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Clinical Infectious Diseases
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Factors associated with key immune activation indices have not previously been characterized among a global primary CVD pre-

Methods.   Leveraging baseline Randomized Trial to Prevent Vascular Events in HIV (REPRIEVE) data, we evaluated factors 
associated with soluble CD14 (sCD14) and oxidized low-density lipoprotein (oxLDL).

Results.   The primary analysis cohort included 4907 participants from 5 global-burden-of-disease regions (38% female, 48% 
Black, median age 50 years). In fully adjusted models for sCD14, female sex and White race (among those in high-income regions) 
were associated with higher sCD14 levels, while higher body mass index (BMI) and current use of nucleoside reverse transcriptase 
inhibitor + integrase strand transfer inhibitor ART were associated with lower sCD14 levels. In fully adjusted models for oxLDL, 
male sex, residence in high-income regions, White race (among those in high-income regions), and higher BMI were associated with 
higher oxLDL levels. In a subanalysis cohort of 1396 women with HIV, increased reproductive age was associated with higher sCD14 
levels but not with higher oxLDL levels.

Conclusions.   Factors associated with sCD14 and oxLDL, 2 key indices of immune-mediated CVD risk, differ. Future studies 
will elucidate ways in which medications (eg, statins) and behavioral modifications influence sCD14 and oxLDL and the extent to 
which dampening of these markers mediates CVD-protective effects.

  NCT0234429.
Keywords.   HIV; cardiovascular disease risk; immune activation markers; women; reproductive aging.

Among antiretroviral therapy (ART)–treated people with 

immune activation may contribute to atherogenesis, athero-
sclerotic cardiovascular disease (ASCVD) events, and mor-
tality [1–3]. Although immune indices across pathways have 
been etiologically implicated, 2 indices in particular, rise to 
prominence. The first is soluble CD14 (sCD14), a nonspe-
cific marker of systemic monocyte activation that is released 
into the circulatory system when myeloid cells detect and 
react to pathogen-associated ligands [4]. General population 
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Clinical Trials Registration.

Background.  Among antiretroviral therapy (ART)–treated people with human immunodeficiency virus (PWH), persistent
systemic immune activation contributes to atherogenesis atherosclerotic, cardiovascular disease (CVD) events, and mortality. 

vention cohort of PWH.

human immunodeficiency virus (PWH), persistent systemic 
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studies have shown that sCD14 levels predict ASCVD events 
[5
levels relate to the degree of arterial inflammation/macro-
phage infiltration [6] and predict subclinical atherosclerosis 
progression [7], myocardial infarction [8], and mortality [9]. 
The second is oxidized low-density lipoprotein (oxLDL), an 
oxidized form of LDL cholesterol that may induce endothelial 
and smooth muscle cell dysfunction, activate innate and adap-
tive immune responses, and/or be engulfed by macrophages-
turned foam cells, forming the fatty core of incipient 
atherosclerotic plaques [10]. A prospective population-based 
study showed an association between increased oxLDL levels 
and heightened risk of incident coronary heart disease [11]. 

of oxLDL were associated with a greater volume of subclinical 
coronary atherosclerotic plaque, while reductions in oxLDL 
with statins were associated with concomitant reductions in 
plaque volume, independent of traditional CVD risk factors 
[12].

We set out to interrogate factors associated with sCD14 and 
oxLDL among a contemporary, global cohort of ART-treated 

HIV (REPRIEVE) is the largest primary CVD prevention trial 
in the field. REPRIEVE will determine among ART-treated 

major adverse cardiovascular events through lipid-lowering 
effects, antiinflammatory effects, or both [13, 14]. As part of 
REPRIEVE, 7770 PLWH with low to moderate traditional CVD 
risk were recruited from 2015 to 2019 through more than 100 
clinical research sites spanning 5 continents.

Our primary study hypothesis was that among the whole 
group, assigned sex at birth (henceforth referred to as sex) and 
enrollment region (inferred to be region of residence) would in-
fluence levels of sCD14 and oxLDL. The former hypothesis was 
based on established sexual dimorphism in human immune re-
sponses [15–17], while the latter stemmed from documented 
regional differences in parameters relevant to systemic immune 
activation (eg, CVD risk factors [18], prevalence of non-AIDS 
infectious diseases [19], and types of ART prescribed to treat 
HIV [20]). Based on our previous findings from a small physi-

levels of either or both of these markers among cisgender fe-
male participants.

METHODS

Study Objectives

Our study objectives were as follows: to characterize levels of 
sCD14 and oxLDL by sex, age, and geographic region; to in-
vestigate participant characteristics related to sCD14 and 
oxLDL; and to determine relationships between reproductive 

(vs chronologic) age and levels of sCD14 and oxLDL among 
cisgender women with HIV (henceforth referred to as WWH).

Study Participants

REPRIEVE following integration of the REPRIEVE Women’s 
Objectives (protocol version 3, distributed 2 February 2016). A 
subanalysis focused on a subset of 1396 WWH with data suffi-
cient for reproductive aging classification [22] (Supplementary 
Figure 1). Each REPRIEVE research site obtained institutional 
review board/ethics committee approval, as well as any other 
applicable regulatory entity approvals. Participants were pro-
vided with study information, including a discussion of risks 
and benefits, and were asked to sign the approved declaration of 
informed consent [13, 14].

Data Elements Assessed in REPRIEVE Trial Participants

Data on demographic parameters, traditional cardiometabolic 
risk parameters, and HIV-specific parameters were collected, as 
previously described [13]. Region of enrollment/residence was 
grouped according to the World Health Organization (WHO) 
global burden of disease (GBD) super region scheme [23]. Sex-
specific thresholds outlined in WHO guidelines were applied to 
classify waist circumference (WC) as high or normal (≤102 cm 
for men and ≤88 cm for women) [24].

Quantification of sCD14 and oxLDL

Levels of sCD14 and oxLDL were evaluated with EDTA plasma 
specimens obtained at the study entry visit prior to initiation 
of study treatment. Plasma samples were stored and frozen at 
–80°C and subsequently thawed before testing in duplicate of 
40 samples per batch (Lewis Katz School of Medicine at Temple 
University). Levels of sCD14 and oxLDL were quantified using 
commercial enzyme-linked immunosorbent assay (ELISA) kits 
according to the manufacturer’s instructions (R&D Systems, 
Minneapolis, MN; Mercodia Inc, Uppsala, Sweden, respec-
tively). All ELISAs were performed with appropriate quality 
control samples.

Quantification of Anti-Müllerian Hormone Levels

Anti-Müllerian hormone (AMH) levels were evaluated via 
ELISA (picoAMH assay; Ansh Labs) from serum specimens 
obtained at study entry, as previously described [22].

Reproductive Aging Classification Scheme

WWH were categorized along an ordinal 3-group reproduc-
tive aging spectrum defined by time since last menstrual period 
and by AMH level as follows: premenopausal (group 1, menses 
within 12 months and AMH ≥20 pg/mL), premenopausal with 
reduced ovarian reserve (group 2, menses within 12 months 
and AMH <20 pg/mL), and postmenopausal (group 3, no 
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]. Clinical studies among PWH have revealed that sCD14 

Meanwhile, a small study among PWH illustrated that levels 

Our primary analysis centered on 4907 PWH enrolled in 

PWH. The Randomized Trial to Prevent Vascular Events in 

PWH whether therapy with pitavastatin calcium reduces 

ology study of US females with HIV [21], we further hypothe-
sized that ovarian aging may be associated with higher levels

http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciac166#supplementary-data
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menses within 12 months and AMH <20 pg/mL), as previously 
described [22].

Statistical Methods

Baseline characteristics were summarized for the primary 
analysis cohort (total and sex-stratified) and subanalysis 
cohort (total and stratified by reproductive age group). 
Spearman correlation was used to assess the relationship be-
tween sCD14 and oxLDL. Single and multivariable linear 
regression analyses were performed to evaluate associations 
between sCD14 and oxLDL (dependent variables) and select 
baseline characteristics. Covariates of interest were sex, age, 
and region for objective 1 and race, cigarette smoking status 
and substance use (current vs former or never), hypertension, 
WC, body mass index (BMI), nadir CD4 count, CD4 count, 
total duration of ART use, and ART regimen class (controlling 
for sex, age, and region) for objective 2. For objective 3 in the 
subanalysis cohort, the same covariates were used as for ob-
jective 2, substituting reproductive age group for chronologic 
age group. Given skewed biomarker distributions, modeling 
was performed on log-transformed values. Results were then 
backtransformed to geometric mean ratios (relative differ-
ences in geometric mean ratios [GMR]) with 95% confi-
dence intervals. Type 3 Wald P values are provided for overall 
covariate effects.

For objectives 1 and 2, exploratory subgroup analyses by sex 
were performed to determine whether the overall effects were 
apparent across females and males. Interaction tests were in-
cluded in the overall model if subgroup differences were ap-
parent to formally evaluate for these sex differences.

Sensitivity analyses restricted to participants with undetect-
able HIV-1 RNA were performed; however, as these yielded 
analogous findings, only findings in the full cohort are shown. 
Analyses for oxLDL were repeated controlling for LDL choles-
terol levels.

Inference was based on a nominal 0.05 significance level with 
no formal adjustment for multiple testing. Given high power to 
detect small differences, inference was focused on factors as-
sociated with effect sizes of 5% or greater (ie, GMR ≥1.05 or 
≤0.95). All statistical analyses were performed using SAS (for 
the Linux platform) version 9.4.

RESULTS

Baseline Characteristics

Baseline characteristics of the primary analysis cohort (total 
and sex-stratified) and of the subanalysis cohort (total and 
stratified by reproductive age group) are presented in Table 1. 
The primary analysis cohort did not differ significantly from 
the main REPRIEVE cohort [14]. In the primary analysis co-
hort, median sCD14 levels were 1743 ng/mL (1468–2064) and 
median oxLDL levels were 53 U/L (42–68).

Immune Biomarker Distributions

Distributions of sCD14 and oxLDL by key covariates are dis-
played in Supplementary Figure 2. Levels of sCD14 did not cor-
relate with levels of oxLDL (r = 0.03).

Characterization of Levels of Systemic Immune Biomarkers by Sex, Age, 
and Region
sCD14
Unadjusted analyses suggested higher values of sCD14 among 
females, those in South Asia and sub-Saharan Africa, and older 
age groups. These trends all remained in the multivariable mod-
eling. In both the unadjusted and adjusted modeling, higher age 
was associated with higher values of sCD14, but this effect was 
modest. Modeling stratified by sex suggested that the trend of 
higher values of sCD14 among older age groups was driven by 
females. However, after adjustment for region, the interaction 
between age and sex was not apparent (P = .27, data not shown; 
Figure 1).

oxLDL
Unadjusted analyses suggested higher values of oxLDL among 
males and those residing in high-income regions; the lowest 
levels were apparent among those residing in South Asia and 
sub-Saharan Africa. After including sex, age, and region in the 
multivariable model, the trend of higher values of oxLDL among 
males was no longer apparent, while analogous trends across re-
gions remained. Moreover, after adjustment for sex and region, 
a trend toward lower values of oxLDL among those in older 
age groups was observed. Multivariable modeling by sex sug-
gested different effects of higher age on oxLDL among females 
vs males. Among females, oxLDL was on average higher among 
older age groups, while among males, oxLDL was on average 
lower among older age groups (interaction between age and sex 
adjusting for region, P = .0004; Figure 2).

Multivariable Modeling for Levels of Systemic Immune Activation
sCD14
In the fully adjusted model for sCD14, similar effects of sex 
and age were apparent. Shifts in effect sizes were observed 
for region, and these shifts were noted to occur after ad-
justment for current ART regimen class. Other associated 
parameters included race (in high-income regions), ciga-
rette smoking, BMI, entry CD4 count, and ART regimen 
class (Figure 3). Current cigarette smoking and entry CD4 
count <200 cells/mm3 were associated with higher sCD14 
levels, as was current use of nucleoside reverse transcriptase 
inhibitor plus nonnucleoside reverse transcriptase inhib-
itor (NRTI + NNRTI) ART. Meanwhile, sCD14 was lower 

high-income regions), and levels tended to be lower among 
those with higher BMI and those currently using NRTI plus 
integrase strand transfer inhibitor (INSTI) ART. Of note, 
differences by ART regimen class remained consistent in 
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among Black and Asian PWH relative to White PWH (in 
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BMI (data not shown). Statistically significant trends were 
seen for hypertension and total duration of ART use, though 
the effect sizes were small.

oxLDL
Similar effects of age and region were also apparent in the fully 
adjusted model for oxLDL. While statistically significant in 
the fully adjusted model, the estimated effect of sex was small. 

Other associated parameters included race (in high-income 
regions), cigarette smoking, and BMI (Figure 3). Higher 
BMI was associated with higher levels of oxLDL. Meanwhile, 

who were current cigarette smokers (vs former or never-
smoking). Statistically significant trends were also observed 
for WC, nadir CD4 count, and entry CD4 count, though the 
effect sizes were small.

Figure 1.  Multivariable linear regression analyses relating covariates of interest (sex, age, enrollment region) to sCD14. Abbreviations: CI, confidence interval; sCD14, 
soluble CD14. 

Figure 2.  Multivariable linear regression analyses relating covariates of interest (sex, age, enrollment region) to oxLDL. Abbreviations: CI, confidence interval; oxLDL, oxi-
dized low-density lipoprotein.
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sex-stratified analyses and in analyses stratifying PWH by 

oxLDL was lower among Black and Asian PWH relative to 
White PWH (in high-income regions) and among PWH 



Overall, findings for both sCD14 and oxLDL remained con-
sistent in sex-stratified analyses, and findings for oxLDL re-
mained consistent when adjusting for levels of LDL cholesterol 
(data not shown).

Effects of Reproductive Age vs Chronologic Age on Levels of Systemic 
Immune Activation Among WWH
Fully adjusted models for sCD14 and oxLDL applied to a 
prespecified subset of WWH (see Methods section) yielded re-
sults consistent with the results provided above (Supplementary 
Figures 3 and 4). Among this group, when reproductive age cat-
egory was substituted in place of chronologic age, being in re-
productive age group 3 (no menses within 12 months and AMH 
<20 pg/mL) was associated with higher sCD14, but there was 
no effect of being in reproductive age group 2 (Supplementary 
Figure 3). In contrast, when substituted for chronologic age, 

reproductive age category was not associated with oxLDL 
(Supplementary Figure 4). In an effort to determine whether 
reproductive age might be associated with levels of sCD14 in-
dependent of the influence of chronologic age among WWH, 
distributions of sCD14 were presented by chronologic age strata 
across contiguous reproductive age groups. In comparable 
chronologic age groups, consistently higher levels of sCD14 
were apparent among WWH in reproductive age group 3 vs 
groups 1 and 2 (Supplementary Figure 5).

DISCUSSION

In this analysis of factors associated with systemic immune ac-
tivation indices in the largest global primary CVD prevention 

lows. First, levels of sCD14 and oxLDL were not correlated, in 

Figure 3.  Multivariable linear regression analyses relating covariates of interest (sex, age, enrollment region, race in high-income regions, cigarette smoking status, sub-
stance use, hypertension, waist circumference, BMI, nadir CD4, total ART use, ART regimen class, and entry CD4 count) to sCD14 and to oxLDL, respectively. Abbreviations: 
ART, antiretroviral therapy; BMI, body mass index; CI, confidence interval; INSTI, integrase strand transfer inhibitor; NNRTI, non-nucleoside reverse transcriptase inhibitor; 
NRTI, nucleoside reverse transcriptase inhibitor; oxLDL, oxidized low-density lipoprotein; PI, protease inhibitor; sCD14, soluble CD14.
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cohort of ART-treated PWH, our primary findings were as fol-

http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciac166#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciac166#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciac166#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciac166#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciac166#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciac166#supplementary-data
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contrast to findings published in smaller cohorts [25]. Second, 
when levels of sCD14 and oxLDL were characterized by sex, 
age, and region, higher levels of sCD14 were associated with fe-
male sex and residence in South Asia or sub-Saharan Africa, 
while higher levels of oxLDL were associated with residence 
in high-income regions. Third, in fully adjusted multivariable 
models for sCD14, female sex, White race (among those in 
high-income regions), and current use of NRTI + NNRTI ART 
were associated with higher levels of sCD14, while higher BMI 
and current use of NRTI + INSTI ART regimens were associ-
ated with lower levels of sCD14. In fully adjusted models for 
oxLDL, male sex, residence in high-income regions, White race 
(among those in high-income regions), and higher BMI were 
associated with higher levels of oxLDL. Finally, among WWH, 
increased reproductive age (being in reproductive age group 3) 
was associated with higher levels of sCD14 but not with higher 
levels of oxLDL.

Our study revealed opposing effects of sex on levels of 
sCD14 and oxLDL. Female sex was associated with higher 
levels of sCD14 controlling for demographic, behavioral, 
cardiometabolic, and HIV-specific factors. This finding has 
a biologic basis, as females have been shown to have a more 
robust innate immune response to HIV infection than males 
[15]. Meanwhile, male sex was associated with higher levels of 
oxLDL in fully adjusted models. Notably, our finding held when 
controlling for LDL cholesterol levels, which may differ by sex 
among ART-treated PWH [26]. It is as yet unknown whether 
sex differences in oxLDL reflect sex differences in atheroscle-
rotic plaque burden among PWH [27].

Among our global cohort, residence in high-income re-
gions was associated with higher levels of oxLDL. While di-
rect comparisons of coronary atherosclerotic plaque burden 
among PWH in high-income regions vs other GBD regions 
are lacking, synthesis of distinct studies using comparable tech-
niques suggest such burden may be higher among PWH in 
high-income regions [28–31]. Whether regional differences in 
subclinical atherosclerotic plaque burden relate to regional dif-
ferences in oxLDL remains to be determined. Meanwhile, more 
work is also required to better understand differences in sCD14 
by region (influenced by ART).

Among PWH in our study, lower BMI was associated with 
higher levels of sCD14, while higher BMI and, to a lesser ex-
tent, increased WC were associated with higher levels of oxLDL. 
The latter positive association is anticipated, given that over-
weight/obesity and increased central adiposity are believed to 
contribute to a low-grade state of systemic immune activation. 
Indeed, general population studies have revealed relationships 
between increased WC and circulating levels of oxLDL [32]. By 
contrast, the former inverse association is consistent with previ-
ously published work [33] but less intuitive. Explanations for this 
inverse association remain incompletely understood but may 
potentially reflect increased intestinal epithelial permeability 

to enteric pathogens among PWH in a more catabolic or 
nutrient-deprived state. On balance, our findings suggest that a 
normal-weight state absent increased central adiposity may be 
least immunostimulatory for ART-treated PWH.

Among our cohort of ART-treated PWH, ART reg-
imen class was associated with levels of sCD14. Specifically, 
levels of sCD14 were lower among PWH currently using 
NRTI + INSTI ART regimens compared with those using 
other regimens (NRTI + protease inhibitor [PI] and especially 
NRTI + NNRTI). Of interest, studies of newly initiated ART 
among ART-naive PWH have shown that an INSTI-based 
ART regimen tends to dampen select indices of systemic im-
mune activation (eg, sCD14, LpPLA2) to a greater extent than 
an NNRTI-based ART regimen [34]. Furthermore, ART switch 
studies conducted specifically among females with HIV have
shown that sCD14 levels decline in those who crossed over from
PI- or NNRTI-based ART to INSTI-based ART [35].

One of the most intriguing and potentially clinically sig-
nificant findings is the observation that among ART-treated 
WWH, more advanced reproductive age appeared to be asso-
ciated with higher levels of sCD14. To arrive at this finding, our 
team synthesized menstrual history with laboratory data on the 
ovarian reserve marker AMH to categorize WWH along a re-
productive aging spectrum, as previously described [22]. This 
categorization system helped us to avoid misclassifying as post-
menopausal the large subset of aging WWH who have pro-
longed, albeit reversible, amenorrhea [36]. Our findings build 
on observations derived from smaller US cohorts of women, 
suggesting increases in sCD14 levels across the menopausal 
transition [37, 38]. Additional research is required to determine 
whether higher sCD14 levels among WWH with more ad-
vanced reproductive age relates to estrogen depletion or other 
associated changes.

Limitations of our study include the cross-sectional nature 
of the data and the modest effect sizes of many of the covariate-
immune marker associations, which warrant cautious interpre-
tation in context. Additional limitations are that REPRIEVE 
entry criteria may have influenced select findings, particularly 
the trends toward inverse associations between oxLDL and both 
age and current cigarette smoking. For example, participants 
with higher 10-year ASCVD risk scores, calculated using the 
pooled cohort equation, were only allowed to enter this primary 
CVD prevention trial in the setting of lower circulating LDL 
cholesterol levels [13, 14]. As age and cigarette smoking both 
increase the 10-year ASCVD risk score, there might have been a 
selection bias toward lower levels of circulating LDL cholesterol 
and, in turn, oxLDL among older PWH and among those who 
are active cigarette smokers.

Our observations regarding opposing effects of sex on levels of 
sCD14 and oxLDL, 2 key systemic immune activation markers 
related to CVD risk among ART-treated PWH, have poten-
tial clinical implications. Specifically, our findings highlight 



the perils of assuming that biologic sex exerts the same effect 

specific examinations of residual systemic immune activation 
profiles post-ART and how such profiles relate to risks of CVD 
and other comorbidities will be key to developing sex-specific 
disease prevention approaches. Furthermore, our finding of 
a relationship between more advanced reproductive age and 
heightened innate immune activation merits additional study 
to enhance our understanding of how menopause augments 
CVD risk among WWH [39, 40]. Initial work has suggested 
that statin therapy reduces levels of sCD14 and oxLDL both 

studies may elucidate ways in which medications such as statins 
and behavioral modifications (eg, healthy diet, exercise) influ-
ence sCD14 and oxLDL and the extent to which dampening of 
these markers mediates CVD-protective effects, with potential 
differential effects in females and males with HIV.
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