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Abstract

B lymphocytes play a central role in host immunity. They orchestrate humoral immune responses 

that modulate activities of other immune cells and produce neutralizing antibodies that confer 

lasting immunity to infectious diseases including smallpox, measles and poliomyelitis. In addition 

to these traditional functions is the recent recognition that B cells also play critical role in 

maintaining peripheral tolerance and suppressing the development or severity of autoimmune 

diseases. Their immune suppressive function is attributed to relatively rare populations of 

regulatory B cells (Bregs) that produce anti-inflammatory cytokines including interleukin 10 

(IL-10), IL-35 and transforming growth factor-β. The IL-35-producing B cell (i35-Breg) is the 

newest Breg subset described. i35-Bregs suppress central nervous system autoimmune diseases by 

inducing infectious tolerance whereby conventional B cells acquire regulatory functions that 

suppress pathogenic Th17 responses. In this review, we discuss immunobiology of i35-Breg cell, 

i35-Breg therapies for autoimmune diseases and potential therapeutic strategies for depleting i35-

Bregs that suppress immune responses against pathogens and tumor cells.
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Introduction

The immune system has developed multiple layers of defense against existing and emerging 

pathogens and these proinflammatory strategies are counterbalanced by an equally elaborate 

network of regulatory mechanisms that restrain exuberant effector immune responses that 

cause pathogenic autoimmunity. The proinflammatory effector branch of the immune system 

is orchestrated by T-helper cells (Th1, Th2, Th9, Th17, TFH) and myeloid cells 

(macrophages, monocytes, neutrophils, dendritic cells, eosinophils) that secrete 
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inflammatory cytokines (IFN-γ, TNF-α, IL-2, IL-4, IL-17, IL-12, IL-23), chemokines, 

histamine, bradykinin, prostaglandins or leukotrienes. On the other hand, countervailing 

suppressive responses that check effector responses are mediated in part by myeloid-derived 

suppressor cells, immune-suppressing dendritic cells and macrophages. However, 

specialized regulatory lymphocytes are most critical for suppressing the expansion and 

functions of pathogenic T cells that cause autoimmune diseases. Thus, susceptibility or 

resistance to systemic or organ-specific autoimmune diseases requires a healthy balance 

between responses induced by effector and regulatory arms of the immune system.

Research by Gershon, Kondo, Nishizuka and Sakakura half a century ago laid the 

foundation to our understanding of the role lymphocytes play in immune suppression and 

led to the widely accepted notion that immune tolerance to a pathogen is transferable to 

another mouse or human [1–4]. A quarter century later, Sakaguchi et al. described the CD4+ 

CD25+ Foxp3+ naturally occurring thymic-derived regulatory T cell (nTreg) population that 

mediates suppression through production of IL-10 [5]. The development of a simple, rapid 

and reliable assay for the in vitro measurement of suppressor activity by Thornton and 

Shevach eventually led to the confirmation that CD4+ CD25+ Tregs do indeed exist in 

humans [6–9]. Other Treg subsets, generically referred to as peripherally induced Tregs 

(iTregs), were soon described and these include the Tr1 subset (CD4+ CD25− Foxp3−) that 

inhibits T cell responses through IL-10 and inhibitory receptors (CTLA-4, PD-1) and Th3 

cells (CD4+ CD25+ Foxp3+) that produce transforming growth factor-β (TGF-β) [10,11]. 

The newest iTreg member described in 2010 suppresses inflammation via production of 

IL-35 (iTR35), an immune-suppressive cytokine of the IL-12 family [12].

Evidence that B cells may also suppress inflammation was provided as early as 1968 in a 

report showing that adoptive transfer of spleen cells from hyperimmunized mice inhibited 

antigen-specific immune responses but at that time the suppression of inflammation was 

proposed to be mediated through production of inhibitory antibodies [13]. Subsequent 

studies revealed that the B cells induce differentiation of Treg cells that mediated tolerance 

to the antigen in the recipient mice [14–16]. Existence of regulatory B cells (Bregs) that 

produce immune-suppressive cytokines including IL-10, IL-35 and TGF-β in mice is now 

widely accepted [17,18]. Although studies that established the critical roles of Bregs in 

regulating inflammation and autoimmune diseases came from mouse models of autoimmune 

diseases, studies of several human autoimmune diseases have revealed numerical and 

functional Breg defects in SLE, RA, MS, and psoriasis indicating importance of Breg cells 

in the context of human immunity [19–21]. An aberrant increase in human Bregs has also 

been implicated in other immune-related pathologies, such as, cancers, and chronic 

infections, underscoring the role in health and disease. However, because of the limited 

number of human i35-Breg studies, our focus will be on mouse Breg studies [22–24]. 

Although our focus will be on i35-Breg cells, we begin by providing a brief overview of the 

various Breg subtypes and their development before highlighting unique features that make 

i35-Bregs an attractive Breg subtype for immunotherapy against autoimmune and 

neurodegenerative diseases.
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Breg Subsets

Breg cells comprise 1%–3% of B cells in the mouse spleen with smaller numbers in the 

blood, lymph nodes, Peyer’s patches, intestinal tissues and peritoneal cavity and their 

numbers increase significantly during autoimmune and infectious diseases in humans and 

mice. They derive from cells at all B-cell developmental stages including marginal zone 

(MZ) (CD19+ CD21hiCD23−CD24hiIgMhiIgDloCD1dhi), transitional 2-MZ precursor (T2-

MZP) (CD19+ CD21-hiCD23hiCD24hi IgMhiIgDhiCD1dhi, B10 (CD19hiCD1dhiCD5+) cells, 

B-1a (CD19+ CD5+), plasmablasts (CD138+ CD44hi) and plasma cells (CD138-hiIgM+TACI
+CXCR4+CD1dhiTim1int). However, the developmental origin of Breg cells is unknown and 

it is also not known whether Bregs are a dedicated B-cell lineage with a master transcription 

factor that specifies its gene expression program, akin to the nTreg lineage. However, it is of 

note that activated follicular, MZP and MZ B cells migrate to regional draining lymph nodes 

(dLN) where they acquire regulatory functions through interactions with myeloid cells that 

secrete immune-regulatory cytokines, suggesting that Bregs might resemble iTreg cells that 

acquire regulatory functions during inflammation in response to anti-inflammatory cytokines 

in the dLN [25,26]. It is, however, of note that for ex vivo development of Breg cells, pre-

activation of the B cells by Toll-like receptor (TLR) agonist, CD40 ligand (CD40L) or B-cell 

receptor (BCR) signals is not sufficient. Efficient generation of significant numbers of Bregs 

requires the addition of inflammatory cytokines and phenotypic diversity of the various Breg 

subsets is thought to derive in part from nature of the stimuli in the culture medium (Figure 

1).

Immunoregulatory Functions of Bregs

Regulatory role of B cells in autoimmune diseases was first suggested by reports of the 

exacerbation of inflammatory disorders in B cell-deficient mice and role of IL-10-producing 

B cells (i10-Bregs) was subsequently established by the development of severe experimental 

allergic encephalomyelitis (EAE) in mice with targeted deletion of il10 in B cells [27–29]. 

Adoptive transfer of MZP i10-Breg cells suppressed arthritis or SLE-like disease in mice 

and human MZP i10-Breg cells were found to be functionally impaired in SLE patients, 

providing additional evidence of immune-suppressive function of i10-Breg cells [20,30,31]. 

Suppression of inflammation by the i10-Breg cells was latter shown to correlate with 

increase of Treg cells and inhibition of the expansion of proinflammatory Th1 and Th17 

cells [32,33]. Besides MZP and MZ i10-Breg cells, other B-cell types also suppress 

inflammation through IL-10-dependent and independent mechanisms [34–36]. To 

distinguish i10-Breg that utilize IL-10-dependent from IL-10-independent mechanisms, B 

cells that exclusively mediate immune regulatory functions though IL-10-dependent 

mechanisms are denoted as B10 cells; they are characterized by CD1d+ CD5+ 

immunophenotype and considered to be the most abundant Breg cells in the spleen and [34–

37].

Other Breg Subsets

Increasing number of B cells that exhibit regulatory functions continue to be identified and 

characterized by the cell surface markers they express or mechanisms by which they 
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suppress inflammation. Among these are: human and mouse Breg cells that express the T-

cell Ig mucin domain-1 (TIM-1) transmembrane glycoprotein [38]; Bregs that suppress 

inflammation by IL-10 independent mechanisms include PD-L1hi Bregs [39]; plasma cells 

signaling through TGF-β receptor [40] and CD73+ adenosine producing Breg cells [41]. 

Although splenic B10 cells, MZP and MZ Breg cells suppress autoimmune diseases, it was 

not known whether B cells at later stages of development could also acquire the capacity to 

produce IL-10 and suppress inflammation in vivo. That B cells could differentiate into 

IL-10-producing CD138+ plasmablasts provided evidence that B cells at most stages of 

development can acquire Breg functions [25,42]. In 2014, a novel Breg subset corresponding 

to B220loCD19+ CD5+ or CD138hiTACI+ CXCR4+ CD1dintTim1int plasma cells was 

described and shown to suppress CNS inflammation in mice through production of IL-35 

and IL-10 [43,44].

Discovery of IL-35-Producing Breg Cell (i35-Breg)

Collison et al. showed that IL-35-producing Treg cells (iTR35) suppressed colitis in the 

mouse, spurring interest in whether Breg cells can also produce IL-35 [45]. Two groups 

using two complementary approaches simultaneously provided evidence that IL-35-

producing cells play critical role in immunity during autoimmune diseases [43,44]. Wang et 
al. induced experimental autoimmune uveitis (EAU), treated the mice with mouse 

recombinant IL-35 (rIL-35) and suppression of uveitis was found to correlate with the 

expansion of B cells secreting IL-10 and IL-35 (i35-Bregs) [43]. In addition, transfer of ex 
vivo generated i35-Breg suppressed EAU but not in mice that do not respond to IL-35 signal 

(IL12Rβ2−/−) [43]. On the other hand, Shen et al. showed that mice with B-cell-restricted 

deficiency in IL-p35 (p35−/−) or EBI3 (Ebi3−/−) developed exacerbated experimental 

autoimmune encephalomyelitis (EAE) [44]. Together these studies indicate that B cells limit 

pathogenesis of EAU or EAE through provision of IL-35.

Immunobiology of IL-35 and IL-12 Family Cytokines

IL-35 is a member of the IL-12 family and IL-12 cytokines have emerged as important 

regulators of host immunity [46]. During Ag-priming, lymphocytes differentiate into pro-

inflammatory or immune-suppressive subsets and IL-12 family cytokines play critical roles 

in lymphocyte developmental decisions that determine the relative abundance of lymphocyte 

subsets that participate in the ensuing immune response. The family comprises IL-12 

(IL12p35/IL12p40), IL-23 (IL23p19/IL12p40), IL-27 (IL27p28/Ebi3), IL-35 (IL12p35/

Ebi3) and IL-39 (IL23p19/Ebi3) [46–48]. Each member is composed of an α-subunit with a 

helical structure similar to type 1 cytokine, IL-6, and a β-subunit structurally related to the 

soluble IL-6 receptor (IL-6Rα). Thus, each IL-12 family cytokine is in essence a 

heterodimer that comprises a cytokine and a cytokine receptor. IL-12 cytokines signal by 

activating the Janus kinase/signal transducer and activator of transcription (JAK–STAT) 

pathway, and each IL-12 member binds to its cognate heterodimeric receptors, with IL-12 

signaling through IL12Rβ1/ IL12Rβ2, IL-23 via IL12Rβ1/IL23R and IL-27 through gp130/

IL27Rα (WSX-1) [46]. In T cells, IL-35 is thought to signal through IL12Rβ2/lL12Rβ2, 

IL12Rβ2/gp130, and gp130/gp130, whereas in B cells, IL-35 signals via IL-12Rβ2/IL27Rα 
[43,49]. Upon binding to cognate receptors (IL12Rβ1, IL12Rβ2, IL23R, IL27Rα, or 
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gp130), receptor-associated Janus kinases (Jak1, Jak2, Tyk2) are activated, providing 

phosphortyrosine-docking sites that recruit specific members of the STAT transcription 

factors. IL-12 mediates signaling via pSTAT4, IL-23 via pSTAT3 and pSTAT4, IL-27 

through pSTAT1 and pSTAT3. IL-35 utilizes pSTAT1/pSTAT4 in T cells and pSTAT1/ 

pSTAT3 in B cells [43,49]. The pro-inflammatory members are IL-12, IL-23 and IL-39, 

while IL-27 and IL-35 are considered the immune suppressive members. Published reports 

suggest that during Ag-priming, microenvironment of lymph nodes containing elevated 

levels of dendritic cells producing IL-12 and/or IL-23 skew naïve T-cell differentiation 

toward proinflammatory Th1 or Th17 developmental pathway, respectively [50,51]. On the 

other hand, intense inflammation elicits recruitment of dendritic cells and other antigen 

presenting cells that produce IL-35 and/or IL-27, thereby promoting the differentiation of 

regulatory lymphocytes that curtail exuberant immune responses that cause autoimmune 

disease [47]. In contrast to IL-12 and IL-23, the α and β chains of IL-27 or IL-35 are not 

covalently linked and it is assumed that the IL12p35, IL27p28 and Ebi3 subunits are 

independently secreted and form IL12p35:Ebi3 and IL27p28:Ebi3 heterodimers in vivo 
during the inflammatory response. Understanding of the mechanisms that regulate stability 

of these heterodimeric cytokines in vivo has remained elusive.

IL-35 Signaling Pathways in B Cells

How IL-35 interacts with its cognate receptor and orchestrates downstream signaling 

pathways that mediate its biological effects is poorly understood. In the absence of X-ray 

crystallographic data for any of the IL-12 family cytokines, predictions of IL-35 

extracellular signaling complex have mostly been inferred from the “site 1–2–3” 

architectural paradigm proposed for IL-6 and this model is based on hexameric structure and 

assembly of the IL-6/IL-6Rα/gp130 complex [52]. Structural models of cytokine-receptor 

complexes formed by IL-12 cytokines predict that “site 1” might mediate interaction 

between the four-helix bundle of the α-chain (p19, p28, p35) and the β-chain (Ebi3, p40). 

The nature of the interactions of various combinations of α/β subunits with sites 2 and 3 

regions is thought to activate divergent signaling pathways, which underlie unique 

physiological effects of each IL-12 family cytokine [46]. However, applying the site 1–2–3 

paradigm to the understanding of signaling upstream or downstream of the IL-35 receptor is 

confounded by the fact that IL-6 is a monomer, while IL-35 is a heterodimeric cytokine. In 

addition, while IL-6 signaling is mediated by classic IL-6 activation via membrane-bound 

IL-6 receptors (IL-6R) and gp130, IL-6 also utilizes an alternative signaling pathway (IL-6 

trans-signaling) involving soluble IL-6R (sIL-6R) with the association of the IL6/sIL-6R 

complex with gp130 bypassing the requirement of IL-6Rα [53,54]. It is therefore notable 

that a recent report identified a membrane-bound IL-12p35 (mIL-12p35) on tumor cells and 

another revealing an Ebi3-mediated IL-6like trans-signaling pathway, raising the possibility 

that IL-12p35 might utilize mIL-12p35/Ebi3/gp130 trans-signaling mechanisms independent 

of heterodimeric IL-35 [55,56]. As noted above, IL-35 activates STAT1 and STAT3 in B 

cells via heterodimeric receptors comprising of IL-12Rβ2 and IL-27Rα (Figure 2(a)) [43]. 

However, additional studies are required to understand why in CD4+ T cells, IL-35 signals 

through heterodimeric receptor chains IL12Rβ2 and gp130 as well as unconventional 

receptor complexes comprised of IL-12Rβ2/IL-12Rβ2 or gp130/gp130 homodimers [49]. It 
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is therefore intriguing that gp130 homodimerization as a functional signaling receptor has 

only been observed in viral IL6 signaling or during IL-6 trans-signaling via IL-6: 

IL6R:gp130 complexes [57,58]. However, similar to B cells, viral IL-6 activates STAT1 and 

STAT3, while STAT1 and STAT4 are activated by IL-35 in T cells (Figure 2(b)) [59,60]. 

Nevertheless, it is still unclear whether the differential receptor and STAT utilization in 

response to IL-35 signaling derives from intrinsic differences between IL-35 signaling 

mechanisms of T and B cells or due to differences in the quality of the IL-35 preparations 

used by various labs.

Regulation of i35-Breg Development and Functions during Inflammation

Inflammatory cytokines produced by gut microbiota promote the differentiation of Breg 

cells while the treatment of mice with antibiotics decreases Breg numbers, suggesting that 

cytokines may play important roles in regulating the development and/or expansion of Breg 

cells [61]. However, chronic exposure of B cells to elevated levels of proinflammatory 

cytokines substantially reduces numbers of functional Bregs in autoimmune disease patients 

[62]. Additionally, mice challenged with pathogens that induce IFNs activate effector B cells 

that produce IFN-γ or induce rapid accumulation of effector B cells at sites of inflammation 

[63,64]. These studies suggest that proinflammatory cytokines antagonize Breg 

development. The seminal work leading to discovery of i35-Bregs by Wang et al. was 

derived from studies to determine whether immune-suppressive cytokines have diametrically 

opposite effects from proinflammatory cytokines. As noted above, they induced uveitis in 

mice and demonstrated that treatment of the mice with rIL-35 ameliorated uveitis by 

inducing the expansion of i35-Breg cells [43,65]. Another report indicated that rIL-35 could 

induce the expansion of i35-Breg cells in vitro if the B cells are pre-activated with TLR 

agonists, anti-CD40 or BCR. These and other studies established that elevated levels of 

immune-suppressive cytokine such as IL-35 in the lymph nodes during priming of naïve B 

cells might serve as physiological signals for the differentiation and expansion i35-Bregs. 

However, major cell types that produce IL-35 in vivo and mechanisms that regulate IL-35 

production by B cells are poorly understood. Thus, while CD4+ T cells and myeloid cells are 

the dominant cells recruited into the retina during ocular inflammation [66,67], analysis of 

the blood, draining LNs, and spleen of mice with EAU revealed ∼7-fold increase of IL-10-

producing Bregs compared to Tregs or IL-10-secreting myeloid cells [68]. The level of 

IL-35-expressing Bregs was even higher with significant proportion of the Bregs producing 

both IL-10 and IL-35 [68]. Analysis of IL-35-stimulated B cells by EMSA and ChIP assays 

revealed that transcription of il12a and ebi3 require IL-35-induced activation of BATF-IRF4-

IRF8 complex, and B cells that do not express high levels of IRF4 and IRF8 transcription 

factors do not efficiently secrete IL-10. These observations indicate that co-recruitment of 

IRF4 and IRF8 to immune suppressive genetic loci of B cells may be required for 

differentiation to Bregs that produce IL-10 and IL-35 [68].

i35-Bregs in Immune-Related Disease

Reduced numbers and functional defects of Bregs correlate with disease severity in several 

autoimmune diseases including multiple sclerosis, rheumatoid arthritis and systemic lupus 

erythematosus [19–21,29,69]. These observations are consistent with results from animal 
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models of uveitis and MS showing that mice deficient in IL-35 develop exacerbated EAU 

and EAE [43,44]. Role of IL-35 in suppressing autoimmune diseases is further corroborated 

by studies showing that reduced levels of IL-35-producing Treg cells (iTR35) develop 

exacerbated disease in mouse models of autoimmune diseases including inflammatory bowel 

disease (IBD) [45,70,71]. In contrast to autoimmune diseases, robust immune response is 

required to clear infectious agents and cytokine-mediated immune responses play important 

role in host protection from infectious diseases. However, chronically infected individuals 

harboring asymptomatic levels of the pathogen also require peripheral immune tolerance 

mechanisms mediated by regulatory Tregs and Bregs to prevent reactivation of the virus or 

parasite. Dual role of i35-Breg cells in immunity is further illustrated by report showing that 

mice lacking functional IL-35 in B cells develop exacerbated EAE while the mice are 

resistant to infection with intracellular bacterial pathogen (Salmonella enterica serovar 

Typhimurium) [44]. In hepatitis B virus infection, it has also been suggested that IL-35 plays 

the role of modulating the balance between regulatory and effector lymphocytes with disease 

outcome depending on the stage of the disease [72]. Thus, in acute hepatitis B virus 

infection, elevated IL-35 suppresses liver inflammation and hepatocyte damage [73]; while 

in chronic hepatitis patients, persistent elevation of IL-35 levels promotes liver inflammation 

and necrosis, and inhibits liver function [74].

Similarly, IL-35 plays diametrically opposite functions in autoimmunity and cancer as i35-

Breg cells are upregulated in a number of neoplastic diseases and has been implicated in 

contributing to the progression of gastric cancer [75]. In a mouse model of breast cancer, 

Breg cells promoted lung metastasis by inducing the differentiation of conventional T cells 

to Treg cells that suppress tumor immunity [76]. Mechanistically, the acquisition of 

immune-suppressive properties by B cells in the tumor microenvironment correlates with 

upregulation of TGF-β, PD-L1, CD86, and IL-10 expression [77]. However, phenotype of 

the tumor evoked Bregs that suppress antitumor immune responses has not been fully 

characterized and understanding of factors that promote their recruitment to tumor 

microenvironment would aid in developing strategies to target them and enhance antitumor 

immunity. Besides inducing the differentiation of Treg cells that inhibit tumor-infiltrating 

anti-tumor T cells, paracrine effects of the IL-35 produced by the Bregs upregulates anti-

apoptotic and cell cycle genes that promote cell growth (survivin, FAS, Bcl-2 cyclin D1). 

IL-35 also promotes carcinogenesis by upregulating expression of inhibitory receptors (Pd1, 

Lag3, TIM1) on the anti-tumor CD4+ and CD8+ tumor-infiltrating lymphocytes and 

inducing intra-tumoral T-cell exhaustion [24].

IL-35 Therapy

Since its discovery immune suppressive functions of IL-35 has been of interest as a biologic 

for treatment of autoimmune diseases. However, its therapeutic use has been hampered by 

difficulty of isolating sufficient amounts for clinical trials. Each of its subunits, IL-12p35 

and Ebi3, are secreted independently and they associate to form the heterodimeric IL-35 

cytokine during inflammation. However, the two subunits form a weakly associated non-

covalent heterodimer that exist at extremely low concentrations in vivo, making it difficult to 

isolate the native IL-35 in vivo. Besides the instability of the IL-12p35/Ebi3 heterodimer, 

another reason very low abundance of IL-35 in vivo is that both subunit proteins must be 
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simultaneously expressed in the same cells. Synthesis of the IL-12p35 protein is the limiting 

factor for production of IL-35 as in the absence of IL-12p35 substantial amount of the 

synthesized Ebi3 is degraded in the endoplasmic reticulum, thereby contributing to low 

IL-35 levels in vivo. Thus, therapeutic use of IL-35 required genetic engineering of the 

“native” IL-35. Recombinant mouse IL-35 protein was generated using a bicistronic vector 

containing IRES (internal ribosomal entry site) that allowed stoichiometric expression of the 

Ebi3 and IL-12p35 [43,45] in HEK293T cells [45] or insect cells [43]. Despite high level 

expression of the two proteins, less than 5% of the proteins in the insect cell cultures formed 

the desired IL-35 heterodimer, with majority of the secreted proteins existing as Ebi3:Ebi3 

and IL-12p35:IL-12p35 homodimers [43]. Preferential formation of homodimers is 

attributed in part to the fact that EBI3 has 3 methionine and 4 cysteine residues, whereas 

IL-12p35 has 10 methionine and 7 cysteine residues [78]. Nonetheless, significant amounts 

of the highly purified heterodimeric rIL-35 can be generated following 2 cycles of FPLC 

chromatography on Supercryl S-200 followed by 2 cycles of fractionation on Superose-6 

columns [43,79]. Confirmation that the purified rIL-35 was indeed a heterodimer was 

established by sedimentation equilibrium ultracentrifugation [43]. The rIL-35 suppressed 

ocular inflammation in the EAU model indicating that the rIL-35 is biologically active and 

that human rIL-35 can potentially be used to treat human uveitis [43]. In EAU, the rIL-35 

suppressed disease by inhibiting Th17 and Th1 cells that mediate the disease and inducing 

the expansion of i35-Breg cells [43]. Although rIL-35 produced as IL-12p35-Ebi3 fusion 

protein also exhibits immune suppressive functions in vitro, compared to the “native” 

heterodimeric rIL-35, it is less effective in suppressing disease (unpublished data).

i35-Breg Therapy

Major impediment to i35-Breg therapy is the relatively low levels of i35-Bregs and technical 

difficulties associated with isolating large quantities of i35-Breg cells. Approximately 8% of 

the Bregs in the spleen of mice injected with LPS or rIL-35 produce both IL-10 and re-

stimulation of the cells in vitro with rIL-35 increases their percentage to ~35% with ~18% of 

the cells co-producing IL-10 and IL-35 [43]. However, prolonged propagation of the cells in 

culture leads to progressive loss of Breg cells co-producing IL-10 and IL-35 and expansion 

of Bregs exclusively producing IL-35. This suggests that B cells that co-produce IL-10 and 

IL-35 (i35-Breg) or those that exclusively produce IL-10 or IL-35 overlap and may represent 

Breg subsets at different stages of differentiation or development. It is, however, unclear 

whether IL-35 directly induces the differentiation of B cells into i35-Bregs or merely 

expands a rare i35-Breg population. Nonetheless, in vitro culture conditions for generating 

mouse or human i35-Breg cells include stimulation with anti-CD40, BCR agonist (anti-IgM 

+ anti-CD40), or TLR agonist (LPS, CpG) and the agonists can be supplemented with 

cytokines (BAFF, APRIL, IL-2, IL-15, IL-35). For treatment of mice with EAU, EAE or 

other organ-specific autoimmune diseases, the i35-Breg therapy cells can be initiated 5 days 

after disease induction and in most cases disease suppression often correlate with inhibition 

of proinflammatory Th17 and Th1 responses. The i35-Breg cells also suppress disease by 

promoting infectious tolerance by transferring suppressive function onto a conventional T- 

and B-cell populations.
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Adaptive Plasticity of i35-Bregs

Adoptive transfer studies using CD45.1+ and CD45.2+ congenic mice have been used to 

trace the fate i35-Bregs during inflammation. In the EAU model, CD45.2+ i35-Bregs were 

adoptively transferred to CD45.1+ mice with EAU and the CD45.2+ B cells were found to 

proliferate in tissues of the recipient CD45.1+ mice. In addition, the CD45.1+ mice 

contained not only CD45.1+ and CD45.2+ B cells co-expressing IL-10 and IL-35 (i35-

Bregs) but the mice also contained Breg cells exclusively producing IL-10 or IL-35, 

suggesting that in vivo i35-Bregs might comprise of functionally distinct subsets of Breg 

cells at different stages of B-cell development [43]. It is notable that while IL-10 or IL-35 

can suppress the proliferation of conventional B cells in vitro, only IL-35 induces the 

expansion of IL-10 and/or IL-35-producing Bregs [43]. This suggests that IL-10-producing 

B cells may function to suppress inflammatory lymphocytes and orchestrate peripheral 

tolerance mechanisms while i35-Bregs may serve to induce infectious tolerance mechanisms 

that expand the pool of Breg cells required to suppress inflammation in vivo.

Emerging i35-Breg Therapies

Although administration of autologous i35-Breg has promise as a potentially effective 

immunotherapy for CNS autoimmune and neurodegenerative diseases, some challenges 

must be overcome before it can be brought to the clinic. A major limitation of i35-Breg 

therapy is the issue of dosing as biologically active IL-35 is a weakly associated (non-

covalent) heterodimer of IL12p35 and Ebi3 that readily dissociate, making it difficult to 

ascertain the bioavailability of the IL-35 secreted by i35-Breg. A second obstacle pertinent 

to CNS diseases is that trafficking of cells, including lymphocytes, to the brain, retina or 

spinal cord is highly restricted by the blood–brain barrier (BBB) and blood–ocular barrier 

(BOB). Thus, entry of Bregs into the CNS must be preceded by proinflammatory Th17 and 

CD8+ T cells that initiate breakdown of the BBB or BOB through perforin-mediated 

disruption of tight junctions. Resolving these issues are important to effective i35-Breg 

immunotherapy. We describe below alternative approaches that therapeutically exploit the 

immunoregulatory functions of IL-35 and its subunits (Figure 3).

i35-Breg-Exosome therapy

The BBB and the BOB limit the size of vehicles for delivering compounds into the brain or 

the retina and is a major impediment to use of cell therapy in treatment of 

neuroinflammatory diseases. Exosomes are 30- to 150-nm nanosized extracellular vesicles 

shed by almost all cell types, they are enriched in bioactive molecules and exosomes from 

immune cells modulate immune responses that regulate the development or suppression of 

autoimmune diseases. Exosomes readily penetrate the BBB or BOB and have highly 

desirable qualities as drug delivery vehicles into CNS tissues [80,81]. They exhibit minimal 

toxicity or immunogenicity and are therefore ideal natural nanocarriers that for delivering 

biologics to CNS tissues as treatment for neurogenerative and CNS autoimmune diseases. A 

recent report demonstrating that i35-Bregs release exosomes that contain IL-35 (i35-

Exosomes) indicates that i35-Exosomes can be exploited for delivery of IL-35 into the CNS. 

In fact, mice treated with i35-Exosomes were protected from developing severe uveitis and 
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disease protection correlated with expansion of IL-10 and IL-35 secreting Treg cells with 

concomitant suppression of Th17 responses (Figure 3(a)) [82]. i35-Exosome therapy has 

several important advantages over i35-Breg therapy: (i) The ease of isolating large amounts 

of i35-Exosomes circumvents the technically difficult and labor-intensive effort entailed in 

producing sufficient amounts of i35-Bregs for therapeutic use The authors showed that 3 

days after injection of mice with anti-CD40/anti-IgM, as much as 1 mg exosomes (~32 × 

1010/ml) can be isolated from a mouse of which 1 × 1010 i35-exosomes contained 15 μg 

IL-35 [82]; (ii) i35-exosomes containing IL12p35/Ebi3 heterodimers are compartmentalized 

in a vesicle obviating the dosing issue of ascertaining the precise amount of bioactive IL-35 

delivered to the subject; (iii) although exosomes have been shown to express 

immunostimulatory markers including MHC-II [83,84], they appear to exhibit low 

immunogenic potential in the immune privileged environment of the neuroretina as stem cell 

or astrocyte derived exosomes have been used to inhibit laser-induced choroidal 

neovascularization or uveoretinitis [85–87]. If indeed exosomes delivered in the retina are 

not allogeneic, delivery of IL-35 to CNS tissues with exosomes would allay the concerns of 

HLA mismatched i35-Breg cell therapy that might be rejected or induce graft-versus-host-

like disease in the recipient. Moreover, as exosomes are non-cellular particles, they have an 

advantage over cell immunotherapy since they would be refractory to effects of cytokines 

[88,89]. However, there has been limited research on the latent effects of exosomes loaded 

with exogenous functional cargoes in eye diseases, and additional studies are needed to 

develop such therapies in ophthalmology. It is also notable that Bregs that are used for 

immunotherapy in mouse models of IBD and arthritis as well as in EAE or EAU are 

generally elicited with the immunogen used for disease induction. However, it has not been 

rigorously investigated whether these Bregs act in antigen-dependent manner or if Bregs that 

suppress arthritis can also suppress EAE. This is not an issue with i35-exosome therapy 

because as nanocarriers merely functioning as IL-35 delivery vehicles, they can be used to 

treat diverse inflammatory disease. Taken together, absence of toxicity or alloreactivity 

makes i35-Exosomes an attractive therapeutic option for delivering IL-35 into CNS tissues.

IL-35 subunit therapy

Producing sufficient quantities of the functional IL-35 heterodimeric cytokine is challenging, 

is very labor intensive, and has been a major obstacle to ex vivo production of large-scale 

i35-Bregs for therapy. This led to interest to investigate whether single-chain IL-12p35 or 

Ebi3 might also possesses intrinsic immune-regulatory activities that could be exploited 

therapeutically. This led to realization of IL-12p35 subunit possesses immunoregulatory 

properties hitherto attributed to IL-35. It suppresses lymphocyte proliferation, antagonizes 

pathogenic Th17 responses and the suppression of inflammation correlated with increase of 

Breg cells (Figure 3(b)) [23,79]. However, these immune suppressive effects were not 

observed in IL-12Rβ2 deficient mice, suggesting that its anti-inflammatory effects require 

signals downstream of the IL-12Rβ2. Surprisingly, IL-12p35 does not activate STAT1 or 

STAT3 pathway but inhibits these STAT pathway and cell-cycle regulatory proteins, 

suggesting that it antagonizes signals downstream of the IL-35 receptor [23]. The Ebi3 

subunit exerts a more potent growth inhibitory effect than IL-12p35, and unlike IL-12p35, it 

does induce expression of IL-10 or IL-35, suggesting that inhibition of T lymphocyte 

proliferation by IL-35 derives in part from synergistic effects of IL-12p35 and Ebi3, while 
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transcriptional activation of Il10, Il12a, and ebi3 mainly requires IL12p35 [79]. Studies of 

the individual IL-35 subunit proteins thus show that IL-12p35 and Ebi3 may exert distinct 

and overlapping effects that can be exploited therapeutically.

i35-Breg depletion therapy

Modulating IL-35 levels or depleting i35-Bregs is a therapeutic approach that can be 

beneficial in chronic bacterial/parasitic infections and cancer, which require robust 

proinflammatory response to eliminate or neutralize the pathogen or tumor cells. Despite the 

obvious appeal of Breg depletion therapy in these diseases, Breg depletion therapy may also 

render the patient susceptible to autoinflammatory or autoimmune diseases. Moreover, the 

lack of Breg-specific markers may lead to off-target effects resulting indiscriminate 

depletion of effector B cells that mediate sterile immunity to pathogens and promote anti-

tumor immunity (Figure 3(c)). Recent reports show that unlike conventional effector B cells, 

Breg cells including i35-Bregs exhibit enhanced expression of the inhibitory receptors Lag3, 

PD-L1, and PD-L2 that can be exploited to selectively deplete i35-Breg cells or suppress 

their capacity to induce T-cell exhaustion [22–24]. Observation that the IL-12p35 subunit 

antagonizes IL-35 signaling pathway downstream of the IL-12Rβ2 also provides another 

strategy to selectively inhibit activity of i35-Bregs.

Conclusion Perspective

Discovery of i35-Breg cell expands the growing number of regulatory B-cell types and 

indicates that additional Breg with unique cytokine expression profiles would be identified 

in the future. Despite the relatively low abundance of i35-Breg cells in PBMCs or the mouse 

spleen, their numbers increase dramatically during inflammatory disease, and they have the 

distinctive capacity of inducing infectious tolerance and thus amplify the repertoire of 

regulatory B and T cells that confer protection against autoimmune diseases. Although the 

role and phenotypes of IL-10-producing Breg cells have been extensively studied, the 

number of studies of i35-Bregs in mouse models of human disease is limited, and by 

necessity in this review, we concentrated the induction and role of i35-Breg in mouse models 

of CNS autoimmune diseases. The take-home message from studies of the immunobiology 

of i35-Bregs and their roles in the EAU, the mouse model of human uveitis and EAE, mouse 

model of multiple sclerosis are as follows: (i) Compared to Tregs or IL-10-secreting myeloid 

cells, Bregs are the major producers of IL-35 in the blood, draining LNs and spleen of mice 

with EAU and most of the Bregs produced both IL-10 and IL-35. (ii) IL-35 signal 

downstream of its receptor (IL12Rβ2/IL27Rα) in B cells is mediated through Jak1/Jak2 and 

STAT1/STAT3, and the production of IL-10 and IL-35 by i35-Bregs requires the recruitment 

of BATF-IRF4-IRF-8 transcription factor complex to il10, il12a and ebi3 genetic loci. (iii) 

i35-Breg represents three overlapping Bregs at different stages of differentiation or 

development and comprises cells that co-produce IL-10 and IL-35 and those that exclusively 

produce IL-10 or exclusively produce IL-35. (iv) i35-Breg cells suppress encephalomyelitis 

and uveitis in mice by inhibiting Th17 and Th1 cells that mediate EAE or EAU, inducing 

infectious tolerance that and reprogram conventional B and T lymphocytes into IL-10 and/or 

IL-35-producing cells. Dysregulated expression of IL-35 is observed in inflammatory 

autoimmune diseases, including marked reduction in primary Sjogren’s syndrome, Behçet’s 
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disease, multiple sclerosis, and type 1 diabetes while elevated in gastric cancer, hepatitis, 

myositis and systemic sclerosis. Thus, i35-Breg, IL-35 and emerging IL-35 therapies were 

discussed in this review and can be potential immunomodulatory approaches to increase or 

deplete IL-35. However, before i35-Breg or IL-35 therapy can brought to the clinic, a 

number of unresolved issues relating to the immunobiology and bioavailability of the 

enigmatic IL-35 cytokine that need to be addressed, and a few are listed below: (i) It is still a 

very daunting task to generate sufficient amounts of rIL-35 for therapeutic use or for ex vivo 
production of large amounts of i35-Bregs for clinical work. Highly purified “native” IL-35 is 

not commercially available, and this has impeded research. While IL-35 fusion proteins are 

available, they do not fully recapitulate the functions of the native IL-35. (ii) IL-35-specific 

antibodies and ELISA kits that detect both IL-12p35 and Ebi3 with high fidelity in human 

samples are not available. Analysis is confounded by the fact that IL-12 also has IL-12p35 

as one of its subunits and Ebi3 is utilized by IL-27 and IL-39. (iii) A limitation of i35-Breg 

therapy is the issue of dosing as heterodimer of IL12p35 and Ebi3 readily dissociate, making 

it difficult to ascertain the bioavailability of the IL-35 secreted by i35-Breg. Among the 

emerging IL-35 therapy is the efficacy of i35-containing exosomes that readily cross the 

brain or retina barrier and suppress uveitis and encephalitis. This may solve the problem of 

dosing, and the absence of toxicity or alloreactivity also makes i35-Exosomes an attractive 

therapeutic option for delivering IL-35 into CNS tissues. Other unresolved questions include 

the following: (iv) What factors regulate stability of IL-12p35/Ebi3 heterodimer or their 

dissociation in vivo? What are the physiological inducers of i35-Bregs? (v) What 

physiological conditions or factors induce the differentiation and expansion of i35-Breg 

cells? Are i35-Breg that produce both IL-10 and IL-35 distinct Breg subsets or merely Breg 

cells at distinct stages of B-cell development? Finally, what is the teleological explanation 

for the necessity of Breg and Treg cells and do they activate distinct regulatory mechanisms?

While it is difficult to delineate distinct or overlapping roles of Tregs and Bregs, numerical 

and functional Breg or Treg defects contributes to immune-related pathologies, suggesting 

that both cell types are required to suppress inflammation. As IL-35 mediates immune 

suppression by propagating infectious tolerance, it may well be that IL-35-producing Breg 

or Treg cells play the unique role of concurrently, and sequentially reprogramming 

conventional B and T cells to acquire regulatory function [90]. It is likely that answers to 

these questions would open exciting new avenues of research leading to the development of 

therapeutics.
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Figure 1. 
Phenotypes of mouse Breg subsets. PP, Peyer’s patch; dLN, draining lymph nodes; Intestine, 

intestinal tissues; PerC, peritoneal cavity; T2-MZP, transitional 2-marginal zone precursor; 

MZ, marginal zone.
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Figure 2. 
Interleukin 35 (IL-35) signaling pathways in B and T lymphocytes.
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Figure 3. 
Emerging i35-Breg therapies. (a) IL-35 containing exosomes (i35-Exosomes) suppress 

neuroinflammation and CNS autoimmune diseases in mice including experimental 

autoimmune encephalomyelitis (EAE) and experimental autoimmune uveitis (EAU). (b) 

IL-12p35 antagonizes pathogenic Th1 and Th17 responses and suppresses uveitis and 

encephalomyelitis in mice. (c) IL-35 produced by regulatory lymphocytes induces intra-

tumor anti-tumor CD4+ and CD8+ T cells to undergo T-cell exhaustion. Targeted i35-Breg 

depletion therapy might promote anti-tumor immunity.

Choi and Egwuagu Page 20

J Mol Biol. Author manuscript; available in PMC 2022 January 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Breg Subsets
	Immunoregulatory Functions of Bregs
	Other Breg Subsets
	Discovery of IL-35-Producing Breg Cell (i35-Breg)
	Immunobiology of IL-35 and IL-12 Family Cytokines
	IL-35 Signaling Pathways in B Cells
	Regulation of i35-Breg Development and Functions during Inflammation
	i35-Bregs in Immune-Related Disease
	IL-35 Therapy
	i35-Breg Therapy

	Adaptive Plasticity of i35-Bregs
	Emerging i35-Breg Therapies
	i35-Breg-Exosome therapy
	IL-35 subunit therapy
	i35-Breg depletion therapy

	Conclusion Perspective
	References
	Figure 1.
	Figure 2.
	Figure 3.

