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The determinants of a broad neutralizing antibody (NAb) response and its effect on human immunodefi-
ciency virus type 1 (HIV-1) disease progression are not well defined, partly because most prior studies of a
broad NAb response were cross-sectional. We examined correlates of NAb response breadth among 70 HIV-
infected, antiretroviral-naïve Kenyan women from a longitudinal seroincident cohort. NAb response breadth
was measured 5 years after infection against five subtype A viruses and one subtype B virus. Greater NAb
response breadth was associated with a higher viral load set point and greater HIV-1 env diversity early in
infection. However, greater NAb response breadth was not associated with a delayed time to a CD4� T-cell
count of <200, antiretroviral therapy, or death. Thus, a broad NAb response results from a high level of
antigenic stimulation early in infection, which likely accounts for prior observations that greater NAb response
breadth is associated with a higher viral load later in infection.

Some human immunodeficiency virus (HIV)-infected indi-
viduals develop broad neutralizing antibody (NAb) responses,
but the factors that lead to NAb response breadth remain
elusive. Several cross-sectional studies have found that individ-
uals with greater NAb response breadth have higher contem-
poraneous viral loads, suggesting that the presence of a greater
amount of viral antigen may promote a greater NAb response
breadth (9, 10, 25, 30, 32). However, because viral load and
NAb response breadth were measured at the same time after
HIV type 1 (HIV-1) acquisition in prior studies, it is difficult to
discern cause and effect. There is also evidence that NAbs
adapt in response to the evolving HIV-1 population through-
out infection (11, 29, 35), which may contribute to a greater
overall response breadth. Together, these studies support a
model in which a greater NAb response breadth is driven by a
higher level of antigenic stimulation, in terms of both the
absolute level of virus and viral diversity. Confirmation of this
model requires an assessment of the temporal relationship of
viral load, HIV-1 diversity, and NAb response breadth.

In addition to uncertainty regarding the determinants of
NAb response breadth, the consequences of a broad NAb
response for HIV-1 disease progression remains controversial.
Broad NAb responses have been found in long-term nonpro-
gressors (LTNPs) in some studies, suggesting that NAbs may
contribute to control of infection in these individuals (6–8, 22,
27, 37). Other studies have found no evidence for NAb control

in LTNPs (1, 2, 14, 18), including studies in which NAb re-
sponse breadth was lower in LTNPs (10) or elite controllers
(15, 25) than in viremic individuals. A detailed analysis of NAb
response breadth versus clinical outcome has not yet been
conducted, particularly for individuals with typical HIV-1 dis-
ease progression.

To investigate the determinants and consequences of NAb
response breadth in HIV-1 infection, we examined NAb re-
sponses in women in a seroincident cohort in Mombasa, Ke-
nya, that began in 1993 (19–21). For each woman, the time of
infection was defined by both HIV-1 serology and RNA testing
(17). Women who had a banked plasma sample �5 years after
the estimated time of HIV-1 infection were included in this
study. This time period was chosen to maximize the chances for
the NAb response to broaden while generally testing prior to
the beginning of clinical immunodeficiency. We only included
samples prior to the initiation of antiretroviral therapy (ART),
which in this cohort began in March 2004, according to the
WHO and Kenyan National guidelines. Plasma samples meet-
ing these criteria were identified from 70 women and came
from a median of 5.0 (range, 4.5 to 6.8) years postinfection
(ypi). This subset of women was representative of the entire
cohort in terms of their behavioral, clinical, and demographic
characteristics (data not shown).

HIV-1 subtype A accounts for most of the infections in this
cohort (28), including 72% of the 53 women in this study for
whom env subtype information was available (Fig. 1). There-
fore, to test neutralization of viruses relevant to women in this
population, we measured NAb response breadth against a
panel of five recently transmitted subtype A viruses from other
individuals in this cohort, which represented a spectrum of
neutralization sensitivities (4). We also included one com-
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FIG. 1. Summary of the IC50s and NAb response breadth scores of 70 plasma samples. The first column indicates the subject identifier of each
plasma sample, and the next three columns indicate the env V1 to V5 subtype (available for 53/70 women), the set point viral load (available for
64 women), and the viral load at �5 ypi, when the NAb response breadth was measured. Data not available are indicated by a period. Each
subsequent column shows the results with one panel virus (indicated at the top of the column). Results are the average of three experiments in
which each plasma-virus pair was tested in duplicate. In the case of Q769 and Q259, two closely related viruses from the same individual were used
in one (Q769.h5, Q259.d217) and two (Q769.b9, Q259.d226) of the three experiments. The IC50 for each plasma-virus pair is the reciprocal dilution
of plasma that led to a 50% reduction in infectivity, averaged across the three experiments. IC50s are shown in gray scale to represent increasing
neutralization sensitivity, with white for values of �100, light gray for values of �101 and �1,000, and dark gray for values of �1,001. Plasma-virus
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monly studied, easy-to-neutralize subtype B virus (SF162) for
comparison to other studies. The TZM-bl neutralization assay,
using pseudoviruses prepared with these six envelope variants
and TZM-bl indicator cells, was performed as described pre-
viously (4, 36). The median inhibitory concentration (IC50) was
defined as the reciprocal dilution of plasma that resulted in
50% inhibition. Figure 1 shows the IC50 for each plasma-virus
pair, averaged across three independent experiments that in-
cluded duplicate testing of each pair.

In general, we found that the viruses that had been easily
neutralized in prior screening with pooled plasma, Q461d1 and
Q168b23 (4), were the most readily neutralized by individual
plasma samples from women in this study (Fig. 1). Of the 70
plasma samples tested, 68 (97%) showed detectable neutral-
ization activity (IC50, �50) against Q461d1 and 60 (86%)
showed activity against Q168b23. Most (76%) of the plasma
samples also neutralized variant Q842d16 at detectable levels,
although generally with lower IC50s. By contrast, only about
half of the plasma samples neutralized envelope variants
Q769b9 and Q259d2.26 (51% and 46%, respectively). Almost
all (93%) of the plasma samples neutralized SF162.

Given the different neutralization sensitivities of these vi-
ruses, we quantified the NAb responses in these individuals by
using a previously described NAb response breadth score that
takes into consideration the neutralization sensitivity of each
virus (5). Briefly, the NAb response breadth score represents
the number of viruses (out of six) that a given plasma sample
neutralized at an IC50 that was higher than the median IC50 for
that virus (across all 70 plasma samples). The response breadth

score was calculated independently for each of three experi-
ments, and the average scores are listed in Fig. 1. Among all of
the individuals, the median response breadth score was 2 and
the response breadth scores ranged from 0 to 5.3. A potential
limitation of this approach is that response breadth was calcu-
lated by using a relatively small number of viruses. However,
we found that NAb response breadth measured against this
6-virus panel was highly correlated with the NAb response
breadth measured against an expanded 17-virus panel (includ-
ing these 6 viruses plus an additional 11 viruses representing
subtypes A, C, D, A/D, and B; J. Overbaugh et al., unpublished
data), for a subset of 29 women whose plasma samples were
tested against the expanded panel (Spearman’s rho � 0.62,
P � 0.001). Furthermore, the NAb response breadth score
measured against this six-virus panel was highly correlated with
NAb potency (Spearman’s rho � 0.81, P � 0.001), a measure
we have used in prior studies that takes into consideration the
magnitude of the IC50 for each plasma-virus pair (5). These
findings suggest that the NAb response breadth score mea-
sured against the six-virus panel is representative of the overall
NAb response breadth.

We investigated whether NAb response breadth was associ-
ated with the contemporaneous plasma viral load, which was
measured at the same time as NAb response breadth (4.5 to 6.8
ypi). Viral loads ranged from 1.7 to 6.7 log10 copies/ml among
all of the individuals, with a median of 4.7 log10 copies/ml. As
shown in Fig. 2a, individuals with higher viral loads had greater
NAb response breadth (Spearman’s rho � 0.31, P � 0.009),
consistent with prior studies (9, 10, 30, 32). A similar relation-

pairs in which 50% neutralization was not detected at the highest plasma dilution (1:50) are indicated by a pair of dashes. The NAb response
breadth score for each plasma sample was calculated as follows. For each experiment, the median IC50 for each virus (across all 70 plasma
samples) was determined. Plasma samples were assigned a score of 1 for every virus against which their IC50 was greater than the median
IC50, and the score was summed across all six viruses. The NAb response breadth scores that are shown here (and which were used for
analysis) were calculated by taking the average response breadth score across the three independent experiments; they were not calculated
from the average IC50s shown.

FIG. 2. Associations between NAb response breadth and viral load. In each plot, the NAb response breadth score is indicated on the y axis and
the contemporaneous (�5 ypi) viral load (a) or viral load set point (b) is indicated on the x axis. Each point represents one individual. The results
of Spearman correlation analysis are shown above the plots.
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ship was observed between viral load set point and NAb po-
tency, a measure that takes into account the magnitude of
neutralization (data not shown). There was no association be-
tween NAb response breadth and CD4� T-cell count (Spear-
man’s rho � �0.15, P � 0.2) among the 64 women with
contemporaneous CD4� T-cell counts available.

To further assess whether the viral load may drive NAb
response breadth, we examined the relationship between the
viral load set point and NAb response breadth. For each indi-
vidual, the viral load set point was defined as the first available
viral load measurement 4 to 24 months after infection (16),
and this ranged from 2.1 to 6.2 log10 copies/ml (median, 4.6
log10 copies/ml) among the 64 individuals for whom this mea-
surement was available. As shown in Fig. 2b, individuals with
higher viral load set points had greater NAb response breadth
at �5 ypi (Spearman’s rho � 0.35, P � 0.005). The viral load
set point was also highly correlated with the viral load mea-
sured at �5 ypi (Spearman’s rho � 0.42, P � 0.001). There-
fore, we investigated whether the relationship between NAb
response breadth and the contemporaneous (�5 ypi) viral load
could be explained by the viral load set point. In multivariate
linear regression analysis, NAb response breadth was signifi-
cantly associated with the viral load set point (coefficient of
variation � 0.55, P � 0.02) but not with the contemporaneous
viral load (coefficient of variation � 0.25, P � 0.3). Thus, the
relationship between the contemporaneous viral load and NAb
response breadth appeared to be driven by the viral load set
point, with each 1-log increase in the viral load set point asso-
ciated with an increase in the response breadth score of 0.55.

Given this association between the viral load set point and
NAb response breadth, we wondered whether another factor
in early infection—HIV-1 sequence diversity—might influence
the development of NAb response breadth. Proviral HIV-1
sequences were available from 26 individuals and had been
sampled a median of 87 (range, 17 to 299) days postinfection.
For each individual, gag and env V1 to V5 diversity was calcu-
lated from a median of seven single-copy sequences per gene
as described previously (26). Across all 26 individuals, the
median env diversity was 0.28% (range, 0 to 4.0%) and the
median gag diversity was 0.19% (range, 0 to 1.28%). Individ-
uals with greater env diversity early in infection had greater
NAb response breadth at �5 ypi (Spearman’s rho � 0.51, P �
0.008). However, there was no association between early gag
diversity and NAb response breadth (Spearman’s rho � 0.10,
P � 0.6). Although both early env diversity and the viral load
set point were associated with NAb response breadth, there
was no association between these factors among the women in
this study (Spearman’s rho � 0.21, P � 0.3). However, in a

larger study of 156 women in this cohort, women with greater
early env heterogeneity (as measured by heteroduplex mobility
assay) had higher viral load set points (31). Further work is
needed to clarify whether early env diversity and the viral load
set point are independent determinants of NAb response
breadth or whether early env diversity may drive both the viral
load and NAb response breadth.

Because the viral load set point and early env diversity have
also been shown to be associated with HIV-1 disease progres-
sion in this cohort (17, 31), we explored the relationship of
NAb response breadth, the viral load set point, and disease
progression. We performed Cox proportional hazard analysis
by using a composite survival outcome of time to the first
occurrence of a CD4� T-cell count of �200, ART initiation, or
death. Among all 70 women, 45 reached this composite out-
come over a median of 6.8 years of follow-up after HIV-1
infection (range, 1.2 to 14.2 years). In univariate analysis, a
greater NAb response breadth was associated with an in-
creased risk of HIV-1 disease progression (Table 1, hazard
ratio [HR], 1.27 per unit increase in breadth, P � 0.03). How-
ever, this association was attenuated, and no longer statistically
significant, in a multivariate analysis adjusting for the viral load
set point (HR � 1.06, P � 0.6). In this multivariate model, a
higher viral load set point was associated with a greater risk of
HIV-1 disease progression (HR � 2.02, P � 0.003), as ex-
pected. In a second multivariate analysis considering only
those outcome events that occurred after NAb response mea-
surement (n � 25 events among 50 women), there was an
association between NAb response breadth and HIV-1 disease
outcomes (HR � 1.39, P � 0.03) but again this did not persist
after adjustment for the viral load (HR � 1.17, P � 0.4). Thus,
we found no evidence that NAb response breadth affected
HIV-1 disease progression independently of the viral load set
point.

Based on the results of this and prior studies of the same
cohort, we have begun to infer a model of the role of NAbs in
natural infection (Fig. 3). Individuals with higher viral load set
points and greater env diversity early in infection develop
broader NAb responses at �5 ypi. These findings support a

FIG. 3. Model of NAb response breadth in natural infection. Solid
arrows indicate associations detected in this study, while dashed arrows
indicate associations found in prior studies of the same cohort, and the
crossed-out arrow indicates no association. Factors that contribute to
greater NAb response breadth include the viral load set point and early
env diversity, which have been found to be associated with one another
in a prior study (31). Although NAb response breadth is associated
with the chronic infection viral load in a univariate analysis, this is
attributable to the viral load set point (no arrow depicted), and NAb
response breadth does not affect disease progression.

TABLE 1. Association between NAb response breadth and risk of
HIV-1 disease progressiona

Parameter
HR (95% CI),b P value

Univariate analysis Multivariate analysis

NAb response breadth 1.27 (1.03–1.56), 0.03 1.06 (0.84–1.33), 0.6
Viral load set point 2.12 (1.38–3.25), 0.001 2.02 (1.26–3.23), 0.003

a HIV-1 disease progression was measured as the first occurrence of a CD4�

T-cell count of �200, ART initiation, or death.
b CI, confidence interval.
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model in which antigenic stimulation drives the NAb response
breadth (9, 10, 30, 32). Importantly, because of the longitudinal
follow-up in this study, we were able to infer a causal relation-
ship between a higher viral load and both env diversity and a
greater NAb response breadth. The importance of antigenic
stimulation in promoting a broad NAb response is strength-
ened by our finding that early env diversity was associated with
NAb response breadth while gag diversity was not, consistent
with the fact that Gag is not considered a target for NAbs.
Further evidence for this model may be derived from prior
studies that demonstrated a relationship between greater time
since infection and greater NAb response breadth (9, 23, 32).
Taken together, these results indicate that prolonged high-
level stimulation with a diverse set of antigens contributes to
the development of a broad NAb response, and this process is
likely to be set in motion early in HIV-1 infection.

We found no association between NAb response breadth
and measures of HIV-1 disease progression (first occurrence of
a CD4� T-cell count of �200, ART initiation, or death). Our
results from a longitudinal study of a seroincident cohort
strengthen prior evidence that NAbs do not contribute signif-
icantly to the control of HIV-1 infection (8, 12, 33). A possible
explanation for the lack of association between a broad NAb
response and an improved clinical outcome is that antigenic
stimulation, although important for the generation of a broad
NAb response, may actually impair other immune responses.
Antigen persistence in chronic viral infection can lead to the
loss of proliferative CD4� T cells (24), CD8� T-cell exhaus-
tion, and loss of polyfunctional CD4� and CD8� T cells (3, 13,
34). Therefore, conditions that promote a broad NAb response
may actually inhibit other protective responses in chronic
HIV-1 infection. This is an important consideration for HIV-1
vaccine strategies, which may need to provide high levels and
diversity of antigenic stimulation to elicit a broad NAb re-
sponse while preserving other immune functions.
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