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Abstract

Two of the crucial aspects of human immunodeficiency virus (HIV) infection are (i) viral per-

sistence in reservoirs (precluding viral eradication) and (ii) chronic inflammation (directly

associated with all-cause morbidities in antiretroviral therapy (ART)-controlled HIV-infected

patients). The objective of the present study was to assess the potential involvement of adi-

pose tissue in these two aspects. Adipose tissue is composed of adipocytes and the stromal

vascular fraction (SVF); the latter comprises immune cells such as CD4+ T cells and macro-

phages (both of which are important target cells for HIV). The inflammatory potential of adi-

pose tissue has been extensively described in the context of obesity. During HIV infection,

the inflammatory profile of adipose tissue has been revealed by the occurrence of lipody-

strophies (primarily related to ART). Data on the impact of HIV on the SVF (especially in

individuals not receiving ART) are scarce. We first analyzed the impact of simian immuno-

deficiency virus (SIV) infection on abdominal subcutaneous and visceral adipose tissues in

SIVmac251 infected macaques and found that both adipocytes and adipose tissue immune
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cells were affected. The adipocyte density was elevated, and adipose tissue immune cells

presented enhanced immune activation and/or inflammatory profiles. We detected cell-

associated SIV DNA and RNA in the SVF and in sorted CD4+ T cells and macrophages

from adipose tissue. We demonstrated that SVF cells (including CD4+ T cells) are infected

in ART-controlled HIV-infected patients. Importantly, the production of HIV RNA was

detected by in situ hybridization, and after the in vitro reactivation of sorted CD4+ T cells

from adipose tissue. We thus identified adipose tissue as a crucial cofactor in both viral per-

sistence and chronic immune activation/inflammation during HIV infection. These observa-

tions open up new therapeutic strategies for limiting the size of the viral reservoir and

decreasing low-grade chronic inflammation via the modulation of adipose tissue-related

pathways.

Author Summary

Chronic immune activation/inflammation and viral persistence in reservoirs are impor-

tant features of chronic HIV infection—even in patients receiving ART. We sought to

evaluate the involvement of adipose tissue in chronic HIV/SIV infections. Adipose tissue

accounts for 15 to 20% of the body weight, contains both adipocytes and (within the stro-

mal vascular fraction) immune cells, and exerts crucial metabolic and immune activities.

We postulated that adipose tissue might provide an ideal environment for HIV persistence

and immune inflammation. We first showed that viremic SIV-infected macaques had ele-

vated levels of immune activation and inflammation in adipose tissue, and that both resi-

dent CD4+ T cells and macrophages were infected. In similar experiments in ART-

controlled HIV-infected patients, HIV DNA was detected in the stromal vascular fraction

of adipose tissue (more specifically, in adipose tissue CD4+ T cells). Replication-competent

HIV was detected in ex vivo- activated, sorted adipose tissue CD4+ T cells from six avire-

mic, ART-treated patients. Thus, adipose tissue may constitute a viral reservoir and be

involved in long-term immune activation and inflammation—even in ART-suppressed

patients. Given that adipose tissue is strongly regulated by both metabolic and immune

pathways, modulating adipose tissue may constitute a valuable means of limiting both

viral persistence and chronic inflammation in HIV-infected patients even ART-controlled.

Introduction

Human immunodeficiency virus (HIV) infection is characterized by massive CD4+ T cell

depletion in the intestinal mucosa (progressively affecting blood and lymphoid CD4+ T cells)

and sustained systemic immune activation and inflammation. The advent of antiretroviral

therapy (ART) has drastically changed the outcomes of HIV infection by enabling a reduction

in the viral load and the restoration (at least in part) of CD4+ T cell counts. In people receiving

ART, chronic HIV infection is characterized by the persistence of viral reservoirs (preventing

the eradication of HIV) and chronic immune activation and inflammation (which are associ-

ated with all-cause, non-AIDS-related morbidity, such as cardiovascular disease and non-insu-

lin dependent diabetes, and mortality [1–3]. Similar observations (i.e. viral persistence and low

level immune activation and inflammation) apply–albeit to a lesser extent—to “HIV-control-

lers”, i.e. patients who are able to spontaneously control viral load [4,5]. The eradication or
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reduction of viral reservoirs remains a crucial therapeutic objective in the fight against HIV [6],

and both cellular and anatomical reservoirs require further investigation [7,8]. A second thera-

peutic objective is to circumscribe the sustained immune activation. It has been suggested that

microbial translocation is a potent factor in the maintenance of chronic immune activation/

inflammation [9], along with viral persistence, CD4+ T cell lymphopenia, Th17 loss, a change

in the regulatory T cell balance, disruption of the lymph node architecture, viral co-infection,

accelerated ageing, the side effects of some antiretroviral drugs, and individual susceptibility

[2,10,11]). HIV-infected patients on ART are not always able to reestablish gut mucosa integ-

rity and/or normal CD4+ T cell counts, and chronic, low-levels immune activation appears to

persist [12]. Taken as a whole, these data suggest that (i) immune activation and chronic

inflammation are driven by multiple factors and (ii) targeting several inflammatory mecha-

nisms may achieve better immune restoration.

We hypothesized that adipose tissue has an important role in both chronic immune activa-

tion/inflammation and viral persistence. In fact, adipose tissue is not merely a metabolic and

endocrine organ for lipid storage; it also exhibits strong immune activity: (a) adipose tissue is

an important site of production of both pro-inflammatory molecules (such as leptin, IL-6,

MCP-1 (CCL2), RANTES (CCL5) and TNF-α) and anti-inflammatory adipokines (such as adi-

ponectin) [13–21]; (b) the stromal vascular fraction (SVF) contains immune cells (CD4+ T

cells and macrophages) that are potentially important target cells for HIV; and (c) a growing

body of evidence demonstrates the close relationship between the immune response and meta-

bolic alterations [22,23], such as the recruitment of activated CD8+ T cells and inflammatory

macrophages and their participation in inflammation processes (and then the modifications of

the adipose tissue) in obesity and non-insulin dependent diabetes [24–31]. In the context of

obesity, the interplay between adipocytes and immune cells is being actively investigated. The

two cell types are clearly “partners in inflammation” as their coordinated action leads to adi-

pose inflammation [32]. Studies of the adipose tissue during HIV infection have essentially

addressed the toxicity of certain antiretroviral drugs and their induction of metabolic alter-

ations–even though a direct impact of infection per se was clearly documented by early studies

[33,34]. Metabolic alterations [34–38] and elevated levels of pro-inflammatory cytokines have

been described in both plasma and adipose tissue [39–43]. Previous analyses of adipocytes

failed to demonstrate that adipocytes could be infected by HIV in vivo [44]—in contrast to the

results of in vitro studies [45–47]. However, it has been shown that the HIV viral proteins Vpr

and Nef are present in adipose tissue and have a negative impact on adipose homeostasis [48–

50]. These observations provide a strong rationale for reconsidering the impact of HIV infec-

tion on adipose tissue by focusing on immune cells rather than adipocytes. We hypothesize

that adipose tissue may constitute a neglected partner that drives viral persistence and chronic

immune activation via two nonexclusive mechanisms: local infection and the abnormal local

activation of immune cells. To assess the putative infection of adipose immune cells more pre-

cisely, we first analyzed tissues from chronically SIV-infected macaques. We chose to analyze

both subcutaneous adipose tissue (SCAT) and visceral adipose tissue (VAT) because they differ

in terms of metabolic activity and immune cell content [14,15,17,51]. Secondly, we extended

these analyses to ART-treated HIV-infected patients.

In the present report, we demonstrate that SIV infection is associated with changes in the

composition of adipose tissue, such as elevated densities of both adipocytes and stromal vascu-

lar cells. Importantly, adipose tissue macrophages and CD4+ and CD8+ T cells exhibited a

more intense activation profile (relative to non-infected animals). Furthermore, SIV DNA and

RNA was detected in total SVF and in sorted adipose tissue macrophages and CD4+ T cells.

We observed similar results in ART-controlled, HIV-infected patients having undergone elec-

tive visceral surgery: their SVF samples were positive for HIV DNA. The presence of infected/
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virus-producing cells within adipose tissue was confirmed by the detection of HIV RNA in tis-

sue sections via in situ hybridization. Lastly, we performed an in vitro reactivation assay on

samples from six patients and found that adipose tissue CD4+ T cells were capable of produc-

ing replication-competent virus. Taken as a whole, our data show that adipose tissue as a viral

reservoir with inflammatory potential.

Results

SIV infection influences the density of adipocytes and stromal vascular
cells

We first determined the impact of SIV infection on adipocyte density (as evaluated by micros-

copy) (Fig 1A). Adipocyte density in both SCAT and VAT was markedly higher in SIV-

infected macaques than in non-infected animals (median [interquartile range] number of adi-

pocytes per field in SCAT: 51 [31–90] in infected animals and 17 [13–26] in controls,

p = 0.032; in VAT: 64 [60–95] in infected animals and 31 [21–32] in controls, p = 0.0059) (Fig

1B). We also counted SVF cells harvested from SCAT and VAT in infected and non-infected

animals (Fig 1C). To enable a valid comparison, SVF cell counts were expressed per gram of

adipose tissue. In line with previous publications [47,52], we found that non-infected animals

had significantly higher numbers of SVF cells in VAT than in SCAT (p = 0.009). Significantly

higher SVF cell counts were detected in SCAT and VAT from infected animals than in non-

infected animals (p<0.05 for both tissues).

We next determined the proportion of CD45-expressing cells in SVF. CD45+ cells

accounted for a small proportion of SVF cells in both SCAT and VAT recovered from non-

infected animals. In animals with chronic SIV infection, we observed significantly lower per-

centages of CD45+ cells in SCAT SVF (relative to non-infected animals) (Fig 1D). A similar

trend was detected in VAT. To determine whether these lower percentages of CD45+ cells

reflected a fall in CD45+ cell numbers or the recruitment/expansion of CD45- cells, we analyzed

the absolute CD45+ cell count. As shown in Fig 1E, groups of infected and non-infected ani-

mals did not differ significantly in terms of the number of CD45+ cells recovered from SCAT

or VAT; this was suggestive of changes in the numbers of CD45- cells. We thus demonstrated

that chronic SIV infection modulated both adipocyte and SVF cells. In the latter cell popula-

tion, the quantitative alteration essentially concerned CD45- cells.

SIV infection influences the characteristics of adipose tissue T
lymphocytes

We next looked at whether or not SIV infection was associated with changes in the percentages

of CD4+ and CD8+ T lymphocytes within adipose tissue. To this end, we determined the per-

centage of total T lymphocytes among CD45-expressing cells and the percentages of CD4+ and

CD8+ T lymphocytes among CD3-expressing cells (Fig 2). Adipose tissue T lymphocytes

accounted for approximately half of the CD45+ cells within the SVF; SIV-infected and non-

infected animals did not differ significantly in terms of the proportion and number of CD3+

cells (Fig 2A).

However, SIV infection was associated with differences in CD4+ and CD8+ T cell relative

percentages (Fig 2B and 2C). The proportion of CD4+ T cells was significantly lower in SIV-

infected macaques (17.6% [8.9–25] in SCAT, and 20.4% [11.0–28.0] in VAT) than in non-

infected animals (40.0% [26.4–49.0] in SCAT, and 39.8% [23.6–48.7] in VAT; p = 0.0043 for

SCAT, p = 0.0317 for VAT). Conversely, CD8+ T cell percentages were significantly higher in

infected animals. The low CD4+ T cell percentages may reflect the CD4+ T cell depletion
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associated with SIV infection, whereas elevated CD8+ T cell percentages may reflect either a

passive increase (due to CD4+ T cell decay), an active increase due to antiviral CD8 recruitment

(as described in lungs after SIV infection [53,54]), or viral-independent local recruitment (as

described in inflammatory adiposity [27]). To evaluate the direct impact of SIV infection on T

cell subsets, we analyzed the numbers of CD4+ and CD8+ T cells recovered from adipose tissue

of infected and non-infected groups of animals. Surprisingly, the CD4+ T cell number was not

lower in infected animals, and there was even a non-significant trend towards CD4+ T cell

Fig 1. The influence of SIV infection on adipocyte and SVF cell density. (A) Representative adipose
tissue sections of SIV-infected and non-infected macaques. Scale bar: 50μm, magnification x 250. (B) The
adipocyte density (numbers per HPF) in SCAT and VAT from 5 to 7 non-infected animals (SIV-) and 7 SIV-
infected animals (SIV+). (C) Adipose tissue dissociation and counting of cells in the SVF was performed with
20 SIV+ animals and 10 SIV- animals. Counts are expressed per gram of adipose tissue. (D, E) Flow
cytometry of the recovered SVF, yielding the proportion (D) and number (E) of CD45-expressing cells per
gram of tissue. The analysis was performed for both SCAT and VAT; SIV- animals (n = 10) are represented
by open circles and SIV+ animals (n = 12) are represented by filled squares. Data are quoted as the median
[interquartile range]. Significant differences in a Mann-Whitney non-parametric test are shown as * p<0.05;
** p<0.01.

doi:10.1371/journal.ppat.1005153.g001

Adipose Tissue and HIV
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Fig 2. The influence of SIV infection on adipose-resident T cell subsets. (A) Percentages and numbers
(expressed per gram of adipose tissue recovered) of CD3-expressing cells among the CD45+ fraction from
SCAT and VAT in non-infected animals (open circles) and SIV-infected animals (filled squares). Percentages
were derived for 12 to 13 animals per group and counts were derived for 8 to 12 animals. (B) Representative
dot plots showing CD4 and CD8 expression among CD3+ T cells in SIV-infected and non-infected animals.
(C) Percentages and numbers (expressed per gram of adipose tissue) of CD4- and CD8-expressing cells
among CD3+ cells recovered from SCAT and VAT of non-infected animals (open circles) and SIV-infected
animals (filled squares). Percentages were derived for 8 to 12 animals per group and counts were derived for
5 to 8 animals. Data are quoted as the median [interquartile range]. Significant differences in a Mann-Whitney
non-parametric test are shown as * p<0.05; ** p<0.01; *** p<0.001.

doi:10.1371/journal.ppat.1005153.g002
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accumulation in VAT (Fig 2C). In contrast, CD8+ T cell numbers in VAT were significantly

higher (0.48 106 [0.29–0.67] in SIV-infected animals than in non-infected animals (0.14 106

cells/g [0.11–0.24]; p = 0.0205). A similar trend was observed for SCAT. Thus, the change in

the CD4/CD8 ratio was mainly driven by an increase in CD8+ T cell numbers—a phenomenon

that is often associated with inflammatory adiposity [27]. Lastly, we used immunochemical

techniques to formally confirm the presence of T lymphocytes in adipose tissue (Fig 3A).

Given that the recruitment of peripheral blood cells into adipose tissue during local inflamma-

tion has been described, we evaluated the T cell distribution both in the vicinity of the capillar-

ies and far from the capillaries in SIV-infected animals. The CD4+ T cells were mainly located

far from the capillaries, whereas CD8+ T cells were essentially located in the capillary area (Fig

3B). These observations are in accordance with massive influx of CD8+ T cells previously

described in the context of adipose inflammation [27]. In contrast, CD4+ T cell counts in adi-

pose tissue were only slightly affected by SIV infection, and most CD4+ T cells recovered in the

SVF had not recently migrated into the adipose tissue from peripheral blood.

We next evaluated the differentiation of adipose CD4+ and CD8+ T cells obtained from

infected and non-infected animals (Figs 4 and S1). Testing for CD95, CD28 and CCR5 expres-

sion enabled us to identify naïve (Tn), central memory (Tcm), transitional memory (Ttm) and

effector memory (Tem) subsets (Figs 4A and S1A) [55,56]. In both infected and non-infected

animals, naïve CD4+ T cells (CD95- CD28int) were virtually absent, whereas the Tcm (CD95+

CD28+ CCR5-) fraction was predominant in both SCAT and VAT. Interestingly, this profile

was specific to CD4+ T cells since CD8+ T cells from adipose tissue were essentially Tem

(CD95+ CD28-) (S1 Fig). Among CD4+ T cells, the CD95+ CD28+ CD4+ T cell fraction which

includes the two potential cellular CD4+ T cell reservoir, i.e. Tcm (CCR5-) and Ttm (CCR5+),

accounted for 82.3% [69.0–89.0] of the total in SCAT and 77.6% [69.9–77.6] in VAT, vs. 45.3%

[28.8–62.0] in peripheral blood mononuclear cells (PBMCs) (p = 0.001 and 0.014 respectively)

(S2A and S2B Fig). Interestingly, we did not detect significant differences in any of the CD4+ T

Fig 3. Localization of T cells in the adipose tissue of SIV-infected animals. Immunochemical analyses
were performed on 11 SCAT and 10 VAT of SIV-infected animals. (A) Representative tissue sections
showing CD4+ T cells within fat and far from capillaries (upper) and TiA1+ cells in the vicinity of the capillaries
(lower). Scale bar: 50 μm, magnification x640 for CD4, x500 for TiA1. (B) Percentages of CD4+ T cells (open
diamonds) and CD8+ T cells (filled diamonds) far from capillaries, corresponding to adipose-resident
lymphocyte subsets. Depending on the location, cells were counted after immunochemical staining on SCAT
and VAT sections from SIV-infected animals. Data are quoted as the median [interquartile range]. Significant
differences in a Mann-Whitney non-parametric test are shown as ** p<0.01.

doi:10.1371/journal.ppat.1005153.g003

Adipose Tissue and HIV
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Fig 4. The influence of SIV infection on T cell differentiation and activation status. (A) The naïve and memory CD4+ T cell subset distribution in SCAT
and VAT from SIV-infected or non-infected animals. Representative dot plots showing the gating strategies used to define Tn, Tcm, Ttm and Tem subsets
among the CD4+ T cells, based on CD28, CD95 (upper dot plot, SCAT and VAT samples). CCR5 expression and the FMO profile in CD28+CD95+ fractions
are shown (lower dot plot: VAT sample). The right-hand panels show the distribution of CD4+ T cells among the various subsets in non-infected animals

Adipose Tissue and HIV
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cell fractions when comparing adipose tissue from SIV-infected animals (n = 7) and non-

infected animals (n = 5). To evaluate the proportion of resident memory T cells [57,58], we

next determined CD69 expression on CD4+ T cells recovered from adipose tissue and (as a

control) in PBMCs (Fig 4B). The fraction of CD4+ T cells expressing CD69 was significantly

higher in adipose tissue than in PBMCs (p = 0.0003 for SCAT and 0.0034 for VAT). However,

SIV infection was not associated with a significant difference in the proportion of CD69-ex-

pressing cells. Thus, the maintenance of normal CD4+ T cell numbers was associated with pres-

ervation of memory CD4+ T cell subset distribution in general as well as the resident CD4+ T

cell memory distribution.

Lastly, we evaluated the activation profile of adipose tissue T cells during chronic SIV infec-

tion (Fig 4C). We determined the expression of HLA-DR (a standard marker of T cell activa-

tion) on adipose tissue CD4+ and CD8+ T cells and (as a control) in PBMCs. In non-infected

animals, there were no significant differences between SCAT and VAT in terms of CD4+ and

CD8+ T cell activation (CD4+ T cells: 7.2% [4.5–9] in SCAT and 5.5% [4.3–8.2] in VAT; CD8+

T cells: 8.0% [6.0–10.0] in SCAT and 7.8% [5.0–10.1] in VAT). The percentages of HLA-DR-

expressing T cells were higher in both SCAT and VAT than for PBMCs (1.6% [1.3–3.5] for

CD4+ T cells in PBMCs and 3.8 [1.9–5.0] for CD8+ T cells in PBMCs). In SIV-infected animals,

the percentage of HLA-DR-expressing cells was significantly higher in CD4+ and CD8+ T cells

recovered in SCAT, VAT and PBMCs, relative to non-infected controls (Fig 4C). For example,

the percentage of HLA-DR-expressing CD4+ T cells was 12.5% [5.5–15] in SCAT, 15.0%

[10.5–17.3] in VAT and 9.5% [5.8–20.0] in PBMCs from SIV-infected animals. Interestingly,

we could not detect any significant difference in the proportion of Ki-67-expressing CD4+ or

CD8+ T cells (S3 Fig), suggesting that change in activation profile was not associated with mas-

sive in situ proliferation. Overall, SIV infection slightly affected CD4+ T cell numbers and their

differentiation profile, and was associated with increased T cell activation in adipose tissue.

A constant concern when studying immunity in tissues is the potential bias induced by

blood contamination. Here, special efforts were made to avoid this; adipose tissue was devascu-

larized and washed in medium prior to digestion. Importantly, the low observed proportion of

CD45-expressing cells constitutes important evidence of low blood contamination. It is note-

worthy that B cells (identified as CD20-expressing cells) were virtually absent from SCAT

(0.10% of SVF cells [0.01–0.40]) and VAT (0.11% [0.01–1.10]) but were detected in PBMCs

(9.5% [3.0–10.0]) (S2C Fig). The absence of B cells is thus a reliable indicator of the absence of

blood contamination of adipose tissue samples. Moreover, adipose tissue CD4+ T cells differed

significantly from PBMCs, with significantly lower percentages of naïve cells (the CD4+ Tn

fraction represented 2.0% [0.3–3.6] of the cells in SCAT, 5.6% [1.3–22.0] in VAT and 22.0%

[8.9–41.7] in PBMCs; p<0.0001 and p = 0.03, respectively) and higher percentages of the two

memory T cell subsets that are preferentially infected (i.e. Tcm and Ttm) (S2A and S2B Fig).

Lastly, the immunochemical demonstration of different localizations of CD4+ and CD8+ T

cells (Fig 3) also suggests that blood contamination was absent or barely present.

(n = 5, open column) and SIV-infected animals (n = 7, filled column). (B) CD69 expression on CD4+ T cells recovered from SCAT, VAT and PBMCs from SIV-
infected or non-infected animals. Representative dot plots for SCAT and VAT (left panel) and the percentages of CD69-expressing CD4+ T cells in SCAT,
VAT and PBMCs from non-infected animals (n = 6, open columns) and SIV-infected animals (n = 7, filled columns) are shown. (C) HLA-DR expression on
SCAT, VAT and PBMCs from SIV-infected or non-infected animals. Representative histograms showing HLA-DR expression on adipose-resident CD4+ and
CD8+ T cells recovered from SCAT from non-infected (left panel) and SIV-infected animals (right-hand panel). HLA-DR expression histograms are shown in
plain histogram. FMO staining (open histograms) was used to define the gating strategy. The percentage of HLA-DR-expressing cells among CD4+ and
CD8+ T cells recovered from SCAT, VAT and PBMCs from non-infected animals (n = 6, open circles) and SIV-infected animals (n = 4–8, filled squares). Data
are quoted as the median [interquartile range]. Significant differences in a Mann-Whitney non-parametric test are shown as * p<0.05; ** p<0.01.

doi:10.1371/journal.ppat.1005153.g004
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SIV infection influences the phenotype of adipose-resident
macrophages

We next evaluated the changes among adipose macrophages (Fig 5), which are involved both

in innate immunity and adipose homeostasis. At present, there is no clear phenotypic strategy

for identifying tissue-resident macrophages and defining their activation profile. The pro-

inflammatory (M1) versus anti-inflammatory (M2) distinction (commonly used in murine

models) may not reflect the great heterogeneity of macrophage phenotypes in tissues. Indeed,

macrophages probably develop across a continuum, with anti-inflammatory to pro-inflamma-

tory profiles. In the present study, we considered macrophages to be CD45+CD3-CD14+ cells.

Fig 5. The influence of SIV infection on adipose tissuemacrophage numbers and phenotypes. (A) The percentage of CD14-expressing cells among
CD45+ cells recovered in the SVF from SCAT and VAT from non-infected animals (open circles, n = 13) and SIV-infected animals (filled squares, n = 9). (B)
Representative adipose tissue sections, confirming the presence of macrophages in adipose tissue in immunochemical preparations (CD68 staining). Scale
bar: 50 μm, magnification x400. (C, D) Analyses of CD206 and CD163 expression on adipose-resident CD14-expressing cells recovered from SCAT (C) and
PBMCs (D) from non-infected animals (open circles, n = 11) and SIV-infected animals (filled squares, n = 9). CD206-expressing fractions were not detected
in PBMCs. Gating strategies are shown in S4 Fig. Data are quoted as the median [interquartile range]. Significant differences in a Mann-Whitney non-
parametric test are shown as * p<0.05.

doi:10.1371/journal.ppat.1005153.g005
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The proportion of macrophages among CD45+ cells in SCAT was greater in SIV-infected ani-

mals than in non-infected animals (Fig 5A). A similar trend was observed in VAT. These find-

ings are in line with the macrophage accumulation previously described in the context of

adipose inflammation [26]. We confirmed the presence of macrophages in adipose tissue by

performing immunohistochemical analyses (CD68 staining) of tissue sections (Fig 5B).

We next evaluated the activation profile of adipose tissue macrophages by screening for so-

called M2 markers (CD206 and CD163) associated with anti-inflammatory activity. Due to the

tissue macrophages’ high level of auto-fluorescence, analyses were performed using isotype

controls for both CD206 and CD163 staining, and “fluorescence minus one” (FMO) strategies

were applied to accurately identify the different subsets (S4A Fig). In non-infected animals,

most adipose tissue macrophages were found to express both CD206 and CD163 in SCAT and

VAT—suggesting that anti-inflammatory M2 macrophages were predominant in non-infected

adipose tissue, as previously reported for humans and mice [24,59] (Fig 5C). Importantly,

CD206 expression on CD14-expressing cells was restricted to adipose-resident cells and was

not detected in PBMCs. In contrast, the CD206-CD163+ fraction was predominant in PBMCs

(73.9% [62.3%-92.6%]) but extremely rare in SCAT and VAT SVF (S4B Fig).

When considering SIV-infected animals, the CD206+CD163+ populations were highly pre-

dominant in adipose tissue. However, the frequency of the anti-inflammatory CD206+CD163-

fraction was significantly lower in SIV-infected animals than in non-infected animals for both

SCAT (p = 0.0258) and VAT (p = 0.0187) (Fig 5C and S5 Fig). Conversely, the CD206-CD163-

fraction of adipose-resident macrophages (which presumably corresponds to pro-inflamma-

tory macrophages) was elevated in SIV-infected animals (p = 0.0269). It is noteworthy that

opposite changes were observed for CD14-expressing cells in PBMCs (Fig 5D): SIV infection

was associated with a lower CD206-CD163- fraction and a higher CD206-CD163+ fraction.

Taken as a whole, our results demonstrated that chronic SIV infection skews both adipose tis-

sue T cell and macrophage populations towards a more activated profile.

Adipose tissue as a site of SIV infection

To date, assays for HIV DNA in adipose tissue have been performed on both whole tissue sam-

ples and adipocytes. No consensus has emerged from these studies, although it is currently

assumed that adipocytes are not a major target for HIV in vivo. In the present work, we focused

on the SVF and potential HIV/SIV target cells in particular (CD4+ T cells and macrophages). We

looked for cell-associated SIV DNA and RNA in total SVF (n = 8) and sorted CD4+ T cell and

macrophage fractions (n = 5 each) from SIV-infected animals. As shown in Fig 6A, SIV DNA

was detected in SVF samples from SCAT and VAT in all animals tested and no significant differ-

ence between the two sites was detected. Sorted CD4+ T cell fractions from all SCAT and VAT

samples (n = 10) were positive for SIV DNA. The observations for adipose CD14+ cells were

more heterogeneous: 3 of the 5 animals were positive for SIV DNA in both SCAT and VAT. The

median SIV DNA levels were 3.7 log DNA copies/106 cells in total SVF and 3.2 log SIV DNA

copies/106 cells in PBMCs. Additionally, 4.3 and 2.3 log viral DNA copies/106 cells were detected

respectively in the sorted CD4+ fraction and CD14+ cells recovered from adipose tissue.

We analyzed viral RNA in a total of 11 animals by performing an RT-PCR assay on cell sus-

pensions (n = 8) (Fig 6B) and in situ SIV RNA hybridization (n = 3) (Fig 6C). SIV RNA was

detected in the SVF from all animals tested (except for one SCAT sample). SIV RNA levels in

SVF collected from SCAT and VAT (4.5 log SIV RNA copies/106 cells) were similar to those

observed in PBMCs (5.3 log SIV RNA copies/106 cells). Quantitative assays of SIV RNA were

also performed in CD4+ and CD14+ cell subsets from 5 animals. The mean level of SIV RNA

(in log copies per million cells) was 4.1 in a sorted adipose CD4+ fraction and 4.5 in adipose
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CD14+ cells. In situ hybridization was performed on SCAT and VAT samples and confirmed

the presence of SIV RNA in both tissues as shown in one of the three animals tested (Fig 6C).

We next compared SIV DNA and RNA contents in CD4+ T cells and CD14+ cells recovered

from various tissues/cell sources: adipose tissue, PBMCs and mesenteric lymph nodes (LNs)

(S6 Fig). Levels of SIV DNA and RNA within the CD4+ T cell fractions were similar in all tis-

sues tested—suggesting that the proportion of CD4+ T cells in infected adipose tissue was

equivalent to that in other tissues where viral replication is known to occur extensively. The

same observation applied to CD14+ cells. In conclusion, we demonstrated that the SVF fraction

from chronically SIV-infected animals included SIV-infected CD4+ T lymphocytes and macro-

phages. SIV RNA was detected in both the total SVF fraction and adipose CD4+ and CD14+

fraction—suggesting that viral production occurs in adipose immune cells.

HIV-infected cells are present in adipose tissue samples from ART-
treated, aviremic patients

To ascertain whether adipose tissue may constitute a viral reservoir, we collected adipose tissue

samples from 13 ART-treated HIV-infected patients who had undergone elective visceral

Fig 6. Quantification of SIV DNA and RNA in adipose tissue cells. (A, B) Quantification of SIV DNA (A) and RNA (B) was performed on SVF (n = 8),
sorted adipose CD4+ T cells (CD4) or CD14-expressing cells (CD14) (n = 5) and PBMCs (n = 8) from SIV-infected animals. SIV DNA and RNA assays were
performed in duplicate and the results are expressed in log SIV DNA copies per million cells. Data are quoted as the median [interquartile range]. Significant
differences in a Mann-Whitney non-parametric test are shown as * p<0.05. (C) In situ hybridization for SIV RNA was performed on SCAT and VAT recovered
from one macaque. Prostate tissue from a viremic SIV-infected macaque was used as positive control. One slide was analyzed for each sample. SIV RNA
staining is shown at each site. Scale bar: 50 μm.

doi:10.1371/journal.ppat.1005153.g006

Adipose Tissue and HIV

PLOS Pathogens | DOI:10.1371/journal.ppat.1005153 September 24, 2015 12 / 28



surgery for non-HIV related causes (Table 1). In 11 patients, we searched for viral DNA in SVF

cells and PBMCs. Even after clinically effective ART treatment, HIV DNA was detected in the

SVF of all samples tested (11 from VAT and 4 from SCAT) (Fig 7A). The median level of HIV

DNA in SVF from VAT (2.15 [2.01–2.47] log DNA copies/million cells) was significantly

lower than in PBMCs (2.94 [2.25–3.28]). However, this low level of infection in adipose tissue

might primarily reflect the low proportion of hematopoietic cells in adipose tissue. We there-

fore quantified HIV DNA in sorted CD4+ T cells and sorted CD206+ CD14+ cells from three

patients. Contamination by circulating monocytes was controlled for by measuring CD206

expression on CD14+ cells. In one sample, HIV DNA could not be detected in adipose CD4+ T

cells—presumably because of low DNA input. In the samples with detectable virus, the median

level of HIV DNA in CD4+ T cell fractions recovered from adipose tissue was 3.83 log DNA

copies/million cells (compared with 3.56 in sorted peripheral blood CD4+ T cells). We failed to

detect HIV DNA in the three sorted CD14+ CD206+ samples tested. Therefore, in patients on

long-term ART with no detectable viremia, we confirmed that HIV-infected cells are present in

the SVF (mainly tissue-resident CD4+ T cells). Given that the detected HIV DNA might have

been replication-defective, we also screened for viral RNA in adipose tissue sections using in

situ hybridization. Two SCAT samples and one VAT sample were obtained from ART-treated

HIV-infected patients. As shown in Fig 7C, cells expressing HIV RNA were detected (albeit in

low numbers) in the three adipose tissue samples studied. We therefore demonstrated that pro-

ductive, HIV-infected cells are present in the adipose tissue of ART-treated patients.

The ex vivo induction of viral replication in sorted cells is a further means of demonstrating

that HIV is replication-competent. In six long-term ART-treated patients, we performed an in

Table 1. Study population.

ID Gender Age
(year)

CD4 Nadir
(/μL)

Treatment duration
(year)

Treatment at sampling VL at sampling (RNA
copies/mL)

CD4 count at
sampling (/μL)

1 M 41 55 5 tenofovir/ emtricitacine/ darunavir <40 272

2 M 45 371 4 Efavirenz/ tenofovir /
emtricitabine

<40 371

3 F 48 23 22 Raltegravir/ abacavir/
lamuvidine/ darunavir

<40 381

4 F 34 262 11 Truvada/ darunavir <20 525

5 F 47 280 16 Zidovudine/ lamivudine/
nevirapine

<20 788

6 F 34 162 6 Zidovudine/ lamivudine/
nevirapine

<40 162

7 M 48 206 8 Rilpivirine/Tenofovir/
Emtricitabine

<20 464

8 M 48 296 5 Efavirenz/ tenofovir /
emtricitabine

<40 673

9 M 75 177 18 Truvada/nevirapine <20 423

10 F 75 NA 20 Tritherapy not communicated <40 NA

11 F 38 3 16 zidovudine/lamivudine/ lopinavir <40 597

12 F 51 80 26 Truvada/ fosamprenavir/
ritonavir

<40 232

13 F 38 237 16 Truvada/ darunavir/ ritonavir <40 613

Median and interquartile range

8F/5M 47 192 16 <40 444

[38–
49,5]

[61–276] [5–19] [297–609]

doi:10.1371/journal.ppat.1005153.t001
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Fig 7. Detection of HIV DNA and RNA in adipose tissue. (A) Detection of HIV DNA in SVF cells and
PBMCs from 11 ART-treated, HIV-infected patients. Each patient is represented by a symbol, and the
shading represents the type of adipose tissue: SCAT (open symbols), VAT (filled symbols). (B) HIV DNA
detection in sorted CD4+ T cells recovered from adipose tissue and PBMCs from 3 ART-treated, HIV-infected
patients. The HIV DNA detection assay was performed in duplicate and is expressed in log copies per million
cells. The detection limit differed as a function of the numbers of cells tested and is indicated as <dl on the
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vitro viral reactivation assay on total SVF cells, sorted adipose CD4+ and CD206+CD14+ cells

and sorted peripheral blood CD4+ or CD14+ cells in the presence of allogeneic pre-activated

CD4+ T cells and phytohemagglutinin (Fig 8). In order to obtain sufficient numbers of cells,

SCAT and VAT samples were pooled when both were available. Although small numbers of

graph. (C) An in situ hybridization assay for HIV RNA was performed on three samples of adipose tissue
recovered from ART-treated, HIV-infected patients (1 VAT and 2 SCAT samples). Positive control: a prostate
tissue sample from a viremic patient. One slide was analyzed for each sample. HIV RNA staining for each
positive patient is shown. Scale bar: 50 μm.

doi:10.1371/journal.ppat.1005153.g007

Fig 8. HIV RNA production following in vitro reactivation. Total SVF (filled circles), sorted CD4+CD3+

(filled squares) and CD14+CD206+ cells (filled triangles) from adipose tissue, and sorted CD4+CD3+ (open
squares) and CD14+ cells (open triangles) from PBMCs were co-cultured with allogeneic, pre-activated CD4+

T cells and then stimulated. The cell number differed according to the cell fraction: 1x106 for the total SVF
fraction, 1x105 to 5x105 for sorted CD4+ T cells, and 5x104 to 2x105 for sorted, CD14-expressing cells. HIV
RNA was detected in supernatants collected at D7, 11, 14, 17 and 21. As a negative control, 1x106 SVF cells
were cultured in the absence of allogeneic, pre-activated CD4+ T cells (Ns SVF open circles). Samples from
six ART-treated HIV infected patient were tested and the HIV RNA detection assay was performed five times
for each sample.

doi:10.1371/journal.ppat.1005153.g008
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cells (5 104 to 5 105) were used for this reactivation assay, we detected the induction of viral

replication in the sorted CD4+ T cell fraction from the SVF of all six patients. HIV RNA in

supernatants from the ex vivo-activated, sorted SVF CD4+ T cells was detected from day 7 to

day 21 in nearly all patients. In two patients (#5, 7), HIV RNA was detected solely after the

reactivation of sorted SVF CD4+ T cells but not in total SVF or in PBMCs—probably because

of the small number of infected cells in the culture. In the four other patients (#6, 8, 9, 10), HIV

RNA was detected in similar numbers of ex vivo-activated CD4+ T cells recovered from both

adipose tissue and PBMCs. Induction of HIV replication from SVF was detected in these four

patients (albeit at low levels in three—probably due to the small number of infected cells). No

HIV RNA was detected in cultures of activated adipose CD14+CD206+ fractions. Importantly,

HIV RNA was not detected in non-activated SVF cell cultures (except in one patient), meaning

that we could rule out the amplification of non-latent, pre-existing HIV. Our results show that

adipose CD4+ T cells were infected by replication-competent HIV.

In conclusion, we performed three levels of detection: (i) HIV DNA using PCRs, (ii) HIV

RNA using in situ hybridization and (iii) HIV RNA in supernatants in an in vitro reactivation

assay based on ultrasensitive RT-PCR. We demonstrated that latently HIV-infected cells were

present in the SVF from both SCAT and VAT in 6 ART-treated patients. HIV DNA was con-

sistently detected in adipose CD4+ T cells—strongly suggesting that adipose tissue is an HIV

reservoir in aviremic patients on long-term ART.

Discussion

Residual chronic inflammation and viral persistence are two key features of ART-treated, HIV-

infected patients. Although several mechanisms have been described, the establishment and per-

sistence of low-grade inflammation are not fully understood and remain to be characterized.

Given that adipose tissue is a major site of inflammation in a context of obesity, we hypothesized

that the adipose tissue changes associated with HIV infection may drive low-grade inflammation.

Indeed, the literature data reveal a strongly pro-inflammatory profile of adipose tissue during

HIV infection—although most of these studies were performed on ART-treated patients

[36,41,60]. In order to rule out the potential confounding role of ART and to collect sufficient

amounts of tissue, we studied the SIV/macaque infection model. Chronic SIV infection in vivo

was associated with a markedly higher adipocyte density (i.e. cell numbers per field) and SVF cell

count (expressed per gram of adipose tissue). The elevated adipocyte density has been linked to

an abnormally low adipocyte size, which in turn may reflect drastic alterations of adipogenesis

[61,62] and/or lipolysis [48,60]. The massive increase in SVF cells in adipose tissue in chronically

infected animals essentially reflected the accumulation of CD45- cells. The CD45- cells recovered

in the SVF of infected animals need to be identified more accurately. Those in the SVF included

pre-adipocytes, the accumulation of which may be related to changes in adipocyte differentiation.

These striking changes in CD45- proportion need to be further investigated and could relate to

multiple defects affecting adipose tissue during SIV infection such as lipodystrophy, inflamma-

tion or viral persistence. The SVF also contains mesenchymal stem cells [63–65], and it remains

to be established whether these cells can also be infected. When focusing on immune cells, there

was no major change in total leukocyte counts. However, the percentage of CD4+ T cells was

severely lower in adipose tissue from SIV-infected animals than in non-infected animals, whereas

the CD8+ T cell percentage was markedly higher. We demonstrated that the change in the CD4/

CD8 ratio reflected the accumulation of CD8+ T cells, in accordance with previous reports of

massive CD8 accumulation during adipose tissue inflammation [27]. Intense recruitment of

CD8+ T cells was confirmed by the perivascular location of CD8+ T cells. However, a direct

impact of SIV in adipose tissue cannot be ruled out [53,54].
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The fact that CD4+ T cell counts were generally unaffected was not expected in the context

of SIV infection—especially given the high percentage of central memory CD4+ T cells (a

major HIV/SIV target) in adipose tissue. Organ-dependent differences in the direction and

amplitude of cell depletion have been described [66,67]: CD4+ T cell depletion is rapid and

massive in the intestinal mucosa, whereas the follicular helper subset (also a major HIV target)

even expands in secondary lymphoid organs [68]. Importantly, CD4+ T cells were mainly

found recovered in the vicinity of adipocytes and far from capillaries. This remote site may

favor viral persistence, as was recently described in follicular CD4+ T cells [69]. It thus appears

that adipose tissue may constitute an additional site for the accumulation of CD4+ T cells. Phe-

notypic analysis revealed that the Tcm CD4+ T cells fraction was predominant in both SCAT

and VAT, thus confirming the high potential for viral persistence of adipose tissue. The pre-

dominance of central memory CD4+ T cells, which usually identifies inductive lymphoid site,

also raises the question of the lymphoid definition of the adipose tissue: Does adipose tissue

constitute a lymphoid site and if so is it an inductive or effector lymphoid site?

We also found that phenotypic changes can be detected in both lymphocytes and macro-

phages during chronic SIV infection of adipose tissue. Expression levels of the activation

marker HLA-DR on adipose tissue T lymphocytes were higher in SIV-infected animals. Macro-

phages displayed a moderate change in phenotype. SIV infection was associated with an

increase in the proportion of CD206-CD163- adipose tissue macrophages and a concomitant

decrease in the CD206+CD163- fraction—suggesting a shift from an anti-inflammatory profile

towards a more activated profile or the recruitment of migrating blood monocytes. Overall, we

observed features commonly associated with obesity-related inflammation: elevated SVF num-

bers, the specific recruitment of CD8+ T cells, a higher proportion of macrophages and greater

expression of activation markers. These observations strongly suggest that adipose tissue is

involved in inflammation during SIV infection.

We next investigated the mechanisms that might underlie the increase in adipose tissue

inflammation in chronically SIV-infected animals. There is increasing evidence to show that

HIV infection per se interferes with adipose tissue homeostasis, although the mechanisms

remains to be defined [34]. Adipose inflammation may be a consequence of systemic inflam-

mation, with in turn is worsened by adipose inflammation in a vicious circle. Adipose inflam-

mation may also be related to the spread of viral proteins [48–50], CD4+ T cell lymphopenia

[70] and/or microbial translocation [71,72], all of which are known to alter adipocyte homeo-

stasis. Furthermore, SIV may directly infect adipose-resident immune cells. Importantly, previ-

ous reports essentially failed to demonstrate consistent infection of adipocytes and did not

provide any information on adipose immune cells. In the present study, SVF fractions were

positive for SIV DNA and SIV RNA in all animals tested. SIV DNA was also detected in all

sorted adipose CD4+ T lymphocytes. SIV DNA was detected less consistently in sorted

CD14-expressing cells (3 out of 5 in both SCAT and VAT). The results for cell-associated SIV

RNA essentially corroborated those for SIV DNA. We demonstrated that in SVF fractions, SIV

was consistently present in CD4+ T lymphocytes and less frequently present in macrophages.

Our detection of viral DNA and RNA in stromal vascular cells collected from adipose tissue of

chronically viremic animals thus confirms that adipose tissue is a site of infection.

We next sought to confirm the presence of viral infection in human adipose tissue and,

more importantly, to characterize viral persistence in ART-suppressed HIV-infected patients.

Three different assays were performed: (i) detection of viral DNA in SVF (in 11 patients) and

in sorted CD4+ T cell fractions (from 3 patients), (ii) in situ RNA hybridization on fixed sec-

tions of adipose tissue (in 3 patients), and (iii) in vitro viral reactivation (in 6 patients). HIV

DNA was detected in all SVF samples tested; this finding is in line with Couturier et al.’s report

of HIV DNA in the SVF of 5 ART-treated, HIV-infected patients [73]. Importantly, we were
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able to detect HIV DNA in sorted adipose CD4+ T cell fractions but not in CD206+ CD14-ex-

pressing cells. It is noteworthy that sorted CD4+ T cells recovered from adipose tissue had

much the same levels of HIV DNA as PBMCs. These results suggest that the proportion of

infected cells is similar in adipose tissue CD4+ T cells and in peripheral blood CD4+ T cells. In

contrast to the situation in chronically viremic macaques (in which SIV DNA was detected in a

CD14+ fraction recovered from the SVF), we did not detect HIV DNA in CD14+CD206+ cells

recovered from the SVF in aviremic patients. We checked whether this discrepancy was related

to the difference in macrophage selection (i.e. CD14+ cells vs. CD14+CD206+ cells). CD14+-

CD206+ cells sorted from viremic macaques were still positive for SIV DNA, suggesting that

viral DNA may be present in macrophage subsets in viremic stages but might not persist dur-

ing long-term ART. One can reasonably presume that the half-life of macrophages is shorter

than that of Tcm CD4+ T cells. Alternatively, the small number of macrophages collected may

have prevented us from detecting a small proportion of infected cells. This aspect will be inves-

tigated further. Lastly, six samples were reserved for a viral replication assay. Although only

small numbers of sorted adipose cells were available, we were able to monitor in vitro viral rep-

lication by detecting HIV RNA in supernatants after the incubation of adipose tissue CD4+ T

cells with allogeneic pre-activated CD4+ T cells. HIV RNA was consistently detected in cultures

of CD4+ T cells sorted from the SVF, suggesting that adipose CD4+ T cells are infected by repli-

cation-competent HIV. In four patients, ex vivoHIV replication was induced to the same

extent in sorted CD4+ T cells from the SVF and from PBMCs. These results suggest that the

proportion of infected cells is much the same among adipose tissue CD4+ T cells and peripheral

blood CD4+ T cells; this hypothesis is supported by the fact that sorted CD4+ T cells from adi-

pose tissue and PBMCs had similar HIV DNA contents. In contrast, replication-competent

HIV was detected in the SVF only in two patients. The high frequency of memory CD4+ T cells

in adipose tissue (relative to PBMCs) may explain the high proportion of latently infected cells.

Otherwise the number of latently infected CD4+ T cells in adipose tissue might be higher than

in PBMCs in some patients on ART. These findings emphasize the need to sample several tis-

sues when studying HIV reservoirs in patients on ART. Further investigation (using limiting

dilution assays) is necessary but would be technically challenging (given the low numbers of

resident tissue CD4+ T cells in patients).

Overall, we were able to demonstrate the persistence of HIV DNA and RNA within stromal

vascular cells in adipose tissue recovered from ART-treated HIV-infected patients. These

observations were supported by the results of in vitro reactivation experiments, showing that

adipose CD4+ T cells contained replication-competent HIV. This dataset strongly supports the

hypothesis whereby adipose tissue constitutes an important viral reservoir. Adipose tissue may

thus constitute a favorable environment for viral persistence for several reasons: (a) constant

inflammation favors viral replication, (b) the presence of elevated fractions of activated and

central memory CD4+ T cells, which are HIV’s natural targets, (c) the potentially insufficient

distribution of some antiretroviral drugs into adipose tissue [44], which may favor viral persis-

tence, and (d) the specific metabolic and immune activity of adipose tissue, which may affect

the effectiveness of immune responses [74].

In the present work, our analyses of SCAT and VAT from SIV-infected macaques and

ART-suppressed patients, showed that (i) SIV infection induced immune activation and a pro-

inflammatory profile in adipose tissue immune cells and (ii) these immune cells were indeed

infected by SIV/HIV. These results indicate that adipose tissue constitutes a new, relatively

large reservoir for the virus that could be involved in chronic immune activation and low-

grade inflammation. Our observations have major implications in the context of HIV disease.

Firstly, they emphasize the crucial requirement for the broad diffusion of antiretroviral drugs

within tissues; combination therapy must include drugs that diffuse not only into adipose
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tissues but also into tissue CD4+ T cells and macrophages. Two main mechanisms may prevent

efficient activity of ART on adipose infected cells: (i) low accessibility of ART to fat tissue [44],

(ii) sequestration of drugs inside the lipid droplets at the expense of adipose infected immune

cells [75]. Secondly, they provide an interesting rationale for the use of drugs with metabolic

activity. It might be interesting to reconsider the anti-inflammatory impact of statins [76,77]

by focusing on adipose sites and addressing the drugs’ potential impact on viral reservoirs.

Thirdly, gender differences in adipose tissue distribution, the inflammatory profile and

immune cell content [78] may underlie differential susceptibility to the establishment of viral

reservoirs. Fourthly, our results open up new therapeutic strategies for limiting the size of viral

reservoirs, chronic inflammation and associated comorbidities (via the modulation of adipose

tissue related pathways rather than strictly immune pathways).

Materials and Methods

Animals, infection and sample collection

Twenty-three adult cynomolgus macaques (Macaca fascicularis) were infected via the intrave-

nous, intravaginal or intrarectal route with 0.5 to 5,000 50% animal infectious doses (AID50)

of SIVmac251 biological isolate and monitored for 15 months (median value, interquartile

range: [11–18]). SIV infection in cynomolgus macaques closely recapitulates the major features

of HIV infection, including progression towards AIDS. At sacrifice, the plasma viral load in

SIV-infected animals was 4.4x104 [0.7x104-6.7x104] RNA copies/mL. Twenty one non-SIV-

infected animals were used as controls. At sacrifice, blood samples and 10 to 35g samples of

abdominal subcutaneous adipose tissue (SCAT) and visceral adipose tissue (VAT) were col-

lected. Adipose tissues were devascularized to prevent blood contamination. PBMCs were iso-

lated from EDTA-anticoagulated blood by Ficoll density gradient centrifugation.

Ethics statement

Adult cynomolgus macaques were imported fromMauritius and housed in the animal facility

at the Commissariat à l’Energie Atomique et aux Energies Alternatives (CEA, Fontenay-aux-

Roses, France). Non-human primates (NHPs, which include cynomolgus macaques) are

housed and handled in accordance with French national regulations and subject to inspection

by the veterinary authorities (CEA Permit Number A 92-032-02). The CEA facility complies

with the Standards for Human Care and Use of Laboratory of the Office for Laboratory Animal

Welfare (OLAW, USA) under OLAW assurance number #A5826-01. The use of NHPs at CEA

is also in line with the European Directive (2010/63, recommendation Nu9). The animals were

used under the supervision of the veterinarians in charge of the animal facility. The study pro-

tocols were reviewed by the CEA’s Animal Care and Handling Committee (Comité d’Ethique

en Expérimentation Animale, registered with the French Ministry of Research). Animals were

housed in adjoining, individual cages (allowing social interactions) and under controlled

humidity, temperature and light conditions (12-hour light/12-hour dark cycles). Water was

available ad libitum. Animals were monitored and fed with commercial monkey chow and

fruits once or twice daily by trained personnel. Macaques were provided with environmental

enrichment, including toys, novel foodstuffs and music under the supervision of the CEA’s

Animal Care and Handling Committee.

After sedation with ketamine chlorhydrate, animals were sacrificed by intracardiac injection

of sodium pentobarbital (Vetoquinol, Paris, France; 180 mg/kg).
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Human samples

All 13 patients provided their written, informed consent to participation. The study protocol

was approved by the regional investigational review board (Comité de Protection des Personnes

Ile-de-France VII (Paris, France)). Adipose tissue samples from 13 ART-treated HIV-

1-infected patients were recovered during elective abdominal surgery for non-AIDS-related

indications. SVF was isolated from fresh samples. The 13 patients were on long-term ART and

had displayed an undetectable viral load for over four years. In eleven patients, SVF samples

were screened for HIV DNA. Five SVF samples were reserved for an HIV DNA assay in sorted

fractions and 6 were reserved for the in vitro reactivation assay. In situ hybridization was per-

formed on fixed adipose sections from three patients on ART and on a prostate sample (from a

viremic patient) as a positive control.

Isolation of the stromal vascular fraction (SVF)

SCAT and VAT were weighed, washed twice in PBS 1X 5% fetal bovine serum (FBS), cut into

pieces of 2 to 3 mm and then digested in a bath of collagenase (C2139, Sigma) at a concentra-

tion of 0.33 mg /mL in DMEM supplemented with 5% FBS for 30 min at 37°C with constant

shaking. Mechanical dissociation by suction/discharge with a 10 mL syringe was then per-

formed. Next, the adipose suspension was filtered through a 100 micron mesh. Following an

initial low-speed centrifugation (300g, 10 min), adipocytes (the upper phase) were separated

and the lower phase (comprising the SVF cells) was centrifuged further. After two additional

washes, the pellet containing the SVF was resuspended in PBS with 5% FBS. SVF cell suspen-

sions were then counted in Malassez counting chambers (C-chip, NanoEntek, Seoul, Korea)

under the microscope, using Trypan blue to exclude dead cells. SVF was either directly frozen

for molecular analyses, frozen in FBS 10% DMSO for cell preservation, and/or sorted or ana-

lyzed immediately by flow cytometry.

Phenotypic characterization of macrophages and T lymphocytes from
adipose tissue

Staining was performed after the saturation of Fc receptors by incubation with FC block (BD),

mouse serum (eBiosciences) and healthy macaque serum (an in-house preparation) for 30 min

at 4°C. Amine-reactive blue dye (Live/dead Fixable, Life Technologies) was used to assess cell

viability and exclude dead cells from the analysis. Cells were stained with monoclonal antibod-

ies (incubation for 15 min at 4°C), washed in PBS 1X/10% FBS and fixed in commercial fixative

solution (CellFIX, BD Biosciences).

A variety of antibody panels were used to study adipose tissue T lymphocytes and macro-

phages [55]. Macrophages were identified using the following panel: CD16 V450 (Clone 3G8)/

CD206 FITC (Clone 19.2)/ CD14 PerCPCy5.5 (M5E2)/ CD163 APC (GHI/61)/ CD11b PECY7

(BEAR1)/ HLA-DR PECF574 (G46-6)/ CD3 AF700 (SP34-2). Corresponding isotype controls

for CD163 and CD206 were used at the same concentrations as the reference antibody, in

accordance with the manufacturer’s instructions. Lymphocyte subsets were analyzed as follows:

CD45 V500 (D058-1283 for macaques, HI-30 for humans)/ CD4 PerCPCy5.5 (L200) / CD8

V450 (leu2a)/ CD95 APC (DX-2)/ CD28 PE (CD28.2) / HLA-DR PECY7 (G46-6)/ CD20

AF700 (2H7)/ Ki-67 FITC (B56). Additional combinations with CCR5 APC (3A9), CD69

PECY7 (FN50) antibodies were also applied. All antibodies were purchased from BD Biosci-

ences, with the exception of anti-CD11b (Beckman-Coulter). Data were acquired with an LSR

Fortessa cell analyzer (BD Biosciences) and analyzed with FlowJo software (Treestar).
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Microscopy and immunochemistry

Samples of SCAT and VAT were fixed in 4% buffered formalin and embedded in paraffin. Sec-

tions (thickness: 3 microns) were stained with hematoxylin/eosin/saffron reagent. Adipocytes

were counted in an average of 10 high-power fields (HPFs). Parallel sections were immunos-

tained for CD3 (clone F.2.38, Dako), CD4 (clone 4B12, Leica Biosystem), TIA1 (TIA1 cytotoxic

granule-associated RNA binding protein, clone 2G9, Immunotech) and CD68 (clone PG-M1,

Dako), in order to identify CD4+ T lymphocytes, cytotoxic T cells and macrophages. Unless

otherwise stated, intravascular leucocytes were excluded from counting, although T cells

located in the vicinity of capillaries or far from capillaries were also studied.

Sorting of adipose CD4+ T cells and CD14+ macrophages

SVF cells from SCAT and VAT were stained as described above, using amine-reactive blue dye

to identify the dead cells. CD4+CD3+CD45+L/D- cells (CD4+ T cells) in macaques and humans,

CD14+CD3-CD20-CD45+L/D- cells in macaques and CD14+CD206+CD3-CD20-CD45+L/D-

cells (macrophages) in humans were sorted on a FACS ARIA cell sorter (BD Biosciences). The

gating strategy for macrophage isolation used CD14 fluorescence minus one (FMO) control

staining to eliminate contamination due to potential auto-fluorescence of SVF cells. Sorting

purity profile are presented in S7 Fig. In both NHPs and humans, sorting purity was consistently

greater than 95% (CD14-expressing cells: 97.2% [95.1–98.7], CD4+ T cells: 96.9% [96.1–99.1]).

SIV DNA and RNA detection

RNA and DNA were extracted from cells as follows: 1x106 PBMCs or SVF cells and various

numbers of sorted CD4+ and CD14+ cell numbers (ranging from 50000 to 200000) were resus-

pended in 350 μL of RLT buffer (Qiagen, France). 200 μL of TE buffer were added. Next, NaCl

(5M) was added. The mixture was incubated at 4°C for between 15 and 60 min, followed by

centrifugation for 15 min at 3000 rpm and 4°C. RNA was precipitated from the supernatant

using pH 4.5 phenol/chloroform (Sigma-Aldrich) at a v/v ratio of 5:1. 200 μl of TE buffer was

added to the pellet. DNA was then precipitated from the mixture in phenol/chloroform/isoa-

myl alcohol 25:24:1 (pH = 8, Sigma Aldrich). Cell-associated viral DNA and RNA were mea-

sured by qPCR as described previously, using primers and probes designed specifically for

SIVmac251 isolates [79]. PCRs were performed in duplicate; the detection limits were 35 SIV

DNA copies/106 cells and 50 SIV RNA copies/106 CCR5 copies. Only reactions for which

duplicates gave consistent results were included. Positive and negative controls were used to

rule out sample contamination. SIVmac plasmids were used as standards to calculate SIV

DNA copy numbers. Primers and plasmids for CCR5 were used to normalize the viral levels

against the number of cells [80]. Plasma SIV RNA was quantified as previously described [81].

Ultrasensitive total HIV-DNA and HIV-RNA quantification

Total HIV DNA was quantified in an ultrasensitive real-time PCR assay of frozen SVF cells,

sorted adipose CD4+ and CD14+ cells in SVF, and PBMCs using the GENERIC HIV-DNA

assay from Biocentric (Bandol, France), as previously described [82,83]. Total DNA was

extracted with a QIAamp All prep DNA/RNA microkit or minikit (Qiagen), depending on the

number of cells available (less than and more than 1 million cells, respectively). The entire

HIV-DNA extract was tested in two to four replicates, with a threshold of 2 HIV-DNA copies

per PCR. The thresholds varied according to the available cell numbers and were calculated for

each sample. 1x106 cells were analyzed for total SVF and PBMC samples. Sorted SVF CD4+

and CD14+CD206+ cell numbers were consistently lower (from 14000 to 320000), and so the
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detection limit was set to<3.23 log copies/106 cells. Following in vitro reactivation, HIV-RNA

was quantified in culture supernatants using an ultrasensitive real-time PCR assay (GENERIC

HIV, Biocentric, Bandol, France). The extracts were tested in two to five replicates [84].

In situ hybridization

Paraformaldehyde-fixed, paraffin-embedded tissues were assayed for SIVmac and HIV-1 RNA

expression using a digoxigenin-antidigoxigenin technique, as previously described [67,85]. The

digoxigenin-UTP-labeled riboprobe spanned the whole SIVmac or HIV-1 genome (Lofstrand

Labs Ltd, Gaithersburg, MD, USA). Nitroblue tetrazolium-5-bromo-4-chloro-3-indollylpho-

sphate toluidinium revelation was used to detect infected cells in the tissues. The specificity of

the hybridization signal was always checked by hybridizing sense probes on parallel sections

and anti-sense probes on non-infected adipose tissues. Prostate tissues from a viremic SIV-

infected macaque and from HIV-infected patients were used as positive controls, as previously

described [86–88].

In vitro reactivation assay

Cell fractions recovered from ART-treated, HIV-infected patients were stimulated with phyto-

hemagglutinin (0.3 μg/mL, Sigma), IL-2 (25 μg/mL, Immunotools) (for SVF and T cell frac-

tions) and LPS (1 μg/mL, Sigma) (for CD14-expressing cells) and co-cultured with allogeneic

pre-activated CD4+ T cells at a ratio of 1:2.5. Allogeneic CD4+ T cells were purified from

PBMCs from healthy donors by positive selection using magnetic beads (Miltenyi). At day (D)

7 and D14, reactivation was sustained by novel addition of pre-activated CD4+ T cells. Super-

natants were collected at D3, 7, 11, 14, 17 and 21 and cell pellets were collected at D21. The

number of cells used in the reactivation assay depending on the cell fraction isolated from adi-

pose tissue SVF: 1x106 for the total SVF fraction, 1x105 to 5x105 for sorted CD4+ T cells, and

5x104 to 2x105 for sorted, CD14-expressing cells. As negative controls, 1x106 SVF cells were

cultured in the absence of allogeneic, pre-activated CD4+ T cells.

Statistical analysis

Data are quoted as the median [interquartile range]. Statistical analyses were carried out with

GraphPad Prism 5.03 software (GraphPad Software Inc.). A Mann-Whitney non-parametric test

was used to compare data from SIV-infected and non-infected macaques. AWilcoxon matched-

pair signed rank test was used to compare different tissues from the same animal. In graphs, the

thresholds for statistical significance are indicated as follows: � p<0.05; �� p<0.01, ��� p<0.001.

Supporting Information

S1 Fig. The influence of SIV infection on CD8+ T cell differentiation. Representative dot

plots showing the gating strategies used to define Tn, Tcm, Ttm and Tem subsets among CD8

T cells (based on CD28, CD95 and CCR5 staining) in SCAT and VAT. The right-hand panels

show the distribution of CD8+ T cells among the different subsets in non-infected animals

(n = 5, open column) and SIV-infected animals (n = 7, filled column). Data are quoted as the

median [interquartile range]. A Mann-Whitney non-parametric test was used.

(TIF)

S2 Fig. Differences in cell composition and phenotype between SVF cells and PBMCs. (A)

The percentages of Tn CD4+ T cells (CD95+CD28int) in SCAT, VAT and PBMCs from pooled

infected animals (n = 8) animals and non-infected animals (n = 8). (B) The percentage of Tm

CD4+ T cells (CD95+CD28+CCR5+/-) in SCAT, VAT and PBMCs from infected and non-
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infected animals. (C) The percentage of CD20-expressing cells among the CD45+ fraction in

SCAT, VAT and PBMCs from pooled infected animals (n = 5) and non-infected animals

(n = 7). Datasets from SIV-infected animals (n = 7) and non-infected animals (n = 5–7) were

pooled, since there was no apparent difference between the two groups.

(TIF)

S3 Fig. The lack of a significant influence of SIV infection on Ki67 expression on adipose

tissue T cells. The percentage of Ki67-expressing cells among CD4+ and CD8+ T cells recov-

ered from SCAT and/or VAT from 7 infected animals (filled symbols) and 7 non-infected ani-

mals (open symbols). Values from peripheral blood T cells are shown when available (n = 5–6).

(TIF)

S4 Fig. Difference in the proportion of CD14-expressing cells and their phenotype in SVF

cells and PBMCs. (A) Dot plots showing the co-expression of CD206 and CD163 on CD14-ex-

pressing cells. Due to high levels of auto-fluorescence, the gating strategy was defined using iso-

type controls for either anti-CD163 or anti-CD206 antibodies and an unstained approach for

the CD163 and CD206 fractions. (B) Graphs showing the percentage of each fraction in

CD14-expressing cells recovered from SCAT, VAT and PBMCs from 8 non-infected animals.

Similar observations were made in SIV-infected animals. Data are quoted as the median [inter-

quartile range]. Significant differences in a Mann-Whitney non-parametric test are shown as �

p<0.05; �� p<0.01; ��� p<0.001.

(TIF)

S5 Fig. The influence of SIV infection on macrophage phenotype in VAT. Expression of

CD206 and CD163 on adipose-resident CD14-expressing cells recovered from VAT from non-

infected animals (open circles, n = 8) and SIV-infected animals (filled squares, n = 6). Gating

strategies are shown in S4 Fig. Data are quoted as the median [interquartile range]. Significant

differences in a Mann-Whitney non-parametric test are shown as � p<0.05.

(TIF)

S6 Fig. Comparison of SIV DNA and RNA contents in CD4+ T cells and CD14-expressing

cells from different tissues (adipose tissue, PBMCs and lymph nodes). Comparison of SIV

DNA and RNA levels in sorted CD4+ T cell and CD14+ cell fractions recovered from different

organs (adipose tissue, PBMCs and lymph nodes) in four SIV-infected animals. SIV DNA and

RNA assays were performed in duplicate and the results are expressed in log SIV DNA copies

per million cells. Due to the low numbers of CD14+ cells recovered from lymph node, CD14+

cells were sorted from spleen for two animals. Data are quoted as the median [interquartile

range]. A Mann-Whitney non-parametric test was used.

(TIF)

S7 Fig. Sorting purity. A representative sorting strategy used for CD14+ cells and CD4+ T

cells. Dot plots of cells from a non-infected animal before and after sorting are shown. In both

NHPs and humans, sorting purity was consistently over 95% (CD14+ cells: 97.2% [95.1–98.7],

CD4+ T cells: 96.9% [96.1–99.1]).

(TIF)

Acknowledgments

We thank C. Joubert and J.M. Helies for veterinary assistance and the IDMIT (National Center

for Infectious Diseases Models and Innovative Therapies) core facilities for excellent technical

assistance. We thank Professor Marc Tardieu and Professor Jean-François Delfraissy for their

Adipose Tissue and HIV

PLOS Pathogens | DOI:10.1371/journal.ppat.1005153 September 24, 2015 23 / 28

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.ppat.1005153.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.ppat.1005153.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.ppat.1005153.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.ppat.1005153.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.ppat.1005153.s007


support, Dr. Marc Lombès and Dr. Louis Casteilla for their expertise in metabolic and adipose

tissue analyses and their help with the initiation of this project. We also thank Camille Lécur-

oux for critical reading of the manuscript and helpful discussions.

Author Contributions

Conceived and designed the experiments: AD OL CB. Performed the experiments: AD TL NH

APS LD CG AM JG NN GP VM SB VB. Analyzed the data: AD TL NH NDR VAF NN AC BF

BV CR JC MMT NDB RLG OL CB. Contributed reagents/materials/analysis tools: TL NH

NDR VAF JG GP VM SB NDB. Wrote the paper: CB OL.

References
1. Kuller LH, Tracy R, BellosoW, Wit S De, Drummond F, Lane HC, et al. Inflammatory and Coagulation

Biomarkers and Mortality in Patients with HIV Infection. PLoS Med. 2008; 5: 1496–1508. doi: 10.1371/
journal.pmed.0050203

2. Deeks SG. HIV Infection, Inflammation, and Aging. Annu Rev Med. 2011; 62: 141–055. doi: 10.1146/
annurev-med-042909-093756 PMID: 21090961

3. Deeks SG, Tracy R, Douek DC. Systemic effects of inflammation on health during chronic HIV infection.
Immunity. 2013; 39: 633–45. doi: 10.1016/j.immuni.2013.10.001 PMID: 24138880

4. Hunt PW, Brenchley J, Sinclair E, Mccune JM, Roland M, Page-shafer K, et al. Relationship between T
Cell Activation and CD4+ T Cell Count in HIV-Seropositive Individuals with Undetectable Plasma HIV
RNA Levels in the Absence of Therapy. J Infect Dis. 2008; 197: 126–133. doi: 10.1086/524143 PMID:
18171295

5. Noel N, Boufassa F, Lécuroux C, Saez-Cirion A, Bourgeois C, Dunyach-Remy C, et al. Elevated IP10
levels are associated with immune activation and low CD4+ T-cell counts in HIV controller patients.
AIDS. 2014; 28: 467–76. doi: 10.1097/QAD.0000000000000174 PMID: 24378753

6. Eisele E, Siliciano RF. Redefining the viral reservoirs that prevent HIV-1 eradication. Immunity. 2012;
37: 377–88. doi: 10.1016/j.immuni.2012.08.010 PMID: 22999944

7. Lambert-Niclot S, Tubiana R, Beaudoux C, Lefebvre G, Caby F, Bonmarchand M, et al. Detection of
HIV-1 RNA in seminal plasma samples from treated patients with undetectable HIV-1 RNA in blood
plasma on a 2002–2011 survey. AIDS. 2012; 26: 971–5. doi: 10.1097/QAD.0b013e328352ae09 PMID:
22382146

8. Zink MC, Brice AK, Kelly KM, Queen SE, Gama L, Li M, et al. Simian immunodeficiency virus-infected
macaques treated with highly active antiretroviral therapy have reduced central nervous system viral
replication and inflammation but persistence of viral DNA. J Infect Dis. 2010; 202: 161–70. doi: 10.
1086/653213 PMID: 20497048

9. Brenchley JM, Price DA, Schacker TW, Asher TE, Silvestri G, Rao S, et al. Microbial translocation is a
cause of systemic immune activation in chronic HIV infection. Nat Med. 2006; 12: 1365–1371. PMID:
17115046

10. Appay V, Sauce D. Immune activation and inflammation in HIV-1 infection : causes and consequences.
J Pathol. 2008; 214: 231–241. doi: 10.1002/path.2276 PMID: 18161758

11. Paiardini M, Müller-Trutwin M. HIV-associated chronic immune activation. Immunol Rev. 2013; 254:
78–101. doi: 10.1111/imr.12079 PMID: 23772616

12. Costiniuk CT, Angel JB. Human immunodeficiency virus and the gastrointestinal immune system: does
highly active antiretroviral therapy restore gut immunity? Mucosal Immunol. 2012; 5: 596–604. doi: 10.
1038/mi.2012.82 PMID: 22929559

13. Kershaw EE, Flier JS. Adipose tissue as an endocrine organ. J Clin Endocrinol Metab. 2004; 89: 2548–
2556. PMID: 15181022

14. Madani R, Karastergiou K, Ogston NC, Miheisi N, Bhome R, Haloob N, et al. RANTES release by
human adipose tissue in vivo and evidence for depot-specific differences. Am J Physiol Endocrinol
Metab. 2009; 296: E1262–8. doi: 10.1152/ajpendo.90511.2008 PMID: 19240255

15. 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 Resi-
dent in the AT. 2005; 90: 2282–2289. doi: 10.1210/jc.2004-1696 PMID: 15671098

16. 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.
PMID: 17578888

Adipose Tissue and HIV

PLOS Pathogens | DOI:10.1371/journal.ppat.1005153 September 24, 2015 24 / 28

http://dx.doi.org/10.1371/journal.pmed.0050203
http://dx.doi.org/10.1371/journal.pmed.0050203
http://dx.doi.org/10.1146/annurev-med-042909-093756
http://dx.doi.org/10.1146/annurev-med-042909-093756
http://www.ncbi.nlm.nih.gov/pubmed/21090961
http://dx.doi.org/10.1016/j.immuni.2013.10.001
http://www.ncbi.nlm.nih.gov/pubmed/24138880
http://dx.doi.org/10.1086/524143
http://www.ncbi.nlm.nih.gov/pubmed/18171295
http://dx.doi.org/10.1097/QAD.0000000000000174
http://www.ncbi.nlm.nih.gov/pubmed/24378753
http://dx.doi.org/10.1016/j.immuni.2012.08.010
http://www.ncbi.nlm.nih.gov/pubmed/22999944
http://dx.doi.org/10.1097/QAD.0b013e328352ae09
http://www.ncbi.nlm.nih.gov/pubmed/22382146
http://dx.doi.org/10.1086/653213
http://dx.doi.org/10.1086/653213
http://www.ncbi.nlm.nih.gov/pubmed/20497048
http://www.ncbi.nlm.nih.gov/pubmed/17115046
http://dx.doi.org/10.1002/path.2276
http://www.ncbi.nlm.nih.gov/pubmed/18161758
http://dx.doi.org/10.1111/imr.12079
http://www.ncbi.nlm.nih.gov/pubmed/23772616
http://dx.doi.org/10.1038/mi.2012.82
http://dx.doi.org/10.1038/mi.2012.82
http://www.ncbi.nlm.nih.gov/pubmed/22929559
http://www.ncbi.nlm.nih.gov/pubmed/15181022
http://dx.doi.org/10.1152/ajpendo.90511.2008
http://www.ncbi.nlm.nih.gov/pubmed/19240255
http://dx.doi.org/10.1210/jc.2004-1696
http://www.ncbi.nlm.nih.gov/pubmed/15671098
http://www.ncbi.nlm.nih.gov/pubmed/17578888


17. Mohamed-Ali V, Goodrick S, Rawesh A, Katz DR, Miles JM, Yudkin JS, et al. Subcutaneous adipose
tissue releases interleukin-6, but not tumor necrosis factor-alpha, in vivo. J Clin Endocrinol Metab.
1997; 82: 4196–200. doi: 10.1210/jcem.82.12.4450 PMID: 9398739

18. Fried SK, Bunkin DA, Greenberg AS. Omental and subcutaneous adipose tissues of obese subjects
release interleukin-6: depot difference and regulation by glucocorticoid. J Clin Endocrinol Metab. 1998;
83: 847–50. doi: 10.1210/jcem.83.3.4660 PMID: 9506738

19. Stofkova A. Leptin and adiponectin: from energy and metabolic dysbalance to inflammation and auto-
immunity. Endocr Regul. 2009; 43: 157–68. PMID: 19908934

20. Procaccini C, Lourenco E V, Matarese G, La Cava A. Leptin signaling: A key pathway in immune
responses. Curr Signal Transduct Ther. 2009; 4: 22–30. doi: 10.2174/157436209787048711 PMID:
19774101

21. Ouchi N, Parker JL, Lugus JJ, Walsh K. Adipokines in inflammation and metabolic disease. Nat Publ
Gr. Nature Publishing Group; 2011; 11: 85–97. doi: 10.1038/nri2921

22. Hotamisligil GS. Inflammation and metabolic disorders. 2006; 444. doi: 10.1038/nature05485 PMID:
17167474

23. Mathis D, Shoelson SE. Immunometabolism: an emerging frontier. Nat Rev Immunol. 2011; 11: 81. doi:
10.1038/nri2922 PMID: 21469396

24. Lumeng CN, Bodzin JL, Saltiel AR. Obesity induces a phenotypic switch in adipose tissue macrophage
polarization. 2007; 117. doi: 10.1172/JCI29881 both PMID: 17200717

25. Hruskova Z, Biswas SK. Previews A New “‘ Immunological ‘” Role for Adipocytes in Obesity. CMET.
Elsevier; 2013; 17: 315–317. doi: 10.1016/j.cmet.2013.02.015

26. Weisberg SP, Mccann D, Desai M, RosenbaumM, Leibel RL, Ferrante AW. Obesity is associated with
macrophage accumulation in adipose tissue. J Clin Invest. 2003; 112: 1796–1808. doi: 10.1172/
JCI200319246 Introduction PMID: 14679176

27. Nishimura S, Manabe I, Nagasaki M, Eto K, Yamashita H, Ohsugi M, et al. CD8+ effector T cells contrib-
ute to macrophage recruitment and adipose tissue inflammation in obesity. Nat Med. 2009; 15: 914–
920. doi: 10.1038/nm.1964 PMID: 19633658

28. 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. Arter Thromb Vasc Biol. 2009; 29: 1608–1614.

29. 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. Nature Publish-
ing Group; 2009; 15: 1–11. doi: 10.1038/nm.2002

30. Deng T, Lyon CJ, Minze LJ, Lin J, Zou J, Liu JZ, et al. Article Class II Major Histocompatibility Complex
Plays an Essential Role in Obesity-Induced Adipose Inflammation. Cell Metab. Elsevier Inc.; 2013; 17:
411–422. doi: 10.1016/j.cmet.2013.02.009 PMID: 23473035

31. Guilherme A, Virbasius J V, Puri V, Czech MP. Adipocyte dysfunctions linking obesity to insulin resis-
tance and type 2 diabetes. Nat Rev Mol Cell Biol. 2008; 9: 367–77. doi: 10.1038/nrm2391 PMID:
18401346

32. Suganami T, Nishida J, Ogawa Y. A paracrine loop between adipocytes and macrophages aggravates
inflammatory changes: role of free fatty acids and tumor necrosis factor alpha. Arterioscler Thromb
Vasc Biol. 2005; 25: 2062–8. doi: 10.1161/01.ATV.0000183883.72263.13 PMID: 16123319

33. Giralt M, Domingo P, Guallar JP, Rodriguez de la Concepción ML, Alegre M, Domingo JC, et al. HIV-1
infection alters gene expression in adipose tissue, which contributes to HIV- 1/HAART-associated lipo-
dystrophy. Antivir Ther. 2006; 11: 729–40. PMID: 17310817

34. Giralt M, Domingo P, Villarroya F. Adipose tissue biology and HIV-infection. Best Pract Res Clin Endo-
crinol Metab. Elsevier Ltd; 2011; 25: 487–99. doi: 10.1016/j.beem.2010.12.001 PMID: 21663842

35. Capel E, Auclair M, Caron-Debarle M, Capeau J. Effects of ritonavir-boosted darunavir, atazanavir and
lopinavir on adipose functions and insulin sensitivity in murine and human adipocytes. Antivir Ther.
2012; 17: 549–56. doi: 10.3851/IMP1988 PMID: 22293506

36. Caron-Debarle M, Lagathu C, Boccara F, Vigouroux C, Capeau J. HIV-associated lipodystrophy: from
fat injury to premature aging. Trends Mol Med. Elsevier Ltd; 2010; 16: 218–29. doi: 10.1016/j.molmed.
2010.03.002 PMID: 20400373

37. Díaz-Delfín 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 PMID: 22301094

38. Díaz-Delfín J, Domingo P, Mateo MG, Gutierrez MDM, Domingo JC, Giralt M, et al. Effects of rilpivirine
on human adipocyte differentiation, gene expression, and release of adipokines and cytokines. Antimi-
crob Agents Chemother. 2012; 56: 3369–75. doi: 10.1128/AAC.00104-12 PMID: 22430974

Adipose Tissue and HIV

PLOS Pathogens | DOI:10.1371/journal.ppat.1005153 September 24, 2015 25 / 28

http://dx.doi.org/10.1210/jcem.82.12.4450
http://www.ncbi.nlm.nih.gov/pubmed/9398739
http://dx.doi.org/10.1210/jcem.83.3.4660
http://www.ncbi.nlm.nih.gov/pubmed/9506738
http://www.ncbi.nlm.nih.gov/pubmed/19908934
http://dx.doi.org/10.2174/157436209787048711
http://www.ncbi.nlm.nih.gov/pubmed/19774101
http://dx.doi.org/10.1038/nri2921
http://dx.doi.org/10.1038/nature05485
http://www.ncbi.nlm.nih.gov/pubmed/17167474
http://dx.doi.org/10.1038/nri2922
http://www.ncbi.nlm.nih.gov/pubmed/21469396
http://dx.doi.org/10.1172/JCI29881
http://www.ncbi.nlm.nih.gov/pubmed/17200717
http://dx.doi.org/10.1016/j.cmet.2013.02.015
http://dx.doi.org/10.1172/JCI200319246
http://dx.doi.org/10.1172/JCI200319246
http://www.ncbi.nlm.nih.gov/pubmed/14679176
http://dx.doi.org/10.1038/nm.1964
http://www.ncbi.nlm.nih.gov/pubmed/19633658
http://dx.doi.org/10.1038/nm.2002
http://dx.doi.org/10.1016/j.cmet.2013.02.009
http://www.ncbi.nlm.nih.gov/pubmed/23473035
http://dx.doi.org/10.1038/nrm2391
http://www.ncbi.nlm.nih.gov/pubmed/18401346
http://dx.doi.org/10.1161/01.ATV.0000183883.72263.13
http://www.ncbi.nlm.nih.gov/pubmed/16123319
http://www.ncbi.nlm.nih.gov/pubmed/17310817
http://dx.doi.org/10.1016/j.beem.2010.12.001
http://www.ncbi.nlm.nih.gov/pubmed/21663842
http://dx.doi.org/10.3851/IMP1988
http://www.ncbi.nlm.nih.gov/pubmed/22293506
http://dx.doi.org/10.1016/j.molmed.2010.03.002
http://dx.doi.org/10.1016/j.molmed.2010.03.002
http://www.ncbi.nlm.nih.gov/pubmed/20400373
http://dx.doi.org/10.3851/IMP2021
http://www.ncbi.nlm.nih.gov/pubmed/22301094
http://dx.doi.org/10.1128/AAC.00104-12
http://www.ncbi.nlm.nih.gov/pubmed/22430974


39. Lindegaard B, Hansen A-BE, Pilegaard H, Keller P, Gerstoft J, Pedersen BK. Adipose tissue expres-
sion of IL-18 and HIV-associated lipodystrophy. AIDS. 2004; 18: 1956–8. PMID: 15353983

40. Jan V, Cervera P, Maachi M, Baudrimont M, Kim M, Vidal H, et al. Altered fat differentiation and adipo-
cytokine expression are inter-related and linked to morphological changes and insulin resistance in
HIV-1-infected lipodystrophic patients. Antivir Ther. 2004; 9: 555–64. PMID: 15456087

41. Johnson JA, Albu JB, Engelson ES, Fried SK, Inada Y, Ionescu G, et al. Increased systemic and adi-
pose tissue cytokines in patients with HIV-associated lipodystrophy. Am J Physiol Endocrinol Metab.
2004; 286: E261–71. doi: 10.1152/ajpendo.00056.2003 PMID: 14532165

42. Gallego-Escuredo JM, Villarroya J, Domingo P, Targarona EM, Alegre M, Domingo JC, et al. Differen-
tially altered molecular signature of visceral adipose tissue in HIV-1-associated lipodystrophy. J Acquir
Immune Defic Syndr. 2013; 64: 142–8. doi: 10.1097/QAI.0b013e31829bdb67 PMID: 23714743

43. Shikuma CM, Gangcuangco LMA, 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 PMID: 24091690

44. Dupin N, Buffet M, Marcelin A-G, Lamotte C, Gorin I, Ait-Arkoub Z, et al. HIV and antiretroviral drug dis-
tribution in plasma and fat tissue of HIV-infected patients with lipodystrophy. AIDS. 2002; 16: 2419–24.
PMID: 12461415

45. Hazan U, Romero IA, Cancello R, Valente S, Perrin V, Mariot V, et al. Human adipose cells express
CD4, CXCR4, and CCR5 [corrected] receptors: a new target cell type for the immunodeficiency virus-
1? FASEB J. 2002; 16: 1254–6. doi: 10.1096/fj.01-0947fje PMID: 12153994

46. Munier S, Borjabad A, Lemaire M, Mariot V, Hazan U. In vitro infection of human primary adipose cells
with HIV-1: a reassessment. AIDS. 2003; 17: 2537–9. doi: 10.1097/01.aids.0000096866.36052.84
PMID: 14600528

47. Maurin T, Saillan-Barreau C, Cousin B, Casteilla L, Doglio A, Pénicaud L. Tumor necrosis factor-alpha
stimulates HIV-1 production in primary culture of human adipocytes. Exp Cell Res. 2005; 304: 544–51.
doi: 10.1016/j.yexcr.2004.12.003 PMID: 15748898

48. Agarwal N, Iyer D, Patel SG, Sekhar R V, Phillips TM, Schubert U, et al. HIV-1 Vpr induces adipose dys-
function in vivo through reciprocal effects on PPAR/GR co-regulation. Sci Transl Med. 2013; 5:
213ra164. doi: 10.1126/scitranslmed.3007148

49. Otake K, Omoto S, Yamamoto T, Okuyama H, Okada H, Okada N, et al. HIV-1 Nef protein in the
nucleus influences adipogenesis as well as viral transcription through the peroxisome proliferator-acti-
vated receptors. AIDS. 2004; 18: 189–98. PMID: 15075535

50. Cui HL, Ditiatkovski M, Kesani R, Bobryshev Y V, Liu Y, Geyer M, et al. HIV protein Nef causes dyslipi-
demia and formation of foam cells in mouse models of atherosclerosis. FASEB J. 2014; 28: 2828–39.
doi: 10.1096/fj.13-246876 PMID: 24642731

51. Kaminski DA, Randall TD. Adaptive immunity and adipose tissue biology. Trends Immunol. 2010; 31:
384–390. doi: 10.1016/j.it.2010.08.001 PMID: 20817556

52. Ibrahim MM. Subcutaneous and visceral adipose tissue: structural and functional differences. Obes
Rev. 2010; 11: 11–18. doi: 10.1111/j.1467-789X.2009.00623.x PMID: 19656312

53. Chéret A, Le Grand R, Caufour P, Neildez O, Matheux F, Théodoro F, et al. Chemoattractant factors
(IP-10, MIP-1alpha, IL-16) mRNA expression in mononuclear cells from different tissues during acute
SIVmac251 infection of macaques. J Med Primatol. 1997; 26: 19–26. PMID: 9271185

54. Chéret A, Le Grand R, Caufour P, Neildez O, Matheux F, Théodoro F, et al. RANTES, IFN-gamma,
CCR1, and CCR5mRNA expression in peripheral blood, lymph node, and bronchoalveolar lavage
mononuclear cells during primary simian immunodeficiency virus infection of macaques. Virology.
1999; 255: 285–93. doi: 10.1006/viro.1998.9558 PMID: 10069954

55. Bernard-Stoecklin S, Gommet C, Corneau AB, Guenounou S, Torres C, Dejucq-Rainsford N, et al.
Semen CD4+ T cells and macrophages are productively infected at all stages of SIV infection in
macaques. PLoS Pathog. 2013; 9: e1003810. doi: 10.1371/journal.ppat.1003810 PMID: 24348253

56. Leone A, Rohankhedkar M, Okoye A, Legasse A, AxthelmMK, Villinger F, et al. Increased CD4+ T cell
levels during IL-7 administration of antiretroviral therapy-treated simian immunodeficiency virus-posi-
tive macaques are not dependent on strong proliferative responses. J Immunol. 2010; 185: 1650–9.
doi: 10.4049/jimmunol.0902626 PMID: 20622118

57. Sathaliyawala T, Kubota M, Yudanin N, Turner D, Camp P, Thome JJC, et al. Distribution and compart-
mentalization of human circulating and tissue-resident memory T cell subsets. Immunity. Elsevier Inc.;
2013; 38: 187–97. doi: 10.1016/j.immuni.2012.09.020 PMID: 23260195

58. Gebhardt T, Wakim LM, Eidsmo L, Reading PC, HeathWR, Carbone FR. Memory T cells in nonlym-
phoid tissue that provide enhanced local immunity during infection with herpes simplex virus. Nat
Immunol. 2009; 10: 524–30. doi: 10.1038/ni.1718 PMID: 19305395

Adipose Tissue and HIV

PLOS Pathogens | DOI:10.1371/journal.ppat.1005153 September 24, 2015 26 / 28

http://www.ncbi.nlm.nih.gov/pubmed/15353983
http://www.ncbi.nlm.nih.gov/pubmed/15456087
http://dx.doi.org/10.1152/ajpendo.00056.2003
http://www.ncbi.nlm.nih.gov/pubmed/14532165
http://dx.doi.org/10.1097/QAI.0b013e31829bdb67
http://www.ncbi.nlm.nih.gov/pubmed/23714743
http://dx.doi.org/10.1097/01.qai.0000435599.27727.6c
http://www.ncbi.nlm.nih.gov/pubmed/24091690
http://www.ncbi.nlm.nih.gov/pubmed/12461415
http://dx.doi.org/10.1096/fj.01-0947fje
http://www.ncbi.nlm.nih.gov/pubmed/12153994
http://dx.doi.org/10.1097/01.aids.0000096866.36052.84
http://www.ncbi.nlm.nih.gov/pubmed/14600528
http://dx.doi.org/10.1016/j.yexcr.2004.12.003
http://www.ncbi.nlm.nih.gov/pubmed/15748898
http://dx.doi.org/10.1126/scitranslmed.3007148
http://www.ncbi.nlm.nih.gov/pubmed/15075535
http://dx.doi.org/10.1096/fj.13-246876
http://www.ncbi.nlm.nih.gov/pubmed/24642731
http://dx.doi.org/10.1016/j.it.2010.08.001
http://www.ncbi.nlm.nih.gov/pubmed/20817556
http://dx.doi.org/10.1111/j.1467-789X.2009.00623.x
http://www.ncbi.nlm.nih.gov/pubmed/19656312
http://www.ncbi.nlm.nih.gov/pubmed/9271185
http://dx.doi.org/10.1006/viro.1998.9558
http://www.ncbi.nlm.nih.gov/pubmed/10069954
http://dx.doi.org/10.1371/journal.ppat.1003810
http://www.ncbi.nlm.nih.gov/pubmed/24348253
http://dx.doi.org/10.4049/jimmunol.0902626
http://www.ncbi.nlm.nih.gov/pubmed/20622118
http://dx.doi.org/10.1016/j.immuni.2012.09.020
http://www.ncbi.nlm.nih.gov/pubmed/23260195
http://dx.doi.org/10.1038/ni.1718
http://www.ncbi.nlm.nih.gov/pubmed/19305395


59. Dalmas E, Clément K, Guerre-Millo M. Defining macrophage phenotype and function in adipose tissue.
Trends Immunol. 2011; 32: 307–14. doi: 10.1016/j.it.2011.04.008 PMID: 21616718

60. Vidal F, Domingo P, Villarroya F, Giralt M, López-Dupla M, Gutiérrez M, et al. Adipogenic/lipid, inflam-
matory, and mitochondrial parameters in subcutaneous adipose tissue of untreated HIV-1-infected
long-term nonprogressors: significant alterations despite low viral burden. J Acquir Immune Defic
Syndr. 2012; 61: 131–7. doi: 10.1097/QAI.0b013e31825c3a68 PMID: 22580565

61. Muthumani K, Choo AY, Premkumar A, Hwang DS, Thieu KP, Desai BM, et al. Human immunodefi-
ciency virus type 1 (HIV-1) Vpr-regulated cell death: insights into mechanism. Cell Death Differ. 2005;
12 Suppl 1: 962–70. doi: 10.1038/sj.cdd.4401583 PMID: 15832179

62. 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 PMID: 17932108

63. Casteilla L, Planat-Benard V, Laharrague P, Cousin B. Adipose-derived stromal cells: Their identity and
uses in clinical trials, an update. World J Stem Cells. 2011; 3: 25–33. doi: 10.4252/wjsc.v3.i4.25 PMID:
21607134

64. Baglioni S, Francalanci M, Squecco R, Lombardi A, Cantini G, Angeli R, et al. Characterization of
human adult stem-cell populations isolated from visceral and subcutaneous adipose tissue. doi: 10.
1096/fj.08-126946

65. Nazari-Shafti TZ, Freisinger E, Roy U, Bulot CT, Senst C, Dupin CL, et al. Mesenchymal stem cell
derived hematopoietic cells are permissive to HIV-1 infection. Retrovirology. 2011; 8: 3. doi: 10.1186/
1742-4690-8-3 PMID: 21226936

66. Mannioui A, Bourry O, Sellier P, Delache B, Brochard P, Andrieu T, et al. Dynamics of viral replication
in blood and lymphoid tissues during SIVmac251 infection of macaques. Retrovirology. 2009; 6: 106.
doi: 10.1186/1742-4690-6-106 PMID: 19930655

67. Moreau M, Le Tortorec A, Deleage C, Brown C, Denis H, Satie A-P, et al. Impact of short-term HAART
initiated during the chronic stage or shortly post-exposure on SIV infection of male genital organs.
PLoS One. 2012; 7: e37348. doi: 10.1371/journal.pone.0037348 PMID: 22615988

68. Lindqvist M, van Lunzen J, Soghoian DZ, Kuhl BD, Ranasinghe S, Kranias G, et al. Expansion of HIV-
specific T follicular helper cells in chronic HIV infection. J Clin Invest. 2012; 122: 3271–80. doi: 10.1172/
JCI64314 PMID: 22922259

69. Fukazawa Y, Lum R, Okoye AA, Park H, Matsuda K, Bae JY, et al. B cell follicle sanctuary permits per-
sistent productive simian immunodeficiency virus infection in elite controllers. Nat Med. 2015; 21: 132–
9. doi: 10.1038/nm.3781 PMID: 25599132

70. Lucas S, Taront S, Magnan C, Fauconnier L, Delacre M, Macia L, et al. Interleukin-7 regulates adipose
tissue mass and insulin sensitivity in high-fat diet-fed mice through lymphocyte-dependent and inde-
pendent mechanisms. PLoS One. 2012; 7: e40351. doi: 10.1371/journal.pone.0040351 PMID:
22768283

71. Lam YY, Mitchell AJ, Holmes AJ, Denyer GS, Gummesson A, Caterson ID, et al. Role of the gut in vis-
ceral fat inflammation and metabolic disorders. Obesity (Silver Spring). 2011; 19: 2113–20. doi: 10.
1038/oby.2011.68

72. Gregor MF, Hotamisligil S. Inflammatory Mechanisms in Obesity. Annu Rev Immunol. 2011; 29: 415–
445. doi: 10.1146/annurev-immunol-031210-101322 PMID: 21219177

73. Couturier J, Suliburk JW, Brown JM, Luke DJ, Agarwal N, Yu X, et al. Human adipose tissue as a reser-
voir for memory CD4+ T cells and HIV. AIDS. 2015; 29: 667–74. doi: 10.1097/QAD.
0000000000000599 PMID: 25849830

74. Duffaut C, Zakaroff-girard A, Bourlier V, Decaunes P, Maumus M, Chiotasso P, et al. Interplay Between
Human Adipocytes and T Lymphocytes. 2009; 1608–1614. doi: 10.1161/ATVBAHA.109.192583
PMID: 19644053

75. Vernochet C, Azoulay S, Duval D, Guedj R, Cottrez F, Vidal H, et al. Human immunodeficiency virus
protease inhibitors accumulate into cultured human adipocytes and alter expression of adipocytokines.
J Biol Chem. 2005; 280: 2238–43. doi: 10.1074/jbc.M408687200 PMID: 15525648

76. DeWit S, Delforge M, Necsoi CV, Clumeck N. Downregulation of CD38 activation markers by atorva-
statin in HIV patients with undetectable viral load. AIDS. 2011; 25: 1332–3. doi: 10.1097/QAD.
0b013e328347c083 PMID: 21508802

77. Calza L, Trapani F, Bartoletti M, Manfredi R, Colangeli V, Borderi M, et al. Statin therapy decreases
serum levels of high-sensitivity C-reactive protein and tumor necrosis factor-α in HIV-infected patients
treated with ritonavir-boosted protease inhibitors. HIV Clin Trials. 13: 153–61. doi: 10.1310/hct1303-
153 PMID: 22592095

Adipose Tissue and HIV

PLOS Pathogens | DOI:10.1371/journal.ppat.1005153 September 24, 2015 27 / 28

http://dx.doi.org/10.1016/j.it.2011.04.008
http://www.ncbi.nlm.nih.gov/pubmed/21616718
http://dx.doi.org/10.1097/QAI.0b013e31825c3a68
http://www.ncbi.nlm.nih.gov/pubmed/22580565
http://dx.doi.org/10.1038/sj.cdd.4401583
http://www.ncbi.nlm.nih.gov/pubmed/15832179
http://dx.doi.org/10.1210/me.2007-0124
http://www.ncbi.nlm.nih.gov/pubmed/17932108
http://dx.doi.org/10.4252/wjsc.v3.i4.25
http://www.ncbi.nlm.nih.gov/pubmed/21607134
http://dx.doi.org/10.1096/fj.08-126946
http://dx.doi.org/10.1096/fj.08-126946
http://dx.doi.org/10.1186/1742-4690-8-3
http://dx.doi.org/10.1186/1742-4690-8-3
http://www.ncbi.nlm.nih.gov/pubmed/21226936
http://dx.doi.org/10.1186/1742-4690-6-106
http://www.ncbi.nlm.nih.gov/pubmed/19930655
http://dx.doi.org/10.1371/journal.pone.0037348
http://www.ncbi.nlm.nih.gov/pubmed/22615988
http://dx.doi.org/10.1172/JCI64314
http://dx.doi.org/10.1172/JCI64314
http://www.ncbi.nlm.nih.gov/pubmed/22922259
http://dx.doi.org/10.1038/nm.3781
http://www.ncbi.nlm.nih.gov/pubmed/25599132
http://dx.doi.org/10.1371/journal.pone.0040351
http://www.ncbi.nlm.nih.gov/pubmed/22768283
http://dx.doi.org/10.1038/oby.2011.68
http://dx.doi.org/10.1038/oby.2011.68
http://dx.doi.org/10.1146/annurev-immunol-031210-101322
http://www.ncbi.nlm.nih.gov/pubmed/21219177
http://dx.doi.org/10.1097/QAD.0000000000000599
http://dx.doi.org/10.1097/QAD.0000000000000599
http://www.ncbi.nlm.nih.gov/pubmed/25849830
http://dx.doi.org/10.1161/ATVBAHA.109.192583
http://www.ncbi.nlm.nih.gov/pubmed/19644053
http://dx.doi.org/10.1074/jbc.M408687200
http://www.ncbi.nlm.nih.gov/pubmed/15525648
http://dx.doi.org/10.1097/QAD.0b013e328347c083
http://dx.doi.org/10.1097/QAD.0b013e328347c083
http://www.ncbi.nlm.nih.gov/pubmed/21508802
http://dx.doi.org/10.1310/hct1303-153
http://dx.doi.org/10.1310/hct1303-153
http://www.ncbi.nlm.nih.gov/pubmed/22592095


78. Fuente-Martín E, Argente-Arizón P, Ros P, Argente J, Chowen JA. Sex differences in adipose tissue: It
is not only a question of quantity and distribution. Adipocyte. 2013; 2: 128–34. doi: 10.4161/adip.24075
PMID: 23991358

79. Hofmann-Lehmann R, Swenerton RK, Liska V, Leutenegger CM, Lutz H, McClure HM, et al. Sensitive
and robust one-tube real-time reverse transcriptase-polymerase chain reaction to quantify SIV RNA
load: comparison of one- versus two-enzyme systems. AIDS Res HumRetroviruses. 2000; 16: 1247–
57. doi: 10.1089/08892220050117014 PMID: 10957722

80. Kornfeld C, Ploquin MJ-Y, Pandrea I, Faye A, Onanga R, Apetrei C, et al. Antiinflammatory profiles dur-
ing primary SIV infection in African green monkeys are associated with protection against AIDS. J Clin
Invest. 2005; 115: 1082–91. doi: 10.1172/JCI23006 PMID: 15761496

81. Karlsson I, Malleret B, Brochard P, Delache B, Calvo J, Le Grand R, et al. Dynamics of T-cell responses
and memory T cells during primary simian immunodeficiency virus infection in cynomolgus macaques.
J Virol. 2007; 81: 13456–68. doi: 10.1128/JVI.01619-07 PMID: 17913797

82. Avettand-Fenoel V, Prazuck T, Hocqueloux L, Melard A, Michau C, Kerdraon R, et al. HIV-DNA in rectal
cells is well correlated with HIV-DNA in blood in different groups of patients, including long-term non-
progressors. AIDS. 2008; 22: 1880–2. doi: 10.1097/QAD.0b013e32830fbdbc PMID: 18753926

83. Avettand-Fènoël V, Chaix M-L, Blanche S, Burgard M, Floch C, Toure K, et al. LTR real-time PCR for
HIV-1 DNA quantitation in blood cells for early diagnosis in infants born to seropositive mothers treated
in HAART area (ANRS CO 01). J Med Virol. 2009; 81: 217–23. doi: 10.1002/jmv.21390 PMID:
19107966

84. Bacchus C, Cheret A, Avettand-Fenoël V, Nembot G, Mélard A, Blanc C, et al. A single HIV-1 cluster
and a skewed immune homeostasis drive the early spread of HIV among resting CD4+ cell subsets
within one month post-infection. PLoS One. 2013; 8: e64219. doi: 10.1371/journal.pone.0064219
PMID: 23691172

85. Canaud G, Dejucq-Rainsford N, Avettand-Fenoël V, Viard J-P, Anglicheau D, Bienaimé F, et al. The
kidney as a reservoir for HIV-1 after renal transplantation. J Am Soc Nephrol. 2014; 25: 407–19. doi:
10.1681/ASN.2013050564 PMID: 24309185

86. Pudney J, Anderson D. Orchitis and human immunodeficiency virus type 1 infected cells in reproductive
tissues frommen with the acquired immune deficiency syndrome. Am J Pathol. 1991; 139: 149–60.
PMID: 1853930

87. Le Tortorec A, Satie A-P, Denis H, Rioux-Leclercq N, Havard L, Ruffault A, et al. Human prostate sup-
ports more efficient replication of HIV-1 R5 than X4 strains ex vivo. Retrovirology. 2008; 5: 119. doi: 10.
1186/1742-4690-5-119 PMID: 19117522

88. Matusali G, Dereuddre-Bosquet N, Le Tortorec A, Moreau M, Satie A-P, Mahé D, et al. Detection of
Simian Immunodeficiency Virus in Semen, Urethra, and Male Reproductive Organs during Efficient
Highly Active Antiretroviral Therapy. J Virol. 2015; 89: 5772–87. doi: 10.1128/JVI.03628-14 PMID:
25833047

Adipose Tissue and HIV

PLOS Pathogens | DOI:10.1371/journal.ppat.1005153 September 24, 2015 28 / 28

http://dx.doi.org/10.4161/adip.24075
http://www.ncbi.nlm.nih.gov/pubmed/23991358
http://dx.doi.org/10.1089/08892220050117014
http://www.ncbi.nlm.nih.gov/pubmed/10957722
http://dx.doi.org/10.1172/JCI23006
http://www.ncbi.nlm.nih.gov/pubmed/15761496
http://dx.doi.org/10.1128/JVI.01619-07
http://www.ncbi.nlm.nih.gov/pubmed/17913797
http://dx.doi.org/10.1097/QAD.0b013e32830fbdbc
http://www.ncbi.nlm.nih.gov/pubmed/18753926
http://dx.doi.org/10.1002/jmv.21390
http://www.ncbi.nlm.nih.gov/pubmed/19107966
http://dx.doi.org/10.1371/journal.pone.0064219
http://www.ncbi.nlm.nih.gov/pubmed/23691172
http://dx.doi.org/10.1681/ASN.2013050564
http://www.ncbi.nlm.nih.gov/pubmed/24309185
http://www.ncbi.nlm.nih.gov/pubmed/1853930
http://dx.doi.org/10.1186/1742-4690-5-119
http://dx.doi.org/10.1186/1742-4690-5-119
http://www.ncbi.nlm.nih.gov/pubmed/19117522
http://dx.doi.org/10.1128/JVI.03628-14
http://www.ncbi.nlm.nih.gov/pubmed/25833047

