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Abstract

B lymphocytes play roles in many autoimmune diseases characterized by unresolved
inflammation, and B cell ablation is proving to be a relatively safe, effective treatment for such
diseases. B cells function, in part, as important sources of regulatory cytokines in autoimmune
disease, but B cell cytokines also play roles in other non-autoimmune inflammatory diseases. B
cell ablation may therefore benefit inflammatory disease patients in addition to its demonstrated
efficacy in autoimmune disease. Current ablation drugs clear both pro- and anti-inflammatory B
cell subsets, which may unexpectedly exacerbate some pathologies. This possibility argues that a
more thorough understanding of B cell function in human inflammatory disease is required to
safely harness the clinical promise of B cell ablation. Type 2 diabetes (T2D) and periodontal
disease (PD) are two inflammatory diseases characterized by little autoimmunity. These diseases
are linked by coincident presentation and alterations in Toll-like receptor (TLR)-dependent B cell
cytokine production, which may identify B cell ablation as a new therapy for co-affected
individuals. Further analysis of the role B cells and B cell cytokines play in T2D, PD and other
inflammatory diseases is required to justify testing B cell depletion therapies on a broader range of
patients.
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1. B cell depletion as an important therapy for an array of inflammatory
diseases

Inflammation is a common underlying condition in many chronic diseases including
autoimmune diseases like multiple sclerosis (MS), Crohn’s disease (CD), and type 1
diabetes (T1D). Inflammation also plays important roles in diseases that lack significant
autoimmune components, including diseases characterized by inappropriate innate immune
responses, such as type 2 diabetes (T2D) and periodontal disease (PD). The dominance of B
cells in some of these inflammatory diseases, including lupus and rheumatoid arthritis, has
been clinically exploited due to the availability and general safety of the B cell depletion
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drug rituximab [1-3]. However, the ability of B cell depletion to induce remission of
diseases more traditionally associated with T cell-mediated autoimmunity, such as MS [4,5],
suggests that even sub-dominant contributions of B cells can significantly alter disease
pathogenesis. Although B cell depletion has promoted inflammatory disease in a small
minority of case reports [6,7], the overall acceptable safety profile of B cell depletion
suggests that a wider array of inflammatory disease patients may benefit from this treatment
[1] if timing and duration of treatment are properly controlled. Second generation B cell
depletion drugs are under development that may benefit an even wider array of patients with
B cell-influenced inflammatory disease [8]. The obvious first step towards more
comprehensively identifying inflammatory disease patients that might benefit from B cell
depletion therapy is to more broadly identify the role B cells play in human inflammatory
disease. This review will focus on the role B cells play in two clinically linked inflammatory
diseases, T2D and PD, towards exploring the use of B cell depletion in a broader range of
pathologies.

2. Clinical linkage between type 2 diabetes and periodontal disease is
associated with inflammation

Unlike CD and other inflammatory diseases that occur in relative isolation, the link between
T2D and PD is strong [9-11]. Foremost, the association of T2D and PD is supported by
clinical evidence that shows about a 3-fold increased incidence of PD in T2D patients [12].
Multiple studies indicate that this linkage is largely due to the inflammation that precedes
onset and promotes ongoing pathogenesis of both diseases. Several mechanisms may
explain how inflammation in T2D patients promotes PD (Fig. 1). First, inflammation can
originate from peripheral blood and adipose-associated monocytes or macrophages,
respectively, from T2D patients that hyper-produce multiple pro-inflammatory cytokines
[13-18] thus promote systemic inflammation (elevated serum IL-6, IL-8 and CRP; Fig. 1A).
In turn, elevated systemic cytokine levels probably promote changes in the oral cavity that
precipitate PD [19-22]. An alternative hypothesis from mouse T2D models is that T2D
leads to suppression of pro-inflammatory innate immune receptor function. T2D thus blunts
the immune response that normally prevents chronic PD in this model [23]. These findings
remain to be supported by data from T2D patients. Second, the inflammatory response to
challenge with PD-associated bacteria is elevated in a murine model of T2D, and involves
hyper-production of proinflammatory cytokines [24]. These data suggest that an exaggerated
oral inflammatory response that characterizes PD [25] may be a straight-forward parallel of
the exaggerated systemic immune response that originates as a part of T2D pathology (Fig.
1B). Third, obesity independently promotes systemic inflammation in otherwise healthy
individuals due to the generally pro-inflammatory action of altered lipolysis, adipose tissue
expansion/inflammation and elevated saturated fatty acids in response to over nutrition [26—
28]. Because obesity increases risk of both PD and T2D, the changes that originate due to
dietary excesses may be the underpinning that promotes both diseases simultaneously
despite temporal differences in diagnoses (Fig. 1C). More detailed analysis showed that
insulin resistance in obesity patients further raised the odds that an individual had severe
concomitant PD [29]. Taken together, these data suggest that underlying mechanisms
explaining the relationship between T2D and PD are likely to involve inflammation, yet
have additional components that fail to be explained by elevated serum pro-inflammatory
cytokine levels or elevated BMI alone.

The ability of PD to predispose patients to T2D may also be at least partially rooted in
elevated inflammation from the chronic oral infection. Inflammation in PD patients is not
limited to the oral cavity (Fig. 1D), but instead corresponds to changes in systemic
physiology [30-35] that may provide a pro-inflammatory milieu, for example a concomitant
elevation of IL-1p and IL-6 that can predict the incidence of T2D [36]. Therefore PD
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inflammation, likely in the context of other less obvious disease-associated changes, also
appears to promote T2D [37]. However, the ability of intensive PD management to moderate
T2D severity, as measured by percentage glycated hemoglobin, is mixed [11]. This finding
raises the possibility that T2D makes a dominant contribution in combination T2D/PD
patients. Regardless, the relationship between inflammation from PD and T2D probably
remains a “two-way street” with each disease confounding the other [21,37]. Multiple lines
of evidence suggest that lymphocytes, and especially B cells, may be important determinants
of inflammatory diseases and may therefore moderate the complex relationship between
T2D and PD. This review will focus predominantly on the role inflammation originating
from the B cell compartment plays in T2D and PD towards identifying new ideas for
treatments to alleviate both diseases in parallel.

3. Lymphocytes promote systemic inflammation through multiple

mechanisms

Lymphocytes can contribute to systemic inflammation in T2D, PD and co-affected patients
by multiple mechanisms. First, the uncontrolled oral flora in PD lesions locally activates
lymphocytes [18,38], which may then recirculate throughout the body, distributing
inflammatory mediators along the way. Oral floral may also spread systemically [39,40] to
directly provide inflammatory signals to lymphocytes as they re-circulate through affected
blood vessels.

Although there is no parallel chronic site of infection in T2D patients, inflammation is
thought to initiate in the visceral adipose tissue due to changes in fat metabolism that occur
in individuals with abnormally large fat depots due to, in most cases, over nutrition [41-43].
Interestingly, B cells, followed by closely by T cells, are the first immune system cells to
infiltrate the expanding adipose tissue in response to high fat diet (HFD) in mice. In these
experiments, the number of B cells is maximal 3 weeks following initiation of HFD, then
falls as T cells then macrophages infiltrate [44]. These data are consistent with the
possibility that B cells are activated by products of altered lipolysis in the expanding adipose
tissue, then leave the adipose tissue to recirculate throughout the body. However, the
possibility that B cells die by apoptosis in the expanding fat tissue has not been rigorously
excluded. The second mechanism by which lymphocytes may contribute to systemic
inflammation in PD and T2D may be direct secretion of soluble products such as cytokines
and antibodies into the circulation regardless of the site of lymphocyte activation. The
current literature does not distinguish between these two scenarios that could transition local
inflammatory responses to systemic inflammation: cell migration vs. systemic distribution of
inflammatory products. However, the strong link between T2D and PD suggests oral
infection and systemic disease are joined by a positive feedback loop hinging on soluble
products that are systemically distributed regardless of the location of the producing cell.

4. Roles for B cells in inflammatory disease

4.1: B cell antibodies are implicated in inflammatory disease

B cells are activated by a variety of ligands that engage an array of surface receptors to
trigger B cell responses. Naive B cells require a combination of ligands to achieve an
activated phenotype. These ligands must engage a combination of surface immunoglobulin,
the co-activator CD40, and a third signal, often provided by toll-like receptor (TLR)
engagement [45]. Memory B cells, a subset set aside for rapid immune responses to
subsequent antigen exposure, are more amenable to activation and can respond, at least in
part, to any one of the three signals in isolation. Of these, the most intensively characterized
B cell receptor is surface immunoglobulin. Immunoglobulins are highly specific receptors
that trigger B cell proliferation only in response to specific ligands, known as “cognate
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antigens”. B cells also secrete soluble antibodies that bind cognate antigens independent of
cell contact, thus facilitate soluble antigen clearance. Antibodies can also promote pathogen
clearance by binding cognate antigen located on the pathogen surface. Antigen interacts
selectively with a single immunoglobulin species in a “lock and key”-like mechanism that is
responsible for the adaptive immune properties of B cells. Many inflammatory diseases,
including PD, are characterized by the development of autoimmune antibodies, albeit at
modest levels in many cases. Such antibodies interact with antigens in host molecules and
thus trigger an immune response that destroys healthy tissue. Antibody-driven pathogenic
responses can occur through ligation of Fc receptors on myeloid cells [46,47]. Alternatively,
immunoglobulin/antigen complexes activate complement that engages complement
receptors on myeloid cells. Either scenario triggers myeloid cell activation thus cytokine
release, inflammation, and tissue destruction [48]. Antibodies play roles in many
autoimmune inflammatory diseases, including lupus and type 1 diabetes. Roles in non-
autoimmune inflammatory diseases are not well defined, probably due to the overall lack of
appreciation that B cells are key players in diseases initially defined by dominance of either
the T cell or myeloid compartment.

4.2: The multiple roles of B cells in PD

PD is characterized by initial infiltration of the periodontal tissue with neutrophils, followed
by monocytes, then lymphocytes, such that the vast majority of cells in periodontal lesions
(>65%) are B lineage cells, including antibody-producing plasma cells [49-51]. The order of
immune cell infiltration into the gingiva during PD etiology therefore differs from the order
identified in adipose tissue from the diet-induced obese (DIO) mouse model of insulin
resistance and T2D (see above). The percentage of B cells in chronic PD lesions positively
correlates with disease severity [50,52-54], suggesting B cells promote rather than initiate
PD. The B cells in human PD lesions have a transitional or activated phenotype, as indicated
by surface expression of the B cell activation marker CD5 [55-59]. More definitive
evidence for a role of B cells in PD are studies in a rat model, which demonstrated that B
cells are important for osteoclast formation and periodontal bone loss in response to a
common periodontal pathogen, A. actinomycetemcomitans (A.a.) [60]. However, these
results required in vivo priming of donor B cells with A.a., transfer of donor B cells to a
recipient rat, then PD induction in the recipient rat via direct injection of formalin-killed A.a.
into the gingival tissue. This approach therefore did not address whether in situ B cells play
similarly important roles in PD.

B cells may promote PD through multiple mechanisms, including antibody production [61—
63]. Auto-reactive antibodies in PD tissues and blood recognize collagen and other extra-
cellular matrix proteins [64,65], and may play roles in oral tissue destruction and the chronic
systemic inflammation associated with PD. Alternatively, antibodies may play a protective
role in PD, as indicated by experiments showing B cells decrease dissemination of anaerobic
oral infections in mice, probably through protective immunoglobulin production [66,67].
The role of B cell-derived antibodies in PD is therefore likely to be complex.

Based on the role cytokines play in PD, B cells are also likely to regulate PD through pro-
and anti-inflammatory cytokine production. Human B cells constitutively and inducibly
secrete PD-promoting cytokines such as TNF-o and IL-1f [68], and B cells from PD
patients hyper-produce these and other cytokines in response to TLR engagement. Due to
the numerical predominance of B cells in chronic PD lesions, it is likely that B cell
cytokines are major sources of unresolved local, and perhaps systemic inflammation in PD.
The roles of individual B cell cytokines in PD are detailed below.

B cells may also promote PD through multiple indirect cytokine- and antibody-independent
mechanisms. For example, B cells within PD lesions express elevated levels of the T cell co-
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stimulatory molecule CD86 [38] suggesting that B cells function in vivo, at least in part, by
activating T cells. B cells may also activate T cells through a unique role in antigen
presentation and/or up regulation of surface CD83 [38,53]. However, data from SCID mice
predict that B cells are not absolutely essential for T cell-mediated PD initiation and
progression [69], although the presence of residual B cells in these mice cannot formally
rule out this possibility. B cells also secrete RANKL, a cytokine that promotes
osteoclastogenesis [70]. B cell RANKL production is activated by A.a. and, importantly,
RANKUL-positive B cells induce osteoclast formation on periodontal bone and bone
destruction. Because the recipient rats used in the studies supporting these conclusions were
athymic, bone resorption in the presence of RANKL-expressing B cells did not require T
cell function [60]. Despite all the possible mechanisms that probably link B cells with severe
PD, additional model organism studies will be required to definitively show that in situ B
cells are critical modulators of PD pathogenesis.

4.3: Therole of B cells in T2D

Many cell types produce inflammatory cytokines [71-73], but multiple lines of evidence
show hematopoietic cells are mainly responsible for the inflammation that links obesity with
systemic insulin resistance and T2D. Cytokine-producing hematopoietic cells are necessary
and sufficient for obese mice to become insulin resistant in response to DIO [74]. Additional
studies have specifically implicated myeloid cell cytokine production in insulin resistance in
mouse studies [75], which is further supported by demonstrations that monocytes from T2D
patients secrete elevated levels of key pro-inflammatory cytokines such as IL-1 and TNF-a.
[15].

In contrast to the strong association between exaggerated myeloid cell function and T2D, the
role of B cells and soluble B cell products in T2D has been addressed in very few studies.
Recent studies in DIO mice demonstrated that B cells are the first immune cell type to
infiltrate the adipose tissue in response to DIO, followed by T cells, then macrophages [44].
This order of cellular infiltration differs substantially compared to infiltration of immune
cells in PD. Mice lacking both B and T cells (RAG-null mice) have an elevated number of
macrophages in the adipose tissue late in DIO compared to the numbers in wild-type
(lymphocyte-sufficient) controls, indicating cellular infiltration in fat is a highly regulated
process perhaps orchestrated by initial B cell infiltration [44]. These and other studies
concluded that lymphocyte infiltration is a protective response that moderates adipose tissue
inflammation [44,76,77]. However, subsequent studies showed lymphocytes can
alternatively promote inflammation and insulin resistance, in part based on the CD4/CD8
and T effector/T regulatory cell (Treg) cell balance [76—78]. In these studies, RAG-null
(lymphocyte-free) mice responded to DIO by increased weight gain, accumulation of more
epididymal fat (a leading measure of altered lipid metabolism), and larger diameter
adipocytes (a second measure of changes in lipid metabolism) than RAG-sufficient mice
[76]. Follow-up analyses showed CD4* T cells/Tregs play a role in DIO disease protection,
while CD8* T cells instead promote insulin resistance in response to DIO [76-78]. The
function of B cells and regulatory B cells (Bregs; Refs. [79-81]) in these mice was not
reported.

The lack of attention on roles B cells play in T2D may be based on the traditional
categorization of B cells as sources of pro-inflammatory auto-antibodies. Although auto-
antibodies are thought to play major roles in disease pathogenesis of auto-immune type 1
diabetes, the presence of auto-antibodies in type 2 diabetes patients has traditionally been
considered a signal that the etiology of glucose dysregulation/metabolic imbalance has been
misdiagnosed, or that the patient is immunologically responding to palliative insulin used in
some T2D patients. More recent findings support the idea that auto antibodies to important
cellular modulators, such as G coupled receptors and Rho GTPases, may associate with
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vascular complications common in T2D [82-84]. However, despite studies linking auto
antibodies with processes related to T2D disease pathogenesis [83,85], a definitive link
between auto antibodies and T2D remains equivocal. This general lack of appreciation that
B cells may play important antibody-independent roles in T2D has perhaps limited
enthusiasm for studies aimed at understanding the role these cells play in T2D pathogenesis.
New studies raising the possibility that B cell cytokines play a role in T2D are outlined
below.

5. Roles of B cell cytokines in chronic inflammatory disease

5.1: IL-10 is a protective B cell cytokine in inflammatory disease

B cells are demonstrated sources of cytokines both in healthy individuals and those with
chronic, unresolved inflammatory disease. IL-10 is arguably the B cell cytokine most
commonly implicated in inflammatory disease. IL-10 is generally considered anti-
inflammatory, although it can have pro-inflammatory functions in some circumstances (i.e.
up-regulation of surface TLR2; Ref. 86). IL-10 producing human B cells arise upon
stimulation through surface immunoglobulin alone or in combination with CD40 [87], or
upon stimulation through TLRs [88]. IL-10 producing B cells have been identified in mice
as a separate B cell subpopulation, designated B10 cells, or as a less restricted subset
designated “regulatory B cells” (Bregs) [79-81,89-91]. Evidence for a human equivalent of
Bregs was first uncovered based on a population of transitional B cells might protect against
inflammatory disease in humans [92]. These transitional B cells may be similar to the CD27-
IL-10-producing “naive” B cells that repopulate multiple sclerosis (MS) patients following
B cell depletion [93], or the transitional B cells that repopulate B cell-depleted lupus and
rheumatoid arthritis patients [92,94-96]. B cell IL-10 has also been shown to prevent the
Th1 differentiation critical for arthritis and EAE, the latter a model for multiple sclerosis
(MS) [98,99]. In the EAE model, B cells secrete IL-10 in response to TLR engagement
[100], and both TLRs and the MyD88 adaptor protein are necessary for B cells to produce
the IL-10 that blocks T cell-mediated inflammation. Thus B cell pattern recognition
receptors (TLRs) play important roles in resolving a three Th1-mediated diseases: lupus,
EAE and collagen-induced arthritis.

Parallel analysis on B cells from MS patients has also suggested a role for B cell IL-10 in
human inflammatory disease. B cells from active MS patients secrete significantly lower
levels of IL-10 than B cells from healthy donors, and IL-10 secretion increases upon
treatment with the palliative drug mitoxantrane and concomitant disease remission. [93].
TLR-mediated B cell activation may also have important protective functions in other
inflammatory diseases, but a specific requirement of B cells for IL-10-mediated protection
remains to be demonstrated [81,97]. Finally, genetic studies have linked elevated IL-10
levels to protection from metabolic syndrome and T2D in humans [101]. Again, B cells
could not be named as the specific source of IL-10 in these human subjects studies.
However, very recent work has identified a population of IL-10 producing CD24"i cD38N B
cells that block Th1 differentiation in healthy donor samples. Evidence for a role of these
human “Breg” cells in human disease includes the demonstration that these cells secretes
less IL-10 and fail to suppress Th1l cells in lupus patients [97]. Taken together however,
multiple lines of evidence including mouse model and patient analyses indicate that I1L-10,
and specifically B cell IL-10 produced in response to TLR ligand, can protect against a wide
array of chronic inflammatory diseases.

Although IL-10 also acts as an anti-inflammatory cytokine in PD, the precise source and
function of IL-10 in PD patients or model organism studies has not been elucidated. Our
recent data indicate that circulating B cells from PD patients constitutively secrete only low
(“healthy™) levels of IL-10. However, B cells from PD patients, but not healthy donors,
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respond to TLR2 ligand by up regulating IL-10 production. Surprisingly, PD B cell co-
stimulation through TLR2 and TLR4 leads to lower levels of IL-10 production as compared
to B cell stimulation with TLR2 ligand alone [88]. These results indicated that the increased
percentage of TLR4-positive B cells identified in PD patients in our earlier work [102] may
be a harbinger of unexpected changes in TLR4 function: moderation of anti-inflammatory
IL-10 production. Importantly, these data show that TLR4 can trigger a response that
dominates an IL-10 activating response triggered through TLR2 [104]. Parallel studies on B
cells from T2D patients show that these B cells, in contrast to B cells from PD patients or
healthy donors, fail to secrete IL-10 in response to stimulation through TLR2, TLR4, or
TLR9 (Jagannathan et al., in press). Thus the altered IL-10 levels highlighted by genetic
studies in T2D patients [101] may trace its origins to B cells, making the lack of B cell IL-10
physiologically dominant in inflammation as demonstrated for other chronic diseases.

5.2: B cells as sources of IL-6 in inflammatory disease

IL-6 is a second prototypic B cell cytokine implicated in inflammatory diseases, including
PD and T2D. IL-6 is a plieotropic cytokine with multiple functions in T2D. Human IL-6
polymorphisms have been implicated in the transition from glucose intolerance to frank type
2 diabetes [103]. In addition to its proinflammatory roles, elevated serum IL-6 probably
plays roles in glucose metabolism through stimulation of skeletal muscle [104,105]. Our
preliminary data indicate that B cells from T2D patients produce “healthy” amounts of IL-6
both constitutively and in response to TLR stimulation (Jagannathan et al., in press). These
data suggest that B cell IL-6 may play an insignificant role in T2D, and that elevated levels
of IL-6 in serum of T2D patients originate from non-B cell sources. In contrast, B cells from
non-diabetic PD patients secrete significantly more IL-6 than B cells from T2D patients
(Jagannathan et al, in press). Thus B cells are likely contributors to the elevated levels of
IL-6 in the serum and gingival crevicular fluid of PD patients [106,107]. In contrast to its
assumed pro-inflammatory roles in chronic inflammatory disease, the contribution of IL-6 to
PD may be less pathogenic, with some studies concluding that IL-6 instead partially protects
against periodontal tissue destruction through its ability to induce IL-1 receptor antagonist, a
natural anti-inflammatory competitive inhibitor of the IL-1 receptor [108,109]. The mixed
contribution of IL-6 to PD is perhaps echoed by studies in IL-6-null mice, which
spontaneously develop insulin resistance [110]. These results indicate that the simplistic
model of IL-6 as a pro-inflammatory cytokine that promotes inflammatory disease ignores
the more complex biological functions of IL-6. The ability of Th2 cells to also secrete IL-6
and the presence of these cells in some periodontal lesions [18,111] suggests that non-B
cells contribute to overall levels of IL-6 in PD (in addition to T2D), thus IL-6 levels may or
may not be substantially altered upon B cell depletion.

5.3: B cells as sources of IL-8 in inflammatory disease

We have recently identified I1L-8 as unexpected pro-inflammatory chemokine hyper-
produced by B cells from chronic inflammatory disease patients. Our first studies showed
IL-8 is constitutively produced by B cells from Crohn’s disease (CD) patients. The positive
correlation between constitutive blood B cell 1L-8 production and disease severity in CD
patients further suggested an association between B cell IL-8 and inflammatory disease. B
cells from both CD and ulcerative colitis (UC) patients also responded to TLR2 ligand by
secreting (additional) 1L-8, probably based at least in part in the elevated percentage of
surface TLR2-positive cells in patient blood and tissue. These data suggest that altered TLR
function, probably due at least partially to elevated TLR2 expression, plays an important
role in inflammatory bowel disease [112]. Interestingly, the correlation between the
percentage of TLR2-positive B cells and indices of CD severity is positive, while the
correlation between the percentage of TLR2-positive B cells and clinical UC severity is
negative, despite the ability of TLR2 ligands to activate IL-8 production to similar levels in
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B cells from both patient cohorts [112]. Although these results do not present a unified
conclusion for a role of B cells and B cell TLRs in these inflammatory diseases, they
nonetheless suggest that disease-associated changes in B cell responses play important roles
in final outcome of TLR engagement and subsequent cytokine production.

Our most recent data also shows that blood and gingival B cells from PD patients
constitutively produce IL-8, and that IL-8 production is further increased in response to
TLR2 or TLR4 engagement [88]. Because IL-8 gradients are important for the maintenance
of healthy gingiva, we speculate that IL-8 production by B cells disrupts healthy 1L-8
gradients in PD. IL-8 gradient disruption presumably hampers restorative neutrophil influx
into diseased periodontal tissue [113,114] and instead promotes the massive, prolonged
neutrophil accumulation characteristic of PD. The relative contributions of B cells compared
to macrophages in overall IL-8 production is unknown, but the absolute concentrations of
IL-8 secreted by the two cells types in ex vivo experiments is comparable [88,112]. Taken
together these findings indicate significantly elevated B cell IL-8 production associates with
multiple mucosal inflammatory diseases: PD, CD and UC.

Circulating B cells from T2D patients also constitutively secrete IL-8 (Jagannathan et al., in
press). These data suggest that unexpected B cell IL-8 production may be a common
characteristic of chronic inflammation beyond mucosal inflammatory diseases. Further
evidence of B cell IL-8 secretion in inflammatory disease is the demonstration that B cells
from inflamed appendix are intracellular IL-8 positive [112]. The general increase in IL-8
secretion in B cells from CD, UC, PD and T2D patients in response to TLR2 and TLR4
ligand (Ref. 112; Jagannathan et al, in press), demonstrate that TLR-mediated B cell IL-8
secretion is a common feature of B cells from inflammatory disease patients regardless of
the downstream effects of IL-8 function. In contrast to significant surface TLR2 up
regulation on B cells from CD patients, B cells from T2D patients express little surface
TLR2 [112], despite their ability to respond to TLR2 ligand via elevated IL-8 secretion.
These data suggest that although TLR hyper-responsiveness associates with a range of
chronic inflammatory diseases, changes in TLR expression associate with only a subset of
such patients.

5.4: B cells as sources of a broad array of cytokines in inflammatory disease

In addition to IL-10, IL-6 and now, IL-8, the list of B cell-generated cytokines includes
additional cytokines elevated in the gingival crevicular fluid of PD patients, specifically
IL-1p and TNF-a [106,107,115]. These cytokines are associated with oral bacterial load, and
are themselves a measure of PD severity [107]. Although macrophages are prototypic
sources of IL-1p, new data show that B cells from PD patients constitutively secrete elevated
levels of IL-1p, and that these levels are further increased in response to TLR2 ligand [88].
B cells from PD patients also inducibly hyper-produce TNF-a in response to either TLR2 or
TLR4 ligand, strongly suggesting that the copious numbers of B cells in the inflamed
gingival are promoting inflammation and concomitant bone loss through elevated
osteoclastogenic cytokine production [88]. In contrast, TLR-stimulated B cells from T2D
patients fail to secrete higher levels of IL-1p and TNF-o as compared to B cells from non-
diabetic donors (Jagannathan et al., in press).

The ability of human B cells to recapitulate the murine “B effector 1” and “B effector 2”
subsets that mimic cytokine production by Thl or Th2 effector T cell subsets, respectively
[62], have been partially investigated outside the context of disease. IL-12 induces B cells
from healthy donors to secrete IFN-y, a characteristic of mouse B effector 1 (and Th1) cells
[61]. 1L-12 is variably detected in the gingival crevicular fluid of PD patients [116,117],
suggesting that the B effector 1 subset may be variably significant in PD inflammation.
Additional supporting data for this conclusion show that circulating B cells from PD patients
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secrete relatively low concentrations of a second B effector 1 cytokine, IFN-y, which
approximate levels produced by healthy B cells [88]. Similarly, B cells from T2D patients
secrete little IFN-y (Jagannathan et al., in press), consistent with demonstrations that IFN-y
is not elevated in T2D and therefore putative B effector 1 cells are minor players in T2D
pathogenesis [118]. Regardless, the IL-1p and TNF-o data highlight specific differences in B
cell function between inflammatory diseases (T2D and PD; summarized in Table 1), despite
the general conclusion that elevated proinflammatory cytokine production, coupled with
decreased 1L-10 production, define B cells as pro-inflammatory regulators of systemic
inflammation.

5.5: Relative contributions of B cells compared to monocytes in chronic inflammatory

disease

The cytokines produced by B cells are thought to be functionally indistinguishable from
cytokines secreted by other cellular sources in vivo, raising questions about the relative
contribution of B cells to inflammatory disease. Early studies indicated B cells and
monocytes can secrete comparable levels of cytokines including IL-1 and GM-CSF
[119,120]. However, new techniques will allow more accurate quantitation of B cell vs.
monocyte cytokine production by highly purified cellular populations, as we used to show B
cells from CD patients secrete monocyte-like levels of IL-8 [112]. Regardless, in PD
patients, the level of inflammation (i.e. proinflammatory cytokines) in the oral cavity is
thought to surpass some critical pathogenic “tipping point” at which homeostasis cannot be
re-established without clinical intervention [68]. Although B cells may produce
quantitatively lower levels of some pro-inflammatory cytokines than, for example,
monocytes, this threshold hypothesis indicates that every source of inflammatory cytokines
may additively, or even synergistically contribute to the overall inflammatory environment.
Alternatively, localization of cytokine-producing B cells may play important roles in either
establishing or maintaining chronic inflammation. The demonstration that B cells infiltrate
epididymal fat pads as early as three weeks after mice are switched to an obesity-inducing
high fat diet (i.e. several weeks prior to significant macrophage infiltration) suggests that B
cells may prime the region for subsequent infiltration first by T cells, then finally by
macrophages [44].

Whether the proposed tissue “priming” by B cell also occurs in the generally protective
subcutaneous fat depots [121] in the DIO model or whether these early infiltrating B cells
secrete cytokines, is untested. In contrast to early B cell infiltration in the DIO model, PD is
characterized by late B cell infiltration. Eventually B lineage cells represent the majority cell
type in PD lesions. These data are consistent with the likelihood that B cells are major
sources of the pro-inflammatory cytokines that drive periodontal bone loss that characterizes
later stages of PD. Whether B cells affect entry or exit of more classical cytokine-producing
(myeloid lineage) cells is untested, but the dominant presence of B cells may allow them to
serve as non-redundant anchor cells for chronic inflammation in PD.

6. The promise of B cell depletion as a therapy for PD and T2D

Given the important direct (antibody and cytokine production) and indirect (T cell
activation) roles B cells play in inflammatory diseases, it may be surprising that B cell
depletion is generally safe, and has beneficial outcomes for multiple auto-immune
inflammatory diseases [2,3,122,123]. Perhaps even more unexpected is the absence of
increased serious infections with Rituximab treatment, at least in rheumatoid arthritis
patients [1]. These data suggest that levels of cytokines produced by non-B cell sources are
sufficient for maintaining homeostasis and preventing rampant systemic infection. However,
B cell depletion is not without risk. In one limited study on lupus patients, 4 of 32 patients
refractory to standard treatment had serious side effects, some of which were not
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characteristic of lupus, following B cell depletion [3]. Rutuximab treatment has also
preceded reactivation of hepatitis B and C, cytomegalovirus, and varicella with fatal
consequences in case study reports [124-128]. However, in some cases, complications from
concomitant treatment with other chemotherapeutic agents could not be ruled out [128].
Regardless, the development of highly fatal progressive multifocal leucoencephalopathy
(PML) has been reported in multiple rituximab-treated patients seeking treatment for
unrelated pathologies [129-135], although most PML reports involved lymphoma and lupus
patients. Interestingly, rituximab-induced PML is extremely rare in patients afflicted with
other lupusrelated rheumatic diseases. Although the occurrence of serious complications
including PML is a rare complication of B cell depletion, further work is needed to define
whether B cell depletion or other more standard treatments administered along with
rituximab prime patients for short-term remission followed by serious treatment-induced
consequences. Unexpected outcomes of combining rituximab with standard PD or T2D
treatments cannot be ruled out at present, even if ongoing studies predict a very low
incidence of serious side effects.

7. Future Directions

The roles of B cells in autoimmune and non-autoimmune inflammatory diseases have
focused mainly on the ability of B cells to secrete auto antibodies. More recently, B cells
have been identified as important sources of pro-inflammatory and anti-inflammatory
cytokines. B cells can either provide a quantitatively or functionally dominant source of
cytokines. Alternatively, B cells may additively contribute to inflammation by skewing the
overall pro-to-anti-inflammatory cytokine ratio past some critical threshold that
differentiates chronic inflammation characterizing diseases such as T2D and PD from
healthy inflammatory response. Antibody-mediated inflammation may further define the
contribution of B cells to some diseases. Recent demonstrations that B cell ablation is a
generally safe, effective treatment for autoimmune inflammatory disease such as multiple
sclerosis, lupus and rheumatoid arthritis [1,2,4] raise the possibility that a greater
understanding of B cell function in non-autoimmune inflammatory disease may identify B
cell depletion as a fundamentally new therapy for breaking the chronic inflammatory cycle.
However, the role of B cells as anti-inflammatory cell types in some scenarios and rare but
serious side effects of rituximab suggest caution must be exercised by investigators
designing B cell ablation trials. Pro-inflammatory receptors in the TLR family are altered on
B cells from inflammatory disease patients and can drive B cell cytokine production.
However, because B cell TLR expression and function 1. differs significantly between
model organisms (mouse) and human; 2. differs among human patient cohorts grouped by
diagnosis; and 3. can result in both pro- and anti-inflammatory cytokine production, more
detailed analyses are required to predict the outcome of B cell ablation prior to initiation of
clinical trials. B cell responses to TLRs must also be considerations of studies aimed at
exploiting the power of TLRs for regulating the immune system in new pharmaceuticals and
vaccine adjuvants based on TLR function in cells from healthy individuals.
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Figure 1.

Models explaining the clinically demonstrated association of T2D and PD. (A)
Inflammation, mainly from immune system cells in the periphery and excess adipose tissue
(in T2D patients) that secrete pro-inflammatory cytokines (and other mediators) to directly
promote oral inflammation and the bone resorption characteristic of PD. The alternative, that
T2D blunts the immune response to allow chronic infection with oral pathogens due to
immune cell hypo-responsiveness, is not shown. Red indicates inflammatory cells/regions in
all panels. (B) Metabolic and inflammatory changes occur concomitantly in the oral cavity,
blood, and adipose tissue of T2D patients. Timing of T2D and PD diagnoses may differ
either due to intrinsic differences in natural history of each disease, or due to differences in
clinical diagnoses. Many endocrinologists and general practitioners who manage T2D
patients do not focus on a PD diagnosis. (C) Alterations in adipose tissue metabolism
elevates circulating pro-inflammatory molecules such as saturated fatty acids, which
independently or interdependently activate inflammation in the oral cavity and periphery.
(D) Unresolved bacterial infection in the oral cavity increases circulating levels of cytokines
produced by resident oral cells, but also activates immune cells as they circulate through the
gingiva. Because oral bacteria are also systemically elevated in PD patients (not shown), the
bacteria may also activate immune cells at peripheral sites.
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