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We previously established that at 3 years postseroconversion, �30% of HIV-infected individuals have cross-reactive neutraliz-
ing activity (CrNA) in their sera. Here we studied the kinetics with which CrNA develops and how these relate to the develop-
ment of autologous neutralizing activity as well as viral escape and diversification. For this purpose, sera from five individuals
with CrNA and one elite neutralizer that were obtained at three monthly intervals in the first year after seroconversion and at
multiple intervals over the disease course were tested for neutralizing activity against an established multiclade panel of six vi-
ruses. The same serum samples, as well as sera from three individuals who lacked CrNA, were tested for their neutralizing activi-
ties against autologous clonal HIV-1 variants from multiple time points covering the disease course from seroconversion on-
ward. The elite neutralizer already had CrNA at 9.8 months postseroconversion, in contrast with the findings for the other five
patients, in whom CrNA was first detected at 20 to 35 months postseroconversion and peaked around 35 months postserocon-
version. In all patients, CrNA coincided with neutralizing activity against autologous viruses that were isolated <12 months
postseroconversion, while viruses from later time points had already escaped autologous neutralizing activity. Also, the peak in
gp160 sequence diversity coincided with the peak of CrNA titers. Individuals who lacked CrNA had lower peak autologous neu-
tralizing titers, viral escape, and sequence diversity than individuals with CrNA. A better understanding of the underlying fac-
tors that determine the presence of CrNA or even an elite neutralizer phenotype may aid in the design of an HIV-1 vaccine.

Antibodies with the ability to neutralize autologous human im-
munodeficiency virus type 1 (HIV-1) are formed within the

first 3 months of HIV-1 infection (29, 41). Most of these neutral-
izing antibodies are strain specific, yet there are HIV-1-infected
individuals in whom cross-reactive neutralizing activity (CrNA)
that can neutralize different subtypes of HIV-1 is elicited (2, 10,
12, 31, 34). A vaccine should ideally be capable of eliciting this type
of neutralizing activity, since it may be able to provide protection
against infection with different HIV-1 subtypes. The prevalence of
CrNA among HIV-1-infected individuals is about 10 to 30%, as
described in different cohorts (2, 10, 12, 31, 34). Only about 1% of
HIV-1-infected individuals fulfill the definition of an “elite neu-
tralizer,” that is, an HIV-1-infected individual with unusually po-
tent CrNA against a majority of HIV-1 subtypes (34). Based on
their neutralizing activity against multiple unrelated HIV-1 vari-
ants, cross-reactive neutralizing antibodies are considered to be
directed against conserved regions of the virus. Epitopes on autol-
ogous viruses early in infection may trigger the development of
CrNA, and it remains to be established whether the development
of CrNA is due to the presence of unique epitopes, a unique B cell
repertoire or other unique host characteristics, or a completely
random event.

CrNA is not associated with a prolonged asymptomatic course
of HIV-1 infection (10, 12, 24a, 26, 38). Indeed, the prevalences of
CrNA were similar in long-term nonprogressors and progressors,
and in both groups of individuals, serum neutralizing activity
against autologous HIV-1 variants faded over time due to viral
escape, explaining at least in part the lack of effect of potent CrNA
on the clinical course of infection (37). Interestingly, CrNA

against heterologous virus variants was preserved over the course
of infection, despite the escape of autologous virus.

The virus seems to employ various mechanisms to escape from
neutralizing antibodies, such as amino acid substitutions, inser-
tions, or deletions, especially in the variable loops of Env, thereby
changing or occluding the neutralizing epitopes, after which the
neutralizing antibody can no longer bind (6, 22, 29, 30, 41). Al-
though CrNA does not protect from disease progression, in sev-
eral nonhuman primate studies, passive transfer of known cross-
reactive neutralizing antibodies could completely block infection
by a chimeric simian-human immunodeficiency virus (SHIV) (7,
15, 16, 19). A vaccine should therefore be capable of eliciting this
type of neutralizing activity (20).

It has been shown that CrNA increases with time of infec-
tion (13, 21, 31, 38), and most broadly neutralizing antibodies
(BrNAbs) seem to have gone through several rounds of somatic
hypermutation before potent CrNA was achieved (32). In other
infections, effective neutralizing antibodies arise much earlier
than in HIV-1 infection. The questions remains how and when
broadly neutralizing antibodies develop, and if and how type-
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specific neutralizing responses contribute to this development.
Although the envelope of the infecting HIV-1 is likely to play a
role in this process (18, 28), we focused here on the kinetics
with which CrNA develops. For this purpose, we retrospec-
tively studied six individuals whom we previously identified to
have CrNA in serum at �35 months after seroconversion (SC)
(12). We compared the kinetics with which neutralizing activity
in serum against autologous and heterologous viruses (CrNA) devel-
oped in the first months and years after infection and examined how,
in turn, the virus adapted to the humoral response.

MATERIALS AND METHODS
Participants and viruses. All individuals studied here were selected from
the Amsterdam Cohort Studies on HIV and AIDS in homosexual men
(ACS) (9) (Table 1). Participants were selected based on their CrNA as
previously established (12). The top six participants, C1 (cohort identifi-
cation number [ID] ACH18877), C2 (ACH19308), C3 (ACH11668), C4
(ACH18814), C5 (ACH18818), and C6 (ACH11694), were selected on the
basis of the highest geometric mean 50% inhibitory concentration (IC50)
titers against a panel of 23 heterologous viruses from different subtypes
and the highest total number of viruses neutralized; they included one
elite neutralizer (C1) as defined by Simek et al. (34). Three other partici-
pants with no CrNA were also included: N1 (ACH19961), N2
(ACH18766), and N3 (ACH19489). All participants were infected with
HIV-1 subtype B and seroconverted during active follow-up. None of the
individuals received combination antiretroviral therapy during the
follow-up period for the present study.

Clonal virus variants were obtained as described previously (33, 33, 39,
40). The quasispecies of clonal virus isolated from peripheral blood
mononuclear cells (PBMC) are highly identical to the quasispecies in the
serum of the same patient (11). We selected a maximum of five virus
variants per individual per time point to be tested for autologous neutral-
ization sensitivity. To prevent a potential change in the neutralization
sensitivity of the virus variants during in vitro culture, the number of virus
passages in PBMC was kept to a minimum.

The Amsterdam Cohort Studies are conducted in accordance with the
ethical principles set out in the Declaration of Helsinki, and written con-
sent was obtained prior to data collection. The study was approved by the
Academic Medical Center Institutional Medical Ethics Committee.

U87/pseudovirus assay for testing of HIV-1 cross-reactive neutral-
izing activity in serum. Where available, sera from the 6 cohort partici-
pants who developed CrNA were obtained every 3 months post-SC until 1
year, then every 6 months until 2 years post-SC, and then every 2 years
until death, initiation of highly active antiretroviral therapy (HAART), or
lost to follow-up. Sera were tested for cross-reactive neutralizing activity
in a pseudovirus assay involving tier 2 viruses in a single round of viral
infection, developed by Monogram Biosciences (25, 29). The viral panel
consisted of 6 pseudoviruses with envelope sequences from primary iso-

lates of HIV-1 subtypes A, B, C, and CRF01_AE that were resistant (n �
1), moderately resistant (n � 3), or moderately sensitive (n � 2) based on
previously determined neutralization sensitivities to sera from subtype
B-infected individuals and monoclonal antibodies (MAbs) b12, 2G12,
and 4E10. This 6-virus panel covered 93% of the variation in neutraliza-
tion of a larger pseudovirus panel (n � 15) (34). Previously we have
shown that the CrNA of patient serum samples as determined with an
independent 23-virus panel correlated strongly with the CrNA deter-
mined with the smaller 6-virus panel used in this study (Spearman’s r,
0.91; P, �0.0001) (12). Pseudotyped viral particles were produced by
cotransfection of HEK293 cells with an expression vector carrying the
HIV-1-derived gp160 gene (eETV) and an HIV-1 genomic vector carrying
a luciferase reporter gene (pRTV1.F-lucP.CNDO-�U3). Forty-eight
hours after transfection, pseudovirus stocks were harvested, and small
aliquots were tested for infectivity using U87 target cells expressing CD4,
CCR5, and CXCR4. Pseudovirus stocks were tested and normalized for
infectivity prior to testing in the neutralization assay. Diluted pseudovi-
ruses were incubated for 1 h at 37°C with serial dilutions of the patient
sera, after which the U87 target cells were added. The ability of patient sera
to neutralize viral infection was assessed by measuring luciferase activity
72 h after viral inoculation in comparison with that for a control infection
with a virus pseudotyped with the murine leukemia virus envelope
(aMLV). Neutralization titers are expressed as the reciprocal of the plasma
dilution that inhibited virus infection by 50% (IC50). Neutralization titers
were considered positive if they were 3 times greater than that for the
negative aMLV control. The lowest serum dilution used in the assay was
1:40. For the calculation of IC50s for viruses that were not inhibited by the
1:40 serum dilution, we assumed that 50% inhibition would have oc-
curred at a 1:20 serum dilution.

PBMC-based assay for testing autologous HIV-1-neutralizing activ-
ity in serum. Clonal virus variants of participants were tested for their
relative neutralization sensitivities to autologous serum and pooled
sera from healthy, uninfected individuals. Participant C6 (ACH11694)
was excluded, since clonal viral variants could not be obtained from his
PMBC. PBMC were obtained from buffy coats from 10 healthy sero-
negative blood donors and were pooled prior to use. Cells were iso-
lated by Ficoll-Isopaque density gradient centrifugation and were then
stimulated for 3 days in Iscove modified Dulbecco medium supple-
mented with 10% fetal bovine serum, penicillin (100 U/ml), strepto-
mycin (100 U/ml), Ciproxin (5 �g/ml), and phytohemagglutinin
(PHA; 5 �g/ml) at a cell concentration of 5 � 106/ml. After inocula-
tion, the cells (106/ml) were grown in the absence of PHA in a medium
supplemented with recombinant interleukin-2 (20 U/ml; Chiron Ben-
elux, Amsterdam, The Netherlands) and Polybrene (hexadimethrine
bromide) (5 �g/ml; Sigma, Zwijndrecht, The Netherlands). To pre-
vent possible complement-mediated antibody inhibition of virus in-
fection, complement in human sera and fetal bovine serum was inac-
tivated by a 30-min incubation at 56°C.

From each virus isolate, an inoculum of 30 50% tissue culture infective

TABLE 1 Patient characteristics

Patient ID Neutralizing activity Yr of SC
Yrs to CD4 count of
�200/AIDS

Yrs to
HAART X4 switch

CD4 count
at set point

Viral (log) load at set
point (copies/ml)

18877 (C1) Elite neutralizer 1986 7.5 NAa No 380 4
19308 (C2) CrNA 1991 4.7 NA Yes 380 4.4
11668 (C3) CrNA 1986 5.1 NA Yes 380 4.5
18814 (C4) CrNA 1987 NA 8.6 No 500 5.1
18818 (C5) CrNA 1986 7.1 NA No 510 5.4
11694 (C6) CrNA 1985 3.2 NA Yes 240 4.8
19961 (N1) Non-CrNA 1987 3.2 NA Yes 530 4.5
18766 (N2) Non-CrNA 1988 5.9 NA Yes 760 4.3
19489 (N3) Non-CrNA 1985 NA 6.6 No 550 3.1
a NA, not applicable.
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doses in a total volume of 50 �l was incubated for 1 h at 37°C with de-
creasing concentrations of the serum (starting concentration, 1:50) in
96-well microtiter plates. Subsequently, 105 PHA-stimulated PBMC were
added to the mixtures of virus with serum. After 4 h of incubation, PBMC
were washed once in 150 �l of phosphate-buffered saline, after which 150
�l fresh medium was added. On day 7 or 11, depending on viral growth,
virus production in culture supernatants was analyzed by an in-house p24
antigen capture enzyme-linked immunosorbent assay (35). Background
measurements were performed with pooled sera from uninfected individ-
uals, and neutralization titers were expressed as the reciprocal serum di-
lutions that established the IC50s for virus infection. Experiments were
performed in triplicate. When possible, the IC50s were determined by
linear regression. To calculate IC50s for viruses that were not inhibited by
the 1:50 serum dilution, we assumed that 50% inhibition would have
occurred at a 1:25 serum dilution.

Sequence analysis. The HIV envelope gp160 gene was PCR amplified
from DNA isolated from PBMC that were infected in vitro with a single
clonal HIV-1 variant, and the PCR product was subsequently sequenced
as described previously (1, 4, 27). Nucleotide sequences were aligned us-
ing ClustalW in the BioEdit software package (14) and were edited man-
ually. Potential N-linked glycosylation sites (PNGS) were identified using
N-GlycoSite (43) at the HIV database website (http://www.hiv.lanl.gov
/content/sequence/GLYCOSITE/glycosite.html). Pairwise nucleotide dis-
tances and divergences were calculated with the Kimura 2-parameter
model of evolution included in the MEGA 4 software package.

Statistical analysis. Differences in length or PNGS in gp160 between
different time points for the same individual were evaluated by analysis of
variance (ANOVA). Where differences were present (P, �0.05), specific
differences between two time points were tested with the Bonferroni
multiple-comparison test. Spearman’s rank correlation coefficient was
used to assess the association of the geometric mean titers of each patient
serum that were obtained on the two viral panels, as well as the develop-
ment of potent CrNA and the amount of virus neutralized over calendar
time. Differences between individuals with and without CrNA in the
mean diversity of gp160 sequences isolated from clonal HIV-1 variants
within the first 5 years postseroconversion were calculated and were com-
pared by an unpaired t test. Analyses were performed in GraphPad Prism
4 (GraphPad Software, La Jolla, CA).

RESULTS
Development of cross-reactive neutralizing activity over the
course of HIV-1 infection. Previously we determined that 33% of
individuals from the ACS had CrNA in serum at �35 months
post-SC (12). Here we wanted to see how soon after seroconver-
sion CrNA developed in the sera of six individuals with the most
potent CrNA at 35 months post-SC, including one elite neutral-
izer. Sera were screened for neutralizing activity on a virus panel
that represents several clades and that was created by an analytical
selection algorithm to identify both the potency and the breadth of
neutralizing activity in serum (34). Sera from 82 individuals were
previously screened on this virus panel as well as on a larger panel
of 23 viruses belonging to subtypes A, B, C, and D, and the classi-
fications of sera with respect to neutralization potency against
these two virus panels were strongly correlated (Spearman’s r,
0.91; P, �0.0001). Across the six viruses of the smaller panel,
the upper 25% quartile geometric mean IC50 titer in sera from the
initial 82 patients was 97; we subsequently used this titer as the
threshold for CrNA, together with the condition that at least four
out of six viruses be neutralized.

Sera were selected at three monthly time points, starting at �3
months post-SC and continuing until 12 months post-SC; then at
six monthly time points until 35 months post-SC; and subse-
quently at two yearly time points until death, the initiation of

HAART, or lost to follow-up (Fig. 1A). In the sera of all partici-
pants, some low-titer heterologous neutralizing activity could al-
ready be detected at 6 to 8 months post-SC, while sera from three
participants already had some detectable heterologous neutraliz-
ing reactivity as early as 3 months post-SC (C1, C4, and C6), which
could have been present prior to this first time point tested. Five of
the six participants developed CrNA between 20.2 and 35 months
post-SC, while in the elite neutralizer (C1), CrNA had developed
as early as 9.8 months post-SC (Fig. 1B). For all participants except
C5, CrNA peaked between 31 and 36 months post-SC, after which
the titer decreased slightly and subsequently remained stable
throughout infection. In only one participant (C5) did the neu-
tralization titer in serum still increase after 35 months of infection.

The development of potent CrNA (Spearman’s r, 0.77;
P, �0.0001) and the number of viruses neutralized (Spearman’s r,
0.83; P, �0.0001) were strongly correlated over calendar time, as
described previously (37).

Autologous neutralizing activity during primary infection in
individuals with and without cross-reactive neutralizing activ-
ity. We and others have demonstrated previously that the pres-
ence of CrNA in serum is not associated with prolonged asymp-
tomatic survival of HIV-1 infection (10, 12, 24a, 26, 38), due to the
rapid selection of escape variants of the virus (37). CrNA is
thought to be directed against conserved regions of the virus,
which makes escape through amino acid changes in the epitope
less likely, although not entirely impossible. An alternative mech-
anism of escape is the shielding of epitopes, which would be in line
with the increased length of variable loops in the envelope and the
increased number of potential N-linked glycosylation sites that
have been associated with a neutralization resistance phenotype.
Escape through either mechanism, driven by autologous neutral-
izing activity, which generally occurs around 3 months after infec-
tion, may create the sequential virus variation that can drive affin-
ity maturation of the antibody response, ultimately resulting in
CrNA. Here we wanted to compare the kinetics with which autol-
ogous neutralizing activity developed in five individuals with
CrNA and three without CrNA. Participant C6 was excluded, be-
cause no clonal virus variants could be isolated from his PBMCs.
Moreover, we performed analyses to determine whether CrNA
and non-CrNA patients differed with respect to the potency of the
autologous neutralizing immune response and the time after in-
fection at which viral escape from autologous neutralization oc-
curred.

Autologous viruses were obtained during the acute phase of
infection and 6 and 12 months thereafter. Subsequently, virus
variants were obtained every 2 years until death, initiation of
HAART, or loss to follow up. For each individual, all viruses from
all time points were tested for sensitivity to neutralization using
autologous serum from the same time points. For the elite neu-
tralizer (C1), there was no neutralizing activity in serum at 2.1
months post-SC, while serum from 7.5 months post-SC did neu-
tralize viruses that were obtained 2.1 months post-SC. Neutraliz-
ing titers increased over time, with a dip at 26 months post-SC
(Fig. 2). Contemporaneous viruses were minimally neutralized at
the last time point measured (47.8 months post-SC), but not at all
at any other time point. Most viruses were neutralized only at the
subsequent time point, and viral escape was present from 7
months post-SC, since neutralizing titers were lower for viruses
isolated from 7 months post-SC than for viruses isolated from 2.1
months post-SC.

Development of Broad Neutralizing Activity in HIV-1
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For the remaining four patients with CrNA as well, contempo-
raneous viruses were less susceptible to neutralization than viruses
from earlier time points (Fig. 2). Furthermore, in each individual,
de novo responses against newly emerging virus variants were elic-
ited. Participants C3 and C4 had a less typical profile of autologous
neutralization, with virus variants from later time points inducing
stronger neutralizing responses than earlier virus variants; how-
ever, escape of later viruses from neutralization occurred at 34
months post-SC for participant C3 and at 15.8 months post-SC
for participant C4. Participant C5 had very low autologous neu-
tralizing titers compared to those of the other participants, and
only viral isolates from the first year of infection were neutralized
by autologous serum from 46 months post-SC onward.

We next explored whether three participants with no CrNA
in their sera had neutralizing activity in serum against autolo-
gous viruses, even though they were unable to neutralize het-
erologous HIV-1 strains. Moreover, we compared the emer-
gence of autologous neutralizing activity in serum and the
emergence of viral escape between participants with and with-
out CrNA (Fig. 2). The three participants lacking CrNA who
were tested here did not have a typical autologous neutralizing
profile. Two participants had higher neutralizing titers against
later viruses with serum from earlier time points. For partici-
pant N1, neutralizing titers remained more or less the same
until 37.5 months post-SC, whereas for participant N2, neu-
tralizing titers for viral isolates from the first three time points
increased over time. Overall, viruses from participants with
CrNA seemed to escape from autologous neutralizing activity
more rapidly than HIV-1 variants from patients who lacked
CrNA. Indeed, in all patients who lacked CrNA, later-stage
viruses were still sensitive to neutralization by autologous sera
from early time points. The slower emergence of HIV-1 escape
variants possibly reflects the limited immune pressure in these
individuals, which was also evident from the lower peak neu-
tralization titers. With the exception of C5, all individuals with
CrNA had peak IC50 neutralizing titers above 650, while the
three individuals who lacked CrNA had peak autologous neu-
tralizing titers no higher than 480. Although only three indi-
viduals in this study lacked CrNA, this observation is in agree-
ment with our earlier findings that individuals with the lowest
CrNA also had the lowest autologous neutralizing titers (6, 38).

FIG 1 Development of cross-reactive neutralizing activity over the course of
HIV-1 infection. (A) Breadth and potency of neutralizing activity in longitu-
dinally obtained serum samples from six individuals who had cross-reactive
neutralizing activity (CrNA) and three individuals who lacked CrNA in serum
at 35 months postseroconversion (post-SC). Serum samples were obtained at
different time points post-SC (rightmost column) from one elite neutralizer
(C1) and five individuals with CrNA (C2 to C6) and at one time point post-SC
from individuals who lacked CrNA (N1 to N3). The virus panel (top) included
6 viruses from subtypes A, B, C, and CRF_AG. Amphotropic murine leukemia
virus (aMLV) served as a negative control. Values represent the reciprocal
serum dilution at which 50% inhibition of virus infection was achieved. IC50

titers are indicated as follows: �, �1:40; white background, �3 times the value
for aMLV; light gray background, �1:100; dark gray background, �1:300;
black background, �1:1,000. Months post-SC are color coded in the same way
based on the geometric mean IC50 across the 6 viruses. (B) Geometric mean
IC50s for each patient across the 6 viruses over the course of the infection. The
time point at which CrNA was reached is given in parentheses to the right of
the patient ID. To fulfill the definition of CrNA, sera had to neutralize �4
viruses above background with a geometric mean IC50 of �1:97 (dotted line)
as indicated on the y axis.
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Development of cross-reactive neutralizing activity coin-
cided with neutralization of early virus variants by autologous
serum. The contribution of autologous neutralization in the de-
velopment of CrNA remains unclear. Here we compared the au-

tologous and heterologous neutralizing activities in serum sam-
ples from the same patients. CrNA was measured at more time
points than the autologous neutralizing activity. Therefore, the
geometric mean IC50 titers in serum on the 6-virus panel closest to

FIG 2 Cross-reactive and autologous neutralizing activity developed with similar kinetics. The height of individual bars indicates the average IC50s in the serum
(y axis) at the indicated month post-SC (x axis), as determined by linear regression of IC50s achieved on �5 autologous virus variants per time point. C1 to C5,
individuals with CrNA; N1 to N3, individuals who lacked CrNA. The geometric mean IC50s across the heterologous 6-virus panel are shown as dashed lines for
individuals with CrNA. Patient C6 is absent from this analysis, because no viruses could be isolated.
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the time points at which the autologous neutralizing titers were
established were plotted (Fig. 2). In the elite neutralizer (C1), the
geometric mean IC50 titer against heterologous HIV-1 variants
increased with the same kinetics as the neutralizing activity against
autologous viruses from the early time points (2.1 and 7.5 months
post-SC). At 26 months post-SC, the neutralizing titers against
both autologous and heterologous viruses had remained stable;
they subsequently increased again to peak at 35 months post-SC
and decreased again thereafter. A similar pattern was observed for
participants C2, C4, and C5. In participant C3, neutralizing titers
against heterologous viruses peaked earlier than the neutralizing
activity against autologous virus but were still high at 57.7 months
post-SC, when neutralizing titers against viruses from the first
time point (7.8 months post-SC) were highest. In all participants,
the decrease in neutralizing titers against heterologous viruses
corresponded with a waning of the autologous neutralizing re-
sponses over time.

Molecular basis of neutralizing antibody escape. To deter-
mine the molecular basis of neutralization escape or possibly the
induction of CrNA, the gp160 envelopes of all the autologous viral
clones used in this study were sequenced. Overall, changes in the
total length of gp160 were observed for 4 of the 5 individuals with
CrNA (Fig. 3). In the elite neutralizer (C1), the length of gp160
remained the same until 26.1 months post-SC, whereas viruses
that were obtained at the last time point before loss to follow-up
had significantly shorter gp160 than the viruses from earlier time
points. In participant C3, after an initial decrease, a small increase
in the length of gp160 was observed during the last time point
before AIDS. The same initial decline in the length of gp160 was
seen in participant C4 but took place immediately after the first
time point post-SC; the length of gp160 started to increase at 33
months post-SC, ending lower again prior to HAART initiation.
In participant C5, there was an increase in the length of gp160
from the first time point until 45.6 months post-SC. There was no
association between changes in the length of the total gp160 and
the emergence of CrNA in sera. For participants who lacked CrNA
in sera, gp160 length variation was less evident than it was in
participants with CrNA; only one non-CrNA participant showed
a slight change in gp160 length over the course of the infection.

Total PNGS in gp160 also differed between participants (Fig.
3). HIV-1 variants from three participants with CrNA (C1, C2,
and C5), including the elite neutralizer (C1), showed an initial
increase in the number of PNGS; however, the peak in the number
of PNGS occurred earlier after SC in the elite neutralizer, and
subsequently, the total number of PNGS declined, coinciding with
the emergence of CrNA. Participants C3 and C4 had an inverse
pattern, with a declining number of PNGS until 33 and 28.1
months post-SC, respectively, whereupon CrNA developed in
both participants, coinciding with an increase in the amount of
PNGS. These two participants also had an autologous neutraliza-
tion pattern different from those of the other three participants
with CrNA: in some instances, the later viruses were more sensi-
tive to neutralization than viruses from earlier time points.
Among individuals without CrNA, one (N3) had a slight increase
in the number of PNGS from primary to chronic infection, after
which the number remained stable. The remaining two partici-
pants showed no decrease, or only a slight decrease, in the number
of PNGS in gp160. The presence of PNGS in the footprint of
glycan-dependent antibodies, such as amino acid positions N160
and N332 for antibodies PG9, PG16, and 2G12 and the recently

identified PGT antibodies, was checked in all sequences in order to
investigate potential antibody-specific escape. A PNGS on N332
was present at all time points in all viruses analyzed from all pa-
tients (data not shown). The loss of the PNGS on position N160
was seen in all clones from the last time point for the elite neutral-
izer (C1). However, viral escape occurred earlier in this patient
and therefore cannot be attributed solely to the loss of this PNGS.
For all other patients with CrNA, individual viral clones showed
the absence of a PNGS on N160, but its absence was not associated
with viral escape, whereas all viruses from the individuals who
lacked CrNA had a PNGS at position N160.

The length and number of PNGS in the V1V2 region of env
have been shown to play a crucial role in both autologous and
heterologous viral escape (5, 6, 8, 36). In contrast to the normal
increase in V1V2 length over the course of infection, the viral
variants from the elite neutralizer already had exceptionally long
V1V2 regions at the start of infection (72 to 79 amino acids) com-
pared with normal V1V2 length (�65 amino acids) (8) and the
length of V1V2 in the other individuals with CrNA (63 to 68
amino acids); these remained long until the last time point before
loss to follow-up (47.8 months post-SC), when they declined to an
average of 62 amino acids (Fig. 3). For two of the individuals with
CrNA (C2 and C4), an increase in V1V2 length was observed,
while participant C3 showed a decrease in V1 length and an in-
crease in V2 length after the appearance of CrNA. Participant C5
showed no variation in V1V2 length, which could be due to low
autologous neutralizing titers, despite the presence of high heter-
ologous neutralizing titers. Although HIV-1 variants from pa-
tients who lacked CrNA did show some variation in V1V2 length,
there were no changes in the length of the V1V2 domain over the
course of infection, which could be due to the absence of neutral-
izing pressure.

In order to look at the overall immune pressure on the virus per
individual, the mean diversity within the gp160 sequences from
the viral isolates per time point was calculated over the course of
infection (Fig. 4A), as well as the sequence divergence between
consecutive time points (Fig. 4B). These analyses revealed that
HIV-1 variants from the elite neutralizer (C1) at each time point
had a higher Env sequence diversity than those from any of the
other individuals, as well as a higher sequence divergence between
consecutive time points. The overall mean diversity across all
clones per patient within the first 5 years of infection was signifi-
cantly higher (P � 0.007) for individuals with CrNA than for
patients who lacked CrNA (Fig. 4C), indicating stronger immune
pressure on the virus in patients with CrNA. The average number
of viral clones and amount of follow-up time per patient were
similar for the two groups. Also, the kinetics with which the se-
quence diversity increased and peaked over the course of infection
correlated with the increase and peak in the geometric mean IC50

titer across the 6-virus panel (Fig. 4D), further supporting the role
of CrNA in viral escape through viral diversification.

DISCUSSION

The prevalence of CrNA in HIV-1-infected individuals in differ-
ent cohorts has been established at 10 to 30% (2, 10, 12, 31, 34).
Because a vaccine should likely be able to elicit this type of neu-
tralizing activity to protect against infection, the question of how
CrNA develops in vivo remains to be answered. Here we compared
two patient groups, those with and those without CrNA, within
the Amsterdam cohort studies. All patients were Caucasian ho-
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FIG 3 Longitudinal analysis of changes in the length of gp160 and the number of PNGS. Data for individuals with CrNA (C1 to C5) are grouped at the top, and
data for individuals lacking CrNA (N1 to N3) are grouped at the bottom. Each dot represents one clonal virus variant. The horizontal bars indicate mean values
per time point. P values above graphs were calculated by ANOVA across all time points, and individual differences were calculated using Bonferroni’s
multiple-comparison test for independent samples. Shaded areas indicate the presence of CrNA. The lengths of gp160 and V1V2 and the numbers of PNGS in
gp160 and V1V2 are shown for both groups. �, P � 0.05; ��, P � 0.01; ���, P � 0.001; n.s, nonsignificant. Patient C6 is absent from this analysis because no viruses
could be isolated.
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mosexual men infected with HIV-1 subtype B and had similar
disease courses.

The mechanism that leads to the development of CrNA is not
well defined. The ability to mount a cross-reactive neutralizing
response could likely be partially dependent on the transmitted
autologous virus, or viral escape from the immune system could
lead to slight changes in the envelope that could enhance the af-
finity maturation of these antibodies, ultimately resulting in better
binding of the viral envelope. The relationship between autolo-
gous and heterologous neutralizing activities could offer insight

into the underlying mechanism by which CrNA develops. Here we
showed that individuals with CrNA differed in their autologous
neutralizing activity. Two individuals had potent neutralizing re-
sponses against autologous viruses that were isolated during pri-
mary infection, while two other individuals showed stronger neu-
tralization of viruses that were isolated later in infection. However,
the presence of CrNA does not ensure good autologous neutral-
ization, as was seen for participant C5. The possible virus that
induced CrNA could have escaped the autologous response, while
the heterologous viruses were not placed under the same immune

FIG 4 Diversity and divergence of HIV-1 gp160 sequences. (A) Sequence diversity across all clones of gp160 per time point is shown for individuals with (black
lines) and without (gray dashed lines) CrNA, including one elite neutralizer (black dotted line) (C1), following seroconversion. (B) Divergence between
subsequent time points during follow-up. Each dot depicts the latest of the subsequent time points for the same individuals for whom results are shown in panel
A. (C) The mean diversity across all viral clones isolated within 5 years postseroconversion per individual is shown for individuals with and without CrNA. The
elite neutralizer is represented by the gray dot. (D) Sequence diversity (gp160) (right y axis) and geometric mean IC50s across the 6-virus panel (left y axis) per
time point depicted across the period of infection for individuals with CrNA. Patient C6 is absent from this analysis because no viruses could be isolated.
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pressure from this particular patient. Sera from all individuals
showed limited neutralizing activity against contemporaneous vi-
ruses. The peak of autologous neutralizing responses in the indi-
viduals with CrNA ranged from 28 to 69 months post-SC, while
no clear peak could be observed in individuals who lacked CrNA.
Viral escape was evident in all individuals with CrNA, although in
two individuals escape was delayed. In the elite neutralizer, escape
by autologous viruses occurred simultaneously with the develop-
ment of CrNA. Additionally, we have shown that individuals who
lacked CrNA in serum at 35 months post-SC could still mount an
autologous neutralizing response, albeit with neutralizing titers
lower than those of the majority of patients with CrNA. However,
our study groups are too small to enable us to draw clear conclu-
sions on the difference in autologous responses between patients
who have or lack CrNA. Surprisingly, viruses isolated at later
stages of infection in some cases were more sensitive to neutral-
ization than viruses isolated early in infection. This may reflect the
lack of immune pressure by CrNA driving the escape from neu-
tralization, as opposed to the situation in individuals with CrNA.
This was also evident from the differences in molecular changes in
the envelope that have been associated with escape from humoral
immune pressure. Indeed, changes in envelope length and in the
number of potential N-linked glycosylation sites (PNGS) were
more evident in individuals with CrNA than in those without
CrNA. This was also evident from the higher genetic diversity of
gp160 across all viral clones isolated within the first 5 years of
infection for patients with CrNA than for those without CrNA.
Also, the marked genetic diversity at all time points in the elite
neutralizer suggests an immune pressure higher even than that of
other individuals with CrNA and much higher than that of pa-
tients who lacked CrNA. Furthermore, the kinetics with which
CrNA developed in these individuals coincided with the kinetics
of emergence of a genetically diverse viral population and peaked
simultaneously, suggesting that an increase in the potency of the
neutralizing antibodies may have driven viral diversity. In turn,
increased viral diversity may have driven the affinity maturation
of the neutralizing antibodies, since the peak of viral diversity was
not necessarily beyond the peak of the heterologous neutralization
response.

In 6 individuals who had CrNA in their sera at �35 months
post-SC, we studied the kinetics with which this activity had de-
veloped. Among these 6 individuals was one so-called elite neu-
tralizer, defined by the ability of his serum to neutralize on average
more than one pseudovirus at an IC50 titer of �300 within a clade
and across at least four clades, with an average geometric mean
IC50 titer above 500 (12, 34). By frequent testing for CrNA in
longitudinally obtained serum samples in the first years post-SC,
we could demonstrate that CrNA required 20 to 35 months to
develop and peaked between 31 and 36 months post-SC. Interest-
ingly, all patients had neutralizing activity for at least one virus
from another clade within the first year post-SC, whereas the elite
neutralizer showed full CrNA at 9 months post-SC. Our observa-
tions are in line with previous studies (13, 21) showing that CrNA
had generally developed at 2.5 years postinfection. While these
studies show some individuals with cross-reactivity within the
first year of infection, most individuals neutralize the majority of
viruses only after the first year of infection.

Our study included only six patients who, from a cohort of 82
participants in the Amsterdam Cohort Studies, had the highest
geometric mean neutralizing titer and the largest breadth of neu-

tralization at approximately 35 months post-SC on a panel of 23
HIV-1 variants from four different subtypes (12). From previous
studies we know that CrNA develops more slowly in some indi-
viduals (38), and we also cannot exclude the possibility that the
kinetics with which CrNA develops is different in individuals with
somewhat less potent CrNA. Future study may reveal a correlation
between the kinetics with which CrNA develops and the degree of
somatic hypermutation and/or epitope specificity.

Interestingly, the kinetics with which CrNA developed coin-
cided with the kinetics with which the autologous neutralizing
response against viruses isolated early after seroconversion devel-
oped. Also, the peak and eventual waning of the neutralization
responses paralleled each other. This may suggest that the devel-
opment and titer of CrNA are driven by epitopes that are exposed
on primary viruses early in infection. For this study, two different
neutralizing assays were used to test for autologous and heterolo-
gous neutralizing activities. For the heterologous neutralizing ac-
tivity, the method and virus panels described previously by Simek
et al. (34) were used. This was done in order to compare our
cohort with other cohorts. However, we have previously found
comparable results between the PBMC- and TZMbl-based assays
(38), and the replicating clonal viruses isolated for sequencing
could be used directly in the PBMC-based assay for autologous
neutralizing activity.

This is the first study to show potent CrNA within the first year
after infection, although it was seen in only a single elite neutral-
izer. The elite neutralizer (C1) neutralized 5 out of the 6 viruses at
7.5 months post-SC and did so even more potently at 9.8 months
post-SC. This could indicate that the HIV-1 variant in this indi-
vidual has a unique exposure of epitopes that are capable of elic-
iting cross-reactive neutralizing antibodies that require limited
somatic mutations and affinity maturation. Interestingly, the early
viruses (isolated 3.2 months post-SC) from this patient had very
long variable 1 regions in gp160 compared to the early HIV-1
variants from other participants with CrNA, but also compared to
global HIV-1 variants of different subtypes (8). These viral char-
acteristics seem counterintuitive, since an increase in V1 length
has been associated with viral escape (6, 38), similar to what was
observed for the other individuals with CrNA in our present
study. Initial epitope mapping has revealed that the neutralizing
activity in the serum of our elite neutralizer is not directed against
the membrane-proximal external region on gp41 or against the
CD4 binding site. Also, it was insensitive to the N160 and N332
mutations, indicating an absence of PG9, PG16, 2G12, and PGT-
like antibodies (data not shown). Although similarity to other
known epitope specificities of broadly neutralizing antibodies re-
mains to be tested, reactivity may potentially be directed against a
novel epitope.

The broadly neutralizing antibodies known to date have highly
mutated variable heavy chains compared to antibodies elicited in
the secondary immune response against influenza (20). In vitro
reverted unmutated ancestor antibodies from HIV-1-specific
broadly neutralizing antibodies have shown little or no reactivity
with the epitopes of their progeny broadly neutralizing antibodies
(3, 23, 24, 44). This indicates that broadly neutralizing antibodies
in general may need multiple rounds of somatic mutation and
affinity maturation and that the currently known recombinant
envelope glycoproteins are insufficient in promoting this process
to achieve the desired mature antibodies from precursor naïve B
cells. Additionally, germ line predecessors of broadly neutralizing
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antibodies have been shown to be different for rhesus macaques
versus humans (42), which could explain the limited success of
efforts at the generation of these antibodies in animal models.

We and others have shown previously that CrNA in serum at
35 months post-SC does not protect against disease progression
(12, 13, 26). With the knowledge that CrNA takes 2 to 4 years to
develop, one could argue that the neutralizing humoral immune
response simply comes too late to have an impact on the disease
course. Indeed, prior to the development of these antibodies, the
immune system may have been irreversibly damaged, although
obviously the ability of the patient to still develop CrNA argues
against this. Moreover, in the elite neutralizer we studied here,
CrNA had developed as early as 9 months post-SC and still in-
creased until 3 years post-SC, yet this individual progressed to
full-blown AIDS within 7.5 years post-SC. This result demon-
strates that even early onset of CrNA may not be enough to halt
disease progression and is in line with the rapid escape of HIV-1
even from CrNA (37). Our findings, taken together, emphasize
that CrNA should be in place in HIV-negative individuals in order
to prevent infection, since it has no impact on disease progression.

In conclusion, we have shown that CrNA can develop rapidly
after HIV-1 infection is established, even within the first year after
seroconversion, in an elite neutralizer, as opposed to other indi-
viduals with CrNA, where it took 20 to 35 months to develop. The
kinetics with which CrNA developed paralleled the development
of autologous neutralizing activity, as well gp160 sequence diver-
sity. It is tempting to speculate that the autologous viruses that are
present during primary infection in individuals who ultimately
develop CrNA may have better exposure of the epitopes relevant
for eliciting CrNA. Subsequent escape of these viruses, either by
amino acid changes in the epitopes or by shielding of the epitope,
may drive affinity maturation of the antibodies. Alternatively, in-
dividuals who develop CrNA may have a different B cell repertoire
that supports the generation of antibodies with CrNA. Finally, the
development of CrNA may just be random and may be dominated
by the first B cell specificity that encountered the virus.

Overall, the findings for our elite neutralizer prove that it is
possible to achieve potent CrNA early in infection, and this indi-
vidual may provide valuable clues for the design of an effective
vaccine or for the creation of optimal conditions for establishing
this type of humoral immune response.
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