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People With Human Immunodeficiency Virus
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Women are grossly underrepresented in human immunodeficiency virus (HIV) clinical and translational research. This is con-
cerning given that people with HIV (PWH) are living longer, and thus accumulating aging-related non-AIDS comorbidities
(NACMs); emerging evidence suggests that women are at higher risk of NACM development and progression compared with men.
It is widely recognized that women vs men have greater immune activation in response to many viruses, including HIV-1; this
likely influences sex-differential NACM development related to differences in HIV-associated chronic inflammation. Furthermore,
many sociobehavioral factors that contribute to aging-related NACMs are known to differ by sex. The objectives of this review were
to (1) synthesize sex-stratified data on 4 NACMs among PWH: bone disease, cardiovascular disease, metabolic dysfunction, and
neurocognitive impairment; (2) evaluate the characteristics of key studies assessing sex differences in NACMs; and (3) introduce
potential biological and psychosocial mechanisms contributing to emerging trends in sex-differential NACM risk and outcomes

among PWH.
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Antiretroviral therapy (ART) has extended the life expectancy of
people with human immunodeficiency virus (PWH) [1], such
that in the United States (US), >50% of PWH are 250 years old
[2]. Increasingly, morbidity and mortality among PWH is due to
aging-related non-AIDS comorbidities (NACM:s), which occur at
higher prevalence and earlier onset when compared with human
immunodeficiency virus (HIV)-seronegative individuals [2-5].
More than half of HIV infections globally occur among
women [6]; however, women remain underrepresented in
HIV research and clinical trials [7, 8]. This is concerning as
PWH age, given that emerging sex-stratified data suggest a
higher burden of NACMs occurring among women with HIV
(WWH) vs men with HIV (MWH) [9, 10]. Women have greater
immune activation than men in response to HIV-1 infection,
possibly mediating observed sex differences in the development
of inflammation-associated NACMs [11]; this effect may be
compounded by the menopausal transition [12-14], potentially
occurring prematurely in HIV [15]. Finally, WWH, compared
with MWH, may be at greater risk of sociobehavioral and struc-
tural factors (eg, interpersonal violence, economic instability)

Received 1 August 2021; editorial decision 26 October 2021; accepted 29 October 2021; pub-
lished online 3 November 2021.

Correspondence: Cecile D. Lahiri, MD, MS, Emory University School of Medicine, 49 Jesse
Hill Jr Drive SE, Atlanta, GA 30303, USA (cdelill@emory.edu).

Open Forum Infectious Diseases®2021

© The Author(s) 2021. Published by Oxford University Press on behalf of Infectious Diseases
Society of America. This is an Open Access article distributed under the terms of the Creative
Commons  Attribution-NonCommercial-NoDerivs  licence  (https://creativecommons.org/
licenses/by-nc-nd/4.0/), which permits non-commercial reproduction and distribution of the
work, in any medium, provided the original work is not altered or transformed in any way, and that
the work is properly cited. For commercial re-use, please contact journals.permissions@oup.com
https://doi.org/10.1093/ofid/ofab558

leading to isolation, healthcare underutilization, and poor
health outcomes [16, 17].

Care of PWH increasingly requires dedicated attention to co-
morbidity screening, prevention, and management; however, best
practices on providing NACM care to women and men remain
unknown [2, 3, 18]. To optimize care delivery and outcomes, it
is critical to understand sex differences among aging PWH in
NACM risk, pattern, and progression so that sex-tailored chronic
disease care strategies, including NACM identification and risk
mitigation tools, can be developed and implemented [19].

The objectives of this review were to (1) synthesize sex-
stratified (primary) or sex-specific HIV-attributable risk
(secondary) data on 4 NACMs among PWH: bone disease, car-
diovascular disease, metabolic dysfunction, and neurocognitive
impairment; (2) evaluate key studies assessing sex differences
in NACMs; and (3) introduce potential biological and psycho-
social mechanisms contributing to emerging trends in sex-
differential NACM risk and outcomes among PWH.

HIV-ASSOCIATED NON-AIDS COMORBIDITIES

Bone Disease

PWH have an increased lifetime fracture risk compared with
HIV-seronegative peers. In a recent meta-analysis, PWH had a
6.4-fold greater odds of bone mineral density (BMD) loss com-
pared with HIV-negative persons, and ART-exposed PWH had a
2.5-fold greater odds compared with ART-naive PWH [20]. BMD
loss among PWH is multifactorial, attributable to HIV-1 infection,
ART-associated immune reconstitution, ART toxicity (Table 1),
and a high prevalence of substance use, coalescing to accelerate
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due to neuropsychiatric adverse effects (HR, 2.64
[95% Cl, 1.23-5.65]) [157]

showed a similar distribution of CNS and psychi-
atric adverse events [159]; sex-stratified data not

Head-to-head trial of ABC/3TC/DTG vs TAF/FTC/BIC
available

Neuropsychiatric Effects
Women more likely than men to discontinue DTG

weight gain after switch to DTG [154] from non-
INSTI ART, among women over mean 2 years of
follow-up, weight increased by 2.1 kg, BMI by
0.8 kg/m?, and WC by 2.0 cm [156]

Weight gain associated with BIC exposure among
treatment-naive PWH appears similar to DTG
[160]; sex-stratified data not available

Women but not men experienced significant

Metabolic Dysfunction

unfavorable changes in HbA1c and systolic and

diastolic BP observed [155]
vorable lipid effect if switched from boosted-PI

Sex-adjusted DTG-associated weight gain nega-
tively impacts lipids and fasting glucose levels
[154]; among women over median of 2 years,

BIC appears to be lipid-neutral and even have fa-
regimen [159]; sex-stratified data not available

Cardiovascular Risk

total hip and lumbar spine BMD
among women (mean adjusted
increase of 1% and 3%, respec-

tively) [153]
BlC-associated changes in BMD

appear similar to DTG [158]; sex-

stratified data not available

ABC/3TC/DTG resulted in improved
Research priority area: phase 3 clinical trial data (FLAIR, ATLAS, ATLAS-2M) not reported as sex-stratified

Bone Disease
Switching from TDF/FTC + NNRTI to

Continued

Dolutegravir
Bictegravir
Cabotegravir

5Can be used safely in patients with moderately reduced kidney function (€GFR =30 min/mL/1.73 m?) but should be avoided in those with severely reduced kidney function not on hemodialysis; drug interactions possible with rifamycins and certain

FTC, emtricitabine; HbA1c, glycated hemoglobin; HDL, high-density lipoprotein; HR, hazard ratio; INSTI, integrase strand transfer inhibitor; LDL, low-density lipoprotein; MI, myocardial infarction; NNRTI, nonnucleoside reverse transcriptase inhibitor; PI,
anticonvulsants.

mass index; BMD, bone mineral density; BP blood pressure; Cl, confidence interval; CNS, central nervous system; CVD, cardiovascular disease; DOR, doravirine; DRV, darunavir; DTG, dolutegravir; EFV, efavirenz; FLAIR, first long-acting injectable regimen;
protease inhibitor; PWH, persons with HIV; RAL, raltegravir; RPV, rilpivirine; TAF, tenofovir alafenamide; TDF, tenofovir disoproxil fumarate; WC, waist circumference.

Abbreviations: 3TC, lamivudine; ABC, abacavir; ART, antiretroviral therapy; ATLAS, antiretroviral therapy as long acting suppression; ATLAS-2M, antiretroviral therapy as long acting suppression every 2 months; ATV, atazanavir; BIC, bictegravir; BMI, body

Can be used safely in patients with normal kidney function (estimated glomerular filtration rate [eGFR] =60 min/mL/1.73 m?).

Integrase strand transfer inhibitors

ART Agent or

Table 1.
Class

osteoporosis and fracture [21-23]. In the general population,
postmenopausal women have a 3-fold increased fracture risk com-
pared with men [24], suggesting sex differences in bone health and
disease that may be exaggerated among PWH.

BMD Loss

BMD loss pre-ART initiation is greater among WWH than
MWH. In adjusted models, WWH vs MWH had lower BMD pre-
ART (-0.39 g/cm2 [lumbar spine], -0.05 g/cm2 [hip]) [25]. ART
initiation accelerates HIV-associated bone resorption [26, 27], with
the greatest effect during the first 2 years of ART [28, 29], and the
effect of ART exposure on BMD loss appears greater for women
than men. Among PWH aged 245 years, the risk of developing os-
teoporosis on a protease inhibitor (PI)-containing regimen (vs no
PI) was increased 5.9-fold among WWH but only 1.8-fold among
MWH. Regimens containing both a PI and tenofovir disoproxil
fumarate (TDF) (vs neither) increased osteoporosis risk 7-fold
among WWH, but there was no increased risk among MWH [30].
Similarly, after 48 weeks of TDF, WWH had a 1.7% greater de-
cline in hip BMD than MWH [25]. In a 5-year study, ART-treated
WWH vs MWH were 3 times more likely to experience 25% BMD
loss at the lumbar spine [31] (Table 2).

Fracture

ART-exposed WWH vs MWH are at significantly greater risk of
osteoporotic fracture [32]. Among ART-naive PWH initiating
TDE, WWH had a 3 times greater fracture rate than MWH, and
first osteoporotic fracture occurred sooner among women than
men (123 vs 1438 days, respectively) [32]. Another study in-
cluding adult PWH showed that while MWH had a 1.5 times
higher incident fracture rate compared with WWH from ages
36 to 46 years, the difference by sex diminished in older age
groups [33]. The menopausal transition likely exacerbates HIV-
associated BMD loss, given an accelerated fracture risk among
postmenopausal WWH compared with postmenopausal
women without HIV or with MWH [34-36] (Table 2).

CARDIOVASCULAR DISEASE

Cardiovascular disease (CVD) is the leading cause of non-AIDS
mortality among PWH [37-39]. Compared with persons without
HIV, PWH experience a 2-fold higher risk of cardiovascular-
related morbidity and mortality [40] and a 4.5 times higher risk of
sudden cardiac death [41]. Differences in CVD outcomes are likely
driven by HIV-related immune activation [42], ART-associated
dyslipidemia [43], and an overrepresentation of traditional risk
factors [44] among PWH. While female sex has been considered
protective against CVD in the general population, recent data com-
paring PWH vs HIV-negative counterparts revealed that CVD
mortality was higher among women (rate ratio [RR], 2.24 [95%
confidence interval {CI}, 2.07-2.43]) than men (RR, 1.23 [95% CI,
1.16-1.30]) [45] (Table 3).

Sex Differences in Non-AIDS Comorbidities in PWH « OFID « 3
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Hypertension

In a retrospective analysis, prevalent hypertension was higher
among WWH than MWH <65 years old (41% vs 36%, P = .002)
and this trend by sex persisted among those 265 years old (58%
vs 50%, respectively, P = .06) [46].

Contrarily, a study of PWH with traditional CVD risk factors
reported that MWH had higher prevalent hypertension than
WWH (27% vs 13%, P = .04) [47]. In adjusted models, MWH vs
WWH had significantly elevated awake systolic and sleep sys-
tolic blood pressures (range, +5.4 to +7.6 mm Hg); however, the
prevalence of awake, sleep, and masked hypertension were not
significantly different by sex [48].

In the Cardiovascular Diseases in HIV-Infected Subjects
(HIV-HEART) cohort study, systolic pulmonary arterial pres-
sure (sSPAP) and symptoms of pulmonary arterial hypertension
(PAH) were assessed. Among cases of manifest PAH, defined
as having dyspnea symptoms and sPAP >35 mm Hg, WWH
had a 40% higher PAH risk than MWH [49]. However, among
asymptomatic PWH with elevated sPAP, MWH had a 360%
higher PAH risk than WWH (Table 3).

Atherosclerosis

Fitch et al evaluated atherosclerotic coronary artery plaque
quantity and features in relation to immune activation patterns
among asymptomatic PWH [50]. After adjusting for tradi-
tional CVD risk factors, total plaque was comparable between
MWH and WWH. However, the proportion of noncalcified
plaque was significantly greater among WWH compared with
HIV-seronegative women and with MWH. Noncalcified plaque
was associated with greater immune activation despite sim-
ilar HIV-1 viremia among WWH and MWH, which may con-
tribute to sex-differential myocardial infarction (MI) risk given
the characteristic instability of noncalcified plaque [51]. In a
follow-up study of ART-treated PWH without known CVD,
WWH vs MWH had significantly decreased prevalence of the
majority of coronary atherosclerotic plaque morphologies (ie,
subclinical, obstructive, and positively remodeled plaques);
however, noncalcified plaque prevalence was comparable be-
tween sexes [47]. Among PWH who had coronary plaque, the
proportion and number of noncalcified segments were signifi-
cantly greater in WWH than MWH [47].

AIDS Cohort  Study/Women’s
Interagency HIV Study participants, the presence of carotid ar-

Among  Multicenter

tery plaque (vs no plaque) increased the risk of all-cause mor-
tality (adjusted hazard ratio [aHR], 1.44 [95% CI, 1.10-1.88]),
and MWH had a higher plaque-associated risk compared with
WWH (aHR, 1.65 vs 1.15; P = .048) [52] (Table 3).

Myocardial Infarction

In a study leveraging registry data that adjusted for dyslipidemia,
diabetes, and hypertension, the HIV-attributable risk of MI was
2-fold greater among women than men [40]. A nested case-
control study similarly found that MI risk was higher among

WWH vs women without HIV (aHR, 3.77 [95% CI, 1.79-7.96])
than among MWH vs men without HIV (aHR, 2.04 [95% CI,
1.62-2.57]) [53]. In contrast, a 2-fold greater MI risk was ob-
served among MWH compared with WWH in a larger pro-
spective Data Collection on Adverse Events of Anti-HIV Drugs
(D:A:D) study [43] (Table 3). Greater diversity in the D:A:D
population and adjusting for smoking could explain the dis-
crepancy in these findings.

Heart Failure

Although sex-stratified data on heart failure outcomes among
PWH are lacking, sex-specific studies suggest a higher rela-
tive contribution of HIV to heart failure risk among women
than men. A study including Veterans found that MWH had
a 1.8-fold greater risk of incident heart failure compared with
HIV-seronegative men; this differential risk by HIV serostatus
was even greater among men without CVD risk factors [54].
In comparable studies of women balanced on traditional CVD
risk factors, the unadjusted incidence of heart failure was nearly
4 times greater among WWH vs women without HIV [55] and
2.5 times greater when excluding women with baseline CVD
[56] (Table 3).

Cerebrovascular Events

A single-center study of PWH and matched HIV-negative con-
trols found higher ischemic stroke risk among women vs men
overall [57]. In adjusted analyses, HIV was significantly associ-
ated with increased ischemic stroke risk among women (aHR,
1.76 [95% CI, 1.24-2.52]) but not men (aHR, 1.05 [95% CI,
.84-1.32]), a finding driven by disproportionate risk among
young WWH. Similarly, in the AIDS Clinical Trials Group
Longitudinal Linked Randomized Trials (ALLRT) cohort,
WWH vs MWH had a higher adjusted risk of incident stroke
or transient ischemic stroke, and the greatest difference by sex
in risk was among younger PWH: WWH vs MWH had a 3-fold
increased risk at age 40 and 2-fold at age 50, and this trend di-
minished as age increased [58] (Table 3).

METABOLIC DYSFUNCTION

Principal components of metabolic syndrome, including im-
paired glucose tolerance, dyslipidemia, hypertension, and cen-
tral adiposity, are precursors to CVD and type 2 diabetes (T2D)
and common among aging populations [59]. PWH are at in-
creased risk of metabolic syndrome pathologies due to HIV-
associated chronic inflammation and immune activation, ART
use (Table 1), and associated pathologies including adipose
tissue disorders and insulin resistance [60, 61].

Insulin Resistance and T2D

Several studies have reported a 1.5- to 2-fold increased risk
of T2D among MWH compared with WWH [62-64], a sex
trend consistent with that of the general population [59],
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which may be compounded by HIV [63, 65, 66]. A study of
ART-treated PWH without T2D found that WWH vs MWH
had significantly better glucose tolerance despite older age
and longer ART duration [65]. After adjusting for age, race,
adiposity, and ART duration, WWH had significantly higher
insulin sensitivity, lower insulin release, and lower levels of
T2D-associated metabolites than MWH. In contrast, a study
of ART-naive PWH found significantly increased fasting in-
sulin levels and insulin resistance among WWH compared
with MWH [67].

In a cohort of 89 ART-treated nondiabetic PWH, the crude
prevalence of insulin resistance among MWH vs WWH was
73% vs 58%, respectively [66]. The authors evaluated patterns
of adipokines involved in glucose homeostasis, and known
to vary by sex, and found that insulin resistance was associ-
ated with lower serum adiponectin and higher triglycerides
among MWH, and with hyperleptinemia among WWH [66,
68] (Table 4).

Lipodystrophy

PWH may experience lipodystrophy, or adipose tissue disturb-
ances characterized by changes in fat quantity, quality, and/or
distribution. A confluence of factors promoting metabolic dys-
function likely contribute to HIV-associated lipodystrophy de-
velopment—that is, obesity risk factors, ART-associated effects
on glucose and lipid metabolism, and chronic immune activa-
tion and inflammation related to HIV-1 infection [69]. Among
PWH, lipodystrophy involves increased ectopic fat accumu-
lation in visceral, dorsocervical, intramuscular, and hepatic
tissue, and accompanying loss of subcutaneous adipose tissue
in the face, arms, buttocks, and legs [70-72].

Fat Quantity

A pooled analysis of 3 clinical trials demonstrated that WWH
had significantly greater body mass index (BMI) increases 96
weeks post-ART initiation compared with MWH. Adjusting
for age, race/ethnicity, baseline CD4" count, and HIV-1 viral
load, WWH vs MWH had an average BMI increase of 1.91 kg/
m? vs 1.39 kg/m2 (P < .001) [73]. Waist-to-hip ratio was sim-
ilar among MWH and WWH with lipodystrophy, but differed
among WWH vs HIV-negative women (0.96 vs 0.82, P <.0001)
and among MWH vs HIV-negative men (0.98 vs 0.94, P <.0001)
[74]. Compared with respective HIV-negative peers, MWH and
WWH had lower total extremity fat (-1.1 kg and -0.85 kg, re-
spectively); MWH and WWH both had increased visceral ad-
ipose tissue, though only MWH and not WWH had decreased
subcutaneous adipose tissue, relative to men and women
without HIV [75] (Table 4).

Fat Quality
Women vs men may be at heightened risk of inflammatory con-
sequences associated with metabolically unhealthy fat including

HIV-related adipocyte hypertrophy [76, 77] and ectopic fat ac-
cumulation [78, 79]. A cross-sectional study of PWH and age-/
sex-matched HIV-negative persons found that HIV did not
significantly modify the association of chronic inflammatory
markers and ectopic adipose tissue; however, there was a statis-
tically significant sex difference in correlations between inter-
leukin 6 (IL-6) and BMI [80] (Table 4).

Fat Distribution

In a cross-sectional analysis of ART-treated PWH, the ad-
justed risk of adipose tissue alterations in any body region
was significantly higher among WWH vs MWH. While the
commonest lipodystrophy pattern among men was pure
lipoatrophy, women more frequently experienced com-
bined lipoatrophy and lipohypertrophy [81]. In the Study of
Fat Redistribution and Metabolic Change in HIV Infection
(FRAM), MWH vs HIV-negative men had a higher preva-
lence of peripheral lipoatrophy (38% vs 5%, P < .001) and
lower prevalence of central lipohypertrophy (40% vs 56%,
P =.001); and WWH vs HIV-negative women had a higher
prevalence of peripheral lipoatrophy (28% vs 4%, P < .001)
but no significant difference in central lipohypertrophy [82].
PWH had less subcutaneous adipose tissue compared with
HIV-negative persons regardless of sex; however, visceral ad-
ipose tissue amount was higher for WWH but not MWH vs
HIV-negative controls [83] (Table 4).

Hepatic Steatosis

Hepatic steatosis risk among PWH is higher than the general
population given an overrepresentation of contributing factors
(eg, metabolic pathologies, chronic inflammation, ART expo-
sure), which is further compounded by an increased prevalence
of chronic viral hepatitis [84].

Estrogen is considered hepatoprotective, playing an im-
portant role in determining susceptibility to nonalcoholic
fatty liver disease (NAFLD), hepatocellular carcinoma, and
liver disease progression, especially in the context of hepatitis
C virus [84, 85]. Data from the general population indicate
that hypoestrogenism, as occurs with the menopausal transi-
tion, is associated with accelerated liver pathology, including
incident hepatic fibrosis and NAFLD, among perimeno-
pausal and postmenopausal women [85]. Among WWH, the
hepatoprotective effect of estrogen appears lowered with meno-
pause onset, which may occur earlier than among HIV-negative
peers [85, 86].

Among Italian PWH without chronic viral hepatitis or exces-
sive alcohol use, NAFLD risk was associated with male sex, nu-
cleoside reverse transcriptase inhibitor exposure, increased waist
circumference, increased visceral adipose tissue, and elevated as-
partate aminotransferase/alanine aminotransferase ratio. MWH
had a greater odds of NAFLD compared with WWH (adjusted
odds ratio, 2.49 [95% CI, 1.07-5.81]) [87]. In a cross-sectional
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Table 4. Continued

Study Design

Study Population (Location, Race/Eth-

Study Size (% PWH)
nicity, Age)

Author,

Limitations

Key Findings

Outcomes Measured

No. of Men and Women

Year [Ref]

PWH had high prevalence of metabolic

e PWH cared for at the metabolic Prevalence and predictors on e Prevalence of NAFLD was greater among

Guaraldi et Cross-sectional
al, 2008 N

[87]

abnormalities and findings may not

MWH than WWH (44% vs 19%, P < .05)
e PWH with NAFLD were 3.2 times more

NAFLD among PWH and

clinic of University of Modena and
Reggio Emilia School of Medicine

in Italy
* Race/ethnicity data not reported

e Mean age: 48y

225 (100% PWH)

be generalizable to all PWH. Did not

NAFLD diagnosed by CT

163 men, 62 women

include persons without HIV for com-

parison.

likely to be male than female in univar

(liver-to-spleen attenuation

ratio <1.1)

iate analysis (95% Cl, 1.569-6.49) and

2.5 times more likely to be male than

female in multivariate analysis (95% ClI,

1.07-5.81)

adipose tissue alteration; BMI, body mass index; BOBCAT, boosting health by changing activity ; CARDIA, Coronary Artery Risk Development in

Abbreviations: ACTG, AIDS Clinical Trial Group; aOR, adjusted odds ratio; ART, antiretroviral therapy; ATA,

Young Adults; Cl, confidence interval; CPCRA, Community Program for Clinical Research on AIDS; CT, computed tomography; FMI, fat mass index; FRAM, Study of Fat Redistribution and Metabolic Change in HIV Infection; HCV, hepatitis C virus; hs-CRR

high-sensitivity C-reactive protein; IL-6, interleukin 6; IR, insulin resistance; IRR, incidence rate ratio; LFF, liver fat fraction; MWH, men with HIV; NAFLD, nonalcoholic fatty liver disease; OR, odds ratio; PWH, persons with HIV; PY, person-years; QUICKI,
Quantitative Insulin Sensitivity Check Index; r, correlation coefficient; SAT, subcutaneous adipose tissue; T2D, type 2 diabetes mellitus; TN, Tennessee; VACS, Veterans Aging Cohort Study; VAMC, Veterans Affairs Medical Center; VAT, visceral adipose tissue;

WWH, women with HIV.

study of adults without chronic viral hepatitis, hepatic steatosis
was more prevalent among MWH vs WWH (41% vs 17%).
However, in multivariable analysis, HIV did not significantly
modify the effect of sex on hepatic steatosis [86] (Table 4).

NEUROCOGNITIVE IMPAIRMENT

Despite ART [88], nearly half of PWH suffer from HIV-
associated neurocognitive (HAND) [89, 90].
Furthermore, as PWH age, the population at risk of HAND is
growing, leading to neurocognitive disease burden with devas-

disorder

tating impact on work capabilities [91], daily life activities [92,
93], and survival [92].

Six key domains of neurocognitive function include
perceptual-motor function; language; executive function;
learning and memory; complex attention; and social cogni-
tion [94]. Importantly, well-established risk factors for HAND
(eg, coinfections, metabolic disease, psychiatric disorders, sub-
stance use, socioeconomics, education, literacy) significantly
differ by sex [95].

Global Neurocognitive Impairment

In a systematic review, WWH vs MWH had significantly greater
global neurocognitive impairment (NCI), attributable to differ-
ences in memory, information processing, and motor function
[96]. However, individual studies evaluating sex differences in
overall NCI, measured by the global deficit score (an average of
adjusted T-scores from each domain-specific test) [97-101], are
conflicting (Table 5). This is likely due to many studies being
underpowered to assess sex differences and inconsistently
adjusting for sex-differential NCI-relevant covariates [90].

Learning and Memory

Sex-stratified analyses suggest that WWH experience greater
impairment in the learning and memory domains than MWH
[100, 102]; additionally, WWH but not MWH performed sig-
nificantly worse than respective HIV-seronegative counterparts
[100], even after adjusting for substance use, psychiatric dis-
orders, and education level.

Information Processing Speed

In several studies, WWH scored significantly lower than MWH
on information processing speed. In a cross-sectional study of
Nigerian adults, WWH vs MWH were more impaired on verbal
fluency and information processing, and among WWH, NCI
severity was associated with higher HIV-1 viremia and acti-
vated circulating monocyte levels [100]. Studies that adjusted
for HIV indices similarly noted that MWH vs WWH had less
impairment in information processing [99, 102].

Motor Function
Motor mean T-scores among PWH were significantly different
by sex only after adjusting for current and nadir CD4" count,
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with WWH performing worse than MWH [102]. Additional
studies provide evidence that motor impairment was associ-
ated with HIV among women but not among men [97, 99], and
that sex differences in motor function are most notable after
covariate adjustment.

MECHANISMS AND DRIVERS OF HIV-ASSOCIATED
INFLAMMATION

Higher prevalence and earlier onset of NACMs among PWH
vs HIV-seronegative peers, exacerbated among women in
these emergent analyses, is likely due to the complex in-
terplay of HIV-associated chronic immune activation and
inflammation, sex hormone effects, ART toxicity, and struc-
tural factors [3]. Evidence suggests that these sex-differential
contributors may act synergistically to confer a greater risk
of premature multimorbidity among WWH compared with
MWH [2, 103].

Chronic Immune Activation and Inflammation

Inflammatory biomarkers (ie, high-sensitivity C-reactive pro-
tein, IL-6, D-dimer, soluble CD14, key chemokines) have been
associated with NACM events and mortality among PWH,
suggesting an important role of systemic inflammation on
the causative pathway to aging-related comorbidity develop-
ment [104-106]. Direct and indirect inflammatory effects of
HIV-1 exhaust the replicative capacity of immune cells [107],
leading to the term “inflammaging,” given that patterns of spe-
cific T-cell subset deficiencies mirror those of the natural aging
process. Increased expression of certain X-encoded genes may
play a role in the more robust immune responses initiated by
viral infections observed among women compared with men
[108]. ART-naive WWH have lower viral loads during early
stages of HIV infection and greater CD8" T-cell activation and
interferon-y and tumor necrosis factor-a expression at a given
viral load as HIV progresses compared to MWH [19, 108, 109].
This likely contributes to sex-differential chronic disease out-
comes [11].

Another possible mechanism driving sex differences
in NACMs is microbial gut translocation facilitated by in-
creased gut permeability precipitated by HIV-associated in-
flammation [105, 110]. The gut microbiome composition is
highly sensitive to sex hormone profiles and fluctuations,
which modulate gut permeability and immune homeostasis
[111, 112], key players associated with development of a
broad range of diseases [113].

Sex Hormone Effects

Estrogen and androgens modulate various key immunological
pathways, with estrogens predominantly activating immune
components and androgens generally suppressing them [114,
115]. In the context of HIV, estrogen has been shown to have an
inhibitory effect on HIV transcription [116, 117]. Estrogen also

modulates the expression of genes involved in cytotoxic T-cell
pathways and enhances TLR7-dependent production of IFN-a
[108]. One study demonstrated that fluctuations in HIV-1 viral
load coincided with women’s menstrual cycles. No such fluc-
tuations were observed among postmenopausal WWH [118].
Postmenopausal women’s response to ART may be hindered by
exaggerated estrogen deficiency affecting CD4" cell recovery
[15], further compounded by aging-related and HIV-specific
immunosenescence [119].

ART Toxicity

Sex-differential risk associated with specific ART agents that
may affect NACM development is beyond the scope of this
review, especially considering that agents have distinct mech-
anisms affecting hormonal and metabolic pathways within
and between drug classes [120]. Table 1 summarizes available
data on key sex differences in the effects of modern ART on
mediating comorbidity-associated risks.

Structural Factors

Compared with their HIV-seronegative peers, sociobehavioral
factors portending worsened health outcomes are more
common among PWH [3, 121, 122]. Importantly, many such
factors affect women more than men (eg, trauma, social iso-
lation, HIV stigmatization), including social determinants of
health such as education, income, and affordable healthcare
access. Emerging literature suggests that traditional risk fac-
tors such as smoking, substance use, race, BMI, and social de-
terminants of health may impact aging-related comorbidity
development more so than HIV-related indices such as CD4"
count or HIV-1 viremia [10, 43, 123]. Physiological effects of
substance use may also differ by sex [124, 125]. Finally, struc-
tural inequities including sex- and gender-biased research com-
pound sociobehavioral vulnerabilities and biologic differences,
thereby exacerbating worsened health outcomes experienced by
women [124].

LIMITATIONS AND FUTURE DIRECTIONS

This review is primarily limited by the gross underrepresenta-
tion of women enrolled into clinical trials and cohort studies,
inadequate power of many studies to detect sex differences,
and lack of sex-stratified analyses and/or consideration of
sex-specific sociobiologic comorbidity risk factors that have
persisted despite the Revitalization Act, which established
guidelines for inclusion of women in clinical trials [8]. As such,
discordance of results between studies are difficult to inter-
pret. Furthermore, among studies reporting sex-stratified data,
nearly all were conducted in high-income countries where a mi-
nority of WWH reside [126, 127].

Development of sex-specific approaches for the screening,
prevention, and management of NACMs among PWH requires
future studies being specifically designed and powered to assess
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sex differences. This is critical as WWH may bear a greater and
premature burden of multimorbidity associated with chronic
inflammatory diseases compared with MWH.

Future studies should prioritize elucidation of NACM path-
ogenesis, including investigating unifying mechanistic drivers
such as inflammation and microbiome alterations, and how
these may differ for women vs men. To assess the relationship
between inflammation and NACMs among PWH, sex-specific
tool development and validation involving measurement of in-
flammation biomarker levels could be considered, such as the
inflammation index metrics incorporated into the Veterans
Aging Cohort Study Index [128]. Perimenopausal hormone
changes are a potentially significant contributor to HIV-
associated inflammatory comorbidity outcomes, and con-
sensus biological definitions of pre-, peri-, and postmenopause
are needed, along with an associated metric for assessing this
transition, among WWH specifically [116]. Furthermore, data
elements reflecting social determinants of health should be ac-
curately and consistently captured to evaluate how these fac-
tors influence NACM development, including differences by
sex. More balanced representation across sex, race/ethnicity,
and social determinants of health among participants re-
cruited for HIV clinical research would allow for more robust
analyses on key variables affecting NACM occurrence and
inform the development of sex-tailored strategies for comor-
bidity risk mitigation among PWH [116]. While sex-specific
tools are being developed, identifying and intervening on
modifiable risk factors should be prioritized.

Finally, it is critical to assess how HIV-related multimorbidity
affects one’s functional status, quality of life, and mortality
by sex, as the impact of NACM burden is likely different for
women than for men.
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