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HIV-1 superinfection, in which an infected individual acquires a second HIV-1 infection from a different partner,
is one of the only settings in which HIV acquisition occurs in the context of a pre-existing immune response to
natural HIV infection. There is evidence that initial infection provides some protection from superinfection, par-
ticularly after 6 months of initial infection, when development of broad immunity occurs. Comparison of the im-
mune response of superinfected individuals at the time of superinfection acquisition to that of individuals who
remain singly infected despite continued exposure can shed light on immune correlates of HIV acquisition to in-
form prophylactic vaccine design. We evaluated a panel of humoral immune responses in the largest published
group of superinfected individuals (n = 21), compared to a set of 3:1 matched singly infected controls from the
same cohort. The immune functions studied included plasma neutralization, plasma and cervical antibody-de-
pendent cellular cytotoxicity, and plasma IgG and IgA binding to a panel of 18 envelope antigens, including cor-
relates of HIV acquisition in the RV144 vaccine trial, IgG binding to V1V2 and IgA binding to gp140. Association
between each immune function and HIV superinfection was evaluated using conditional logistic regression. No
significant associations were detected between any of the immune functions and superinfection acquisition.
This study constitutes the most comprehensive and detailed characterization of multiple immune correlates of
superinfection to date. The results suggest that immune responses not commonly measured in current HIV stud-
ies may be important in protection from HIV infection, and these or a more robust humoral response than that
seen in naturally infected women may be needed for a protective vaccine.

© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

In 2015, 2.1 million people were newly infected with HIV-1 globally
(UNAIDS, 2016). While growing numbers have access to treatment and
significant advances have been made in prevention (UNAIDS, 2016), a
protective vaccine is essential to ending the HIV pandemic. However,
development of an efficacious prophylactic HIV vaccine has been enor-
mously challenging. An important barrier to HIV vaccine development

has been the field's limited understanding of the nature of protective
HIV-specific immunity. Recent analysis of participants in the RV144
HIV vaccine trial, which showedmodest (~31%) efficacy, identified sev-
eral humoral correlates of acquisition amongvaccine recipients (Haynes
et al., 2012). HIV acquisition was inversely correlated with plasma IgG
binding to the V1V2 portion of the HIV envelope protein (Env), and di-
rectly correlated with IgA binding to Env. No significant effects of neu-
tralizing antibody responses were detected. The results of this
hypothesis-generating study have prompted validation of these corre-
lates of acquisition risk in other settings.

Apart from vaccine studies, superinfection (SI), in which an HIV-in-
fected individual acquires a second HIV infection, is one of the only set-
tings in which HIV exposure occurs in the presence of a pre-existing
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HIV-specific immune response. SI has been documented in a number of
settings (Altfeld et al., 2002; Smith et al., 2004; Chohan et al., 2005;
Piantadosi et al., 2007; Redd et al., 2012; Ronen et al., 2013). Early epi-
demiologic studies in several high-risk cohorts suggested the incidence
of SIwas similar to that of initial infection (Smith et al., 2004; Kraft et al.,
2010; Redd et al., 2013). However, analysis of a larger cohort of SI cases
(n = 21) from the Mombasa Cohort, a cohort of high-risk women in
Mombasa, Kenya, suggests that HIV-infected individuals are partially
protected from SI: the incidence of SI was roughly half that of initial in-
fection in the cohort after adjustment for differences in risk behavior,
with evidence of greater protection after 6months of infection, suggest-
ing a potential immunemechanism (Ronen et al., 2013). Comparison of
immune responses immediately before SI acquisition with responses
among individuals exposed to HIV who do not acquire SI is therefore a
promising strategy to identify immune correlates of HIV acquisition. Im-
portantly, these correlatesmaydiffer from correlates of virologic control
after establishment of chronic infection.

To date, no studies have examined the immune correlates identified
in the RV144 trial for their possible role in protection against SI. More-
over, studies that have investigated other humoral correlates of SI,
which have had conflicting findings, have generally been limited to ex-
amining one response at a time and small numbers of cases. Two case-
controls studies in the Mombasa Cohort found no difference between
cases and singly-infected controls: one included 6 SI cases and investi-
gated neutralizing antibody breadth and potency (Blish et al., 2008;
UNAIDS, 2016) and the other included 12 SI cases and investigated an-
tibody-dependent cellular viral inhibition (ADCVI) (Haynes et al., 2012;
Forthal et al., 2013). However, studies in other cohorts, each comparing
3 SI cases to singly-infected controls, have suggested lower autologous
neutralizing antibody (Altfeld et al., 2002; Smith et al., 2004; Chohan
et al., 2005; Smith et al., 2006; Piantadosi et al., 2007; Basu et al.,
2012; Redd et al., 2012; Ronen et al., 2013) and antibody-dependent
cellular cytotoxicity (ADCC) (Basu et al., 2014) in SI cases than controls.
Given these conflicting findings, larger studies are needed. Additionally,
because synergistic or antagonistic relationships likely exist between
different immune functions, any correlate of protectionmay in fact con-
sist of a combination of responses, which would be missed in studies of
a single immune measure. Indeed, interaction analysis in the RV144
study showed that in the presence of low levels of Env-specific IgA,
ADCC activity and infection risk were inversely associated, while in
the presence of high Env-specific IgA, no such association was present
(Haynes et al., 2012). This finding has been hypothesized to be due to
competition between binding antibodies (Tomaras et al., 2013). Evalu-
ating multiple immune correlates in aggregate may provide a more nu-
anced understanding of HIV acquisition risk.

Here, we present a comprehensive analysis of an array of humoral
immune responses in 21 SI cases from the Mombasa Cohort compared
to individually-matched singly infected controls from the same cohort.
This study constitutes themost detailed characterization ofmultiple im-
mune correlates of SI in the largest group of SI cases analyzed to date.

2. Materials and Methods

2.1. Study Population and Sample Selection

Subjects were drawn from theMombasa Cohort, an ongoing prospec-
tive cohort of initially HIV-negative high-riskwomen inMombasa, Kenya,
as previously described (Martin et al., 1998). All participants provided
written informed consent. Ethical approval was provided by the ethical
review boards of the University of Nairobi, University of Washington
and Fred Hutchinson Cancer Research Center. Twenty-one SI cases were
identified by subjecting samples collected from 146 HIV-1 infected
womenwithwell-defined initial infection dates to screening by 454pyro-
sequencing or Sanger sequencing, as previously described (Chohan et al.,
2005; Piantadosi et al., 2007, 2008; Ronen et al., 2013). SI was detected
based on evidence of a phylogenetically distinct viral variant at a

timepoint after initial infection. Timing of SI was estimated as the mid-
point between the first timepoint in which the SI variant was detected
and the last singly infected timepoint. All participants were antiretroviral
naïve at the time of sampling. Antiretroviral therapy became available in
2004, after which it was offered to eligible patients in accordance with
World Health Organization and Kenyan Ministry of Health guidelines.
Participant followup included quarterly sampling of plasma and cervical
swabs. Cervical swabs were stored in Fetal Bovine Serum with 10%
DMSO. All samples were frozen at−80 °C within 24 h of collection.

The present study employed a case-control design, and examined
immune functions in both plasma and cervical swab supernatants to as-
sess systemic responses and responses at the likely mucosal site of HIV
exposure in this sex worker cohort. From the 21 identified SI cases, 20
plasma specimens and 17 cervical swab supernatants were available
at the last available singly infected timepoint. For each case sample, 3
singly-infected control samples of the same specimen type were select-
ed,matched to each SI case based on initial infection viral subtype in the
env gene and on time since initial infection (±30 days). All controls
were HIV-infected women who seroconverted after enrollment in the
Mombasa Cohort and were screened for and had no evidence of SI.

2.2. Plasma and Cervical IgG Titer

IgG ELISA was performed as described in (Williams et al., 2015). In
brief, Immunolon 2-HB plates were coated with 2500 ng of goat anti-
human antibody (Sigma) diluted in 0.1 M sodium bicarbonate coating
buffer (pH 7.4) overnight at 4 °C. Plates were washed with PBS-0.05%
Tween and blocked with 10% non-fat dry milk (NFDM) diluted in PBS-
0.05% Tween. After at least 1 h, the milk block was removed, and 100
μL of plasma or cervical samples diluted in NFDM added for 1 h at 37
°C. Samples were serially 10-fold diluted to identify the end-point
titer: plasma dilutions spanned 1 in 104 to 1 in 106; cervical sample di-
lutions spanned 1 in 102 to 1 in 105. Plateswerewashed after sample in-
cubation, and 100 μL anti-human-IgG-HRP (Sigma), diluted in 1:2500 in
NFDM added and incubated for 1 h at room temperature. Plates were
and 50 μL Ultra-TMB (Thermo Scientific) substrate was added for
10 min. The reaction was stopped by adding an equal volume of 0.1 M
H2SO4 and the absorbance read within 30 min using 450 nM optical
density. The endpoint titer was defined as the average Ab concentration
with binding greater than double the binding by NFDM only.

2.3. Neutralization Assays

To score neutralizing antibody activity, we used a previously pub-
lished 4-pseudovirus panel (Cortez et al., 2015). This panel was con-
structed to include diverse envelope variants isolated early in
infectionwhose neutralization profiles could provide a range of breadth
and potency scores (scoring described below). We first identified vari-
ants whose IC50 values varied across individuals and were predictive
of NAb breadth scores generated using larger pseudovirus panels in pre-
vious studies in theMombasa Cohort (Blish et al., 2008; Piantadosi et al.,
2009; Cortez et al., 2012). A subset of 4 viruses from these panels was
found to be predictive of findings based on the larger panels: Q461.d1
(Tier 1b, subtype A) (Long et al., 2002), QD435.100M.a4 (Tier 2, subtype
D) (Blish et al., 2009), Q842.d16 (Tier 2, subtype A) (Long et al., 2002),
Du156.12 (Tier 2, subtype C) (Li et al., 2006). For example, in a prior
study of breadth at 5 years post initial infection among singly and
superinfected individuals (Cortez et al., 2012), superinfected individuals
had on average 1.68 (95% CI 1.24–2.26) times greater breadth scores
than singly infected controls when using an 8-virus panel. The smaller
4-virus panel estimated 1.65 (95% CI 1.08–2.50) times greater breadth
scores in superinfected than singly infected controls.

Pseudoviruses were produced in HEK 293T cells by cotransfecting
equimolar concentrations of the cloned env gene and Q23Δenv (Long
et al., 2002), a subtype A full-length proviral clone with a partial dele-
tion in env, using Fugene-6. Forty-eight hours post-transfection,
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