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Abstract

A growing body of evidence supports the concept of helminths therapy in a variety of auto-

immune diseases. Here, we aimed to investigate the protective effects of autoclaved Schis-

tosoma mansoni antigen (ASMA) and Trichinella spiralis antigen (ATSA) on the clinical and

immunopathological features of rheumatoid arthritis (RA). Adjuvant arthritis was induced

by subcutaneous and intradermal injections of complete Freund’s adjuvant into the plantar

surface of the right hind paw and the root of the tail, respectively. Rats were randomly

assigned to serve as normal control, untreated arthritis, ASMA or ATSA-treated arthritis

groups. Antigens were given by intradermal injection in two doses, two weeks apart. The

development, progression of arthritic features, and the impact on animals’ gait and body

weight were followed up for 4 weeks. The associated changes in serum cytokines (IL-17,

IFN-γ and IL-10), joints’ histopathology and immunohistochemistry of Foxp3+ T regulatory

cells (Tregs) were evaluated at the end of the study. Treatment with either ASMA or ATSA

attenuated the progression of clinical features of polyarthritis, improved gait and body

weight gain, reduced the elevated serum IL-17 and further increased both IFN-γ and IL-10.

Histopathologically, this was associated with a remarkable regression of paws’ inflamma-

tion that was limited only to the subcutaneous tissue, and a significant increase in the num-

ber of Foxp 3+ cells versus the untreated arthritis group. In conclusion, both Schistosoma

mansoni and Trichinella spiralis derived antigens exerted protective effect against adjuvant

arthritis with better effect achieved by ASMA treatment. This anti-arthritic activity is attrib-

uted to upregulation of the Foxp3+ Tregs, with subsequent favorable modulation of both

pro- and anti-inflammatory cytokines. The use of autoclaved parasitic antigens excludes

the deleterious effects of imposing helminthic infection by using live parasites, which may

pave the way to a new therapeutic modality in treating RA.
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Introduction

Rheumatoid arthritis (RA) is a chronic, systemic, immune mediated inflammatory disease
associated with decreased life expectancy and impaired quality of life. This devastating disease
is characterized by chronic inflammation and synovial hyperplasia leading to destruction of
cartilage and bone with its consequence of permanent disability [1].

A better understanding of the pathophysiology of RA has led to significant improvements
in the various lines of treatment i.e. diseasemodifying anti-rheumatic drugs (DMARDs) and
biologic therapy, aiming to achieve a remission and prevent further damage of the joints with-
out causing side effects. However, limited effectiveness and adverse effects of the current thera-
pies highlight the urgent need for alternative treatment [1].

A large body of epidemiological data supports the hypothesis that infection with helminthes
might provide some protection against autoimmune diseases [2–6]. The potential of helmin-
thic infection to strongly influence the immune system and to enable protective pathways has
begun to be realized in various immune disorders, including diabetesmellitus, ulcerative colitis,
Crohn’s disease as well as multiple sclerosis [7–9]. The consideration of the impact of infection
with helminthes on arthritic disease is limited, but available data support the general concept
of “helminth therapy “[10]. The general consensus is based on the reciprocity in immune regu-
lation where Th2 cell derivedmediators evoked by helminthic infection inhibit the activity of
Th1 cells. Therefore, hypothetically, infectionwith helminthic parasites could be used to treat
disease driven by Th1 cells like RA [10].

Specific helminthic species that can be safely used to treat specific human diseases in
appropriate candidate patients should therefore be identified. However, it remains the art
of convincing a patient to get infected by a parasite to ameliorate another disease. Here
arises the concept of using helminthic derived molecules or antigens instead [11–13] Schisto-
soma mansoni (S. mansoni) is one of the few helminthes that has been reported to have an
effect in arthritic disease. Infection with this parasite was shown to reduce the severity of col-
lagen induced arthritis in mice through systemic and local suppression of pro-inflammatory
mediators, suggesting their substantial benefit as therapeutic agents against RA [14]. Never-
theless, the potential drawbacks to their use, due to the disease they cause, offset the proposed
benefit. Therefore, investigating the assumption that S. mansoni derived antigen(s) would
have the same ameliorative activity in RA is not only a basic interest but also may have
important clinical application. On the other hand, accumulating experimental evidence
called attention to Trichinella spiralis infection as a promising therapeutic strategy in various
allergic and autoimmune diseases including Type 1 diabetes [15] air way disease, inflamma-
tory bowel disease and autoimmune encephalitis [16–18]. However, its role in arthritis has
not yet been investigated. Therefore, this study was conducted to investigate the possible
modulatory effect of S. mansoni and T. spiralis antigens on the course and severity of RA like
changes in a rat model of adjuvant arthritis (AA). It also aimed to uncover the role of these
helminthic antigens on the skewed immune response in this model of arthritis.We used com-
plete Freund’s adjuvant (CFA) to induce arthritic immunopathological disease that displays
many of the pathological features of RA. This arthritis model has been widely used for pre-
clinical testing of numerous anti-arthritic agents which are either under preclinical or clinical
investigation, or are currently used as therapeutics in this disease. The reliable onset and the
progression of robust, easily measurable poly-articular inflammation offered an opportunity
to study the immune modulatory effect of the investigated parasitic antigens on RA like
changes [19].
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Materials and Methods

Ethics statement

Animal studies reported are in compliance with the ARRIVE guidelines [20]. The experimental
protocol was approved by the Ethics Committee of the Faculty of Medicine, Alexandria Uni-
versity (permit No 0302865). Thiopental Sodiumwas used for anesthesia and all efforts were
made to minimize animal suffering, and animal care was according to the NIH Guide for care
and use of laboratory animals.

Preparation of parasitic antigens

Parasitic antigens were prepared from the infective stages of two different parasites, Schisto-
soma mansoni (cercariae) and Trichinells spiralis (larvae). The life cycles of both parasites were
maintained at the laboratory of Medical Parasitology Department, Faculty of Medicine, Alex-
andria University, Egypt. For S. mansoni, it was propagated in Biomphalaria alexandrina mol-
lusks as the intermediate host [21], while male CD1 albino mice were used for the mammalian
stages [22].

For T. spiralis, it was maintained by serial passages in male CD1mice (Wasson et al., 1988).
Parasitic antigens were prepared by concentrating the freshly liberated cercariae of S. mansoni
from infected snails, by gravity sedimentation at 4°C [23] and by collecting the larvae of T. spir-
alis from infectedmice by the digestionmethod and their concentration by gravity sedimenta-
tion [24]. Both parasitic stages were autoclaved under pressure of 15 Ib at 121°C for 15 minutes
[25]. Autoclaved Schistosoma mansoni antigen (ASMA) and autoclaved Trichinella spiralis
antigen (ATSA) were stored at -20°C until being lyophilized. The protein content of both anti-
gens were estimated according to the method of Lowry et al 1951 [26].

Experimental animals and design

A total of 34 adult femaleWistar rats (12–16 weeks old) weighing 180-200g, purchased from
the animal house of Medical Research Institute, Alexandria University, Alexandria, Egypt,
were used to perform the experiment. Rats were maintained under standard laboratory condi-
tions and 12:12 light/dark cycles with free access to food and water ad-libitum. They were
allowed to acclimatize for one week to the housing conditions in the animal house of Medical
Parasitology Department, before conduction of the experiments.

Rats were randomly divided into four groups of 8 rats each: normal control, untreated
arthritis group, ASMA-treated, and ATSA-treated arthritis groups. Adjuvant arthritis (AA)
was induced in all rats except for those of normal control by subcutaneous (SC) injection of 0.1
ml CFA (Sigma-Aldrich,USA) into the plantar surface of the right hind paw. Another booster
intra-dermal injection of 0.1 ml was given into the root of the tail on the same and on the fol-
lowing day [27]. Normal control rats received SC injection of an equal volume of saline instead
in the same anatomical site. Once the early symptoms of local arthritis appeared on the day
after the induction of arthritis, either ASMA or ATSA antigens were given to rats in their corre-
sponding groups. Parasitic antigens were given to arthritic rats by intradermal injection of 5
ug/kg of ASMA [28, 29] or 70 mg/kg of ATSA [30] into the skin over the sternal region.
Repeated dosing of both antigens was given two weeks later, while rats in both the normal con-
trol and arthritis groups received equal volume of saline instead. Paracetamol in a dose of 50
mg/kg/day was administered to all animals to alleviate the expected severe pain associated with
the acute inflammation during the first week after induction of arthritis [31]. The protective
effect of the parasitic antigens against AA was evaluated in terms of clinical assessment of the
progression of arthritis and change in the body weight, biochemical estimates of inflammatory
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cytokines and histopathological examination of the inflamed joints. Humane endpoints used
during the study were: rapid weight loss of>20% of body weight that does not begin to reverse
within 5 days, poor physical appearance in the form of scruffy fur and hunched body, severe
paw ulceration with no signs of healing within 3 days, sledging and impaired ambulation
which prevented animals from reaching food or water [31]. Two rats reached one of the
humane endpoints, and they were euthanized by an over dose of thiopental sodium. They were
further substituted to keep the constant number of the animal groups.

Experimental procedures

Clinical assessment of progression of arthritis. Animals were assessed for progression of
AA and change in body weight at selected time points throughout the study period. Clinical
signs of inflammation were evaluated on day zero and day one, then every three days till the
28th day after CFA injection. Paws were examined and graded for the severity of erythema and
swelling using a 5-point scale: 0 = no signs of inflammation, 1 = swelling and erythema of the
digit, 2 = moderate swelling and erythema, 3 = severe swelling and erythema involving the
whole area down to the ankle and 4 = severe swelling, erythema, gross deformity and disability
to use the limb. The sum of scores for the 4 paws was used to calculate an arthritic score as a
semi quantitative assessment of polyarthritis severity; a well-established, widely used scoring
system. The maximum arthritic score per rat was set at 16 (4 points×4 paws) [27].

Paw size was determined by measuring the mediolateral and the superior inferior/diameters,
using Vernier caliper which is accurate to 0.02 mm [14]. Pre-injection values for paw size were
measured just prior to CFA injection for each rat and were used as a baseline. The severity of
arthritis pain was measured using a modified gait scoring system based on the walking pattern
of arthritic rats. In a quiet, dimmed room, each rat was placed on an open bench that enabled
the animal to walk freely. The severity of disturbances of walking was graded as a semi quanti-
tative parameter from 0 to 3 where 0: normal; rat runs and walks normally, 1: mild disability;
rat runs and walks with difficulty, 2: rat walks with difficulty due to intermittent loading of
inflamed joint, and 3: rat stands on only three paws i.e. total joint immobility [32]. At the
beginning of the study, baseline body weight was also recorded and then it was followed
weekly. The percentage of increase or decrease in the body weight relative to the starting weight
was calculated for each rat.

The experimental schedule of antigens administration and experimental procedures are
shown in Fig 1.

After 28 days of induction of arthritis, animals were anaesthetized by thiopental sodium for
collection of blood for biochemical analysis, then they were further euthanized by an extra-
dose of thiopental sodium anesthesia (150 mg/kg, i.p.) for dissection of paws, and all efforts
were made to minimize animal suffering. The collected tissues were prepared for histopatho-
logical examination.
Biochemical analysis. Blood was collected from the abdominal aorta, and centrifuged at

1000 g for 10 minutes for separation of serum. Serum samples were stored at −80°C for further
estimation of inflammatory cytokines. IL-17, IL-10 and IFN-γwere determined using rat
ELISA kits (eBioscience,Vienna, Austria) according to the manufacturer’s protocol. The colour
change was measured spectrophotometrically at a wavelength of 450 nm. The concentrations
were calculated based on standards and expressed in pg. ml.-1.
Histopathological and immunohistochemical examination. Right and left joints of hind

limbs and fore limbs were dissected and isolated for histopathological examination. Isolated tis-
sues specimens were decalcifiedwith diluted nitric acid, fixed in 10% neutral buffered formalin
and processed for routine paraffin block preparation. Multiple representative sections (3um
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thick) were cut and stained with hematoxylin and eosin (H&E) for microscopic examination
[33]. The extent of joint inflammation and destruction of bone and cartilage was determined
using a semi-quantitiative modified composite graded scale: grade 0, no signs of inflammation;
grade 1, mild inflammation with hyperplasia of the synovial lining and minor cartilage damage;
grades 2 through 4, increasing degrees of inflammatory cell infiltrate and destruction of bone
and cartilage [34]. Immunohistochemical identification of forkhead box (foxP3)+ T regulatory
(Treg) cells in joint tissues was performed using rat anti-foxp3 antibody, clone 150D/E4
(eBioscience,Vienna, Austria). The detection kit used was ultravision detection system anti-
polyvalent horseradish peroxidase/ diaminobenzidine tetra-hydrochloride (HRP/DAB). Joint
tissue sections were deparaffinised,hydrated, subjected to microwave antigen retrieval in cit-
rate buffer for 15 minutes and blocked for endogenous peroxidase, then they were exposed to
the primary antibody (antifoxp3) for three hours at a dilution of 1:50. Biotinylated goat antipo-
lyvalent was applied for one hour, then streptavidin biotin was applied for 20 minutes. The
chromogen used was DAB. Tonsils are used as a positive control for each run, while negative
control was used by omission of the primary antibody. A minimum of 3 high power fields
(HPFs x400) were counted for each section and positive cells were expressed as the mean num-
ber of positive cells /HPF.

Statistical analysis

All parametric data were analyzed by one-way analysis of variance (ANOVA) followed by the
Least SignificanceDifference (LSD) criterion for multiple comparison. For the nonparametric
data as those of arthritic and gait scores, Kruskal-Wallis one way ANOVA was used followed
by the Dunn’s multiple comparison test. Analysis was performed by an investigator who was
blind to the key code of the experimental animals and was done using Statistical package:
MATLAB Statistical toolbox (Matrices Laboratory software-MathWorks 1, Model No,

Fig 1. Illustration of the time line for induction of arthritis, antigen administration and experimental procedures. CFA, complete Freund’s

adjuvant; ASMA, autoclaved Schistosoma mansoni antigen; ATSA, autoclaved Trichinella spiralis antigen.

doi:10.1371/journal.pone.0165916.g001
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R2008b; full version No, 7.7.0.471-R2008b, The Math Works Inc., Natick, Massachusetts,
USA) and data were expressed as means ± S.E.M or medians for parametric and nonparametric
data, respectively. Statistical significancewas set at P< 0.05.

Results

Arthritis induction and progression

All treated and untreated-CFA injected rats started to show signs of inflammation in the
injected right paw few hours after the injection that were clearly manifested after 24 hours and
remained thereafter. This was detected by a significant increase in joint diameters (p = 0.0000),
redness, and hotness that were progressively increasing with time (Figs 2c, 2d and 3a). It is
noteworthy that some rats in the untreated arthritis group exhibited severe inflammatory
changes to the extent of erosion and sloughing of the skin with the exposure of the underlying
tendons. Spontaneous amputation of the toes was observed in two rats (Fig 2e). After one
week, a significant increase of the size of the contralateral paw was detected (p = 0.0000)
together with a noticeable redness in the untreated arthritic rats (Figs 2c, 2d and 3b). The fore-
paws exhibited a similar but less intense inflammatory signs (Figs 2f and 3c) leading to a signif-
icant increase (p<0.001) in the overall arthritic score versus normal control rats (Fig 3d).

Concurrent treatment with either ASMA or ATSA significantly attenuated the progression
of swelling in all joints (Fig 2g and 2h) throughout the whole course (p<0.05), though it was
fluctuating (Fig 3a–3c). A significant difference in joint diameters was also observedbetween
the ASMA and ASTA treated rats (p<0.05), in favour of a better response with ASMA treat-
ment. However, this difference was not consistent throughout the days of assessment. The
improvement in other signs of inflammation together with decreased joint swelling was
reflected on an amelioration of the overall arthritic index in both antigens-treated groups ver-
sus the untreated arthritic rats with a maximum score improvement on the 19th day with
ATSA and on the 25th day with ASMA treatment (Fig 3d). However, it reached statistical sig-
nificant values throughout the last 2 weeks only with the ASMA-treated rats (p = 0.001).

Gait score

The untreated arthritic rats showed a prominent gait impairment as evident by the significant
increase in gait score versus the normal control rats (p = 0.000). A reduction of the gait score
was observed in both antigens-treated arthritic groups though it was significant only in the
ASMA-treated rats when compared with the untreated arthritis group (p = 0.002). Fig 3e

Body weight

In the first week following induction of arthritis, all CFA-injected rats showed a significant
decrease in the body weight relative to the base line weight as detected on day seven (p = 0.0000).
Some weight gain was then observed in all rats after 2 weeks.With the exception of a decline in
the body weight that was observedon the third week with ATSA treatment, both antigens-
treated rats continued to show a significant increase in the body weight thereafter (p<0.05),
while progressive weight loss was observed in the untreated-arthritic group till the end of the
study. Fig 3f

Inflammatory cytokines (IL-17, IL-10 and IFN-γ)

A significant increase in the serum levels of IL-17 and IFN-γwas observed in the untreated
arthritis group versus the normal control rats (p = 0.0000 for both cytokines), while the
observed increase in IL-10 was found to be non-significant (p = 0.08). Concurrent treatment
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Fig 2. Representative photograph showing clinical signs of inflammation in rats’ joints examined on

day 22 after CFA injection. (a, b), normal control rats, (c-f) untreated arthritic rats showing severe swelling

and redness in both hind paws involving the metatarsal joints and extending to the ankle joint in (c) and (d).

Note the severe erosion and amputated toes in (e), while less severe swelling was observed in the forepaws

in (f). Rats from the ASMA (g) and ATSA (h)-treated arthritis groups showing less intense inflammatory signs

in the right hind paw and almost ameliorated inflammation in the other paws. CFA, complete Freund’s

adjuvant; ASMA, autoclaved Schistosoma mansoni antigen and ATSA, autoclaved Trichinella spiralis

antigen.

doi:10.1371/journal.pone.0165916.g002
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Fig 3. Effect of treatment with ASMA or ATSA on CFA-induced changes in the right paws’ (a), left paws’ (b) and forepaws’

(c) diameters. An overall arthritic score considering the degree and the number of affected joints is presented in (d), while

a scatter plot for the gait score is presented in (e). (f) shows the time course of the encountered changes in the body

weight as percentage from the baseline body weight. Data are expressed as means ± S.E.M. in (a), (b), (c) and (f), as

medians ± interquartile range in (d) and as median values in (e). *p< 0.05 versus normal control group, §p< 0.05 versus

untreated arthritis group and +p<0.05 versus ASMA-treated arthritis group. CFA, complete Freund’s adjuvant; ASMA,

autoclaved Schistosoma mansoni antigen and ATSA, autoclaved Trichinella spiralis antigen.

doi:10.1371/journal.pone.0165916.g003
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with either ASMA or ASTA antigens was associated with a significant decrease in IL-17 when
compared with untreated arthritic group (p = 0.0000 for both antigens) with a significant lower
level in the ASMA versus the ATSA-treated rats (p = 0.02). On the other hand, levels of both
IL-10 and IFN-γwere found to be significantly elevated in both ASMA and ASTA-treated ver-
sus the untreated arthritis rats (p = 0.0000 for both antigens and both cytokines). A significant
difference was also observedbetween the two antigens-treated groups (p = 0.003 and 0.018 for
Il-10 and IFN-γ, respectively). Fig 4

Histopathological joint inflammatory changes

Histopathological examination of H&E stained joint tissue sections obtained from normal con-
trol rats showed normal looking synovial membrane, no edema and no inflammatory cells (Fig
5a). On the other hand, cases of the untreated arthritis group showed severe acute inflamma-
tory reaction with marked edema of the subcutaneous tissue, dense infiltrate of acute inflam-
matory cells mainly polymorphs, lymphocytes, scattered giant cells (Fig 5b and 5c). The diffuse
inflammatory reaction infiltrates the subcutaneous tissue, muscles (Fig 5d and 5e), joint spaces,
synovial membrane, even the bone trabeculae (Fig 5f). Inflammation was more remarkable on
the right hind paw than that observed in sections of the left or the forepaw.

All the examined sections obtained from the ASMA-treated arthritis rats showed remark-
able regression of inflammation and moderate infiltrates of inflammatory cells with more pre-
dominance of chronic inflammatory cells; lymphocyte, histiocytes scattered granulomata with
epithelioid cells, and giant cells (Fig 6a–6d). It is to be noted that inflammation is limited to the
subcutaneous tissue. No inflammation is seen in muscles or synovial membranes. Similarly, rel-
ative regression of inflammatory reaction with moderate arthritis and residual few polymorphs
was observed in tissue sections of the ATSA-treated arthritis group (Fig 6e and 6f).

Statistical analysis of the semi-quantitative graded inflammatory score confirmed the signif-
icant attenuation of joint inflammation by ASMA (p = 0.037), while a non-significant decrease
was observedwith ATSA (p = 0.1) in comparison to the vehicle-treated arthritis group (Fig 7a).

Number of Foxp3+ cells in the affected joints

Examination of immunohistochemical stained joint sections of normal control rat showed no
foxp3 positive cells, while few scattered cells ranging from 1–6 cells/ HPF (x400) was observed
in sections of the untreated arthritis group. Treatment with either ASMA or ATSA was associ-
ated with a significant increase in the number of Foxp3+ cells versus the untreated arthritic
group (p = 0.0000 for both antigens) ranging from 7-23/HPF and 8-20/HPF for ASMA and
ATSA-treated groups, respectively with a significant difference versus each other (p = 0.0000).
Figs 7b and 8

Discussion

The inverse relationship observed long time ago between the prevalence of helminthic infec-
tions and that of RA and other autoimmune diseases raises much interest in the concept of hel-
minthic therapy [35, 36]. Studies entailing the deliberate infectionwith live helminth parasites
aiming to damp the abnormal immune response have yielded promising results [37]. Neverthe-
less, the detrimental effects of helminthic infection induced pathology remains a major con-
cern. Therefore, the use of helminthic derived antigens that may replicate the benefits of
helminthic infection on immune modulation, without the hazard of incurring parasitic disease,
is now gaining more ground [38]. Herein, we investigated the effect of antigens derived from S.
mansoni or T. spiralis in rat model of RA, a debilitating autoimmune disease that is not uncom-
monly refractory to existing conventional and biologic therapies.
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Fig 4. Effect of treatment with ASMA or ATSA on CFA-induced changes in inflammatory cytokines as

(a), IL-17, (b), INF-γ and (c), IL-10. Data are expressed as means ± S.E.M. *p < 0.05 versus normal control

group, §p< 0.05 versus untreated arthritis group and +p <0.05 versus ASMA-treated arthritis group. CFA,

complete Freund’s adjuvant; ASMA, autoclaved Schistosoma mansoni antigen and ATSA, autoclaved

Trichinella spiralis antigen.

doi:10.1371/journal.pone.0165916.g004
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Fig 5. Representative photomicrographs of H&E stained sections of rats’ right hind paws. (a), joint

tissue section of normal control rat showing normal articular structure without any inflammatory activity. (b-f),

joint tissue sections of untreated arthritis group showing severe arthritis with intense inflammation in the

subcutaneous tissue (b) with a high power view showing inflammatory cells mainly neutrophils (N) and

lymphocytes (L) (x400) in (c). The inflammation extends in between the muscle tissue in (d) and (e) (x200

and 400, respectively). Severe inflammatory reaction (") in the joint space with bone destruction is

demonstrated in (f) (x 200).

doi:10.1371/journal.pone.0165916.g005
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Fig 6. Representative photomicrographs of H&E stained sections of rats’ right hind paws of ASMA-treated

in (a-d) and ATSA-treated arthritis groups in (e) and (f), showing reduced joint inflammation with mild in (a) and

localized moderate inflammation (") in (b) and (c) (x200). Mixed inflammatory infiltrates with giant cells (G) and

histiocytes (H) are evident with high power x400 in (d). (e) and (f) show moderate inflammatory infiltration and

edema of joints in ATSA-treated arthritis group (x200 and x400, respectively). ASMA; Autoclaved Schistosoma

Mansoni antigen, ATSA; Autoclaved Trichinella Spiralis antigen.

doi:10.1371/journal.pone.0165916.g006

Schistosoma mansoni and Trichinella spiralis Derived-Antigens in Rheumatoid Arthritis

PLOS ONE | DOI:10.1371/journal.pone.0165916 November 1, 2016 12 / 20



Fig 7. (a), scatter plot of semi-quantitative inflammatory score of H&E stained tissue sections of rats’ right

hind paws. (b), number of Foxp3+ Treg cells in immunohistochemically stained tissue sections of rats’ right

hind paws. Data are expressed as medians in (a) and as means ± S.E.M in (b). *p< 0.05 versus normal

control group, §p< 0.05 versus untreated arthritis group and +p<0.05 versus ASMA-treated arthritis group.

ASMA, autoclaved Schistosoma mansoni antigen and ATSA, autoclaved Trichinella spiralis antigen.

doi:10.1371/journal.pone.0165916.g007
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Fig 8. Representative photomicrographs immunohistochemically stained sections of rats’ right

hind paws with the anti-foxp3 antibody showing normal control rat ‘s paw in (a) with no inflammatory

infiltrate and absent foxp3+ cells (x100). Scattered foxp3+ cells (") with brown stained nuclei of untreated

arthritis group are shown in (b) and (c) (x200 and x400, respectively). (d) and (e) show marked increase in

the foxp3+ cells in joints of ASMA-treated arthritis rat (x200 and x400, respectively). Moderate increase in the

number of fox p3+ cells after treatment with ATSA is shown in f (x200) with its high power magnification in (g)

(x400). ASMA; Autoclaved Schistosoma Mansoni antigen, ATSA; Autoclaved Trichinella Spiralis antigen.

doi:10.1371/journal.pone.0165916.g008
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The major findings of this study support a protective effect of both antigens against progres-
sion of arthritis both clinically and histopathologically. This was associated with general
improvement in the overall health state as depicted from regaining weight. Mechanistic analy-
sis revealed favourable modulation of key cytokines which may stem from an underlying upre-
gulation of Foxp3+Treg cells.

Despite the multitude of studies proving the immune modulatory role of T. spiralis in auto-
immune and allergic diseases using either crudemuscle larval antigens, excretory products or
infection [7, 39] its role in RA has not been addressed. To the best of our knowledge, this is also
the first study demonstrating the ameliorative effect of ASMA on the clinical signs and struc-
tural derangements in AA. However, several proof-of-principal studies on Schistosoma species
have been described earlier. Osada et al. demonstrated that prophylactic infectionwith S man-
soni attenuated collagen II-induced arthritis in mice [14]. Similar results were also reported
with S. japonicum infection [40]. Meanwhile, Sun et al. demonstrated a therapeutic potential of
an S. japonicum-derived recombinant protein molecule (rSj16), in AA in rats [41].

In these studies, it was concluded that the generated immune response against infection
stands behind the modulatory effect of helminths on host immune response to collagen arthri-
tis. A well-recognized feature was that the Th2-polarization evoked in response to helminth
infectionwould in theory have the ability to suppress pro-inflammatory Th1 responses that are
mainly involved in generating dysregulated immune reaction in RA [10]. Hence, increased pro-
tective Th2 cytokines (e.g. IL-4) and suppression of the pathogenic Th1 cytokines (TNF-α and
IFN-γ) have been proposed to explain the anti-arthritic effect of helminths. Our finding
showed increased level of IFN-γ in AA but counterintuitively, further increase was detected
with ASMA and ATSA treatment, in association with clinical and microscopic improvements.
Indeed, the role of IFN-γ in experimental immune diseases is controversial, and in some mod-
els, a protective rather than a disease promoting effect is dominating [42]. Interestingly, Mat-
thys et al. proposed that IFN-γmay induce both effects according to its source. In other words,
the disease promoting effect of locally produced IFN-γ in affected tissues, might be overruled
by the protective effect of the systemically produced IFN-γ [43]. This was attributed to its anti-
proliferative action on certainmononuclear cell populations or to induction of suppressor
cells. Furthermore, they demonstrated that the protective effect of IFN-γ is dependent on the
presence of mycobacterial component in the CFA which opens a pathway by which endoge-
nous IFN-γ exerts a protective effect that supersedes its otherwisedisease-promoting effect
[43]. Herein, and given this specific action, it can be assumed that the observed increase of
IFN-γ in the untreated arthritic rats was an inadequate attempt by the immune system to pro-
vide protection. Higher levels of IFN-γ attained with ASMA and ASTA treatment may thus
contribute to their anti-arthritic effect in this model of AA in whichMycobacteria constitute
the main antigenic component. In line, T. spiralis antigens of different stages were reported to
induce IFN-γ comparable to that induced by lipopolysaccharide (LPS) as a part of a mixed
Th1/Th2 cytokine profile [44]. Regarding S. mansoni, the current increase in IFN-γ by ASMA
in this AA rat model can be of more clinical value in light of the old but unique study of Cêtre
et al. [45]. They demonstrated that despite the fact that rats are semi-permissive host, their
humoral response to S. mansoni infection (which is cytokine dependent) is similar to human.
In their study, a significant increase in IFN-γwas observedon day 21 post infection in response
to soluble cercarial antigen. Though Sun et al. worked on the same model of AA, they reported
a pathogenic role of IFN-γ that was attenuated with S japonicum derived protein [41]. How-
ever, the rSj16 induced changes in IFN-γ production were detected in-vitro in response to LPS
exposure rather than detection in the serum in the AAmodel in-vivo.

In AA, the joint swelling, lymphocyte infiltration, and cartilage degradation are shared fea-
tures with human RA.Moreover, IL-17 is an important pro-inflammatory cytokine expressed
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in the joints of RA patients as well as during the early stages of inflammation in AA and
remains thereafter [1, 46].

Among other cytokines, IL-17 is involved in the pathology of both RA and AA. It increases
inflammatory cellular infiltration into the synovium, promotes cartilage degradation and
synergizes with tumour necrosis factor–α (TNF-α) for inducing bone resorption [47]. Further-
more, its blockade by anti-IL-17 antibody has been reported to ameliorate AA in rats [48]. One
of our important findings is that treatment with either ASMA or ATSA was associated with
marked attenuation of serum IL-17 with more prominent effect in the ASMA-treated rats. The
inhibitory effects of helminthic antigens on IL-17 adds more insight into their anti-arthritic
mechanisms. This IL-17 is mainly secreted by the CD4+ Th17 cells, a distinct lineage from
CD4+ Th1 cells, which are traditionally claimed to be involved in RA. The recognition of the
role of IL-17/IL-23 axis and other cytokines, revolutionized studies on the immunopathogen-
esis of RA and changed the classical concepts of the CD4+ Th1/Th2 paradigm as the main
source of cytokine-mediated events during the course of arthritis [49]. These studies revealed
also that IFN-γ inhibits the activity of IL-17 [50, 51], a notion that further supports our finding
on the protective role of IFN-γ in autoimmune arthritis and that its upregulation by helminthic
antigens mediate, at least in part, their anti-arthritic activity.

The activity of the pathogenic effector T cells like Th1/Th-17 cells can be dampened by a
variety of regulatory T cells, whose suppressive activity require the expression of the transcrip-
tion factor Foxp3. These cells are either generated in the thymus as natural T regulatory
(nTreg) cells or can be induced form naïve T cells in the periphery (iTreg) in response to envi-
ronmental antigens. Suppressive functions of Treg on effector T cells may occur either directly
via cell-to-cell contact or via their secreted cytokines, TGF-β and IL-10 [52]. The role of Treg
cells in autoimmune diseases and especially in RA has been the focus of interest in the last
years [53, 54]. Though not fully elucidated, changes in these cells can be linked to the degree of
inflammation and thus remission and relapse in RA. Supporting this concept, a decrease in the
percentage of peripheral blood Foxp3+ Treg cells was reported in RA patients, and this decrease
correlated with the severity of the disease [55]. Counterintuitively, an increase in the number
of Treg cells was detected in joints and peripheral blood of RA patients in another study. How-
ever, the cells in joint showed loss of their suppressive function and expression of Foxp3 and
exhibited a change toward a pathogenic IL-!7 producing cells phenotype [56]. Among the
raised hypotheses is that Treg cells function are deficient in RA, whereas Treg counts may vary
and thus Treg cell expansion or transfer may represent a successful approach for the treatment
of RA [57].

Herein, immunohistochemical staining of joint tissue sections identified the existence of
some Foxp3+ cells within the inflammatory infiltrate in untreated arthritic rats. Likewise,
increased level of its suppressive cytokine, IL-10 was also detected in serum of these rats. This
again may represent an inadequate trial of the immune system to circumscribe an excessive
immune reaction in response to the CFA. Augmentation of both the number and function of
Foxp3+ was clearly identified in each of ASMA and ATSA-treated arthritic groups and, this
was associated with clinical improvement and alleviation of inflammatory reaction on histo-
pathological examination. In support, infectionwith T. spiralis is reported to be accompanied
by the accumulation of FoxP3+ Treg cells in the infectedmuscles during the chronic phase of
infection [58]. Likewise, infectionwith S. japonicum stimulates the production of foxp3+Treg
cells in humans [59]. Attenuation of pro-inflammatory cytokines as IL-17 is documented to be
negatively correlated with expansion of Treg cells in many studies [60,61]. Of interest, the sup-
pressive activity of Treg cells and its cytokine IL-10 is not only limited to damping over active
pro-inflammatory Th1/Th17 subset of effector cells, but also extends to serve as inhibitor of
osteoclastogenesis and bone damage [49]. Individual cases of severe bone damage and
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spontaneous amputation has been observed in untreated arthritic rats. On the contrary, no
signs of bone damage were observed in either the ASMA or ATSA treated rats.
In conclusion, to the best of our knowledge, this study demonstrated for the first time the

protective effect of S. mansoni derived antigen, rather than infection, in AA. It also sheds the
first light on the anti-arthritic potential of T. spiralis. By upregulation of foxp3+ Treg cells, and
augmentation of its suppressive activity via increased IL-10, both antigens dampened the pro-
duction of the key pathogenic cytokine IL-17. This work also provides more insight into the
paradoxical role of IFN-γ in this model of autoimmune arthritis. The use of autoclaved para-
sitic antigens excludes the deleterious effects of imposing helminthic infection using live para-
sites. However, further in depth studies are needed to characterize the exact molecule(s)
responsible for immune modulation.
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