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Helminth infection induces Th2-biased immune responses and inhibitory/regulatory path-
ways that minimize excessive inflammation to facilitate the chronic infection of helminth in
the host and in the meantime, prevent host hypersensitivity from autoimmune or atopic
diseases. However, the detailed molecular mechanisms behind modulation on inflamma-
tory diseases are yet to be clarified. Programmed death 1 (PD-1) is one of the important
inhibitory receptors involved in the balance of host immune responses during chronic
infection. Here, we used the murine model to examine the role of PD-1 in CD4+ T cells in
the effects of Trichinella spiralis infection on collagen-induced arthritis (CIA). Mice infected
with T. spiralis demonstrated higher expression of PD-1 in the spleen CD4+ T cells than
those without infection. Mice infected with T. spiralis 2 weeks prior to being immunized
with type Il collagen displayed lower arthritis incidence and significantly attenuated
pathology of CIA compared with those of uninfected mice. The therapeutic effect of
T. spiralis infection on CIA was reversed by blocking PD-1 with anti-PD-1 antibody, associ-
ated with enhanced Th1/Th17 pro-inflammatory responses and reduced Th2 responses.
The role of PD-1 in regulating CD4+* T cell differentiation and proliferation during T. spiralis
infection was further examined in PD-1 knockout (PD-1--) C57BL/6 J mice. Interestingly,
T. spiralis-induced alteration of attenuated Th1 and enhanced Th2/regulatory T cell differ-
entiation in wild-type (WT) mice was effectively diminished in PD-1-~ mice characterized
by recovered Th1 cytokine levels, reduced levels of Th2 and regulatory cytokines and
CD4+CD25*Foxp3+* cells. Moreover, T. spiralis-induced CD4* T cell proliferation suppres-
sion in WT mice was partially restored in PD-1~~ mice. This study introduces the first
evidence that PD-1 plays a critical role in helminth infection-attenuated CIA in a mouse
model by regulating the CD4+ T cell function, which may provide the new insights into the
mechanisms of helminth-induced immunomodulation of host autoimmunity.

Keywords: Trichinella spiralis, rheumatoid arthritis, programmed death 1, CD4* T cell, immunomodulation

INTRODUCTION

After co-evolution with their hosts over a long period of time, helminths have developed the ability
to induce host immune tolerance to facilitate their survival in the hosts. This helminth-induced
immunomodulation may also benefit hosts to reduce pathological lesions caused by aberrant inflam-
matory responses that may underline many autoimmune disorders (1, 2). Rheumatoid arthritis
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(RA) is a chronic autoimmune disease characterized by synovial
inflammation and bone erosion, which affects up to 1% of the
population worldwide. There is strong evidence that abnormally
activated Th1 and Th17 cells and impaired CD4*CD25*Foxp3™*
regulatory T cell (Treg) contribute to the pathogenesis of RA
(3). Helminth infections skew host immune response from Thl
to Th2/Treg characterized by stimulating the secretion of Th2
cytokine IL-4, IL-5, IL-10, and IL-13 (4) and induction of Treg
development (5, 6). Th2 polarization and Treg-released IL-10,
TGEF-P downregulate the Th1 cell subset (6-8) that promotes the
establishment of chronic infection (9). Immunomodulation by
helminth infection has inspired to the idea of using helminthic
therapy for atopic and autoimmune diseases in animal models
and human trials which have provided convincing evidences for
effectively alleviating a number of autoimmune diseases up to date
(1). Ithas also been reported that helminth infection or helminth-
derived products effectively alleviated the inflammatory arthritis
by inducing Th2 responses or inducing Foxp3* T regulatory cells
(10, 11). However, the detailed molecular mechanisms behind the
modulation of inflammatory diseases are yet to be clarified.

Programmed death 1 (PD-1) is a member of the B7 family
on the surface of T cells that delivers inhibitory signals to pro-
mote self-tolerance by suppressing T cell inflammatory activity
and reduce immune-mediated tissue damage (12). PD-1 is an
important immune checkpoint to keep immune balance and
exerts critical inhibitory functions in the setting of persistent
antigenic stimulation such as during encounter of self-antigens,
chronic infections, and tumors (13, 14). There is evidence sup-
porting a distinct role of PD-1 and its ligands (PD-L1/B7-H1
and PD-L2/B7-DC) in regulating T cell tolerance and autoim-
munity (15). In humans, a role for PD-1 in the regulation of
self-tolerance and autoimmunity was suggested to be associated
with autoimmune diseases such as systemic lupus erythemato-
sus, RA, multiple sclerosis, and type 1 diabetes mellitus (16-19).
In animal models of collagen-induced arthritis (CIA), defective
expression of PD-1 has been confirmed to contribute to T cell
hyperactivity within the inflamed joint (20). In human investi-
gations, blockade of PD-1 with anti-PD-1 increases the risk of
developing RA (21).

In recent years, many studies indicated that helminths may
exploit the PD-1 pathway to modulate host immune system to
minimize excessive inflammation and promote the chronicity
of helminth infection (22-24). Trichinella spiralis is an intes-
tine- and tissue-dwelled nematode that secretes molecules to
modulate hosts’ immune system. Infection of this nematode or
Trichinella-secreted proteins have been used for treatment of
many hyperimmune-associated disorders in experimental studies
such as asthma and allergic disorders (25), inflammatory bowel
diseases (26, 27), encephalomyelitis (28), and type 1 diabetes (29),
and significant alleviation of these diseases has been achieved.

It is well established that CD4* T cells play a central role in
the pathogenesis of RA (30). In this study, we aim to investigate
whether T. spiralis infection affects the PD-1 expression in CD4*
T cells and its role in alleviation of arthritis using a CIA mouse
model. We demonstrated for the first time that T. spiralis infection
significantly alleviated CIA through activating the expression
of PD-1 on CD4* T cells. Moreover, this study highlights the

importance of PD-1 as a checkpoint for T. spiralis-induced Th2
polarization and Treg generation which may provide new insights
into the mechanisms of helminths’ immunomodulation on host
autoimmunity.

MATERIALS AND METHODS

Ethics Statement

This study was carried out in accordance with the recommenda-
tions of “IRB of Capital Medical University” All animal experi-
mental procedures were approved by the Animal Care and Use
Committee of Capital Medical University (AEEI-2016-008) and
comply with the National Institutes of Health Guidelines for the
Care and Use of Experimental Animals.

Mice

Male DBA/1 mice with 6-8 weeks old were purchased from the
Laboratory Animal Services Center of Capital Medical University
(Beijing, China) for induction of arthritis and related experi-
ments. Wild-type (WT) and PD-17~ mice bred on the C57BL/6
background were purchased from the Jackson Laboratory (Stock
no. 021157, USA). All mice were maintained under pathogen-free
conditions with suitable humidity and temperature at the Animal
Center of Capital Medical University.

Helminth Infection Model

The T. spiralis (ISS 533) strain used in this study was maintained
in female ICR mice. Mice were each infected with 400 infective
T. spiralis muscle larvae by oral gavage.

Induction of CIA

Experimental arthritis was induced in DBA/1 mice based on the
method previously described (31). Bovine type II collagen (CII)
purchased from Chondrex (Redmond, WA, USA) was dissolved
in 0.01 M acetic acid at concentration of 2 mg/ml by stirring over
night at 4°C and emulsified with the equal volume of complete
Freund’s adjuvant. Male DBA/1 mice were immunized intra-
dermally at the base of the tail with 0.1 ml emulsion containing
100 pg CII. The mice were boosted once with the same amount
of CII emulsified with incomplete Freund’s adjuvant (Chondrex)
21 days after the first immunization. Induced arthritic mice were
clinically assessed for redness and swelling of all limbs every other
day up to 50 days. The clinical scores were assigned as previously
described to evaluate disease (32) as follows: 0 = no signs of
arthritis: 1 = swelling and/or redness of the paw or one digit;
2 = two joints involved; 3 = more than two joints involved and
4 = severe arthritis of the entire paw and digits. Each limb was
graded, resulting in a maximal clinical score of 16 per animal.

Histopathologic Analysis

The paws of the mice were removed after being euthanized
and fixed overnight in 4% paraformaldehyde, decalcified in
20% EDTA for 6 weeks, and then dehydrated and embedded
in paraffin. The tissue serial paraffin sections (2 mm) were cut
along longitudinal axis, mounted and sections were stained with
hematoxylin and eosin or toluidine blue (TB). The severity of
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inflammatory cell infiltration in joint and cartilage destruction
was scored using a semi-quantitative scale described previ-
ously (33, 34). The severity of inflammatory cell infiltration was
scored 0-4 as follows: 0 = no infiltrate; 1 = minimal (few cells
in perisynovial and synovial tissues); 2 = mild (infiltrating cells
more numerous in perisynovial and synovial tissues, and/or in
bone marrow beneath joints); 3 = moderate (inflammatory cell
infiltrate more intense in perisynovial and synovial tissues, and
often extending into adjacent periosseous tissues and/or in bone
marrow beneath joints); and 4 = marked (increasing intensity of
inflammatory cell infiltrate in synovial and perisynovial tissues,
and extending into adjacent periosseous tissues and/or widely
dispersed in bone marrow). Cartilage damage was scored 0-5
according to the following criteria: 0 = normal; 1 = minimal
(loss of TB staining only); 2 = mild (loss of TB staining and mild
cartilage thinning); 3 = moderate (moderate diffuse or multifocal
cartilage loss); 4 = marked (marked diffuse or multifocal cartilage
loss); and 5 = severe (severe diffuse or multifocal cartilage loss).

In Vivo Blockade of PD-1

In some experiments, the expression of PD-1 on immune cells
in mice was blocked by injection of anti-mouse CD279 (PD-1)
antibody (clone 29F1A12, BioLegend, San Diego, CA, USA).
Each mouse received 200 ug mAb intraperitoneally (i.p.) every
3 days, starting at 14 days post-infection until 3 days before the
mice were sacrificed. For control mice, each was given the same
amount of rat IgG2a isotype (clone RTK2758, BioLegend).

Isolation of Lymphocytes From Spleen and
Lymph Nodes

Four weeks after second immunization, the draining inguinal
lymph nodes (ILNs) and spleens were removed and minced
through a 70-pm cell strainer. Lymphocytes were isolated using
Ficoll density-gradient centrifugation for flow cytometry or
released-cytokine measurement.

Spleen Cell Culture and Cytokine ELISA
Splenocytes were cultured in RPMI 1640 medium supplemented
with 10% fetal bovine serum (FBS, Gibco, Grand Island, NY,
USA), 100 U/ml penicillin, and 100 pg/ml streptomycin, at
2 x 106 cells/ml in 24-well culture plates. During culture, the cells
were stimulated with anti-CD3 (1 pg/ml)/anti-CD28 (1 pg/ml)
(Peprotech, NJ, USA). The supernatants were collected at 48 h
and kept frozen at —80°C until used. Cytokines IFN-vy, IL-4, IL-5,
IL-13,IL-10,IL-17A, and TNF-o in the culture supernatants were
measured with Ready-Set Go! Kits or recombinant cytokine/
antibody sets from eBioscience (San Diego, CA, USA) according
to the manufacturer’s instructions.

Anti-Cll Antibody Measurement

Sera were collected from mice 4 weeks after the second immuni-
zation of CII and the anti-ClI-specific IgG and subtype IgG1 and
IgG2a were measured by using antibody assay kit according to the
manufacturer’s instructions (Chondrex, Redmond, WA, USA).
Each sample was assayed in duplicate. OD values were measured
at 490 nm using a Model 550 microplate reader and the results

were analyzed using Microplate Manager III for Macintosh (Bio-
Rad laboratories, Hercules, CA, USA).

CD4+ T Cells Purification, CFSE Labeling,

and Stimulation

CD4* T cells were isolated from spleen or ILNs by positive selec-
tion using a magnetic-activated cell sorting system with anti-CD4
mAb (Miltenyi Biotec, Bergisch Gladbach, Germany) accord-
ing to the manufacturer’s instructions. Isolated cells (5 X 10°
cells) were suspended in 1 ml sterile PBS containing 3% FBS.
Carboxyfluorescein succinimidyl amino ester (CFSE, Invitrogen,
Carlsbad, CA, USA) was added into the culture up to 5 uM for
5 min to label the cells. Labeling reaction was stopped by diluting
with 9 ml of PBS containing 3% FCS and cells were washed twice.
The labeled CD4* T cells were used for the experiment of prolif-
eration assessment and flow cytometry analysis. In experiment
for determining non-specific T cell proliferation, the splenic
CD4* T cells isolated from T. spiralis-infected mice were cultured
in plates coated with anti-CD3 (5 pg/ml, BioLegend, San Diego,
CA, USA) in the presence of anti-CD28 (5 pg/ml, BioLegend)
for 72 h. In experiment for determining specific anti-CII T cell
proliferation, mice were immunized with CII on day >35 after
T. spiralis infection. Then CD4* T cells isolated from ILNs of mice
on day 10 after CII immunization were cultured in the presence
of CII for 72 h (20 pg/ml).

Flow Cytometry

To analyze PD-1 expression in CD4" T cells, the cells were stained
with anti-mouse CD3-antigen-presenting cell (APC) (clone
17A2, eBioscience, Waltham, MA, USA), CD4-FITC (clone
GK1.5, eBioscience), PD-1-PE (clone J43, eBioscience). To detect
intracellular cytokine expression, T cells from each mouse were
stimulated with 2 pl/ml. Cell Activation Cocktail (with Brefeldin)
(BioLegend, San Diego, CA, USA) in complete RPMI 1640
medium for 6 h at 37°C in 5% CO,, then collected and surface
stained with CD3 and CD4. The cells were washed, fixed, and
permeabilized with cytofix/cytoperm buffer (BD Pharmingen),
then intracellularly stained with anti-IFN-y PE-Cyanine7
(clone XMG1.2), IL-4 PE-Cyanine7 (clone 11B11), and IL-17A
PE-Cyanine7 (clone eBiol7B7), or rat IgG1 and IgG2a isotype
antibody (clone eBRGI, all from eBioscience) as control, respec-
tively. To determine Tregs, the CD4" cells were surface stained
with anti-mouse CD3-PerCP (clone 17A2), CD4-FITC (clone
RM4-5), and CD25-APC (clone PC61.5) in a Mouse Regulatory
T cell Staining Kit (eBioscience). The cells were then permea-
bilized with cold Fix/Perm Buffer, and stained with anti-mouse
Foxp3-PE (clone FJK-16s) or rat IgG2a isotype control antibody
(clone eBR2a). Following immunofluorescence staining, samples
were analyzed on a Flow cytometer (BD) using flowjo software
(TreeStar). The cells were gated on CD3* CD4* T cells.

Statistical Analysis

Statistical analysis was performed using SPSS version 11.0. All
data are expressed as mean + SEM. To determine differences
between multiple groups, analysis of variance was used with
post hoc comparisons using Tukey’s method. For comparison
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FIGURE 1 | Dynamics of programmed death 1 (PD-1) expression in CD4+ T cells from Trichinella spiralis-infected mice. (A) FACS gating strategy for CD4* T cells
expressing PD-1. PD-1 gating was shown based on the PD-1 isotype control. (B) Flow cytometry showing the PD-1 subset in CD4+ T cells from spleen of infected
mice compared with those from non-infected mice. Non-specific isotype antibody was used as control. The representative PD-1 expression is represented in solid
line in T. spiralis-infected mice and in dotted line in non-infected mice. Isotype control is illustrated in gray. (C) The dynamic expression of PD-1 in CD4+ T cells of
mice during T. spiralis infection. Data are expressed as mean + SEM from three independent experiments (n = 5 mice per group).

between two groups, a Student’s ¢-test was performed. A P-value
<0.05 was considered significant.

RESULTS

T. spiralis Infection Upregulates PD-1
Expression in CD4+ T Cells

Programmed death 1 expression in spleen CD4* T cells was
upregulated in mice infected with T. spiralis. Increased expres-
sion of PD-1 in spleen CD4* T cells was observed in the initial
acute stage of infection, peaked at week 6, and followed by a
slight decline thereafter (Figure 1) with significant difference to
the baseline expression level in the CD4* T cells of normal mice.

T. spiralis Infection Alleviates CIA Through
PD-1 Pathway

To determine whether the infection of T. spiralis alleviates the
severity of CIA in mice, mice were infected with T. spiralis 14 days
prior to the first immunization of CII. The representative paw
of mice with CIA was shown in Figures 2A,B. As shown in
Figures 2C,D, T. spiralis-infected CIA mice displayed significant
reduction in the incidence of induced CIA and alleviated arthritic
score compared with uninfected CIA mice. PD-1 blockade with
specific antibody significantly increased the incidence and sever-
ity of arthritis in T. spiralis-infected CIA mice (Figures 2C,D).
Histologic analysis of the paws showed significantly decreased
inflammation scores and cartilage destruction in T. spiralis-
infected CIA mice compared with non-infected CIA mice.
Similarly, the amelioration of inflammatory cell infiltration
and cartilage destruction in T. spiralis-infected CIA mice was
effectively reversed by the blockage of PD-1 with anti-PD-1
(Figures 2E,F). Isotype IgG2a control had no any effect on
CIA (data not shown). These data suggested that PD-1 plays an
important role in the inhibitory effect of T. spiralis infection on
CIA in mouse.

Nematode-Induced Inhibition of Th1/Th17
Responses and Enhancement of Th2
Responses Were Abated by Blocking PD-1
in CIA Mice

To understand the mechanisms involved in the T. spiralis
infection-attenuated CIA, the humoral and cellular immune
responses were measured in the treated mice. It is well established
that anti-CII antibody is involved in the pathogenesis of CIA
(35). Serological levels of antigen-specific total IgG, and subtypes
IgG2a and IgG1 were measured. As shown in Figure 3A, the anti-
CII total IgG level in the sera of mice infected with T. spiralis was
significantly lower than that in mice without infection. Subtype
analysis demonstrated that the reduced IgG level mostly resulted

from the reduction in the IgG2a (Th1l) but not in IgG1 (Th2).
The reduced levels of IgG and IgG2a in T. spiralis-infected mice
were effectively restored when PD-1 was blocked using anti-PD-1
antibody. The cytokine profile of splenocytes stimulated by anti-
CD3/anti-CD28 antibodies showed that T. spiralis-infected CIA
mice produced significantly lower levels of pro-inflammatory
cytokines including IFN-y (Thl1), IL-17 (Th17), and TNF-a, but
higher level of Th2 cytokines IL-4, IL-5, IL-13, and regulatory
cytokine IL-10 compared with CIA mice without infection
(Figure 3B). However, the nematode-reduced pro-inflammatory
cytokines and boosted Th2 cytokines in CIA mice were signifi-
cantly abated when PD-1 was blocked using anti-PD-1 antibody.
The above results indicate that alleviation of CIA by the infection
of T. spiralis is associated with the reduced Th1/Th17, enhanced
Th2 responses possibly through stimulating the expression of
suppressive PD-1 in the immune cells.

PD-1 Knockout Offsets T. spiralis-Induced
Anti-Inflammatory Modulation of CD4+
T Cells

To further investigate whether T. spiralis infection-induced
immunomodulation is PD-1 mediated, we profiled cytokines
secreted by splenocytes upon stimulation of anti-CD3/anti-
CD28 in WT and PD-17~ C57BL/6 ] mice infected with or
without T. spiralis. As shown in Figure 4A, the inhibited IFN-y
and IL-17 production following T. spiralis infection in WT mice
was recovered in PD-17~ mice. By contrast, T. spiralis-enhanced
IL-4, IL-5, IL-13, and IL-10 production in WT mice was abated
in PD-17"~ mice. This result further suggests that T spiralis may
activate PD-1 pathway to inhibit Th1- and Th17-associated pro-
inflammatory cytokine production and to boost Th2-associated
anti-inflammatory cytokine and regulatory cytokine production.
Flow cytometry also showed that T. spiralis infection decreased
IEN-y* (Thl), and increased IL-4* (Th2) CD4* T cells and
CD25*Foxp3* Tregs, but little effected on IL-17A* (Th17) CD4*
T cells. However, these T. spiralis-induced attenuated Thl and
enhanced Th2/Treg differentiation in WT mice were effectively
diminished in PD-17~ mice (Figures 4B-E). These results with
PD-17"" mice further confirm that T. spiralis-induced differential
control of CD4* T cell subsets is PD-1 mediated, suggesting that
PD-1playacriticalrolein T. spiralis-induced immunomodulation.

To determine the responsiveness of T cell in T. spiralis-infected
mice, we examined the CD4* T cell proliferation upon non-specific
(anti-CD3/anti-CD28) and antigen-specific stimulation in WT
and PD-1""~ mice with or without infection. The proliferation of
splenic CD4* T cells upon non-specific stimulation (anti-CD3/
anti-CD28) was significantly inhibited in cells from T. spiralis-
infected mice compared to those from non-infected mice. The
inhibited CD4* T cell proliferation was partially restored in
mice with PD-1 knockout (Figure 5A). We further analyzed the
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FIGURE 2 | Programmed death 1 (PD-1) blockade abated Trichinella spiralis infection-induced attenuation of collagen-induced arthritis (CIA) in DBA/1 mice.

(A) The regimen of study including the induction of CIA, treatment with infection of T. spiralis and anti-PD-1 antibody. (B) Hind paw of a mouse before and after
induction of arthritis with bovine type Il collagen (ClI). Arthritic incidence (C) and total arthritic score (D) of mice from different groups (n = 10) at different time points.
(E) Hematoxylin and eosin of the representative inflamed joints in the hind paw of mice from different groups at day 50 post first Cll immunization, the histological
score was shown on the right (mean + SEM, n = 6). (E) The toluidine blue staining and cartilage score (F) of the representative inflamed joints in the hind paw of
mice from different groups at day 50 post first Cll immunization. (a) Naive untreated control, (b) CIA, (c) Ts + CIA, (d) Ts + CIA + anti-PD-1. The bar graphs on the
right side (E,F) show the histopathological scores for each group given as mean + SEM (n = 6 mice per group). Statistical significance is determined by Student’s
t-test for single comparison. **P < 0.01 and **P < 0.001 (one-way analysis of variance).
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FIGURE 3 | Programmed death 1 (PD-1) blockade offsets the inhibited Th1/Th17 responses and enhanced Th2 responses induced by Trichinella spiralis infection in
collagen-induced arthritis (CIA) mice. Anti-type Il collagen (Cll) antibody and cytokine profile were determined by ELISA on day 50 after immunization. (A) Serological
titers of anti-Cll total IgG and subtypes IgG1 and IgG2a in mice of different groups. (B) Cytokine profiles secreted by splenocytes stimulated with anti-CD3 (1 pg/ml)/

anti-CD28 (1 pg/ml) for 48 h. Data are expressed as mean + SEM for duplicate serum samples or cell cultures. Data are representative of results from two
independent experiments (n = 6 mice per group). *P < 0.05; **P < 0.01; **P < 0.001; ns, not significant (one-way analysis of variance).

antigen-specific T cell proliferation in CD4* T cells isolated from
ILNs of CII-immunized mice upon CII stimulation. Similarly,
the inhibition of CD4* T-cell proliferation upon re-stimulation
of specific antigen CII in T. spiralis-infected mice was partially
lifted in T cells from PD-17~ mice (Figure 5B). These results
suggest that PD-1 partially contributes to T. spiralis-induced
hyposensitivity of CD4* T cells.

DISCUSSION

Immune responses are regulated by the balance of positive and
negative regulatory pathways. Negative regulatory pathways are
crucial for peripheral self-tolerance and preventing autoimmunity,
and can function through signals delivered by cell surface inhibi-
tory receptors, immunoregulatory cytokines, and Tregs (30).
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Multiple co-inhibitory receptors such as lymphocyte activation
gene 3 (LAG-3), B- and T-lymphocyte attenuator 4 (BTLA-4),
cytotoxic T-lymphocyte antigen 4 (CTLA-4),and T cell membrane
protein 3 (Tim-3), CD244, and CD160 are expressed in T cells to
dampen immune activation and limit immune-mediated pathol-
ogy (36, 37). Recent studies demonstrated that these inhibitory
receptors also play an important role in the response to patho-
gens. It is reported that helminth infection drives the sustained

expression of T cell inhibitory receptors, which may negatively
regulate proliferation and the production of pro-inflammatory
cytokines by helminth antigen-specific T cells (38-40). Because
these molecules largely function to prevent over exuberant T cell
activation, their essential role in preventing parasite-induced
immunopathology have been confirmed in animal studies
(38, 41). However, the impact of these parasite-induced inhibi-
tory molecules on autoimmune pathology has not been clarified.
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Programmed death 1 plays a critical role in maintaining
host immune homeostasis during chronic infection (42, 43). In
this study, we observed upregulation of PD-1 in lymphocytes
of mice infected with T. spiralis. The upregulation of PD-1 was
also observed in the chronic infections of Schistosoma japonicum
(24), Fasciola hepatica (44), Taenia solium (45), Echinococcus
multilocularis (45) related to the survival of helminth in the host
and reducing infection caused immunopathology.

To determineif the T. spiralis infection reduces the pathology of
inflammatory arthritis, we established a collagen-induced mouse
model (CIA). The ClI-reactive CD4* T cells are the primary
mediators of disease induction by driving autoantibody produc-
tion in B cells and enhancing the chronic inflammatory response
(46, 47). Our results demonstrated that T. spiralis infection sig-
nificantly mitigated the pathology of CIA in mice mostly through
reducing Th1/Th17 pro-inflammatory responses and boosting
Th2 response. The results are in accordance with previous studies
that showed increased Th1/Th17 cellular response played a key
role in the CIA (48, 49). T. spiralis infection reduces these pro-
inflammatory responses therefore alleviates pathology of CIA.
It is well known that helminth chronic infection-induced Th2

polarization is also involved in the therapeutic effects on autoim-
mune diseases. Nippostrongylus brasiliensi-induced activation of
Th2 axis effectively mitigates the course of inflammatory arthritis
and this protective effect is dependent on IL-4/IL-13-induced
STAT6 pathway (50). E hepatica excretory-secretory products
were reported to protect against experimental autoimmune
encephalomyelitis via type 2 cytokines (51).

Given that the PD-1 expression is upregulated in the CD4*
T cells of T. spiralis-infected mice and PD-1 is an important
inhibitory and checkpoint receptor on immune cells, we postu-
lated that T. spiralis-induced PD-1 expression may be involved
in the alleviation of CIA by suppressing Th1 and Th17 responses
and boosting Th2 response. Indeed, we observed that the reduced
pathology of CIA in T. spiralis-infected mice was correlated with
the increased expression of PD-1 in CD4* T cells. Blocking PD-1
with anti-PD-1 mAb seriously reversed the amelioration of CIA
in T. spiralis-infected mice, correlating with recovered level of
Th1/Th17 response and reduced Th2 response. PD-1 knockout
also demonstrated its reversion to T. spiralis infection-involved
Thl and Th2 changes, however, it did not change much the
frequency of Th17 within CD4" T cells at day 42 post-infection
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(Figure 4D), possibly because the stage of chronic T. spiralis infec-
tion may not affect much on IL-17 expression (52). Th17 cells are
known to be involved in the inflammatory immune responses
and autoimmune diseases as shown in CIA induction in this
study (Figure 3B). However, it is not well understood the role of
Th17 cells in the helminth infections (53), even though it has been
observed that T. spiralis infection really reduced the CIA-induced
Th17 secretion (Figure 3B).

Our results provide strong evidences at the first time that
PD-1 pathway is involved in immunomodulation induced by
T. spiralis infection that attenuates autoimmune-related arthritis.
We postulate that pre-infection with T. spiralis may induce an
anti-inflammatory modulation ahead of the initiation of CIA via
activating the PD-1 pathway.

The costimulatory pathway consists of the PD-1 and its
ligands, PD-L1 and PD-L2, delivering inhibitory signals that
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regulate the balance among T-cell activation and immune-
mediated tissue damage to prevent autoimmunity (13, 54, 55).
Manipulation of PD-1:PD-L1/2 pathway is considered a potential
therapeutic approach for treating autoimmune diseases (15).
Impact of PD-L:PD-1 axis on differentiation of CD4* T cell
subsets has been reported in previous studies (32, 56, 57). In this
study, we also observed that the increased expression of PD-1 in
CD4* T cells in T. spiralis-infected mice and knockout of PD-1
resulted in the recovery of inhibited CD4* T cell proliferation
caused by nematode infection, indicating PD-1 is involved in
the nematode infection caused regulation of CD4" T cells. At
the meantime, we identified that the Th2 polarization and Treg
generation induced by T. spiralis infection were effectively dimin-
ished in PD-17"~ mice. The results imply a critical role of PD-1
in modulating the balance of Th1/Th2 and Treg responses upon
infection of T. spiralis that may outline the molecular mechanism
behind the helminth-induced immunomodulation. Activation of
PD-L1:PD-1 pathway may result in the enhanced Foxp3 expres-
sion and suppressive function of established induced regulatory
T (iTreg) cells (12). CD4*CD25*FoxP3* Tregs are highly involved
in the regulation of immune responses and preventing autoim-
munity (58-60). Schistosoma mansoni and T. spiralis derived
antigens have been demonstrated to exert protective effect
against adjuvant arthritis by upregulation of the Foxp3* Tregs
(10). Here, we confirmed that T. spiralis-induced expression of
Foxp3 is highly dependent on PD-1 expression on immune cells,
which implies that PD-1-mediated generation of Foxp3* Tregs
may contribute to the T. spiralis-attenuated CIA. However, dif-
ferent helminth infection may modulate host immune regulation
through different PD-L/PD-1 pathway. The conditional deletion
of PD-L1 impaired Th2 polarization and cytokine production in
mice following N. brasiliensis infection (56). By contrast, blockade
of PD-1 results in recovery of hyporesponsive Th2 cell function
which was mediated through PD-L2 during chronic infection
with Litomosoides sigmodontis (22). While the reasons for the dis-
crepancies regarding the role of PD-1 in regulating Th2 cytokine
production remain unclear, it seems to be related to the types of
PD-L which interact with PD-1 expressed in the CD4" T cells to
control the function of Th subsets. It has been demonstrated that
PD-L1 and PD-L2 have distinct roles in regulating host Th cell
differentiation in response to leishmaniasis (61). Moreover, PD-1
has been suggested to enhance Th2 responses under conditions
of sub-optimal TCR stimulation, which might be associated with
the type of antigen (62).

In addition to activating Th2 cell-biased responses, helminths
have also developed multiple mechanisms to regulate the host
immune system. Humans with chronic infectious diseases,
including helminth infection, experience sustained immune acti-
vation that is often accompanied by T cell hyporesponsiveness.
Recent studies revealed that helminth infection induced T cell
hyporesposiveness might contribute to suppression of autoim-
mune diseases. For example, infection with Schistosome regulates
lymphocyte function in vivo by suppressing T cell activation
(63,64). Since PD-1 is described as a co-inhibitory receptor which
induces T cell exhaustion, we examined the role of PD-1 in regu-
lating T cell proliferation in T. spiralis-infected mice. Our study
demonstrated adecreased T cell proliferation in T. spiralis-infected

mice in response to both non-specific and CII-specific stimula-
tion. However, PD-1 deletion only partially restored T. spiralis-
suppressed CD4* T cells proliferation. Although blockage of
PD-1 can reverse the hyporesponsiveness to S. japonicum (24)
and L. sigmodontis (22), many possible mechanisms may underlie
the incomplete recovery of the suppressed T-cell proliferation
induced by T. spiralis infection after PD-1 deletion observed in
this study. Helminth infection modulates host T cell function
through multiple factors including induction of Tregs, IL-10/
TGEF-p regulatory cytokines (23, 64), PD-1/PD-L, and other co-
inhibitory molecules such as LAG-3, BTLA-4, CTLA-4, Tim-3,
etc. (9, 65). We postulate that synergetic effects from different
inhibitory pathways may contribute to T. spiralis-induced CD4*
T cells hyporesponsiveness besides PD-1/PD-L. Therefore, block-
ing PD-1/PD-L inhibitory pathway may not take away the whole
inhibitory effects induced by T. spiralis infection.

In summary, this study demonstrates that T. spiralis infection
significantly reduced the pathology of CIA in mice by inhibiting
Th1/Th17 pro-inflammatory responses and inducing Th2/Treg
polarization. PD-1 plays a critical role within the helminth-
involved immunomodulation of CD4* T cell subsets which are
central mediators of RA. However, the detailed molecular inter-
action between PD-1/PD-L pathway and the helminth-iTreg cell
and cytokine IL-10 and TGF- still remains unknown. Further
studies are needed to explore the mechanism of PD-1-mediated
regulation of immune response during helminth infection and
autoimmune diseases.

ETHICS STATEMENT

This study was carried out in accordance with the recommenda-
tions of “IRB of Capital Medical University.” The protocol was
approved by the Animal Care and Use Committee of Capital
Medical University (AEEI-2016-008) and comply with the
National Institutes of Health Guidelines for the Care and Use of
Experimental Animals.

AUTHOR CONTRIBUTIONS

YC and XPZ conceived and designed the experiments. YC, XZ,
XW, QZ, XH, and JH performed the experiments. YC, XPZ, BZ,
and XS analyzed the data. XPZ, YC, and BZ wrote the paper. All
authors reviewed the manuscript.

ACKNOWLEDGMENTS

We thank Xiaoxue Xu (Core facility center, Capital Medical
University) for her assistance with flow cytometry analysis. We
thank Wenming Zhao and Huihui Yuan (Department of immunol-
ogy; School of Basic Medical Sciences, Capital Medical University)
for their technical assistance with induction of CIA in mouse model.

FUNDING

This work was supported by grants from the National Natural
Science Foundation of China (81572016, 81672042) and Beijing
Natural Science Foundation (7162017).

Frontiers in Immunology | www.frontiersin.org

July 2018 | Volume 9 | Article 1566


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive

Cheng et al.

T. spiralis Mitigates CIA Through PD-1

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Smallwood TB, Giacomin PR, Loukas A, Mulvenna JP, Clark RJ, Miles JJ.
Helminth immunomodulation in autoimmune disease. Front Immunol (2017)
8:453. d0i:10.3389/fimmu.2017.00453

Gieseck RR, Wilson MS, Wynn TA. Type 2 immunity in tissue repair and
fibrosis. Nat Rev Immunol (2018) 18:62-76. doi:10.1038/nri.2017.90

Cope AP, Schulze-Koops H, Aringer M. The central role of T cells in rheuma-
toid arthritis. Clin Exp Rheumatol (2007) 25:S4-11.

Pritchard DI, Brown A. Is Necator americanus approaching a mutualistic
symbiotic relationship with humans? Trends Parasitol (2001) 17:169-72.
doi:10.1016/S1471-4922(01)01941-9

McSorley HJ, Maizels RM. Helminth infections and host immune regulation.
Clin Microbiol Rev (2012) 25:585-608. d0i:10.1128/CMR.05040-11

Ricci ND, Fiuza JA, Bueno LL, Cancado GG, Gazzinelli-Guimaraes PH,
Martins VG, et al. Induction of CD4(+)CD25(4+)FOXP3(+) regulatory
T cells during human hookworm infection modulates antigen-mediated
lymphocyte proliferation. PLoS Negl Trop Dis (2011) 5:e1383. doi:10.1371/
journal.pntd.0001383

Maizels RM, Yazdanbakhsh M. Immune regulation by helminth parasites:
cellular and molecular mechanisms. Nat Rev Immunol (2003) 3:733-44.
do0i:10.1038/nri1183

MacDonald AS, Loke P, Martynoga R, Dransfield I, Allen JE. Cytokine-
dependent inflammatory cell recruitment patterns in the peritoneal cavity
of mice exposed to the parasitic nematode Brugia malayi. Med Microbiol
Immunol (2003) 192:33-40. doi:10.1007/s00430-002-0156-8

Zander RA, Butler NS. Dysfunctional adaptive immunity during parasitic
infections. Curr Immunol Rev (2013) 9:179-89. d0i:10.2174/1573395509666
131126230832

Eissa MM, Mostafa DK, Ghazy AA, El AM, Boulos LM, Younis LK. Anti-
arthritic activity of Schistosoma mansoni and Trichinella spiralis derived-
antigens in adjuvant arthritis in rats: role of FOXP3+ Treg cells. PLoS One
(2016) 11:€165916. doi:10.1371/journal.pone.0165916

Bashi T, Bizzaro G, Ben-Ami SD, Blank M, Shoenfeld Y. The mechanisms
behind helminth’s immunomodulation in autoimmunity. Autoimmun Rev
(2015) 14:98-104. doi:10.1016/j.autrev.2014.10.004

Francisco LM, Sage PT, Sharpe AH. The PD-1 pathway in tolerance and auto-
immunity. Immunol Rev (2010) 236:219-42. d0i:10.1111/j.1600-065X.2010.
00923.x

Sharpe AH, Wherry EJ, Ahmed R, Freeman GJ. The function of programmed
cell death 1 and its ligands in regulating autoimmunity and infection. Nat
Immunol (2007) 8:239-45. doi:10.1038/ni1443

Keir ME, Butte M]J, Freeman GJ, Sharpe AH. PD-1 and its ligands in tolerance
and immunity. Annu Rev Immunol (2008) 26:677-704. doi:10.1146/annurev.
immunol.26.021607.090331

Zamani MR, Aslani S, Salmaninejad A, Javan MR, Rezaei N. PD-1/PD-L
and autoimmunity: a growing relationship. Cell Immunol (2016) 310:27-41.
doi:10.1016/j.cellimm.2016.09.009

Mahmoudi M, Rezaiemanesh A, Salmaninejad A, Harsini S, Poursani S,
Bahrami T, et al. PDCD1 single nucleotide genes polymorphisms confer
susceptibility to juvenile-onset systemic lupus erythematosus. Autoimmunity
(2015) 48:488-93. doi:10.3109/08916934.2015.1058370

Zou Y, Zhang Z, Liu Y, Liu D, Xu W. Are programmed cell death 1 gene
polymorphisms correlated with susceptibility to rheumatoid arthritis?
A meta-analysis. Medicine (Baltimore) (2017) 96:¢7805. doi:10.1097/MD.
0000000000007805

Pawlak-Adamska E, Nowak O, Karabon L, Pokryszko-Dragan A, Partyka A,
Tomkiewicz A, et al. PD-1 gene polymorphic variation is linked with
first symptom of disease and severity of relapsing-remitting form of MS.
J Neuroimmunol (2017) 305:115-27. d0i:10.1016/j.jneuroim.2017.02.006
Momin S, Flores S, Angel BB, Codner DE, Carrasco PE, Perez-Bravo F
Interactions between programmed death 1 (PD-1) and cytotoxic T lympho-
cyte antigen 4 (CTLA-4) gene polymorphisms in type 1 diabetes. Diabetes Res
Clin Pract (2009) 83:289-94. doi:10.1016/j.diabres.2008.12.003

Raptopoulou AP, Bertsias G, Makrygiannakis D, Verginis P, Kritikos I,
Tzardi M, et al. The programmed death 1/programmed death ligand 1
inhibitory pathway is up-regulated in rheumatoid synovium and regulates
peripheral T cell responses in human and murine arthritis. Arthritis Rheum
(2010) 62:1870-80. doi:10.1002/art.27500

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Belkhir R, Burel SL, Dunogeant L, Marabelle A, Hollebecque A, Besse B,
et al. Rheumatoid arthritis and polymyalgia rheumatica occurring after
immune checkpoint inhibitor treatment. Ann Rheum Dis (2017) 76:1747-50.
doi:10.1136/annrheumdis-2017-211216

van der Werf N, Redpath SA, Azuma M, Yagita H, Taylor MD. Th2 cell-intrin-
sic hypo-responsiveness determines susceptibility to helminth infection. PLoS
Pathog (2013) 9:¢1003215. doi:10.1371/journal.ppat.1003215

Hartmann W, Schramm C, Breloer M. Litomosoides sigmodontis induces
TGF-beta receptor responsive, IL-10-producing T cells that suppress bystander
T-cell proliferation in mice. Eur ] Immunol (2015) 45:2568-81. doi:10.1002/
€ji.201545503

Zhou S, Jin X, Li Y, Li W, Chen X, Xu L, et al. Blockade of PD-1 signaling
enhances Th2 cell responses and aggravates liver immunopathology in
mice with Schistosomiasis japonica. PLoS Negl Trop Dis (2016) 10:e5094.
doi:10.1371/journal.pntd.0005094

Park HK, Cho MK, Choi SH, Kim YS, Yu HS. Trichinella spiralis: infection
reduces airway allergic inflammation in mice. Exp Parasitol (2011) 127:539-44.
doi:10.1016/j.exppara.2010.10.004

Khan WI, Blennerhasset PA, Varghese AK, Chowdhury SK, Omsted P, Deng Y,
et al. Intestinal nematode infection ameliorates experimental colitis in mice.
Infect Immun (2002) 70:5931-7. doi:10.1128/IA1.70.11.5931-5937.2002

Yang X, Yang Y, Wang Y, Zhan B, Gu Y, Cheng Y, et al. Excretory/secretory
products from Trichinella spiralis adult worms ameliorate DSS-induced colitis
in mice. PLoS One (2014) 9:¢96454. doi:10.1371/journal.pone.0096454
Gruden-Movsesijan A, Ilic N, Mostarica-Stojkovic M, Stosic-Grujicic S,
Milic M, Sofronic-Milosavljevic L. Mechanisms of modulation of experimen-
tal autoimmune encephalomyelitis by chronic Trichinella spiralis infection in
Dark Agouti rats. Parasite Immunol (2010) 32:450-9. doi:10.1111/j.1365-3024.
2010.01207.x

Saunders KA, Raine T, Cooke A, Lawrence CE. Inhibition of autoimmune
type 1 diabetes by gastrointestinal helminth infection. Infect Immun (2007)
75:397-407. doi:10.1128/IA1.00664-06

Kondo Y, Yokosawa M, Kaneko S, Furuyama K, Segawa S, Tsuboi H, et al.
Transcriptional regulation of CD4+4 T cell differentiation in experimental-
ly-induced arthritis and rheumatoid arthritis. Arthritis Rheumatol (2018)
70(5):653-61. doi:10.1002/art.40398

Yuan H, Qian H, Liu S, Zhang X, Li S, Wang W, et al. Therapeutic role of
a vaccine targeting RANKL and TNF-alpha on collagen-induced arthritis.
Biomaterials (2012) 33:8177-85. doi:10.1016/j.biomaterials.2012.07.047
Bratke K, Fritz L, Nokodian F, Geissler K, Garbe K, Lommatzsch M, et al.
Differential regulation of PD-1 and its ligands in allergic asthma. Clin Exp
Allergy (2017) 47:1417-25. doi:10.1111/cea.13017

Stolina M, Schett G, Dwyer D, Vonderfecht S, Middleton S, Duryea D, et al.
RANKL inhibition by osteoprotegerin prevents bone loss without affecting
local or systemic inflammation parameters in two rat arthritis models: com-
parison with anti-TNFalpha or anti-IL-1 therapies. Arthritis Res Ther (2009)
11:R187. doi:10.1186/ar2879

Romas E, Sims NA, Hards DK, Lindsay M, Quinn JW, Ryan PE et al.
Osteoprotegerin reduces osteoclast numbers and prevents bone erosion in
collagen-induced arthritis. Am ] Pathol (2002) 161:1419-27. doi:10.1016/
$0002-9440(10)64417-3

Nandakumar KS, Svensson L, Holmdahl R. Collagen type II-specific mono-
clonal antibody-induced arthritis in mice: description of the disease and the
influence of age, sex, and genes. Am ] Pathol (2003) 163:1827-37. d0i:10.1016/
$0002-9440(10)63542-0

Brown KE, Freeman GJ, Wherry EJ, Sharpe AH. Role of PD-1 in regulating
acute infections. Curr Opin Immunol (2010) 22:397-401. doi:10.1016/j.
€0i.2010.03.007

Blackburn SD, Shin H, Haining WN, Zou T, Workman C]J, Polley A, et al.
Coregulation of CD8+ T cell exhaustion by multiple inhibitory receptors
during chronic viral infection. Nat Immunol (2009) 10:29-37. doi:10.1038/
ni.1679

‘Wammes L], Hamid F, Wiria AE, May L, Kaisar MM, Prasetyani-Gieseler MA,
et al. Community deworming alleviates geohelminth-induced immune hypo-
responsiveness. Proc Natl Acad Sci U S A (2016) 113:12526-31. doi:10.1073/
pnas.1604570113

Gagliani N, Magnani CF, Huber S, Gianolini ME, Pala M, Licona-Limon P,
et al. Coexpression of CD49b and LAG-3 identifies human and mouse T reg-
ulatory type 1 cells. Nat Med (2013) 19:739-46. d0i:10.1038/nm.3179

Frontiers in Immunology | www.frontiersin.org

July 2018 | Volume 9 | Article 1566


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.3389/fimmu.2017.00453
https://doi.org/10.1038/nri.2017.90
https://doi.org/10.1016/S1471-4922(01)01941-9
https://doi.org/10.1128/CMR.05040-11
https://doi.org/10.1371/journal.pntd.0001383
https://doi.org/10.1371/journal.pntd.0001383
https://doi.org/10.1038/nri1183
https://doi.org/10.1007/s00430-002-0156-8
https://doi.org/10.2174/1573395509666131126230832
https://doi.org/10.2174/1573395509666131126230832
https://doi.org/10.1371/journal.pone.0165916
https://doi.org/10.1016/j.autrev.2014.10.004
https://doi.org/10.1111/j.1600-065X.2010.
00923.x
https://doi.org/10.1111/j.1600-065X.2010.
00923.x
https://doi.org/10.1038/ni1443
https://doi.org/10.1146/annurev.immunol.26.021607.090331
https://doi.org/10.1146/annurev.immunol.26.021607.090331
https://doi.org/10.1016/j.cellimm.2016.09.009
https://doi.org/10.3109/08916934.2015.1058370
https://doi.org/10.1097/MD.
0000000000007805
https://doi.org/10.1097/MD.
0000000000007805
https://doi.org/10.1016/j.jneuroim.2017.02.006
https://doi.org/10.1016/j.diabres.2008.12.003
https://doi.org/10.1002/art.27500
https://doi.org/10.1136/annrheumdis-2017-211216
https://doi.org/10.1371/journal.ppat.1003215
https://doi.org/10.1002/eji.201545503
https://doi.org/10.1002/eji.201545503
https://doi.org/10.1371/journal.pntd.0005094
https://doi.org/10.1016/j.exppara.2010.10.004
https://doi.org/10.1128/IAI.70.11.5931-5937.2002
https://doi.org/10.1371/journal.pone.0096454
https://doi.org/10.1111/j.1365-3024.
2010.01207.x
https://doi.org/10.1111/j.1365-3024.
2010.01207.x
https://doi.org/10.1128/IAI.00664-06
https://doi.org/10.1002/art.40398
https://doi.org/10.1016/j.biomaterials.2012.07.047
https://doi.org/10.1111/cea.13017
https://doi.org/10.1186/ar2879
https://doi.org/10.1016/S0002-9440(10)64417-3
https://doi.org/10.1016/S0002-9440(10)64417-3
https://doi.org/10.1016/S0002-9440(10)63542-0
https://doi.org/10.1016/S0002-9440(10)63542-0
https://doi.org/10.1016/j.coi.2010.03.007
https://doi.org/10.1016/j.coi.2010.03.007
https://doi.org/10.1038/ni.1679
https://doi.org/10.1038/ni.1679
https://doi.org/10.1073/pnas.1604570113
https://doi.org/10.1073/pnas.1604570113
https://doi.org/10.1038/nm.3179

Cheng et al.

T. spiralis Mitigates CIA Through PD-1

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

HouN, Piao X, Liu S, Wu C, Chen Q. Tim-3 induces Th2-biased immunity and
alternative macrophage activation during Schistosoma japonicum infection.
Infect Immun (2015) 83:3074-82. doi:10.1128/IA1.00517-15

Prodjinotho UE, von Horn C, Debrah AY, Batsa DL, Albers A, Layland LE,
et al. Pathological manifestations in lymphatic filariasis correlate with lack of
inhibitory properties of IgG4 antibodies on IgE-activated granulocytes. PLoS
Negl Trop Dis (2017) 11:¢5777. d0i:10.1371/journal.pntd.0005777

Jiang T'T, Martinov T, Xin L, Kinder JM, Spanier JA, Fife BT, et al. Programmed
death-1 culls peripheral accumulation of high-affinity autoreactive CD4 T cells
to protect against autoimmunity. Cell Rep (2016) 17:1783-94. doi:10.1016/j.
celrep.2016.10.042

Rao DA, Gurish ME Marshall JL, Slowikowski K, Fonseka CY, Liu Y, et al.
Pathologically expanded peripheral T helper cell subset drives B cells in
rheumatoid arthritis. Nature (2017) 542:110-4. do0i:10.1038/nature20810
Stempin CC, Motran CC, Aoki MP, Falcon CR, Cerban FM, Cervi L. PD-L2
negatively regulates Th1-mediated immunopathology during Fasciola hepatica
infection. Oncotarget (2016) 7:77721-31. doi:10.18632/oncotarget.12790
Arce-Sillas A, Alvarez-Luquin DD, Cardenas G, Casanova-Hernandez D,
Fragoso G, Hernandez M, et al. Interleukin 10 and dendritic cells are the main
suppression mediators of regulatory T cells in human neurocysticercosis.
Clin Exp Immunol (2016) 183:271-9. doi:10.1111/cei.12709

Son HJ, Lee SH, Lee SY, Kim EK, Yang EJ, Kim JK, et al. Correction: oncostatin
M suppresses activation of IL-17/Th17 via SOCS3 regulation in CD4+ T cells.
J Immunol (2017) 198:4879. doi:10.4049/jimmunol.1502314

Williams RO. Collagen-induced arthritis in mice. Methods Mol Med (2007)
136:191-9. doi:10.1007/978-1-59745-402-5_14

Kotake S, Yago T, Kobashigawa T, Nanke Y. The plasticity of Th17 cells in the
pathogenesis of rheumatoid arthritis. J Clin Med (2017) 6:E67. doi:10.3390/
jcm6070067

Mclnnes IB, Schett G. The pathogenesis of rheumatoid arthritis. N Engl ] Med
(2011) 365:2205-19. doi:10.1056/NEJMra1004965

Chen Z, Andreev D, Oeser K, Krljanac B, Hueber A, Kleyer A, et al. Th2 and
eosinophil responses suppress inflammatory arthritis. Nat Commun (2016)
7:11596. doi:10.1038/ncomms11596

Finlay CM, Stefanska AM, Walsh KP, Kelly PJ, Boon L, Lavelle EC, et al.
Helminth products protect against autoimmunity via innate type 2 cytokines
IL-5 and IL-33, which promote eosinophilia. J Immunol (2016) 196:703-14.
doi:10.4049/jimmunol.1501820

Kang SA, Cho MK, Park MK, Kim DH, Hong YC, Lee YS, et al. Alteration
of helper T-cell related cytokine production in splenocytes during
Trichinella spiralis infection. Vet Parasitol (2012) 186:319-27. doi:10.1016/j.
vetpar.2011.12.002

Larkin BM, Smith PM, Ponichtera HE, Shainheit MG, Rutitzky LI, Stadecker MJ.
Induction and regulation of pathogenic Th17 cell responses in schistosomia-
sis. Semin Immunopathol (2012) 34:873-88. doi:10.1007/s00281-012-0341-9
Nishimura H, Okazaki T, Tanaka Y, Nakatani K, Hara M, Matsumori A,
et al. Autoimmune dilated cardiomyopathy in PD-1 receptor-deficient mice.
Science (2001) 291:319-22. doi:10.1126/science.291.5502.319

Sage PT, Schildberg FA, Sobel RA, Kuchroo VK, Freeman GJ, Sharpe AH.
Dendritic cell PD-L1 limits autoimmunity and follicular T cell differentiation

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

and function. JImmunol (2018) 200(8):2592-602. doi:10.4049/jimmunol.
1701231

Schwartz C, Khan AR, Floudas A, Saunders SP, Hams E, Rodewald HR, et al.
ILC2s regulate adaptive Th2 cell functions via PD-L1 checkpoint control. ] Exp
Med (2017) 214:2507-21. doi:10.1084/jem.20170051

HanR, LuoJ, ShiY, Yao Y, Hao J. PD-L1 (programmed death ligand 1) protects
against experimental intracerebral hemorrhage-induced brain injury. Stroke
(2017) 48:2255-62. d0i:10.1161/STROKEAHA.117.016705

Read S, Malmstrom V, Powrie F. Cytotoxic T lymphocyte-associated antigen 4
plays an essential role in the function of CD25(+)CD4(+) regulatory cells that
control intestinal inflammation. ] Exp Med (2000) 192:295-302. doi:10.1084/
jem.192.2.295

Viglietta V, Baecher-Allan C, Weiner HL, Hafler DA. Loss of functional sup-
pression by CD4+CD25+ regulatory T cells in patients with multiple sclerosis.
J Exp Med (2004) 199:971-9. doi:10.1084/jem.20031579

Kukreja A, Cost G, Marker J, Zhang C, Sun Z, Lin-Su K, et al. Multiple immu-
no-regulatory defects in type-1 diabetes. J Clin Invest (2002) 109:131-40.
doi:10.1172/JCI10213605

Liang SC, Greenwald R], Latchman YE, Rosas L, Satoskar A, Freeman GJ,
et al. PD-L1 and PD-L2 have distinct roles in regulating host immunity to
cutaneous leishmaniasis. Eur JImmunol (2006) 36:58-64. doi:10.1002/eji.
200535458

McAlees JW, Lajoie S, Dienger K, Sproles AA, Richgels PK, Yang Y, et al.
Differential control of CD4(+) T-cell subsets by the PD-1/PD-L1 axis
in a mouse model of allergic asthma. Eur ] Immunol (2015) 45:1019-29.
doi:10.1002/eji.201444778

Prendergast CT, Sanin DE, Mountford AP. CD4 T-cell hyporesponsiveness
induced by schistosome larvae is not dependent upon eosinophils but may
involve connective tissue mast cells. Parasite Immunol (2016) 38:81-92.
doi:10.1111/pim.12300

Prendergast CT, Sanin DE, Cook PC, Mountford AP. CD4+ T cell hypore-
sponsiveness after repeated exposure to Schistosoma mansoni larvae is depen-
dent upon interleukin-10. Infect Immun (2015) 83:1418-30. doi:10.1128/
1AL.02831-14

Said EA, Dupuy FP, Trautmann L, Zhang Y, Shi Y, El-Far M, et al. Programmed
death-1-induced interleukin-10 production by monocytes impairs CD4+
T cell activation during HIV infection. Nat Med (2010) 16:452-9. doi:10.1038/
nm.2106

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2018 Cheng, Zhu, Wang, Zhuang, Huyan, Sun, Huang, Zhan and Zhu.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Immunology | www.frontiersin.org

13

July 2018 | Volume 9 | Article 1566


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1128/IAI.00517-15
https://doi.org/10.1371/journal.pntd.0005777
https://doi.org/10.1016/j.celrep.2016.10.042
https://doi.org/10.1016/j.celrep.2016.10.042
https://doi.org/10.1038/nature20810
https://doi.org/10.18632/oncotarget.12790
https://doi.org/10.1111/cei.12709
https://doi.org/10.4049/jimmunol.1502314
https://doi.org/10.1007/978-1-59745-402-5_14
https://doi.org/10.3390/jcm6070067
https://doi.org/10.3390/jcm6070067
https://doi.org/10.1056/NEJMra1004965
https://doi.org/10.1038/ncomms11596
https://doi.org/10.4049/jimmunol.1501820
https://doi.org/10.1016/j.vetpar.2011.12.002
https://doi.org/10.1016/j.vetpar.2011.12.002
https://doi.org/10.1007/s00281-012-0341-9
https://doi.org/10.1126/science.291.5502.319
https://doi.org/10.4049/jimmunol.
1701231
https://doi.org/10.4049/jimmunol.
1701231
https://doi.org/10.1084/jem.20170051
https://doi.org/10.1161/STROKEAHA.117.016705
https://doi.org/10.1084/jem.192.2.295
https://doi.org/10.1084/jem.192.2.295
https://doi.org/10.1084/jem.20031579
https://doi.org/10.1172/JCI0213605
https://doi.org/10.1002/eji.
200535458
https://doi.org/10.1002/eji.
200535458
https://doi.org/10.1002/eji.201444778
https://doi.org/10.1111/pim.12300
https://doi.org/10.1128/IAI.02831-14
https://doi.org/10.1128/IAI.02831-14
https://doi.org/10.1038/nm.2106
https://doi.org/10.1038/nm.2106
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Trichinella spiralis Infection Mitigates Collagen-Induced Arthritis via Programmed Death 1-Mediated Immunomodulation
	Introduction
	Materials and Methods
	Ethics Statement
	Mice
	Helminth Infection Model
	Induction of CIA
	Histopathologic Analysis
	In Vivo Blockade of PD-1
	Isolation of Lymphocytes From Spleen and Lymph Nodes
	Spleen Cell Culture and Cytokine ELISA
	Anti-CII Antibody Measurement
	CD4+ T Cells Purification, CFSE Labeling, and Stimulation
	Flow Cytometry
	Statistical Analysis

	Results
	T. spiralis Infection Upregulates PD-1 Expression in CD4+ T Cells
	T. spiralis Infection Alleviates CIA Through PD-1 Pathway
	Nematode-Induced Inhibition of Th1/Th17 Responses and Enhancement of Th2 Responses Were Abated by Blocking PD-1 in CIA Mice
	PD-1 Knockout Offsets T. spiralis-Induced Anti-Inflammatory Modulation of CD4+ T Cells

	Discussion
	Ethics Statement
	Author Contributions
	Acknowledgments
	Funding
	References




