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MAJOR ARTICLE

Plasma Cytokine Levels and Risk of HIV Type 1
(HIV-1) Transmission and Acquisition: A Nested
Case-Control Study Among HIV-1-
Serodiscordant Couples

Erin M. Kahle,' Michael Bolton,’ James P. Hughes,2 Deborah Donnell,"® Connie Celum,"** Jairam R. Lingappa,®*®
Allan Ronald,® Craig R. Cohen,” Guy de Bruyn,’ Youyi Fong,® Elly Katabira,'® M. Juliana McElrath,**® and
Jared M. Baeten"3* for the Partners in Prevention HSV/HIV Transmission Study Team®

'Department of Epidemiology, “Department of Biostatistics, *Department of Global Health, “Department of Medicine, ®Department of Pediatrics, University of
Washington, and 8Vaccine and Infectious Disease Division, Fred Hutchinson Cancer Research Center, Seattle; 7Depar‘[ment of Obstetrics, Gynecology, and
Reproductive Sciences, University of California, San Francisco; ®Department of Medicine, University of Manitoba, Winnepeg, Canada; *Perinatal HIV Research
Unit, University of Witwatersrand, Johannesburg, South Africa; and "CInfectious Disease Institute, Makerere University, Kampala, Uganda

Background. A heightened proinflammatory state has been hypothesized to enhance human immunodeficiency
virus type 1 (HIV-1) transmission — both susceptibility of HIV-1-exposed persons and infectiousness of HIV-1-
infected persons.

Methods. Using prospective data from heterosexual African couples with HIV-1 serodiscordance, we conducted
a nested case-control analysis to assess the relationship between cytokine concentrations and the risk of HIV-1 ac-
quisition. Case couples (n = 120) were initially serodiscordant couples in which HIV-1 was transmitted to the seroneg-
ative partner during the study; control couples (n=321) were serodiscordant couples in which HIV-1 was not
transmitted to the seronegative partner. Differences in a panel of 30 cytokines were measured using plasma specimens
from both HIV-1-susceptible and HIV-1-infected partners. Plasma was collected before seroconversion for cases.

Results.  For both HIV-1-infected and HIV-1-susceptible partners, cases and controls had significantly different mean
responses in cytokine panels (P <.001, by the Hotelling T test), suggesting a broadly different pattern of immune acti-
vation for couples in which HIV-1 was transmitted, compared with couples without transmission. Individually, log;, mean
concentrations of interleukin 10 (IL-10) and CXCL10 were significantly higher for both HIV-1-susceptible and HIV-1-
infected case partners, compared with HIV-1-susceptible and HIV-1-infected control partners (P <.01 for all compar-
isons). In multivariate analysis, HIV-1 transmission was significantly associated with elevated CXCL10 concentrations in
HIV-1-susceptible partners (P =.001) and with elevated IL-10 concentrations in HIV-1-infected partners (P =.02).

Conclusions. Immune activation, as measured by levels of cytokine markers, particularly elevated levels of IL-10 and
CXCLL, are associated with increased HIV-1 susceptibility and infectiousness.

Keywords. HIV-1 acquisition; immune activation; Africa.

Immune activation, characterized by polyclonal B-cell depletion, and elevated proinflammatory cytokine lev-
activation, accelerated T-cell turnover, dendritic cell ~ els, is a hallmark of human immunodeficiency virus
type 1 (HIV-1) infection [1]. Immune stimulation by
HIV-1 contributes to the depletion of CD4" T cells,
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ciated with accelerated progression of HIV-1 disease

to viral replication and disease progression [6,7]. While

persistent immune activation has been well described
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immune activation in HIV-1 transmission is less understood.
Increased immune activation in persons infected with HIV-1
could result in increased viral replication that could facilitate
HIV-1 infectiousness and onward transmission [8, 9], but no
data have directly explored this hypothesis. Furthermore, for
HIV-1-uninfected persons, immune activation and an elevated
inflammatory response before infection has also been hypothe-
sized to potentially heighten susceptibility and facilitate HIV-1
acquisition; however, few studies have directly compared sys-
temic immune activation between those who acquire HIV-1
and those who are exposed but remain uninfected with HIV-
1. Naranbhai et al found significant association between mark-
ers of systemic immune activation, including cytokine concen-
trations, and HIV-1 acquisition among women [10], but few
other data are available on the role of systemic immune function
in HIV-1 acquisition or transmission.

Insight into the roles of innate and adaptive immune func-
tions and HIV-1 susceptibility and infectiousness is an impor-
tant factor in the development of effective prophylactic and
therapeutic HIV-1 vaccines, as well as strategies for HIV-1 pre-
vention, such as preexposure prophylaxis and microbicides.
Findings from the Step HIV-1 vaccine trial showed that, in a
prime-boost HIV-1 vaccine strategy based on an adenovirus
type 5 (Ad5) vector, there was a trend toward increased HIV-1
acquisition among Ad5-seropositive individuals. This finding in-
dicated that the amnestic immune response elicited was harmful
[11], suggesting a challenge for vaccine development and a critical
need to better understand how immune activation affects HIV-1
transmission. In African populations, where both HIV-1 infec-
tion and other infectious diseases are frequently prevalent, chron-
ic immune activation may be heightened by the presence of other
infections, both systemic and mucosal, that could contribute to
increased susceptibility and infectiousness [12].

The aim of the present study was to assess whether differenc-
es in markers of immune activation, as measured by a data from
a panel of cytokines, were associated with an increased risk of
HIV-1 transmission among heterosexual HIV-1-serodiscord-
ant couples. Assessment of these factors in cases of virologically
linked HIV-1 transmission in a prospective cohort of HIV-1-
serodiscordant couples permitted simultaneous evaluation of
the relationship between systemic immune activation and
both the heightened susceptibility of HIV-1-uninfected part-
ners and the infectiousness of HIV-1-infected partners.

METHODS

Study Population

We conducted a nested case-control study, using data from 2
prospective studies of African HIV-1-serodiscordant couples.
Between November 2004 and April 2007, heterosexual HIV-
1-serodiscordant couples from 6 African countries (Botswana,
Kenya, South Africa, Tanzania, Uganda, and Zambia) were

enrolled into the Partners in Prevention HSV/HIV Transmis-
sion Study, a randomized, double-blind, placebo-controlled
clinical trial of herpes simplex virus type 2 (HSV-2) suppressive
therapy to reduce HIV-1 transmission, as previously described
[13]. HSV-2 suppressive therapy was found not to reduce HIV-
1 transmission within the partnerships [14]. In a parallel study
at 2 sites (Kampala, Uganda, and Soweto, South Africa), HIV-
1-serodiscordant couples were enrolled into an observational
study of immune correlates of HIV-1 protection (Couples Ob-
servational Study) [15]. In both studies, participants were >18
years of age and sexually active, and HIV-1-seropositive part-
ners were not using antiretroviral therapy at the time of study
entry. HIV-1-uninfected participants were followed up quarter-
ly with HIV-1 serologic testing.

Protection of Human Subjects

All participants received HIV-1 and risk-reduction counseling
(both individually and as a couple), free condoms, and treat-
ment for sexually transmitted infections (STIs), according to
World Health Organization guidelines. Written informed con-
sent was obtained from all participants. The study protocols
were approved by the University of Washington Human Sub-
jects Review Committee and ethical review committees at
each of the study sites.

Selection of Cases and Controls

Cases were couples in which HIV-1 was transmitted to the sero-
negative partner during the study, as confirmed by viral se-
quencing [16]. Cases consisted of 120 couples: 105 from the
Partners in Prevention HSV/HIV Transmission Study and 15
from the Couples Observational Study. Controls were couples
in which HIV-1 was not transmitted to the seronegative part-
ner. Controls were selected randomly from each of the 2 con-
tributing studies in proportion to research site and sex
distribution to be representative of the entire cohort of nonser-
oconverting couples. In total, 321 controls were sampled (ap-
proximately 2.5:1 ratio of controls to cases). For both cases
and controls, both the HIV-1-infected member and the partner
who acquired HIV-1 infection (among cases) or the partner
who remained uninfected (among controls) were included.

Laboratory Testing
HIV-1 seroconversion of initially HIV-1-uninfected partners
was confirmed by dual rapid HIV-1 antibody tests, enzyme im-
munoassay, Western blot, and plasma HIV-1 RNA detection.
Plasma HIV-1 RNA levels for HIV-1-infected partners were
quantified using the COBAS Ampliprep/COBAS TaqMan
real-time HIV-1 RNA assay, version 1.0 (Roche Diagnostics,
Indianapolis, Indiana).

Serum was collected at quarterly study visits and archived at
—80°C for subsequent laboratory testing. For the present anal-
ysis, archived blood plasma samples from cases were selected
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from the visits immediately before the first evidence of HIV-1
infection (among cases, the initially HIV-1-uninfected partner
had a negative result of a serological tests for HIV-1 and unde-
tectable plasma HIV-1 RNA at this visit), to evaluate immune
activation before HIV-1 transmission. Blood plasma specimens
were collected for storage at quarterly visits, and the mean time
between preseroconversion sample collection and HIV-1 infec-
tion among cases was three months. For controls, a single blood
plasma sample per subject was selected, with the timing during
follow-up selected so that the proportion of study months
across controls was similar to visit months for the cases.
Study visits from which control samples were selected occurred
a mean of 6.5 months after enrollment. For both cases and con-
trols, the mean time between sample collection and testing was 4
years. Samples were tested from both HIV-1-infected and unin-
fected partners. Immune activation was assessed from a standard
panel of 30 cytokine analytes: T-helper type 1 cells (interferon y
[IFN-y], interleukin 2 [IL-2], interleukin 7 [IL-7], interleukin 15
[IL-15], scd40l, Th2 cells (interleukin 4, interleukin 5, and inter-
leukin 13), immunomodulatory cytokines (interleukin 1R,
interleukin 10 [IL-10], interleukin 12p40 [IL-12p40], IL-12p70,
and interleukin 17 [IL-17]), proinflammatory cytokines (IL-1a,
IL-1B, interleukin 6, and CXCL8), chemokines (CCLI11,
CX3CL1, CXCL10, CCL3, CCL4, and tumor necrosis factor o
[TNF-a]), and growth factors (epidermal growth factor [EGF],
granulocyte colony-stimulating factor [G-CSF], granulocyte mac-
rophage colony-stimulating factor, vascular endothelial growth
factor, CCL2, and transforming growth factor o) [17]. Levels
were measured using Luminex multiplex technology (Milliplex
Human Cytokine/Chemokine panel, Millipore, Billerica, Massa-
chusetts), and standard curves were analyzed using the nCal
package (http://research.thcrc.org/youyifong/en/resources/ncal.
html) in the R statistical programming system [18]. The standard
cytokine panel included potentially redundant and noninforma-
tive cytokines relative to our outcome of interest, but we included
all cytokines from the panel for hypothesis-developing explorato-
ry analysis of potential relationships between cytokines and
HIV-1 risk. Plasma specimens were assayed in duplicate without
dilution. Cytokine concentrations were measured in picograms
per milliliter. Assays were performed blinded to case and control
status.

Statistical Analysis

Cytokine concentrations were log;, transformed, and results
below the limit of quantification were assigned a value of half
the limit of detection. The relationship between immune activa-
tion and HIV-1 susceptibility (using data from partners who
were initially uninfected with HIV-1) and HIV-1 infectiousness
(using data from HIV-1-infected partners) were initially ana-
lyzed separately. Hotelling T tests were performed to test for
the global equality of mean cytokine concentrations between
cases and controls. To assess differences in specific cytokine

concentrations, 2-sided Student ¢ tests were used to compare
mean concentrations of each of the 30 cytokine analytes between
cases and controls. P values were adjusted for multivariate com-
parisons, using a permutation method, because standard meth-
ods for controlling for multiple comparisons are overly
conservative when using highly correlated data (ie, interrelated
cytokine concentrations) [19]. Cytokine analytes individually
found to be significantly associated with seroconversion after
controlling for multiple comparisons were then assessed as co-
variates in a multiple logistic regression (with case-control status
as the outcome), with adjustment for important demographic,
clinical, and behavioral predictors of HIV-1 risk in this popula-
tion. Selected covariates were those determined to be associated
with an increased risk of HIV-1 transmission and with differen-
tial cytokine concentrations. Confounders included in multivar-
iate model were sex of the HIV-1 uninfected partner and, at the
study visit selected for cytokine assessment, plasma HIV-1 RNA
concentrations in the HIV-1-infected partner, report of unpro-
tected sex in the partnership, and syndromic diagnosis of a
STI, including urethritis, cervicitis, vaginitis, genital ulcer disease,
pelvic inflammatory disease, genital herpes, or lymphogranulo-
ma venereum, in either partner. Finally, we performed additional
multivariate logistic regressions that included the cytokine con-
centrations for both partners, to assess the potential contribution
of each cytokine to the risk of HIV-1 transmission within the
partnership. To determine which, if any, cytokine concentrations
were significantly associated with either HIV-1 transmission or
acquisition risk, we used Spearman rank-order correlation and
plotted the cytokine concentrations with a regression line. Anal-
yses were performed using SAS v.9.3 (SAS Institute, Cary, North
Carolina) and Prism graphing software (GraphPad Software, La
Jolla, Carolina).

RESULTS

Cytokine results were available for 441 HIV-1 serodiscordant
couples (120 cases, and 321 controls). One HIV-1-uninfected
control partner was excluded because their sample could not
be analyzed. Most couples (93.2%) were married or living
with their HIV-1-infected partner, and two-thirds were from
eastern Africa (Table 1). A minority of individuals—33 HIV-
1-susceptible partners (10.3%) and 49 HIV-1-infected partners
(15.3%)—had symptoms indicating an STT at the visit selected
for cytokine testing. Compared with controls, cases were more
likely to report unprotected sex (41.7% vs 19.0%; P <.001). For
susceptible partners, those who acquired HIV-1 were more like-
ly than those who remained HIV-1 uninfected to have a syn-
dromic STT diagnosis at study visit (15.0% vs 4.7%; P =.002).
Compared with HIV-1-infected control partners, HIV-1-
infected case partners had higher median plasma HIV-1 RNA
concentrations (4.9 vs 4.0 log;, copies/mL; P <.001).
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Table 1.

Characteristics of the Nested Case-Control Population, Overall and by Human Immunodeficiency Virus Type 1 (HIV-1) Status

Couples With HIV-1

Couples Without HIV-1

Status, Characteristic Acquisition, (n=120) Acquisition, (n =321) P Values®
Overall
Female sex, HIV-1-infected partner 60 (50.0) 114 (35.5) .006
East African (vs southern African) 79 (65.8) 219 (68.2) 2
Married/living with HIV-1-infected partner 112 (93.3) 299 (93.2) 5
No. of children in partnership 1(0-2) 1(0-2) <.001
Unprotected sex at visit selected for cytokine testing 50 (41.7) 61 (19.0) <.001
HIV-1 susceptible
Age, y 29 (24-37) 33 (28-41) <.001
Any syndromic diagnosis of genital tract infection® 18 (15.0) 15 (4.7) <.001
HIV-1 infected
Age, y 30 (26-35) 33 (27-39) .02
Any syndromic diagnosis of genital tract infection® 14 (11.8) 35 (10.9) N
Plasma HIV-1 load, logq copies/mL 4.9 (4.3-5.3) 4.0 (3.3-4.8) <.001

Data are no. (%) of couples, or median value (interquartile range).

2 By 42 analysis, for categorical variables, and the Wilcoxon test, for continuous variables.

® Includes urethritis, cervicitis, vaginitis, genital ulcer disease, pelvic inflammatory disease, herpes simplex virus infection, and lymphogranuloma venereum.

Of 30 cytokine analytes processed, 29 were assessed for dif-
ferences between cases and controls (Table 2). IL-15 was not an-
alyzed because of poor sensitivity of the assay to detect any
concentration, resulting missing results for 70 of 441 samples.
On the basis of findings involving the entire cytokine panel,
HIV-1-susceptible and HIV-1-infected case partners were stat-
istically significantly different from HIV-1-susceptible and
HIV-1-infected control partners, respectively (P <.001 by the
Hotelling T? test for both comparisons). When specific cyto-
kines were assessed, HIV-1-susceptible case partners had high-
er mean concentrations of EGF, G-CSF, IL-10, IL-12p40, IL-
12p70, and CXCL10 than HIV-1-susceptible control partners.
After controlling for multiple comparisons, IL-10 and CXCL10
concentrations remained significantly higher in susceptible case
partners, compared with susceptible control partners (Fig-
ure 1A). HIV-1-infected case partners had higher mean con-
centrations of G-CSF, IL-10, IL-12p40, CXCL10, and TNF-a
than HIV-1-infected control partners. After controlling for
multiple comparisons, IL-10 and CXCL10 concentrations
were significantly elevated in susceptible case partners, com-
pared with susceptible control partners (Figure 1B). Comparing
cytokine concentrations separately for HIV-1-infected male
and female participants, we found that IL-10 and CXCL10 con-
centrations were significantly associated with seroconversion
but also that HIV-1 transmission was associated with elevated
concentrations of G-CSF, IFN-v, and IL-17 among HIV-1-in-
fected males (data not shown).

In multivariate logistic regression models among HIV-1-sus-
ceptible case and control partners, considering IL-10 and
CXCL10 concentrations separately and controlling for other
predictors of HIV-1 transmission, the risk of HIV-1 acquisition

among HIV-1-susceptible case partners remained significantly
higher among those with elevated IL-10 concentrations (adjust-
ed odds ratio [OR], 2.15 per 1 log;, increase; 95% confidence
interval [CI], 1.43-3.23) and elevated CXCL10 concentrations
(adjusted OR, 6.62 per 1 log;, increase; 95% CI, 2.78-15.78;
Table 3), compared with susceptible control partners. IL-10
and CXCL10 concentrations were moderately correlated
(Spearman p = 0.41; P <.001; Figure 2A). However, in a multi-
variate logistic regression model that included IL-10 and
CXCLI10 concentrations, concentrations of both cytokines re-
mained significantly associated with HIV-1 acquisition in
HIV-1-susceptible partners (adjusted OR, 1.61 per 1 log;, in-
crease in IL-10 concentration [95% CI, 1.03-2.54] and 4.51
per 1logo increase in CXCL10 concentration [95% CI, 1.77-
11.48]).

In HIV-1-infected partners, IL-10 and CXCL10 concentra-
tions were mildly correlated (Spearman p =0.31; P <.001; Fig-
ure 2B). In multivariate logistic regression models for HIV-1-
infected partners that adjusted for covariates and considered
each cytokine separately, the HIV-1 transmission risk was sig-
nificantly associated with higher IL-10 concentrations (adjusted
OR, 2.04 per 1 log;, increase; 95% CI, 1.21-3.44) but not with
CXCL10 concentrations (adjusted OR, 1.85 per 1 log;, increase;
95% CI, .79-4.33). Results were similar in an adjusted model
that contained both IL-10 and CXCL10 concentrations.
However, in an adjusted multivariate model that included
both IL-10 and CXCL10 concentrations and other covariates
except for plasma HIV-1 RNA concentrations, HIV-1 transmis-
sion was found to be significantly associated with both IL-10
concentration (adjusted OR, 2.49 per 1log;, increase; 95%
CI, 1.49-4.15; P <.001) and CXCL10 concentration (adjusted
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Table 2. Concentration of Cytokine Analytes, by Human Immunodeficiency Virus Type 1 (HIV-1) Status

HIV-1-Susceptible Partners HIV-1-Infected Partners

SSPT e (KRN I) TIT:STOZ (IIf o UOISSIWSURIL, [-ATH PU® UONANDY duntuw]

Seroconverters Nonseroconverters Unadjusted Adjusted Transmitters Nontransmitters Unadjusted Adjusted
Analyte (n=120) (n=321) P Values® P Values® (n=120) (n=321) P Values® P Values®
EGF 2.23 (0.18-3.21) 2.35 (0.18-3.33) .02 3 2.14 (0.18-3.15) 2.23 (0.18-3.13) A 3
CCL11 1.98 (0.18-2.87) 1.93(0.18-2.88) A 9 1.93 (0.18-3.18) 1.98 (0.65-2.66) 2 .99
CX3CL1 1.27 (0.18-3.78) 1.14 (0.18-3.81) 2 .99 1.07 (0.18-3.41) 1.02 (0.18-3.54) .6 .99
G-CSF 1.57 (0.18-3.06) 1.46 (0.51-3.35) .004 A 1.64 (0.52-2.52) 1.56 (0.18-2.84) .01 A
GM-CSF 0.92 (0.18-3.58) 0.86 (0.18-3.37) 5 .99 0.82 (0.18-3.49) 0.8 (0.18-3.43) .8 .99
IFN-y 1(0.18-3.1) 0.86 (0.18-2.86) .07 .8 1.13(0.18-3.4) 1.16 (0.18-3.27) 7 .99
IL-10 0.91 (0.18-2.97) 0.66 (0.18-2.73) <.001 .001 0.98 (0.18-2.39) 0.76 (0.18-2.52) <.001 .003
IL-12p40 0.69 (0.18-2.76) 0.54 (0.18-2.99) .03 4 0.92 (0.18-3.29) 0.75 (0.18-3.13) .03 3
IL-12p70 0.68 (0.18-3.16) 0.49 (0.18-3.16) .01 2 0.49 (0.18-2.92) 0.56 (0.18-3.72) .3 .99
IL-13 0.49 (0.18-2.86) 0.39 (0.18-2.63) .09 .8 0.32 (0.18-2.36) 0.3 (0.18-3.02) 7 .99
IL-17 0.71 (0.18-2.6) 0.6 (0.18-2.56) A 9 0.47 (0.18-2.54) 0.52 (0.18-2.61) A4 .99
IL-1a 0.5(0.18-3.31) 0.49 (0.18-3.21) 9 .99 0.29 (0.18-2.9) 0.3 (0.18-2.45) 9 .99
IL-1B 0.47 (0.18-2.99) 0.41 (0.18-2.73) 3 .99 0.34 (0.18-2.97) 0.28 (0.18-2.68) 2 199
IL-1Ro 0.61 (0.18-2.45) 0.58 (0.18-2.6) 6 .99 0.58 (0.18-3.66) 0.56 (0.18-3.27) .8 .99
IL-2 0.5 (0.18-2.79) 0.42 (0.18-2.43) A 9 0.35 (0.18-2.8) 0.34 (0.18-2.78) .8 899
IL-4 0.26 (0.18-2.7) 0.2 (0.18-2.57) .07 .8 0.31 (0.18-3.17) 0.23 (0.18-2.73) A .8
IL-5 0.32 (0.18-1.81) 0.27 (0.18-1.84) A 9 0.33 (0.18-1.7) 0.27 (0.18-2.02) .06 9
IL-6 0.81 (0.18-3.01) 0.73 (0.18-2.97) 3 .99 5(0.18-2.52) 0.48 (0.18-3.44) .6 .99
IL-7 0.59 (0.18-2.84) 0.5 (0.18-2.46) A 9 0.42 (0.18-2.31) 0.38 (0.18-2.31) 3 .8
CXCL8 1.64 (0.18-4) 1.7 (0.33-4) 4 .99 1.61(0.18-4) 1.62 (0.41-4) 9 .99
CXCL10 2.37 (1.52-3.87) 2.23(1.21-3.2) <.001 <.001 2.81 (2.25-3.71) 2.68 (1.94-3.52) <.001 .001
CCL2 2.35 (0.18-3.36) 2.34 (1.47-3.63) 9 .99 2.43 (1.4-3.67) 2.45 (1.25-3.74) .6 .99
CCL3 1.83 (0.18-4) 1.9 (0.18-4) 4 .99 1.72 (0.18-3.71) 1.82 (0.18-4) 3 .99
CCL4 1.97 (0.18-3.11) 1.96 (0.66-3.1) .8 .99 1.88 (0.74-3.12) 1.85 (0.18-3.16) 4 .99
CCL5 3.18 (0.18-3.83) 3.21 (0.18-3.84) 4 .99 3.16 (0.83-3.7) 3.13 (1.59-4) 3 .99
scd40l 2.88 (0.18-3.75) 2.85(0.18-3.74) 6 9 2.55 (0.18-3.06) 2.62 (0.18-3.22) A .99
TGF-o 1.03 (0.18-2.8) 0.96 (0.18-3.7) A 7 0.83 (0.18-1.82) 0.79 (0.18-2.28) 2 .05
TNF-o 1.04 (0.18-2.62) 0.96 (0.18-2.55) .06 .99 1.12 (0.18-2.49) 1(0.18-2.59) .002 4
VEGF 2.13 (0.18-3.33) 2.16 (0.18-3.38) 7 .99 2.06 (0.18-3.32) 2.2 (0.18-3.47) A .8

Data are logyo-transformed median pg/mL (interquartile range).

Abbreviations: EGF, epidermal growth factor; G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte macrophage colony-stimulating factor; IFN-y, interferon y; IL-1, interleukin 1; IL-2, interleukin 2; IL-4,
interleukin 4; IL-5, interleukin 5; IL-6, interleukin 6; IL-7, interleukin 7; IL-10, interleukin 10; IL-12, interleukin 12; IL-13, interleukin 13; IL-17, interleukin 17; TGF-o, transforming growth factor o; TNF-o, tumor necrosis
factor a; VEGF, vascular endothelial growth factor.

@ By the 2-sided Student t test for comparisons of the mean difference in mean concentrations between seroconverters and nonseroconverters.

b Adjusted for multiple comparisons, using the permutation t test for means.



@
vy}
L]

P=.001 ; P<.001 - : pa 001

Log,, blood plasma concentration I>
L] w
-
L3
m
L ]
-
4
*e
%C
v
L]
Log;, blood plasma concentration
L] (2]
L
L
.
)
a®
°
- .
: 0
L
-
H
L]

oe® sase % “.:
L]
14 1
L 1) r1l
..‘...
0 L] L] L] D Ll L L] L]
Controls Cases Controls Cases Controls Cases Controls
IL-10 CcCXcL10 IL-10 CXCL10
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OR, 3.09 per 1 log;, increase; 95% CI, 1.41-6.79; P =.005), DISCUSSION
suggesting that higher plasma HIV-1 RNA concentrations ex-
plained some of the effect of these cytokines, particularly ~ In this analysis of the relationship between immune activation
CXCL10. and risk of HIV-1 transmission among HIV-1-serodiscordant
Within the couples, concentrations of IL-10 were weakly but ~ couples, systemic immune activation was measured by a panel
statistically significantly correlated between the 2 partners of cytokines in preseroconversion samples to assess differences
(Spearman p = 0.17; P<.001), but concentrations of CXCL10 between both partners in cases and controls. We evaluated
were not significantly correlated (Spearman p =0.01; P=.7).  markers of immune activation through the proinflammatory
In a final multivariate logistic regression model that included response of cytokines. A unique aspect of our design was that
concentrations of IL-10 and CXCL10 for both partners and other were able to simultaneously assess markers of immune activa-
covariates, CXCL10 concentrations in the HIV-1-susceptible ~ tion in both partners in samples obtained during the presero-
partner were significantly associated with the risk of HIV-1 conversion visits for transmitting couples and compare those
transmission (adjusted OR, 4.76 per log,, increase; 95% CI, results to those for both partners in couples in which the

1.85-12.23; P=.001), as were IL-10 concentrations in HIV-1- HIV-1-susceptible partner remained uninfected. We found
infected partners (adjusted OR, 1.87 per log,, increase; 95% statistically significant differences in concentrations of IL-10
CI, 1.08-3.23; P =.02). and CXCLI10 after controlling for multiple comparisons.

Table 3. Logistic Regression Models Associating Blood Plasma Cytokine Concentrations With the Risk of Human Immunodeficiency
Virus Type 1 (HIV-1) Transmission®

Individual Cytokine HIV-1-Susceptible Partner  HIV-1-Infected Partner ~ Both Partners,” aOR

Partner HIV-1 Status, Variable Models, aOR (95% Cl) Only, aOR (95% CI) Only, aOR (95% ClI) (95% CI)
HIV-1-susceptible partner

IL-10 level, per 1 logqg increase 2.15 (1.43-3.23) 1.61 (1.03-2.54) A 1.55 (.97-2.48)
CXCL10 level, per 1 logqg increase 6.62 (2.78-15.78) 451 (1.77-11.48) L. 4.76 (1.85-12.23)
HIV-1-infected partner

IL-10 level, per 1 logqo increase 2.04 (1.21-3.44) A 1.96 (1.16-3.32) 1.87 (1.08-3.23)
CXCL10 level, per 1 logyq increase 1.85 (.79-4.33) S 1.59 (.67-3.75) 1.74 ((71-4.25)

Abbreviations: aOR, adjusted odds ratio; Cl, confidence interval; IL-10, interleukin 10; STI, sexually transmitted infection.

@ All models adjusted for the sex of the HIV-1-infected partner, plasma HIV-1 RNA concentration for the HIV-1-infected partner (log;q copies/mL), report of
unprotected sex within the partnership (yes/no), and any STI diagnosis in either the HIV-1-susceptible partner or the HIV-1-infected partner.

®In this model with IL-10 and CXCL10 in both HIV-1-susceptible and HIV-1-infected partners, the aORs for the covariates were female sex of the HIV-1-infected
partner (@OR, 1.74; 95% Cl, 1.04-2.93; P=.04), plasma HIV-1 RNA concentration (aOR, 1.93 per 1 logqo increase; 95% Cl, 1.42-2.63; P<.001), unprotected sex
(@aOR, 3.18; 95% Cl, 1.85-5.44; P<.001), STl in the HIV-1-susceptible partner (aOR, 2.17; 95% Cl, .88-5.33; P=.09), and STl in the HIV-1-infected partner (aOR,
0.97; 95% Cl, .45-2.09; P=.9).
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Figure 2. Correlation of interleukin 10 (IL-10) and CXCL10 logsq blood plasma concentrations. Scatterplot and regression line with Spearman p and P
values for IL-10 and CXCL10 logyq concentrations in human immunodeficiency virus type 1 (HIV-1)-susceptible partners (A), IL-10 and CXCL10 log;q con-
centrations in HIV-1—infected partners (B), IL-10 log;o concentrations within serodiscordant couples (C), and CXCL10 logq concentrations within serodis-

cordant couples (D).

Concentrations of systemic IL-10 and CXCL10 were higher
among transmitting HIV-1-infected partners and their HIV-
1-seroconverting partners than among the HIV-1-infected
and uninfected partners in couples in which transmission did
not occur, suggesting potentially important parallels in drivers of
immune activation risk for HIV-1 susceptibility and infectious-
ness. This is the first study of HIV-1-serodiscordant couples to
show a similar association between cytokine concentrations and
HIV-1 transmission risk in each partner.

For persons at risk for HIV-1 acquisition, immune activation
may contribute to this risk by the dysregulation of cytokines in-
volved in promoting an antiviral response. For persons with
HIV-1 infection, immune activation has been associated with
increases in viral replication and viral shedding at mucosal
sites [20-22], which may indicate increased infectiousness and
risk for onward transmission of HIV-1. IL-10 is an immuno-
modulatory cytokine and is involved in the inhibition of inflam-
matory response and cytokine production. It has been shown in
multiple studies to be associated with inhibition of T-cell pro-
liferation [23, 24] and enhanced activation of natural killer cells
[25,26]. One study of African women found increased detection
of IL-10 in endocervical secretion specimens from those with

genital tract infections, suggesting one potential mechanism
for increased HIV-1 susceptibility [27]. Our findings suggest
that the inhibitory activities of IL-10 may limit the immune re-
sponse necessary to prevent HIV-1 transmission. CXCL10 (also
known as IFN-y-induced protein 10) is a C-X-C chemokine as-
sociated with the migration of T cells to sites of inflammation
[28]. In HIV-1 infection, CXCL10 is an early marker of disease
progression [29, 30] and associated with increased HIV-1 shed-
ding from the vaginal mucosa [31]. Although CXCL10 was not
found to be significantly associated with HIV-1 transmission in
the primary multivariate models, after excluding plasma HIV-1
RNA in the adjusted model CXCL10 was found to be associated
with HIV-1 transmission, suggesting that it may associated with
the increased viral load that drives HIV-1 transmission risk. In
the multivariate models, we found that the association between
IP-10 and HIV-1 transmission was reduced after adjusting for
plasma HIV-1 load, suggesting that the effect on transmission is
related to increased viremia. The role of CXCL10 in HIV-1 sus-
ceptibility is poorly understood, although there is evidence that
it increases the size of the inoculum through stimulating viral
replication at the time of exposure and that it potentially has
a role in viral entry [32]. However, this hypothesis would
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need to be further investigated in other cohorts. One recent
study of immune activation and HIV-1 susceptibility found a
nonstatistically significant elevated plasma CXCL10 concentra-
tions in high-risk African women who acquired HIV-1, com-
pared with those who did not seroconvert [10]. That study
also found significant associations between HIV-1 acquisition
and TNF-o, IL-2, IL-7, and IL-12p70 concentrations; levels of
these cytokines were not statistically significantly greater in
our HIV-1 susceptibility analyses, although mean concentra-
tions were higher in cases, compared with controls. Two addi-
tional studies of cytokine concentrations in genital mucosa
found significantly lower levels of CXCL10 among highly ex-
posed seronegative women, compared with HIV-1-negative
and HIV-1-positive women, suggesting that a lower CXCL10
level is potentially protective against HIV-1 and that higher
concentrations may increase risk [33, 34].

Although we found an association between blood plasma cy-
tokine levels as markers for immune activation and HIV-1
transmission and acquisition risk, the relationship between in-
creased cytokine levels and T-cell activation—a primary marker
for immune activation—has not been well established. A recent
study found that mucosal inflammation was not predictive of
T-cell activation in the genital tract [35], but earlier studies
have found that cytokine levels measuring inflammation may
be markers for HIV-1-related T-cell activation [36]. We have
insufficient data available in our analysis to make any assump-
tions about the role of blood plasma cytokines in genital tract
T-cell activation. The importance of cytokine concentrations
in increasing T-cell activation, promoting viral replication,
and increasing infectiousness, particularly in the genital tract,
needs further evaluation.

We did not conduct longitudinal measurements of cytokine
levels to make inferences about the chronicity of immune acti-
vation in persons who acquired or transmitted HIV-1. Howev-
er, we measured cytokine concentrations at the last study visit at
which initially HIV-1-uninfected partners were known to be
HIV-1 uninfected, so our results directly assess immune activa-
tion before HIV-1 acquisition. In addition, we did not assess the
cause of immune activation in our population. Immune activa-
tion can be the result of fixed or modifiable factors, including
systemic and genital infections, hormonal fluctuations, and
genetic characteristics. Infections with ulcerative and nonulcer-
ative STTs are associated with immune activation in genital mu-
cosa and increased HIV-1 susceptibility [37-40]. Our study
used measurements of cytokine concentrations in serum rather
than in genital secretions, but systemic infections, such as par-
asitic infections and tuberculosis, increase immune activation
[41-43] and may be related to increased HIV-1 susceptibility
and transmission. Immune activation at the site of HIV-1
acquisition may be more specific than systemic infection. Future
research should focus on identifying pathogens or other fac-
tors associated with immune activation, including assessing

cytokine concentrations in mucosal samples. A final important
limitation of our study is the length of time the plasma speci-
mens were stored before cytokine testing. On average, our spec-
imens were stored for 4 years after collection, and evidence
suggests that specimen degradation after 2 years of storage
will impact the reproducibility of concentrations of many cyto-
kines, including IL-15, which was removed from the analysis
because of low or missing concentrations [44]. Before cytokine
testing, our specimens did not undergo thawing, which would
further degrade specimen quality. The length of time for speci-
men storage was the same for both cases and controls; thus, it is
unlikely that misclassification of cytokine concentrations be-
tween cases and controls was an issue in our analysis.

In conclusion, we found that significant differences in immune
function were present between cases and controls and that con-
centrations of specific cytokines—IL-10 and CXCL10—were as-
sociated with both HIV-1 susceptibility and infectiousness in
cases. Improving knowledge about the roles of immune activa-
tion and the inflammatory response in the transmission of
HIV-1 remains a critical step in the attempt to understand
HIV-1 pathogenesis. The results of our study can be applied to
future research of the role of the immune response in HIV-1
transmission and the development of an HIV-1 vaccine.
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