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Institutes of Health, Bethesda, MD
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Abstract

Objective: Despite lower plasma HIVV RNA levels, women progress faster to AIDS than men.
The reasons for these differences are not clear but might be a consequence of an elevated
inflammatory response in women.

Methods: We investigated sex differences in cytokine profiles by measuring the concentrations
of 36 cytokine/chemokines by Luminex in blood of women and men (sex at birth) with chronic
HIV infection under suppressive therapy. We initially performed a principal component analysis
to see if participants clustered by sex, and then fit a PLS-DA model where we used cytokines

to predict sex at birth. The significance of the difference in 9 cytokines with VIP>1 was tested
using Wilcoxon test-rank. Further, potential confounding factors were tested by multivariate linear
regression models.

Results: Overall, we predicted sex at birth in the PLS-DA model with an error rate of
approximately 13%. We identified 5 cytokines which were significantly higher in women
compared to men, namely the pro-inflammatory chemokines CXCL1 (Gro-a), CCL5 (RANTES),
CCL3 (MIP-1a), CCL4 (MIP-1), as well as the T-cell homeostatic factor IL-7. The effect of sex
remained significant after adjusting for CD4, age, ethnicity, and race for all cytokines, except for
CCL3 and race.

Conclusions: The observed sex-based differences in cytokines might contribute to higher
immune activation in women compared to men despite suppressive therapy. Increased levels of
IL-7 in women suggest that homeostatic proliferation may have a differential contribution to HIV
reservoir maintenance in females and males. Our study emphasizes the importance of sex-specific
studies of viral pathogenesis.
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INTRODUCTION

Many clinical studies have reported sex-based differences in the outcome of infectious
diseases (reviewed in [11). In HIV infection, epidemiological studies have reported
differences between men and women in the risk acquisition and its clinical course [2]. In
many cases, sex inequities, underlying socioeconomic factors, and behavior account for the
sex differences. However, distinct biological manifestations of sex-based differences have
also been described.

Women with HIV have lower plasma viral loads [3-8], especially during the early phases

of infection, and a 1.6-fold higher risk of developing AIDS when accounting for viral load
levels in chronic infection [2]. Substantial differences in immune activation between men and
women with HIV have been described [9-13], but the reasons for these differences are not
fully elucidated. One important factor may be the cytokine response evoked during infection.

Cytokines are part of the language used by the innate and adaptive immune system to
orchestrate an effective immune response to infectious pathogens. The crucial role of
cytokines in sex-specific responses of the immune system to infectious pathogens has
recently gained tremendous attention during the COVID-19 pandemic. Although infection
rates are similar, male sex was shown to be a significant risk factor for more serious
COVID-19 disease and death due to higher cytokine storm [14-16],

Here, we investigated the sex differences in plasma cytokine profiles in men and women
with chronic HIV on suppressive ART. Towards this goal, we measured the concentrations
of 36 cytokine/chemokines in blood plasma of men and women with chronic HIV on
suppressive ART. ART is known to delay the progression of HIV-related disease and
prolongs survival, but does not normalize cytokine levels 171,

We found that IL-7 and 4 inflammatory chemokines were higher in women on suppressive
ART compared to men on suppressive ART. Our results are consistent with higher cellular
activation observed in women. More studies are needed to better understand the underlying
mechanisms that contribute to sex-based immune cell regulation in people with HIV [18],
Our study together with others (reviewed in [1 18]) reveal the importance of sex/gender-
specific studies, which too often remain a neglected area of biomedical research [11],

METHODS

Study Participants

Stored plasma samples from 50 women (sex assigned at birth) with HIV on suppressive
ART enrolled at Weill Cornell Medicine and 52 men (sex assigned at birth) with HIV on
suppressive ART enrolled in the California Collaborative Treatment Group (CCTG) 592
were used in this study to investigate the cytokine differences in men and women with
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HIV. The studies were conducted with written consent and were approved by the Human
Research Protections Program at the University of California, Los Angeles Biomedical
Research Institute at Harbor-UCLA Medical Center, the University of Southern California,
and Weill Cornell Medicine 291,

Multiplex Bead Array Assay for Cytokines/Chemokines Quantification

We measured the concentration of 36 cytokines/chemokines involved in different
immunological functions in blood plasma of 102 participants (52 men and 50 women) using
an in-house multiplexed bead-based assay. The NIH laboratory that performed Luminex
measurements is part of the Microbicide Quality Assurance Program [20],

Antibody pairs and standards were purchased from R&D Systems (Minneapolis, MN),
except for IL-4 and IL-9 (Biolegend (San Diego, CA)) or IL-21 (Thermo Fisher, MA). All
reagents were tested to ensure there was no cross-reactivity or interference. Specific buffers
were used to reduce non-specific binding and to account for the plasma matrix. In particular,
heteroblock (Fisher Scientific, MA) was used to prevent aspecific interaction between
antibodies. Standards and samples were diluted in ProCarta Universal Assay Buffer (Thermo
Fisher, MA). Bead coupling was prepared according to manufacturer’s recommendations.
Assay was performed as previously described [171. Additional details of cytokine selection
and measurement are provided in Supplemental Methods.

Statistical Analysis

Cytokines with >30% detectable values were included in subsequent analyses with
undetectable values imputed with lower limit of detection / 2 values (n = 16). Cytokines
with <30% detectable values were excluded from further analysis (n = 20) as shown in
supplementary Table S1. Concentrations of cytokines were log-transformed and normalized
for Principal Component Analysis (PCA) and Partial least squares discriminant analysis
(PLS-DA) analyses. PCA was used as an unsupervised approach to investigate whether
cytokine profiles were different between men compared to women. PLS-DA was used to
identify which specific cytokines were different between the two groups. The classification
performance of the PLS-DA model was assessed using 5-fold cross-validation repeated 100
times and the optimal number of components in our model was based on t-tests that test for a
significant difference in the mean error rate between components (Figure S1). The statistical
significance of the PLS-DA analysis was tested using the E-statistic for a two-sample
difference in the multivariate normal distribution. Bootstrap replicates numbering 500,000
were used to generate p values for the E-statistic. Analyses were performed using R 4.1, the
E-test was performed using the “energy” package, and the PLS-DA was performed using the
“mixOmics” package.

PLS-DA projections allowed us to visualize the separation between men and women
cytokine profiles and generated VIP (Variable Importance in Projection) scores for each
cytokine. The VIP reflects the relative importance of each cytokine with each variate in
the PLS-DA model. The statistical significance of the cytokines different between men and
women with VIP>1 was further tested with the Wilcoxon rank-sum test. To account for
the differences in baseline characteristics between our cohorts, we fit a multivariate linear
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regression model for each cytokine. We used log-transformed cytokine concentration as
the outcome and sex as predictor. To adjust for differences in baseline characteristics, we
individually included a term for each baseline characteristic that was significantly different.

RESULTS

Demographic and clinical information

Plasma samples from 52 men and 50 women were analyzed in this retrospective study to
investigate the potential sex-based differences in blood plasma cytokines of people with HIV
on suppressive ART (Table 1). Men and women were significantly different for age, race,
ethnicity, and CD4 counts. The median age of men was 46 (range 30-68) and 53 (range,
22-65) in women; The race of men was white (75%), African American and Asian (21.2%)
and Asian (3.8%). The race of women was white (16%), African American (74%), Asian
(2%), Native American (2%) and other/multiracial (6%). Current CD4 and nadir CD4 counts
were respectively 635 (range, 282-1149) and 215 (range, 0-667) in men compared to 721
(range, 300-1362) and 172 (range, 0-600) in women.

Principal component analysis revealed differences in cytokine profiles between men and
women

Large datasets are often difficult to interpret, and dimensionality-reduction methods are
needed to efficiently interpret them. In our study, we first used PCA as an unsupervised
exploratory method to investigate potential differences in cytokine profiles between men and
women. We found that the first and second components accounted for 27% and 19% of

the variance in the cytokine profile respectively. Although PCA is an unsupervised analysis
and therefore no information about sex of each study participant was provided here in the
method, we found that participants clustered by sex in PCA score plots (Figure 1A).

PLS-DA projections showed distinct cytokine profiles in men compared to women

To use a supervised learning method to predict sex, we fit a PLS-DA model and were

able to achieve a minimum balanced error rate ~ 13% with 2 components using k-fold
cross validation to estimate model performance. When participants were projected into

the subspace spanned by the first two components of the PLS-DA model, we found that

the projections showed a distinct clustering of men and women. (Figure 1B). The two
components explained 100% and 43% of the variance in sex and 24% and 18% of the
variance in cytokines respectively. The separation between the two groups, measured as the
energy (E) statistic, was statistically different (E-statistic = 5.83, p=<0.001).

Pro-inflammatory cytokines and IL-7 were deemed important in predicting sex

To identify what features are driving the differences in the cytokines between men and
women, we calculated VIP scores, which reflect the relative importance of each cytokine
with each variate in predicting sex in the PLS-DA model. Cytokines with VIP larger than
1 were considered the most relevant for explaining the differences observed in PLS-DA
projections. As a result, cytokines deemed the most important in discriminating men from
women (from more to less important) were CXCL1 (Gro-a), IL-7, CCL4 (MIP-1p), CCL3
(MIP-1a), TNF-a, CXCL-13, CCL2 (MCP-1), TRAIL, and CCL5 (RANTES). (Table 2).
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All cytokines that had VIP scores exceeding 1 were individually tested for differences
between men and women using Wilcoxon Rank Sum Tests (Table 3). False Discovery Rate
(FDR) correction to p-values were applied to adjust for multiple comparisons.

Tested individually, 5 cytokines remained significantly different between men and women
(CXCL1, p<0.001; CCL5, p<0.001; CCL4, p<0.001; IL-7, p<0.001; CCL3, p<0.001).

The median concentrations of the 5 cytokines that remained statistically different in the
Wilcoxon test were then log-transformed and plotted in Figure 2. All cytokines were found
in higher concentrations in women compared to men.

Five variables were significantly different between our cohorts of men and women (i.e. age,
race, ethnicity, ART regimen, and CD4 T cell count). To control for differences in baseline
characteristics between men and women, we fit multivariate linear regression models for
each cytokine log-transformed concentration as the outcome and sex as a predictor. We
individually included each baseline characteristic as a covariate and examined if the effect
of sex remained significant. All cytokines remained significant for each of the five variables
except for CCL3 and race (p = 0.088) (Table S2).

DISCUSSION

Sex (at birth) represents one of the most evolutionarily well-conserved differences in
biology. Yet, it remains one of the most underappreciated differences in biomedical research
[21] Efforts from journals and research funding agencies, including NIH have led to new
policies to consider sex as an important biological variable [22],

In HIV infection, there is evidence that pathogenesis differs between sex. Many studies
report that in contrast to men, women have lower viral loads [3-8], lower HIV reservoirs

[12, 19, 23] and higher CD4 cell counts [7: 91, Despite this, women seem to progress to AIDS
faster than men when adjusting for viral load differences [2: 241, The exact mechanism
behind this phenomenon is still unclear, but some differences in cell activation has been
previously reported [10. 111, The contribution of cytokines in the persistence of elevated
immune activation in people with HIV has been widely documented, even in presence of
ART [25. 261 However, the specific differences in cytokine profiles between women and men
with HIV have not been thoroughly studied. Here we investigated some of these differences
by measuring the concentrations of 36 cytokine/chemokines in blood plasma of women and
men with HIV on suppressive ART.

Using PCA initially, as an unsupervised method where no information about sex for each
subject was provided, we found that the cytokine profiles were indeed different between
women and men. Projections from the PLS-DA model confirmed these differences and
we identified 9 cytokines with VIP>1 that were driving these differences. Wilcoxon Rank
Sum/Fisher’s exact confirmed the statistical significance for 5 of these 9 cytokines. All

5 cytokines were found to be in higher concentrations in plasma of women compared

to men. Four of these cytokines belong to a group of pro-inflammatory cytokines with
chemoattractant properties, namely CXCL1 (Gro-a), CCL5 (RANTES), CCL3 (MIP-1a),
and CCL4 (MIP-1p). Interestingly, CCL3, CCL4 and CCL5, which are B chemokines that
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share the same receptor, CCRS5, have been identified as strong HIV-suppressive factors
produced by CD8 T cells [27]. This observation could be a possible reason for the differences
of viral loads previously reported between women and men [3-81,

Moreover, increased concentrations of inflammatory chemokines, which are specialized in
the recruitment of immune cells to the inflamed regions, are in agreement with previously
reported higher immune activation in women with HIV, despite ART. Sex differences in
inflammatory biomarkers in HIV have mostly been studied in relation to cardiovascular
disease and monocyte activation [28. 291 For example, SCD163 concentrations, a marker of
macrophage activation, are higher in women versus men, both before and after 24 months

of suppressive ART 131, Women with HIV were reported to have a smaller decrease in

CRP and sCD14 and more pronounced increase in TNFa after ART compared to men [9],
Krebs et al., (2016) reported that levels of sCD14, another marker of microbial translocation,
decreased in men following 48 weeks of ART, but not in women [30],

Increased expression of markers of activation on cells have also been reported in women
with HIV. For example, Meier et al reported higher CD8* T cell activation in women
compared to men. They found that an average of 4.6% more CD38"HLA-DR*CD8* T

cells corresponds to the effect of approximately one logyg higher plasma HIV-1 RNA copy
numbers. Santinelli et al. (2020) found that markers of immune activation expressed on
CD4" and CD8™ T cells were significantly higher in women than in men both in the gut
and in PBMCs in the setting of ART-treated HIV infection [11]. In contrast, one study found
higher proportions of CD4 T cells HLA-DR and CD38 positive in men compared to women
HIV infected and virologically suppressed [12].

The outcome of HIV disease seems to be determined by the early inflammatory response

to the virus, with higher inflammation being associated with worse outcome (reviewed

in 311). The sex-based difference in inflammation seems to be also set very early in the
course of infection. In a nonhuman primate model, George et al (2019) not only showed
that pathogenic sequelae seen during chronic infection was shaped early during the course
of HIV infection but that female macaques already had significantly higher levels of pro-
inflammatory cytokines as compared to their male counterparts day 4 post-inoculation [32].
Ultimately these female animals progressed faster to SHIV than their male counterparts 331,

Our PLS-DA model also identified IL-7 as significantly higher in women compared to

men living with HIV on suppressive ART. IL-7 is essential for normal T-cell production
and homeostasis. Together with a cross-sectional study showing that circulating IL-7

levels were found to be 40% higher in women than in men 34, our results suggest that

the sex-based difference in IL-7 levels might contribute to differences in CD4 counts
between women and men with HIV. A recent study from our group found that total HIV
reservoir declines more slowly in women compared to men, while the inducible HIV RNA™*
reservoir, which is highly enriched in replication competent virus, increases in women after
menopause [3%]. Potential mechanisms altering cell proliferation during reproductive aging
include alterations in homeostasis due to changes in IL-7 expression, which is the central
regulator of homeostatic T cell proliferation in HIV infection [36: 371 In fact, exogenous
administration of IL-7 to people living with HIV in clinical trials was associated with CD4*

AIDS. Author manuscript; available in PMC 2023 July 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vanpouille et al.

Page 7

T-cell proliferation and expansion of cells with integrated HIVV DNA without disrupting
latency programs [37: 381, Taken together, our data suggests that the elevated IL-7 seen in
women with HIV, despite suppressive ART, could also be related to increased immune
activation and disease progression.

What are the reasons behind sex-based differences observed in HIV infection? Sex steroid
hormones most likely and logically play a pivotal role. Menstrual cycle and levels of sex
hormones modulate HIV acquisition and HIV viral load [3% 401, For example, estradiol

has recently been shown to contribute to better viral control despite higher CD4* T Cell
activation during acute HIV-1 infection in Zambian women [41]. Sex hormones also have

a variety of direct effects on immune cell function. Both estrogen and progesterone have
been reported to modulate the secretion of IFNa., a major prognostic indicator for HIV-1
clinical progression [42-441_ In particular, 2 studies showed that plasmacytoid dendritic cells
pDCs derived from women produce markedly more IFNa in response to HIV-1-mediated
stimulation of TLR7 than pDCs derived from men [10. 451 resulting in stronger expression of
interferon stimulated genes [46] and stronger secondary activation of CD8+ T cells in women
living with HIV [10],

Interestingly, lower viral loads are also seen in prepubescent girls with HIV compared with
boys [47: 48] suggesting that other mechanisms than differential expression in sex hormones,
including the inherent imbalance in the expression of genes encoded by the X and Y
chromosomes may be involved. The X chromosome is known to harbor majority of the
immune-related genes, such as TLR7, TLR8, FOXP3, and CD40L (CD154) (reviewed in
(1Y, Importantly, 10-20% of the X-chromosome escapes inactivation 491, which may lead
to an over-expression of certain gene products in women as shown for TLR7 [501. Finally,
sex-specificity composition of the microbiome may be involved as well. Proteobacteria,
which has been associated with markers of mucosal immune disruption, T cell activation,
and chronic inflammation in HIV patients has been shown to be significantly higher in
females rhesus macaques than males [33]. Our study has some limitations that warrant
consideration. Our groups were not perfectly matched as there were geographic differences
(New York for women versus Southern California for men) as well as some differences in
CD4 count, age, ethnicity, ART regimen, and race. Multivariate linear regression models
performed for each significant cytokine after individually adjusting for each baseline
characteristic that was significantly different between the two cohorts showed that for each
cytokine, sex remained significant as predictor after adjustment for all 5 covariates except
for CCL3 and race. Moreover, no information on potential differences in terms of chemokine
receptor, virus tropism, or co-infections, which could potentially imbalance the profiles of
pro-inflammatory cytokine between the two cohorts, was available in this study.

The use of a single time point was another limitation, as plasma inflammatory marker
concentrations may change over time. Overall, longitudinal matched studies are needed to
better address the cytokine differences in men and women. Future studies may also include
an HIV control group to see whether similar differences are also found between men and
women without HIV.
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In summary, we found that inflammatory cytokines remain higher in virologically
suppressed women compared to men living with HIV, suggesting that cytokines contribute
to maintaining higher immune activation in women despite suppressive therapy with ART.
Our results may explain why women progress faster to AIDS compared to men at a given
viral load. As more studies including sex as a variable are being published, it is becoming
clear that mechanisms by which mammals achieve and maintain sex differences can directly
and indirectly influence host-pathogen interactions at the cellular and molecular level [18].
Careful experimental design and systemic inclusion of sex as a research variable is required
to gain further insights into sex-based differences in the immune pathogenesis of HIV-1
infection to provide optimal care for both sexes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Projection of multivariate dimensionality reduction
(A) Principal component analysis of cytokine profilesin women compared to men with

HIV on suppressive ART. PCA analysis on cytokine profile shows distinct clustering

of men (orange triangles) and women (Blue circles). The first and second principal
components explain 27% and 19% of the variance respectively. (B) Two-dimensional

PL S-DA projections of cytokinesin blood plasma of men and women with HIV on
suppressive ART. Shown are PLS-DA projections spanned by the first two components
of the PLS-DA model with ellipses representing Hotelling’s 2-samples T2 with 95%
confidence intervals in blood plasma of men (orange triangles) and women (Blue circles).
The E-statistic was used to test the statistical differences in the separation between the
cytokine profiles in the 2 sex-based groups. The multivariate distance between men and

women observations was significant in (p = <0.001).
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Figure 2: Effect of sex on chemokine/cytokinein blood plasma
Shown is the difference of the concentrations for 5 chemokine/cytokines (log10 normalized)

in women and men infected with HIV on suppressive ART. The statistical significance of 9
cytokines with VIP>1 identified in the PLS-DA model were further tested for by Wilcoxon
Rank Sum test. Five out of 9 remained significant.

The concentrations of these 5 Chemokine/cytokine were log10-transformed and plotted as
boxplots. For each cytokine and each boxplot, each point represents a participant’s cytokine
concentration, the box represents the interquartile range (IQR), the middle line represents
the median, while the points beyond the whiskers are outliers. All chemokine/cytokines had
higher concentrations in women compared to men.
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Table 1:
Demographic and clinical information

Median (range) or count (percentage) shown for continuous or categorical variables respectively. P-values
were calculated using a two-sample t-test for continuous variables and a chi-square or Fisher’s exact test was
used for categorical variables.

Men (n=52) Women (n=50) Overall (n=102) p-value
Demogr aphic
Age 46 (30, 68) 53 (22, 65) 50.00 (22, 68) <.001***
Race
White 39 (75.0%) 8 (16.0%) 47 (46.1%) <.001***
African American 11 (21.2%) 37 (74.0%) 48 (47.1%)
Asian 2 (3.8%) 1 (2.0%) 3(2.9%)
Native American 0 (0.0%) 1(2.0%) 1(1.0%)
Other 0 (0.0%) 3 (6.0%) 3 (2.9%)
Ethnicity
Non-Hispanic 32 (61.5%) 43 (86.0%) 75 (73.5%) 0.010*
Hispanic 20 (38.5%) 7 (14.0%) 27 (26.5%)
CD4 count 635 (282, 1149) 721 (300, 1362) 660 (282, 1362) 0.046*
Nadir CD4 count 215 (0, 667) 172 (0, 600) 195 (0, 667) 0.128
ARTClass
Integrase Inhibitor 3 (6.2%) 20 (40.0%) 23 (23.5%) <.001***
Multi Drug 5 (10.4%) 7 (14.0%) 12 (12.2%)
NNRTI 18 (37.5%) 12 (24.0%) 30 (30.6%)
PI 22 (45.8%) 11 (22.0%) 33 (33.7%)
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Table 2:

VIP scores for each cytokine

Cytokine
CXCL1 (Gro-a)
IL-7

CCL4 (MIP-1B)
CCL3 (MIP-1a)
TNF-a

CXCL13

CCL2 (MCP-1)
TRAIL

CCL5 (RANTES)
1L-18

CXCL10 (IP-10)
CXCL11 (I-TAC)
CXCL9 (MIG)
CCL19 (MIP-3B)
IL-16

IL-8

VIP
133
1.27
1.26
111
1.06
1.05
1.04
1.04
1.01
0.92
0.89
0.78
0.78
0.74
0.70
0.67
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Table 3:

Results from Wilcoxon Rank Sum

Cytokine p-value adj, p-value
CCL3 (MIP-1a)  <.001*** <0.001***
CCL4 (MIP-1)  <.001***  <0.001***

CCL5 (RANTES) <.001***  <0.001***

CXCL1 (Gro-a)  <.001*** <0.001***

IL-7 <.001***  <0.001***
TRAIL 0.060 0.090
TNF-a 0.128 0.164

CXCL13 0.817 0.917
CCL2 (MCP-1) 0.917 0.917

AIDS. Author manuscript; available in PMC 2023 July 15.

Page 16



	Abstract
	INTRODUCTION
	METHODS
	Study Participants
	Multiplex Bead Array Assay for Cytokines/Chemokines Quantification
	Statistical Analysis

	RESULTS
	Demographic and clinical information
	Principal component analysis revealed differences in cytokine profiles between men and women
	PLS-DA projections showed distinct cytokine profiles in men compared to women
	Pro-inflammatory cytokines and IL-7 were deemed important in predicting sex

	DISCUSSION
	References
	Figure 1:
	Figure 2:
	Table 1:
	Table 2:
	Table 3:



