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Background: Superinfection of individuals already infected with HIV-1 suggests that pre-existing
immune responses may not adequately protect against re-infection. We assessed high-risk female sex
workers initially infected with HIV-1 clades A, D or A/D recombinants, to determine if HIV-1 broadly
neutralizing antibodies were lacking prior to superinfection.
Methods: Six superinfected female sex workers previously stratified by HIV-1 high-risk behavior,
infecting virus clade and volunteer CD4 counts were evaluated at baseline (n = 5) and at 350 days
post-superinfection (n = 6); one superinfected volunteer lacked pre-superinfection plasma.
Retrospective plasmas were assessed for neutralization of a multi-clade panel of 12 HIV-1 viruses before
superinfection, and then at quarterly intervals thereafter. Similarly stratified singly infected female sex
workers were correspondingly assessed at baseline (n = 19) and 350 days after superinfection (n = 24).
Neutralization of at least 50% of the 12 viruses (broad neutralization), and geometric means of the
neutralization titers (IC50) were compared before and after superinfection; and were correlated with
the volunteer HIV-1 superinfection status, CD4 counts, and pseudovirus clade.
Results: Preexisting broad neutralization occurred in 80% (4/5) of the superinfected subjects with no fur-
ther broadening by 350 days after superinfection. In one of the five subjects, HIV-1 superinfection
occurred when broad neutralization was lacking; with subsequent broadening of neutralizing antibodies
occuring within 9 months and plateauing by 30 months after detection of superinfection. Clade B and C
pseudoviruses were more sensitive to neutralization (13; [87%]); and (12; [80%]) than the locally circu-
lating clades A (10; [67%]) and D (6; [40%]), respectively (p = 0.025). Low antibody titers correlated with
clade D viruses and with >500 CD4 T cell counts, but not with the superinfection status.
Conclusion: These data demonstrate that HIV-1 superinfection can occur both in the presence, and in the
absence of broadly neutralizing antibodies.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

HIV-1 infected individuals who regularly practice unprotected
sex with multiple sexual partners are prone to superinfection with
new HIV-1 strains. This has been more frequently reported in early
HIV-1 infection when host responses are relatively lower [1,2],
implying that the natural anti-HIV immune responses may fail to
prevent superinfection. This concept is supported by studies that
associated superinfected individuals with lower broadly neutraliz-
ing antibody levels than their singly infected counterparts [2].
However, superinfection has also been shown in chronic HIV-1 dis-
ease where host immune responses are better established [3,4].
This suggests that pre-existing antibodies may not always ade-
quately prevent further infection.
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Eliciting protective anti-HIV-1 antibodies is hindered by the
continuous mutation of HIV-1 generating extensive diversity and
eventual escape from the existing antibody response. Many mono-
clonal antibodies with significant coverage of the broad HIV-1
diversity have been isolated [5–8]. These prevented mucosal in
macaques and humanized mice [9–12], and led to varying control
of viraemia in human [13–15] and animal models [16–18], espe-
cially when used in combination [17]. Likewise, the subsequent
50% reduction in risk for HIV-1 infection of infected humans sug-
gested potential protectiveness of pre-existing immunity [19].
HIV-1 superinfection is therefore as a good model for evaluating
correlates of immune protection from HIV-1 infection. Here, we
took advantage of existing stored plasmas from an incident female
superinfected sex worker cohort [20] to evaluate relationships
between neutralizing antibody responses and occurrence of HIV-
1 superinfection.
2. Materials and methods

2.1. Study population

Quarterly plasmas from adult female sex worker participants of
a high-risk HIV-1 behavioral cohort were collected between May
2008 and Dec-2013 [21,22]. Next-generation sequencing of partial
p24 gag and gp41 envelope HIV genomic regions was used to screen
the plasmas for HIV-1 superinfection, as described elsewhere
[20,23]. Participants were categorized by the initial infecting HIV
clade, HIV-1 risk behavior, and last CD4 T Cell count prior to super-
infection. Trends of participants CD4 T cell counts over time were
computed. Participant Superinfection timing was estimated as the
median time between the last plasma with a single infecting strain
and the first plasma with a newly acquired HIV-1 strain.

Of 85 screened drug-naïve female sex workers, seven with con-
firmed superinfection were evaluated for availability of stored
specimens and screened for HIV-1 neutralizing antibodies at base-
line (n = 5) and 350 days after study entry (n = 6). Singly infected
participants were similarly assessed at baseline (n = 19) and at
day 350 (n = 24). Ethical approval to conduct these studies was
obtained from Uganda Virus Research Institute (UVRI) Research
and Ethics Committee (REC), and from the Uganda National Council
for Science and Technology (UNCST).

2.2. Preparation of pseudoviruses

Molecularly cloned pseudotyped viruses were generated in 293
T cells by co-transfection of specified envelope (Env) plasmids with
Env-defective backbone plasmids (pSG3DEnv), and titrated in
TZM-bl cells, as described elsewhere [24,25]. Plasmids were
obtained from Prof Lynn Morris’ lab, and from the National Insti-
tutes of Health AIDS Research and Reference Reagent Program.
Neutralisation of a twelve-virus panel of tier II viruses comprising
clade A, (Q23.17; Q769.d22 and Q842.d12); clade B (TRO.11,
6535.3 and RHPA); clade C (ConC; CAP45.G3 and Du156), and D
viruses (QA013.H1; QB857.B3; and QD435.B5) was assessed.
Where specimen volumes allowed, the effect of substitutions
N160K and N33A at the envelope glycan sites known to be critical
for broadly neutralization was evaluated to map specificities of the
neutralizing antibody response.

2.3. Neutralization assays

Reduction in virus infection of target cells was quantified using
Tat-regulated firefly luciferase reporter gene expression, as
described elsewhere [25,26]. Briefly, duplicate wells of heat-
inactivated, threefold serially diluted plasmas ranging from 1:40
to 1:1080 were screened for neutralization of a 12-virus panel.
Wells with cells and media only were used for quantifying back-
ground luminescence. Virus controls were wells containing virus-
infected cells, but lacking test plasmas. Wells with a strain of Vesic-
ular Stomatitis Virus G (SVA.MLV) that is unrelated to HIV were
included to screen out non-specific reactivity, and potential expo-
sure to anti-retroviral drugs. Positive controls were plasmas pre-
determined to neutralize specified viruses.

Neutralization of HIV-1 was determined from linear interpola-
tion of plotted virus infectivity curves as 50% inhibitory titres
(IC50). Inhibitory titres were computed as reciprocals of plasma
dilutions that reduced relative luminescence in test wells by 50%
compared to that in virus control wells. The assay lower detection
limit was 40; therefore, titres below 40 were considered unde-
tectable and were arbitrarily assigned to be 20 for ease of analysis.
Inhibitory titres of 40 and above were confirmed in a repeat test,
and an average titre computed. Plasma with titres of 1080 and
above were retested in threefold serial dilution ranging from
1:20 to 1:43,740, to define the endpoint titre. All neutralization
titres used are derived from means of two independent tests.

Neutralization breadth was determined as the proportion (%) of
the 12 viruses inhibited. Stricter criterion was used to determine
titres for neutralizing breadths, inhibitory titres below 50 were
considered unreactive. Plasmas that neutralized at least 50% of
the viruses were considered to be broadly neutralizing. Geometric
means of the neutralization breadths and neutralization titres were
correlated with SI status, CD4 counts, and infecting virus clade.
2.4. Statistical analyses

Statistical analyses and graphical presentations were performed
using Graph Pad 5.0 (GraphPad Software, Inc., San Diego, California
USA). Neutralization breadths and geometric means of the titers
(IC50 values) were compared at two time points: (i) pre-
superinfection, as the closest time point to the visit at which super-
infection was detected, and (ii) 350 days post-superinfection, as
the earliest analysis time point after superinfection. Median
matched values were compared using the Wilcoxon rank sum test.
Geometric means of titres were compared using t-tests. Regression
analyses and confidence intervals of neutralizing antibody means
(across 12 viruses) were computed over time.

Regression analysis was also used to estimate the overall CD4 +
T Cell slopes over time. Slope estimates were expressed as coeffi-
cients. Negative coefficients indicated decreasing trend of neutral-
izing antibodies/CD4 T Cell counts over time, and positive slopes
indicate increasing trend over time. P-values of �0.05 indicated
that the slope was significantly different from zero. Factors linked
to SI status relative to one’s CD4 count strata and HIV-1 risk behav-
ior profiles (number of sexual partners) were assessed using a con-
ditional logistic regression model. A normal interval regression
model of generalized estimating equations was used to evaluate
effects of SI status on absolute log10 inhibitory titres, after adjust-
ing for CD4 counts, pre-SI breadth, neutralization titers and infect-
ing clade.
3. Results

3.1. Study participants

We present profiles of HIV neutralizing antibody responses for
six superinfected, and 24 singly infected drug naïve female sex
workers. Median participation time since study entry for all six
superinfected cases was 313 days (Interquartile range [IQR]
295–367). One superinfected volunteer lacked plasma prior to
superinfection; thus, their pre-superinfection data constitutes five
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superinfected cases. Baseline CD4 counts were �500 cells/ll in
three superinfected cases (Fig. 1C, E and F), and <500 cells/ll for
the rest (Fig. 1A, B and D). Participant CD4 T cells were significantly
declining over time in three superinfected (Fig. 1B, D and F, p �
0.05) and six singly infected individuals (Fig. 1A, B and D). Partici-
pant CD4 T Cell counts did not differ over time in three superin-
fected (Fig. 1A, C and E) and 16 singly infected individuals
(Fig. 1A–F). Participant CD + T Cell counts significantly increased
over time in two singly infected individuals (Fig. 1E and F). Initial
infecting virus strains (gp41 and gag p24 genomic regions) were
either clades A, D or recombinant A/D, summarized in Fig. 1.

3.2. Superinfection occurred in the presence of HIV-specific broadly
neutralizing antibodies

All analysed plasmas lacked non-specific HIV-1 inhibition as
evaluated using the non-HIV pseudovirus control (SVA-MLV). All
HIV-1 negative plasmas (negative controls) lacked inhibitory activ-
ity against the evaluated pseudoviruses. Prior to superinfection,
broad neutralization was present in four of the five superinfected
individuals, with distinct patterns of within-clade neutralization
clustering, suggestive of differential sensitivity to neutralization
across strains. Clade B and C viruses that are not prevalent in this
population were more sensitive [(13 of 15 tests; [87%]) and (12
of 15; [80%]) than the endemic clade A (10 of 15; [67%]) and D (6
of 15; [40%]), respectively, p = 0.025, Fisher’s Exact test, Fig. 2A.
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Fig. 2. Neutralizing antibody responses before and after superinfection. Quarterly plasmas collected pre- and post-superinfection, were assessed for neutralizing antibody
activity against a 12-virus panel comprising clade A (Q23.17, Q769.D22 and Q842.d12), clade B (TRO.11, 6535.3 and RHPA), clade C (ConC, CAP45.G3 and Du156.12) and clade
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viruses is summarized in figure I. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Table 1
Change in Log10 of anti-HIV-1 neutralizing antibodies from superinfection at 12, 24, 36 or 48 visit weeks (350 days) and association with superinfection.

Factor Univariable model RR (95% CI) Py Multivariable model RR (95% CI) P�

Superinfection 0.09 (�0.22, 0.40) 0.6 0.07 (�0.21, 0.35) 0.6
Time dependent CD4

Per 100 cell increase
�0.09 (�0.13, �0.05) <0.001 �0.09 (�0.13, �0.05) <0.001

Virus clade
Clade A 1 <0.001 1 <0.001
Clade B �0.02 (�0.16, 0.13) �0.02 (�0.16, 0.13)
Clade C 0.05 (�0.10, 0.19) 0.05 (�0.09, 0.19)
Clade D �0.30 (�0.46, �0.14) �0.30 (�0.47, �0.14)

y Adjusted for baseline (log) titres.
� Adjusted for baseline (log) titres, time dependent CD4, pseudovirus clade.
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361) and C (90, 38–194), p = 0.08, one-way ANOVA, Fig. 2D. Over-
all, neutralization was largely attributed to the greater sensitivity
of Q23.17 (clade A), TRO.11 (clade B), and ConC (clade C) viruses
established to be tier 2 [27–29], as well as 6535.3 (clade B)
known to be tier 1B [27], Fig. 2E and F. There was no significant
difference in neutralizing antibody titres (Fig. 2G) or breadths
(Fig. 2H) before and after superinfection, p > 0.05. Exploratory
analyses of the antibody specificities revealed that sensitivity of
TR011 and Du156 virus strains was due to specific targeting of
the Asn332 glycan-dependent residue of the HIV gp120 envelope
protein. Use of Du156 and TR0.11 viruses with mutation N332A
at the targeted glycan-dependent epitope led to >5.5-fold and
9-fold reduction HIV-1 sensitivity respectively, Fig. 2I. Taken
together, these data demonstrate that HIV-1 superinfection can
occur despite the presence of established HIV-specific broadly
neutralizing antibodies.

3.3. Subsequent broadening of neutralizing antibody responses was
only seen when prior antibody levels were narrow

We observed that ensuing broadening of antibody responses
varied with the neutralization status prior to superinfection
(Fig. 3). For example, only one superinfected individual exhibited
significant subsequent neutralizing antibody broadening after
superinfection. In this case, neutralizing antibody responses were
lacking at baseline; progressively developed after superinfection
and significantly broadened with time, (Regression Coefficient + 5
.42; confidence interval 1.54–9.3), p = 0.012, Fig. 3A. On the other
hand, in five subjects that got superinfected in the presence of
broadly neutralizing antibodies, antibody levels did not signifi-
cantly change over time (Regression Coefficient p value >0.05) sug-
gesting that their neutralizing antibody response had already
plateaued by the time they got superinfected, (Fig. 3B–F). Taken
together, these data suggest that boosting of subsequent neutraliz-
ing antibodies after superinfection might depend on the prior sta-
tus of neutralizing antibody development.

3.4. Broad neutralization also occurred in HIV-1 high-risk female sex
workers that lacked superinfection

We finally explored whether HIV-1 singly infected individuals
possessed neutralizing antibody profiles that were distinct from
those seen in the superinfected. We found that baseline neutraliza-
tion breadth was present in 37% (7/19) of singly infected volun-
teers; and was more attributable to the greater sensitivity of
clade B (30 of 57) and C viruses (31/57) than A (20/57) and D
(14/57); p = 0.014, respectively, Fisher’s Exact test, (Fig. 4A). As
noted before, clade D had lower titers [31, (21–41)] than B [58,
(34–81); p = 0.002] and C [67, (35–100); p = 0.016, paired t-test,
(Fig. 4B). Proportions of singly infected individuals with broad neu-
tralization at baseline (7/19) and at 350 days post-superinfection
(13/24) did not significantly differ, p = 0.36, Fig. 4C. Also, antibody
titers were not significantly different across clades, (Fig. 4E). In sin-
gly infected subjects, antibody levels remained generally leveled (P
values for Regression Coefficients >0.5), suggesting that pre-
existing levels of neutralizing antibodies were already plateaued;
supplementary Fig. 1. Increasing antibody responses as determined
by regression coefficients were only seen in two of 24 cases: figure
A2, +21.4, p = 0.44 and figure B3: +0.744; p = 0.038), supplemen-
tary Fig. 1. Collectively, these data suggest that in HIV-1 chronically
individuals where antibody levels are largely plateaued, profiles of
neutralizing antibody responses in superinfected subjects may not
distinctly differ from those in their singly infected counterparts.
4. Discussion

We evaluated the status of virus-specific neutralizing antibod-
ies in drug-naïve, HIV-1 high-risk behavior, already infected female
sex workers to determine if further infection with new HIV-1
strains (superinfection) occurred because of distinctively inferior
neutralizing antibody profiles. We found that superinfection
occurred in the presence, as well as in the absence of broadly neu-
tralizing antibodies. The later outcome was linked to lack of prior
development of neutralizing antibodies. Where superinfection
occurred amidst broad neutralization, prior neutralizing antibody
responses had already reached their peak. Levels of HIV-specific
neutralizing antibodies negatively correlated with concurrent
CD4 + T cell counts. Broadening of responses occurred within 9
months of superinfection; but only in one individual that lacked
prior antibodies. When superinfection occurred amidst pre-
existing neutralization breadth, no further broadening ensued.
Clade associations occurred; clade D viruses were the least sensi-
tive, and the non-endemic clade B and C were more sensitive than
the locally circulating clades A and D viruses.

Reinfection of infected individuals with additional HIV-1 strains
has been most reported in early infection where prior neutralizing
antibody responses are low, [1,2,30]. However, this has not always
been the case; some superinfection cases have also been detected
in the presence of pre-established virus-specific immune responses
[3,4]. Such conflicting outcomes are partly attributed to intrinsic
differences in study populations, variations in assessed viruses,
and differing criteria for matching cases and controls. Although
preceding antibodies protected in humans [13], mice [31], and pri-
mate models of HIV-1 infection [32], pre-existing, broadly neutral-
izing antibodies did not prevent superinfection in our cohort.
Numerous factors might explain failure of prior antibodies to pro-
tect. Antibody breadths and titres did not significantly change from
superinfection till 350 days after. This contrasted with others that
showed subsequent broadening of antibody responses following
superinfection [33,34]. Perhaps neutralizing antibody development
in our cohort had peaked. Others showed that anti-HIV-1 neutral-
izing antibodies develop within two years of infection, peak by four
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Fig. 3. Kinetics of neutralizing antibody development in HIV-1 high risk, superinfected female sex workers. Retrospective longitudinal stored plasma specimens previously
collected from superinfected HIV-1 high risk female sex workers were screened for ability to neutralize clade A, B, C and D pseudoviruses (3 viruses per clade). Each graph
(with its inset) represents the longitudinal neutralization of twelve viruses by one superinfected individual. Neutralization is plotted as titres (50% inhibitory titre [IC50]), and
summarized as geometric means per time point (insets). Horizontal dotted lines represent cut offs for neutralization sensitivity. Vertical dotted lines represent the estimated
superinfection time point (months). Regression analysis was computed for neutralizing antibody means (across virus types) against time to determine the trends. Positive
coefficients indicate a positive trend/slope over time, negative coefficients indicate a negative trend. P values �0.05 indicate that the trend is significant; statistically
significant trends are highlighted in bold.
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years, with no further increases thereafter [35–40]. We found
broad neutralization to be associated with low CD4 T Cells. While
this is in line with known associations of neutralization with pro-
gressed HIV-1 disease [35,39,41], it also suggests that prior anti-
bodies were not protective. Perhaps the pre-existing antibodies
signified likely antigenic stimulation rather than immune
protection.

In this cohort, HIV-1 superinfection and primary infection rates
were similar [20]. This also suggests that prior neutralizing anti-
body responses were ineffective at preventing superinfection. Par-
ticipants CD4 T Cells were significantly declining in the face of
neutralizing antibodies further suggesting that concomitant anti-
bodies were ineffective. Immune conditions that can influence
HIV-1 infection differ between HIV-1-infected and uninfected indi-
viduals. Among the uninfected, prior virus-specific responses are
lacking rendering the individuals more vulnerable to infection. In
the infected, pre-existing virus-specific antibody responses are
typically present, but coexisting confounding factors might influ-
ence their protectiveness. The plateaued nature of prior antibodies
suggests that infection in this cohort was chronic. Participants had
not initiated treatment; persistent viral replication and progressive
CD4 cell loss typical of untreated chronic HIV-1 infection might
have further compromised their immunity. Data on opportunistic
infection episodes was not collected. Future analyses of drug-
naïve individuals will need to correct for confounding effects of
opportunistic infections on protection from superinfection.
Clade differences in neutralization sensitivities could not be
explained under the scope of this study. Others linked this to dif-
ferential targeting of key epitopes of broad vulnerability by clade
A and D [38,42], and to the greater sensitivity clade C viruses
[36]. Exploratory analyses showed that clade B and C neutraliza-
tion breadth specificities were due to the N332 glycan supersite
targeting [36,43,44]. However, specimen limitations prevented
similar assessments on clades A and D-directed specificities. The
significantly lower sensitivity of clade D viruses was in line with
established associations of clades with broadly neutralizing anti-
body responses [35,42,45]; and with the known associations of
clade D with rapid HIV-1 disease progression [46–48].

Overall, our data suggests that higher titres and a broader spec-
trum of neutralizing antibodies are needed to prevent superinfec-
tion than was detected here. Tremendous evidence from various
studies has shown that broadly neutralizing antibodies given
before mucosal exposure can prevent infection in humanized mice
and macaques. However, sustaining that protection requires
continuous boosting with titres well above those normally found
in natural infection [9,49–53].

Perhaps co-circulating viruses had escaped from the co-existing
neutralizing antibodies. One caveat to this data is that only heterol-
ogous neutralizing antibodies could be assessed. Stored specimens
were depleted, isolation of transmitted superinfecting viruses, and
evaluation of autologous neutralizing antibodies that might better
determine the correlates of protection from superinfection was not
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possible. However, subtype C studies have linked superinfection
with low prior autologous antibodies [1]. A prospective clade A
and D superinfection cohort is ongoing to enable comprehensive
assessments of autologous antibody determinants of protection
from superinfection. Another limitation to this data is that speci-
men limitations prevented assessments of plasma viral loads in
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this cohort. Viral load and duration of infection are the key deter-
minants of broadly neutralizing antibody development [35,36,39].
Study designs controlling for viral loads will be needed to improve
assessments of associations of SI with anti-HIV-1 neutralizing
antibodies.

Despite the small sample size evaluated, we established that
pre-existing broadly neutralizing antibodies can fail to prevent
HIV-1 superinfection during chronic infection; and that insuffi-
cient neutralization breadth during early antibody development
may also fail to prevent superinfection. These data imply that
successful antibody-based vaccine strategies to prevent HIV-1
infection might need to deliver much greater breadths of HIV-1
neutralizing antibodies than those normally detected during nat-
ural infection.
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