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Abstract

The immune system plays an important role in obesity-induced adipose tissue (AT) inflammation
and the resultant metabolic dysfunction which can lead to hypertension, dyslipidemia, and insulin
resistance and their downstream sequelae of type Il diabetes and cardiovascular disease. While
macrophages are the most abundant immune cell type in AT, other immune cells are also present,
such as B cells, which play important roles in regulating AT inflammation. This brief review will
overview B cell subsets, describe their localization in various adipose depots and summarize our
knowledge about the function of these B cell subsets in regulating AT inflammation, obesity-
induced metabolic dysfunction and atherosclerosis.
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Introduction

Adipose Tissue (AT) provides structural support for organs, insulation to the body and
energy storage in the form of fat. Yet, AT is a complex organ, enriched not only with
adipocytes, but also containing immune cells that contribute to metabolic, endocrine, and
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immune activities (1). AT specific immune profiles and their function are profoundly
changed with obesity (2) due to activation of resident immune cells and recruitment of
additional inflammatory cells. This AT inflammation, particularly when present in visceral
AT (VAT) can lead to metabolic syndrome (MetS), a cluster of risk factors including insulin
resistance (IR) that increase the risk of cardiovascular diseases (CVD) and type 2 diabetes
(T2D), serious worldwide health threats (3,4).

Macrophages are the most abundant immune cell type in the AT of mice and humans, and
particularly the M1 phenotype, are thought to be major drivers of AT inflammation (5-8).
Yet, AT also contains other myeloid cells (dendritic cells and neutrophils) (9-11), and
lymphoid cells including T cells (11,12), and B cells (13) which can play important roles in
modulating AT inflammation. The role of macrophages and T cells in AT inflammation has
been extensively reviewed (14,15). In this review, we summarize the current knowledge on
AT B cells during steady-state and in cardiometabolic disorders.

Overview of B lymphocytes

B cells are one of the major lymphocyte populations and play important roles in both innate
and adaptive immunity through both antibody production and cytokine secretion. B cells are
primarily divided into two major classes: B-1 and B-2 cells largely based on their origin,
development, anatomic niches, and requirement of T cell help for antibody production as
illustrated in Figure 1. The molecular regulation of peripheral B cells is complex, beyond the
scope of this review and recently extensively reviewed elsewhere (16). In brief, B-1 cells are
innate-like B cells produce natural antibodies in the absence of antigen, mounting rapid T
cell-independent antibody responses against multivalent microbial antigens or pathogen
associate molecular patterns and neoantigens formed in the setting of oxidative stress or
danger associated molecular patterns. B-1 cells can be subdivided into CD5* B-1a and CD5™
B-1b subtypes (17).

B-2 cells are conventional B cells derived from progenitors in the bone marrow, ultimately
traveling to secondary lymphoid organs such as spleen and lymph nodes (LN) where they
mature, differentiating into marginal zone B cells and follicular B cells. Marginal zone B
cells reside within the splenic marginal sinus and participate in the first line defense against
blood-borne pathogens (18,19). Follicular B cells become activated by antigen stimulation
and follicular helper T cells (Tgy), undergo germinal center (GC) reactions and differentiate
into memory B cells or plasma cells. These plasma cells and memory B cells participate in
long-lived protective humoral immunity (20).

In addition to antibody mediated responses, some B cells can regulate immune responses by
secreting cytokines. When B cells secrete anti-inflammatory cytokines such as interleukin
(IL)-10, IL-35 and transforming growth factor-beta, they are termed regulatory B cells
(Bregs) (21-27). Byegs are not necessarily a different subset but they are a functionally
different phenotype derived from either B-1 or B-2 cells. Byggs Can suppress both Thl and
Th2 polarized immune cells, inhibit macrophage/dendritic cell antigen presentation, and
proinflammatory cytokine production (28). This could explain antibody independent
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immunoregulatory functions of B cells in several experimental models of infection and
autoimmunity (29-32).

Localization of B cell subsets in different AT types at homeostasis

In addition to lymphoid tissues, B cells reside in non-lymphoid organs including AT and
function to maintain homeostasis at steady state. In mice, the numbers of B-1 and B-2 cells
vary between different compartments. B-2 cells vastly outhumber B-1 cells in the spleen and
BM with the ratio of B-1 to B-2 cells in these lymphoid tissues of ~0.01:1. In contrast, the
B-1 to B-2 cell ratio is much higher in AT, with omental VAT (~0.8:1) being the highest and
nearly equivalent to that in the peritoneal cavity (~1:1). Notably perivascular AT (PVAT)
(~0.3:1), epidydimal VAT (~0.3:1) and brown AT (BAT) (~0.2:1) also have much higher B-1
to B-2 cell ratio than subcutaneous AT (SAT), spleen and bone marrow (33) (Srikakulapu P,
unpublished data), suggesting the B cell-mediated immune responses in AT may be unique
from those in spleen and bone marrow. Data on human B-1 to B-2 cell ratios in AT is much
more limited due to a less defined definition of human B-1 cells and the challenges inherent
in obtaining AT samples from visceral and perivascular depots in humans (Figure 2).

Even within the same type of AT (VAT vs SAT), immune cell numbers may vary by
anatomic location. For example, while VAT is found in various locations throughout the
body (omental, epididymal/gonadal, mesenteric, epicardial, pericardial and perivascular
(34), the abundance of B cells and the B-1 to B-2 ratio is significantly greater in the
omentum relative to other visceral depots in mice (35). Omental VAT has unique immune
functions. In humans, omental VAT is connected to the spleen, stomach, pancreas and colon,
and hangs over other abdominal organs and provides protection (36,37). However, in mice,
omental VAT is a small strip of fat anterior and slightly ventral to the stomach (38). Omental
VAT is involved in the attenuation of peritonitis, promotes surgical wound healing, promotes
vascularization, limits infection and inflammation (39). Due to these features, omental VAT
is also often called “the policeman of the abdomen” (40). Omental VAT harbors high
numbers of immune cells in the form of cell clusters called milky spots (MS) (Figure 3). MS
contains high numbers of B cells particularly innate B-1 cells and macrophages in both
humans and mice (35). In addition to residing there in high numbers, B-1 cells continuously
traffic to and from the pleural and peritoneal cavities via the omental VAT. This B-1 cell
trafficking is largely controlled by the chemokine C-X-C ligand-13 (CXCL13) produced by
resident macrophages (41). Another type of lymphoid aggregate, termed fat associated
lymphoid cluster (FALC), was originally identified in mesenteric AT in both mice and
humans (42). These FALCs are non-classical lymphoid tissues associated with adipocytes
and have since been found in several AT depots including mesenteric, mediastinal, gonadal,
pericardial VAT and PVAT (33,42-45). The frequency and size of FALCs varies between
different AT in mice (42,44). Unlike LNs, FALCs are not encapsulated and are in direct
contact with surrounding adipocytes (42). The organization of immune cells in FALCs differ
from the secondary lymphoid organs. There is no clear B and T cell compartmentalization
areas in FALCs. FALCs from mesenteric AT are composed of a tight cluster of B220* B
cells, with variable numbers of CD4™ T cells and CD11b* myeloid cells (42,44). We and
others have identified the presence of FALCs in PVAT at steady state and in atherosclerotic
conditions (33,45). In contrast, SAT harbors fewer numbers of immune cells compared to
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other ATs such as omental VAT (35) and FALCs are not detectable in SAT (44). In addition
to white AT, B cells are also present in BAT in mice and increase in percentage in response
to high fat diet (HFD), although their role in BAT is poorly understood (46). It would stand
to reason that these unique adipose depot-specific B cell features (such as B cell number,
B-1 to B-2 ratio, architecture) may impact on B cell functions in specific ATs. A better
understanding of the role of B cells in AT inflammation and disease may provide important
clues.

B-2 cells promote AT inflammation in HFD-fed and aged mice

It is well established that chronic AT inflammation is a characteristic feature of obesity in
both rodents and humans, and many studies have demonstrated that this chronic
inflammatory state is a key contributor to decreased insulin sensitivity and the MetS (47—
51). Macrophages and different T cell subtypes have been particularly well studied, and
several secretory factors that can cause decreased insulin sensitivity are known (52-58).
However, much less is known about the role of B cells in this process despite the fact that B
cells are one of the first immune cells to accumulate in AT in response to HFD (59). Studies
demonstrated that three weeks after HFD, C57BL6/J mice have a 3-fold increase in B cells
in their epididymal VAT depot, and no change in T cell or macrophage numbers. Elevated B
cell numbers largely persisted over the next 9 weeks while T cell numbers increased after 6
weeks of diet and macrophages did not increase in number until 12 weeks after diet,
coincident with an increase in IR (59). The function of these B cells early after HFD was
initially speculated to be protective against inflammation, although subsequent studies
suggested an inflammatory role for B-2 cells in HFD-induced AT expansion (13,60,61).

In addition to HFD, aging has been linked to AT B cell-mediated inflammation through VAT
accumulation of follicular B-2 cells (62) and age-associated B cells that can produce pro-
inflammatory 1gG and cytokines have been identified (63-65). Specific depletion of VAT
resident B cells in aged mice using anti-CD20 monoclonal antibody directly injected into the
visceral depot reduced FALC associated B cells in VAT but not in other tissues like spleen
and restored insulin sensitivity in mice, providing evidence that local VAT B cells impair AT
metabolic homeostasis (63). Moreover, expression of Oct coactivator B (OcaB), a B cell
specific transcriptional coactivator important for transcription of the variable part of kappa
light chain (66), is increased in VAT with age in both humans and mice. Global deletion of
OcaB reduced B-2 cell numbers in both epididymal VAT and SAT, reduced proinflammatory
IgG2c antibody levels, and improved insulin sensitivity in mice (62) providing further
evidence of age-related B-2 cell-mediated effects on VAT inflammation and dysmetabolism.

Pro-inflammatory cytokine mediated AT inflammation

Elegant studies by Winer et.al. confirms the early accumulation of B cells in epididymal
VAT in response to HFD, yet contrary to earlier speculation that these B cells protect against
diet-induced inflammation, they and others have reported that B cells promote inflammation.
Global B cell deficiency attenuated HFD-induced AT inflammation and IR (13,60,61,67).
Epididymal VAT specific B cells from obese mice secreted pro-inflammatory cytokines such
as IL-6 and interferon-gamma (INF-y) and regulated activation of T cells and macrophages
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in VAT. Consistent with these findings, B cell-deficiency in HFD-fed mice result in lower
concentrations of epididymal VAT-derived inflammatory cytokines such as IFN-y (13,60)
and reduction in HFD-induced IR (61). Introduction of splenic B cells from obese mice into
B cell deficient mice worsened glucose tolerance (13,60,61). Given that more than 90% of
the CD19" B cell population in the spleen are B-2 cells, the worsening of the glucose
tolerance is likely due to B-2 cells which activate local T cells and macrophages (61).

Not only are B-2 effects in promoting inflammation seen in epididymal VAT, but B cell
infiltration into mesenteric VAT tissue and the liver in response to HFD also occurs early,
predating T cell and macrophage infiltration. Expression levels of pro-inflammatory
cytokines (IL-6, tumor necrosis factor-alpha (TNF-a) and macrophage chemoattractant
protein-1 (MCP-1)) are reduced in mesenteric VAT of HFD-fed B cell deficient mice
compared to HFD-fed wild-type mice. In addition, mesenteric VAT B cells from HFD-fed
mice induce an inflammatory macrophage phenotype and expression of pro-inflammatory
cytokines in vitro (68), implying that B cells are involved in macrophage activation followed
by pro-inflammatory cytokine production. These data suggest that B cells may also play a
role in obesity-linked non-alcoholic fatty liver disease (68).

Consistent with murine data, circulating B cells from obese and obese diabetic individuals
secrete higher amounts of pro-inflammatory cytokines IL-6 and TNF-a in comparison to
healthy individuals (69). Suggesting that obesity factor alone is enough and there is no
additional effect of diabetes is required to produce pro-inflammatory cytokines from
circulatory B cells. Also, B cells from diabetic individuals secrete high levels of pro-
inflammatory IL-8 as compared to B cells from non-diabetic individuals (70) and serum
IL-8 levels correlate with body mass index in obese patients (71). Given that IL-8 promotes
neutrophil recruitment, B cells possibly promote neutrophil recruitment into VAT via local
IL-8 secretion and result in disease progression. Understanding these pathways may be
beneficial to develop therapeutics.

IgG mediated AT inflammation

In addition to promoting inflammation through cytokine production, B cell mediated-
inflammation has also been linked to production of pro-inflammatory immunoglobulins.
Pro-inflammatory 1gG2c concentrations in serum and epididymal VAT are elevated in obese
mice and B cell infiltration in AT is associated with increased IgG production. Moreover,
adoptive transfer of 1IgG from HFD-fed mice into B cell-deficient mice induces IR (13). At
the molecular level, the Fc portion of 1gG binds to Fc-gamma receptors (FcyRs) expressed
on macrophages to induce the secretion of pro-inflammatory TNF-a (13). IgG and FcyR
also regulates antigen presentation by dendritic cells (72). Thus, a logical mechanism
mediating the pro-inflammatory effects of IgG may be through binding to FcyRs expressed
on macrophages and inducing inflammatory cytokine secretion. Initial studies suggested this
may be the case as mice with FcyR-chain deficiency had reduced HFD-induced obesity, AT
inflammation and IR (73). However, follow-on studies demonstrated that though deficiency
in FcyRs reduced the activity of macrophages upon 1gG stimulation, FcyR and complement
protein C3 deficiency did not provide protection against HFD-induced glucose intolerance or
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AT inflammation (74) leaving the specific mechanisms whereby IgG may promote AT
inflammation incompletely resolved.

Similar to mice, human omental VAT contains significantly more B-2 cells than SAT (35),
although much less is known about immune mechanisms in human VAT as it is more
difficult to study humans VAT due to the need for invasive techniques to acquire the tissue.
There is evidence that B cells produce IgG and cytokines in human SAT. Crown-like
structures consisting of macrophages and T cells have also been identified in human SAT
(75) and B cells have been shown to be present in these crown-like structures suggesting that
these B cells may be involved in regulating inflammation in SAT of humans (76). In support
of this concept, Frasca et.al. demonstrated that B cell 1gG antibodies secretion occurs in SAT
and that B cells in SAT also express genes linked to the production of autoimmune 19gG
antibodies such as the transcription factor T-bet, the membrane marker CD11c and cytokines
known to promote GC formation, isotype class switch, and plasma cell differentiation.
Moreover, they identified high numbers of GC B cells and Tgy cells in SAT compared to
peripheral blood mononuclear cells in obese subjects suggesting that antibody production
may occur locally in SAT (77).

Taken together, there is clear evidence for HFD induced early accumulation of B cells and
age-related B cell effects leading to VAT inflammatory IgG and cytokine accumulation and
IR. However, identification of the specific AT-derived self-antigens or local B cell activators
in obesity and aging is needed.

Potential (self-) antigens in obesity, AT inflammation and IR

Evidence for specific antigens involved in obesity-related AT inflammation and IR is
limited. However, there is a speculation about possible potential antigens coming from
dietary components in the context of obesity related AT inflammation and IR (78). HFD
induces stress to intestinal epithelium reducing barrier function (79). It has been
demonstrated by adding ovalbumin to the diet of HFD-fed mice that HFD promotes
intestinal absorption which can include gut bacterial antigenic components such as
lipopolysaccharide (80,81), inducing inflammatory immune responses in nearby lymphoid
tissues. Mice previously sensitized with ovalbumin antigen show significantly increased
inflammatory responses with high numbers of T cell (in particular CD4* T cells)
accumulated, increased inflammatory cytokine gene expression in mesenteric VAT than SAT,
and impaired glucose tolerance compared to the unsensitized control group after HFD
feeding with 1% dietary ovalbumin (82). T cells in mice are primed/activated in mesenteric
LNs or mesenteric VAT during sensitization to activate adaptive B cell responses (83,84). In
addition, HFD induces changes in immunoglobulin heavy chain repertoire in AT B cells via
increased somatic hyper mutations in variable region of the heavy chain, suggesting that AT
B cells may undergone affinity maturation in response to dietary antigens with the help of
local T cells (85). However, how these AT B cells respond to dietary and bacterial surface
antigens through toll like receptors or B cell receptors in the context of AT inflammation
during obesity and aging is unknown. Increased levels of circulatory 1gG to gut bacterial
antigens was seen in HFD-fed mice and similar findings were noted in obese diabetic
individuals in comparison to low-fat diet fed mice and lean healthy individuals respectively
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(86). Studies from our lab showed evidence of increased B-1b cell proliferation in omental
VAT after lipopolysaccharide injection compared to saline injected control mice (35),
suggesting that the dietary or gut microbial antigens may regulate B cell biology in AT.
Recent studies demonstrate that B-1 cells respond and proliferate more efficiently to TLR
signals, while, B-2 cells proliferate after BCR signals and this proliferation is significantly
enhanced after TLR signals (87). This suggests that B-1 and B-2 cells respond to antigens by
different mechanisms. However, how AT B cell subsets respond to bacterial or HFD-induced
antigens via TLR or BCR in AT inflammation needs to be explored. Further studies are
needed to understand whether microbial-specific B cell responses occur in AT and whether
gut microbial antigens and self-antigens have common antigenic features in obesity.

Human studies identified 1gG autoantibodies in the serum of insulin resistant obese males.
The top three antigen targets identified were Golgi SNAP receptor complex member 1,
Bruton agammaglobulinemia tyrosine kinase and glial fibrillary acidic protein (13). Though
the function of these antigen targets is unknown, presence of significantly high titers of glial
fibrillary acidic protein autoantibodies were previously identified in both type 1 diabetes and
T2D patient’s plasma samples compared to healthy donors (88). Increased numbers of B
cells within islets (89) and islet-associated antigen specific autoantibodies against glial
fibrillary acidic protein, glutamic acid decarboxylase-65 and IA-2 are identified in T2D
individuals compared to healthy control individuals (88,90,91). This 1gG autoantibody data
suggests the possibility of having some common pathogenesis between obesity induced T2D
and classical autoimmune disease type 1 diabetes in the context of self-antigens and
autoantibodies. Murine mechanistic studies will be helpful to determine whether these self-
antigens observed in T2D individuals have the capacity to induce disease in healthy controls.
In addition, future studies to identify potential dominant antigens in the context of obesity
related AT inflammation, diabetes and IR could lead to antigen specific targeted therapies.
Population-based correlation studies showed that obesity is an important provocation factor
to aggravate other classical autoimmune disease conditions (92), suggesting that obesity may
be involved in progression of autoimmune disease by inducing/increasing auto-antibody
production.

Role of co-stimulatory signals in obesity and AT inflammation

In adaptive immune responses, antigen presenting cells such as macrophages, dendritic cells
and B cells present antigenic peptides via surface major histocompatibility complex class-II
molecule to T cell receptor on T helper cells to initiate antigen specific immune response. In
addition to this primary signal, there are other co-stimulatory signals that are required to
complete this process. For instance, in B-T cell interaction, the engagement of the B cell
receptor by the antigen in combination with co-stimulatory signals from T helper cells are
required to deliver survival signals that rescue B cells which display high-affinity
immunoglobulins on their surface from apoptosis. Here we discuss co-stimulatory signals
linked to AT inflammation.
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CD40 - CD40L:

A well-characterized interaction occurs between the CD40 receptor and its ligand (CD40L)
and this co-stimulatory signal is important in HFD induced obesity, AT inflammation and IR
in mice and humans (93-95). Global knock out or antibody mediated blockade of CD40L
ameliorates HFD induced obesity, AT inflammation and IR in mice (94). In addition, upon
targeting CD40L-CD40 downstream adaptor proteins such as TNF receptor associated
factors (TRAFs) by genetic deletion, blocking or inhibition of CD40-TRAF6 interaction,
there is reduction in diet-induced obesity, AT inflammation, and glucose tolerance. Also,
there was prevalence of anti-inflammatory environment and reduction in T cell and
macrophage accumulation in epididymal VAT (96,97), suggesting that blocking CD40-
TRAF6 interaction may be an important therapeutic target to reduce obesity induced AT
inflammation and IR. Whether these effects are B cell-mediated is unknown.

Surprisingly, mice with global deletion of CD40, had worsened AT inflammation and IR; an
effect thought to be mediated by increased CD8* T cell and F4/80* macrophage numbers in
epididymal VAT compared to control (98,99). This effect was not due to loss of CD40 on
macrophages, although the cell type involved in this worsening of AT inflammation
following CD40 global knockout is unknown (100). Effects could be due to existence of
alternate CD40L receptors such as allbp3 on platelets (101), Mac-1 on macrophages (102)
and a5p1 on monocytes (103) activation of alternative pathways that could lead to AT
inflammation in CD407~~ mice. As CD40-CD40L co-stimulatory signaling between T and B
cells is important for memory B cell and plasma cell differentiation, future studies are
required to understand the role of B cell specific CD40 in AT inflammation.

CD28 — CD80/CD86 and CTLA-4 — CD80/CD86:

Another important co-stimulatory signal for antigen presenting cell — T cell interaction is
CD28 (expressed on T helper cell) or cytotoxic T-lymphocyte-associated antigen-4
(CTLA-4) (expressed on activated T cells and regulatory T cells) and their ligands CD80/
CD86 (expressed on antigen presenting cells including B cells). CTLA-4lg treatment
reduced epididymal VAT and SAT weight, adipocyte size, promoted M2 polarization and
reduced HFD-induced IR (104). Yet, CD80/CD86 double knockout reduced regulatory T
cell development and proliferation in epididymal VAT, spleen, LN and blood and worsened
obesity-induced VAT inflammation and IR in both HFD and normal chow diet conditions.
Although, it is unclear if B cells are involved in this effect (105).

B-1 cells limit HFD-induced AT inflammation

In addition to B-2 cells, B-1 cells are also present in AT (35,106). However, in contrast to
B-2 cell-derived 19gG which aggravates inflammation, B-1 cell-derived natural IgM blocks
inflammation (33,107-109). We and others have demonstrated that B-1 cells attenuate VAT
inflammation, glucose intolerance, and IR in diet-induced obese mice (35,106). Shen L, et
al., found that the percentage of B-1a cells in the peritoneal cavity and the VAT of mice were
reduced after HFD feeding. Adoptive transfer of B-1a cells into B cell-deficient mice
improved glucose tolerance. The protective effect of the B-1a cells was mediated via IL-10
production and polyclonal IgM (106). In vitro studies demonstrated that B-1a-derived IL-10

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2021 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Srikakulapu and McNamara Page 9

not only promoted macrophage 1L-10 production but reduced IL-6 and TNF-a production in
macrophages (106,110), consistent with a previous report that B-1a cells induce M2
polarization in macrophages (111).

While most studies have focused on CD5* B-1a cells, recent evidence suggests an equally
important role for the CD5™ B-1 cell, the B-1b cell in IgM production and attenuation of
inflammation in AT. B-1a cells produced more IgM than B-1b cells in response to
lipopolysaccharide stimulation in vitro. However, adoptive transfer studies demonstrated that
B-1b cells produce more IgM than B-1a cells in vivo (112). We identified the helix-loop-
helix transcription factor 1d3 as an important regulator of plasma and AT IgM levels and
B-1b cell numbers. Mice that lack 1d3 specifically in B cells (ID3BKO) have increased B-1b
cell numbers and IgM in several compartments including AT (35,112). Diet-induced obese
ID3BKO mice had reduced levels of VAT inflammatory cytokines and a significant reduction
in HFD-induced M1 macrophage production of TNF-a. and MCP-1. Moreover, the
production of these cytokines by M1 macrophage was significantly inhibited by B-1b cell
conditioned media, providing evidence that B-1b cells in AT can serve to limit diet-induced
AT inflammation. Adoptive transfer of 1d3 deficient B-1b cells to B and T cell deficient
Rag1~/~ mice resulted in recruitment to VAT, local IgM secretion and attenuated diet-
induced glucose intolerance and VAT IR. In contrast, adoptive transfer of B-1b B cells
unable to secrete IgM, had no effect on glucose tolerance, providing evidence that B-1b cell
effects on metabolism are due, at least in part, to the secretion of IgM. B-1 cell-derived IgM
is considered a pattern recognition receptor that can bind to danger associated molecular
patterns and inhibit inflammatory signaling (109,113). Notably, B-1 cells are also enriched
in human omental VAT and IgM antibodies to oxidation-specific epitopes produced in the
omental VAT inversely correlated with plasma MCP-1 levels in humans (35).

Breg cells limit AT inflammation and IR

In addition to the anti-inflammatory effects of B-1 cell-derived IgM, B-1 cells as well as
other B-1 and B-2 derived subtypes can provide suppression of immune responses in AT via
IL-10 production. B cell types that produce IL-10, termed Beq cells, are present in AT
(114,115). Studies from diabetic patients showed that the % of IL-10* B cells were
significantly reduced in circulation of diabetic patients compared to non-diabetic control
donors. In addition, circulating B cells from diabetic patients secrete low levels of anti-
inflammatory IL-10 cytokine compared to B cells from non-diabetic donors (70). Similarly,
B cell derived I1L-10 levels were significantly reduced in obese diabetic patients after
stimulation with anti-CD40+B cell receptor compared to healthy controls. Suggesting that B
cells in obese diabetic patients have reduced capacity to produce anti-inflammatory IL-10
cytokine (69), secretion of which by Byeq cells actually confers protection to diabetes in
humans. Supporting to this concept, Nishimura S, et al., identified CD19* CD45R* CD22*
CD5™ IgM* IgD* B cell as 1L-10 producers (Byeg cells) and demonstrated that B cell-
specific IL-10 deletion enhanced, whereas adoptive transfer of these AT Beq cells
ameliorated adipose inflammation and IR in diet-induced obese mice (114). VAT in lean
mice harbors another type of IL-10 producing cell which are primarily CD5" B-1a cells.
These Breg numbers reduce in VAT after splenectomy, suggesting that the spleen supports
maintenance of VAT resident Byegs. Moreover, adoptive transfer of CD5" B-1acells
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attenuate HFD induced IR in mice by recruiting more B-1a cells into VAT and secreting
IL-10 locally (116). The expression levels of B cell markers (CD19) and /L10in human SAT
inversely correlated with body mass index, suggesting that B cell IL-10 may impact on
obesity in humans (114). Consistent with these findings, Garcia-Hernandez, et al., reported a
reduced percentage of CD19*CD27+*CD38Mi9" and CD19*CD24M19"CD38HiIIN |L-10* Byeq
cells in AT and circulation of overweight and obesity individuals compared to individuals
with normal weight. These overweight individuals had elevated production of IL-17 and
IFN-7 in their cultured CD4* T cells compared to individuals with normal-weight (115).

Taken together, studies provide clear evidence that the role of B cells in AT inflammation,
T2D and IR is subset dependent; with B-2 cells aggravating and B-1 and Byegs attenuating
AT inflammation and metabolic dysfunction. Yet, the regulation of the accumulation of
pathogenic and protective B cells in AT is incompletely understood.

Regulation of B cell accumulation in AT

B cell accumulation in AT could be enhanced through the enhancement of B cell survival
and proliferation or through chemokine-mediated recruitment. Camell et.al. demonstrated
that nucleotide-binding domain and leucine-rich repeat containing protein (Nlrp) 3
inflammasome, important for inflammatory IL-1p and IL-18 production from innate
immune cells such as macrophages, induced VAT resident B cell accumulation and
expansion in FALCs. Age associated B cells in FALCs express IL1-R and blocking of IL-18
reduces this pro-inflammatory AT B cell proliferation in aged mice (63). Several studies
provide evidence that adipocyte and stromal vascular cell-derived chemokines, and the
respective chemokine receptors expressed on B cells are involved in B cell recruitment into
AT to increase inflammation. Leukotriene B4 receptor (LTB4R1) expression on B-2 cells,
for instance, is important for B-2 cell chemotaxis, localization in VAT, and B-2 cell-induced
IR via T cell activation in VAT (61). Total B cell recruitment into FALCs in mesenteric VAT
(44) and B-1 cell recruitment into omental VAT (41) is mediated by the CXCL13 - C-X-C
chemokine receptor-5 (CXCR5) axis. Consistent with this data, global CXCR5 deficiency
specifically reduced IgM secreting cells in omental and epididymal VAT but not in PVAT
and SAT compared to CXCR5 wild type mice (Srikakulapu P, unpublished data). We have
previously shown that another C-C chemokine receptor-6 (CCR6), expression on B cells, is
important for their recruitment to the aorta including PVAT (117) and CCR®6 deficient mice
show reduced B cell numbers particularly in PVAT but not in other ATs (118) (Srikakulapu
P, unpublished data), suggesting that specific chemokine/chemokine receptor axes regulate B
cell recruitment into different VAT anatomic locations. In addition, splenic B cells when co-
cultured with adipocytes differentiate into pro-inflammatory B cell type, suggesting that
adipocyte derived mediators induce a pro-inflammatory B cell phenotype and these
mediators such as chemokines may be involved in B cell recruitment into VAT (119).
Though the studies done so far show total B cell recruitment to AT, more such studies to
delineate specific chemokine-receptor axes which regulate B cell subset specific recruitment
into AT during inflammation are needed.
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AT B cells in atherosclerosis

Studies have clearly demonstrated that B-2 cells aggravate while B-1 cells attenuate
atherosclerosis (33,112,120-122). Obesity, is associated with CVD (123,124) through both
direct and indirect mechanisms (Figure 4). Obese AT is a source of inflammatory cytokines
that can promote MetS, diabetes and the associated dyslipidemia, all of which increase CVD
risk (34). We have outlined mechanisms whereby AT B cells regulate local and systemic
inflammation in the sections above. However, another important way in which B cells in AT
can impact on CVD is through local mechanisms. In humans, large B cell clusters develop in
epicardial AT in subjects with coronary artery disease (CAD) compared to those without
CAD. Similarly, in mice, B cell numbers significantly increase in pericardial AT, but not in
heart tissue, after 3 days of myocardial infarction (MI). This B cell increase is controlled by
local B cell proliferation in pericardial AT in response to MI. In addition, these B cells
produce granulocyte-macrophage colony-stimulating factors to recruit and maintain
dendritic cells in pericardial AT and increase fibrosis post-MI. This post-Ml fibrosis is
reversed upon B cell depletion or surgical removal of pericardial AT (125), indicating the
role of AT B cells in pathogenesis. In contrast, presence of I1L-10 producing B cells in
pericardial AT provide protection from acute Ml in mice and most of these IL-10 producing
B cells are of the CD5" B-1a subtype. Interestingly, this 1L-10 producing B-1a cell
enrichment in pericardial AT is mediated by the B cell specific chemokine CXCL13 and by
the cytokine IL-33 (126), which is important for B-1 cell expansion and IgM production
(127,128). These results suggest that MI can be regulated/balanced by both pro- and anti-
inflammatory B cells in pericardial AT FALCs.

Another important AT is PVAT, which is in direct contact with the aortic adventitia and
adipocytes in PVAT secrete both pro inflammatory and anti-inflammatory cytokines can
regulate atherogenesis (129). PVAT transplantation experiments in mice revealed that PVAT-
derived MCP-1 increases (130) while PVAT derived low-density lipoprotein receptor-related
protein-1 attenuates lesion development in wire injury model (131). Evidence suggests both
pro- and anti-inflammatory processes in PVAT that can impact on underlying vascular
lesions. Interestingly, in mice the outer layer of the vessel wall including the PVAT harbors
both atherogenic B-2 cells and atheroprotective B-1 cells (128). These local B-1 cells can be
induced to proliferate by IL-5 and they secrete atheroprotective IgM locally (33,128).
Whether local B-1 cells in PVAT can reduce inflammation remains an unanswered and
important question particularly given the role of B-1b-derived IgM in inhibiting M1
macrophage production of MCP-1, the pro-inflammatory cytokine implicated in PVAT-
induced vascular pathology. Equally important is whether PVAT adjacent to human blood
vessels might contributed to atherosclerosis. Indeed, PVAT adjacent to human blood vessels
is more inflamed than PVAT adjacent to non-diseased vessel segments (132).
Immunofluorescent staining of human coronary artery including PVAT revealed B cell-rich
FALC in PVAT adjacent to an advanced plaque (33) and B cell density in PVAT near plaque,
positively correlates with arterial dysfunction (133). Flow cytometry of coronary artery
PVAT from hearts explanted at the time of transplantation revealed the presence of both B-1
and B-2 cells (33), raising the intriguing possibility that the relative abundance and activity
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of B-1 and B-2 cells in PVAT may regulate inflammation and atherosclerosis in human
coronary arteries

Translational B cell targeted therapies

B cell depleting antibodies such as Rituximab (anti-CD20 antibody) and Belimumab (blocks
the B cell activating factor - B cell activating factor receptor interaction) are well known
monoclonal antibodies that impair mature B cell development, antibody production and
reduce autoimmune diseases (134). However, with the exception of a few murine studies
(13,63) to date there have been no published clinical trials showing the possible protective
effect of B cell depletion therapies or therapies targeting co-stimulatory molecules on B cells
in obesity induced T2D and IR. Also, it is important to remember that though B cell
depletion therapies have a beneficial effect in autoimmune diseases, in the context of obesity,
T2D and IR, reducing B cell derived protective IgM and IL-10 levels would increase AT
inflammation. As such, monitoring the effect of B cell depletion or co-stimulatory
checkpoint inhibitor therapies on IR, T2D and CVD in subjects receiving these therapies for
autoimmune disease or cancer could provide evidence to support prospective trials of these
therapies for cardiometabolic disease.

Conclusions

In summary, in both mice and humans, of all types of AT harbor B cells, although the
number and frequency of specific subsets of B cells varies by AT type and location.
Importantly, B cell effects in AT are subset-dependent: with B-2 cells promoting
inflammation in HFD-fed and aged mice through both inflammatory cytokine production
and 19G production; and B-1 cells and Byegs inhibiting inflammation through production of
natural IgM and IL-10 respectively. The mechanisms that regulate subset-specific B cell
accumulation in AT, specific antigens targeted by B cell-derived immunoglobulins, the role
of co-stimulatory molecules or B cell targeted therapies are incompletely understood. As
such, many important unanswered questions remain. What additional factors regulate the
number of B-1 cells in AT and are they depot-specific? Could AT B-1 cells be induced to
produce more protective IgM and could this limit diet-induced inflammation and
dysmetabolism in humans? What are the relevant antigens or danger associated molecular
patterns in AT? Are there sex-specific effects on AT specific B cell responses during steady
state and obesity-induced inflammation? Are local LNs involved in B cell adaptive
immunity in response to AT inflammation? Could bolstering PVAT B-1 cell number impact
on CVD? Answers to these and the many other remaining questions about B cells in AT may
inform novel strategies to limit AT inflammation and its damaging effects on health.
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Highlights

B cells reside in all types and locations of ATs in both mice and humans and
have a markedly higher ratio of B-1:B-2 cells than spleen and bone marrow.

Mechanisms regulating B cell accumulation and effects in AT are subset-
dependent.

B-2 cells promoting inflammation in HFD-fed and aged mice through both
inflammatory cytokine production and 1gG production.

B-1 cells and Byegs inhibit inflammation through production of natural IgM
and 1L-10 respectively.

Specific antigens targeted by B cell-derived immunoglobulins, and the role of
co-stimulatory molecules or B cell targeted therapies are incompletely
understood. However, future studies to expand knowledge in these areas may
hold promise for novel immunotherapy for adipose inflammation and its
attendance cardiometabolic diseases.
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Figure 1: Schematic of murine B cell origin, development and anatomical distribution:

B cells are divided into two major subsets, B-1 and B-2 cells. B-2 cells arise from precursors
in the bone marrow (BM). Common lymphoid progenitors (CLPSs) in the BM differentiate
into immature B cells (Imm-B). The immature B cells leave the BM, enter the blood stream,
undergo transitional stages (T-1 and T-2), then travel to spleen to differentiate into mature
marginal zone B cells (MZ-B) and follicular B cells (Fol-B). After antigen stimulation or
presentation from follicular dendritic cells (FDC), and with the help of follicular helper T
cell (TFh), Fol-B cells enter germinal center reactions (GC-B) followed by differentiation
into memory B cells (Mem-B) and antigen specific antibody secreting long lived plasma
cells (PC). These memory B cells enter the circulation and PCs migrate to BM and stay for
longer periods. B-1 B cells develop from B-1 precursors in the fetal liver and adult BM,
migrate to and reside in the peritoneal and pleural cavity. B-1 cells are divided into B-1a and
B-1b cells. After activation, peritoneal B-1 cells migrate to the spleen and perhaps BM to

secrete IgM. B cells can produce pro-inflammatory cytokines (green circles) and anti-

inflammatory cytokines (red circles).
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Figure 2: Relative abundance of adipocyte and B cell subtypes in AT depots in mice and humans:
Both mice and humans store fat in distinct white fat depots within the abdomen/thoracic

region (called VAT), under the skin (SAT), and in brown AT (BAT). Notable differences
between mice and humans include prominent epididymal VAT in mice, absent in humans,
more brown adipocytes in murine PVAT and potentially fewer B-1 cells in omental and
PVAT in humans, although data on these depots in humans is limited. Pie charts represents
relative abundance of B-1 (white) and B-2 cells (black) as percentages of total B cells at
homeostatic condition in mice (left) and human (right).
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Figure 3: Mouse omental VAT with milky spots:
Fluorescent labelled latex beads were injected into mouse peritoneal cavity. Phagocytic cells

such as macrophages and B-1 cells in peritoneal cavity engulf these fluorescent labelled
latex beads and migrate to milky spots (fluorescent yellow regions) in the omental VAT.
After 2 hrs of injection, omental VAT was collected and photographed. Black head arrows
show milky spot areas in the omental VAT.
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Figure 4: B cell subtype regulation of inflammatory mediators in adipose tissue and potential
impact on atherosclerosis:

In lean mice, AT resident B-1 cells and M-2 macrophages secrete anti-inflammatory
cytokines and natural IgM that attenuate AT inflammation and potentially atherosclerosis. In
contrast, in obese mice, AT becomes dysfunctional followed by recruitment of inflammatory
immune cells. Recruited B-2 cells and M-1 macrophages secrete pro-inflammatory
cytokines and IgG that promote AT inflammation and potentially atherosclerosis. The
impact of AT B cells may be systemic or local via effects in the PVAT.
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