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A major challenge for human immunodeficiency virus (HIV)/AIDS vaccines is the elicitation of anti-Env
antibodies (Ab) capable of neutralizing the diversity of isolates in the pandemic. Here, we show that high-
avidity, but nonneutralizing, Abs can have an inverse correlation with peak postchallenge viremia for a
heterologous challenge. Vaccine studies were conducted in rhesus macaques using DNA priming followed by
modified vaccinia Ankara boosting with HIV type 1 (HIV-1) immunogens that express virus-like particles
displaying CCR5-tropic clade B (strain ADA) or clade C (IN98012) Envs. Rhesus granulocyte-macrophage
colony-stimulating factor was used as an adjuvant for enhancing the avidity of anti-Env Ab responses.
Challenge was with simian/human immunodeficiency virus (SHIV)-162P3, a CCR5-tropic clade B chimera of
SIV and HIV-1. Within the groups receiving the clade B vaccine, a strong inverse correlation was found between
the avidity of anti-Env Abs and peak postchallenge viremia. This correlation required the use of native but not
gp120 or gp140 forms of Env for avidity assays. The high-avidity Ab elicited by the ADA Env had excellent
breadth for the Envs of incident clade B but not clade C isolates, whereas the high-avidity Ab elicited by the
IN98012 Env had excellent breadth for incident clade C but not clade B isolates. High-avidity Ab elicited by a
SHIV vaccine with a dual-tropic clade B Env (89.6) had limited breadth for incident isolates. Our results
suggest that certain Envs can elicit nonneutralizing but high-avidity Ab with broad potential for blunting
incident infections of the same clade.

A central challenge for the development of a human immu-
nodeficiency virus (HIV)/AIDS vaccine is the elicitation of
protective antibodies (Ab) capable of recognizing the diversity
of isolates that drive the worldwide pandemic (6). HIV infec-
tions elicit a neutralizing Ab that is patient rather than clade or
epidemic specific (3, 27, 39). This reflects sequence variability
and complex masking and thermodynamic characteristics of
the HIV type 1 (HIV-1) envelope glycoprotein (Env) limiting
Ab responses against conserved targets for neutralization.

Ab-mediated protection against viral infections is most fre-
quently measured as titers of neutralizing Ab or Ab that can
block the entry of virus into cultured cells. However, in whole
animals and in cultures to which effector cells or complement
have been added, Ab can also protect by initiating mechanisms
of virus and cell killing that are dependent on the display of the
Fc region of bound Ab (19, 26). Coating of virus with Ab, or

opsonization, facilitates virus uptake and destruction by phago-
cytes. Binding of Ab to infected cells is the first step for lysis by
activation of killer cells in a process called antibody-dependent
cellular cytotoxicity. Cytolysis as well as other nonlytic mech-
anisms of virus control, such as the stimulation of inhibitory
chemokines, are active in antibody-dependent cell-mediated
virus inhibition assays. Binding of complement to Ab on virions
or infected cells can initiate complement-mediated lysis (4).

The potential of a polyclonal serum to initiate nonneutral-
izing mechanisms of protection requires that the antibodies in
the serum have sufficient titer and avidity (tightness of binding)
for Fc-dependent mechanisms of killing to be activated. Anti-
bodies to the Envs of immunodeficiency viruses undergo slow-
affinity maturation because of high levels of glycosylation that
interfere with the ability of immunoglobulin (Ig) to recognize
Env and because HIV infections preferentially kill the antiviral
CD4 T cells (9) whose help is required for B cells to enter into
germinal center reactions for hypermutation and avidity mat-
uration.

The vaccine trials reported here were undertaken to test
candidate HIV-1 vaccines for their ability to elicit neutralizing
Ab for incident isolates. All of the immunization regimens
consisted of priming with recombinant DNA vaccines and
boosting with recombinant modified vaccinia Ankara (MVA)
vaccines. Both of the recombinant vaccines expressed nonin-
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fectious virus-like particles (VLPs) displaying native forms of
HIV-1 Env. One group of macaques was used to test the
immunogens present in the clinical product for a vaccine being
tested in HIV Vaccine Trials Network protocol 065 (29). These
immunogens express the CCR5-tropic strain ADA Env and are
termed JS7 DNA and MVA62B. A second group was used to
test an MVA boost expressing higher levels of the ADA Env
(MVA62Sma) (42). The third and fourth groups were used to
test the ability of granulocyte-macrophage colony-stimulating
factor (GM-CSF) to enhance the immune responses elicited by
the clade B vaccine expressing the higher level of the ADA Env
and a clade C vaccine (IN3DNA/MVA71) expressing the
CCR5-tropic 98IN02 Env. GM-CSF was used as an adjuvant
because in earlier trials codelivery of GM-CSF had enhanced
the breadth of the neutralizing activity and the avidity of the
anti-Env Ab elicited by simian/human immunodeficiency virus
89.6 (SHIV-89.6) immunogens (28) (21).

At the end of the immunization phase of the trial, a high-
dose intrarectal SHIV-162P3 challenge (15, 24) was given to
boost Ab responses and explore the potential of the HIV-1
vaccines to protect against a heterologous CCR5-tropic SHIV
challenge. The SHIV Gag protein was 22.9% identical to the
HIV Gag in the clade B vaccine and 54.9% identical to the Gag
in the clade C vaccine. The HIV-1 Envs in the vaccines and
challenge were more closely related: 87.6% identity for clade B
and 74.8% identity for clade C.

Disappointingly, none of the candidate HIV vaccines elic-
ited neutralizing activity for strains representing incident clade
B or clade C isolates (22, 23). However, a nonneutralizing
Ab-mediated effect on protection was suggested by a strong
inverse correlation between the avidity of the elicited anti-Env
Ab and peak postchallenge viremia. This correlation required
the conduct of avidity assays using the native but not gp140 or
gp120 forms of Env. Encouragingly, the avidity of the Ab that
had correlated with reductions in peak viremia had broad
intraclade activity for Envs of incident isolates.

MATERIALS AND METHODS

DNA vaccines. The clade B (JS7) and clade C (IN3) DNA vaccines expressed
Gag, protease (PR), reverse transcriptase (RT), Env, Vpu, Tat, and Rev proteins
and produced noninfectious VLPs (33). Point mutations inactivated both zinc
fingers in gag, the active site of PR, and the reverse transcription, RNase H, and
strand transfer activities of RT. The clade B vaccine was constructed from
HIV-1-IIIB (HXB-2) gag sequences, HIV-1-IIIB (BH10) PR and RT sequences,
and a recombinant of HXB-2 and ADA tat, rev, vpu, and env sequences. Most of
the JS7 Env sequence was from the CCR5-tropic ADA Env. The clade C vaccine,
pGA1/IN3, was constructed from 98IN012 sequences and also has a CCR5-tropic
Env. Both DNA vaccines expressed full-length Envs. Vaccine inserts coexpress-
ing GM-CSF were constructed by inserting rhesus GM-CSF sequences in the
position of nef in the JS7 and IN3 vaccine inserts. This position achieved the
expression of 40 to 100 ng of GM-CSF in transient transfections of �1 � 106

293T cells. This level of expression is within 30- to 300-ng per 1 � 106 cells, a
range that has effectively served as an adjuvant for tumor vaccines but is well
below 1,500 ng per 1 � 106 cells, an amount that has proven suppressive (31).
The vaccine inserts were expressed in pGA2, which has the cytomegalovirus
immediate-early promoter in the absence of intron A, or in pGA1, which has the
cytomegalovirus immediate-early promoter in the presence of intron A. Use of
pGA1 or pGA2 for insert expression was determined empirically, and the version
of pGA that gave the highest level of expression for each insert was used.

MVA vaccines. The clade B (MVA62 or MVA62Sma) and C (MVA71) vac-
cines were constructed from the same sequences as their clade-matched DNA
vaccines. Gag, PR, and RT were expressed in deletion III and Env sequences in
deletion II of MVA (42). Gag-PR and -RT sequences contained inactivating
point mutations in the RT, RNase H, and strand transfer activities of RT but did

not contain the zinc finger and PR mutations present in the DNA. In contrast to
the DNA vaccines, Envs were truncated for 115 amino acids of the cytoplasmic
tail to increase the stability of the recombinant MVAs and the expression of Env
on the plasma membrane of MVA-infected cells (40). Both the Gag-RT and Env
inserts used the mH5 early/late promoter (41). Two clade B MVA vaccines were
constructed that differed in their levels of expression of Env. Attenuated expres-
sion was achieved by placing a premature start codon (ATG) upstream of the
Env start codon (42). This attenuating start codon encoded a presumed 33-
amino-acid out-of-frame protein. The MVA with attenuated expression of Env
([EnvAtt] MVA62B) expressed about one-fifth the level of Env expressed by the
unattenuated MVA (MVA62Sma) (42). The clade C-expressing MVA, MVA71,
was not attenuated for Env expression.

Trial design. Young adult male rhesus macaques from the Yerkes National
Primate Research Center breeding colony were used for immunizations and
cared for under guidelines established under the Animal Welfare Act and the
National Institutes of Health Guide for the Care and Use of Laboratory Animals
using protocols approved by the Emory University Institutional Animal Care and
Use Committee. Animals were typed for the A*01 allele by PCR analysis and
randomized into groups based on weight and A*01 status (20). Two groups
received immunizations in the presence of GM-CSF, and two received immuni-
zations in the absence of GM-CSF. Groups receiving immunizations in the
absence of GM-CSF received two DNA immunizations at weeks 0 and 8 and two
MVA boosts at weeks 16 and 24. Groups receiving the GM-CSF adjuvant
received one DNA immunization at week 0 and two MVA boosts at weeks 8 and
24. All DNA immunizations delivered 1 ml of saline containing 3 mg of DNA
intramuscularly (i.m.) in a single thigh, and all MVA immunizations delivered 1
ml of saline containing 1 � 108 PFU of MVA in a single thigh. For the GM-CSF
adjuvanted groups, the DNA priming immunization was with DNA-coexpressing
GM-CSF, and the boost codelivered MVA with rhesus GM-CSF protein (5 �g
per kg of body weight). A second shot of GM-CSF in the absence of MVA was
delivered i.m. 4 days later. Rhesus GM-CSF protein was provided by the Re-
source for Nonhuman Primate Immune Reagents (Emory University). Two
animals in the GM-CSF-adjuvanted groups were removed from the trial; one
(animal RDf-9) had cardiomyopathy and was euthanized. The second (RWy-8)
developed a skin rash immediately after the second GM-CSF-adjuvanted MVA
boost.

The high-dose SHIV-162P3 challenge (100 times the 50% tissue culture in-
fective dose in 0.5 ml) was delivered atraumatically 16 weeks after the last MVA
inoculation 15 to 20 cm into the colorectal area of the intestines using a pediatric
feeding tube. At the time of challenge, the groups from the trials both with and
without GM-CSF were randomized into challenge groups with six additional
naïve macaques, which were added to serve as unvaccinated controls.

Phlebotomy was by venipuncture with blood collected into sodium citrate cell
preparation tubes for preparation of peripheral blood mononuclear cells
(PBMC), into serum sample tubes for preparation of serum, and into EDTA
tubes for samples for viral loads for routine hematological assays. Colorectal
biopsies were obtained from the rectum using biopsy forceps. For colonic biop-
sies, a scope was placed a short distance into the colon, and biopsies were
obtained using biopsy forceps. Up to 20 biopsy samples were taken at a time, with
the decision as to the number of biopsies left to the discretion of the veterinarian.
Biopsies were placed in ice-cold RPMI medium without fetal bovine serum and
transported on ice to the lab.

Cell isolation and staining. PBMC were isolated from blood using standard
methods for blood collected in cell preparation tubes. Lymphocytes were har-
vested from colorectal biopsies by washing biopsy pellets twice with Hanks’
buffered saline solution and then resuspending the biopsies in RPMI 1640 me-
dium containing antibiotics, 10 U/ml DNase I (Roche), and 300 U/ml collagenase
IV (Worthington). Tissues were digested for 2 h at room temperature with slow
shaking. Digested tissues were then further disrupted by passing them three to
five times through an 18-gauge needle, followed by three to five passages through
a 23-gauge needle, and then filtering the cells through a 70-�m-pore-size cell
strainer. For analyses for lymphocyte subsets, 1 � 106 cells were resuspended in
100 �l of phosphate-buffered saline (PBS) containing 2% fetal bovine serum
(FBS) and stained according to standard procedures for flow cytometry. The
following antibodies were used for staining of lymphocytes: CD3 (SP34-2), CD4
(L200), CD8 (SK1), CD28 (CD28.2), CD95 (DX2), gamma interferon ([IFN-�]
B27), interleukin-2 (MQ1-17H1), and tumor necrosis factor alpha (MAb11).
Stained cells were acquired using a LSR II Flow Cytometer (BD Biosciences).
All flow cytometry data were analyzed using FlowJo software (Tree Star, Inc.).

Intracellular cytokine staining. Approximately 2 � 106 PBMC were stimu-
lated with pools of HIV-1 clade B consensus Gag and Env peptides, SIVmac239
Gag peptides, and SHIV162P3 Env peptides. Clade C peptides were also used,
but the data are not presented because the peptides were recalled by the NIH
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AIDS Repository. Stimulations were conducted in the presence of costimulation
by 1 �g per ml of antibody to human CD28 and CD49d in a final volume of 200
�l at 37o. After 2 h of stimulation, brefeldin A was added, and cells were cultured
for an additional 4 h at 37°C. Cells were washed with PBS containing 2% FBS,
fixed with Cytofix/Cytoperm, permeabilized with 1� Perm/Wash, and incubated
with a cocktail of fluorochrome-conjugated antibodies to CD3 (SP34-2)-Pacific
Blue, CD4 (L200)-fluorescein isothiocyanate, CD8 (SK1)-peridinin chlorophyll
protein, IFN-� (B27)-Alexa Fluor 700, interleukin-2 (MQ1-17H1)-allophycocya-
nin, and tumor necrosis factor alpha (MAb11)-phycoerythrin-Cy7 for 30 min at
4°C in the dark. Cells were washed once with 1� Perm/Wash and once with PBS
containing 2% FBS and resuspended in 1% paraformaldehyde in PBS. Approx-
imately 500,000 lymphocytes were acquired for analysis using an LSR II Flow
Cytometer.

Anti-Env Ab. Full-length Env antigens as well as the ADA gp120 Env were
produced for binding and avidity assays using transient transfections of 293T cells
with DNAs expressing VLPs or pseudovirions. Expressed Envs were captured
onto enzyme-linked immunosorbent assay (ELISA) plates using concanavilin A
(Vector Laboratories) (7, 21). gp140 was expressed using MVA/ADA.gp140
(P. L. Earl and B. Moss, unpublished data) and purified as previously described
(10). The expressed gp140 (0.6 �g per ml) was captured with sheep anti-gp120
Ab (Cliniqa, San Marcos, CA) at 0.5 �g per well in coat buffer (Immunochem-
istry Technologies, Minneapolis, MN). Avidity assays used parallel enzyme-
linked immunosorbent assays, one treated with PBS and the other with 1.5 M
sodium thiocyanate for 10 min at room temperature (21, 38). Avidity indices, or
the ratio of the dilution of serum giving an optical density of 0.5 for the sodium
thiocyanate wash to the dilution giving an optical density of 0.5 for the PBS wash
times 100, showed excellent reproducibility for an in-house reference vaccine
serum included in all assays (mean � standard deviation [SD], 27.3 � 1.6).
Binding Ab, reported in micrograms of anti-Env Ab per ml of serum relative to
a standard curve of rhesus IgG captured by goat anti-rhesus Ab, also showed
good reproducibility for a reference standard (mean � SD, 4.1� 1.0 �g per ml)
(21, 33).

Neutralizing Ab. Vaccines were tested for the elicitation of neutralizing Ab
using a luciferase reporter gene assay in TZM-bl cells (25).

Viral RNA. Assays for viral RNA were conducted using a quantitative real-
time PCR as previously described (17). All specimens were extracted and assayed
in duplicate, and the mean results are reported.

Statistical analyses. A Pearson correlation test was used to assess the rela-
tionship between peak levels of viral RNA and the avidity of elicited anti-Env
Ab. A Spearman rank-correlation test was used to assess correlations between
T-cell responses and reductions in peak viremia. A Wilcoxon rank sum test was
used for correlations between Ab responses and A*01 status. Statistical analyses
were performed using the software programs S-PLUS, version 7.0, and SAS,
version 9.1.

RESULTS

Some protection for the SHIV challenge. Four trial groups
were used to test the ability of the HIV vaccines to elicit
neutralizing Ab and provide protection against a CCR5-tropic
SHIV-162P3 challenge (Table 1). Two non-GM-CSF-adju-
vanted groups, termed B and B(EnvAtt), were used to test
HIV-1 clade B vaccines with different levels of Env expression
in the MVA boost. Two GM-CSF-adjuvanted groups, termed
B�GM and C�GM, were used to test HIV-1 clades B and C
vaccines in the presence of a GM-CSF adjuvant, respectively.
The GM-CSF adjuvant was present as a coexpressed DNA at
the time of the prime inoculation and as protein (5 �g per kg)
at the time of each of the MVA boosts and again 4 days later
(without additional MVA).

Protection against the SHIV challenge was assessed by mea-
suring over time the number of copies of viral RNA per ml of
blood and the CD4 T-cell counts (Fig. 1A). All vaccinated
groups had lower median peaks of viral RNA and lower overall
levels of infection, measured by areas under the curve, than the
unvaccinated controls (Fig. 1B). Among the groups, the
B�GM group showed the lowest peak, the most rapid pull-
down, the lowest set point level of viral RNA, and the smallest

area under the viral curve. Analyses for protection of colorec-
tal CD4 T cells revealed the anticipated depletion of these
cells, which display the CCR5 coreceptor for SHIV-162P3
(16). By 24 weeks postchallenge, the frequencies of intestinal
CD4 T cells had recovered to normal levels in the B and
B�GM groups but had undergone less complete recoveries in
the other groups. Total CD4 T-cell counts in blood (where
many cells do not bear the CCR5 coreceptor) underwent a
transient and modest dip at 3 weeks postchallenge. These fre-
quencies had recovered in all groups by 6 weeks postchallenge.

Similar levels of postvaccine T-cell responses to Gag and
Env, but higher levels of postchallenge responses to Env than
Gag. The different groups had overall similar frequencies of
responding T cells during the vaccination phase of the trial
(Fig. 2). These responses represented about 0.1% of total CD4
or CD8 T cells. The highest response was for the CD8 Gag
response after the second MVA boost in the B(EnvAtt) group.
This response represented 2.3% of total CD8 T cells. The
GM-CSF adjuvant did not measurably affect CD4 or CD8
responses. The stimulation of higher anti-Env CD8 responses
in the clade C than the clade B vaccine by the consensus B pool
was not reflected in the CD8 Gag response or the CD4 re-
sponses and presumably reflected a chance effect of histocom-
patibility type in the small group sizes. Consistent with our
prior trials using i.m. inoculations of DNA, T-cell responses
were not detected until after the first MVA boost (data not
shown) (21, 34).

Postchallenge, the frequencies of anti-Env T cells were much
higher than the frequencies of anti-Gag T cells. This is consis-
tent with the HIV vaccine having greater homology with HIV
Env than with the SIV Gag of the SHIV challenge. The CD8
T-cell responses to Env were highest in the groups vacci-
nated with the B vaccine or with the B vaccine plus GM-CSF
(B and B�GM groups, respectively), reaching frequencies of
over 1% of total CD8 T cells at 2 weeks postchallenge. The
CD4 T-cell responses were also highest in these groups but, in
contrast to the prechallenge data, had frequencies that were 5-
to 10-fold lower than those for the CD8 T cells. Responses to

TABLE 1. Summary of trials and immunogens

Trial and/or group

No. of
animals
in group
(no. of
A*01-

positive
animals)

Immunization regimena

DNA prime MVA boost

Without adjuvant
B(EnvAtt) 6 (3) pGA2/JS7 MVA62B
B 6 (3) pGA2/JS7 MVA62Sma

With adjuvant
B�GM 3 (1) pGA2/JS7.GM-CSF MVA62Sma plus

GM-CSF
protein

C�GM 3 (1) pGA1/IN3.GM-CSF MVA71 plus
GM-CSF
protein

Naive 6 (3) None None

a DNA immunizations delivered 3 mg of DNA i.m.; MVA immunizations
delivered 1 � 108 PFU of MVA i.m.
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stimulations with the 162P3 Env pool were similar to those for
the consensus B pool. In contrast to Env, anti-HIV-1 Gag CD8
responses had very low postchallenge peaks (�0.1% of total
CD8 T cells). Both CD8 and CD4 responses to the SIV Gag
pool rose over the first 6 weeks postchallenge, reflecting a
primary response to the infection.

Titers, avidity, and neutralizing activity of Ab responses.
Anti-Env binding Ab responses achieved measurable levels
after the second MVA boost, at which time they ranged from
3 to 10 �g of anti-Env binding Ab per ml of serum (Fig. 3A).
Consistent with its attenuated expression of Env, the lowest
titers of binding Ab were found in the B(EnvAtt) group. By the
time of the challenge at 16 weeks after the second MVA
boost, Ab responses had declined. Following challenge, the
titers of anti-Env Ab expanded rapidly, reaching median
titers of several hundred micrograms per milliliter of serum

in all groups. At this same time, the titers of the primary
binding Ab response in the unvaccinated controls were 100
times lower.

In contrast to the titers of binding Ab that rose and fell with
immunizations, the avidity of the anti-Env Ab slowly increased
over the duration of the trial (Fig. 3B). Among the clade B
vaccine groups, the B�GM group achieved the highest avidity
(median of 48), the B(EnvAtt) had the next highest avidity
(median of 43), and the B group had the lowest avidity (median
of 41). The rank orders of avidities within groups tended to
hold with time. Animals with lower-avidity Ab at 2 weeks after
the second MVA boost also had lower-avidity responses at 3
weeks postchallenge. At 3 weeks postchallenge, the avidity of
Ab in the unvaccinated control group for the clade B Env was
low (a median of 28), 13 to 20 points below the indices in the
vaccinated groups. Avidities for the clade C�GM vaccine mea-

FIG. 1. Postchallenge control of SHIV-162P3 viral RNA and protection of CD4 T cells. (A) Titers of viral RNA and frequencies of CD4 T cells
at the indicated time points. Titers of viral RNA in blood are geometric means � SDs. Frequencies of CD4 T cells are means � SDs. Data for
colorectal CD4 T cells are available for only some time points due to restrictions on the frequency of biopsies. (B) Levels of viremia in different
groups. Box plots provide graphic summaries for peak viral RNA and areas under the curve (0 to 24 weeks). The white lines in the boxes are
medians; the upper and lower limits of the boxes indicate the 75th and 25th percentiles, respectively. Minimum and maximum values are indicated
by the upper and lower brackets. For numbers of animals per group, see Table 1.
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sured against a clade C Env were overall similar to those for
the clade B�GM vaccine measured against the clade B Env.
These avidities were higher than those elicited by the nonad-
juvanted clade B vaccines and likely reflected the GM-CSF
adjuvant effect on avidity maturation.

Both the clade B and C vaccines elicited low titers of neu-
tralizing Ab for the easily neutralized HIV-1 MN isolate but
failed to elicit neutralizing Ab for the SHIV-162P3 challenge
or incident isolates that were more difficult to neutralize (Fig.
4 and data not shown). The titers of MN-neutralizing activity
were highest for the C�GM group (titer of 300), second high-

est for the B�GM groups (150) and B (100) groups, and lowest
for the B(EnvAtt) group. Postchallenge, neutralizing titers for
MN rapidly expanded. This expansion had an acute peak at 3
weeks postchallenge in the B�GM group, the group with the
best viral control. In the unvaccinated controls, neutralizing Ab
for MN did not appear until 12 weeks postchallenge.

Neutralizing Ab for the SHIV-162P3 challenge was slow to
appear. This activity had appeared in all groups except the
C�GM group by 18 weeks postchallenge. By 24 weeks post-
challenge, it was present at geometric mean titers ranging from
40 to just under 100 except in the B�GM group, where it was

FIG. 2. Responding T cells measured by intracellular cytokine staining for IFN-�. CD8 (A) and CD4 (B) responses over time measured as
IFN-� producing cells as a percentage of total CD4 or CD8 T cells are presented as geometric means � SDs. The bar graphs on the left of figures
show peak responses after each MVA boost following stimulation with consensus clade B peptide pools for Gag or Env. The line graphs show
postchallenge responses to pools of consensus clade B (Con B) Env peptides, 162P3 Env peptides, consensus clade B Gag peptides, and SIV239
Gag peptides (indicated at the tops of panels). Symbols for groups are to the right of panels. The shaded blue area indicates responses below the
limit for accurate quantification.
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undetectable, a phenomenon that could reflect this group’s
having the best-controlled infection.

Correlation of avidity with reduced peak viremia. Correla-
tions between immune responses and protection were con-
ducted for data pooled from the three groups receiving the
clade B vaccines. These correlations tested avidity indices

against the titers of viral RNA at 2 weeks postchallenge. At this
time, individual animals in the vaccine groups had up to 100-
fold differences in their levels of postchallenge viremia, which
ranged from 3 � 105 to 3 � 107 copies of viral RNA per ml.
These analyses revealed strong inverse correlations between
peak viremia and the avidity indices of the clade B anti-Env Ab

FIG. 3. Anti-Env binding Ab and avidity for the indicated time points. (A) Titers of binding Ab relative to a standard curve for macaque IgG.
(B) Avidities of binding Ab. Horizontal lines in panel A indicate geometric means; in panel B, horizontal lines indicate medians. All assays were
conducted using Env captured from VLPs produced in transient transfections by the clade-matched DNA vaccine. Vaccine groups are indicated
at the tops of panels. Prechallenge sera were not taken for the naïve group. These responses were likely similar to those in preimmune macaques
in other groups. Pre imm, preimmunizations; 2nd MVA, 2 weeks after the second MVA boost; pre ch, prechallenge; and �3 wk, 3 weeks
postchallenge.

FIG. 4. Neutralizing Ab production over time. Neutralization titers are the reciprocal for serum dilutions at which relative luminescence units
were reduced 50% compared to virus control wells. The threshold value of 20 was used for negative values. This threshold is shown in shaded blue.
The isolates used in neutralization assays are indicated at the tops of panels. Symbols for groups are identified at right. MN, HIV-1 MN; SF162,
HIV-1 SF162; ID50, 50% infectious dose.
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for the immunizing ADA Env. Strong correlations were found
for serum harvested prechallenge as well as at 3 weeks post-
challenge (Fig. 5A and B). A strong inverse correlation also
was found between peak postchallenge viremia and avidity
indices for the 162P3 Env in the SHIV challenge (Fig. 5C). The
inverse correlation between avidity and reductions in peak
postchallenge viremia did not hold if secreted gp140 or gp120
forms of the immunizing ADA Env were used as targets for
avidity analyses (Fig. 5D and E). There was also no correlation
between the titers of binding Ab and peak postchallenge vire-
mia (Fig. 5F).

Analyses for correlations between peak CD8 or CD4 T-cell
responses and peak levels of viral RNA revealed no correla-
tions. These analyses were conducted for responses stimulated
by the consensus B peptide pools after each of the MVA boosts
as well as postchallenge (see Fig. S1A in the supplemental
material). The titers of neutralizing Ab for HIV-1 MN or
HIV-1 SF2, either prior to or at 3 weeks postchallenge, also
had no correlation with the peak titer of the challenge infec-
tion (see Fig. S1B in the supplemental material).

Avidity for Envs in incident isolates. Serum elicited by the
trials presented here as well as serum from an earlier trial using
SHIV-89.6 immunogens and a SHIV-89.6P challenge (21)

were next tested for the avidity of elicited anti-Env Ab for their
immunizing Envs, the Envs in their challenge infection, and
Envs in panels of incident clade B and clade C isolates (Fig. 6)
(22, 23). These tests were conducted on sera elicited in
GM-CSF-adjuvanted immunizations because these sera had
the highest avidity indices (Fig. 3) (21). Each of the immuniz-
ing Envs elicited high-avidity anti-Env Ab for itself (Fig. 6A, C,
and E). The highest avidity for the challenge Env was seen for
the 89.6 serum for its closely related 89.6P challenge Env (Fig.
6E). In this trial, avidity correlated with up to a 1,000-fold
reduction in peak viremia (21). Intermediate avidity was found
between the ADA Env and its 162P3 challenge (Fig. 6A). This
level of avidity, however, correlated with up to a 100-fold
reduction in peak viremia (Fig. 5C). Only low avidity was
observed between the sera elicited by the clade C IN98012 Env
and the clade B 162P3 challenge Env (Fig. 6C).

Remarkably, the high-avidity ADA-elicited Ab had broad
activity for a reference panel of incident clade B Envs (Fig.
6B), whereas the IN98012 serum had broad activity for the
reference clade C Envs (Fig. 6D). Neither the B nor C serum
had good avidity (index of �40) for the incident Envs of the
other clade (Fig. 6B and D). For the ADA-elicited serum, one
Env, from isolate TRJO, exhibited even higher avidity binding

FIG. 5. Inverse correlation between the avidity of anti-Env binding Ab and peak viremia. Inverse correlations between peak viremia and the
avidity index for ADA Env captured from VLPs for Ab in serum harvested prechallenge (A) or at 3 weeks postchallenge (B). (C) Inverse
correlation between peak viremia and the 162P3 challenge Env captured from pseudovirions for Ab harvested at 3 weeks postchallenge. There was
no correlation between peak viremia and the avidity index of Ab harvested at 3 weeks postchallenge for ADA gp140 (D) or ADA gp120 (E) forms
of Env. (F) Lack of a correlation between peak viremia and the relative titers of binding Ab at 3 weeks postchallenge. Correlations were conducted
for the 15 animals in clade B-vaccinated groups using the Pearson method. The form of ADA Env used in assays and the sera being tested in the
assay (�3 weeks, 3 weeks postchallenge) are given at the tops of the panels. See Materials and Methods for assays. ns, not significant.
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for the ADA serum than the ADA Env (Fig. 6B). This Env, as
well as Envs of four more incident isolates (WITO, TRO,
PVO, and 6535), had as good, or better, avidity binding for the
ADA-elicited Ab than the 162P3 Env, for which a strong cor-
relation between avidity and decreases in peak viremia had
been shown (Fig. 5C). Only one of the eight tested Envs
(REJO) bound the clade B-elicited serum with only moderate
avidity.

None of the clade C incident Envs proved to be a better
target for the binding of the elicited clade C Ab than the
98IN012 Env in the vaccine (Fig. 6D). However, 5 of the 10
tested Envs (ZM2233, ZM135, ZM109, CAP210, and ZM197)
bound the clade C serum with avidities as high, or higher, than
had been associated with reductions in peak viremia in the
clade B-vaccinated and SHIV-162P3-challenged macaques
(Fig. 5C). Three of the clade C incident Envs (DU172, ZM214,
and DU156) had more moderate avidity binding. The Env
(DU156) with the lowest avidity binding showed comparable
avidities for the clades C and B sera.

In contrast to the serum elicited by the CCR5-tropic ADA

Env, serum elicited by the dual tropic clade B 89.6 Env did not
show high avidity binding for the incident clade B viruses (Fig.
6F). Thus, the ability to elicit serum with high-avidity intra-
clade binding for incident Envs is not a characteristic of all
Envs within a clade.

DISCUSSION

Traditional evaluations of experimental HIV vaccines for
protective Ab responses have focused on neutralizing Ab.
Here, we have tested for both the neutralizing activity and the
avidity of elicited anti-Env Ab and found a strong inverse
correlation between avidity and peak viremia for a heterolo-
gous challenge. Avidity indices for the immunizing Env ranging
from 20 to 60 correlated with postchallenge peak viremias
ranging from 3 � 107 to 3 � 105 copies of viral RNA per ml of
plasma. This inhibition of acute viral replication was for a
challenge with only 87% homology between its envelope gly-
coprotein and the immunizing Env. The protection did not
appear to require neutralizing activity because it took place in

FIG. 6. Intraclade but not interclade activity of high-avidity Ab elicited by clades B and C HIV-1 vaccines. Avidity tests were conducted with
pooled sera from GM-CSF-adjuvanted immunizations. Panels A, C, and E show avidities of vaccine-elicited sera for the Env in the vaccine and
its challenge. Panels B and D show avidities of the clade B and C vaccine-elicited sera for clade B incident Envs (B) and for clade C incident Envs
(D). Panel F shows avidities of clade B and SHIV-89.6 vaccine-elicited sera for clade B incident Envs. Color codes for the vaccines are identified
at right; the Envs tested in avidity assays are identified at the tops of panels. PM, serum harvested after the second MVA boost; PC, serum
harvested at 3 weeks postchallenge.
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the absence of detectable levels of neutralizing Ab for the
SHIV-162P3 challenge. The correlation held for the avidity of
the Ab at the time of challenge as well as the avidity of the Ab
at 3 weeks postchallenge. We suggest that avidity correlated
with protection because it facilitated the initiation by bound
Ab of Fc-mediated mechanisms of viral control such as com-
plement-mediated lysis (1, 14, 35), antibody-dependent cellu-
lar cytotoxicity (2, 8, 12, 30, 37), antibody-dependent cell-me-
diated virus inhibition (11), and phagocytosis. Presumably the
more tightly Ab bound to Env on virions and infected cells, the
more effective it was at initiating Fc-mediated mechanisms of
virus control.

Importantly, for the correlation to be seen, avidity needed to
be measured against the full-length form of Env captured from
VLPs or pseudovirions and not against secreted gp140 or
gp120 forms of the vaccine Env. This implies that the native
form of Env was more effective at displaying the epitopes
representative of those found on virions and infected cells than
gp120 and gp140 subunits of Env. In our assays, both the gp120
and gp140 forms of Env were excellent targets for Ab binding,
with anti-Env Ab exhibiting even higher avidities for these
secreted forms than the native form of Env. This binding,
however, did not represent Ab that was contributing to pro-
tection as measured by our correlations.

Encouragingly, the avidity of the Ab elicited by the ADA
Env in our immunogens had indices for the Envs of incident
clade B isolates that in many cases were even higher than those
that correlated with reductions in peak viremia for the heter-
ologous SHIV-162P3 challenge. Thus, unlike neutralizing Ab,
which is largely isolate specific, high-avidity Ab may be capable
of blunting acute viremia for a diversity of isolates. This is
consistent with studies on Fc- and complement-mediated
virolysis and cytolysis that have demonstrated that patient se-
rum mediating these activities recognizes a range of Envs (1, 2,
5, 12, 18, 32, 35). Our studies also show that not all clade B
Envs elicit high-avidity Ab for incident clade B isolates. The
anti-Env Ab elicited by the SHIV-89.6 Env had high avidity for
itself but only low avidity for incident Envs. Importantly, the
high-avidity Ab elicited by our clade B ADA Env vaccine failed
to show high-avidity binding for incident clade C Envs, whereas
the anti-Env Ab elicited by our clade C vaccine showed high-
avidity binding for incident clade C but not clade B Envs. Thus,
the high-avidity Ab that we have raised appears to have broad
intraclade but not interclade activity. This suggests that vac-
cines designed to elicit Ab that protects by virtue of high-
avidity binding to Env may need to use clade-specific Envs.

Although consistent with classical findings that high levels of
antigen can reduce the avidity of Ab responses, we had not
anticipated that the level of Env expression in our MVA boost
might affect the avidity of anti-Env Ab. Although we do not
have sufficient data to achieve statistical significance, our re-
sults suggest that the attenuated Env expression in our B(EnvAtt)
vaccine may have the ability to elicit higher-avidity (albeit
lower titer) Ab than our B vaccine with unattenuated Env
expression. The B(EnvAtt) vaccine (JS7/MVA62) is our vaccine
that is currently in clinical trials through the HIV Vaccine
Trials Network.

Our studies show vaccination playing a strong role in mold-
ing the Ab response in the immediate postchallenge phase of
infection. The vaccine-primed anamnestic Ab response rapidly

placed high titers (an estimated 500 �g per ml) of good avidity
(indices of �40) of anti-Env Ab in play. At 3 weeks postchal-
lenge these responses had �100 times higher titers and � 20
points higher avidities than the Ab responses in unvaccinated
controls. We do not know how the epitopes recognized by the
vaccine-primed serum compare to those recognized in recent
infections (36). What we do know is that the epitopes primed
by our full-length Envs included ones capable of producing a
correlate between avidity and peak postchallenge viremia.

The inverse correlation between the avidity of anti-Env
binding Ab and peak postchallenge viremia has been a consis-
tent finding across our macaque challenge studies using SHIV
or HIV immunogens and SHIV-89.6P or SHIV-162P3 chal-
lenges (21; also this study). This correlation has been present
for prechallenge as well as postchallenge immune responses
(21; also this study). In contrast, correlations with elicited CD8
T cells have not always been observed (this study) and, when
observed, have been limited to peak postchallenge CD8 re-
sponses (21).

Summary. In summary, we have shown that the avidity of an
anti-Env Ab response for the native form of Env can blunt
peak viremia for a heterologous challenge in the absence of
neutralizing Ab. We have also shown that a clade B and a clade
C CCR5-tropic Env can elicit high-avidity Ab with broad in-
traclade but not interclade specificity for incident Envs. We
suggest that the induction of such Ab by HIV vaccines repre-
sents the induction of a nonneutralizing activity capable of
contributing to virus control during the critical early period of
HIV infection (13).
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