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Superinfection by a second human immunodeficiency virus type 1 (HIV-1) strain indicates that gaps in
protective immunity occur during natural infection. To define the role of HIV-1-specific neutralizing antibodies
(NAbs) in this setting, we examined NAb responses in 6 women who became superinfected between �1 to 5
years following initial infection compared to 18 women with similar risk factors who did not. Although
superinfected individuals had less NAb breadth than matched controls at �1 year postinfection, no significant
differences in the breadth or potency of NAb responses were observed just prior to the second infection. In fact,
four of the six subjects had relatively broad and potent NAb responses prior to infection by the second strain.
To more specifically examine the specificity of the NAbs against the superinfecting virus, these variants were
cloned from five of the six individuals. The superinfecting variants did not appear to be inherently neutral-
ization resistant, as measured against a pool of plasma from unrelated HIV-infected individuals. Moreover, the
superinfected individuals were able to mount autologous NAb responses to these variants following reinfection.
In addition, most superinfected individuals had NAbs that could neutralize their second viral strains prior to
their reinfection, suggesting that the level of NAbs elicited during natural infection was not sufficient to block
infection. These data indicate that preventing infection by vaccination will likely require broader and more
potent NAb responses than those found in HIV-1-infected individuals.

Human immunodeficiency virus type 1 (HIV-1) superinfection
occurs when an individual chronically infected with one strain of
HIV-1 becomes infected with a second strain, indicating that
natural immune responses to HIV-1 are not always protective.
Since superinfection occurs despite ongoing immune responses to
the first HIV-1 strain, it provides an avenue to explore how spe-
cific immune deficits allow HIV-1 infection to become estab-
lished. To date, approximately 30 well-characterized cases of
HIV-1 superinfection have been described based on longitudinal
follow-up (1, 7, 10, 13, 14, 28, 37, 38, 41, 43, 45, 51, 56); many
other presumed cases have been defined in cross-sectional stud-
ies, where there is evidence of dual infection at the time when
viral sequences were examined (reviewed in reference 43). Many
of the cases of superinfection identified in longitudinal studies
occurred within the first year following initial infection, when
immune responses to HIV-1 are often not fully mature. However,
HIV-1 superinfections have also been found frequently during
chronic infection (38), when the immune response to HIV-1
should be fully developed.

The frequency of superinfection likely depends on a variety
of factors, including the nature of the superinfecting strains,
the use of antiretroviral medications, and the immune status of
the individual. Several studies, which screened more than 3,000

individuals, found no evidence of HIV-1 superinfection,
though many of these individuals were receiving antiretroviral
therapy (6, 9, 50). In contrast, a study of Thai intravenous drug
users found two cases of HIV-1 superinfection among 130
chronically infected individuals (41). More recently, three pop-
ulation-based studies found that HIV-1 superinfection oc-
curred at a rate close to that of initial infection. In a study of
high-risk women in Kenya, the incidence of superinfection was
approximately 4% per year (7, 38), approximately half the
incidence of primary infection in the same cohort of 8% per
year (15). Among a cohort of men in southern California, the
incidence of superinfection was 5% (45), which was equal to
the initial infection rate of 5% per year in a similar cohort (12).
The frequent detection of superinfection in these more recent
studies calls into question what role, if any, immunity to the
first strain has in protection from the second strain.

The relatively small number of well-characterized cases of
superinfection has limited analysis of the role of the immune
response in superinfection. Thus, it remains unclear whether
only a subset of individuals with particularly poor immune
responses succumb to superinfection or whether immune re-
sponses during HIV-1 infection are in general inadequate to
prevent infection. All six superinfected subjects in whom cel-
lular immune responses have been assessed had cytotoxic T
lymphocytes (CTL) directed toward their initial strain, as mea-
sured by gamma interferon enzyme-linked immunospot assay
(1, 13, 41, 47, 55). While there were differences between the
studies in the number of potential epitopes evaluated, the
breadth of the immune responses to the initial HIV-1 strain
varied in these superinfected individuals, with four individuals
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having very broad responses to multiple epitopes (1, 41, 55)
and two individuals having relatively narrow responses pre-
dominantly directed to a single epitope (13, 47). In four of
these cases, at least some of the CTL present were cross-
reactive with the superinfecting strain prior to reinfection (1,
41, 47, 55). However, in all six cases at least some of the
targeted CTL epitopes were altered in the superinfecting
strains, which could have contributed to the ability of these
strains to establish infection (1, 13, 41, 47, 55). Furthermore, as
CTL play a critical role in controlling an established infection
but are ineffective in preventing initial infection (reviewed in
references 5 and 35), it is perhaps not surprising that these
cellular responses were insufficient to prevent reinfection.

Unlike CTL, neutralizing antibodies (NAbs) to HIV-1 can
prevent infection in animal models (reviewed in reference 46);
NAbs, therefore, might be able to prevent superinfection in
humans if sufficiently broad and potent. Among two cases of
superinfection described by Ramos et al., binding antibodies to
the V3 region were generated to the initial strain though these
did not appear to cross-react with the superinfection strain
(41). Moreover, in this study, neutralization was not assessed
(41). In a third case, only weak NAbs were present to the initial
virus, and these antibodies did not neutralize the superinfect-
ing strain (1). In the only study to compare superinfected
individuals to those with similar risk factors who did not be-
come superinfected, three individuals who became superin-
fected had weak NAb responses to their initial infection (44).
These three superinfections all occurred relatively early, within
6 months of initial infection. In addition, this study examined
the ability of plasma from the superinfected individuals to
neutralize just three viruses, and responses to the superinfect-
ing virus itself were not examined. In order to more rigorously
evaluate the potential role of NAb responses in protection
from superinfection, we assessed the NAb responses in six
cases of superinfection that occurred throughout the course of
chronic HIV-1 infection using a larger panel of viruses, includ-
ing the superinfecting strains.

MATERIALS AND METHODS

Study population. The individuals in this study were part of a prospective
cohort study of high-risk women from Mombasa, Kenya, in which timing of the
first infection is defined by both HIV-1 serology and HIV RNA testing (23–25).
All of the women were HIV-1 infected through heterosexual contact, and none
reported antiretroviral therapy during follow-up for this study although some
have since started therapy due to CD4 counts of �200/�l. From this cohort, a
total of 56 individuals were screened for superinfection by analysis of env se-
quences (7) or both env and gag sequences (38) in peripheral blood mononuclear
cells (PBMCs) within the first year of infection and again �5 years later. Pre-
sumed cases of superinfection were confirmed using phylogenetic analyses, and
the time of superinfection was determined by examining the HIV sequences in
intervening PBMC samples, typically collected at 3-month intervals, using both
phylogenetic analysis and subtype-specific PCR (7, 38). The superinfection cases
and controls for the present study were identified from among these 56 women.
Verbal or written informed consent was obtained from all patients. The ethical
review committees of the University of Nairobi, the University of Washington,
and the Fred Hutchinson Cancer Research Center approved this study.

Cloning of full-length, functional env genes. In most cases, full-length env
genes for the virus panel and from superinfection cases were cloned directly from
PBMC DNA by limiting dilution nested PCR as described previously (21, 54).
Because insufficient PBMC DNA was available, env clones from subjects QD022
and QB008 were cloned from DNA from cultured PBMCs. The virus culture was
maintained for a maximum of 21 days, during which time there is limited impact
on the representation of the major viral species (53). Because there is variability
in the sequence targets for amplification, conditions were optimized for each

subject; primers and PCR conditions for each case are listed in Table S1 in the
supplemental material. The full-length sequences obtained were highly repre-
sentative of the sequences obtained previously by amplification of the V1-V5
region (7, 38). The PCR products were digested with MluI and NotI restriction
enzymes (Invitrogen) and cloned into the pCIneo vector (Promega). In the one
case where the restriction sites were not compatible (the env genes from subject
QA013), PCR products were cloned into pcDNA3.1/V5-His-TOPO vector (In-
vitrogen). All env sequences were evaluated to determine if recombination had
occurred between the initial and the superinfecting strains, as defined previously
(7, 38). Only one sequence, from subject QB008, was a recombinant sequence.
As it could not be conclusively established whether this recombination event
occurred in the subject or during the PCR amplification, this variant was not
studied further. To generate pseudotyped viral particles, plasmid DNA was
transfected into 293T cells along with an envelope-deficient HIV-1 subtype A
proviral plasmid, Q23�env, as described previously (21). Pseudotyped viruses
were screened for infectivity by a single-round infection of TZM-bl cells (29)
(AIDS Research and Reference Reagent Program, National Institutes of
Health). Approximately 50% of cloned env genes were capable of mediating
infection; the complete sequences of these functional clones, each from an
independent PCR, were determined using a BigDye Terminator, version 3.1,
cycle sequencing kit (Applied Biosystems) according to the manufacturer’s in-
structions.

Phylogenetic analyses. Full-length env sequences were examined using the
BLAST search tool from the National Center for Biotechnology Information
(NCBI; at http://www.ncbi.nlm.nih.gov/blast/Blast.cgi) to rule out contamination
from other laboratory strains or sample mix-up. Full-length env sequences from
the novel clones as well as sequences from the original V1-V5 sequences used to
define the superinfection cases (7, 38) were assembled using Sequencher soft-
ware (Gene Codes). The V2-V5 regions were then aligned using Clustal X (49),
and manually edited using MacClade, version 4.01 (22), to remove regions that
could not be unambiguously aligned, as described previously (7, 38). Phyloge-
netic trees were then constructed by neighbor-joining using an HKY85 model in
PAUP* (version 4.01b10) (48). Viral subtype was defined using the NCBI geno-
typing database (http://www.ncbi.nlm.nih.gov/) and by phylogenetic analyses with
reference sequences from the Los Alamos National Laboratory HIV database
(http://www.hiv.lanl.gov/).

Neutralization assays. Neutralization was assessed in triplicate with at least
two independent preparations of pseudoviral stock using the TZM-bl neutral-
ization assay as described previously (3, 29, 54). Briefly, 500 infectious particles
of pseudovirus, as determined by infection of TZM-bl cells, were incubated with
serial dilutions of plasma for 1 h; then TZM-bl indicator cells were added, and
infection levels were determined by assessing �-galactosidase activity after 48 h.
Median inhibitory concentrations (IC50s) were defined as the reciprocal dilution
of plasma that resulted in 50% inhibition, calculated as described previously
using the linear portion of the neutralization curve (3, 54). The standard plasma
pool collected from 30 HIV-1-infected individuals in Kenya between 1998 and
2000 has been previously described (3).

Calculation of breadth and potency scores. Breadth and potency scores were
calculated for each plasma sample to compare neutralization between cases and
controls. A median IC50 value was assigned to each panel virus, based on the
median of all the IC50 values from every plasma sample tested against that virus.
To define a breadth score for an individual plasma sample, the plasma/virus
combinations in which the IC50 was above the median IC50 defined for that virus
with all plasma samples were given a score of 1, and those below were scored as
0. The overall breadth score was determined by summing these numbers for all
16 viruses tested. The potency score was derived by dividing the IC50 value of a
given plasma/virus combination by the median virus IC50 value. As with the
breadth score, the potency scores against all 16 panel viruses were added to
obtain an overall potency score. Thus, if a plasma sample had an IC50 of 250 for
a virus whose median score was 50, this plasma would receive 1 breadth point but
5 potency points toward its total score.

Statistical analyses. All statistical analyses were performed using Intercooled
Stata, version 10.0 (College Station, TX). In order to compare median IC50,
mean IC50, breadth score, and potency score between superinfection cases and
controls, the values for the three controls for each case were averaged. The
matched values for superinfection cases and controls were compared by a Wil-
coxon signed ranks test. In order to determine whether the timing of the super-
infection sample influenced the neutralization scores, the number of years
postinfection (ypi) was compared with the mean, median, breadth, or potency
scores using a Spearman rank correlation. A two-sample Wilcoxon rank sum test
was used to compare the plasma pool neutralization sensitivity of the superin-
fecting variants to that of the initial variants. The same test was used to compare
neutralization sensitivity of superinfecting and early variants.
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Nucleotide sequence accession numbers. The novel sequences from the su-
perinfected subjects have been deposited in the GenBank database under acces-
sion numbers FJ396012 through FJ396031.

RESULTS

Breadth and potency of NAb responses in superinfection
cases and controls. Six cases of superinfection that occurred
between �1 to 5 years following initial infection were previ-
ously identified within a female sex worker cohort study in
Kenya (Fig. 1 and Table 1) (7, 38). Viral loads were approxi-
mately 40,000 copies/ml in most individuals near the time of
superinfection (7, 38). Absolute CD4 counts were available
prior to superinfection in only two subjects, and both had CD4
counts exceeding 500 cells/�l (38). The remaining four subjects
had CD4 counts exceeding 200 cells/�l at the first available
time point following superinfection, which ranged from 1 to 4
years following superinfection (7, 38). Thus, none of these
individuals appeared to be in an advanced state of immuno-
suppression at the time of reinfection. In order to determine
whether deficits in the breadth and potency of their NAb
responses were a correlate of superinfection, we examined
three controls in which we could not detect superinfection for
each case. Controls were matched to cases according to the

initial HIV subtype (A, C, or D), the timing of plasma samples
in relation to initial infection, and the viral load (Table 2). NAb
responses in cases and controls were examined at approxi-
mately 1 year following initial infection in all subjects to allow
us to compare all individuals at the same time point (Fig. 1 and
Table 2), as well as just prior to documented superinfection
(Fig. 1 and Table 2). In order to assess the breadth and potency
of the plasma from the superinfection cases and controls, we
tested a panel of 16 HIV-1 pseudoviruses representing trans-
mitted variants from various HIV-1 subtypes including A, A/D
recombinant, C, D, and B. The majority of variants were
cloned from individuals from Kenya (3, 54; also unpublished
data), except for 6535.3 (B5), THRO4156.18 (B15), and
Du156.12 (C1), which are part of the previously described
standard subtype B and C virus panels (17, 18). These variants
were selected for the panel on the basis of their neutralization
sensitivity to pooled plasma from HIV-1-infected individuals in
Kenya. Selecting variants that showed detectable neutraliza-
tion with pooled plasma increased the chances of observing,
and thus differentiating, neutralizing activity between individ-
ual plasma samples.

We assessed the ability of plasma to neutralize the panel
viruses by determining the median IC50 (defined as the recip-
rocal dilution of plasma that resulted in 50% inhibition) for
each plasma/virus pair at �1 ypi (Fig. 1 and Fig. 2a). Plasma
from both cases and controls exhibited a broad range of neu-
tralizing potency against these transmitted variants (Fig. 2a).
To quantitate potential differences between superinfection
cases and matched controls, each case was compared to the
average of the three controls per case. The mean IC50 value
was lower in the superinfecting plasma than in the controls
(P � 0.05) while there was a trend for a lower median IC50

value in superinfection cases than in controls (P � 0.07). Be-
cause each panel virus had a different overall neutralization
sensitivity, we normalized the IC50 value of each virus/plasma
pair to the median IC50 for each virus with all plasma to
calculate breadth and potency scores. At �1 year after initial

FIG. 1. Timing of analyzed samples for the six superinfection cases.
Each of the six superinfection cases is identified on the left, with a
horizontal line indicating the time since the initial infection, according
to the scale at the bottom. The interval during which superinfection
occurred is indicated by the gray bar. The �1-year time point from
which plasma samples were evaluated is indicated by the open squares,
and the presuperinfection time point is indicated by the black circles.
For subjects QA013 and QB008, the �1-year time point and the
presuperinfection time point were the same since superinfection oc-
curred at approximately 1 year. The gray circles indicate the first time
point at which the superinfecting variants were identified; all env vari-
ants were cloned from this time point. SI, superinfection.

TABLE 1. Characteristics of superinfection casesa

Case
Estimated timing
of superinfection

(ypi)

Initial infecting
subtype

Superinfecting
subtype

QA013 0.72–1.1 D A
QB008 0.83–1.6 C C/A
QA413 2.0–2.8 A A
QB045 4.6–5.8 A2 A
QB726 2.8–3.2 A A
QD022 5.0–5.4 A C

a References 7 and 38.

TABLE 2. Selection of cases and controls for assessment of
breadth and potency of NAb responses

Group and case
Case time

point
(ypi)

Case VL
(log10
copies/

ml)

Control time
point mean

(ypi)a

Control VL
mean
(log10

copies/ml)

Cases at �1 year
QA013 0.72 5.12 0.76 4.79
QB008 0.83 4.51 0.86 4.50
QA413 0.76 5.60 0.97 4.70
QB045 1.9 4.49 1.9 4.24
QB726 1.3 3.90 1.1 3.88
QD022 1.2 NDb 1.2 4.47
Presuperinfection cases
QA013 0.72 5.12 0.76 4.79
QB008 0.83 4.51 0.86 4.50
QA413 2.0 4.94 2.0 4.91
QB045 4.6 3.78 4.7 4.93
QB726 2.8 1.70 2.8 4.08
QD022 5.0 3.81 5.0 4.67

a For each case, 3 controls per case were matched according to HIV-1 subtype,
timing of plasma samples tested, and VLs. Insufficient data were available to
compare CD4 counts between cases and controls.

b ND, not done.
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infection, the superinfection cases had significantly lower
breadth scores than the matched controls (Wilcoxon signed
ranks test, P � 0.046) (Fig. 2b). In addition, there was a trend
toward less potency in the NAb responses at �1 year in su-
perinfection cases than in controls (P � 0.075) (Fig. 2c). To
ensure that variability in the sample timing was not altering
results, we compared the breadth or potency scores with the
number of years postinfection by Spearman rank correlation.
There was no significant relationship between the timing of the
plasma samples and the breadth (P � 0.36) or the potency
(P � 0.51) scores. As much of the neutralizing activity ob-
served was relatively weak, we also calculated 70 and 80%
inhibitory concentration (IC70 and IC80, respectively) values
(see Fig. S1 and S2 in the supplemental material). On the basis
of IC70 values, we observed less potency and a trend for less

breadth among superinfection cases than in controls (see Fig.
S1 in the supplemental material). IC80 values were generally
below the limit of detection, and no significant differences in
neutralizing activity were observed between superinfection
cases and controls (see Fig. S2 in the supplemental material).

Plasma samples from the superinfection cases and controls
were then compared at the time point immediately prior to
superinfection, as the breadth and the potency of the NAbs at
this time should reflect those faced by the entering superin-
fecting virus (Fig. 1 and 3a and Table 2). NAbs present in four
of the six superinfection cases (QA013, QA413, QB045, and
QB726) could neutralize the majority of the heterologous
panel viruses at this time (Fig. 3a). There was no detectable
difference between the superinfection cases and controls in the
breadth (P � 0.35) (Fig. 3b) or the potency (P � 0.92) (Fig. 3c)

A

FIG. 2. NAb responses at approximately 1 ypi. (a) The plasma samples tested are displayed along the left, with a subject identification code
followed by the number of years postinfection at which the plasma sample was obtained. Each superinfection case is displayed in larger font at the
top of a group, with the three matched controls in the box beneath. The 16 viruses tested are shown at the top, followed by a column for the mean,
median, breadth score, and potency scores for each plasma sample (four rightmost columns). The 16 panel viruses are abbreviated by subtype along
the top. The virus variants are: A1, Q461d1; A2, Q168b23; A3, Q842d16; A4, BJ613.E1; A5, BS208.B1; A6,Q769b9; A/D1, BF535.A1; A/D2,
QA790.204I.ENV.C1; D1, QD435.100 M.ENV.A4; D2, QA465.59 M.ENV.D1; A/D3, QZ100.ENV.D83; C1, Du156.12; C2,QB099.391
M.ENV.C8; C3, QC406.70 M.ENV.F3; B5, 6535.3; B15, THRO4156.18. IC50 values are shown as numerical values in the table. The data are color
coded, with darker blue boxes denoting more potent neutralization. A gray bar indicates that �50% neutralization was observed at a plasma
dilution of 1:50, which was the highest dilution tested. For the purposes of statistical analyses, these IC50 values were assigned a level of 25. The
two values marked “*auto” in red indicate that the plasma sample was autologous to the panel virus and was therefore not included in calculation
of the breadth and potency scores. (b) Comparison of breadth scores between superinfection cases and the average value from the three matched
controls for each case. Breadth scores are shown along the y axis, and the superinfecting and control groups are compared along the x axis. The
lines between the data points denote comparison between the superinfection cases and the matched controls. P values for the superinfection cases
compared to controls were obtained by comparing scores with the Wilcoxon signed ranks test. (c) Comparison of potency scores, displayed as per
breadth scores in panel b.

VOL. 82, 2008 ANTIBODY RESPONSES DURING HIV-1 SUPERINFECTION 12097



of their NAb responses just prior to superinfection. Similarly,
there were no significant differences in either mean (P � 0.92)
or median (P � 0.92) IC50 values between superinfection cases
and controls. Furthermore, as with the �1-year time point,
there was no significant correlation between the timing of the
samples and the breadth (P � 0.31) or potency (P � 0.65)
scores. Finally, comparison of IC70 and IC80 values also did not
reveal any significant differences between cases and controls
(see Fig. S3 and S4 in the supplemental material).

Characterization of superinfecting envelope variants. In or-
der to evaluate the neutralization profile of the superinfecting
variants, we cloned full-length, functional HIV-1 envelope
variants from the first time point in which superinfecting vari-
ants were detected. Clones representing the envelope from the
superinfecting variants were obtained for five of the six cases;
in subject QB045 the superinfecting variant was always a mi-
nority variant (38), and despite cloning �10 functional vari-
ants, we were unable to obtain a superinfecting variant and
could not evaluate this case further (data not shown). In three
cases (QB008, QA413, and QB726), we cloned variants repre-
sentative of both the initial and superinfecting variants, as
defined by sequence analyses in previous studies (Fig. 4) (7,

38). In two cases, only clones representing the superinfecting
variant were obtained (Fig. 4), presumably because the super-
infecting strain became dominant (QA013) or replaced the
initial strain (QD022). The V1-V5 sequences within the full-
length env variants were representative of the previously de-
scribed sequences (Fig. 4). The diversity observed at this early
time point could reflect the transmission of multiple variants,
as has been previously observed among women infected het-
erosexually (20). The diversity and evolution of the superin-
fecting variants following reinfection have been discussed in
more detail previously (7, 38).

In order to determine whether the superinfecting variants
were particularly neutralization resistant, the sensitivity of
these variants to a plasma pool derived from 30 HIV-positive
individuals in Kenya (3) was examined. No significant differ-
ences in the neutralization sensitivity of the superinfecting
variants was observed compared to either the initial viruses
from the superinfection cases or a collection of viruses
pseudotyped with envelope variants of HIV-1 derived from
other infected individuals early in their infections (Table 3).
Thus, the superinfecting variants did not appear to be inher-
ently neutralization resistant.

A/

FIG. 3. NAb responses immediately prior to superinfection. (a) IC50 values for plasma/virus combinations are presented as described in the
legend to Fig. 2a. Here, the viruses tested are the same as in the experiment shown in Fig. 2, but the plasma tested was from a different time point,
i.e., the time point immediately prior to documented superinfection. (b) Comparison of breadth scores between superinfection cases and matched
controls prior to superinfection as described in the legend of Fig. 2b. (c) Comparison of potency scores between superinfection cases and matched
controls prior to superinfection as described in the legend of Fig. 2c.
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Neutralization of superinfecting variants by plasma from
the superinfected individuals. To more specifically examine the
NAb sensitivity of the envelope of variants from superinfected
individuals near the predicted time of exposure, each variant was
tested against plasma from the time point just prior to docu-
mented superinfection (Fig. 5). In addition, variants were tested
against plasma samples from later in infection in order to deter-
mine whether these individuals were able to mount an autologous
response to these variants (Fig. 5). In subject QA013, superinfec-
tion occurred between 0.72 and 1.1 ypi (7). Three of the four
superinfecting variants (denoted by an asterisk) from 1.1 ypi were

neutralized by plasma from 0.72 ypi, with IC50 values of 106 for
QA013.H12*, 113 for QA013.Q4*, and 94 for QA013.R3* (Fig.
5a). Variant QA013.J36* was remarkably neutralization sensitive,
with an IC50 value of 1,343 with the presuperinfection plasma and
IC50 values exceeding 25,000 with later plasma samples (Fig. 5a).
This subject mounted a potent autologous NAb response, with
IC50 values of �1,800 to all of the superinfecting variants at 6.3
ypi (Fig. 5a).

In subject QB008, superinfection occurred between 0.83 and
1.6 ypi (7), and two initial and two superinfecting variants were
cloned at 1.6 ypi (Fig. 4). One of the two superinfecting vari-
ants (QB008.C9*) was weakly neutralized by the plasma from
0.83 ypi, with an IC50 of 66 (Fig. 5b). The other superinfecting
variant, QB008.E2*, failed to reach 50% neutralization at a
1:50 dilution of plasma, which was the highest concentration
tested, making it resistant in this assay (Fig. 5b). All of the
variants were neutralized by autologous plasma at the contem-
poraneous time point with IC50 values of 56 to 202, and this
subject went on to develop a preferential NAb response to the
initial virus variants (Fig. 5b).

We first detected superinfection in subject QA413 at 2.8 ypi
(38) and cloned six viral variants from that time point: two rep-
resenting the initial strain and four representing the superinfect-
ing virus. Plasma from 2.0 ypi was able to weakly neutralize three
of the four superinfecting variants, with IC50 values of 53 for
QA413.G3*, 72 for QA413.H6*, and 72 for QA413.K3* (Fig. 5c).
The fourth superinfecting variant, QA413.E15*, was resistant to
neutralization by plasma from 2.0 ypi. One of the initial viral
variants (denoted by the caret), QA413.C3ˆ, was resistant to
neutralization at all but the latest time point evaluated, while the
other initial variant, QA413.A4ˆ, was moderately sensitive to neu-
tralization, with IC50 values from 210 to 285 throughout the
course of infection. This subject developed only moderate autol-
ogous NAb responses, with IC50 values from 77 to 193 to all the
variants tested (Fig. 5c), despite good breadth in the heterologous
NAb responses (Fig. 3a).

Subject QB726 was superinfected between 2.8 and 3.2 ypi
(38). The superinfecting variant cloned at 3.2 ypi was neutral-
ized by the plasma from 2.8 ypi with a IC50 of 59, while the
initial variant was slightly more susceptible to this plasma sam-

TABLE 3. Neutralization sensitivity of superinfecting, initial, and
early variants of HIV-1 to a pool of plasma from HIV-1

infected individuals

HIV-1 variant
typea

No. of
subjects

Median
IC50

b P valuec

Superinfecting 5 58.9
Initial 3 114 0.18
Early 13 60.0 0.80

a Initial variants from the superinfection cases were cloned at the time point
when the superinfecting variants were first detected. Early variants represent
full-length functional HIV-1 variants from within 1 year of infection that were
cloned from individuals infected with subtypes A, A/D recombinant, C, and D in
Kenya. The plasma pool was collected from 30 HIV-1-infected individuals in
Kenya between 1998 and 2000 and has been previously described (13).

b Since more than one variant was examined from each subject and these
variants might be more similar to each other than those from other subjects, a
median IC50 value of all the variants per person was determined. These per
person IC50 values were then used to compare between superinfecting, initial,
and early variants.

c P values were determined by two-sample Wilcoxon rank sum testing for
superinfecting variants compared to either initial or early variants.

FIG. 4. Neighbor-joining phylogenetic tree of V2-V5 sequences
from superinfection cases. Reference sequences for subtype G, D, C,
and A from the Los Alamos HIV database (http://www.hiv.lanl.gov
/content/index) are displayed in black. Sequences from each subject
are denoted in a separate color. For reference, sequences that were
originally obtained from these cases using primers that amplify a sub-
genomic portion of envelope (V1-V5) (7, 38) are shown in italics. The
case reference sequences were obtained from the first time point at
which the superinfecting variants were detected and contain represen-
tatives of both the initial and superinfecting strains, except for case
QD022, in which the superinfecting variants completely replaced the
initial variants. Thus, the QD022.A and QD022.B initial sequences in
bold italics were from a presuperinfection time point (0.14 ypi). Se-
quences from the full-length env clones from these same individuals
isolated as part of this study are shown in bold print, with an asterisk
denoting a superinfecting sequence and a caret denoting a sequence
from the initial virus population, as defined in the previous study.
Full-length envelope sequences were cloned either directly from
PBMC DNA (subjects QA013, QB726, and QA413) or from PBMC
DNA following short-term coculture with uninfected PBMCs (subjects
QB008 and QD022) from the first time point at which superinfecting
sequences were detected.
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ple with a IC50 value of 132 (Fig. 5d). This subject, despite a
broad and potent heterologous NAb response prior to super-
infection (Fig. 3a), developed only moderate NAb responses to
the variants cloned at 3.2 ypi, with IC50 values of 50 to 170 to
these autologous variants (Fig. 5d).

Subject QD022 was superinfected between 5.0 and 5.4 ypi
(38). In this subject, all of the superinfecting variants cloned
from 5.4 ypi were resistant to the 5.0 ypi plasma sample (Fig.
5e). These variants were weakly neutralized by the contempo-
raneous plasma sample, with IC50 values of 56 to 104, but
subsequent plasma samples neutralized these variants more
potently, with IC50 values of 170 to 726 (Fig. 5e).

Overall, one of the two subjects with relatively narrow NAb
responses prior to superinfection (Fig. 3a, QB008) was still
able to neutralize one of her superinfecting strains, while the
other subject with relatively narrow responses (QD022) was
reinfected with viral strains that were resistant to host NAbs.
Three subjects with relatively broad NAb responses prior to
superinfection (QA013, QA413, and QB726) (Fig. 3a) were
able to neutralize the majority of their superinfecting viruses
prior to their reinfection with these strains. All individuals

were able to mount autologous NAb responses to their super-
infecting variants following reinfection (Fig. 5), indicating that
these variants were not inherently neutralization resistant, con-
sistent with the findings using pooled plasma (Table 3).

DISCUSSION

We comprehensively evaluated the role of the breadth and the
potency of the HIV-1 NAb response in protection from infection
using six cases of superinfection that were identified among a
cohort of female sex workers with extensive long-term follow-up
(7, 38). At the time of superinfection, no significant deficits in
NAb responses were observed in the superinfected individuals
compared to matched controls. Thus, even NAb levels typically
found during chronic infection can fail to protect from reinfection
with circulating strains of HIV-1. Furthermore, in four of five
cases evaluated, superinfection occurred despite preexisting
plasma NAbs capable of neutralizing the strains that established
the second infection.

The breadth and potency of the NAb responses were hetero-
geneous among these individuals at the time of exposure to the

FIG. 5. Neutralization of superinfecting and initial variants by plasma from the superinfected individuals. Each panel represents the evolving
NAb response in the superinfected subject indicated in the upper left. The autologous plasma IC50 value against the various initial and
superinfecting env variants is plotted over time. Superinfecting variants are denoted with blue symbols, and initial variants are indicated with orange
symbols. All the env variants were cloned from the time point immediately after superinfection, and the light-blue bars denote the interval in which
superinfection occurred. The gray bar indicates the limit of detection of our assay. When a virus was neutralized �50% at a plasma dilution of
1:50, the highest dilution tested, the IC50 value was assigned a level of 25 and is within the gray area. PI, postinfection.
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superinfecting virus. As the variants within the virus panel were
chosen on the basis of their neutralization sensitivity to pooled
plasma, most individuals were able to neutralize at least one of
these heterologous variants. Overall, the breadth and potency
of the NAb responses were similar to those found in the
matched controls and other chronically infected individuals. In
particular, four subjects had relatively robust NAb responses,
while two others had comparatively narrow responses. In fact,
the four superinfected subjects with the broadest NAb re-
sponses could neutralize the �70% of the viruses within the
panel with average IC50s of �110, while the matched controls
neutralized �40% of the panel viruses with average IC50s of
�90. Admittedly, limitations in the numbers of cases and con-
trols limited the robustness of the statistical analyses. We
therefore compared the NAb responses of the superinfected
individuals to those of 72 individuals from the same cohort
whose NAb responses were assessed at 5 ypi (K. Bosch, D.
Panteleeff, and J. Overbaugh, unpublished data). Three super-
infected subjects (QA413, QB045, and QB726) had breadth
and potency scores within the upper quartile of these 5-year
responses. Subject QA013 had breadth and potency scores at
the median of the 5-year NAb responses despite having been
superinfected relatively early after the first infection (�1 year),
at a time when the breadth and potency of the NAb response
has not yet peaked (42). These 72 women were not selected
based on any clinical or immunological findings; thus, they
represent typical NAb responses in high-risk African women
during chronic infection. Four of the six superinfections there-
fore occurred in individuals with relatively broad and potent
NAb responses at the time of exposure. It is difficult to draw
precise comparisons with our data and NAb responses ob-
served in other cohorts because of differences in assays and test
strains used. In addition, most of the published studies have
focused on selected individuals, particularly long-term nonpro-
gressors, which is not an ideal comparison group (2, 8, 19, 30,
32, 39, 57). While rare individuals in these populations exhib-
ited apparently broader and more potent NAb responses (e.g.,
neutralization of �90% of viruses tested at average IC50s of
�230) (8) than the women in our study, many other individuals
exhibited less breadth and potency in NAb responses against
the test strains used. On the basis of all these comparisons—
including to matched controls, to chronically infected women
in the same population, and to published studies—we conclude
that the women who became superinfected did not have defi-
cits in the breadth or potency of their NAb responses relative
to other HIV-infected groups when they became superin-
fected. Overall, NAb responses in superinfected individuals
were typical of HIV-1 infection, ranging from narrow to rela-
tively broad.

At �1 ypi, we observed relatively narrow NAb responses in
superinfected individuals compared to controls. This early lack
of breadth in the superinfected women mirrors the findings in
three superinfected men who acquired HIV-1 through sex with
men (44). Interestingly, this same association was observed
despite the fact that the study of Smith et al. used a small
number of primarily laboratory-adapted viruses whereas ours
employed a large collection of variants cloned directly from
infected individuals near the time of transmission. This early
association between breadth and risk of superinfection in both
studies suggests that some association between HIV-1-specific

antibodies and risk of superinfection may exist early in infec-
tion. However, we did not observe a correlation between NAb
breadth at the time of superinfection and whether a woman
became superinfected. At these later times, which seem to be
a more relevant measure of the role of NAbs in protection
from infection, there was a broadening of the NAb responses
in most individuals prior to their documented superinfection.

Perhaps a more important measure of the role of NAbs in
protection from superinfection is the study of the antigenicity
of the specific viruses that established the second infection. In
this study, we examined such viruses derived from the first time
point following documented superinfection. We found that
these viruses were not unusually neutralization resistant as
there were no differences in the neutralization sensitivities of
these variants and other circulating variants to pooled plasma
from HIV-1-infected individuals. Moreover, the infected indi-
viduals were able to mount autologous NAb responses to the
superinfecting variants, suggesting that the strains could them-
selves elicit NAbs. Importantly, the superinfecting variants
were often susceptible to neutralization by plasma from the
person who became infected by these strains: in four of five
subjects, at least one superinfecting variant was susceptible to
the host plasma from the time prior to superinfection. Even if
a “sieve” effect weeded out the majority of the neutralization-
sensitive viral variants from the donor virus, at least some of
these variants apparently established infection despite encoun-
tering NAbs capable of neutralizing them. While we cannot
rule out that these variants evolved within a narrow window
after transmission, it is not clear what would drive them to
become more susceptible to neutralization. Overall, these data
suggest that the levels of NAbs found in these individuals were
insufficient to prevent infection even by variants that showed
some susceptibility.

Several caveats to these data need to be considered. First, as
with all cases of superinfection, it remains possible that the
superinfecting viruses were present at low levels and/or com-
partmentalized prior to their first detection. We have reason-
able confidence that the superinfecting strains were detected
soon after they became established in these cases because we
used a sensitive subtype-specific PCR assay that gives �92%
probability of detecting a strain present with a prevalence of
5% to define the time of superinfection (38). Moreover, the
women in this cohort have relatively few partners (on average
1 to 2 per week) (16), making superinfection in a short time
frame less likely than reported in women who have many more
partners (11). Secondly, we cannot conclude that control sub-
jects were protected from superinfection because superinfec-
tions could be missed if the second virus did not persist (56) or
recombined with the initial virus within the regions of the
genome analyzed (38). If such cases were missed within the
control group, this would decrease our ability to detect differ-
ences between cases and controls. Third, new infections are
generally established at mucosal sites, where NAb levels could
be lower than those assessed in the plasma, possibly allowing
local establishment and spread of infection before immune
control could be attained. It is therefore possible that differ-
ences could be observed in NAb levels at the mucosal sites, in
particular, against the superinfecting strains near the time of
infection.

While this study suggests that the presence of any detectable
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NAbs of the proper specificity may not protect against HIV-1
infection, it does not rule out the possibility that such antibod-
ies would be effective if present at higher levels. These data are
consistent with the nonhuman primate (NHP) model, where
sterile protection from infection generally required very high
NAb levels that produced �99% in vitro neutralization of the
challenge simian-human immunodeficiency virus with between
1:8 and 1:200 dilutions of plasma (26, 27, 31, 34, 36). While
differences in the assays used to assess neutralization between
the NHP studies and our human study make direct compari-
sons difficult, the NAb levels in the superinfected individuals
were probably not at this potency. Even the unusually neutral-
ization-sensitive variant QA013.J36* was neutralized at 90%
by host plasma at a 1:78 dilution but did not achieve 99%
neutralization at the lowest plasma dilution tested (1:50). The
remaining superinfecting variants were neutralized at levels of
�90% with a 1:50 dilution of plasma and were therefore not at
the levels required for sterilizing immunity in the NHP model.
Thus, it remains unclear whether the higher levels of NAbs
achieved by passive transfer within the NHP model would be
protective in humans.

These findings in exposed humans, where there is extensive
diversity in potential infecting strains, unfortunately suggest a
high bar for the levels of antibodies required for eliciting pro-
tective immunity. While weak, narrow NAb responses could
have contributed to superinfection in a subset of individuals,
others became reinfected despite relatively robust NAb re-
sponses to their first strain. Since NAbs can clear virus without
dependence on the cellular immune system, the levels of an-
tibodies required for protection in these previously infected
individuals are likely similar to those required in uninfected,
vaccinated individuals. Furthermore, most effective vaccines
are thought to provide protection primarily by stimulating neu-
tralizing antibodies to clear cell-free virus (35, 40); thus, the
assays used here should provide a valid measure of viral pro-
tection by this mechanism. An effective HIV-1 vaccine will
therefore need to elicit more robust NAb responses than found
during natural infection. Indeed, this is the case for some other
viral vaccines, such as those for hepatitis B and human papil-
lomavirus, which elicit equivalent or higher levels of NAbs than
natural infection (4, 33, 52). HIV-1 presents additional chal-
lenges because of the extreme genetic diversity of the virus.
Our results suggesting that reinfection occurs even in individ-
uals who have antibodies capable of neutralizing diverse strains
further underscore this challenge.
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