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Neutralizing antibodies (Nab) are a principal component of an
effective human immune response to many pathogens, yet their
role in HIV-1 infection is unclear1–6. To gain a better under-
standing of this role, we examined plasma from patients with
acute HIV infection. Here we report the detection of autologous
Nab as early as 52 days after detection of HIV-specific antibodies.
The viral inhibitory activity of Nab resulted in complete repla-
cement of neutralization-sensitive virus by successive popu-
lations of resistant virus. Escape virus contained mutations in
the env gene that were unexpectedly sparse, did not map
generally to known neutralization epitopes, and involved pri-
marily changes in N-linked glycosylation. This pattern of
escape, and the exceptional density of HIV-1 envelope glycosy-
lation generally7,8, led us to postulate an evolving ‘glycan shield’
mechanism of neutralization escape whereby selected changes
in glycan packing prevent Nab binding but not receptor bind-
ing. Direct support for this model was obtained by mutational
substitution showing that Nab-selected alterations in glyco-
sylation conferred escape from both autologous antibody and
epitope-specific monoclonal antibodies. The evolving glycan
shield thus represents a new mechanism contributing to HIV-
1 persistence in the face of an evolving antibody repertoire.

HIV-1 virions in plasma have an exceedingly short lifespan (,6
hours), as do productively infected lymphocytes (,1.2 days)9,10. As
a result, the composition of plasma virus provides a sensitive
indicator of biologically relevant selection pressures acting on
virus and virus-producing cells11–13. We amplified full-length
HIV-1 gp160 envelope genes by polymerase chain reaction (PCR)
from serial plasma specimens of patients with acute and early
infection, expressed the genes in trans with env-deficient HIV-1,
and tested progeny virus for neutralization susceptibility in a
sensitive, single-round viral infectivity assay using JC53BL-13
cells13. Figure 1a depicts inhibition of virus entry by sequential
autologous plasma specimens from a patient (WEAU), beginning
16 days after onset of symptoms of the acute retroviral syndrome,
and four days before detection of HIV-1 antibodies by enzyme-
linked immunosorbent assay. No Nab activity was observed in the
initial day 16 patient plasma specimen compared with normal
donor plasma against an early day 16 virus envelope (16-2).
However, increasing titres of Nab were detected in plasma speci-
mens between days 72 and 212, reaching half-maximal and
90% maximal inhibitory concentrations (IC50 and IC90) of
0.0007 ^ 0.0002 and 0.0032 ^ 0.0023, respectively. Between days
391 and 772, Nab titres to this early virus declined. Nab activity in
patient plasma could be eliminated by pre-treatment of plasma with
staphylococcal protein G (SPG), reconstituted by IgG eluted from
SPG, and virus pseudotyped with the vesicular stomatitis virus G
protein (instead of HIV-1 gp160) was not neutralized by patient
plasma (data not shown).
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The potency of neutralization by WEAU plasma was demon-
strated by pre-incubating serial dilutions of plasma from WEAU day
246 (or from a normal uninfected donor) with 1,000, 5,000 or
10,000 infectious units of HIV-1 pseudotyped with either the 16-2
envelope or another early WEAU envelope (1.60), and then tested
for entry into 40,000 JC53BL-13 cells. At each multiplicity of
infection (0.025–0.25), and for each virus, there was greater than
98% reduction in virus entry at a 1:20 dilution of WEAU plasma, as
assessed by both luciferase and b-galactosidase expression. More-
over, there was greater than 99.8% reduction in virus entry at a 1:4
plasma dilution. Normal human plasma at these same dilutions had
no effect.

HIV-1 neutralization escape was evaluated using viruses pseudo-
typed with gp160 envelopes from WEAU plasma specimens 136,
212, 391, 772 and 1,100 days after onset of symptoms. HIV-1 stocks
corresponding to these dates were first tested in comparison with
virus bearing a day 16 envelope (16-2) for susceptibility to antibody
neutralization by contemporaneous plasma samples (Fig. 1b). In
each instance, the contemporaneous viruses were less susceptible to
neutralization than was the early day 16 virus. These data suggested
that changes in the viral envelope had occurred, rendering the
successive viruses increasingly resistant to neutralization, or that
the host immune system had become tolerant or otherwise unre-
sponsive to evolving variant antigens. Figure 1c shows that both
occurred. In the first 391 days of infection, increasing Nab activity
was observed against each of the successively emerging virus strains
(clones 16-2, 136-14, 212-52 and 391-3), clearly demonstrating
de novo Nab responses to each new variant. This finding was
corroborated using a different day 212 envelope clone (212-55)
which was resistant to neutralization by day 136 plasma but
increasingly sensitive to neutralization by day 212 and 391 plasmas
(Fig. 1d), and this at a time when Nab titres to the early 16-2 virus
were declining (Fig. 1a). Later in infection, de novo Nab responses
could no longer be mounted and pre-existing responses waned
(Fig. 1a–c).

To determine the molecular basis of Nab escape, the envelope
clones used for Nab analyses were sequenced (Fig. 2). Out of
657 amino acids comprising the gp120/41 ectodomain (positions
30–686), 48 sites were substituted in at least one of the seven clones.
Sporadic changes present in two or fewer clones comprised 32 of the
mutated sites, and were scattered throughout the gene. Other
changes had obviously become fixed over time, including four
sets of mutations (positions 30–32; 221; 356; 462–464) correspond-
ing to demonstrated or potential HLA-restricted cytotoxic T lym-
phocyte (CTL) epitopes in this patient (ref. 12; N. Jones et al.,
personal communication). Only 1 of 16 fixed changes was in the
receptor binding region (position 201), and only 3 mapped to the
variable portions of the V1/V2 and V3 loops. Even then, one of these
substitutions reverted to the original sequence, and two developed
only after more than a year after infection. Instead, most fixed
changes were at sites of glycosylation (8 of 16 changes) and on the
immunologically silent face (9 of 16 changes)14,15. Substitutions at
positions 201 (K to N), 240 (K to T), 268 (N to S), 301 (T to I) and
400–406 (V4), because of their early appearance and persistence,
were especially suggestive of selected mutations. Each was associated
with changes in potential N-linked glycosylation. On a statistical
basis, the predilection for changes in the gp120/41 ectodomain that
affected potential N-linked glycosylation sites was non-random.
Further evidence for selection on the gp120/41 ectodomain was
obtained by sequencing additional WEAU envelope clones corre-
sponding to 16–1,166 days after onset of symptoms (Fig. 3a).
Analysis of 105 sequences suggested strong selection pressures at
positions 201 and 268 from the outset of infection; V4 beginning by
day 136; and position 240 beginning by day 212. Changes at 301 did
not appear to be under comparable selection. Fourteen WEAU
clones (indicated by asterisks in Fig. 3a) were analysed for auto-
logous Nab sensitivity using day 136 plasma. Clones from day 16

were uniformly sensitive (IC50 , 0.0013), and later clones uni-
formly resistant by 10 to 100-fold (Fig. 4a, and data not shown).

To determine if virus neutralization and escape is a general
phenomenon in early HIV-1 infection, we examined serial plasma
samples from four additional patients who were identified before
antibody seroconversion (Table 1). SUMA and BORI, like WEAU,
had declined antiretroviral therapy. By 278 and 218 days after onset
of symptoms, each had developed IC50 Nab titres to autologous
early virus of 0.0028 and 0.0010, respectively. For all three subjects,
the mean titre of Nab against autologous early viruses (IC50

0.0016 ^ 0.0011) was significantly greater than for autologous
late viruses (IC50 . 0.1; P , 0.05) or for the heterologous viruses
NL4.3 (0.0094 ^ 0.0047), 16-2 (.0.1) or Yu2 (.0.1) (P , 0.05 for
all). Thus, late viruses from SUMA (day 435), BORI (day 556), and
WEAU (day 391), had developed as much as 100-fold (or greater)
resistance to autologous Nab. Yet importantly, none of the early
viruses was atypically sensitive to neutralization by heterologous

Figure 1 Autologous virus neutralization and escape in subject WEAU. a, Titration curves

of sequential plasma specimens against virus pseudotyped with HIV-1 envelope from day

16 (16-2). b, Neutralization of viruses pseudotyped with early versus contemporaneous

envelopes. c, Neutralization of viruses with earlier, contemporaneous, or later envelopes.

d, de novo neutralizing antibody response to escape variant 212-55. In b–d, subject

plasma was diluted 1:50. Virus entry determined by luciferase expression with results

expressed as mean ^ 1 s.d.
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antibody or by a panel of well characterized monoclonal antibodies,
including 17b, F105, b12, 2F5 and 2G12, or by sCD4 (Table 1).
Rather, the data indicated that the viral clones from early time-
points behaved as neutralization-resistant primary isolates, and
that the evolved resistance was not a generalized one but a specific
adaptation to the particular Nab in each patient’s plasma. Two
other patients with acute infection (TRJO and THRO) initiated
highly active antiretroviral therapy promptly at diagnosis and
before seroconversion; in neither patient were Nab detected.
Heterologous Nab activity was examined in 17 additional patients
with chronic infection who were not receiving antiretroviral
therapy (Table 1). Neutralization was observed in all. NL4.3
was significantly more sensitive to neutralization (IC50

0.0036 ^ 0.0030; n ¼ 17) than was either 16-2 (0.0218 ^ 0.0219;
P , 0.001) or Yu2 (0.0613 ^ 0.0426; P , 0.001). There was no
correlation between patient CD4 counts or plasma virus loads and
heterologous Nab titres.

How can the findings of frequent Nab detection and rapid virus
escape at sites distinct from known neutralizing epitopes be recon-
ciled with current models of HIV-1 envelope structure and func-
tion? A large body of data shows that Nab epitopes map primarily to
the V1/V2 and V3 variable loops on gp120, as well as to the receptor
binding site surfaces6,15–17. The pattern of selection that we observed
must be interpreted within this context, but it is also necessary to be
mindful of the extraordinary density of N-linked glycosylation that
segregates to the outer surface of the HIV envelope spike15,18. We
thus propose an evolving ‘glycan shield’ that, within the quaternary
confines of the trimer, acts as a steric hindrance preventing Nab
from binding neighbouring epitopes, including those at V1/V2, V3,
and the receptor binding surfaces. The structure of high mannose
glycosylation, which is found predominantly on HIV-119, is well-
suited to shielding, with a trunk of Asn-(N-acetylglycosamine)2-
mannose extending 15–20 Å from the protein surface before
branching into a canopy of 4–8 additional mannoses. Because
complete shielding would interfere with receptor binding, HIV
must permit holes for functional access. Steric clashes create strong
repulsions, and the glycan canopy would only need to partially
overlap a potential epitope to prevent access. Shifting the shield to
selectively accommodate receptor, but not antibody, alters the
accessibility of neutralizing epitopes, and hence neutralization
resistance. Such a steric glycan shield would explain the overall
neutralization resistance of primary isolates, the notable selection at
sites affecting glycosylation or glycan packing, and the lack of
selection at actual epitopes of neutralization. Because such a shield
would be absolutely dependent on the absence of carbohydrate-
reactive antibody, we tested plasma for glycan-reactive antibodies.
Previously, it has been shown that the monosaccharide D-mannose
can specifically compete with HIV-1 gp120 for binding of the
glycan-dependent 2G12 monoclonal antibody20. We found no
effect of D-mannose, D-galactose, or N-acetylglucosamine at
concentrations of 1, 10 or 100 mM on neutralization by plasmas
from any of the 22 subjects or by the b12 monoclonal antibody,
while at the same time, there was a dose-dependent D-mannose
specific inhibition of virus neutralization by 2G12 (data not
shown).

If a glycan shield were responsible for conferring neutralization
resistance to HIV-1, then altering sites of N-linked glycosylation by
site-directed mutagenesis might lead to Nab resistance. This was
done for both WEAU and SUMA. For WEAU, positions 240, 268,
301 and V4 in the Nab-sensitive clone 16-2 were changed to
resemble the escape mutant 391-3. Individually, each mutation
had only a modest effect, increasing the IC50 1.2–2.6-fold. But
together, these substitutions increased the IC50 of clone 16-2 by
more than 100-fold (IC50 . 0.100), equivalent to the very resistant
clones 391-3 and 391-12 (Fig. 4a). These glycan sites are on average
24 Å from each other. None of the sites is in the receptor binding
region or in the V1/V2 or V3 loops. This synergistic behaviour of

such widely spread sites can be explained by a glycan shield that
requires cooperative packing over the entire spike to prevent
antibody access. We note that elimination of the surface-exposed
301 glycan alone led to a 100-fold decrease in 2G12-mediated
neutralization, a finding expected on the basis of its surface
exposure and known role in 2G12 binding20,21.

 

 

 

 

 

 

 

 

 

Figure 2 Envelope sequences of sequential WEAU clones spanning days 15–1,100.

Amino acids encompassing the gp120/41 ectodomain are shown. All clones were

amplified as intact gp160 genes from uncultured plasma virus except for 1.60, which was

obtained as a replication-competent provirus from H9 cells7. HLA-restricted CTL epitopes

are depicted in red, N-linked glycosylation sites in green, and changes in N-linked

glycosylation sites (addition or deletion) in yellow. Amino acid identity (·), insertion/deletion

(-) or substitution is indicated.
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Because each N-linked glycan occludes a volume roughly equiva-
lent in size to the V3 loop, the presence or absence of even a single
glycan may have a large effect on steric accessibility. Thus, a steric
glycan model would predict that neutralization sensitivity could
be gained by single changes at sites of glycosylation, but in a
context-dependent manner. This was in fact observed. Substi-
tution of a single 16-2 specific amino acid at position 240 (T to K)
in clone 212-55 led to a 20-fold increase in neutralization
sensitivity, but the same substitution in clone 391-3 had no effect
(Fig. 4a).

Although mutations in N-linked glycans can explain much of the
Nab resistance in WEAU viruses, alterations in glycan packing
resulting from changes in non-glycosylated residues could also
contribute. We tested this possibility by probing the K to E
substitution at position 356 (Fig. 2), which is close to the inner-
domain/outer-domain interface of gp120 on the immunologically
silent face15. As a control, we chose V5 changes because these
constitute a surface-exposed structure close to the CD4-receptor
binding site. Using clone 391-3 as the backbone, we substituted
consensus early sequences at positions 356, V5, V4 and 240, alone or
in combination. Single mutations at positions 356 and V4—but not
at 240 or V5—led to modest decreases in IC50 of 2 to 12-fold.
Mutations at 356 and V4 together led to a decrease in IC50 of
32-fold. But simultaneous changes at 356, V4 and 240 led to a
decrease in IC50 of more than 100-fold, to 0.0013 ^ 0.0003,
equivalent to early viruses 16-2 and 16-8. Thus, a non-glycan
substitution at position 356, along with glycan changes at V4 and
240, was necessary and sufficient to restore complete neutralization
sensitivity to an otherwise highly resistant virus.

In SUMA, we also found evidence of selection involving N-linked
glycosylation sites in V4 and at positions 235 and 359 on the
immunologically silent face (Fig. 3b and Supplementary Infor-
mation). When each of these mutations was substituted individu-
ally into an early day 20 clone (20-12), the pseudotyped viruses
became 2 to 5-fold more resistant to autologous neutralization.
Together, however, they led to a 35-fold increase in neutralization

Figure 4 Neutralization of virus pseudotyped with naturally occurring or site-directed

mutant envelopes. a, WEAU viruses tested with day 136 autologous plasma.

b, SUMA viruses tested with day 278 autologous plasma. c, WEAU viruses tested with

monoclonal antibody 447-52D. Virus entry determined by luciferase expression, with

results in a and b expressed as mean ^ 1 s.d. See text for details of mutants.

Figure 3 Partial envelope sequences of sequential plasma-derived clones. a, Subject

WEAU spanning 1,166 d from acute HIV-1 infection. b, Subject SUMA spanning 736 d of

follow-up. N-linked glycosylation sites are highlighted in green. Clones used for envelope

expression and pseudotype analysis of neutralization susceptibility are indicated by an

asterisk.
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resistance (Fig. 4b). For BORI, the analysis of Nab escape was
complicated by the fact that this individual was infected from the
outset with three related but divergent strains of HIV-1 (see
Supplementary Information). Despite this heterogeneity, we
found evidence for fixation of potential N-linked glycan changes
in V1, V2, C3 and V5, as well as additional non-glycan associated
changes, all in association with as much as a 100-fold decrease in
Nab susceptibility between early and late viruses (Table 1).

Direct evidence in support of a steric glycan shield would include
a demonstration that Nab of defined epitope specificity is pre-
vented from binding its cognate epitope by steric hindrance rather
than epitope variability. We found three human neutralizing
monoclonal antibodies, including 447-52D and 2442, which bind
the V3 loop b-hairpin of several HIV-1 strains22 and also neutralize
with high potency virus pseudotyped with early env clones of
WEAU. The most potent of these was 447-52D, which neutralized
WEAU 1.60 and 16-8 pseudotyped viruses with IC50 values of
0.06 mg ml21 and 1.63 mg ml21, respectively (Fig. 4c). Clone 1.60 is
distinguished from 16-8 and from all other WEAU clones by the
absence of an N-linked glycan at position 201 (leading to more
open access of the V3 loop to Nab23) and by an enhanced sensitivity
to autologous neutralization (IC50 0.0004 ^ 0.0001; day 212
plasma). WEAU clones 136-14 and 391-3 are either identical to
1.60 and 16-8 in V3 loop sequence, or in the case of 391-3, differ in
a conservative amino acid substitution (K to R) removed from the
type II b-turn. Both 136-14 and 391-3 pseudotyped viruses
demonstrated greater than 60-fold resistance to 447-52D
(IC50 . 100 mg ml21 for each) compared with clone 16-8, and
greater than 1,000-fold resistance compared with 1.60. Clones
136-14 and 391-3 were similarly resistant to 2442 (data not
shown). These data suggest that changes in envelope conformation
and glycan packing, including substitutions at 201, 240, 356 and

V4, can sterically inhibit the accessibility of principal neutralizing
epitopes on the virus surface.

The glycan shield model of neutralization escape that we propose
builds on a body of evidence implicating glycans in HIV-1 antibody
resistance8,23–26. It differs mechanistically from the previously
described “silent face”15 where antibodies are in fact not elicited,
presumably because glycosylation resembles ‘self ’ closely enough to
preclude their elicitation. Rather, the model is distinguished by a
repertoire of rapidly evolving, effective, non-glycan-reactive neu-
tralizing antibodies, and a similarly evolving and malleable glycan
shield that obstructs neutralizing antibody from binding at neigh-
bouring sites. The steric glycan shield thus represents an extension
of a model implicating carbohydrate masking, epitope variation,
oligomeric exclusion, and conformational (entropic) masking as
complementary mechanisms contributing to antibody resistance27

and virus persistence. The evolving glycan shield model is sup-
ported not only by the evidence presented here, but also by analysis
of sites of positive selection in HIV-1, which show strong selective
pressure on the highly glycosylated silent face and a discordance
between neutralization epitopes and sites of positive selection; in
contrast, influenza virus haemagglutinin shows extremely high
correlation between neutralizing epitopes and sites of positive
selection28. Despite enormous variation in HIV-1 viruses generally,
the total number of N-linked glycosylation sites on primary isolates
remains relatively constant at close to 25 for gp1207,8, suggesting
strong selective pressure to maintain this precise level of glycan
density, consistent with a global shield. Thus, whereas most viruses
evade Nab by mutational variation directly at the epitope of
neutralization, we find that HIV-1 uses a fundamentally different
mechanism as a means of escape.

Previous studies have examined the early autologous antibody
response to HIV-1, and have found evidence for neutralizing

Table 1 Neutralization of HIV-1 by autologous and heterologous plasma, monoclonal antibodies and soluble CD4

Virus source

Plasma source CD4þ Autologous early* Autologous late* Heterologous NL4.3 Heterologous 16-2 Heterologous YU2
...................................................................................................................................................................................................................................................................................................................................................................

Acute
WEAU0575 584 0.0010† .0.1 0.0147 – .0.1
SUMA0874 977 0.0028 .0.1 0.0077 .0.1 .0.1
BORI0637 760 0.0010 .0.1 0.0057 .0.1 .0.1
‡TRJO4551 629 .0.1 – .0.1 .0.1 .0.1
‡THRO4156 538 .0.1 – .0.1 .0.1 .0.1

Chronic
HIDO1099 823 – – 0.0022 0.0303 .0.1
BELI1233 627 – – 0.0045 0.0427 0.0570
KIMA9001 555 – – 0.0012 0.0030 0.0016
WHMA2428 468 – – 0.0025 0.0739 .0.1
HAJO0940 428 – – 0.0018 0.0213 .0.1
TIMA2466 422 – – 0.0073 0.0641 0.0473
SHRO1787 410 – – 0.0005 0.0118 .0.1
HYMI2107 349 – – 0.0042 0.0428 .0.1
BAMA0037 323 – – 0.0011 0.0081 0.0026
SPKE1998 222 – – 0.0008 0.0008 0.0141
PUMA1713 208 – – 0.0014 0.0141 0.0270
SMST1012 95 – – 0.0004 0.0034 0.0023
WATI0855 7 – – 0.0117 0.0117 .0.1
YOAL0070 ,5 – – 0.0060 0.0050 0.0105
RUTH1145 ,5 – – 0.0048 0.0102 0.0804
LENA1029 ,5 – – 0.0036 0.0063 .0.1
FARO1042 ,5 – – 0.0066 0.0206 .0.1

...................................................................................................................................................................................................................................................................................................................................................................
WEAU SUMA BORI

Monoclonal antibody 16-2 391-3 20-9 435-46 31-15 556-50 NL4.3 YU2
17b .10§ .10 .10 .10 .10 .10 0.4 .10
F105 .10 .10 .10 .10 .10 .10 0.8 .10
b12 0.6 0.4 3.0 0.8 0.8 0.4 0.03 2.3
2F5 0.9 1.4 3.3 .10 .10 .10 0.9 .10
2G12 0.1 .10 0.4 0.5 .10 .10 0.5 .10
sCD4 .100 .100 .100 .100 50 .100 0.6 5.0
...................................................................................................................................................................................................................................................................................................................................................................

*Clones corresponding to early and late viruses are identified in the lower section. The day of virus sampling (in days after onset of symptoms) is indicated, followed by the clone number.
†Results are expressed as the reciprocal titre giving 50% inhibition of virus infectivity (IC50).
‡Subjects with acute HIV-1 infection who initiated highly active antiretroviral therapy at diagnosis.
§Results for monoclonal antibodies are expressed as IC50 (mg ml21) and for sCD4 as IC50 (nM).
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activity and (in some cases) virus escape1–4,6. Generally, Nab titres
were reported to be low, and slow to develop. In the present study,
we show that autologous Nab titres are generally high, rapid in
development, sufficiently potent to neutralize .99% of infectious
virus in vitro, and importantly, of sufficient titres in vivo to select for
virus escape populations with kinetics comparable to antiretroviral
drugs or CTLs (see Supplementary Information)11–13,29. The rapid
escape of Nab-resistant virus shown here for subjects WEAU, SUMA
and BORI, and in other subjects30, probably occurs in most patients
with persistent viraemia. Given the multiplicity of potential path-
ways and mechanisms of virus escape, it would not be surprising if
Nab had little effect on the viral load setpoint of patients with
established infection5. But in the setting of de novo infection
resulting from sexual transmission, where the inoculum of infec-
tious virus is low and the efficiency of transmission is exceedingly
low (estimated to be less than 1 in 500 exposures), vaccine-elicited
Nab could have a far greater impact. A

Methods
Plasma specimens
Blood was collected in acid citrate dextrose, platelet-free plasma prepared by sequential
centrifugations at 200g and 1,000g for 10 min each, and 1 ml aliquots stored at 270 8C.
Before use, plasma was thawed, heat-inactivated at 56 8C for 30 min, and clarified by
centrifugation at 3,000g for 5 min.

Neutralization assay
Plasma samples were assayed for Nab activity using a modification of a recently described
HIV-1 entry assay13 that uses the surface adherent HeLa cell-derived JC53BL-13 cell line
(NIH AIDS Research and Reference Reagent Program catalogue no. 8129, TZM-bl).
JC53BL-13 cells are genetically modified and selected so as to constitutively express CD4þ,
CCR5þ and CXCR4þ. The cells contain integrated luciferase and b-gal genes under tight
regulatory control of an HIV-1 LTR, and they are comparable to human peripheral blood
mononuclear cells (PBMCs) in susceptibility to infection by R5 and X4 viruses13.
Pseudotyped virus was prepared in 293T cells and titred by b-gal expression on JC53BL-13
cells, as described13. 4 £ 104 JC53BL-13 cells were plated in 24-well tissue culture plates
(Falcon) and cultured overnight in DMEM supplemented with 10% fetal calf serum
(FCS). 1,000 infectious units of pseudotyped virus were combined in a total volume of
125 ml with five-fold dilutions of test plasma beginning at 10% vol/vol in DMEM plus 1%
FCS and incubated for 1 h at 37 8C. Normal human plasma (NHP) was added to maintain
an overall 10% concentration. Virus was then added to JC53BL-13 cells in an equal volume
(125 ml) of DMEM plus 1% FCS and 80 mg ml21 DEAE dextran. This brought the
concentration of DEAE dextran to 40 mg ml21 and that of human plasma to 5%, which was
used as the basis for calculating neutralization titres. After 2 h at 37 8C, 400 ml of DMEM
plus 10% FCS, test plasma, and NHP were added, keeping the total human plasma
concentration at 5%. Cells were incubated at 37 8C for 2 d. In some experiments,
additional test plasma and NHP were not added back after the two-hour virus-cell co-
incubation step; this had a negligible effect on neutralization titres against pseudotyped
virus and decreased background effects of NHP. We also adapted the assay to a 96-well
format in which 100-ml aliquots of virus-plasma mixture in DMEM containing 5% FCS
and 40 mg ml21 DEAE dextran were added to 104 JC53BL-13 cells from which media was
completely removed. This allowed for scalability and for concentrations of human plasma
(test plus normal donor) and FCS to each remain constant at 5% throughout the entire
experiment. If replication-competent virus was used, then the entry inhibitor T-20
(enfuvirtide) at 2 mg ml21 was added after 6 h of virus-plasma-cell coincubation to prevent
secondary rounds of infection. In all formats, cells were analysed for b-gal or luciferase
expression13 after two days. Controls included cells exposed to no virus and to virus
without test plasma or NHP. Relative infectivity was calculated by dividing the number of
luciferase units at each dilution of test plasma by values in wells containing NHP but no
test plasma. Data were fitted with a nonlinear function, and IC50, IC80 and IC90 values
calculated by a least-squares regression analysis. All results were replicated in at least three
separate experiments.

Cloning and sequencing
Methods for virion RNA preparation, complementary DNA synthesis, PCR amplification
and site-directed mutagenesis are given in Supplementary Information.

Statistical analyses
Comparison of IC50 values was performed by a Wilcoxon rank sum test and two-tailed
Student’s t-test. Glycosylation frequency determinations were evaluated by exact
permutation tests and x2 analysis. All calculations were performed in SAS.
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large inherent dependence on temperature, we concluded that the folding reaction is at
least near the Kramers high friction limit.

Computational
The double-well potential used was g(x) ¼ x 4 2 2x 2. Temperature effects were treated as a
linear bias along the reaction coordinate, t(x,T) ¼ A(T)x, where A(T) is an adjustable
parameter for matching the equilibrium data. The folded and unfolded states are
separated by 2 distance units along the reaction coordinate, corresponding to a typical
helix diffusion length when taken to be nanometres. The population at x , 0.83 was
assumed to have the same fluorescence signature as the unfolded state, and at x . 0.83 as
the folded state (for compatibility with the three-well model in the Supplementary
Information, any value x . 0 yields the same qualitative result). Fluorescence was
simulated by convolving populations (for example Fig. 4b) with this response. The one-
dimensional Langevin equation with gaussian white noise was integrated by using a
fourth-order Runge–Kutta method. A time-step size of 0.01 was used in the integration,
and time steps were scaled to match the experimentally observed absolute kinetics. Similar
calculations for a three-well model that also matches the data are described in the
Supplementary Information.
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Antibody neutralization and
escape by HIV-1
Xiping Wei, Julie M. Decker, Shuyi Wang, Huxiong Hui, John C. Kappes,
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J. Michael Kilby, Michael S. Saag, Natalia L. Komarova, Martin A. Nowak,
Beatrice H. Hahn, Peter D. Kwong & George M. Shaw
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In the seventh panel of Fig. 2 of this Letter, the V5 sequence of clone
391-3 appeared incorrectly as: SEKDQTEIFRP. It should read:
SKDNQTEIFRP. In addition, there should be no yellow shading
(indicating a change in glycosylation) for this sequence. A

..............................................................

corrigenda

Synaptic depression in the
localization of sound
Daniel L. Cook, Peter C. Schwindt, Lucinda A. Grande & William J. Spain

Nature 421, 66–70 (2003).
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It has come to our attention that we failed to cite a relevant study1

in our Letter. These authors identified the mechanism of synaptic
depression measured at the embryonic chick nucleus magno-
cellularis to nucleus laminaris synapse as primarily presynaptic,
which justifies the synaptic depletion model we used. Furthermore,
the narrowing of coincidence detection time windows with EPSP
depression as they observed may contribute to the adaptive mecha-
nisms that we described. A

1. Kuba, H., Konomi, K. & Ohmori, H. Eur. J. Neurosci. 15, 984–990 (2002).
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Short interfering RNA confers
intracellular antiviral
immunity in human cells

Leonid Gitlin, Sveta Karelsky & Raul Andino

Nature 418, 430–434 (2002).
.............................................................................................................................................................................

In Fig. 5a of this Letter, the first and third panels (untreated and
siL-treated cells, respectively) should not be identical: the correct
figure is shown here. A
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Neutralization Assay.  In the present study, we report IC50 values for autologous and 

heterologous neutralization of envelope pseudotyped primary virus in patients with acute and 

early infection in the range of 0.001 and 0.01, respectively.  These values  correspond to plasma 

neutralizing antibody titers of 1:1000 and 1:100.  IC50 values in seventeen chronically infected 

patients against the heterologous T-cell line adapted virus NL4.3 averaged 0.0036 ± 0.0030 

(mean ± 1 S.D.), equivalent to a mean titer of 1:167.  In general, these titers of neutralizing 

antibodies are greater than those reported based on the more conventional p24 antigen assays2,4, 

but they are not greater than those reported using another single-cycle pseudotype entry assay30.  

The JC53BL-13 based neutralization assay used in the present study differs substantially in 

design from the p24 antigen based assays2,4 which use a reduction in p24 antigen production by 

PHA-stimulated PBMCs some days after virus-cell co-incubation (with and without test plasma) 

as the measure of virus neutralization.  Such a readout undoubtedly provides a measure of 

neutralization at the point of virus entry but is also subject to viral and cellular factors which can 

variably influence virus expression and secondary rounds of virus infection that are required in 

order to reach sufficient levels of p24 antigen for analysis.  The JC53BL-13 assay13, and others 

like it30, are based on a single round of infection by envelope pseudotyped viruses and the 

readout is more directly related to each infection event:  β-galactosidase or luciferase gene 

expression.  Still another difference between the JC53BL-53 assay as configured in the present 

study and the p24 antigen assays, is that in the former we used individual envelope clones for 

pseudotyping in contrast to more complex virus isolates used in the latter.  Given these 

differences, it is not possible a priori to interpret the significance of differences in neutralizing 
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antibody titers that exist between those reported in the present manuscript and those reported 

elsewhere for different subjects using different assay methods.  It is also not known which assay 

design might result in data that is more biologically or clinically relevant, and indeed this could 

vary depending on the particular question being asked.  Studies are currently underway to 

address the important issue of assay comparability.    

Molecular Cloning, Sequencing, and Mutagenesis.  Full length gp160 envelope genes were 

amplified by nested PCR from plasma HIV-1 RNA.  Virion-associated plasma RNA was 

prepared using the QIAmp Viral RNA Mini Kit (Qiagen).  From each timepoint, replicate plasma 

virus RNA preparations (4000-8000 RNA molecules per reaction) were subjected to cDNA 

synthesis using SuperScript II (Invitrogen).  Replicate viral cDNA samples (1, 10, 100, or 1000 

molecules each) were then subjected to nested PCR amplification as described11-13, using the 

following primers:  Outer sense primer (5’-TAGAGCCCTGGAAGCATCCAGGAAG-3’, nt 

5852-5876), outer anti-sense primer (5’-TTGCTACTTGTGATTGCTCCATGT-3’, nt 8912-

8935), inner sense primer (5’-GATCAAGCTTTAGGCATCTCCTATGGCAGG AAGAAG-3’, 

nt 5957-5982), and inner anti-sense primer (5’-AGCTGGATCCGTCTCGA 

GATACTGCTCCCACCC-3’, nt 8881-8903).  Inner primers contain additional 5’ sequences and 

restriction sites (HindIII and BamHI) to facilitate cloning.  The PCR products of the full-length 

env genes were cloned into pCR-XL-TOPO (Invitrogen) and into pCDNA3.1 (Invitrogen) for 

expression.  All clones, including those modified by site-directed mutagenesis, were sequenced 

using an ABI 3100 Genetic Analyzer and dideoxy methodology. Sequences have been deposited 

in GENBANK (accession numbers U21135; AY223719–AY223754; AY223761–AY223790).  

To ensure that molecular clones of HIV-1 envelope amplified from plasma viral RNA were 

representative of plasma virus, replicate PCR reactions were performed on primary samples at 
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varying endpoint titrations of viral cDNA and on separate days.  Site-directed mutagenesis was 

done using the Quik-ChangeTM site-directed mutagenesis kit (Stratagene Inc.).  125 ng of 

complementary primers with mutant sequences and 20 ng of template pCDNA3.1-env were used 

for each PCR amplification.  PCR conditions were as follows: 95oC for 30 seconds, 58oC for 1 

minute, and 68oC for 18 minutes.  After 16 cycles the PCR product was digested with 10 units of 

DpnI to cleave template DNA at 37oC for 1 hr.  Mutants were identified and confirmed by 

nucleotide sequencing. 

Mathematical Modeling.  Quantitative data for changes in plasma virus composition and Nab 

susceptibility were used to estimate the selective pressures exerted by Nab.  In patient WEAU, 

for example, we observed a complete turnover of the virus RNA population between day 41 and 

day 136 (within 95 days) and between day 136 and day 212 (within 76 days).  We thus consider 

two virus mutants, v1 and v2, where v1 is neutralization sensitive, while v2 is a partial escape 

mutant from a Nab response (v1 could denote the dominant virus at day 41, while v2 denotes the 

dominant virus at day 136).  Let r denote the relative fitness advantage of v2 to v1 (between days 

41 and 136) and consider the ratio, w=v2/v1.  The difference equation, w(t+1)=rw(t), describes 

how the ratio changes over time measured in viral generations.  For HIV-1, the generation time 

in vivo is about 2 days.  For the ratio, w, to increase 10,000 fold in 10, 20, or 40 virus generations 

(which is required for complete virus turnover), the escape mutant must have a relative fitness 

advantage of r=2.51, 1.58 or 1.26, respectively.  The relative fitness advantage can be written as 

r=a2s2/a1s1, where a1 and a2 denote the reproductive rates of v1 and v2 in the absence of the 

specific Nab response, while s1 and s2 denote the fractions of virus reproduction that escape 

neutralization.  For example, assuming that v1 and v2 reproduce equally fast in the absence of 

the specific Nab, a1=a2, and that v2 escapes 50% neutralization, a relative fitness advantage of 
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2.51 requires that the Nab blocks 80% of v1 infectivity.  The selection pressure and virus 

turnover dynamics induced by Nab are comparable to what is seen with certain antiretroviral 

drugs and instances of cytotoxic T-cell control and escape, where complete turnover of the virus 

RNA population has been observed in about 50-70 days.  However, estimates of relative fitness 

advantage with respect to Nab, and thus neutralization efficacy, are confounded in patients with 

acute and early HIV-1 infection by the fact that Nab evolution and maturation occur 

simultaneously with virus evolution and escape.  This situation is different from the case for 

antiretroviral drugs which achieve therapeutic concentrations rapidly and is also likely to be 

different from the situation where candidate HIV-1 vaccines are administered, and Nab are 

elicited, prior to virus exposure. 
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