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SUMMARY

Helminths and helminth-derived products hold promise for treating joint bone
erosion in rheumatoid arthritis (RA). However, the mechanisms of helminths
ameliorating the osteoclastic bone destruction are incompletely understood.
Here, we report that Trichinella spiralis infection or treatment with the
excreted/secreted products of T. spiralis muscle larvae (MES) attenuated bone
erosion and osteoclastogenesis in mice with collage-induced arthritis (CIA)
through inhibiting M1 monocyte/macrophage polarization and the production
of M1-related proinflammatory cytokines. In vitro, MES inhibited LPS-induced
M1 macrophage activation while promoting IL-4-induced M2 macrophage polar-
ization. Same effects of MES were also observed in monocytes derived from RA
patients, wherein MES treatment suppressed LPS-induced M1 cytokine produc-
tion. Moreover, MES treatment attenuated LPS and RANKL co-stimulated
osteoclast differentiation from the RAW264.7 macrophages through inhibiting
activation of the NF-«kB rather than MAPK pathway. This study provides insight
into the M1 subset as a potential target for helminths to alleviate osteoclastic
bone destruction in RA.

INTRODUCTION

Rheumatoid arthritis (RA) is a chronic inflammatory disease characterized by synovitis and progressive carti-
lage and bone destruction, ultimately leading to joint deformity and disability (Scott et al., 2010). Irrevers-
ible periarticular bone erosion is a hallmark of RA and is associated with disease severity and functional
deterioration (Schett and Gravallese, 2012). Histopathological characterization of bone erosion in patients
with RA and animal models of inflammatory arthritis, such as collagen-induced arthritis (CIA), has provided
strong evidence of an important role for bone-resorbing osteoclasts (OCs) in the structural joint damage
associated with inflammatory arthritis (Catrina et al., 2017; Mbalaviele et al., 2017). OCs are differentiated
from monocytes and macrophages through the stimulation of receptor activator for nuclear factor kappa-B
ligand (RANKL) in the presence of macrophage colony stimulating factor (M-CSF). Upon RANKL binding to
its receptor RANK, a variety of downstream signaling pathways responsible for OC differentiation are acti-
vated. The early phase osteoclastogenic signaling, governed by factors such as mitogen-activated protein
kinases (MAPKs) and the receptor activator of nuclear factor (NF-kB), culminates in the activation of nuclear
factor of activated T cells, cytoplasmic 1 (NFATc1), a master regulator for osteoclastogenesis (Boyle et al.,
2003). In the late phase of osteoclastogenesis, NFATc1 transcriptionally controls osteoclast terminal
differentiation by activating a number of OCs specific genes such as encoding tartrate-resistant acid phos-
phatase (TRAP), cathepsin K, calcitonin receptor (Kim and Kim, 2014).

Increasing evidence has indicated that macrophage infiltration into the synovium is involved in the patho-
genesis of RA and correlates with the degree of joint erosion (Udalova et al., 2016). These macrophages are
derived primarily from circulating monocytes. These monocytes can be differentiated into proinflammatory
M1 or anti-inflammatory M2 macrophage subtypes under different conditions (Italiani and Boraschi, 2014).
Macrophages/monocytes are polarized toward the M1 subtype under the stimulation of infectious micro-
organism-related molecules such as lipopolysaccharide (LPS) or inflammatory cytokines such as interferon-
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effector molecules such as reactive oxygen species and nitric oxide, as well as proinflammatory cytokines
such as interleukin (IL)-1B, tumor necrosis factor (TNF), and IL-6 to promote inflammation and the clearance
of invading pathogens. Conversely, M2 macrophages, also known as alternatively activated macrophages,
are associated with responses to Th2 cytokines such as IL-4 and IL-13 and secrete large amounts of anti-in-
flammatory cytokines (mainly IL-10 and transforming growth factor (TGF)-B) to reduce inflammation and
promote vasculogenesis, wound healing, and tissue remodeling and repair (Orecchioni et al., 2019). Hence,
the regulation of monocyte/macrophage M1/M2 polarization is essential for balancing tissue homeostasis
and driving or resolving inflammation in most disease processes (Atri et al., 2018).

It has been demonstrated that the M1/M2 macrophage ratio is markedly increased along with the levels of
TNF-a in inflamed synovial tissue of RA patients, indicating that M1 macrophages and secreted inflamma-
tory cytokines may be involved in RA progression and play a pathogenic role in this disease (Tardito et al.,
2019). Clinical studies have shown that OC differentiation is closely related to an M1/M2 phenotype imbal-
ance among blood monocytes. RA patients with a higher M1/M2 ratio reportedly display a greater number
of OCs, suggesting that an increase in M1 polarization is correlated with OC formation and disease pro-
gression (Fukui et al., 2017). Although the mechanism involved in how an increased M1/M2 ratio leads
to OC overactivation remains unclear, the development of biological agents that can promote macro-
phage polarization toward an anti-inflammatory response has been proposed as a therapeutic strategy
for preventing bone destruction and reducing disease severity in RA patients (Fernandes et al., 2020).

Over the past few decades, helminth infections or helminth-derived products have been widely reported to
exhibit a substantial immunomodulatory potential in limiting the severity of chronic inflammation-associ-
ated diseases (CIADs) (Sobotkova et al., 2019). Despite the organismal complexity of different helminth
species, helminth-induced type-2 immune responses are generally thought to exert inhibitory effects in in-
flammatory and/or autoimmune disorders (Douglas et al., 2021; Harris and Loke, 2017). Studies in animal
models have demonstrated that intentional exposure to helminths or helminth-derived products can effec-
tively alleviate inflammatory arthritis by inducing Th2 responses or FOXP3" T regulatory cells (Barranco,
2016; Chen et al.,, 2016). Recent studies have shown that helminth infections or helminth products are
not only capable of suppressing arthritic inflammation but can also protect against arthritis-associated
bone erosion in animal models (Doonan et al., 2018; Khan et al., 2020; Sarter et al., 2017). Although mac-
rophages play a crucial role in osteoclastic activity, the mechanism that helminths target macrophage to
inhibit bone erosion in inflammatory arthritis is not well understood.

T. spiralis is an intestinal and tissue-dwelling nematode that secretes various molecules to modulate the
immune response of its host as a survival strategy. Infection with this nematode or Trichinella-secreted pro-
teins has been employed for the treatment of many hyperimmune-associated disorders in experimental
studies (Wang et al.,, 2020; Yang et al., 2020). We have previously demonstrated that T. spiralis infection
can suppress arthritis by regulating CD4*T-cell subsets (Cheng et al,, 2018). In the present study, we
demonstrate that T. spiralis infection significantly alleviates bone destruction through inhibiting M1 polar-
ization and the production of M1-related inflammatory cytokines. Our data further indicate that the excre-
tory/secretory products from muscle larvae of T. spiralis (MES) may contribute to the inhibitory effect of
T. spiralis on bone erosion aroused from inflammatory arthritis.

RESULTS

T. spiralis infection reduces bone destruction and inhibits osteoclastogenesis in the joints

of mice with CIA

To determine whether T. spiralis infection attenuates bone destruction in mice with CIA, mice were infected
with T. spiralis 14 days before disease induction. HE staining showed that the larvae of T. spiralis had
already reached the skeletal muscle at day 28 after oral infection (Figure S1). Micro-CT was used to scan
the paws of mice after induction. Reconstructed 3D images captured during the analysis showed the pres-
ence of severe bone erosion in CIA mice, which was not seen in normal control mice; however, bone erosion
was significantly attenuated in mice infected with T. spiralis before the induction of CIA, as evidenced by
the reduction in the bone volume/total volume (BV/TV) and trabecular thickness (Tb.Th) in infected mice
(Figure 1A). Given that OCs are crucial effectors of bone resorption, we next measured the number of
TRAP-positive OCs in the paw sections of mice from each group. Histological examination showed that
the number of OCs was significantly lower in T. spiralis-infected mice with CIA than in uninfected CIA model
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Figure 1. Trichinella spiralis infection alleviates bone erosion and inhibits osteoclastogenesis in the joints of mice with collagen-induced arthritis
(CIA)

(A) Representative 3D images of the hind paws from mice of control, CIA or T. spiralis (Ts) infected CIA groups (left panel). Significant bone erosion and
disruption was pointed by red arrows. The bone volume/total volume ratio (BV/TV) and trabecular thickness (Tb.Th) were quantified in the different groups of
mice (right panel).

(B) Joint synovium sections were stained with TRAP (left panel, scale bar, 200 um) and the numbers of osteoclasts (OCs) (red arrows) per view field were
counted using ImageJ software (right panel).

(C) Peripheral blood mononuclear cells (PBMCs) from the different groups of mice were stimulated with murine RANKL (50 ng/mL) and M-CSF (30 ng/mL) for
7 days and then stained with TRAP. The numbers of TRAP-stained multinucleated OCs (> 3 nuclei, pointed by red arrows) (left panel, scale bar, 500 um and
200 pm) were counted per field of view (right panel).

(D) Total RNA was extracted from M-CSF- and RANKL-stimulated monocytes isolated from PBMCs and the relative gene expression levels of TRAP, NFAT,
MMP-9, c-Fos, and cathepsin K were measured by RT-gPCR. Data are expressed as the means + SEM from three independent experiments (n = 5 mice per
group). *p <0.05; **p <0.01.

mice (Figure 1B). These data suggested that T. spiralis infection inhibits arthritic damage and bone destruc-
tion in the paws of mice with CIA through inhibiting OC formation in affected joints.

To investigate whether T. spiralis infection affects the ability of monocytes to differentiate into OCs in
mice with CIA, we next evaluated the RANKL-induced osteoclastic differentiation of blood monocytes
derived from the three groups of mice. Monocytes were cultured in the presence of M-CSF and RANKL
for 7 days, after which TRAP staining was performed to measure OC differentiation and formation. As
shown in Figure 1C, the number of TRAP™ cells (>3 nuclei and >100 pm in diameter) was significantly
increased in CIA model mice compared with that in normal control mice; however, T. spiralis infection
reversed these results. We next assessed the mRNA levels of osteoclastogenesis-related genes in the
paws of the various experimental groups. The transcript levels of cathepsin K, c-Fos, MMP-9, NFAT,
and TRAP were significantly increased in CIA model mice compared with those of control mice; however,
these increases were significantly attenuated in T. spiralis-infected CIA model mice (Figure 1D). Com-
bined, these results suggested that T. spiralis infection inhibits OC differentiation in the paws of mice
with induced CIA.

T. spiralis infection inhibits monocyte/macrophage M1 polarization

The balance between M1 and M2 polarization has been shown to play a crucial role in RA progression. To
investigate whether T. spiralis infection affects monocyte polarization in mice with CIA, the numbers of M1
(CD11b*CD115%, NOS2*) and M2 (CD11b*CD115", CD206") monocytes among peripheral blood mono-
nuclear cells (PBMCs) were determined by flow cytometry. As shown in Figures 2A and 2B, compared
with normal controls, the percentage of macrophages displaying the M1 phenotype among CD115" mono-
cytes was significantly higher in CIA model mice, whereas no difference was seen for the percentage of the
M2 phenotype. Additionally, mice with CIA showed a significantly higher M1/M2 ratio compared with that
in normal control mice. T. spiralis infection significantly reduced the M1 monocyte count, but had little ef-
fect on that of M2 monocytes in mice with CIA, leading to a significantly lower M1/M2 ratio. Similar changes
were observed in peritoneal macrophages (F4/80*CD11b") collected from the different groups of mice,
namely, M1 polarization (NOS2) was significantly increased in mice with CIA, but significantly reduced
upon T. spiralis infection (Figures 2C and 2D). We further analyzed the phenotypes of macrophages in
the synovium of joints using immunofluorescence staining of hind paw sections. As shown in Figures 2E
and 2F, the number of F4/80"NOS2* M1 macrophages was significantly increased in mice with CIA
compared with that in normal mice, while T. spiralis infection significantly decreased the M1 population.
Again, no significant change in the numbers of M2 macrophages (F4/807CD206") was observed among
the three groups. These data clearly demonstrated that T. spiralis infection reduces ClA-induced M1 po-
larization but has little effect on the M2 population. Interestingly, the percentages of cells with the M1
phenotype in blood and in joint synovium of CIA mice with or without T. spiralis infection were positively
correlated with the numbers of OCs in the joints (Figures 2G and 2H), indicating that M1 polarization is
related to OC differentiation in mice with CIA, and that T. spiralis infection attenuates osteoclastogenesis
in these model mice by reducing the M1 population.

T. spiralis infection suppresses proinflammatory cytokine production in mice with CIA

To investigate the effect of T. spiralis infection on the systemic proinflammatory cytokine response to CIA,
we evaluated the serum cytokine profile in the three groups of mice using multiplex xMAP assay. The results
showed that a total of 21 cytokines, including the proinflammatory cytokines IL-1B, IL-6, TNF-q, IL-12, IL-17,
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Figure 2. Trichinella spiralis infection inhibits M1 macrophage polarization in mice with collagen-induced arthritis (CIA)

(A) Flow cytometry gating strategy to define CD11b"CD115" monocytes among peripheral blood mononuclear cells (PBMCs) and representative dot plots
showing the M1 (NOS2*) and M2 (CD206") from mice of control, CIA and T. spiralis (Ts) infected CIA group.

(B) The percentage of M1 and M2 monocytes and the M1/M2 ratio in each group.

(C) Flow cytometry gating strategy to define CD11b"F4/80" peritoneal macrophages and representative dot plots showing the M1 (NOS2") and M2
(CD206") from mice of each group.

(D) The percentages of M1 (NOS2*) and M2 (CD206") macrophages and the M1/M2 ration in each group.

(E) Representative photomicrographs of multiplex immunofluorescence staining for M1 (NOS2*, green) and M2 (CD206", white) in synovial macrophages
(F4/80™, red) on day 49 after the first immunization with type Il collagen (Cll). Nuclei were counterstained with DAPI (blue).

(F) The percentage of M1 and M2 macrophages and the M1/M2 ratio in the synovium of joints in each group.

(G) Spearman'’s correlation analysis for the numbers of osteoclasts (OCs) differentiated from blood monocytes and the proportion of M1 population in
PBMCs from CIA mice with or without T. spiralis infection.

(H) Spearman’s correlation analysis for the numbers of OCs in joint synovium sections and synovial macrophages of CIA mice with or without T. spiralis
infection. Data are expressed as the means + SEM from three independent experiments (n = 5 mice per group). *p <0.05; **p <0.01.

and GM-CSF, were significantly upregulated in mice with CIA; however, T. spiralis infection significantly
reduced the levels of these six pro-inflammatory cytokines in the sera of mice with CIA, with IL-6 showing
the most significant reduction (p<0.01). The anti-inflammatory cytokine IL-10 upregulated in mice with CIA
was also decreased by T. spiralis infection but no significant difference was showed among the three
groups. Infection with T. spiralis increased the serum level of eotaxin, consistent with eosinophil recruit-
ment following helminth infection (Figure 3A, Table S1). To further investigate the effect of T. spiralis infec-
tion on macrophage-related cytokine production in the joints of CIA model mice, we next assessed the
mRNA levels of IL-1B, TNF-a,, IL-6, IL-12, and IL-10 in the synovium of joints of mice from the various groups.
As shown in Figure 3B, T. spiralis infection led to a significant reduction in the expression levels of genes
coding for proinflammatory cytokines (IL-1B, TNF-a, IL-6, and IL-12) in the synovium of joints from mice with
CIA; however, the mRNA expression of anti-inflammatory cytokine IL-10 level was not significantly affected
by T. spiralis infection. Similar cytokine profile changes were observed in macrophages collected from the
peritoneal cavities of mice from the different groups. Following in vitro stimulation with LPS, peritoneal
macrophages isolated from mice with CIA produced higher amounts of both the M1-associated cytokines
IL-1B, IL-6, TNF-a and the M2-associated cytokine IL-10 than those collected from normal control mice;
however, infection with T. spiralis significantly reduced the levels of these M1-related cytokines, whereas
little change was seen in IL-10 levels (Figure 3C). These results suggested that infection with T. spiralis
reduced the production of proinflammatory cytokines, indicative of the suppression of M1 polarization,
and attenuated ClIA-promoted bone erosion in the joints of mice.

Treatment with MES inhibits LPS-induced M1 polarization and enhances IL-4-induced M2
polarization in RAW264.7 cells

Itis well established that MES plays an important role in the modulation of the host’s immune system during
chronic infection (Han et al., 2019; Kobpornchai et al., 2020). To determine the effect of MES on macro-
phage polarization, RAW264.7 macrophages were treated with MES in vitro. The results showed that
compared with that in untreated controls, MES significantly reduced the LPS-stimulated mRNA expression
of M1 phenotype-related factors such as iINOS, IL-6, TNF-a, IL-1B , and MCP-1; additionally, MES signifi-
cantly enhanced the expression of the IL-4-induced M2 phenotype-related molecules CD206 and IL-10
in a dose-dependent manner (Figures 4A and 4B). The Arg-1 level was increased and peaked at the MES
concentration of 4 ng/mL. Similarly, MES treatment reduced the LPS-induced production of the M1-related
cytokines IL-6, TNF-a, and IL-1B, while dose-dependently enhancing the production of the M2 cytokine IL-
10 (Figures 4C and 4D). Our findings confirmed that MES could effectively suppress LPS-induced M1 and
enhance IL-4-induced M2 macrophage polarization in vitro. Notably, MES exerted similar inhibitory effects
on M1 polarization as T. spiralis infection, but with a stronger ability to promote M2 polarization in vitro
under non-inflammatory conditions.

Treatment with MES suppresses the inflammatory responses of blood monocytes derived
from RA patients

After confirming the ability of MES to modulate monocyte/macrophage polarization in RAW264.7 cells, we
next investigated the effects of MES on monocytes from PBMCs of RA patients. The general information of
the total 26 enrolled patients showed a higher ratio of female patients (Table S2). First, we assessed the
osteoclastogenic ability of monocytes derived from the blood of RA patients, and found a positive corre-
lation between the M1 percentage in PBMCs and the number of OCs differentiated from blood monocytes
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Figure 3. Trichinella spiralis infection suppresses proinflammatory cytokine production in mice with collagen-induced arthritis (CIA)

(A) Cytokine levels in the serum from mice of control, CIA and T. spiralis (Ts) infected CIA groups were analyzed by Luminex xMAP assay on day 49 after the
first immunization with type Il collagen (ClI).

(B) The expression levels of proinflammatory cytokine-related genes in synovial tissues isolated from the hind paws of mice on day 49 were analyzed by RT-
gPCR.

(C) M1-related cytokine levels were measured by ELISA in culture supernatants of macrophages collected from the peritoneal cavities of mice from the
different groups and stimulated with 100 ng/mL lipopolysaccharide (LPS).Data are expressed as the means &+ SEM from three independent experiments (n =
5 mice per group). *p <0.05; **p <0.01; ***p <0.001.

of the patients (Figures 5A and 5B). This result suggested that RA patients with higher proportion of M1
monocytes in peripheral blood are at a greater risk of excessive OC differentiation which leads to bone
erosion. We further analyzed the effects of MES on the inflammatory response of blood monocytes from
RA patients. For this, monocytes isolated from the peripheral blood of RA patients or healthy donors
were pre-incubated with MES before LPS stimulation. The levels of the M1 cytokines IL-1B, IL-6, and
TNF-a and those of the M2 cytokine IL-10 were measured in the culture supernatants. The results showed
that blood monocytes from RA patients produced significantly higher levels of IL-1B, IL-6, TNF-a, and IL-10
compared with those from healthy donors with LPS stimulation; however, treatment with MES significantly
reduced the levels of M1-related cytokines (IL-1B, IL-6, and TNF-a) secreted by monocytes derived from RA
patients (Figure 6), but had little effect on IL-10. This result demonstrated that MES could suppress the in-
flammatory response of monocytes from RA patients.
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Figure 4. Trichinella spiralis MES inhibits LPS-induced M1 polarization and enhances IL-4-induced M2 polarization in RAW264.7 macrophages
in vitro

RAW264.7 macrophages were pre-incubated with MES (4, 8, or 16 pg/mL) for 2 h prior to the addition of LPS (100 ng/mL) or IL-4 (20 ng/mL) to induce M1 or
M2 polarization, respectively. The effect of MES on the expression of M1 phenotype- (A) or M2 phenotype-associated genes (B) was analyzed by RT-qgPCR
after 6 h of stimulation with LPS or IL-4. M1- (C) and M2-related (D) cytokine levels in the culture supernatants of RAW264.7 macrophages were measured by
ELISA. The experiments were repeated three times. The data are expressed as means +SEM*p <0.05; **p <0.01; ***p <0.001.

Treatment with MES reduces bone destruction and inhibits osteoclastogenesis in the joints of
mice with CIA

After confirming the inhibitory effects of MES on proinflammatory cytokine production, we next determine
whether MES reduces bone destruction aroused from CIA in mice. As shown in Figure 7A, mice were
treated with MES before and during the CIA induction. Bone erosion was significantly attenuated in CIA
mice treated with MES, as evidenced by the reduction in the bone volume/total volume (BV/TV) and trabec-
ular thickness (Tb.Th) in MES treated CIA model mice (Figure 7B). Histological examination showed that the
number of OCs was significantly lower in T. spiralis-infected mice with CIA than in untreated CIA model
mice (Figure 7C). These data suggested that treatment with MES inhibits bone destruction and OC forma-
tion in affected joints of mice with CIA.

Treatment with MES suppresses LPS-enhanced osteoclast differentiation by inhibiting the
activation of NF-kB pathway rather than MAPK pathway

Incubation of macrophage with soluble RANKL results in multinucleated, TRAP™ OCs. To investigate the
effect of M1 and M2 polarization on macrophage differentiating into OC, we first examined the effect of
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Figure 5. The percentage of M1 among blood monocytes positively correlated with the number of RANKL-induced osteoclasts (OCs) in

rheumatoid arthritis (RA) patients
(A) M1 monocytes were defined as CD14", CD68", and CCR2".

(B) Blood monocytes from PBMCs of RA patients were stimulated with RANKL (50 ng/mL) and M-CSF (30 ng/mL) for 5 days to induce OCs and then stained
with TRAP. Representative TRAP staining (scale bar, 500 pm and 200 pm) of the OCs (red arrows) differentiated from blood monocytes of RA patients with

relatively higher or lower percentage of M1 were showed respectively.

(C) Spearman’s correlation analysis for the numbers of OCs and the M1 percentage in blood monocytes of RA patients. The experiments were repeated three

times. The data are expressed as means +SEM.

LPS and IL-4 on RANKL-induced osteoclastogenesis in murine RAW264.7 macrophages respectively. As
shown in Figure S2, the addition of LPS enhanced OC formation from RAW264.7 cells following RANKL
stimulation, whereas IL-4 had little effect on RANKL-induced OC differentiation. Next, we examined the
effects of MES on the LPS-stimulated, RANKL-induced differentiation of macrophages into OCs, and found
that osteoclastogenesis from both bone marrow derived macrophages (BMMs) and RAW264.7 cells were
significantly inhibited with MES treatment (Figures 8A and S3). To identify the effect of MES on expression
of the osteoclastogenesis-related gene(s), we measured the gene expression levels of NFAT, c-Fos,
cathepsin K, MMP-9, and TRAP by RT-qPCR. The results indicated that the expression levels of the LPS-
enhanced and RANKL-induced genes related to osteoclastogenesis were significantly reduced by treat-
ment with MES (Figure 8B).

To identify the signaling pathways through which MES regulates OC differentiation, we evaluated the ef-
fect of MES treatment on the activation of NF-kB and MAPK pathways. We found that treatment with MES
reduced the phosphorylation levels of pé5 and kB, both of which are associated with the activation of NF-
kB; however, it seems that T. spiralis MES had little effect on regulating the signaling of MAPK-related fam-
ilies such as ERK, JNK, and p38, under RANKL and LPS stimulation (Figure 8C), indicating that MES inhibits
osteoclastogenesis through downregulating the activation of NF-kB rather than MAPK pathway. As
NFATc1 is the master transcription factor responsible for the activation of OC-specific genes, we next
determined whether pretreatment with MES affects the expression of NFATc1 in RAW264.7 cells. The re-
sults showed that NFATc1 expression was significantly reduced in RAW264.7 cells pre-incubated with MES
followed by co-stimulation with RANKL and LPS (Figure 8D).
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Figure 6. Trichinella spiralis MES suppresses proinflammatory cytokine production in blood monocytes from rheumatoid arthritis (RA) patients
Blood monocytes from RA patients were pre-incubated with MES (8 ng/mL) for 2 h prior to the stimulation with LPS (100 ng/mL). The levels of the cytokines
IL-6, TNF-a, IL-1B, and IL-10 in the culture supernatants were measured by ELISA. The experiments were repeated three times. The data are expressed as
means +SEM*p <0.05, **p <0.01.

DISCUSSION

Bone destruction, the major pathological signature in RA, results from excess osteoclastic activity and leads
to an imbalance in bone remodeling that favors resorption. Recent studies have indicated that helminths
and helminth-derived products hold promise in reducing bone erosion associated with RA (Sobotkova
et al., 2019). For instance, Heligmosomoides polygyrus bakeri (Hp) infection inhibits the arthritic bone
loss and the excretory-secretory (ES) products from Hp directly suppress OC differentiation (Sarter et al.,
2017). Here we show that T. spiralis infection attenuates the arthritis, evidenced by the reduced bone
destruction and osteoclastogenesis observed in the joints of mice with CIA (Figures 1A-1C).

Helminths promote distinct phenotypes and functions in macrophages, reducing or preventing host immu-
nopathology by inducing regulatory cell populations or diverting proinflammatory effector cells (Rolot and
Dewals, 2018). This helminth-induced immunomodulation of macrophage polarization can be channeled
toward developing new therapeutic approaches to treat immunoinflammatory diseases (Lechner et al.,
2021; Steinfelder et al., 2016). In this study, we confirmed that M1 populations in PBMCs and the synovium
of joints of CIA model mice were positively correlated with macrophage-derived OC differentiation (Fig-
ures 2A-2G). This association was also observed in monocytes obtained from PBMCs of RA patients (Fig-
ures 5A-5C), indicating the critical role of M1 monocytes in the osteoblastogenesis and pathogenesis of
inflammatory arthritis. These results were consistent with clinical findings showing that RA patients had a
higher M1/M2 ratio in peripheral blood and greater numbers of transformed OCs compared with those
of healthy controls (Fukui et al., 2017). Moreover, we also found that infection with T. spiralis significantly
reduced the numbers of M1 monocytes/macrophages which was associated with bone destruction and
osteoblastogenesis in the affected joints. However, T. spiralis infection had only a limited effect on M2 pop-
ulation numbers both in PBMCs and the synovium of joints of mice with CIA. Together, these results sug-
gested that T. spiralis infection attenuates inflammatory arthritis mainly through inhibiting M1 macrophage
polarization.

In addition to a greater number of M1 macrophages, the proinflammatory environment created by the
higher levels of M1 polarization also contributes to increased OC differentiation in RA patients (Nevius
et al., 2016). RANKL is known to be a key inducer of osteoclastogenesis in the pathogenesis of RA (Mcdo-
nald et al., 2021). Proinflammatory cytokines, including TNF-a, IL-17, IL-1B, and IL-6 have been reported
to positively regulate RANKL expression in fibroblast-like synoviocytes (FLS) in both mice and humans
with inflammatory arthritis (Tunyogi-Csapo et al., 2008). In this study, we confirmed that T. spiralis infec-
tion inhibited proinflammatory cytokine production in both serum and the synovium of mice with CIA,
with IL-6 exhibiting the most significant reduction (Figures 3A, 3B and Table S1). IL-6, a major inflamma-
tory cytokine, stimulates osteoclastogenesis through activating RANKL expression in FLSs in RA patients
(Choe et al., 2013). These observations suggest that T. spiralis infection modulates the host immune
response by inhibiting macrophage M1 polarization, and the production of M1-associated inflammatory
cytokines especially IL-6, which may contribute to reduced bone erosion and osteoclastogenesis in
mice with CIA. The inhibitory effect of T. spiralis infection on proinflammatory cytokine production
was further confirmed in peritoneal macrophages from CIA model mice infected with T. spiralis (Fig-
ure 3C). These findings suggest that the modulation of macrophage polarization may contribute to a
reduction in proinflammatory cytokine production in mice with CIA infected with T. spiralis. Concerning
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Figure 7. Trichinella spiralis MES alleviates bone erosion and inhibits osteoclastogenesis in the joints of mice with collagen-induced arthritis (CIA)
(A) The regimen of study including the induction of CIA and treatment with MES.

(B) Representative 3D images of the hind paws from mice of control, CIA or CIA + MES groups (left panel). The bone volume/total volume ratio (BV/TV) and
trabecular thickness (Tb.Th) were quantified in the different groups of mice (right panel).

(C) Joint synovium sections were stained with TRAP (left panel, scale bar, 200 um) and the numbers of osteoclasts (OCs) per view field were counted using
ImageJ software (right panel). The results are expressed as the means + SEM from three independent experiments (n = 5 mice per group). **p <0.01.
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Figure 8. Trichinella spiralis MES suppresses LPS-enhanced and RANKL-induced osteoclast differentiation

RAW264.7 cells were first treated with MES (8 pg/mL) and LPS for 6 h, and then exposed to murine RANKL (50 ng/mL) for 5 days.

(A) Representative TRAP staining (left panel, scale bar, 200 pm and 100 pm) and the numbers of osteoclast (OCs) were counted per field of view (right panel)
(OCs are indicated by red arrows).

(B) The mRNA levels of cathepsin k, MMP-9, RANK, and TRAP were detected by RT-gqPCR.

(C) Equal amounts of RAW264.7 lysate (40 ng) were separated by 12% SDS-PAGE and then subjected to western blot with antibodies targeting molecules in
the NF-kB and MAPK signaling pathways and NFAT. The results are expressed as the means + SEM from three independent experiments. *p <0.05,
**p <0.01.
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the anti-inflammatory cytokine, induction of IL-10 often occurs together with pro-inflammatory cytokines,
although pathways that induce IL-10 may actually negatively regulate these pro-inflammatory cytokines.
Indeed, in this study, CIA induced IL-10 production in mice (Saraiva and O'Garra, 2010). Helminth infec-
tion also usually promotes the production of the regulatory cytokine IL-10 (Redpath et al., 2014; Schopf
et al., 2002). However, T. spiralis infection had little effect on the IL-10 production in CIA mice, as indi-
cated by the limited change of IL-10 levels after T. spiralis infection. This may be explained by the fact
that the CIA-induced inflammatory environment strongly boosted IL-10 secretion, thereby offsetting the
stimulation resulting from T. spiralis infection.

Helminths modulate the host immune system via direct contact or by secreting molecules that interact with
the immune system of the host. It is well known that the excreted/secreted products (ES) of T. spiralis play
an important role in modulating host immune system (Radovic et al., 2015). Accordingly, we tested the
direct effect of the MES on macrophage polarization and the ensuing inflammatory profile, as the MES
are the major products released during chronic T. spiralis infection. The results showed that the MES mark-
edly inhibited LPS-induced M1 macrophage polarization and proinflammatory cytokine secretion, and
enhanced IL-4-induced M2 macrophage polarization and the production of M2-associated cytokines,
including IL-10, in RAW264.7 macrophages in vitro. Similar results were observed in monocytes isolated
from PBMCs of RA patients. Incubation with MES significantly inhibited LPS-induced inflammatory re-
sponses in PBMCs derived from RA patients, including reducing the levels of the cytokines IL-6, TNF-a,
and IL-1B in culture supernatants (Figure 6). Interestingly, IL-6 was also the most significantly downregu-
lated cytokine in monocytes from RA patients following MES treatment, indicating that IL-6 is an important
target of the ES products released by T. spiralis muscle larvae.

We further confirmed that MES treatment effectively reduced the bone erosion and the OC differentia-
tion in mice with CIA (Figure 7), indicating the MES as inhibitors of OC differentiation and as potential
biological products to treat ClIA-induced bone loss. OCs are tissue-specific, multinucleated cells derived
from monocyte/macrophage precursor cells at the bone surface (Ono and Nakashima, 2018). Helminth-
derived products are reported to be capable of inhibiting OC differentiation while the mechanisms
remain to be clarified. ES-62, a glycoprotein secreted by the rodent filarial nematode Acanthocheilo-
nema viteae inhibits functional OC differentiation by induction of anti-oxidant response gene expression,
thereby resulting in reduction of the reactive oxygen species production that is necessary for the osteo-
clastogenesis (Doonan et al., 2018). Additionally, a synthetic peptide of secretory protein from Fasciola
hepatica inhibited the RANKL-induced differentiation of macrophages to OCs and lysosomal acidifica-
tion of differentiated OCs by inhibiting the action of vATPase which trigger bone resorption (Khan
et al., 2020). In this study, we found that LPS enhanced osteoclastogenesis from RAW264.7 macrophages
upon RANKL stimulation in vitro, whereas IL-4 had little effect on RANKL-induced OC formation, indic-
ative of a greater osteoclastogenic differentiation ability of M1 macrophages compared to M2 pheno-
type (Figure S2). Incubation with MES significantly inhibited osteoclastogenesis from both BMMs and
RAW264.7 cells with LPS/RANKL co-stimulation (Figures S3,8A and 8B), possibly through inhibiting M1
polarization. NF-kB and MAPK activation are important early signaling events induced by RANKL. Our
further analysis of the signaling pathways involved in osteoclastogenesis identified that MES inhibited
osteoclastogenesis through inhibiting the activation of the NF-kB rather than MAPK signaling pathway
(Figure 8C). NFATc1, a master transcription factor involved in the terminal differentiation of OCs and
the transcriptional induction of associated genes downstream of NF-kB (Boyle et al., 2003; Lorenzo,
2017), was also downregulated by MES (Figure 8D).

In summary, in this study, we found that T. spiralis infection reduces bone erosion and osteoclastogenesis in
mice by inhibiting M1 monocyte/macrophage polarization. MES play an important role in inhibiting osteo-
clastogenesis by attenuating M1 polarization in both RA patients and mice with CIA. Moreover, the NF-kB
pathway in monocytes/macrophages is an important target on which the MES act to inhibit osteoclasto-
genesis. Our findings indicate that T. spiralis infection may exert its therapeutic effects on inflammatory
arthritis through secreting ES products that interact with the immune system of the host and selectively
inhibit M1 macrophage polarization. Our results increase the understanding of the mechanisms underlying
the protective effects of MES on bone erosion in RA and provide insights into the development of MES as
potential biological agents to treat bone erosion in this inflammatory disease. Further studies are needed
to identify the specific protein(s) in MES that exert immunoregulatory functions, which may serve as biolog-
ical agents for the treatment of bone erosion caused by inflammatory arthritis.
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Limitations of the study

Our studies were mainly performed on mouse models. The differences in the pathophysiological and
immunological characteristics between CIA model mice and RA patients may potentially limit the transla-
tional value of our conclusions. Although we found that MES suppress proinflammatory cytokine produc-
tion in blood monocytes from RA patients, the effect of MES on OC differentiation of monocytes from RA
patients is not clarified. Therefore, further clinical trials are needed to validate our findings acquired from
mouse models. In addition, our findings indicated that MES inhibit the OC differentiation through inhibit-
ing the NF-kB pathway; however, the components with therapeutic effects in MES which contain over 160
proteins remain unclear. Regarding the potential of MES for developing biological agents, further study is
needed to identify the specific protein(s) in MES that exert immunoregulatory functions for the treatment of
inflammatory bone erosion.
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Antibodies

PerCP anti-mouse/human CD11b Antibody Biolegend Cat#101229; RRID:AB_2129375

Alexa Fluor® 488 anti-mouse CD115 (CSF-1R) Antibody Biolegend Cat#135512;
RRID:AB_11218983

CD206 (MMR) Monoclonal Antibody (MR6F3), APC, eBioscience™ invitrogen Cat#17-2061-82;
RRID:AB_2637420

F4/80 Monoclonal Antibody (BM8), FITC, eBioscience™ invitrogen Cat# 11-4801-82;

iNOS Monoclonal Antibody (CXNFT), PE, eBioscience™
PE Rat IgG2a, k Isotype Ctrl Antibody
Rat IgG2b kappa Isotype Control (eB149/10H5), APC,

eBioscience™

CD14 Monoclonal Antibody (61D3), APC-eFluor 780,
eBioscience™

CD68 Monoclonal Antibody (eBioY1/82A (Y1/82A)), PE,
eBioscience™

BD Horizon™ BV421 Mouse Anti-Human CD192 (CCR2)
Anti-F4/80 antibody [Cl:A3-1]

Anti-Mannose Receptor antibody

Anti-iNOS antibody

Goat Anti-Rabbit IgG H&L (HRP)

Mounting Medium With DAPI - Aqueous, Fluoroshield
NF-kB p65 (D14E12) XP® Rabbit mAb

Phospho-NF-kB pé5 (Ser536) (93H1) Rabbit mAb

IkBa (44D4) Rabbit mAb

Phospho-IkBa (Ser32) (14D4) Rabbit mAb

Phospho-SAPK/JNK (Thr183/Tyr185) (81E11) Rabbit mAb

p38 MAPK (D13E1) XP® Rabbit mAb

Phospho-p38 MAPK (Thr180/Tyr182) (D3F9) XP® Rabbit mAb

Phospho-p44/42 MAPK (Erk1/2)
(Thr202/Tyr204) (D13.14.4E) XP® Rabbit mAb

ebioscience

Biolegend

ebioscience

ebioscience

ebioscience

BD

Abcom

Abcom

Abcom

Abcom

Abcom
Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology

RRID:AB_2637191
Cat#12-5920-82;
RRID:AB_2572642

Cat#400507;
RRID:AB_326530

Cat#17-4031-81;
RRID:AB_470175

Cat#47-0149-42;
RRID:AB_1834358

Cat#12-0689-42;
RRID:AB_10805746

Cat#564067;
RRID:AB_2738573

Cat#ab6640;
RRID:AB_1140040

Cat#ab64693;
RRID:AB_1523910

Cat#ab15323;
RRID:AB_301857

Cat#ab6721;
RRID:AB_955447

Cat#ab104139

Cat#8242;
RRID:AB_10859369

Cat#3033;
RRID:AB_331284

Cat#4812;
RRID:AB_10694416

Cat#2859;
RRID:AB_561111

Cat#4668;
RRID:AB_823588

Cat#8690;
RRID:AB_10999090

Cat#4511;
RRID:AB_2139682

Cat#4370;
RRID:AB_2315112
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SOURCE
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p44/42 MAPK (Erk1/2) (L34F12) Mouse mAb

SAPK/JNK Antibody

Phosphoto-SAPK/JNK (Thr183/Tyr185) (81E11) Rabbit mAb

NFAT1 (D43B1) XP® Rabbit mAb

B-Actin (13E5) Rabbit mAb

Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology

Cat#4696;
RRID:AB_390780
Cat#9252;
RRID:AB_2250373
Cat#4668,;
RRID:AB_823588
Cati#5861;
RRID:AB_10834808
Cat#4970;
RRID:AB_2223172

IRDye 800CW Goat anti-Rabbi Li-cor Cat#926-32211
RRID:AB_621843
Chemicals, peptides, and recombinant proteins
Immunization Grade BovineType Il Collagen Chondrex Cat#20022
Complete Freund's Adjuvant Chondrex Cat#7001
Incomplete Freund’s Adjuvant Chondrex Cat#7002
Mouse 1x Lymphocyte Separation Medium DAYOU Cat#7211011
Histopaque®-1083 Sigma-Aldrich Cat#10831-100ML
Lipopolysaccharide (LPS) Solution (500X) invitrogen Cat#00-4976-93
Recombinant Murine IL-4 PeproTECH Cat#214-14
Recombinant Murine sRANK Ligand (E.coli derived) PeproTECH Cat#315-11
Recombinant Murine M-CSF PeproTECH Cat#315-02
Recombinant Human M-CSF PeproTECH Cat#300-25
Recombinant Human sRANK Receptor PeproTECH Cat#310-08
RIPA Solarbio Cat#R0010
Protease inhibitor ,Cocktail ,50x APPLYGEN Cat#P1265
IC Fixation Buffer invitrogen Cat#00-8222-49
10x Permeabilization Buffer invitrogen Cat#88-17000-210
Critical commercial assays
Human IL-10 Precoated ELISA Kit DAYOU Cat#1111002
Human IL-6 Precoated ELISA Kit DAYOU Cat#1110603
Human IL-1 B Precoated ELISA Kit DAYOU Cat#1110123
Human TNF-a Precoated ELISA Kit DAYOU Cat#1117202
IL-6 Mouse Uncoated ELISA Kit Invitrogen Cat#88-7064-88
IL-1 beta Mouse Uncoated ELISA Kit Invitrogen Cat#88-7013-88
TNF alpha Mouse Uncoated ELISA Kit Invitrogen Cati# 88-7324-77
IL-10 Mouse Uncoated ELISA Kit Invitrogen Cat# 88-7105-88

Pierce™ BCA Protein Assay Kit
ProcartaPlex multiplex protein assays

Opal 7-Color Manual IHC Kit

Thermo Scientific
Thermo Scientific

PerkinElmer

Cat#23227
N/A
Cat#NEL811001KT

Experimental models: Cell lines

RAW264.7

BMCR

http://cellresource.cn/contact.aspx

Experimental models: Organisms/strains

ICR mice
DBA/1 mice
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The Jackson Laboratory

Mouse Genome Informatics

RRID:IMSR_JAX:009122
RRID:MGI:2159837
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REAGENT or RESOURCE SOURCE IDENTIFIER
C57BL/6J The Jackson Laboratory RRID:IMSR_JAX:000664
T. spiralis This paper ISS 533

RA patients and healthy donors Beijing Friendship hospital, N/A

Capital Medical University

Oligonucleotides

Primers for RT-qPCR, see Table S3 This paper N/A

Software and algorithms

mimics Materialise http://biomedical.materialise.com/mimics
Image J National Institutes of Health https://imagej.net/

Prism 9.0 GraphPad http://www.graphpad.com/
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Prof. Xinping Zhu (zhuxping@ccmu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

® This study did not generate new sequencing data, and data reported in this paper will be shared by the
lead contact upon request.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethics approval and consent to participate

This study was performed in accordance with the recommendations of the Institutional Review Board (IRB)
of Capital Medical University. All animal experimental procedures were approved by the Animal Care and
Use Committee of Capital Medical University (approval number: AEEI-2016-008) and complied with the Na-
tional Institutes of Health Guidelines for the Care and Use of Experimental Animals. The clinical study was
performed in accordance with the Declaration of Helsinki and was approved by the IRB of Capital Medical
University (approval number: 2016SY01).

Mice
Male DBA/1 mice, 8-10 weeks old, and male C57BL/6J mice 6-8 weeks old, were purchased from the Lab-
oratory Animal Services Center of Capital Medical University (Beijing, China).

RA patients

A total of 26 patients with RA ( male/female = 4/22 ) requiring medication from Beijing Friendship Hospi-
tal were enrolled from March to May 2021. The diagnosis of RA was made according to ACR/EULAR 2010
RA classification criteria (Kay and Upchurch, 2012). All clinical information was collected based on the pro-
tocol approved by the IRB. Written informed consent was provided by all the patients with a promise of
identity protection. Blood samples from 20 healthy donors ( male/female = 8/12') were used as controls
in this study.
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Creation of a mouse model of CIA

Male DBA/1 mice were used to generate a model of CIA following a previously described method (Cheng et al.,
2018). Briefly, bovine type Il collagen (Cll) (Chondrex, Redmond, WA, USA) was dissolved in 0.01 M acetic acid
at a concentration of 2 mg/mL by stirring overnight at 4°C and emulsified with an equal volume of complete
Freund’s adjuvant (Chondrex). Male DBA/1 mice were intradermally immunized at the base of the tail with
0.1 mL of emulsion containing 100 pg of Cll followed by a booster comprising the same amount of CIl emul-
sified with incomplete Freund's adjuvant on day 21. To evaluate the therapeutic effect of T. spiralis infection on
CIAin mice, a total of 15 mice were divided into three groups (n = 5 mice per group), namely, an CIA group, in
which CIA was induced by Cll immunization; a T. spiralis-infected group, in which mice were infected with 400
infective T. spiralis muscle larvae 14 days before the first Cll immunization; and a control group, in which mice
did not receive any treatment. To evaluate the therapeutic effect of MES on CIA in mice, a total of 15 mice were
also divided into three groups (n = 5 mice per group), namely, an CIA group; an intraperitoneal injection of
protein group, in which mice were treated via the intraperitoneally injection route with 20 pg/mice of MES
on day —2, 0, 21 and 28 of the first Cll immunization; and a control group.

Cell culture and reagents

Mouse or human PBMCs were isolated from blood by density gradient centrifugation using Histopaque-
1083 solution (Sigma, USA). To induce macrophages, the collected PBMCs were cultured in complete
o-MEM (Gibco, Carlsbad, CA, USA) containing 10% heat-inactivated fetal bovine serum (FBS) (Gibco, Carls-
bad, CA, USA) and 1% penicillin-streptomycin for 3hat 37°C with 5% CO, in a humidified incubator. Non-
adherent cells were removed and the culture medium was replaced with complete a-MEM supplemented
with 30 ng/mL M-CSF (Peprotech, USA) for 3 days for macrophage induction.

Peritoneal cells from mice were collected from the peritoneal cavities of mice from each group by lavage with
10 mL of Ca®*- and M92+—free Hanks' balanced salt solution (HBSS). The cells were centrifuged at 500 x g for
10minat 4°C and then seeded in 6-well plates in RPMI 1640 (Gibco) supplemented with 10% heat-inactivated
FBS and 1% penicillin—streptomycin for 4 h, followed by the collection of the adherent cells (macrophages).

Mouse bone marrow cells (BMCs) were isolated from 6-8-week-old C57BL/6J WT mice by flushing femoral
and tibia bones with HBSS containing 10% heat-inactivated FBS. BMCs were plated in 24-well plates
(5%10°%/well) in complete a-MEM medium with M-CSF (30 ng/mL) for 3 days and then the non-adherent
cells were removed and adherent bone marrow-derived macrophages (BMMs) were harvested to induce
OCs. The culture medium containing M-CSF (30 ng/mL) was replaced every 2 days.

All the hind paws from mice were collected, and the skin was removed, and the paws were fixed in 4% para-
formaldehyde. After 48 h, they were decalcified in 0.5% formaldehyde and 20% EDTA for 4 weeks until they
became pliable. Then, the paws were embedded in paraffin and sectioned.

The RAW 264.7 murine macrophages were obtained from the Chinese National Infrastructure of Cell Line
Resource (http://cellresource.cn/contact.aspx, China). The cells were cultured in complete DMEM medium
at 37°C with 5% CO2 in a humidified incubator.

T. spiralis and MES preparation

The T. spiralis ISS 533 strain was maintained in female ICR mice as previously described (Wang et al., 2020). To
collect excretory/secretory products of T. spiralis muscle larvae (MES), muscle larvae were collected from the
muscles of ICR mice infected with 400 infective T. spiralis larvae for 50 days using pepsin digestion (Wang et al.,
2020). The collected larvae were cultured in serum-free RPMI 1640 medium (Phenol Red-free, Thermo Fisher,
Carlsbad, CA, USA) containing 2% penicillin—streptomycin at 37°C and with 5% CO2 for 48 h. The culture su-
pernatants were collected and concentrated by centrifugation at 3,000 rpm for 50 min, the buffer was changed
to PBS, which was followed by filtration using an Amicon Centrifugal Filter (Millipore) witha MWCO of 3KD. The
MES concentration was measured by BCA assay and the contents were identified by SDS-PAGE.

METHOD DETAILS
Micro-CT analysis of the joints

Micro-CT was performed on the hind paws of mice from all the groups (numbers of mice n = 5 each) using a
Bruker SkyScan 1276 Micro-CT Scanner (SkyScan, Antwerp, Belgium). Scanning was done at 70 kV, 142 mA,
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using a T-mm aluminum filter at a resolution of 8 um. Three-dimensional microstructural parameters were
calculated using Mimics Software (Materialise, Belgium) to observe bone erosion. The bone volume/total
volume ratio (BV/TV) and trabecular thickness (Tb.Th) were measured using CTAn Software (Bruker, Brus-
sels, Belgium) (Luo et al., 2016).

Tartrate-resistant acid phosphatase (TRAP) staining

TRAP staining was performed to identify OCs using the naphthol-based method as previously described (Lee
et al.,, 2017). The hind paws of the mice were fixed in 4% formaldehyde for 48 h, and then decalcified in 0.5%
formaldehyde and 20% EDTA for 4 weeks until they became pliable. The paws were embedded in paraffin and
sectioned. After being de-waxed, the sections were placed in 0.1 M CaCl,-MgCl, solution overnight for 19 h to
pre-activate the TRAP enzyme, stained using a TRAP staining kit (Sigma-Aldrich, Saint Louis, MO, USA) at 37°C
for 1 h, and counterstained with hematoxylin. Osteoblasts were identified as TRAP* multinucleated cells (nuclei
number>3) adjacent to bone (Luo et al., 2016) and images were captured using ImageJ software.

Generation of OCs in vitro

Macrophages can be induced to multinucleated TRAP" OCs under incubation with RANKL (Song et al.,
2019). Macrophages induced by mouse or human PBMCs were incubated in 48-well plates (3 x 10* cells
per well) in complete a-MEM containing 30 ng/mL M-CSF and 50 ng/mL murine RANKL (Peprotech,
USA) for 7 days to stimulate OCs differentiation. The differentiated OCs were identified by TRAP straining.

To observe the effect of M1 polarization on OC differentiation from macrophages, RAW264.7 cells were
incubated in complete DMEM in the presence of LPS (100 ng/mL) or IL-4 (20 ng/mL). After 6 h, 50 ng/mL
RANKL was added to induce OC differentiation.

To observe the effect of MES on OC differentiation from macrophages, RAW264.7 cells or BMMs were incu-
bated in complete DMEM in the presence of MES (4, 8, and 16 pg/mL). After 2 h, 100 ng/mL LPS was added
to induce M1 polarization for 6 h, followed by the addition of 50 ng/mL RANKL for 5-7 days to induce OC
differentiation.

Western blotting

Total protein was extracted from OCs induced from RAW264.7 cells using ice-cold radioimmunoprecipita-
tion assay (RIPA) lysis buffer (Cell Signaling Technology, Beverly, MA, USA) containing T mM phenylmethyl-
sulfonyl fluoride (PMSF). Protein concentrations were measured using a BCA assay kit. Equal amounts of
protein were separated by 12% SDS-PAGE, transferred onto polyvinylidene difluoride (PVDF) membranes,
blocked with 5% skimmed milk in Tris-buffered saline (TBS) containing 0.05% Tween 20 (TBST) for 1 h,
incubated with primary antibodies against the major downstream signaling molecules involved in osteo-
clastogenesis, namely, phosphorylated (p)-NF-kB p65 (Ser536), total NF-kB pé5, p-lkB-a (Ser32), total
IkB-, p-p4d/42 MAPK (ERK1/2) (Thr202/Tyr204), total p44/42 MAPK (ERK1/2), p-p38 MAPK (Thr180/
Tyr182), total p38 MAPK, p-SAPK/JNK (Thr183/Tyr185), total SAPK/JNK, and NFAT1 (all from Cell Signaling
Technology; diluted 1:1,000) in TBST overnight at 4°C, and then with IRDye 800CW-conjugated anti-rabbit
I1gG (Li-COR, Lincoln, NE, USA) for That room temperature. Beta-actin served as the control. The protein
bands were visualized using an Odyssey CLx Infrared Imaging System.

Real-time reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

Total RNA was extracted from snap-frozen synovial tissue of the hind paw joints or OCs induced from
mouse PBMCs or RAW264.7 cells using Trizol Reagent (Sigma). The extracted RNA was reverse-transcribed
into cDNA using Superscriptlll RT (Vazyme, China) according to the manufacturers’ instructions. gPCR was
performed in an Applied Biosystems QuantStudio 5 Real-Time PCR System (Thermo Fisher Scientific, USA)
using an AceQ Universal SYBR gPCR Master Mix (Vazyme, China). The relative mRNA levels of NFAT,
MMP-9, c-Fos, TRAP, Cath K, RANK, IL-1B, IL-6, IL-12, TNF-a, INOS, MCP-1, Arg-1, CD206, and IL-10
were normalized to that of the reference gene GAPDH and quantified using the 2722t method. The se-
quences of the primers used in the gPCR are listed in Table S3.

Multiplex immunofluorescence staining

Paraffin-embedded sections of mouse hind paw tissue were de-waxed, followed by heat-induced antigen
retrieval in EDTA (pH = 9.0) using a microwave oven. After blocking for 1 h with goat serum (ZhongShan
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JinQiao-Bio, China), the sections were incubated with primary antibodies targeting F4/80, CD206, and
NOS2 (all from Abcam, London, UK) for That room temperature, and then with an HRP-conjugated second-
ary antibody (Abcam). Detection was performed using the Opal Multiplexed Manual IHC Kit (PerkinElmer,
USA). Finally, all the sections were counterstained with DAPI, sealed, and observed and recorded using a
Vectra Polaris imaging system (PerkinElmer, USA). Staining was analyzed using inForm Cell Analysis soft-
ware (PerkinElmer, USA).

Cytokine assay

To determine the effect of T. spiralis infection on inflammatory cytokine production in mice with CIA, the
serum cytokine profile was analyzed with the Procarta Plex Multi-factor Immunoassay Kit (26 factors)
(Invitrogen, USA) using Luminex xMAP technology following the manufacturer’s instructions. To detect
the cytokines secreted by peritoneal macrophages, peritoneal macrophages collected from mice of the
different groups were stimulated with 100 ng/mL LPS for 6 h for M1 polarization, following which the levels
of secreted cytokines in the culture supernatants were measured by cytokine-specific ELISA according to
the manufacturer’s instructions (eBioscience, San Diego, CA, USA). To determine the effect of T. spiralis
MES on inflammatory cytokine production in monocytes derived from PBMCs of RA patients, purified
monocytes were pre-incubated with 4 ug/mL MES for 2 h before stimulation with 100 ng/mL LPS for 6 h.
Cytokine levels in the culture supernatants were subsequently measured by ELISA (eBioscience). To deter-
mine the effects of MES on macrophage polarization, RAW264.7 cells were pre-incubated with different
concentrations (4, 8, or 12 ng/mL) of MES for 2 h before stimulation with 100 ng/mL LPS or 20 ng/mL IL-
4 for 6 h, after which cytokine levels in the culture supernatants were measured by ELISA.

Flow cytometry

For cell surface staining, peritoneal macrophages were stained with anti-mouse F4/80 (FITC) and anti-
mouse CD11b (eFluor 450); mouse PBMCs were stained with anti-mouse CD115 (Alexa Flour 488) and
anti-mouse CD11b; and human blood monocytes were stained with anti-human CD14 (APC-eFluor 780)
and anti-human CCR2 (BV421). The corresponding isotype antibodies were used as controls in the pres-
ence of CD16/32 to block FcyR binding for 30minat 4°C in the dark. For intracellular staining, cells were
fixed in IC Fixation Buffer and permeabilized using permeabilization buffer (both from Invitrogen). Then,
mouse PBMCs and peritoneal macrophages were incubated with anti-mouse CD206 (APC) and anti-mouse
NOS2 (PE-conjugated), while human blood monocytes were incubated with anti-human CDé8 (PE-conju-
gated) or their isotype controls for 50minat room temperature in the dark. Flow cytometry was performed
using a Flow Cytometer (BD, NJ, USA) and analyzed using FlowJo Software. The gates were set based on
isotype and/or fluorescence-minus-one controls in all experiments. All antibodies were purchased from
Thermo Fisher (Carlsbad, USA).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using GraphPad Prism 7. All data are shown as means + SEM. Paired or
unpaired Student’s t-tests were used for comparison between two groups. ANOVA was performed for
comparisons among multiple groups. A p-value <0.05 was considered significant.
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