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Adipose tissue comprises one of the largest organs in the body and performs diverse

functions including energy storage and release, regulation of appetite and other

neuroendocrine signaling, and modulation of immuity, among others. Adipocytes reside

in a complex compartment where antigen, antigen presenting cells, innate immune cells,

and adaptive immune cells interact locally and exert systemic effects on inflammation,

circulating immune cell profiles, and metabolic homeostasis. T lymphocytes are a major

component of the adipose tissue milieu which are altered in disease states such as

obesity and human immunodeficiency virus (HIV) infection. While obesity, HIV infection,

and simian immunodeficiency virus (SIV; a non-human primate virus similar to HIV)

infection are accompanied by enrichment of CD8+ T cells in the adipose tissue, major

phenotypic differences in CD4+ T cells and other immune cell populations distinguish

HIV/SIV infection from obesity. Furthermore, DNA and RNA species of HIV and SIV can

be detected in the stromal vascular fraction of visceral and subcutaneous adipose tissue,

and replication-competent HIV resides in local CD4+ T cells. Here, we review studies of

adipose tissue CD4+ and CD8+ T cell populations in HIV and SIV, and contrast the

findings with those reported in obesity.

Keywords: HIV—human immunodeficiency virus, SIV–simian immunodeficiency virus, obesity, adipose tissue,

immunology, inflammation, stromal vascular fraction

INTRODUCTION

The adipose tissue stromal vascular fraction (SVF) contains a diverse range of innate and adaptive
immune cells, which interact in a complex paracrine signaling environment that affects adipocyte
energy storage and other functions. T lymphocytes, or T cells, are a major component of the
adipose tissue environment recruited from the circulatory and lymphatic systems, and these T
cell populations undergo marked changes with progressive adiposity in overweight and obese
persons. More recently, a handful of studies have identified substantial changes in adipose tissue
T cell density and cellular characteristics in human immunodeficiency virus (HIV) and simian
immunodeficiency virus (SIV; a non-human primate virus similar to HIV) infection, including
shifts in total CD4+ and CD8+ T cells and subsets, cytokine production, antigen specificity,
interactions with adipocytes and other SVF cells, and capacity for latent infection with HIV or
SIV proviruses (1–6). These studies, and their principal findings, are described in Table 1.

In general, mammals have predominantly white adipose tissue in their viscera and
subcutaneous fat depots. While the accumulation of visceral adipose tissue (VAT) generally
has greater detrimental effects on metabolic health, T cell subsets in subcutaneous
adipose tissue (SAT) and VAT appear similar from an immune perspective. Paired SAT
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and VAT samples from SIV-infected macaques showed no
statistically significant differences in the percentage of CD4+ T
cells, activated HLA-DR+ T cells, or CD69+ memory T cells
(2). Furthermore, paired SAT and VAT samples from 47 surgical
patients showed close correlation between the percentage of
CD8+ cells (r = 0.90, p < 0.01), CD4+ cells (r = 0.90, p < 0.01),
TH17 cells (r = 0.75, p= 0.01), and TH1 cells (r = 0.67, p < 0.04)
(8).

In contrast to SAT and VAT, brown fat is mainly
supraclavicular, paravertebral and suprarenal (9–11). While
white adipose tissue primarily functions as an energy store,
brown adipocytes have more mitochondria and are involved in
energy expenditure and thermogenesis. The latter may replace
white adipocytes after thermogenic stimulation (12). Beige
adipocytes are a third group that demonstrate a functional
resemblance to brown adipocytes. They contain high levels
of mitochondria and may be derived from white adipocytes
(13, 14). Obese persons have less brown adipose tissue compared
to their lean counterparts, and brown adipose tissue generally
contains fewer immune cells compared to white adipose tissue.
These distinctions of function and location are important to
contextualize studies on the role of the immune system in
adipose tissue. At present, the majority of studies of adipose
tissue T cells in HIV and SIV are representative of white adipose
tissue physiology from the SAT and VAT compartments.

An enrichment of adipose tissue CD8+ T cells and an increase
in the CD8:CD4 ratio accompanies HIV and SIV infection, which
is a phenomenon also observed in obesity. However, adipose
tissue changes in HIV should not be considered “equivalent” to
obesity, as marked differences in CD4+ T cell and macrophage
profiles are present in the two conditions. It is thought that
several mechanisms drive both CD8+ T cell enrichment and
the shifts in T cell distribution in obesity. Several chemokines
are detected in obese adipose tissue, including CXCL10, CXCL8,
CCL5, and CCL2 (15–17). At present, there is a paucity of data on
chemokine receptor expression on adipose tissue T cells, though
these T cells can infiltrate inflamed adipose tissue via chemotactic
recruitment by CCL5/RANTES and interaction with CXCR4 and
CCR5 (18). Notably, CCL20 expression by human adipocytes is
higher in obese individuals (19). Finally, when discussing adipose
tissue immunology in HIV infection, it is paramount to consider
the impact of HIV DNA and RNA in the local environment on T
cell subset profiles and cellular function.

ADIPOSE TISSUE T CELL CHANGES IN
HIV/SIV

Increase in the Adipose Tissue CD8:CD4T
Cell Ratio in HIV and SIV
One of the first studies of T cells in the SAT and VAT of persons
living with HIV (PLWH), by Couturier et al., identified major
differences in CD4+ and CD8+ T cell populations compared to
HIV-negative controls (1). Similar findings were subsequently
reported in other HIV and SIV studies (2, 4, 6). Adipose
tissue was collected from 3 living and 2 deceased PLWH,
and 4 healthy controls. Cells within the SVF were isolated by

collagenase digestion, separated by Ficoll gradient, and analyzed
by flow cytometry. The adipose tissue SVF CD3+ T cells were
predominantly memory CD4+ CD45RO+ T cells (61%) in the
HIV-negative controls, with fewer memory CD8+ T cells (15%).
Furthermore, the proportion of memory CD4+ T cells in adipose
tissue of healthy controls was ∼50% higher compared to blood
(1). In contrast, this distribution was reversed in PLWH, with
more adipose tissue memory CD8+ T cells (46%) than memory
CD4+ T cells (35%), which represented an ∼50% enrichment in
memory CD8+ T cells over the blood and could not be attributed
to depletion of circulating CD4+ T cells. Figure 1 summarizes
the major differences in CD8+ and CD4+ T cell profiles in
adipose tissue and blood from HIV/SIV-infected subjects vs.
HIV/SIV-negative controls (described in further detail below).

A study of 10 PLWH on the same antiretroviral therapy
(ART) regimen (efavirenz, tenofovir, emtricitabine) with long-
term virologic suppression by Koethe et al. found a higher
proportion of total CD8+ T cells in SAT compared to blood (6).
This study was limited by a lack of a HIV-negative comparison
group. SAT samples were obtained by liposuction biopsies and
processed by collagenase digestion and Ficoll separation similar
to Couturier et al. (1). SAT was enriched in CD8+ T cells (61%)
over CD4+ (33%), as compared to 52 and 43% in the blood,
respectively. Memory T cell proportions, defined as CD45RO+

CD8+ and CD4+ T cells, were not significantly different between
SAT and blood.

As observed in PLWH, cynomolgus macaques with SIV
infection have a higher percentage of CD8+ T cells, and lower
CD4+ T cells, in both the SAT and VAT compared to non-
infected animals (2, 3). In a study by Damouche et al. the
proportion of CD8+ T cells was significantly higher in the SAT
and VAT of SIV-infected macaques (2). Correspondingly, CD4+

T cell percentages were significantly lower (18% in SAT and 20%
in VAT) compared to non-infected animals (40% in both SAT
and VAT). Notably, this study demonstrated that the change in
the CD8:CD4 ratio was not driven by a reduction in the total
number of CD4+ T cells in infected animals. Rather, SIV-infected
animals had significantly higher density of CD8+ T cells in VAT
and a somewhat higher density in SAT (2). For both non-infected
healthy and SIV-infected monkeys, nearly all of the adipose tissue
CD4+ and CD8+ T cells were memory T cells (>94% CD95+),
with a large fraction of activated cells marked by expression of
CD69+ (62–84%) and CD25+ (3–13%). This seemingly CD8-
mediated inversion of the typical CD4+ and CD8+ T cell ratio
was also noted in PLWH in a separate study by Damouche
et al. (4).

In a second study of macaques, a higher adipose tissue
CD8:CD4 ratio was observed in animals infected with SIV 4-
weeks prior (ratio 1.51) compared to non-infected animals (ratio
1.38) (3). Interestingly, the CD8:CD4 ratio was similarly elevated
(1.59) in non-infected animals with chronic enterocolitis,
suggesting chronic illness or inflammation may affect adipose
CD8+ and CD4+ T cell trafficking independently of viral
infection. Gene expression profiling on the adipocyte enriched
floating fraction from SIV-infected animals showed higher levels
of CCL19, interleukin (IL)-2, and IL-7, which may contribute to
T cell homing and survival (3). Additional studies are needed
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TABLE 1 | Summary of studies on adipose tissue T cells and the viral reservoir in HIV and SIV.

References HIV/SIV Subjects Principal T cell findings Principal viral reservoir findings

Couturier et al. (1) HIV 4 ART-treated HIV+

humans (3 alive, 1 cadaver)

1 ART-naïve HIV+ cadaver

• Higher CD8:CD4 ratio in AT compared to

blood

• AT CD4+ and CD8+ T cells predominantly

CD69+ memory cells

• Gag and Env proviral DNA detected by

nested PCR

• Co-culture of latently HIV-infected

CD4+ T cells with adipocytes and IL-2,

IL-7, or IL-15 increased T cell activation

and HIV production

Damouche et al. (2) HIV and SIV 13 ART-treated, VL

suppressed HIV+ humans

23 SIV+ cynomolgus

macaques

21 SIV-negative

cynomolgus macaques

HIV+:

• none- study primarily assessed viral reservoir

SIV+:

• Higher adipose tissue CD8:CD4 ratio in SIV+

vs. SIV-negative

• Higher CD4+ and CD8+ T cell HLA-DR

(activation) expression in SIV+ vs.

SIV-negative

• CD4+ and CD8+ predominantly CD95+

memory cells in AT

• CD4+ predominantly CD69+ in AT (although

co-expression of CD69 on memory T cells

was not assessed)

• Similar memory T cell subset distribution in

SIV+ and SIV-negative

• Higher inflammatory macrophages in SIV+

vs. SIV-negative

HIV:

• HIV DNA detected in total SVF cells and

sorted adipose tissue CD4+ T cells

• Level of HIV DNA in CD4+ T cells similar

to blood

• HIV RNA detected by in situ tissue

hybridization and after in vitro reactivation

of CD4+ T cells

SIV:

• SIV DNA present in SVF and in sorted

CD4+ T cells and macrophages

• SIV RNA detected by in situ tissue

hybridization and in CD4+ T cells and

macrophages

Couturier et al. (3) SIV and

SHIV

8 SHIV-SF162p3-infected

rhesus macaques (acute)

8 SIVmac251-infected

macaques (chronic)

7 non-infected macaques

• Higher adipose tissue CD8:CD4 ratio in

SHIV+ vs. SHIV-negative

• CD4+ and CD8+ predominantly CD95+

CD69+ memory cells

• Similar levels of NKT cells in SHIV+

compared to SHIV-negative

• Infectious SIV inducible from SVF CD4T

cells;

Damouche et al. (4) HIV 11 ART-treated HIV+

humans

19 HIV-negative humans

• Higher adipose tissue CD8:CD4 ratio in SAT,

but not VAT, from HIV+ vs. HIV-negative

• Higher proportion of Treg cells in SAT from

HIV+ vs. HIV-negative

• No difference in CD4+ Th1, Th2 and Th17

cell proportions in HIV+ vs. HIV-negative

• No difference in CD4+ expression of Ki-67 or

HLA-DR in HIV+ vs. HIV-negative

• Higher CD4+ and CD8+ expression of PD-1

in AT vs. blood from HIV+ subjects

• AT CD4+ and CD8+ T cells predominantly

CD69+ cells

• None—study primarily assessed CD4+

T cell subsets

Hsu et al. (5) SHIV 6 SHIV+ rhesus macaques • Increase in adipose tissue CD4+ cells after

SHIV infection (CD8+ not reported)

• Lower SHIV RNA in SAT compared to

rectum and lymph node

• SHIV RNA levels similar in SAT and VAT

Koethe et al. (6) HIV 10 ART-treated, VL

suppressed HIV+ humans

• Higher CD8:CD4 ratio in adipose tissue vs.

blood

• Higher CD8+ expression of HLA-DR and

CD57 in adipose tissue

• Higher CD8+ TCRβ clonality in adipose

tissue; distinct TCRβ V and J gene usage

• AT CD4+ and CD8+ T cells exhibited limited

CD69 expression

• Level of HIV DNA in adipose tissue

CD4+ T cells similar to blood

Couturier et al. (7) HIV 8 HIV-infected AT

specimens

• HIV-infected CD4+ T cells cultured with

adipocytes and ART had suppressed viral

replication and increased survival

• After 7 days CD4+ p24+ T cells cultured

with adipocytes had higher CD69 expression

(∼8–12%) compared to <2% CD69+ p24+

T cells if cultured in media alone

• CD4+ T cells from AT-SVF of 2/3

individuals produced infectious virus in

an outgrowth assay

• NNRTIs were less detectable in AT cells

likely because they are hydrophilic.

Dolutegravir was found in higher

intracellular concentrations in AT

ART, antiretroviral therapy; AT, adipose tissue; HIV, human immunodeficiency virus; SAT, subcutaneous adipose tissue; SHIV, simian-human immunodeficiency virus; SIV, simian

immunodeficiency virus; SVF, stromal vascular fraction; TCR, T cell receptor; VAT, visceral adipose tissue.
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FIGURE 1 | Differences in adipose tissue and blood CD4+ and CD8+ subsets in HIV/SIV+ vs. HIV/SIV-negative subjects. Adipose tissue in HIV/SIV+ subjects is

enriched in CD8+ T cells compared to blood, while HIV/SIV-negative adipose tissue is enriched in CD4+ T cells. A proposed mechanism is the preferential recruitment

of cells from circulatory/lymphatic systems via differences in cytokine expression by adipocytes and adipose tissue stromal vascular fraction cells in HIV/SIV+ including

IL-2, IL-6, IL-7, IL-8, CCL19, IL-12p40, and MIP-1α, eotaxin and interferon gamma. While a study in HIV+ subjects found increased CD8+ T cell clonality in adipose

tissue, there is currently not compelling evidence of in situ CD4+ or CD8+ T cell proliferation within adipose tissue.

to replicate these recent reports and elucidate a mechanism for
enrichment of CD8+ T cells in adipose tissue of PLWH and
SIV-infected macaques.

CD57, CD69, HLA-DR and PD-1 Expression
on Adipose Tissue T Cells
Recent studies have assessed CD57, CD69, HLA-DR, and PD-
1 expression on T cells in the blood and adipose tissue of
PLWH and SIV-infected macaques, and as compared to non-
infected controls. Koethe et al. examined expression of CD57
on adipose tissue T cells from PLWH on long-term ART, as
CD4+ and CD8+ T cell CD57 expression in blood is higher
in PLWH compared to HIV-negative persons (20–22). CD57
is a terminally sulfated glycan carbohydrate epitope found on
T cells and natural killer (NK) cells. CD57 is a marker of
late differentiation, though there is limited consensus as to
whether CD57 expression implies reduced replicative capacity,
an inability to proliferate in response to antigen stimulation, or
increased susceptibility to activation-induced apoptosis (20, 23,
24). CD8+ T cells expressing CD57 produce more interferon-
γ and tumor necrosis factor-α (TNF-α) after T cell receptor
(TCR) stimulation compared to CD8+CD57− T cells, and
demonstrate a distinct gene expression profile characterized by
greater cytotoxic effector potential (e.g., production of perforin,
granzymes, and granulysin) (25, 26). A higher percentage of

CD57+ T cells is also implicated in several inflammatory diseases
(27–29).The proportion of CD8+ T cells expressing CD57 was
significantly higher in SAT compared to blood (37 vs. 23%,
respectively) from PLWH, and activated CD8+ T cells expressing
HLA-DR were over six-fold higher in SAT compared to blood
(5.5 vs. 0.9%, respectively).

A notable difference between the Couturier and Koethe
studies was the reported expression of CD69 on adipose tissue
CD8+ and CD4+ T cells. CD69 is an inducible, early-activation
indicator which serves as a putative tissue-resident marker on
memory T cells in human mucosal and lymphoid tissues (30–
32), but is largely absent on circulating blood memory T cells
(31). In a study by Couturier et al., surface expression of the
CD69 activation marker on adipose tissue memory CD4+ and
CD8+ T cells was 67 and 60%, respectively, in the PLWH and
72 and 61%, respectively, in the HIV-negative, compared to <5%
in the blood. In contrast, Koethe et al. found overall expression
of CD69 was low (<5%) on both adipose tissue CD8+ and
CD4+ T cells (though still higher than in blood), but among
adipose tissue memory CD4+ T cells CD69 expression was 20-
fold higher compared to blood (5.9 vs. 0.3%). The reason for
this disparity is unclear and could include differences in CD69
antibody binding, time-related increases in CD69 expression
in adipose tissue samples collected after death or by surgical
resection as opposed to rapid T cell extraction from liposuction
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aspirates, an artifact introduced by collagen digestion or other
aspects of processing, or greater residual contamination of
liposuction aspirates by peripheral blood. Additional studies are
needed to assess CD69 expression with different experimental
methods, though a study comparing activation markers on
adipose tissue T cells in lean, overweight and obese individuals
using aspiration via a 14G needle found ∼5–10% CD69
expression on CD4+ T cells and ∼25% expression on CD8+

T cells (33).
In a study by Damouche et al., expression of the HLA-DR

activation marker on CD8+ and CD4+ T cells was significantly
higher in SAT, VAT, and blood from SIV-infected macaques
compared to non-infected animals (2). However, the authors
did not observe a significant difference in the proportion of Ki-
67-expressing SAT and VAT CD4+ or CD8+ T cells in SIV-
infected animals compared to controls. Cycling and recently
divided T cells express Ki-67, while resting cells do not. This
suggests that differences in the activation profile, and the higher
density of CD8+ T cells, in adipose tissue may not result from
recent in situ proliferation. Another significant contribution of
this study was the visualization of T cells in adipose tissue.
Histology showed that CD4+ T cells were primarily located
among adipocytes far from the capillaries, while CD8+ T
cells clustered in the pericapillary area (2). The positioning of
CD4+ T cells deeper in adipose tissue could serve to protect
latently-infected CD4+ cells against cytotoxic killing by CD8+

T cells.
PD-1 (CD279) expression on CD4+ T cells is a negative

co-stimulator that can inhibit TCR signaling (34, 35) and
is important for mediating tissue tolerance of potentially
autoreactive cells (36). In the context of HIV, cells expressing PD-
1 could hinder clearance of chronic viruses by allowing tolerance
due to their exhausted phenotype (37). Murine CD4+ memory
T cells expressing CD44 and PD-1 were increased in VAT of
high fat diet fed (HFD) mice (55%) compared to mice fed a
normal diet (33%), and these cells expressed less IL-2 and IFN-γ
compared to PD-1− CD44hi CD4+ T cells (38). Notably, the PD-
1+ CD44hi CD4+ T cells activated via the TCR also expressed
large amounts of osteopontin (OPN), a negatively charged, N-
glycosylated secreted phosphoprotein produced by numerous cell
types, and higher levels of OPN were present in the serum of
HFD mice. A fraction of the PD-1+ CD44hi CD4+ T cells also
expressed CD153 (CD30L), a type II membrane glycoprotein that
is present primarily on activated CD4+ T cells, and the CD153+

PD-1+ CD44hi CD4+ T cells were found to express genes linked
to senescence (38). Adoptive transfer of these CD153+ PD-1+

CD44hi CD4+ T cells into lean mice on a normal diet induced
inflammation in VAT, as well as insulin resistance. This study
suggests a role for PD-1 expressing T cells in metabolic disease.

Damouche et al. found high expression of PD-1 on CD4+ T
cells in SAT (45%) and VAT (62%) compared to in peripheral
blood (3%) (4). However, there were no significant differences in
PD-1 expression between PLWH and HIV-negative individuals.
The authors further demonstrated that PD-1 expression was
higher in CD69+ CD4+ T cells compared to CD69− CD4+

T cells within SAT and VAT of HIV-negative individuals (a
similar analysis was not done in PLWH due to limited sample

number). Additionally, this study found a higher proportion
of TIGIT/PD-1+ CD4+ T cells in SAT compared to VAT,
which the authors postulated may be important for HIV-
1 persistence. This finding suggests differences between the
two fat depots, and evaluation of TIGIT/PD-1+ cells in the
context of the viral reservoir in PLWH is an area for future
research.

Increased CD8+ T Cell Receptor Clonality
in Adipose Tissue From PLWH
The higher CD8:CD4 ratio in adipose tissue from SIV-infected
macaques was attributed to an increase in CD8+ T cells as
opposed to depletion of CD4+ T cells in one study (2),
though additional data are needed in humans. As CD8+ T cell
density increases, key questions include: (1) whether recruitment
of primarily activated and memory CD8+ T cells from the
circulation is stochastic; (2) whether CD8+ T cells with select
antigen specificities and corresponding TCR characteristics are
preferentially migrating to adipose tissue; (3) whether CD8+

T cells are clonally expanding in situ in response to TCR
stimulation; and (4) whether T cells that infiltrate adipose tissue
re-enter circulation. The Koethe et al. study of PLWH with long-
term virologic suppression found increased CD8+ TCR clonality
in adipose tissue compared to blood using bulk TCRβ CDR3
deep sequencing, where bias-controlled V and J gene primers
are used to amplify rearranged V(D)J segments (6, 39, 40). In
all five subjects with adequate DNA for adipose tissue CD8+

TCR sequencing, the 10 most prevalent TCRβ clones comprised
a significantly larger percentage of total clones in SAT (25%)
compared to paired blood (16%), and the Shannon’s Entropy
index, a measure of overall repertoire diversity, was lower in
adipose tissue compared to blood (4.39 vs. 4.46, respectively).
Notably, the same TCRβ sequences, also referred to as public
clonotypes (i.e., specific rearrangements observed in multiple
individuals), were not observed to occur at >0.9% frequency in
the adipose tissue among any two study subjects. Gene usage and
V-J gene pairing differed between blood and adipose tissue, but
these differences were not statistically significant, potentially due
to the low number of subjects.

The finding of increased adipose tissue CD8+ T cell clonality
in PLWH has correlates in the obesity literature (41–43). A
notable finding from in vitro studies is that obese fat can
independently activate CD8+ T cells and induce proliferation,
while lean fat has little effect (41). In mice, Yang et al.
observed shifts in the clonality of both the adipose tissue
CD4+ and CD8+ TCR repertoires in lean vs. obese animals
using PCR-based spectratyping, which was based on shifts in
gene family expression from a normally Gaussian frequency
distribution of CDR3 length (43). Winer et al. examined
TCR Vα diversity and observed clonal expansion in SAT of
CD4+ T cells of mice on a HFD (42). A major limitation
of these studies from the obesity literature was the use of
spectratyping, which can only provide indirect evidence of
clonal expansion, cannot detect individual TCR sequences, and
cannot distinguish between T cell clones sharing the same V
gene region but distinct junctional regions. The introduction of
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TCR sequencing makes it possible to examine immune receptor
repertoires with fine specificity, and to examine the genetic and
biochemical properties of both individual TCRs and the broader
repertoire.

McDonnell et al. recently evaluated liver and adipose tissue
CD4+ and CD8+ TCR repertoires in mice fed a HFD or low fat
diet. They performed high-throughput TCR sequencing, which
allowed distinction of T cell clones and quantification of clonal
expansion (44). The authors found that mice on a HFD had
reduced CD8+ TCR diversity similar to previous studies (6,
39, 40). Moreover, they identified public TCR clonotypes and
a predominance of positively-charged CDR3 regions with less
polar amino acids. Notably, adipose tissue from mice on a HFD
expressed elevated isolevuglandins (isoLG; a group of negatively
charged reactive gamma-ketoaldehydes generated by free radical
oxidation) in M2-polarized macrophages. Co-culture of these
isoLG-bearing M2 macrophages with CD8+ T cells isolated from
the spleens of obese mice on a HFD led to an increase in T cell
proliferation and activation in vitro, and these T cells showed
increased expression of CD69, a marker suggestive of TCR-
linked activation. This was the first study to indicatemacrophages
presenting isoLG can promote CD8+ T cell activation, and may
reflect a contribution of modified proteins to the propagation
of inflammation within the adipose tissue of obese mice and
humans.

The finding of a more clonal CD8+ T cell population in
the adipose tissue of PLWH, and elevated CD4+ and CD8+

clonality in obesity, raises the question of where and how
antigen might be presented to drive TCR clonal expansion.
Several published reports indicate that antigen presentation
occurs directly in adipose tissue, with a focus on CD4+ T
cells. Several distinct MHC-II-expressing antigen presenting cells
(APCs) in adipose tissue can present antigens to CD4+ T cells;
these include B cells (45), dendritic cells (46), macrophages (47),
and even adipocytes (48). Mice with global deficiency of MHC-
II demonstrate protection from adipose tissue inflammation and
systemic insulin resistance when placed on a HFD (47, 48);
the accumulation of CD4+ T cells and reduction in CD11c+

macrophages may be responsible for the reduced adipose tissue
inflammation in these animals (47). Cells in the adipose tissue
also secrete adipokines such as leptin, adiponectin, and retinol
binding protein 4 that can directly activate these APCs (49–51).

Adipose Tissue CD4+ T Cell Subsets in HIV
and SIV
While HIV and SIV infection are characterized by an increased
density of adipose tissue CD8+ T cells, the limited studies on
CD4+ T cell subsets show less clear differences between PLWH
and HIV-negative persons. A study by Damouche et al. focused
on the CD4+ T cell compartment in adipose tissue from ART-
treated PLWH and HIV-negative controls (4). As observed in the
earlier study by Couturier et al. (1), HIV-negative subjects had
a predominance of CD4+ T cells over CD8+ T cells in SAT (55
vs. 25%, respectively), but this ratio was inverted, to a degree, in
the SAT of those with HIV (40 CD4+ vs. 50% CD8+ T cells).
Interestingly, the difference in CD8:CD4 ratio according to HIV

status was not observed in VAT. CD4+ and CD8+ T cell subsets
were equally represented (43 and 41%, respectively) in VAT from
HIV-negative subjects, and this relative proportion did not differ
in the PLWH. This finding differs from a study of SIV-infected
macaques, which found a significantly higher CD8:CD4 ratio in
VAT from SIV-infected animals compared to controls (2).

Among CD4+ T cell subsets, Damouche et al. observed a
significantly higher proportion of SAT regulatory T cells (Tregs;
defined as CD25+ FOXP3+ CD4+ T cells) in the PLWH
compared to HIV-negative subjects, but no major differences
in TH1 and TH17 pro-inflammatory subsets (4). Treg cells, a
subset that can be difficult to evaluate due to the technical
aspects of staining for markers such as Foxp3, accounted for
7.2% of SAT CD4+ T cells in the PLWH, compared to 1.7% in
the HIV-negative. A similar but non-significant difference was
observed in VAT Treg cells. Obesity is commonly associated with
reduced T regs in adipose tissue of obese humans and mice,
and loss of these cells is postulated to facilitate the influx of
pro-inflammatory T cells and macrophages (52). Furthermore,
the authors did not observe a significant difference in TH17
cells, identified by expression of ROR-γ transcription factors,
according to HIV status. The proportion of TH1 CD4+ T cells
(cells with intermediate or high levels of T-bet expression) also
did not differ according to HIV status, while TH2 CD4+ T cells
(expressing GATA-3) were barely detected in the adipose tissue
from both PLWH and HIV-negative subjects. Taken together,
a unifying finding of these experiments is a higher Treg/TH17
ratio in the SAT of PLWH, potentially reflecting a compensatory,
anti-inflammatory response (4).

In the same study, no significant differences were observed
in the proportion of adipose tissue CD4+ or CD8+ T cells
expressing either Ki-67 or HLA-DR between PLWH vs. HIV-
negative controls (4). The median percentage of Ki-67+ cells
was <2% in both SAT and VAT from PLWH and controls,
potentially indicating limited T cell proliferation within the
tissue. The expression of HLA-DR on CD4+ cells in SAT (24%)
and VAT (21%) was higher compared to blood in the HIV-
negative, but again similar values were observed in the PLWH.
Finally, the authors observed far higher PD-1 expression on
adipose tissue CD4+ T cells (45% expression in SAT and 62% in
VAT) compared to peripheral blood (3%), but again there were
no significant differences according to HIV status (4). Notably,
PD-1 expression was primarily present on CD69+ CD4+ T cells,
suggesting those cells thought to represent a “tissue resident”
phenotype are also more likely to demonstrate the features of
quiescent cells. The authors postulated that the high degree
of exhaustion marker expression is indicative of limited T cell
proliferation and activation, as evidenced by the low Ki-67
expression, thus reducing downstream macrophage activation
and tissue inflammation. However, while the enrichment of
PD-1+ CD4+ T cells could have a protective role in limiting
inflammation, high PD-1 expression on adipose tissue T cells may
be of particular importance in the context of HIV as these cells
are thought to constitute a large part of the latent HIV reservoir
(53–55). Studies to date have not yet measured Bcl-2, which will
be important to clarify how susceptible these populations are to
apoptosis.
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COMPARISON OF ADIPOSE TISSUE CELL
CHANGES IN HIV/SIV AND OBESITY

T Cells in HIV/SIV and Obesity
The finding that adipose tissue from PLWH and SIV-infected
macaques is enriched in CD8+ T cells was particularly intriguing
as similar changes are a hallmark of obesity. Studies of obese
humans and obese animal models show a striking increase in
adipose tissue CD8+ T cells and CD4+ TH1 cells, a decrease in
Treg cells, and an increase in M1-phenotype (TNF-α, IL-6, IL-
12, IL-23-producing) pro-inflammatory macrophages compared
to non-obese controls (41, 42, 45, 52). A landmark 2009 paper
by Nishimura et al. showed the recruitment of M1-phenotype
macrophages into adipose tissue in mice was dependent on the
prior infiltration of CD8+ T cells (41).

CD4+ Treg cells protect against tissue inflammation and
insulin resistance, and are less frequent in obese adipose tissue
compared to lean. Adipose tissue Tregs in obese mice have a
unique TCR profile compared to Tregs from the spleen and
lymph nodes, as evidenced by single cell sequencing from each
of these compartments (52). An important caveat of this study
was that the “limited” Ltd transgenic mice used can only generate
a highly restricted Vα repertoire that pairs with a single TCRβ

chain (56). Experimental models demonstrate that the adoptive
transfer of CD4+ T cells into lymphocyte-free Rag1−/− mice
reverses weight gain and insulin resistance, while depletion of
CD8+ T cells in adipose tissue reduces macrophage density and
improves insulin sensitivity (41, 42).

Adoptive transfer models utilizing invariant natural killer
T cells (iNKT) have demonstrated a role for these cells
in modulating adipose tissue inflammation. NKT cells are
lymphocytes that express NK cell surface markers and recognize
CD1d (a non-polymorphic MHC I-like molecule) in its lipid-
containing conformation (57). They are an important link
between the innate and adaptive immune system. Type I NKT
(iNKT) cells express a highly restricted (invariant) TCRα-chain
(Vα24-Jα18 in humans paired with Vβ11 and Vα14-Jα18 paired
with Vβ8.2, Vβ7, or Vβ2 in mice). Type II NKT cells on the
other hand have diverse TCRs (58). Notably, the different TCRs
expressed on type II NKT cells can recognize the same lipid
antigens. In humans, type II NKT cells are more frequent than
type I NKT cells, but the opposite is the case in mice (59,
60). Type II NKT cells have been shown to prevent high fat-
induced obesity in some studies (61, 62), though they were
shown to exacerbate diet-induced obesity in another (63). iNKT
cells are highly plastic and can express both anti-inflammatory
(61) and pro-inflammatory (64) cytokines depending on the
activating stimuli. They recognize alpha-galactosylceramide and
exert anti-inflammatory effects controlling the presence of Treg
andmacrophage populations in the adipose tissue in an IL-2- and
IFN-γ-dependent manner (61, 65–68). Adipocytes can also serve
as non-professional antigen presenting cells for iNKT cells with
high levels of CD1d expression (69).

CD4+ iNKT cells express CXCR4 and CCR5 chemokine
receptors and can be infected by HIV (70–72). Infection
of CD4+ iNKT cells in humans and non-human primates
leads to decline of CD4+ T cells. Couturier et al. compared

NKT cells (CD3+/CD16+/CD27+/CD56+) in VAT of SHIV-
SF162p3- infected macaques and healthy controls during
chronic and acute infection, and found no differences in
the percentage of these cells between groups (3). At present,
there are no studies that assessed adipose tissue NKT cells
in PLWH, and further studies are warranted to explore
the role of NKT cells in tissue inflammation and metabolic
disease (73).

Macrophages in HIV/SIV and Obesity
Progressive weight gain is accompanied by adipose tissue
macrophage infiltration and inflammation (18, 41, 74–79). In
obesity, hypertrophied adipocytes express increased macrophage
inflammatory protein 1α (MIP-1α) and macrophage chemotactic
protein 1 (MCP-1), which promote macrophage infiltration,
and IL-8, which promotes neutrophil chemotaxis (80–82).
Adipose tissue from obese individuals and animal models
contains a greater density of macrophages with a pro-
inflammatory M1 cytokine phenotype (characterized by high
TNF-α, IL-6, IL-12, IL-23, and inducible nitric oxide synthase
production). An environment high in these cytokines inhibits
adipocyte insulin signaling by reducing expression of insulin
receptor substrate-1 (IRS-1), phosphoinositide 3-kinase p85α,
and glucose transporter type 4 (GLUT4) via cell surface
receptors and other mechanisms (75, 83–86). The contribution
of adipose tissue macrophages to metabolic disease is also
supported by the higher levels of inflammatory cytokine
and other protein expression in SAT from insulin resistant
persons compared to insulin sensitive, including higher MCP-
1, CD68, scavenger receptor A, visfatin, and oxidized LDL
receptor 1 (87).

Studies of PLWH report conflicting results on adipose
tissue macrophage changes compared to HIV-negative controls,
but, in general, studies of PLWH have not demonstrated
the marked enrichment in pro-inflammatory M1 macrophages
observed in obesity. Peripheral lipoatrophy was accompanied by
increased SAT macrophage density in one comparative study,
in addition to increased fibrosis, apoptosis, and vessel density
(88). In contrast, a study of gluteal fold adipose tissue (GFAT)
found minimal differences in macrophage content (measured as
cells/hpf) between PLWH with and without clinically-evident
lipoatrophy, and HIV-negative controls, but higher IL-6, IL-
8, IL-12p40, and MIP-1α, and lower interferon gamma and
eotaxin levels, in adipose tissue supernatant from the PLWH
(89). While the density of adipose tissue macrophages did not
differ by lipoatrophy status in the PLWH, patients exposed to
zidovudine and stavudine (older thymidine analog antiretroviral
medications) had marginally higher density. Furthermore,
median HIV DNA in circulating CD14+CD16+ monocytes, a
subset more apt to be infected by HIV, was higher in the PLWH
with clinically-evident lipoatrophy compared to those without
lipoatrophy (89). HIV infection of CD14+CD16+ monocytes
increases constitutive expression of pro-inflammatory cytokines,
impairs phagocytic capacity, and increases antigen-stimulated
cytokine expression (90–94). These findings suggest a role for
adipose tissue macrophages in the development of lipoatrophy
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in PLWH, though the effect may stem from qualitative changes
(e.g., greater cytokine expression) rather than greater density.

Adipose tissue CD3−/CD14+/HLA-DR+ macrophages
represented a small proportion (<1–2%) of the total SVF cells
in SIV-negative macaques, but were ∼50% lower in acutely (4
weeks post-infection) SIV-infected macaques (3). In contrast,
a study of macaques infected with SIV for a median of 15
months found a significantly higher proportion of macrophages
among CD45+ cells in SAT, but not VAT, from SIV-infected
animals compared to controls (2). Furthermore, the frequency
of CD206+CD163− macrophages (selected by the authors as
markers of “M2” anti-inflammatory cells) was significantly lower
in SIV-infected animals compared to non-infected animals in
both SAT and VAT, while the proportion of CD206−CD163−

macrophages (thought to correspond to pro-inflammatory cells)
was elevated in SIV-infected animals.

The relationship between CD8+ T cell enrichment and the
accumulation of macrophages in adipose tissue in PLWH is
an area for additional study, which will inform both our
understanding of metabolic changes in HIV and the pathogenesis
of adipose tissue inflammation more broadly. In the 2009
study by Nishimura et al. CD8+ T cell infiltration into
adipose tissue in obese mice preceded the recruitment of
M1-phenotype macrophages (41). The experimental depletion
of CD8+ T cells in obese mice, and diet-induced obesity
in Cd8−/Cd8− knockout mice, was accompanied by reduced
adipose tissue macrophage content and local inflammatory
mediators, suggesting CD8+ T cells are both necessary and
sufficient to promote macrophage recruitment in obesity. If

HIV infection is characterized by adipose tissue CD8+ T cell
enrichment without pronounced macrophage recruitment, this
may reflect the need for a costimulatory factor in obese adipose
tissue to recruit macrophages in the presence of CD8+ T cells,
may indicate that cytokine expression profiles of adipose tissue
CD8+ T cells differ in obesity and HIV infection, or reflect
another as yet unknown mechanism.

Studies in Humanized Mice
Several groups have used humanized mice to study HIV-1 tissue
and cellular replication as well as immune responses during acute
and chronic infections. Arainga et al. infected humanized mice
with HIV-1 and examined tissue sites for viral infection. The
authors assessed the blood, brain, gut, kidney, lungs, liver, lymph
nodes, and spleen, and were able to detect HIV-1 integrated
DNA andmulti-spliced and unspliced RNA in different cell types,
though adipose tissue was not evaluated (95). This study suggests
that humanized mice infected with HIV and treated with ART
might serve as amodel to study the effects of chronic, treatedHIV
infection on metabolic status. A study by Cheng et al. evaluated
humanized mice engrafted with hematopoietic stem cells (HSC),
reconstituted with human lymphoid and myeloid lineages, and
infected with HIV-1 before treatment with ART (96). The study
showed a reduction of HIV replication to undetectable levels with
treatment, but the persistence of HIV-1 in reservoirs and a viral
rebound after stopping. At present, to our knowledge, no group
has used humanized mice infected with HIV to explore adipose
tissue biology.

FIGURE 2 | The HIV/SIV viral reservoir in adipose tissue. Schematic of the immune cell populations in PLWH and SIV-infected primates where latent and replicating

HIV and SIV have been identified. HIV RNA and proviral DNA has been detected in the CD4+ T cells of the SVF, and also in macrophages during SIV infection. Poor

perpetration of some antiretroviral agents into adipose tissue and the distance of CD4+ T cells from the pericapillary area may make targeting the latent reservoir of

adipose CD4+ T cells difficult. Similarly, the localization of the CD8+ T cells to the pericapillary area may prevent cytotoxic killing of HIV-infected CD4+ T cells in the

adipose tissue.
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ADIPOSE TISSUE: A VIRAL RESERVOIR

HIV and SIV
CD4+ T cells in adipose tissue are predominantly an activated
memory phenotype (CD45RO+CD69+), which may serve as a
reservoir for HIV persistence (1, 2, 19, 33, 97). Replication-
competent HIV has been detected in sorted and ex vivo
CD4+ T cells from the adipose tissue of aviremic, ART-treated
patients, and in adipose-resident CD4+ T cells the median
copy number of latent HIV proviral DNA (i.e., integrated
into the host cell DNA) in adipose tissue CD4+ T cells was
equivalent to circulating CD4+ T cells (2). Similarly, SVF
cells from several adipose depots (visceral, subcutaneous, and
deep neck) contained detectable HIV DNA at comparable
frequencies to memory CD4+ T cells purified from peripheral
blood, mesenteric lymph nodes, and thymus (1). Furthermore,
SIV DNA and RNA were detected in SVF from SAT and
VAT, sorted blood CD4+ T cells, and CD14+ macrophages
in macaques (2, 3, 5). These findings indicate adipose tissue
may serve as a HIV and SIV DNA reservoir, and a site for
actively replicating (RNA-producing) virus. Viral persistence in
adipose tissue may be partly due to inadequate distribution
of ART. In vitro experiments using HIV-1 infected CD4+

T cells and primary human adipocytes revealed a reduced
drug efficacy due to lower penetration of nucleoside/nucleotide
reverse transcriptase inhibitors. Integrase inhibitors, on the other
hand, penetrate adipose tissue (7). Figure 2 summarizes the
major findings regarding HIV and SIV persistence in adipose
tissue.

Adipose tissue latently-infected CD4+ T cells likely promote
a local inflammatory environment. While the co-culture
of preadipocytes or adipocytes with HIV-infected memory
CD4+ T cells did not promote T cell activation or virus
production, the addition of IL-2, IL-7, or IL-15, three
cytokines present in adipose tissue (98–100), increased CD69
activation marker expression and p24 HIV antigen production
by two-fold or more (1). Furthermore, preadipocyte IL-6
expression increased nearly three-fold in the presence of latently-
infected CD4+ T cells (1). These findings may reflect a
cycle in which an inflammatory adipose tissue environment
promotes virus production and activation of latently-infected
CD4+ T cells, and these CD4+ T cells in turn increase
preadipocyte pro-inflammatory cytokine production (101–
104).

Finally, if adipose tissue serves as a reservoir for latently-
infected CD4+ T cells, these cells may be more protected from
cytotoxic CD8+ T cells than those in circulation. This possibility
is supported by studies in macaques showing CD4+ T cells
are present deep in the adipose tissue while CD8+ T cells are
generally localized to the pericapillary area (2). The development
of therapies for eradication of the latent HIV reservoir will
need to consider the potential challenges posed by adipose tissue
CD4+ T cells.

Non-retroviral Reservoir
The presence of HIV and SIV proviral DNA and free RNA virus
in adipose tissue is not unique to these two pathogens, and

studies over the past 70 years have documented the infiltration
of adipose tissue by a number of viruses spanning multiple
Baltimore groupings. These pathogens are presumably engaged
to varying degrees by the local immune system, resulting in
changes in immune cell populations, expression of cytokines and
other immune mediators, and effects on adipocyte energy storage
and metabolic fitness.

Studies in the 1950s described the in vivo infection
of adipose tissue and the adipotropism of Coxsackie
virus (105), rabies (106), and polioviruses (107, 108).
Later work in murine and primate models in the 1980s
and 1990s described the infection of adipose tissue and
subsequent metabolic and pathologic changes introduced by
cytomegalovirus (109–111) and Ebola-Reston virus (112).
More recent work has re-established adipose tissue as a
key reservoir for influenza (113), the murid herpesviruses
MHV68 and MHV4 (114, 115), and cytomegalovirus
(116, 117). Epidemiologic studies have also linked untreated
viral infections to changes in adipose tissue mass and
metabolism, including childhood obesity associated with
cytomegalovirus and total herpesvirus burden (118), and
obesity and insulin resistance in chronic hepatitis C infection in
adults (119).

CONCLUSION

The multifaceted roles of adipose tissue as an energy storage
depot, metabolic regulator, and endocrine organ occur against
the backdrop of a complex mix of innate and adaptive immune
cells interacting in an environment prone to infiltration by a
range of viral pathogens. T cells are a major component of the
adipose tissue milieu, and while the enrichment of CD8+ T cells
appears broadly similar in obesity and HIV infection, differences
in CD4+ T cells and, likely, macrophage populations suggest that
the stimuli driving CD8+ cell enrichment and the interactions
of CD8+ cells with other immune cells differs between the two
conditions.

At this time, studies of T cell populations in HIV/SIV-
infected subjects have only utilized surface marker phenotyping,
and additional data on transcriptional profiles is needed to
understandwhether adipose tissue T cells inHIV/SIV and obesity
are behaving in a similar manner, and whether adipose tissue
T cells from PLWH have similar functional properties to T
cells in the peripheral blood. Finally, HIV and SIV proviral
DNA, and free RNA virus, can be detected in the SVF of
VAT and SAT, and replication-competent HIV is found in
CD4+ T cells. Evidence that adipose tissue is a viral reservoir
for HIV and SIV suggests that some of the T cells within
the adipose tissue may be virus-specific. Future studies to
identify TCRs expressed by T cells within adipose tissue and
their corresponding epitopes will help answer this question,
and is currently being explored by our group. Finally, HIV-
infected CD4+ T cells within adipose tissue may serve as
a relatively protected viral compartment, which should be
considered in future studies of interventions to deplete the HIV
reservoir.

Frontiers in Immunology | www.frontiersin.org 9 December 2018 | Volume 9 | Article 2730

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Wanjalla et al. Adipose T Cells in HIV/SIV

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and
intellectual contribution to the work, and approved it for
publication.

FUNDING

This work was supported in part by the NIH-funded Tennessee
Center for AIDS Research (P30 AI110527) andNIDDK grant R01
DK112262.

REFERENCES

1. Couturier J, Suliburk JW, Brown JM, Luke DJ, Agarwal N, Yu X, et al. Human

adipose tissue as a reservoir for memory CD4+ T cells andHIV.AIDS (2015)

29:667–74. doi: 10.1097/QAD.0000000000000599

2. Damouche A, Lazure T, Avettand-Fenoel V, Huot N, Dejucq-Rainsford

N, Satie AP, et al. Adipose tissue is a neglected viral reservoir and an

inflammatory site during chronic HIV and SIV infection. PLoS Pathog.

(2015) 11:e1005153. doi: 10.1371/journal.ppat.1005153

3. Couturier J, Agarwal N, Nehete PN, Baze WB, Barry MA, Jagannadha Sastry

K, et al. Infectious SIV resides in adipose tissue and induces metabolic

defects in chronically infected rhesus macaques. Retrovirology (2016) 13:30.

doi: 10.1186/s12977-016-0260-2

4. Damouche A, Pourcher G, Pourcher V, Benoist S, Busson E, Lataillade

JJ, et al. High proportion of PD-1-expressing CD4(+) T cells in

adipose tissue constitutes an immunomodulatory microenvironment that

may support HIV persistence. Eur J Immunol. (2017) 47:2113–23.

doi: 10.1002/eji.201747060

5. Hsu DC, Wegner MD, Sunyakumthorn P, Silsorn D, Tayamun S, Inthawong

D, et al. CD4+ Cell infiltration into subcutaneous adipose tissue is not

indicative of productively infected cells during acute SHIV infection. J Med

Primatol. (2017) 46:154–7. doi: 10.1111/jmp.12298

6. Koethe JR, McDonnell W, Kennedy A, Abana CO, Pilkinton M, Setliff I,

et al. Adipose tissue is enriched for activated and late-differentiated CD8+

T cells and shows distinct CD8+ Receptor Usage, Compared With Blood

in HIV-Infected Persons. J Acquir Immune Defic Syndr. (2018) 77:e14-e21.

doi: 10.1097/QAI.0000000000001573

7. Couturier J, Winchester LC, Suliburk JW, Wilkerson GK, Podany AT,

Agarwal N, et al. Adipocytes impair efficacy of antiretroviral therapy.

Antiviral Res. (2018) 154:140–8. doi: 10.1016/j.antiviral.2018.04.002

8. McLaughlin T, Liu LF, Lamendola C, Shen L, Morton J, Rivas H, et al. T-

cell profile in adipose tissue is associated with insulin resistance and systemic

inflammation in humans. Arterioscler Thromb Vasc Biol. (2014) 34:2637–43.

doi: 10.1161/ATVBAHA.114.304636

9. Ibrahim MM. Subcutaneous and visceral adipose tissue:

structural and functional differences. Obes Rev. (2010) 11:11–8.

doi: 10.1111/j.1467-789X.2009.00623.x

10. Park A, KimWK, Bae KH. Distinction of white, beige and brown adipocytes

derived from mesenchymal stem cells. World J Stem Cells (2014) 6:33–42.

doi: 10.4252/wjsc.v6.i1.33

11. Cypess AM, White AP, Vernochet C, Schulz TJ, Xue R, Sass CA,

et al. Anatomical localization, gene expression profiling and functional

characterization of adult human neck brown fat. Nat Med. (2013) 19:635–9.

doi: 10.1038/nm.3112

12. Giralt M, Villarroya F. White, brown, beige/brite: different adipose

cells for different functions? Endocrinology (2013) 154:2992–3000.

doi: 10.1210/en.2013-1403

13. Harms M, Seale P. Brown and beige fat: development, function and

therapeutic potential. Nat Med. (2013) 19:1252–63. doi: 10.1038/nm.3361

14. Wu J, Bostrom P, Sparks LM, Ye L, Choi JH, Giang AH, et al. Beige adipocytes

are a distinct type of thermogenic fat cell in mouse and human. Cell (2012)

150:366–76. doi: 10.1016/j.cell.2012.05.016

15. Bruun JM, Pedersen SB, Richelsen B. Regulation of interleukin 8 production

and gene expression in human adipose tissue in vitro. J Clin Endocrinol

Metab. (2001) 86:1267–73. doi: 10.1210/jc.86.3.1267

16. Christiansen T, Richelsen B, Bruun JM. Monocyte chemoattractant protein-

1 is produced in isolated adipocytes, associated with adiposity and reduced

after weight loss in morbid obese subjects. Int J Obes. (2005) 29:146–50.

doi: 10.1038/sj.ijo.0802839

17. Juge-Aubry CE, Henrichot E, Meier CA. Adipose tissue: a regulator of

inflammation. Best Pract Res Clin Endocrinol Metab. (2005) 19:547–66.

doi: 10.1016/j.beem.2005.07.009

18. Wu H, Ghosh S, Perrard XD, Feng L, Garcia GE, Perrard JL, et al. T-

cell accumulation and regulated on activation, normal T cell expressed

and secreted upregulation in adipose tissue in obesity. Circulation (2007)

115:1029–38. doi: 10.1161/CIRCULATIONAHA.106.638379

19. Duffaut C, Zakaroff-Girard A, Bourlier V, Decaunes P, Maumus M,

Chiotasso P, et al. Interplay between human adipocytes and T lymphocytes

in obesity: CCL20 as an adipochemokine and T lymphocytes as

lipogenic modulators. Arterioscler Thromb Vasc Biol. (2009) 29:1608–14.

doi: 10.1161/ATVBAHA.109.192583

20. Palmer BE, Blyveis N, Fontenot AP, Wilson CC. Functional and phenotypic

characterization of CD57+CD4+ T cells and their association with

HIV-1-induced T cell dysfunction. J Immunol. (2005) 175:8415–23.

doi: 10.4049/jimmunol.175.12.8415

21. Papagno L, Spina CA, Marchant A, Salio M, Rufer N, Little S, et al. Immune

activation and CD8+ T-cell differentiation towards senescence in HIV-1

infection. PLoS Biol. (2004) 2:E20. doi: 10.1371/journal.pbio.0020020

22. Lieberman J, Trimble LA, Friedman RS, Lisziewicz J, Lori F, Shankar P, et al.

Expansion of CD57 and CD62L-CD45RA+ CD8T lymphocytes correlates

with reduced viral plasma RNA after primary HIV infection. AIDS (1999)

13:891–9. doi: 10.1097/00002030-199905280-00004

23. Focosi D, Bestagno M, Burrone O, Petrini M. CD57+ T lymphocytes

and functional immune deficiency. J Leukoc Biol. (2010) 87:107–16.

doi: 10.1189/jlb.0809566

24. Brenchley JM, Karandikar NJ, Betts MR, Ambrozak DR, Hill BJ, Crotty

LE, et al. Expression of CD57 defines replicative senescence and antigen-

induced apoptotic death of CD8+ T cells. Blood (2003) 101:2711–20.

doi: 10.1182/blood-2002-07-2103

25. Le Priol Y, Puthier D, Lecureuil C, Combadiere C, Debre P, Nguyen C,

et al. High cytotoxic and specific migratory potencies of senescent CD8+

CD57+ cells in HIV-infected and uninfected individuals. J Immunol. (2006)

177:5145–54. doi: 10.4049/jimmunol.177.8.5145

26. Tae Yu H, Youn JC, Lee J, Park S, Chi HS, Lee J, et al. Characterization of

CD8(+)CD57(+) T cells in patients with acute myocardial infarction. Cell

Mol Immunol. (2015) 12:466–73. doi: 10.1038/cmi.2014.74

27. Maeda T, Yamada H, Nagamine R, Shuto T, Nakashima Y, Hirata G, et al.

Involvement of CD4+,CD57+ T cells in the disease activity of rheumatoid

arthritis. Arthritis Rheum. (2002) 46:379–84. doi: 10.1002/art.10133

28. Palmer BE, Mack DG, Martin AK, Maier LA, Fontenot AP. CD57 expression

correlates with alveolitis severity in subjects with beryllium-induced disease.

J Allergy Clin Immunol. (2007) 120:184–91. doi: 10.1016/j.jaci.2007.03.009

29. Hoffmann J, Fiser K, Weaver J, Dimmick I, Loeher M, Pircher

H, et al. High-throughput 13-parameter immunophenotyping identifies

shifts in the circulating T-cell compartment following reperfusion in

patients with acute myocardial infarction. PLoS ONE (2012) 7:e47155.

doi: 10.1371/journal.pone.0047155

30. Casey KA, Fraser KA, Schenkel JM, Moran A, Abt MC, Beura LK,

et al. Antigen-independent differentiation and maintenance of effector-

like resident memory T cells in tissues. J Immunol. (2012) 188:4866–75.

doi: 10.4049/jimmunol.1200402

31. Sathaliyawala T, Kubota M, Yudanin N, Turner D, Camp P, Thome

JJ, et al. Distribution and compartmentalization of human circulating

and tissue-resident memory T cell subsets. Immunity (2013) 38:187–97.

doi: 10.1016/j.immuni.2012.09.020

32. Farber DL, Yudanin NA, Restifo NP. Human memory T cells: generation,

compartmentalization and homeostasis. Nat Rev Immunol. (2014) 14:24–35.

doi: 10.1038/nri3567

Frontiers in Immunology | www.frontiersin.org 10 December 2018 | Volume 9 | Article 2730

https://doi.org/10.1097/QAD.0000000000000599
https://doi.org/10.1371/journal.ppat.1005153
https://doi.org/10.1186/s12977-016-0260-2
https://doi.org/10.1002/eji.201747060
https://doi.org/10.1111/jmp.12298
https://doi.org/10.1097/QAI.0000000000001573
https://doi.org/10.1016/j.antiviral.2018.04.002
https://doi.org/10.1161/ATVBAHA.114.304636
https://doi.org/10.1111/j.1467-789X.2009.00623.x
https://doi.org/10.4252/wjsc.v6.i1.33
https://doi.org/10.1038/nm.3112
https://doi.org/10.1210/en.2013-1403
https://doi.org/10.1038/nm.3361
https://doi.org/10.1016/j.cell.2012.05.016
https://doi.org/10.1210/jc.86.3.1267
https://doi.org/10.1038/sj.ijo.0802839
https://doi.org/10.1016/j.beem.2005.07.009
https://doi.org/10.1161/CIRCULATIONAHA.106.638379
https://doi.org/10.1161/ATVBAHA.109.192583
https://doi.org/10.4049/jimmunol.175.12.8415
https://doi.org/10.1371/journal.pbio.0020020
https://doi.org/10.1097/00002030-199905280-00004
https://doi.org/10.1189/jlb.0809566
https://doi.org/10.1182/blood-2002-07-2103
https://doi.org/10.4049/jimmunol.177.8.5145
https://doi.org/10.1038/cmi.2014.74
https://doi.org/10.1002/art.10133
https://doi.org/10.1016/j.jaci.2007.03.009
https://doi.org/10.1371/journal.pone.0047155
https://doi.org/10.4049/jimmunol.1200402
https://doi.org/10.1016/j.immuni.2012.09.020
https://doi.org/10.1038/nri3567
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Wanjalla et al. Adipose T Cells in HIV/SIV

33. Travers RL, Motta AC, Betts JA, Bouloumie A, Thompson D. The impact of

adiposity on adipose tissue-resident lymphocyte activation in humans. Int J

Obes. (2015) 39:762–9. doi: 10.1038/ijo.2014.195

34. Yokosuka T, Takamatsu M, Kobayashi-Imanishi W, Hashimoto-Tane

A, Azuma M, Saito T. Programmed cell death 1 forms negative

costimulatory microclusters that directly inhibit T cell receptor signaling

by recruiting phosphatase SHP2. J Exp Med. (2012) 209:1201–17.

doi: 10.1084/jem.20112741

35. Latchman Y, Wood CR, Chernova T, Chaudhary D, Borde M, Chernova I,

et al. PD-L2 is a second ligand for PD-1 and inhibits T cell activation. Nat

Immunol. (2001) 2:261–8. doi: 10.1038/85330

36. Francisco LM, Sage PT, Sharpe AH. The PD-1 pathway in

tolerance and autoimmunity. Immunol Rev. (2010) 236:219–42.

doi: 10.1111/j.1600-065X.2010.00923.x

37. Day CL, Kaufmann DE, Kiepiela P, Brown JA, Moodley ES, Reddy S, et al.

PD-1 expression on HIV-specific T cells is associated with T-cell exhaustion

and disease progression. Nature (2006) 443:350–4. doi: 10.1038/nature05115

38. Shirakawa K, Yan X, Shinmura K, Endo J, Kataoka M, Katsumata Y, et al.

Obesity accelerates T cell senescence in murine visceral adipose tissue. J Clin

Invest. (2016) 126:4626–39. doi: 10.1172/JCI88606

39. Robins HS, Campregher PV, Srivastava SK, Wacher A, Turtle CJ,

Kahsai O, et al. Comprehensive assessment of T-cell receptor beta-

chain diversity in alphabeta T cells. Blood (2009) 114:4099–107.

doi: 10.1182/blood-2009-04-217604

40. DeWitt WS, Emerson RO, Lindau P, Vignali M, Snyder TM, Desmarais C,

et al. Dynamics of the cytotoxic T cell response to a model of acute viral

infection. J Virol. (2015) 89:4517–26. doi: 10.1128/JVI.03474-14

41. Nishimura S, Manabe I, Nagasaki M, Eto K, Yamashita H, Ohsugi

M, et al. CD8+ effector T cells contribute to macrophage recruitment

and adipose tissue inflammation in obesity. Nat Med. (2009) 15:914–20.

doi: 10.1038/nm.1964

42. Winer S, Chan Y, Paltser G, TruongD, Tsui H, Bahrami J, et al. Normalization

of obesity-associated insulin resistance through immunotherapy. Nat Med.

(2009) 15:921–9. doi: 10.1038/nm.2001

43. Yang H, Youm YH, Vandanmagsar B, Ravussin A, Gimble JM, Greenway

F, et al. Obesity increases the production of proinflammatory mediators

from adipose tissue T cells and compromises TCR repertoire diversity:

implications for systemic inflammation and insulin resistance. J Immunol.

(2010). 185:1836-45. doi: 10.4049/jimmunol.1000021

44. McDonnell WJ, Koethe JR, Mallal SA, Pilkinton MA, Kirabo A, Ameka

MK, et al. High CD8T cell receptor clonality and altered CDR3 properties

are associated with elevated isolevuglandins in adipose tissue during diet-

induced obesity. Diabetes (2018) 67:db180040. doi: 10.2337/db18-0040

45. Winer DA, Winer S, Shen L, Wadia PP, Yantha J, Paltser G, et al. B cells

promote insulin resistance through modulation of T cells and production of

pathogenic IgG antibodies. Nat Med. (2011) 17:610–7. doi: 10.1038/nm.2353

46. Cho KW, Zamarron BF, Muir LA, Singer K, Porsche CE, DelProposto

JB, et al. Adipose tissue dendritic cells are independent contributors to

obesity-induced inflammation and insulin resistance. J Immunol. (2016)

197:3650–61. doi: 10.4049/jimmunol.1600820

47. Cho KW, Morris DL, DelProposto JL, Geletka L, Zamarron B, Martinez-

Santibanez G, et al. An MHC II-dependent activation loop between

adipose tissue macrophages and CD4+ T cells controls obesity-induced

inflammation. Cell Rep. (2014) 9:605–17. doi: 10.1016/j.celrep.2014.

09.004

48. Deng T, Lyon CJ, Minze LJ, Lin J, Zou J, Liu JZ, et al. Class II major

histocompatibility complex plays an essential role in obesity-induced adipose

inflammation.Cell Metab. (2013) 17:411–22. doi: 10.1016/j.cmet.2013.02.009

49. Mattioli B, Straface E, Quaranta MG, Giordani L, Viora M. Leptin

promotes differentiation and survival of human dendritic cells and

licenses them for Th1 priming. J Immunol. (2005) 174:6820–8.

doi: 10.4049/jimmunol.174.11.6820

50. Jung MY, Kim HS, Hong HJ, Youn BS, Kim TS. Adiponectin induces

dendritic cell activation via PLCgamma/JNK/NF-kappaB pathways,

leading to Th1 and Th17 polarization. J Immunol. (2012) 188:2592–601.

doi: 10.4049/jimmunol.1102588

51. Moraes-Vieira PM, Yore MM, Dwyer PM, Syed I, Aryal P, Kahn

BB. RBP4 activates antigen-presenting cells, leading to adipose tissue

inflammation and systemic insulin resistance. Cell Metab. (2014) 19:512–26.

doi: 10.1016/j.cmet.2014.01.018

52. Feuerer M, Herrero L, Cipolletta D, Naaz A, Wong J, Nayer A, et al.

Lean, but not obese, fat is enriched for a unique population of regulatory

T cells that affect metabolic parameters. Nat Med. (2009) 15:930–9.

doi: 10.1038/nm.2002

53. Chomont N, El-Far M, Ancuta P, Trautmann L, Procopio FA, Yassine-

Diab B, et al. HIV reservoir size and persistence are driven by T

cell survival and homeostatic proliferation. Nat Med. (2009) 15:893–900.

doi: 10.1038/nm.1972

54. Fromentin R, Bakeman W, Lawani MB, Khoury G, Hartogensis W,

DaFonseca S, et al. CD4+ T cells expressing PD-1, TIGIT and LAG-3

contribute to HIV persistence during ART. PLoS Pathog. (2016) 12:e1005761.

doi: 10.1371/journal.ppat.1005761

55. Banga R, Procopio FA, Noto A, Pollakis G, Cavassini M, Ohmiti K, et al.

PD-1(+) and follicular helper T cells are responsible for persistent HIV-1

transcription in treated aviremic individuals. Nat Med. (2016) 22:754–61.

doi: 10.1038/nm.4113

56. Correia-Neves M, Waltzinger C, Mathis D, Benoist C. The

shaping of the T cell repertoire. Immunity (2001) 14:21–32.

doi: 10.1016/S1074-7613(01)00086-3

57. Porcelli SA, Modlin RL. The CD1 system: antigen-presenting molecules

for T cell recognition of lipids and glycolipids. Annu Rev Immunol. (1999)

17:297–329. doi: 10.1146/annurev.immunol.17.1.297

58. Matsuda JL, Gapin L, Fazilleau N, Warren K, Naidenko OV, Kronenberg M.

Natural killer T cells reactive to a single glycolipid exhibit a highly diverse

T cell receptor beta repertoire and small clone size. Proc Natl Acad Sci USA.

(2001) 98:12636–41. doi: 10.1073/pnas.221445298

59. Godfrey DI, Uldrich AP, McCluskey J, Rossjohn J, Moody DB. The

burgeoning family of unconventional T cells. Nat Immunol. (2015) 16:1114–

23. doi: 10.1038/ni.3298

60. Kumar V, Delovitch TL. Different subsets of natural killer T cells may

vary in their roles in health and disease. Immunology (2014) 142:321–36.

doi: 10.1111/imm.12247

61. Lynch L, Nowak M, Varghese B, Clark J, Hogan AE, Toxavidis V, et al.

Adipose tissue invariant NKT cells protect against diet-induced obesity

and metabolic disorder through regulatory cytokine production. Immunity

(2012) 37:574–87. doi: 10.1016/j.immuni.2012.06.016

62. Hams E, Locksley RM, McKenzie AN, Fallon PG. Cutting edge: IL-25 elicits

innate lymphoid type 2 and type II NKT cells that regulate obesity in mice. J

Immunol. (2013) 191:5349–53. doi: 10.4049/jimmunol.1301176

63. Satoh M, Andoh Y, Clingan CS, Ogura H, Fujii S, Eshima K, et al. Type

II NKT cells stimulate diet-induced obesity by mediating adipose tissue

inflammation, steatohepatitis and insulin resistance. PLoS ONE (2012)

7:e30568. doi: 10.1371/journal.pone.0030568

64. Ohmura K, Ishimori N, Ohmura Y, Tokuhara S, Nozawa A, Horii S, et al.

Natural killer T cells are involved in adipose tissues inflammation and

glucose intolerance in diet-induced obese mice. Arterioscler Thromb Vasc

Biol. (2010) 30:193–9. doi: 10.1161/ATVBAHA.109.198614

65. Lynch L, Michelet X, Zhang S, Brennan PJ, Moseman A, Lester C, et al.

Regulatory iNKT cells lack expression of the transcription factor PLZF and

control the homeostasis of T(reg) cells and macrophages in adipose tissue.

Nat Immunol. (2015) 16:85–95. doi: 10.1038/ni.3047

66. Satoh M, Hoshino M, Fujita K, Iizuka M, Fujii S, Clingan CS, et al.

Adipocyte-specific CD1d-deficiency mitigates diet-induced obesity and

insulin resistance in mice. Sci Rep. (2016) 6:28473. doi: 10.1038/srep28473

67. Huh JY, Kim JI, Park YJ, Hwang IJ, Lee YS, Sohn JH, et al. A novel function of

adipocytes in lipid antigen presentation to iNKT cells. Mol Cell Biol. (2013)

33:328–39. doi: 10.1128/MCB.00552-12

68. Strodthoff D, Lundberg AM, Agardh HE, Ketelhuth DF, Paulsson-Berne G,

Arner P, et al. Lack of invariant natural killer T cells affects lipid metabolism

in adipose tissue of diet-induced obese mice. Arterioscler Thromb Vasc Biol.

(2013) 33:1189–96. doi: 10.1161/ATVBAHA.112.301105

69. Huh JY, Park YJ, Kim JB. Adipocyte CD1d determines adipose

inflammation and insulin resistance in obesity. Adipocyte (2018) 7:129–36.

doi: 10.1080/21623945.2018.1440928

70. Motsinger A, Haas DW, Stanic AK, Van Kaer L, Joyce S, Unutmaz D.

CD1d-restricted human natural killer T cells are highly susceptible to

Frontiers in Immunology | www.frontiersin.org 11 December 2018 | Volume 9 | Article 2730

https://doi.org/10.1038/ijo.2014.195
https://doi.org/10.1084/jem.20112741
https://doi.org/10.1038/85330
https://doi.org/10.1111/j.1600-065X.2010.00923.x
https://doi.org/10.1038/nature05115
https://doi.org/10.1172/JCI88606
https://doi.org/10.1182/blood-2009-04-217604
https://doi.org/10.1128/JVI.03474-14
https://doi.org/10.1038/nm.1964
https://doi.org/10.1038/nm.2001
https://doi.org/10.4049/jimmunol.1000021
https://doi.org/10.2337/db18-0040
https://doi.org/10.1038/nm.2353
https://doi.org/10.4049/jimmunol.1600820
https://doi.org/10.1016/j.celrep.2014.09.004
https://doi.org/10.1016/j.cmet.2013.02.009
https://doi.org/10.4049/jimmunol.174.11.6820
https://doi.org/10.4049/jimmunol.1102588
https://doi.org/10.1016/j.cmet.2014.01.018
https://doi.org/10.1038/nm.2002
https://doi.org/10.1038/nm.1972
https://doi.org/10.1371/journal.ppat.1005761
https://doi.org/10.1038/nm.4113
https://doi.org/10.1016/S1074-7613(01)00086-3
https://doi.org/10.1146/annurev.immunol.17.1.297
https://doi.org/10.1073/pnas.221445298
https://doi.org/10.1038/ni.3298
https://doi.org/10.1111/imm.12247
https://doi.org/10.1016/j.immuni.2012.06.016
https://doi.org/10.4049/jimmunol.1301176
https://doi.org/10.1371/journal.pone.0030568
https://doi.org/10.1161/ATVBAHA.109.198614
https://doi.org/10.1038/ni.3047
https://doi.org/10.1038/srep28473
https://doi.org/10.1128/MCB.00552-12
https://doi.org/10.1161/ATVBAHA.112.301105
https://doi.org/10.1080/21623945.2018.1440928
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Wanjalla et al. Adipose T Cells in HIV/SIV

human immunodeficiency virus 1 infection. J Exp Med. (2002) 195:869–79.

doi: 10.1084/jem.20011712

71. Sandberg JK, Fast NM, Palacios EH, Fennelly G, Dobroszycki J, Palumbo

P, et al. Selective loss of innate CD4(+) V alpha 24 natural killer T cells

in human immunodeficiency virus infection. J Virol. (2002) 76:7528–34.

doi: 10.1128/JVI.76.15.7528-7534.2002

72. Fleuridor R, Wilson B, Hou R, Landay A, Kessler H, Al-Harthi L.

CD1d-restricted natural killer T cells are potent targets for human

immunodeficiency virus infection. Immunology (2003) 108:3–9.

doi: 10.1046/j.1365-2567.2003.01560.x

73. Singh AK, Tripathi P, Cardell SL. Type II NKT cells: an elusive

population with immunoregulatory properties. Front Immunol. (2018)

9:1969. doi: 10.3389/fimmu.2018.01969

74. Thewissen MM, Damoiseaux JG, Duijvestijn AM, van Greevenbroek MM,

van der Kallen CJ, Feskens EJ, et al. Abdominal fat mass is associated with

adaptive immune activation: the CODAM study. Obesity (2011) 19:1690–8.

doi: 10.1038/oby.2010.337

75. Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL, Ferrante

AW, Jr. Obesity is associated with macrophage accumulation in

adipose tissue. J Clin Invest. (2003) 112:1796–808. doi: 10.1172/JCI200

319246

76. Kintscher U, Hartge M, Hess K, Foryst-Ludwig A, Clemenz M, Wabitsch

M, et al. T-lymphocyte infiltration in visceral adipose tissue: a primary

event in adipose tissue inflammation and the development of obesity-

mediated insulin resistance. Arterioscler Thromb Vasc Biol. (2008) 28:1304–

10. doi: 10.1161/ATVBAHA.108.165100

77. Deiuliis J, Shah Z, Shah N, Needleman B, Mikami D, Narula V, et al.

Visceral adipose inflammation in obesity is associated with critical

alterations in tregulatory cell numbers. PLoS ONE (2011) 6:e16376.

doi: 10.1371/journal.pone.0016376

78. Shah TJ, Leik CE, Walsh SW. Neutrophil infiltration and systemic

vascular inflammation in obese women. Reprod Sci. (2010) 17:116–24.

doi: 10.1177/1933719109348252

79. Talukdar S, Oh da Y, Bandyopadhyay G, Li D, Xu J, McNelis J, et al.

Neutrophils mediate insulin resistance in mice fed a high-fat diet through

secreted elastase. Nat Med. (2012) 18:1407–12. doi: 10.1038/nm.2885

80. Bruun JM, Lihn AS, Pedersen SB, Richelsen B. Monocyte chemoattractant

protein-1 release is higher in visceral than subcutaneous human adipose

tissue (AT): implication of macrophages resident in the AT. J Clin Endocrinol

Metab. (2005) 90:2282–9. doi: 10.1210/jc.2004-1696

81. Lee YH, Nair S, Rousseau E, Allison DB, Page GP, Tataranni PA,

et al. Microarray profiling of isolated abdominal subcutaneous

adipocytes from obese vs non-obese Pima Indians: increased expression

of inflammation-related genes. Diabetologia (2005) 48:1776–83.

doi: 10.1007/s00125-005-1867-3

82. Jernas M, Palming J, Sjoholm K, Jennische E, Svensson PA, Gabrielsson

BG, et al. Separation of human adipocytes by size: hypertrophic fat

cells display distinct gene expression. FASEB J. (2006) 20:1540–2.

doi: 10.1096/fj.05-5678fje

83. Hotamisligil GS, Peraldi P, Budavari A, Ellis R, White MF, Spiegelman

BM. IRS-1-mediated inhibition of insulin receptor tyrosine kinase activity

in TNF-alpha- and obesity-induced insulin resistance. Science (1996)

271:665–8.

84. Lumeng CN, Bodzin JL, Saltiel AR. Obesity induces a phenotypic switch in

adipose tissue macrophage polarization. J Clin Invest. (2007) 117:175–84.

doi: 10.1172/JCI29881

85. Gao D, Madi M, Ding C, Fok M, Steele T, Ford C, et al. Interleukin-1beta

mediates macrophage-induced impairment of insulin signaling in human

primary adipocytes. Am J Physiol Endocrinol Metab. (2014) 307:E289–304.

doi: 10.1152/ajpendo.00430.2013

86. Lumeng CN, Deyoung SM, Saltiel AR. Macrophages block insulin

action in adipocytes by altering expression of signaling and glucose

transport proteins. Am J Physiol Endocrinol Metab. (2007) 292:E166–74.

doi: 10.1152/ajpendo.00284.2006

87. Lawler HM, Underkofler CM, Kern PA, Erickson C, Bredbeck B, Rasouli

N. Adipose tissue hypoxia, inflammation and fibrosis in obese insulin

sensitive and obese insulin resistant subjects. J Clin Endocrinol Metab. (2016)

101:1422–8. doi: 10.1210/jc.2015-4125

88. Jan V, Cervera P, Maachi M, Baudrimont M, Kim M, Vidal H, et al.

Altered fat differentiation and adipocytokine expression are inter-related and

linked to morphological changes and insulin resistance in HIV-1-infected

lipodystrophic patients. Antivir Ther. (2004) 9:555–64.

89. Shikuma CM, Gangcuangco LM, Killebrew DA, Libutti DE, Chow DC,

Nakamoto BK, et al. The role of HIV and monocytes/macrophages in

adipose tissue biology. J Acquir Immune Defic Syndr. (2014) 65:151–9.

doi: 10.1097/01.qai.0000435599.27727.6c

90. Ellery PJ, Tippett E, Chiu YL, Paukovics G, Cameron PU, Solomon

A, et al. The CD16+ monocyte subset is more permissive to infection

and preferentially harbors HIV-1 in vivo. J Immunol. (2007) 178:6581–9.

doi: 10.4049/jimmunol.178.10.6581

91. Jaworowski A, Kamwendo DD, Ellery P, Sonza S, Mwapasa V, Tadesse E, et al.

CD16+ monocyte subset preferentially harbors HIV-1 and is expanded in

pregnant Malawian women with Plasmodium falciparummalaria and HIV-1

infection. J Infect Dis. (2007) 196:38–42. doi: 10.1086/518443

92. Kedzierska K, Azzam R, Ellery P, Mak J, Jaworowski A, Crowe SM. Defective

phagocytosis by human monocyte/macrophages following HIV-1 infection:

underlying mechanisms and modulation by adjunctive cytokine therapy. J

Clin Virol. (2003) 26:247–63. doi: 10.1016/S1386-6532(02)00123-3

93. Esser R, Glienke W, von Briesen H, Rubsamen-Waigmann H, Andreesen R.

Differential regulation of proinflammatory and hematopoietic cytokines in

human macrophages after infection with human immunodeficiency virus.

Blood (1996) 88:3474–81.

94. Jalbert E, Crawford TQ, D’Antoni ML, Keating SM, Norris PJ, Nakamoto

BK, et al. IL-1Beta enriched monocytes mount massive IL-6 responses to

common inflammatory triggers among chronically HIV-1 infected adults on

stable anti-retroviral therapy at risk for cardiovascular disease. PLoS ONE

(2013) 8:e75500. doi: 10.1371/journal.pone.0075500

95. Arainga M, Su H, Poluektova LY, Gorantla S, Gendelman HE. HIV-1 cellular

and tissue replication patterns in infected humanized mice. Sci Rep. (2016)

6:23513. doi: 10.1038/srep23513

96. Cheng L, Ma J, Li G, Su L. Humanized mice engrafted with human

HSC only or HSC and thymus support comparable HIV-1 replication,

immunopathology, and responses to ART and immune therapy. Front

Immunol. (2018) 9:817. doi: 10.3389/fimmu.2018.00817

97. Lysaght J, Allott EH, Donohoe CL, Howard JM, Pidgeon GP, Reynolds JV. T

lymphocyte activation in visceral adipose tissue of patients with oesophageal

adenocarcinoma. Br J Surg. (2011) 98:964–74. doi: 10.1002/bjs.7498

98. Maury E, Ehala-Aleksejev K, Guiot Y, Detry R, Vandenhooft A,

Brichard SM. Adipokines oversecreted by omental adipose tissue in

human obesity. Am J Physiol Endocrinol Metab. (2007) 293:E656–65.

doi: 10.1152/ajpendo.00127.2007

99. Meijer K, de Vries M, Al-Lahham S, BruinenbergM,Weening D, Dijkstra M,

et al. Human primary adipocytes exhibit immune cell function: adipocytes

prime inflammation independent of macrophages. PLoS ONE (2011)

6:e17154. doi: 10.1371/journal.pone.0017154

100. Liou YH,Wang SW, Chang CL, Huang PL, HouMS, Lai YG, et al. Adipocyte

IL-15 regulates local and systemic NK cell development. J Immunol. (2014)

193:1747–58. doi: 10.4049/jimmunol.1400868

101. Agarwal N, Iyer D, Patel SG, Sekhar RV, Phillips TM, Schubert U,

et al. HIV-1 Vpr induces adipose dysfunction in vivo through reciprocal

effects on PPAR/GR co-regulation. Sci Transl Med. (2013) 5:213ra164.

doi: 10.1126/scitranslmed.3007148

102. Shrivastav S, Kino T, Cunningham T, Ichijo T, Schubert U, Heinklein

P, et al. Human immunodeficiency virus (HIV)-1 viral protein R

suppresses transcriptional activity of peroxisome proliferator-activated

receptor {gamma} and inhibits adipocyte differentiation: implications

for HIV-associated lipodystrophy. Mol Endocrinol. (2008) 22:234–47.

doi: 10.1210/me.2007-0124

103. Henklein P, Bruns K, Sherman MP, Tessmer U, Licha K, Kopp J, et al.

Functional and structural characterization of synthetic HIV-1 Vpr that

transduces cells, localizes to the nucleus, and induces G2 cell cycle arrest. J

Biol Chem. (2000) 275:32016–26. doi: 10.1074/jbc.M004044200

104. Diaz-Delfin J, Domingo P, Wabitsch M, Giralt M, Villarroya F. HIV-1 Tat

protein impairs adipogenesis and induces the expression and secretion of

proinflammatory cytokines in human SGBS adipocytes. Antivir Ther. (2012)

17:529–40. doi: 10.3851/IMP2021

Frontiers in Immunology | www.frontiersin.org 12 December 2018 | Volume 9 | Article 2730

https://doi.org/10.1084/jem.20011712
https://doi.org/10.1128/JVI.76.15.7528-7534.2002
https://doi.org/10.1046/j.1365-2567.2003.01560.x
https://doi.org/10.3389/fimmu.2018.01969
https://doi.org/10.1038/oby.2010.337
https://doi.org/10.1172/JCI200319246
https://doi.org/10.1161/ATVBAHA.108.165100
https://doi.org/10.1371/journal.pone.0016376
https://doi.org/10.1177/1933719109348252
https://doi.org/10.1038/nm.2885
https://doi.org/10.1210/jc.2004-1696
https://doi.org/10.1007/s00125-005-1867-3
https://doi.org/10.1096/fj.05-5678fje
https://doi.org/10.1172/JCI29881
https://doi.org/10.1152/ajpendo.00430.2013
https://doi.org/10.1152/ajpendo.00284.2006
https://doi.org/10.1210/jc.2015-4125
https://doi.org/10.1097/01.qai.0000435599.27727.6c
https://doi.org/10.4049/jimmunol.178.10.6581
https://doi.org/10.1086/518443
https://doi.org/10.1016/S1386-6532(02)00123-3
https://doi.org/10.1371/journal.pone.0075500
https://doi.org/10.1038/srep23513
https://doi.org/10.3389/fimmu.2018.00817
https://doi.org/10.1002/bjs.7498
https://doi.org/10.1152/ajpendo.00127.2007
https://doi.org/10.1371/journal.pone.0017154
https://doi.org/10.4049/jimmunol.1400868
https://doi.org/10.1126/scitranslmed.3007148
https://doi.org/10.1210/me.2007-0124
https://doi.org/10.1074/jbc.M004044200
https://doi.org/10.3851/IMP2021
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Wanjalla et al. Adipose T Cells in HIV/SIV

105. Pappenheimer AM, Kunz LJ, Richardson S. Passage of Coxsackie virus

(Connecticut-5 strain) in adult mice with production of pancreatic disease. J

Exp Med. (1951) 94:45–64.

106. Sulkin SE, Krutzsch PH, Allen R, Wallis C. Studies on the pathogenesis of

rabies in insectivorous bats. I. Role of brown adipose tissue. J ExpMed. (1959)

110:369–88.

107. Aronson SM, Shwartzman G. The histopathology of brown fat in

experimental poliomyelitis. Am J Pathol. (1956) 32:315–33.

108. Bodian D. Poliovirus in chimpanzee tissues after virus feeding. Am J Hyg.

(1956) 64:181–97.

109. Papadimitriou JM, Shellam GR, Allan JE. The effect of the beige mutation on

infection with murine cytomegalovirus: histopathologic studies.Am J Pathol.

(1982) 108:299–309.

110. Iwasaki T, Tashiro A, Satodate R, Sata T, Kurata T. Acute pancreatitis with

cytomegalovirus infection. Acta Pathol Jpn. (1987) 37:1661–8.

111. Price P, Eddy KS, Papadimitriou JM, Robertson TA, Shellam GR.

Cytomegalovirus infection of adipose tissues induces steatitis in adult mice.

Int J Exp Pathol. (1990) 71:557–71.

112. Geisbert TW, Jahrling PB, HanesMA, Zack PM. Association of Ebola-related

Reston virus particles and antigen with tissue lesions of monkeys imported

to the United States. J Comp Pathol. (1992) 106:137–52.

113. Nishimura H, Itamura S, Iwasaki T, Kurata T, Tashiro M. Characterization

of human influenza A (H5N1) virus infection in mice: neuro-, pneumo-

and adipotropic infection. J Gen Virol. (2000) 81(Pt 10):2503–10.

doi: 10.1099/0022-1317-81-10-2503

114. Gray KS, Collins CM, Speck SH. Characterization of omental immune

aggregates during establishment of a latent gammaherpesvirus infection.

PLoS ONE (2012) 7:e43196. doi: 10.1371/journal.pone.0043196

115. Gill MB, Wright DE, Smith CM, May JS, Stevenson PG. Murid

herpesvirus-4 lacking thymidine kinase reveals route-dependent

requirements for host colonization. J Gen Virol. (2009) 90(Pt 6):1461–70.

doi: 10.1099/vir.0.010603-0

116. Sacher T, Andrassy J, Kalnins A, Dolken L, Jordan S, Podlech J,

et al. Shedding light on the elusive role of endothelial cells in

cytomegalovirus dissemination. PLoS Pathog. (2011) 7:e1002366.

doi: 10.1371/journal.ppat.1002366

117. Shnayder M, Nachshon A, Krishna B, Poole E, Boshkov A, Binyamin

A, et al. Defining the trascriptional landscapre during cytomegalovirus

latency with single-cell RNA sequencing. mBio (2018) 9:e00013-18.

doi: 10.1128/mBio.00013-18

118. KarachaliouM, de Sanjose S,Waterboer T, Roumeliotaki T, Vassilaki M, Sarri

K, et al. Is early life exposure to polyomaviruses and herpesviruses associated

with obesity indices and metabolic traits in childhood? Int J Obes. (2018)

42:1590–601. doi: 10.1038/s41366-018-0017-1

119. Petta S, Amato M, Cabibi D, Camma C, Di Marco V, Giordano C, et al.

Visceral adiposity index is associated with histological findings and high

viral load in patients with chronic hepatitis C due to genotype 1. Hepatology

(2010) 52:1543–52. doi: 10.1002/hep.23859

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2018 Wanjalla, McDonnell and Koethe. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Immunology | www.frontiersin.org 13 December 2018 | Volume 9 | Article 2730

https://doi.org/10.1099/0022-1317-81-10-2503
https://doi.org/10.1371/journal.pone.0043196
https://doi.org/10.1099/vir.0.010603-0
https://doi.org/10.1371/journal.ppat.1002366
https://doi.org/10.1128/mBio.00013-18
https://doi.org/10.1038/s41366-018-0017-1
https://doi.org/10.1002/hep.23859
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Adipose Tissue T Cells in HIV/SIV Infection
	Introduction
	Adipose Tissue T Cell Changes in HIV/SIV
	Increase in the Adipose Tissue CD8:CD4T Cell Ratio in HIV and SIV
	CD57, CD69, HLA-DR and PD-1 Expression on Adipose Tissue T Cells
	Increased CD8+ T Cell Receptor Clonality in Adipose Tissue From PLWH
	Adipose Tissue CD4+ T Cell Subsets in HIV and SIV

	Comparison of Adipose Tissue Cell Changes in HIV/SIV and Obesity
	T Cells in HIV/SIV and Obesity
	Macrophages in HIV/SIV and Obesity
	Studies in Humanized Mice

	Adipose Tissue: a viral Reservoir
	HIV and SIV
	Non-retroviral Reservoir

	Conclusion
	Author Contributions
	Funding
	References


