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A major unknown in human immunodeficiency virus (HIV-1) vaccine design is the efficacy of antibodies in
preventing mucosal transmission of R5 viruses. These viruses, which use CCR5 as a coreceptor, appear to have
a selective advantage in transmission of HIV-1 in humans. Hence R5 viruses predominate during primary
infection and persist throughout the course of disease in most infected people. Vaginal challenge of macaques
with chimeric simian/human immunodeficiency viruses (SHIV) is perhaps one of the best available animal
models for human HIV-1 infection. Passive transfer studies are widely used to establish the conditions for
antibody protection against viral challenge. Here we show that passive intravenous transfer of the human
neutralizing monoclonal antibody b12 provides dose-dependent protection to macaques vaginally challenged
with the R5 virus SHIV162P4. Four of four monkeys given 25 mg of b12 per kg of body weight 6 h prior to
challenge showed no evidence of viral infection (sterile protection). Two of four monkeys given 5 mg of b12/kg
were similarly protected, whereas the other two showed significantly reduced and delayed plasma viremia
compared to control animals. In contrast, all four monkeys treated with a dose of 1 mg/kg became infected with
viremia levels close to those for control animals. Antibody b12 serum concentrations at the time of virus
challenge corresponded to approximately 400 (25 mg/kg), 80 (5 mg/kg), and 16 (1 mg/kg) times the in vitro
(90%) neutralization titers. Therefore, complete protection against mucosal challenge with an R5 SHIV
required essentially complete neutralization of the infecting virus. This suggests that a vaccine based on
antibody alone would need to sustain serum neutralizing antibody titers (90%) of the order of 1:400 to achieve
sterile protection but that lower titers, around 1:100, could provide a significant benefit. The significance of
such substerilizing neutralizing antibody titers in the context of a potent cellular immune response is an
important area for further study.
tively neutralize primary HIV-1 isolates, and these have been
used in passive transfer studies. Thus, the neutralizing human
monoclonal antibody b12 was shown to protect hu-PBL-SCID
mice against challenge with two primary HIV-1 viruses (JRCSF and AD6) (10). In each case, protection required concentrations of antibody in serum at the time of challenge that were
sufficient to neutralize essentially all of the virus inoculum. A
similar requirement for complete neutralization of the challenge virus was made in a study using macaques (38). Here the
intravenous challenge virus was a simian/human immunodeficiency virus (SHIV) derived from a primary virus (SHIVDH12),
and the infused antibody was derived from the plasma of chimpanzees infected with HIVDH12. The polyclonal antibody preparation had a very high neutralizing titer which was completely
specific for the challenge virus (5). The neutralizing antibodies
2G12 and 2F5 in combination with a polyclonal human antiHIV preparation (HIVIG) showed partial protection against
intravenous challenge with the pathogenic SHIV89.6PD virus
(24). When a similar study was performed using a vaginal
challenge with SHIV89.6PD, there was some indication that
protection was easier to achieve. For example, in contrast to
the intravenous challenge study, partial protection was also
observed with a single antibody (2G12) with only modest neu-

Increasingly it is apparent that eliciting a T-cell response
through vaccination is highly beneficial in terms of being able
to control human immunodeficiency virus type 1 (HIV-1) replication following infection (2). Nevertheless, there is still great
interest in eliciting a neutralizing antibody response that may
synergize with the T-cell response or possibly even provide
sterile protection on its own. Interestingly, studies of vaccination against a murine retrovirus show that the best protection
is provided by a combination of specific B, CD4⫹ T, and CD8⫹
T cells (7). It was suggested that persistent infection with the
retrovirus could be prevented only when antibody-producing
cells were present (8).
Classically, antibody protection against viral challenge is investigated through passive transfer studies. In the case of
HIV-1, this has been difficult for polyclonal antibody preparations because of the generally low titers of neutralizing antibody in serum elicited by natural infection or immunization. A
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with other protection experiments, the data emphasize that
antibody alone provides sterile protection with complete virus
neutralization independent of virus isolate, neutralizing antibody or a combination of antibodies, challenge route, or animal model used. However, the benefit in terms of a lower
viremia may be apparent at lower effective antibody concentrations.
MATERIALS AND METHODS
Macaques. Protocols for animals (female macaques, 4.5 to 8.5 kg) were reviewed and approved by the relevant Institutional Animal Care and Use Committees. The animals were housed in accordance with American Association for
Accreditation of Laboratory Animal Care standards. For all procedures, animals
were lightly anesthetized with 10 mg of ketamine HCl/kg. All macaques were
experimentally naive and were negative for antibodies against HIV-1, SIV, and
type D retrovirus at the start of the experiments.
Thirty days prior to virus challenge, the animals received 30 mg of medroxyprogesterone acetate (Depo-Provera; Upjohn, Kalamazoo, Mich.) by intramuscular injection (26). Antibody preparations were administered by intravenous
injection 6 h prior to virus challenge. The challenge virus diluted in 1 ml of
phosphate-buffered saline (PBS) was introduced atraumatically into the vagina
with an 8 French pediatric feeding tube attached to a syringe barrel. Macaques
were maintained in an immobilized state, with the perineum slightly elevated, for
approximately 15 min post-viral challenge. The animals were monitored by
assessment of routine hematology, CD4 and CD8 lymphocyte subset counts,
blood chemistry, and plasma viral loads at regular intervals. Inguinal lymph
nodes were biopsied at 7 and 21 days postchallenge. Vaginal fluids were collected
weekly as described below.
Challenge virus. The virus used in this study was SHIV162P passage 4, which
has been described elsewhere (13, 40). Briefly, SHIVSF162 was constructed by
replacing the tat, rev, and env genes of the pathogenic molecular clone SIVmac239
with corresponding regions from the R5, HIV-1 molecular clone SF162 (40).
SHIV162P4 was then derived from SHIVSF162 by serial passaging of the latter
virus in vivo; this involved three sequential blood-bone marrow transfusions into
naive macaques, followed by virus reisolation (13). SHIV162P4 retains the R5
phenotype of HIV-1SF162 (13).
Neutralization assays. Neutralization assays were performed using phytohemagglutinin (PHA)-activated rhesus peripheral blood mononuclear cells (PBMC) as
target cells. All assays were performed with cells from a single rhesus macaque
(no. 355); cells from this animal replicated SHIV162P efficiently. PBMC were
isolated on Histopaque-1077 (Sigma, St. Louis, Mo.) and stimulated overnight
with 8 g of PHA (Sigma)/ml and 100 U of interleukin 2 (provided by Maurice
Gately via the NIH AIDS Research and Reference Reagent Program)/ml. Antibody was incubated with 100 50% tissue culture infective doses (TCID50s) of
SHIV for 1 h at 37°C in a volume of 100 l in round-bottom microtiter plates. An
equal volume of PHA-stimulated rhesus PBMC in medium (RPMI 1640 supplemented with 10% fetal bovine serum [FBS], 100 U of interleukin 2/ml, 2 mM
L-glutamine, 100 U of penicillin/ml, and 100 g of streptomycin/ml) was then
added. The plates were incubated for 3 days at 37°C, washed three times with
RPMI 1640, and incubated in culture medium for an additional 4 days. The
amount of SHIV present in each well was quantified using a p27 antigen enzymelinked immunosorbent assay (ELISA) (Retro-tek; Zeptometrix, Buffalo, N.Y.) as
recommended by the manufacturer.
Plasma viral loads. Quantitative assays for the measurement of SIV RNA
were performed at Bayer Diagnostics (Berkeley, Calif.) using a branched DNA
signal amplification assay for SIV (23). The lower limit of the assay was 400
SHIV RNA copies per ml.
Antibodies. IgG1 b12 is a human antibody (IgG1, ) recognizing an epitope
overlapping the CD4 binding site of gp120 (3, 4). Recombinant IgG1 was expressed in Chinese hamster ovary (CHO-K1) cells in glutamine-free Glasgow
minimum essential medium supplemented with 10% dialyzed fetal bovine serum
(Tissue Culture Biologicals, Tulare, Calif.), minimal essential medium nonessential amino acids (Gibco-BRL, Grand Island, N.Y.), 1 mM minimal essential
medium sodium pyruvate (Gibco-BRL), 500 M L-glutamic acid, 500 M Lasparagine, 30 M adenosine, 30 M guanosine, 30 M cytidine, 30 M uridine,
10 M thymidine (Sigma), 100-U/ml penicillin, 100-g/ml streptomycin, and 50
M L-methionine sulfoximine (Sigma) in a 3-liter spinner flask, purified using
protein A affinity chromatography (Amersham Pharmacia Biotech, Uppsala,
Sweden), and then dialyzed against PBS. Care was taken to minimize contamination with endotoxin, which was monitored using a quantitative chromagenic
Limulus Amoebecyte Lysate assay (BioWhittaker, Walkersville, Md.) performed
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tralizing activity against this challenge virus (26). Overall, however, most of the macaque data indicated that sterile protection required complete antibody neutralization of challenge
virus. Similar conclusions were reached for HIV-1 challenge of
hu-PBL-SCID mice (11, 29) or SHIV challenge of macaques
(1) using viruses containing the env genes of T-cell-lineadapted viruses.
Vaginal challenge of macaques with a SHIV is probably one
of the best animal models available for natural HIV-1 infection
of humans. This is particularly the case for heterosexual transmission of HIV-1, which is the primary route of infection
worldwide. The studies of Mascola and colleagues described
above are therefore of particular value (26). One limitation of
those studies is that they use a virus, SHIV89.6PD, that differs in
its coreceptor usage from those viruses that are usually involved in human transmission or early systemic spread in the
body. Thus, SHIV89.6PD expresses an envelope showing dual
R5X4 tropism with a strong bias toward X4 usage. This is
known since HIV-189.6 entry can be completely blocked by X4
inhibitors but is insensitive to a CCR5-specific inhibitor (12).
However, viruses isolated during acute infection of both
women and men usually (⬎90% of the time) have the R5
phenotype. Similarly, R5 viruses are generally involved in
mother-to-infant transmission. Furthermore, CCR5-⌬32 homozygous individuals, who lack CCR5 expression, are strongly
protected against HIV-1 infection (15, 20). Therefore it is
clearly of considerable importance to understand the efficacy
of antibody against mucosal challenge with an R5 virus in the
macaque model. A further consideration is that the studies
described above using SHIV89.6PD in macaques did not provide
a complete titration of protection with antibody concentration.
To address these issues, we investigated the ability of the neutralizing antibody b12 at various doses to protect against vaginal challenge with the R5 virus SHIV162P4.
SHIV162P4 is based on molecular clones of SIVmac239 and the
well-established R5 HIV-1 primary isolate SF162 and was isolated following three sequential in vivo passages in rhesus
macaques as described elsewhere (13, 22, 40). For the purposes
of the antibody protection studies described here, the important features of SHIV162P4 are that it is an R5 virus and that it
replicates to high titers following infection. However, the virus
does display pathogenic behavior in that a proportion of animals show depressed CD4 counts and progress to AIDS-like
symptoms.
The antibody chosen for the protection studies was the human monoclonal antibody immunoglobulin G1 (IgG1) b12 (4).
This antibody shows broad neutralization of primary HIV-1
isolates and is directed to an epitope on gp120 overlapping the
CD4 binding site (32, 34, 41). The antibody effectively neutralizes SHIV162P4 in vitro, with 90% neutralization occurring at a
concentration of b12 of 1 to 2 g/ml. Since concentrations in
serum of up to the order of 500 to 1,000 g/ml can be achieved
in macaques via passive immunization, this potency ensures
that a wide range of effective antibody concentrations can be
studied in vivo.
The results show that the antibody b12 can completely protect macaques against vaginal challenge with an R5 virus at the
highest dose used (25 mg/kg of body weight). The dose titration shows partial protection at an intermediate dose (5 mg/kg)
and no protection at the lowest dose (1 mg/kg) used. Together
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TABLE 1. Plasma viral loads after vaginal challenge with various doses of SHIV162P4
Log viral load in plasma on day:

Animal

Challenge
dosea

7

11

14

21

28

60

90

J440
N083
I806
N462
N321
I624
M290
L492
H658

600
600
600
300
300
300
100
100
100

⬍2.6
⬍2.6
⬍2.6
⬍2.6
⬍2.6
⬍2.6
⬍2.6
2.8
⬍2.6

4.0
4.8
3.6
2.8
6.2
4.2
⬍2.6
5.4
4.6

5.3
5.9
5.1
4.7
7.1
5.6
3.7
6.8
6.3

6.6
6.3
6.6
6.4
6.9
5.7
5.0
6.6
7.6

6.2
5.7
5.2
5.7
6.4
5.3
6.3
4.7
6.4

6.0
4.1
⬍2.6
Not done
5.5
⬍2.6
⬍2.6
3.0
⬍2.6

6.5
3.0
⬍2.6
⬍2.6
7.2
⬍2.6
6.0
3.0
3.5

321

376

⬍2.6
⬍2.6
⬍2.6

⬍2.6
⬍2.6
⬍2.6

⬍2.6
⬍2.6
4.8
6.4

⬍2.6
⬍2.6
5.0
6.4

Day of death

Day 174b
Day 434c
Day 117d

Day 439e

a

Challenge dose in TCID50s.
Found dead. Autopsy findings: thymic atrophy, amyloidosis, emaciated, pneumonia.
c
Found dead. Autopsy normal, suspect anesthetic death.
d
Euthanized because of severe weight loss. Autopsy findings: emaciated, pneumonia, colitis.
e
Euthanized. Autopsy findings: thymic atrophy, amyloidosis.
b

for 1 h at room temperature before detection of bound antibody as described
above.

RESULTS
Infection of rhesus macaques by SHIV162P4 by the vaginal
route. SHIV162P4 is an HIV/SIV chimera containing the env,
tat, rev, and vpu genes from the prototypical R5 primary isolate
HIV-1SF162 in the context of the molecular clone of SIVmac239
(13, 40). Pathogenic variants of SHIV162P were isolated by
inoculation of the molecular clone into two rhesus macaques
followed by three sequential blood-bone marrow transfusions.
The virus used in this study was obtained after the third passage and is designated SHIV162P4. This virus retains the R5
phenotype of the parental HIV-1SF162.
To establish the dose of SHIV162P4 required for infecting
female rhesus macaques by the vaginal route, we titrated the
virus in a challenge experiment. Three groups of three monkeys were pretreated with medroxyprogesterone acetate and
challenged 30 days later with 600, 300, or 100 TCID50s of
SHIV162P4. All animals became infected and had detectable
plasma viremias two weeks after challenge (Table 1). Moreover, lymph node biopsies from all animals on day 18 tested
positive for p27 antigen in a coculture assay (data not shown).
All animals experienced high viral loads ranging from 5.1 to 7.1
logs between 2 and 4 weeks postexposure, which in three animals decreased to undetectable levels (⬍400 RNA copies per
ml) at 2 to 3 months postexposure but which were sustained in
others. There was no correlation between the challenge dose
and the maintenance of an elevated viral load, which appears
to be a phenomenon that is inherently variable from animal to
animal. Three animals with high viral loads (one from each
group) died on days 117, 174, and 439, respectively. Each of
these animals had pathological lesions consistent with simian
AIDS (Table 1). A fourth animal with an undetectable viral
load died after 434 days of an unrelated cause and without
pathological abnormalities. In the following experiments we
used a TCID50 dose of 300 to ensure that the challenge was
robust and that infection was guaranteed in the absence of
antibody intervention.
Protection against SHIV162P4 vaginal challenge by IgG1 b12.
Previous experiments, discussed above, have generally found
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according to the manufacturer’s recommendations. When detected, endotoxin
was removed using polymyxin affinity column chromatography (Bio-Rad, Hercules, Calif.). Antibody used for the passive transfer experiments contained ⬍1
IU of endotoxin/ml. The control IgG was purified from sera from normal human
donors, and endotoxin levels were also below 1 IU/ml.
Vaginal antibody measurements. The accurate determination of the actual
concentrations of antibody in mucosal secretions was performed as described by
Kozlowski et al. (16). Vaginal secretions were absorbed to cellulose wicks (1 by
15 mm) (Solan Weck-Cel surgical spears; Xomed Surgical Products, Jacksonville,
Fla.). Prior to sample collection, each wick was placed in a sterile test tube and
weighed. After insertion of a vaginal speculum, wicks were grasped with a forceps
and gently placed into the posterior vaginal fornix. After 5 min, wicks were
collected, returned to the test tube, weighed again, and frozen at ⫺70°C. The
weight of the absorbed vaginal fluid was calculated from the weight increase,
assuming that the density of vaginal fluid is similar to that of water. This volume
was used to determine the dilution factor for each sample in the following
extraction procedure. The vaginal fluid was extracted from the wicks by adding
200 l of PBS containing 1% fetal bovine serum and a protease inhibitor cocktail
[200 M 4-(2-aminoethyl)-benzenesulfonyl fluoride, 160 M aprotonin, 10 M
bestatin, 3 M trans-epoxysuccinyl-L-leucylamido-(4-guanidino) butane, 4 M
leupeptin, 2 M pepstatin A (Calbiochem, La Jolla, Calif.)]. After incubation on
ice for 30 min, the diluted vaginal fluid was collected by spinning it through a
0.45-m-pore-size filter (Spin-X; Corning, Corning, N.Y.) for 10 min at 14,000 ⫻
g at 4°C. The clarified supernatant was then tested for antibody content, using an
ELISA. Actual antibody concentrations in vaginal fluids were calculated by
multiplying by the dilution factor as determined above. Relatively small amounts
of vaginal fluid were collected (typically 50 to 200 l). The samples were taken
at 6 h, 7 days, and 14 days post-b12 infusion.
Antibody assays by ELISA. We used two different ELISAs to determine b12
concentrations in serum and vaginal fluid. First we used a gp120 ELISA. Recombinant gp120JR-FL (kindly provided by Paul Maddon, Progenics Pharmaceuticals, Tarrytown, N.Y.) was coated to the wells of a microtiter plate (Corning)
at a concentration of 2 g/ml by incubation overnight at 4°C. The plates were
washed four times with PBS–0.05% Tween 20 and blocked with 3% bovine serum
albumin. Following washing, serial dilutions of serum or vaginal fluid samples
were applied to the plate and incubated for 2 h at 37°C. A b12 antibody standard
curve was run on each plate. After washing, goat anti-human IgG F(ab⬘)2 fragments coupled to alkaline phosphatase (Pierce, Rockville, Ill.) were added and
incubated for 1 h at 37°C. The plates were washed, and bound conjugate was
detected with p-nitrophenyl phosphate substrate (Sigma).
The second assay was an ELISA based on the B2.1 peptide. B2.1 is a homodimer of the peptide HERSYMFSDLENRCI-(biotinylated Orn)-KK (dimer
molecular weight, 5,572.2; ⬎95% pure and ⬎90% dimer; synthesized by
AnaSpec, San Jose, Calif.). This peptide, isolated by a random peptide library
approach, binds the b12 antigen binding site with high specificity as described in
detail elsewhere (43). B2.1 was coated to the wells of a microtiter plate at a
concentration of 5 g/ml by incubation overnight at 4°C. After four washes with
PBS–0.05% Tween-20, the plates were blocked with 3% bovine serum albumin.
Serial dilutions of serum or vaginal fluid samples were then applied to the plate
and incubated for 4 h at 4°C. After washing, goat anti-human IgG F(ab⬘)2
fragments coupled to alkaline phosphatase (Pierce) were added and incubated
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that relatively high titers of neutralizing antibody in serum are
required to protect animals against HIV-1 challenge. With
these data in mind, we designed a study to determine the titers
of neutralizing antibody required to protect rhesus macaques
from vaginal challenge with an R5 virus.
IgG1 b12 is a broadly neutralizing antibody directed against
an epitope overlapping the CD4 binding site on gp120. The
primary isolate HIV-1SF162 is neutralized (concentration at
which 90% of the organisms are inhibited [IC90]) by b12 at a
concentration of 2 g/ml in PHA-activated human PBMCbased neutralization assays. SHIV162P4, derived from HIV1SF162, was neutralized by 90% at antibody concentrations of 6
and 2 g/ml in assays using PHA-activated PBMC from humans and rhesus macaques, respectively. This indicates that
cloning of the SF162 envelope into the SIV genetic background and in vivo passage of the virus to create SHIV162P4 did
not significantly change the neutralization sensitivity to b12.
Based on knowledge of the in vitro neutralization sensitivity of
SHIV162P4 to b12 and what was learned from previous passive
immunization studies, we hypothesized that complete protection of a macaque would require a concentration of b12 in
serum in excess of 200 g/ml. We therefore administered IgG1
b12 intravenously to groups of four monkeys in doses of 25, 5,
and 1 mg/kg. A control group of two monkeys received a
25-mg/kg dose of normal human polyclonal IgG that lacked
any antiviral activity in in vitro neutralization assays. The monkeys were challenged 6 h later with 300 TCID50s of SHIV162P4.

The two monkeys pretreated with the control antibody developed high levels of viremia starting on day 11, peaking at
1 ⫻ 107 to 2 ⫻ 107 RNA copies per ml of plasma between days
14 and 21 (Fig. 1), a profile very similar to that of the

FIG. 2. Comparison of averaged plasma viral loads for macaques in
different treatment groups. The mean viral loads were calculated for
all the animals in each of the groups described in the legend to Fig. 1.
In addition, we calculated the mean viral load of the nine untreated
animals from the challenge virus titration experiment. Although the
viral challenge dose in this experiment varied, calculating the mean
was warranted since the onset as well as the peak viremias fell into a
relatively narrow range (Table 1). The 5-mg/kg group was split into two
subgroups corresponding to the two completely protected monkeys
(curve is coincident with the 25-mg/kg curve) and the two monkeys in
which viremia was delayed.
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FIG. 1. Temporal analysis of SHIV162P4 plasma viremia in macaques pretreated with different doses of antibody b12. Plasma viral loads are
shown for animals treated with 25 mg of control antibody/kg (A), 25 mg of b12/kg (B), 5 mg of b12/kg (C), and 1 mg of b12/kg (D) following vaginal
challenge with SHIV162P4. Each curve depicts an individual animal. The curves for R360, L426, AV86, and P311 are coincident. The curves for
R084 and N833 are coincident. Neut, neutralizing.
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TABLE 2. Antibody concentration and neutralization titers achieved in plasma and vaginal fluidsa
Dose
(mg/kg)

Animal
ID

b12

25

b12

Antibody

b12 concn in plasma at
time of challenge (g/ml)
B2.1 ELISA

R360
L426
AV86
P311

710
725
695
690

840
600
910
940

5

R084
J526
N833
R228

180
175
170
170

b12

1

T693
AM40
AP37
AP85

Control IgG

25

M010
L327

a
b

b12 concn in vaginal fluid at
time of challenge (g/ml)
gp120 ELISA

B2.1 ELISA

1:400
1:400
1:400
1:400

30
20
18.6
17.4

13.5
25
27.9
21.8

210
230
360
290

1:40
1:80
1:80
1:80

1.0
3.1
3.2
22.2

1.5
2.5
7.8
37

12
20
15
15

12
20
15
18

1:16
1:16
1:16
1:32

ND
ND
ND
ND

ND
ND
ND
ND

0
0

0
0

0
0

0
0

⬍1:8
ⱕ1:8

Neutralization of SHIV162P4 by b12 (IC90) was achieved at a b12 concentration of 2 g/ml. ND, not done.
All neutralization assays were performed with SHIV162P4 challenge virus in PHA-activated rhesus PBMC and determination of p27 antigen by ELISA.

SHIV162P4-challenged monkeys in the virus titration experiment described above (Table 1; Fig. 2). In contrast, SHIV
plasma RNA remained undetectable in all four monkeys pretreated with b12 at 25 mg/kg and also in two of the four
monkeys pretreated with 5 mg of b12/kg. However, two of the
four monkeys in the 5-mg/kg group did become infected, although the viral loads in these animals were strongly reduced
compared to those for control animals and the peak viremia
was delayed (Fig. 2). The monkeys pretreated with the lowest
amount of b12 (1 mg/kg) all became infected with viral loads
that were of similar magnitude to those of the control monkeys
yet appeared slightly delayed in their onset (Fig. 2).
Coculture assays with PHA-activated rhesus PBMC were
performed with PBMC from all monkeys. Results of the assays
were in agreement with the plasma viral load data described
above. All the cocultures with PBMC from the monkeys that
developed detectable plasma RNA viral loads were positive for
p27 antigen on day 14, except for the culture involving cells
from animal R228 from the 5-mg/kg b12 group; this animal was
the slowest to develop plasma viremia postinfection. PBMC
cocultures for this monkey tested positive at a later time point
(32 days postinfection). Cocultures with PBMC from the monkeys with undetectable viral loads in contrast remained negative for p27 antigen in ELISA during a 1-month culture period
(data not shown). Finally, we tested the sera from the protected monkeys for anti-p27 antibody in ELISA. All four monkeys from the 25-mg/kg group and the two protected monkeys
from the 5-mg/kg group tested negative for p27 antibody on
day 42 and day 84 postinfection (data not shown). The absence
of detectable SHIV RNA in plasma, p27 antigen in PBMC
coculture assays, and anti-p27 in serum indicate a sterile protection in these monkeys.
Antibody and serum neutralization titers for b12-treated
monkeys. To verify the b12 concentrations and neutralization
titers achieved at the time of challenge, we determined b12
concentrations by ELISA and performed rhesus PBMC-based
neutralization assays with the SHIV162P4 challenge stock (Ta-

ble 2). ELISAs were performed using recombinant gp120JR-FL
and the peptide B2.1. The B2.1 peptide is a mimotope derived
from a random-peptide library and is a highly specific probe for
IgG1 b12 (43). The IgG1 b12 concentrations determined with
both the gp120 and B2.1 ELISAs are in good agreement with
each other and the neutralization data. The 90% neutralization
titers achieved in the three groups of animals were approximately 1:400, 1:80, and 1:16 for the 25-, 5-, and 1-mg/kg doses,
respectively (Table 2). The half-life of IgG1 b12 in plasma was
about 1 week (data not shown).
Concentrations of antibody in vaginal fluid. Concentration
of IgG1 b12 in vaginal fluid were determined by gp120 and
B2.1 ELISAs as shown in Table 2. The values shown are actual
IgG1 b12 concentrations as we corrected for the dilution factor
during sample preparation. The concentrations of IgG1 b12 in
the vaginal fluids at the time of challenge of the animals
treated with the two highest doses of b12 are 25- to 100-fold
lower than the concentrations achieved in the plasma and
range from 1 to 10 times the b12 IC90 against the challenge
virus. Notably, a neutralization titer of about 1:10 in vaginal
fluid in combination with a plasma neutralization titer of 1:80
may be insufficient for providing sterile immunity as shown by
the infection of animal R228.
It is of interest that b12 concentrations in the vaginal fluid
did not peak immediately postinfusion, as approximately 2and 1.5-fold higher (mean) b12 concentrations were detected 7
and 14 days later. In contrast, b12 plasma concentrations, as
expected, peaked immediately after (intravenous) administration (not shown). If vaginal antibody levels contribute to protection, then our studies may therefore slightly underestimate
the protective effect corresponding to a given titer of neutralizing antibody in serum.
Absence of neutralization escape in the infected animals in
the 5-mg/kg b12 treatment group. Among the monkeys treated
with 5 mg of b12/kg, two were completely protected whereas
two others became infected with a strongly delayed and reduced plasma viremia. It is formally possible that these break-
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gp120 ELISA

Neutralization titer in plasma
at time of challenge (IC90)b
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through infections occurred through the presence of b12 neutralization-resistant SHIV variants in the challenge stock or the
generation of neutralization escape variants in vivo. Accordingly, virus was rescued and expanded by PBMC coculture
from one infected monkey treated with 5 mg of b12/kg (R228)
and one infected monkey from the control antibody group
(M010). The PBMC used were isolated from blood drawn at
the peak of viremia, i.e., day 14 for M010 and day 32 for R228.
Neutralization assays demonstrated that sensitivities of both
the M010- and the R228-rescued SHIV to neutralization by
b12 remained equal to that of the challenge virus SHIV162P4
(data not shown).
DISCUSSION
The principal goal of this study was to evaluate the ability of
neutralizing antibody to protect against mucosal challenge by
an R5 HIV-1. Using vaginal challenge in an SHIV/macaque
model, the results strongly suggest that neutralizing antibody
titers in the serum correlate with protection against HIV-1
infection via mucosal exposure. At serum neutralizing (90%)
antibody titers on the order of 1:400, the human monoclonal
antibody b12 provided sterile protection against vaginal challenge with the R5 chimeric virus SHIV162P4. At titers of 1:80,
50% of the animals were protected, whereas at titers of 1:16,
all the animals became infected. Thus, sterile protection corresponds to antibody concentrations in serum that neutralize
essentially all the virus in corresponding in vitro neutralization
assays. This observation, initially made with the hu-PBL-SCID
mouse model (10, 30), has now been made for b12 protection
against HIV-1 in a number of systems, including different animal models, challenge viruses (including both primary and
laboratory-adapted viruses), and routes of challenge. In Fig. 3,
the relationship between b12 neutralization in vitro (antibody
concentration at half-maximal neutralization) and protection

in vivo (antibody serum concentration at half-maximal protection) is plotted. The linearity of the curve, with a slope of
approximately 200, illustrates the predictive value of the neutralization titer for protection. The relatively high value of the
slope indicates the stringent requirement for protection, i.e.,
antibody concentrations required for protection are 2 orders of
magnitude greater than those required for neutralization. The
graph therefore emphasizes a strong correlation between neutralization and protection independent of the animal model,
challenge route, or HIV-1 isolate used.
Passive transfer studies using other neutralizing anti-HIV
antibodies have generally conformed to our observations with
b12 (1, 24, 26, 38). Mascola et al. (26), however, did report that
the antibody 2G12 and combinations of this antibody with the
antibody 2F5 and polyclonal immune IgG (HIVIG) were
somewhat more effective in sterile protection against mucosal
challenge with the chimeric virus SHIV89.6PD than against intravenous challenge. In particular, those studies showed a surprising efficacy of the antibody 2G12 in mucosal protection.
The reasons for this efficacy are unclear, but understanding it
is clearly important.
Generally, examination of the literature on passive transfer
to naive animals for a wide variety of different viruses and
model systems shows that titers of neutralizing antibody in
serum around or greater than 1:100 are required for sterile
protection (28). For instance, serum neutralizing antibody titers of 1:380 are required to sterilely protect cotton rats against
respiratory syncytial virus challenge (33). Therefore, HIV-1
does not seem to be unusual in this regard, and indeed one
could anticipate that in naive animals in the absence of other
protective immunity, such high neutralizing antibody titers
would be required. One distinguishing feature of HIV-1 is that
protective neutralizing antibody titers using monoclonal antibodies correspond to relatively high antibody concentrations.
This is because the anti-HIV monoclonal antibodies available
are relatively modest in their neutralizing potency compared to
those against some other viruses. Primary isolate neutralizing
antibodies, such as b12, 2G12, and 2F5, typically show 90%
neutralization at concentrations of 1 to 10 g/ml, so that complete neutralization, which may require 100 times 90% neutralization values, corresponds to 100 g/ml to 1 mg/ml. In
contrast, neutralizing monoclonal antibodies against other viruses can show 90% neutralization at 0.1 g/ml, corresponding
to only about 10 g/ml for complete protection (28). Since
neutralization is correlated with affinity for the HIV-1 envelope trimer, at least for T-cell-line-adapted viruses (31, 34, 36),
the modest neutralizing activity of anti-HIV-1 antibodies likely
reflects a modest affinity for the trimer. In turn this may reflect
the fact that the primary isolate-neutralizing anti-HIV-1 antibodies are cross-reactive and able to recognize a variety of
closely related molecular shapes (i.e., envelope epitopes from
a range of HIV-1 isolates) rather than a single uniquely defined
molecular shape.
The vaginal model employed in the earlier studies of Mascola et al. (26) was very similar to the one employed here. A
caveat of the model may be that a progesterone analog was
used to thin the vaginal epithelium. HIV-1 and SIV infection
can occur by direct transmission through the vaginal mucosa
(14, 23, 27). However, the intact vaginal mucosa represents a
formidable barrier against infection, since 100- to 1,000-fold-
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FIG. 3. The concentration of b12 resulting in half-maximal protection (Protect50) in animals as a function of the concentration resulting
in half-maximal neutralization (Neut50) in vitro. The concentrations of
b12 required to neutralize 50% of the challenge virus in vitro and
completely protect 50% of animals against infection with the same
virus were derived from this study and previous studies using hu-PBLSCID mice (10, 29). The data points shown (left to right) correspond
to HIV-1LAI (hu-PBL-SCID), HIV-1SF2 (hu-PBL-SCID), HIV-1JR-CSF
(hu-PBL-SCID), SHIV162P4 (macaques), and HIV-1AD6 (hu-PBLSCID). For experiments in which half-maximal protection was not
determined exactly, an error bar is shown with a range indicating the
lower and upper limits of the antibody concentration required.
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HIV-1/SHIV challenge but at levels that are probably not
attainable by vaccination. A major question now, in our opinion, is whether antibody at lower levels can act in concert with
cellular responses to prevent HIV-1 infection.
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