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Background. Human immunodeficiency virus (HIV) superinfection has been documented in high-risk indi-
viduals; however, the rate of superinfection among HIV-infected individuals within a general population remains
unknown.

Methods. A novel next-generation ultra-deep sequencing technique was utilized to determine the rate of HIV
superinfection in a heterosexual population by examining two regions of the viral genome in longitudinal samples
from recent HIV seroconverters (n = 149) in Rakai District, Uganda.

Results. The rate of superinfection was 1.44 per 100 person years (PYs) (95% confidence interval [CI], .4-2.5)
and consisted of both inter- and intrasubtype superinfections. This was compared to primary HIV incidence in
20 220 initially HIV-negative individuals in the general population in Rakai (1.15 per 100 PYs; 95% CI, 1.1-1.2;
P =.26). Propensity score matching (PS) was used to control for differences in sociodemographic and behavioral
characteristics between the HIV-positive individuals at risk for superinfection and the HIV-negative population at
baseline and follow-up. After PS matching, the estimated rate of primary incidence was 3.28 per 100 PYs (95% CI,
2.0-5.3; P=.07) controlling for baseline differences and 2.51 per 100 PYs (95% CI, 1.5-4.3; P =.24) controlling

for follow-up differences.
Conclusions.

This suggests that the rate of HIV superinfection in a general population is substantial, which

could have a significant impact on future public health and HIV vaccine strategies.

Human immunodeficiency virus (HIV) superinfection
occurs when an HIV-infected individual acquires a
new viral strain that is phylogenetically distinct from
all detectable viral strains at a previous time point [1].
Inter- and intrasubtype HIV superinfections have been

Received 17 January 2012; accepted 9 April 2012; electronically published 6
June 2012.

M. J. W. and T. C. Q. share senior authorship.

Correspondence: Andrew D. Redd, PhD, National Institute of Allergy and Infec-
tious Diseases, Rangos Bldg, Rm 527, 855 N Wolfe St, Baltimore, MD 21205
(aredd2@jhmi.edu).

The Journal of Infectious Diseases  2012;206:267-74

Published by Oxford University Press on behalf of the Infectious Diseases Society
of America 2012.

DOI: 10.1093/infdis/jis325

reported in high-risk individuals exposed through
sexual or intravenous drug use [1-12]. The rate of HIV
superinfection has often been found to be relatively
frequent, particularly if multiple genomic sites are
examined [6, 9, 13-15]. Other researchers have found
no evidence of superinfection in both small- and large-
scale studies; however, these studies utilized clonal
analyses that were likely not sensitive enough to detect
the levels of virus observed in some superinfection
cases [16-18].

These discrepancies partly reflect differences in the
techniques used to identify and verify superinfection
[19]. Initial studies of the frequency of superinfec-
tion utilized heteroduplex mobility or multiregion hy-
bridization assays followed by selective clonal analysis
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[6, 7, 16]. Other studies preselected high-risk individuals and
employed in-depth cloning techniques to identify possible su-
perinfections [6, 9, 18]. The sensitivity of these assays as possi-
ble screening techniques is determined by the number of
clones amplified and the number of regions examined [9, 15,
20]. Therefore, to obtain the sensitivity needed to identify a
variant circulating within an individual at approximately 1%
of the total circulating viral population, over 100 clones would
need to be examined per sample, an approach that becomes
prohibitively labor intensive for large-scale population studies
of superinfection [15, 19, 20]. We therefore recently designed
and tested a novel, highly sensitive, high-throughput, next-
generation, ultra-deep sequencing technique and sequence
analysis protocol to identify HIV superinfection in 2 regions
of the viral genome: the p24 region of the viral capsid and the
gp41 region of the viral envelope [1]. Using this procedure, we
examined HIV seroconverters from the Rakai Community
Cohort Study (RCCS) in Rakai District, Uganda, to determine
the incidence of HIV superinfection in this population.

METHODS

Superinfection Population

The RCCS is a rural, community-based, open cohort of
persons aged 15-49 years in Rakai District in southwestern
Uganda, which has been described in detail previously [21].
Since 1994, interviews and venous blood samples have been
obtained annually from approximately 14 000 consenting
adults living in 50 villages. All subjects provided written in-
formed consent for sample storage and testing. The study was
approved by the Science and Ethics Committee of the Uganda
Virus Research Institute, the Uganda National Council for Re-
search and Technology, Western Institutional Review Board,
and the Committee on Human Research at Johns Hopkins
Bloomberg School of Public Health.

Known seroconverters who had a positive HIV serological
result within 2 years of a prior negative test between 1998 and
2004 and who had also provided at least 1 subsequent serologi-
cal sample prior to 2009 were randomly selected for examina-
tion from the RCCS population (n =203) [21, 22]. To identify
HIV superinfection, viral RNA was isolated from serum ob-
tained at the seroconverter’s first HIV-positive time point
(baseline) and the latest time point available prior to initiation
of antiretroviral therapy (ART), loss to follow-up, or death
[22]. Subjects were excluded from analysis if neither genomic
region in the baseline sample could be amplified (n = 14). Sub-
jects were also excluded if the follow-up genomic region cor-
responding to the amplified baseline sample failed to amplify
(n =40). The remaining subjects’ (n = 149) viral RNA extracts
were initially amplified by reverse-transcription polymerase
chain reaction (RT-PCR) in duplicate; the resulting products
were pooled and subsequently amplified in a nested PCR

strategy using barcoded primers specific for use on the 454
pyrosequencer platform [1].

Laboratory Analysis

Briefly, amplicons of p24 (approximately 390 base pair [bp])
and gp4l (approximately 324 bp) were amplified and se-
quenced as previously described [1]. The Amplicon Library
Preparation Method was performed as recommended by the
manufacturer (Roche), and all PCR products were purified
with the following minor alterations. In an effort to eliminate
the capture of primers, the bead-to-target ratio was reduced by
incubating 30 uL of AMPure Beads XP (Agencourt; Beckman
Coulter Genomics) with 25puL of PCR product diluted in
25 pL of water. Purified PCR products were quantified using
PicoGreen (Invitrogen), and each template was diluted to a
1 x 10° molecules/uL stock. The amplicon pools were made by
combining 5 pL of each diluted barcoded template to make
a final 1x 10” molecules/uL stock containing 14 barcoded
amplicons.

Preparation of templated beads for next generations se-
quencing (NGS) followed the emPCR Method Manual-
Lib-L-MV  (Roche). The 1 x 10° molecules/uL library pools
were diluted to 1 x 10° molecules/uL for a target addition of
0.175 copies per bead to the DNA capture beads. Enriched
DNA capture beads were sequenced on the 454 (Roche) per
the manufacturer’s instructions using a 4-region gasket [1].

Sequencing results were analyzed using the GS Amplicon
Variant Analyzer version 2.5 (Roche). All sequence reads were
compared, and similar sequences were combined into a single
consensus sequence. Generated consensus sequences that were
within 10 bases from both ends of the amplicon and com-
prised of a cluster of >10 individual, near-identical sequences
were determined using the Roche Amplicon software and
were classified as being consensus sequences of HIV variants.
These consensus sequences were used for subsequent phyloge-
netic analysis [1]. The lower limit of detection of intersub-
type minor variants for this assay was previously shown to be
1% [1].

HIV superinfection was defined in an individual whose
follow-up serum sample demonstrated >2 distinct consensus
sequences forming a monophyletic cluster that was phyloge-
netically unlinked from the individual’s entire consensus se-
quences in the baseline sample and was of adequate genetic
distance from the baseline sequences to rule out natural evolu-
tionary drift [1]. In order to be considered a superinfection,
the genetic distance of the new monophyletic cluster from the
closest related viral sequences found at the earlier time point
had to be >0.55% per year for the p24 region or >0.98% per
year for the gp41 region [1]. All newly identified consensus
sequences were phylogenetically compared with the most
prominent strains of the other barcoded samples within the
NGS runs to search for microcontamination, misclassification,
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or sequencing errors. If instances of these errors were found,
these consensus sequences were eliminated. Possible superin-
fection events were reamplified and verified in a second 454
sequencing run [1]. The NGS consensus sequences for gp41
and p24 are available on the Los Alamos National Laboratory
HIV-DB Next Generation Sequence Archive (http://www.hiv.
lanl.gov/content/sequence/HIV/NextGenArchive/) and are also
available upon request from the corresponding author. Total
sequence reads and consensus sequences from the total popu-
lation were each compared for both genomic regions at base-
line and follow-up with the Kruskal-Wallis test.

Serum HIV type 1 RNA concentrations (viral loads) were
determined by the Amplicor v1.5 (Roche Diagnostics).

Incidence Rate Population

The HIV incidence rate was estimated for the entire RCCS
population among participants with a negative sample
between 1998-2008 and at least 1 follow-up sample prior to
2009 (n=20220), providing 100550 person years (PYs) at
risk [23]. Human immunodeficiency virus infection was
assumed to have occurred at the midway point between the
last negative and first positive HIV test.

Statistical Analysis

The rate of superinfection among the amplified HIV-positive
samples was initially compared with the rate of primary HIV
infection among the general population using a univariate
Poisson log-linear model. Because the sociodemographic char-
acteristics and risk behavior profiles of the individuals tested
for superinfection were different from those of the general
HIV-negative population at risk of primary HIV infection,
propensity score matching was used to compare the rates of
superinfection and primary infection in the general HIV-
negative population matched for the sociodemographics and
behaviors of the HIV-positive population at risk of superinfec-
tion [24, 25]. The baseline and follow-up sociodemographic
and behavior variables were compared between the two popu-
lations using x> tests, and any variable that differed
significantly between the groups at P=.05 was entered in the
logistic regression model to estimate the propensity score. The
objective of constructing a propensity score is to use a 1-di-
mension balance score (ie, the propensity score) to summarize
all the measured variables that differ between the two popula-
tions [26]. Additionally, because the follow-up time differed
between the two populations, duration of follow-up was also
entered in the propensity score model in order to balance the
exposure times between the populations. One-nearest neigh-
bor matching on the propensity score was applied to select the
subjects in the general population who had similar profiles to
the subjects in the HIV-positive population at risk of superin-
fection. Further analyses were conducted to check the balance
in each sociodemographic and risk behavior variable between

the populations. A Poisson log-linear model was then used to
estimate the expected incidence in the general population
given the characteristics and behaviors of the HIV-positive
population at risk of superinfection. The propensity score
matching was conducted using the Matchlt R package [24,
25].

RESULTS

Of the 149 individuals examined for superinfection, valid pyr-
osequencing results were obtained for the p24 and gp4l
genomic regions at both time points for 109 individuals
(73.2%). Thirty-one individuals had valid results at both time
points for the gp41 region only (20.8%), and 9 had p24 results
only (6.0%). There were no significant differences in the total
reads between the baseline p24 (median, 10 998; interquartile
range [IQR], 8262-14549), baseline gp41 (median, 10581;
IQR, 8309-12713), and follow-up p24 regions (median, 11
386; IQR, 9488-13 638). However, the follow-up gp4l total
reads (median, 8923; IQR, 7186-11617) were significantly
lower than all 3 (P <.05). There were no significant differences
between the consensus sequence totals for the baseline p24
(median, 74; IQR, 43-108), baseline gp41 (median, 70; IQR,
54-87), follow-up p24 (median, 79; IQR, 56-104), and follow-
up gp41 regions (median, 72; IQR, 48-91) (P =.26).

At initial seroconversion, 91 individuals were infected with
a single subtype D viral population (61.1%), 24 individuals
were infected with a single subtype A viral population
(16.1%), 1 individual was infected with subtype C viral popu-
lation (0.7%), and 33 individuals were infected with either re-
combinant viruses or multiple viral populations (22.1%). This
is consistent with the HIV subtype distribution previously ob-
served in Rakai [27]. The median time interval between the
baseline and follow-up time points was 2.84 years (IQR,
1.64-5.08; range, 0.99-7.47).

Seven cases of HIV superinfection were identified over
485.7 PYs of follow-up, for an HIV superinfection incidence
of 1.44 per 100 PYs (95% confidence interval [CI], .37-2.51)
(Figures 1 and 2; Supplementary Figure 1). All superinfection
events were detected in the gp41 region. In 3 cases, there were
no sequences available for the p24 region, and in the remain-
ing cases there were no new sequences detected in the p24
region. In addition, all 7 superinfected individuals were initial-
ly infected with HIV subtype D at baseline (Table 1). Four of
the superinfection events were intrasubtype events with initial
subtype D-infected individuals superinfected with a novel
subtype D strain(s) (Figure 1; Supplementary Figure 1A and
1B). The other 3 cases were intersubtype superinfection events
with new subtype A viral populations being found in the
follow-up sample (Figure 2; Supplementary Figure 1C). There
was no consistent change in the viral loads before and after
superinfection (Table 1).
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Figure 1.

A and B, Phylogenetic trees of consensus gp41 viral sequences (>10 reads) derived from 454 pyrosequences of baseline serum sample
(red) and follow-up sample (blue) are shown for 2 representative intrasubtype human immunodeficiency virus type 1 (HIV-1) superinfection events. All
consensus sequences were combined in a joint tree for identification of superinfecting strains as indicated (dashed circle). The HIV subtypes A and D
are indicated by brackets. The number of repeated sequences represented by each consensus sequence is shown at the end of the consensus identifier.
Distance is indicated for each individual tree with scale at bottom of the tree, and samples are grouped with a selection of subtype reference sequenc-
es and random sequences from individuals in Rakai (black) [1].

The HIV incidence rate was estimated for the entire RCCS
population among participants with a negative sample
between 1998-2008 and at least one follow-up sample in the
same time period (n=20220 with 100 550 PYs of follow-up)
(Table 2). In this population, 1152 HIV seroconversion events
were identified for an unadjusted HIV incidence of 1.15 per
100 PYs (95% CI, 1.08-1.21). The rate of HIV superinfection
did not differ from this unadjusted primary incidence rate
(P=.26).

At baseline and follow-up, the sociodemographic and beha-
vioral characteristics of the HIV-infected population at risk
for superinfection were markedly and significantly different
from the HIV-negative population at risk of primary incident
infection (Table 2). At baseline, members of the HIV-infected

population at risk of superinfection were older and more likely
to be female, to have experienced marital dissolution, to be
sexually active, to use condoms inconsistently, and to
consume alcohol before sex, all of which are known risk
factors for HIV acquisition in this population. At follow-up,
members of the the population tested for superinfection were
older and more likely to be female, to have marital dissolution,
and to consume alcohol with sex, but they were not more
sexually active than the general population. Propensity score
matching was used to estimate HIV incidence in the general
population adjusted for these differences in sociodemographic
and behavioral characteristics. When the general population
was matched to the HIV-infected population’s characteristics
at baseline, the estimated HIV incidence rate was 3.28 per 100
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Figure 2. A and B, Phylogenetic trees of consensus gp41 viral sequences (>10 reads) derived from 454 pyrosequencs of baseline serum sample (red)
and follow-up sample (blue are shown for 2 representative inter-subtype HIV-1 superinfection events. All consensus sequences were combined in a
joint tree for identification of superinfecting strains as indicated (dashed circle). The HIV subtypes A and D are indicated by brackets. The number of
repeated sequences represented by each consensus sequence is shown at the end of the consensus identifier. Distance is indicated for each individual
tree with scale at bottom of the tree, and samples are grouped with a selection of subtype reference sequences and random sequences from individuals

in Rakai (black) [1].

PYs (95% CI, 2.0-5.3), which was higher than the observed
rate of superinfection, and the difference was of borderline sta-
tistical significance (P =.07). When the populations were pro-
pensity score matched by sociodemographic and behavioral
characteristics at follow-up, the estimated primary incidence
rate was 2.51 per 100 PYs (95% CI, 1.5-4.3), which was not
significantly different from the observed rate of superinfection
(P=24).

DISCUSSION

This is the first large-scale study of the rate of HIV superinfec-
tion in a general heterosexual population using a validated,
highly sensitive, next-generation, ultra-deep sequencing tech-
nique. The finding of inter- and intrasubtype superinfection
events supports earlier work in a group of high-risk female
sex-workers in Kenya [6, 9, 15]. Other studies have found few

Table 1. Next-Generation Sequencing Total Reads, Consensus Sequence Data, and Viral Load for Superinfection Cases
Consensus
Baseline Baseline Follow- Follow-up Sequences Follow-
Baseline Total Consensus Superinfecting up Total Consensus Identified as Sl Baseline up Viral
ID  Subtype Reads Sequences (SI) Subtype Reads Sequences Strain, % Viral Load Load
1 D 10150 90 D 6007 51 82.4 5.722 5.34
2 D 13628 124 D 2666 25 12.0 4.89° 5.41
B D 11128 78 D 2950 9 100 5.36% 3.33
4 D 11784 44 D 12212 85 100 3.51 6.22
3 D 13798 93 A 11592 93 69.9 418 4.27
6 D 25049 119 A 14559 92 69.6 3.36° 3.83
7 D 8263 42 A 5516 43 81.4 3.26 5.19

@ Due to sample availability, 4 baseline viral load levels were determined from samples taken <1 month after the baseline sample.
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Table 2. Sociodemographic and Behavioral Characteristics of At-Risk Populations Examined for Superinfection and Primary
Incidence at Baseline and Follow-up

Baseline Follow-Up
Superinfection HIV Infection Superinfection HIV Infection
n=149, No. (%) n=20220,No. (%) PValue n=149, No. (%) n=20220, No.(%) P Value
Age, years
<20 14 (9) 7611 (38) <.001* 5 (3) 3375 (17) <.001*
21-25 46 (31) 4494 (22) 22 (15) 4274 (21)
26-30 32 (22) 3140 (16) 38 (26) 3973 (20)
31-35 23 (15) 1843 (9) 34 (23) 2961 (15)
>36 34 (23) 3132 (15) 50 (34) 5637 (28)
Gender
Female 96 (64) 11032 (55) .02* 96 (64) 11032 (55) .02*
Male 53 (36) 9188 (45) 53 (36) 9188 (45)
Marital status®
Never married 24 (16) 7033 (35) <.001* 15 (10) 4853 (24) <.001*
Currently married 97 (65) 11507 (57) 82 (55) 12928 (64)
Divorced, separated, widowed 28 (19) 1678 (8) 52 (35) 2433 (12)
Number of sex partners past year®
None 9 (6) 4153 (21) <.0001* 26 (17) 2855 (14) .30
1 106 (71) 12313 (61) 99 (66) 13266 (66)
>2 34 (23) 3744 (19) 24 (16) 4084 (20)
Condom use with all partners®
Never 88 (63) 10391 (65) .04* 68 (55) 10598 (61) 40
Inconsistent 46 (33) 4175 (26) 39 (32) 4917 (28)
Always 6 (4) 1491 (9) 16 (13) 18356 (11)
Alcohol use with sex?
Never 65 (46) 10242 (64) <.0001* 66 (54) 7662 (44) .04*
Sometimes 75 (54) 5815 (36) 57 (46) 9688 (56)
Person-year follow-up
<25 56 (38) 6942 (34) <.0001* 56 (38) 6942 (34) <.0001*
2.5-5 67 (45) 5224 (26) 67 (45) 5224 (26)
5-7.5 24 (16) 2959 (15) 24 (16) 2959 (15)
>7.5 2 (1) 5095 (25) 2(1) 5095 (25)

* indicates significant differences.

? Individuals who were not sexually active or refused to answer questionnaire were excluded.

or no cases of superinfection, even in European homosexual
male populations reporting high-risk exposures, but this may
be due to the less-sensitive clonal analyses used [17, 18].

In addition, this is the first study to compare the rate of
HIV superinfection to primary HIV incidence in a general
heterosexual population in sub-Saharan Africa. The rate of
HIV superinfection (1.44 per 100 PYs) did not differ signifi-
cantly from the unadjusted primary HIV incidence rate (1.15
per 100 PYs). However, after matching for the baseline charac-
teristics and behaviors, the adjusted primary incidence (3.28
per 100 PYs) was higher than the observed incidence of super-
infection, and this was of borderline statistical significance.
When the follow-up behavioral characteristics were used to
derive the propensity score matching, the adjusted primary
HIV incidence (2.51 per 100 PYs) was nonsignificantly higher

than the rate of HIV superinfection. This difference in estimat-
ed rates based on baseline or follow-up propensity score match-
ing may reflect change in behaviors among HIV-infected
individuals after learning their status and decreased risky be-
havior due to HIV disease progression [28]. In addition, our
analysis is somewhat constrained by the relatively small
number of superinfections detected, which limited the power
of the study to detect a small significant difference in unad-
justed or propensity score-matched incidence rates. Nonethe-
less, these data suggest that the rate of superinfection in a
generalized heterosexual epidemic is substantial and could
have a significant impact on the ongoing epidemic.

Almost all HIV transmission in the RCCS population occurs
through vaginal heterosexual intercourse, and therefore the
findings may not be generalizable to populations with other
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modes of transmission. Prior studies in men who have sex with
men and in commercial sex-workers in Kenya suggest that rates
of HIV superinfection may be increased in populations with
higher primary HIV incidence [9, 14]. It has also been shown
that cellular components of the natural immune response to
HIV do not seem to be protective against superinfection [2, 29].
However, there is some evidence that neutralizing antibody
responses may be associated with protection [30].

There is previous evidence that HIV superinfection can
have detrimental clinical effects, even in individuals who were
previously controlling their HIV infection [2, 11, 14, 31].
These data suggest that post-test counseling of HIV-infected
individuals needs to emphasize the risk of HIV superinfection
and the possible clinical implications of continued unsafe
behaviors. These results also have significant implications for
estimations of the age of the HIV epidemic and for phyloge-
netic modeling of viral evolution because many of these
models assume that superinfection is not occurring [32]. In
addition, the finding that superinfection is common and
occurs within and between HIV subtypes suggests that the
immune response elicited by primary infection confers limited
protection and raises concerns that vaccine strategies designed
to replicate the natural anti-HIV immune response may have
limited effectiveness. In summary, the finding that superinfec-
tion is a relatively frequent event has substantial implications
for HIV prevention, clinical management, and future vaccine
development.

Supplementary Data
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online (http:/jid.oxfordjournals.org/). Supplementary materials consist of
data provided by the author that are published to benefit the reader. The
posted materials are not copyedited. The contents of all supplementary
data are the sole responsibility of the authors. Questions or messages
regarding errors should be addressed to the author.
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