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The field of immunometabolism
is burgeoning, with hundreds of
papers published on the topic each year.
Our understanding of the contribution
of immune cells to metabolic regulation
has expanded from a simple idea of innate
immune cells, such as macrophages, alter-
ing adipose tissue function in obesity, to
an awareness of the complex role of adap-
tive immunity in many different organ
systems. Recent findings have cleatly
demonstrated the presence of adaptive
lymphocytes, such as T and B cells, in adi-
pose tissue. Furthermore, these data dem-
onstrated T-cell accumulation and limited
T-cell receptor repertoire diversity in obese
adipose tissue, indicating that an antigen-
specific immune response may occur
within this tissue. In a recently published
paper, we reported that a mouse model of
weight cycling resulted in increased T-cell
accumulation in adipose tissue. In the
current commentary, we discuss the pos-
sibility that this increase in adipose tissue
T-cell number could represent a local sec-
ondary immune response to self-antigens
exposed in adipose tissue during obesity.
If further experimentation indicates that
this hypothesis is true, these data will
fortify the concept that obesity is a com-
plex immune-mediated disease and would
emphasize the importance of designing
therapies to maintain weight loss.

Immunometabolism

The past decade has witnessed
the emergence of a new field entitled
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“immunometabolism”.? Seminal discov-
eries by Xu et al.’> and Weisberg et al.t
demonstrated that macrophages accu-
mulate in adipose tissue in obese rodents
and humans, and that the appearance of
these cells is temporally associated with
insulin resistance (IR). Since these dis-
coveries, many investigators have identi-
fied additional cells and components of
the innate immune system, including
neutrophils, eosinophils, mast cells, che-
mokines, and complement factors, that
play roles in adipose tissue homeostasis
and inflammation>® Early hypotheses
suggested that general indicators of tis-
sue stress, including adipocyte apopto-
sis and hypoxia, lead to recruitment of
innate immune cells that phagocytose
and eliminate cellular debris to restore
tissue homeostasis.'* However, during the
past several years, this idea has been chal-
lenged due to the discovery that the num-
ber and phenotype of cells of the adaptive
immune system, such as T lymphocytes
(CD4*, CD8", and ngs), B lympho-
cytes, and NKT cells, are also altered
during obesity."' Furthermore, T lym-
phocytes in obese adipose tissue exhibit
a restricted T cell receptor repertoire
diversity."'*1® These findings suggest
the enticing concept that specific anti-
gens are revealed in adipose tissue dur-
ing the development of obesity, leading
to recruitment and activation of T cells.
Thus, the metabolism field now consid-
ers both innate and adaptive immunity to
be intimately involved in the metabolic
consequences of obesity.
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Consequences of Weight Cycling
in Humans

Weight loss decreases pathologies asso-
ciated with obesity, including adipose tis-
sue inflammation and IR."'® However,
weight loss is difficult to maintain, lead-
ing to weight regain or weight cycling. It
is estimated that in America, 18% of men
and 27% of women are currently weight
cycling.”” Although still controversial,?**
several studies have provided evidence
that weight cycling increases the risk of
IR, type 2 diabetes, and cardiovascular
disease.*?* For example, an analysis of
data from the Framingham Heart Study
revealed an elevated risk of developing
type 2 diabetes in individuals who had
Additionally,

cycling is associated with a decrease in

weight-cycled.” weight
circulating levels of atheroprotective high-
density lipoprotein (HDL) cholesterol in
women.” Interestingly, decreased HDL
levels were correlated with the extent of
weight cycling, i.e., women who experi-
enced the most extreme cycling exhibited
the lowest levels of HDL. Thus, taken
together, the published literature suggests
a possible link between weight cycling and
metabolic disorders. However, to date, no
mechanisms for this correlation have been
described. In a recent publication,' we
developed a mouse model to determine the
impact of weight cycling on adipose tissue
function, inflammation, and immune cell
accumulation.

Mouse Model of Weight Cycling

To develop a model of weight cycling!
we placed mice on alternating high fat
(HFD, 60% kcal from fat) and low fat
(LFD, 10% kcal from fat) diets for three
9 wk periods, totaling 27 wk. The mice in
the weight cycling group alternated from
HFD to LFD and then back to HFD.
Two control groups were included: (1) a
weight-gain group fed LFD for 9 wk and
then switched to HFD for the remain-
ing 18 wk, and (2) a lean group fed LFD
for the entire 27 wk. Readers are referred
to our original report for a model of the
experimental feeding paradigm.! There
were three critical elements to our study
design: (1) 9 wk of HFD feeding is suf-

ficient to induce obesity and to allow for
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immune cell accumulation in adipose
tissue, (2) the weight-gain and weight-
cycled mice were both on the HFD for a
total of 18 wk, and (3) the weight-cycled
mice reached the weight of the weight-
gain group after 4 wk on the second bout
of HED diet feeding. Therefore, the two
obese groups were weight-matched for 5
wk before the final analysis. Our find-
ings demonstrated that weight-cycled
mice had increased fasting glucose levels
and impaired systemic glucose tolerance
compared with weight-gain controls that
were equally obese but had not weight
cycled. Furthermore, adipose tissue-spe-
cific insulin signaling was decreased in
weight-cycled mice, even compared with
weight-gain controls.

Using our mouse model of weight
cycling-induced glucose intolerance and
IR, we next determined whether changes
in adipose tissue inflammation contrib-
uted to the metabolic abnormalities asso-
ciated with weight cycling. Our original
hypothesis was that macrophage num-
ber and inflammatory potential would
be increased in adipose tissue of weight-
cycled mice. However, our data showed no
difference in adipose tissue macrophage
accumulation or phenotype between
weight-cycled and weight-gain groups.
Instead, CD4" and CD8" T cell num-
ber, as well as the expression of multiple
T, 1-associated genes, were significantly
increased in adipose tissue of weight-cycled
mice. Additionally, unpublished findings
indicate that other adaptive immune cells,
such as B lymphocytes, may also accu-
mulate in adipose tissue of weight-cycled
mice. These findings indicate that weight
cycling modulates the activation of adap-
tive, but not innate, immune cells in the
adipose tissue.

Since publication of this work, we have
performed additional studies to determine
whether T cell populations are altered in
other tissues of weight-cycled mice. Our
new data demonstrate that T cell popula-
tions in liver and spleen of weight-cycled
mice are not different in number or phe-
notype compared with the weight-gain
mice. These data provide additional evi-
dence that the immune responses associ-
ated with weight cycling are adipose tissue
specific. However, it remains to be deter-
mined whether increased activation of the
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adaptive immune system in adipose tissue
is responsible for the systemic metabolic
defects associated with weight cycling in
our mouse model.

Adaptive vs. Innate Immune
Responses

One of the most interesting aspects
of our reported findings was that weight
cycling modulated adaptive, but not
innate, immune cell populations in adi-
pose tissue. In contrast to innate immune
cells that recognize general pathogen-
associated molecular patterns, adaptive
immune cells are characterized by an
antigen-specific response directed against
invading pathogens or infected cells,”
allowing for the development of immu-
nological memory. Once the antigen
is cleared, 95% of effector cells die by
apoptosis, while long-lived memory cells,
capable of mounting a potent secondary
immune response, remain in secondary
lymphoid tissue and previously affected
tissue, awaiting subsequent antigenic chal-
lenge.” This secondary immune response
is more rapid and efficient than the pri-
mary response, as memory lymphocytes
persist at a higher frequency than naive
cells and are able to acquire effector func-
tions more quickly.??° A rapid inflamma-
tory response to a previously encountered
foreign antigen is desirable in order to
effectively clear an infection. However,
recognition of neo-antigens generated
during obesity may result in autoimmu-
nity and, in the case of obesity, accelerated
adipose tissue inflammation and IR.

Potential Mechanisms
for Secondary Immune
Responses in Adipose Tissue

Several published lines of evidence
indicate that an antigen-specific immune
response, characterized by the develop-
ment of memory T cells, occurs in adipose
tissue during obesity.!"'®?" In addition,
our studies also highlight the likelihood
that immune cell infiltration into adipose
tissue may be antigen driven. Multiple
possible mechanisms exist for the gen-
eration of these potential self-antigens
and altered adaptive immune responses:
(1) adipose tissue-specific antigens are
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generated during obesity, (2) there is a
failure in immune ignorance/tolerance
in adipose tissue, (3) there are changes in
Treg numbers and responses, and (4) there
is a general systemic failure in immune
tolerance.

A clonal or restricted expansion of
T cells bearing specific TCR-a and -3
chains in the adipose tissue, as observed
during obesity,'"'>'¢ strongly support the
existence of an adipose tissue-derived anti-
gen. One might hypothesize that such a
molecule would be in the form of an exist-
ing altered-self protein. One example of
this phenomenon is the recognition of
oxidized low density lipoprotein by T and
B cells in animal models and patients with
atherosclerosis.’ Therefore, it is plausible
that weight gain and the inflammatory
stress associated with obesity leads to oxi-
dative modification of lipids or proteins
that render them antigenic. In support of
the existence of an adipose tissue-derived
antigen, both adipose tissue macro-
phages®™ and adipocytes’™* have recently
been shown to act as antigen presenting
cells by promoting the activation and pro-
liferation of effector and memory T lym-
phocytes within adipose tissue.

Another equally intriguing possibil-
ity is that during immune homeostasis,
T cells specific for adipose tissue antigens
are regulated by “ignorance”. Ignorance
is a mechanism of peripheral tolerance
whereby potentially auto-reactive T cells
remain unresponsive due either to a lack
of self-antigen encounter or insufficient
antigen presentation by dendritic cells
or macrophages in secondary lymphoid
(reviewed in ref. 36).
Upon weight gain, inflammation may

compartments

serve as a form of tissue injury, resulting
in an increase in circulating self-antigens.
Therefore, ignorance may be breached,
allowing for peripherally activated auto-
reactive T cells to infiltrate the adipose
tissue and potentiate inflammation.

In addition, an imbalance between
FoxP3" T
temic sites of inflammation can lead
to  dysregulated
In relation to weight gain, it has been

. and effector T cells in sys-

immune  responses.
demonstrated that, in contrast to the
in effector T cells observed
in obesity, the number of adipose tis-

FoxP3* T

regs

increase

sue-resident decreases.?
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Figure 1. Model of potential secondary immune response in adipose tissue induced by weight

Additionally, adipose tissue-specific deple-
tion of T results in diminished systemic
insulin sensitization following treatment
with the PPARy agonist, pioglitazone.?” It
is not known whether T number recov-
ers following weight loss; however, it is
possible that activation of T cells during
the second phase of weight gain is even
greater due to an already compromised
T,., compartment. Thus, changes in T _
may be an alternate mechanism by which
adaptive immune responses are modulated
by weight gain and weight cycling.

Finally, it is also feasible that the shift
in T cell responses in adipose tissue of
weight-cycled mice is reflective of more
generalized immunological changes that
could be occurring in the thymus or bone
marrow. For example, obesity induces
thymic involution and compromises
TCR repertoire diversity in this tissue.”
However, the impact of weight cycling
on these aspects of thymic function, and
whether immune changes in the thymus
accurately reflect events in the adipose tis-
sue remains unknown.

Regardless of the identity of the self-
antigen(s) or the mechanism(s) generat-
ing these antigens, having a model where
the immune response waxes and wanes
depending on the abundance of adipose
tissue will be useful in identifying a poten-
tial antigen revealed during obesity.

Adipocyte

Implications of a Possible
Secondary Immune Response
in the Adipose Tissue
during Weight Cycling

Although the identity of the obese
adipose tissue antigen(s) remains to be
discovered, the concept of an antigen-
specific, T cell-driven immune response
during obesity has intriguing implica-
tions for our findings regarding weight
cycling in mice. As summarized in our
model figure, it is possible that initial
weight gain exposes obese adipose tissue
antigens, resulting in a primary immune
response characterized by the accumula-
tion of effector and memory T cells in the
tissue. During weight loss, adipose tissue
inflammation subsides; however, memory
T cells may be maintained within the tis-
sue. Upon subsequent weight gain and
re-exposure of obese adipose tissue anti-
gens, a more potent and rapid memory
cell-mediated secondary immune response
could occur (Fig. 1). This phenomenon
could explain the increased T-cell accu-
mulation, inflammation, and IR observed
in the adipose tissue of weight-cycled
mice. Although the concept of a second-
ary immune response in the adipose tis-
sue during weight cycling is intriguing,
this hypothesis remains to be tested.
Additional studies will need to establish:
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(1) if memory T cells are retained in the
adipose tissue after weight loss, (2) if
effector and memory T cells accumulate
and proliferate in the adipose tissue more
rapidly during the second phase of weight
gain, and (3) if T cells that have been pre-
viously exposed to obese adipose tissue are
capable of mounting a secondary immune
response in the absence of weight cycling.

Limitations of the Model

Although the model we developed was
ideal for our studies of immunity in the
adipose tissue, there are some limitations
to the design such that minor modifica-
tions would allow us to ask additional
interesting biological questions. First, our
model utilized a change in macronutrient
content of the diet to invoke weight loss,
i.e., switching from 60% HFD to 10%
LFD. While humans often reduce the fat
content of their diet in order to reduce
caloric intake, it is generally not to such
an extreme. An alternate approach would
be to continue feeding mice a HFD, either
45% or 60%, and to calorically restrict
the mice for the weight loss periods rather
than switching them to a LFD. Even more
interesting would be to induce weight
loss with exercise to determine whether
the heightened immune response invoked
by weight cycling is ameliorated when
weight loss is achieved by exercise rather
than dietary manipulation. Second, the
time course of our study and degree of
weight loss was quite extreme—the mice
returned to their normal weight within
3—4 wk after the diet switch. Humans are
rarely able to rapidly reduce their weight
from an obese to an ideal BMI or to sus-
tain their lower body weight. Rather,
weight cycling in humans is often char-
acterized by repeated smaller gains and
losses. It would be interesting to develop a
mouse model with shorter cycles of caloric
restriction to allow for moderate weight
loss to occur over multiple sessions, rather
than one large event of weight loss in our
studies. In fact, a recently published report
by Dankel and colleagues used a model
with 4 short periods of weight loss.*” The
focus of their study was to determine
whether circadian rhythm gene expres-
sion is altered in the adipose tissue during
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multiple bouts of weight cycling; thus, it is
unknown whether there were changes in
T-cell number and/or phenotype.

Another element of our study that we
were unable to completely control for was
the age at which the mice were placed on
HFD for the first time. For our experi-
ments, it was critical that the weight-gain
and weight-cycled mice were the same age
at sacrifice and had received HFD for an
identical amount of time. Therefore, it
was necessary to begin feeding the weight-
cycled mice HFD at 8 wk of age, while
the weight-gain mice did not receive HFD
until 17 wk of age. Therefore, we cannot
rule out the possibility that HFD feed-
ing induces different metabolic and/or
immune changes in younger compared
with older animals. Finally, we do not yet
know whether weight loss itself completely
normalizes the immune phenotype of adi-
pose tissue. While we reported that sys-
temic glucose tolerance is normalized after
9 wk of weight loss,' we did not have the
opportunity to assess immune cell popula-
tions in adipose tissue at this time point.
Future studies are needed to address all of
the questions raised above.

Conclusions

In this commentary we discussed our
thoughts on mechanisms by which weight
cycling worsens metabolic responses.
Based on our published report’ we are
most intrigued by the possibility that
weight cycling induces an antigen-specific
secondary immune response in adipose
tissue. Studies designed to limit the pri-
mary immune response in adipose tissue
during weight gain may allow us to test
this hypothesis in the future. Finally, our
studies reinforce the concept that mainte-
nance of weight loss is critical for meta-
bolic health, and highlight the role for the
immune system in the metabolic conse-
quences of weight cycling.
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