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Summary 

We have previously reported that ES-62, a molecule secreted by the parasitic filarial nematode 

Acanthocheilonema viteae, protects mice from developing collagen-induced arthritis (CIA). 

Together with increasing evidence that worm infection may protect against autoimmune 

conditions, this raises the possibility that ES-62 may have therapeutic potential in Rheumatoid 

Arthritis and hence, it is important to fully understand its mechanism of action.  Towards this, 

we have established to date that ES-62 protection in CIA is associated with suppressed 

Th1/Th17 responses, reduced collagen-specific IgG2a antibodies and increased IL-10 

production by splenocytes. IL-10-producing regulatory B cells (Bregs) have been proposed to 

suppress pathogenic Th1/Th17 responses in CIA: interestingly therefore, whilst the levels of IL-

10-producing B cells were decreased in the spleens of mice with CIA, ES-62 was found to 

restore these to the levels found in naive mice. In addition, exposure to ES-62 decreased effector 

B cell, particularly plasma cell, infiltration of the joints, and such infiltrating B cells showed 

dramatically reduced levels of TLR4 and the activation markers, CD80 and CD86. Collectively, this induction of hyporesponsiveness of effector B cell responses, in the context of the resetting 

of the levels of IL-10-producing B cells, is suggestive of a modulation of the balance between 

effector and regulatory B cell responses that may contribute to ES-62-mediated suppression of 

CIA-associated inflammation and inhibition of production of pathogenic collagen-specific 

IgG2a antibodies.  
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Introduction 

 

The prevalence of autoimmune disease in the developing world inversely correlates with 

parasitic helminth infection1, 2, an apparent serendipitous side-effect of the ability of worms to 

secrete anti-inflammatory molecules that modulate the host immune system and promote 

parasite survival. Such epidemiological evidence has understandably generated interest in the 

therapeutic potential of such immunomodulators and also in their use as tools to dissect the 

pathogenic mechanisms underlying inflammatory disorders3. We have previously shown that 

one such immunomodulator, ES-62, a phosphorylcholine (PC)-containing glycoprotein, 

secreted by the filarial nematode Acanthocheilonema viteae, is protective in the mouse collagen-

induced arthritis (CIA) model of Rheumatoid Arthritis (RA) by acting to suppress pathogenic 

Th1/Th17 responses 4. The success of rituximab as a therapy for autoimmune disease has 

refocused interest on the pathogenic and protective roles of B cells in RA5 with recent studies 

highlighting the importance of IL-10-producing regulatory B cells (Bregs) in the prevention and 

amelioration of CIA and also antigen-induced arthritis (AIA), via the suppression of Th1/Th17 

responses and the promotion of Tr1 and Treg differentiation5-8. Interestingly, therefore, we have 

found that whilst exposure to ES-62 results in enhanced spontaneous ex vivo production of IL-

10 by splenocytes from mice with CIA, it induces hyporesponsiveness of normal and CIA-

derived splenic B cells and reduces the levels of pathogenic collagen-specific IgG2a antibodies9. 

Relating to this, we now show that the protective effects of ES-62 in CIA are associated with 

restoration of the levels of IL-10-producing B cells and suppression of infiltration of activated 

plasma cells into the joints, perhaps suggesting that ES-62 may act, at least in part, to modulate 

the balance between effector and regulatory B cell responses in this mouse model of RA.  
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Materials and Methods  

CIA 

Animals were maintained in the Biological Services Units in accordance with the Home Office 

UK Licences PPL60/3580, PPL60/3791, PPL60/4300 and PIL60/9576, PIL60/12183 and 

PIL60/12950 and the Ethics Review Boards of the Universities of Glasgow and Strathclyde. 

CIA was induced in male DBA/1 mice (8-10 weeks old; Harlan Olac; Bicester, UK) by 

intradermal immunization with bovine type II collagen (CII, MD Biosciences) in complete 

Freund’s adjuvant (FCA) on day 0 and in PBS on day 21. Mice with CIA were treated with 

purified endotoxin-free ES-62 (2 µg/dose) or PBS subcutaneously on days -2, 0 and 21 and cells 

were recovered from joints 10 as previously described 4, 9, 11. All analysis was performed at cull 

(day 28) and represents data from at least 2 independent experiments.    

 

Ex vivo analysis  

Splenocytes and draining lymph node (DLN) cells (106/ml) were analysed for B cell IL-10 

responses by stimulating ± 50 ng/ml PMA (Sigma-Aldrich, UK) plus 500 ng/ml ionomycin 

(Sigma-Aldrich, UK) and 10 µg/ml LPS (E. coli O111:B4, Sigma-Aldrich, UK) for 1 h before 

addition of 10 μg/ml Brefeldin A (Sigma-Aldrich, UK) for 5 h at 37oC with 5 % CO2
12, 13. 

Lymphocyte subsets were analysed by flow cytometry of unstimulated cells adapting the gating 

strategy (Fig. 1) of Allman & Pillai14 using antibodies specific for the following markers (with 

relevant fluorochrome): CD5/Biotin-svE450; CD8/Biotin-svPerCP (both BD Pharmingen, NJ, 

USA); AA4.1/APC; B220/BV421; CD11c/Biotin-svPerCP; CD138/PE; CD19/AF700; 

CD1d/PE; CD23/PE-Cy7; CD24/PerCP-Cy5.5; CD4/Biotin-svPerCP; CD43/PE-Cy7; 

IgD/PerCP-Cy5.5; IgM/APC-Cy7; F4/80/Biotin-svPerCP (all BioLegend, CA, USA), 

CD21/E450 and GL7/E450 (both eBioscience, CA, USA). Additional phenotypic markers were 

labelled using anti-TLR4-APC (R&D Systems, UK), anti-BAFF-R-FITC (eBiosciences), anti-
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CD4-PE, anti-CD80-PerCP/Cy5.5 or anti-CD86-AF488 (BioLegend) antibodies before the cells 

were fixed and permeabilised using BioLegend products and protocols.  Stimulated cells were 

then labelled using anti-IL-10-APC (BioLegend) antibodies for 30 min prior to flow cytometry 

to detect IL-10-producing B cells. Data analysis gates were set according to appropriate isotype 

controls. Dead cells were identified and excluded from analysis using the Live/Dead® Fixable 

Dead Cell Stain (Aqua) using manufacturers suggested protocol (Invitrogen).  

 

Statistics  

Parametric data were analysed by the Student's t test or by 1-way ANOVA whilst non-

parametric data were analysed by Mann Whitney and Kruskal-Wallis tests where *p<0.05, 

**p<0.01 and ***p<0.001. 

 

Results 

ES-62 reduces the levels of Germinal Centre B cells in the spleens of mice with CIA   We 

investigated whether ES-62-mediated protection against CIA (Fig. 2A) correlated with 

modulation of B cell populations (Fig. 1). There was no significant modulation by the helminth 

product of either the proportion or number of CD19+ B cells in the spleen (Fig. 2B; numbers 

(x106) ± SEM: Naive, 25.13 ± 2.26; PBS, 26.86 ± 1.76; ES-62, 28.27 ± 2.68) or LN (data not 

shown) and consistent with this, no significant changes were observed in the transitional (T1-

T3), marginal zone precursor (MZP) or marginal zone (MZ) populations in the spleen (Fig. 2C 

& D and results not shown). However, ES-62 significantly increased the levels of 

CD19+CD21lowCD23high Follicular B cells (Fo; Fig. 2C & D) and further analysis showed that 

whilst exposure to ES-62 had no effect on follicular type-2 (Fo2) B cells (results not shown), it 

significantly increased the levels of Follicular type-1 B2 cells (Fo1; Fig. 2E; numbers (x106) ± 

SEM: Naïve, 5.58 ± 0.82; PBS, 6.08 ± 0.64; ES-62, 7.97 ± 0.91) in the spleen. The increase in 

Fo1 B cells was associated with corresponding reductions in germinal centre B cells (GC; Fig. 
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2F; numbers (x106) ± SEM are: PBS, 6.28 ± 1.36; ES-62, 2.95 ± 0.39) and 

CD3+CD4+ICOS+CXCR5+ follicular helper T cells (TFH; from 2.42 (PBS) to 1.49% of live 

splenocytes exposed to ES-62) in the spleen. By contrast, ES-62 had no effect on the levels of 

CD19+B220+IgM-IgD-IgG+ cells, which may represent a subset of memory B cells (results not 

shown). Collectively, these data suggest that ES-62 may act to reduce the generation of 

pathogenic antibodies by blocking the activation of follicular B cells and their consequent 

differentiation into GC B cells15. 

 

ES-62 modulates the recruitment of B cells to the joints of mice with CIA 

As pathogenic B cells migrate to the joints and even form ectopic germinal centres in response 

to B cell recruitment and survival factors such as BAFF, CXCL12 and CXCL13 secreted by 

synovial fibroblasts 5, we next analysed whether the above effects of in vivo exposure to ES-62 

on the profile of B cells were reflected in the arthritic joint. This revealed that both the 

proportion (Fig. 3A&B) and absolute numbers (Fig. 3C) of CD19+ B cells found in the joints 

were significantly reduced by ES-62 treatment. This reduction was reflected in a CD19+CD23+ 

B cell population (Fig. 3D&E), which further analysis revealed to be follicular type 1 B cells 

(Table 1). There was also a clear decrease in CD19-CD138+ (from 9.27 to 2.45% live cells) and 

CD19+CD138+ (from 15.6 to 4.51% live cells) cells infiltrating the joints of mice treated with 

ES-62 (Fig. 3F&G) suggestive of a reduction in plasma cells.  Consistent with this, further 

analysis, excluding the myeloid and T cell lineages expressing CD138 (Fig. 3H), revealed that 

exposure to ES-62 indeed suppressed the proportions  (Fig. 3I-J) and numbers (Table 1) of 

CD19-B220-CD138+ (from 8.31 to 3.69% live cells) and CD19+B220low/-CD138+ (from 1.37 to 

0.72% live cells) plasma cells, which respectively are phenotypically similar to the long-lived 

plasma cell and short-lived plasma cell/plasmablast functional populations, reported 

previously16-18.  This presumably reflects reduced development and/or migration of such cells, 

as suggested by the significant increases in the levels of Fo1 (Fig. 2E) and CD19-B220-CD138+ 

plasma cells (numbers (x106) ± SEM: Naïve, 0.75 ± 0.22; PBS, 1.28± 0.31; ES-62, 1.58± 0.26) 
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found in the spleen, since ES-62 did not modulate the levels of early CD19+B220+CD138+ "pre-

plasma cells" which have been reported as being subject to a tolerance checkpoint that is 

defective in the autoimmune-prone MRL/Lpr mouse19 (results not shown). 

In addition to investigation of modulation of the levels of B cells found in the joint, ES-

62 was assessed for effects on the functional phenotype of such infiltrating cells. Thus, whilst 

ES-62 did not significantly modulate the expression of BAFF-R, CD80, CD86 or TLR4 (either 

in terms of percentage positive cells or levels of expression) on splenic CD19+ B cells, 

expression of CD80, TLR4 and, to a lesser extent, CD86, but not BAFF-R, by CD19+ B cells in 

the joint was down-regulated, mirroring a tendency towards a decrease in expression of both 

CD80 and TLR4 by CD19+ DLN cells (Results not shown).  Further analysis revealed that this 

reflected selective downregulation of TLR4, CD80 and CD86 expression on 

CD19+CD23highCD21low follicular B cells but not CD19+CD23-CD21high or 

CD19+CD23highCD21high B cells (Fig. 4 and results not shown). Moreover, although B1, GC and 

plasma cells also expressed TLR4, such expression was not modulated by exposure to ES-62 

(results not shown).  

Collectively, therefore, these data suggest that ES-62 may act to prevent development and 

migration of pathogenic B cells to the site of inflammation, with the residual B cells that 

infiltrate the joint being rendered functionally hyporesponsive.  

 

ES-62 restores the levels of IL-10-producing B cells in the spleen of mice with CIA 

IL-10 producing B cells that exhibit regulatory activity (Bregs) have been reported to curb 

pathogenic Th1/Th17 responses in CIA and it has been proposed that these cells protect against 

disease by promoting the development of Tr-1 regulatory T cells6. Although the ES-62-

mediated suppression of B cell development and migration (Fig. 2&3) and consequent 

inhibition of generation of pathogenic IgG2a responses observed in CIA11 might reflect the 

ability of the parasitic worm product to induce hyporesponsiveness of B2 cells by uncoupling 

the BCR from ErkMAPkinase signalling, both in vitro and in vivo 20, 21, it is also interesting to 
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note that ES-62 has previously been shown to induce the production of IL-10 by peritoneal B1 

B cells22. As B1 cells are not thought to play a central role in systemic autoimmunity and 

autoantibody production in CIA23, it is therefore possible that the reduced levels of 

CD19+IgM+CD43highCD5+ and CD19+IgM+CD43highCD5- cells, that have been reported to be 

B1a and B1b cells respectively24-28, found in the spleens (Fig. 5A-C) and DLNs (Fig. 5D) of ES-

62-treated mice with CIA could reflect their egress and migration to the joints to mediate IL-10-

dependent anti-inflammatory effects. Perhaps consistent with this, although the levels of B cells 

infiltrating the joint overall were reduced following treatment with ES-62, the proportion of 

such B1-like cells was slightly increased (PBS: 1.42%, 1.3%; ES-62: 1.58%, 1.51%, where data 

are expressed as the proportion (%) of live cells, that are CD43+CD19+IgM+ B1-like cells, 

harvested from the joints of 6-7 mice/group in 2 independent experiments).   

 

Analysis of IL-10-producing B cells (Fig. 6A&B) revealed that whilst induction of CIA resulted 

in a significant reduction in the levels of IL-10-producing B cells, relative to naïve mice, this 

was not the case for those treated with ES-62 (Fig. 6C). Indeed, exposure to ES-62 led to a 

significant enhancement in the level of IL-10-producing B cells in mice with CIA, restoring 

them to levels comparable with those found in healthy naive mice (Fig. 6C; numbers (x106) ± 

SEM: Naïve, 1.81 ± 0.22; PBS, 1.48 ± 0.12; ES-62, 1.99 ± 0.26). CD19+IL-10+ B cells in the 

spleens of naïve and CIA mice reflected a mixed population comprising phenotypes consistent 

with marginal zone precursor, marginal zone, follicular B cells and CD19+CD21-CD23- B cells 

(Fig. 6B): almost all of these cells expressed CD1d whilst some 20-30% of the follicular and 

CD19+CD21-CD23- B cells expressed CD5 (data not shown), the latter a marker previously 

associated with certain IL-10-producing B cells 29, 30. Rather surprisingly, the ability of ES-62 to 

return the levels of IL-10-producing B cells towards that existing in naïve, non-arthritic mice, 

did not appear to involve a preferential modulation of any of these phenotypes perhaps 

suggesting that it acts rather to regulate B cell responses in a  "homeostatic" manner. Although 

the protective effects of IL-10-producing B cells in CIA have previously been reported to be 
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associated with the induction of Tr-1 regulatory cells 6, our analysis showed the IL-10 

production by splenocytes to be predominantly B cell-derived (Fig. 6A) and that the CD19-IL-

10+ population was not increased by treatment with ES-62 (Fig. 6D), suggesting that Tr-1 cells 

were not being induced in this case.  Likewise, and consistent with the previously reported lack 

of Breg-mediated induction of Tregs in the CIA model6, further investigation indicated that in 

vivo treatment with ES-62 did not result in enhanced levels of FoxP3-expressing CD4+ 

regulatory T cells in the DLN (results not shown), as shown following induction of Bregs in 

AIA31.  

 

Discussion 

The successful clinical implementation of B cell-depletion therapies in recent years has 

reignited interest in the pathogenic and protective roles of B cells in RA. In particular, much 

interest has focused on the ability of IL-10-producing regulatory B cells to prevent development 

of pathogenic Th1/Th17 responses and induce regulatory T cells that result in the suppression of 

disease in the antigen (methylated BSA)-induced arthritis  (AIA) and CIA mouse models of 

RA6, 8, 31. Interestingly, therefore it has recently emerged that one of the strategies exploited by 

parasitic helminths to dampen host immune responses and hence promote their survival is the 

induction of IL-10-producing Bregs: moreover, the protection afforded against allergic 

inflammatory disease by such worms has also been associated, at least in part, by their induction 

of such Bregs28, 32-35. Thus, our current findings that exposure to ES-62 results in elevated levels 

of IL-10-producing B cells may provide a rationale for our previous findings that the parasite 

product exerts its protective effects in CIA via suppression of Th1, Th17 and IL-17-producing 

γδ T cell responses, as well as being consistent with our earlier observation that it promotes 

spontaneous IL-10 production by splenocytes from mice with CIA4, 9, 11. Interestingly, although 

regulatory B cells have been proposed to mediate at least some of their protective effects in 

experimental arthritis via the generation of natural Tregs (AIA) and/or induced Tr1 (AIA and 
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CIA) cells6, 8, 31, we have found no evidence that ES-62 induces any IL-10-producing regulatory 

T cells in DBA/1 mice with CIA. Although perhaps surprising, this failure to induce Tregs is 

supported by our preliminary data from the C57BL/6 model of chronic CIA36, in which in vivo 

exposure to ES-62 does not increase the levels of either FoxP3+ or IL-10-producing CD4+ T 

cells in the DLN of such mice (results not shown) and is consistent with their lack of induction 

in our previous studies investigating ES-62-mediated hyporesponsiveness to the model antigen 

Ovalbumin (OVA) in both the DO.11.10 transfer model37 and the OVA-induced airway 

inflammation model38 of asthma. Nevertheless, we cannot rule out the possibility that whilst ES-

62 does not increase the levels of Tregs in mice with CIA, it may act to reverse/overcome the 

impaired (cell contact-mediated) suppressive ability of Tregs reported in RA39.  

 

Perhaps also surprisingly, the restoration of IL-10-producing B cells resulting from exposure to 

ES-62 did not reflect induction of a particular phenotype of B cells associated with regulatory 

function: although modest, these statistically significant increases in IL-10-producing B cells 

are consistent with the numbers seen in other studies in the absence of enrichment by anti-CD40 

or LPS/IL-21 stimulation12, 40, 41 and suggest that ES-62 may be acting in a homeostatic manner 

to reset the balance of effector and regulatory B cells back towards that observed in healthy 

DBA/1 mice.  However, whilst the ES-62-mediated suppression of the level of GC B cells was 

associated with a reduction of Tfh cells, our preliminary data suggest that the residual Tfh cells 

produced slightly higher levels of the cytokine, IL-21 that appears to be critical for the 

generation of functional Bregs that combat autoimmunity41.  Thus, as we have not formally 

demonstrated regulatory function of these IL-10 producing B cells, we cannot rule out the 

possibility at this stage that ES-62 is also reversing the defective regulatory function of one or 

more Breg phenotypes observed in CIA and also in RA patients42, 43.  Nevertheless, we have 

shown previously that whilst ES-62 induces high levels of IgG1, but not IgG2a, antibodies in 

naive wild type BALB/c mice, in IL-10-/- mice the helminth product induces both IgG1 and 

IgG2a antibodies. This suggests that IL-10 plays an important role in the suppression of IgG2a 
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antibodies directed against ES-6244. Interestingly, therefore, we have shown that neither the ES-

62-mediated suppression of DC-priming of OVA-specific Th1 responses45 nor the suppression 

of TLR-mediated IL-12 responses of macrophages exposed to ES-62 either in vitro or in vivo46 

is due to autocrine production of IL-10 by APC. By contrast, whilst we have shown that 

exposure to ES-62 in vivo induces hyporesponsiveness of splenic B2 cells, peritoneal B cells 

from such mice produced enhanced spontaneous and BCR-stimulated IL-10 responses21, 22 and 

although these peritoneal cells will predominantly comprise B1 cells, there is increasing 

evidence that they likely also include some B2 cells 27.  

 

Collectively, therefore, these data suggest that exposure to ES-62 leads to hyporesponsiveness 

of effector B2 cell responses and restoration of IL-10-producing B cells that in CIA, given the 

complex interplay between B cell-derived IL-10 and pathogenic IL-17 responses in the 

regulation of inflammation and autoantibody responses 6, 12, 31, 41, 47-49, results in the reduction of 

plasma cells that may contribute to the suppression of pathogenic autoantibodies and 

inflammation associated with the protection against CIA. For example, the ability of B cell-

derived IL-10 to impact on APC such as DC in vivo may contribute to the effects of ES-62 on 

the DC-dependent priming of Th1/Th17 and IL-17-producing γδ T cells 4, 38, 45. Alternatively, 

such IL-10 may suppress effector B cell activation with consequent induction of T cell 

hyporesponsiveness, as the reduction of GC B cells and TFH cells observed in the spleens of ES-

62-treated mice is reminiscent of that reported for mast cell-derived IL-10-mediated suppression 

of TFH cell function 50. This could be particularly important at the site of inflammation with the 

profound downregulation of CD80 and CD86 expression on follicular B cells impacting on the 

functionality of ectopic GCs given that expression of CD80 by B cells has been shown to be 

important in the regulation of Tfh development, and consequent GC B cell survival and plasma 

cell production51, the latter population being clearly reduced in the joints of ES-62-treated mice. 

Interestingly therefore, blocking of B7-CD28 interactions has been reported to be sufficient to 
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prevent development of CIA52.  Finally, the strong downregulation of TLR4 is similarly likely 

to suppress B cell activation and plasma cell generation at this site 53, and in this way, disrupt 

the destructive chronic inflammation resulting from cells in the joint expressing upregulated 

levels of TLRs, including TLR454 and responding to DAMPs,  such as HSP22 and tenascin-C 55 

found in the synovium of RA patients. 
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Table 1: Exposure to ES-62 in vivo suppresses infiltration of the joints by B2 cells and 

plasma cells.  

 

Group CD19+B220low/-CD138+  CD19-B220-CD138+ Fo1 

Exp 1 2 1 2 1 2 

PBS 0.24 0.67 1.5 0.74 0.029 0.11 

ES-62 0.035 0.32 0.18 0.36 0.009 0.033 

 

Data (number of cells x 106) are presented from 2 independent experiments where 

CD19+B220low/-CD138+ and CD19-B220-CD138+ plasma cell and CD19+CD21lowCD23+AA4.1-

IgMlowIgDhigh Fol B cell populations infiltrating the joints were analysed by flow cytometric 

analysis of joint cells harvested from 6-7 mice from each group. 
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Figure Legends  

Figure 1: Gating strategy for analysis of B cell subsets and phenotyping of populations. 

This is a modification of that based on the peripheral B cell phenotypic markers defined by 

Allman and Pillai14. T1: CD19+CD93+CD21intCD23-IgDlow/- IgMhigh; T2: 

CD19+CD93+CD21intCD23+IgDhighIgMhigh; T3: CD19+CD93+CD21int CD23+IgDhighIgMlow; 

MZP: CD19+CD93-CD21highCD23+CD1dhighIgDhighIgMhigh; MZ: CD19+CD93-CD21highCD23-

CD1dhighIgDlow/-IgMhigh; Fo1: CD19+CD93-CD21low CD23+IgDhighIgMlow; Fo2: CD19+CD93-

CD21lowCD23+IgDhighIgMhigh; GC: CD19+ CD43-CD24+GL7+. Cell populations were initially 

selected on the basis of "Lymphocyte" size (forward scatter; FSC) and granularity (side scatter; 

SSC) parameters and excluding "doublets" (by comparing FSC-Height and FSC-Area) and dead 

cells (by the Live/Dead® fixable aqua dead cell dye; Invitrogen) (data not shown). We initially 

gated on CD19+CD23- and CD19+CD23+ cells (A) to resolve MZP (CD21highCD1dhigh) from Fo 

(CD21lowCD1dlow) B cells (B) and MZ (CD21+IgM+) and T1 (CD21-IgM+) cells (C), 

respectively. The follicular (Fo) population identified (B; CD21lowCD1dlow) is a heterogenous 

population that contains the functionally distinct follicular type 1 (Fo1: IgDhighIgMlowAA4.1-) 

and follicular type 2 (Fo2: IgDhighIgMhighAA4.1-) as well as the transitional 2 (T2: 

IgDhighIgMhighAA4.1+) and transitional 3 (T3: IgDhighIgMlowAA4.1+) populations. These 

populations are first separated on the basis of their expression of IgM and IgD (D) and then, 

AA4.1 (E & F). For the identification of germinal centre (GC) B cells we first identify 

CD19+CD43- cells (G) and then exclude contaminating non-B cells by gating on the GC cell 

specific marker GL7 along with the pan B cell marker CD24 (H) before confirming expression 

of FAS (I) by essentially all (>90%) CD19+CD43-CD24+GL7+ GC B cells; we have therefore 

not included this redundant marker in our analysis.  

Figure 2: ES-62 reduces the levels of Germinal Centre B cells in the spleens of mice with 

CIA. Mean articular scores (± SEM) of CIA mice treated with PBS (n=34) or ES-62 (n=18) at 

time of cull at day 28 (A). The percentage of CD19+ B cells (B); representative plots (C) and 

proportions (D; mean values ± SEM of individual mice where naive, n=16; PBS, n= 31; ES-62, 

n=12 ) of MZP, MZ and Fo B cells as defined by their expression of CD21 and CD23; 

Follicular type 1 B cells (Fo1, E: CD19+CD23+CD21lowCD1dlowIgMlowIgDhighAA4.1-) and 

germinal centre (GC; F: CD19+CD43-CD24+GL7+), as derived by the gating strategy in 

presented in Fig. 1, in spleens from mice undergoing CIA are shown.  
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Figure 3: ES-62 modulates the recruitment of B cells to the joints of mice with CIA. Cells 

extracted from the joints of mice with CIA were analysed for the proportion (A & B) and 

number (C) of infiltrating CD19+ B cells (A-C; data in C are presented as the means ± SEM of 4 

biological replicates pooled from two independent experiments) and consequently for the 

relative proportions of CD19+CD23+ (D & E); plasma cells on the basis of CD19 CD138 

expression (F & G). Exclusion of myeloid and T cell-expressing CD138 cells by use of Dump 

channel (CD4+CD8+GR1+F4/80+CD11b+ CD11c +; H) allowed analysis of Dump-CD19-B220-

Cd138+ and Dump-CD19+B220low/-CD138+ plasma cells (I & J). 

Figure 4: ES-62 modulates expression of TLR4 and costimulatory molecules on Follicular 

B cells. CD80, CD86, TLR4 and BAFF-R expression by CD19+CD23highCD21low Follicular B 

cells in the joints of PBS and ES-62 treated mice are presented as expression levels relative to 

isotype control (grey area), for CIA mice treated with ES-62 (broken line) or PBS (black line).  

Cells from at least 5 mice/group were pooled.  

Figure 5: ES-62 modulates the levels of B1-like cells in the spleen of mice with CIA.   

There is no unambiguous phenotype for B1 cells in the spleen but they have been described as 

CD19highCD23-CD43+IgMhighIgDlow/-CD5± cells where CD5+ B1a and CD5- B1b comprise ~2% 

and 1% of cells in the spleen respectively24. However, following gating on CD19+IgM+(A), 

analysis of CD43+CD5± cells has been widely used to describe B1 cells 25, 26 whilst CD19+CD5+ 

gating has been used to describe B1a cells 28. Moreover, whilst CD43 can be upregulated on B2 

cells, this is usually expressed at a lower level than on B1 cells27 and we have thus chosen to 

gate only on CD43high cells (B) in order to exclude any potential CD43+ B2 cells.  We have 

therefore phenotyped CD19highCD43+IgMhighIgD- B cells as CD5+ B1a-like cells and CD5- B1b-

like cells and the data show their relative proportions in the spleen (C; naïve, n=10; PBS, n=13 

and ES-62, n=11) and DLN (D; naïve, n=4; PBS, n=8 and ES-62, n=8) of the indicated groups 

of mice. 

Figure 6: ES-62 induces IL-10-producing B cells in the spleen of mice with CIA. IL-10-

producing CD19+ B cell (A & C) and IL-10-producing CD19-  non-B cell subsets (A & D) in the 

spleen were analysed with the proportions of these cells, in spleens of individual naive mice and 

PBS- and ES-62-treated mice with CIA respectively.  Representative plots of the phenotypes of 
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CD19+IL-10+ B cells based on their expression of CD21CD23 (B) are shown for spleens of 

mice with CIA.  

 

References 

1. Panda AK, Ravindran B, Das BK. Rheumatoid arthritis patients are free of filarial 

infection in an area where filariasis is endemic: comment on the article by Pineda et al. 

Arthritis Rheum 2013; 65:1402-3. 

2. Harnett W, Harnett MM. Reply: Comment on Rheumatoid arthritis patients are free of 

filarial infection in an area where filariasis is endemic: comment on the article by 

Pineda et al. [Arthritis Rheum. 2013] The parasitic helminth product ES-62 suppresses 

pathogenesis in collagen-induced arthritis by targeting the interleukin-17-producing 

cellular network at multiple sites. [Arthritis Rheum. 2012]. Arthritis Rheum 2013; 

65:1403-4. 

3. Harnett W, Harnett MM. Helminth-derived immunomodulators: can understanding the 

worm produce the pill? Nat Rev Immunol 2010; 10:278-84. 

4. Pineda MA, McGrath MA, Smith PC, Al-Riyami L, Rzepecka J, Gracie JA, et al. The 

parasitic helminth product ES-62 suppresses pathogenesis in CIA by targeting of the IL-

17-producing cellular network at multiple sites. Arthritis Rheum 2012; 64:3168-78. 

5. Mauri C, Ehrenstein MR. Cells of the synovium in rheumatoid arthritis. B cells. 

Arthritis Res Ther 2007; 9:205. 

6. Carter NA, Rosser EC, Mauri C. Interleukin-10 produced by B cells is crucial for the 

suppression of Th17/Th1 responses, induction of T regulatory type 1 cells and reduction 

of collagen-induced arthritis. Arthritis Res Ther 2012; 14:R32. 

7. Evans JG, Chavez-Rueda KA, Eddaoudi A, Meyer-Bahlburg A, Rawlings DJ, 

Ehrenstein MR, et al. Novel suppressive function of transitional 2 B cells in 

experimental arthritis. J Immunol 2007; 178:7868-78. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

8. Mauri C, Gray D, Mushtaq N, Londei M. Prevention of arthritis by interleukin 10-

producing B cells. J Exp Med 2003; 197:489-501. 

9. Harnett MM, Kean DE, Boitelle A, McGuiness S, Thalhamer T, Steiger CN, et al. The 

phosphorycholine moiety of the filarial nematode immunomodulator ES-62 is 

responsible for its anti-inflammatory action in arthritis. Ann Rheum Dis 2008; 67:518-

23. 

10. Roark CL, French JD, Taylor MA, Bendele AM, Born WK, O'Brien RL. Exacerbation 

of collagen-induced arthritis by oligoclonal, IL-17-producing gamma delta T cells. J 

Immunol 2007; 179:5576-83. 

11. McInnes IB, Leung BP, Harnett M, Gracie JA, Liew FY, Harnett W. A novel 

therapeutic approach targeting articular inflammation using the filarial nematode-

derived phosphorylcholine-containing glycoprotein ES-62. J Immunol 2003; 171:2127-

33. 

12. Blair PA, Chavez-Rueda KA, Evans JG, Shlomchik MJ, Eddaoudi A, Isenberg DA, et 

al. Selective targeting of B cells with agonistic anti-CD40 is an efficacious strategy for 

the generation of induced regulatory T2-like B cells and for the suppression of lupus in 

MRL/lpr mice. J Immunol 2009; 182:3492-502. 

13. Matsushita T, Tedder TF. Identifying regulatory B cells (B10 cells) that produce IL-10 

in mice. Methods Mol Biol 2011; 677:99-111. 

14. Allman D, Pillai S. Peripheral B cell subsets. Curr Opin Immunol 2008; 20:149-57. 

15. Carnrot C, Prokopec KE, Rasbo K, Karlsson MC, Kleinau S. Marginal zone B cells are 

naturally reactive to collagen type II and are involved in the initiation of the immune 

response in collagen-induced arthritis. Cell Mol Immunol 2011; 8:296-304. 

16. Kallies A, Hasbold J, Tarlinton DM, Dietrich W, Corcoran LM, Hodgkin PD, et al. 

Plasma cell ontogeny defined by quantitative changes in blimp-1 expression. J Exp Med 

2004; 200:967-77. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

17. de Andres B, Cortegano I, Serrano N, del Rio B, Martin P, Gonzalo P, et al. A 

population of CD19highCD45R-/lowCD21low B lymphocytes poised for spontaneous 

secretion of IgG and IgA antibodies. J Immunol 2007; 179:5326-34. 

18. Madan R, Demircik F, Surianarayanan S, Allen JL, Divanovic S, Trompette A, et al. 

Nonredundant roles for B cell-derived IL-10 in immune counter-regulation. J Immunol 

2009; 183:2312-20. 

19. Culton DA, O'Conner BP, Conway KL, Diz R, Rutan J, Vilen BJ, et al. Early preplasma 

cells define a tolerance checkpoint for autoreactive B cells. J Immunol 2006; 176:790-

802. 

20. Deehan MR, Frame MJ, Parkhouse RM, Seatter SD, Reid SD, Harnett MM, et al. A 

phosphorylcholine-containing filarial nematode-secreted product disrupts B lymphocyte 

activation by targeting key proliferative signaling pathways. J Immunol 1998; 

160:2692-9. 

21. Wilson EH, Deehan MR, Katz E, Brown KS, Houston KM, O'Grady J, et al. 

Hyporesponsiveness of murine B lymphocytes exposed to the filarial nematode secreted 

product ES-62 in vivo. Immunol 2003; 109:238-45. 

22. Wilson EH, Katz E, Goodridge HS, Harnett M, Harnett W. In vivo activation of murine 

peritoneal B1 cells by the filarial nematode phosphorylcholine-containing glycoprotein 

ES-62. Parasite Immunol 2003; 25:463-6. 

23. Iciek LA, Waldschmidt TJ, Griffiths MM, Brooks KH. B-1 cells in systemic 

autoimmune responses: IgM+, Fc epsilon Rdull B cells are lost during chronic graft-

versus-host disease but not in murine AIDS or collagen-induced arthritis. Immunol 

Invest 1994; 23:293-311. 

24. Baumgarth N. The double life of a B-1 cell: self-reactivity selects for protective effector 

functions. Nat Rev Immunol 2011; 11:34-46. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

25. Fletcher CA, Groom JR, Woehl B, Leung H, Mackay C, Mackay F. Development of 

autoimmune nephritis in genetically asplenic and splenectomized BAFF transgenic 

mice. J Autoimmun 2011; 36:125-34. 

26. Moreth K, Brodbeck R, Babelova A, Gretz N, Spieker T, Zeng-Brouwers J, et al. The 

proteoglycan biglycan regulates expression of the B cell chemoattractant CXCL13 and 

aggravates murine lupus nephritis. J Clin Invest 2010; 120:4251-72. 

27. Hastings WD, Gurdak SM, Tumang JR, Rothstein TL. CD5+/Mac-1- peritoneal B cells: 

a novel B cell subset that exhibits characteristics of B-1 cells. Immunol Lett 2006; 

105:90-6. 

28. Amu S, Saunders SP, Kronenberg M, Mangan NE, Atzberger A, Fallon PG. Regulatory 

B cells prevent and reverse allergic airway inflammation via FoxP3-positive T 

regulatory cells in a murine model. J Allergy Clin Immunol 2010; 125:1114-24 e8. 

29. Kalampokis I, Yoshizaki A, Tedder TF. IL-10-producing regulatory B cells (B10 cells) 

in autoimmune disease. Arthritis Res Ther 2013; 15 Suppl 1:S1. 

30. Mauri C, Bosma A. Immune regulatory function of B cells. Annu Rev Immunol 2012; 

30:221-41. 

31. Carter NA, Vasconcellos R, Rosser EC, Tulone C, Munoz-Suano A, Kamanaka M, et 

al. Mice lacking endogenous IL-10-producing regulatory B cells develop exacerbated 

disease and present with an increased frequency of Th1/Th17 but a decrease in 

regulatory T cells. J Immunol 2011; 186:5569-79. 

32. Aranzamendi C, Sofronic-Milosavljevic L, Pinelli E. Helminths: Immunoregulation and 

Inflammatory Diseases-Which Side Are Trichinella spp. and Toxocara spp. on? J 

Parasitol Res 2013; 2013:329438. 

33. Tang H, Ming Z, Liu R, Xiong T, Grevelding CG, Dong H, et al. Development of adult 

worms and granulomatous pathology are collectively regulated by T- and B-cells in 

mice infected with Schistosoma japonicum. PLoS ONE 2013; 8:e54432. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

34. van der Vlugt LE, Labuda LA, Ozir-Fazalalikhan A, Lievers E, Gloudemans AK, Liu 

KY, et al. Schistosomes induce regulatory features in human and mouse CD1d(hi) B 

cells: inhibition of allergic inflammation by IL-10 and regulatory T cells. PLoS ONE 

2012; 7:e30883. 

35. Hussaarts L, van der Vlugt LE, Yazdanbakhsh M, Smits HH. Regulatory B-cell 

induction by helminths: implications for allergic disease. J Allergy Clin Immunol 2011; 

128:733-9. 

36. Inglis J, Criado G, Medghalchi M, Andrews M, Sandison A, Feldmann M, et al. 

Collagen-induced arthritis in C57BL/6 mice is associated with a robust and sustained T-

cell response to type II collagen. Arthritis Research & Therapy 2007; 9:R113. 

37. Marshall FA, Grierson AM, Garside P, Harnett W, Harnett MM. ES-62, an 

immunomodulator secreted by filarial nematodes, suppresses clonal expansion and 

modifies effector function of heterologous antigen-specific T cells in vivo. J Immunol 

2005; 175:5817-26. 

38. Rzepecka J, Siebeke I, Coltherd JC, Kean DE, Steiger CN, Al-Riyami L, et al. The 

helminth product, ES-62, protects against airway inflammation by resetting the Th cell 

phenotype. Int J Parasitol 2013. 

39. van Amelsfort JM, van Roon JA, Noordegraaf M, Jacobs KM, Bijlsma JW, Lafeber FP, 

et al. Proinflammatory mediator-induced reversal of CD4+,CD25+ regulatory T cell-

mediated suppression in rheumatoid arthritis. Arthritis Rheum 2007; 56:732-42. 

40. Maseda D, Candando KM, Smith SH, Kalampokis I, Weaver CT, Plevy SE, et al. 

Peritoneal Cavity Regulatory B Cells (B10 Cells) Modulate IFN-gamma+CD4+ T Cell 

Numbers during Colitis Development in Mice. J Immunol 2013; 191:2780-95. 

41. Yoshizaki A, Miyagaki T, DiLillo DJ, Matsushita T, Horikawa M, Kountikov EI, et al. 

Regulatory B cells control T-cell autoimmunity through IL-21-dependent cognate 

interactions. Nature 2012; 491:264-8. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

42. Teichmann LL, Kashgarian M, Weaver CT, Roers A, Muller W, Shlomchik MJ. B cell-

derived IL-10 does not regulate spontaneous systemic autoimmunity in MRL.Fas(lpr) 

mice. J Immunol 2012; 188:678-85. 

43. Flores-Borja F, Bosma A, Ng D, Reddy V, Ehrenstein MR, Isenberg DA, et al. 

CD19+CD24hiCD38hi B cells maintain regulatory T cells while limiting TH1 and 

TH17 differentiation. Sci Transl Med 2013; 5:173ra23. 

44. Houston K, Wilson EH, Eyres L, Brombacher F, Harnett MM, Alexander J, et al. The 

presence of phosphorylcholine on a filarial nematode protein influences the IgG 

subclass response to a molecule and by a mechanism dependent on IL-10. Infect 

Immunity 2000; 68:5466-8. 

45. Whelan M, Harnett MM, Houston KM, Patel V, Harnett W, Rigley KP. A filarial 

nematode-secreted product signals dendritic cells to acquire a phenotype that drives 

development of Th2 cells. J Immunol 2000; 164:6453-60. 

46. Goodridge HS, Wilson EH, Harnett W, Campbell CC, Harnett MM, Liew FY. 

Modulation of macrophage cytokine production by ES-62, a secreted product of the 

filarial nematode Acanthocheilonema viteae. J Immunol 2001; 167:940-5. 

47. Blair PA, Norena LY, Flores-Borja F, Rawlings DJ, Isenberg DA, Ehrenstein MR, et al. 

CD19(+)CD24(hi)CD38(hi) B cells exhibit regulatory capacity in healthy individuals 

but are functionally impaired in systemic Lupus Erythematosus patients. Immunity 

2010; 32:129-40. 

48. Doreau A, Belot A, Bastid J, Riche B, Trescol-Biemont MC, Ranchin B, et al. 

Interleukin 17 acts in synergy with B cell-activating factor to influence B cell biology 

and the pathophysiology of systemic lupus erythematosus. Nat Immunol 2009; 10:778-

85. 

49. Hsu HC, Yang P, Wang J, Wu Q, Myers R, Chen J, et al. Interleukin 17-producing T 

helper cells and interleukin 17 orchestrate autoreactive germinal center development in 

autoimmune BXD2 mice. Nat Immunol 2008; 9:166-75. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

50. Chacon-Salinas R, Limon-Flores AY, Chavez-Blanco AD, Gonzalez-Estrada A, Ullrich 

SE. Mast cell-derived IL-10 suppresses germinal center formation by affecting T 

follicular helper cell function. J Immunol 2011; 186:25-31. 

51. Good-Jacobson KL, Song E, Anderson S, Sharpe AH, Shlomchik MJ. CD80 expression 

on B cells regulates murine T follicular helper development, germinal center B cell 

survival, and plasma cell generation. J Immunol 2012; 188:4217-25. 

52. Tellander AC, Pettersson U, Runstrom A, Andersson M, Michaelsson E. Interference 

with CD28, CD80, CD86 or CD152 in collagen-induced arthritis. Limited role of IFN-

gamma in anti-B7-mediated suppression of disease. J Autoimmun 2001; 17:39-50. 

53. Boeglin E, Smulski CR, Brun S, Milosevic S, Schneider P, Fournel S. Toll-like receptor 

agonists synergize with CD40L to induce either proliferation or plasma cell 

differentiation of mouse B cells. PLoS ONE 2011; 6:e25542. 

54. Abdollahi-Roodsaz S, van de Loo FA, van den Berg WB. Trapped in a vicious loop: 

Toll-like receptors sustain the spontaneous cytokine production by rheumatoid 

synovium. Arthritis Res Ther 2011; 13:105. 

55. Goh FG, Midwood KS. Intrinsic danger: activation of Toll-like receptors in rheumatoid 

arthritis. Rheumatology (Oxford) 2012; 51:7-23. 

 

 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by cop

 

pyright. All rights reserved. 

  



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by cop

 

pyright. All rights reserved. 

  



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by cop

 

pyright. All rights reserved. 

  



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by cop

 

pyright. All rights reserved. 

  



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by cop

 

pyright. All rights reserved. 

  



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by coppyright. All rights reserved. 

 


