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Abstract

The longitudinal heterologous neutralization response against two HIV-1 subtype C isolates was studied in 33
ART-naive individuals recently infected with HIV-1 subtype C from India. Seven of 33 (21%) seroconverters dem-
onstrated a consistent response against both isolates (65–100% neutralization), whereas the remaining 26 (79%)
were nonresponders. Four of the seven responders demonstrated a neutralization response (�75% neutralization)
within 2–3 months of infection and in the remaining three, the response was demonstrated between 22 and 38
months after infection. In the past, HIV vaccines targeted the V3 region for the development of neutralizing an-
tibodies. However, recent studies have shown that anti-V3 antibodies are generated after HIV-1 infection, but are
not effective in neutralizing virus. In this study, the V3 sequences of HIV-1 from seven responders were analyzed
and compared with those from nonresponders. The V3 region sequences from early and late responders did show
certain mutations that were not found in the nonresponders; however none of these mutations could explain the
neutralization responses. This suggested that HIV-1 envelope regions other than the V3 domain may be involved
in generating a neutralization response. This is the first report that describes the pattern of emergence and per-
sistence of the heterologous neutralization response in recently HIV-1 subtype C-infected individuals from India
and studies its association with sequence variation in the V3 region.

1159

EARLY REPORTS USING ENVELOPE GLYCOPROTEIN gp120 have
reported success in preventing HIV infection in nonhu-

man primate models.1,2 Soon it became apparent that the en-
velope proteins did not induce neutralizing antibodies
(NAbs) that could neutralize primary isolates. However, the
isolation of monoclonal antibodies (MAbs) that target con-
served epitopes of the HIV envelope protein and show a
broad neutralization ability, passive immunization, and sub-
sequent protection of macaques with cocktails of these MAbs
against challenge with pathogenic HIV-1/SIV chimeric virus
(SHIVs) has recently focused attention on neutralizing anti-
bodies.3,4 This is also supported by a recent study reporting
an inverse correlation between HIV-1 incidence and peak
neutralizing antibody levels conducted during a randomized
trial of rgp120 vaccine.5

Considering the encouraging results obtained in the re-
cent past, a number of strategies are being actively pursued

in an effort to identify and generate new immunogens that
aim to overcome limitations of the early prototypes. Many
of these new approaches are focusing on recently transmit-
ted CCR5 tropic, non-syncytium-inducing (NSI) isolates,
since the immune response generated against recently trans-
mitted, immunologically naive virus is responsible for effi-
cient control of virus multiplication leading to a better prog-
nosis.6 Various studies have shown the emergence of
HIV-1-specific neutralization activity in seroconverters.7–13

However, the time at which they emerge and their specific
role during primary HIV infection as well as during disease
progression are still unclear.

The majority of the observations about the neutralization
response reported so far have been made in HIV-1 subtype
B infections and data on NAb responses in non-subtype B
infections are limited. HIV-1 subtype C is the predominant
subtype in India with occasional reports of subtypes A and
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B.14,15 Available data on Indian HIV-1 gp120 subtype C 
sequences suggest that they tend to segregate away from
subtype C strains from other regions of the world.16,17 Rec-
ognizing the existence of biological and behavioral vulnera-
bility in many at-risk subpopulations and challenges in sus-
taining a behavioral change, a number of HIV vaccine trials
are being contemplated in India. In addition to the basic
knowledge about circulating HIV subtypes, the identifica-
tion of immune correlates associated with subtype C infec-
tion is essential in implementing strategies for vaccine de-
velopment in India. The cytotoxic T-lymphocyte (CTL)
responses in Indian subtype C-infected individuals have
been studied18; however, data on NAb responses are scarce.

The V3 region, an exposed accessible loop of gp120, is the
main target of NAbs as it plays a central role in viral tropism
and entry and induces production of anti-V3 antibodies, either
after natural infection or specific immunization, which block
either the attachment of the virus to the cell or subsequent post-
binding events. Earlier reports demonstrate that amino acid
(AA) substitution in the V3 region affects viral sensitivity to
neutralization and is selected by NAbs.19 Since the neutraliz-
ing activity may be highly type specific, understanding of
structural motifs of the HIV env protein, responsible for gen-
erating NAb responses in primary infection, may help in the
development of an immunogen capable of neutralizing re-
cently transmitted viruses. While studying the dynamics of the
neutralization response in a cohort of seroconverters, an at-
tempt was made to explore the association between absolute
CD4 count, plasma viral load, NAb response, and sequence
variation in the V3 domain of the env gene. This is the first re-
port that describes the pattern of emergence and persistence
of the NAb response in subtype C-infected individuals recently
infected in India, which might influence future vaccine stud-
ies (oral presentation: AIDS Vaccine 2005 International Con-
ference, Montreal, Canada).

Between May 1995 and December 1999, 87 blood samples
were collected (in EDTA vacutainer tubes) from 33 antiretro-
viral treatment (ART)-naive HIV-1 seroconverters after ob-
taining informed consent. Out of 33, 25 seroconverters were
males and eight were females with a mean age of 28 years
(range 17–47 years) and 26 years (range 18–35 years), respec-
tively. These seroconverters were part of a cohort of patients
“at risk” for HIV infection attending sexually transmitted dis-
eases (STD) clinics in Pune, India, who were screened for anti-
HIV antibodies at 3-month intervals. The HIV diagnosis was
carried out using HIV-1 and HIV-2 Combi ELISA (Recombi-
gen HIV-1/HIV-2, Cambridge Biotech, Galway, Ireland, and
Genetic Systems, Genelabs Diagnostics, Singapore). Reactive
samples were tested further by a rapid test (Recombigen HIV-
1/HIV-2 Rapid Test Device, Cambridge Biotech, Galway, Ire-
land). ELISA reactive samples were subjected to HIV-1 West-
ern blot (Cambridge Biotech, Galway, Ireland).

The recent infection was confirmed by antibody serocon-
version. Those who developed anti-HIV antibody in the sub-
sequent visit were classified as recent seroconverters. The
date of primary HIV infection was estimated as the mid point
between the last negative antibody test and the first positive
antibody test. The mean time from seroconversion to sam-
ple collection for neutralization was 3.3 months (range 1–9
months). The plasma was collected at two time points from
22 seroconverters and more than three time points from the
remaining 11 subjects. The samples were collected up to 4–55
months after the estimated date of HIV infection.

During follow-up, CD4 cell counts were estimated by two-
color analysis using anti-CD4 antibodies conjugated with
phycoerythrin (Becton Dickinson, San Jose, CA) on the whole
blood sample. The HIV-1 RNA was quantitated by reverse
transcriptase polymerase chain reaction (RT-PCR) using the
Amplicor HIV-1 Monitor test, version 1.5 (Roche Molecular
Systems, Branchburg, NJ) on plasma stored at �70°C. The
HMA was performed using reagents provided by the NIH
AIDS Research and Reference Reagent Program and the
HMA technique as previously described.14 The mean ab-
solute CD4 count and log plasma HIV-1 RNA level of these
seroconverters at the first available visit were 645.8
cells/mm3 (range 28–1498 cells/mm3) and 4.1 log HIV-1
RNA copies/ml (range 2.37–5.6 log HIV-1 RNA copies/ml),
respectively. Genotyping analysis using env HMA revealed
that all seroconverters were infected with HIV-1 subtype C.

The HIV-1 isolates (isolate C-I and isolate C-II) used for
neutralization were obtained using the cocultivation method
from HIV-positive heterosexual males. Isolate C-I was ob-
tained in March 1999 and isolate C-II in March 1995. Both
isolates were subtype C, CCR5 tropic, NSI and were con-
sidered to be closely related to the strain, which is predom-
inant in India, on the basis of homology of the sequences ob-
tained (91% homology). The V3 sequences of the two isolates
are given in Table 1. Comparison of the V3 sequences of iso-
lates C-I and C-II with the consensus derived from three
clones of the two isolates showed minor variations.

The viruses were propagated only once in phytohemag-
glutinin-P (Sigma, USA)-activated peripheral blood mono-
nuclear cells (PBMCs) obtained from an HIV-negative donor
and titrated using GHOST-CCR5 cells (a gift from Dr. Zolla-
Pazner, New York Veterans Affairs Medical Center, New York,
NY). The neutralization response in plasma samples was as-
sessed against two subtype C Indian primary isolates (isolate C-
I and isolate C-II) using GHOST-CCR5 cells as described previ-
ously.20 Briefly, the cells seeded at a concentration of 6 � 104

cells/well/0.5 ml of growth medium in the 24-well tissue cul-
ture plates were allowed to grow for 24 h, when at least 70%
confluence was seen. A fixed dilution of the pretitrated virus
stock yielding around 8–12% infected cells as determined by
green fluorescent protein (GFP) was used in the neutralization
assay. Equal volumes of virus and heat-inactivated 1:10 diluted
plasma were mixed and incubated at 37°C for 1 h. The GHOST-
CCR5 cells were infected in duplicate with the virus–antibody
mixture in the presence of DEAE-Dextran (8 �g/ml). After
overnight infection, the cells were washed, fed with the growth
medium, and incubated for 3–4 days. The monolayers were
washed, resuspended in 10 mM EDTA, fixed in 2% formalde-
hyde, and analyzed by FACSort flow cytometer (Becton Dick-
inson, San Jose, CA).

The fixed cells were gated based on forward scatter and
side scatter. The number of infected cells was determined us-
ing a scattergram of fluorescence versus forward scatter af-
ter setting the gate with uninfected cells. A total of 15,000
events was scored.

The percent neutralization was calculated as

1 � � 100
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The percent neutralization used for analysis was based on a
total of 15 assays using 15 HIV-negative plasma samples and
two isolates. A panel containing four HIV-negative plasma
samples was included in every assay. The mean percent neu-
tralization (isolate C-I � 17.3%, SD � 8.3, and isolate C-II �
�5.3%, SD � 0.03) obtained with four HIV-negative plasma
samples was subtracted from the percent neutralization of
the respective test sample. For every sample, the percent neu-
tralization was represented as a mean of at least two or more
assays. The neutralization response above 50% (obtained af-
ter subtracting the background reading) that has been used
as an end point in many previous studies11,20,21 was consid-
ered as positive neutralization. Seroconverters showing pos-
itive neutralization (neutralization �50%) on all visits were
classified as responders and those demonstrating an incon-
sistent positive neutralization response between the two vis-

its or less than 50% neutralization were classified as nonre-
sponders. 

Of the 33 seroconverters, seven (21%) demonstrated a posi-
tive heterologous neutralization response against isolate C-I
and nine (27%) against isolate C-II (Table 2). When the percent
neutralization obtained against both isolates (isolates C-I and
C-II) was combined and the mean percent neutralization was
calculated, seven (21%) seroconverters demonstrated a positive
neutralization response. The remaining 26 (79%) seroconvert-
ers did not reveal a significant neutralization response at any
of the longitudinally collected specimens. It could be because
the viruses used in this study were primary isolates and not the
laboratory-adapted strains and hence would have exhibited
more resistance toward neutralization.

To ascertain the temporality of the emerging neutralizing
antibody response in early HIV infection, the seroconverters
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TABLE 1. ENV V3 SEQUENCES, PLASMA VIRAL LOAD, AND NEUTALIZATION RESPONSE

OF EARLY RESPONDERS, LATE RESPONDERS, AND NONRESPONDERSa

aAssociation of postinfection period, plasma viral load, mean neutralization response (against isolate C-I and C-II), and AA substitution in
the V3 region in early responders (n � 4), late responders (n � 3), and nonresponders (n � 5) was studied. The V3 region of three groups ap-
peared to be relatively conserved with minor variations in the sequences.

http://www.liebertonline.com/action/showImage?doi=10.1089/aid.2007.0296&iName=master.img-000.png&w=494&h=447


showing a neutralization response within the first 6 months
of infection were categorized as “early responders” and
those showing a neutralization response after 6 months were
categorized as “late responders.” Four of seven (57%) sero-
converters demonstrated an early neutralization response
against isolate C-I (one at 2 months and the remaining three
at 3 months) and six of nine (67%) seroconverters demon-
strated an early neutralization response against isolate C-II
(two at 2 months and the remaining four at 3 months). When
the percent neutralization against both isolates (isolate C-I
and isolate C-II) was combined and the mean percent neu-
tralization response was calculated, four of seven (57%) se-
roconverters demonstrated an early response. Figure 1A
shows the mean neutralization response demonstrated by
these four early responders. The neutralization response was
demonstrated at 2 months in one seroconverter and at 3
months in the remaining three, which remained consistent
up to 6–10 months. However, subsequent samples could not
be tested for NAb response due to the lack of an adequate
quantity of plasma samples.

Studies have reported that the NAbs emerge at different
time points after HIV infection. Recent studies have shown
the presence of type-specific NAbs between 3 and 12 months
of infection in 14 individuals diagnosed in an acute phase of
HIV-1 infection.22 Antibodies that neutralize infecting/au-
tologous viruses appear earlier7,11,12 than those neutralizing
heterologous viruses.8 An effective neutralization response
against heterologous viruses and against different HIV-1
subtypes is critical in developing HIV vaccines. In the pres-
ent study, we focused on the heterologous response due to
the nonavailability of autologous viruses. A study group of
recent seroconverters was selected because the available data
suggest that primary viremia is restricted by the host im-
mune response, characterized by the appearance of virus-
specific antibodies and the CTLs.23 So far, the emergence and
the role of neutralizing antibodies in controlling early
viremia are controversial, as antibodies are generally de-
tected late after infection. In a study of an HIV seroconverter
treated with HAART during early infection, a rapid autolo-
gous neutralizing antibody response, which remained sus-
tained for at least 8 months, was detected following treat-
ment cessation after 1.5 years. The CTL responses were
minimal despite treatment discontinuation and rebound

viremia was downregulated, suggesting that neutralizing
antibodies may play an important role in the control of
viremia.9

Among 18 Dutch seroconverters, the emergence of het-
erologous neutralization activity has been reported within
0–10 months (mean � 3.9 months) after seroconversion, with
the majority (n � 15) developing a response within 3 months
and the remaining (n � 3) between 6 and 10 months.13 How-
ever, in the present study, one of the four early responders
demonstrated a neutralization response against both subtype
C isolates as early as 2 months after infection and in the re-
maining three responders, the response was seen 3 months
after infection. A similar study in subtype C-infected South
African female sex workers has reported an extensive cross
clade neutralization response against subtype B and subtype
C from South Africa and Malawi at 5 months postserocon-
version.24

In the second group of three seroconverters who did not
show a neutralization response during the first year (tested
on two to four occasions), the emergence of an antibody re-
sponse was demonstrated late, between 22 and 38 months
after infection. Figure 1B shows the mean neutralization re-
sponse (against isolate C-I and isolate C-II) demonstrated by
three late responders. One of the three seroconverters (SC-
25) demonstrated a neutralization response against both iso-
lates at 22 months, which remained consistent up to 44
months. The other two seroconverters, SC-26 and SC-27,
demonstrated a neutralization response at 38 and 25 months
postinfection, which remained consistent up to 55 months.
A similar late onset of heterologous neutralization response
in seroconverters, usually after 2 years of seroconversion, has
been reported by Moog et al.8

In all responders (early and late), irrespective of time of
emergence, the NAbs did not show any association with ab-
solute CD4 count (p � 0.157) and plasma viral load (p �
0.413) when Spearman’s rank correlation coefficient method
was applied. The scatter plots of mean NAb response
(against isolates C-I and C-II) with absolute CD4 count and
plasma viral load are shown in Fig. 2. This is in agreement
with some previously reported studies10,25; however, other
studies have reported a significant association between the
increase in the neutralizing antibody response and the de-
creased plasma viral load.7,11 The data were also analyzed
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TABLE 2. NEUTRALIZATION RESPONSE DEMONSTRATED BY SEROCONVERTERSa

Categorization of Neutralization response
seroconverters against isolates C-I and
(n � 33) Isolate C-I Isolate C-II C-II

Responders 7 (21%)b 9 (27%) 7 (21%)c

Nonresponders 26 (79%) 24 (73%) 26 (79%)

aThis table shows % neutralization response demonstrated individually against isolates C-I and C-II
(column 2) as well as the mean % neutralization against both isolates (column 3). The neutralization
�50% was considered as positive neutralization. Seroconverters showing �50% neutralization and
those demonstrating inconsistent positive neutralization responses between the two visits were con-
sidered as nonresponders. Seroconverters showing positive neutralization on all visits were classified
as responders.

bNumber (%).
cOf the seven responders showing neutralization against both isolates, four were early responders

(responses observed within 6 months postinfection) and three were late responders (responses 
observed �6 months postinfection).

Neutralization response
against



to determine the relationship between the absolute CD4
count and the plasma viral load within the postinfection pe-
riod, which did not indicate any temporal relationship (data
not shown).

The HIV-1 envelope is the only protein found on the sur-

face of the virion, and hence is the only realistic target for
development of neutralizing antibodies. The V3 loop of
gp120 is of particular interest because it plays a key role in
viral tropism and entry, and has been reported to elicit po-
tent antibodies,26,27 which either block binding or postbind-
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months. (A) The mean neutralization response (against isolates C-I and C-II) demonstrated by four early responders. SC-9
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ing events. Some studies have detected the presence of V3-
specific antibodies prior to the development of autologous
and heterologous NAbs8,26; however, a recent report sug-
gests that they were not found to mediate autologous neu-
tralization.28 Studies using antibodies specific for linear de-
terminants of the V3 antibodies demonstrated that
neutralization mediated by these antibodies was subtype
specific, mediating neutralization of T cell line-adapted
(TCLA) viruses.13 Since the V3 antibodies neutralized many
TCLA and some primary strains, and as their presence could
be correlated with protection of chimpanzees,29 the V3 loop
has been elaborately studied as a probable vaccine strategy.
Recent data show that conformational determinants of V3
were able to mediate broader neutralization of primary iso-
lates.30 In view of the hypothesis that the neutralization re-
sponse generated in our seroconverters could be due to poly-
morphism in the V3 region owing to selective immunological
pressure31,32 or is related to exposure of epitopes in the V3
loop,33 the C2-V3 region of the selected sequential samples
of seroconverters demonstrating an early neutralization re-
sponse (n � 4), late neutralization response (n � 3), and no
neutralization response (n � 5) was sequenced. In addition,
as reported earlier,34 the presence of less potential N-linked
glycosylation (PNLG) on the V3 loop of subtype C viruses
must have enhanced the epitope exposure, thereby resulting
in a stronger V3-directed NAb response, encouraged us to
sequence the V3 region. To verify this, the DNA was ex-
tracted from selected concomitantly collected PBMC samples
(as described in Table 1) using the Qiagen Blood DNA Ex-
traction kit (Qiagen, Hilden, Germany) and was used to am-
plify the 500-bp fragment of the env gene of HIV-1 using
nested PCR. The amplified env gene PCR product was se-
quenced using primers covering the C2-V3 region. The
primers used for amplification as well as sequencing were
ED31 and ED33. The generated sequences were analyzed us-
ing DNASTAR software and subsequent alignment was
done for the V3 region using Clustal X software.

The percent homology between the consensus sequences
of isolates C-I and C-II with the consensus sequences of the
V3 region of early responders (91%), late responders (93%),
and nonresponders (94%) did not show much sequence vari-
ation. As reported earlier,16 26 of 35 amino acids in the V3
sequences of seroconverters were well conserved, which is
a characteristic feature of subtype C viruses, with minor vari-
ations in the sequences of early/late responders and nonre-
sponders. Table 1 demonstrates the mean neutralization 
response shown by three groups—early, late, and non-
responders—against isolate C-I and isolate C-II and the AA
substitution in the V3 region. Minor mutations were seen re-
sulting in AA changes in the following positions in the V3
region of early and late responders: T2V, N5S, K10T,
T19N/M, F20L/A, D29N, and H34Y. The PNLG, which is
known to mask V3 epitopes of subtype B viruses, was well
conserved at position 301 (conventional HXB2 numbering)
in all the V3 sequences of early, late, and nonresponders as
well as of isolate C-I and isolate C-II.

The high degree of conservation in the V3 region supports
the data suggesting that this region may not be the target of
the potent neutralizing responses in these individuals and
perhaps anti-V3 antibodies in subtype C infection may not
be of great biological relevance in driving the viral escape
from the neutralization response. The neutralization re-
sponse obtained in our study was not associated with any
particular mutation in the V3 region, which may be an indi-
cation that other variable regions of the HIV-1 envelope
might be involved in generating a neutralization re-
sponse,27,35 which needs to be studied in greater detail.
However, an antibody response could be generated by the
interaction of the V3 loop with other regions of gp120, which
may play a role in neutralization. This is supported by a re-
cent finding suggesting that antibodies directed at the V1V2,
V4, and V5 regions contribute to autologous neutralization,
with V1V2 playing a more substantial role. These data also
suggest that the C3-V4 regions form important structural
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motifs and epitopes in this region are major targets of the
early autologous neutralization response in HIV-1 subtype
C infection.28 Another possibility is the role played by the
host genetic factors in the generation of NAbs against the
virus; however, in the work done so far these factors could
not be studied.

We compared the alignment of gp160 sequences of Indian
subtype C and non-Indian subtype C viruses using Clustal
X software and identified 35 conserved, predicted neutral-
ization epitopes, 12 of which are reported in the HIV im-
munology database and 23 of which are not reported. Out
of 23 predicted epitopes, 18 are found in non-Indian subtype
C sequences while 5 are conserved only in Indian subtype C
sequences. A single epitope (GPGQ), present in the V3 re-
gion that is recognized by NAbs, was also found in respon-
ders as well as nonresponders studied for V3 sequence vari-
ation; however, none of the responders had any unique V3
sequence that could explain the responses.

HIV-1 subtype C is widely prevalent in India and South
Africa, which carry the heaviest burden of HIV infections.
HIV-1 subtype C from South Africa is the most widely stud-
ied C subtype. We compared neutralization properties and
V3 sequences of HIV-1 from these two countries. This com-
parison revealed that the V3 region of viruses from both
countries is highly conserved and did not differ in length.
The percentage homology between the V3 regions of Indian
and South African HIV-1 subtype C strains from serocon-
verters was found to range from 73 to 100% (mean � 85%,
SD � 5.8). The comparison of neutralization properties of
viruses from recent seroconverters from India and South
Africa34 revealed that subtype C from India is more resistant
to neutralization than subtype C from South Africa. The most
striking similarity between the clade C reference strains from
both places is their uniform resistance to MAb 2G12 and
MAb 2F5. However, the relative resistance of Indian subtype
C viruses to neutralization by MAb IgG1b12 distinguished
them from South African subtype C viruses. There was no
difference in the overall sensitivity to sCD4 and MAb 4E10.
This comparison suggested that some neutralization epi-
topes are partially shared between subtype C from India and
subtype C from South Africa and also that there is a need to
study genetic and neutralization characteristics of recently
transmitted Indian subtype C in greater detail.

We would like to emphasize that in the present study, the
neutralization response was assessed more cautiously. The het-
erologous neutralization response was studied for primary iso-
lates with a known passage history in a large number of plasma
samples from seroconverters with a documented date of sero-
conversion. The HIV-seronegative plasma samples were used
to draw a baseline response for stringent classification of a pos-
itive neutralization response based on a robust threshold. The
neutralization index of 50% more than the mean index in the
panel of normal plasma was considered as a positive neutral-
izing antibody response, as most of the plasma from HIV-in-
fected individuals causes 50% neutralization and was used as
an end point in many previous studies.11,20,21

To summarize, the results of our preliminary study dem-
onstrated the presence of heterologous neutralization activ-
ity in early HIV infection. Although V3 is hypothesized to
be the main epitope for eliciting neutralizing antibody, the
neutralization response obtained in our study was not found
to be associated with the V3 region and indicated that other

regions of the HIV-1 envelope might be involved in gener-
ating a neutralization response.
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