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Relationship between Vaccine-Induced Antibody Capture of Infectious
Virus and Infection Outcomes following Repeated Low-Dose Rectal
Challenges with Simian Immunodeficiency Virus SIVmac251

Johannes S. Gach,a David Venzon,b Monica Vaccari,c Brandon F. Keele,d Genoveffa Franchini,c Donald N. Forthala

Division of Infectious Diseases, Departments of Medicine and Molecular Biology & Biochemistry, University of California, Irvine, California, USAa; Biostatistics and Data
Management Section, National Cancer Institute, Bethesda, Maryland, USAb; Animal Models and Vaccine Section, National Cancer Institute, Bethesda, Maryland, USAc; AIDS
and Cancer Virus Program, Leidos Biomedical Research Inc., Frederick National Laboratory, Frederick, Maryland, USAd

ABSTRACT

Antibodies are known to enhance in vitro infection by human immunodeficiency virus (HIV) and simian immunodeficiency
virus (SIV). We measured the ability of antibodies induced by ALVAC-SIV/gp120 vaccination, given with alum or MF59 adju-
vant, to capture infectious SIVmac251 and determined the association between capture and infection outcomes following low-
dose, repeated rectal challenge of rhesus macaques. We found that capture correlated with the number of transmitted/founder
(T/F) variants that established infection, such that animals whose plasma captured more virus were infected with a higher num-
ber of T/F strains. Capture also correlated with results of Env binding assays, indicating that greater immunogenicity resulted in
greater capture. Although vaccination elicited negligible neutralizing activity against the challenge strain (50% inhibitory dilu-
tions of >1/80 in all cases), animals with low capture and whose plasma, at a fixed dilution, inhibited a higher fraction of virus
were infected at a lower rate than animals with high capture and low neutralization (P � 0.039); only animals with the low cap-
ture/high neutralization response profile were protected compared with unvaccinated control animals (P � 0.026). In a sieve
analysis, high capture and low capture were distinguishable on the basis of polymorphisms in the V1 loop of Env at amino acids
144 and 145. Our results indicate that vaccine-induced antibody that binds to and captures infectious virus but does not inhibit
its infectivity may enhance the likelihood of infection following rectal challenge with SIVmac251. Higher immunogenicity re-
sulting in better antibody capture but similar anti-infectivity may not improve vaccine efficacy.

IMPORTANCE

Vaccines generally prevent viral infections by eliciting antibodies that inhibit virus infectivity. However, antibodies, including
those induced by vaccination, have the potential to enhance, rather than prevent infection. We measured the ability of vaccine-
induced antibodies to capture infectious simian immunodeficiency virus (SIV) and explored the relationship between virus cap-
ture and infection outcomes. We found that capture correlated with the number of SIV variants that established infection, such
that animals whose plasma captured more virus were infected with a higher number of unique strains. In addition, animals
whose sera had high capture but weak anti-infectivity activity were infected at a higher rate than were animals with low capture
and stronger anti-infectivity activity. These results suggest that vaccines that induce antibodies that bind to and capture infec-
tious virus but do not inhibit virus infectivity will not be effective in preventing infection.

Human and nonhuman primate studies have provided evi-
dence that vaccines designed to prevent human immunode-

ficiency virus (HIV) or simian immunodeficiency virus (SIV) in-
fections might, at times, increase the risk of infection (1). Such a
deleterious effect can be apparent in the overall analysis of vaccine
efficacy or from analyses of subject subgroups or of transmitted/
founder variant number (2–4).

The mechanisms accounting for enhanced infection vary and
likely include those that increase the number of CD4� target cells
and those in which vaccine-induced antibody plays a direct role.
Antibodies that bind to envelope glycoproteins (Env) of lentivi-
ruses are thought to enhance infection via complement receptors
or receptors for the Fc portion of IgG antibodies (Fc�Rs) (5–9).
Alternatively, antibodies that bind to gp120 may alter the config-
uration of Env and thereby allow more efficient Env-coreceptor
interactions (10, 11).

Although antibodies that neutralize relevant strains of HIV-1
have been difficult to elicit by vaccination, some nonneutralizing
antibodies, such as those that inhibit virus by engaging effector

cells through Fc-Fc�R interactions, may play a role in preventing
infection (12). However, nonneutralizing antibodies and, at cer-
tain concentrations, antibodies that otherwise neutralize virus,
may enhance infection (13–15). Whether an antibody enhances or
inhibits virus, it must bind to infectious virions or to infected cells.
Thus, the exact nature of Fab-virion binding or the manner in
which effector cells or effector molecules are engaged determines
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whether an antibody will prevent infection, enhance infection, or
do neither.

In this research, we investigated the relationship between the
ability of vaccine-elicited antibodies to capture infectious virions
and the role of those antibodies in enhancing infection.

MATERIALS AND METHODS
Animal trials. All animals used in this study were colony-bred rhesus
macaques (Macaca mulatta), obtained from Covance Research Products
(Alice, TX). The animals were housed and handled in accordance with the
standards of the Association for the Assessment and Accreditation of Lab-
oratory Animal Care International. The care and use of the animals were
in compliance with all relevant institutional (NIH) guidelines. The pro-
tocol (AUP 491) was approved by Advanced BioScience Laboratories’
Institutional Animal Care and Use Committee. The study design has been
described previously (16). Briefly, 54 juvenile rhesus macaques were di-
vided into two groups and immunized intramuscularly with ALVAC-SIV
(which expressed SIV Gag, Pol, and Env from a mucosally transmitted/
founder [T/F] variant of SIVmac251) at weeks 0, 4, 12, and 24. Addition-
ally, at weeks 12 and 24, both study arms (27 animals each) received a
bivalent monomeric gp120 booster immunization formulated in either
alum (200 �g/gp120 variant) or MF59 (100 �g/gp120 variant). The con-
trol groups consisted of 24 concurrent controls that received either alum,
MF59, or nothing at weeks 12 and 24 and 23 historical controls (total, 47)
(4, 17). Starting at week 28, all 54 vaccinated and 24 control macaques
were challenged weekly with SIVmac251 via the rectal route at a dose of
120 50% tissue culture infective doses (TCID50). Blood and other speci-
mens were collected at intervals for SIV RNA and DNA determinations
and for various immunological assays.

Neutralization assay. SIVmac251 was added at a 1:1 ratio by volume
to serially diluted and heat-inactivated (i.e., 56°C for 30 min) preimmune
and postimmune plasma samples of vaccinated rhesus macaques, fol-
lowed by a 1-h incubation at 37°C. TZM-bl reporter cells were then added

(1:1 by volume) at 1 � 104 cells per well in a final concentration of 10
�g/ml of DEAE-dextran. After 48 hours of incubation at 37°C, cells were
washed with phosphate-buffered saline (PBS) and lysed for 10 min at
room temperature with 1� cell lysis reagent (Promega). Supernatants
were finally transferred into Costar 96-well white plates, and lumines-
cence in relative light units (RLUs) was measured using a microplate
luminometer (BioTek) after adding luciferase assay reagent (Promega).
All plasma samples were tested at four different final dilutions (1:80,
1:240, 1:720, and 1:2,160). Assays were repeated four times, each time in
duplicate. The extent of virus inhibition in the presence of SIVmac251-
specific antibody is reported as the 50% inhibitory concentration (IC50)
or as the fraction of neutralization at each dilution (relative to the absence
of antibody).

Virus capture assay. Ninety-six well plates (Corning) were coated
with 250 ng (5 �g/ml) of goat anti-monkey IgG gamma chain-specific
antibody (Rockland) per well and incubated overnight at 4°C. The next
day, plates were washed 3 times with PBS and blocked with 4% nonfat dry
milk in PBS at 37°C. After 1 h, plates were washed again 3 times with PBS
and incubated with 50 �l of 1:20 diluted (in Dulbecco modified Eagle
medium [DMEM] growth medium) preimmune and postimmune
plasma samples of vaccinated (or control) rhesus macaques. Plasma sam-
ples were incubated for 1 h at 37°C, followed by three washes with PBS.
SIVmac251 was diluted in DMEM growth medium and transferred to
wells (1 ng p27/well). After 4 hours of incubation at 37°C, plates were
washed 5 times with PBS. In a final step, the infectivity of captured virus
was determined using TZM-bl reporter cells as described above for neu-
tralization.

SGA and sieve analysis. All sequences were obtained through single-
genome amplification (SGA) and directly sequenced as described pre-
viously (16). Individual sequence fragments were assembled and ed-
ited using Sequencher 5.0 (Gene Codes). Inspection of individual
chromatograms allowed for the confirmation that amplicons were de-
rived from a single viral template. The absence of mixed bases at each

FIG 1 Plasma from animals vaccinated with ALVAC-SIV/gp120 in MF59 adjuvant (n � 27) captures more infectious SIVmac251 than that from animals
receiving the same immunogen in alum (n � 27). Capture is reported as relative light units (RLUs).
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nucleotide position throughout the env gene was taken as evidence of
a single viral RNA (vRNA)/cDNA template. This quality control mea-
sure excluded from the analysis amplicons that resulted from PCR-
generated mutations, in vitro recombination, or Taq polymerase er-
rors. All remaining sequences proportionately represent those virions
circulating in vivo. All sequence alignments and phylogenetic trees
were obtained in ClustalW with manual editing in MacClade. Each
low-diversity lineage was compared to a mathematical model of viral
diversification over time to identify all T/F lineages. A sieve analysis
was performed using the amino acid translation of gp120. Informative
sites were identified as polymorphic sites found in more than one
individual T/F sequence.

Statistical analyses. Differences between two sets of continuous val-
ues were assessed using the exact Wilcoxon rank sum test. Trends and
correlations between paired values were analyzed with Spearman’s rank
correlation or with the Jonckheere-Terpstra test when the number of dis-
crete values was small, e.g., for the number of T/F variants. Immune out-
comes with substantial fractions of zero values were summarized as two
groups (� 0 versus �0) or three ordered groups (�0, �0, and �0) for
analysis using the Wilcoxon rank sum, Cochran-Armitage, or Jonck-
heere-Terpstra tests. Rates of infection were compared using the exact log
rank test. Sieve analyses were evaluated with the 2-tailed Fisher’s exact
test.

RESULTS

Capture of infectious virus by antibody from vaccinated ani-
mals correlates with T/F variant number. Using plasma obtained
2 weeks after vaccination, we found that capture of infectious
SIVmac251 was greater among animals vaccinated with ALVAC-SIV/
gp120 in MF59 than among those vaccinated with ALVAC-SIV/
gp120 in alum (P � 0.001) (Fig. 1). This finding is consistent with
data reported from the parent study indicating that MF59 results
in higher antibody responses measured in a number of different
assays (16). Although neutralizing activity against a neutraliza-
tion-sensitive strain of SIV (SIVmac251.6) was higher in plasma of
MF59-vaccinated animals, levels of antibody capable of neutraliz-
ing the challenge virus, SIVmac251, were very low in both groups
(see below). Further analyses were done combining animals from
both adjuvant groups.

Among animals that became infected (n � 50), capture directly
correlated with the number of distinct T/F variants with which the
animals were infected following low-dose repeated rectal chal-
lenges (r � 0.38, P � 0.0074) (Fig. 2A). It was clear from the
scatter plot, however, that the relationship between capture and

FIG 2 Antibody capture of infectious SIVmac251 is associated with infection outcomes among animals vaccinated with ALVAC-SIV/gp120 vaccines. (A and B)
Antibody capture, reported as a continuous variable in relative light units (RLUs) (A) or as quartilized data (B), is plotted against the number of T/F variants that
established infection. (C) There was a trend toward higher infection rates among animals with high capture (greater than the median) than among those with low
capture (less than or equal to the median).
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T/F variant number was not linear. Thus, data were divided into
quartiles for further analyses, and the number of T/F variants was
found to increase significantly over the quartiles (P � 0.0042;
Jonckheere-Terpstra test). Moreover, animals in the lowest quar-
tile of capture activity were universally infected with a single T/F
variant, which was significantly fewer than the number of variants
infecting the vaccinated animals whose antibody captured more
virus (P � 0.024; Mann-Whitney U test corrected for multiple
comparisons) (Fig. 2B).

Overall, unvaccinated control animals had numbers of T/F
variants similar to those in vaccinated animals (P � 0.70), and no
significant differences between control and vaccinated animals
emerged when animals with high or low capture were compared
with the controls. Thus, the level of antibody capable of capturing
infectious SIVmac251 influenced the number of T/F variants
among vaccinated animals, but no level of capture antibody pre-
dicted differences between vaccinated and control animals.

We also determined if antibody capture of infectious SIV-
mac251 predicted the rate of infection after challenge. When an-
alyzed as a continuous variable, bifurcated at the median, or quar-
tilized, capture was not significantly associated with infection rate.
However, animals with more capture trended toward higher rates
of infection than those with lower capture, when analyzed as bi-
nary data (P � 0.11) (Fig. 2C).

We next explored the relationship between capture antibody
and other SIV-specific antibody measurements that had been pre-
viously measured in the parent animal study. Among the 23 sep-
arate antibody tests evaluated, capture correlated significantly
with 13 (Table 1). When adjusted for multiple comparisons, nine
of these correlations, which included those between capture and

serum or rectal IgG or IgA binding antibodies to Env or V2 and
those between capture and neutralization of SIVmac251.6 (a neu-
tralization-sensitive variant of SIVmac251), antibody-dependent
cell-mediated cytotoxicity (ADCC), or phagocytosis, maintained
a P value of �0.05 (Table 1). Notably, the correlation between
capture and neutralization of SIVmac251.6 was the strongest (r �
0.71, P � 5 � 10	6).

Given the associations between capture and T/F variant num-
ber and between capture and other antibody measurements, we
analyzed the relationship between the other antibody measure-
ments and T/F strain number. Here, we found that T/F strain
number correlated with two antibody measurements (Table 2);
after correction for multiple comparisons, however, all P values
were �0.05. When added to a binary logistic regression model
with T/F strain number (bifurcated at the median) as the depen-
dent variable, capture remained the strongest predictor of T/F
strain number (not shown).

Influence of capture and neutralization on SIV infection af-
ter low-dose rectal challenge. The strong correlation between
capture and neutralization of a sensitive SIV strain led us to fur-
ther evaluate interactions between these two antibody functions.
It seemed plausible that antibodies that capture virus but have
little or no neutralization activity might enhance infection as mea-
sured by the number of T/F variants or the rate at which animals
became infected. Plasma neutralizing activity was measured using
the neutralization-resistant tier 2 SIVmac251, the strain employed
in the capture assay and in challenging the animals. As described
in Materials and Methods, four dilutions of plasma were used to
measure tier 2 SIVmac251 neutralization in a TZM-bl assay. Even
at the lowest plasma dilution (1:80), 50% inhibition (IC50) was not

TABLE 1 Correlations between capture of infectious SIVmac251 and other antibody measurementsa

Parameter

Value for correlation with:

Avidity
gp130
IgG

V1V2
IgG

E660
gp140 IgG

E660
V1V2 IgG

239 V1V2
IgG

Cyclic
V2 IgG

E543 cyclic
V2 IgG

Cyclic V2
IgA

Cyclic V2
E543 IgA

E660
gp140 IgA

gp140
IgA

Correlation coefficient 0.002 0.50 0.31 0.54 0.17 0.32 0.49 0.59 0.16 0.27 0.53 0.35
P valueb 0.99 0.0004 0.031 0.0001 0.25 0.026 0.0004 <0.0001 0.27 (MW) 0.061 (JT) <0.0001 0.014
No. of samples 50 49 49 49 49 49 50 50 50 50 50 50
a E543 refers to SIVsmE543. Correlation coefficients and P values are Spearman’s unless otherwise indicated.
b MW, Mann-Whitney test for antibody values of �0 versus �0; JT, Jonckheere-Terpstra test for postvaccination minus prevaccination values of �0 versus �0 versus �0.
Significant values (P � 0.05) are in bold; P � 0.004 is significant after correction for multiple comparisons.
c Values obtained by subtracting prevaccination from postvaccination results.

TABLE 2 Correlations between number of transmitted/founder variants and antibody measurementsa

Parameter

Value for correlation with:

Avidity
gp130
IgG

V1V2
IgG

E660
gp140 IgG

E660
V1V2 IgG

239 V1V2
IgG

Cyclic
V2 IgG

E543 cyclic
V2 IgG

Cyclic
V2 IgA

Cyclic V2
E543 IgA

E660
gp140 IgA

gp140
IgA

Correlation coefficient 	0.073 0.20 	0.028 0.18 	0.056 	0.011 0.12 0.11 0.017 0.000 0.25 0.23
P valueb 0.59 0.15 0.85 0.20 0.72 0.98 0.41 0.47 1.00 1.00 0.088 0.098
No. of samples 50 49 49 49 49 49 50 50 50 50 50 50
a Env proteins and peptides are derived from SIVmac251 unless otherwise indicated; E543 refers to SIVsmE543. Correlation coefficients are Spearman’s and P values are
Jonckheere-Terpstra unless otherwise indicated.
b MW, Mann-Whitney test; JT, Jonckheere-Terpstra test for postvaccination minus prevaccination values of �0 versus �0 versus �0; CA, Cochran-Armitage test. Significant
values (P � 0.05) are in bold.
c Values obtained by subtracting prevaccination from postvaccination results.
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achieved, consistent with the neutralization resistance of SIV-
mac251. However, there was considerable variability in the frac-
tion of virus inhibited at each dilution, with a range of 0 to 43%.
For further analyses, we used the fraction of virus inhibited at a
plasma dilution of 1:240 (“neutralization fraction”); similar re-
sults were obtained using the fraction of virus inhibited at 1:80,
which correlated well with the 1:240 data (r � 0.78, P � 0.0001)
(not shown). Neutralization fractions at 1:712 and 1:2,160 were
not used in further analyses.

Although there was a strong correlation between capture and
neutralization of the sensitive tier 1 SIVmac251.6 (analyzed as
IC50), there was no correlation between capture and neutraliza-
tion fraction using the tier 2 SIVmac251 (r � 0.12, P � 0.40).
Moreover, neutralization fraction did not correlate with T/F strain
number (r � 	0.002, P � 1; Jonckheere-Terpstra test).

To further explore the notion that antibodies that capture in-
fectious virus but have poor neutralizing activity might enhance
infection, we calculated the ratio of capture to neutralization frac-
tion. To a similar extent as capture alone, the ratio of capture to
neutralization fraction correlated with the number of T/F variants
(r � 0.35, P � 0.017; Jonckheere-Terpstra test) among infected
animals. Further analysis revealed a significant association be-
tween the capture to neutralization fraction quartile and T/F
number (P � 0.018; Jonckheere-Terpstra trend test). Addition-
ally, significantly higher T/F numbers were found in animals in the
highest quartile of capture neutralization fraction than in animals
in the lower quartiles (P � 0.011 after correction for multiple
comparisons) (Fig. 3A). Finally, animals in the highest quartile of
capture to neutralization fraction were infected with more T/F
strains than were unvaccinated control animals (median of 2 ver-
sus 1, respectively; P � 0.032) (Fig. 3B), providing evidence of
vaccine-induced antibody-dependent enhancement of infection.

We next determined the influence of capture and neutraliza-
tion fraction on the rate of infection after challenge. For this anal-

ysis, we compared what we surmised would be animals having the
most beneficial responses (i.e., those with both the lowest capture
and the highest neutralization fraction) with animals having the
most deleterious responses (highest capture and lowest neutral-
ization fraction). This comparison demonstrated a significantly
lower rate of infection among animals with the beneficial response
profile (P � 0.039) (Fig. 4A). In addition, only those animals with
the beneficial response profile were protected compared with un-
vaccinated control animals (P � 0.026) (Fig. 4B and C). Vacci-
nated animals with mixed responses (i.e., low capture/low neu-
tralization or high capture/high neutralization) were infected at a
rate similar to that of those with deleterious responses (not
shown). Finally, animals with the deleterious response profile
were not infected at a higher rate than controls (Fig. 4C).

Sieve analysis of T/F strain Env sequences. We analyzed
gp120 sequences from T/F strains to determine if any amino acid
polymorphisms in Env were associated with the level of infectious
virus capture by plasma from vaccinated, infected animals. We
thus sought Env polymorphisms that distinguished the highest
quartile from the lowest quartile of capture and that also distin-
guished one of the extreme quartiles from unvaccinated controls.
Note that quartiles were assigned based on the entire data set
(which included animals that were not infected and thus did not
contribute information to the sieve analysis). We found an asso-
ciation between capture and an alanine (A) at amino acid 144 and
a proline (P) at amino acid 145, both in variable loop 1 (V1).
144A/145P, (found in 60% of the unique strains in the challenge
stock) was observed in 11 of 14 T/F strains (78.6%) from animals
with low capture and in 7 of 23 strains (30.4%) from animals with
high capture (P � 0.0069) (Table 3). Six of 33 (18.2%) control
animals were infected with the 144A/145P variant (P � 0.0002
compared with the low-capture group; P � 0.010 after adjustment
for multiple comparisons). These results can be interpreted to
indicate that an antibody response resulting in low capture ex-

TABLE 1 (Continued)

Value for correlation with:

Neutralization

gp130
rectal IgG

Cyclic V2
rectal IgGc

Cyclic V2
sp act

E543 V2
rectal IgGc

E543 V2
rectal IgAc

V2 rectal
IgAc

ADCC

PhagocytosisSIVmac251-6
SIVmac251
(challenge)

Maximum
kill Titer

0.71 	0.066 0.64 	0.16 	0.33 	0.20 	0.27 	0.22 	0.16 0.52 0.45
<0.0001 0.65 <0.0001 0.21 (JT) 0.049 (MW) 0.21 0.085 (JT) 0.19 (JT) 0.26 0.0001 0.0013
50 50 39 42 48 42 41 41 50 50 50

TABLE 2 (Continued)

Value for correlation with:

Neutralization

gp130
rectal IgG

Cyclic V2
rectal IgGc

Cyclic V2
sp act

E543 V2
rectal IgGc

E543 V2
rectal IgAc

V2 rectal
IgAc

ADCC

PhagocytosisSIVmac251-6
SIVmac251
(challenge)

Maximum
kill Titer

0.30c 	0.086 0.22 0.00 	0.28 0.27 	0.056 0.046 	0.27 0.18 0.32c

0.040 0.53 0.17 0.80 (JT) 0.094 (CA) 0.065 (JT) 0.65 (JT) 0.98 (JT) 0.060 0.21 0.034
50 50 39 42 48 42 41 41 50 50 50
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erted selective pressure on the T/F strain genotype. It is also pos-
sible that the high capture response selected non-144A/145P
strains; however, this interpretation is made less likely by the fact
that the high-capture animals did not differ from the controls with
respect to the amino acids at positions 144 and 145. Alternatively,
and perhaps more likely, the low capture responses may have un-
covered another immune response that ultimately provided the
selective pressure.

To determine if plasma neutralizing activity affected the rela-
tionship between capture and T/F strain selection, we used quar-
tiles of the capture/neutralization fraction ratio. In this analysis,
13 of 20 low-quartile animals (65%) and 7 of 24 high-quartile
animals (29%) were infected with the 144A/145P T/F variant (P �
0.032). Compared with controls, the low-quartile animals were
again significantly more likely to be infected with a 144A/145P
variant (P � 0.001; P � 0.052 after adjusting for multiple com-
parisons). These results suggest that the ratio was not a better
predictor of the 144A/145P variant than was capture alone. The
neutralization fraction itself was not significantly associated with
any Env amino acid polymorphisms (not shown).

When the sieve analysis was done using quartiles of neutraliza-
tion titers against the sensitive SIVmac251.6 strain, we found re-
sults nearly identical to those demonstrated for the capture anal-
ysis. That is, animals with low neutralization titers were more
likely to be infected with the 144A/145P variant than were animals
that mounted a high-titer neutralizing response (81.3% versus
30.0%, respectively; P � 0.003); the low-titer animals differed
significantly from the control animals as well (P � 0.0001; P �
0.0052 after correction for multiple comparisons) (not shown).
Given the close correlation between capture and neutralization of
SIVmac251.6 (r � 0.71), it is likely that these results reflect the
relationship between capture and selection at positions 144 and
145. If the SIVmac251.6 neutralization titer were itself providing
selective pressure, we would likely have observed a difference be-

tween animals in the highest quartile and controls, rather than the
observed difference between the lowest-quartile animals and the
controls.

ADCC expressed as a titer was marginally associated with pro-
line at amino acid 141: 2 of 45 animals with low-titer plasma
(4.4%) and 9 of 37 with high-titer plasma (24.3%) were infected
with 141P (P � 0.019) (Table 3). One of 33 control animals (3.0%)
was infected with 141P (P � 0.015 comparing high-titer and con-
trol animals; P � 0.0017 comparing high-titer and both low-titer
and control animals combined). With the adjustment for multiple
comparisons, the latter P value equals 0.088. Note that because of
limited variability in ADCC titers, these analyses compared the
upper and lower halves of ADCC titers, rather than the upper and
lower quartiles as in other analyses. When ADCC was expressed as
the maximal percent target cell lysis, animals in the lowest quartile
were less likely to have 141P than were those in the highest quartile
(0 of 26 versus 4 of 15; P � 0.014). The highest-quartile animals
were more likely to have 141P than controls (P � 0.028) or than
the lowest-quartile animals combined with controls (P � 0.0052;
P � 0.27 after multiple-comparison correction). Thus, it is possi-
ble, though not clear, that high ADCC activity exerted selective
pressure on T/F selection during this vaccine trial.

DISCUSSION

In this study, we explored the relationship between ALVAC-SIV/
gp120-vaccine-induced antibody capture of infectious SIV-
mac251 and outcomes of infection following low-dose, repeated
rectal SIVmac251 challenge of rhesus macaques. Our principal
finding is that capture by plasma antibody is positively associated
with the number of transmitted/founder strains that established
infection. In addition, although the vaccine elicited little neutral-
izing antibody activity against the challenge strain, the fraction of
virus neutralized at a given concentration of plasma varied con-
siderably from animal to animal, and animals with both low cap-

FIG 3 Ratio of capture to neutralization of SIVmac251 predicts T/F variant number. (A) Animals in the 4th quartile of capture/neutralization ratio were infected
with more T/F strains than those in quartiles 1 to 3 (P � 0.011 after adjustment for multiple comparisons). (B) Animals in the 4th quartile of capture/
neutralization ratio were infected with a higher number of T/F strains than control animals.
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ture and high neutralization were infected at a lower rate than
other animals.

Our findings suggest that antibody that captures infectious vi-
rus but does not inhibit its infectivity may enhance the likelihood
of infection, measured as an increase in the number of T/F strains
establishing infection or as the rate of infection (i.e., number of
challenges) following exposure. Antibody-dependent enhance-
ment of infection (ADE) with lentiviruses is a well-established in
vitro phenomenon and likely plays a role in the pathogenesis of

severe dengue virus infections (1, 9, 18–21). With respect to HIV
and SIV, whether or not ADE occurs in vivo remains unclear.
However, our results support other studies suggesting that vac-
cine-induced immune responses might have a deleterious effect
on outcomes in both human and monkey vaccine trials (2–4, 22).

We noted a very wide range in the ability of antibody to capture
virus. As might be expected, capture correlated with the ability of
antibody to bind to Env or the V2 loop or to inhibit the neutral-
ization-sensitive SIVmac251.6. Presumably, antibodies capable of
binding to any antigen on infectious virions could capture virus;
these antigens could be in the form of defective spikes or other
nontrimeric components. Antigens on the trimer may also have
been targeted by capture antibodies, although if this is true, such
antibodies had little, if any, neutralizing activity.

Capture of infectious virus by itself correlated with the number
of T/F strains that infected the animals. When analyzing the ratio
of capture to neutralization fraction, we found a similar correla-
tion with T/F number; thus, it appeared that neutralization sensi-
tivity provided little additional information to explain the vari-
ability in T/F number. Nonetheless, animals in the highest quartile
of capture/neutralization ratio were infected with a higher num-

FIG 4 The combination of high capture and low neutralization by vaccine-induced antibody is associated with a higher rate of infection after low-dose repeated
rectal challenge with SIVmac251. (A) Survival plots comparing vaccinated animals with high capture (greater than the median) and low neutralization (less than
the median) to animals with low capture and high neutralization. (B and C) Animals with low capture and high neutralization have a lower rate of infection than
unvaccinated controls (B), whereas animals with high capture and low neutralization have a rate of infection similar to that in controls (C).

TABLE 3 Association of gp120 amino acid polymorphisms with
antibody functions

Amino acid(s) Phenotype Fraction (%)

144A/145P High capture 7/23 (30.4)
Low capture 11/14 (78.6)a

Controls 6/33 (18.2)

141P Low ADCC titer 2/45 (4.4)
High ADCC titer 9/37 (24.3)a

Controls 1/33 (3.0)
a Significantly different from value for other phenotype and/or controls (see text).
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ber of T/F variants than were controls, a relationship that was not
seen when using quartilized capture data only. Furthermore, in-
corporating the neutralization data with the capture data de-
scribed a phenotype that significantly predicted the rate of infec-
tion: animals with low capture and high neutralization were
infected at a lower rate than animals with high capture and low
neutralization. Finally, only animals with the low capture/high
neutralization phenotype were afforded protection relative to the
unvaccinated control animals.

Overall, our findings point toward a deleterious effect of anti-
bodies when they capture infectious virus but do not inhibit it.
Thus, based on the number of T/F variants, animals that respond
to ALVAC-SIV/gp120 vaccines with antibodies that capture well
but neutralize poorly have worse outcomes than animals that are
not vaccinated. This implies that the vaccine-induced antibody
response may have increased the likelihood of infection in some
animals. Interestingly, in the parent study, we also found a direct
correlation between the number of vaccine-induced CD4� KI67�

cells that expressed either 
4�7� or CD38� and the number of
T/F variants in the MF59 group, suggesting that not only the an-
tibodies that capture well but neutralize poorly but also an in-
crease in virus-susceptible target cells likely affect vaccine efficacy
(16).

On the other hand, we could not find direct evidence of en-
hanced infection relative to that in unvaccinated controls when
analyzing the rate at which the animals became infected. However,
the parent study was not designed to detect enhancement, and it is
possible that a larger number of animals would have been required
to observe differences in infection rates between unvaccinated and
subgroups of vaccinated animals (16).

Our sieve analysis indicated that animals with low capture were
more likely infected with a 144A/145P T/F variant than were ani-
mals with high capture or controls. Since polymorphisms in
amino acids 144 and 145, which are in V1, distinguish the low-
capture animals from both the high-capture and control animals,
it is tempting to suggest that low capture itself provides pressure
on T/F variant selection. However, another explanation, which
seems more likely, is that high capture negates some beneficial
vaccine-induced immune response; only in the presence of low
capture does that beneficial response provide pressure. Neither
neutralizing nor ADCC antibody responses were associated with
the 144/145 polymorphisms. Thus, the potential beneficial func-
tional response, if it exists, is not evident from our analysis, either
because it was not measured in the parent study or because its
effect was too weak to be ascertained in a study of this size (16). Of
note, data from the parent study did not reveal Env polymor-
phisms that overall distinguished the strains infecting vaccinated
animals from those infecting control animals.

Animals that received the ALVAC-SIV/gp120 in MF59 adju-
vant had higher levels of antibodies that captured infectious virus
than those that received the vaccine in alum. In fact, immunoge-
nicity was generally much higher for the MF59 vaccine than for
the alum vaccine, as measured by a number of assays (16). Neu-
tralizing activity against the challenge SIVmac251 strain, however,
was not detectable when measured as an IC50 in either adjuvant
group; moreover, the two groups did not differ when neutraliza-
tion was measured as the fraction of virus neutralized (not
shown). These findings indicate that broadly increasing immuno-
genicity does not necessarily increase protection and underscore
the critical need to evaluate the biological activity of vaccine-in-

duced antibodies, including their antiviral and proviral effects.
Finally, we emphasize that our results may apply only to the par-
ticular immunogen, challenge virus, and animal model used in the
parent vaccine study. Whether or not similar immunogens and
adjuvants in humans will have a similar effect is unknown.
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