
JOURNAL OF VIROLOGY, Sept. 2010, p. 9086–9095 Vol. 84, No. 18
0022-538X/10/$12.00 doi:10.1128/JVI.01015-10
Copyright © 2010, American Society for Microbiology. All Rights Reserved.

Immunization with Wild-Type or CD4-Binding-Defective HIV-1 Env
Trimers Reduces Viremia Equivalently following Heterologous

Challenge with Simian-Human Immunodeficiency Virus�

Christopher Sundling,1 Sijy O’Dell,2 Iyadh Douagi,1 Mattias N. Forsell,2 Andreas Mörner,1 Karin Loré,3
John R. Mascola,2 Richard T. Wyatt,2† and Gunilla B. Karlsson Hedestam1*

Department of Microbiology, Tumor and Cell Biology, Karolinska Institutet, Stockholm and Swedish Institute for Infectious Disease Control,
Solna, Sweden1; Vaccine Research Center, National Institutes of Health, Bethesda, Maryland2; and Center for

Infectious Medicine, Karolinska Institutet, Stockholm, Sweden3

Received 10 May 2010/Accepted 25 June 2010

We recently reported that rhesus macaques inoculated with CD4-binding-competent and CD4-binding-
defective soluble YU2-derived HIV-1 envelope glycoprotein (Env) trimers in adjuvant generate comparable
levels of Env-specific binding antibodies (Abs) and T cell responses. We also showed that Abs directed against
the Env coreceptor binding site (CoRbs) were elicited only in animals immunized with CD4-binding-competent
trimers and not in animals immunized with CD4-binding-defective trimers, indicating that a direct interaction
between Env and CD4 occurs in vivo. To investigate both the overall consequences of in vivo Env-CD4
interactions and the elicitation of CoRbs-directed Abs for protection against heterologous simian-human
immunodeficiency virus (SHIV) challenge, we exposed rhesus macaques immunized with CD4-binding-com-
petent and CD4-binding-defective trimers to the CCR5-tropic SHIV-SF162P4 challenge virus. Compared to
unvaccinated controls, all vaccinated animals displayed improved control of plasma viremia, independent of
the presence or absence of CoRbs-directed Abs prior to challenge. Immunization resulted in plasma responses
that neutralized the heterologous SHIV challenge stock in vitro, with similar neutralizing Ab titers elicited by
the CD4-binding-competent and CD4-binding-defective trimers. The neutralizing responses against both the
SHIV-SF162P4 stock and a recombinant virus pseudotyped with a cloned SHIV-SF162P4-derived Env were
significantly boosted by the SHIV challenge. Collectively, these results suggest that the capacity of soluble Env
trimers to interact with primate CD4 in vivo and to stimulate the production of moderate titers of CoRbs-
directed Abs did not influence the magnitude of the neutralizing Ab recall response after viral challenge or the
subsequent control of viremia in this heterologous SHIV challenge model.

The external glycoprotein gp120 and the membrane-an-
chored glycoprotein gp41 of human immunodeficiency virus
type 1 (HIV-1), collectively referred to as the envelope glyco-
proteins (Env), mediate viral entry and are the sole virally
encoded targets for neutralizing antibodies (NAbs). Prior to
binding the primary host cell receptor, CD4, the trimeric Env
spike may sample multiple conformations on the surface of the
virus. Which of these potential conformations display neutral-
izing Ab epitopes and are recognized by broadly reactive NAbs
is currently unclear. A substantial conformational change oc-
curs when the functional Env spike interacts with CD4, leading
to the exposure and the formation of the bridging sheet, a
highly conserved and immunogenic structure spanning the in-
ner and outer domains of gp120 that contributes to coreceptor
interaction (6, 14, 25, 30). CD4 binding is also thought to lead
to the displacement of variable region 3 (V3) from a less
exposed conformation in the packed functional spike to a more
protruding conformation. Exposure of V3 is necessary for viral

entry, as it also contributes to Env interaction with coreceptor
(21). Additional or concurrent rearrangements of the functional
spike structure may occur upon CD4 binding, as suggested by
cryotomography (38), However, these rearrangements are less
well understood due to the absence of a high-resolution structure
of the static or CD4-liganded trimeric spike.

In attempts to elicit broadly reactive NAbs against HIV-1
through vaccination, a range of recombinant Env variants were
designed and tested (reviewed in references 15, 26, 49, and 50).
The capacity of such immunogens to elicit broadly reactive
NAbs is often determined using standardized in vitro neutral-
ization assays (34). However, the ability of HIV-1 Env vaccine-
elicited B cell responses to mediate actual protective and func-
tional responses against in vivo virus challenge is evaluated less
frequently, since this requires the use of nonhuman primates
(NHPs) and infection with chimeric simian-human immuno-
deficiency viruses (SHIVs). A series of SHIVs was developed,
including those based on the HIV-1 Env glycoproteins from
SF162 (40), 89.6 (54), ADA (45), BaL (48), DH12 (59), and
1157i (27). So far, few of these models, if any, fully mimic
HIV-1 infection in humans. Currently, serially passaged CCR5-
using SHIV-SF162 (SHIV-SF162P), which establishes tran-
sient or more prolonged viremia in macaques, represent a
frequently used model to evaluate the protective effect of Env-
based immunogens (2–5, 19, 20, 23, 24, 29, 53, 67). Depending
on the number and nature of passages that this virus has been
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exposed to, the SHIV-SF162P stocks are more or less neutral-
ization resistant (19, 62), allowing one to test the efficacy of a
given vaccine candidate against a more or less rigorous form
of viral challenge. Protection against mucosal SHIV-SF162P4
challenge after homologous SF162�V2 Env protein immuni-
zation of rhesus macaques was recently reported (2, 3). How-
ever, the nature and specificities of the vaccine-induced im-
mune responses that mediate this effect remain incompletely
defined.

We recently showed that Abs against the HIV-1 gp120
coreceptor binding site (CoRbs) are elicited as a consequence of
in vivo interactions between Env and primate CD4 during immu-
nization with soluble CD4 (sCD4)-binding-competent Env trim-
ers (14). We subsequently showed that rhesus macaques inocu-
lated with CD4-binding competent and CD4-binding defective
soluble YU2-derived gp140-F trimers in adjuvant generate com-
parable levels of Env-specific binding Abs and T cell responses
but that CoRbs-directed Abs are elicited only in animals im-
munized with wild-type (wt) CD4-binding competent Env tri-
mers (13). So far, the impact of Env-CD4 in vivo interactions
during Env immunization and the role of CoRbs-directed Abs
in protection against SHIV infection remain incompletely un-
derstood. A majority of the well-characterized CoRbs-directed
monoclonal Abs (MAbs) lack the capacity to neutralize pri-
mary viruses in vitro (7, 31). However, it has been suggested
that Abs directed against this region may contribute to the
neutralizing Ab response seen in some HIV-1-infected individ-
uals (18, 35, 58) and to the protection observed in some SHIV
challenge experiments (12).

The distinct difference in the capacity of the CD4-binding
competent and CD4-binding defective Env trimers to elicit
CoRbs-directed Abs described in our previous study presented
an opportunity to evaluate the protective effect of CoRbs-
directed Abs in the SHIV model. The availability of animals
immunized with these Env immunogens also allowed us to ask
the more general question about whether in vivo interactions
between soluble Env trimers and CD4-expressing host cells
would influence the outcome of heterologous SHIV-SF162P4
infection. We show here that Env trimer-immunized animals dis-
played improved control of SHIV-SF162P4 viremia compared to
unimmunized control animals, independent of whether they were
inoculated with CD4-binding-competent or CD4-binding-de-
fective trimers. These results suggest that the capacity of sol-
uble Env trimers to interact with CD4 in vivo and to stimulate
the production of CoRbs-directed Abs did not measurably
influence the protective effect of the vaccine-elicited immune
responses in this SHIV challenge model.

MATERIALS AND METHODS

Construction of Env immunogens. The Env immunogens used in the present
study were described elsewhere (13). Briefly, cleavage-defective soluble YU2gp140
trimers (here referred to as wt) (66) were modified using site-directed mutagenesis
(Stratagene). The 368 trimer was generated by modifying the codon for amino acid
368 from aspartic acid to arginine (368D/R), while the 423/425/431 variant trimer
was generated by altering codons 423, 425, and 431 from isoleucine to methionine
(423I/M), asparagine to lysine (425N/K), and glycine to glutamic acid (431G/E),
respectively.

Expression and purification of Env immunogens. The Env proteins were
produced by transient transfection of Freestyle 293F suspension cells (Invitro-
gen) as previously described (14). Briefly, cells were transfected at a density of
1.1 � 106/ml in GIBCOFreestyle293 expression medium using 293Fectin, ac-
cording to the manufacturer’s instructions (Invitrogen). Supernatants were col-

lected 4 days after transfection. Following collection, all supernatants were cen-
trifuged at 3,500 � g to remove cells or cell debris, filtered through a 0.22-�m
filter, supplemented with Complete EDTA-free protease inhibitor cocktail
(Roche) and penicillin-streptomycin (Invitrogen), and stored at 4°C until further
purification. The wt, 368, and 423/425/431 trimers used for immunizations were
purified by a three-step process. First, the proteins were captured via glycans by
lentil-lectin affinity chromatography (GE Healthcare, Uppsala, Sweden). After
extensive washing with phosphate-buffered saline (PBS) supplemented with 0.5
M NaCl, the proteins were eluted with 1 M methyl-�-D-mannopyranoside and
captured in the second step via the His tag by nickel chelation chromatography
(GE Healthcare). After washing with 40 mM imidazole (IM) and 0.5 M NaCl
in PBS, proteins were eluted with 300 mM IM in PBS. Trimers were separated
from lower-molecular-weight forms by gel filtration chromatography using a
Superdex200 26/60 preparative-grade column with the ÄKTA fast protein
liquid chromatography system (GE Healthcare).

Animals. Twenty-three female rhesus macaques of Chinese origin, 5 to 6 years
old, were housed in the Astrid Fagraeus laboratory at the Swedish Institute for
Infectious Disease Control. Housing and care procedures were in compliance
with the provisions and general guidelines of the Swedish Animal Welfare
Agency. All procedures were approved by the Local Ethical Committee on
Animal Experiments. Before entering the study, all animals were confirmed
negative for simian immunodeficiency virus (SIV), simian T cell lymphotropic
virus, and simian retrovirus type D.

Immunizations and sampling. Fifteen of the rhesus macaques (three groups of
five animals) were previously inoculated with the immunogens described above
(13). Immunizations were performed monthly by the intramuscular (i.m.) route
of injection. All immunizations were administered with protein in combination
with 500 �g CpG ODN2395 (Coley Pharmaceutical Group) and 75 �g ABISCO-
100 (Isconova AB) as adjuvant. Protein doses were 200 �g per animal for the first
inoculation and 100 �g for the following injections. Blood samples were taken
before and 2 weeks after each immunization.

SHIV challenge and viral load determination. The 15 immunized animals and
8 Env-naïve control animals were used for the challenge experiment. A virus
challenge stock, based on the CCR5-tropic SHIV-SF162P4 (20, 62), was pre-
pared. Briefly, plasma from an acutely SHIV-SF162P4 (29)-infected rhesus ma-
caque, kindly provided by L. Stamatatos, was inoculated intravenously (i.v.) into
a naïve rhesus macaque. At peak viremia, blood and bone marrow were injected
into a second macaque (32 M). Virus was reisolated at peak viremia by coculture
with naïve rhesus peripheral blood mononuclear cells (PBMC) and subsequently
injected i.v. into a naïve rhesus macaque of Indian origin (M661), and reisolation
was done as described above. The resulting virus was passaged in vitro in the
human T cell line C8166-CCR5 to produce the challenge stock used in the
present study, designated SHIV-SF162P4. On the day of challenge the SHIV-
SF162P4 stock was diluted 1/10,000 in PBS, and 1 ml, corresponding to 22 50%
tissue culture infectious doses (TCID50) (measured in C8166-CCR5 cells) or
approximately 18 50% monkey infectious doses (MID50) (based on a limited in
vivo titration in nine Chinese rhesus macaques), was inoculated i.v. 4 weeks after
the last immunization. Viral loads were monitored weekly for 4 weeks and
thereafter at week 6 and 10 postchallenge using the Exavir Load kit (Cavidi,
Sweden) according to the manufacturer’s instructions. Anamnestic Ab responses
were evaluated at 1 to 10 weeks postchallenge by enzyme-linked immunosorbent
assay (ELISA).

Analysis of Env-binding Abs in the sera. HIV-1 Env-specific serum IgG was
measured by ELISA as previously described (43), with some modifications. For
postchallenge Ab detection, the plasma was first inactivated by incubation at
56°C for 1 h. Briefly, insect-cell-produced YU2 gp120 protein or SF162 gp120
was applied to Nunc Maxisorp microtiter plates at 1 �g/ml in 50 mM carbonate
buffer (pH 9.6) overnight at �4°C. After blocking in PBS containing 2% milk,
serum samples were added and incubated for 1.5 h at 37°C. The gp120-specific
IgG was detected by adding secondary horseradish peroxidase (HRP)-conju-
gated anti-human IgG Ab (Jackson ImmunoResearch, Suffolk, United Kingdom)
followed by o-phenylenediamine (OPD) (Sigma, Schnelldorf, Germany). Be-
tween each incubation step, the plates were washed six times with PBS 0.05%–
Tween 20. Reactions were terminated by adding 2.5 M H2SO4, and the optical
density (OD) was read at 492 nm. The OD50 titer for each sample was calculated
by interpolation from mean 50% OD values calculated from controls using the
formula [(ODmax � ODmin)/2] � ODmin.

Virus neutralization assays. Plasma or MAbs were tested for neutralization
capacity against chosen HIV-1 Envs or a cloned SHIV Env (clone 41.1). Neu-
tralization assays were performed using single-round infectious HIV-1 Env
pseudovirus or replication-competent SHIV-SF162P4 stock with protease inhib-
itors (42) and TZM-bl target cells as previously described (34, 60). For evaluation
of CoRbs Abs, HIV-2 was preincubated with or without 9 nM soluble CD4
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before plasma was added (10). In peptide absorption experiments, plasma was
preincubated with either a control peptide (V3 scrambled; NKGTHNIPTARN
IYGFPTSRRGT) or the YU2 V3 peptide (V3 peptide; TRPNNNTRKSINIGP
GRALYTTG) as done previously (36). Results are reported as serum neutral-
ization ID50, which is the reciprocal of the serum dilution producing 50% virus
neutralization.

Cloning of Env sequences contained within the SHIV-SF162P4 stock. Viral
RNA was extracted from the concentrated SHIV-SF162P4 challenge stock using
the QIAamp viral RNA mini kit (Qiagen). The RNA was reverse transcribed into
cDNA using Superscript III (Invitrogen) and oligo(dT)18 according to the man-
ufacturer’s instructions. The full-length gp160 Env gene was amplified with the
high-fidelity PCR master mix (Roche), forward primer EnvSHIV5in (5�-GCAG
AAGACAGTGGCAATGA-3�), and reverse primer EnvSHIV3in (5�-GCGAG
TATCCATCTTCCACCT-3�). The product was gel extracted, purified (Qiagen),
cloned into the pJET1.2-blunt (Fermentas) or pCR-blunt (Invitrogen) vector,
transformed into DH5� bacteria, and grown under ampicillin selection. Positive
colonies were screened for insert length and direction before being excised and
cloned into the pcDNA3.1 expression vector for sequencing and pseudovirus
production. The full-length gp160 gene was sequenced with four overlapping
reads, translated into amino acids, and aligned with the parental SF162 sequence
(NCBI accession number EU123924). Fourteen Env sequences were cloned and
analyzed. Consistent amino acid changes between the parental SF162 sequence
and the SHIV-SF162P4 clones were observed on only three positions in Env
gp120. One mutation was present in 6 out of 14 clones and was positioned in
variable region 1 (R164K). The other two changes were located just outside the
V3 region at positions 332 and 336, the latter in a predicted NNT glycosylation
site. In 12 of 14 clones the 332G (glycine) and 336N (asparagine) were substi-
tuted for arginine and aspartic acid, respectively, abolishing the glycosylation site.
The SHIV Env clone 41.1 exhibited the G332R and N336D substitutions but not
the R164K substitution.

Statistical analyses. In all comparisons with two groups, statistical significance
was determined with the nonparametric Mann-Whitney U test. When comparing
�3 groups, values were log10 transformed and analysis of variance (ANOVA)
was used. To evaluate significance concerning two factors, time and groups, a
repeated-measures two-way ANOVA was applied on log10-transformed values
using Graph Pad Prism software version 5. Significance was indicated as follows:
*, P � 0.05; **, P � 0.01; and ***, P � 0.001. Correlations were determined with
the Spearman correlation test. The two-tailed P value and Spearman r are
presented.

RESULTS

Antigenicity and immunogenicity of wt and CD4-binding-
defective soluble Env trimers. We recently investigated the
potential impact of in vivo interactions between Env and pri-
mate CD4 on the immunogenicity of soluble trimeric Env
immunogens in transgenic rabbits expressing human CD4 (14)
and in rhesus macaques (13). For the latter study, we gener-
ated two Env trimer variants rendered defective in their ca-
pacity to bind CD4 by two distinct mechanisms. The first vari-
ant harbored a substitution of amino acid 368 (46) (368D/R;
here referred to as 368 trimers) in the CD4 binding site
(CD4bs) of gp120 and was therefore expected to be severely
impaired in its capacity to bind CD4 but to retain the capacity
to bind CoRbs-directed Abs, as this binding surface is distal to
position 368. The second variant contained three substitutions
in the beta 20 strand of the outer domain of the unformed
bridging sheet of gp120 (423I/M, 425N/K, and 431G/E; here
referred to as 423/425/431 trimers). These mutations were pre-
dicted to favor a helical structure in this region of unliganded
gp120 and thereby dually to disrupt the formation of the
CoRbs and to eliminate stable binding to CD4 by interfering
with the gp120 conformational changes needed for this high-
affinity interaction (65).

The antigenic and immunogenic properties of the wt, 368,
and 423/425/431 trimers were described in our previous work
(13). Here, we extended these studies to investigate the pro-

tective effect of the immune responses elicited by these Env
variants in response to heterologous SHIV-SF162P4 challenge.
A summary of the antigenic properties of the three Env vari-
ants is shown in Table 1. In brief, both the 368 and 423/425/431
trimers were severely defective for binding to soluble CD4
(sCD4) compared to the wt trimers. The 368 trimers were also
defective for recognition by all CD4bs-directed MAbs tested,
while the 423/425/431 trimers retained binding by this vaccine-
relevant class of Abs. In contrast, the 368 trimers but not the
423/425/431 trimers retained the ability to interact with CoRbs-
directed MAbs, while all three trimer variants were equally
well recognized by the V3-directed MAb, 447. A comprehen-
sive analysis of the Env-specific B and T cell responses elicited
by the three trimer variants was described previously (13).
Additional data of particular relevance for the SHIV-SF162P4
challenge study are presented here.

The study outline is shown in Fig. 1A. In brief, 15 animals (5
per group) were inoculated with wt, 368, or 423/425/431 trim-
ers in adjuvant at monthly intervals. After five protein inocu-
lations, these animals and eight Env-naïve control animals
were challenged intravenously with SHIV-SF162P4. Env-spe-
cific Abs capable of neutralizing the parental SF162 virus were
elicited in all animals. The Ab titers reached a plateau at 2
weeks following the second inoculation and then remained at
a similar magnitude following further boosting (Fig. 1B). In
contrast, the neutralizing Ab activity against MN increased
after subsequent immunizations, suggesting that boosting stim-
ulated selected Ab specificities (Fig. 1B, right panel). There
was no significant difference in the neutralizing Ab titers
against SF162 and MN between the wt, 368, or 423/425/431
trimer-inoculated animals at any of the time points measured.
However, CoRbs-directed Abs, as defined using an HIV-2
pseudovirus assay (10), were elicited only in the wt trimer-
immunized animals and not in the animals immunized with the
CD4-binding-defective 368 or 423/425/431 trimers (13) (Fig.
1C). These data are consistent with our original observation
that in vivo CD4 binding by soluble Env is a requirement for
Env to undergo the conformational change necessary for elic-
itation of CoRbs-directed Abs (14). These results illustrate

TABLE 1. Antigenic profile of Env immunogens

Antibody
Titera of YU2 trimer variant

wt 368 423/425/431

sCD4 1 —b —

CD4bs MAbs
b12 1 — 0.99
b6 1 0.28 1.07
F91 1 0.15 1.31
F105 1 — 0.90

CoRbs MAbs
17b 1 1.57 —
48d 1 2.72 —
E51 1 1.29 —
2.1C 1 1.51 —

V3 MAb 447 1 0.90 1.06

a ELISA binding titer relative to that of wt trimers.
b —, no detectable binding.
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clearly that the ability of an Ab to bind an antigen (antigenic-
ity) is not equivalent to the ability of the antigen to de novo
elicit Abs against the same epitope (immunogenicity).

To further investigate if in vivo CD4 binding affects the
elicited Ab response, we assessed the levels of variable region
3 (V3)-directed Abs elicited by each of the three immunogens.
Both SF162 and MN are sensitive to YU2 trimer-elicited V3-
directed NAbs (43), and several independent studies suggest
that CD4 binding may influence the exposure of V3 (21, 44,
64). By measuring V3-directed Abs in plasma collected after
the last immunization by direct binding to a YU2-derived V3
peptide, we observed no significant difference (P � 0.05) in the
OD50 binding titers between animals inoculated with the CD4-
binding-competent and CD4-binding-defective Env trimers
(Fig. 1D).

Rhesus macaques immunized with CD4-binding-competent
and CD4-binding-defective Env trimers demonstrate similar
reductions of viremia upon challenge. The potential impact of
in vivo interactions between CD4-binding-competent Env
immunogens and primate CD4, including the generation of
CoRbs-directed Ab responses, for protection against HIV-1 or
SHIV infection remains unclear. To investigate this, we inoc-
ulated wt, 368, and 423/425/431 trimer-immunized animals via
the intravenous route with SHIV-SF162P4. A control group of
eight Env-naïve animals was similarly challenged. Viral repli-
cation in plasma was monitored for 10 weeks after the chal-
lenge, at which time the viral loads were below the limit of
detection in all control animals (Fig. 2A). There was a reduc-
tion in viral load (copies/ml) in the plasma of all vaccinated
animals, independent of which of the three Env immunogens
the animals were inoculated with. The enhanced control in
vaccinated animals relative to that in the control animals was
apparent at all time points measured, suggesting that the vac-
cine-induced response contributed to the early control of the

virus. Furthermore, there was a significant decrease in the
cumulative (Fig. 2B) and peak (Fig. 2C) viral loads in all Env
trimer-immunized animals compared to the control animals.

Apparent sterilizing protection was achieved in one monkey
(F77) inoculated with 423/425/431 trimers. This animal did not
display detectable viral loads at any of the time points mea-
sured (Fig. 2B and C). The protection was supported by the
lack of an anamnestic Ab response in this animal, in contrast to
all other vaccinated animals (data not shown). Interestingly, no
difference in cumulative or peak viral loads was observed be-
tween the wt, 368, or 423/425/431 trimer-inoculated animals,
suggesting that the CoRbs-directed Abs present prior to chal-
lenge in the wt trimer-immunized animals did not add any
additional protective effect against the SHIV-SF162P4 chal-
lenge. Overall, the results demonstrate that the capacity of the
soluble Env trimers to interact with primate CD4 in vivo did
not affect the capacity of the elicited immune response to
control viremia in the SHIV-SF162P4 challenge model.

Potent anamnestic Ab responses to Env following SHIV-
SF162P4 challenge. To examine whether the animals immu-
nized with wt, 368, or 423/425/431 trimers differed in their
anamnestic Ab response postchallenge, we measured HIV-1
Env binding titers in immunized and control animals following
SHIV-challenge (Fig. 3A). One week after the viral loads
reached peak levels, anamnestic Ab responses were observed
in all immunized animals except animal F77. An increase in
Env-specific Ab titers of approximately 1 order of magnitude
over a 2-week period was observed. This increase coincided
with a decrease in systemic plasma viral loads. Compared to
the anamnestic response in the Env-immunized groups, the
Env-specific Ab response in the control animals was delayed by
approximately 1 week.

To evaluate the quality of the Env-specific Ab response
following challenge, the plasma was assayed for binding to

FIG. 1. Immunogenic profiles of Env immunogens. (A) Schematic presentation of immunization, bleeds, and challenge of the Env trimer-
immunized monkeys. (B) Pseudovirus neutralization of SF162 and MN as shown by plasma ID50 titer. Shown is neutralization at 2 weeks after
immunizations 1 to 5. Error bars indicate standard errors of the means. (C) Coreceptor binding site Abs present in plasma samples from the
immunized groups, as determined by the HIV-2 pseudovirus neutralization assay 2 weeks after immunization 5. (D) Log10 OD50 binding titers in
plasma to the YU2 variable region 3 peptide, TRPNNNTRKSINIGPGRALYTTG, at 2 weeks after immunization 5.
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YU2 gp120 (the immunogen strain) and SF162 gp120 (the
challenge strain) by ELISA (Fig. 3B). Equal levels of binding
were seen for YU2 and SF162 in all Env-immunized animals,
indicating that a high level of cross-reactive Abs was elicited by
the YU2 trimeric immunogens. The observed cross-reactivity
in the Env-immunized groups was sustained even when the
anamnestic Abs were boosted by the SF162 challenge virus.
When the cross-reactive Abs induced by the SHIV-SF162P4
challenge virus alone (in the control animals) were analyzed,
70% of the Abs were found to be specific for SF162 and did not
bind YU2 at 10 weeks following challenge (P � 0.01) (Fig. 3B,

lower right panel). To determine whether V3-directed Abs
were boosted similarly in the groups of animals receiving the
three immunogens, plasma was assayed for YU2 V3 peptide
binding Abs by ELISA. The V3-specific Ab levels were similar
during the course of the SHIV infection in all immunized
groups (P � 0.05) (Fig. 3C), and the kinetics of the anamnestic
response was similar to that of total gp120-reactive Abs.

The effect of the anamnestic response on the neutralizing Ab
titers was next investigated. Plasma samples collected before
and 4 weeks after the SHIV-SF162P4 challenge were analyzed
for neutralizing activity against the parental SF162 pseudovi-
rus, the SHIV-SF162P4 virus stock, and a pseudovirus gener-
ated from a clone derived from the SHIV-SF162P4 stock
(clone 41.1; see Methods). A significant increase in neutraliz-
ing activity against all three SHIV viruses was observed in the
samples collected postchallenge from animals inoculated with
both wt and the CD4-binding-defective Env trimers (368 or
423/425/431 trimers) (Fig. 4A). Furthermore, the increase in
neutralizing Ab activity against SF162, the SHIV-SF162P4
stock, and SHIV-SF162P4 clone 41.1 was highly correlated to
the increase in postchallenge SF162 binding Abs (Fig. 4B).

V3-directed Ab-mediated neutralization and MAb charac-
terization of SHIV-SF162P4. We previously showed that virus
pseudotyped with the parental SF162 Env is sensitive to neu-
tralization by YU2 trimer-elicited V3-directed Abs (43). To
investigate whether YU2 trimer-elicited V3-directed Abs con-
tribute to the neutralization of SHIV-SF162P4, we performed
a YU2 V3 peptide competition neutralization assay on the
plasma samples after five immunizations. The data obtained
from the parental SF162 Env-pseudotyped virus, the SHIV-
SF162P4 challenge stock, and the SHIV-SF162P4-derived
clone 41.1 pseudovirus are presented as fold reduction of neu-
tralization (ID50) (Fig. 5). In the presence of the V3 peptide,
there was a potent reduction in the neutralization ID50 for the
parental SF162 and the SHIV-derived 41.1 Env-pseudotyped
viruses, while little or no reduction in the neutralization ID50

against the uncloned SHIV stock was observed. The mean fold
reduction in ID50, compared to a V3 scrambled peptide, ob-
served for SF162 was 3.5-fold (71%), and that for SHIV-
SF162P4 clone 41.1 was 3.3-fold (70%). In contrast, only a
minor difference between the V3 peptide and the V3 scram-
bled peptide was observed for the SHIV-SF162P4 stock, with a
mean reduction in ID50 of 1.4-fold (29%). No significant dif-
ference was observed between the animals immunized with
CD4-binding-competent or CD4-binding-deficient trimers
(P � 0.05) against either the parental SF162 Env-pseudotyped
virus, the SHIV-SF162P4 challenge stock, or the SHIV-
SF162P4-derived clone 41.1 pseudovirus. This is consistent
with the data shown in Fig. 1D, which indicated that each of
the Env trimers elicited similar levels of anti-V3 Abs.

As the SHIV-SF162P4 stock was more resistant to YU2-
trimer elicited V3-mediated neutralization than the parental
SF162 Env-pseudotyped virus and the SHIV-SF162P4-derived
clone 41.1 pseudotyped virus, we characterized the neutraliza-
tion sensitivities of these viruses in further detail using a panel
of well-described MAbs and sCD4. The panel included two
CD4bs-directed MAbs (b12 and F105), two CoRbs-directed
MAbs (17b and 48d), two V3-directed MAbs (447 and 39F),
the glycan-sensitive MAb (2G12), and two membrane proximal
external region (MPER)-directed MAbs (4E10 and 2F5). Nei-

FIG. 2. SHIV-SF162P4 challenge. At 4 weeks after immunization
5, all three immunized animals (wt, 368, and 423/425/431; n 	 5 per
group) and a control group (n 	 8) of naïve rhesus macaques were
challenged intravenously with SHIV-SF162P4. (A) Kinetics of viral
load. Viral loads were measured in plasma both prior to challenge
(Pre) and at 1 to 10 weeks postchallenge (PC). The lower detection
limit was set to 500 copies/ml. (B and C) Cumulative viral load as
calculated from area under the curve (AUC) (B) and peak viral load
(C) were determined for each animal. The data are shown for individ-
ual monkeys and as box plots. Statistical significance was evaluated
with the Mann-Whitney U test. ns, not significant.
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ther the pseudoviruses nor the SHIV stock was sensitive to the
two CoRbs-directed Abs 17b and 48d (Table 2), similarly to
what has been shown for SHIV-SF162P3 (22). In contrast, all
three viruses were neutralized by the two V3-directed MAbs,
447 and 39F, although the SHIV-SF162P4 stock was about
three times more resistant to these V3-directed Abs than the
parental SF162 and SHIV-SF162P4 clone 41.1. These data
may be related to the difference observed in the V3 peptide
neutralization competition assay (Fig. 5). Both the pseudovi-
ruses and the SHIV stock were sensitive to the CD4bs MAb
b12 and soluble CD4 but not to the CD4bs MAb F105. The
parental SF162 and SHIV-SF162P4 clone 41.1 pseudoviruses
showed some degree of sensitivity (50% inhibitory concentra-
tion [IC50], 
4 �g/ml) to the glycan-directed Ab 2G12 and to
the MPER-directed Abs 4E10 and 2F5, while the SHIV-
SF162P4 stock was relatively resistant (IC50, �15 �g/ml). In
general, the SHIV-SF162P4 stock was more resistant to all
MAbs tested than the parental SF162 and SHIV-SF162P4-
derived clone 41.1 pseudotyped viruses.

DISCUSSION

CD4-binding-competent HIV-1 Env-based immunogens
clearly interact with cells expressing primate CD4 in vivo. We
recently investigated the influence of this interaction on the
immune responses elicited by soluble Env trimer immunization
in rhesus macaques and showed that similar magnitudes of
total Env-binding Ab and T cell responses were elicited by wt
and CD4-binding-defective trimers. However, only wt trimers
stimulated the production of CoRbs-directed Abs (13). In the
current study, the distinct difference in the elicitation of CoRbs

Abs between animals immunized with wt and CD4-binding-
defective trimer variants prompted us to investigate the role of
CoRbs-directed Abs for protection against SHIV-SF162P4 and
to ask whether Env-CD4 in vivo interactions during Env trimer
immunization of primates affect the protective response to
SHIV challenge in any other measurable way.

The potential role of CoRbs-directed Abs for virus neutral-
ization in vivo and protection against HIV-1 or SHIV infection
remains unclear. Access of intact Ab molecules to the con-
served CoRbs on the HIV-1 functional virus spike is thought to
be sterically restricted (31), while smaller Ab subunits can
access this region and interfere with viral entry (7). Small
ligands targeting this conserved region may therefore have
potential for prevention and therapeutic intervention (28).
However, as a target for vaccine-induced Ab responses, the
CoRbs may be less desirable unless Abs from this class that are
different from and/or more potent than the Abs currently iden-
tified are elicited. Abs against the CoRbs are abundantly gen-
erated during natural HIV-1 infection in humans and following
experimental SHIV challenge of naïve NHPs (12, 17, 41, 55),
suggesting that the virus evolves and replicates efficiently in the
presence of such humoral responses. The detection of CoRbs-
directed Abs prior to autologous virus neutralization in HIV-
1-infected patients also suggests that the CoRbs is nonneutral-
izing (17). This is supported by data from the phase III Vaxgen
clinical trial (VAX04), where no protection against acquisition
of infection was observed (52) despite high titers of CoRbs-
directed Abs in all sera from a randomly selected but repre-
sentative subset (14). In contrast, CoRbs-directed Abs were
suggested to be associated with more rapid viral clearance in

FIG. 3. Anamnestic antibody responses. (A) Graph illustrating the anamnestic Ab responses to gp120 (left axis, solid lines) in comparison to
viral load (right axis, dotted lines). (B) YU2 (black)- and SF162 (white)-specific Ab responses were determined for each group before challenge
(Pre) and 1 to 10 weeks after challenge (PC). (C) Variable loop 3-directed Ab responses were evaluated as for gp120. Shown are means � standard
errors of the means of log10 OD50 binding titers (n 	 5 for immunized animals and n 	 8 for controls) Statistical significance was determined with
repeated-measures two-way ANOVA.
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macaques immunized with covalently linked gp120-CD4 com-
plexes and then challenged with SHIV-SF162P3 in one study
(12). In the current study, we observed a similar reduction of
viremia after intravenous SHIV-SF162P4 challenge in all im-
munized animals, but this was independent of the presence or
absence of detectable CoRbs-directed Ab responses. These
results show that CoRbs-directed Abs, at the titers elicited by
the soluble YU2 Env trimers used here, did not contribute to
the control of heterologous SHIV-SF162P4 infection in the
current study. Additional studies are needed to determine if
CoRbs-directed Abs with improved neutralization capabilities
can be elicited by immunization, perhaps by using Env immu-

nogens that better mimic the native HIV-1 Env spike. There is
at present limited information about different subspecificities
of CoRbs-directed Abs, and we cannot exclude that more po-
tent neutralizing CoRbs-directed Abs can be generated by
other vaccination protocols or by natural HIV-1 infection.

The SHIV-SF162P4 challenge virus is genetically related to
the SHIV-SF162P3 virus, but the SHIV-SF162P4 Env is more
neutralization sensitive and closely resembles the parental
SF162 Env clone. The SHIV-SF162P4 stock was generated by
in vivo passage at peak viremia, likely in the absence of effec-
tive host-mediated immune pressure (1, 62). In contrast, the
SHIV-SF162P3 stock was generated by in vivo passage after
prolonged replication in rhesus macaques, forcing the virus to
evolve under the pressure of the host adaptive immune re-
sponse (9, 20, 40). Despite the frequent use of the SHIV-
SF162P4 challenge virus, little is known about its sensitivity to
well-characterized neutralizing MAbs. Here, we characterized
the SHIV-SF162P4 challenge virus and a clone derived thereof
(clone 41.1) for their sensitivities to known MAbs and the
immune sera from monkeys immunized with the YU2-based
Env trimers. We show that the SHIV-SF162P4 stock is less
sensitive to several MAbs, including the two CoRbs-directed
MAbs 17b and 48d and the two MPER-directed MAbs 2F5
and 4E10, than the parental SF162 virus. It is, however, highly
sensitive to the CD4bs Ab b12 and the V3-directed 447 and
39F MAbs. Despite its sensitivity to these two V3-directed
MAbs, markedly higher concentrations of the MAbs were re-
quired to neutralize the uncloned SHIV-SF162P4 stock com-
pared to viruses pseudotyped with the parental SF162 Env or
the SHIV-SF162P4-derived 41.1 Env. However, since the
SHIV-SF162P4 clone generated here was not derived from
single-genome amplification (57), it is possible that there are
other variants in the stock exhibiting a more resistant pheno-
type. The cell type from which the viruses were generated,
C8166-CCR5 cells for the uncloned SHIV stock and 293 cells
for the pseudotyped virus, may also affect the neutralization
sensitivity (39, 63).

The plasma NAb titers after five immunizations measured
against the SHIV-SF162P4 challenge virus were comparable to
or slightly lower than the titers reported following immuniza-
tion with homologous SF162-derived gp140 oligomers (3, 4,
11). In the study by Barnett et al. (3), macaques immunized
with homologous SF162�V2 Env were protected from infec-
tion in response to vaginal challenge with SHIV-SF162P4. Sim-
ilar results were observed in a study by Bogers et al. (4), where
three out of four SF162�V2 Env protein-boosted macaques
were protected from rectal challenge with SHIV-SF162P4. The
SF162-derived gp140 oligomers used in these studies were
previously shown to induce high levels of V1-specific Abs (11,
61), and V1-directed Abs are known to be highly potent but
also strain specific (8, 32, 36, 51, 56). Recent attempts to
compete out the neutralizing activity elicited by SF162-derived
gp140 oligomers against SHIV-SF162P4 using unconstrained
V1 or V3 peptides suggested that these specificities were not
responsible for most of the activity (2). Nevertheless, Abs spe-
cific for variable regions of SF162, not detected in these pep-
tide competition assays, may be an important subset contrib-
uting to the protection from infection with homologous SHIV-
SF162P4. V1-directed Abs have been implied to be important
for control of SHIV-SF162P3 infection, as variants escaping

FIG. 4. Effect of anamnestic antibody response on neutralization.
(A) Neutralization titers (ID50) of the parental SF162 and SHIV-
SF162P4 clone 41.1 pseudoviruses and SHIV-SF162P4 replication-
competent stock before challenge (Pre) and 4 weeks after challenge
(PC). Shown are results for individual monkeys. Statistical significance
was determined with two-way ANOVA. Monkey F77 was excluded
from all postchallenge analysis as it did not become infected by the
challenge virus. (B) Correlation between SF162 binding Abs and neu-
tralization to SF162, SHIV-SF162P4 clone 41.1, and the SHIV-
SF162P4 stock following the anamnestic response. Correlations were
determined with the Spearman test.
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from immune pressure during infection with this virus exhibit
mutations in this region (9).

As shown in our previous study, Env-specific CD4 and CD8
T cell responses prior to challenge were similar in the groups
receiving wt, 368, or 423/425/431 trimers (13). These responses
did not correlate with the reduction in cumulative viral loads in
the current SHIV challenge experiment (data not shown). The
initial control of SHIV-SF162P4 replication after immuni-
zation has been shown to be independent of CD8 T cells (5),
and although infection induces a strong T cell response, this
apparently does not correlate to viral clearance in SHIV-
SF162P3 infection (47). In the present study we observed
enhanced control of SHIV-SF162P4 viremia in all YU2 trimer-
vaccinated animals, suggesting that immune responses that are
partially protective against heterologous SHIV challenge are
elicited by this vaccine regimen. Furthermore, one monkey
(F77) was apparently protected from infection, with no detect-
able viral loads. Immune parameters that contributed to pro-

tection in this animal could not be identified, as the titers of
total gp120 binding Abs, NAbs, and T cell responses in this
animal were of similar magnitude to those in the other animals
(13). We did not investigate other factors that may have influ-
enced the acquisition of infection, such as early innate immune
responses (33), major histocompatibility complex (MHC) hap-
lotypes (16), or polymorphisms in genetic resistance factors
(37), as part of the current effort, since this was not the main
focus of the study.

An interesting additional observation from the current study
was that the anamnestic NAb response stimulated by the SHIV
challenge was increased by 1 order of magnitude over the
prechallenge NAb titers. There was a strong correlation be-
tween the titers of HIV-1 Env binding Abs and the neutralizing
Abs against the challenge virus. Since the anamnestic Abs
reacted equally well with YU2- and SF162-derived gp120, the
increase in NAb titers stimulated by the challenge virus likely
resulted from efficient boosting of vaccine-induced specificities
rather than elicitation of new SHIV Env-specific B cell re-
sponses by the heterologous infection. This shows that there is
room to further improve the overall magnitude of the Ab
responses elicited by the protein in the adjuvant vaccine regi-
men used here.

In conclusion, we show that immunization with soluble
Env trimers in adjuvant elicited immune responses that re-
sulted in improved control of the heterologous SHIV-
SF162P4 virus. There was no difference between the animals
immunized with CD4-binding-competent or CD4-binding-
defective Env timers, suggesting that Env-CD4 in vivo in-
teractions and the elicitation of CoRbs Abs did not influ-
ence the level of protection achieved. Follow-up studies are
required to dissect the immune correlates of protection in
this model. Further studies will also determine whether the
response elicited by the YU2 Env trimers might be more
effective in blunting infection of heterologous SHIV chal-
lenge via the vaginal route of administration or if the quality
of the elicited responses can be enhanced by different
prime-boost regimens, improved adjuvants, or modified im-
munogen design.

FIG. 5. Characterization of SHIV-SF162P4 neutralization sensitivity. Neutralizing titers (ID50) against the pseudoviruses SF162 and SHIV-
SF162P4 clone 41.1 and the replication-competent SHIV-SF162P4 stock in plasma samples from immunized animals (wt, 368, and
423/425/431; n 	 5 per group) was determined 2 weeks after immunization 5. Plasma was preincubated with YU2 V3 peptide or scrambled
control peptide before being added to the neutralization assay mixture. Neutralization due to V3-directed Abs was calculated as fold
reduction of ID50 in comparison to that for mock infection. Significance was evaluated with the Mann-Whitney U test.

TABLE 2. Characterization of MAb neutralization of
SF162 viral variants

Antibody

SF162
SHIV-SF162P4

Stock Clone 41.1

IC50
(�g/ml)

IC80
(�g/ml)

IC50
(�g/ml)

IC80
(�g/ml)

IC50
(�g/ml)

IC80
(�g/ml)

sCD4 0.35 1.39 0.40 1.90 0.16 0.62
b12 0.05 0.27 0.14 0.73 0.05 0.16
F105 26.3 �50 31.2 �50 5.9 �50

17b 25.4 �50 28.0 �50 5.7 �50
48d �50 �50 �50 �50 �50 �50

2G12 0.46 3.29 16.8 �50 1.80 16.0

447 0.10 1.90 0.35 5.59 0.11 1.21
39F 0.03 0.36 0.07 1.03 0.03 0.26

4E10 1.4 14.0 18.1 �50 3.7 22.0
2F5 0.85 5.44 31.8 �50 1.52 6.4

HIV Ig 16.1 81.4 79.7 376 16.1 83.8
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