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Excessive nutrient intake in obesity trig-
gers the accumulation of various types

of immune cells in adipose tissue, particu-
larly visceral adipose tissue (VAT). This
can result in chronic inflammation which
disrupts insulin effects on adipocytes and
muscle cells and culminates in development
of insulin resistance. The interplay between
immune cells and adipose tissue is a key
event for the development of insulin resis-
tance that precedes type 2 diabetes. CD40,
a well-documented costimulatory receptor,
is required for efficient systemic adaptive
immune responses. However, we and other
groups recently showed that CD40 unex-
pectedly ameliorates inflammation in VAT
and accordingly attenuates obesity-induced
insulin resistance. Specifically, although
CD40 is typically considered to play its
principal immune roles on B lymphocytes
and myeloid cells, we found that
CD40CCD8C T lymphocytes were major
contributors to the protective effect. This
unexpected inhibitory role of CD40 on
CD8C T cell activation in VAT may reflect
unique features of this microenvironment.
Additional knowledge gaps include
whether CD40 also plays roles in mucosal
immunity that control the homeostasis of
gut microbiota, and human metabolic dis-
eases. Potential therapeutic approaches,
including stimulating CD40 signaling and/
or manipulating specific CD40 signaling
pathways in the VAT microenvironment,
may open new avenues for treatment of
obesity-induced insulin resistance, and pre-
vention of type 2 diabetes.

Obesity-induced chronic, low-grade
inflammation, termed metainflamma-
tion, is a major factor leading to the
development of insulin resistance (IR)
and type 2 diabetes.1,2 Although the
underlying mechanisms are still under

intensive investigation, it is clear that
adipose tissue as a special microenviron-
ment and immune cells as major players,
are both essential elements for the initia-
tion and promotion of metainflamma-
tion.1-3 It is well known that both
innate and adaptive immune cells infil-
trate adipose tissue in obesity and pro-
mote or regulate IR.2,4-7 Cytokines and
chemokines produced by these cells,
including TNF-a, MCP-1, IL-1b, and
IL-6, are essential inflammation media-
tors impairing insulin sensitivity in adi-
pocytes and muscle cells.8-11 However,
the exact roles these cells and cytokines/
chemokines play during the develop-
ment of inflammation in adipose tissue
remain incompletely understood. In
addition, once inflammation is present,
any changes that disturb the complex
interplay of cells and soluble factors may
aggravate or attenuate the inflammation.
Immune cells and factors are not the
only contributors to this inflammation.
It is believed that long-term nutrient
excess drives chronic inflammation in
the visceral adipose tissue (VAT), with
potential mechanisms including oxida-
tive stress, endoplasmic reticulum stress,
hypoxia, amyloid and lipid deposition,
lipotoxicity, and glucotoxicity in adipose
tissue.12 Immune cells accumulating in
adipose tissue must accommodate to this
harsh environment, which might induce
alterations in their biological properties.
For example, regulatory T (Treg) cells in
VAT acquire expression of peroxisome
proliferator-activated receptor (PPAR)-
g, the ‘master regulator’ of adipocyte
differentiation, which is required for
Treg cell function in VAT.13 The
uniqueness of the obese VAT environ-
ment is also highlighted by the distinc-
tive composition, phenotype, and
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function of different immune cells, com-
pared to those in lymphoid and other
non-lymphoid tissues. Additionally,
biased T cell receptor repertoires in
CD4C and CD8C T cells in VAT in
obese mice suggests the existence of
potential self-antigens in VAT that
induce T cell reactivity.7,14 The crosstalk
between immune cells and the adipose
tissue environment is a special feature of
obesity-associated adipose inflammation.

CD40 and CD154 (CD40 ligand)

CD40 is a key costimulatory receptor
mediating interactions between antigen
presenting cells (APC) and T cells. In
addition to its constitutive expression on
APC such as myeloid cells and B lympho-
cytes, CD40 expression can be induced on
eosinophils, T cells, adipocytes, fibro-
blasts, epithelial cells and others, under
specific conditions.15-17 The most com-
mon source of the natural ligand for
CD40, CD154 (previously known as
CD40L or gp39), is induced expression
on activated CD4C T cells. However,
CD154 expression can also be induced
upon activation on CD8C T cells, mast
cells, basophils, eosinophils, and plate-
lets.17 Humans with mutations in the
cd154 gene leading to deficiencies in
expression or CD40 binding, such as
those found in X-linked Hyper-IgM syn-
drome (HIGM), have lower basal serum
levels of IgG, IgA, and IgE isotypes of
antibody (Ab) due to impaired immuno-
globulin isotype switching, and are suscep-
tible to opportunistic bacterial
infections.18,19 CD40 stimulation of APC
is also important to development of T
cell-mediated immunity to intracellular
pathogens.20 Mice deficient in CD154 or
CD40 (CD40KO) recapitulate
HIGM.21,22 CD40 can also be expressed
on a subset of hyper-activated CD4C T
cells, which was reported to exacerbate
pathogenesis in animal models of autoim-
mune insulin-dependent type 1 diabetes
and collagen-induced arthritis.15,16 Given
the important role of CD40 in immune
responses, blockade or stimulation of
CD154-CD40 signaling are strategies
being broadly explored for the treatment
of various human diseases.23

Potential Roles of CD154 in
Obesity and Insulin Resistance

As a critical costimulator in immune
responses, it was reasonable to assume that
deficiency in CD40 signaling would have
the effect of attenuating inflammation in
obese VAT. A clinical study showed that
obese and diabetic individuals have higher
levels of active soluble CD154 in the cir-
culation than lean healthy subjects, and
CD40 mRNA levels in white adipose tis-
sue positively correlate with body mass
index.24 Genetic deficiency of CD154 in
mice of the C57Bl/6J (B6) genetic back-
ground attenuates the development of
diet-induced obesity (DIO) and hepatic
steatosis, and results in improved systemic
insulin sensitivity. Immune cell infiltra-
tion in VAT is also reduced.25 Another
report showed that CD154 deficiency in
B6 mice results in a favorable metabolic
phenotype and attenuated inflammation
in VAT when mice are fed a low fat diet
(LFD), but interestingly, not when they
consume a high fat diet (HFD). Typical
measures of energy metabolism of these
mice when fed a LFD—including food
intake, heat production, and respiratory
exchange ratio—are not altered from
those of CD154-sufficient mice. Reduced
MCP-1 production in VAT of the
CD154-deficient mice is attributed to
attenuated inflammation, and it was
hypothesized that consuming a HFD
might overwhelm the anti-inflammatory
capacity in CD154-deficient mice.26 In
contrast to these reports, deficiency of
CD154 in mice of the Balb/c genetic
background induces severe hepatic steato-
sis due to an altered unfolded protein
response (UPR), when fed a diet rich in
olive oil. Therefore, CD154 plays roles in
hepatic steatosis by modulating the UPR
in hepatocytes.27 The variation in results
found between these studies may be at
least in part attributable to the use of
genetically distinct mouse strains and/or
experimental approaches.

The Role of CD40 in Obesity
and IR

Although findings with CD154-defi-
cient mice may appear to support the

expected prediction that CD40 signaling
promotes inflammation in adipose tissue
and therefore aggravates IR, results from
CD40KO mice surprisingly gave the
opposite result. It was first reported by
Guo et al.28 that CD40KO mice exhibit
severe liver steatosis, IR, glucose intoler-
ance, and aggravated inflammation in adi-
pose tissue. This result seems
incompatible with the well-documented
costimulatory effect of CD40 in immune
responses. However, 3 recently published
reports, including one from our lab, show
similar results. Thus, these reports from
multiple labs together establish a protec-
tive role for CD40 in obesity-associated
IR, and inflammation in adipose tissue.
The revelation of this novel role for CD40
in metabolic diseases now raises intriguing
questions about the nature of the molecu-
lar mechanisms by which CD40 amelio-
rates the development of obesity and IR, a
role which may be unique to the VAT
environment.

We observed for some time that
CD40KO mice tend to be larger than
their littermate controls. Recently, we
decided to investigate the underlying cause
of this phenotype, using the well-charac-
terized HFD-induced obesity mouse
model.29 Interestingly, CD40KO mice
gain more body weight than control mice,
largely due to more visceral fat deposition
on the HFD. These mice also exhibit exac-
erbated IR and evidence for dysregulation
of both carbohydrate and lipid metabo-
lism.29 Consistent with the previous
report,28 aggravated local inflammation in
VAT was found, particularly a significant
increase in the presence of macrophages
(Mw) and CD8C T cells. To our surprise,
we found that CD40 expressed on CD8C

T cells, but not B cells, CD4C T cells,
myeloid cells, or non-immune cells plays
major protective effects in decreasing
inflammation in the VAT and develop-
ment of IR. Consistently, CD40-deficient
CD8C T cells in VAT produce more
proinflammatory cytokines and chemo-
kines, which is critical for immune cell
infiltration or proliferation and IR induc-
tion in DIO CD40KO mice. We thus
propose that CD40 may play a special
role in the microenvironment of obese
VAT through regulating CD8C T cell
function.
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A comparable phenotype for CD40KO
mice was observed by Wolf et al.30 Con-
sistent with our report, they also found
that CD40KO T cells but not B cells
transfer the dysmetabolism and VAT
inflammation phenotype in Rag1 deficient
mice, indicating a protective role of CD40
on T cells in the metabolic syndrome.
Interestingly, activation of CD40 with the
agonistic mAb FGK45 abrogates further
weight gain, improves insulin sensitivity
and dampens adipose tissue inflammation,
by reducing pro-inflammatory cytokines
produced by T cells after CD40 activa-
tion. Together, the findings from our labs
raise the possibility of potential therapeu-
tic approaches to combat VAT inflamma-
tion and IR via targeting pathways
regulated by CD40 in CD8C T cells. It is
noteworthy that although systemic usage
of CD40-stimulating Ab improves IR,30

activation of CD40 signaling in the whole
body may cause global side effects.31 The
proper approach to CD40 as a therapeutic
target might be local administration of
CD40-binding Ab in adipose tissue. In
addition, Abs targeting different epitopes
of CD40 generate distinct biological
effects31 and different CD40 signaling
pathways play distinct roles in CD40-
mediated biological functions.32,33 For
example, agonistic anti-CD40 Abs do not
mimic the natural ligand CD154 in stim-
ulating CD40-mediated IL-6 production
by B cells.34 Therefore, exploring Abs tar-
geting different CD40 epitopes, or
reagents specifically stimulating or block-
ing certain signaling pathways of CD40 in
adipose tissue may be the best approach to
using CD40 as a therapeutic target to
modulate DIO and/or IR. In addition to
the reports discussed above, another study
showed that although increased body
weight gain occurs in a short period in
CD40KO mice fed a HFD, these mice
also display worsened IR due to severe
inflammation in adipose tissue.35

The reason for the different pheno-
types in CD154 vs. CD40-deficient mice
in response to HFD feeding is not clear. It
was reported that CD154-mediated sig-
naling in T cells acts as a co-stimulator to
enhance T cell activation.36 As the expres-
sion profiles of CD40 and CD154 are dif-
ferent,17 and CD154 can function
through distinct receptors additional to

CD40, such as Mac-1/CD11b,37 it is pos-
sible that the distinct phenotypes observed
may result from overlapping but different
physiologic alterations in mice lacking
CD154 vs. CD40. More studies are
required to delineate the specific roles of
CD154 and CD40 in metabolic disease.

The Role of CD40 in the
Microenvironment of Adipose

Tissue

Although there is marked infiltration of
several immune cell types in VAT in
CD40KO mice, CD8C T cells proved to
be the most critical factor for inducing
inflammation in the VAT and systemic
IR.29 We observed that CD40 expression
on these T cells is only seen in the VAT.
Interestingly, CD40 expressed by CD8C

T cells plays an inhibitory role, as WT
CD8C T cells isolated from VAT produce
less pro-inflammatory cytokines/chemo-
kines than CD40KO CD8C T cells. Fur-
thermore, simultaneous stimulation of
CD8C T cells with anti-CD3Canti-
CD28 Abs and CD40-specific agonist Abs
partially inhibits this cytokine/chemokine
production.29 Therefore, CD40 expressed
on CD8C T cells in the VAT suppresses
CD8C T cell activation.

The role of CD40 expressed on CD8C

T cells in T cell-mediated adaptive immu-
nity has been the topic of a number of pre-
vious investigations, but mixed
conclusions have resulted from these stud-
ies. Using an HY transgenic mouse model,
it was reported that CD40 expression on
CD8C T cells is required for memory T
cell differentiation and function.38 Recent
studies also showed that intrinsic CD40
signaling is important for optimizing
CD8C T cell responses during influenza
infection, and for rescuing exhausted
CD8C T cells.39-41 CD40 signaling also
promotes optimal CD8C effector T cell
responses and blocks the differentiation of
antigen specific inducible Treg cells in a
skin transplant model.42 In contrast, other
studies indicate that CD40 signaling in
CD8C T cells is not required for the
development and function of memory T
cells in viral or bacterial infection mod-
els.43,44 These disparate conclusions could
be due to the different mouse models used

and/or distinct aspects of the specific
immune responses observed.

Our findings that CD40 signaling in
CD8C T cells in adipose tissue inhibits
their function adds new information,
albeit new complexity, to this question.
However, the unique microenvironment
of the VAT must be considered, as it
could broadly affect the biology of CD8C

T cells. It was reported that interactions
between adipocytes and CD8C T cells are
crucial for CD8C T cells to mediate Mw
migration and activation, and both CD4C

and CD8C T cells in the VAT show a
biased TCR repertoire,6,7,14 highlighting
the unique immune environment of the
VAT. We propose that the metabolism of
CD8C T cells might be altered in this
“high lipid” environment, and continued
expression and activation of CD40 might
lead to exhaustion of CD8C T cells.
Although there are still many questions to
answer, our results indicate that local tis-
sue environmental factors could be a criti-
cal regulator of the role of CD40 during
T cell functions. From this standpoint,
usage of anti-CD40 Ab locally in the adi-
pose tissue is more desirable and could
avoid unnecessary side effects.

Multiple Mechanisms of CD40
Function in DIO and Metabolism

Because CD40 deficiency affects
immune responses in multiple ways, other
mechanisms that contribute to the aggra-
vated IR and inflammation in adipose tis-
sue cannot be excluded. It is now well-
appreciated that the gut flora is a major
modulator of nutrient metabolism and
mucosal immunity is critical to maintain
the homeostasis of healthy gut bacte-
ria.45,46 CD40 deficiency in mice results
in impaired Th17 cell differentiation,
which plays important roles in mucosal
immune homeostasis, due to reduced IL-6
production.47,48 In addition, systemic IgA
is considerably reduced in CD40KO
mice, although interestingly, the total
amount of mucosal IgA is only modestly
affected, suggesting that innate immune
stimulation of B cells in the gut compen-
sates for the lack of CD40 signal-
ing.18,19,21,22,49 Our preliminary studies
suggest that the composition of the gut
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flora in CD40KO mice differs from that
of their littermate controls (ZY, GAB and
J. Kirby, unpublished data). Thus, how
CD40 impacts the homeostasis of the gut
flora and how this in turn impacts meta-
bolic disease needs further investigation.
Adipocytes can also express CD40, pro-
duce chemokines, and promote macro-
phage M1 polarization upon CD154
stimulation.50 Although we demonstrated
that CD40 expression on CD8C T cells
plays major roles in CD40-mediated pro-
tective effects on IR, the cumulative effects
of multiple mechanisms are likely to con-
tribute to regulation of diet-associated
metabolic homeostasis in vivo (Fig. 1).

Future Perspectives

The unanticipated finding that CD40
protects mice against obesity and meta-
bolic dysregulation is of considerable
interest, and opens new areas of inquiry
and raises many new questions. In particu-
lar, that CD40 expression on CD8C T
cells plays a major role during this process
is quite unexpected and intriguing. The
potential mechanisms of (1) How CD40
signaling impacts CD8C T cell function
in the VAT, (2) How immune cells inter-
act with this special microenvironment,
and (3) The nature of the roles played by
mucosal immunity and gut microbiota,

await further investigation. As various
human CD40 polymorphisms are associ-
ated with human diseases,32 whether and
how they affect obesity, IR and other met-
abolic diseases in human populations
should be clarified. Finally, multiple sig-
naling pathways can be activated by
CD40.33 Activation or blockade of certain
signaling pathways could act more pre-
cisely than generally activating or blocking
all CD40 signaling pathways. The promis-
ing therapeutic effects of CD40-specific
antibody30,31 and the potential to stimu-
late some but not all signaling pathways
downstream of CD40 should be well
addressed and may raise new opportuni-
ties for management of and intervention
in metabolic disorders.
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