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Background. Although adipose tissue has been proposed to harbor part of the human immunodeficiency virus 1 (HIV-1) res-
ervoir, the influence of host characteristics, including sex and body mass index (BMI), on measures of HIV-1 persistence during
antiretroviral therapy (ART) are incompletely understood.

Methods. We evaluated age, sex, BMI, waist circumference, years on ART, pre-ART HIV-1 RNA, pre-ART CD4" T-cell count,
and initial ART regimen with measures of HIV-1 persistence in blood (residual viremia, cellular HIV-1 DNA and RNA) in a cohort
of 295 individuals with well-documented long-term virologic suppression (HIV-1 RNA <50 copies/mL) on ART (AIDS Clinical
Trials Group study A5321).

Results. Men were more likely than women to have detectable plasma HIV-1 RNA by single-copy assay (52% vs 29%; P = .003),
and the proportion of participants with detectable residual viremia increased in a stepwise fashion by BMI category (normal weight
or underweight, 38%; overweight, 50%; and obese, 55%). ART regimen type was not associated with measures of HIV-1 persistence
after controlling for ART duration.

Conclusions.
studies to confirm these relationships and to define the mechanisms by which sex and obesity affect HIV-1 persistence are needed

Sex and obesity are independently associated with residual viremia in people on long-term ART. Additional

to inform HIV-1 cure strategies.
Keywords. HIV-1; sex; obesity.

People living with human immunodeficiency virus 1 (HIV-1)
and taking antiretroviral therapy (ART) often have low levels of
residual viremia when this is measured using research assays,
even when the plasma HIV-1 RNA level is below the lower limits
of detection of Food and Drug Administration—cleared clinical
assays (<20-40 copies/mL) [1-8]. Low-level viremia is often
dominated by a relatively small number of clonal sequences [9,
10] and is associated with a shorter time to HIV-1 rebound after
treatment interruption [11], implying that infected cell clones
with identical proviruses are an important component of the
HIV-1 reservoir [12]. Determining the host and viral factors as-
sociated with residual viremia is critical to understanding how
HIV-1 persists on ART and to informing curative strategies. To

Received 29 January 2020; editorial decision 18 June 2020; accepted 22 June 2020; published
online June 30, 2020.
Presented in part: Conference for Retroviruses and Opportunistic Infections, Seattle, Washington,
4-7 March 2019; AIDS Clinical Trials Group annual meeting, Arlington, VA, 17-21 June 2019.
Correspondence: Joshua C. Cyktor, University of Pittsburgh, 3550 Terrace St, S814 Scaife
Hall, Pittsburgh, PA 15261 (jcc114@pitt.edu).
The Journal of Infectious Diseases® 2021;223:462-70
© The Author(s) 2020. Published by Oxford University Press for the Infectious Diseases Society

of America. All rights reserved. For permissions, e-mail: journals.permissions@oup.com.
DOI: 10.1093/infdis/jiaa373

date, the level of plasma viremia before ART initiation and the
CD8" T-cell count and CD4/CD8 T-cell ratio during ART have
been the only factors identified to be associated with residual
viremia [7, 8].

The individuals with male sex have been shown to influence
levels of HIV-1 viremia before ART initiation [13-15]. In several
cross-sectional and longitudinal studies in people with untreated
HIV-1 infection, women had lower levels of plasma viremia than
men [16-19]. In a meta-analysis, women had 41% lower plasma
HIV-1 RNA levels before starting ART than men, even after con-
trolling for CD4" T-cell counts [13]. In addition, there is accu-
mulating evidence for sex-based differences in HIV-1 latency and
transcription [20] and cellular susceptibility to HIV-1 infection
[21]. Other studies demonstrate differences in innate immunity
between men and women: women have higher levels of Toll-like
receptor-induced interferon-stimulated genes in plasmacytoid
dendritic cells during HIV-1 infection [22-24], and macrophages
isolated from blood of female donors can be less susceptible to
HIV-1 infection due to increased SAMHDI] activity [21]. Other
sex-based differences in HIV-1 infection have been documented
[14, 15], but more insight is needed into the relationship between
sex and measures of HIV-1 persistence during ART.
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Another factor that may affect HIV-1 persistence is body fat
composition [25]. Recent evidence has demonstrated that CD4"
T cells sorted from human adipose tissue harbor replication-
competent HIV-1 at levels similar to those in peripheral blood,
suggesting that adipose tissue is an important and overlooked viral
reservoir [26, 27]. Both CD8" and CD4" T cells are readily isolated
from adipose tissue, with a large percentage of T cells expressing
memory or T-helper 17 phenotypic markers [28]. In addition,
HIV-1 infection and specific antiretroviral agents can affect the
amount and distribution of adipose tissue and significantly alter
the function of adipocytes and stromal-vascular cells [29-32].

In the current article, we report on the evaluation of par-
ticipants in a large cohort study of individuals with well-
documented HIV-1 suppression on ART, to assess whether sex,
adiposity, and ART regimen components are associated with
markers of HIV-1 persistence including residual viremia. We
also assessed whether persistent inflammation is associated
with sex or adiposity in persons on ART.

METHODS

Study Population

We conducted a cross-sectional evaluation of 295 adults who
had initiated ART during chronic HIV-1 infection and had sus-
tained virologic suppression (AIDS Clinical Trials Group study
[ACTG] studies A5001 and A5321) [33]. The duration of ART
was >4 years, but in some participants was as long as 16 years.
Participants had plasma HIV-1 RNA levels <50 copies/mL by
commercial assays by week 48 of ART and at all subsequent time
points (isolated measurements <200 copies/mL were allowed),
with no reported ART interruptions >21 days. Measurements
of HIV-1 persistence, inflammation, and T-cell activation were
performed on blood samples obtained during ART and with
plasma HIV-1 RNA <40 copies/mL. Participant characteristics
were assessed before ART and at the time point when virologic
and inflammatory/activation markers were measured, except
that waist circumference was assessed at the last available study
A5001 time point (which was before the time point when blood
measurements were performed),and adherence was assessed
over multiple study visits. Adherence was based on self-report
of any missed ART doses over the 4 days before an A5001 study
visit, using the ACTG adherence questionnaire [34].

Ethics Statement

The institutional review boards at the participating site institu-
tions approved the study. All participants provided written in-
formed consent for their participation in the study.

Measures of HIV-1 Persistence

All assays were performed in batch on frozen samples that
had been processed from peripheral blood. HIV-1 RNA in
ethylenediaminetetraacetic acid-anticoagulated plasma by
single-copy assay (SCA) and HIV-1 DNA and cell-associated

HIV-1 RNA (CA-RNA) in peripheral blood mononuclear cells
(PBMC) were measured by means of quantitative polymerase
chain reaction (qQPCR) targeting the integrase region of pol,
using previously published methods, primers, and probes [2, 3,
35]. During blood processing, plasma was obtained and spun at
400g for 10 minutes, followed by a second spin at 1350g for 15
minutes to reduce cellular contamination. In addition, each par-
ticipant plasma sample was spun at 2700g for 15 minutes at 4°C
to pellet and further remove debris, fibrinogen, lipids, albumin,
or other insoluble complexes that may differ between men and
women [36]. Nucleic acid was extracted from plasma or PBMCs
using guanidium hydrochloride and proteinase K, followed by
guanidium isothiocyantate and glycogen. Glycogen pellets were
precipitated with isopropanol, washed with 70% ethanol, dried
and resuspended in 5 mmol/L Tris-hydrochloride, and then
quantified by UV specrotroscopy.

Plasma HIV-1 RNA extracts were reverse-transcribed and
then analyzed with reverse-transcription PCR. Half of the PBMC
extract was used for HIV-1 DNA detection, the other half was
DNAsed, reextracted, and reverse-transcribed for CA-RNA de-
tection by reverse-transcription PCR. The limit of detection for
HIV-1 SCA was 0.4 copies/mL with testing of a 5-mL plasma
sample. Every sample tested by SCA included an internal ex-
traction control of replication-competent avian sarcoma leukosis
virus long terminal repeat with a splice acceptor virion that has
properties similar to those of HIV-1, which must be recovered
above a minimum threshold for the assay to pass quality control.
Additional SCA controls for each run included plasma samples
with HIV-1levels of 0, 5, or 20-copies/mL HIV-1 generated by the
National Institutes of Health-funded Virology Quality Assurance
Laboratory at Rush University, Chicago, IL. Cellular qPCR as-
says included HIV-1-negative PBMCs and validated low copy
HIV-infected PBMCs. All HIV-1 control sequences have been
validated as a match with our qPCR primer system and must be
measured within a predetermined range to pass quality control.

Immunologic Assays

Soluble inflammatory biomarkers were evaluated from frozen
plasma samples. Concentrations of interleukin 6 (IL-6), sol-
uble CD14 (sCD14), soluble CD163 (sCD163), neopterin,
CXCL10, and tumor necrosis factor (TNF) were quantified
using enzyme-linked immunosorbent assay kits, according to
the manufacturer’s instructions (R&D). Levels of T-cell activa-
tion and cell cycling in cryopreserved PBMCs were determined
in batch using multicolor flow cytometry performed with a BD
FACSCanto II cytometer and with Live/Dead Aqua cell stain
(Invitrogen), CD3 allophycocyanin-H7, CD4 Alexa 488, CD8
V450, PD-1 (clone M1H4) A488, HLA-DR phycoerythrin, and
CD38 allophycocyanin (all BD Biosciences). Daily laser calibra-
tion and instrument upkeep was performed according to the
manufacturer’s recommendation.
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Statistical Analyses

Rank-based correlations (Spearman) were performed for
analyses; partial correlations (also rank based) generated
adjusted correlations. Groups were compared using the
Wilcoxon rank sum or Kruskal-Wallis tests. Adjustment for
other factors, including pre-ART log  HIV-1 RNA level,
pre-ART CD4" T-cell count, years on ART, age, and sex at
birth (as reported by the participant at study enrollment)
were undertaken using rank-based regression models, with
the regression outcome variable being the rank of each of the
3 HIV-1 persistence measures [37]. Body mass index (BMI)
categories were defined as follows: underweight, BMI <18.5,
normal weight (18.5 to <25), overweight (25 to <30), or
obese (>30) (BMI calculated as weight in kilograms divided
by height in meters squared). Supplemental analyses exam-
ined plasma HIV-1 RNA level as a binary outcome (above vs
below assay limit; ie, detectable vs undetectable).

RESULTS

Study Population

A total of 295 participants with HIV-1 on long-term ART who
had >1 measure of HIV-1 persistence (plasma HIV-1 RNA by
SCA, HIV-1 DNA, or CA-RNA) were included in the anal-
ysis. The median duration of ART at the time of evaluation
was 7 years (interquartile range, 6-10 years). Over the prior
3 years (median, 4 assessments), 80% of participants reported
100% adherence at each visit (79% for men, 87% for women)
and 92% reported 100% adherence at all but 1 visit (92% for
men, 94% for women). All participants had well-documented
virologic suppression during long-term ART. Their median age
was 48 years; 18% of the cohort (n = 53) was female. Median
weight, hip circumference, and waist circumference were
81.6 kg, 99.5 cm, and 94.4 cm, respectively. The median BMI
was 27.0; 31% of participants (n = 91) were normal weight or
underweight (31%), 42% (n = 124) were overweight, and 27%
(n = 80) were obese. Table 1 shows participant characteristics
before ART and at the time of the current study evaluation.

Associations Between Pre-ART Characteristics and on-ART Measures of
HIV-1 Persistence

Plasma HIV-1 RNA by SCA (n = 285), HIV-1 DNA (n = 285)
and CA-RNA (n = 276) on ART were all positively correlated
with pre-ART plasma HIV-1 RNA (r = 0.20, 0.35, and 0.29, re-
spectively; P < .001), and negatively correlated with pre-ART
CD4" T-cell count (r = =0.12, —0.35, and —0.21, respectively;
all P < .05). On-ART plasma HIV-1 RNA by SCA and HIV-1
DNA were negatively correlated with years on ART (r = -0.15
and -0.12, respectively; P = .01 and .05, adjusting for pre-ART
plasma HIV-1 RNA). CA-RNA was not correlated with years
on ART. Neither the CD8" T-cell count nor the CD4/CDS8 ratio
during-ART was correlated with plasma HIV-1 RNA by SCA
(all P> .2).

Sex and Measures of HIV-1 Persistence

Plasma HIV-1 RNA was detectable using SCA in 137 of 285
plasma samples (48%). In participants with detectable plasma
viremia, the median HIV-1 RNA level was 1.5 copies/mL with
a range of 0.4-24.9 copies/mL. Men were more likely women
to have detectable plasma HIV-1 RNA (>0.4 copies/mL) (52%
vs 29%, respectively; P = .003) (Figure 1A). This relationship
between sex and residual viremia persisted after adjustment
for participant age, pre-ART plasma HIV-1 RNA, and CD4"
T-cell count, years on ART, and BMI (P = .004). The associa-
tion between sex and residual viremia remained after further
adjustment for race (white vs nonwhite, P = .009) and ethnicity
(Hispanic vs non-Hispanic, P = .006). Sex was not associated
with median levels of HIV-1 DNA (534 and 629 copies/mil-
lion CD4" T cells in men and women, respectively; P = .43) or
CA-RNA (47.3 and 25.9 copies/million CD4" T cells, respec-
tively; P =.61). We did not have information on the menopausal
status of the women in the study but did not see an association
between age in women (<50 vs >50 years) and frequency of de-
tectable residual viremia (detectable in 26% of the 23 women
aged <50 years vs 32% of the 28 aged >50 years; P =.76).

Adiposity and Measures of HIV-1 Persistence

Higher BMI (Figure 1B) and larger waist circumference were
each associated with more frequent detection of residual viremia
(HIV-1 RNA >0.4 copies/mL). These associations (r = 0.12 and
0.13, respectively; P < .04) persisted even after adjustment for
age, sex, pre-ART HIV-1 RNA and CD4" T-cell count, and years
on ART. Associations remained when correlations were further
adjusted for race (white vs nonwhite) and ethnicity (Hispanic
vs non-Hispanic). The proportion of participants with detect-
able viremia increased in a stepwise fashion by BMI category:
normal weight or underweight, 38%; overweight, 50%; obese,
55% (Figure 1B). There was no evidence that change in BMI
from pre-ART was associated with residual viremia (adjusted
r = 0.07; P = .26). BMI and waist circumference (not shown)
were not associated with CA-DNA (adjusted r = 0.04; P = .46)
or CA-RNA (adjusted r = 0.00; P = .94).

When we examined the relationship between residual vi-
remia and BMI separately in men and women (adjusted for age,
pre-ART HIV-1 RNA, CD4" T-cell count, years on ART, and
race [white vs nonwhite]), the correlation estimates were sim-
ilar for men (r = 0.11; P = .08) and women (r = 0.13; P = .38).
The sample sizes when the sexes are analyzed separately are
smaller, and the P values are higher. As noted above, the signif-
icant relationship between residual viremia and higher BMI in
the overall study population was independent of sex.

Sex and Inflammation/Immune Activation

We compared levels of the soluble inflammatory markers (IL-6,
CXCL10, neopterin, sCD163, sCD14, and TNF) between men
and women. Women had higher levels than men of IL-6 (2.03
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Table 1. Characteristics of 295 Study Participants Before Antiretroviral Therapy or at Entry into the Study®

Study Participants

Characteristic Male (n = 242) Female (n = 53) Total (N =295)
General
Age, median (IQR), y 48 (39-53) 51 (44-57) 48 (41-54)
Race/ethnicity, no. (%)
White non-Hispanic 145 (60) 20 (38) 165 (56)
Black non-Hispanic 43 (18) 15 (28) 58 (20)
Hispanic 47 (19) 17 (32) 64 (22)
Time on ART, median (IQR), y 7 (6-10) 8 (6-10) 7 (6-10)
BMl related
Weight, median (IQR), kg
Pre-ART 77 (70-88) 69 (61-82) 76 (68-87)
At study entry 83 (73-94) 73 (66-92) 82 (71-94)
Change from pre-ART to study entry 4.3 (-1.11t010.8) 45 (-1.8t012.7) 4.3 (-1.2t0 11.8)
Pre-ART BMI, median (IQR)° 25.3 (23.0-27.9) 26.7 (23.3-31.0) 25.7 (23.1-28.1)
Pre-ART BMI category, no. (%)
Underweight 4(2) 1(2) 5(2)
Normal weight 108 (45) 15 (28) 123 (42)
Overweight 96 (40) 22 (42) 118 (40)
Obese 33 (14) 15 (28) 48 (16)
BMI at study entry, median (IQR)° 26.9 (24.0-29.6) 29.1 (25.2-33.4) 270 (24.3-31.0)
BMI category at study entry, no. (%)
Underweight 1(0) 1(2) 2 (1)
Normal weight 77 (32) 12 (23) 89 (30)
Overweight 108 (45) 16 (30) 124 (42)
Obese 56 (23) 24 (45) 80 (27)
BMI change from pre-ART to study entry, median (IQR)° 1.4 (-0.3t0 3.4) 1.5 (-0.6 to 4.9) 1.4 (-0.4 t0 3.6)
Wiaist and hip measurements, median (IQR)
Waist circumference, cm 94 (87-101) 95 (86-109) 94 (87-102)
Hip circumference, cm 99 (93-105) 107 (98-120) 100 (94-107)
Waist-hip ratio 1.0 (0.9-1.0) 0.9 (0.9-0.9) 0.9 (0.9-1.0)
HIV-1-related
CD4* T-cell count, median (IQR), cells/uL
Pre-ART 276 (118-380) 232 (101-353) 261 (113-375)
At study entry 669 (512-849) 718 (563-920) 681 (515-863)
CD4/CD8 ratio, median (IQR)
Pre-ART 0.3 (0.2-0.5) 0.3 (0.2-0.5) 0.3 (0.2-0.5)
At study entry 1.0 (0.7-1.3) 1.1 (0.8-1.5) 1.0 (0.7-1.3)
Pre-ART plasma HIV-1 RNA, median (IQR), log,, copies/mL 4.6 (4.3-5.1) 4.5 (4.1-4.9) 4.6 (4.2-5.0)
HIV-1 RNA, <40 copies/mL 242 (100) 53 (100) 295 (100)
Initial ART regimen
NNRTI + NRTI 111 (46) 27 (51) 138 (47)
Pl + NRTI 87 (36) 17 (32) 104 (35)
INSTI + NRTI 34 (14) 7 (13) 41 (14)
Other 10 (4) 2 (4) 12 (4)

Abbreviations: ART, antiretroviral therapy; BMI, body mass index; HIV-1, human immunodeficiency virus 1; INSTI, integrate strand transfer inhibitor; IQR, interquartile range; NNRTI,
nonnucleoside reverse-transcriptase inhibitor; NRTI, nucleoside reverse-transcriptase inhibitor; Pl, protease inhibitor.

AAt entry into the study, participants had been on ART for a median of 7.1 years.
PBMI calculated as weight in kilograms divided by height in meters squared.

vs 1.38 pg/mL, respectively; P = .002), sCD163 (580 vs 522 pg/ significantly between men and women, nor did expression of
mL; P =.05), and sCD14 (2.2 vs 1.9 ug/mL; P = .02) (Table 2). the checkpoint inhibitor, PD-1 (Table 2). Additional data from
None of the soluble inflammatory markers assayed were asso- analyses that differentiated PD-1" versus PD-1'"" expression
ciated with any of the measures of HIV-1 persistence. CD4"  on CD4" or CD8" T cells did not show significant differences
and CD8" T-cell activation (CD38/HLA-DR coexpression) between men and women [38], nor did expression of the cell
was measured in a subset of 98 participants and did not differ cycling marker, Ki-67, in CD4" or CD8" T cells.
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Figure 1. Plasma human immunodeficiency virus 1 (HIV-1) RNA detectability by sex or body mass index (BMI) category. Plasma HIV-1 RNA single-copy assay results for
285 of the 295 participants in AIDS Clinical Trials Group (ACTG) study A5321 were grouped according to participant sex (A) or BMI (B). lllustrated are the proportions of HIV-1
RNA levels >0.4 copies per mL by single-copy assay of approximately 5 mL of plasma. The normal weight/underweight group in Bincludes 82 normal weight (BMI, 18.5-25)

and 2 underweight (BMI <18.5) individuals (BMI calculated as weight in kilograms divided by height in meters squared).

Adiposity and Inflammation/Immune Activation

Of the soluble inflammatory markers measured (CXCL10,
neopterin, sCD163, sCD14, and TNF), only IL-6 was positively as-
sociated with BMI (r = 0.30; P < .001) (Table 2). BMI was not asso-
ciated with the CD38/HLA-DR or PD-1 expression on CD4" (r =
—0.18 and —0.08, respectively; P = .08 and .45) or CD8" T cells (r =
—0.17 and —0.10, respectively; P = .10 and .33). Additional analyses
showed that BMI was also not associated with PD-1" or Ki-67" ex-
pression on CD4" (r=—0.01 and —0.12, respectively; P= .93 and .26)
or CD8" (r=0.02 and —0.07; P = .88 and .47) T cells.

ART Regimen and HIV-1 Persistence

We assessed whether the initial type of ART regimen
(nonnucleoside reverse-transcriptase inhibitor [NNRTI] plus
nucleoside reverse-transcriptase inhibitor [NRTI], protease in-
hibitor (PI) plus NRTI, or integrase strand transfer inhibitor
[INSTI] plus NRTT) was associated with on-ART measures of
HIV-1 persistence and BMI. Initial ART regimen was not sig-
nificantly associated with on-ART HIV-1 DNA or CA-RNA
(P=.36and .31, respectively). On-ART residual viremia by SCA
was correlated with initial ART regimens containing INSTI

Table 2. Associations of Inflammatory Markers and Cellular Activation Markers With Sex

Median Value (IQR)

Body Mass Index

Markers and Activation Male Participants Female Participants PValue Spearman r PValue
Soluble inflammatory markers (N = 295)
16, pg/mL 1.4 (0.9-2.0) 2.0 (1.1-3.0) .002% 0.3 <.001°
CXCL10, pg/mL 120 (84-164) 128 (93-157) 7 0.09 13
Neopterin, pg/mL 9.3 (7.3-11.0) 8.7 (7.0-11.5) 49 0.01 .84
sCD14, pg/mL 1.9 (1.4-2.4) 2.2 (1.7-2.5) .02° -0.02 74
sCD163, pg/mL 522 (381-732) 580 (437-916) .05° 0.1 .07°
TNF, pg/mL 2.0 (1.2-3.4) 1.7 (1.1-2.9) .32 0.05 40
Activation of CD4* T cells, % (n = 98)°
CD38* HLA-DR* 3.9 (3.0-5.5) 3.3 (2.2-4.5) .09 -0.18 .08
PD-1* 39.1 (18.2-57.3) 49.8 (22.1-69.4) 22 -0.08 45
PD-1" 0.3 (0.1-0.9) 0.4 (0.2-0.7) .78 -0.01 .93
Ki-67* 0.6 (0.5-1.0) 0.5 (0.4-0.7) .26 -0.12 .26
Activation of CD8* T cells, % (n = 98)°
CD38* HLA-DR* 8.5 (4.6-14.7) 10.2 (6.8-13.7) .66 -0.17 10
PD-1* 33.3 (16.9-62.0) 57.0 (25.9-71.0) 14 -0.1 &3
PD-1" 0.4 (0.2-0.9) 0.4 (0.2-0.6) 91 0.02 88
Ki-67* 0.5 (0.3-0.9) 0.4 (0.4-0.9) .85 -0.07 47

Abbreviations: I1-6, interleukin 6; TNF, tumor necrosis factor; sCD14, soluble CD14, sCD163, soluble CD163.

“Significant at P < .05.
°For PD-1 expression, n = 92.
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(P = .04), but this association was lost after adjustment for du-
ration of ART (P = .16). There was no association of on-ART
BMI with initial ART regimen (P = .6; median BMI, 26.9 for
NNRTI, 27.8 for PI, and 26.9 for INSTI).

DISCUSSION

In this study of individuals with HIV-1 on long-term suppres-
sive ART, we find that male sex and higher BMI were inde-
pendently associated with residual plasma viremia measured
by HIV-1 RNA SCA. Men were substantially more likely than
women to have detectable levels of residual viremia (52% vs
29%, respectively). Although the correlation between BMI and
residual viremia was modest, the plausibility of the relationship
is supported by the finding that there is a stepwise association
between BMI category and the proportion with detectable re-
sidual viremia, as follows: normal weight or underweight, 38%;
overweight, 50%; and obese, 55%. Adjusting for other factors,
such as race or ethnicity, did not reduce the association be-
tween BMI and SCA. These findings imply that the host fac-
tors of sex [39] and adiposity have an impact on the steady-state
levels of virion production and/or clearance in people on ART.
Additional studies to confirm these relationships are warranted.

In addition, we found that women had higher peripheral
levels of IL-6, sCD14, and sCD163 than men, consistent with
other studies [40], but we found no significant association of
T-cell activation or proliferation with sex or BMI. IL-6 was pos-
itively correlated with BMI [41]. None of the soluble inflamma-
tory markers assayed was associated with any of the measures
of HIV-1 persistence. These current findings also support our
prior report of no significant correlations between measures of
HIV-1 persistence and soluble or cell surface markers of inflam-
mation on ART [42]. Participants who initiated ART with an
INSTI-containing regimen had residual viremia detected more
frequently than those receiving an NNRTI- or protease inhib-
itor-containing regimens, but these individuals were generally
on ART for a shorter time, and the association between residual
viremia and INSTI-based ART was no longer significant after
controlling for the duration of ART [8].

Both obesity and sex can have significant effects on hormonal
pathways [14, 31] that in turn may affect HIV-1 susceptibilty
and persistence. Some studies have shown that the sex hor-
mones estrogen and progesterone affect vaginal HIV-1 and
simian immunodeficiency virus transmission and reservoir
dynamics [43-46]. However, recent results from the Evidence
for Contraceptive Options and HIV-1 Outcomes (ECHO) Trial
Consortium did not show increased HIV-1 risk in women using
an intramuscular medroxyprogesterone acetate depot or a le-
vonorgestrel implant for contraception [47]. Other recent work
has shown that estrogen receptor 1 is a key factor in maintaining
HIV-1 latency by inhibiting HIV-1 transcription in infected
cells [20]. No transgender individuals participated in this study,
but it may be valuable to include individuals taking estrogen in

future studies to further examine the impact of sex hormones
on residual viremia and other measures of HIV-1 persistence.

Fat also has important hormonal effects, such that adipose
tissue is referred to as “an endocrine organ” [48] with profound
impact on metabolism and inflammation. We found that higher
BMI was associated with more frequent detection of residual
viremia, which is consistent with studies that describe adipose
tissue as an important HIV-1 reservoir [29, 49]. However, BMI
was not associated with levels of HIV-1 DNA or CA-RNA in
blood. The association of BMI with residual viremia but not
with HIV-1 DNA or CA-RNA in blood could be due to virion
production from adipose tissue that equilibrates with plasma
and retention of infected cells in fat. This hypothesis could be
addressed by measuring HIV-1-infected cell numbers and vir-
ions in samples of adipose tissue. BMI was generally higher in
women and was associated with higher levels of residual plasma
viremia and IL-6, although residual plasma viremia was signif-
icantly lower in women even after adjustment for BMI. These
findings, combined with the lack of association between inflam-
mation and measures of HIV-1 persistence, indicates that the
relationship between adiposity, inflammation, and HIV-1 per-
sistence is complex and may involve other factors that were not
measured in the current study.

There have been a number of recent insights into how ad-
ipose tissue may serve as an HIV-1 reservoir. Immune cells,
such as T cells and macrophages, are found in adipose tissue
[27]. CD8" T cells isolated from adipose tissue usually have
higher levels of activation markers than those found in the pe-
riphery and are more terminally differentiated [49]. Migration
of HIV-1-infected cells into adipose tissue can occur early in
HIV-1 infection and persist thereafter, but human adipocytes
and preadipocytes lack the HIV-1 entry receptors CD4, CCR5,
and CXCR4 and cannot be productively infected. Although
HIV-1 DNA is often detectable in adipose tissue, HIV-1 tran-
scription and cell-free HIV-1 RNA appear to be rare [26, 50].

Penetrance of antiretrovirals into adipose tissue has not been
extensively studied, but some evidence suggests that NNRTI
and INSTI are able to enter adipose tissue, whereas PI and
NRTT are more restricted [27, 51]. The recently reported con-
nection between INSTI-based regimens and weight gain [52]
may be related to enhanced adipose tissue penetration by these
drugs, although the exact metabolic processes involved and the
impact of INSTI-based weight gain on residual viremia are not
clear. It is conceivable that higher HIV-1 RNA in obese individ-
uals could result from lower penetration of some antiretrovirals
into adipose tissue, although previous work in this same cohort
demonstrated no significant correlation between cumulative
drug concentrations (as reflected by levels in hair) and meas-
ures of HIV-1 persistence or soluble markers of inflammation
[53].

Our work has revealed associations between residual vi-
remia, sex, and BMI but not markers of inflammation.
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Further study is needed to determine whether the origin of
residual viremia is adipose tissue or whether there are in-
direct effects of fat on virus production and/or clearance at
other sites. These investigations will require sampling and
analysis of adipose tissue, which were not part of the cur-
rent study. Despite this limitation, our findings contribute
new insights into host factors that may influence the persist-
ence and expression of HIV-1 on ART. Additional studies to
confirm these relationships and to define the mechanisms by
which sex and obesity affect HIV-1 persistence are needed to
inform HIV-1 cure strategies.
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