimum a
definition of the immune phenotype or endotype to allow
for a more targeted and effective line of intervention in the
clinical management of patients with these conditions
[174, 181]. In this light, even the resection of largely hyper-
plastic or extended, frankly polypoid lesions of the chroni-
cally inflamed nasal and sinus mucosa by minimally
invasive, functional endoscopic surgery would not be seen
as just the last resort whereby all other treatments have failed,
but as the integral part of an organic strategy including con-
ventional and biotechnological anti-inflammatory agents,
antibiotics, and probiotics [182]. The possible effectiveness
and appropriateness of probiotics in the management of at
least certain CRS endotypes, and of reactive nasal inflamma-
tory disorders in general, cannot be stressed enough. As con-
firmed in a study comparing the 16S rRNA sequence profiles
before and after surgery of patients with refractory, relapsing
forms of CRSwNP, conventional management of these
patients with antibiotics and intranasal steroids is insufficient
to prevent the rapid repopulation of the nasal mucosa with
the baseline bacterial communities [183].

As discussed in this review, the rationale for probiotics
administration in allergic rhinitis, CRS, and related nasal
reactive disorders comes from studies documenting the
antagonistic interactions of symbiotic and pathogenic species
within the nasal mucosa or other niches [33, 108, 179, 180]
and the ability of certain symbiotic species to regulate the fine
balance between host immunity and tolerance [61, 75, 90–94,
100, 107, 113]. However, studies looking at the effects of oral
probiotics on several clinical measures in pediatric patients
with allergic rhinitis do not show consistent results [63,
184], and the findings from sparse reports in adults with
CRS are discouraging [185]. On the other hand, the clinical
use of nasal probiotics is supported in a number of preclinical
studies and has shown promise in early-stage clinical studies
in children with recurrent upper respiratory infections [107,
108, 186]. More studies are needed to fully understand the
potential of this approach as a support treatment in nasal
inflammatory conditions, for example, in allergic rhinitis
patients undergoing specific immunotherapy and in surgical
patients with resistant and relapsing forms of CRS.

In this review, we have focused on the possible mech-
anisms mediating disruption of the basic homeostatic
functions of the human nasal mucosa concomitant to alter-
ations in the local microbiota, which have been documented
in nasal inflammatory conditions. Much of our knowledge
comes from studies of gut bacterial communities, which pro-
vide a solid basis to understand the complex interactions
between the host mucosa and the microbial milieu. Future
studies will hopefully reveal how unique changes in the nasal
microbiota, including viral and fungal components, result in

distinct clinical phenotypes and how its manipulation may
contribute to their current and prospective treatments.
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Neuromyelitis optica (NMO) and myasthenia gravis (MG) are autoimmune diseases mediated by autoantibodies against either
aquaporin 4 (AQP4) or acetylcholine receptor (AChR), respectively. Recently, we and others have reported an increased
prevalence of NMO in patients with MG. To verify whether coexisting autoimmune disease may exacerbate experimental
autoimmune MG, we tested whether active immunization with AQP4 peptides or passive transfer of NMO-Ig can affect the
severity of EAMG. Injection of either AQP4 peptide or NMO-Ig to EAMG or to naive mice caused increased fatigability and
aggravation of EAMG symptoms as expressed by augmented muscle weakness (but not paralysis), decremental response to
repetitive nerve stimulation, increased neuromuscular jitter, and aberration of immune responses. Thus, our study shows
increased disease severity in EAMG mice following immunization with the NMO autoantigen AQP4 or by NMO-Ig, mediated
by augmented inflammatory response. This can explain exacerbation or increased susceptibility of patients with one
autoimmune disease to develop additional autoimmune syndrome.

1. Introduction

Neuromyelitis optica (NMO), also known as Devic’s disease,
is a central nervous system (CNS) autoimmune disease
that preferentially affects the spinal cord and optic nerve
[1]. The disease is mediated by autoantibodies against
aquaporin 4 (AQP4) [2]. These antibodies have been
proven pathogenic in NMO by several methods including
complement-dependent cytotoxicity, antibody-dependent
cell-mediated cytotoxicity, and induction of inflammation
with a prominent granulocyte and macrophage response,
which lead to secondary oligodendrocyte injury, demyelin-
ation, and neuronal injury [3].

Myasthenia gravis (MG) is a well-recognized antibody-
mediated disease affecting the neuromuscular junction,
caused by immunoglobulin G (IgG)1- and IgG3-comple-
ment, activating antibodies against the nicotinic acetylcholine
receptor (AChR, AChR-Ab) in around 85% of patients [4].

Both AQP4-Ab-positive NMO and AChR-Ab-positive
MG are associated with other organ-specific and systemic
autoimmune diseases [5–7]. Despite the rarity of MG and
of NMO, in recent years, there is considerable evidence for
increased susceptibility of NMO in patients with MG. Our
and others’ studies have linked NMO to patients previously
diagnosed with MG and pointed common immunological
abnormalities between the two diseases [8–15].

Although AQP4 is expressed also outside the CNS, in
muscles, lungs, and kidneys, until recently, no disease was
described in those organs. There are currently indications
that there might be mild muscle pathology in patients with
NMO [16–18].

Currently, there is no satisfactory animal model of NMO.
In order to study the pathogenesis of NMO and to test candi-
date therapies, it is important to have an animal model of the
disease [19]. Several animal studies have shown that AQP4
antibodies are not pathogenic via simple transfer of AQP4
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antibodies into the circulation of naive animals. In order to
cause NMO pathology, NMO-IgG should reach the CNS
parenchyma by penetrating through the blood-brain barrier
(BBB). This was established using preexisting CNS inflam-
mation in the experimental autoimmune encephalitis (EAE)
model, to cross the BBB, or via direct intracerebral injection
of recombinant NMO-IgG [20–23]. Direct administration
of NMO-IgG into the CNS tissue, without coinjection of
complement, produced NMO-like lesions with astrocyte
and AQP4 loss [24]. By injection of NMO-IgG into mice
lacking complement inhibitor, Zhang et al. induced long
extensive myelitis comparable to the myelitis in humans
with NMO [25]. Recently, several studies showed that
induction of NMO-like syndrome can be induced by the
transfer of AQP4-reactive T-cells directed to the second
extracellular loop of AQP4. These T-cells were derived
from AQP4 null mice and injected to wild type or to B
cell-deficient mice [23, 26, 27].

The present study was aimed at establishing an animal
model for NMO together with MG, based on previous obser-
vation of increased NMO susceptibility in patients with MG.
We used experimental autoimmune MG (EAMG) mice
immunized with Torpedo AChR and subjected the animals
to passive transfer of NMO-IgG or to immunization with
AQP4-derived peptide for inducing NMO and MG models.

Our study shows that injection of either AQP4 peptide or
NMO-Ig to naive mice caused increased fatigability and that
the same agents’ administered to EAMG mice significantly
increased disease severity mediated by muscle weakness.

2. Materials and Methods

2.1. EAMG and NMO Induction and Clinical Evaluation.
Induction of EAMG C57BL/6JOlaHsd mice were purchased
from Harlan Laboratories (Rehovot, Israel) and were housed
under specific pathogen-free conditions in the animal facility
of the Hebrew University Medical School, in accordance with
NIH guidelines for the care and use of laboratory animals.
Torpedo AChR was purified from Torpedo californica as pre-
viously described [28].

Purified Torpedo AChR (25μg and 5mg/ml of M. tuber-
culosis H37Ra, (Difco, Detroit MI)), emulsified in complete
Freund’s adjuvant (CFA), was subcutaneously (s.c.) injected
into the hind footpads and into the flank of 6-7-week-old
C57BL female mice as previously described [29]. The clinical
status was graded as the following: (0) no weakness or fatigue;
(1) mildly decreased activity, weak grip with fatigue, weight
loss> 3% body weight in one week; (2) moderate weakness
accompanied by weak grip, 5–10% weight loss; (3)
moderate-severe weakness, hunched back posture at rest,
head down, and forelimb digit flexed, tremulous ambulation,
10% weight loss; and (4) severe general weakness, weak grip,
weight loss> 10% [29].

2.1.1. Preparation of NMO-Ig. Plasma exchange fluid was
collected during the procedure from clinically definite, sero-
positive NMO patient according to the guidelines and with
the approval of the Hebrew University’s Bioethics Commit-
tee. The diagnosis of NMO was based on positive titer of

anti-AQP4 antibodies and typical clinical symptoms, includ-
ing optic neuritis and myelitis [30]. Immunoglobulin (Ig) was
purified by saturated ammonium sulfate precipitation
followed by dialysis.

2.1.2. Injection of NMO-Ig or AQP4 Peptide. Seven groups of
mice were used in 3 different sets of experiments:

(1) Twenty-one control EAMG

(2) Thirteen naive mice injected intraperitoneally (i.p.)
with Ig isolated from NMO patient, 4 weeks after
the induction of EAMG (the amount of Ig was
17.5mg protein; Ig injection was repeated 3 times
with 10-day intervals between each injection)

(3) Six EAMG mice immunized with 40μg AQP4 pep-
tide p249-323 (Alomone Labs, Israel), AQP4 peptide
emulsified in complete Freund’s adjuvant (CFA)

(4) Thirteen naive mice that were injected i.p. with
17.5mg Ig protein (Ig injection was repeated 3 times
with 10-day intervals between each injection)

(5) Fifteen naive mice immunized with 40μg AQP4 pep-
tide p249-323 (Alomone Labs, Israel), AQP4 peptide
emulsified with CFA

(6) Six naive mice injected with CFA alone

(7) Eight naive untreated mice

All the animals were weighed and inspected once a week
during the first month and daily after AQP4 peptide and
NMO-Ig injection to evaluate muscle weakness.

In addition, 10 naive and EAMG mice were injected
with scrambled AQP4 peptides (amino acids 207-221,
217-231, 222-239, and 299-213, chosen from loop E- and
C-terminus regions) in CFA and inspected as above.
Those animals did not develop any measured clinical
weakness (data not shown).

2.1.3. Anti-AChR Ab Determination. Sera from EAMG
animals were assayed by direct radioimmunoassay for anti-
T-AChR, or mouse M-AChR. All the EAMG mice displayed
high anti-T-AChR and/or anti-mouse AChR levels, with the
serum mean± SE values of 82.1± 16.0 nM for anti-T-AChR
Abs and 19.9± 1.8 nM for anti-M-AChR.

2.1.4. Repetitive Nerve Conduction Studies (RNS). Mice were
anesthetized by i.p. injection of 157mg/kg ketamine
+ 3.5mg/kg xylazine and immobilized on silver foil over an
AccuBlock™ at 41°C to maintain rectal temperature between
36-37°C. The left hind limb was abducted slightly and immo-
bilized with the knee and ankle in slight flexion and shaved.
An electromyography (EMG) machine was used to assess
motor nerve conduction, RNS, and single fiber electromyog-
raphy (SFEMG). Baseline motor conduction filter settings
were 0.01–10 kHz, amplifier gain 2mV/division, sweep
duration 2ms/division, and stimulus duration 0.1ms (rect-
angular pulses). Disposable sensory needle electrodes (SNEs)
(28G, Alpine Biomed ApS) were used for both stimulating
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and recording motor conduction and RNS studies. The left
sciatic-tibial nerve was stimulated as described by Osu-
chowski et al. [31]. The stimulator anode SNE was advanced
subdermally lateral and parallel to the spine 11mm from the
tail-base, and cathode SNE was inserted subdermally 3mm
lateral and parallel to the anode. For recording, an active
pick-up SNE was inserted into the gastrocnemius muscle
and reference SNE was placed subdermally over the Achilles
tendon. Baseline supramaximal sciatic-tibial nerve com-
pound muscle action potential (CMAP) amplitudes were
recorded from gastrocnemius, followed by a 5Hz train of
RNS at supramaximal intensity. A decrement was calculated
as percent amplitude drops between the first and fifth
CMAPs evoked by a train of 10 impulses, which were deter-
mined in two sets of repetitive stimulation for each animal. A
reduction of 10% or more indicated neuromuscular trans-
mission dysfunction [32]. Normal muscle showed no decre-
ment in action potential amplitude.

2.1.5. Concentric Needle Stimulation SFEMG. Anesthetized
mice were kept immobilized, and temperatures maintained
as above. Stimulation SFEMGwas performed by direct extra-
muscular nerve stimulation and was picked up by concentric
electromyography needle (CN). SFEMG filter settings were
0.5–10 kHz, amplifier gain 1mV/division, and sweep dura-
tion 1ms/division. Left sciatic-tibial nerve stimulation [31]
was initially of low rate and intensity (3Hz, 0.1–0.3mA),
stimulus duration 0.1ms (rectangular pulses) to obtain cor-
rect CN positioning and spike wave forms. A disposable
CN electrode (30G, Alpine Biomed ApS) was inserted into
the midpoint of the twitching gastrocnemius, and reference
(anode) via a surface cup electrode (Alpine Biomed ApS,
10mm diameter, gold-plated) was affixed with gel onto the
skin 1.5 cm from the CN insertion site. The motor unit
potential recorded with a CN electrode represents the sum
of single fiber action potentials (SFAPs) from all muscle
fibers from a single motor unit that lays within the uptake
range of the electrode [33]. The “apparent single fiber action
potentials” (ASFAPs) spikes were identified with amplitude-
s> 200 IV, rise time< 200 ìs, [33]. Thereafter, stimulation
intensity was increased to abolish false positive blocking
due to insufficient stimulus strength, to 10Hz, with muscle
movement minimized. Five to fourteen apparent single mus-
cle fiber potentials per animal were used for the analysis. The
jitter of each ASFAP was computed as the mean consecutive
difference (MCD) of 100 consecutive intervals between stim-
ulus artifact and muscle fiber potential. A jitter (MCD)
value≤ 5 was rejected as being due to muscle fiber splitting
or technical factors [32, 34]. Neuromuscular blocking was
calculated as the percent of all fibers in which any blocking
was seen among the 5–14 ASFAPs studied per animal.

2.1.6. Grip Strength Analysis. Starting from week 10 and
for 8 consecutive weeks, forelimbs’ muscle strength was
determined using the electronic grip strength meter (Colum-
bus Instruments). Forelimb muscle strength was assessed
once a week according Tanase et al. [35]. Five measurements
were performed on the animal’s forelimbs. The three highest
measurements in each mouse group were averaged to give

the mean strength score. The results are given as grams force
divided by body weight (gr).

2.1.7. Cell Culture and Cytokine and Chemokine Production.
Pooled lymphocytes from spleens were harvested from naive
mice or from mice immunized 7 weeks earlier with T-AChR
in CFA or with NMO-Ig or AQP4 peptide. 1× 106 cells were
cultured in 24-well plates, in a total volume of 0.5ml. stimu-
lated with purified anti-CD3 antibodies and incubated for
24 h to 96h. The conditioned media were collected, and the
following cytokines interferon γ (IFNγ), interleukin 6 (IL-6),
and interleukin 10 (IL-10) were tested using enzyme-linked
immunosorbent assay (ELISA) kits (Biolegend) according to
the manufacturer’s instructions, as previously reported [36].

2.1.8. RNA Purification and cDNA Synthesis. Total RNA
was prepared using a 5 Prime RNA kit (GmBh Hamburg,
Germany). cDNA was prepared from 1mg of total RNA,
using a qScript cDNA synthesis kit (Qunta).

2.1.9. Cytokines and Chemokines Expressed in Muscles of
EAMG- and NMO-Ig- and AQP4 Peptide-Injected Animals.
The following cytokines and chemokines were tested on
muscle specimens using RT-PCR. The reaction mixture con-
tained 40ng cDNA and 4μl buffer containing 300nM of the
appropriate forward and reverse primers and PerfeCTa
SYBR Green FastMix ROX (Quanta) in a total volume of
7μl. Gene amplification was carried out using the GeneAmp
7000 Sequence Detection System (Applied Biosystems). The
results are expressed as relative quantification (RQ), and
the fold increase of gene expression in samples from conca-
navalin A (Con A) stimulated cells above those from control
cells. The results for gene expression were normalized to the
HPRT gene; the expression of which was not changed
under stimulation conditions. The primers used were
HPRT: fwd: 5′TCCTCCTCAGACCGCTTTT3′ and rev: 5
′CCTGGTTCATCATCGCTAATC3′; TGF: fwd: 5′TCAG
ACATTCGGGAAGCAGT3′ and rev: 5′ACGCCAGGAAT
TGTTGCTAT3′; IP-10: fwd: 5′GGATGGCTGTCCTAGC
TCTG3′ and rev: 5′ATAACCCCTTGGGAAGATGG3′;
CXCR3: fwd: 5′TGGGGCGGTGGCTGCTGTGCT3′ and
rev: 5′TGCAGAGGCCAGGGCCGAAAACCC3′; atrogin:
fwd: 5′AAGAAGAGAGCAGTATGGGGTCA3′ and rev:
5′ACGGATGGTCAGTGCCCTT3′; MCP-1: fwd: 5′ACCT
GTAAATGCCATGCAAGT3′ and rev: 5′TGTCTTCCATT
TCCTTTGATTT3′; and IL-6: fwd: 5′AGTTGCCTTCTTGG
GACTGA3′ and rev: 5′TCCACGATTTCCCAGAGAAC3′.

2.1.10. Pathology. On the day of sacrifice, the optic nerve,
spinal cords, and brain were harvested and fixed in 4%
paraformaldehyde, dehydrated, and embedded in paraffin.
Longitudinal sections were cut to include the majority of
the length of the spinal cord, containing both gray and white
matter, and stained with hematoxylin-eosin.

2.1.11. Statistical Analysis. The data were analyzed using Stu-
dent’s t-test and one-way ANOVA. P < 0 05 was considered
statistically significant.
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3. Results

3.1. NMO-Ig and AQP4 Peptide Aggravate EAMG and Induce
Immune-Mediated Muscle Weakness. Noting that NMO
clinical symptoms and the presence of the pathogenic
anti-AQP4 antibodies have recently been reported in
patients with MG [9, 12] and that anti-AChR antibodies
were found in 11% of NMO patients [10], we examined
whether and how one disease affects the severity of the
autoimmune course of the other disease. EAMG mice were
injected with AQP4 antibodies or peptide, and we verified
the disease pattern and determined the effect of AQP4 anti-
bodies or peptide on the immune pathophysiology in the
CNS and in the muscle.

A total of 82 mice (21 with EAMG alone, 13 with EAMG
+NMO-Ig, 6 with EAMG+AQP4 peptide, 13 injected with
NMO-Ig alone, 15 injected with AQP4 peptide alone, 6
with CFA, and 8 naive mice) were included in this study
in 3 different sets of experiments. EAMG mice that received
AQP4 antibodies or peptide developed increased EAMG
scale severity of 0.82± 0.01 and 1.5± 0.02, respectively,
with increased muscle weakness and fatigability, compared
with 0.62 + 0.01 in mice with EAMG alone (Figure 1(a)
and Table 1). Thus, the additional immunological chal-
lenge to AQP4 components significantly aggravated EAMG.

Moreover, exposure to AQP4 antibodies or peptide alone
also induced measurable impairment in muscle force. Naive
mice that were subjected to AQP4 antibodies or AQP4
peptide developed mild fatigability that was quantified as
0.72± 0.01 and 0.63± 0.02, respectively, in disease scores
(Figure 1(b)). The naive mice injected with NMO-Ig or
AQP4 peptide displayed weakness, which was expressed by
mildly decreased activity (relative to CFA, scrambled pep-
tides, and Ig-injected control mice).

Aside from the clinical severity score, several measure-
ments of muscle strength were performed, including weight
changes and grip strength, and a fraction of the mice were
subjected to RNS and SFEMG.

3.2. Forelimb Grip Strength Test. In order to quantify muscle
weakness symptoms in the different mice groups, we
performed a longitudinal assessment with 8 weekly measure-
ments of the forelimb grip strength test. Grip strength was
determined and divided by the mouse weight. As shown in
Figure 2, and Table 1, all 5 experimental groups EAMG,
NMO-Ig, AQP4 peptide, EAMG plus NMO-Ig, and EAMG
plus AQP4 peptide (except the control CFA) showed signifi-
cant reduction in the force values of 21.1–30.4% and
increased fatigability compared to CFA (P < 0 05).
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Figure 1: Aggravation of muscle weakness symptoms in naive and EAMG mice by exposure to NMO-Ig or AQP4 peptide. (a) Injection of
AQP4 peptide or NMO-IgG in addition to EAMG induction resulted in aggravation of EAMG weakness symptoms. (b) Mice injected with
AQP4 peptide or NMO-IgG had significant muscle weakness as compared to CFA-injected mice. Results are the mean of 3 separated
experiments. EAMG control n = 16, EAMG+AQP4 peptide n = 6, EAMG+NMO-Ig n = 7, AQP4 peptide n = 9, NMO-Ig n = 6, and CFA
n = 6.

Table 1: Aggravation of clinical severity and muscle strength in EAMG and naive mice by immunization with AQP4 peptide and NMO-IgG.

EAMG control EAMG+NMO-IgG EAMG+AQP4 peptide Naive +NMO-IgG Naive +AQP4 peptide Naive

Mean severity 0.624± 0.01 0.82± 0.01 1.5± 0.02∗ 0.72± 0.01 0.63± 0.02 0

Gram force 242.8± 4.5 214.3± 4.5∗ 219.4± 5.6∗ 227.7± 8.9∗∗ 219.6± 5.4∗∗ 307.9± 7.4
Decrease in force
(versus naive)

21.13% 30.40% 28.73% 26.03% 28.73% 0

∗ versus EAMG control. ∗∗ versus naive.
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3.3. Measurements of CNS and Optic Nerve Histopathology.
Since NMO disease in humans affects mainly the spinal
cord (SC) and the optic nerves (ON), we studied the brain,
SC, and ON obtained from 3 mice in each group (control
naive mice, EAMG alone, and EAMG injected with
NMO-Ig or with AQP4 peptide). To our surprise, although
there was increased disease severity in mice with EAMG
injected with either AQP4 peptide or NMO-Ig, no CNS
pathological abnormalities were observed in these mice
(data not shown).

3.4. Evidence of Neuromuscular Junction Pathology on
Repetitive Nerve Stimulation and Single Fiber
Electromyography. Since there was no evidence of CNS
pathology, to verify the possibility that the fatigability of mice
injected with AQP4 peptide or NMO-Ig originated from
neuromuscular junction pathology using a nonbiased test,
the mice were tested for their response to RNS and SFEMG.
Compound muscle action potentials (CMAPs) from the gas-
trocnemius muscle were recorded in naive mice injected with
NMO-Ig or AQP4 peptide alone and compared to EAMG-
and CFA-injected mice. EAMG mice displayed a decrement
in CMAP amplitudes. The baseline pathological decrement
ranged from 11± 0.66% to 20± 3%, as shown in Figure 3(a)
(with decrement above 10% considered abnormal).

Concentric needle stimulation SFEMGwas performed on
the same mice groups described above; the mean jitter values
(mean MCD) of CFA-injected mice, EAMG mice, and mice
injected with NMO-Ig or AQP4 peptide alone were calcu-
lated. The CFA-injected mice showed a baseline jitter (mean
MCD) of 13.5± 0.1 ìs. EAMG control and mice injected with
NMO-Ig or AQP4 peptide showed significantly increased

neuromuscular jitter as shown in Figure 3(b) (22.03± 1.8 ìs,
35.9± 2.2 ìs, and 32.2± 6.5 ìs, resp., P < 0 01). We also
observed neuromuscular blocking in 50% of the EAMG
controls, in 100% of the mice injected with NMO-Ig, in
50% of mice injected with AQP4 peptide, and none in the
naive CFA-injected mice. All of these electrophysiological
findings support neuromuscular junction pathology.

3.5. Immune Responses in AQP4 Peptide or NMO-Ig Injected
to Both Naive and EAMG Mice. To investigate whether the
systemic immune response differs in EAMG and EAMG/
NMO mice, we studied the spleen and lymph node cell
repertoire using flow cytometry and the secretion of cyto-
kines from spleen cells stimulated by anti-CD3 using
ELISA assay.

Lymphocyte cultures derived from CFA-injected mice
were compared with lymphocytes from EAMG injected
with AQP4 peptide or with NMO-Ig and cultures derived
from naive mice that were injected with this peptide or
antibodies. As shown in Figure 4(a), we found significantly
increased IFNγ secretion when the cells were stimulated
with anti-CD3, in both EAMG control mice and naive mice
injected with AQP4 peptide (18,469± 830, 18,086± 1121,
resp., and 13,230± 848 in the CFA injected mice, P < 0 05).
Significantly increased IL-6 secretion (compared to CFA-
injected mice) was detected (Figure 4(b)), in EAMG
control mice, in EAMG mice injected with NMO-Ig, and
in naive mice injected with AQP4 peptide (1521± 59,
1004± 17.4 1303.7± 54, resp., and 560± 106.5 in the
CFA-injected mice, P < 0 05). IL-10 secretion did not
change significantly (Figure 4(c)).

Flow cytometry analysis of lymphocytes derived from
the various mouse groups measuring CD4+, CD8+,
CD19+,CD19+/CD27+, CD11b+,CD11c, and MHC-class
II cells did not show any statistical difference between
the treated groups as compared with the CFA-injected
group. Although, EAMG+NMO mice had a significantly
more severe disease score and aggravated impairment in
force compared with the EAMG mice alone. No significant
differences were found in these immune cell markers in
these groups (data not shown).

3.6. Expression of Inflammatory Markers in Muscle.We were
interested to verify whether the increased severity of mus-
cle fatigability in the EAMG+NMO mice was mediated by
the expression of muscle proinflammatory markers. Using
RT-PCR, the expression levels of cytokines (IL-6, trans-
forming growth factor β (TGF β)), chemokines, and che-
mokine receptors C-X-C motif chemokine receptor 3
(CXCR3), interferon gamma inducible protein 10 (IP-10),
and monocyte chemoattractant protein 1 (MCP-1), and
the atrophy-associated gene atrogin-1 were analyzed. As
shown in Figure 5, our study confirmed the findings of
increased MCP-1, CXCR3, and IP-10 in EAMG mice as
compared to CFA control mice (P = 0 05, and 0.06, resp.)
[37]. Interestingly, expression of the atrogin-1 muscle
atrophy-associated gene was increased in mice that
received NMO-Ig and in those injected with AQP4 pep-
tide, while atrogin-1 expression didnot change in theEAMG
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to the CFA control mice. Results are the mean of 2 separated
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mice (Figure 5(d)). Proinflammatory markers (MCP-1,
CXCR3, and IP-10, Figure 5(a)–5(c)) were increased in
EAMG mice, while expression of IL-6 and TGFβ did not
change (data not shown).

4. Discussion

In the present study, we observed that coexisting autoim-
mune disease—EAMG—can be exacerbated by the NMO
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Figure 4: Increased proinflammatory cytokine secretion. Splenocytes derived from EAMG control, EAMG with NMO-Ig, and from naive
mice injected with NMO-Ig or AQP4 peptide, or CFA, was activated by anti-CD3. Cell-free supernatants were tested for the cytokine
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antigen or antibody. The injection of AQP4 peptide or
NMO-Ig increased disease severity in these mice and induced
mild fatigability in naive mice.

Muscle weakness was expressed by decreased grip force
in AQP4 peptide- or NMO-Ig naive-injected mice. This
weakness could be attributed to CNS and/or neuromuscular
inflammation. However, we did not find evidence for CNS
inflammation by brain, spinal cord, and optic nerve histopa-
thology, arguing against major CNS involvement in these
mice. On the other hand, we found clear neuromuscular
pathology including abnormal neuromuscular transmission
with decrement response on RNS and prolonged jitter and
blocking. The neuromuscular pathology can be either

inflammatory or degenerative. The abnormal neuromuscular
transmission was well correlated with an increase in the
expression of the atrophy-associated gene, atrogin-1. This
change may indicate muscle wasting rather than direct
inflammatory process-associated damage. In the EAMG
mice, there was a trend toward significant increase in local
muscle inflammation as expressed by increased expression
of MCP-1, IP-10, and CXCR3. This support a major role
for peripheral immune response in the pathogenesis of the
observed weakness in the EAMG mice but not in those
injected with AQP4 peptide or antibodies. Additional possi-
ble explanation for the exacerbated muscle weakness and
mild EAMG phenotype in the naive-injected mice could be
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Figure 5: Changes in the expression of muscle markers. The expression of proinflammatory chemokines CXCR3 (a), IP-10 (b), and MCP-
1(c) as well as the atrophy marker atrogin (d) were measured by RT-PCR. Results are the mean of 3 different sets of experiments of 3–5
mice in each group and are expressed as the mean± SE. ∗P < 0 05.
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due to the use of fatigability—MG-like examinations. We
observed distinct fatigability and decreased grip force in both
AQP4 peptide- and NMO-Ig-injected mice (Figure 2).

The exacerbated disease phenotype in EAMG mice
injected with either AQP4 peptide or NMO-Ig may be
explained by two pathogenic mechanisms: first, systemic
and/or local immune response. EAMG mice as well as naive
mice injected with NMO-Ig and EAMG with NMO-IgG
revealed a significant increase in IL-6 secretion compared
with CFA-injected mice. This is in accordance with the
known IL-6 contribution to both NMO and MG [38–41]
and the ample evidence for the role of the systemic immune
response in MG and EAMG and disease severity [42]. Sec-
ond, augmented activity of antigen-presenting cells. Both
IL-10 and IL-6 are known to play a major role in NMO and
MG [43, 44]. Increased secretion of IL-6 and lack of change
in IL-10 were found in the cell cultures in our study support-
ing a divergence of the cytokine pattern and a possible role
for antigen-presenting cells in mediating the pathological
findings. The proinflammatory milieu can modify the
immune balance; for example, increased IL-6 levels can alter
T regulatory suppression activity and increase the resistance
of effector T-cell suppression [42].

With regard to local immune response, the NMO auto-
antigen, AQP4, is also expressed in plasma membranes of
cells outside the CNS, including skeletal muscle fibers.
Several NMO patients have been reported with hyperCKe-
mia. Recently, the histopathology of muscle involvement in
NMO patients and hyperCKemia revealed mild endomysial
and perivascular inflammation. Like the classic brain pathol-
ogy found in patients with NMO, muscle lesions show
lymphocyte and eosinophil infiltration with loss of immuno-
reactivity to AQP4 [16]. In our study, we found several indi-
cations that the AQP4 peptide- and NMO-Ig-injected mice
had local muscle deviations. These included significantly
decreased grip ability and signs of abnormal neuromuscular
transmission with increased jitter and blocking on SFEMG.
A possible mechanism by which NMO-Ig can exacerbate
MG can be by interacting with the muscle AQP4, clustering
more FC receptors and increasing the local neuromuscular
junction pathology.

Additional possible scenario was raised by Guo et al.,
describing patients with NMO and hyperCKemia. The
authors suggested that AQP4 may affect bioenergetic path-
ways and could be involved in the intracellular calcium
dynamics of muscles [16]. Such mechanism can also explain
the increased fatigability in EAMG and naive mice in our
study. Calcium homeostasis is particularly perturbed in
fast-twitch muscle fibers, which express AQP4 most abun-
dantly and can therefore be affected by either NMO-Ig or
by the specific immune response to AQP4 peptide. Further-
more, the report of mild myositis in EAE rats that received
adoptively transferred AQP4-specific T-cells [45] is also in
agreement to our findings.

Several animal studies have shown that the AQP4 anti-
bodies are not pathogenic via simple transfer of AQP4 anti-
bodies into naive animals. The NMO/EAE model clearly
demonstrates that T-cells are required to facilitate the perme-
abilization of the BBB for the entry of antibodies and

complement [21, 46–48]. We and the others have found
increased AQP4-specific T-cell proliferation in patients with
NMO [49, 50]. However, in the present study, T-cell prolifer-
ation was not affected by the stimulation with AQP4 peptide
or NMO-Ig transfer.

Our approach of inducing a second autoimmune dis-
ease in mice that already developed one autoimmune syn-
drome can have clinical and pathophysiological relevance.
Clinically, it is known that patients with one autoimmune
disease tend to develop additional autoimmune disease
[51, 52]. Immunologically, it is known that intermolecular
epitope spreading occurs in animals and humans. For
example, immunization of mice with peptides of the
EBV, EBNA-1 protein, leads to the development of anti-
bodies to SmB, SmD, nRNPs, and La/SSB [53]. Thus,
immunization with the AQP4 peptide may increase
immune reactivity to muscle epitopes, which can aggravate
fatigability.

5. Conclusions

Our study shows exacerbation of disease severity in
EAMG following immunization with the NMO autoanti-
gen AQP4, or by NMO-Ig, that is accompanied by aug-
mented inflammatory response. This finding could explain
some of the clinical observations of increased susceptibility
of patients with one autoimmune disease to develop a second
autoimmune syndrome.
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Protease-activated receptor 4 (PAR4) is implicated in the inhibition of visceral hyperalgesia. In the present study, the effects of
PAR4 activation on visceral hypersensitivity and expression of inflammatory mediators, including interleukin-1β (IL-1β),
P2RX7 purinergic receptor (P2X7), inducible nitric oxide synthase (iNOS), and tryptase, in mast cells (MCs) were investigated
via in vivo and in vitro studies. The numbers of tryptase-positive MCs with extensive PAR4, P2X7, and iNOS expression were
increased in the colons of visceral hyperalgesia rats compared with controls. Intracolonic administration of PAR4-activating
peptide (PAR4-AP) significantly attenuated the visceral hypersensitivity to colorectal distention and reduced the iNOS, IL-1β,
P2X7, and tryptase protein and mRNA levels in the colonic mucosa. Treatment of rat bone marrow MCs (BMMCs)
with PAR4-AP also reduced the iNOS, IL-1β, P2X7, and tryptase protein and mRNA levels. ERK1/2 and p38 activators
(t-butylhydroquinone, tBHQ, and U-46619) reversed the suppressive effect of PAR4 activation on IL-1β and iNOS expression,
whereas ERK1/2 and p38 inhibitors (PD98059 and SB203580) reversed the suppressive effect of PAR4 activation on P2X7 and
tryptase expression. Our results indicate that the downregulation of inflammatory mediators, including iNOS, IL-1β, P2X7, and
tryptase, in MCs that are mediated by PAR4 activation could inhibit visceral hyperalgesia via the mitogen-activated protein
kinase (MAPK) signal pathway.

1. Introduction

Accumulating evidence suggests that mast cells (MCs),
especially mucosal MCs, have crucial roles in the regulation
of intestinal motility, visceral sensitivity, mucosal inflamma-
tion, the permeability of the epithelial barrier, and the
immune system in irritable bowel syndrome (IBS) [1, 2].
Increased numbers of activated MCs and increases in MC
products have been observed throughout the gastrointestinal
mucosa of IBS patients [3, 4]. The soluble mediators released
by activated MCs, particularly proinflammatory mediators
and cytokines such as tryptase and interleukin-1β (IL-1β),
contribute to visceral hyperalgesia [5, 6].

Protease-activated receptor 4 (PAR4) is a member of the
G-protein coupled receptor family and may mediate an
antinociceptive effect, which would indicate new roles in

the modulation of visceral hyperalgesia and hypersensitivity
[7, 8]. Previous research has demonstrated that the activation
of PAR4 inhibits colonic hypersensitivity through the sup-
pression of the excitability of colonic sensory neurons and
their primary afferent responses to pronociceptive mediators
[8, 9]. PAR4 is highly expressed in MCs in the colons of IBS
patients [10, 11]. MCs are efficient producers of many key
inflammatory cytokines in response to a variety of stimuli,
including as nitric oxide (NO)/inducible NO synthase
(iNOS), ATP-reactive P2RX7 purinergic receptor (P2X7),
and inflammatory cytokines [12, 13]. Several studies have
reported that mitogen-activated protein kinases (MAPK),
such as extracellular signal-regulated protein kinase 1/2
(ERK1/2) and p38 MAPK (p38), are crucial mediators of
inflammation in inflammatory bowel disease (IBD) [14, 15].
Recently, we reported that PAR4 activation suppresses the

Hindawi
Journal of Immunology Research
Volume 2018, Article ID 3256908, 9 pages
https://doi.org/10.1155/2018/3256908

http://orcid.org/0000-0003-1881-9084
http://orcid.org/0000-0001-9152-5280
https://doi.org/10.1155/2018/3256908


inflammatory cytokines associated with the phosphorylation
of ERK1/2 and p38 in MCs [16]. However, the function of
PAR4 on MCs in visceral hypersensitivity is relatively
unknown. Therefore, a better understanding of the role of
PAR4 activation on MCs in the gut in visceral hyperalgesia
is needed.

In the present study, we examined potential influence of
PAR4 activation on colonic sensations in a visceral hyperal-
gesia rat model and the expressions of iNOS, P2X7, IL-1β,
and tryptase in MCs, which might regulate sensitization
and the consequent heightened pain behavior in IBS. We also
investigated whether the activation of PAR4 affects the
MAPK pathway, which involved in the expressions of iNOS,
P2X7, IL-1β, and tryptase in MCs.

2. Materials and Methods

2.1. Induction of Chronic Visceral Hyperalgesia. The rat
model of visceral hyperalgesia was induced as previously
described [17]. Briefly, daily 60mmHg colorectal distension
(CRD) was performed on neonatal rats between 8 and 21
postnatal days after birth. The distention was applied using
a vascular reconstruction balloon (length 20.0mm, diameter
2.5mm) that was inserted into the descending colon through
the rectums of awake rats. The balloon was quickly distended
at 60mmHg for 1min and then deflated and withdrawn. The
control rats received the same procedure except for the CRD.
The experiments were performed in these rats at the age of at
least 8 weeks old.

2.2. Intracolonic Administration. The visceral hyperalgesia
rats received an intracolonic administration of 100μg PAR4-
activating peptide (PAR4-AP) or control peptide diluted
in 150μl 0.9% NaCl. The visceral sensitivity measurements
began 60min following the end of the intracolonic
administration.

2.3. Colorectal Distension and Electromyographic Recording.
We used the electromyographic (EMG) recordings of the
external oblique muscle and abdominal withdraw reflex
(AWR) scores to evaluate visceral hypersensitivity 8 weeks
after treatment according to the responses of rats to CRD
as described previously [17, 18]. Briefly, the rats were anes-
thetized with ether, and CRDwas performed via the insertion
of a plastic balloon (5 cm) into the descending colon and
rectum to 1 cm from the anus. Silver bipolar electrodes were
inserted above the inguinal ligament on the side of the
external oblique muscle 1.5 cm away from the midline. After
the rats recovered from the inhalation anesthesia, the balloon
was inflated to 20, 40, 60, and 80mmHg for 10 s followed by
4min of rest. The magnitude of the EMG activity was
measured with a RM6240BD multichannel physiological sig-
nal acquisition and processing system (Chengdu, China).
The EMG signals were amplified, filtered (×10,000, 300–
5000Hz), digitized, and rectified as previously detailed [18].
The area under the curve (AUC) values of the EMGs during
the first and second distensions was computed, and the
basal AUC was subtracted to obtain the net AUC in
response to CRD.

2.4. Bone Marrow MC (BMMC) Preparation and Induction.
BMMCs were cultured from the bone marrow cells (BMCs)
of rats as previously described [19]. Briefly, BMCs were
cultured for up to 10 weeks in enriched RPMI-1640
medium (containing 100U/ml penicillin, 100μg/ml strepto-
mycin, 25mmol/l HEPES, 2mmol/l L-glutamine, 1mmol/l
sodium pyruvate, 0.1mmol/l nonessential amino acids,
0.05mmol/l β-ME, and 10% FBS) in the presence of both
recombinant rat IL-3 (5 ng/ml, R&D Systems Inc.) and
recombinant mouse stem cell factor (SCF, 5 ng/ml, Pepro-
Tech). The nonadherent cells were hemidepleted twice each
week with enriched medium containing the cytokines men-
tioned above. After 3 weeks, >98% of the cells in the culture
were MCs as determined by staining with toluidine blue.

2.5. Drug Administration. Cultured BMMCs that were
harvested at 4 weeks were continuously stimulated with
PAR4-AP (100μmol/l) for 60min. To assess the possible
effects of ERK1/2 and p38 on the regulation of tryptase,
iNOS, P2X7, and IL-1β expression following PAR4-AP
stimulation, PD98059 (10μmol/l), SB203580 (10μM), tBHQ
(50 nmol/l), or U-46619 (10nmol/l) was added to six-well
plates 60min prior to the addition of PAR4-AP. Cells stimu-
lated with PAR4 control peptide (100μmol/l) without ERK1/
2 or p38 inhibitors or activators were used as controls. Sister
six-well plates of BMMC cultures were used to compare the
control cells with the cells that were treated with PAR4-AP.

2.6. Immunohistochemistry. All colonic samples from the
visceral hyperalgesia rats and controls were fixed in buffered
4% paraformaldehyde for 30min. After overnight cryopro-
tection in 20% buffered sucrose, 8-μm-thick cryostat sections
were mounted on poly-L-lysine-coated slides. The sections
were preincubated with 1% BSA, 0.5% Triton X-100, and
10% normal donkey serum for 60min at room temperature.
The slides were incubated in a moist chamber with AA1
mouse monoclonal antibody (anti-mast cell tryptase anti-
body; 1 : 500, Abcam) at 4°C overnight. The slides were then
washed and incubated with horseradish peroxidase- (HRP-)
labeled goat anti-mouse antibody (1 : 100) for 45min at
37°C. Next, the slides were developed in 0.05% freshly pre-
pared 3,3′-diaminobenzedine (DAB) solution with 0.03%
hydrogen peroxide for 8min and then counterstained with
toluidine blue, dehydrated, air-dried, and mounted in neu-
tral resins. Immunoreactivity was quantified as previously
detailed [13].

2.7. Western Blotting. Tissues or cultured BMMCs were
lysed, and the protein was extracted. The protein lysate from
each sample was separated electrophoretically on a sodium
dodecyl sulfate-polyacrylamide gel and then transferred to a
polyvinylidene fluoride (PVDF) membrane. After blocking
with 5% nonfat milk in TBS-T (containing 0.1% Tween-20)
for 2 hrs, the membranes were incubated with iNOS, P2X7,
IL-1β (Novus Biologicals), and tryptase (AA1) antibodies in
5% nonfat milk in TBS-T overnight at 4°C. After washes with
TBS-T, the membranes were incubated with the appropriate
secondary antibodies for 2 hrs. The results were visualized
using an ECL chemiluminescence system. GAPDH rabbit
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mAb antibody (Cell Signaling Technology) was also used as a
probed control to ensure the loading of equivalent amounts
of the sample proteins. The band densities were compared
in TotalLab software (version 2.01; Bio-Rad, Hercules, CA).

2.8. Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR). Total RNA was isolated from the colonic tissues
or BMMCs using TRIzol reagent (Invitrogen). The RNA
concentrations were determined spectrophotometrically.
Subsequently, cDNA was synthesized using a cDNA synthe-
sis kit (Invitrogen) according to the manufacturer’s instruc-
tions. The synthetic oligonucleotide primer sequences were
as follows: P2X7: 5′-TTACGGCACCATCAAGTGGA-3′
(sense) and 5′-GCAAAGGGAGGGTGTAGTCG-3′ (anti-
sense); iNOS: 5′-TTCAGTATCACAACCTCAGCAAG-3′
(sense) and 5′-TGGACCTGCAAGTTAAAATCCC-3′ (anti-
sense); IL-1β: 5′-ATGATGGCTTATTACAGTGGCAA-3′
(sense) and 5′-GTCGGAGATTCGTAGCTGGA-3′(anti-
sense); tryptase: 5′-TACCGCTATGTCCCCAAGGA-3′ (sense)
and 5′-GAGGGACACAAGTGGTCAGG-3′ (antisense);
and β-actin: 5′-ATCGTGCGTGACATTAAGGAGAAG-3′
(sense) and 5′-AGGAAGGAAGGCTGGAAGAGTG-3′
(antisense). Following reverse transcription, quantitative
RT-PCR was performed using a 7300 real-time PCR system
(Applied Biosystems, Foster City, CA, USA) according to
manufacturer’s instructions. In the control reactions, the
reverse transcriptase was omitted. A comparative cycle
threshold fluorescence (ΔCt) method was used, and the
relative transcript amount of the target gene was normal-
ized to that of β-actin using the 2−ΔΔCT method. The final
results of the real-time PCR are expressed as the ratio of
the test mRNA to the control. All PCR product sizes were
confirmed by electrophoresis on a 1.5% agarose gel and
visualization using ethidium bromide.

2.9. Flow Cytometry. The profile of anti-AA1, PAR4, P2X7,
and iNOS reactivities in the cultured BMMCs was analyzed
by flow cytometry using FACSCalibur (BD Biosciences).
Suspended cells were harvested from the culture plates at
4 weeks and washed with PBS by centrifugation. The cell sus-
pensions were incubated with AA1, PAR4, P2X7, and iNOS
antibodies for 30min on ice. The cells were washed twice
with ice-cold PBS and then incubated with fluorescence-
conjugated secondary antibody for 60min at 4°C in the dark.
A matched isotope control was set to establish the back-
ground fluorescence. The cells were washed 3 times and then
analyzed by flow cytometry. The experiment was repeated
three times.

2.10. Statistical Analysis. All experiments were independently
repeated at least three times. The values are expressed as
the means± SEMs, and the results were analyzed using
an ANOVA followed by Bonferroni’s post hoc test for
comparisons between groups. Significance was defined by
P values< 0.05.

3. Results

3.1. A PAR4 Agonist Inhibits the Nociceptive Response to
Colorectal Distension. The visceral hyperalgesia rat model
was established by neonatal colorectal distention. The vis-
ceral sensitivity to CRD was determined at 8 weeks of age
in the visceral hyperalgesia rats. The visceral hyperalgesia rats
exhibited higher mean AWR scores and AUC values for the
abdominal EMG activity at all tested distension pressures
compared with the control groups (P < 0 05; Figures 1(a)
and 1(b)). The intracolonic administration of PAR4-AP to
the visceral hyperalgesia rats for 60min elicited showed
lower AWR scores and EMG activities at all tested disten-
sion pressures compared with the control peptide treatment
(P < 0 05; Figures 1(a) and 1(b)).
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Figure 1: Effect of PAR4-AP on colorectal distension- (CRD-) induced visceral pain in the visceral hyperalgesia rats. (a) Abdominal
withdrawal reflex (AWR) scores were used as an index of the response to CRD. (b) Area under the curve (AUC) of the electromyographic
(EMG) activity in the external oblique muscle in response to CRD. All values are presented as the mean± SEM (n = 6). ∗P < 0 05 versus
control; #P < 0 05 versus control peptide group.
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3.2. MCs Expressing PAR4, iNOS, and P2X7 Immunoreactivity
in the Colon. We then analyzed the tryptase (AA1) immu-
nopositive MCs in the colonic mucosae of the visceral
hyperalgesia rats with immunohistochemistry. The number
of tryptase-immunopositive MCs in the colon was signifi-
cantly higher in the visceral hyperalgesia rats than in
the controls (P < 0 05; Figures 2(a) and 2(b)). The intra-
colonic administration of PAR4-AP for 60min elicited

no significant difference in the number of tryptase-
immunopositive MCs between the visceral hyperalgesia
rats that were treated with PAR4-AP and those that were
treated with the control peptide (Figures 2(b), 2(c),
and 3(a)). Double labeling revealed that the tryptase-
immunopositive MCs extensively expressed PAR4, iNOS,
and P2X7 in the colons of the visceral hyperalgesia rats
(Figures 2(d)–2(f)).

Control Trypt as e

(a)

Visceral pain Tryptase

(b)

Visceral pain + PAR4-AP
tryptase

(c)

Visceral pain PAR4 Tryptase PAR4/tryptase

(d)

Visceral pain iNOS Tryptase iNOS/tryptase

(e)

Visceral pain P2X7 Tryptase P2X7/tryptase

(f)

Figure 2: Expression of tryptase (AA1) and its colocalization with PAR4, iNOS, and P2X7 in the colonic mucosae of the visceral hyperalgesia
rats. (a–c) Representative immunostainings for tryptase- (AA1-) positive MCs in the colonic sections are shown. The colonic sections were
counterstained with toluidine blue. (d–f) Colonic sections from the visceral hyperalgesia rats costained with tryptase (AA1) and PAR4, iNOS,
or P2X7 antibodies showing that the majority of the tryptase-positive MCs expressed PAR4, iNOS, or P2X7 (bar 100μm).
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3.3. Effect of PAR4-AP on the Expressions of the Tryptase,
iNOS, P2X7, and IL-1β Proteins and mRNAs in the Colon.
Western blotting and qRT-PCR results revealed that the
tryptase, iNOS, IL-1β, and P2X7 protein and mRNA levels
were elevated in the colons of the visceral hyperalgesia rats
compared with the controls (P < 0 05). Moreover, the
upregulations of the tryptase, iNOS, IL-1β, and P2X7 pro-
tein and mRNA levels were significantly suppressed in the
visceral hyperalgesia rats that were treated with PAR4-AP
compared with those that were treated with the control
peptide (P < 0 05; Figure 3).

3.4. Cultured Rat BMMCs Expressed Tryptase, PAR4, iNOS,
and P2X7. Cultured BMMCs, which share some similar
morphological and phenotypic properties with mucosal
MCs, were prepared from the bone marrow cells of rats
[19]. Immunohistochemistry for mast cell tryptase (AA1)
demonstrated that 99% to 100% of the cultured BMMCs that
were harvested at 4 weeks exhibited characteristics typical
of MCs. Double immunofluorescence staining indicated
that the vast majority of the cultured BMMCs that were
harvested at 4 weeks expressed both tryptase and PAR4,
iNOS, or P2X7 (Figures 4(a)–4(c)). Flow cytometric analy-
sis indicated that cultured BMMCs that were harvested at
4 weeks expressed relatively high levels of tryptase, PAR4,
P2X7 or iNOS (Figure 4(d)).

3.5. Effects of MAPK on Tryptase, iNOS, IL-1β, and P2X7
Expressions Induced by PAR4-AP in BMMCs. The Western
blotting and quantitative RT-PCR results revealed that the
tryptase, iNOS, IL-1β, and P2X7 mRNA and protein levels
in the BMMCs were decreased by the PAR4-AP treatment
(Figure 5), which indicated that PAR4 activation decreased
the tryptase, iNOS, IL-1β, and P2X7 expressions at both the
protein and mRNA levels.

Compared with PAR4-AP alone, PD98059 and SB203580
pretreatment induced much lower iNOS and IL-1β protein
and mRNA levels, which in turn markedly reversed the
suppressive effect of PAR4 activation on the tryptase and
P2X7 protein and mRNA expressions. Furthermore, tBHQ
and U-46619 pretreatment induced much lower tryptase
and P2X7 protein and mRNA expressions, which in turn
markedly reversed the suppressive effect of PAR4 activa-
tion on the iNOS and IL-1β protein and mRNA levels
(Figure 5). These data suggest that the role of PAR4 in
suppressing the expressions of tryptase, iNOS, IL-1β, and
P2X7 at the mRNA and protein levels was mediated by
the MAPK signaling pathway.

4. Discussion

Our study demonstrated that the nociceptive response to
CRD and the number of MCs with extensive PAR4, P2X7,
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Figure 3: Effects of PAR4-AP on the expressions of tryptase, iNOS, P2X7, and IL-1β in the colons of visceral hyperalgesia rats. (a) Graph
showing the numbers of tryptase- (AA1-) positive MCs in the colonic mucosae of the visceral hyperalgesia rats that were treated with
PAR4-AP or control peptide (n = 25). HPF: high-power field. NS: no statistical significance. (b) The tryptase, iNOS, P2X7, and IL-1β
protein levels were assessed by Western blotting. The mean optic densities of the protein were calculated by normalizing to GADPH.
(c) The relative levels of tryptase, iNOS, P2X7, and IL-1β mRNA were measured by quantitative real-time PCR (qRT-PCR). The
results were calculated by normalizing to β-actin in the same sample with the ΔCt method. The data are presented as the mean± SEM
(n = 3), ∗P < 0 05 versus controls; #P < 0 05 versus the control peptide group.
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and iNOS expression were increased in the colons of the
visceral hyperalgesia rats. The intracolonic administration
of PAR4-AP inhibited colonic hypersensitivity and reduced
the expressions of tryptase, iNOS, IL-1β, and P2X7 in the
colons of the visceral hyperalgesia rats. These effects were
associated with MAPK signals that were induced by PAR4
activation. These findings provide evidence that the vis-
ceral analgesia associated with PAR4-AP may involve in

downregulations of tryptase, iNOS, IL-1β, and P2X7 expres-
sion via MAPK signals in MCs.

Previous research suggests that PAR4 activation exerts an
analgesic effect in visceral hyperalgesia through the inhibi-
tion of colonic sensory neuron excitability [9]. Furthermore,
PAR4 activation has been demonstrated to reverse the
PAR2 or transient receptor potential vanilloid-4 (TRPV4)
activation that is evoked in colorectal hypersensitivity [8].
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Figure 4: Cultured rat BMMCs expressed tryptase, PAR4, iNOS, and P2X7. (a–c) Expression of tryptase (AA1) and its colocalization with
PAR4, iNOS, or P2X7 in cultured BMMCs (bar 100μm). (d) Flow cytometric analysis showed that the BMMCs expressed relatively high
levels of tryptase, PAR4, iNOS, and P2X7.
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Moreover, the activation of PAR4 has been demonstrated to
attenuate inflammatory colonic hyperalgesia in response to
CRD [20]. Herein, we demonstrated that the activation of
PAR4 in colonic mucosa MCs suppresses their expression
of inflammatory mediators, such as tryptase, iNOS, IL-1β,
and P2X7, which suggests that these receptors could provide
additional important targets for modifying pain in colonic GI
disorders, such as IBS and IBD.

Hypersensitivity is followed by the activation of the
colonic MCs that are responsible for colonic barrier dysfunc-
tion [21]. Tryptase is the most abundant secretory product of

MCs, an important marker of MC activation, and an impor-
tant mediator of inflammation [22]. Tryptase and its cognate
receptor PAR2 are involved in activating proinflammatory
cytokines and colon hypersensitivity in animal models of
IBD [23]. Our results demonstrated that the activation of
PAR4 inhibited the expression of tryptase by colonic mucosal
MCs, which might suppress the tryptase-PAR2 axis to regu-
late sensitization and the consequently heightened pain
behavior in IBS [24].

Previous studies have demonstrated that the production
of proinflammatory cytokines, such as IL-1β, is associated
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Figure 5: Effect of MAPK on PAR4-AP-evoked tryptase, iNOS, IL-1β, and P2X7 protein and mRNA expressions in BMMCs. (a) Western
blotting analyses for tryptase, iNOS, IL-1β, and P2X7 protein expression in BMMCs following treatment with PAR4-AP and pretreatment
with U-46619 (an activator of ERK1/2 and p38), tBHQ (an activator of ERK1/2), PD98059 (an inhibitor of ERK1/2), or SB203580 (an
inhibitor of p38). The mean optic densities of the proteins were calculated by normalizing to GADPH. (b) Quantitative RT-PCR analyses
of tryptase, iNOS, IL-1β, and P2X7 mRNA expression in BMMCs following treatment of the BMMCs with PAR4-AP and pretreatment
with U-46619, tBHQ, PD98059, or SB203580. The results were calculated by normalizing to β-actin in the same sample with the ΔCt
method. The changes in the relative mRNA levels are expressed as fold changes compared with the controls. All values are expressed as
the means± SEMs (n = 3). ∗P < 0 05 versus controls; #P < 0 05 versus PAR4-AP-only groups.
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with P2X7 and NO through the iNOS pathway in MCs
[25–27]. Several reports have found that increased numbers
of MCs infiltrating the mucosa of the colon are correlated
with the expressions of iNOS and IL-1β in IBS patients
[13, 27], and similar findings were observed in the visceral
hyperalgesia rats in the present study. The PAR4 expression
in the MCs of the colonic mucosae of the visceral hyperalge-
sia rats that we observed was consistent with the existence of
this receptor in MCs obtained from IBS patients [10, 11].
In addition to the inhibition of visceral hypersensitivity,
the intracolonic administration of PAR4-AP elicited clear
downregulations of iNOS, IL-1β, and P2X7 expression,
which might have mediated the visceral hypersensitivity
[12, 13]. These results illuminate a novel regulatory role
of PAR4 during visceral hyperalgesia as demonstrated by
the inhibited nociceptive response to colorectal distension,
which was mediated by this receptor’s control of inflam-
matory mediators (such as IL-1β) that were induced by
NO/iNOS and P2X7 activation [25–27].

The phosphorylation of MAPK is involved in the secre-
tion of cytokines by MCs that is induced by PAR4 activation
[28]. Several studies have reported that p38 plays an impor-
tant role in inflammation, and blocking p38 suppresses the
transcriptional activity of NF-κB and downregulates the
expression of iNOS [29]. The activation of P2X7 with BZATP
in murine MCs can lead to the rapid phosphorylations of
ERK and p38 [30]. A previous study demonstrated that
IL-1β can stimulate ERK1/2 and p38 phosphorylations,
which upregulate proinflammatory cytokine expression
[31]. The inhibition of MAPK phosphorylation by PAR4
has been found to mediate the production of inflammatory
cytokines, such as IL-1β, in MCs, which leads to changes
in nociceptive response sensitivity [32]. Our results dem-
onstrated that PAR4 activation decreased tryptase, IL-1β,
iNOS, and P2X7 at the protein and mRNA levels in associa-
tion with the regulation of p38 and ERK1/2 phosphorylation.
The suppression of these inflammatory mediators through
regulation by MAPK signals after the PAR4-AP treatment
of the BMMCs provided a molecular mechanism for the
inhibition of visceral hypersensitivity [33, 34]. However,
additional evidence is needed, and related interesting
questions, for example, questions concerning interactions
or crosstalk with inflammatory mediators, are worthy of
further investigation.

5. Conclusion

This study has provided new insight into the mechanisms
involved in the antinociceptive effect of PAR4 activation. A
crucial role for colonic mucosal MCs in this process has been
revealed. The confirmation of PAR4 expression in these cells
and its role in the inhibition of tryptase, iNOS, IL-1β, and
P2X7 expression indicates that the antinociceptive effects of
PAR4-AP are linked, directly or indirectly, to MCs located
in the gastrointestinal tract.
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Background. The vagus nerve may slow tumor progression because it inhibits inflammation. This study examined the relationship
between a new vagal neuroimmunomodulation (NIM) index and survival in fatal cancers. Method. We retroactively derived
markers of vagal nerve activity indexed by heart rate variability (HRV), specifically the root mean square of successive
differences (RMSSD), from patients’ electrocardiograms near diagnosis. The NIM index was the ratio of RMSSD to C-reactive
protein levels (RMSSD/CRP). Sample 1 included 202 Belgian patients with advanced pancreatic cancer (PC), while sample 2
included 71 Belgian patients with non-small cell lung cancer (NSCLC). In both samples, we examined the overall survival, while
in sample 2, we additionally examined the survival time in deceased patients. Results. In PC patients, in a multivariate Cox
regression controlling for confounders, the NIM index had a protective relative risk (RR) of 0.68 and 95% confidence interval
(95% CI) of 0.51–0.92. In NSCLC patients, the NIM index also had a protective RR of 0.53 and 95% CI of 0.32–0.88. Finally, in
NSCLC, patients with a higher NIM index survived more days (475.2) than those with lower NIM (285.1) (p < 0 05). Conclusions.
The NIM index, reflecting vagal modulation of inflammation, may be a new independent prognostic biomarker in fatal cancers.

1. Introduction

Despite progress made in treating various cancers, the ability
to improve the prognosis in some cancers such as pancreatic
cancer (PC) or non-small cell lung cancer (NSCLC) remains
grim [1]. For example, the one-year survival rate in stages
IIIB–IV lung cancer is poor (30–36%; [2]). Such a situation
calls for searching new andmodifiable prognostic biomarkers
which are also related to key processes affecting prognosis,
making such prognostic biomarkers potential therapeutic
targets. Recent research suggests that the autonomic nervous
system, and particularly the vagus nerve, may affect tumori-
genesis. While oxidative stress [3], excessive inflammation
[4–6], and sympathetic overactivity [7] all contribute to
tumorigenesis, the vagus nerve in contrast inhibits oxidative

stress [8], inflammation [9], and sympathetic activity [10].
Due to inhibiting these three tumorigenic factors, the vagus
nerve is thought to possibly slow tumor growth [11, 12].
Indeed, several experimental studies in mice, though not all,
show that vagotomised tumor-bearing animals had more
metastases [13, 14]. Furthermore, one study demonstrated
that an anti-inflammatory drug, which depends on the vagus
nerve, reduced metastases in tumor-bearing mice [15]. These
studies clearly indicate the possible causal relationship
between adequate vagal nerve activity and reduced tumor
progression, though not all studies point at this direction [16].

In humans, heart rate variability (HRV) is a noninvasive
marker of vagal nerve activity [17]. HRV reflects fluctuations
in normal R-R interbeat intervals. High HRV predicts lower
levels of tumor makers over time [18, 19] and longer survival
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times in various cancers (e.g., [19, 20]), in most cases inde-
pendent of known prognostic factors. However, HRV may
not predict all outcomes (e.g., presence of metastases), possi-
bly because HRV alone does not consider vagal modulation
of inflammation directly. Vagal nerve modulation of inflam-
mation may be the critical link between vagal activity and
possible slowing down of carcinogenesis [11]. Indeed, a
recent study found that levels of the general inflammatory
marker C-reactive protein (CRP) statistically mediated the
relationship between HRV and survival time in patients with
PC [21]. But can there be one single index which considers
both vagal nerve activity and its modulation of inflammation,
and does such an index have a prognostic value in cancer? To
the best of our knowledge, no study has developed and exam-
ined the prognostic value of an index which reflects vagal
modulation of inflammation.

Given the possible role of the vagus nerve in modulating
cancer via inhibiting inflammation [21], we developed a sim-
ple numerical ratio indexing vagal neuroimmunomodulation
(NIM) of inflammation. The NIM index considers in one
number two systems: vagal nerve activity (the autonomic
nervous system in the numerator: HRV) and an inflamma-
tory marker (the immune system response in the denomina-
tor: CRP). This study examined in two fatal cancers whether
the NIM index (HRV/CRP) could predict survival, indepen-
dent of confounders. Based on the literature mentioned
above, we hypothesized that higher NIM predicts better
prognosis, independent of confounders.

2. Materials and Methods

2.1. Patients. After the approval of the Medical Ethics
Committee, medical records of 620 patients with histologi-
cally proven advanced (locally advanced and metastatic)
pancreatic ductal adenocarcinoma (PDAC) treated at the
University Hospital Erasme, Brussels, between 1998 and
2011, andmedical records of 650 patients withNSCLC treated
at theUZBrussels hospital between January 2005 andDecem-
ber 2009 were reviewed. Exclusion criteria included condi-
tions known to alter HRV or influence inflammation, such
as inflammatory diseases (e.g., arthritis), cardiovascular dis-
ease (for the NCSLC patients only), implanted pacemaker,
or prescribed cardiologic medication (β-blockers, antiar-
rhythmics for the NSCLC patients only). Following these
exclusion criteria and the (un)availability of ECG, CRP, and
survival data, 202 PC and 71 NSCLC patients were included.
Table 1 depicts the characteristics of these samples.

2.2. Design. The study included a historical prospective design.
We collected existing archival electronic patient records (his-
torical) and examined the prospective relationship between
the NIM index (see below) derived from these records and
measured at baseline (time of diagnosis, time 1), and prognosis
at time 2 (e.g., overall survival and survival time). This design
is commonly used in the reanalysis of existing data sets.

2.3. Measures

2.3.1. Background Variables and Confounders. In both sam-
ples, we considered the prognostic roles of patients’ age,

gender, stage (only in NSCLC), and treatments (chemother-
apy, radiotherapy, surgery), as well as whether patients had
cardiac problems (only in PC). In PC patients, stage was
not considered since all patients had advanced cancer, but
we considered whether the tumor spread was locally
advanced versus metastatic disease.

2.3.2. Neuroimmunomodulation Index. Heart rate variability
(HRV) is a common noninvasive index of vagal nerve activity
[17]. We derived the measure of HRV retroactively from
10-second electrocardiographs present in patients’ files. Sim-
ilar ultrashort HRV measures were found to predict tumor
markers in previous studies [18, 19] and overall survival
in the general population [22]. To index neuroimmuno-
modulation (NIM), we divided the HRV index of the root
mean square of successive RR intervals (RMSSD) by patients’
C-reactive protein (CRP), a general marker of inflammation,
to yield our NIM index=RMSSD/CRP. Both HRV and CRP
were obtained near diagnosis, in both patient cohorts.

2.3.3. Outcomes. In both the PC and NSCLC cohorts, the out-
come was the overall survival, defined as the time from the
date of histologically proven cancer diagnosis to death or till
the end of follow-up for surviving patients. However, in the
NSCLC cohort, an additional outcome was the survival time
among deceased patients because fewer patients survived.
These data were obtained from patients’ medical files and
the Belgian national registry.

Table 1: Descriptive statistics of the pancreatic cancer (PC) and
non-small cell lung cancer (NSCLC) patient samples.

(a) Categorical variables

Variable PC (%) NSCLC (%)

Gender

Men 53.0% 63.4%

Women 47.0% 36.6%

Radiotherapy 13.4% 69.0%

Chemotherapy 73.3% 76.0%

Surgery 40.1% 10.0%

Stage

Stage 1 11.3%

Stage 2 7.0%

Stage 3 21.1%

Stage 4 60.6%

(b) Continuous variables

Variable
PC

Mean (SD)
NSCLC

Mean (SD)

Age (years) 66.2 (11.8) 62.5 (11.5)

HRV (RMSSD) 27.4 (20.5) 21.6 (24.0)

CRP 4.7 (18.8) 43.1 (63.3)

PC: pancreatic cancer; NCSLC: non-small cell lung cancer; HRV: heart rate
variability; RMSSD: root mean square of successive differences; CRP:
C-reactive protein.
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2.4. Statistical Analysis. In both cancer samples, the main
analysis was a Cox regression survival analysis. After identi-
fying the significant confounders univariately, we entered
them together with the categorical NIM index, split at its
median value. Time till death or till the end of follow-up
(for surviving patients) was also considered as the time vari-
able, and the outcome variable was the vital status. Addition-
ally, in the NSCLC sample, because few patients survived to
follow up, we further examined only in the deceased patients
the partial correlation between continuous levels of the NIM
index and the survival time, controlling statistically for con-
founders that were significantly related to the survival time.

3. Results

Table 1 presents the background characteristics of each
patient cohort. In the PC cohort, 56.9% had locally advanced
disease while 43.1% had metastatic tumors. Among all con-
founders tested, surgery (p < 0 001), local versus metastatic
disease (p < 0 001), cardiac problem (p < 0 025), age at
diagnosis (p < 0 001), and presence of metastatic diseases
(p < 0 001) were predictive of the overall survival, while radio-
therapy and chemotherapy were not (both p values > 0.05).
Categorical NIM was highly significantly predictive of the
overall survival (p < 0 001; see Figure 1). In the final multivar-
iate Cox regression (see Table 2), categorical NIM was still
significantly predictive of overall survival (p = 0 011), inde-
pendent of the significant confounders mentioned above
(for NIM, the relative risk (RR) and 95% confidence interval
(CI) were 0.68 and 0.51–0.92, resp.).

In the NSCLC cohort, among all tested confounders, che-
motherapy tended to predict the overall survival (p < 0 055),
while surgery (p < 0 001) and cancer stage (p < 0 001) signif-
icantly predicted the overall survival. Categorical NIM also
significantly predicted the overall survival (p < 0 005; see
Figure 2). In a multivariate Cox regression (see Table 3),
categorical NIM remained a significant predictor of overall
survival (for NIM, RR=0.53; 95% CI: 0.32–0.88). Since many
patients in the NSCLC cohort died, we tested the correlation
between continuous NIM levels and survival time, in the
deceased patients only. Controlling for the above con-
founders, log-transformed NIM index scores were signifi-
cantly positively correlated with the survival time (r = 0 31,
p = 0 010). Among these deceased patients, those with a
relatively high NIM index (above the median) lived sig-
nificantly longer (mean (SD)= 475.2 (383.9) days) than
those with a low NIM index (mean=285.1 (282.2) days;
t (69) = 2.40, p < 0 05).

4. Discussion

To the best of our knowledge, this may be the first study to
develop and test the prognostic value of a new composite bio-
marker which reflects the autonomic and immune (inflam-
matory) systems together, in relation to cancer prognosis.
Two studies revealed that a new neuroimmunomodulation
(NIM) index, which reflects vagal nerve activity (RMSSD)
over general systemic inflammation (CRP) significantly pre-
dicted the overall survival in patients with advanced PC
and in patients with NSCLC. These relationships remained
significant also after statistically controlling for confounders
which were univariately predictive of survival and which
reflected the severity of cancer and its treatment. Patients
with NSCLC and a relatively high NIM index had a nearly
double survival time compared to those with low NIM.

These results are in line with one experimental study
showing that an anti-inflammatory drug (CNI-1493), which
depends on and activates the vagus nerve, led to reduced
metastases in tumor-bearing mice [15]. These results also
support many correlational studies showing that high vagal
nerve activity, indexed by HRV, predicts reduced tumor
marker levels over time or longer survival, in different can-
cers including young NSCLC patients (e.g., [18, 19]). These
results also support those showing that CRP statistically
mediated the relationship between HRV and survival in PC
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Figure 1: Cumulative survival curves of patients with pancreatic
cancer with a high versus low neuroimmunomodulation (NIM)
index.

Table 2: Multivariate Cox regression survival analysis of relative
risks for death in patients with advanced pancreatic cancer.

Variable B Sig. RR 95% CI

Surgery −0.84 0.00 0.43 0.30–0.62

Local/advanced −0.09 0.71 0.91 0.55–1.51

Cardiac problem 0.13 0.41 1.14 0.83–1.57

Age 0.02 0.01 1.02 1.00-1.03

Metastases 0.28 0.30 1.33 0.77–2.28

NIM index −0.38 0.01 0.68 0.51–0.92

Sig.: significance; RR: relative risk; 95% CI: 95% confidence interval; NIM
index: neuroimmunomodulation index.
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[21]. However, the results of the present study extend these
past observations to incorporate the balance between vagal
activity (RMSSD) and inflammation (CRP) in one ratio and
reveal its prognostic value. The novelty in these results is that
this new NIM index reveals that a shift in balance from
inflammation to vagal activity (a higher NIM ratio) predicts
longer survival in two very fatal cancers, independent of
relevant prognostic factors. These results are in line with
our model of vagal nerve neuroimmunomodulation of
cancer [11, 12]. Furthermore, these results are in line with
the known anti-inflammatory functions of this important
cranial nerve [9]. This index includes HRV derived from
ECGs and includes CRP levels, both which are routinely
available worldwide in hospitals. This availability makes
the new NIM index highly feasible for use to estimate can-
cer patients’ prognosis. Finally, using noninvasive vagal
nerve activating methods (e.g., electric vagal nerve stimula-
tion; [23]), NIM is a marker which could be therapeutically
modified, making this index also a possible therapeutic
target on its own, to possibly then influence prognosis.
Future controlled intervention studies need to test such
treatment avenues.

This study had several limitations. First, we did not
employ formal prospective studies, rather historical prospec-
tive designs. However, previous studies demonstrating prog-
nostic values of HRV used similar designs (e.g., [19]).
Furthermore, the EGCs, from which HRV was derived, and
CRP were both measured near diagnosis, while follow-ups
were done later, maintaining a longitudinal aspect in the
design. Second, the ECGs were very brief—lasting only 10
seconds. However, multiple studies including one large

population study have demonstrated that such brief HRV
measures have a prognostic value [18, 19, 21, 22] and that
this brief measure correlates with HRV measures in longer
tests [24]. In addition, we showed here the prognostic value
of the NIM index in two cancer samples, attesting to the reli-
ability of this new observation. Nevertheless, these results
should be replicated in a formal prospective study, with
longer ECG readings. Should the results be replicated, and
should the new NIM index be found to be predictive in other
cancers (and chronic diseases), this NIM index may be
proven clinically important for prognostication and for
identifying patients who require more close medical care.
Finally, the relationship between NIM and prognosis only
reflects an association, not a causal relationship between
these variables. Some of the animal studies conducted to
date do propose a causal relationship between vagal nerve
activation and improved cancer prognosis [13–15]. To test
this important issue in people, investigators need to test
whether activating the vagus nerve shifts the balance from
inflammatory to vagal activity and whether this shift could
then improve cancer treatment and patients’ prognosis, the
ultimate goal. These would have both scientific and potential
clinical significances.
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The pathogenesis of viral myocarditis includes both the direct damage mediated by viral infection and the indirect lesion
resulted from host immune responses. Myocarditis can progress into dilated cardiomyopathy that is also associated with
immunopathogenesis. T cell-mediated autoimmunity, antibody-mediated autoimmunity (autoantibodies), and innate immunity,
working together, contribute to the development of myocarditis and dilated cardiomyopathy.

1. Introduction

The International Society and Federation of Cardiology of
the World Health Organization (WHO) defined myocarditis
in 1995 as an inflammatory disease of the heart muscle,
diagnosed by established histological, immunological, and
immunohistochemical criteria [1]. Most cases of myocarditis
are of viral origin [2–4]. Many viruses have been implicated
as causes of myocarditis, including coxsackieviruses group
B, parvoviruses, echoviruses, adenovirus, influenza virus
H1N1, Epstein–Barr virus, rubella (German measles) virus,
varicella (chickenpox) virus, mumps virus, measles virus,
yellow fever virus, dengue fever virus, polio virus, rabies
virus, hepatitis A and C viruses, human immunodeficiency
virus (HIV), and Zika virus; while parvovirus B19 (PVB19)
has recently be demonstrated by endomyocardial biopsy
(combined with polymerase chain reaction and in situ
hybridization) as the most frequently detected virus in myo-
carditis, coxsackievirus B3 (CVB3) remains the most exten-
sively studied virus that causes myocarditis both in human
beings and in animal models [5–10]. Viral myocarditis
usually progresses on two stages although the exact patho-
physiology mechanism in humans is still not completely
understood: first, the viral infection generates direct damages

to the myocardium (virus-mediated lysis of myocardial cells),
and then host immune responses produce indirect lesions of
the cardiac muscle by killing virus-infected (antiviral immu-
nity) and uninfected (autoimmunity) cardiomyocytes; some
cases progress to dilated cardiomyopathy, and some may
result in heart failure or sudden death [11–15]. Researchers
found several years ago in animal experiments that the infec-
tion of BALB/c mice with coxsackievirus B3 (an RNA virus)
and murine cytomegalovirus (a DNA virus) led to essentially
the same pathophysiological outcomes in the heart [16]; in
addition, immunosuppressive and immunoadsorption thera-
pies have been reported to alleviate symptoms and ameliorate
heart function in myocarditis and dilated cardiomyopathy
patients [17–20]; these results strongly suggested the impor-
tance of the immunopathological process in the disease(s).
The roles of host immunity in the development of viral
myocarditis and in dilated cardiomyopathy are summarized.

2. T Cell-Mediated Autoimmunity

In cell-mediated immune responses, T cells are the most
important immune-competent cells, and they also play a cru-
cial role in the pathogenesis of viral myocarditis. Woodruff
and Woodruff [21] first established the implication of T cells
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in the pathogenesis of this disease using CD1 and BALB/c
mice in 1974. They demonstrated that pretreatment of CD1
mice with rabbit anti-thymocyte serum greatly suppressed
the production of inflammation and tissue injury in the
hearts after CVB3 infection, and deprivation of T cells by
thymectomy and lethal irradiation led to a decrease in mor-
tality and a decrease in cardiac inflammation and necrosis
in CVB3-infected BALB/c mice. Following that, numerous
researches were conducted to demonstrate the involvement
of T cells in the pathogenesis of viral myocarditis and to
determine T cell subtypes that take part in the immuno-
pathogenesis. Kishimoto et al. [22] examined the changes in
percentages of T and B cells in peripheral blood and the heart
of DBA/2 mice inoculated with encephalomyocarditis virus.
They found a marked decrease in T cell number in peripheral
blood on day 14 but no significant changes in B cell number
throughout the entire period. T cells accounted for about
80% of the cells in the myocardial tissue on days 7 and 14.
Huber and Pfaeffle [23] found that the Th1 cell response
required the activation of γ/δ T cells. In addition, male and
female BALB/c mice differ in response to CVB3 infection.
The viral infection resulted in substantial infiltration of
inflammatory cells and lymphocytes in the myocardium;
while male mice gave predominantly a Th1 cell response,
female mice gave predominantly a Th2 cell response [24].

Later, Opavsky et al. [25] used knockout mice lacking an
individual component of the T cell receptor (TCR) or core-
ceptor (CD4−/−, CD8−/−, CD4−/−, and CD8−/−, or TCRβ−/−)
to observe the contribution of T cell subpopulations to host
susceptibility to CVB3 myocarditis. The disease was more
severe in CD8−/− mice but reduced in CD4−/− mice. Removal
of both CD4 and CD8 molecules from T cells by genetic
knockout protected the mice from the disease. In TCRβ−/−

(T cell receptor β chain knockout) mice, prolonged survival
and minimal myocardial lesion were observed after CVB3
infection. In CD4−/−CD8−/− mice, increased interferon-γ
(IFN-γ) and decreased tumor necrosis factor-α (TNF-α)
expression and reduced myocardial damage were observed.
These results indicated that the presence of TCRαβ+ T
cells could boost host susceptibility to viral myocarditis.
One mechanism by which CD4+ and CD8+ T cell subsets
mediate the pathogenesis of viral myocarditis may be related
to the expression of specific cytokines. The findings in the
mice with genetical CD4 and/or CD8 deficiency supported
the conclusion that the cellular inflammatory infiltration
following viral infection in susceptible mouse strains con-
tributes substantially to the mortality and myocardium
lesion associated with viral infection [26].

Increasing evidence supports the earlier findings that
myocarditis is an autoimmune disease that involves the par-
ticipation of CD4+ T cells [27–36]. The activation of T cells
requires costimulatory signals and the respective binding of
CD28 and CD40 ligands on the surface of T cells to B7 and
CD40 molecules on the surface of antigen-presenting cells;
otherwise, the T cells will be in a state of anergy [37–44].
Matsui et al. [45] using transgenic technology effectively
prevented the transmission of costimulatory signals and
thus greatly reduced the severity of experimental autoim-
mune myocarditis, confirming that the activation of T cells

could promote the development of viral myocarditis. More
and more researches demonstrated that the cognate interac-
tion between the inducible costimulatory molecule (ICOS)
and ICOS ligand (ICOSL), a member of the CD28 family, is
an indispensable signaling for the activation of T cells.
Blocking the ICOS–ICOSL signaling with anti-ICOS anti-
bodies can block or attenuate myocarditis resulting from
autoimmunity [46–49].

Most recently, the role of Th17 cells in viral myocarditis
and dilated cardiomyopathy has drawn much attention
[50–53]. The Th17 cell is a CD4+ T cell subpopulation dis-
tinct from IFN-γ-producing Th1 and IL-4-producing Th2
and is characterized by secreting IL-17, a proinflammatory
cytokine [54]; many studies over the past decade have been
focusing on IL-17 and Th17 cell participation in the inflam-
matory process of the autoimmune diseases. Earlier studies
in EAM showed that IL-17 might be the critical effector cyto-
kine responsible for EAM because neutralization of IL-17
could reduce myocarditis and heart autoantibody responses
and that IL-17 promoted the recruitment of monocytes, the
major heart-infiltrating cells in EAM, to the heart [55]. Yuan
et al. [56] reported that IL-17 was related to the progression
of acute viral myocarditis (AVMC) in a mouse model
through regulating autoantibody production and neutraliza-
tion of IL-17 could inhibit autoantibody production in
CVB3-induced AVMC. In the CVB3-induced AVMC
mouse model, Yuan et al. [57] also showed that Th17 cells
contributed to viral replication and that IL-17 was important
for the regulation. Using IL-17 monoclonal antibody-treated
viral myocarditis mice, Fan et al. [58] showed that IL-17 was
critically complicated in the pathogenesis of murine viral
myocarditis and inhibition of IL-17 could alleviate the
myocardium inflammation. Zhu et al. [59] reported that
inhibition of Th17 cells by the newly discovered cytokine
IL-27 could effectively ameliorate CVB3-induced viral myo-
carditis. Myers et al. [60] recently identified a Th17 cell
phenotype of human myocarditis/dilated cardiomyopathy
that had raised CD4+ IL-17+ T cells and Th17-promoting
cytokines including IL-6, IL-23, and TGF-β as well as GM-
CSF (granulocyte-macrophage colony-stimulating factor)
secreting CD4+ T cells. They found that the Th17 phenotype
was associated with the effects of cardiac myosin on CD14+

monocytes and heart failure. Persistent heart failure was
linked with high proportions of IL-17-producing T cells
and IL-17-promoting cytokines and the phenotype contained
within a significantly low proportion of FOXP3+ Tregs; these
may be related to disease severity.

Studies pointed out [61] that Th17 cell differentiation is
mediated by the interaction between the costimulatory signal
CD28 and ICOS, but interaction between cytotoxic T-
lymphocyte-associated protein 4 (CTLA-4) and B7 inhibits
Th17 cell differentiation. Martín et al. [62] showed that the
C-type lectin receptor CD69 inhibited Th17 cell differentia-
tion by promoting the activation of the Jak3 signal transducer
and activator of the transcription 5 signaling pathway. IL-23
is required for Th17 cell’s maintenance and pathogenic func-
tion. The IL-23/Th17 pathway is involved in the pathogenesis
of several autoimmune diseases. Using a CVB3-induced
murine model of viral myocarditis, Yang et al. [63] showed
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that the IL-23/Th17 axis is involved in the viral myocarditis.
A study by Yamashita et al. [64] showed that IL-6 mediated
Th17 differentiation in the onset (but not the progression) of
EAM through RORγt, an isoform of retinoic acid receptor-
related orphan receptor, and RORγt has been suggested as a
master regulator for Th17 differentiation. Lately, Liu et al.
[65] showed that microRNA-21 and -146b are related to the
pathogenesis of viral myocarditis in mice through regulation
of Th17 differentiation. Using microarrays, the authors
detected the upregulation of miRNA-21 and -146b in a
murine model of viral myocarditis. Silencing of miRNA-21
and -146b reduced RORγt expression, decreased Th17 level,
and ameliorated the severity of viral myocarditis.

It has been well established that CD80 (or B7-1) and
CD86 (or B7-2) are crucial costimulatory molecules in T cell
activation, inducing Th1 and Th2 differentiation, respec-
tively, in host immune responses. Most recently, Huang
et al. [66] investigated the role of CD80 and CD86 in Th17
differentiation in AVMC. The authors infected C57BL/6
mice with CVB3 and examined its effects on Th17 differ-
entiation with anti-CD80 and anti-CD86 monoclonal anti-
bodies (McAbs). The results revealed that treatment with
anti-CD80 McAb induced significant suppression of Th17
differentiation and RORγt mRNA expression both in vivo
and in vitro, while anti-CD86 McAb treatment did not show
such effect. Thus, it is CD80 not CD86 that regulates Th17
cell differentiation.

Regulatory T cells (Treg cells or Tregs) belong to a subset
of CD4 T cells that express the biomarkers FOXP3 and CD25
in addition to CD4 and function to keep immune homeosta-
sis by suppressing the development of effector T cells in par-
ticular Th17 cells that participate in the pathogenesis of a
number of autoimmune diseases by producing IL-17 which
promotes inflammation [67–70]. The balance between the
immunosuppressive Treg cells and the proinflammatory
Th17 cells is very important in host immune responses, and
an imbalance between them plays a critical role in many
inflammatory and autoimmune diseases. It has been estab-
lished that the differentiation and proliferation of Treg cells
are controlled by the transcriptional factor Forkhead box
protein P3 (Foxp3) in combination with transforming
growth factor beta (TGF-β), and the immunosuppressive
function of Tregs is depending on the anti-inflammatory
cytokines IL-10 and IL-35, as well as TGF-β, while the differ-
entiation and proliferation of Th17 cells are regulated by the
transcriptional factor RORγt in combination with IL-6 and
the function of Tregs is dependent on the proinflammatory
cytokines IL-17, IL-21, and IL-22. The interleukin-1 family
member 7 or IL-37, the seventh member of the IL-1 family
of eleven members, has recently been recognized as one of
the few anti-inflammatory cytokines and is capable of sup-
pressing a wide spectrum of proinflammatory responses.
An et al. [71] reported that IL-37 suppressed Th17 response
and enhanced Treg response in the spleen of a CVB3-
induced murine viral myocarditis model. IL-37 downregu-
lated the expression of Th17-related cytokines IL-17 and
IL-6 but upregulated the expression of Treg-related cytokine
IL-10 in the murine heart. Thus, IL-37 may exert an anti-
inflammatory function in the mouse model of viral

myocarditis through mediating a balance between Th17 cells
and Treg cells,

Using an EAMmouse model, Yan et al. [72] revealed that
the expression miR-155, a type of microRNA that is closely
related to the immune system, was greatly upraised in
CD4+ T cells and in the cardiac muscle tissue of the EAM
mice; meanwhile, there was a proliferative and functional
imbalance between the Tregs and Th17 cells resulting from
the active induction and proliferation of Th17 cells and an
elevated resistance of Th17 cells to Treg-exerted suppression.
On the other hand, inhibition of miR-155 in EAM mice
resulted in lessened disease severity and cardiac damage,
attenuated Th17 immune response, and reduced secretion
of Th17-polarizing cytokines by dendritic cells. These find-
ings demonstrated that miR-155 could promote the develop-
ment of EAM by driving an imbalance between Tregs and
Th17 cells that favors the development of Th17 cells.

3. Antibody-Mediated Autoimmunity

Studies have demonstrated that autoantibodies play an
important role in the pathogenesis of myocarditis and in
dilated cardiomyopathy [73–80]. Passive transfer of anti-
heart autoantibodies can induce myocarditis and dilated
cardiomyopathy in experimental animals while removal of
autoantibodies with immunoadsorption or other methods
can improve cardiac function of myocarditis and dilated
cardiomyopathy patients [81–88]. Autoantibodies may be
produced by molecular mimicry, in which viral proteins pos-
sess homologous amino acid sequences with cardiomyocyte
proteins (or the virus and the host share the same antigenic
determinant or epitope) and the induction of an immune
response to the viral antigen thus leads to a cross-reaction
with self-antigens (the antibodies produced against the viral
antigen bind to or react with antigens of the cardiac muscle
cells that share the same antigenic determinant with the viral
antigen), resulting in autoimmunity. Alternatively, autoanti-
bodies may be generated through the initial damage to myo-
cardial cells by viral infection that releases a large quantity of
self-antigens into the circulation, in which case the viral
infection is followed by a second phase of immune process
of the disease, recruiting active immunocompetent cells into
the cardiac tissue that favor B cell activation and subsequent
autoantibody production, resulting in myocardium damage
and progression of heart disease [89–115].

A wide spectrum of autoantibodies associated with
human or murine myocarditis has been described in the
literature, of which the most important one is directed
against the contractile protein myosin [116] (For an inclusive
list of the autoantibodies, please refer to Dörner et al. [74],
page 334, Table 1.) The presence of the cardiac myosin-
specific autoantibodies in mice with myocarditis was first
described in 1987 by Rose et al. [117], Alvarez et al. [118],
and Neu et al. [119]. Neu et al. [120] reported that the infec-
tion of a susceptible mouse strain with CVB3 resulted in
myocarditis associated with a high titer of myosin autoanti-
body specific for the cardiac myosin isoform. The injection
of cardiac myosin itself in certain strains of mice also
produces severe myocarditis with high titers of cardiac
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myosin autoantibodies. The mouse strains that are resistant
to cardiac myosin induced-myocarditis did not develop
increased cardiac myosin autoantibodies. On the other hand,
injection of the mice with skeletal muscle myosin did not
produce the expected effect, suggesting that the immuno-
genic epitopes or determinants are specific to the cardiac
myosin isoform.

In human beings, the α-myosin isoform exists exclusively
in cardiac myocytes, whereas the β-myosin isoform is found
both in cardiac myocytes and in slow skeletal muscle cells.
Pummerer et al. [121] mapped the pathogenic epitopes on
the myosin molecules in 1996. They found that α-myosin is
the dominant immunogenic isoform that induces myocardi-
tis (with high severity and prevalence) whereas β-myosin
seldom causes the disease. So, the immunogenic epitopes of
α-myosin (amino acid sequences) must reside in regions dif-
ferent from β-myosin. Three immunogenic amino sequences
were identified. One sequence (AA 614–643) located in the
head of the α-myosin heavy chain induced severe myocardi-
tis, whereas two others (AA 735–747 and AA 947–960) that
reside in the rod of the α-myosin heavy chain only induced
minor pathologic changes in BALB/c mice. The autoimmu-
nogenic epitope is located in a different region in A/J mice:
between amino acid residue 334 and 352 of the α-myosin
molecule [122]. Schwimmbeck et al. [123] identified the
immunogenic epitopes of human myosin using synthetic
peptides. More than 44% of the seral samples from patients
with myocarditis or dilated cardiomyopathy bound to a
region corresponding to amino acids 345 to 352 of the
human myosin heavy chain, while only 4% of the sera from
healthy controls reacted with this peptide. Circulating auto-
antibodies to whole myosin molecules were detected in
26%–46% of the patients who had myocarditis or dilated car-
diomyopathy; in these patients, the autoimmune reactivity
did not show significant difference between α-myosin and
β-myosin [124–126].

Caforio et al. [127] investigated whether anti-heart auto-
antibodies are directly pathogenic to the host by passive
transfer of affinity-purified anti-heart autoantibodies from
sera of patients with myocarditis to normal BALB/c mice to
induce experimental myocarditis. The results showed that
myocarditis was present in 52% of the mice that received
purified sera from patients; in contrast, only 2% of the
control mice were complicated with the disease. Yuan
et al. [128] examined whether the immune tolerance to
swine cardiac myosin could protect BALB/c mice that
have myosin-induced myocarditis from myocardial injury.
The results showed that myocardial degeneration, necrosis,
and inflammatory cell infiltration were found in the nonto-
lerance mouse group but not in the immune tolerance group,
suggesting the protective effect of immune tolerance on the
development of autoimmune myocarditis.

Lately, the role of β1-adrenoreceptor autoantibodies in
the pathogenesis of dilated cardiomyopathy attracted much
attention [129–139]. Dilated cardiomyopathy is a common
cause of heart failure which remains a main health problem
because of its high prevalence and the sudden cardiac death.
The cardiopathogenic role played by autoantibodies directed
against β1-adrenoreceptors has been established in the last

two decades. Experimental mouse models have shown that
β1-adrenoreceptor autoantibodies caused progressive dilated
cardiomyopathy. Clinical studies also revealed that β1-adre-
noreceptor autoantibodies are frequently detected in sera
from dilated cardiomyopathy patients and are closely associ-
ated with the disease. Autoantibodies with β-adrenergic
effects were first isolated from sera of idiopathic dilated
cardiomyopathy patients [140]. Not long after, the presence
of autoantibodies (a γ-globulin) against the β1 adrenore-
ceptor in sera of idiopathic dilated cardiomyopathy patients
was confirmed [141].

The first step in the development of idiopathic dilated
cardiomyopathy might be a viral myocarditis. Several viruses
might be implicated in the pathogenesis of dilated cardiomy-
opathy [142]. One hypothesis was that the destruction of
cardiac myocytes releases the β1 adrenoreceptor as an auto-
antigen that induces the autoimmune response. An alterna-
tive hypothesis was that β1-adrenoreceptor autoantibodies
are produced in antimicrobial immune responses as the
microbes have cross-reacting antigens with the receptor.
Levin and Hoebecke [143] recently put forward a “bystander”
explanation. Certain viruses, bacteria, and fungi have
sequence similarity with the second extracellular loop of the
β1 adrenoreceptor. Nearly all sequences show homology
with either the epitope targeted by β1-adrenoreceptor auto-
antibodies detectable in Chagas disease patients or the epi-
tope recognized by β1-adrenoreceptor autoantibodies from
idiopathic dilated cardiomyopathy patients. In consideration
of the fact that the microbial flora of the human intestinal
tract as well as most of the symbiotic microorganisms
habiting in the human body are mostly unknown, it is
most possibility that similar or common epitopes are present
among them and that under pathological conditions these
epitopes may be presented to the adaptive immune system
and induce pathological immune responses [143].

Compared with autoantibody-negative cases, dilated car-
diomyopathy patients who are positive in β1-adrenoreceptor
autoantibodies showed a poorer left ventricle function, a
higher occurrence of severe ventricular arrhythmias, and a
higher incidence of sudden cardiac death [144]. It was found
that the existence of stimulating β1-adrenoreceptor autoanti-
bodies is independently associated with a roughly threefold
increase in cardiac death risk in dilated cardiomyopathy
patients [145]. The pathogenic role of β1-adrenoreceptor
autoantibodies was confirmed in animal experiments in
which peptides corresponding to the second extracellular
loop of β1 adrenoreceptors could trigger similar changes in
the myocardium to those observed in dilated cardiomyopa-
thy patients [146]. Some researchers have proposed that even
though β1-adrenoreceptor autoantibodies are not the only
autoantibodies detectable in sera of dilated cardiomyopathy
patients, they tended to play a more important part in the
initiation and development of dilated cardiomyopathy than
did other autoantibodies [147].

4. Innate Immunity in Viral Myocarditis

Innate immune responses also play an important role in the
development of myocarditis and are responsible for the
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progression to dilated cardiomyopathy. The roles of Toll-like
receptors (TLRs) are discussed below.

When host cells are faced with pathogens, pattern recog-
nition receptors (PRRs), most importantly TLRs, recognize
pathogen-associated molecular patterns (PAMPs) and acti-
vate an intracellular network of signaling pathways that
results in the production of numerous cytokines that may
exert protection andmay also cause inflammation [148–151].

Of all PRRs, TLRs are first described and the most inten-
sively studied. A total of thirteen TLRs (TLR1 through
TLR13) have been identified, of which the latter two
(TLR12 and TLR13) are not found in humans [152–155].
TLRs are able to recognize different PAMPs presented on
various microorganisms including viruses, bacteria, and
fungi [156–164]. In addition to immune cells, TLRs are
expressed in various tissues, in particular in the myocardial
tissue; the latter may account for the links between the
immune system and cardiac injury [165–167].

TLR3, which recognizes viral double-stranded RNA, is
important in the early response to virus infection. Hardarson
et al. [168] examined the role of TLR3 in protection from
encephalomyocarditis virus (EMCV) infection. They infected
TLR3-deficient (TLR3−/−) mice with EMCV. These TLR3−/−

mice were more susceptible to EMCV infection and had a
much higher viral load in their heart tissue than TLR3+/+

mice. Histopathological examination indicated that myocar-
dial inflammation was less obvious in TLR3−/− mice than in
TLR3+/+ mice. TLR3−/− mice also produced less proinflam-
mation cytokines and chemokines after EMCV infection.
Gorbea et al. [169] reported that individuals carrying
mutated TLR3 (genetic variant P554S or L412F) had a
reduced innate immune response to enteroviruses and
increased viral replication through a mechanism involving
inhibited NF-κB and type I interferon signaling, which
diminished viral clearance and increased the chance of
cardiac pathology. Gorbea et al. [170] also found that
depletion of extracellular mutant 29 (Ecm29), an adaptor
protein of a proteasome subset, increased the abundance
of TLR3 in HEK-293 cells and in HeLa cells. The absence
of Ecm29 increased TLR3 signaling, increased phosphoryla-
tion/activation of effector kinases downstream of TLR3, and
enhanced nuclear localization of interferon regulatory factor
3 (IRF3) and the building up of signaling molecules in juxta-
nuclear recycling endosomes. Thus, Ecm proteasomes are
related to the trafficking of TLR3 and the attenuation of
TLR3-dependent signaling.

TLR4, the first TLR to be found in human beings, has
been reported to perform a variety of functions in a number
of pathological conditions, including myocarditis, and its
level in the heart is the highest compared with other TLRs
[171–173]. TLR4 recognizes lipopolysaccharide (LPS), which
leads to the activation of numerous transcription factors via
two signaling pathways: MYD88- (myeloid differentiation
primary response 88-) dependent pathway and MYD88-
independent pathway [174–177].

Studies have shown that inhibition of the TLR4 system
could reduce the severity of myocardial inflammation.
Fairweather et al. [178] studied the effects of TLR4 deficiency
in CVB3 infection and myocarditis. They found that the

severity of myocarditis, degree of viral replication, and levels
of IL-1β/IL-18 expression were significantly reduced in
TLR4-deficient mice and that TLR4 as well as IL-12Rβ1
aggravated CVB3 infection and myocarditis but IFN-γ
inhibited viral replication. TLR4 and IL-12Rβ1 might
share common downstream pathways that directly affected
IL-1β and IL-18 production, and IL-1beta and IL-18
played an important part in the pathogenesis of CVB3-
induced myocarditis.

Fuse et al. [179] examined the role of MYD88, an
important adaptor protein in the TLR4 signaling pathway,
in the pathogenesis of CVB3-induced myocarditis. They
found that the MYD88 level in cardiac tissue was increased
significantly in wild-type mice after infection of CVB3.
MYD88−/− mice showed a significantly higher survival rate
than did MYD88+/+ mice after exposure to CVB3. Patholog-
ical examination displayed a significant decrease of heart
inflammation in MYD88−/− mice. Cardiac viral concentra-
tions were significantly decreased in MYD88−/− mice. The
levels of mRNAs for IL-1β, TNF-α, IFN-γ, and IL-18 were
significantly decreased in the heart of MYD88−/− mice, and
serum levels of Th1 cytokines were significantly decreased
in these mice as well. By contrast, cardiac levels of activated
IRF3 and IFN-β (but not other usual upstream signals of
IRF3) were significantly increased in these MYD88−/− mice.
These results indicated that MYD88 may be a very important
mediator in cardiac inflammation, inducing cytokine pro-
duction and maintaining Th1/Th2 cytokine balance. Defi-
ciency of MYD88 may provide protection to the host heart
through direct activation of IRF3 and IFN-β.

5. Differing Perspectives or Interpretations

5.1. Roles of CD4+ Regulatory T Cells. CD4+ and CD8+ T cells
have been reported to be involved in the pathogenesis of
myocarditis by many authors; however, regulatory T cells
(Tregs), a subset of CD4+ T cells, have been shown to have
protective effects [180, 181]. Shi et al. [181] recently demon-
strated that the adoptive transfer of Treg cells protected the
mice intraperitoneally challenged with CVB3 from myocar-
ditis through the TGF-β–CAR (transforming growth factor
β-coxsackie virus and adenovirus receptor) pathway,
which maintained the antiviral immune response against
CVB3 and thus suppressed the immune response to the
cardiac tissue.

5.2. Viruses as Pathogens or Passengers. A large number of
viruses have been detected in cardiac tissue, but the inter-
pretation of their role in myocarditis is controversial. Nielsen
et al. [182] examined the prevalence of three strains of
viruses (adenovirus, enterovirus, and PVB19) in myocar-
dial autopsy specimens from deceased individuals with
myocarditis and in noninflammatory control hearts. They
found that adenovirus, enterovirus, and PVB19 were rare
causes of myocarditis. The detection of PVB19 in myocar-
dial autopsy specimens, in particular, most likely repre-
sents a persistent infection with no or limited association
with myocardial inflammation.
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6. Summary

Immune responses in viral myocarditis function as a double-
edged sword: it may be beneficial to the host by limiting viral
spread and eliminating the viruses; nevertheless, excessive
immune responses can damage cardiac muscle cells and con-
tribute to destructive consequences which could lead to
dilated cardiomyopathy. The boundary between the protec-
tive antiviral effects and the harmful immunopathological
process is usually not clear [183–186]. Careful clinical and
laboratory examinations could help doctors to make good
judgment and to choose proper medications.
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In the course of pSS, inflammatory cell infiltration consists mainly of lymphocytes infiltrating exocrine glands, which leads to
their impaired function. The characteristic feature is generalized dryness. The aim of this study was to attempt to answer the
question whether it is possible to distinguish between patients with pSS and individuals with dryness caused by other
pathologies without applying invasive studies. The study included 68 patients with pSS and 43 healthy controls with
dryness. FS≥ 1 was observed in 90% of patients with pSS (with or without dryness), and only in 23% of the control group
(only with xerostomia). In the pSS group, anaemia (p = 0 0085), lymphocytopenia (p = 0 0006), elevated ERS (p = 0 001),
higher RF titer, and ANA antibodies were noted. Configuration of anti-SSA+ SSB +Ro52 antibodies was characteristic for
the pSS group. Considering the clinical symptoms, statistically significant differences were noted between pSS patients and
the control group in frequency (p = 0 02) and severity (p = 0 042) of fatigue, lymphadenopathy, major salivary gland
involvement, and photosensitivity to UV light. In conclusion, invasive methods are pivotal in pSS diagnosis in this salivary
gland biopsy. Chronic fatigue syndrome is more common in pSS patients and can be subjective distinguishing factor in
the group of people with dryness.

1. Introduction

In the course of primary Sjögren’s syndrome (pSS), inflam-
matory cell infiltration consists mainly of lymphocytes
infiltrating exocrine glands, which leads to their impaired
function. The characteristic feature is generalized dryness
[1]. Inflammation may involve many organs evoking clinical
symptoms depending on the exact location [2]. The disease
develops slowly, and months can pass before the patient
presents full spectrum of clinical symptoms. Insufficient
treatment without inhibiting the autoimmune response
leads to severe complications. The aim of this study was
to attempt to answer the question whether it is possible
to distinguish between patients with pSS and individuals
with dryness caused by other pathologies without applying
invasive studies.

2. Materials and Methods

The study included 68 patients (66 females and 2 males)
diagnosed with pSS based on 2002 American-European Con-
sensus Classification Criteria for pSS [3] after obtaining their
informed consent (Bioethics Committee number 357/2010),
who received medical care in the Department of Rheumatol-
ogy and Internal Medicine between the years 2010 and 2013.
Retrospectively, all patients met current (2016) classification
criteria [4], which were unavailable at the time of the study.

The control group consisted of 43 individuals (5 males
and 38 females), who had been observed and diagnosed for
pSS due to dryness but finally were not diagnosed neither
with pSS nor with any other rheumatic disorder.

The exclusion criteria encompassed the following: other
autoimmune disease (e.g., rheumatoid arthritis, systemic
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lupus erythematosus, and systemic scleroderma), hepatitis C
virus (HCV) and human immunodeficiency virus (HIV)
infection, sarcoidosis, history of lymphoma, amyloidosis,
hyperlipoproteinemia type V, graft-versus-host disease
(GVHD), eosinophilia myalgia syndrome, history of head
and neck irradiation, psychiatric and hypnotic drugs, uncon-
trolled hypertension, and uncontrolled diabetes mellitus.

We analyzed factors such as age, smoking, severity of
dryness according to the EULAR Sjogren’s Syndrome Patient
Reported Index (ESSPRI) [5], fatigue assessed using the
visual analogue scale (VAS) (0–10 cm) [6], intensity of
inflammation in labial glands (LSB) [7] assessed by focus
score (FS), organ pathology assessed using the EULAR
Sjögren’s syndrome disease activity index (ESSDAI) [8],
laboratory tests such as anti-nuclear antibodies (ANA),
extractable nuclear antigens (ENA), rheumatoid factor
(RF), inflammatory parameters (erythrocyte sedimentation
rate (ESR), C-reactive protein (CRP)), full blood count, and
protein electrophoresis.

3. Statistical Analysis

For calculations, we used STATISTICA v. 9.0 software as
well as Excel spreadsheet. In statistical analysis, we used
Spearman’s correlation rank coefficient (for paired vari-
ables with nonnormal distribution), Pearson’s correlation
coefficient (for paired variables with normal distribution),
and linear regression. Mann–Whitney U test was used
to verify differences between means for variables with
normal nondistribution or nonhomogenous variances.
Student t-test was used for differences between means
for variables with normal distribution. Independence of
quantitative and qualitative variables was using either
nonparametric chi-squared or Fisher’s test. All tests were
conducted at the significance level of alpha=0.05, p < 0 05.

4. Results

Mean age of patients with pSS was 51.2 (19–82) years.
Mean time since the onset of symptoms to diagnosis was
7.5 years.

Mean age of healthy individuals was 51.1 (23–73) years.
In the control group, total exclusion of connective tissue
disorders since the onset of symptoms was 5.4 years.

4.1. Patients with pSS versus Control Group. In the studied
group, mean severity of inflammation evaluated on pathol-
ogy examination of LSB in FS was 2.2 in patients with pSS
and 0.3 in the control group. FS≥ 1 was observed in 90% of
patients with pSS (with or without dryness), and only in
23% of the control group (only with xerostomia). Intensity
of inflammatory infiltration expressed by the FS was much
higher in patients with pSS (p < 0 00001, chi-squared test)
(Table 1).

As far as laboratory test results are concerned, statistically
significant differences (Mann–Whitney U test) between
patients with pSS and the control group were noted in anae-
mia rate (p = 0 0085), lymphocytopenia (p = 0 0006), ERS
level (p = 0 001), and in RF titer (p < 0 00001). No correlation

between CRP level (p = 0 61) in pSS patients and the control
group was found (13% versus 2%, resp.) (Table 1).

ANA antibodies were not found in 79% of healthy partic-
ipants and in 19% of pSS patients. Statistical analysis
(chi-squared test) showed that ANA antibodies are more
common in pSS patients compared to the control group,
and the difference was statistically significant (p < 0 00001).

Antibodies most commonly detected in pSS were anti-
SSA (82% of patients), anti-Ro52 (70% of patients), and
anti-SSB (69% of patients). Configuration of all three specific
antibodies anti-SSA+SSB+Ro52 was the most common
(among 54% of patients), while anti-SSA+SSB combination
was observed in 15% of patients and anti-SSA+Ro52 in
13% of patients. None of the pSS patients was positive for
anti-SSA or anti-SSB antibodies only, without any other spe-
cific antibodies (Table 2).

4.2. Clinical Symptoms in pSS Patients versus Control Group.
Mean age of pSS patients at the onset of symptoms was
51± 14.39 years (minimum 12 and maximum 71). In the
control group, mean age of participants at the onset of
dryness was 42± 11.42 (minimum 20 and maximum 72)
years.

Mean time between pSS diagnosis and first clinical symp-
toms was 7.5 years (SD 7.5). Mean time needed for exclusion
of pSS in the control group was 5.4 years (SD 4.4).

Considering severity of xerophthalmia, xerostomia, and
vaginal dryness, as well as subjective sensation of fatigue,
statistically significant differences (Mann–Whitney U test)
were noted between pSS patients and the control group in
frequency (p = 0 02) and severity (p = 0 042) of fatigue.
Female patients with pSS reported vaginal dryness more
often (p = 0 002); however, the intensity of this symptom
was comparable in both groups. pSS patients more frequently
reported more intensive fatigue affecting daily activity
(5.46 cm on VAS scale on average). Mean severity scores
for dryness symptoms were as follows: xerophthalmia
4.47 cm for the pSS group and 4.28 cm in the control group
(p = 0 96), xerostomia 4.76 cm for the pSS group and
3.77 cm in the control group (p = 0 12), and vaginal dryness
in women: 3.03 cm for the pSS group and 2.82 cm in the
control group (p = 0 64). Differences in severity of dryness
symptoms between pSS patients and the control group were
not observed.

Table 3 presents frequency of clinical symptoms in
patients with pSS and in the control group. Physical
examination and history taking revealed that skin
lesions, peripheral joint swelling, as well as major salivary
gland involvement (examined physically or by diagnostic
ultrasound), swollen lymph nodes, and UV-light photo-
sensitivity were statistically more common in patients
with pSS.

Skin lesions were in 19 (30%) patients with pSS observed
as erythema, urticaria, purpura on lower extremities, livedo
reticularis, erythematous, and exfoliative lesions. Skin lesions
in the control group never took the form of purpura, but
rather erythema only, and were observed significantly less
often than in pSS group (19 versus 2 patients). Mean age in
pSS population with skin changes was 47 (SD 14) years, while
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the mean time needed for final diagnosis of pSS was 11 years
(SD 10); patients without skin lesions tended to be older
(mean age of 53, SD 13; p = 0 1), and the time needed for the
final diagnosis of pSS was shorter (6 years on average, SD 4).
No correlation between skin lesions and CRP level (p = 0 9),
ESR (p = 0 1), FS (p = 0 05), leukocyte count (p = 0 1), RF titer

(p = 0 3), gamma globulin level (p = 0 06), severity of xeroph-
thalmia (p = 0 3), and xerostomia (p = 0 9), as well as the pres-
ence of anti-SSA, anti-SSB, and anti-Ro52 specific antibodies,
was observed. Among pSS patients with hypergammaglobuli-
nemia, skin lesionsweremore common (66%versus 33%) and
the difference was statistically significant.

Table 1: Values of laboratory test results, immunological markers, and severity of dryness and fatigue in patients with pSS and in the control
group.

Study group
Number of patients/% Number of patients/% Minimum Minimum Maximum Maximum

p value
pSS Control pSS Control pSS Control

ANA> 1 : 320 n/% 55/81% 9/21% 1 : 320 1 : 320 1 : 10000 1 : 320 <0.000
CRP mean value 2.38± 3.71 2.13± 2.84 0.19 0.00 24.38 18.30

CRP> 5mg/dl n/% 9/13% 1/2% 0.047

Focus-score LSB mean value 2.22± 1.35 0.37± 0.93 0.00 0.00 4.00 4.00

FS≥ 1 n/% 61/90% 10/23% <0.001
Hemoglobin level mean value 12.99± 1.78 13.52± 1.23 10.40 11.00 24.80 16.50

Anaemia n/% 15/22% 3/7% 0.029

WBC mean value 5.43± 2.09 5.99± 1.61 1.95 3.73 14.40 10.10

WBC< 4 tys. n/% 19/28% 1/2% 0.0003

Lymphocyte mean value 1.58± 1.16 1.79± 0.46 0.48 0.70 9.99 2.70

Lymphopenia n/% 39/57% 6/14% <0.001
Oral dryness mean value 4.76± 2.99 3.77± 2.93 0.00 0.00 10.00 10.00 0.12

>0 in VAS n/% 60/88% 32/74% 0.05

Dry eye mean value 4.47± 2.69 4.28± 2.70 0.00 0.00 10.00 8.00 0.96

>0 in VAS n/% 62/91% 36/84% 0.18

Vaginal dryness mean value 3.03± 2.73 2.82± 2.94 0.00 0.00 9.00 9.00 0.64

>0 in VAS n/% 41/62% 11/29% <0.000
Fatigue mean value 5.46± 2.37 3.84± 2.65 0.00 0.00 10.00 8.00 0.04

>0 in VAS n/% 67/98% 35/81% 0.002

ESR mean value 31.51± 24.77 16.02± 11.62 6.00 1.00 103.00 53.00 0.001

ESR> 20mm/hr n/% 39/57% 10/23% 0.0004

RF mean value 79.32± 128.67 12.31± 25.94 0.00 0.00 801.00 171.80

RF> 14 IU/ml n/% 50/73% 7/16% <0.000
n: number of patients; normal value: ANA: antinuclear antibodies < 1 : 320 (EUROIMMUN Hep-20-10/liver Monkey set); CRP: C-reactive protein < 5mg/dl;
LSB: labial salivary gland biopsy; haemoglobin: 12–16 g/dl in women, 14–18 g/dl in men; WBC: white blood cells 4–10 k/μl; lymphocytes: 1.5–3.5 k/μl
(in complete peripheral blood count); VAS: visual analogue scale (0–10 cm); ESR: erythrocyte sedimentation rate 3–15mm/h; RF: 0–14 IU/ml.

Table 2: Detailed distribution of anti-SSA, anti-SSB, and anti-Ro52 specific antibodies and their titers (luminous intensity 0–3) in pSS
patients.

Anti-SSA—number of patients/% Anti-SSB—number of patients/% Anti-Ro52—number of patients/%

Titer 3+—54 patients/79% Titer 3+—37 patients/54% Titer 3+—44 patients/65%

Titer 2+—one patient Titer 2+—6 patients/9% Titer 2+—0 patients

Titer 1+—one patient Titer 1+—3 patients Titer 1+—3 patients

Titer 0.5+—one patient Titer 0.5+—one patient

Only anti-SSA—0 patients Only anti-SSB—0 patients Only anti-Ro52—3 patients/4%

anti-SSA+ SSB—10 patients/15% anti-SSA+ SSB—10 patients/15% anti-SSA+Ro52—9 patients/13%

anti-SSA+Ro52—9 patients/13% anti-SSB +Ro52—0 patients anti-SSB +Ro52—0 patients

anti-SSA+ SSB +Ro52—37 patients/54% anti-SSA+ SSB +Ro52—37 patients/54% anti-SSA+ SSB +Ro52—37 patients/54%

For ANA testing, the EUROIMMUN Hep-20-10/liver monkey set was used. For determination of antigen specificity of the anti-nuclear antibodies, Anti-Ena
Profile Plus 1 Euroline immunoblotting set was used.
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The chest HRCT scan revealed changes in the lung tissue
in the course of 29% of all examined patients with pSS. The
most common lesions were fibrosis, enlarged mediastinal
lymph nodes, and nodes which was previously reported in
other publication [9]. Chest high-resolution computed
tomography (HRCT) was not performed in the control group
due to the lack of indications for this type of diagnostic study
(no pulmonary involvement).

4.3. Lymphadenopathy. Peripheral lymphadenopathy was
reported in 22% of pSS patients. Lymphadenopathy occurred
more frequently among younger patients (p = 0 04)
(Figure 1) (mean age of 45 years SD 18 versus 53 years SD
12). Time to final diagnosis of pSS in patients with lymph-
adenopathy was 9 years on average (SD 6 years), while it
took 7 years (SD 8) without that symptom.

No correlation between lymphadenopathy and CRP
level (p = 0 5), ESR (p = 0 2), FS (p = 0 2), and leukocyte
count (p = 0 5) was found. In patients with lymphadenop-
athy, RF titer was higher and the difference was statisti-
cally significant (p = 0 003). Mean RF titer in patients
with lymphadenopathy was 110 IU/ml, while in patients
who did not present that symptom was 70 IU/ml.

Among patients with pSS and lymphadenopathy, ele-
vated level of gamma globulins (2.1 g/dl, SD 0.8) was noted,

compared to pSS patients without lymphadenopathy, and
that symptom was more prevalent in patients with hyper-
gammaglobulinemia (p = 0 0004), the difference being statis-
tically significant (Figure 2).

In patients with lymphadenopathy, high titer of anti-SSA
specific antibodies (3.0 versus 2.2; p = 0 02) was observed
compared to patients who did not present this symptom
(Figure 2).

All pSS patients with lymph node enlargement tested
positive for specific anti-SSA antibodies, while the results
were positive in 77% of patients without this symptom; how-
ever, the difference was not statistically significant (p = 0 05).

No correlation between the presence or titer of anti-SSB
specific antibodies and lymphadenopathy was observed
(p = 0 06; p = 0 1).

4.4. Musculoskeletal Involvement. Arthralgia was reported by
47% of patients at the onset of the disease and by 70% during
the entire course of observation. In the control group, 65%
reported arthralgia. Arthritis was observed in 30% of pSS
patients (in 15% at the onset of the disease) and in 5% of
healthy participants. Pain sensation mostly affected minor
joints of the hand and knees. Inflammation was located
within minor joints of the hand and ankles. Also, muscle pain
was more prevalent in pSS patients compared to the control
group (13% versus 5%, resp.).

Joint swelling was observed in 30% of pSS patients (20
patients). The mean age of patients with joint swelling was
47 (SD 13) years, and the mean time required for final diag-
nosis of pSS was 9 years (SD 9). In patients with no musculo-
skeletal involvement, the mean age was 52 (SD 14) years and
the mean time required for final diagnosis of pSS was 7
years (SD 7). No correlation was found between inflamma-
tion of the joints and age (p = 0 1), CRP level (p = 0 6),
ESR (p = 0 6), FS (p = 0 4), leukocyte count (p = 0 7), RF
titer (p = 0 8), gammaglobulin level (p = 0 6), severity of
xerophthalmia (p = 0 6), and xerostomia (p = 0 2) as well
as the presence of anti-SSA (p = 0 8), anti-SSB (p = 0 1),
and anti-Ro52 (p = 0 2) antibodies.

Table 3: Clinical features in pSS patients and in the control group.

Clinical presentation
Primary Sjögren’s
syndrome (number

of patients/%)

Control group
(number of
patients/%)

Arthralgia 48/70% 28/65%

Arthritis∗ 20/30% 2/5%

Large salivary gland
involvement∗ 33/48% 4/9%

Raynaud’s syndrome 8/12% 2/5%

Bone marrow
infiltration

1/1% 0

Alopecia 2/3% 0

Muscle soreness 9/13% 2/5%

Hearing loss 6/9% 3/7%

Abnormal chest HRCT 18/26% Not performed

Gastrointestinal 7/10% 2/5%

Polyneuropathy 7/10% 1/2%

Peripheral
lymphadenopathy∗ 15/22% 0

UV-light
photosensitivity∗ 7/10% 0

∗Statistically significant. Bone marrow infiltration was defined as an
abnormal percentage of plasmocytes on bone marrow biopsy (>3.5%
plasmocytes). Gastrointestinal involvement included pancreatitis, enlarged
lymph nodes on imaging, hepatomegaly and/or splenomegaly, diarrhea
(watery stools, >200 g/d, >3 stools daily), weight loss, and nonspecific
abdominal pain. Insomnia: difficulty of falling asleep or early waking up
lasting for more than 2 weeks; peripheral lymphadenopathy: swollen
lymph nodes > 1 cm on physical examination except for inguinal lymph
nodes, where the cut-off size is >2 cm.
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Figure 1: Correlation between the age of pSS patients and
lymphadenopathy.
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4.5. Time Required for Final Diagnosis of pSS. The shortest
time required to make the final diagnosis of pSS was observed
in the case of pulmonary involvement (7 years SD 6), and it
was the longest for skin lesions (11 years SD 10). Distribution
of time to final diagnosis depending on symptoms in pSS
patients is shown in Table 4.

5. Discussion

In clinical practice, most patients with pSS report dryness.
However, symptoms are not specific for a single disease. On
the other hand, dryness observed in pSS may develop after
months, while other symptoms of pSS can constitute primary
manifestation, such as musculoskeletal and neurological
symptoms or lymphomas. Due to this variety of clinical pre-
sentation, the time needed for the right diagnosis is longer
and takes about 3 to 8 years since the onset of symptoms
[10]. In the studied group, the time was 7.5 years on average
(92 months) and was the shortest in the case of pulmonary
involvement (7 years, SD 6 years) and the longest for skin
presentation (11 years, SD 10 years). However, in individ-
uals with rheumatologic disorders excluded, the time
needed to exclude autoimmune basis of dryness was 5.4
years on average.

Xerophthalmia and xerostomia in both pSS patients and
the control group occurred at a similar rate (79% versus
79% and 81% versus 77% accordingly). As the primary symp-
tom, pSS patients reported xeropthalmia (54%), while
healthy individuals reported xerostomia (49%). The results
were similar to those reported by other authors, who summa-
rized the frequency of each symptom in pSS [3, 11]. Due to
the fact that dryness can be caused by many factors and dis-
orders, diagnosis of pSS is not possible solely based on the
presence and severity of dryness. On the one hand, patients
are observed for other diseases and they tend to ignore dry-
ness symptoms. On the other hand, elderly patients reporting
peripheral arthralgia and dryness are difficult to diagnose. In
that group, more patients report dryness, which is often
caused by physiology and hormonal disturbances [12].

Considering severity of xerophthalmia, xerostomia, and
vaginal dryness as well as subjective feeling of excessive
fatigue, there was a significant difference in intensity and rate
of fatigue between pSS patients and healthy individuals.
Patients with pSS complained about more pronounced
fatigue impairing their daily activity compared to the control
group. However, no difference in severity of dryness was
observed between patients and healthy individuals, except
for vaginal dryness in females, which was more frequent in
pSS patients. Nevertheless, its severity (VAS scale) was com-
parable to healthy individuals. Therefore, based solely on
dryness, it is impossible to distinguish between symptoms
of pSS and other causes in an outpatient setting.

In etiopathogenesis of fatigue in pSS, psychological
factors, autoimmune response, hormonal dysfunction,
cytokines, and viral infections can all play an important
role [13]. Ramos-Casals et al. showed that excessive
fatigue relating to pSS occurs in 70–80% of patients and
often interferes with work [14]. In the studied group,
the rate of fatigue was even higher reaching over 90%,
which indicates necessity to use fatigue-assessing clinical
scales (e.g., FACID and VAS) in everyday rheumatologic
assessment of pSS patients. No relationship between
severity of fatigue reported by patients and laboratory test
results or lymphocytic infiltration in labial glands was
found. Other less specific general symptoms in pSS and
related to fatigue included sleep disturbances, anxiety,
and depression; the frequency of such symptoms in pSS
accounts to 15%, 20%, and 40%, respectively [14].
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Figure 2: Lymphadenopathy rate in patients with
hypergammaglobulinemia and its correlation with anti-SSA
antibodies.

Table 4: Distribution of time to final diagnosis of pSS depending on
symptoms.

Clinical presentation
Time required for final

diagnosis of pSS
Standard

deviation (SD)

Abnormal chest
HRCT

7 6

Major salivary gland
involvement

10 9

Lymphadenopathy 9 6

Skin lesions 11 10

Peripheral arthritis 9 9
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Moreover, in about 50% of pSS patients, musculoskeletal
pain can be observed [14, 15]. In our study, musculoskeletal
pain was split into muscle and peripheral joint pain. It turned
out that muscle pain is far less common compared to joint
pain in both pSS patients and the control group. None of
the symptoms was pathognomonic for the studied group.
Thus, it is incorrect to state that every person with dryness
and musculoskeletal symptoms must suffer from pSS. It is
worth noting that a substantial percentage of individuals
reported arthralgia despite exclusion of connective tissue dis-
ease and rheumatoid arthritis after full diagnostic work-up. It
makes diagnosis of pSS more difficult, being one of the com-
mon but noncharacteristic symptoms.

Similar conclusions were drawn by Hackett et al. in
their study. They showed the influence of pSS on daily
activity in patients compared to healthy individuals with
the same age and sex. It turned out that pSS patients com-
plained about pain more frequently compared to healthy
individuals (p < 0 0001) in a statistically significant manner;
they also more often reported depression (p < 0 0001). Also,
lower Health Assessment Questionnaire (HAQ scores) were
noted (p = 0 002) [16].

In our study, musculoskeletal symptoms were observed
at a considerable frequency in pSS patients, among whom
47% complained about peripheral arthralgia at the beginning
of the disease and 70% during the entire observation period.
In the control group, pain was commonly observed as well.
The participants differed as to the rate of peripheral joint
inflammation, which was observed in 30% of pSS patients
(including 15% at the onset of the disease). Among healthy
individuals, widened joint contours were observed only in
5% of participants and were associated with osteoarthritis.
Pain sensation in pSS patients affected mostly minor joints
of the hand and knees. Inflammation involved mostly
minor joints of the hand and ankles. No correlation
between peripheral joint involvement and hypergamma-
globulinemia, intensity of inflammation assessed by focus
score, and, interestingly, RF titer was found. It should be
noted that RF itself is a relatively common occurrence
found in 40–70% of pSS patients [17]. In our study, RF
was present in 70% of pSS patients. RF was statistically
less frequent in healthy individuals. Therefore, in differen-
tial diagnosis of musculoskeletal pain and suspicion of
pSS, RF testing should be carried out routinely.

Moreover, based on a history taking and physical exami-
nation, features distinguishing individuals with dryness and
pSS patients include skin lesions typical for pSS, photosensi-
tivity to UV light, large salivary gland involvement, and
peripheral lymphadenopathy (excluding infections and
hematological disorders). Special attention should be given
to those symptoms in diagnosis of pSS, despite the fact that
not all of them (UV-light photosensitivity) are included in
the disease activity scales (ESSDAI). Peripheral lymphade-
nopathy alone is statistically more frequent in younger indi-
viduals, and it correlates with anti-SSA antibodies and
hypergammaglobulinemia.

Among invasive diagnostic studies, specific ENA anti-
bodies and infiltration assessment on FS according to Fisher’s
protocol [6] remain characteristic and irreplaceable, and so

they have been included in all classification criteria for pSS
so far [3, 4, 18]. In the studied group, anti-SSA antibodies
proved to be characteristic for pSS, and it was more com-
monly found than SSB antigen. It has been confirmed by
results published by Baer et al. [19] and explains why anti-
SSB antibodies have not been included in new current classi-
fication criteria for pSS [18]. However, the combination of
anti-SSA, anti-SSB, and anti-Ro52 antibodies in the same
patient increases probability of pSS diagnosis as shown in
our study. Interestingly, the diagnosis rate of pSS was lower
in patients, and in some cases, anti-Ro52 were not found.
None of the participants was found with both anti-SSA and
anti-SSB antibodies without coexisting other specific anti-
bodies. It might be related to a low number of the studied
group; nevertheless, it requires further analysis on a larger
cohort. It should be remembered that specific antibodies
may be predicting factors of developing pSS later [20].

Being unable to distinguish pSS patients from individuals
reporting dryness solely based on xerostomia with coexisting
risk factors of pSS (skin lesions, swollen salivary glands,
peripheral lymphadenopathy, photosensitivity to UV light,
and fatigue), it is necessary to perform LSB with pathology
assessment according to pSS protocol [6]. As shown in our
study, which confirmed the results of other studies from
recent years [21], it is the key examination in this group of
patients. Despite its invasiveness, the procedure itself is sim-
ple and lasts about 20 minutes including patient preparation;
it does not require suturing and is associated with low risk of
complications. Positive result narrows down the differential
diagnosis and is rarely found in healthy individuals [22].
Therefore, pathology assessment of minor salivary glands
has been included in classification criteria for pSS for years
and plays a crucial role [3, 4].

As shown in our study, diagnosis of pSS is prolonged by
a few years, 7.5 on average. The least time required for final
diagnosis of pSS was observed in the case of pulmonary
involvement, and it was the longest for skin lesions. Simi-
larly, individuals with dryness symptoms were observed for
5 years on average before pSS was excluded as the cause of
the symptoms. It may be due to the fact that clinical symp-
toms of pSS develop with time. The course of the disease is
long-standing and insidious, noncharacteristic for this dis-
ease only, and dryness itself is quite common in general pop-
ulation. Symptoms of pSS usually develop gradually, which
results in kind of becoming accustomed to, for example, dry-
ness; physicians diagnose other diseases even in the
advanced form of pSS. Thus, pSS patients are referred to
many specialists before visiting rheumatologist after months,
who can either exclude or confirm pSS only after invasive
studies (ANA/ENA antibodies, biopsy, and LSB), which
remain the gold standard.

Conflicts of Interest

This research was performed as part of the employment of
the authors, Wroclaw Medical University, Department of
Rheumatology and Internal Medicine, Borowska 213, 50-
556 Wroclaw, Poland.

6 Journal of Immunology Research



References

[1] F. Ferro, R. Vagelli, C. Bruni et al., “One year in review 2016:
Sjögren’s syndrome,” Clinical and Experimental Rheumatol-
ogy, vol. 34, no. 2, pp. 161–171, 2016.

[2] C. Baldini, P. Pepe, L. Quartuccio et al., “Primary Sjögren’s
syndrome as a multi-organ disease: impact of the serological
profile on the clinical presentation of the disease in a large
cohort of Italian patients,” Rheumatology, vol. 53, no. 5,
pp. 839–844, 2014.

[3] C. Vitali, S. Bombardieri, R. Jonsson et al., “Classification
criteria for Sjögren’s syndrome: a revised version of the
European criteria proposed by the American-European
Consensus Group,” Annals of the Rheumatic Diseases,
vol. 61, no. 6, pp. 554–558, 2002.

[4] C. H. Shiboski, S. C. Shiboski, R. Seror et al., “2016 American
College of Rheumatology/European League Against Rheuma-
tism classification criteria for primary Sjögren’s syndrome. A
consensus and data-driven methodology involving three inter-
national patient cohorts,” Annals of the Rheumatic Diseases,
vol. 76, no. 1, pp. 9–16, 2017.

[5] R. Seror, E. Theander, J. G. Brun et al., “Validation of EULAR
primary Sjögren’s syndrome disease activity (ESSDAI) and
patient indexes (ESSPRI),” Annals of the Rheumatic Diseases,
vol. 74, no. 5, pp. 859–866, 2015.

[6] M. E. Cline, J. Herman, E. R. Shaw, and R. D. Morton,
“Standardization of the visual analogue scale,” Nursing
Research, vol. 41, no. 6, pp. 378–380, 1992.

[7] B. A. Fisher, R. Jonsson, T. Daniels et al., “Standardisation of
labial salivary gland histopathology in clinical trials in primary
Sjögren’s syndrome,” Annals of the Rheumatic Diseases,
vol. 76, no. 7, pp. 1161–1168, 2017.

[8] R. Seror, S. J. Bowman, P. Brito-Zeron et al., “EULAR Sjögren’s
syndrome disease activity index (ESSDAI): a user guide,” RMD
Open, vol. 1, no. 1, article e000022, 2015.

[9] A. Sebastian, M. Misterska-Skóra, J. Silicki, M. Sebastian, and
P. Wiland, “Chest HRCT findings in patients with primary
Sjögren’s syndrome,” Advances in Clinical and Experimental
Medicine, vol. 26, no. 7, pp. 1101–1106, 2017.

[10] S. Khattri and P. Barland, “Primary Sjogren’s syndrome and
autoimmune cytopenias: a relation often overlooked,” Bulletin
of the NYU Hospital for Joint Diseases, vol. 70, no. 2, pp. 130–
132, 2012.

[11] H.-J. Haga, C. Gram Gjesdal, L. M. Irgens, and M. Östensen,
“Reproduction and gynaecological manifestations in women
with primary Sjögren’s syndrome: a case-control study,” Scan-
dinavian Journal of Rheumatology, vol. 34, no. 1, pp. 45–48,
2005.

[12] J. F. Williamson, K. Huynh, M. A. Weaver, and R. M. Davis,
“Perceptions of dry eye disease management in current clinical
practice,” Eye & Contact Lens, vol. 40, no. 2, pp. 111–115, 2014.

[13] Y. Z. Gong, J. Nititham, K. Taylor et al., “Differentiation of fol-
licular helper T cells by salivary gland epithelial cells in pri-
mary Sjögren’s syndrome,” Journal of Autoimmunity, vol. 51,
pp. 57–66, 2014.

[14] M. Ramos-Casals, P. Brito-Zeron, A. Siso-Almirall, and
X. Bosch, “Primary Sjögren syndrome,” BMJ, vol. 344, article
e3821, 2012.

[15] C. Vitali and N. Del Papa, “Pain in primary Sjögren’s syn-
drome,” Best Practice & Research Clinical Rheumatology,
vol. 29, no. 1, pp. 63–70, 2015.

[16] K. L. Hackett, J. L. Newton, J. Frith et al., “Impaired functional
status in primary Sjögren’s syndrome,” Arthritis Care &
Research, vol. 64, no. 11, pp. 1760–1764, 2012.

[17] V. K. Bournia and P. G. Vlachoyiannopoulos, “Subgroups of
Sjögren syndrome patients according to serological profiles,”
Journal of Autoimmunity, vol. 39, no. 1-2, pp. 15–26, 2012.

[18] S. C. Shiboski, C. H. Shiboski, L. A. Criswell et al., “American
College of Rheumatology classification criteria for Sjögren’s
syndrome: a data-driven, expert consensus approach in the
Sjögren’s International Collaborative Clinical Alliance
cohort,” Arthritis Care & Research, vol. 64, no. 4, pp. 475–
487, 2012.

[19] A. N. Baer, M. McAdams DeMarco, S. C. Shiboski et al., “The
SSB-positive/SSA-negative antibody profile is not associated
with key phenotypic features of Sjögren’s syndrome,” Annals
of the Rheumatic Diseases, vol. 74, no. 8, pp. 1557–1561, 2015.

[20] R. Jonsson, E. Theander, B. Sjöström, K. Brokstad, and
G. Henriksson, “Autoantibodies present before symptom
onset in primary Sjögren syndrome,” JAMA, vol. 310, no. 17,
pp. 1854-1855, 2013.

[21] K. M. Leehan, N. P. Pezant, A. Rasmussen et al., “Minor
salivary gland fibrosis in Sjögren’s syndrome is elevated,
associated with focus score and not solely a consequence
of aging,” Clinical and Experimental Rheumatology, 2017.

[22] R. Manthorpe, C. Benoni, L. Jacobsson et al., “Lower frequency
of focal lip sialadenitis (focus score) in smoking patients. Can
tobacco diminish the salivary gland involvement as judged
by histological examination and anti-SSA/Ro and anti-SSB/
La antibodies in Sjögren’s syndrome?,” Annals of the Rheu-
matic Diseases, vol. 59, no. 1, pp. 54–60, 2000.

7Journal of Immunology Research



Research Article
The Role of Monocyte/Macrophage and CXCR3 in
Differentiation between Recurrent Hepatitis C and Acute Cellular
Rejection Postliver Transplantation

Asmaa Ibrahim Gomaa,1 Nermine Ahmed Ehsan ,2 Ahmed A. Elrefaei,2

Mervat Mohamed Sultan,2 and Maha Mohamed Elsabaawy1

1Department of Hepatology and Gastroenterology, National Liver Institute, Menoufia University, Shebin El Koum, Egypt
2Department of Pathology, National Liver Institute, Menoufia University, Shebin El Koum, Egypt

Correspondence should be addressed to Nermine Ahmed Ehsan; nermine_ehsan@yahoo.com

Received 6 January 2018; Revised 8 March 2018; Accepted 1 April 2018; Published 30 April 2018

Academic Editor: Marcella Reale

Copyright © 2018 Asmaa Ibrahim Gomaa et al. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work
is properly cited.

Objective. Liver transplantation (LT) is the recommended treatment for patients with advanced liver disease and cirrhosis in all
guidelines, mostly as a complication of HCV. The distinction between reinfection of the graft with HCV and acute cellular
rejection (ACR) is essential because they are managed differently. Hepatic macrophages, which can either arise from circulating
blood-derived monocytes (BDM) or from resident tissue Kupffer cells, are central in the pathogenesis of chronic liver injury.
The aim of this work was to evaluate whether the origin of macrophages and the immune mediator CXCR3 could help in
differentiating between acute recurrent HCV and ACR after liver transplantation. Methods. Twenty-nine cases of recurrent
hepatitis C and 26 cases of ACR were included in this study. The expression of CD 68 (macrophage marker), CD11b (BDM
marker), and CxCR3 in the postliver transplant biopsy using immunohistochemistry was determined. Results. CD11b expression
highlighting macrophages of BDM origin was in favor of recurrent hepatitis C (P < 0 001) than in ACR (P = 0 44), while
CXCR3 expression by hepatocytes was in favor of ACR (P = 0 001). Conclusion. Macrophage infiltrating liver tissue post LT can
distinguish between ACR by upregulation of CXCR3 and recurrent hepatitis C by predominant CD11b.

1. Introduction

Chronic hepatitis C virus infection (HCV) is a major cause of
end-stage liver disease that has been increasingly the impor-
tant indication for liver transplantation (LT) globally. HCV
reinfection of the graft occurs almost universally, leading to
graft injury in the majority of patients and cirrhosis in 8–
44% in 5–7 years after reinfection [1]. The viral load may
be influenced by corticosteroid intake [2], and the histologic
features of recurrent hepatitis C may be modified by immu-
nosuppressive therapy, which harden its differentiation from
acute cellular rejection (ACR) [3]. Allograft failure is the
most common cause of death and retransplantation among
those recipients [4–7].

ACR is encountered in 18%–30% of transplanted patients
leading to allograft failure [8, 9]. The differential diagnosis
between recurrent HCV and ACR is often difficult due to
the same clinical picture, and laboratory abnormalities
detected in both diseases, and even similar histological fea-
tures [10]. Moreover, low interobserver and intraobserver
agreement rates were found among experienced liver trans-
plant pathologists for the histopathologic differentiation of
recurrent hepatitis C from ACR [3].

IFN-free direct-acting antiviral agents (DAAs) have
improved tolerability and can potentially be used in post-
transplant setting, which should result in better outcomes
[11]. However, incorrect diagnosis may be detrimental, as
failure to increase immunosuppression in patients with
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ACR may lead to acceleration of rejection, and inappropriate
treatment of suspected acute rejection with high-dose pulse
steroid therapy in misdiagnosed recurrent HCV can lead to
aggravation of the disease, graft loss, and poor survival;
hence, accurate diagnosis remains a critical issue [8, 12].

Macrophages hold a fundamental role in regulating
inflammatory processes [13]. In particular, hepatic macro-
phages have the main role in the pathogenesis of acute and
chronic liver injury through a wide range of different func-
tions in the liver. The liver has about 80% of all body macro-
phages as local resident self-renewing macrophages, termed
Kupffer cells. Blood monocytes can infiltrate into the liver;
however, under steady-state conditions, blood monocyte-
derived macrophages (BDM) do not contribute to the pool
of local resident macrophages in the liver [14]. Previous work
demonstrated that a reduction in number and function of
circulating monocytes are strongly correlated with activation
of systemic anti-inflammatory responses [15]. Macrophages
in the liver can be distinguished based on their origin and
certain marker expression. CD68 (cluster of differentiation
68) is a glycoprotein which binds low-density lipoprotein
and is expressed on monocytes/macrophages [16]. Yang
et al. [17] demonstrated that early activation of macrophages
as a result of graft injury might play an important role in the
accelerated ACR.

However, patients with HCV infection may have a signif-
icant increase in CD68+ expression in their portal tracts
compared with normal tissue [18].

CXCL10 is well known in hepatitis C as a hepatocyte-
derived chemotactic ligand and initiator of inflammatory
cascades via its cognate receptor C-X-C motif receptor 3
(CXCR3). It is widely expressed on multiple cells of the
innate immune system, including hepatic Kupffer cells,
dendritic cells, natural killer (NK) cell, and neutrophils.
Hence, these entire different innate immune cells are poten-
tial targets for CXCL10-mediated chemotaxis. [19]. Treat-
ment with a CXCL11-neutralizing antibody reduced the
number of CXCR3+ cells in the skin allograft and prolonged
graft survival [20].

Till now, no precise marker for diagnosing ACR or
recurrent HCV is currently available. This study aimed to
determine the role of CD68, CD 11b, and CXCR3, as markers
of resident Kupffer cells and BDM, in the differentiation
between HCV reinfection and ACR in the postliver trans-
plant setting using immunohistochemistry.

2. Methods

2.1. Specimens’ Selection. This retrospective study was
conducted on liver biopsies from 55 patients who had living
donor liver transplantation (LDLT) for chronic HCV
complications, whether cirrhosis and/or HCC, and who had
developed elevated liver enzymes 6 months following
transplantation. Twenty-nine patients developed recurrent
HCV, and 26 patients were diagnosed as ACR based on
histopathological examination. Laboratory investigation
and histological criteria established the diagnosis which
was confirmed by good response to treatment. Serological
and clinical data were collected from the patients’ files.

The study was approved by the National Liver Institute
Institutional Review Board.

Paraffin-embedded blocks of those liver biopsies were
retrieved from the archive of the Pathology Department,
National Liver Institute, Menoufia University, in the period
between 2015 and 2017. Baseline characteristics including
donor and recipient age and gender, pretransplantation
HCC status, liver function tests, HCV-RNA level, and MELD
score were determined.

2.2. Histopathological Evaluation. Serial liver sections in four
micrometer thickness were cut from each paraffin-embedded
block, for hematoxylin and eosin (H&E) staining and immu-
nostaining. H&E staining was used for evaluation of
histopathological changes including determination of the
following parameters:

(i) Extent of infiltrate and the degree of portal inflam-
mation identified by mononuclear infiltration of
portal tracts

(ii) Presence of interface hepatitis, spotty necrosis,
confluent necrosis, steatosis, and cholestasis

(iii) Presence or absence of fibrosis

(iv) Presence of bile duct injury, venous endothelial
injury, hepatic artery injury, or perivenular necrosis

(v) The nature and number of portal tract infiltrate:
plasma cells, eosinophils, neutrophils, macrophages,
and immunoblast cells

2.3. Immunohistochemistry. Immunohistochemistry was
carried out for all tissues mentioned in the study. After
deparaffinization and rehydration, hydrogen peroxide was
applied to block nonspecific background staining. Heat-
induced antigen retrieval was performed using citrate buffer
solution low pH (pH6) for CD11b and CX3CR1 antibodies
and high pH (pH9) for CD68. They are anti-human antibod-
ies that arose in animals and recognize CD68 antigens on
human macrophages [21]. Antigen retrieval solution was
performed in a vegetable steamer for 20 minutes at 97°C
followed by incubation for an additional 20 minutes in the
warm buffer. All antibodies were incubated overnight at
4°C. Sections were incubated with a monoclonal mouse
CD68 (clone KP1,0, DAKO A/S, Glostrup, Denmark,
dilution 1 : 50), a rabbit polyclonal primary anti CD11 b
(Novus Biologicals, Littleton, CO, USA, dilution 1 : 50), or a
1 : 200 dilution of a rabbit polyclonal primary anti-CX3CR1
antibody (Novus Biologicals, Littleton, CO, USA). Detection
of the immunostaining was carried out utilizing the EnVi-
sionTM FLEX/HRP detection system (DAKO A/S, Glostrup,
Denmark) with the 3-diaminobenzidine (DAKO) as chro-
mogen. After counterstaining with Mayer’s hematoxylin,
the slides were independently assessed by two pathologists
for detection of each antibody.

Human lymph node (stains sinusoids) was positive tissue
control for CD68; benign prostatic hyperplasia was positive
tissue control for CD11 and human heart tissue for CX3CR1.
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Negative tissue controls were included in the protocol of
staining by omitting the primary antibodies.

2.4. Interpretation of CD68, CD11b, and CXCR3. The immu-
noreactivity for CD68 was identified as membranous brown-
ish discoloration of macrophages. The positive cells were
quantified in three portal tracts and adjacent hepatic
parenchyma per case (liver core). The positive cases were
further divided according to the median number of CD68
positive cells into high expression (>40%) and low expression
(<40%). The immunoreactivity for CD11b was assigned
when cytoplasmic brownish discoloration was seen in mono-
nuclear inflammatory cells. The positive cells were quantified
in three portal tracts, interface, and adjacent hepatic
parenchyma. The percentage of positivity was evaluated
and expressed as range, mean, and median. The cases were
divided into low expression when up to 30% of hepatocytes
were positive and high expression when >30% of hepatocytes
showed immunoreactivity. The immunoreactivity for
CXCR3 was identified as cytoplasmic brownish discoloration
of mononuclear inflammatory cells. The positive cells were
quantified in three portal tracts and adjacent parenchyma
per case (liver core). The positive cases were further divided
according to the median number of CXCR3 positive cells into
high expression (>20%) and low expression (<20%).

2.5. Statistical Analysis. Qualitative data was expressed in
number and percentages, and quantitative data was
expressed as mean and standard deviation. Fisher exact and
chi-square tests were used to study the association between
two qualitative variables. t-test was used for comparison
between two quantitative variables. A P value of <0.05 was
considered statistically significant.

3. Results

The baseline clinical, laboratory data of the studied patients
are presented in Table 1. No significant difference was
observed between the two groups regarding recipient age,
gender, MELD score, and presence of HCC before transplan-
tation (P = 0 11, 0.87, 0.57, and 0.54, resp.).

Histopathological features of recurrent chronic hepatitis
C (CHC) and ACR are demonstrated in Table 2.

3.1. CD68 Expression. CD68 was detected in the inflamma-
tory infiltrate in all cases of recurrent hepatitis C and ACR
and was localized in portal tracts and adjacent parenchyma.
The number of macrophages identified by CD68 immuno-
staining ranged from 10 to 60 in both groups. In recurrent
hepatitis C, the mean± SD was 32.3± 17.5 and a median of
30.0, while in cases of ACR, the mean± SD was 37.7± 12.4
and a median of 40.0 without detectable significant difference
between the two groups (P = 0 21) as shown in Table 3.
Twelve cases (46.2%) of recurrent hepatitis C showed high
expression of CD68 in comparison to 17 patients (65.4%)
in ACR.

3.2. CD11b Expression. CD11b expression was detected
among the mononuclear inflammatory infiltrate in portal
areas, interface, or hepatic parenchyma. In recurrent hepatitis

C, the number ofmacrophages identified by CD11b immuno-
staining ranged from 10 to 60; the mean± SD was 26.5± 17.2
and the median was 30.0, while in ACR, ranging from 10 to
50, the mean± SD was 17.3 ± 12.5 and a median of 10.0, with
a significant difference detected between the two groups
(P = 0 03). High expression of CD11b (≥30%) was found
in 14 (53.8%) and 5 cases (19.2%) of recurrent HCV and
ACR, respectively (P = 0 01).

3.3. CXCR3 Expression. CXCR3 expression was shown
among the mononuclear inflammatory infiltrate in portal
tracts, interface, or hepatic parenchyma. A significant differ-
ence between the two groups was detected (P < 0 001). The
number of macrophages identified by CXCR3 immunostain-
ing in recurrent hepatitis C ranged from 0 to 30; the mean
± SD was 6.2 ± 8.5 and the median was 1.0. While in ACR,
it ranged from 0 to 40; the mean± SD was 20.4 ± 10.4 and
the median was 20.0. High expression of CXCR3 (≥20%)
was found in 2 (7.7%) versus 18 (69.2%) cases of recurrent
HCV and ACR, respectively (P < 0 001). Figure 1 demon-
strated immunohistochemical staining of CD68, CD11b,
and CXCR3 in recurrent hepatitis C (Figures 1(a), 1(c),
and 1(e)) and acute cellular rejection (Figures 1(b), 1(d),
and 1(f)).

Subgroup analysis was performed according to presence
or absence of HCC and revealed the same trend, although
CD11b expression was not statistically significant between
both groups (Tables 4 and 5).

Histological criteria established the diagnosis which was
confirmed by good response to treatment in 94% of cases.
Three cases were confusing and reassessment of the biopsy
or even rebiopsy was mandatory. They are misdiagnosed as
recurrent HCV posttransplantation, however, during fol-
low-up, one patient was discovered to have lymphoprolifera-
tive malignancy and improved upon receiving systemic
chemotherapy. The other two patients were found to have
hyperacute and chronic rejection that unfortunately did not
respond to increasing dose of immunosuppressive drugs

Table 1: Demographic and laboratory characteristics of patients
with recurrent chronic hepatitis C (CHC) and acute cellular
rejection (ACR).

Parameters
Recurrent CHC

(n = 29) %
ACR

(n = 26)%
Recipient age (years) 47.9± 5.7 42.2± 13.4
Gender of recipient
(M/F) n, %

24(82.7)/5(17.3) 26(100)/0(0)

Pretreatment HCC n, % 8 (27.6) 7 (26.9)

MELD score 15.8± 2.6 15.4± 2.0
Total bilirubin (mg/dL) 4.11± 5.0 5.1± 2.9
AST (IU/L) 127.1± 65.1 198.8± 164.1
ALT (IU/L) 165.9± 111.9 269.7± 257.6
GGT (IU/L) 721.7± 1041.4 1054.3± 1232.2
ALP (IU/L) 371.6± 211.3 400.9± 267
Serum albumin (gm/dL) 4.22± 0.33 3.97± 0.49
AST: aspartate aminotransferase; ALT: alanine aminotransferase; GGT:
gamma glutamyl transferase; ALP: alkaline phosphatase.

3Journal of Immunology Research



and died. Another two patients diagnosed with ACR also
died due to sepsis.

4. Discussion

Recurrent hepatitis C is characterized by the presence of lob-
ular inflammation, apoptotic bodies, spotty necrosis, and
lobular disarray, with portal lymphocyte predominance,
while, in acute cellular rejection mixed portal/periportal
inflammation composed of lymphocytes, plasma cells, and
eosinophils, lymphocytic cholangitis and endothelialitis were
observed. However, the histological diagnosis of HCV infec-
tion in the transplant setting may be altered, putting in mind
that detectable serum HCV ribonucleic acid (RNA) after LT,
even at a high level, does not necessarily indicate the presence
of histologic recurrent hepatitis C [3]. Immunosuppression
may alter the histological appearance of viral hepatitis post-
transplant especially during the first few months; hence, clas-
sic histopathologic features of hepatitis C may be absent or
modified. Moreover, ACR, ischemic injury, biliary obstruc-
tion, cytomegalovirus infection, or drug toxicity may super-
impose chronic hepatitis [3]. Therefore, it is a challenge for
the hepatopathologist to differentiate these overlapping
microscopic features in some cases.

The present study aimed to determine the usefulness of
macrophages’ origin in the differential diagnosis of acute
rejection and recurrent HCV after LT.

Macrophages have an important role in both recurrent
hepatitis C and ACR posttransplantation. About 80% of all
body macrophages reside in the liver and are furthermore
patrolled by blood monocytes [22]. The circulating blood
monocytes can principally infiltrate the liver and give rise
to monocyte-derived macrophages, but this is characteristic
to liver injury [23]. Liver macrophages have a wide range of
functional heterogeneity; they may be pathogenic or even
beneficial and they have been classified either into “proin-
flammatory” M1 or “immunoregulatory” M2 macrophages.
Macrophages play a key role in acute and chronic liver
inflammation and regression of liver disease. Upon injury
to the liver, macrophages often perform immediate multiple
functions including cytokine and chemokine secretion,
leukocyte adhesion, phagocytosis, angiogenesis control, and
extracellular matrix remodelling [24]. Although Kupffer cells
can protect the transplanted liver, rejection of allografts was
found also promoted by macrophages due to their antigen-
presenting and cytokine-releasing function [24]. In cases of
ACR, selective targeting and destruction of donor parenchy-
mal cells occur through complement activation and the
resultant membrane attack complex is responsible for lysis
of the donor cells. Another pathway for the destruction of
donor parenchymal cells in ACR is via antibody-dependent
cellular cytotoxicity, involving other immune cell mediators,
such as NK cells, macrophages (CD68-positive cells), and
neutrophils [25].

CD68 has been proposed as an indicator for Kupffer cells
[26] and is used to distinguish Kupffer cells from monocyte-
derived macrophages [23, 27]. However, no single marker is
currently able to definitely discriminate these populations.
CD68 is a specific marker for the various cells of the macro-
phage lineage, including monocytes, Kupffer cells, histio-
cytes, giant cells, and osteoclasts. In this study, CD68 was
expressed in all cases of recurrent hepatitis C and ACR, indi-
cating the presence of macrophage infiltration of portal tracts
in both groups. There was no significant difference in the
number of macrophages highlighted by CD68 between cases

Table 2: Histopathological characteristics of patients with recurrent chronic hepatitis C (CHC) and acute cellular rejection (ACR).

Parameters Recurrent CHC (n = 29) % ACR (n = 26) %
Extent of infiltrate n, %

I 7 (24.13) 10 (38.5)

II 17 (58.62) 14 (53.8)

III 5 (17.24) 2 (7.7)

Spotty necrosis (absent/present) n, % 0 (0)/29 (100) 1 (3.8)/25 (96.2)

Confluent necrosis (absent/present) n, % 5 (17.24)/24 (82.76) 23 (88.5)/3 (11.5)

Perivenular necrosis (absent/present) n, % 20 (68.96)/9 (31.04) 8 (30.8)/18 (69.2)

Fibrosis (absent/present) n, % 9 (31.04)/20 (68.96) 18 (69.2)/8 (30.8)

Cholestasis (absent/present) n, % 23 (79.3)/6 (20.7) 17 (65.4)/9 (34.6)

Steatosis (absent/present) n, % 4 (13.8)/25 (86.2) 22 (84.6)/4 (15.4)

Bile duct injury (absent/present) n, % 16 (55.2)/13 (44.8) 3 (11.5)/23 (88.5)

Vascular injury (absent/present) n, % 28 (96.5)/1 (3.5) 4 (15.4)/22 (84.6)

Table 3: Comparison between recurrent chronic hepatitis C (CHC)
and acute cellular rejection (ACR) regarding the studied markers
(CD68, CD11b, and CXCR3).

Marker Recurrent CHC ACR t-test P value

CD68 0.21

Mean± SD 32.3± 17.5 37.7± 12.4
−1.27

Median 30.0 40.0

CD11b 0.03

Mean± SD 26.5± 17.2 17.3± 12.5
2.21

Median 30.0 10.0

CXCR3 0.001

Mean± SD 6.2± 8.5 20.4± 10.4
−5.40

Median 10.0 20.0
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of recurrent hepatitis C or ACR (P = 0 21). In accordance
with this finding, CD68+ macrophages were found in the
infiltrate of hepatic lobules in acute liver allograft rejection
and the number of infiltrating cells correlated with the sever-
ity of the ACR in a previous report [28]. Also, the number of
CD14+CD68+ Kupffer cells is increased in patients with viral

hepatitis in another study [29]. In addition, CD68-positive
monocytes were the main inflammatory cell-infiltrating renal
graft in cases of ACR [30].

Monocyte-derived (freshly infiltrating) macrophages are
characterized as CD11b+ F4/80+ cells by FACS in mice,
whereas matured monocyte-derived and resident Kupffer

(a) (b)

(c) (d)

(e) (f)

Figure 1: Immunohistochemistry of liver tissue postliver transplantation in recurrent hepatitis C (a, c, and e) and acute cellular rejection (b, d,
and f) showing immunoreaction for CD68 (a and b), CD11b (c and d), and CXCR3 (e and f). Original magnification ×200.

Table 4: Comparison between recurrent chronic hepatitis C (CHC)
and acute cellular rejection (ACR) regarding the studied markers
(CD68, CD11b, and CXCR3) in absence of HCC.

Marker
(mean± SD) Recurrent CHC ACR t-test P value

CD68 33.5± 17.3 36.7± 11.7 −0.59 0.56

CD11b 26.5± 15.8 18.6± 15.5 1.40 0.17

CXCR3 7.6± 9.7 18.0± 10.8 −2.85 0.008

Table 5: Comparison between recurrent chronic hepatitis C (CHC)
and acute cellular rejection (ACR) regarding the studied markers
(CD68, CD11b, and CXCR3) in presence of HCC.

Marker
(mean± SD) Recurrent CHC ACR t-test P value

CD68 30.0± 18.7 38.6± 15.7 −0.97 0.35

CD11b 26.6± 20.6 14.3± 5.3 1.53 0.15

CXCR3 3.3± 5.0 24.3± 11.3 −4.99 <0.001
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cells are CD11blo F4/80hi [31]. The number of CD11b(+), F4/
80(+), CD11c(−), and CD206(+) (M2) macrophages in the
liver of HCV transgenic mice was notably increased com-
pared to control mice. These M2 macrophages in the liver
produced elevated levels of IL-6 and TNF-α. These results
suggested that inflammatory cytokines produced by M2-
like macrophages contribute to the induction of chronic liver
inflammation in HCV transgenic mice [32]. In agreement
with these results, the present study demonstrated that the
CD11b expression was in favor of recurrent hepatitis C com-
pared with ACR (P = 0 03).

A massive necrosis of hepatocytes can provoke a strong
inflammatory immune response within the liver [33] leading
to secretion of diverse proinflammatory chemokines and
cytokines, including interferon (IFN)-γ by liver-resident
and -infiltrating immune cells [34] which perpetuate liver cell
damage. IFN-γ strongly activates the transcription of the
chemokines CXCL9, CXCL10, and CXCL11 [35, 36].
CXCR3, one of the peripheral blood monocyte surface
markers, is the receptor for CXCL9, CXCL10, and CXCL11
chemokines which is expressed on various cell subpopula-
tions within the liver, including liver endothelial cells, stellate
cells, T cells, NK cells, and NKT cells [37, 38]. The interaction
between these three chemokines and their receptor mediates
the recruitment of T, NK, and NKT cells into the liver and
their attachment to endothelial cells [39–41].

Our results clearly show great differences in CXCR3
expression between both groups. CXCR3 expression was sig-
nificantly higher in ACR than recurrent HCV.

In conclusion, CD68 was expressed in both recurrent
HCV infection and ACR. A significantly stronger CD11b
deposits in liver biopsies of patients’ suffering from recurrent
HCV was detected. On the other hand, CXCR3 was a marker
and plays a considerable role in acute rejection following liver
transplantation suggesting the involvement of humoral
mechanisms in ACR. Using immunohistochemistry beside
clinical, laboratory, and histopathological criteria in discrim-
ination between recurrent HCV and ACR may improve the
diagnostic ability, morbidity, and mortality of these patients.
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Behçet disease (BD) is a chronic inflammatory multisystem disease characterized by oral and genital ulcers, uveitis, and skin lesions.
Disease etiopathogenesis is still unclear. We aim to elucidate some aspects of BD pathogenesis and to identify specific gene
signatures in peripheral blood cells (PBCs) of patients with active disease using novel gene expression and network analysis. 179
genes were modulated in 10 PBCs of BD patients when compared to 10 healthy donors. Among differentially expressed genes
the top enriched gene function was immune response, characterized by upregulation of Th17-related genes and type I
interferon- (IFN-) inducible genes. Th17 polarization was confirmed by FACS analysis. The transcriptome identified gene
classes (vascular damage, blood coagulation, and inflammation) involved in the pathogenesis of the typical features of BD.
Following network analysis, the resulting interactome showed 5 highly connected regions (clusters) enriched in T and B cell
activation pathways and 2 clusters enriched in type I IFN, JAK/STAT, and TLR signaling pathways, all implicated in
autoimmune diseases. We report here the first combined analysis of the transcriptome and interactome in PBCs of BD patients
in the active stage of disease. This approach generates useful insights in disease pathogenesis and suggests an autoimmune
component in the origin of BD.

1. Introduction

Behçet disease (BD) is a chronic multisystem disease mainly
characterized by mucous-cutaneous lesions such as oral and
genital ulcers, erythema nodosum-like lesions, and papulo-
pustular lesions, and by uveitis. Moreover, manifestations
of vascular, articular, neurologic, urogenital, gastrointestinal,
pulmonary, and cardiac involvement may occur.

BD was first described by Hulusi Behçet in 1937 as a tri-
symptom complex represented by recurrent aphthous sto-
matitis, genital ulcers, and uveitis. The diagnosis of the
disease is still based on clinical criteria since universally
accepted pathognomonic laboratory tests are lacking. An

international study group on Behcet’s disease has recently
revised the criteria for classification/diagnosis of BD [1].

There are sporadic cases of BD all around the world, but
it is most frequently seen along the ancient Silk Route, with a
prevalence of 14–20/100,000 inhabitants. According to epi-
demiological studies, the disease is most prevalent in coun-
tries located between 30 and 45° north latitude through the
Mediterranean Basin, the Middle East and Far East regions
such as China and Japan [2].

The interaction between a complex genetic background
and both innate and adaptive immune systems leads to the
clinical features of the disease. The presence of familiar cases
in 10% of the patients, the particular geographic distribution
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and the high frequency of HLA-B51, a split antigen of HLA-
B5, among a wide range of ethnic populations favours the
role of genetic factors in the pathogenesis of the disease, but
it remains poorly understood [3]. Non-HLA genes also
contribute to the development of BD [3]. Genome-wide asso-
ciation studies have shown that polymorphisms in genes
encoding for cytokines, activator factors, and chemokines
are associated with increased BD susceptibility. Among cyto-
kines, IL-10 polymorphisms cause a reduction of the serum
level of IL-10, an inhibitory cytokine that regulates innate
and adaptive immune responses; on the other hand, IL-23
receptor polymorphism, which reduces its ability to respond
to IL-23 stimulation, is associated with protection from BD
[3–5]. Recent data also reported associations with CCR1,
STAT4, and KLRC4 encoding a chemokine receptor, a tran-
scription factor implicated in IL-12 and IL-23 signaling and a
natural killer receptor, respectively [6, 7]. Moreover, suscep-
tibility genes implicating the innate immune response to
microbial exposure have recently been identified by Immu-
nochip analysis [8].

Increased Th1, CD4+, and CD8+ T cell, γδ+ T cell, and
neutrophil activities were found both in the serum and in
inflamed tissues of BD patients, which suggests that innate
and adaptive immunities are involved together in the patho-
genesis of BD [2, 9]. Similar to other autoimmune disorders,
BD shows Th1-type cytokine profiles. IL-2- and interferon-
(INF-) γ-producing T cells were increased in patients with
active BD, while IL-4-producing T cells were lower than in
controls [10]. Recent findings have shown that Th17 may
play an important role in the pathogenesis of the disease [2,
11]. This hypothesis is supported by the observation of high
IL-21 and IL-17 levels in sera of patients affected by BD with
neurologic involvement [12, 13]. Another study showed that
Th17/Th1 ratio in peripheral blood of patients with BD was
higher than those of healthy controls, whereas the Th1/Th2
and Th17/Th2 ratios were similar among the two groups.
Patients with uveitis or folliculitis had higher Th17/Th1 ratio
compared with patients without these manifestations [14,
15]. Further investigation is required in order to better
understand the role of the immune system in BD and
whether the polarization towards a Th1/Th17 pathway may
play a critical role in BD pathogenesis.

In this study, we used a gene array strategy to identify
transcriptional profiles of PBCs obtained from patients with
active BD. Using this approach, we think we have been able
to shed a new light on some aspects of the disease pathogen-
esis by dissecting different aspects of this complex pathology
in order to better clarify the role of the immune system in BD.

2. Patients and Methods

2.1. Patients. We studied a cohort of 51 patients (16 males
and 35 females, mean age: 37± 11 years) affected by BD,
attending the Unit of Autoimmune Diseases at the University
Hospital in Verona, Italy.

All patients fulfilled the International Criteria for Behçet
Disease (ICBD): oral aphthosis, genital ulcers, and ocular
lesions were each given 2 points, whereas 1 point was
assigned to each of skin lesions, vascular manifestations,

and neurological manifestations. A patient scoring 4 points
or above was classified as having BD [16, 17].

At enrollment, none of the patients had active infections
or was affected by malignancies.

A group of 10 subjects with BD was selected within the
entire cohort of BD patients and utilized for the gene array
study. The clinical features of the patients are reported in
Table 1 that also includes a description of the BD patients
selected for the gene array study.

A written informed consent was obtained from all the
participants of the study. The study was approved by local
Ethical Committee of the Azienda Ospedaliera Universitaria
of Verona, Verona, Italy. All investigations have been
conducted according to the principles expressed in the
Helsinki declaration.

2.2. Gene Array. Blood sample collection was prepared using
PAXgene Blood RNA tubes (PreAnalytiX, Hombrechtikon,
Switzerland), and total RNA was extracted by following the
manufacturer’s instructions. cRNA preparation, sample
hybridization, and scanning were performed as recom-
mended by the Affymetrix (Affymetrix, Santa Clara, CA,
USA) supplied protocols and by the Cogentech Affymetrix
microarray unit (Campus IFOM IEO, Milan, Italy) using
Human Genome U133A 2.0 (HG-U133A 2.0) GeneChip
(Affymetrix). For gene expression profile analysis, we
followed the methods of Dolcino et al. [18]. Trancripts with
an expression level at least 2.0 fold different in the test sample
versus control sample (p ≤ 0 01) were functionally classified
according to the Gene Ontology (GO) annotations and sub-
mitted to the pathway analysis using the PANTHER expres-
sion analysis tools (http://pantherdb.org/) [19]. The
enrichment of all pathways associated with the differentially
expressed genes compared to the distribution of genes repre-
sented on the Affymetrix HG-U133A microarray was ana-
lyzed, and p values≤ 0.05, calculated by the binomial
statistical test, were considered as significant enrichment.

2.3. Protein-Protein Interaction (PPI) Network Construction
and Network Clustering. The search tool for the retrieval of
interacting genes (STRING version 1.0; http://string-db.org/)
is an online database which includes experimental as well as
predicted interaction information and comprises >1100
completely sequenced organisms [20]. DEGs were directly
mapped to the STRING database for acquiring significant
protein-protein interaction (PPI) pairs from a range of
sources, including data from experimental studies and data
retrieved by text mining and homology searches [21]. PPI
pairs with the combined score of ≥0.7 were retained for the
construction of the PPI network.

The graph-based Markov clustering algorithm (MCL)
allows the visualization of high-flow regions (clusters/mod-
ules) separated by boundaries with no flow, containing gene
products that are expected to be involved in the same (or
similar) biological processes [22].

In order to detect highly connected subgraphs (areas),
the MCL algorithm was applied to the protein interactome
graph.
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Cytoscape software [22] was used to visualize all the
constructed networks.

2.4. PBMCs Isolation. PBMCs were obtained from 30 healthy
donors and 30 patients affected by BD through a density-
gradient centrifugation on Lymphoprep (Nycomed Pharma,
Oslo, NO) at 800×g. Cells were washed twice with PBS
and counted using acridine orange (Thermo Fisher Scien-
tific, Waltham, MA, USA), considering only viable cells for
FACS analyses.

2.5. FACS Analysis. Cell samples were treated by following
the methods of Dolcino et al. [18]. Cells were stimulated over
night with Dynabeads Human T-Activator CD3/CD28
(Life Technologies, Carlsbad, CA, USA). The detection of
IL-17 production was analyzed using the IL-17 Secretion
Assay (Miltenyi Biotec, Bergisch Gladbach), following the
manufacturer’s instruction as described in the methods of
Dolcino et al. [18].

2.6. Real-Time RT-PCR. Total RNA was isolated from PBC
using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA), fol-
lowing the manufacturer’s instructions. PCR was performed
by following the methods of Dolcino et al. [18]. Predesigned,

gene-specific primers and probe sets for each gene (CCL2,
CXCL2, ICAM1, and IL-8) were obtained from Assay-on-
Demand Gene Expression Products (Applied Biosystems).

2.7. Detection of Soluble Mediators in Sera of BD Patients and
Healthy Controls. Serum levels of TNF alpha, IL-8, CXCL1,
CCL2, CCL3, and CCL20 were detected using commercially
available ELISAkits (Quantikine, R&DSystems,Minneapolis,
MN,USA), according to themanufacturer’s instructions in 51
BD patients when compared to the 30 normal healthy donors.

2.8. Statistical Analysis. Statistical testing was performed
using SPSS Statistics 2 software (IBM, United States). Data
obtained from the analysis of the soluble mediators and from
the analysis of IL-17-positive CD4+ T cells in PBMCs were
analyzed using the Student’s unpaired t-test.

3. Results

3.1. Gene Array Analysis. In order to identify specific gene
signatures typically associated with BD, we compared the
gene expression profiles of 10 PBC samples obtained from
10 individual BD patients with 10 PBC samples obtained
from healthy age- and sex-matched donors.

Table 1: Clinical features of the patients with BD included in the study.

Patients 51 (100%)

Sex
Male 16 (31%)

Female 35 (68%)

Clinical features

Aphthous stomatitis 51 (100%)

Genital ulcers 34 (66%)

Erythema nodosum-like lesions 7 (13%)

Papulopustular lesion 37 (72%)

Uveitis 5 (9%)

Epididymitis 3 (5%)

Neurological symptoms 8 (14%)

Vasculitis 6 (12%)

Joints manifestations 43 (84%)

Gastrointestinal involvement 3 (5%)

Association with HLA-B51 32 (62%)

Patients utilised for gene array study 10 (100%)

Sex
Male 6

Female 4

Clinical features

Aphthous stomatitis 10 (100%)

Genital ulcers 4 (40%)

Erythema nodosum-like lesions 1 (10%)

Papulopustular lesion 8 (80%)

Uveitis 1 (10%)

Epididymitis 0

Neurological symptoms 1 (10%)

Vasculitis 3 (30%)

Joint manifestation 8 (80%)

Gastrointestinal involvement 0

Association with HLA-B51 7 (70%)
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We found that 179 modulated genes complied with the
Bonferroni-corrected p value criterion (p ≤ 0 01) and the fold
change criterion (FC≥2), showing robust and statistically sig-
nificant variation between healthy controls and BD PBC. In
particular, 160 and 19 transcripts resulted to be up- and
downregulated, respectively.

Figure 1(a) is a hierarchical cluster diagram representing
the signal intensity of DEGs across samples; the heat map
shows a different gene expression profile between BD
patients and healthy donors that clearly separates the two sets
of specimens.

Figure 1(b) shows a functional classification of all DEGs
according to the Gene Ontology (GO) terms.

The Gene Ontology analysis showed that the vast major-
ity of the regulated transcripts can be ascribed to biological
processes that may play a role in BD, including inflamma-
tion, immune response, apoptosis, blood coagulation, vascu-
lar damage, and cell proliferation. Table 2 shows a detailed
selection of DEGs within the abovementioned processes.
The table also includes GenBank accession numbers and fold
changes. The complete list of modulated genes can be found
in Supplementary Table 1.

Interestingly, regulated transcripts are distributed in gene
categories that control different biological processes. How-
ever, the functional classes which show the highest enrich-
ment in modulated genes are immune response (71/179)
and inflammation (55/179).

Among genes ascribed to the immune response, twenty
Th17-lymphocyte-related genes were upregulated including
interleukin 6 signal transducer, IL6ST, chemokine (C-C
motif) ligand 20, CCL20, suppressor of cytokine signaling
3, SOCS3, chemokine (C-X-C motif) ligand 1, CXCL1,
chemokine (C-X-C motif) ligand 2, CXCL2, chemokine
(C-X-C motif) ligand 3, CXCL3, inducible T cell costimu-
lator, ICOS, intercellular adhesion molecule 1, ICAM1,
interleukin 8, IL-8, interleukin 1 beta, and IL-1B (see also
Table 2). Some genes involved in B cell activity (CD83
molecule, CD72 molecule, Fc receptor-like 2, FCRL2, and
SAM domain, SH3 domain and nuclear localization signals
1 (SAMSN1)) are modulated in patients’ samples, indicat-
ing a concomitant activation of this lymphocyte cell subset
in BD.

Several upregulated genes play a role in innate immunity
and are expressed in neutrophils (i.e., defensin, alpha 1,
DEFA1, Fc fragment of IgA, receptor, and FCAR), dendritic
cells (i.e., Dab, mitogen-responsive phosphoprotein, and
homolog 2 DAB2), and in macrophages (adaptor-related
protein complex 2, mu 1 subunit, and AP2M1).

In agreement with the typical presence of a marked
inflammatory response in BD, we also observed overex-
pression of several proinflammatory transcripts. The
upregulated genes comprise IL-8, IL-1B, CXCL2, CXCL1,
CXCL3, interleukin 1, alpha (IL-1A), tumor necrosis factor
(TNF), and oxidized low-density lipoprotein (lectin-like)
receptor 1 (OLR1/LOX1).

Remarkably, in these two functional classes, we
observed that a large number of genes are involved in well-
known signaling networks that have been associated with
autoimmune diseases.

These signal cascades include: (1) the interferon-alpha
(IFN-A) pathway also named “type I interferon signature”
[23], (2) the Toll-like receptor (TLR) signaling network,
and (3) the JAK/STAT signaling pathway.

In particular, 9 type I interferon-inducible genes (IFIG)
were upregulated (Table 2), thus showing the presence of
an IFN type I signature, typically present in autoimmune dis-
eases such as systemic lupus erythematosus (SLE), rheuma-
toid arthritis (RA), Crohn’s disease, and Sjogren syndrome
(SS) [24–30].

Twelve DEGs belong to the TLR signaling cascade
(Table 2) which is thought to play a role in the onset of sev-
eral autoimmune diseases and has been also implicated in the
pathogenesis of BD [31–34].

Eight upregulated genes belong to the JAK/STAT signal-
ing pathway, and interestingly, an increased JAK/STAT sig-
naling has been associated with almost every autoimmune
disease [35].

Moreover, activation of the JAK/STAT signaling pathway
has been observed in monocytes and CD4+ T cells of patients
with BD [36].

Several genes involved in apoptosis and/or in apoptosis
regulation were modulated in BD samples including myeloid
cell leukemia sequence 1 (BCL2-related), MCL-1, BCL2-like
11, BCL2L11, immediate early response 3, IER3 and ZFP36
ring finger protein-like 2, and ZFP36L2.

Cell proliferation was also deregulated, and we found
modulation of several transcripts including BTG family,
member 2, BTG2, epiregulin, EREG, proline-rich coiled-coil
2C (PRRC2), phosphatase, tensin homolog pseudogene 1
(PTENP1), and amyloid beta (A4) precursor-like protein 2
(APLP2).

Endothelial dysfunction and altered coagulation are
typical features of BD vasculitis, and consistently with
these aspects of the disease, several genes involved in vas-
cular damage are modulated in BD specimens, including
thrombospondin 1, THBS1; protein S alpha, PROS1; plas-
minogen activator, urokinase receptor, PLAU-UPAR;
thrombomodulin, THBD; and vascular endothelial growth
factor A, VEGFA.

The 179 DEGs were then submitted to a pathway analysis
using the PANTHER expression analysis tool and function-
ally annotated according to canonical pathways. Eight
canonical pathways were found to be significantly overrepre-
sented among the differentially expressed genes, and inflam-
mation was the most enriched pathways, followed by
interleukin signaling, Toll-like receptor signaling, blood
coagulation, T cell activation, apoptosis, angiogenesis, and
the B cell activation pathway (Figure 2).

The modulation of some genes showed by gene array
analysis was validated by Q-PCR (Figure 3).

3.2. PPI Network Analysis. The gene expression profiling of
BD PBC was then complemented by the study of functional
interactions between DEGs’ protein products.

To this aim, an interaction network was constructed
upon the 179 DEGs, using the STRING data mining tool
for retrieving well-documented connections between pro-
teins. The obtained protein-protein interaction (PPI)
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Figure 1: Modulated genes in PBCs of 10 BD patients and their functional classification. Heat map of significantly modulated genes (a). Each
row represents a gene, each column shows the expression of selected genes in each individual sample. Blue-violet indicates genes that are
expressed at lower levels when compared with the mean value of the control subjects, orange-red indicates genes that are expressed at
higher levels when compared to the control means, and yellow indicates genes whose expression levels are similar to the control mean.
Panel (b) shows the functional categorization of BD modulated genes according to GO terms. In the legend, the gene classes are listed in a
clock-wise order starting at the “12 o’clock” position.
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Table 2: Annotated genes differentially expressed in BD PBC versus healthy controls grouped according to their function.

Probe set ID Gene title
Gene
symbol

FC p value
Representative

public ID

Adaptive immune
response

T cell response

204794_at Dual specificity phosphatase 2 DUSP2 2.12 0.001 NM_004418

216248_s_at Nuclear receptor subfamily 4, group A, member 2 NR4A2 5.54 0.012 NM_006186

211861_x_at CD28 molecule CD28 2.00 0.014 AF222343

203547_at CD4 molecule CD4 2.02 0.016 BT019811

217394_at T cell receptor alpha variable 13-1 TRAV13-1 2.53 0.001 AE000521

210439_at Inducible T cell costimulator ICOS 2.26 0.006 AB023135

221331_x_at Cytotoxic T-lymphocyte-associated protein 4 CTLA4 2.13 0.003 NM_005214

211085_s_at Serine/threonine kinase 4
STK4/
MST1

2.14 0.005 Z25430

205456_at CD3e molecule, epsilon (CD3-TCR complex) CD3E 2.11 0.004 NM_000733

208602_x_at CD6 molecule CD6 2.47 <0.001 NM_006725

211302_s_at Phosphodiesterase 4B, cAMP specific PDE4B 3.17 0.004 L20966

218880_at FOS-like antigen 2
FOSL2/
FRA2

3.17 0.005 NM_005253

206360_s_at Suppressor of cytokine signaling 3 SOCS3 2.01 0.001 NM_003955

212079_s_at Lysine- (K-) specific methyltransferase 2A
KMT2A/
MLL1

2.57 0.004 NM_001197104

209722_s_at Serpin peptidase inhibitor, clade B (ovalbumin), member 9 SERPINB9 2.03 0.001 NM_004155

B cell response

201694_s_at Early growth response 1 EGR1 3.86 0.002 NM_001964

207655_s_at B cell linker BLNK −2.10 <0.001 NM_013314

215925_s_at CD72 molecule CD72 −2.09 0.015 NM_001782

220330_s_at SAM domain, SH3 domain, and nuclear localization signals 1 SAMSN1 2.03 0.006 NM_022136

204440_at CD83 molecule CD83 3.47 NM_004233

221239_s_at Fc receptor-like 2 FCRL2 −2.36 0.001 NM_030764

213810_s_at Akirin 2 AKIRIN2 3.12 <0.001 NM_018064

T/B cell response

216901_s_at IKAROS family zinc finger 1 (Ikaros)
IKZF1/
IKAROS

6.08 <0.001 NM_006060

221092_at IKAROS family zinc finger 3 (Aiolos)
IKZF3/
AIOLOS

3.11 0.006 NM_012481

212249_at Phosphoinositide-3-kinase, regulatory subunit 1 (alpha) PIK3R1 3.19 <0.001 JX133164

Innate immune response

201278_at Dab, mitogen-responsive phosphoprotein, homolog 2 DAB2 −2.17 0.006 NM_032552

205033_s_at Defensin, alpha 1 DEFA1 3.80 0.007 NM_004084

205468_s_at Interferon regulatory factor 5 IRF5 2.01 <0.001 EF064718

M97935_5_at Signal transducer and activator of transcription 1, 91 kDa STAT1 2.26 0.001 GU211347

217199_s_at Signal transducer and activator of transcription 2, 113 kDa STAT2 2.02 0.002 S81491

217502_at Interferon-induced protein with Tetratricopeptide repeats 2 IFIT2 2.00 <0.001 NM_001547

201211_s_at DEAD (Asp-Glu-Ala-Asp) box polypeptide 3, X-linked DDX3X 2.25 <0.001 NM_001356

211307_s_at Fc fragment of IgA, receptor for
FCAR/
CD89

5.04 0.004 U43677

212105_s_at DEAH (Asp-Glu-Ala-His) box helicase 9 DHX9 3.82 <0.001 NM_001357

200613_at Adaptor-related protein complex 2, mu 1 subunit AP2M1 2.17 <0.001 NM_004068

6 Journal of Immunology Research



Table 2: Continued.

Probe set ID Gene title
Gene
symbol

FC p value
Representative

public ID

NK cell response

215339_at Natural killer-tumor recognition sequence NKTR 2.15 0.001 NM_005385

211242_x_at
Killer cell immunoglobulin-like receptor, two domains, long

cytoplasmic tail, 4
KIR2DL4 2.00 0.004 AF276292

216552_x_at
Killer cell immunoglobulin-like receptor, two domains, short

cytoplasmic tail, 4
KIR2DS4 2.08 0.002 NM_001281972

209722_s_at Serpin peptidase inhibitor, clade B (ovalbumin), member 9 SERPINB9 2.03 0.001 NM_004155

Adaptive/innate immune
response

204863_s_at
Interleukin 6 signal transducer (gp130, oncostatin M

receptor)
IL6ST 4.44 0.005 AB102799

211192_s_at CD84 molecule CD84 2.32 0.002 AF054818

213810_s_at Akirin 2 AKIRIN2 3.12 0.001 AW007137

209722_s_at Serpin peptidase inhibitor, clade B (ovalbumin), member 9 SERPINB9 2.03 0.001 NM_004155

221491_x_at Major histocompatibility complex, class II, DR beta 1 HLA-DRB1 2.19 <0.001 U65585

213494_s_at YY1 transcription factor YY1 2.00 0.006 NM_003403

Toll-like receptors
signaling

205067_at Interleukin 1, beta IL-1B 6.32 0.001 NM_000576

206676_at Carcinoembryonic antigen-related cell adhesion molecule 8 CEACAM8 5.07 0.003 M33326

204924_at Toll-like receptor 2 TLR2 2.00 0.015 NM_003264

221060_s_at Toll-like receptor 4 TLR4 2.10 0.001 NM_003266

211027_s_at
Inhibitor of kappa light polypeptide gene enhancer in B cells,

kinase beta
IKBKB/
IKKb

2.33 <0.001 AY663108

213281_at Jun protooncogene JUN/AP1 4.51 0.011 NM_002228

206035_at V-rel reticuloendotheliosis viral oncogene homolog REL/c-REL 2.56 0.005 NM_002908

217738_at Nicotinamide phosphoribosyltransferase NAMPT 2.64 0.008 NM_005746

216450_x_at Heat shock protein 90 kDa beta (Grp94), member 1
HSP90B1/
GP96

3.24 <0.001 NM_003299

214370_at S100 calcium binding protein A8 S100A8 3.85 <0.001 NM_002964

211016_x_at Heat shock 70 kDa protein 4 HSPA4 2.25 <0.001 NM_002154

211622_s_at ADP-ribosylation factor 3 ARF3 2.12 <0.001 M33384

Type I interferon
signaling

205468_s_at Interferon regulatory factor 5 IRF5 2.01 <0.001 EF064718

M97935_5_at Signal transducer and activator of transcription 1, 91 kDa STAT1 2.26 0.001 GU211347

217199_s_at Signal transducer and activator of transcription 2, 113 kDa STAT2 2.02 0.002 S81491

216598_s_at Chemokine (C-C motif) ligand 2 CCL2 2.00 0.002 S69738

210001_s_at Suppressor of cytokine signaling 1 SOCS1 2.16 0.012 AB005043

207433_at Interleukin 10 IL-10 2.16 <0.001 NM_000572

210512_s_at Vascular endothelial growth factor A VEGFA 2.01 0.003 AF022375

217502_at Interferon-induced protein with tetratricopeptide repeats 2 IFIT2 2.00 <0.001 NM_001547

201211_s_at DEAD (Asp-Glu-Ala-Asp) box polypeptide 3, X-linked DDX3X 2.25 <0.001 NM_001356

JAK/STAT signaling

M97935_5_at Signal transducer and activator of transcription 1, 91 kda STAT1 2.26 0.001 GU211347

217199_s_at Signal transducer and activator of transcription 2, 113 kda STAT2 2.02 0.002 S81491

204863_s_at
Interleukin 6 signal transducer
(gp130, oncostatin M receptor)

IL6ST 4.44 0.005 AB102799

207433_at Interleukin 10 IL-10 2.16 <0.001 NM_000572
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Table 2: Continued.

Probe set ID Gene title
Gene
symbol

FC p value
Representative

public ID

217489_s_at Interleukin 6 receptor IL6R 2.03 0.011 S72848

212249_at Phosphoinositide-3-kinase, regulatory subunit 1 (alpha) PIK3R1 3.19 <0.001 JX133164

210001_s_at Suppressor of cytokine signaling 1 SOCS1 2.16 0.012 AB005043

206360_s_at Suppressor of cytokine signaling 3 SOCS3 2.01 0.001 NM_003955

Inflammatory response

207113_s_at Tumor necrosis factor TNF 2.00 0.008 NM_000594

211506_s_at Interleukin 8 IL-8 10.44 0.013 AF043337

207433_at Interleukin 10 IL-10 2.16 <0.001 NM_000572

205067_at Interleukin 1, beta IL-1B 6.32 0.001 NM_000576

217489_s_at Interleukin 6 receptor IL6R 2.03 0.011 S72848

209774_x_at Chemokine (C-X-C motif) ligand 2 CXCL2 5.75 0.007 M57731

201939_at Polo-like kinase 2 PLK2 6.20 0.012 NM_006622

204470_at Chemokine (C-X-C motif) ligand 1 CXCL1 4.64 0.003 NM_001511

207850_at Chemokine (C-X-C motif) ligand 3 CXCL3 3.53 0.015 NM_002090

210118_s_at Interleukin 1, alpha IL-1A 3.93 0.001 M15329

203751_x_at Jun D protooncogene JUND 3.39 0.008 NM_005354

216598_s_at Chemokine (C-C motif) ligand 2 CCL2 2.00 0.002 S69738

205476_at Chemokine (C-C motif) ligand 20 CCL20 2.23 0.011 NM_004591

205114_s_at Chemokine (C-C motif) ligand 3 CCL3 2.21 0.007 NM_002983

210001_s_at Suppressor of cytokine signaling 1 SOCS1 2.16 0.012 AB005043

212190_at Serpin peptidase inhibitor, clade e, member 2 SERPINE2 −2.14 0.003 NM_006216

211919_s_at Chemokine (C-X-C motif) receptor 4 CXCR4 2.06 0.008 AF348491

205099_s_at Chemokine (C-C motif) receptor 1 CCR1 2.14 0.002 NM_001295

207075_at NLR family, pyrin domain containing 3 NLRP3 2.15 0.011 NM_004895

203591_s_at Colony-stimulating factor 3 receptor CSF3R 1.89 0.012 NM_000760

215485_s_at Intercellular adhesion molecule 1 ICAM1 2.04 0.015 NM_000201

209701_at Endoplasmic reticulum aminopeptidase 1 ERAP1 2.44 <0.001 NM_016442

216243_s_at Interleukin 1 receptor antagonist IL-1RN 2.26 0.008 NM_173842

202643_s_at Tumor necrosis factor, alpha-induced protein 3 TNFAIP3 2.15 0.012 NM_001270508

201044_x_at Dual specificity phosphatase 1 DUSP1 4.71 0.013 NM_004417

210004_at Oxidized low-density lipoprotein (lectin-like) receptor 1
OLR1/
LOX1

4.13 0.002 AF035776

214370_at S100 calcium binding protein A8 S100A8 3.85 <0.001 AW238654

213281_at Jun protooncogene JUN/AP1 4.51 0.011 NM_002228

216450_x_at Heat shock protein 90 kDa beta (Grp94), member 1
HSP90B1/
GP96

3.24 <0.001 NM_003299

Vascular damage

Blood coagulation

204614_at Serpin peptidase inhibitor, clade B (ovalbumin), member 2 SERPINB2 3.96 0.013 NM_002575

202833_s_at Serpin peptidase inhibitor, clade A, member 1 SERPINA1 2.25 <0.001 NM_000295

207808_s_at Protein S alpha PROS1 −2.16 0.002 NM_000313

201110_s_at Thrombospondin 1 THBS1 5.08 0.001 NM_003246

204713_s_at Coagulation factor V (proaccelerin, labile factor) F5 2.53 0.001 NM_000130

203294_s_at Lectin, mannose binding, 1 LMAN1 2.50 <0.001 U09716

213258_at
Tissue factor pathway inhibitor

(lipoprotein-associated coagulation inhibitor)
TFPI −2.53 0.001 BF511231

203650_at Protein C receptor, endothelial PROCR −2.67 0.001 NM_006404
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network comprised 172 genes (nodes) and 2583 pairs of
interactions (edges) (see Supplementary Figure 1).

When we performed a topological analysis of the PPI net-
work using the Cytoscape software, we found that the num-
ber of interactions in which the products of the 71
“immune response genes” (see Supplementary Table 1) were
involved, accounted for the vast majority (70%) of connec-
tions present in the whole network (1819/2583).

Given the high connectivity (i.e., number of connections)
of the immune response gene products, we decided to
perform an additional network analysis that focused on these
gene products, thinking that they could be more informative.

We found that 55 proteins were linked into a
complex network accounting for 307 pairs of interactions.
Figure 4(a) shows a graphical representation of the
PPI network.

A clustering analysis was then carried out to detect clus-
ters (modules) of proteins to which most of the interactions

converged (“high flow areas”) using the MCL algorithm,
and we identified eight clusters that collectively accounted
for 40 nodes and 242 edges (Figure 4(b)).

We next performed a functional enrichment analysis to
identify association of genes, in each cluster, with different
“GO terms” and pathways.

The significantly enriched categories for each cluster are
shown in Figure 4(c).

Interestingly, five out of eight clusters (CL1, CL5, CL6,
CL7, and CL8) were representative of the adaptive
immune response.

In particular, three clusters (CL1, CL5, and CL6) showed
a statistically significant enrichment in “T cell-related” gene
categories and included several genes typically associated
with T cell-mediated immune responses such as: CD3E,
CD4, CD6, CD28, CTLA4, and DUSP2.

The most enriched GO biological processes (GO-BP) in
these clusters were: “T cell differentiation” and “T cell

Table 2: Continued.

Probe set ID Gene title
Gene
symbol

FC p value
Representative

public ID

Angiogenesis

211924_s_at Plasminogen activator, urokinase receptor
PLAUR/
UPAR

3.42 0.007 NM_002659

207329_at Matrix metallopeptidase 8 (neutrophil collagenase) MMP8 2.42 0.012 NM_002424

210512_s_at Vascular endothelial growth factor A VEGFA 2.01 0.003 AF022375

209959_at Nuclear receptor subfamily 4, group A, member 3
NR4A3/
NOR1

5.69 <0.001 U12767

208751_at N-Ethylmaleimide-sensitive factor attachment protein, alpha NAPA 2.56 0.001 XM_011527436

Vasculitis

203887_s_at Thrombomodulin THBD 2.00 0.015 NM_000361

206157_at Pentraxin 3, long PTX3 2.22 0.001 NM_002852

218880_at FOS-like antigen 2
FOSL2/
FRA2

3.17 0.005 NM_005253

Apoptosis

M97935_5_at Signal transducer and activator of transcription 1, 91 kDa STAT1 2.26 0.001 GU211347

200796_s_at Myeloid cell leukemia sequence 1 (BCL2-related) MCL1 8.02 <0.001 AF118124

200664_s_at DnaJ (Hsp40) homolog, subfamily B, member 1
DNAJB1/
HSP40

2.20 0.010 NM_006145

208536_s_at BCL2-like 11 (apoptosis facilitator) BCL2L11 2.38 0.001 NM_006538

213606_s_at Rho GDP dissociation inhibitor (GDI) alpha ARHGDIA 2.30 <0.001 NM_001185077

219228_at Zinc finger protein 331
ZNF331/
RITA

2.50 0.004 NM_018555

209722_s_at Serpin peptidase inhibitor, clade b (ovalbumin), member 9 SERPINB9 2.03 0.001 NM_004155

201631_s_at Immediate early response 3 IER3 2.85 0.001 NM_003897

201367_s_at ZFP36 ring finger protein-like 2 ZFP36L2 9.07 <0.001 NM_006887

Cell proliferation

201235_s_at BTG family, member 2 BTG2 4.53 <0.001 U72649

205767_at Epiregulin EREG 3.51 0.013 NM_001432

214052_x_at Proline-rich coiled-coil 2C
PRRC2C/
XTP2

3.11 <0.001 NM_015172

208701_at Amyloid beta (A4) precursor-like protein 2 APLP2 2.64 <0.001 NM_001642

217494_s_at Phosphatase and tensin homolog pseudogene 1 PTENP1 3.11 0.001 AF040103

Bold characters indicate TH17-related genes.
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Figure 2: Pathways enrichment of BDmodulated genes. (a) Graphical representation of genes ascribed to the enriched pathways, expressed in
y-axis as percentage of all genes represented on the Affymetrix Human gene chip U133A 2.0 (dark purple bars) or as the percentage of genes
in the dataset of Behcet’s modulated genes (light purple bars); x-axis: enriched pathways. (b) p values associated with the significantly enriched
pathways. Pathways with p values< 0.05 versus the distribution of all genes on the microarray chip, after a Bonferroni correction, were
considered as significantly enriched.
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Figure 3: Real-time RT-PCR of some modulated genes confirms the results of gene array analysis. Genes selected for validation were CCL2,
CXCL2, ICAM1, and IL-8. All the transcripts were increased in BD samples when compared to healthy donors. Relative expression levels were
calculated for each sample after normalization against the housekeeping genes 18s rRNA, beta-actin, and GAPDH. Experiments have been
conducted in triplicates. Housekeeping genes: violet bar: 18s rRNA; yellow bar: beta-actin; and blue bar: GAPDH.
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Figure 4: Network analysis of modulated genes in BD. Panel (a): PPI network of genes involved in immune response; panel (b): clusters
extracted from the PPI network; panel (c): biological processes and pathways enriched in the eight modules.
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activation” (CL1), “T cell receptor signaling pathway” (CL5),
“T cell costimulation”, and “positive regulation of T cell acti-
vation” (CL6). The most enriched pathway was the “T cell
activation pathway” (CL1 and CL5).

Two clusters (CL7 and CL8) included DEGs typically
associated with B cell functions (i.e., CD72). These clusters
were significantly enriched in the GO-BP “B cell differentia-
tion” (CL7) and “B cell activation” (CL7, CL8). Moreover,
the B cell activation pathway was the top enriched pathway
in cluster 7.

Several DEGs involved in the innate immune response
(i.e., HDX9, DDX3X, SOCS3, STAT1, IRF5, IFIT2, and
STAT2) were present in clusters CL2 and CL3. Interestingly,
they were significantly enriched in functions of “positive reg-
ulation of type I interferon production” (CL2) and “type I
interferon signaling pathway” (CL3), further confirming the
presence of a type I interferon signature, typically associated
with several autoimmune diseases. Moreover, genes in cluster
3 were significantly involved with the JAK/STAT signaling
pathway (p = 0 0001) and the TLR signaling pathway (p =
0 0001), both implicated with the development of autoim-
mune diseases [31, 35]. Noteworthy, seven Th17-related
proteins (CD28, CD4, ICOS, CD3E, YY1, TLR4, and IL6ST)
were represented in the abovementioned clusters (CL1, CL3,
CL5, CL6, and CL8). Finally, no significant GO-BP or path-
way was identified in cluster CL4.

3.3. Frequency of IL-17-Positive CD4+ T Cells in PBMCs from
Patients with BD.We assessed by flow cytometry the intracel-
lular expression of the IL-17 cytokine, in PBMCs from 30 BD
patients and from 30 healthy control subjects. We found a
higher amount of IL-17-producing CD4+ T cells among the
PBMCs of patients with BD compared with healthy controls.

The mean values obtained in 30 BD PBMC were 1%
±0.12 versus 0.4% ±0.16 (p < 0 0001) (Figure 5).

3.4. Detection of Soluble Mediators in BD Sera. The gene
expression analysis was complemented by the detection of
some of the corresponding soluble mediators in the sera of
patients with BD. We chose to assess the levels of TNF alpha,
IL-8, CXCL1, CCL2, CCL3, and CCL20. Figure 6 shows
the concentration of these molecules in the sera of the

51 BD patients. All these molecules showed increased
serum levels in BD patients when compared to the 30 nor-
mal healthy donors.

4. Discussion

In this paper, we report a comprehensive study of BD gene
expression profiling where for the first time, a conventional
global gene expression analysis was combined to a gene net-
work analysis of functional interactions between DEGs. We
believe that this integrated approach is likely to generate
insights in the complex molecular pathways that control the
different clinical features of BD.

The first contribution of our study is a detailed investiga-
tion of DEGs in PBCs of BD patients in the attempt to clarify
some aspects of BD pathogenesis.

Indeed, the majority of DEGs analyzed is involved in
biological processes closely connected to the key features
of the disease.

BD is a recurrent inflammatory disease with a multisys-
tem involvement, affecting the vasculature, mucocutaneous
tissues, eyes, joints, gastrointestinal tract, and brain.

Consistently with the strong inflammatory response
typical of BD, DEGs indicate upregulation of a large number
of proinflammatory molecules, including TNF, IL-1, IL-8,
IL-10, CXCL1, CCL2, CCL3, and ICAM1, which can be
detected at increased concentration in sera or plasma of BD
patients when compared to healthy controls. [37–42].

Elevated serum levels of IL-8 are detectable in the active
phase of BD and indicate the presence of vascular involve-
ment [37], whereas high serum levels of CXCL1 correlate
with BD disease activity [39]. Since flares of disease are char-
acterized by neutrophil infiltration around blood vessels fol-
lowing increased chemotaxis of neutrophils [43], it is not
surprising to observe upregulation of CSF3R/GCSFR, which
controls neutrophil functions.

Consistently with the gene array data, serum levels of the
proinflammatory mediators TNF alpha, IL-8, CXCL1, CCL2,
CCL3, and CCL20 were significantly higher in our cohort of
51 BD patients when compared to healthy subjects.

The main histopathological finding in BD is a widespread
vasculitis of blood vessels, arteries, and veins characterized by
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myointimal proliferation, fibrosis, and thrombus formation
leading to tissue ischemia [44]. Occlusion of the vascular
lumen creates a hypoxic milieu that effectively can induce
new vessel formation. Angiogenesis can further stimulate
inflammation since new born endothelial cells release che-
moattractive mediators for leukocytes and express adhesion
molecules [44]. Several DEGs play a role in angiogenesis,
and the highest level of induction was observed for NOR1
(also named NR4A3), a gene expressed in developing neoin-
tima that promotes endothelial survival and proliferation,
acting as a transcription factor in vascular development
[45]. DEGs also showed upregulation of NAPA, known to
induce VE-cadherin localization at endothelial junctions
and regulate barrier function [46]. Interestingly, soluble
VE-cadherins may be increased in the sera of BD patients
[47]. Another upregulated transcript was the gene encoding
for UPAR, expressed in several cell types including mono-
cytes, neutrophils, activated T lymphocytes, macrophages,
and endothelial cells. Indeed, high levels of the soluble
form of UPAR have been detected in the plasma of BD
patients [48].

Other genes, typically associated with the vasculitic
process, were overexpressed in our array including THBD

and PTX3. THBD can be detected at higher levels in sera
of BD patients compared with healthy controls, and it is
associated with the skin pathergy test, considered as a use-
ful test for BD diagnosis. PTX3, an acute-phase reactant
produced at sites of active vasculitis, is an indicator of
active small vessel vasculitis [49].

Defects in blood coagulation and fibrinolysis have been
described in patients with BD with or without thrombosis,
and accordingly, we found downregulation of genes encod-
ing for proteins that have an anticoagulant effect (i.e., TFPI,
PROS1, and PROCR/EPCR) and upregulation of transcripts
which promote the coagulation process (including THBS1,
F5, and LMAN1).

Several DEGs indicate an altered apoptotic process with
up- or downregulation of several apoptosis-related genes.
Endothelial cell apoptosis which plays a pivotal role in vascu-
lar damage and autoantibodies which are able to induce
endothelial cell apoptosis have been reported in BD [50]. In
BD, an altered apoptosis has been described also in other cell
subsets, that is, neutrophils and lymphocytes. Indeed, neu-
trophil apoptosis is reduced in the remission phase of uveitis
and is restored in the active phase [51], whereas T lympho-
cytes are resistant to Fas-mediated apoptosis in BD with
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active uveitis [52]. On the contrary, an excessive expression
of FasL on skin-infiltrating lymphocytes and the presence
of apoptotic cells in the skin lesions have been also reported
[53], suggesting that lymphocytes expressing increased levels
of FasL may have a role in the development of BD skin
lesions. Among genes that control cell proliferation, we
observed overexpression of the gene EREG1, which plays an
autocrine role in the proliferation of corneal epithelial cells
[54], and APLP2 gene, involved in corneal epithelial wound
healing [55]. In this regard, it is worthwhile mentioning that
keratitis can be one of the ocular manifestations of BD.

Several aspects of BD are typical of an immune-mediated
disease, but whether BD is an autoimmune or an autoinflam-
matory disease is still debated. A great number of DEGs
(71/179) are involved in the immune response, and themajor-
ity of these genes can be ascribed to the adaptive immune
response. In particular, DEGs indicate a T cell response with
a prevailing upregulation of many TH17-related genes.

In this regard, it is worthwhile mentioning that Th17 cells
have been associated with the pathogenesis of several auto-
immune diseases including psoriasis, RA, and SLE [56–58].
Noteworthy, the involvement of this T cell subset in the path-
ogenesis of BD has been suggested, since Th17-related cyto-
kines are considerably increased in BD and peripheral
blood Th17/Th1 ratio is significantly higher in patients with
active BD compared to healthy controls [11].

To further validate our data on overexpression of the
Th17 pathway in our cohort of patients, we analyzed the
presence of IL-17-producing CD4+ T cells and found a signif-
icantly increased percentage of these cells in PBCs of patients
with BD when compared with healthy donors.

Among DEGs regulating B cell responses, we observed
overexpression of SAMSN1, a transcript induced upon B cell
activation [59], and EGR1, involved in the differentiation
program of B cells into plasma cells, whereas the inhibitory
receptor CD72 that downmodulates B cell receptor (BCR)
signaling was downregulated. All together, these data indi-
cate the activation of the B cell immune response and (auto)-
antibody production suggesting a possible role of these cells
in BD pathogenesis.

Other genes associated with the adaptive immune
response include ICOS, SOCS3, and HLA-DRB1. Interest-
ingly, a high expression of ICOS on CD4+ T cells has been
described in BD patients with active uveitis, suggesting a role
in the pathogenesis of uveitis, possibly through upregulation
of IFN-g, IL-17, and TNF [60].

An increased expression of SOCS3, a regulator of the
JAK/STAT pathway of cytokine induction, has been
observed in all patients with BD irrespective of disease activ-
ity [61], and polymorphisms of HLA-DRB1 alleles have been
associated with BD [62].

In addition, it is worthwhile mentioning that DEGs of
the adaptive immune response include transcripts already
associated with the development of autoimmune diseases,
including CTLA4, MST1, CD6, and the abovementioned
SOCS3 [63–66].

We observed that several upregulated genes, including
IRF5, IFIT2, DDX3X, STAT1, and STAT2 participate to type
I interferon and JAK/STAT signaling pathways.

As already mentioned, type I interferon signaling is asso-
ciated with autoimmune diseases including SLE, RA, Sjog-
ren’s syndrome, and Crohn’s disease [24–30].

In this regard, the copresence of type I IFN signaling and
Th17-related genes suggests an autoimmune component in
the origin of BD, since a synergy between IFN and Th17 path-
ways is commonly involved in autoimmunity [24–30, 67–69].

Moreover, the JAK/STAT signaling is activated in BD [36]
and this pathway has been associated with the development of
systemic autoimmune diseases such as SLE and RA [70].

Our dataset indicates also the overexpression of several
genes belonging to the TLR pathway. Growing body of evi-
dence suggests the association between TLRs and autoimmu-
nity. Indeed, the expression of TLRs in B cells is required for
the synthesis of most of the SLE-associated autoantibodies
[71]. Moreover, in RA, extracellular ligands can enhance
the production of the proinflammatory mediators IL6 and
IL-17 in human synoviocytes and in PBCs [72]. In addition,
in systemic sclerosis activation of TLR4 on the surface of
fibroblasts contributes to the upregulation of profibrotic che-
mokines [73]. Finally, stimulation of TLR2 induces the pro-
duction of IL-23 and IL-17 cytokines from the PBCs of
patients affected by Sjogren’s syndrome [74].

TLR2 and TLR4 have been shown to be overexpressed in
PBCs from patients with eye involvement [72] and in buccal
mucosal biopsies and in PBCs obtained from patients with
flare of the disease [32]. Noteworthy, both TLR2 and TLR4
were upregulated in our array, in accordance with the above
reported data [32, 72].

Pathway analysis may help to elucidate the pathogenesis
of complex or multifactorial diseases, such as BD, that are
often caused by a mixture of abnormalities of correlated tran-
scripts or biological pathways [75]. To this aim, we mapped
our DEGs onto canonical pathways to identify signaling cas-
cades which were overrepresented in our dataset.

Interestingly, pathway enrichment analysis revealed that
inflammation, IL, TLR, blood coagulation, T cell activation,
apoptosis, angiogenesis, and B cell activation signaling path-
ways were the most enriched in BD transcriptoma, further
confirming their crucial role in the disease pathogenesis.

Thanks to our global analysis we have identified modu-
lated genes involved in biological processes that could reca-
pitulate most of the typical features of BD. Indeed, the
majority of DEGs were involved in immune response and
inflammation; moreover, we observed the activation of path-
ways (i.e., JAK/STAT and TLRs) and the presence of signa-
tures (i.e., type I interferon and TH17 cell) typically
associated with an autoimmune response, thus suggesting
an autoimmune component in the origin of BD.

We carried our analysis in order to highlight key DEGs
functionally collaborating in networks that could be involved
in the disease onset and progression.

Indeed, in the second part of our study, instead of looking
at single component of biological processes, we aim to study
the interactions among the protein products of DEGs by a
network analysis.

A network representation is an intriguing way to study
the complex dynamic of disease-associated molecular inter-
actions, and in this perspective, disorders can be considered
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in view of disturbances of molecular networks [76]. Interest-
ingly, we observed that the protein products of genes ascribed
to the immune response showed the highest degree of con-
nectivity in the whole network of DEGs products, thus indi-
cating a preeminent role of this gene category in driving the
global gene expression profiles in BD pathogenesis. Then,
we focused our attention on the PPI network specifically
obtained from the immune response gene products, since it
has been described that deregulation of genes, encoding for
highly interactive proteins, interferes with physiological
processes and that molecules involved in diseases develop-
ment show a high attitude to interact with each other [77].
The clustering analysis of this sub-network helped us to
further prioritize deregulated gene products that were placed
in “highest connectivity areas” (clusters) of the network,
where the hubs of biological process regulation are usually
positioned [78].

In most of the clusters, we found an enrichment in
molecular pathways of B and T cell-mediated adaptive
immune response, thus suggesting a leading role of the
adaptive immunity in the pathogenesis of BD. Moreover,
DEGs in these classes included genes associated with the
Th17 cell response.

Interestingly, we also observed that the molecules present
in the few clusters enriched in innate immune response were
involved in molecular signalings known to play a role in
autoimmune diseases including JAK/STAT, TLRs, and type
I interferon signaling.

These findings support that the disease may be sustained
by an autoimmune process and are not in contrast with the
hypothesis of an autoinflammatory component in the origin
of BD.

The network analysis emphasizes the crucial role played
by the molecular pathways emerged from our first global
gene expression study in BD pathogenesis. Indeed, the mole-
cules that participate to these signaling pathways are concen-
trated in areas (clusters) of the whole network that display
the highest density of connection between genes, thus indi-
cating their prominent role in the disease.

Through this analysis, we believe that we could identify
pathogenically meaningful interactions that would have been
hidden in the whole native dataset and that may be strongly
associated with BD. Moreover, we provide evidence, at least
at a level of gene expression, that BD may have an autoim-
mune origin.

Finally, we believe that our data can provide a deeper
insight into BD pathogenesis, highlighting crucial molecular
pathways including IL-17, IL-6, and JAK/STAT pathways
that may be targeted by biological drugs and by novel thera-
peutical strategies.
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Ventilator-induced lung injury is well recognized, and appropriate arterial saturation target is unknown, so gentle modes of
ventilation and minimizing oxidative stress have been well studied. Our objective was to analyze any association between the
oxygen levels at blood sampling and plasma levels of the interleukins IL-6, IL-1β, IL-10, and IL-8 and TNF-α in preterm
newborns under mechanical ventilation (MV) in their first two days. Methods. Prospective cohort including neonates with
severe respiratory distress. Blood samples were collected right before and 2 hours after invasive MV. For analysis purposes,
newborns were separated according to oxygen requirement: low oxygen (≤30%) and high oxygen (>30%) groups. Interleukins
were measured using a commercially available kit. Results. 20 neonates (gestational age 32.2± 3 weeks) were evaluated. Median
O2 saturation levels pre-MV were not different in both oxygen groups. In the high oxygen group, IL-6, IL-8, and TNF-α plasma
levels increased significantly after two hours under MV. Conclusions. Despite the small sample studied, data showed that there is
a relationship between VILI, proinflammatory cytokines, and oxygen-induced lung injury, but a study considering oxidative
marker measurements is needed. It seems that less oxygen may keep safer saturation targets playing a less harmful role.

1. Introduction

It is well recognized that in preterm neonates, the need for
invasive mechanical ventilation (MV) is associated with the
so-called ventilator-induced lung injury (VILI); thus, lung
protection strategies have been intensely studied in the past
20 years. Research has focused on gentle modes of ventilation
as well as in reducing oxidative stress.

Superoxide, hydrogen peroxide, and perhydroxyl radicals
cause oxygen-induced lung injury, and the premature infant
is notably susceptible to free radical-induced injury because
antioxidant systems develop late during the gestation. Exces-
sive hyperoxia can lead to lung inflammation, diffuse alveolar
injury, progressive pulmonary damage, and death [1].

The suitable arterial saturation target in preterm neonates
is unknown, but exposing them to a high concentration of
oxygen is related to increased risks of retinopathy of

prematurity and bronchopulmonary dysplasia (BPD).
Recently published large multicenter trials have studied this
issue [2].

In this pilot study, our objective was to analyze any asso-
ciation between the oxygen levels at blood sampling and
plasma levels of interleukin- (IL-) 6, IL-1β, IL-10, IL-8, and
tumor necrosis factor- (TNF-) α in preterm infants under
MV in their first two days of life.

2. Methods

This prospective observational study included preterm
infants ranging from 28 to 35 weeks of gestational age (GA)
submitted to intubation and MV in the first 48 hours of life
who were admitted to the newborn section of Hospital de
Clínicas de Porto Alegre (HCPA), a tertiary referral medical
center located in Southern Brazil. The Ethics Committee of
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HCPA approved the study, and informed consent was
obtained from the patients’ guardians prior to enrollment.

The exclusion criteria were congenital infections, con-
genital malformations, proven sepsis or meningitis, need
for intubation in the delivery room, and use of prophylactic
surfactant prior to enrollment in the study.

Clinical data included gender, birth weight, GA, Score for
Neonatal Acute Physiology Perinatal Extension II (SNAPPE-
II) regarding the first 12 hours of life, the type of delivery, and
antenatal factors such as the presence of amniorrhexis, pre-
eclampsia, steroid use, and/or chorioamnionitis. The patients
were separated into two groups according to oxygen need
during their first two days of life: low oxygen (LO), when in
MV and requiring ≤30% oxygen, and high oxygen (HO),
when in MV and requiring >30% oxygen. The patients
received more or less oxygen by the Neonatal Intensive Care
Unit (NICU) staff based on their symptoms and signs at the
initiation of the treatment, and this was not controlled by the
research team.

The neonates were followed from birth to tracheal intu-
bation and the onset of MV; blood samples were collected
according to the NICU routine for arterial blood gas analysis,
and an additional 500μL aliquot was obtained for later cyto-
kine analysis. Another sample was collected after two hours
of invasive respiratory support. Plasma was frozen at −80°C
for laboratory analysis, and the measurement of cytokines
was performed using a commercially available multiplex kit
(MILLIPLEX® Millipore Corporation). Readings were per-
formed with Luminex 100 technology.

3. Statistical Analysis

The Mann–Whitney U test compared cytokine levels in both
oxygen groups. Wilcoxon’s signed-rank test compared the
pre- and post-MV interleukin levels. Spearman’s test was
applied to verify any correlation between oxygen levels and
cytokine levels in both MV moments. All analyses were car-
ried out with Statistical Package for Social Sciences (SPSS),
version 20.0 (Seattle, USA), and a significance level was
established at p < 0 05.

4. Results

Twenty preterm infants were included: 9 (45%) were males,
7 (35%) were small for gestational age, 16 (80%) were deliv-
ered by C-section, and 7 (37%) were delivered by preeclamp-
tic mothers. Only 7 mothers (35%) received a full antenatal
steroid course. The mean birth weight was 1921.5± 743
grams, and the mean GA was 32.2± 3weeks. The median
SNAPPE-II score at 12 hours of life was 19 (7–29). The
sample collection time for cytokine measurement pre-MV
was 9 (3–48) hours of life. Median arterial saturation levels
were ≥90% in both oxygen groups and in both moments.

IL-6, IL-8, and TNF-α median plasma levels signifi-
cantly increased after 2 hours of MV in the high oxygen
group (Figure 1). Comparing both oxygen groups, IL-6
levels were higher in the HO group after MV, and IL-10
levels before MV were higher in the HO group than in the
LO group (Table 1).

The oxygen levels pre-MV and interleukin levels were
compared in both moments. There was a correlation between
O2 and IL-6 levels collected after two hours of MV (r = 0, 48,
p = 0 03) and a trend of correlation between O2 and IL-6
levels collected pre-MV (r = 0 4, p = 0 08), but there were
no correlations regarding the other interleukins or TNF-α.

5. Discussion

In this pilot study, we demonstrated that even a short period
under invasive mechanical ventilation associated with higher
oxygen levels may lead to lung inflammation: higher IL-6,
IL-8, and TNF-α median levels and lower IL-10 median
levels were found. This suggests a relationship between
VILI and oxygen-induced lung injury.

During hyperoxia, the rupture of the airway epithelium
barrier may increase pulmonary permeability, release of
inflammatory mediators, and fluid congestion [1], with sig-
nificant cell infiltration into the immature lung. These cells
produce reactive oxygen species prompting pulmonary and
airway remodeling, and it has been demonstrated that
preterm neonates have elevated levels of proinflammatory
mediators in tracheal aspirates and bronchoalveolar lavage
fluid [3]. Indeed, all these modifications may occur due to
MV per se and not because of high oxygen exposure,
although an interaction between both risk factors occurs.

We demonstrated a statistically significant increase in
IL-6, IL-8, and TNF-α after two hours of invasive mechan-
ical ventilation. In a previous study, which included full-
term newborns and late preterm newborns, similar IL-6
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levels were obtained after two hours of MV [4], suggesting
that lower gestational ages may play a role in IL-6 release.
In fact, IL-6 was 6.4 times higher in preterm newborns as
compared to full-term newborns at birth, which suggests that
inflammatory stress occurs even prior to ventilation, result-
ing from preterm birth and/or labor [5]. The findings of
Leviton et al. [6] also support this theory of a fetal inflamma-
tory response, which is stronger at lower gestational ages.

IL-10 levels pre-MV were higher in the HO group than in
the LO group; nevertheless, after MV, these levels had
decreased. It is known that the release of anti-inflammatory
IL-10 occurs only after the increase of IL-8, notably in imma-
ture infants below 30 weeks of GA [7], leaving them more
vulnerable to intense proinflammatory response [8]. Pre-
MV IL-10 higher levels, however, would suggest an early
and efficient response to respiratory distress that required
high oxygen, which was reduced after adding MV.

Randomized controlled masked trials enrolling almost
5000 very preterm babies have shown that, once patients are
stable, keeping higher oxygen saturation targets (91–95%)
until 36 weeks’ postmenstrual age showed no differences in
the combined outcome of mortality or severe disability com-
pared to lower targets (85–89%); however, mortality before
18 to 24 months was higher in the lower-target group. Recent
meta-analyses pooled these results and confirmed that the
ideal SpO2 range for extremely low birth weight infants
remains unclear [2]. In our sample, the SpO2 rangewas higher
than the recommended in both oxygen groups, but our gesta-
tional age range was also higher, involving newborns who
were still unstable. Besides that, as extremely preterm new-
borns are more likely to develop systemic inflammation than
other preterm categories, they were not included in this pilot
study also to avoid impact on baseline cytokine levels [9].

A trial comparing higher (90–100%) versus lower
(21–30%) initial FiO2 in the delivery room showed that
newborn infants receiving a higher O2 load had also higher
concentrations of oxidative stress biomarkers and were more
predisposed to develop bronchopulmonary dysplasia [10]. A
meta-analysis [11] comparing high (>50%) and low (<50%)
initial FiO2 in patients< 32 weeks of GA found no differences
regarding mortality and/or morbidity (from BPD, severe
intraventricular hemorrhage, necrotizing enterocolitis, or
retinopathy). Conversely, other meta-analyses [12] which
included 10 recently published studies showed that mortality
was higher in preterm newborns with a high initial FiO2

(0.60–1.0) but did not find any differences regarding BPD
and intraventricular hemorrhage. The authors therefore con-
cluded that very preterm infants should be initially ventilated
with lower FiO2 (0.21–0.30) and that they should be titrated
according to the neonate’s response.

We described a positive correlation between baseline
O2 levels and IL-6 levels after two hours of MV (r = 0 48,
p = 0 03) and also a trend of correlation regarding pre-MV
IL-6 levels (r = 0 4, p = 0 08). It seems that these preterm
infants who needed more oxygen pre-MV presented higher
IL-6 levels in both moments, suggesting that they were
more injured and sicker at baseline. It is postulated that
oxidative stress promotes the expression of cytokines and
the inflammatory process during respiratory distress syn-
drome [13], which is in agreement with our idea of sicker
newborns requiring higher oxygen therefore releasing more
cytokines. Also, it is well known that proinflammatory
mediators such as IL-6 may be increased due to fetal expo-
sure to maternal inflammatory mediators [14]. Thus, it is
accepted that previous lung damage makes them more
likely to have oxygen-induced injury, leading to inflamma-
tion that is not limited to the lung [15].

Despite the small sample studied, data showed that there
is a relationship between VILI, proinflammatory cytokines,
and oxygen-induced lung injury, but a larger study consider-
ing oxidative marker measurements should be carried out.
Mechanical ventilation alone, oxygen, or both could have
increased inflammatory mediators in this sample, so the
causal relationship between them still remains unclear. In
view of the trials and meta-analysis described and regarding
the pathophysiologic aspects of oxidative stress, one should
recommend low oxygen levels enough to keep a safe satura-
tion target, at the most extreme preterm infants.
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Table 1: Comparing cytokine levels regarding the FiO2 group immediately before the onset of MV and after 2 hours.

IL-6 IL-8 IL-10 TNF-α IL-1β

Pre-MV

FiO2≤ 30% 23 (8–71) 56 (34–134) 51 (23–60) 17 (10.5–19) 11 (5.6–23.5)

FiO2> 30% 68 (15–94.5) 80 (32–176) 122 (52–236) 12 (7–13.5) 8 (7–11)

P1 0.38 0.68 0.05 0.14 0.38

After 2 h

FiO2≤ 30% 21.5 (9–81) 74.5 (56–142) 52 (45.5–169) 17 (10–20) 10 (5–24)

FiO2> 30% 110 (50–490) 179 (51–272) 29 (13–155) 12 (7–13.5) 8.5 (7.5–13)

P1 0.05 0.55 0.43 0.61 0.61
1Mann–Whitney U test.
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Since microglia possess both neuroprotective and neurotoxic potential, they play a crucial role in the central nervous system (CNS).
Excessive microglial activation induces inflammation-mediated neuronal damage and degeneration. At present, numerous herbal
compounds are able to suppress neurotoxicity via inhibiting microglial activation. Therefore, many researchers focus on
pharmacological inhibitors of microglial activation to ameliorate neurodegenerative disorders. Further work should concentrate
on the exploration of new herbal compounds, which characteristically inhibit microglial neurotoxicity, rather than modulating
neuroprotection alone. In this review, we summarize these herbal compounds, which in the past several years have been shown
to exert potential neuroprotective activity by inhibiting microglial activation. The therapeutic targets and pharmacological
mechanisms of these compounds have also been discussed.

1. Introduction

A large amount of evidence has demonstrated that neuroin-
flammation plays a significant role in both acute and chronic
neurodegenerative disorders including Parkinson’s disease,
Alzheimer’s disease, multiple sclerosis, stroke, and traumatic
brain injury (TBI) [1–3]. They are all related to microglial
activation and are accompanied by high expression of proin-
flammatory mediators. Neuroinflammation is a defense
mechanism with the purpose of preventing the CNS from
being infected and damaged. Microglia, the resident macro-
phages of the CNS, act as the primary effector cells in
mediating neuroinflammation, the activation of which is
characteristic of several inflammatory and neurodegenerative
disorders [4–7]. Microglia support the normal function of
neurons and monitor the health of neurons in homeostasis,
the resting state. Therefore, microglia display beneficial
effects in normal conditions. Once brain injury or infection

occurs, microglia turn into the activated state and secrete a
series of proinflammatory and neurotoxic mediators, such
as interleukin-1 beta (IL-1β), nitric oxide (NO), tumor
necrosis factor alpha (TNF-α), and reactive oxygen species
(ROS), which not only regulate neuronal function and synap-
tic transmission but also give rise to neuronal oxidative stress
and degeneration associated with deficits in a variety of
cognitive and memory tasks [8–10]. As mentioned above,
activated microglia could cause and regulate the neuroin-
flammatory reaction by impairing neurons with a mass of
proinflammatory mediators that may result in neuronal
death in the end.

Thus, protecting neurons through suppressing microglial
activation and neuroinflammation may be considered as a
potential therapeutic method for improving neurodegenera-
tive disorders. A number of studies proved that natural plants
and their active ingredients could ameliorate neurodegenera-
tive progression by suppressing microglial activation and
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neuronal damage [11, 12]. This article discusses the conclu-
sions about natural compounds, which based on recent
studies could prevent neurons from damage via inhibiting
microglial activation and neuroinflammation.

2. Herbal Compounds

2.1. Resveratrol. Resveratrol is a polyphenolic phytochemical
that is extracted from plants including grape, peanut, and
berry with pharmacological effects on multiple pathological
phenomena [13, 14]. Research has shown that resveratrol
has bioactivity-containing antioxidative, anti-inflammatory,
and anticancer properties and neuroprotection [15–17].

Myeloperoxidase (MPO) plays a very important role in
the host defense system against many pathogens. Research
has demonstrated that both overactivation and deficiency of
MPO result in a pathological state in the brain. However,
resveratrol remarkably decreases MPO levels and NO pro-
duction, which obviously suppressed neuroinflammatory
responses including phagocytosis and ROS production in
rotenone-triggered microglia. Resveratrol could alleviate the
rotenone-induced impaired responses of primary mixed glia
from MPO−/− mice. In neuron-glia cocultures, the impair-
ment of neurons could be relieved by resveratrol. The results
displayed that resveratrol affected the microglial response to
rotenone via modulating MPO and thus prevented neurons
from rotenone-induced injury. As mentioned above, the
regulation of MPO levels in microglia by resveratrol provide
its neuroprotective ability [18]. Resveratrol remarkably
improved trigeminal allodynia dose dependently and
reduced the high levels of calcitonin gene-related peptide
and c-Fos expression in the spinal trigeminal nucleus. In
addition, resveratrol inhibited chronic constriction injury-
provoked astrocyte and microglial activation and decreased
the levels of proinflammatory mediators in the spinal trigem-
inal nucleus. Moreover, the effect of resveratrol on pain relief
was partially regulated via suppressing the phosphorylation
of mitogen-activated protein kinases (MAPKs) through the
activation of adenosine monophosphate-activated protein
kinase [19]. A study demonstrated that in BV2 microglial cell
lines, resveratrol could inhibit NLR family pyrin domain
containing 3 (NLRP3) activation and IL-1β cleavage caused
by ATP. In summary, resveratrol could alleviate the deficit
of spatial memory in mice with sepsis-associated encepha-
lopathy by suppressing the NLRP3/IL-1β axis in microglia
[20]. Resveratrol could not only reduce nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase-induced level of
ROS generation but also alleviate the transposition of the
subunit of NADPH oxidase to the cytomembrane caused by
lipopolysaccharide (LPS). Furthermore, the effects of resver-
atrol on neuroprotection were also relevant to the suppres-
sion of the activation of MAPKs and nuclear factor-kappa
B (NF-κB) signaling pathways in microglia. The study explic-
itly revealed that resveratrol could prevent dopaminergic
neurons from being damaged by LPS, which depended on
time and concentration by inhibiting microglial activation
and the expression of proinflammatory mediators [21].

The other research has demonstrated that resveratrol
treatment in rat with subarachnoid hemorrhage (SAH) could

obviously decrease the expression of Toll-like receptor 4
(TLR4), high-mobility group box1 protein, myeloid differen-
tiation factor (MyD88), and NF-κB. In addition, resveratrol
remarkably inhibited microglial activation and proinflam-
matory mediators, which gave rise to the alleviation of neuro-
nal apoptosis, cerebral edema, and behavior deficits at 24 h
after SAH [22]. In conclusion, resveratrol is capable of exert-
ing neuroprotection via suppressing microglial activation
through the blockage of related pathways, such as the
TLR4/MAPK and NF-κB pathways.

2.2. Gastrodin. Gastrodin is the primary bioactive compo-
nent derived from the traditional Chinese herb Gastrodia
elata Blume root and has been widely used as an anticonvul-
sant, analgesic, anti-inflammatory, antioxidative, and seda-
tive agent [23, 24].

The research indicated that gastrodin remarkably
decreased the levels of proinflammatory mediators such as
cyclooxygenase-2 (COX-2), TNF-α, inducible nitric oxide
synthase (iNOS), and IL-1β via blocking the activation of
the NF-κB and MAPK pathways in microglia induced by
LPS [25]. Li et al. revealed that gastrodin could protect dopa-
minergic neurons via obviously suppressing microglial
activation and the level of IL-1β, COX-2, and iNOS in the
substantia nigra of rotenone-induced rats with Parkinson’s
disease [26]. The other research also reported that gastrodin
was capable of significantly improving chronic inflammatory
pain and the accompanying anxiety-like behaviors in mice
induced by complete Freund’s adjuvant (CFA). Furthermore,
gastrodin treatment could downregulate the increasing
expression of glutamate receptor 1, N-methyl-d-aspartate
receptor subunit 2A, N-methyl-d-aspartate receptor subunit
2B, and Ca2+/calmodulin-dependent protein kinase II-alpha
by reducing microglial activation and proinflammatory
mediators such as TNF-α and IL-6 in the anterior cingulate
cortex of mice with CFA injection [24].

Recently, there was also significant evidence indicat-
ing that gastrodin elicited strong neuroprotective effects
against loss of retinal ganglion cells in an acute glaucoma
rat via inhibiting phosphorylated p38 MAPK and the pro-
duction of proinflammatory mediators in activated retinal
microglia. The results demonstrated that gastrodin pos-
sessed a potential therapeutic effect on acute glaucoma
and other retinal neurodegenerative diseases by suppress-
ing microglial activation [27]. In conclusion, gastrodin is
a new drug that could protect neurons through inhibiting
microglial activation.

2.3. Trans-Cinnamaldehyde. Trans-cinnamaldehyde (TCA)
is a main component isolated from the stem bark of
Cinnamomum cassia, which has been reported to have anti-
inflammatory, antioxidative, antibacterial, antifungal, and
antiapoptotic properties in a large amount of in vitro and
in vivo models [28–30].

A study revealed that TCA could decrease viability loss
and apoptosis in neuronal PC12 cells induced by oxygen
and glucose deprivation/reperfusion. The effect indicated
that TCA could reduce the production of NO. Additionally,
using LY294002, the inhibitor of phosphoinositide 3-kinase
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(PI3K), could abolish the neuroprotection of TCA, demon-
strating that the neuroprotection of TCA can be induced
via provoking the PI3K pathway [31]. Other studies con-
firmed that TCA could inhibit LPS-induced inflammation
in BV2 cells and reduce the infarction area and neurological
deficit score in injured cerebral tissue of mice induced with
ischemia/reperfusion. Furthermore, TCA could obviously
alleviate neuronal damage by decreasing the levels of iNOS
and COX-2 expression through blocking the NF-κB pathway
in injured cerebral tissue of mice induced with ischemia/
reperfusion. Therefore, TCA may recede neuroinflammation
by suppressing microglial activation and play a key role in
neuroprotection [32]. Recent research also showed that
TCA could promote the degradation of iNOS mRNA in
LPS-induced microglia, thus reducing NO production. Addi-
tionally, TCA could not only significantly decrease the
expression of iNOS and phosphorylated extracellular
signal-regulated kinase 1/2 (ERK1/2) in the hippocampus
but also evidently alleviate memory deficits and synaptic
plasticity damage in LPS-induced mice. They concluded that
TCA improved neuronal damage by suppressing microglial
activation via degrading the stability of iNOS mRNA [33].
In addition, TCA decreased the expression of iNOS and
COX-2 in the LPS-stimulated BV2 cells and noticeably
increased the number of tyrosine hydroxylase-positive
dopaminergic neurons in the striatum and substantia nigra
of mice with 6-hydroxydopamine challenge. These data
indicated that TCA has a function of neuroprotection on
dopaminergic neurons, which is associated with the sup-
pression of neuroinflammatory responses induced by
microglial activation [34]. As mentioned above, TCA has
the potential to prevent neuronal damage via inhibiting
microglial activation.

2.4. Salvianolic Acid B. Salvianolic acid B (Sal B) is the
main active ingredient as a water-soluble component of
Salvia miltiorrhiza roots (Danshen). The studies revealed
that Sal B possessed anticancer activity [35, 36]. Other
researches confirmed the therapeutic potential of Sal B
on hepatic protection, cardiovascular protection, and
neuroprotection [37, 38].

In recent research, Sal B could suppress neutrophil infil-
tration and microglial activation after TBI. Salvianolic acid
B could not only reduce the productions of proinflammatory
mediators such as TNF-α and IL-1β but could also upregu-
late the levels of anti-inflammatory mediators such as IL-10
and transforming growth factor beta 1. These results demon-
strated that the neuroprotective role of Sal B on the TBI
model may be related to its anti-inflammatory effects [38].
Research has shown that Sal B could reduce the mRNA levels
of iNOS, TNF-α, and IL-1β in LPS-stimulated microglia by
decreasing NF-κB activation. Moreover, Sal B could prevent
neuronal damage via the inhibition of microglial activation
in a coculture system including microglia and neurons [39].
A study demonstrated that Sal B treatment remarkably
lessened the infarction volume and neuroinflammation in
the middle cerebral artery occlusion rat model. The TLR4/
NF-κB pathway could be significantly suppressed by Sal B
treatment in the ischemic hemisphere via inhibiting the

activation of microglia. Meanwhile, the secretion of IL-1β
and IL-6 could be decreased by Sal B. This study confirmed
that Sal B could significantly alleviate brain damage following
cerebral ischemia by inhibiting inflammation in activated
microglia [40]. In conclusion, Sal B is a potential herbal
compound to improve neuronal damage through inhibiting
microglial activation and neuroinflammation.

2.5. Tanshinone. Tanshinone is one of the constituents
extracted from Salvia miltiorrhiza roots, containing tanshi-
none I and tanshinone IIA. Tanshinone I is one of the critical
active ingredients and exhibits many bioactivities, including
antioxidative and anti-inflammatory activities in several
laboratorial models [41–43]. Research displayed that tanshi-
none I could destroy the biomembrane reactor in vitro and
decrease the bacterial content in vivo [44]. Tanshinone I
could protect mitochondria via the nuclear factor erythroid
2-related factor 2-dependent mechanism in SH-SY5Y cells
induced by paraquat [45].

Further studies revealed that tanshinone I could signifi-
cantly decrease the production of several proinflammatory
mediators including TNF-α, NO, IL-1β, and IL-6 and also
distinctly inhibit NF-κB activation in activated M1 microglia
stimulated by LPS. Furthermore, tanshinone I had the ability
to improve motor function, normalize striatal neurotrans-
mitters, and protect dopaminergic neurons in 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine- (MPTP-) intoxicated
mice. The animal studies also revealed that tanshinone I
might reduce the increase in TNF-α and IL-10 concentra-
tions through modulating microglial activation in MPTP-
intoxicated mice. Therefore, tanshinone I has the potential
to protect nigrostriatal dopaminergic neurons by decreasing
the level of proinflammatory mediators through the inhibi-
tion of NF-κB activation in microglia [46].

Tanshinone IIA is also an active constituent of Salvia
miltiorrhiza and has been widely used for many years in Asia
to treat various diseases for its observable organ protective
activities [47, 48]. Research showed that MPTP could not
only damage nigrostriatal dopaminergic neurons but also
induce microglial activation. Western blot and immunohis-
tochemistry revealed that MPTP could increase the expres-
sion of NADPH oxidase and iNOS in substantia nigra pars
compacta. In addition, the impairment of nigrostriatal
dopaminergic neurons and the high expression of NADPH
oxidase and iNOS could be reversed by tanshinone IIA treat-
ment. Thus, tanshinone IIA could protect nigrostriatal dopa-
minergic neurons through suppressing microglial activation
and reducing the expression of NADPH oxidase and iNOS
in the model of Parkinson’s disease [49]. As mentioned
above, tanshinones are likely to protect neurons via suppress-
ing microglial activation and reducing neuroinflammation
and oxidative stress.

2.6. Oxymatrine. Oxymatrine is a major active ingredient
isolated from Sophora flavescens Ait (kushen), which has
been used in China for thousands of years. It has been
reported that oxymatrine could exhibit anticancer, antiapop-
totic, and neuroprotective effects [50–52].
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Oxymatrine could not only reduce the secretion of
heat shock protein 60 (HSP60) in BV2 cells stimulated
by LPS but also decrease the expression of heat shock fac-
tor 1, which is the transcription factor of HSP60. In addi-
tion, oxymatrine could alleviate the expression of MyD88,
caspase-3, NF-κB, IL-6, iNOS, TNF-α, and IL-1β in LPS-
stimulated BV2 cells. From the results mentioned above,
oxymatrine plays a key role in protecting neurons by
blocking microglial activation and HSP60/TLR-4/MyD88/
NF-κB pathways. Therefore, oxymatrine, herbal com-
pound, represents as a potent therapeutic agent against
microglial activation for ameliorating neurodegenerative
disorders [53].

2.7. Curcumin. Curcumin is a primary ingredient of
turmeric, and studies have shown its anti-inflammatory and
antioxidative effects, and it observably alleviates CFA-
induced pain hypersensitivity [54].

Studies revealed that curcumin could decrease amyloid
beta 42- (Aβ42-) induced expression of IL-1β, IL-6, and

TNF-α in microglia, depending on its concentration. More-
over, curcumin showed an effect of inhibiting the levels of
phosphor-ERK1/2 and p38 in Aβ42-activated microglia.
These results demonstrated that curcumin alleviated proin-
flammatory mediators released by microglia via inhibiting
ERK1/2 and p38 signaling pathways [55]. Curcumin could
dramatically ameliorate the phagocytic abilities of prosta-
glandin E2- (PGE2-) stimulated N9 cells. Further, curcumin
could reverse the decreased effect of PGE2 on Aβ42-induced
microglial phagocytosis via inhibiting PGE2 receptor subtype
2 and protein kinase A signaling pathways [56].

Curcumin inhibited inflammatory response and micro-
glial activation by decreasing the upregulated fractalkine/
CX3C chemokine receptor 1, thus protecting neuronal
injury in the hippocampal dentate gyrus of fructose-fed
mice [57]. Furthermore, the other result demonstrated that
using curcumin nanoparticles may be a feasible way of
enhancing neurological function in early brain injury of
rat following SAH [58]. In conclusion, curcumin is a
promising herbal compound to protect neuronal damage
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Figure 1: Schematic diagram represents prevention of neuronal damage/death by herbal compounds via inhibiting microglial activation
through the blockage of related signaling pathway. LPS: lipopolysaccharide; Aβ: amyloid beta; MPTP: 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine; TBI: traumatic brain injury; SAH: subarachnoid hemorrhage; PI3k/AKT: phosphoinositide 3-kinase/protein kinase B;
MAPKs: mitogen-activated protein kinases; NF-κB: nuclear factor-kappa B; JAK/STAT: Janus kinase/signal transducers and activators of
transcription; NADPH oxidase: nicotinamide adenine dinucleotide phosphate oxidase; ROS: reactive oxygen species.
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in degenerative disorders via suppressing the inflammatory
response in microglia.

2.8. Other Herbal Compounds. Isobavachalcone is the major
constituent extracted from Fructus psoraleae, which presents
versatile effects including antitumor [59, 60], antibacterial
[61], and bone strengthening [62] effects. A study showed
that isobavachalcone could recede the LPS-induced oxidative
stress and inflammatory cytokine levels and that it possessed
an effect of neuroprotection by inhibiting microglia-
mediated inflammation [63]. Scutellarin, a member of
flavone glucuronide, is considered the major active compo-
nent of Erigeron breviscapus [64, 65]. Scutellarin was able
to reduce the distribution of activated microglia and the
levels of TNF-α, IL-1β, and iNOS in vivo. In vitro, it
had the ability to prohibit the upregulated level of ROS,
NO, and iNOS in LPS-induced BV2 cells [66]. Addition-
ally, many studies demonstrated that scutellarin could
regulate the activation of microglia and protection of neu-
rons by the anti-inflammatory effect in primary microglia
and BV2 cells [67]. Sophoraflavanone G decreased the
cytotoxicity of conditioned medium prepared by activated
BV2 cells induced by LPS to PC12 cells and increased cell
viability. As mentioned above, sophoraflavanone G was
able to suppress neuroinflammation via MAPKs, PI3K/
protein kinase B, Janus kinase/signal transducers, and
activators of transcription and nuclear factor erythroid 2-
related factor 2/heme oxygenase-1 signaling pathways and
might react as a potential constituent for various neuroin-
flammatory conditions [68]. A recent report revealed that
four sesquiterpenoids isolated from Tussilago farfara also
had neuroprotective effects by reducing the levels of NO,
PGE2, TNF-α, and ROS in the LPS-stimulated BV2 cell and
PC12 cell coculture system through the blockage of the NF-
κB pathway [69]. The other study indicated that treatment
with baicalein, a flavonoid from Scutellaria baicalensis
Georgi, exerted neuroprotective effects on dopaminergic
neurons by decreasing TNF-α, NO, and superoxide produc-
tions in the neuron-glia coculture system with LPS stimula-
tion and blocking morphological change of microglial
activation [70]. In addition, Wogonin, another flavonoid
from the root of Scutellaria baicalensis Georgi, also had a
potent neuroprotection by suppressing microglial activation
through the blockage NF-κB pathway in vivo and in vitro
experiment [71]. These results suggest that a number of nat-
ural compounds have the potential to protect neurons via
inhibiting microglial activation. Further, it is possible for
these natural compounds to be used as therapeutics for
neurodegenerative disorders with neuroinflammation.

3. Conclusions

An increasing amount of findings has demonstrated that
microglial activation and neuroinflammation play a crucial
role in the pathogenesis of neurodegenerative disorders.
Recent researches revealed that there are many compounds
isolated from natural plants that can delay the neuronal
damaged and degenerative progression by inhibiting micro-
glial activation, so they have attracted considerable attention

as pharmacological intervention against neurodegenerative
discords with neuroinflammatory condition. As illustrated
in the summary diagram (Figure 1), these literatures provide
the evidences that herbal compounds can protect neuronal
damage characterized by neuroinflammatory and oxidative
stress condition and they accomplish their role by suppress-
ing microglial activation and proinflammatory and neuro-
toxic mediator expression via blocking the related signaling
pathway in activated microglia. Moreover, the natural
products and compounds are inexpensive, easily accessible,
and safe. Therefore, they can be widely observed in labora-
tory researches. If these activities of herbal compounds that
are found in laboratory research are beneficial to delaying
the development of neurodegenerative disorders, then large
and well-designed studies in clinic are required to confirm
whether or not their activity is also possible in humans.
Further study of the pharmacological mechanisms of natural
herbal compounds on the inhibition of microglial activation
and neuroinflammation could not only benefit the discovery
of effective neuroprotective components but also help
researchers to learn more about the pathological mechanisms
of neurodegenerative disorders.
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Neurodegenerative diseases such as Parkinson’s disease (PD) and Alzheimer’s disease (AD) impose a pressing burden on our
developed and consequently aging society. Misfolded protein aggregates are a critical aspect of several neurodegenerative diseases.
Nevertheless, several questions remain unanswered regarding the role of misfolded protein aggregates and the cause of neuronal
cell death. Recently, it has been postulated that neuroinflammatory processes might play a crucial role in the pathogenesis of
PD. Numerous postmortem, brain imaging, epidemiological, and animal studies have documented the involvement of the innate
and adaptive immunity in neurodegeneration. Whether these inflammatory processes are directly involved in the etiology of PD
or represent secondary consequences of nigrostriatal pathway injury is the subject of intensive research. Immune alterations in
response to extracellular α-synuclein may play a critical role in modulating Parkinson’s disease progression. In this review, we
address the current concept of neuroinflammation and its involvement in PD-associated neurodegeneration.

1. Introduction

To the present day, neurodegenerative diseases such as
Parkinson’s disease (PD) and Alzheimer’s disease (AD)
impose a pressing burden on our developed and consequently
aging society. Increasing life expectancy implicates that a
large part of the population becomes susceptible to neurode-
generative disorders [1]. The currently available treatment
options for PD are limited, mainly symptomatic and associ-
ated with decreased efficacy and unwanted side effects over
time. Therapeutic strategies acting on the underlying patho-
genesis of the disease in order to slow down or block the dis-
ease progression, as well as reliable and sensitive tests for early
diagnosis, represent a large unmet medical need. PD has long
been considered as a sporadic disorder with an age-related
increase in incidence without a clear etiology. Over the last
20 years however, new genetic insights from monogenic
Mendelian forms of PD and more recently from genome-
wide association studies (GWAS) have strengthened the
evidence that PD has a considerable genetic component [2].
In addition, environmental factors have been proposed as
important risk factors or triggers for PD [3].

The neuropathological hallmarks of PD are the deposition
of misfolded protein aggregates, predominantly composed of
α-synuclein, in distinct brain regions and the progressive
degeneration of dopaminergic neurons in the substantia nigra
pars compacta (SNpc), subsequently leading to striatal dopa-
mine depletion, which is responsible for the classical motor
symptoms [4, 5]. Throughout the last decade, this classical
view has been extended to other nonmotor-related brain
regions. It has become clear that the disease progresses follow-
ing a characteristic pattern of pathological changes through-
out the brain leading to severe nonmotor symptoms such as
olfactory dysfunction, sleep disturbance, cognitive impair-
ment, and autonomic dysfunction [6]. Nevertheless, several
questions remain unanswered regarding the cause of neuro-
nal cell death and the role of misfolded protein aggregates in
PD. Multiple cellular and molecular mechanisms that might
contribute to neuronal cell death have been described includ-
ing mitochondrial dysfunction, oxidative stress, excitotoxi-
city, and proteasomal dysfunction. In addition, it has been
postulated that neuroinflammatory processes might play a
crucial role in the pathogenesis of PD and other neurodegen-
erative disorders [7]. Numerous postmortem, brain imaging,
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epidemiological, and animal studies have documented the
involvement of the innate and adaptive immunity inneurode-
generation (schematic overview in Figure 1) [8–14]. Whether
these inflammatory processes are directly involved in the eti-
ology of PD or represent secondary consequences of nigros-
triatal pathway injury is the subject of intensive research.

In this review, we address the current concept of neu-
roinflammation and its involvement in PD-associated neu-
rodegeneration. We summarize our understanding of the
involvement of innate and adaptive immunity in PD in
patients as well as preclinical animal models. Lastly, we
emphasize the current and potentially new therapeutic strat-
egies targeting neuroinflammatory processes.

2. Evidence for Neuroinflammation in
PD Patients

Typically, inflammation is a complex defense mechanism
occurring in the body in response to perturbed homeostasis.
The term “neuroinflammation” broadly defines the inflam-
matory processes occurring in the central nervous system
(CNS) involving both the innate and adaptive immune sys-
tem. This is a double-edged sword since the cells involved
in neuroinflammatory responses can induce beneficial or
harmful effects. Indeed, neuroinflammatory mechanisms
contribute to both normal brain development and neuro-
pathological events. Neuroinflammation has been repeatedly
linked to neurodegeneration, including PD, over the last
years, but whether the neuroinflammatory processes are a
cause or a consequence of neuronal degeneration remains
unanswered [7]. Two potential pathological mechanisms
responsible for neuronal cell death exist in PD and most neu-
rodegenerative disorders: “cell-autonomous” and “non-cell-
autonomous” mechanisms. The cell-autonomous mecha-
nism refers to an accumulation of intrinsic damage in the
degenerating neurons resulting in their death. The second
mechanism indicates an indirect degeneration of the affected
neurons caused by pathological interactions with neighbor-
ing cells, such as resident glial cells (i.e., microglia and astro-
cytes) and/or infiltrating immune cells from the periphery
(i.e., macrophages and lymphocytes).

Microglia are the principal innate immune cells in the
brain and have fundamental roles in CNS homeostasis. They
continuously scan their microenvironment and monitor
ongoing synaptic activity (including synaptic pruning), clear
apoptotic cells, and provide trophic support for neurons.
They represent the first line of defense in the brain and react
to pathological events through a cascade of inflammatory
processes. In the presence of pathogens (pathogen-associated
molecular patterns or PAMPS) or tissue damage (danger-
associated molecular patterns or DAMPS), microglia induce
complex immune responses by increasing the expression of
toll-like receptors (TLRs) and several proinflammatory
mediators, which consequently activate peripheral immune
cells, with the aim of restoring tissue homeostasis [15, 16].

Earliest observations supporting the idea that neuroin-
flammatory processes are involved in PD date from postmor-
tem studies 25 years ago. McGeer et al. reported the presence
of human leukocyte antigen D-related- (HLA-DR-) positive

reactive microglia in the SNpc of patients with PD [8]. Cyto-
kines, chemokines, and other inflammatory mediators are
known to trigger microglial activation, potentially contribut-
ing to nigrostriatal pathway injury. As dopaminergic neurons
express a wide range of cytokine and chemokine receptors, it
has been suggested that they are responsive to these inflam-
matory mediators which are derived from or which activate
microglia. Accordingly, higher expression levels of the che-
mokine CXCL12 and its receptor CXCR4 were detected in
the SN [17]. Elevated levels of the proinflammatory interleu-
kins IL1β, IL2, IL6, and tumor necrosis factor α (TNFα) as
well as the anti-inflammatory transforming growth factor β1
(TGFβ1) have also been detected in the striatum, and concen-
trations of TNFα, IL1β, interferon γ (IFNγ), nitric oxide syn-
thase (NOS), and reactive oxygen species (ROS)were found to
be increased in the SN of postmortem samples [18–21]. These
findings further confirm the involvement of microglia in the
initiation of both pro- and anti-inflammatory events pointing
towards the existence of multiple phenotypes in PD and dis-
tinct functions during disease progression. Aside from post-
mortem data, numerous in vivo studies have been conducted
on biological fluids including blood and cerebrospinal fluid
(CSF) of PD patients. Plasma and serum analysis showed
upregulation of proinflammatory cytokines such as IL1β,
IL2, IL6, IFNγ, and TNFα as well as the anti-inflammatory
cytokine IL10 [22, 23]. Increased IL6 plasma concentrations
were linked to a higher risk to develop PD [24]. An elevation
in the serum levels of macrophage migration inhibitory fac-
tor (MIF) was also observed [25]. In line with these findings,
the same proinflammatory cytokines (i.e., IL1β, IL6, and
TNFα) have been reported in CSF samples [20, 26]. CSF is
a valuable source of information for the discovery of new
neurodegenerative and neuroinflammatory biomarkers as it
mirrors metabolic and pathological alterations in the CNS
more accurately than other biological fluids. In addition,
noninvasive positron emission tomography (PET) imaging
studies using PK-11195, a ligand of the peripheral benzodiaz-
epine receptor (PBR; also known as the mitochondrial
18 kDa translocator protein or TSPO), which is selectively
expressed by activated microglia, further confirmed the
occurrence of microglial activation in PD [9]. PD patients
showed significantly increased levels of PK-11195 binding
in the pons, basal ganglia, and cortical regions. However,
Gerhard et al. failed to find a clear correlation between PK-
11195 binding and disease progression during a longitudinal
follow-up study, suggesting that microglia might get acti-
vated early in the disease process [9]. Newer highly specific
PET ligands (e.g., DPA-714 and P2X7) have been developed
and are currently being tested to further confirm these imag-
ing data [27, 28]. Which stimuli are responsible for this acti-
vation is currently under intensive debate, but abnormal
misfolded proteins like extracellular α-synuclein have been
proposed as one of the major candidates.

Besides microglia, astrocytes have also been found to
participate in the neuropathology of PD [29, 30]. Astrocytes
are resident cells from the brain contributing to the develop-
ment and plasticity of the CNS, providing energy to neurons
and maintaining brain homeostasis. In healthy individ-
uals, astrocytes are heterogeneously distributed within the
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mesencephalon, with a low astrocytic density in the SN. In
PD, an elevation in the number of astrocytes in the SN as
well as pathological changes in astrocytes following a spe-
cific distribution pattern has been reported postmortem
[30, 31]. Furthermore, upregulation of calcium-binding pro-
tein S100b, which is primarily expressed by astrocytes and
acts as a cytokine, has been shown in the SN of postmortem
PD patients. S100b may increase the expression of inducible
nitric oxide synthase (iNOS) which, in turn, may result in the
activation of the proinflammatory enzyme cyclo-oxygenase-
2 (COX-2) in microglia as well as an increased production
of nitric oxide (NO) and superoxide radicals [32, 33]. These

events may directly or indirectly cause neuronal cell death.
The role of astrocytes in the neuropathology of PD is still
not well understood, since it has been hypothesized that these
glial cells may prevent and/or exacerbate nigrostriatal injury
due to a perturbed balance.

Over the last decades, the adaptive immune system has
been shown to be involved in PD through the presence of
CD4+ and CD8+ T lymphocytes in the vicinity of blood
vessels and near dopaminergic neurons in postmortem brain
tissues [34, 35]. On the other hand, B cells and natural killer
cells were not detected [35]. Decreased serum levels of naïve
lymphocytes were observed in PD patients while the
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Figure 1: Overview of clinical and preclinical evidence linking neuroinflammation to neurodegeneration in Parkinson’s disease. DN:
dopaminergic neurons; TLR: toll-like receptor; STR: striatum; Tg: transgenic; PD: Parkinson’s disease; KO: knockout; LBs: Lewy bodies;
α-SYN: α-synuclein; NI: neuroinflammation.
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numbers of activated T cells were increased, indicating that
peripheral activation occurs in PD pathology [36]. Elevated
numbers of regulatory T cells were also detected and exhib-
ited an impaired ability to suppress the effector T cell func-
tion [36–38]. Recently, Sulzer and coworkers reported that
well-defined α-synuclein peptides act as antigenic epitopes
and drive CD4+ and CD8+ T cell responses in patients with
PD [39]. The first antigenic region near the N-terminus, also
referred to as the Y39 region, is strikingly close to the α-synu-
clein mutations causing PD (A30P, E46K, H50Q, G51D, and
A53T) [40]. The second antigenic region encompasses S129
and requires S129 phosphorylation, a pathological form pres-
ent in Lewy bodies. Further, they showed that T cells can
respond to both α-synuclein epitopes arising from processing
native α-synuclein present in the blood and fibrilized α-synu-
clein associated with PD. Orr et al. have described a role for
humoral immunity in the pathogenesis of PD. They demon-
strated a strong immunolabeling for IgG (immunoglobulin
G) in Lewy bodies as well as one-third of the nigrostriatal
dopaminergic neurons, implicating that IgG antibody coat-
ing labels these cells for degradation [41]. In the last years,
the presence of auto-antibodies towards α-synuclein linking
PD to humoral immunity has been investigated. These
auto-antibodies are thought to be implicated in clearance
pathways and tissue homeostasis, suggesting that they may
play a crucial and protective role throughout disease progres-
sion [42]. Several studies based on the detection of α-synu-
clein auto-antibodies in biological fluids (i.e., blood, CSF,
and saliva) using a wide range of assays, including electro-
chemistry, enzyme-linked immunosorbent assay (ELISA),
immunoblotting, and surface plasmon resonance, have pro-
duced mixed results [42–47]. A plausible explanation could
be interlaboratory variability regarding the assays and sample
collecting procedures as well as the natural variation within
patient cohorts. Therefore, additional studies overarching
different patient groups with PD are indispensable.

Genetic and epidemiological studies have further impli-
cated neuroinflammation as a risk factor in PD. Epidemiolog-
ical studiesbasedon theuseofnonsteroidal anti-inflammatory
drugs (NSAIDs) were conducted in order to investigate the
involvement of neuroinflammation in the disease progres-
sion, with the underlying hypothesis that NSAIDs would
decrease the risk of developing PD [10, 48, 49]. However,
conflicting data were generated, possibly due to the fact that
the NSAIDs were not clearly subdivided based on their work-
ing mechanism and pharmacokinetics. Therefore, more scru-
pulous studies regarding the possible correlation between the
use of specific anti-inflammatory drugs and the risk of devel-
oping PD are required. More recently, pathway analysis-
based GWAS have identified functional categories of genes
involved in the “regulation of lymphocyte activity” and
“cytokine-mediated signaling” providing support for a strong
immune-related genetic susceptibility to PD [50]. The most
obvious immune-related PD risk variants are located in the
human leukocyte antigen (HLA) region (e.g., HLA-DRB1
and HLA-DRB5) [51–55]. HLA genes encode the major his-
tocompatibility complex (MHC) proteins that are intimately
involved in antigen presentation and immunity. This com-
plex resides on the surface of antigen-presenting cells,

including microglia, and promotes T cell activation. Alto-
gether, these data point to the involvement of the innate
immune system in PD. This is in line with findings from
the AD field where GWAS have identified 20 well-validated
genes harboring risk alleles (such as HLA-DRB1 and HLA-
DRB5), of which about half are predominantly or only
expressed in microglia [56].

3. Evidence from Neurotoxin-Based PD Models

Microglial activation has initially been observed in the SN
and along the nigrostriatal tract in the classical 6-
hydroxydopamine (6-OHDA) rat and mouse PD model
[57, 58]. In addition, reactive astrocytes have been identified
in the SN and the striatum of rats after exposure to 6-OHDA
[59]. The 6-OHDA model is widely known to induce rather
acute massive degeneration of dopaminergic neurons in the
nigrostriatal pathway. McCoy et al. have shown that neutral-
ization of the proinflammatory cytokine TNF led to reduced
nigrostriatal degeneration in this model [60]. However, to
investigate the involvement of peripheral immune and/or
inflammatory components, proper controls are necessary as
the blood-brain barrier (BBB) is transiently disrupted upon
intracerebral injection of the neurotoxin. An alternative
model that overcomes this issue is the systemic injection
of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP).
Reactive microglia and astrocytes have been detected in the
MPTP-treated mouse and primate brain [61, 62]. Brochard
et al. observed a selective nigrostriatal infiltration of CD4+

and CD8+ T cells in mice treated with MPTP, whereas no B
lymphocytes were found [35]. It was postulated that the infil-
tration of T lymphocytes into the brain occurred after micro-
glial activation but before astrogliosis. This model also
provided evidence for the direct involvement of activated
microglia in the processes leading to neuronal cell death as
microglial activation precedes neuronal degeneration [35,
61, 63]. Furthermore, two immunodeficient mouse models
lacking mature T lymphocytes (recombination activating
gene 1−/− (Rag1−/−) and T cell receptor beta chain−/−

(Tcrb−/−) mice) displayed a remarkably reduced susceptibil-
ity to MPTP-induced dopaminergic neurodegeneration
[35]. Mice reconstituted with functional naïve lymphocytes
partially lost their MPTP-related resistance, and CD4+ T cells
were identified as the key players in this neurodegenerative
process [35, 64]. Benner and coworkers hypothesized that
protein oxidative modifications associated with PD (e.g.,
nitration of α-synuclein) might lead to novel antigenic epi-
topes able to initiate peripheral T cell responses that might
consequently affect the nigrostriatal pathway [64]. Mice
immunized with nitrated α-synuclein were shown to display
marked proinflammatory responses and T cell proliferation.
Adoptive transfer of T cells from mice immunized with
nitrated α-synuclein to MPTP-treated mice led to a strong
neuroinflammatory response as well as accelerated neuronal
degeneration. These observations support the idea that
CD4+ T cells are crucially implicated in neuroinflammation
and subsequent neurodegeneration in animal models of PD.
On the other hand, CD4+CD25+ regulatory T cells were
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shown to be neuroprotective through the suppression of
microglia responses in the MPTP model [65].

4. Alpha-Synuclein: The Key
Player in Neuroinflammation?

As the gene encoding for α-synuclein was the first to be
unequivocally associated with a familial form of PD, α-synu-
clein transgenic mice have become one of the most studied
genetic animal models for PD. However, since α-synuclein
transgenic mice are in general hampered by a lack of dopami-
nergic cell loss and dopamine-dependent behavioral deficits,
they may only provide partial evidence regarding the link
between neuroinflammatory responses and genetic alter-
ations. Watson and coworkers studied the temporospatial
distribution of microglial activation and lymphocytic infiltra-
tion as well as the production of proinflammatory cytokines
in mice overexpressing wild-type (WT) human α-synuclein
under the neuron-specific Thy1-promoter [66]. Their study
revealed an elevation in the number of IbaI+ reactive microg-
lia and increased levels of TNFα in the striatum and later in
the SN of young Thy1-α-synuclein mice. Microglial activa-
tion was maintained until 14 months of age, but increased
serum levels of TNFα could only be detected until 5 to 6
months. Increased expression of TLR 1, 4, and 8, which
potentially mediate microglial reactivity, was found in the
SN of 5 to 6 months old animals, while TLR2 expression
was elevated in the SN at 14 months. Serum levels of CD4+

and CD8+ T cells were upregulated at 22 months in the
Thy1-α-synuclein mice reflecting the later role of the adap-
tive immunity in PD pathology. These results point to the
occurrence of inflammatory processes before the develop-
ment of motor deficits. In another study, three different α-
synuclein transgenic mouse lines (WT and double A53T
and A30P mutant human α-synuclein under the control of
the tyrosine hydroxylase (TH) promoter and A53T human
α-synuclein under the prion promoter) were used to investi-
gate the molecular changes induced by α-synuclein [67]. The
authors reported an altered expression of several genes,
including inflammatory genes, in the SN of WT α-synuclein
transgenic mice at stages preceding neuronal degeneration.
In the mutant α-synuclein transgenic mice, in an advanced
stage of the pathology, new candidate genes were identified
that may be involved in protein deposition and neuronal cell
death. Su et al. further documented the early involvement of
both α-synuclein and inflammation in the pathogenesis of
PD using mice overexpressing WT human α-synuclein
driven by the rat TH promoter [68]. They observed an
increase in the number of IbaI+ activated microglia in the
SN as well as significantly elevated expression levels of TNFα.
In line with these results, mice expressing the truncated form
of human α-synuclein under the rat TH promoter also exhib-
ited microglial activation in the SN [69].

Next to transgenic mouse models, recombinant adeno-
associated viral vector- (rAAV-) based α-synuclein rodent
and primate models, presenting various degrees of neuronal
cell loss, have extended our view on neuroinflammatory
events in PD pathogenesis. Theodore and coworkers noticed
an increase in the numbers of CD68+ microglia and an

expanding infiltration of B and T cells in the SN of rAAV2
α-synuclein mice before the onset of mild neuronal cell loss
6 months post injection [11]. The number of microglia
declined 12 weeks post injection, but a persistent B and T cell
infiltration was observed. Expression of proinflammatory
cytokines was elevated, while the anti-inflammatory markers
arginase I, IL4, and IL13 remained at the same level. These
observations revealed that overexpression of α-synuclein, in
the absence of overt neurodegeneration, is sufficient to initi-
ate neuroinflammation. Sanchez-Guajardo et al. investigated
in depth the early (neuronal pathology) and late stages (neu-
ronal pathology in association with neurodegeneration) of
the disease in a rAAV2/5 α-synuclein rat model [12]. A rapid
and transient elevation in the number of microglia was
shown after induction of neuronal pathology, resulting in a
long-lasting activation of MHCII+ microglia. Neuronal
pathology along with neuronal cell loss resulted in a delayed
increase in the number of CD68+ microglia displaying a
morphology similar to peripheral macrophages. Infiltration
of T lymphocytes appeared to increase in function of the
neurodegeneration-related severity. The authors concluded
that the microglial response alters depending on the presence
or absence of neuronal cell death implicating that microglia
may exert different functions during the disease progression.
Our group has shown that treatment with the immunophilin
ligand FK506 improved the survival of dopaminergic neu-
rons in a dose-dependent manner in a rAAV2/7 α-synuclein
rat model [13]. Moreover, we demonstrated that FK506 led
to decreased numbers of microglia/macrophages and low-
ered lymphocytic infiltration. These findings emphasize the
anti-inflammatory properties of FK506 in reducing neurode-
generation as well as the causal role of neuroinflammatory
processes in the pathogenesis of PD. In a recent publication,
Harms et al. reported the necessary recruitment of peripheral
CCR2+ monocytes to induce inflammation and subsequent
neurodegeneration in a rAAV2 α-synuclein mouse model
[14]. The role of the infiltrating monocytes in α-synuclein-
mediated neuroinflammation and neurodegeneration was
further investigated using the CCR2 knockout mouse model
combined with α-synuclein overexpression. The authors
found that the absence of infiltrating monocytes was neuro-
protective compared to WT rAAV2 α-synuclein animals.
These data suggest that the entry of peripheral monocytes
into the brain might play a crucial role in α-synuclein-medi-
ated neuronal cell death.

Evidence is emerging that α-synuclein can adopt distinct
conformations or “strains” with remarkable differences in
structural and phenotypic traits [70, 71]. Therefore, presenta-
tion of different α-synuclein assemblies (monomers, oligo-
mers, or fibrils) to the innate immune system and the
subsequent immune response might be a driving force in
the disease, although different studies have not yet put for-
ward one conformation as major determinant. Direct injec-
tion of recombinant monomeric α-synuclein in the mouse
SN induced nigral microglial activation 24 hours post
injection [72]. The proinflammatory cytokines IL1β, IL6,
and TNFα, the proinflammatory enzyme COX-2, and the
anti-inflammatory cytokine TGFβ were upregulated in the
SN compared to controls. Accordingly, strong microglial
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activation in the rat SN was found one week after injection
of oligomeric (protofibrillar) α-synuclein [73]. Sznejder-
Pachołek et al. have reported robust activation of microglia
and elevated expression of IL1α, TNFα, and IFNγ in the
striatum after striatal injection of monomeric α-synuclein.
Also, an increase in striatal GFAP was shown four weeks
post injection. These data further suggest that microglia
and astrocytes are key players in α-synuclein-related neuro-
toxicity [74]. Very recently, Harms et al. have shown that
short α-synuclein fibrils, but not monomeric α-synuclein,
injected into the rat SN led to the formation of α-synuclein
inclusions in dopaminergic neurons potentially spreading
to the projection neurons in the striatum and rapidly
induced microglial activation in the brain [75]. Axon loss
was observed in the striatum along with the recruitment
of monocytes two months post injection. Monocytes and
macrophages initially displayed low MHCII expression in
the striatum but, later, when α-synuclein inclusions were
present in neighboring projection neurons, MHCII expres-
sion was strongly increased. These exciting results further
support the hypothesis that recruitment of peripheral
immune cells might happen before neurodegeneration.

Overall, these observations from animal models using
distinct approaches implicate that the mechanisms leading
to neuronal cell death involve nonneuronal cells (Figure 2).
Molecular factors and mediators involved in these cellular
interactions, including microglial activation as well as mono-
cytic and lymphocytic infiltration, still need to be identified
and characterized in order to find new targets for disease-
modifying therapies.

5. LRRK2: α-Synuclein’s Copilot in
Neuroinflammation?

A second gene linked to autosomal dominant familial PD is
the more recently discovered LRRK2 gene, encoding the
leucine-rich repeat kinase 2 protein. Both LRRK2 and α-
synuclein are key players in PD, but establishing a functional
link between the two proteins has proven elusive. Interest-
ingly, both proteins have been linked to microglial activation.
Extracellular α-synuclein can directly initiate microglial acti-
vation and be phagocytosed by microglia, whereas LRRK2
has been reported to be involved in the intrinsic regulation
of microglial activation as well as autophagolysosomal degra-
dation [76, 77]. Genetic studies have also implicated LRRK2
in the development of autoimmune disorders including
Crohn’s disease and ulcerative colitis [78]. Microglia and
monocytes display high LRRK2 expression levels, even
higher than neurons, emphasizing its involvement in the
innate immune system. This suggests that microglia and
monocytes might be deeply involved in LRRK2-dependent
processes and signaling (e.g., kinase activity and interactions
with cofactors) [79, 80]. Indeed, several studies have shown
that TLR2 and TLR4 stimulation results in the upregulation
of LRRK2 expression and phosphorylation in primary
microglia and monocytes [80, 81]. LRRK2 phosphorylation
is currently thought to reflect the functional activity of the
protein. Further, Russo et al. observed that LRRK2 deletion
or pharmacological inhibition led to decreased production

of proinflammatory mediators (i.e., IL1β and COX-2) and
subsequent decline in the inflammatory response elicited by
LPS or α-synuclein fibrils in microglial cells [82].

Over the last years, various studies using LRRK2 knock-
out or LRRK2 kinase inhibition in rodent models have been
conducted to evaluate the effects of LRRK2 inactivation on
neurodegeneration and neuroinflammation; however, con-
flicting data have been obtained. Lin et al. noticed a strong
protection after genetic depletion of LRRK2 in a A53T
α-synuclein CAMKII-promoter-driven transgenic mouse
model [83]. In contrast, Herzig et al. found that high levels
of both WT and G2019S-LRRK2 did not alter endogenous
α-synuclein levels or exacerbate α-synucleinopathy in WT
or A53T transgenic mice [84]. In line with these findings,
Daher et al. reported that modulation of LRRK2 (i.e., deletion
of LRRK2 or overexpression of human G2019S-LRRK2) in
A53T α-synuclein transgenic mice had a minimal effect on
α-synuclein-induced pathology in the mouse hindbrain, sug-
gesting that these events are principally independent from
LRRK2 expression [85]. Later, in line with the first study of
Lin et al., it was shown that the LRRK2 knockout rat model
was resistant to neuronal degeneration in association with a
reduced activation of microglia and monocytes in response
to LPS exposure or human WT α-synuclein overexpression
[86]. While endogenous LRRK2 expression in the SN of
WT rats is below detection level under physiological condi-
tions, increased LRRK2 expression levels were found in the
SN upon exposure to LPS or humanWT α-synuclein overex-
pression. Based on these data, it has been suggested that
knockdown of LRRK2 might be neuroprotective through
the inhibition of chronically activated microglia as well as
the recruitment of monocytes. These findings may provide
valuable insights into the development of LRRK2-targeting
therapeutic strategies. Indeed, LRRK2 kinase inhibitors are
currently investigated with regard to their therapeutic poten-
tial as well as their efficacy and tolerability in α-synuclein
models. PF-06447475, a LRRK2 kinase inhibitor, was admin-
istered for four weeks in both transgenic G2019S-LRRK2 and
WT rats stereotactically injected with the rAAV2/1 vector
expressing human WT α-synuclein [87]. G2019S-LRRK2
rats displayed aggravated degeneration of dopaminergic neu-
rons and neuroinflammation upon α-synuclein overexpres-
sion, whereas treatment with PF-06447475 diminished
neurodegeneration and neuroinflammation in these animals.
Neuronal cell death was also found to be reduced in WT
rAAV2/1 α-synuclein rats upon administration of PF-
06447475. Further insights into the potential LRRK2-
dependent regulation of microglial activation and neuroin-
flammation will provide valuable and crucial information.

6. Neuroinflammation beyond the CNS

The recently proposed prion-like behavior of α-synuclein
may explain the observations made by Braak et al. implicat-
ing that the neuropathology of PD evolves in a patterned
and sequential manner, with premotor symptoms preceding
the presence of motor deficits [88, 89]. This pathological pro-
cess is divided into six stages in PD initiating with α-synu-
clein-rich inclusions in the olfactory bulb and the dorsal

6 Journal of Immunology Research



motor nucleus of the vagal nerve (DMV) and extending to
the midbrain and other brainstem regions in later stages of
the disease. The vagal nerve receives projections from the
enteric nervous system (ENS) and the spinal cord and is pro-
posed as the connection between the peripheral nervous sys-
tem (PNS) and the CNS [90].

The majority of PD patients also display nonmotor
symptoms such as dysphagia, constipation, and gastroesoph-
ageal reflux [91–93]. These symptoms that may reflect a pro-
dromal stage of the disease appear to coincide with
gastrointestinal pathology involving the deposition of phos-
phorylated α-synuclein in enteric neurons [94]. Histological
analyses have shown that the PNS and the gastrointestinal
(GI) tract are affected by both pathological and inflammatory
events in early stages in PD [90, 93, 95]. Intestinal hyperper-
meability along with increased exposure to intestinal bacteria
and bacterial endotoxins, oxidative stress (nitrotyrosine), and
α-synuclein deposits have been observed in the intestinal
mucosa of patients suffering from PD using immunohisto-
chemical and serological analyses [95]. Moreover, recent
studies have reported alterations in the composition of the
gut microbiota in patients with PD [96]. Although the precise
nature of these alterations has not been identified to date,
these findings suggest that gut microbiota might play a role
in PD pathology.

It has been suggested that prion-like cell-to-cell transmis-
sion through the vagal nerve and spinal cord may require the
involvement of the immune system [97]. The presence of
exogenous pathogens in the GI tract may lead to the activa-
tion of macrophages, which consequently secrete inflamma-
tory mediators inducing oxidative stress and affecting the
surrounding tissues and consequently initiating the synuclei-
nopathy in the ENS. These events may influence the intesti-
nal function as evidenced by the premotor symptoms. Cell-
to-cell transmission of misfolded α-synuclein aggregates
through the ENS into the brain may further contribute to
the sustained activation of local macrophages as well as the
progression of the pathology. Further research is necessary
to unravel the involvement of the ENS and the role of
the immune system in disease initiation and propagation
towards the CNS.

7. Immunomodulatory Strategies for PD

Considering the potential role of neuroinflammation in the
initiation and progression of PD, targeting the immune sys-
tem is a promising strategy for treating PD. Several studies
targeting the inflammatory pathways mediated by microglial
cells have been carried out. Nigral overexpression of domi-
nant negative TNF in the 6-OHDA rat model attenuated
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Figure 2: Possible link between α-synuclein, neuroinflammatory processes, and neurodegeneration in Parkinson’s disease. In the presence of
specific α-synuclein conformations, microglia get activated and induce a complex immune response by increasing the expression of toll-like
receptors and several proinflammatory mediators, which consequently activates peripheral immune cells like monocytes or T cells. These
peripheral immune cells might actively contribute to neurodegeneration.
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microglial activation and resulted in decreased neuronal
degeneration and improved motor behavior [60, 98]. Thera-
peutic approaches with the aim of modulating the peripheral
immune system have been designed to trigger T cells in vivo
upon exposure to distinct compounds and transfer them
to preclinical models of PD. For example, Benner and
coworkers reported that adoptive transfer of T cells immu-
nized with glatiramer acetate (a synthetic random amino acid
polymer used as an immunization-based antigen) to MPTP-
treated mice led to the infiltration of T cells in the SN, sup-
pressed microglial activation, and increased synthesis of
astrocyte-associated glial cell line-derived neurotrophic fac-
tor, resulting in neuroprotection of dopaminergic neurons
[99]. NSAIDs, such as aspirin, salicylic acid, and ibuprofen,
have been shown in certain studies to have neuroprotective
effects on dopaminergic neurons and have been suggested
as a preventive treatment for PD [10, 48, 49, 100]. However,
more research is necessary on the possible correlation
between the use of anti-inflammatory drugs and developing
PD. Additional anti-inflammatory compounds, like nalox-
one, minocycline, pioglitazone, and FK506 have been shown
to reduce microglial activation and neuronal cell death in
different models of PD [13, 58, 101, 102].

The recently described transmissible nature of α-synu-
clein underlying the progression of the disease has opened
new possibilities for therapeutic strategies [89]. In an
attempt to target (extracellular) α-synuclein, two immuno-
therapeutic strategies have been explored: active immuniza-
tion using the patient’s own immune system to generate
antibodies against α-synuclein or passive immunization
using the direct administration of antibodies against differ-
ent domains of α-synuclein. Masliah et al. pioneered exper-
imental active immunization targeting α-synuclein. They
reported that immunization of WT α-synuclein transgenic
mice with α-synuclein decreased protein accumulation in
neuronal cell bodies and synapses and reduced neurodegen-
eration [103]. Later, Sanchez-Guajardo et al. used a viral
vector-based α-synuclein rat model to test the active immu-
nization against α-synuclein. Vaccination with recombinant
α-synuclein 6 to 10 weeks before intracerebral injection of α-
synuclein reduced protein inclusions in the SN associated
with an increase in CD4+ T cells and microglial activation
[104]. Another vaccination-based approach consisted of
administrating short fragments of α-synuclein conjugated
to a carrier, also known as the AFFITOPE® AFF1 vaccine,
which resulted in the stimulation of antibodies against the
C-terminal part of α-synuclein in two mouse models of
PD [105]. This strategy has been reported to reduce neuro-
pathology and increase microglial activation and anti-
inflammatory cytokine expression. Based on these preclini-
cal results, AFFITOPE vaccines are in a phase I clinical trial
for PD and a phase II trial for multiple system atrophy
(MSA). Masliah and coworkers also conducted the first
study implementing passive immunization. Passive immuni-
zation gives the possibility to reduce the dose or to stop the
treatment in case of adverse effects. They showed that pas-
sive immunization with a novel monoclonal antibody
against the C-terminus of α-synuclein (9E4), able to cross
the BBB, improved α-synuclein pathology and motor

symptoms [106]. These observations support the idea that
passive immunization with monoclonal antibodies might
be therapeutically relevant for PD and other neurodegener-
ative disorders. It has been postulated that the antibody-
mediated clearance of extracellular α-synuclein mainly
occurs in microglia through the Fcγ receptor as shown by
the increased localization of α-synuclein as well as the anti-
body in microglia [107]. A phase Ib trial is currently ongo-
ing to evaluate the humanized form of 9E4, called PRX002,
and assess the safety and pharmacokinetics in patients with
idiopathic PD. Fagerqvist et al. generated antibodies against
different α-synuclein conformations (oligomeric or protofi-
brillar α-synuclein). This resulted in a decrease of these
possible toxic species in the mouse brain as well as in
human postmortem brain samples [108]. Although preclini-
cal studies assessing both immunization strategies have been
successful, further research is warranted to design and inves-
tigate α-synuclein conformation-specific antibodies.

8. Conclusions

Neurodegenerative disorders threaten our society with a sub-
stantial economic burden. There is an urgent need to develop
novel therapeutic strategies acting on the underlying disease
pathogenesis in order to slow down or halt disease progres-
sion. In this regard, it is of uttermost importance to better
understand how neuroinflammation plays a role in the initi-
ation and progression of PD. Animal models and human
studies have generated multiple evidence for the involvement
of microglia and T lymphocytes in PD; however, their specific
role in disease initiation and progression remains elusive.
Immune alterations in response to different α-synuclein con-
formations may play a critical role in modulating disease pro-
gression and outcome. Identifying the immuno-pathogenic
conformational state of α-synuclein might open novel thera-
peutic options. The recruitment of peripheral monocytes has
been reported to contribute to PD-associated neurodegener-
ation, but the exact role of these peripheral monocytes in
the disease process remains to be determined. Further
insights into the α-synuclein pathology occurring in the
CNS or in the ENS as well as the role of the immune cells in
this process will be particularly important considering early
therapeutic interventions. Recent findings concerning the
involvement of LRRK2 in microglial and monocytic activa-
tion may provide valuable information about its interactions
with α-synuclein and the link to neuroinflammation in PD.
In conclusion, targeted interventions aiming at modifying
the pathological immune response in PD may prove efficient
in slowing disease progression. Future research should focus
on identifying new drug targets by broadening our under-
standing of neuroinflammatory processes in PD-associated
disease initiation and progression.
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Cardiovascular disease is a major cause of death worldwide. Inflammasome infiltration has been identified to play a central role in
the pathological progression of certain cardiovascular diseases, such as vascular damage spanning atherosclerosis, aneurysm, or
arteritis; ischemic heart disease; and other nonischemic heart diseases including diabetic cardiomyopathy, chronic heart failure,
and hypertension- or virus-induced cardiac dysfunction. The NLRP3 inflammasome, a key participant in the innate immune
response, requires both priming and activation signals for the initiation of inflammation. Piling evidence has revealed that the
NLRP3 inflammasome could exert an inflammatory effect by inducing the secretion of proinflammatory cytokines (i.e., IL-1β,
IL-18) or could cause pyroptosis, a novel programmed cell death process, in a caspase-1-dependent manner. The importance of
the NLRP3 inflammasome in cardiac disease has been broadly investigated. In this review, we present the current knowledge
regarding the function of NLRP in vascular disease, ischemic heart disease, and nonischemic heart disease and discuss the
potential therapeutic options targeting the NLRP3 inflammasome.

1. Introduction

Cardiovascular disease remains prevalent in both developing
and developed countries, presenting high morbidity and
mortality rates. Vascular damage such as atherosclerosis,
aneurysm, and following ischemic heart diseases accounts
for the majority of cardiovascular diseases. Atherosclerosis
is a chronically progressive disease characterized by abnor-
mal lipid deposition in large arteries and obstructed blood
flow, followed by possible plaque rupture, which could cause
embolism in vital organs such as the brain, heart, and kidney
[1]. In the last three decades, mounting evidence has sup-
ported the notion that inflammation contributes to the path-
ological process of atherosclerosis in pivotal ways [2]. The
initial step of atherosclerosis involves the expression of adhe-
sive factors by vascular endothelial cells and the subsequent
accumulation of monocytes and lymphocytes. The next step

comprises foam cell formation, a critical feature in athero-
sclerotic plaque. In this process, monocytes differentiate into
macrophages, swallow abundant lipoproteins, and finally eat
themselves to death. Under the action of proinflammatory
cytokines, atherosclerotic plaque is susceptible to rupture
and embolization [2]. Taken together, inflammation partici-
pates in every step of atherosclerosis. When embolism occurs
in the coronary arteries, the patient is likely to have a heart
attack owing to a disrupted blood supply. However, the role
of inflammation in myocardial ischemia and reperfusion is
rather complicated [3]. Neutrophils have been found to be
recruited to the ischemic and reperfused myocardium. Neu-
trophils can exert harmful effects by secreting proteolytic
enzymes, whereas macrophages can exhibit beneficial effects
such as promoting angiogenesis and cell proliferation [3].
Moreover, cardiac dysfunction often arises at later stages of
metabolic disease. For example, diabetic cardiomyopathy
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(DCM), characterized by loss of cardiomyocytes and dys-
function of the left ventricle, is a major contributor to the
fatality of patients with diabetes [4]. Interestingly, Luo
et al.’s work could help us better understand DCM from an
inflammatory perspective [4].

The innate immune system, the first line of defense in the
human body, responds to stimuli such as infection or danger
signals released from cells. Pattern recognition receptors
(PRRs) expressed by macrophages, neutrophils, and other
inflammatory cells of the innate immune system can recog-
nize these danger signals, which can be divided into two cat-
egories: pathogen-associated molecular patterns (PAMPs)
and damage/danger-associated molecular patterns (DAMPs)
[5]. PRRs are classified into five families: toll-like receptors
(TLRs), nucleotide-binding and oligomerization domain-
(NOD-) like receptors (NLRs), retinoic acid inducible gene-
I- (RIG-I-) like receptors (RLRs), C-type lectins (CTLs),
and absent-in-melanoma- (AIM-) like receptors (ALRs) [6].
TLR is the first identified PRR and functions as a transmem-
brane receptor. Although NLRs resemble TLRs, they func-
tion as cytoplasmic receptors instead [6]. Proteins from the
NLR family primarily consist of three parts: the NOD
(NACHT), the C-terminal leucine-rich repeat (LRR)
domain, and the N-terminal effector domain [6, 7]. Based
on different types of N-terminal domains, a major site
responsible for binding to other proteins, the NLR family is
further divided into four groups: NLRs containing the acidic
transactivation domain (named NLRA), the baculoviral
inhibitory repeat-like domain (named NLRB), the caspase
activation and recruitment domain (CARD; named NLRC),
and the pyrin domain (named NLRP) [6–8]. The biochemi-
cal properties of NLRs have been discussed in detail by Mac-
Donald et al. [8]. The NLRP family comprises 14 members,
which mainly participate in inflammasome formation [6].
In this review, we present the link between the NLRP sub-
family and cardiovascular disease, with a focus on NLRP3,
the most widely investigated member.

2. NLRP and NLRP Inflammasomes

The NLRP subfamily, characterized by a pyrin-containing
domain in the NLRs, is primarily involved in inflammasome
formation [6, 7]. According to Amin et al. [7], an inflamma-
some complex is generally composed of three parts: sensor
receptors that could be triggered by PAMPs or DAMPs,
adaptors that could facilitate an inflammatory reaction, and
effectors that could initiate the inflammatory cascade. Most
members of the NLRP family are equipped with a pyrin
domain, which serves to interact with another pyrin domain
in apoptosis-associated speck-like protein containing a
CARD (ASC), a NACHT domain, and an LRR domain, sug-
gested to function as a PAMP-sensing detector [8]. When a
PAMP or DAMP is detected by NLRPs, the pyrin domain
in the NLRPs binds to the pyrin domain in ASC, which later
combines with procaspase-1 via a CARD-CARD interaction.
Subsequently, procaspase-1 is converted into caspase-1, and
the inflammasome induces either cytokine secretion of IL-
1β and IL-18 or pyroptosis (a newly defined programmed cell
death) [7]. The release of IL-1 requires two steps: a priming

step known to modulate the transcription of pro-IL-1β and
NLRP3 (signal 1) and an activation step known to assemble
the NLRP3 inflammasome complex, which help process
pro-IL-1β into mature IL-1β (signal 2) [5]. Moreover,
researchers had discovered that caspase-8 and caspase-1 show
similar effects in IL-1β conversion [7]. However, two mem-
bers in the NLRP subfamily are structurally different from
the others. NLRP10 does not possess an LRR domain and
hence probably plays a part in signaling rather than in sensing;
NLRP1 possesses an extra CARD, which enables it to directly
bind to procaspase-1 without any involvement of ASC [6].
Apart from thewell-known inflammasome-dependent proin-
flammatory function, Willingham et al. proved that NLRP3
facilitated macrophage necrosis and release of high-mobility
group box 1 protein (HMGB1), another proinflammatory
factor, in response to pulmonary infection [9]. Moreover,
attenuated inflammation was observed in NLRP3-deficient
mice, along with a declined survival rate, suggesting a protec-
tive role of NLRP3 [9].

With regard to the regulation of NLRP3 activation in ath-
erosclerosis, this issue can be discussed in two respects: the
priming step and the activation step. Duewell et al. revealed
cholesterol crystals to be an activator of theNLRP3 inflamma-
some in macrophages, probably via induction of lysosomal
damage. Oxidized LDL (oxLDL) was also demonstrated to
promote atherosclerosis, since it facilitated cholesterol crys-
tallization, induced NLRP3 and pro-IL-1β transcription,
and thus acted as both signals 1 and 2 [10]. Similar to oxLDL,
IL-1β, TNF-α, and other stimuli recognized by TLRs could
serve as priming factors and further induce NLRP3 and
pro-IL-1 transcription via the NF-κB pathway [1]. Except
for cholesterol crystals, there are several common substances
and receptors sufficient to induce activation. It has been
reported that ATP and various toxins including nigericin
and maitotoxin could trigger the activation of the NLRP3
inflammasome via the purinergic 2X7 receptor (P2X7R),
subsequently leading to ROS formation, potassium efflux,
and mitochondrial DNA release [11–13]. However, ATP also
exerts a negative regulatory effect in a rather indirect manner.
When ATP binds to P2X7R, it also induces acetylcholine
influx, restraining mitochondrial DNA release and NLRP3
activation via the α7 nicotinic acetylcholine receptor signal-
ing pathway [13]. Interestingly, researchers also found that
NLRP inflammasome formation occurs voluntarily when
the cellular potassium level is below 90mM and is suppressed
at high potassium levels, indicating an indispensable role of
K+ [14]. Under stimulation of oxLDL, CD36 helps to facil-
itate the intracellular conversion from soluble factors to
crystals, thus causing lysosomal damage and rupture. Con-
comitantly, statistics also revealed that CD36-deficient mac-
rophages generated much lesser IL-1β [15]. Other common
crystals include silica and aluminum salts [16]. The overall
scheme of NLRP3 inflammasome activation is presented
in Figure 1.

3. Role of NLRP in Vascular Disease

3.1. Atherosclerosis. Characterized by endothelium dysfunc-
tion, foam cell formation, and lymphocyte infiltration,
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atherosclerosis is widely accepted to be a pathological process
of inflammation [2]. However, the crucial role of the NLRP3
inflammasome in atherosclerosis was first proved by Duewell
et al. [10]. They employed low-density lipoprotein receptor-
(LDLR-) deficient mice with wild-type bone marrow or
NLRP3−/−, ASC−/−, and IL-1α/β−/− bone marrow. After 8
weeks of high fat diet, lower level of IL-18, an important bio-
marker of inflammasome, and attenuated atherosclerotic
lesion were observed in the NLRP3−/−, ASC−/−, and IL-1α/
β−/− bone marrow group [10]. Consistently, caspase-1/11
depletion in bone marrow of the LDLR-deficient mice fed
with high-fat diet also showed significant reduced atheroscle-
rosis plaque [17].

In another study involving atherosclerosis-prone apolipo-
protein E-null (Apoe−/−) mice, contradictory outcomes were
observed. In 2001, researchers found that IL-18-binding pro-
tein, an IL-18 inhibitor, could not only attenuate the progress
of plaque formation in the aorta but also decrease lymphocyte
infiltration and lipid content in the lesion, thus exerting pro-
tective effects against atherosclerosis on Apoe−/− mice [18].
Similarly, silencing IL-1α, IL-1β, and caspase-1 respectively
in Apoe−/−mice could attenuate atherosclerosis development
[19–21]. However, Menu et al. reported contradictory results
[22]. After analyzing NLRP3−/−, ASC−/−, or caspase-1−/− on
Apoe-null mice fed with a high-fat diet for 11 weeks, the
team observed no significant change in cell infiltration, pla-
que stability, and atherosclerosis progression [22]. The
mechanisms underlying such discrepancies remain unde-
fined; however, Baldrighi et al. [1] suggested that this might
be related to the duration of high-fat diet administration to
the Apoe-null mice. Compared to mice with Apoe defi-
ciency alone, Apoe−/− mice fed with a high-fat diet and
high-methionine diet (a hyperhomocysteinemia- (HHcy-)

induced atherosclerosis model) showed an increased athero-
sclerotic plaque size. Silencing NLRP3 in such models also
reduced macrophage infiltration and HHcy-induced athero-
sclerosis lesions [23]. Noteworthily, in a transcriptomic anal-
ysis of human samples, we found that the mRNA level of
NLRP3, ASC, caspase-1, IL-1β, and and IL-18 were all signif-
icantly increased in atherosclerotic plaque [24].

In addition to the fact that lacking components of
NLRP inflammasomes or proinflammatory cytokines would
probably exert protective effects against atherosclerosis, it is
suggested that modulating correlative regulators could also
exhibit similar effects. Increased P2X7 expression was observed
in human atherosclerotic plaque and atherosclerosis-prone
mouse models. Moreover, knocking down P2X7 in Apoe−/−

mice delayed the progression of atherosclerosis [25]. Lectin-
like oxLDL receptor-1 (LOX-1), a receptor for oxLDL,
contributes to the lipid accumulation process of atherosclero-
sis. Several studies confirmed that in vivo deletion of LOX-1
in LDLR−/−mice fed with a high-fat diet for 18 weeks resulted
in enhanced collagen deposition and attenuated atherosclero-
sis, while in vitro silencing of LOX-1 in macrophages reduced
mtDNA damage, ROS accumulation, and NLRP3 activation
[26–28]. Given that mtDNA enrichment in the cytoplasm is
detrimental, Tumurkhuu et al. [29] found a link between
OGG1, an important DNA glycosylase that eliminates oxi-
dized DNA, and atherosclerosis, possibly involving the
NLRP3 inflammasome. Compared to LDLR−/− mice fed with
a western diet, OGG1−/− LDLR−/− mice displayed increased
mtDNA accumulation, more severe inflammatory response,
and larger atherosclerotic plaques. However, such phenom-
ena could be reversed by silencing NLRP3 [29], indicating
that OGG1 is indeed a negative regulator of atherosclerosis.
Furthermore, miR-9 has also been identified as a negative

Figure 1: Overall scheme of NLRP3 inflammasome activation.
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modulator that deactivates the NLRP3 inflammasome and
reduces the atherosclerotic inflammatory response [30].
Althoughmacrophages form a core component of atheroscle-
rotic plaque and NLRP3 inflammasomes mostly reside in
macrophages, recent evidence suggests that NLRP3 inflam-
masomes are also present in endothelial cells (ECs) [31]. EC
dysfunction might be triggered by irregular blood flow or
cytokines. Microparticles from macrophages induce the
expression of adhesionmolecules on ECs through the NLRP3
inflammasome, which later attract more inflammatory cells
such as macrophages, thus forming an activation loop [31].
Sterol regulatory element-binding protein (SREBP) is a key
regulator of cholesterol synthesis and an inducer of inflam-
mation in ECs, which could provide both signals 1 and 2 for
NLRP3 inflammasome formation [31]. When the activated
form of SREBP was overexpressed in mice with Apoe defi-
ciency, augmented atherosclerosis lesions were observed [31].

3.2. Others. Cholesterol crystals were found in both athero-
sclerosis plaques and the arterial wall of patients with abdom-
inal aortic aneurysm (AAA). After conducting a genetic test
of the NLRP3 inflammasome complex in more than 1000
AAA patients and control group, Roberts et al. reported a
possible link between genetic variations of the NLRP3
inflammasome and the pathophysiology of AAA [32]. In a
mouse model of coronary arteritis, Chen et al. found that
inflammasome complex formation was hindered by silencing
NLRP3, stabilizing the lysosome membrane or inhibiting
cathepsin B, a critical factor released into the cytoplasm after
lysosomal decomposition [33]. When mice were subjected to
chronic exposure of aldosterone, vascular damage and ele-
vated IL-1β level were observed. However, such effect could
be abolished by silencing NLRP3, IL-1R, or caspase-1
[34]. Together, we can conclude that the NLRP3 inflam-
masome is critically involved in the pathological process
of coronary arteritis as well as aldosterone-induced vascu-
lar damage [33, 34].

4. Role of NLRP in Ischemic Heart Disease

Considering that the heart tissue is susceptible to ischemia
and has limited regenerative ability, reperfusion therapy
has been employed in the treatment of ischemic heart dis-
ease. Reperfusion is typically accompanied by inflammation.
On the one hand, inflammation is indispensable in wound
healing and scar formation. On the other hand, excessive
inflammatory response may result in adverse remodeling
[35]. In 2011, Kawaguchi et al. examined cardiac tissues
from patients who died of myocardial infarction (MI). Most
of the infiltrated cells were found to be macrophages and
neutrophils, showing a high expression of ASC [36]. Simi-
larly, when wild-type (WT) mice and ASC−/−mice were sub-
jected to ischemia/reperfusion (I/R) injury, ASC−/− mice
showed a smaller infarcted area, decreased inflammatory cell
infiltration, and improved cardiac remodeling. Given that
inflammatory cell infiltration was not determined until 6
hours after I/R, an in vitro experiment revealed that the
inflammatory response was activated in cardiac fibroblasts,
but not cardiomyocytes, under the stimulation of LPS and

that the underlying mechanism may involve cellular ROS
generation and potassium efflux [36]. Moreover, expression
of the NLRP3 inflammasome and its downstream inflamma-
tory cytokines such as IL-1 and IL-18 was elevated in patients
with coronary artery diseases or MI [37]. Consistently,
Sandanger et al. [38] reported that the expression of the
NLRP3 inflammasome and proinflammatory cytokines IL-1
and IL-18 was upregulated in mice that underwent MI sur-
gery. Their data confirmed that inflammasome activation pri-
marily existed in fibroblasts. When NLRP3−/−, ASC−/−, and
WT hearts were exposed to ex vivo I/R injury, heart function
was preserved and cell apoptosis was ameliorated in NLRP3−/
− hearts, but not in the ASC−/− group [38]. However, contra-
dictory results were presented later in 2016. Sandanger et al.
observed an increased infarct size in NLRP−/− mice 24 hours
after I/R, while no significant difference was observed in lym-
phocyte infiltration [39]. When mice were pretreated with a
cardioprotective compound before I/R, the due beneficial out-
come was not observed in NLRP−/− mice and ASC−/− mice,
suggesting a surprisingly protective role of the NLRP inflam-
masome in an I/R model [39]. The different timepoints cho-
sen for assessment in these studies might account for this
discrepancy, since the NLRP inflammasome was not abun-
dantly activated in the early stage [40, 41]. Accordingly, when
NLRP3 inhibitors were administered to the MI model, a
decreased infarct size was seen at 24 hours after reperfusion,
but not at 3 hours. Moreover, the beneficial effects were only
observed when the NLRP3 inhibitor was injected immedi-
ately or 1 hour after reperfusion, and these effects were sub-
verted when the NLRP3 inhibitor was injected 3 hours after
reperfusion, indicating that pharmacological inhibition of
NLRP3 has a limited therapeutic time window [41].

Apart from the well-known inflammatory damage
induced by the NLRP3 inflammasome complex, caspase-1
has been reported to exert negative effects in an MI model
by initiating pyroptosis, a type of programmed cell death in
the form of cellular lysis. This damage was observed to be
exacerbated in mice with a diabetic background [42]. Regard-
ing the specific cell types in which inflammation occurs after
I/R, Liu et al. recently identified cardiac microvascular endo-
thelial cells to be involved, apart from fibroblasts [43].
NLRP3 inflammasome activation in endothelial cells is sug-
gested to be mediated by thioredoxin-interacting/inhibiting
protein (TXINP), indicated by the fact that employment of
TXINP siRNA would disturb the formation of the NLRP3
inflammasome. Moreover, the NLRP3 inflammasome activa-
tion process is suggested to be ROS dependent [43].

5. Role of NLRP in Nonischemic Heart Disease

5.1. Diabetic Cardiomyopathy. DCM is a complication com-
monly observed at the terminal stage of diabetes; the inflam-
masome has been found to be pivotal in this process. Given
that glucose is an essential inducer of the NLRP3 inflamma-
some, we speculate that the NLRP3 inflammasome may con-
tribute to the pathological process of DCM [4]. In Luo et al.’s
work [44], they employed a gene silencing approach to inves-
tigate the role of the NLRP3 inflammasome in type 2 diabetic
rats fed with a high-fat diet. As expected, silencing NLRP
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attenuated cardiac inflammation, fibrosis, cell pyroptosis,
and cardiac dysfunction in diabetic rats. Similar effects were
noticed in H9C2 cells cultured in a high-glucose medium
[44]. Moreover, ROS was found to be a critical mediator in
inflammasome activation, as inhibiting ROS accumulation
could abolish the activation of the NF-κB and TXINP path-
way and further diminish proinflammatory cytokine secre-
tion [44].

5.2. Others. To further assess the role of the NLRP inflamma-
some in heart failure, Bracey et al. [45] constructed a mouse
model in which the calcineurin transgene (CNTg) was het-
erozygously overexpressed specifically in the heart, mimick-
ing chronic heart failure. Elevated NLRP3mRNA levels were
observed along with cardiac hypertrophy, inflammation,
and ventricular dilatation in CNTg mice. Concurrent with
this finding, the team also discovered that genetic ablation
of NLRP3 or administration of the IL-1 receptor antagonist
could attenuate cardiac inflammation and rescue systolic
dysfunction [45]. Moreover, a vital role of the NLRP3
inflammasome in a mouse model of hypertension has also
been confirmed [46]. Li et al. performed transverse aortic
constriction (TAC) in C57/BL6 mice to induce hyperten-
sion. Expression of the NLRP3 inflammasome and its down-
stream effectors was significantly increased in the TAC
group, along with impaired cardiac function; triptolide
could attenuate myocardial remodeling and improve cardiac
function of the TAC mice by suppressing the NLRP3
inflammasome [46]. In addition, activation of the NLRP3
inflammasome and upregulation of IL-1 were observed both
in cardiac fibroblasts pretreated with lipopolysaccharide
(LPS) and in a sepsis mouse model [47]. Inhibition of the
NLRP3 inflammasome by using glyburide could ameliorate
myocardiac dysfunction induced by sepsis [47]. In the

background of sepsis, Xie et al. found that PKM2 knockout
hindered the formation of the NLRP3 inflammasome and
sepsis cell death [48]. In a coxsackievirus B3- (CVB3-)
induced viral myocarditis model, the NLRP3 inflamma-
some, probably triggered by ROS and K+ efflux, was found
to be critical in the pathogenesis process [49]. Surprisingly,
in the aged heart, sustained increase in VEGF-A was found
to exert negative effects on cardiac function. Such adverse
impacts could be partially abolished by inactivating NLRP3,
but not IL-1R or IL-18, indicating that NLRP3 may partici-
pate in regulating cardiac function independent of the
inflammasome [50].

6. Possible Therapeutic Targets

Since it has been proven that the NLRP3 inflammasome is
crucial in the pathological progression of various cardiac dis-
eases, numerous experiments have been conducted to verify
different approaches targeting either the NLRP3 inflamma-
some or its upstream regulators and downstream effectors.
For example, in an Apoe−/− mouse model fed with a high-
fat diet, arglabin was demonstrated to effectively reduce the
secretion of IL-1β and IL-18, convert proinflammatory M1
macrophage into anti-inflammatory M2 macrophage,
induce autophagy, decrease the cholesterol level in plasma,
and thus reduce the atherosclerosis size [51]. Moreover, in
a randomized clinical trial, patients with coronary artery
disease were administered atorvastatin or rosuvastatin for
8 months. Results showed that the expression level of the
NLRP3 inflammasome was lower in the atorvastatin than
in the rosuvastatin group. Such effects might be implicated
in the slower progression of atherosclerosis [52]. Interest-
ingly, rosuvastatin, on the other hand, was proven to be
potent in the treatment of DCM by inhibiting the NLRP3

Table 1: Possible therapeutic approaches targeting the NLRP3 inflammasome.

Experiment types Model Treatment Effects Ref.

Animal experiments
or in vitro experiments

Apoe−/− mouse
model, high-fat diet

Arglabin

Reduced the secretion of IL-1β and IL-18, convert
proinflammatory M1 macrophage into anti-inflammatory M2
macrophage, induce autophagy, decrease cholesterol level in

plasma, reduce atherosclerosis size

[51]

Type 2 diabetic rat
model

Rosuvastatin
Inhibited the NLRP3 inflammasome and suppressed the

MAPK pathway
[53]

AMI mouse model 16673-34-0
Reduced the NLRP3 inflammasome activation in

cardiomyocytes, decreased the infarct size
[57]

AMI mouse model Colchicine
Inhibited the mRNA expression level of NLRP3

inflammasome components, improved the survival rate
[58]

In vitro hypoxia
model

Pigment
epithelium-derived
factor (PEDF)

Inhibited the NLRP3 inflammasome by eliminating
mitochondrial damage and thus mtROS accumulation

[56]

Clinical trials

Patients with
coronary artery

disease

Atorvastatin or
rosuvastatin for

8 months

Reduced the expression level of the NLRP3 inflammasome and
slowed the progression of atherosclerosis in the atorvastatin,

but not the rosuvastatin, group
[52]

Patients with
ST-elevation MI

Colchicine Reduced the infarct size [59]

Patients with
coronary disease

Colchicine Decreased the incidence of cardiovascular events [60]
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inflammasome and suppressing the MAPK pathway [53].
With regard to the beneficial effects of statin, Yu et al.
proposed that statin might be utilized in the treatment of
atherosclerosis and myocardial I/R injury, since it could reg-
ulate both the NLRP1 and NLRP3 inflammasomes [54, 55].
Furthermore, in vitro hypoxia-induced NLRP3 inflamma-
some activation in cardiomyocytes was abolished by the
administration of pigment epithelium-derived factor (PEDF),
a glycoprotein known to possess anti-inflammatory effects.
PEDF is known to inhibit the NLRP3 inflammasome by elim-
inating mitochondrial damage and thus mtROS accumula-
tion, the upstream regulator of inflammatory response [56].

In regard to the treatment of I/R injury, a novel small
molecule named 16673-34-0 was identified as an effective
pharmacological agent to reduce NLRP3 inflammasome acti-
vation in cardiomyocytes and decrease the infarct size in a
mouse model of acute myocardial infarction (AMI) [57].
Similarly, colchicine was demonstrated to exert cardioprotec-
tive effects and improve the survival rate in an AMI mouse
model, by inhibiting the mRNA expression level of NLRP3
inflammasome components [58]. Two clinical trials con-
firmed that colchicine is effective in reducing the infarct size
in patients with ST-elevation MI and in decreasing cardio-
vascular events in patients with coronary disease [59, 60].
Apart from interfering with NLRP3 inflammasome assem-
bly, blocking IL-1 function also serves as an alternative ther-
apeutic approach [35].

The possible therapeutic targets are summarized in
Table 1.

7. Conclusions

NLRPs are critical participants in the formation of inflam-
masomes and initiation of the immune response, which
could be triggered by various DAMPs and PAMPs. While
the indispensable role of inflammation was established in
cardiovascular diseases such as atherosclerosis, aneurysm,
cardiac ischemia/reperfusion injury, diabetic cardiomyopa-
thy, chronic heart failure, and hypertension- or virus-
induced cardiac dysfunction, the mechanism by which
NLRP functions in these diseases has been widely investi-
gated. Until date, we have deduced that the NLRP3 inflam-
masome contributes significantly to the pathological process
of atherosclerosis, cardiac I/R injury, and other nonischemic
cardiac diseases. In atherosclerosis and DCM models, silenc-
ing NLRP3 or other inflammasome components by using
different approaches showed overall beneficial effects. How-
ever, outcomes from experiments manipulating the NLRP
inflammasome in I/R models remain indefinite. In conclu-
sion, targeting the NLRP inflammasome in cardiovascular
disease treatment holds promise, and the optimization of
therapeutic approaches requires further clarification regard-
ing the precise role of NLRP in cardiovascular disease.
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Primary Sjogren’s syndrome (pSS) is a chronic autoimmune disease. The aim of the study was to establish whether in patients with
pSS without central nervous system (CNS) involvement, the function of the central portion of the sensory pathway can be
challenged. In 33 patients with pSS without clinical features of CNS damage and normal head computed tomography scan,
somatosensory evoked potentials (SEP) were studied. The results were compared to other clinical parameters of the disease,
particularly to immunological status. The control group consisted of 20 healthy volunteers. Mean latency of all components of
SEP was considerably prolonged in patients compared to the control group. Mean interpeak latency N20-N13 (duration of
central conduction TT) did not differ significantly between the groups. However, in the study group, mean amplitude of
N20P22 and N13P16 was significantly higher compared to healthy individuals. In patients with pSS, significant differences in
SEP parameters depending on the duration of the disease and presence of SSA and SSB antibodies were noted. The authors
confirmed CNS involvement often observed in patients with pSS. They also showed dysfunction of the central sensory neuron as
a difference in the amplitude of cortical response, which indicates subclinical damage to the CNS.

1. Introduction

Primary Sjogern’s syndrome (pSS) is a chronic autoimmune
exocrinopathy characterized by dysfunction of exocrine
glands resulting from lymphocytic infiltration. Inflammation
can occur in other organs as well. The pathogenesis of this
disease is not fully understood. pSS affects 0.09–3.5% of
the general population, and morbidity is estimated at 3.9–
5.3/100000 population. Females are more often affected
[1, 2]. Concomitance of pSS and B-cell lymphomas is also
observed [3].

Central nervous system (CNS) involvement is estimated
to be present in 2.5–60% of patients with pSS. The injury of
the peripheral (10–60%) part is more common than that of

the CNS (20%) [1–3]. Very rarely (4%), both peripheral
and CNS are affected in the same patient [4]. Sensory neu-
ropathy (50–60%), particularly sensory neuropathy of thin
fibers, motor sensory neuropathy, and sensory ataxia are
the major types of dysfunction. Less commonly, multifocal
mononeuropathy (6–12%), polyradiculoneuropathy (4–14%),
cranial neuropathy (17%), and autonomic neuropathy
(50%) can develop [5, 6].

CNS involvement could have many clinical presentations
and various severities. It can be presented as encephalitis,
neuromyelitis optica spectrum disorder (NMOSD), or mild
episodes of headache or emotional disorder [7, 8]. Radiolog-
ical images, for example, computed tomography (CT) and
magnetic resonance (MR), are necessary for the assessment
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of severe CNS involvement. In subclinical benign cases,
functional testing, for example, evoked potential of variety
modality, is helpful.

Somatosensory evoked potential (SEP) study is one of the
most sensitive and objective neurophysiological methods
used to evaluate the function of afferent sensory pathways.
SEPs are generated at different levels of the sensory pathway
leading to the primary sensory cortex through the dorsal
column and medial lemniscus. N9 notch is generated by the
brachial plexus, and N13 by postganglionic fibers of the first
sensory neuron, that is, posterior radix and/or dorsal column
of the cervical spinal cord, while N20 originates in the
primary sensory cortex of the contralateral parietal lobe, at
the location of somatotopic representation of the hand.

The aim of the study was to establish whether in
patients with pSS without symptoms of central nervous
system involvement, the dysfunction of the central por-
tion of the neurosensory pathway can be observed. The
researchers also analyzed whether rheumatological prog-
nostic factors (including skin lesions indicating vasculitis
and laboratory parameters reflecting disease activity) cor-
relate with SEP parameters.

1.1. Subjects. The study group consisted of 33 patients
(including 1 male) with a mean age of 50, who fulfilled the
diagnostic criteria of pSS at the time of SEP study, according
to the American-European classification (2002) [9]. Retro-
spectively, the patients met the diagnostic criteria of pSS
since 2016 [10], which were unavailable at the time of the
study. The exclusion criteria included a history of neurologi-
cal, metabolic, and deficiency disorders and use of drugs
affecting central nervous system activity. Concomitant dis-
eases included lipid disorder (1 patient), cholelithiasis (1
patient), controlled hypertension (3 patients), and euthyroid
struma (9 patients).

The control group consisted of 20 healthy volunteers
selected with respect to sex and age.

2. Methods

In all patients, neurological history was taken and physical
examination was performed, as well as head CT scan. Fatigue
was assessed using the FACIT questionnaire and visual
analogue scale (VAS; 0–10 pts, where 0 denoted the total lack
of symptom, while 10 referred to intensity affecting everyday
home activity). The analysis of pSS activity was conducted
using EULAR Sjogren’s Syndrome Disease Activity Index
(ESSDAI), EULAR Sjogren’s Syndrome Patient Reported
Index (ESSPRI) scales as well as focus score in minor salivary
glands biopsied from the lower lip [11], and laboratory
parameters including C3 and C4 component levels, anti-
nuclear antibodies (ANA; measured by indirect immuno-
fluorescence, IF), rheumatoid factor (RF), erythrocyte
sedimentation rate (ESR), C-reactive protein (CRP), periph-
eral blood morphology, and total protein level in serum.

The evoked potential study was conducted using the
Viking Quest equipment. The procedure was conducted
according to the International Federation of Clinical Neu-
rophysiology (IFCN) guidelines [11, 12]. The study was

conducted in the supine position, in a quiet and dimmed
room at 22–24 degrees Celsius. Superficial Ag/AgCl elec-
trodes with a diameter of 10mm by Nicolet Instrument
Corporation were used and placed on the skin of the head
according to the international 10–20 scheme and fixed
using the adhesive-conductive Ten20 Conductive paste by
D.O. Weaver and Co.

SEPs were achieved by stimulating median nerves with
transdermal electric impulses. Three superficial sensory
electrodes were placed at (1) Erb’s point (mid-clavicular
point) with contralateral reference electrode; (2) at the level
of C7 vertebra with reference electrode at Fz central point;
and (3) on the head skin above the cortex representation of
the hand, in the right (C4/P4) and left (C3/P3) parietal
regions, on the contralateral side to the stimulated median
nerve with reference electrode in the frontal region at Fz
point. Ground electrode was placed above the stimulating
electrode on the forearm. The stimulating electrode on the
wrist generated impulses with a duration of 100ms and
a frequency of 4.7Hz and intensity resulting in thumb
movement in the range of 1-2 cm. Three responses were
averaged, and the analysis time was 100ms. Each registra-
tion was performed twice in order to confirm repetitiveness
of the measurement.

Responses were selected, and their characteristic compo-
nents were interpreted. Latency of SEP components were
analyzed: peripheral—N9 and N10, brainstem—N13 and
P16, cortical—N20 and P22, and interpeak latency—N20-
N13, that is, central conduction time TT. Also, the ampli-
tudes of N9/P10, N13/P16, and N20/P22 were assessed.

The study was conducted in accordance with the prin-
ciples of the Declaration of Helsinki. The locally appointed
ethics committee has approved the research protocol (357/
2010), and informed consent has been obtained from all
the subjects.

2.1. Statistical Analysis. Statistical analysis was conducted
using STATISTICA 12.0 software. All tests (for normality,
homogeneity of variance, equivalence of means, and ranked
tests) were conducted at the significance level of α = 0 05.
To test the normality of distribution, the Shapiro-Wilko test
was used. Variables with normal distribution were tested for
homogeneity of variance. After positive verification of both
hypotheses (of normal distribution and homogenous vari-
ance), the hypothesis of the equivalent means between both
groups was tested using Student’s t-test. The comparison of
variables, the distribution of which was not normal according
to the Shapiro-Wilk test, was conducted using the ranked
Mann–Whitney U test.

For all multiple testing, Bonferroni’s correction was
used [13]. Ten variables are tested, therefore the particular
significance level of α = 0 005.

3. Results

3.1. Analysis of Rheumatological Parameters. In the study
group, the mean time since the diagnosis of pSS to the SEP
study was 4 years (1–14 years). The first symptoms of pSS
included xerophthalmia and/or xerostomia (63%), fatigue
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(24%), arthralgia lasting over 30 minutes per day (21%), skin
lesions typical for pSS [14] (12%), peripheral arthritis of the
extremities (9%), and large swollen salivary glands (6%). At
the time of the study, symptoms of arthritis were present
on 28 (85%) patients, respiratory involvement in 19 (57%),
swelling of major salivary glands (parotid/submandibular
glands) in 14 (42%), skin lesions typical for pSS in 10
(30%), and lymphadenopathy in 5 (15%).

The extent of inflammatory infiltration expressed as the
mean focus score was 2.1 (0–5) in patients while the ESSDAI
score was 20 points (4–24 pts), which indicated the high
activity of the disease [15]. In all patients, mild xerophthal-
mia according to ESSPRI scale 5.2 (2–8) persisted in all
patients, while mild xerostomia rated 5.2 (0–9) on ESSPRI
scale was noted in 31 patients (94%).

ANA antibodies≥ 1 : 320 were present in 26 (78%)
patients with pSS, anti-SSA/Ro60 in 26 (78%), anti-Ro52 in
22 (66%), and anti-SSB/La in 21 (64%). In 3 cases (9%), the
presence of RF was not confirmed.

No correlation between pSS activity expressed on
the ESSDAI scale and the duration of the disease was
found (p = 0 18).

All laboratory results are summarized in Table 1. None of
the pSS patients showed anemia or thrombocytopenia.

32 patients (94%) were treated with chloroquine (250mg
per day) or hydroxychloroquine (200mg or 400mg per day),
28 (82%) with corticosteroids, 6 (18%) with azathioprine, 4
(13%) with cyclosporine, and 5 (15%) with methotrexate.

3.2. Neurological Examination. At the time of the study, all
patients reported fatigue lasting for over 3 months, 7 patients
complained about sleep disturbances, 7 had low mood,
anxiety, and fear, 4 suffered headaches, and one had a history
of optic neuritis (which was the primary manifestation of
pSS). Mean fatigue assessed using the visual analogue scale
(VAS) was 6.7 points (4–10 pts).

On neurological examination, primitive reflexes (snout,
palmomental reflex grasping) were noted in 6 patients, and
slightly weakened ankle jerk reflexes were observed in 12.
Otherwise, the neurological status of the patients was normal,
and especially, no dysfunction of position sense, vibration,
stereognosis, and two-point discrimination was found. In
the patients, no abnormalities on the head CT scan were
found. All patients had chronic fatigue syndrome, and 20
patients had normal neurological status (Table 2).

3.3. SEP. SEPs were obtained in all patients and all healthy
individuals in the control group. The mean latency of all
SEP components was considerably longer in all patients com-
pared to the control group (Table 3). Interpeak N20-N13
(central conduction time TT) did not differ significantly
between both groups. In the study group, mean N13/P16
and N20/P22 amplitude was significantly higher compared
to healthy individuals; however, no statistically significant
difference was found with respect to N9/N10 amplitude
(Table 3, Figure 1).

In pSS patients, significant differences in SEP parameters
were observed depending on the duration of the disease and
the presence of anti-SSA/SSB antibodies. Patients suffering

from the disease for more than 10 years compared to patients
with a shorter duration of the disease showed higher N9/P10
amplitude (1.2 versus 1.9; p = 0 0026). Patients with anti-SSA
antibodies (1.4 versus 2.3; p = 0 0016) and anti-SSB anti-
bodies (1.3 versus 2.0; p = 0 0034) showed significantly
lower N13/P16 amplitude.

Table 1: Selected laboratory parameters in pSS patients.

Number of patients
(n/%)

Normal
values

Decreased level of C3
component

6/18% 0.9–1.8 g/l

Decreased level of C4
component

4/12% 0.1–0.4 g/l

Hypergammaglobulinemia∗ 10/30% 0.7–1.4 g/dl

Elevated ESR, mm/h 10/30% 1–20mm/h

Elevated CRP 3/9% 0–5mg/l

Lymphopenia 19/57% 1.5–3.5 k/ul
∗Hypergammaglobulinemia was measured by electrophoresis of serum.

Table 2: Neurological assessment.

Number of patients
(n/%)

(1) Subjective syndrome:

(i) Sleep disorder 7/21%

(ii) Depressed mood 7/21%

(iii) Headache 4/12%

(iv) Optic neuritis 1/3%

(2) Changes in neurolocical examination:

(i) Primitive reflexes 6/18%

(ii) Adynamic ankle jerk 12/33%

Table 3: SEP latency and amplitude in pSS patients and in the
control group. These are significant where p value < 0.005
(Bonferroni adjustment).

SEP
Study group

n = 33
Control group

n = 20 p value
Value Mean± SD Mean± SD
Latency (ms)

N9 10.26± 0.90 9.51± 0.91 0.009

P10 12.23± 1.13 11.05± 0.96 0.0002

N13 13.74± 1.20 12.80± 1.10 0.0054

P16 16.97± 1.30 15.95± 0.89 0.0014

N20 20.07± 1.37 19.06± 1.17 0.0136

P22 23.18± 1.77 21.90± 1.60 0.0050

TT (N20–N13) 6.29± 1.22 6.26± 0.85 0.8507

Amplitude (μV)

N9/P10 2.76± 1.26 2.79± 2.10 0.673

N13/P16 1.53± 0.62 0.99± 0.44 0.0005

N20/P22 1.29± 0.74 0.81± 0.47 0.0030
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No statistically significant differences in mean SEP
parameters were found depending on the presence of skin
lesions, xerophthalmia, joint pain and swelling, focus score,
C3 and C4 component levels, ESR, CRP, presence of Ro52
antibodies, and treatment. Patients with joint pain lasting
more than 10 years show longer P10 latency (13.2 versus
11.9; p = 0 008).

4. Discussion

In patients with CNS involvement, in 50% of the cases, the
first manifestation of pSS is neurological deficit; however,
Delalande et al. [16] in a study on 82 patients showed that
neurological symptoms preceded the diagnosis of pSS in
81% of cases. Karaca et al. [17] presented 11 patients, in
whom the first symptoms were neurological ones: in 7
patients, CNS involvement manifested as MS-like form and
optic neuritis, and in 4 cases, peripheral nerve injury as
Guillain-Barre syndrome and multifocal mononeuropathy.
In 2 patients, increased SEP latency was observed and in 1
reduced SEP amplitude.

In the literature from the past 20 years, there are only few
reports presenting SEP in patients with pSS [18–20]. They
cover single cases or very limited groups of patients. For
instance, Bouraoui et al. [21] presented a case of a 67-year-
old female patient with pSS, in whom reduced pinprick and
vibration sensation were observed in lower extremities. In
that case, SEP of tibial nerves showed prolonged latency of
P40 cortical wave. However, the results of SEP study in pSS
are inconsistent. Some publications describe prolonged SEP
latency [19, 22], while others present normal SEP [20]. Our
study covers a larger population of patients and analyzes
SEP parameters in 33 patients. In all patients, the head CT
scan was normal, 6 patients presented with frontal release
signs, and 12 presented with weakened ankle jerk reflexes

without other signs of neuropathy or CNS damage. Only
using SEP, which is a sensitive neurophysiological method,
allowed to detect bioelectric disturbances in both peripheral
and central portions of the sensory pathway. In the study
group, prolonged SEP latency at each level—brachial plexus,
brainstem, and cortex—was observed. Prolonged latency of
response can result from peripheral injury since there
were no significant differences in central conduction time
TT between the study and the control group. The lack of
such differences indicates normal conduction of sensory
impulses within the contralateral medial lemniscus and the
hypothalamic-cortical tract. However, significantly higher
amplitude of cortical response (N20/P22) demonstrates
dysfunction of central neurons.

Increased amplitude of cortical response suggests
increased excitability of the cortex and lowered seizure
threshold. This phenomenon can be observed in autoim-
mune disorders, where the risk of developing epilepsy is even
five times greater [23]. In pSS, seizures can be one of the neu-
rological manifestations of the disease [24–26]. Attout et al.
[24] described a 70-year-old female patient with paroxysmal
loss of consciousness without clonic movements, in whom
paroxysmal focal seizures were observed on electroencepha-
logram (EEG) from the left anterior electrodes extending to
the contralateral side during the HV test.

Introduction of valproic acid resulted in regained con-
sciousness. Seizures in pSS are often drug-resistant and do
not show characteristic morphology or primary location.
Their pathogenesis can be related to various etiological fac-
tors, inflammation, vascular lesions, and antibody produc-
tion [23]. Although none of our patients presented with
epilepsy, the mean amplitude of somatosensory cortical
response was significantly higher compared to the control
group. Such observations have not been described for pSS
so far. However, in patients with myoclonic epilepsy, high
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Figure 1: Box plot diagrams for SEP parameters in the (a) control group and (b) study group. Mean: mean standard deviation.
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amplitude of N20/P25 complex, so-called gigantic SEP, was
observed [27, 28]. The pathomechanism of this phenomenon
is unclear. It can suggest disturbed inhibition occurring
directly after excitation. There is a hypothesis of possible
“wandering” impulse between the primary motor cortex
and the primary sensory cortex.

Higher N13/P16 and N20/P22 amplitudes in patients
with pSS compared to the control group proved in our study
may be associated with glutamatergic excitatory amino acids
(EAA). Many publications in recent years indicate the role
of EAA receptors in the conduction of sensory and pain
impulses, located in spinal nerve ganglions and sensory
pathways [29]. It was established that the system contrib-
utes to the development of inflammation and rheumatic
diseases [30]. The significant role of EAAs in inflamma-
tion and pain conduction at the level of the spinal cord
and brain was proved in experiments conducted on animal
models. For example, two days after the administration of
an inflammation-triggering factor, an increase in the num-
ber of different glutamatergic receptor subtypes (AMPA,
NMDA, KA) in peripheral myelinated and nonmyelinated
nerve endings was proved [31]. The relationship between
chronic pain and cognitive disorders has been established
[32]. Although the influence of pain on neurological com-
plications in pSS is not well known these days, it has been
proven that in pSS cognitive dysfunction is the character-
istic for subcortical lesions of the frontal lobe [33]. As far
as we know, our research is the first one indicating an
association between pain and SEP outcomes. Comparing
pSS patients with varying durations of arthralgia, we found
longer latency of P10 peripheral response at Erb’s point.
This indicates impaired conduction of the sensory stimulus
along the peripheral neuron. It is possible that some cyto-
kines or even nociceptors contributing to pain response
caused by inflammation also indirectly play part in the
damage of the nervous system. Hence, early treatment of
the active forms of the pSS with the involvement of the
musculoskeletal system is important in order to stop inflam-
mation. This hypothesis, however, requires further observa-
tions and well statistical analysis due to the small number
of the study group.

The literature describes the relationship between differ-
ent immunological profiles among patients with pSS and
the development of neurological complications, especially
nonataxic sensory neuropathy [5, 29]. Predisposing factors
include the presence of ANA antibodies, including anti-
SSA/SSB antibodies and RF, as well as hypergammaglobuli-
nemia [5]. Our study also proved, as previously reported,
the relationship between the presence of anti-SSA/SSB anti-
bodies and SEP parameters. Significantly lower N13/P16
amplitude was reported in patients with the anti-SSA/SSB
antibodies compared to patients without such antibodies. It
points out the significant role between inflammation and
damage to sensory neurons in pSS. Interestingly, SEP
changes did not correlate with lowered values of the C3 and
C4 complement components and the intensity of minor
salivary gland infiltration expressed by the focus score, which
may be an evidence of high disease activity. ESSDAI was ini-
tially higher in patients with pSS. Although SEP examination

is not part of ESSDAI evaluation, our results show that this
examination should consider patients with pSS for the
identification of microtraumas of the nervous system. Also,
the relation between the presences of purpura, which may
be a sign with vasculitis, was not proven, while the damage
of small vessels is considered by some authors to be crucial
to neuronal damage in pSS [4]. Our study is limited by a lack
of cryoglobulinemia testing (due to technical reasons), which
is an independent factor of sensorimotor neuropathy and
mononeuritis multiplex.

Some authors proposed the role of muscarinic receptor
activation in the pathogenesis of pSS and the modulation of
certain central nervous system function, for example, cogni-
tive functions [34, 35]. The precise immune mechanisms
remain still unclear. Reina et al. postulate that early
agonistic-promoting activation in two types of muscarinic
acetylcholine receptors (mAChRs) M1 and M3 initiated by
antibodies binds to persistently activate cerebral frontal
cholinoceptors. This activity might induce desensitization,
internalization, and/or intracellular degradation of the
mAChR, leading to a progressive decrease of cerebral M1
and M3 mAChR expression and activity. They hypothesized
that the CUN manifestations in SS might be induced by
an impaired response to cholinergic stimuli by mAChR
antibody-specific interactions [36].

Our results showed some SEP differences depending on
the duration of pSS. Significantly higher amplitude of N13/
P16 was reported in patients with pSS lasting more than 10
years compared with a shorter history of pSS, despite the fact
that we did not observe any correlation between ESSDAI.
This may be an evidence of insufficient inhibition of patho-
logical processes despite therapy. The influence of the disease
duration on evoked potentials has been proved earlier by
analyzing P300 endogenous potentials in pSS [37]. It was
found then that latency of N200 and P300 components is
significantly extended in patients with pSS lasting longer
than 10 years, which indicates greater cognitive deficit.

Our results showing prolonged mean latency of all SEP
components in patients compared to the control group
proved the involvement of the peripheral nervous system,
which is often observed in pSS. Despite no differences in cen-
tral conduction time, significant changes of cortical response
amplitude showed dysfunctions of the central sensory neu-
ron, which corresponds to subclinical damage of the CNS.
We observed the relationship between SEP parameters and
duration of pSS, duration of arthralgia, and presence of
anti-SSA and SSB antibodies. Those results, however, require
further observations in a larger number of pSS patients.
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Background. Serological levels of free immunoglobulin light chains (FLCs), produced in excess of heavy chains during synthesis of
immunoglobulins by plasma cells, can be considered a direct marker of B cell activity in different systemic inflammatory-
autoimmune conditions and may represent a useful predictor of rituximab (RTX) therapeutic efficacy, as reported for
rheumatoid arthritis and systemic lupus erythematosus. Myasthenia gravis (MG) is an autoimmune disease of the
neuromuscular junction with antibodies (abs) targeting the acetylcholine receptor (AChR) or the muscle-specific tyrosine kinase
(MuSK), inducing muscle weakness and excessive fatigability. As MG course may be remarkably variable, we evaluated the
possible use of FLCs as biomarkers of disease activity. Subjects and Methods. We assessed FLC levels in 34 sera from 17
AChR-MG and from 13 MuSK-MG patients, in comparison with 20 sera from patients with systemic autoimmune
rheumatic diseases and 18 from healthy blood donors, along with titers of specific auto-abs and IgG subclass distribution.
Results. We found a statistically significant increase in free κ chains in both AChR- and MuSK-MG patients, while free λ
chain levels were increased only in AChR-MG. We also observed a significant reduction of both free κ and λ chains in 1/4
MuSK-MG patients along with specific abs titer, two months after RTX treatment. Conclusions. From our data, FLCs appear
to be a sensitive marker of B cell activation in MG. Further investigations are necessary to exploit their potential as reliable
biomarkers of disease activity.

1. Introduction

Activation of autoreactive B lymphocytes, leading to their
differentiation into autoantibodies (auto-abs) producing
plasma cells, is the most important pathogenetic mechanism
in several autoimmune diseases. Immunoglobulin- (Ig-) free
light chains (FLCs) are produced in excess of heavy chains
during the synthesis of intact Ig by plasma cells [1] and

contribute to inflammation in experimental disease models
[2]. In serum, these excess polyclonal FLCs have a short
half-life (2–6 hours), and they are excreted by the kidney
[3]. Therefore, an increase in their circulating levels reflects
either a decreased clearance because of kidney failure [4] or
an increased production. Thanks to their short half-life, and
in subjects with normal kidney function, their serum levels
can be considered as a direct marker of B cell activity, which
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is otherwise difficult to measure in routine clinical practice.
As a matter of fact, the quantitative assay of κ and λ FLCs
and the κ/λ ratio is a useful diagnostic tool in plasma cell
dyscrasias, such as mixed cryoglobulinemia, multiple mye-
loma, monoclonal gammopathy of undetermined signifi-
cance, and amyloidosis [5–7]. In the last few years, elevated
concentrations of polyclonal FLCs in the serum and urine
have been reported in patients with rheumatoid arthritis
(RA), systemic sclerosis (SS), primary Sjogren syndrome
(pSS), and systemic lupus erythematosus (SLE) [8–11].
Serum FLCs have no significant antigen-binding activity
and, therefore, are not consumed in immune-inflammatory
reactions unlike other molecules (complement, immune
complexes, Ig, and auto-abs) that are used as biomarkers of
disease activity. Because of these characteristics, they may
outperform more widely used biomarkers in evaluating dis-
ease activity and predict flares in RA and SLE patients [2, 9].

Myasthenia gravis (MG) is a rare autoimmune disorder
with an incidence estimated to be 1-2 per 100,000 and a
prevalence of 7–20 per 100,000 [12]. Auto-abs bind to well-
defined antigens in the postsynaptic membrane at the neuro-
muscular junction and impair nerve-muscle transmission,
which in turn induces muscle weakness and excessive fatiga-
bility. In approximately 85% of the patients, abs are directed
against the nicotinic acetylcholine receptors (AChR) [13]
while a smaller portion of MG patients produce abs against
the muscle specific tyrosine kinase (MuSK) [14, 15] or the
low-density lipoprotein receptor-related protein 4 [16]. Along
with age at onset and thymus pathology, the auto- abs status
is used in the definition of disease subgroups [17].

Due to the fluctuating nature and heterogeneity of the
disease, the diagnosis of MG can be puzzling. It is confirmed
by the combination of typical symptoms and signs, elec-
tromyographic and pharmacological tests, as well as by the
detection of specific auto-abs. Disease management can be
difficult: therapy must be tailored on the single patient, but
the clinical course may be unpredictable and the therapeutic
response is highly variable. In order to find a measure of
disease activity, many groups focused on the analysis of pro-
inflammatory and anti-inflammatory cytokines and mole-
cules: many of them showed significant differences between
patients and controls [18–20] but there is no validated
commercial kit to routinely measure them. Also, changes of
T and B cell subsets were evaluated as possible biomarkers
of disease activity and eventually as therapeutic targets [21].

FLCs have never been investigated in MG but could be
useful to predict possible variations of B cell activity, which
can influence the clinical picture both in the short and in
the long range. In this study, we explored the levels of FLCs
in MG patients, along with titers of specific auto-abs and
IgG subclasses. These results were compared with those
from patients with systemic autoimmune rheumatic diseases
(SARD) and from healthy blood donors (HBD).

2. Materials and Methods

2.1. Patients and Controls.We collected 34 sera from 30 MG
patients referred to the Department of Neurosciences of the
Fondazione Policlinico Agostino Gemelli in Rome from June

2007 to April 2016. All patients had generalized MG, as
defined by the Myasthenia Gravis Foundation of America
(MGFA) classification [22]. MG patients were treated accord-
ing to the accepted guidelines [23] and are detailed in Supple-
mentary Tables 1 and 2. Seventeen patients had AChR-abs
and 13 had anti-MuSK abs; in 4MuSK-MG patients, a second
sample was collected after rituximab (RTX) treatment.

The SARD control group included 12 SLE patients
(positive for antinuclear abs with homogeneous pattern and
with high levels of anti-double-stranded DNA abs) and 8
RA patients (positive for antinuclear abs with coarse speckled
pattern and with high levels of anticyclic citrullinated peptide
abs) naïve to drug treatment. Sera from 18 HBD were used as
negative controls.

Five MuSK-MG patients (#1, #10, #11, #12, and #13)
received RTX at a dose of 375mg/m2 once a week for 4 con-
secutive weeks [24]. Efficacy of RTX treatment was verified by
cytofluorimetric CD19+ cell count before and after treatment.

All patients had an estimated glomerular filtration rate
(eGFR)≥ 60mL/min/1.73m2. None of them underwent plas-
mapheresis, nor received high dose intravenous immuno-
globulins, during this study. The whole study was conducted
according to the Declaration of Helsinki and approved by
the Ethical Committee of the Università Cattolica; all the par-
ticipants provided written informed consent before enroll-
ment. All samples were processed anonymously.

2.2. Laboratory Testing. Sera were obtained by standard
centrifugation, divided into aliquots, and stored frozen until
analysis. Samples were thawed only once and immediately
assayed in a blinded fashion and in a single batch.

FLCs were assessed using the Freelite™ Human Kappa
and Lambda Free Kits (The Binding Site, Birmingham,
UK) on a SPAPLUS instrument (The Binding Site, UK;
free κ normal range: 3.3–19.4mg/L; free λ normal range:
5.7–26.3mg/L). A ratio of κ/λ< 0.26 or >1.65 is abnormal,
according to the manufacturer’s recommendations.

The four IgG subclasses concentration were measured by
turbidimetry (Human IgG and IgG subclass liquid reagent
kits, The Binding Site) on the SPAPLUS instrument accord-
ing to the manufacturer’s recommendations. Normal range
for subclasses: 3.82–9.29 g/L for IgG1; 2.42–7.0 g/L for IgG2;
0.22–1.76 g/L for IgG3; and 0.04–0.86 g/L for IgG4.

Anti-AChR and Anti-MuSK antibodies were detected by
radioimmunoprecipitation assay using, respectively, AChR-
Ab RIA Kit (cut-off≥ 0.5 nmol/L) and MuSK-Ab RIA Kit
(RSR Cardiff, UK) (cut-off≥ 0.05 nmol/L) according to the
manufacturer’s instructions.

2.3. Statistical Analysis. Comparison of mean values was
performed by Student’s t-test; p values< 0.05 were considered
significant. A correlation analysis was carried out using the
Pearson correlation coefficient.

3. Results

3.1. Serum FLC Assessment in Patients and Controls. Deter-
minations of antibody titer, free κ, free λ, κ/λ ratio, and IgG
subclasses in all samples from AChR- and MuSK-MG
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patients are reported in Supplementary Tables 1 and 2,
respectively. In AChR-MG patients, 11 and 4 out of 17
samples had a free κ or λ value, respectively, above the
range of normality, while 1/17 had a λ value below the
range of normality; in MuSK-MG patients, 8 out of the
13 samples displayed a free κ value above the range of
normality while 2/13 had a value of free λ above and 2/13
below the range of normality.

The mean values (±standard deviation) of FCLs and κ/λ
ratio are reported in Table 1. The statistical analysis revealed
significant differences between patients and HBD: the mean
values of free κwere above the cut-off and significantly higher
in both MG subgroups and in SARD patients as compared to
HBD. The mean value of λ-free chain levels was significantly
different only in AChR-MG patients when compared to
HBD, even if it was still within the normal value (as deter-
mined by the manufacturer); SARD patients had higher λ
levels both when compared to MG patients and to HBD,
but differences were not statistically significant because of
the high standard deviation. The κ/λ ratio was significantly
higher in both MG subgroups and in the SARD group when
compared to HBD.

3.2. Correlation between Serum FLC Levels and Antibody
Titer in MG Patients. We evaluated if levels of serum FLCs
in MG patients correlated with the specific antibody titer.
We found that both free κ and λ chains had a moderate,
but significant, correlation with anti-AChR abs titer (R =
0 388462, p = 0 004661 for κ; R = 0 345413, p = 0 046207 for
λ), while only free κ chains had a weak correlation with
anti-MuSK abs titer (R = 0 203086, p = 0 000127) (Figure 1).

3.3. Serum IgG Subclass Levels among Patients and Controls.
The mean values (± standard deviation) of IgG subclasses
are reported in Table 2 and visualized in Figures 2 and 3.
Only serum IgG1 levels in SARD patients displayed a mean
value (9.77± 5.68 g/L) which was above the normal range
(3.82–9.29 g/L) and statistically different from our HBD
mean value (6.46± 1.64 g/L, p = 0 020658).

3.4. Serological Parameters in Rituximab-Treated MuSK-MG
Patients. We were able to measure retrospectively specific
auto-abs and FLCs in two blood samples of 4 MuSK-MG
patients treated with rituximab (#10–13, Supplementary
Table 2), collected at different time points before first
infusion (8–60 months) and 3–8 weeks after first RTX
treatment (Table 3).

Cytofluorimetric CD19+ cell count displayed a reduction
greater than 90% after RTX in all 4 patients. As shown in

Table 3, only patient #13 displayed a strong decrease in all
serological parameters, along with MGFA score, 8 weeks
after the first infusion of RTX while the other 3/4 patients,
who were examined at a shorter interval, had variable, but
moderate, variations.

4. Discussion

Quantitative analysis of immunoglobulin chain synthesis by
B cells demonstrated that there is an excess of light chain
production [1] which are then released in the general circula-
tion. Being a by-product of intact immunoglobulin synthesis,
they may represent a marker of overall B cell activity, partic-
ularly in those diseases where there is an increased formation
of immune complexes like systemic autoimmune disorders.
In these conditions, characterized by chronic inflammatory
reactions, FLCs may play a pathogenetic role thanks to their
enzymatic activities and binding to intra- and extracellular
proteins, which, in turn, can initiate and maintain the
inflammatory cascade [25]. Previous reports confirmed that
patients with systemic autoimmune diseases have FLC levels
significantly higher than the normal population, with a nor-
mal κ/λ ratio. These studies focused on relatively common
SARD, in particular, SLE, RA, and SS: concentrations of FLCs
were found to be significantly increased and have been inves-
tigated as possible biomarkers of the progression and severity
of these chronic inflammatory diseases [8–11] as well as a
potential therapeutic target [25]. In these conditions, the nor-
mality of κ/λ ratio, while free κ and λ chains were elevated,
has been explained with their polyclonal production.

Little, if nothing, is known about FLC levels in organ-
specific autoimmune diseases. Here, we report our results
on FLC analysis in MG patients with anti-AChR and anti-
MuSK auto-abs, and compare them with HBD and SARD
patients. Our data demonstrate a statistically significant
increase in free κ chains in both AChR- and MuSK-MG, as
well as in SARD, when compared to HBD, with mean values
more elevated in SARD than in MG (Table 1). When we
analyzed free λ chain levels, we found that only in AChR-
MG there was a little but statistically significant increase if
compared to HBD, while they were normal in MuSK-MG:
this result could be ascribed to the different immunosuppres-
sive therapies that have been used in these two groups of
patients. These differences in the trend of κ FLCs (definite
increased in both MG subgroups) and λ FLCs (increased to
less extents only in AChR-MG) can ultimately explain why
we observe a statistically significant increase of the κ/λ ratio
in both MG subgroups. SARD patients had greatly increased

Table 1: κ, λ, and k/λ ratio mean values in patients and controls.

κ-free mg/L λ-free mg/L κ/λ

AChR-MG 33.14± 26.29 (p < 0 05) 18.76± 11.79 (p < 0 05) 1.69± 0.47 (p < 0 05)
MuSK-MG 27.02± 16.98 (p < 0 05) 14.54± 8.24 (p n.s.) 1.75± 0.52 (p < 0 05)
SARD 71.65± 115.55 (p < 0 05) 52.14± 101.54 (p n.s.) 1.76± 0.73 (p < 0 05)
HBD 16.09± 4.28 11.82± 3.07 1.39± 0.28
Normal range for FLCs: 3.3–19.4 mg/L for κ and 5.7–26.3 mg/L for λ. A ratio of κ/λ < 0.26 or >1.65 is abnormal; p was calculated between each patient group
and HBD. n.s.: not significant.
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free λ levels, compared to both HBD and MG patients, but
differences were not significant because of higher standard
deviations (Table 1).

The finding of a correlation of anti-AChR abs with
both κ and λ FLCs, as opposed to a weaker correlation
of only κ FLCs with anti-MuSK abs, can be explained by the
demonstrated different antibody repertoire in MuSK-MG as
compared to AChR-MG [26].

Our finding of a small, but significant, increase of FLCs
in MG may reflect the different pathogenetic mechanism
between organ specific and systemic autoimmune diseases
like SLE and RA: in the latter conditions, FLCs can increase
the inflammatory reaction, which is a relevant pathogenic

aspect of these diseases [25] that is not present in an
organ-specific autoimmune disease like MG.

Rituximab emerged as an effective option in those MG
patients refractory to conventional immunosuppression,
with particular benefit for patients with MuSK-MG [27]. It
is a chimeric mouse/human monoclonal antibody against
the surface antigen CD20, which is expressed during early
pre-B cell development: it is present on naïve and memory

Table 2: IgG subclasses distribution in patients and controls.

AChR-MG MuSK-MG SARD HBD

IgG1, g/L 7.93± 5.73 6.43± 4.75 9.77± 5.68∗ 6.46± 1.64
IgG2, g/L 4.57± 2.68 4.92± 2.90 4.28± 1.53 4.39± 1.06
IgG3, g/L 0.64± 0.45 0.57± 0.49 0.87± 0.60 0.81± 0.31
IgG4, g/L 0.35± 0.37 0.36± 0.34 0.43± 0.42 0.32± 0.19
Normal range for subclasses: 3.82–9.29 g/L for IgG1; 2.42–7.0 g/L for IgG2;
0.22–1.76 g/L for IgG3; and 0.04–0.86 g/L for IgG4. ∗p = 0 02.
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Figure 1: Correlation between κ and λ levels and anti-AChR (a and b) and anti-MuSK (c and d) antibodies.
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Figure 2: Serum IgG subclass levels in AChR-MG, MuSK-MG,
SARD, and HBD.
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B cells, but not on stem cells or fully differentiated plasma
cells. The human protein is part of a multimeric complex
regulating Calcium transport across the cell membrane, thus
controlling B lymphocytes activation and proliferation;
accordingly, RTX binding to CD20 interferes with these
processes [28]. Circulating Ig-producing long-lived plasma
cells are not depleted by RTX [29]. A proposed model for
MuSK-MG responsiveness to RTX suggests that the consis-
tent reduction in MuSK-MG auto-abs titer, seen as early

as 3 months after first infusion, depends on short-lived
antibody-secreting plasmablasts. As only a small fraction
of these cells is CD20+, MuSK-MG outcome may depend
on depletion of a pool of plasmablast-progenitor CD20+
memory B cells; alternatively, the direct depletion of the
CD20+ fraction of plasmablasts by rituximab could contrib-
ute to clinical response [30, 31]. B cells and plasmablasts
seem to be key players in several autoimmune, RTX-
responsive disorders [32]. Recent studies evaluated the role

IgG1 (g/L)
IgG2 (g/L)

IgG3 (g/L)
IgG4 (g/L)

HBD

SARD

MuSK-MG

AChR-MG

6.46 4.39 0.81 0.32

9.77 4.28 0.87 0.43

6.43 4.92 0.57 0.36

7.93 4.57 0.64 0.35

Figure 3: Serum IgG1–4/IgG distribution in HBD, SARD, MuSK-MG, and AChR-MG.

Table 3: Serological parameters in four MuSK-MG patients pre and post rituximab therapy.

Patients RTX therapy Anti-MuSK abs nmol/L κ-free mg/mL λ-free mg/mL κ/λ CD19+ cell count % MGFA score

#10 Pre 0.77 4.00 4.60 0.87 9.40 III b

Post 3 weeks 0.83 4.00 4.60 0.87 0.40 III b

Δ% +7.79 0.00 0.00 0.00 −95.74
#11 Pre 1.32 18.60 11.50 1.62 11.00 III b

Post 4 weeks 1.41 27.60 14.90 1.85 0.10 II b

Δ% +6.82 +48.39 +29.57 +14.2 −99.09
#12 Pre 1.12 57.10 31.20 1.83 15.00 III b

Post 6 weeks 1.09 49.80 41.10 1.21 1.00 III b

Δ% −2.68 −12.78 +31.73 −33.88 −93.34
#13 Pre 0.89 32.30 14.70 2.20 4.00 IV b

Post 8 weeks 0.49 13.50 7.50 1.80 0.20 III b

Δ% −44.94 −58.20 −48.98 −18.18 −95.00
RTX therapy: the pretherapy sample was collected 8–60 months before first infusion. CD19+ cell count: percent over total peripheral blood lymphocytes.
Δ% represents the percent variation over the pretherapy sample.
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of FLCs as a marker of the therapeutic efficacy of RTX in
patients with SLE and RA and their results seemed promising
[33, 34]. To investigate if serum FLCs can be considered a
biomarker of both disease activity and effectiveness of RTX
treatment, we retrospectively analyzed the serological profile
in 4 (#10–13) out of our 13 MuSK-MG patients, before and
3–8 weeks after RTX infusion, when CD19+ cell count was
decreased by more than 90%. We observed a significant
reduction of both free κ and λ chains (−58.20% and
−48.98%, resp.) only in patient #13, 8 weeks after the first
RTX infusion. Even if it remained above the cut-off of posi-
tivity, also specific anti-MuSK auto-abs titer decreased from
0.89 to 0.49 nmol/L (−44.94%) along with a reduction of all
IgG subclasses (Supplementary Table S2). In the other three
RTX-treated patients, the post-RTX samples were drawn
after a shorter interval (3–6 weeks), so that it was perhaps
too early to observe the effect of CD20+ cells depletion, either
on FLCs or on anti-MuSK abs titers. This finding is consis-
tent with previous reports [30, 33]. On the whole, our results
suggest that serum FLCs may represent a new marker of
B cell activation in MG, which parallels auto-abs titer
variations in response to B cell depleting therapy.

Most of the auto-abs are class G Ig (IgG), which includes
4 subclasses (IgG1–4). These IgG subclasses could contribute
to the immunopathogenesis by modulating interaction of
Ig, Fc-γ receptor and complement. Differences in serum
IgG subclasses distribution between patients with autoim-
mune diseases and healthy controls have been described
only recently, with distinct patterns in different conditions
[35–37]. Here, we reported the IgG subclass mean levels
and distribution among AChR-MG, MuSK-MG, SARD,
and HBD (Table 2, Figures 2 and 3): only IgG1 in SARD
had a statistically significant difference when compared to
HBD and was above the range of normality. Our results
do not suggest that IgG subclasses can have a diagnostic
role in MG, and they further strengthen the hypothesis that
serum IgG subclass distribution has peculiar characteristics
in different autoimmune disease as already reported in a
cross-sectional study in other autoimmune diseases [37].
Further elucidating these characteristics could lead to a
better understanding of their pathogenetic roles in autoim-
mune disease development.

During the last twenty years, a novel systemic, chronic,
and inflammatory disease entity with specific features has
been described: IgG4-related disease (IgG4-RD) [38]. It is
an uncommon immune-mediated inflammatory condition
that affects a wide variety of organs, including the nervous
system, characterized by tissue infiltration with IgG4+ plasma
cells, storiform fibrosis, and frequent increase of serum
IgG4 levels. Most anti-MuSK auto-abs belong to the IgG4
subclass [39], which cause MG in mice and humans by
directly interfering with MuSK function [40, 41]. However,
MuSK-MG does not fulfill IgG4-RD criteria, even if a
recent case report opens the question of a possible link
between the two diseases [42]. Our results did not show
any significant increase in IgG4 mean values in all patients
(AChR-, MuSK-MG, and SARD) when compared to HBD.

There is a great need for biomarkers in MG to identify
patients at risk for disease flares, monitor response to

treatment, and be a guide to a better management of immu-
nosuppression. Different groups had tried to identify such
markers: they analyzed large panels of proinflammatory
and anti-inflammatory cytokines and molecules, finding
many analytes which can be promising [18–20]. Several
reports, analysing T and B cell subsets in MG patients,
showed a disequilibrium between follicular and regulatory
T cells together with a lower frequency of regulatory B cells.
Longitudinal studies, evaluating changes in these cell subsets
in different MG phases and in response to treatment, will
clarify their role as markers of disease activity [21].

A truly useful biomarker should meet strict criteria:
ideally, it should be central to the pathophysiology of the
disease, it should be related to the disease activity and
severity, it should fluctuate only with clinical flares or pro-
gression, and it should be sensitive to treatments known to
be effective. We are conscious that there are limitations to
our study. First, due to the small sample size, only a few
potential confounders could be controlled, mainly those
variables known to influence FLC levels, like kidney failure
and plasmapheresis. Second, we could not include an active
control group of subjects with acute viral and/or bacterial
infections. Finally, our analytical method was consistent with
previously reported studies [2, 9], but we acknowledge that it
may not be the optimal one [43]. For these reasons, at the
present time, we cannot suggest that the determination
of FLCs has clinical relevance, with a cost/benefit ratio
justifying its use in MG clinical management. Further
investigations using longitudinal analysis will be necessary
to validate it as a valuable tool to predict MG fluctuations
and to monitor clinical management. Our goal, however,
was to conduct a pilot study on serum levels of FLCs and
IgG subclasses in an organ-specific autoimmune disease like
MG. We report for the first time an increase of serum free
κ chains in both AChR- and MuSK-MG patients, not cor-
related with an increase of circulating IgG: this can be
explained with a continuous activation of the immune
response which, as it is aimed at a specific autoantigen,
does not reach levels as high as to increase total IgG. In
this scenario, FLC determination seems to be a sensitive
index of B cell activation even in organ-specific disorders
where the autoimmune response is limited at a well-defined,
single autoantigen.
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