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This report describes the identification of a genetically con-
firmed linked heterosexual human immunodeficiency virus 
(HIV) superinfection (HIV-SI) in a woman with chronic HIV 
infection who acquired a second strain of the virus from her 
husband. Serum neutralizing antibody (NAb) responses against 
their homologous and heterologous viruses, including the 
superinfecting strain, in the woman and her husband were 
examined before and after onset of HIV-SI. The woman dis-
played a moderately potent and broad anti-HIV NAb response 
prior to superinfection but did not possess NAb activity against 
the superinfecting strain. This case highlights the unique poten-
tial of linked HIV-SI studies to examine natural protection from 
HIV infection.
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Human immunodeficiency virus (HIV) superinfection 
(HIV-SI) occurs when an HIV-infected individual acquires 
a new HIV strain that is phylogenetically distinct from their 
existing viral population [1]. The majority of studies examining 
HIV-SI have examined high-risk populations; however, HIV-SI 
also occurs at significant rates in the general HIV-infected 
population [1–4]. Screening for cases of HIV-SI in large pop-
ulation cohorts has allowed for the examination of immuno-
logical characteristics that may be associated with protection 
against HIV-SI by comparing superinfection cases to matched 
HIV-infected controls who do not become superinfected. Of 

particular interest in these studies has been the potential role 
of preexisting HIV-specific neutralizing antibodies (NAb) in 
protecting against HIV-SI. Two matched case control studies 
observed that individuals who became superinfected appear 
to have lower NAb responses as compared to controls, but a 
larger study of female bar workers in Kenya found no associ-
ation between preexisting NAb and protection from HIV-SI 
[5–9]. An alternative approach for exploring HIV-SI risk is to 
examine HIV-infected couples who acquired their viruses from 
different sources, thereby making their viral populations phylo-
genetically unlinked [4, 10]. These couples can then be exam-
ined at multiple time points for a linked HIV-SI event if one 
or both members of the couple pass their virus onto their part-
ner, which then allows for the examination of the underlying 
immune response to their partner’s viral population before and 
after the HIV-SI event [4, 10, 11].

METHODS

Participants in this study were enrolled in a general popula-
tion cohort established in 1989 by the then MRC Programme 
on AIDS in rural southwest Uganda (Supplementary Methods) 
[12]. All participants were in Monogamous (n = 15) and polyg-
amous (n = 6) relationships, attended the Rural Clinical Cohort 
in southwest Uganda, were previously identified as being HIV 
infected, and had virus populations determined by bulk HIV 
sequence analysis to be unlinked. The presence of HIV-SI was 
determined by examining longitudinal serum samples obtained 
from each member of the partnership, using a previously 
described next-generation sequencing (NGS) assay of 3 viral 
genomic regions (gag, pol, and gp41; Supplementary Methods) 
[10, 13]. Individuals with successful NGS of 2 longitudinal sam-
ples for at least 1 genetic region whose corresponding partner 
also had NGS data available from the same genetic region were 
assessed for linked HIV-SI (Supplementary Table 1). One such 
event was detected.

For the linked HIV-SI case, serum samples collected before 
and after the time of HIV-SI from both the female participant 
and her husband were subjected to single-genome amplification 
(SGA) to generate full envelope gene sequences (Supplementary 
Figure 1 and Supplementary Methods). For samples collected 
from the husband before the female partner’s HIV-SI event, 
full-length SGA was unsuccessful; therefore, total RNA was 
amplified using universal primers and was sequenced using 
a shotgun sequencing method (Supplementary Methods). 
NGS amplicons specific for the HIV Env gene were matched 
to the SGA sequences from other time points to verify simi-
larity. Full-length Env amplicons from SGA were subcloned 
or synthesized and used to generate Env pseudoviruses. All 
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pseudoviruses were examined for functionality and neutraliza-
tion susceptibility to known monoclonal antibodies, as well as 
to a variety of subtype A and A/D serum from historic serum 
samples and nonsuperinfected Ugandans in the same cohort. 
Env-pseudoviruses were tested for their neutralization suscep-
tibility to their homologous serum, as well as their partner’s het-
erologous serum from before and after HIV-SI (Supplementary 
Methods). Viral sequences are available in Genbank (accession 
numbers MG722983-MG724743).

RESULTS

Ten individuals had NGS data from at least 1 genomic region for 
2 time points that matched the same region from their partner’s 
NGS data. Of these, 1 case of linked HIV-SI was identified. The 
case occurred in a polygamous relationship in which an HIV-
infected uncircumcised male had 4 wives who were also HIV 
positive (Supplementary Table 1). Longitudinal NGS data were 
available for both the male participant and one of his wives from 
the initial screen (Supplementary Figure 1). NGS data were avail-
able for the pol and gp41 region from only 1 time point for 2 of 
his other 3 wives, and these regions were linked to those of virus 
from their husband (Supplementary Figure 2). The fourth wife’s 
virus did not amplify at either time point examined. The male 
participant was initially infected approximately 4 years prior to 
the HIV-SI event with a recombinant virus that contained HIV 
subtype D in the Pol region and subtype A in the gp41 region 
(Figure 1A and Supplementary Figure 2). The female participant 
with HIV-SI was also initially infected approximately 4  years 
before the HIV-SI event, as well as before marrying her husband, 
with a pure subtype A virus in both pol and gp41 (Figure 1A). 
It was observed that superinfection occurred 19–22  months 
after her initial sample was collected, and that the superinfecting 
virus was phylogenetically linked to her husband’s viral strain 
(Supplementary Figure  1). During this 3-month period, the 
woman also became pregnant, and although antiretroviral ther-
apy to prevent mother-to-child transmission was not available in 
this area of Uganda at this time (the early 2000s), she later gave 
birth to a baby that did not become infected with HIV.

Full-length viral Env sequences were obtained from the 
female partner immediately before HIV-SI (at month 0; 
n = 21) and when HIV-SI was first detected 3 months later (at 
month 3; n = 10; Supplementary Figure 4). Three of the viral 
sequences from this later sample were phylogenetically linked 
to the husband’s viruses, thus representing the superinfecting 
strain (Figure  1B and Supplementary Figure  4). Full-length 
Env sequences collected from the husband 12  months after 
he superinfected the female participant were also generated 
(n = 24; Supplementary Figure 4). Full-length Env sequences 
collected from the husband and subjected to SGA after HIV-SI 
contained regions from both subtype A  and D, indicating a 
unique A/D recombinant and corroborating the assertion 
that the NGS data from gag and pol came from the same virus 

(Supplementary Figure 3). The husband had no indication of 
HIV-SI between the 2 time points examined by NGS or in any of 
the SGA sequences examined later (Supplementary Figure 2). 
Repeated attempts to amplify full-length envelope genes of 
viruses collected from the husband at earlier time points were 
unsuccessful; however, shotgun NGS analysis of viral RNA 
recovered from his serum sample at the time of HIV-SI (ie, 
during month 0.3) identified 1 fragment with a 230–base pair 
overlap into the 5′ end of the viral envelope region. This frag-
ment differed by only 1 nonsynonymous nucleotide mutation 
from the 3 superinfecting strains found in the female after 
HIV-SI (Figure 2C).

Full-length Env amplicons from SGA were subcloned or 
synthesized and used to generate Env pseudoviruses for both 
the female participant (2 from month 0 and 3 from month 3, 
including 1 superinfecting strain) and her husband (9 from 
month 12, with only 4 used for subsequent assays; Figure 2C 
and Supplementary Figure  4) [14]. All pseudoviruses were 
examined for functionality and neutralization susceptibility 
to well-described anti-HIV monoclonal antibodies, as well as 
to a variety of subtype A and A/D serum from historic serum 
samples and nonsuperinfected Ugandans in the same cohort 
[15]. These pseudoviruses demonstrated varying susceptibility 
to the monoclonal antibodies and serum tested (Figure 2 and 
Supplementary Figure 5). Based on this susceptibility, none of 
the Env pseudoviruses from the couple were unusually sensitive 
to neutralization and all had a tier 2–like phenotype.

Serum samples from the female participant (collected at months 
−3, 0, 3, and 10)  and the husband (collected at months 0.3 and 
12)  were tested for their neutralization activity against the cou-
ple’s Env pseudoviruses (Figure 2). The female participant’s serum 
samples collected before HIV-SI displayed moderate NAb activity 
against her homologous virus. However, serum specimens col-
lected before and immediately after HIV-SI contained no detectable 
NAb activity to the superinfecting strain and weak responses to her 
husband’s strains collected 1 year later (ie, during month 12) that 
were genetically similar to the superinfecting strain (Figure 2A). 
Ten months after HIV-SI, the female participant had developed a 
moderate response to the superinfecting strain (Figure 2). In con-
trast, there was no increase in NAb response to the other viruses 
collected from her husband during month 12 (Figure 2).

The serum specimen collected from the husband at the time 
of HIV-SI had no detectable neutralizing activity against his 
wife’s strains, and his NAb responses to those strains did not 
improve 1 year after HIV-SI (Figure 2). However, sera collected 
from him 1 year after HIV-SI had high-titer NAb activity against 
the superinfecting strain (Figure 2).

DISCUSSION

This identification and characterization of a genetically con-
firmed case of a linked heterosexual HIV-SI event provides a 
unique opportunity to examine HIV-SI in an individual whose 
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infecting partner is known. In this case, HIV-SI occurred in a 
chronically infected female who had moderately potent and 
broad anti-HIV NAb responses. Despite this, she possessed no 

detectable NAb response to the superinfecting strain during the 
estimated window when HIV-SI occurred, which potentially 
could have protected her against the superinfecting strain. This 
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Figure 1.  Sequencing results demonstrate a linked human immunodeficiency virus superinfection (HIV-SI) event. A, Neighbor-joining phylogenetic tree of consensus gp41 
viral sequences (≥10 reads) derived from next-generation sequencing (NGS) of viruses collected at the initial time point from the female participant (red) and her husband 
(blue; at −19 months), as well as viral sequences collected from the female participant immediately after HIV-SI (ie, during month 3; green), with the superinfecting viral 
strains clustering with virus from her husband. The number of repeated sequences represented by each NGS consensus sequence is shown at the end of the consensus iden-
tifier. B, Neighbor-joining tree of full SGA-derived viral envelopes used for pseudotyped viruses. C, Neighbor-joining tree of 230 base pairs of the 5′ end of the viral envelope 
from the pseudotyped viral isolates aligned with the NGS shotgun-sequencing fragment from husband’s sample collected before HIV-SI (orange). The fragment clusters with 
the superinfecting strain found in his wife immediately after HIV-SI. Distances are indicated for the tree by the scale at bottom, and samples are grouped with a selection of 
subtype reference sequences (black). Bootstrap values >80% are indicated (1000 replicates).
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lack of response was not due to an inability to develop a NAb 
response to this strain, since she developed a moderate NAb 
response to the superinfecting virus approximately 7  months 
after superinfection, as well as a low response to 3 of 4 other 
viruses isolated from her male partner. It is interesting that the 
husband possessed a very limited NAb response to the viruses 
tested, even after being infected for >30 months at the time of 
HIV-SI. However, like his female partner, his NAb response 
to the superinfecting strain, which originally came from him, 
increased significantly 12  months after the superinfection 
occurred.

There is a large body of preclinical data indicating that NAb 
can confer protective immunity against animal lentiviruses. The 
data from this case report agree with the widely held concept 
that NAb are an important component of protective immunity 
against HIV infection, and thus that a successful HIV vaccine 
should aim to elicit a broadly reactive NAb response [16]. As 
with any single case, these data are supportive but not conclu-
sive. Also, this study was limited by the sample types (serum 
only) and volumes available, as this was a secondary analy-
sis of a previous study performed >15  years ago. The limited 
sample volume for this couple precluded examination of other 

interesting aspects of the humoral immune response that may 
play a role in protection against HIV-SI, and limited our abil-
ity to fully characterize the neutralization breadth of the cou-
ple before and after HIV-SI. The totality of the data were also 
limited by the inability to amplify full envelope sequences from 
the male partner prior to HIV-SI. However, the superinfecting 
strain’s viral envelope sequence isolated from the woman at the 
time of HIV-SI was almost identical to a fragment of envelope 
sequence collected from the man prior to HIV-SI, suggesting 
that this isolate is extremely similar to the superinfecting viral 
strain.

Notably, the husband possessed no detectable NAb response 
to the woman’s heterologous virus, yet he did not become 
superinfected. This could be influenced by the possibility that 
NAb have no protective role against HIV-SI, by the increased 
risk of male-to-female transmission as compared to female-to 
male transmission, or by protection due to a different immu-
nological response not examined here [8, 17]. In summary, this 
case demonstrates the exciting amount of potential information 
that even a small number of these types of cases could provide 
and supports the need to further examine historical cohorts for 
linked HIV-SI events.
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Figure 2.  Sera from the female subject sera did not neutralize the superinfecting viral strain. A, Values in table indicate the dilution of the heat-inactivated serum required 
to block 50% of a standard infectious dose (ID50): weak (green), moderate (yellow), and strong (orange) neutralization values are highlighted. Along the top of the table are indi-
cated time points at which sera were collected from the woman and her husband, as well as a collection of sera from individuals infected with human immunodeficiency virus 
(HIV) subtype A and A/D. The 3 columns to the left show information on Env pseudoviruses tested, including the month and visit time point. The female SI virus (SI-Female 
Month+3_v2) is in green. Sera from individuals screened for linked superinfection are indicated by couple number and member identifier (Supplementary Table 1). To provide 
a benchmark for the varied levels of neutralization activity against autologous viruses, sera from the husband and wife were also tested against a panel of 6 previously 
described HIV pseudoviruses (heterologous virus panel). Serum samples collected from the woman before HIV-SI displayed a measurable neutralizing antibody response to 
5 of 6 unassociated pseudoviruses, and the serum sample collected from the husband at the time of HIV-SI was weakly neutralizing against all pseudoviruses tested. B, ID50 
values of the female participant’s samples over time against the corresponding heterologous and homologous pseudoviruses are shown.
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Supplementary Data

Supplementary materials are available at The Journal of Infectious 
Diseases online. Consisting of data provided by the authors to 
benefit the reader, the posted materials are not copyedited and 
are the sole responsibility of the authors, so questions or com-
ments should be addressed to the corresponding author.
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