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Abstract: Women with HIV may experience higher rates of non-AIDS comorbidities compared to
men with HIV, but the underlying mechanisms are not well understood. We investigated sex-related
differences in the effects of HIV on monocyte phenotypes within the Ugandan Study of HIV effects
on the Myocardium and Atherosclerosis (mUTIMA). Of 133 participants who provided blood for
flow cytometry assays, 86 (65%) were women and 91 (68%) were persons living with HIV (PLWH) on
antiretroviral therapy. The median age was 57 (interquartile range, 52–63) years. PLWH exhibited a
lower proportion of circulating CD14+CD16− classical monocytes (66.3% vs. 75.1%; p < 0.001), and
higher proportion of CD14+CD16+ inflammatory monocytes (17% vs. 11.7%; p = 0.005) compared to
HIV-uninfected participants. PLWH had an increased expression of the chemokine receptor CX3CR1
in total monocytes (CX3CR1+ monocytes, 24.5% vs. 4.7%; p < 0.001) and monocyte subsets. These
findings were generally similar when analyzed by sex, with no significant interactions between
sex and HIV status in adjusted models. Our data show that the inflammatory monocyte subset
is expanded and monocyte CX3CR1 chemokine receptor expression is enhanced among PLWH,
regardless of sex. Whether these parameters differentially affect risk for non-AIDS comorbidities and
clinical outcomes in women with HIV requires additional investigation.

Keywords: monocytes; inflammation; activation; HIV; women; sex

1. Introduction

Persons living with HIV (PLWH) have enhanced systemic inflammation and immune
activation compared to the general population [1–3]. This persistent immune activation has
been associated with increased morbidity and mortality due to noncommunicable diseases,
including cardiovascular diseases, neurocognitive disorders, and non-AIDS cancers, even
among PLWH with virologic suppression on antiretroviral therapy (ART) [2,4–8]. Studies
have shown that women with HIV may experience disproportionately higher rates of non-
AIDS comorbidities compared to men [9]; however, the underlying mechanisms driving
these sex-related differences are not well defined. Due to the implication of monocyte
alterations in the pathogenesis of non-AIDS comorbidities in PLWH [6,10], we analyzed
potential sex differences in the phenotype of these immune cells.
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Altered monocyte profiles and increased levels of monocyte activation markers have
been reported in PLWH on long-standing HIV treatment [10]. Prior reports demon-
strated that the proportion of CD16+ monocyte subsets is increased in PLWH, including
CD14+CD16+ inflammatory and/or CD14dimCD16+ patrolling monocyte subsets [11–13].
Monocyte cell surface expression of activation markers and chemokine receptors is also
altered in PLWH, but some of these parameters tend to normalize with ART [11]. Notably,
most studies assessing relationships between HIV infection and monocyte activation have
included participants in the United States or other developed countries, and have pre-
dominantly included men; therefore, results may not be representative of other settings
such as sub-Saharan African (SSA) where HIV is more common among women and the
epidemiology of potential confounders could differ [14]. Thus, our understanding of how
sex-related differences may influence the effects of HIV infection on monocytes among
individuals in SSA remains limited. In this study, we aimed to investigate potential sex
differences in the effects of HIV on the phenotype of circulating monocytes within a cohort
of participants with and without HIV, enrolled in the Ugandan Study of HIV effects on the
Myocardium and Atherosclerosis (mUTIMA).

2. Materials and Methods

We analyzed cross-sectional data from a cohort of individuals enrolled in mUTIMA.
Briefly, 100 PLWH and 100 persons without HIV (PWOH) are being observed in the mU-
TIMA project at the Joint Clinical Research Centre (JCRC) located in Kampala, Uganda.
Inclusion criteria for all cohort participants included having a least 45 years of age and one
cardiovascular disease risk factor such as hypertension, diabetes mellitus, dyslipidemia,
tobacco use, or family history of heart disease. PLWH were recruited from the JCRC Clinic.
PWOH were recruited from internal medicine clinics in Kampala, Uganda. History of
hypertension and other medical conditions were collected by self-report and verified by re-
view of available medical records. All PLWH who entered the cohort were required to have
at least one HIV-1 viral load of <1000 copies/mL on stable ART within 6 months of study
entry. Exclusion criteria were advanced kidney disease (estimated glomerular filtration
rate [eGFR] <30 mL/min/1.732), active immunosuppression, pregnancy, or uncontrolled
inflammatory conditions. Participants presented to the JCRC for their year 2 follow-up visit
between May 2017 and October 2019, which included blood sampling for flow cytometry.
The study allowed for replacing cohort individuals who were lost to follow-up by the
time of the year 2 visit with new participants of similar age and sex who met the same
inclusion criteria. Samples utilized in this study were collected from participants when
they presented for their year 2 visit. The total sample size of participants in the year 2 exam
was 200; however, due to malfunctioning of the flow cytometer towards the end of the
study, only a subset of this total sample had flow data available for this analysis. Using
these data, we have previously published an analysis of the relationship between monocyte
activation and latent tuberculosis infection [15]. The purpose of this secondary analysis
was to explore sex differences in the HIV effects.

2.1. Monocyte Phenotyping

Fresh whole blood was collected in EDTA tubes for monocyte phenotyping using a
MACSQuant® flow cytometer at the JCRC as previously described [15]. Blood samples
were processed for flow cytometry within ~4 h of collection at the JCRC Immunology Lab.
Briefly, 300 µL of whole blood was added to 2 mL of Becton Dickinson (BD) red blood cell
lysing solution on each tube, and incubated for 10 min following BD lysis buffer instructions.
After washing the cells, antibodies were added into each tube and incubated for 30 min at
4 ◦C in FACS buffer. The antibodies in the monocyte panel included anti-CD14-pacific blue
(M5E2, BD), anti-CD16-PE (3G8, BD), anti-CD62p-PE-Cy5 (AK-4, BD), anti-CD69-PE-Cy7
(L78, BD), anti-CX3CR1-APC (2A9-1, Biolegend), anti-HLA-DR-APC-Cy7 (L243, BD), and
anti-tissue factor-FITC (VIC7, Sekisui). These markers were chosen to identify activated
pro-inflammatory monocytes that have been associated with atherosclerosis or increased
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cardiovascular risk in people with and without HIV infection. CD14 and CD16 were used to
define the three main subsets of interest as described below. P-selectin (CD62p) is involved
in endothelial interactions that promote atherosclerosis and thrombosis [12]. CD69 assists
lymphocyte trafficking into tissues and is associated with lipid alterations in PLWH [16],
and it is considered an early activation marker. CX3CR1 is a chemokine receptor important
in adhesion and migration to tissues, and it is also recognized as a monocyte activation
marker associated with CVD, including carotid disease in PLWH [17]. HLA-DR is an
activation marker that we have previously shown to be associated with latent tuberculosis
infection [15]. Tissue factor expression on monocytes is elevated in PLWH and people with
acute coronary syndrome [12] and may be reduced by statin therapy [18].

Flow cytometry standard (FCS) files were stored for further analyses in FlowJo v10
software. Total monocytes were identified based on cell size and granularity in FSC-H
vs. FSC-A plots (see Figure 1A). Three monocyte subsets were defined based on cell sur-
face CD14 and CD16 expression as previously described [12,19]: CD14+CD16− classical
monocytes, CD14+CD16+ inflammatory (intermediate) monocytes, and CD14dimCD16+

patrolling (non-classical) monocytes. Isotype controls were used to define positive gates
(Supplementary Figure S1). Our gating strategy was validated by two independent team
members using a subset of FCS study files, demonstrating good reproducibility with a
median (Q1-Q3) intraclass correlation coefficient of 0.965 (0.940–0.993) for the 20 monocyte
subsets. For the primary analyses, cell surface marker expression was defined as a pro-
portion. Given the significant findings for CX3CR1, we also performed an analysis using
median fluorescence intensity, a quantitative measure of the amount of surface marker
expression on cells.
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and monocyte subsets. (B) Percentage of total monocytes from whole blood by HIV status. (C–E) Percentage of classical,
inflammatory, and patrolling monocyte subsets by HIV status. (F) Percentage of total monocytes by sex. (G–I) Percentage
of monocyte subsets by sex. Statistical differences across two groups were assessed using Mann–Whitney test for panels
B through I. (J) Percentage of total monocytes from whole blood by sex and HIV status. (K–M) Percentage of monocyte
classical, inflammatory, and patrolling monocyte subsets by sex and HIV status. Statistical differences across the four groups
were assessing using Kruskal–Wallis test for panels J through M (* p-value show on the top). In addition, Dunn’s multiple
comparisons test was used to test for differences between specific groups (indicated in brackets). A p-value < 0.05 was
considered statistically significant. Non-significant p-values on Dunn’s multiple tests are not shown.

2.2. Statistical Analyses

Study data were entered in REDCap [20]. Flow cytometry data analyzed in FlowJo
were exported into MS Excel and then transferred to REDCap. We used Kruskal–Wallis
and Dunn tests for multiple group comparisons of flow cytometry data. We used simple
and multiple linear regression models for unadjusted and adjusted analyses, respectively.
These models included log(10)-transformed flow cytometry data as the dependent variable,
and HIV status as the main independent variable. Covariates included in adjusted analyses
were age in years, sex at birth (henceforth referred to as sex), history of diabetes mellitus
(DM), total cholesterol in mg/dL, body mass index (BMI), waist-to-hip ratio, and history of
prior or latent TB. Models were checked for collinearity using variance inflation factors
(VIFs). Due to our interest in potential sex-related differences in the effects of HIV on
monocyte parameters, we tested all models for HIV by sex interactions. Regression results
are presented as b-coefficients, accompanied by their 95% confidence interval (95% CI).
The b-coefficients for HIV status represent the degree of change in the log-transformed
percentage value of the cell surface marker expression in PLWH compared to PWOH. The
b-coefficients for sex represent the degree of change in the log-transformed percentage
value of the cell surface marker expression in females compared to males. For adjusted
b-coefficients, the results were adjusted by all co-variates included in the models. A heat
map was designed with the percentage of cells expressing the surface markers of interest on
total monocytes and monocyte subsets, stratified by sex and HIV status. We used Stata v12
(College Station, TX, USA), R v 4.1.0 software (R Foundation), and Prism v 9.2.0 (GraphPad
Software, San Diego, CA, USA) for data analyses and generation of graphics.

3. Results

Data from 133 participants with available flow cytometry data were included in
this analysis. This included data from 86 (65%) women and 47 (35%) men. Among the
women, 57 (66%) were PLWH. Among the males, 34 (72%) were PLWH. Table 1 shows the
characteristics of the study population by HIV and sex at birth. Age, diabetes mellitus,
and hypertension were similar across the groups. Tobacco use was uncommon within
our cohort, with only 3 participants who reported active tobacco use at time of their
visit—all of them were men with HIV. Women with HIV had the highest total cholesterol
levels (p = 0.017), with low-density lipoprotein (LDL) and high-density lipoprotein (HDL)
cholesterol fractions following similar trends. In terms of anthropometric characteristics,
we observed differences in BMI by sex and HIV status (p < 0.001), with women without HIV
having the highest BMIs and men with HIV having the lowest BMIs. Waist-to-hip ratio was
overall lower in women compared to men (p < 0.001), without significant differences by
HIV status. There were no participants who reported having viral hepatitis B or hepatitis C
infection. Of the 133 participants, 125 had a defined tuberculosis (TB) status as previously
described [15]. Overall, latent TB or prior history of active TB was common (54%), with the
highest rates among women without HIV.
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Table 1. Characteristics of the study population by sex and HIV status.

All (n = 133)
Men Women

p-Value
PWOH n = 13 PLWH n = 34 PWOH n = 29 PLWH n = 57

Traditional Cardiometabolic Risk

Age in years 57 (52–63) 57 (52–63) 62 (50–69) 55 (52–62) 56 (52–61) 0.325

Diabetes mellitus 42 (32) 7 (54) 10 (29) 11 (38) 14 (25) 0.179

Cardiovascular disease 5 (4) 1 (8) 2 (6) 1 (4) 1 (2) 0.366

Hypertension 115 (87) 9 (69) 29 (85) 26 (90) 51 (89) 0.258

Tobacco use at time of visit 3 (2) 0 3 (9) 0 0 0.177

Body mass index (kg/m2)
28.4

(24.5–32.5)
28.4

(26.8–30.6)
24.4

(21.8–26.8)
31.8

(28.4–33.9)
28.8

(25.6–34.9) <0.001

Waist-to-hip ratio 0.91
(0.86–0.95) 0.96 (0.95–1) 0.94

(0.91–0.98)
0.87

(0.83–0.90)
0.88

(0.83–0.92) <0.001

Total cholesterol (mg/dL) 204 (173–231) 182 (163–205) 192 (165–226) 194 (173–231) 217 (189–240) 0.017

LDL cholesterol (mg/dL) 129 (107–152) 119 (101–138) 113 (86–135) 133 (112–168) 136 (115–158) 0.021

HDL cholesterol (mg/dL) 52 (43–62) 45 (42–52) 51 (40–66) 49 (43–63) 56 (49–74) 0.034

Coinfections

Latent TB or prior TB 68 (54) 6 (46) 18 (58) 19 (65) 25 (46) <0.001

HIV Characteristics

HIV Viral load ≤ 20
copies/mL 78 (87) N/A 32 (94) N/A 46 (82) 0.124

Nadir CD4 count 161 (65–297) N/A 172 (77–287) N/A 150 (64–297) 0.646

HIV duration (years) 13.9
(11.7–15.2) N/A 14 (11.7–15.8) N/A 13.9

(11.9–14.5) 0.261

ART duration (years) 12. 7 (10.1–14) N/A 12.7
(10.7–14.7) N/A 12.6 (10.1–14) 0.382

PI use at time of visit 23 (25) N/A 7 (21) N/A 16 (28) 0.427

INSTI use at time of visit 2 (2) N/A 2 (6) N/A 0 0.137

Continuous variables are presented as median (interquartile range) and categorical variables as n (%). Abbreviations: people without
HIV (PWOH), people living with HIV (PLWH), interquartile range (IQR), low-density lipoprotein (LDL), high-density lipoprotein (HDL),
antiretroviral therapy (ART), protease inhibitor (PI), and integrase inhibitor (INSTI).

Our gating strategy and description of monocyte subsets by sex or HIV status is shown
in Figure 1. Overall, we observed a higher proportion of total monocytes (4.3 [interquartile
range (IQR), 3.4–5.2] vs. 3.2 [2.6 vs. 3.9]; p < 0.001; Figure 1B), lower proportions of
classical monocytes (66.3 [IQR, 49.3–77.8] vs. 75.1 [IQR, 69.3–83.5]; p < 0.001; Figure 1C)
and higher proportions of inflammatory monocytes (17 [IQR, 8.8–36.3] vs. 11.7 [IQR,
8.1 vs. 16.4]; p = 0.006; Figure 1D) in PLWH compared to PWOH. No differences in the
proportion of patrolling monocytes by HIV status were noted (Figure 1E). Women had
lower proportions of circulating monocytes compared to men (3.4 [IQR, 2.8–4.5] vs. 4.7
[IQR, 3.9–5.7] vs.; p < 0.001; Figure 1F), but no significant differences were found in the
proportion of monocyte subsets by sex (Figure 1G–I).

Among women, those with HIV had higher proportions of total monocytes compared
to those without HIV (4.1 [IQR, 3.1–4.8] vs. 2.9 [IQR, 2.2–3.3]; p < 0.001; Figure 1J). There
were differences in the proportions of CD14+CD16- classical monocytes (p = 0.0036) and
CD14+CD16+ inflammatory monocytes (p = 0.049) by sex and HIV status (Figure 1K,L).
No significant differences were found in the proportion of CD14dimCD16+ patrolling
monocytes by sex and HIV status (Figure 1M).

Surface expression of CD62p, CD69, CX3CR1, HLA-DR, and tissue factor were investi-
gated on total monocytes and monocyte subsets by sex and HIV status (Figure 2). Table 2
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shows the results of regression models of CX3CR1 and CD62p expression for HIV status.
Regression models for CD69 and HLA-DR are not shown since there were no significant
differences by HIV status.
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(X axis). The numbers indicated within each box are the average percentage of cells expressing the surface marker indicated
in the Y axis, for the given sex/HIV group indicated in the X axis.

In terms of HIV status effects, we found higher proportions of CX3CR1 expression
on monocytes of PLWH compared to PWOH, even after accounting for potential con-
founders in adjusted regression models (p = 0.013). Comparable trends of higher CX3CR1
expression in PLWH were observed within the classical, inflammatory, and patrolling
monocyte subsets (Table 2). In models that used CX3CR1 median fluorescence intensity
values (log-transformed MFI) as the dependent variable, we found that CX3CR1 den-
sity was also higher among PLWH compared to PWOH (unadjusted b = +0.41; [95% CI,
0.17–0.65]; p < 0.001; adjusted b = +0.37; [95% CI, 0.10–0.64]; p = 0.008). For CD62p, we
observed a decreased proportion of CD62p+ patrolling monocytes in PLWH compared to
PWOH in adjusted models (p = 0.028).

In contrast to HIV status, there were no statistically significant sex effects on surface
expression of CD62p or CX3CR1 in unadjusted or adjusted models among pooled PLWH
and PWOH participants (Supplementary Table S1). Furthermore, the HIV effects described
above were generally similar when analyzed by sex, with no significant interactions
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between sex and HIV status in any of the adjusted models (all p for interaction > 0.05,
Supplementary Table S1).

Table 2. Association between HIV infection and total monocytes, monocyte subsets, and surface expression of CX3CR1 and
CD62p.

Unadjusted
B-Coefficient a p-Value Adjusted

B-Coefficient b p-Value

Monocyte Subsets

Total monocytes 0.13 (0.08–0.19) <0.001 0.11 (0.07–0.17) <0.001

Classical monocytes −0.10 (−0.15–−0.05) <0.001 −0.09 (−0.15–−0.03) 0.005

Inflammatory monocytes 0.17 (0.05–0.29) 0.006 0.18 (0.04–0.31) 0.012

Patrolling monocytes 0.06 (−0.03–0.14) 0.174 0.03 (−0.06–0.12) 0.516

Proportion of CX3CR1+ Monocytes

CX3CR1 in total monocytes 0.68 (0.26–1.10) 0.002 0.59 (0.13–1.07) 0.013

CX3CR1 in classical monocytes 0.99 (0.45–1.55) <0.001 0.91 (0.30–1.52) 0.004

CX3CR1 in inflammatory monocytes 0.94 (0.44–1.44) <0.001 0.78 (0.22–1.33) 0.007

CX3CR1 in patrolling monocytes 0.55 (0.03–1.07) 0.038 0.49 (−0.11–1.08) 0.109

Proportion of CD62p+ Monocytes

CD62p in total monocytes −0.12 (−0.38–0.14) 0.357 −0.05 (−0.33–0.25) 0.761

CD62p in classical monocytes −0.28 (−0.69–0.14) 0.187 −0.14 (−0.60–0.33) 0.560

CD62p in inflammatory monocytes −0.81 (−1.23–−0.38) <0.001 −0.53 (−1.00–−0.06) 0.028

CD62p in patrolling monocytes 0.09 (−0.20–0.39) 0.519 0.17 (−0.17–0.51) 0.319
a B-coefficient of linear regression using log-transformed values of monocyte proportions as the dependent variable, and HIV status as the
only independent variable. b B-coefficient of linear regression using log-transformed values of monocyte proportions as the dependent
variable, and HIV status as the main independent variable adjusted for sex at birth, age in years, history of diabetes mellitus, total cholesterol
in mg/dL, body mass index, waist-to-hip ratio, and latent or prior tuberculosis.

4. Discussion

In this study, conducted among middle- and older-age women and men living in
sub-Saharan Africa, we found that PLWH have an expanded proportion of inflammatory
monocytes compared to PWOH. Additionally, among PLWH vs. PWOH, across total
monocytes and all monocyte subsets, there was an increased percentage of cells expressing
CX3CR1 and an increased density of expression of CX3CR1. These findings were gener-
ally similar when analyzed by sex and remained consistent after adjusting for multiple
potential confounders including age, BMI, waist-to-hip ratio, and history of either DM
or prior/latent TB.

We found that women had lower proportions of total monocytes than men within
PLWH and PWOH groups. These results are in line with prior studies in the general popu-
lation, which showed that women tend to have lower monocyte counts and percentages
compared to men across age groups [21,22]. The pathophysiologic consequences of these
differences are not well defined, but have led to studies like ours focused on profiling
monocytes and their subsets with particular attention on potential sex dissimilarities.

As previously reported by our group and others [12,15], PLWH had a higher pro-
portion of inflammatory monocytes and lower classical monocytes than controls without
HIV. Although total monocyte proportions were overall lower among women compared
to men, we found no significant sex-related differences in the association between HIV
infection and the inflammatory monocyte subset. Inflammatory monocytes are recognized
for their robust pro-inflammatory responses, including production of cytokines such as
tumor necrosis factor-alpha and interleukin-6 upon stimulation [23,24]. An expansion of
inflammatory monocytes has been described in other inflammatory conditions beyond HIV,
including autoimmune disorders [25] and cardiovascular disease [12]. Our data indicate
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that women with HIV share this phenotype, similar to what has been observed in other
male-predominant cohorts of PLWH [12]. Our results are consistent with other reports
of significant alterations in monocyte subsets among women with HIV from developed
countries [26].

We found that PLWH had an increased expression and density of CX3CR1 on total
monocytes as well as across the three monocyte subsets. The CX3CR1 chemokine receptor
is involved in adhesion and migration of monocytes into the tissues, and has an important
role in atherogenesis and plaque development [27,28]. Whether CX3CR1 expression is
enhanced in PWLH on chronic ART has been under debate. A prior study showed in-
creased expression of CX3CR1 monocytes of PLWH on ART compared to HIV-uninfected
controls [29]. However, other studies reported either decreased CX3CR1 expression [13],
normalization of levels with ART initiation [11], or no differences with HIV-uninfected
controls after adjusting for certain demographic and lifestyle parameters [30]. We observed
increased CX3CR1 expression across monocyte subsets in ART-treated PLWH living in
Uganda, after accounting for several potential confounders. The implications of this find-
ing may be clinically relevant, as prior studies have associated augmented expression of
CX3CR1 on monocytes to increased carotid atherosclerosis [17], neuroinflammation [30],
and aging [31].

Interestingly, we found a decreased expression of of CD62p (P-selectin) on the surface
of inflammatory monocytes, but not on total monocytes or the other monocyte subsets.
A prior study showed that PLWH had increased expression of CD62p on monocytes [12].
Our finding may indicate a compensatory feedback mechanism in pro-inflammatory, pro-
thrombotic states [32]. Future studies are needed to further investigate this finding and its
potential clinical consequences.

Noncommunicable diseases have become leading causes of morbidity and mortal-
ity among women and men worldwide [33]. Sex-specific differences in biological and
behavioral risk factors as well as treatment disparities have been described, with wide
variations across regions [34]. Furthermore, studies suggest that women are at increased
risk of complications and poorer outcomes from noncommunicable diseases such as car-
diovascular disease and diabetes mellitus, compared to their male counterparts [35,36].
Studies also suggest that women with HIV experience disproportionately higher rates of
non-AIDS comorbidities compared to men with HIV [9]. The underlying mechanisms
driving these sex-related differences are not well understood. Residual monocyte activation
is an important contributor in the pathogenesis of non-AIDS comorbidities in PLWH on
chronic antiretroviral therapy ART [6,10,37,38]. In our study, we found an expansion of
inflammatory monocytes and increased CX3CR1 expression across monocyte subsets in
both women and men with HIV, suggesting similar alterations in monocyte phenotypes
regardless of sex. Our study adds to the growing literature indicating increased monocyte
activation among women with HIV. Compared to women without HIV, women with HIV
have increased monocyte activation markers, including higher cell surface expression of
the chemokine receptor CCR2, soluble CD14, soluble CD163, and CCL2 levels [39]. It is
possible that similar levels of monocyte activation could differentially affect risk for non-
AIDS comorbidities and clinical outcomes in women versus men with HIV, given known
biological and socio-behavioral factors unique to women [40]. For instance, enhanced type
1 interferon production by innate cells may be mediated by estrogen receptor signaling in
women [41]. The degree to which immune mechanisms contribute to the higher non-AIDS
comorbidity burden in women with HIV, especially in the sub-Saharan African context,
merits further investigation.

Our study had limitations. We could only include a selected number of markers in our
monocyte panel as allowed by the flow cytometer utilized in this study. Future studies may
include additional biologic markers of interest to have a more in-depth profiling of mono-
cytes, and include in vitro stimulation assays to assess their pro-inflammatory responses.
However, our in-country setup allowed building local capacity and processing fresh blood
specimens on the same day of sample collection, thus avoiding potential cell disturbances
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introduced by freezing and thawing procedures. Although ours is one of the largest studies
of monocyte profiling of PLWH in sub-Saharan Africa, we recognize that our analysis by
sex and HIV status may not have been powered to detect small differences across some
of the groups (for instance, the male PLWH group only included 13 individuals). Never-
theless, we were able to detect a clear association between HIV, inflammatory monocytes,
and CX3CR1 expression on total monocytes and subsets even after adjusting for important
confounders. Furthermore, about two thirds of our population were women, a group that
has been traditionally underrepresented in HIV research, particularly in immunologic
studies such as ours. Other than TB status, information on coinfections was limited to
self-report, possibly underestimating the true co-pathogen burden in this population. All
participants with HIV were on ART for a median of ~13 years and ~90% were virologically
suppressed, therefore it is unlikely that undiagnosed active opportunistic infections were
driving the observed differences in monocyte parameters between PLWH and PWOH.
Furthermore, the inclusion of PLWH on long-standing ART makes our results relevant to
the overall aging HIV population at risk for non-AIDS comorbidities.

5. Conclusions

In conclusion, our data show that the inflammatory monocyte subset and CX3CR1
receptor expression are expanded in PLWH in Uganda. These findings were generally
similar when analyzed by sex, with no significant interactions between sex and HIV status
in adjusted models. Whether these cells differentially affect risk for non-AIDS comorbidities
and clinical outcomes in women with HIV requires additional investigation.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/v13112135/s1, Figure S1: Gating strategy, Table S1: Association between sex and total
monocytes, monocyte subsets, and surface expression of CX3CR1 and CD62p.

Author Contributions: Conceptualization, C.T.L. and C.K.; methodology, D.A.Z. and M.A.H.; soft-
ware, M.G.F.; formal analysis, M.A.H. and M.G.F.; data curation, S.N. and R.N.; writing—original
draft preparation, M.A.H. and C.T.L.; writing—review and editing, M.A.H., C.T.L., D.A.Z., M.V.Z.,
M.J.S., and S.K.G. All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded in part by the National Center for Advancing Translational Sciences
(KL2 TR001426 to M.A.H.), and the National Heart, Lung, and Blood Institute (K23 HL123341
to C.T.L.) at the National Institutes of Health. The contents are solely the responsibility of the
authors and do not necessarily represent the official views of the National Institutes of Health or the
institutions with which the authors are affiliated.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Review Board of University Hospitals
Cleveland Medical Center (protocol 01-14-06, 22 September 2020), by the Research Ethics Committee
of the Joint Clinical Research Centre, and by the Uganda National Council for Science and Technology.
The University of Cincinnati IRB reviewed the protocol and relied on the University Hospitals IRB.

Informed Consent Statement: Written informed consent was obtained from all subjects involved in
the study.

Data Availability Statement: Data used in this study are available from the authors upon reasonable
request.

Conflicts of Interest: The authors declare no conflict of interest relevant to the content of this
manuscript. The funders had no role in the design of the study; in the collection, analyses, or
interpretation of data; in the writing of the manuscript, or in the decision to publish the results.

References
1. Hileman, C.O.; Funderburg, N.T. Inflammation, Immune Activation, and Antiretroviral Therapy in HIV. Curr. HIV/AIDS Rep.

2017, 14, 93–100. [CrossRef]
2. Hunt, P.W. HIV and inflammation: Mechanisms and consequences. Curr. HIV/AIDS Rep. 2012, 9, 139–147. [CrossRef]

https://www.mdpi.com/article/10.3390/v13112135/s1
https://www.mdpi.com/article/10.3390/v13112135/s1
http://doi.org/10.1007/s11904-017-0356-x
http://doi.org/10.1007/s11904-012-0118-8


Viruses 2021, 13, 2135 10 of 11

3. Dirajlal-Fargo, S.; Albar, Z.; Bowman, E.; Labbato, D.; Sattar, A.; Karungi, C.; Nazzinda, R.; Funderburg, N.; Kityo, C.; Musiime,
V.; et al. Increased monocyte and T-cell activation in treated HIV+ Ugandan children: Associations with gut alteration and HIV
factors. AIDS 2020, 34, 1009–1018. [CrossRef] [PubMed]

4. Deeks, S.G. HIV infection, inflammation, immunosenescence, and aging. Annu. Rev. Med. 2011, 62, 141–155. [CrossRef] [PubMed]
5. Nou, E.; Lo, J.; Grinspoon, S.K. Inflammation, immune activation, and cardiovascular disease in HIV. AIDS 2016, 30, 1495–1509.

[CrossRef] [PubMed]
6. Feinstein, M.J.; Hsue, P.Y.; Benjamin, L.A.; Bloomfield, G.S.; Currier, J.S.; Freiberg, M.S.; Grinspoon, S.K.; Levin, J.; Longenecker,

C.T.; Post, W.S.; et al. Characteristics, Prevention, and Management of Cardiovascular Disease in People Living With HIV: A
Scientific Statement From the American Heart Association. Circulation 2019, 140, e98–e124. [CrossRef]

7. Hearps, A.C.; Martin, G.E.; Rajasuriar, R.; Crowe, S.M. Inflammatory co-morbidities in HIV+ individuals: Learning lessons from
healthy ageing. Curr. HIV/AIDS Rep. 2014, 11, 20–34. [CrossRef] [PubMed]

8. Canet, G.; Dias, C.; Gabelle, A.; Simonin, Y.; Gosselet, F.; Marchi, N.; Makinson, A.; Tuaillon, E.; Van de Perre, P.; Givalois, L.; et al.
HIV Neuroinfection and Alzheimer’s Disease: Similarities and Potential Links? Front. Cell. Neurosci. 2018, 12, 307. [CrossRef]

9. Palella, F.J.; Hart, R.; Armon, C.; Tedaldi, E.; Yangco, B.; Novak, R.; Battalora, L.; Ward, D.; Li, J.; Buchacz, K.; et al. Non-AIDS
comorbidity burden differs by sex, race, and insurance type in aging adults in HIV care. AIDS 2019, 33, 2327–2335. [CrossRef]
[PubMed]

10. Anzinger, J.J.; Butterfield, T.R.; Angelovich, T.A.; Crowe, S.M.; Palmer, C.S. Monocytes as regulators of inflammation and
HIV-related comorbidities during cART. J. Immunol. Res. 2014, 2014, 569819. [CrossRef]

11. McCausland, M.R.; Juchnowski, S.M.; Zidar, D.A.; Kuritzkes, D.R.; Andrade, A.; Sieg, S.F.; Lederman, M.M.; Funderburg, N.T.
Altered Monocyte Phenotype in HIV-1 Infection Tends to Normalize with Integrase-Inhibitor-Based Antiretroviral Therapy. PLoS
ONE 2015, 10, e0139474. [CrossRef]

12. Funderburg, N.T.; Zidar, D.A.; Shive, C.; Lioi, A.; Mudd, J.; Musselwhite, L.W.; Simon, D.I.; Costa, M.A.; Rodriguez, B.; Sieg, S.F.;
et al. Shared monocyte subset phenotypes in HIV-1 infection and in uninfected subjects with acute coronary syndrome. Blood
2012, 120, 4599–4608. [CrossRef]

13. Kulkarni, M.; Bowman, E.; Gabriel, J.; Amburgy, T.; Mayne, E.; Zidar, D.A.; Maierhofer, C.; Turner, A.N.; Bazan, J.A.; Koletar, S.L.;
et al. Altered Monocyte and Endothelial Cell Adhesion Molecule Expression is Linked to Vascular Inflammation in Human
Immunodeficiency Virus Infection. In Open Forum Infectious Diseases; Oxford University Press: Oxford, UK, 2016; Volume 3,
p. ofw224. [CrossRef]

14. Perazzo, J.; Webel, A. Alcohol Use and HIV Self-management. J. Assoc. Nurses AIDS Care 2017, 28, 295–299. [CrossRef]
15. Huaman, M.A.; Juchnowski, S.M.; Zidar, D.A.; Kityo, C.M.; Nalukwago, S.; Nazzinda, R.; Fichtenbaum, C.J.; Longenecker, C.T.

Monocyte activation in persons living with HIV and tuberculosis coinfection. AIDS 2020. [CrossRef]
16. Bowman, E.R.; Kulkarni, M.; Gabriel, J.; Cichon, M.J.; Riedl, K.; Belury, M.A.; Lake, J.E.; Richardson, B.; Cameron, C.; Cameron,

M.; et al. Altered Lipidome Composition is Related to Markers of Monocyte and Immune Activation in Antiretroviral Therapy
Treated Human Immunodeficiency Virus (HIV) Infection and in Uninfected Persons. Front. Immunol. 2019, 10, 785. [CrossRef]

17. Westhorpe, C.L.; Maisa, A.; Spelman, T.; Hoy, J.F.; Dewar, E.M.; Karapanagiotidis, S.; Hearps, A.C.; Cheng, W.J.; Trevillyan,
J.; Lewin, S.R.; et al. Associations between surface markers on blood monocytes and carotid atherosclerosis in HIV-positive
individuals. Immunol. Cell Biol. 2014, 92, 133–138. [CrossRef]

18. Funderburg, N.T.; Jiang, Y.; Debanne, S.M.; Storer, N.; Labbato, D.; Clagett, B.; Robinson, J.; Lederman, M.M.; McComsey, G.A.
Rosuvastatin treatment reduces markers of monocyte activation in HIV-infected subjects on antiretroviral therapy. Clin. Infect.
Dis. 2014, 58, 588–595. [CrossRef]

19. Ziegler-Heitbrock, L.; Ancuta, P.; Crowe, S.; Dalod, M.; Grau, V.; Hart, D.N.; Leenen, P.J.; Liu, Y.J.; MacPherson, G.; Randolph, G.J.;
et al. Nomenclature of monocytes and dendritic cells in blood. Blood 2010, 116, e74–e80. [CrossRef] [PubMed]

20. Harris, P.A.; Taylor, R.; Minor, B.L.; Elliott, V.; Fernandez, M.; O’Neal, L.; McLeod, L.; Delacqua, G.; Delacqua, F.; Kirby, J.; et al.
The REDCap consortium: Building an international community of software platform partners. J. Biomed. Inform. 2019, 95, 103208.
[CrossRef] [PubMed]

21. Chen, Y.; Zhang, Y.; Zhao, G.; Chen, C.; Yang, P.; Ye, S.; Tan, X. Difference in Leukocyte Composition between Women before and
after Menopausal Age, and Distinct Sexual Dimorphism. PLoS ONE 2016, 11, e0162953. [CrossRef]

22. Saxena, S.; Wong, E.T. Heterogeneity of common hematologic parameters among racial, ethnic, and gender subgroups. Arch.
Pathol. Lab. Med. 1990, 114, 715–719. [PubMed]

23. Ancuta, P.; Wang, J.; Gabuzda, D. CD16+ monocytes produce IL-6, CCL2, and matrix metalloproteinase-9 upon interaction with
CX3CL1-expressing endothelial cells. J. Leukoc. Biol. 2006, 80, 1156–1164. [CrossRef] [PubMed]

24. Belge, K.U.; Dayyani, F.; Horelt, A.; Siedlar, M.; Frankenberger, M.; Frankenberger, B.; Espevik, T.; Ziegler-Heitbrock, L. The
proinflammatory CD14+CD16+DR++ monocytes are a major source of TNF. J. Immunol. 2002, 168, 3536–3542. [CrossRef]
[PubMed]

25. Rossol, M.; Kraus, S.; Pierer, M.; Baerwald, C.; Wagner, U. The CD14(bright) CD16+ monocyte subset is expanded in rheumatoid
arthritis and promotes expansion of the Th17 cell population. Arthritis Rheum. 2012, 64, 671–677. [CrossRef] [PubMed]

26. Martin, G.E.; Gouillou, M.; Hearps, A.C.; Angelovich, T.A.; Cheng, A.C.; Lynch, F.; Cheng, W.J.; Paukovics, G.; Palmer, C.S.;
Novak, R.M.; et al. Age-associated changes in monocyte and innate immune activation markers occur more rapidly in HIV
infected women. PLoS ONE 2013, 8, e55279. [CrossRef]

http://doi.org/10.1097/QAD.0000000000002505
http://www.ncbi.nlm.nih.gov/pubmed/32073452
http://doi.org/10.1146/annurev-med-042909-093756
http://www.ncbi.nlm.nih.gov/pubmed/21090961
http://doi.org/10.1097/QAD.0000000000001109
http://www.ncbi.nlm.nih.gov/pubmed/27058351
http://doi.org/10.1161/CIR.0000000000000695
http://doi.org/10.1007/s11904-013-0190-8
http://www.ncbi.nlm.nih.gov/pubmed/24414166
http://doi.org/10.3389/fncel.2018.00307
http://doi.org/10.1097/QAD.0000000000002349
http://www.ncbi.nlm.nih.gov/pubmed/31764098
http://doi.org/10.1155/2014/569819
http://doi.org/10.1371/journal.pone.0139474
http://doi.org/10.1182/blood-2012-05-433946
http://doi.org/10.1093/ofid/ofw224
http://doi.org/10.1016/j.jana.2016.02.006
http://doi.org/10.1097/QAD.0000000000002766
http://doi.org/10.3389/fimmu.2019.00785
http://doi.org/10.1038/icb.2013.84
http://doi.org/10.1093/cid/cit748
http://doi.org/10.1182/blood-2010-02-258558
http://www.ncbi.nlm.nih.gov/pubmed/20628149
http://doi.org/10.1016/j.jbi.2019.103208
http://www.ncbi.nlm.nih.gov/pubmed/31078660
http://doi.org/10.1371/journal.pone.0162953
http://www.ncbi.nlm.nih.gov/pubmed/2363629
http://doi.org/10.1189/jlb.0206125
http://www.ncbi.nlm.nih.gov/pubmed/17056766
http://doi.org/10.4049/jimmunol.168.7.3536
http://www.ncbi.nlm.nih.gov/pubmed/11907116
http://doi.org/10.1002/art.33418
http://www.ncbi.nlm.nih.gov/pubmed/22006178
http://doi.org/10.1371/journal.pone.0055279


Viruses 2021, 13, 2135 11 of 11

27. Roy-Chowdhury, E.; Brauns, N.; Helmke, A.; Nordlohne, J.; Brasen, J.H.; Schmitz, J.; Volkmann, J.; Fleig, S.V.; Kusche-Vihrog,
K.; Haller, H.; et al. Human CD16+ monocytes promote a pro-atherosclerotic endothelial cell phenotype via CX3CR1-CX3CL1
interaction. Cardiovasc. Res. 2021, 117, 1510–1522. [CrossRef] [PubMed]

28. Combadiere, C.; Potteaux, S.; Rodero, M.; Simon, T.; Pezard, A.; Esposito, B.; Merval, R.; Proudfoot, A.; Tedgui, A.; Mallat,
Z. Combined inhibition of CCL2, CX3CR1, and CCR5 abrogates Ly6C(hi) and Ly6C(lo) monocytosis and almost abolishes
atherosclerosis in hypercholesterolemic mice. Circulation 2008, 117, 1649–1657. [CrossRef] [PubMed]

29. Guo, N.; Chen, Y.; Su, B.; Yang, X.; Zhang, Q.; Song, T.; Wu, H.; Liu, C.; Liu, L.; Zhang, T. Alterations of CCR2 and CX3CR1 on
Three Monocyte Subsets During HIV-1/Treponema pallidum Coinfection. Front. Med. 2020, 7, 272. [CrossRef] [PubMed]

30. Booiman, T.; Wit, F.W.; Maurer, I.; De Francesco, D.; Sabin, C.A.; Harskamp, A.M.; Prins, M.; Garagnani, P.; Pirazzini, C.;
Franceschi, C.; et al. High Cellular Monocyte Activation in People Living With Human Immunodeficiency Virus on Combination
Antiretroviral Therapy and Lifestyle-Matched Controls Is Associated With Greater Inflammation in Cerebrospinal Fluid. In Open
Forum Infectious Diseases; Oxford University Press: Oxford, UK, 2017; Volume 4, p. ofx108. [CrossRef]

31. Metcalf, T.U.; Wilkinson, P.A.; Cameron, M.J.; Ghneim, K.; Chiang, C.; Wertheimer, A.M.; Hiscott, J.B.; Nikolich-Zugich,
J.; Haddad, E.K. Human Monocyte Subsets are Transcriptionally and Functionally Altered in Aging in Response to Pattern
Recognition Receptor Agonists. J. Immunol. 2017, 199, 1405–1417. [CrossRef] [PubMed]

32. Toribio, M.; Awadalla, M.; Cetlin, M.; Fulda, E.S.; Stanley, T.L.; Drobni, Z.D.; Szczepaniak, L.S.; Nelson, M.D.; Jerosch-Herold, M.;
Burdo, T.H.; et al. Brief Report: Vascular Dysfunction and Monocyte Activation among Women with HIV. J. Acquir. Immune Defic.
Syndr. 2020, 85, 233–238. [CrossRef] [PubMed]

33. GBD 2017 Causes of Death Collaborators. Global, regional, and national age-sex-specific mortality for 282 causes of death in
195 countries and territories, 1980-2017: A systematic analysis for the Global Burden of Disease Study 2017. Lancet 2018, 392,
1736–1788. [CrossRef]

34. World Health Organization. Gender and Noncommunicable Diseases in Europe: Analysos of STEPS Data; WHO Regional Office for
Europe: Copenhagen, Denmark, 2020.

35. Geraghty, L.; Figtree, G.A.; Schutte, A.E.; Patel, S.; Woodward, M.; Arnott, C. Cardiovascular Disease in Women: From
Pathophysiology to Novel and Emerging Risk Factors. Heart Lung Circ. 2021, 30, 9–17. [CrossRef]

36. Kautzky-Willer, A.; Harreiter, J.; Pacini, G. Sex and Gender Differences in Risk, Pathophysiology and Complications of Type 2
Diabetes Mellitus. Endocr. Rev. 2016, 37, 278–316. [CrossRef] [PubMed]

37. Nabatanzi, R.; Bayigga, L.; Cose, S.; Rowland Jones, S.; Joloba, M.; Canderan, G.; Nakanjako, D. Monocyte Dysfunction, Activation,
and Inflammation after Long-Term Antiretroviral Therapy in an African Cohort. J. Infect. Dis. 2019, 220, 1414–1419. [CrossRef]
[PubMed]

38. Narasimhan, P.B.; Marcovecchio, P.; Hamers, A.A.J.; Hedrick, C.C. Nonclassical Monocytes in Health and Disease. Annu. Rev.
Immunol. 2019, 37, 439–456. [CrossRef] [PubMed]

39. Zanni, M.V.; Awadalla, M.; Toribio, M.; Robinson, J.; Stone, L.A.; Cagliero, D.; Rokicki, A.; Mulligan, C.P.; Ho, J.E.; Neilan,
A.M.; et al. Immune Correlates of Diffuse Myocardial Fibrosis and Diastolic Dysfunction among Aging Women with Human
Immunodeficiency Virus. J. Infect. Dis. 2020, 221, 1315–1320. [CrossRef] [PubMed]

40. Huaman, M.A.; Fichtenbaum, C.J. Bearing the Burden of Non-AIDS Comorbidities: This is What Women Aging with Human
Immunodefiency Virus Look Like. Clin. Infect. Dis. 2021, 72, 1312–1313. [CrossRef] [PubMed]

41. Laffont, S.; Rouquie, N.; Azar, P.; Seillet, C.; Plumas, J.; Aspord, C.; Guery, J.C. X-Chromosome complement and estrogen receptor
signaling independently contribute to the enhanced TLR7-mediated IFN-alpha production of plasmacytoid dendritic cells from
women. J. Immunol. 2014, 193, 5444–5452. [CrossRef] [PubMed]

http://doi.org/10.1093/cvr/cvaa234
http://www.ncbi.nlm.nih.gov/pubmed/32717023
http://doi.org/10.1161/CIRCULATIONAHA.107.745091
http://www.ncbi.nlm.nih.gov/pubmed/18347211
http://doi.org/10.3389/fmed.2020.00272
http://www.ncbi.nlm.nih.gov/pubmed/32626718
http://doi.org/10.1093/ofid/ofx108
http://doi.org/10.4049/jimmunol.1700148
http://www.ncbi.nlm.nih.gov/pubmed/28696254
http://doi.org/10.1097/QAI.0000000000002419
http://www.ncbi.nlm.nih.gov/pubmed/32541385
http://doi.org/10.1016/S0140-6736(18)32203-7
http://doi.org/10.1016/j.hlc.2020.05.108
http://doi.org/10.1210/er.2015-1137
http://www.ncbi.nlm.nih.gov/pubmed/27159875
http://doi.org/10.1093/infdis/jiz320
http://www.ncbi.nlm.nih.gov/pubmed/31323092
http://doi.org/10.1146/annurev-immunol-042617-053119
http://www.ncbi.nlm.nih.gov/pubmed/31026415
http://doi.org/10.1093/infdis/jiz184
http://www.ncbi.nlm.nih.gov/pubmed/31100122
http://doi.org/10.1093/cid/ciaa209
http://www.ncbi.nlm.nih.gov/pubmed/32115629
http://doi.org/10.4049/jimmunol.1303400
http://www.ncbi.nlm.nih.gov/pubmed/25339659

	Introduction 
	Materials and Methods 
	Monocyte Phenotyping 
	Statistical Analyses 

	Results 
	Discussion 
	Conclusions 
	References

