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Neutralizing Polyclonal IgG Present during Acute Infection Prevents
Rapid Disease Onset in Simian-Human Immunodeficiency Virus
SHIVSF162P3-Infected Infant Rhesus Macaques
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Simian-human immunodeficiency virus (SHIV) models for human immunodeficiency virus (HIV) infection have been widely
used in passive studies with HIV neutralizing antibodies (NAbs) to test for protection against infection. However, because SHIV-
infected adult macaques often rapidly control plasma viremia and any resulting pathogenesis is minor, the model has been un-
suitable for studying the impact of antibodies on pathogenesis in infected animals. We found that SHIVSF162P3 infection in
1-month-old rhesus macaques not only results in high persistent plasma viremia but also leads to very rapid disease progression
within 12 to 16 weeks. In this model, passive transfer of high doses of neutralizing IgG (SHIVIG) prevents infection. Here, we
show that at lower doses, SHIVIG reduces both plasma and peripheral blood mononuclear cell (PBMC)-associated viremia and
mitigates pathogenesis in infected animals. Moreover, production of endogenous NAbs correlated with lower set-point viremia
and 100% survival of infected animals. New SHIV models are needed to investigate whether passively transferred antibodies or
antibodies elicited by vaccination that fall short of providing sterilizing immunity impact disease progression or influence im-
mune responses. The 1-month-old rhesus macaque SHIV model of infection provides a new tool to investigate the effects of anti-
bodies on viral replication and clearance, mechanisms of B cell maintenance, and the induction of adaptive immunity in disease
progression.

Following human immunodeficiency virus type 1 (HIV-1) infec-
tion, neutralizing antibodies (NAbs) can be measured against the

infecting or autologous virus within a few weeks to months, and in a
subset of individuals, these mature after 3 years or more to neutralize
heterologous isolates (1–3). The apparently slow kinetics of antibody
development suggest that NAbs are at a disadvantage in contributing
to viral control, relegated to chasing the ever-changing Env protein,
which is notorious for shielding its conserved receptor binding re-
gions and shifting its conformation to expose variable regions (4).
Human neutralizing monoclonal antibodies (NMAbs) with highly
potent activity against a broad range of heterologous HIV isolates
have been described (5–8), but these are rare antibodies that have
been found in only a small percentage of chronically infected individ-
uals. HIV-1 (9) and simian immunodeficiency virus (SIV) (10) have
been shown to cause damage to the B cells in the periphery (11) and in
the gut (12), further limiting, though not abolishing, the host hu-
moral response to HIV and to other pathogens (13, 14). Thus, one of
the goals of vaccination is to establish B-cell memory that can be
efficiently recruited upon virus exposure to develop antibodies that
are directed at conserved determinants in order to prevent or control
infection. By controlling infection, it may be possible to protect the
B-cell compartment as well as slow the loss of CD4� T cells.

Rhesus macaques have been the primary species utilized in
antibody protection studies against mucosal challenge with CCR5
using simian-human immunodeficiency viruses (SHIVs). The use
of SHIVs bearing the HIV Env protein has been necessitated by the
lack of neutralization of SIV by HIV Env-specific antibodies. The

goal of these protection studies has been to examine the effective-
ness of various doses of human NMAbs in blocking infection as an
all-or-none effect. In that setting, passive administration of NAbs
or NMAbs before challenge can fully protect against high-dose
intravenous or mucosal SHIV challenge (15–18). Smaller
amounts of NMAbs can reduce infection susceptibility in repeated
low-titer mucosal SHIV challenge in macaques (19). Juvenile ma-
caques treated during acute SIV infection with high-dose neutral-
izing polyclonal IgG purified from SIV-infected macaques
(SIVIG) developed NAbs and polyfunctional CD4� T cells and
controlled viremia (20, 21). However, because infection of juve-
nile or adult macaques with SHIVs that utilize the chemokine
receptor CCR5 typically results in well-controlled postacute
viremia (22, 23), it has not been possible to determine the effects of
NAbs upon disease progression.
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We have developed models of SHIVSF162P3 infection in adult
(24) and 1-month-old (25) pigtail macaques to examine the role
of antibodies in limiting infection. As we reported in a prior pub-
lication (24), we observed variable pathogenesis in newborn pig-
tail macaques infected by exposure from their dams, which were
infected with SHIVSF162P3 with only one baby infected in utero
developing rapid disease progression. Direct oral infection of baby
pigtails, which was the same route we used with the 1-month-old
rhesus infants, resulted in pathogenesis (at week 9) in only 1 of the
4 infected babies despite the loss of CD4 cells in 3 of 4. In adult
pigtails infected intravenously, we did not see any signs of disease
until week 20, and only 2 of 8 animals were lost due to disease by 30
weeks (only 1/8 with CD4 loss). Moreover, in our 2010 publica-
tion on 1-month-old infant pigtails, there was no evidence of
pathogenesis in the 6-month period of study despite very high
persistent viremia (25). Here, we observed that like 1-month-old
pigtail macaques, 1-month-old rhesus macaques infected orally
with SHIVSF162P3 develop chronic infection with persistently high
(107 to 108 copies/ml) plasma viremia and concomitant develop-
ment of HIV Env-specific NAbs. However, to our surprise, rhesus
macaques were more susceptible to virus-induced disease than
pigtails, and many of these very young macaques progressed
quickly within 12 weeks of infection. Thus, to investigate the im-
pact of IgG purified from SHIV-infected macaques (SHIVIG) in
modulating the host response to severe pathogenesis, we per-
formed passive studies in 1-month-old rhesus macaques. The goal
of these studies was to utilize this highly pathogenic virus/host
combination to better understand whether the presence of NAbs
during acute infection could provide an immunomodulatory ef-
fect to normalize the adaptive responses and mitigate the rapid
disease onset observed in control animals. Because of the persis-
tent viremia, we also found that it was possible to measure a sig-
nificant degree of control in rhesus macaques that had certain
major histocompatibility complex class I (MHC-I) alleles, allow-
ing us to show a very strong correlation between the presence of
certain alleles of MHC-I, Mamu-B*08 and Mamu-B*17, and a
lower level of viremia in the set-point stage of the disease previ-
ously shown to control SIVmac239 viremia (26, 27). This knowl-
edge is critical for optimal future study design. In short, the
1-month-old rhesus model now enables us to demonstrate for the
first time that passive NAb treatment prior to viral exposure could
mitigate severe viral pathogenesis, improving the rate and dura-
tion of survival while decreasing viremia.

Passive treatment in this study not only led to lower levels of
integrated virus but also preserved B cells, resulting in accelerated
NAb and antibody-dependent cell-mediated viral inhibition
(ADCVI) development and the protection of infected 1 month
olds from rapid disease progression. Due to the rapid pathogene-
sis and uniform viremia, this model offers an option to compare
antibodies with differing modes of action for their effectiveness in
vivo. It would also allow the testing of polyclonal antibodies gen-
erated by vaccines for their effectiveness in blocking infection and
whether they contribute to facilitating adaptive humoral re-
sponses or protection from rapid disease onset.

MATERIALS AND METHODS
Ethics statement. All animal work is regulated by the Office of Laboratory
Animal Welfare and the U.S. Department of Agriculture and National
Institutes of Health guide for the care of laboratory animals, and the
facilities at the Oregon National Primate Research Center are accredited

by the American Association for Accreditation of Laboratory Animal
Care. There is no alternative to the use of nonhuman primates to study the
pathogenesis of viruses related to HIV-1 and how the virus stimulates the
immune responses in vivo. The experimental protocols were approved by
the Oregon Health & Science University Institutional Animal Care and
Use Committee. All macaques were pair-housed for this study and pro-
vided with enrichment activities and species-appropriate treats. All pro-
cedures involving potential pain were performed with the appropriate
anesthetic or analgesic. The number of animals used in this study was
scientifically justified based on statistical analyses of virological and im-
munological outcomes.

Macaques. Seven-day-old rhesus macaques (Macaca mulatta) were
obtained from the breeding colony and raised for 3 weeks in the animal
biosafety level 2 (ABSL-2) infant nursery at the Oregon National Primate
Research Center in Beaverton, OR (ONPRC). At 1 month of age, after
adaptation to formula feeding, animals were transferred to containment
for study procedures.

IgG preparations. IgG purification was performed as previously de-
scribed (20). Normal IgG was purified from 1 liter of pooled plasma from
seven simian retrovirus- and SIV-negative adult rhesus macaques
screened for the absence of reactivity to HIV-1 SF162 gp140 (by enzyme-
linked immunosorbent assay [ELISA]) and the absence of neutralization
against SHIVSF162P3 (TZM-bl assay). SHIVIG formulations A and B were
purified from 200 and 110 ml, respectively, of pooled plasma obtained
from terminal bleeds of macaques that were infected with SHIVSF162P3 for
6 months. The two SHIVIG formulations showed similar in vitro neutral-
izing properties. IgG1 b12 was combined with SHIVIG at a ratio of 1:1,000
(wt/wt). Normal IgG was combined with the MAb IgG1 b12 at the same
ratio as that used in the previous group (1:1,000, wt/wt). Purity of �90%
was determined by SDS-PAGE.

Virus challenge and IgG administration. In this study, we used
SHIVSF162P3 (passage 3) virus, which has been described elsewhere (22,
28). We obtained SHIVSF162P3 through the NIH AIDS Research and Ref-
erence Reagent Program, Division of AIDS, National Institute of Allergy
and Infectious Diseases, NIH (catalog number 6526; contributors J.
Harouse, C. Cheng-Mayer, and R. Pal). Twenty-four newborn rhesus ma-
caques were divided into 4 groups, with 6 animals per group. Purified IgG
was delivered subcutaneously at multiple sites around the scruff of the
neck and the back of the animals 24 h before oral virus challenge with two
doses of 50% animal infectious doses (AID50) (�7 � 108 viral RNA cop-
ies) of a macaque cell-grown stock of SHIVSF162P3 administered 15 min
apart. AID50 was determined in a titration experiment described previ-
ously (24). Infants were monitored for 6 months for clinical signs of dis-
ease, including lymph node palpation and measurement, weight, appetite,
etc. Blood samples were taken at weekly, biweekly, or monthly intervals to
determine lymphocyte subsets, antibody responses, and viral load in
plasma and in peripheral blood mononuclear cells (PBMC).

Cell-associated viral load. PBMC DNA was extracted using a QiaAmp
DNA blood mini kit (Qiagen) according to the manufacturer’s instruc-
tions. Proviral load was measured by quantitative PCR (qPCR). PCRs for
SHIV DNA contained TaqMan universal PCR master mix (ABI, Norwalk,
CT), 500 nM forward and reverse primers (GAG5f, 5=-ACTTTCGGTCT
TAGCTCCATTAGTG-3=; GAG3r, 5=-TTTTGCTTCCTCAGTGTGTTT
CA-3=), and 200 nM TaqMan probe labeled with a 5= 6-carboxyfluores-
cein (FAM) fluorescent reporter dye and a 3= black hole quencher (BHQ)
(5=-FAM-TTCTCTTCTGCGTGAATGCACCAGATGA-BHQ 6-carboxy
tetramethylrhodamine-3=). Real-time PCR was performed on an ABI
7500 Fast machine (ABI) with the following cycling conditions: 2 min at
50°C, 95°C for 10 min, and then 45 cycles at 95°C for 15 s and at 60°C for
1 min. Standards were dilutions of genomic DNA from Hut-78/E11S cells,
which contain one copy of SIV gag per genome. Two positive and two
negative controls were included in each tested plate.

Plasma viral load. Viral stock RNA and plasma viral RNA samples
were extracted using the QIAamp viral RNA extraction kit (Qiagen) per
the manufacturer’s instructions. The RNA copy number was measured by
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quantitative RT-PCR (RT-qPCR). RT reactions consisted of 500 �M de-
oxynucleoside triphosphates (dNTPs), 2.5 ng �l�1 random hexamers, 0.6
U/�l RnaseOut, 5.7 U/�l SuperScript III (Invitrogen) in a total volume of
14 �l. RT reaction conditions included 25°C for 10 min, followed by 42°C
for 50 min and then 85°C for 5 min. To quantify cDNA, 2 �l of the RT
reaction was used in the quantitative PCR described above in a total vol-
ume of 30 �l. The standard for RNA was an in vitro transcript of plasmid
p239gag containing the KpnI-BamHI SIV gag fragment from SIVmac239
(gift of J. Lifson and M. Piatak). Tenfold dilutions of this standard were
made from 1 � 106 to 10 copies �l�1. A final 2-fold dilution was made to
obtain 5 copies �l�1. High-, intermediate-, and weak-positive controls, as
well as negative controls, were included in each plate.

Pseudovirus construction. The cloning of env sequences derived
from the SHIVSF162P3 virus stock has been previously described (25). In-
dividual env clones contained within the pEMC* expression plasmid were
cotransfected with the env-deleted viral backbone plasmid Q23�env
(kindly provided by Julie Overbaugh [29]).

TZM-bl neutralization assay. Plasma samples from each animal were
tested at all available time points for neutralizing activity using the 96-well
TZM-bl neutralization assay described previously (30).

ELISA. ELISA was used to assess the presence of gp140-specific anti-
bodies as previously described (31).

ADCVI assay. The ADCVI assay was performed as previously de-
scribed (32).

MHC-I genotyping. Animals were MHC-I genotyped for Mamu-
A*100101 (A*01), Mamu-A*002:01 (A*02), Mamu-A*008:01 (A*08),
Mamu-B*001:0101 (B*01), Mamu-B*008:01 (B*08), and Mamu-B*017:01
(B*17) by sequence-specific priming PCR (PCR-SSP) amplification using
primers and cycling conditions as previously published (33).

MHC-I-restricted CD8� T cell responses. IFN-� ELISPOT assay was
performed using frozen PBMC from acute or chronic infection as previ-
ously described (34). Briefly, 1 � 105 frozen PBMC were incubated in
duplicate overnight with 10 �M the indicated minimal optimal peptide or
with a Gag open reading frame peptide pool, which contained every 15-
mer peptide (overlapping by 11 amino acids) spanning SIVmac239 Gag.
Results are shown for spot-forming cells (SFCs) per 1 � 106 PBMC fol-
lowing subtraction of duplicate wells containing media only (negative
control). Results are considered positive if the level was greater than twice
the background and greater than 50 SFCs/1 � 106 PBMC.

Intracellular cytokine staining. Cells were obtained from bronchoal-
veolar lavage (BAL) fluid samples at necropsy. Intracellular cytokine
staining of IFN-� and tumor necrosis factor alpha (TNF-	) was per-
formed as previously described (35). Samples were analyzed using the
LSRII instrument (BD Biosciences, San Jose, CA) and FlowJo software
(TreeStar, Ashland, OR).

Single-genome amplification and Env sequence analysis. cDNA was
generated with oligo(dT) using the SuperScript III first-strand synthesis
system (Invitrogen, Carlsbad, CA) from plasma viral RNA of two
IgG1b12-treated animals (B29003 and B29081) and two normal IgG-
treated animals (N28776 and N28778) at 1 week postinfection (p.i.) as
well as from the viral inoculum. Single-genome amplification (SGA) of
full-length gp160 envelope was performed according to the CHAVI stan-
dard operating procedure (36) using high-fidelity platinum Taq (Invitro-
gen, Carlsbad, CA) and primers designed specifically for this study. First-
round primers for gp160 SGA amplification were BGenv5out (GCTATA
CCGCCCTCTAGAAGC) and BGenv3out (GGCCTCACTGATACCCCT
ACC). The first-round conditions were denaturation at 94°C for 2 min; 35
cycles of 94°C for 15 s, 58°C for 30 s, and 68°C for 4 min; and a final
elongation at 68°C for 15 min. Second-round primers for gp160 SGA
amplification were BGenv5in (GGCAGGAAGAAGCGGAGACAGC) and
BGenv3in (GACGGCCTGGACCGCCTCATGG). The second-round
conditions were denaturation at 94°C for 2 min; 45 cycles of 94°C for 15 s,
58°C for 30 s, and 68°C for 4 min; and a final elongation at 68°C for 15
min. Upon satisfying the SGA criteria of fewer than 30% positive results,
the 2.85-kb PCR products were treated with exoSAP-IT (Affymetrix,

Santa Clara, CA) and analyzed by DNA sequencing using BigDye Termi-
nator v3.1 sequencing kits on an Applied Biosystems 3730XL DNA ana-
lyzer (Applied Biosystems, Foster City, CA). The sequencing primers were
218 (ATCATTACACTTTAGAATCGC), ED5P3mod (ATGGGATCAAA
GTCTAGAGCCATGTG), KK1 (GCACAGTACAATGTACACATGG
AA), env8R (CACAATCCTCGCTGCAATCAAG), and env6For (GAAT
TGGATAAGTGGGCAAG). Sequences with early stop codons or with
double peaks were discarded. Full-length contigs were built with the Se-
quencher software program (Gene Codes Corporation, Ann Arbor, MI).
Duplicate sequences were identified by ElimDupes (http://www.hiv.lanl
.gov/content/sequence/ELIMDUPES/elimdupes.html) and were re-
moved from further analysis. Unique full-length nucleotide sequences
were aligned to JR-CSF (accession no. U45960) and HxB2 (accession no.
K03455) with HIVAlign (http://www.hiv.lanl.gov/content/sequence
/VIRALIGN/viralign.html). The protein alignments were manually anno-
tated on Geneious Pro software 5.4.6 (Biomatters, Auckland, New Zea-
land) according to HxB2 numbering. Previous studies identified amino
acid mutations that affect neutralization sensitivity to IgG1 b12 in the
context of the JR-CSF envelope (37, 38). We used these data as references
to assess whether mutations were present at these amino acid positions in
the envelope sequences cloned in the present study.

B-cell ELISPOT assay. Quantitation of gp140-specific memory B cells
was performed with methods similar to those described previously (39).
Briefly, cryopreserved peripheral blood lymphocytes were thawed and
cultured at 2 � 106 cells/ml in 500 �l media (RPMI 1640, 10% fetal calf
serum, 1% penicillin-streptomycin, 1% nonessential amino acids, 1% so-
dium pyruvate, 10 mM HEPES) containing 5 �g/ml CpG 10103 (TLR9
agonist; Oligos Etc., Wilsonville, OR), 2.5 �g/ml R848 (TLR 7/8 agonist;
Invivogen, San Diego, CA), 1:10,000 Staphylococcus aureus Cowan strain
(Calbiochem, Rockland, MA), 1:100,000 pokeweed mitogen (PWM;
Sigma-Aldrich, St. Louis, MO), and 100 ng/ml interleukin-2 (IL-2; Pep-
rotech, Rocky Hill, NJ) in 48-well flat-bottom plates for 4 days at 37°C and
5% CO2. Enzyme-linked immunosorbent spot (ELISPOT) plates
(MSIPN4W50; 96-well; Millipore, Bedford, MA) were coated overnight at
4°C with either 3 �g/ml purified oligomeric SF162 gp140 prepared as
previously described (40) or 2 �g/ml anti-rhesus IgG (3H12; NHP Re-
agent Resource, Boston, MA) in phosphate-buffered saline (PBS). Coated
plates were blocked with media for 2 h. For gp140 detection, 20,000 to
500,000 cultured PBMC per well were incubated at 37°C for 18 to 20 h. For
total IgG determination, 800 to 20,000 cultured PBMC per well were
added. After incubation, cells were aspirated and plates were washed with
PBS with 0.1% Tween. Bound antibodies were detected with 2 �g/ml
biotinylated anti-human IgG (BD Biosciences, San Jose, CA) for 1 h and
with 1:1,000 streptavidin-alkaline phosphatase (SouthernBiotech, Bir-
mingham, AL) for 45 min and developed with Vector blue alkaline phos-
phatase substrate kit III (Vector Laboratories, Burlingame, CA). Spots in
each well were counted using the CTL immunospot reader (Cellular
Technologies Ltd., Shaker Heights, OH).

Statistics. To analyze the effect of the treatment on viremia control
and the elicitation of de novo NAbs, the SHIVIG group consisted of six
macaques (n 
 6) and the No-SHIVIG group consisted of eight macaques
(n 
 8). To measure the median change in virus loads and antibody levels
(n 
 14), the area under the curve (AUC; from 0 to 24 weeks postinfec-
tion) was calculated. Statistical significance was determined using the
Mann-Whitney U test. Contrast t tests within repeated-measures analysis
of variance (ANOVA) were used to determine statistical significance of
mean comparisons at specific time points. To measure the effect of de
novo-produced NAbs on set-point viremia control and to measure the
ability to elicit de novo NAbs (n 
 14), we used the Spearman correlation.
The Mann-Whitney U test was also used to determine statistical signifi-
cance in the comparison of set-point plasma viral loads between Mamu-
B*08- and -B*17-positive and -negative untreated animals (n 
 14). We
used ANOVA to determine statistical significance in the comparisons of
the different lymphocyte subsets between NAb�, NAb�, and uninfected
groups (n 
 19). The statistical significance in the correlation between
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plasma and cell-associated viral loads (n 
 14) was assessed by the Spear-
man test. For differences in binary outcomes, we used Fisher’s exact tests
to determine statistical significance. Kaplan-Meier survival analysis and
the log-rank test (n 
 14) were used to test for differences in the time to
AIDS development, comparing NAb� and NAb� animals. The signifi-
cance level was set at P � 0.05 and is stated in each case.

Nucleotide sequence accession numbers. The unique full-length nu-
cleotide sequences determined in this work were deposited in GenBank
under accession numbers JQ672556 to JQ672584.

RESULTS
SHIV postacute plasma viremia in newborn rhesus macaques is
impacted by MHC-I alleles. To determine the characteristics of
SHIVSF162P3 in newborn rhesus macaques, we exposed six ma-
caques to the virus by oral inoculation as previously performed in
newborn pigtails (24, 25). In preparation for passive transfer stud-
ies with antibodies, we exposed newborn rhesus macaques after
infusion of normal IgG at 200 mg/kg of body weight. Purified IgG
was administered subcutaneously, followed by oral inoculation 24
h later with 10 AID50 SHIVSF162P3. At the same time we tested a
group of six macaques, termed normal IgG plus b12, that were
infused with normal IgG mixed with NMAb b12 at 0.2 mg/kg, the
dose we had previously tested in pigtail macaques in combination
with polyclonal SHIVIG. This group was included so that we
could formally determine the effects of b12 alone. The dose of b12
at 0.2 mg/kg used in the present study is 125 times less than the

fully protective b12 dose given to adult female rhesus macaques in
a single high-dose SHIVSF162P4 vaginal challenge model (41) and
five times less than the b12 dose administered in a low-dose re-
peated challenge study with SHIVSF162P3 (19).

All macaques in the normal IgG-only and normal IgG-plus-
b12 groups had detectable plasma viremia at 1 week and similar
peak viremia levels 2 weeks after challenge (Fig. 1A and B). In
contrast to our previous experience with newborn pigtail ma-
caques infected with SHIVSF162P3, set-point plasma viremia in the
normal IgG-only group was highly variable and ranged from 1.0 �
103 to 1.5 � 108 copies/ml (25) (Fig. 1A). However, viremia in
animals from the normal IgG-plus-b12 group was in a very limited
range from 5 � 106 to 1.5 � 108 copies/ml (Fig. 1B). The high
variability of viremia in the normal IgG-only group prompted us
to test all animals for the presence of MHC-I alleles associated with
control of SIVmac239 infection in adult rhesus macaques (26, 27).
Groups of newborns were not balanced for these alleles at the
outset of the experiment, because there was only limited evidence
that one MHC-I allele (Mamu-A*100101) (A*01) impacts SHIV
infection (42). After MHC genotyping, we found that the four
macaques with the lowest plasma viremia in the normal IgG-only
group carried either the Mamu-B*008:01 (B*08) or Mamu-
B*017:01 (B*17) allele (Fig. 1A; also see Table S1 in the supple-
mental material). Neither of these alleles was present in any of the
six animals in the normal IgG-plus-b12 group with high and per-

FIG 1 Effect of passively transferred IgG on plasma viral load in SHIVSF162P3-infected 1-month-old rhesus macaques. Blood samples were collected at regular
intervals after viral exposure, the RNA was isolated from plasma, and viral RNA (vRNA) was quantified by real-time RT-PCR. Curves represent individual
infected animals that were treated with normal IgG only (n 
 6) (A), normal IgG plus MAb b12 (n 
 6) (B), SHIVIG only (n 
 6) (C), or SHIVIG plus MAb b12
(n 
 6) (D) prior to challenge with SHIVSF162P3. Animals positive for the Mamu-B*08 or -B*17 allele are denoted with dashed lines in the graphs and asterisks
in the legends. The dotted line indicates the assay limit of detection. Individual animals are identified.
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sistent plasma viremia (Fig. 1B). Viremia was significantly lower
in Mamu-B*08- and Mamu-B*17-positive animals than in ani-
mals not expressing these MHC-I molecules (P 
 0.05) (Fig. 2D).
SHIVSF162P3 lacks the Mamu-B*08- and Mamu-B*17-bound
CD8� T cell epitopes associated with SIVmac239 Env. However,
Mamu-B*08- and Mamu-B*17-restricted CD8� T cells predomi-
nantly target the Vif and Nef proteins, and these SIVmac239 pro-
teins are present in SHIVSF162P3. Therefore, we screened periph-
eral blood mononuclear cells for these previously defined CD8� T
cell epitopes. Indeed, Mamu-B*08-positive (Fig. 2A) and -B*17-
positive (Fig. 2B) animals mounted Vif- and Nef-specific CD8� T
cell responses restricted by these two MHC-I molecules. There-
fore, we conclude that Mamu-B*08 and Mamu-B*17 contributed
significantly to the containment of SHIVSF162P3, despite this virus
lacking key CD8� T cell epitopes derived from SIVmac239 Env.
Interestingly, however, the overall SHIV-specific CD8� T cell re-

sponse, as measured by the total Gag-specific CD8� T cell re-
sponse, was similar between the different experimental groups
(Fig. 2C). Thus, while Mamu-B*08 and -B*17-restricted CD8� T
cells likely contributed to set point viral loads in animals express-
ing these alleles, differences in the overall CD8� T cell response
does not explain the differences in viral load between the groups.

To determine whether the small amount of b12 tested in com-
bination with normal IgG exerted selection pressure on the virus,
leading to escape variants (37, 38), we examined the sequences of
25 Env clones from two normal IgG-only and two normal IgG-
plus-b12 macaques (36) (see Table S2 in the supplemental mate-
rial). No evidence of early b12 escape variants was detected.

Due to the unexpected outcome in four out of six animals in
the normal IgG group having Mamu-B*08/Mamu-B*17 alleles, we
elected to combine the Mamu-B*08- and Mamu-B*17-negative
animals from the normal IgG and the normal IgG-plus-b12

FIG 2 MHC-I-restricted CD8� T cell responses. To measure MHC-I-restricted CD8� T cell responses, we performed an IFN-� ELISPOT assay using frozen
PBMC from chronic infection of five macaques infected with SHIVSF162P3 and positive for Mamu-B*08 (A) or for Mamu-B*17 and for Mamu-A*01 and
Mamu-B*17 (B). Shown are SFCs per million PBMC for the SIV epitopes indicated following subtraction of duplicate wells containing media (negative control).
The dashed line indicates twice the background level. (C) SFCs per million PBMC for each macaque in the study with a Gag open reading frame peptide pool,
which contained every 15-mer peptide spanning SIVmac239 Gag. (D) Plasma viral loads as a function of week of infection for Mamu-B*08/B*17-negative (red
line) or Mamu-B*08/B*17-positive (black line) macaques. P 
 0.05.
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groups to make a control group that would allow us to test the
effects of SHIVIG treatment. Three out of six animals in the nor-
mal IgG-plus-b12 group produced endogenous NAbs. We were
not able to discriminate if these responses were individual spon-

taneous responses or were due to a residual effect of b12, but the
beneficial effect of SHIVIG treatment could be measured.

The impact of NAbs present during infection modeled in
newborn macaques. Each SHIVIG preparation was assessed in

FIG 3 SHIVIG treatment reduces acute and set-point plasma viral load (PVL) in SHIVSF162P3-infected infant rhesus macaques. PVL for individual treated
animals are compared over the period of the study for SHIVIG (n 
 6) (A) and No-SHIVIG (n 
 8) (B). Comparisons of PVL between SHIVIG and No-SHIVIG
animals are shown at 2 weeks after challenge (C), and the area under the curve (AUC) for the 24-week study period is shown (D). Individual animals are indicated
with unique symbols. P values are indicated (Mann-Whitney U test).

FIG 4 Effect of passively transferred SHIVIG on cell-associated virus load (CAVL). Copies of viral DNA per �g of PBMC cellular DNA were quantified by
real-time PCR, and AUC values for weeks 0 to 24 were quantified for individual macaques. (A) Correlation between CAVL and PVL (vRNA per ml of plasma),
P value, and Spearman rank coefficient (r) value are noted. (B) Mean CAVL in SHIVIG versus No-SHIVIG macaques during the 24 weeks after initiation of
infection (w.p.i.). The horizontal dotted line shows the limit of detection of the assay. The P value is indicated (Mann-Whitney U test).
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vitro for neutralizing activity against the challenge virus stock
(SHIVSF162P3), and three molecular clones derived from it, to de-
termine treatment doses that would provide a systemic delivery of
neutralizing antibody short of blocking infection (see Table S3 in
the supplemental material). In order to evaluate the neutralization
sensitivity of the challenge virus, we assessed several pseudotyped
SHIVSF162p3 envelopes previously cloned (24) from the virus
swarm in order to gain a better understanding of the diversity of
the neutralization resistance to neutralizing MAbs and to the
SHIVIG preparations that would be used in the study. We decided
to use the most sensitive clone in order to increase the sensitivity
of the TZM-bl assay. This allowed a greater dynamic range for the
experiment, including the detection of plasma samples with dif-
ferent degrees of neutralization activity (especially those with
lower activity), thereby facilitating comparison among different
animals in the various groups. All of the reported neutralization
data in the study were generated using the MC-3 SHIVSF162p3

cloned envelope in the TZM-bl assay.
We next tested the effects of polyclonal IgG purified from

SHIVSF162P3-infected macaques (SHIVIG), with or without b12,
in the 1-month-old rhesus macaques. The goal of these experi-
ments was not to block infection but to understand the effects of
neutralizing IgG in the presence of infection on pathogenesis and
the development of de novo adaptive responses in vivo, as had been

observed in the pathogenic SIV/macaque model (20). The ratio-
nale for the inclusion of b12 was to begin to address whether
supplementation of maternal IgG with one or more human
NMAb could be a valid approach to be used in the clinics to pre-
vent mother-to-child transmission (MTCT) of HIV-1. SHIVIG
was subcutaneously administered at a dose normalized for neu-
tralization activity and based on neutralization (AID50) titers in
plasma of infected infants from previous work in pigtails (25). To
study the potential benefit of augmenting SHIVIG with a CD4
binding site-directed neutralizing antibody, we combined b12
with SHIVIG at a ratio of 1:1,000 (wt/wt).

Passively transferred SHIVIG concentrations and neutraliza-
tion activity against SHIVSF162P3 were measured in plasma at the
time of challenge (see Fig. S1A and B in the supplemental mate-
rial). SHIVIG only (formulation B; see Table S3) blocked infection
in five of six animals and four of six infants treated with SHIVIG
plus b12 (Fig. 1C and D). These protection data clearly show the
potency of the SHIVIG in blocking against oral challenge. In the
protected macaques, we monitored the concentrations of SHIVIG
and SHIVIG plus b12 by ELISA and used neutralization to predict
an optimal time for rechallenge in order to test the effects of
SHIVIG at a nonsterilizing dose. We rechallenged the five unin-
fected animals treated with SHIVIG only 3 weeks later, after the
SHIVIG plasma concentration and plasma NAb titers had de-

FIG 5 Comparison of neutralizing antibody responses in SHIVIG and No-SHIVIG macaques. (A) Mean NAb titers for the entire 24-week period for SHIVIG
and No-SHIVIG animals against SHIVSF162P3 clone MC-3, assayed by the TZM-bl neutralization assay. Only the infected and Mamu-B*08- and Mamu-B*17-
negative animals were considered in these analyses (n 
 14). ID50 is the reciprocal of the plasma dilution necessary to inhibit infection by 50%. The horizontal
dotted line shows the limit of detection of the assay. The arrow indicates the time for the initiation of the endogenous NAb response. The P value is indicated
(Mann-Whitney U test). Data shown for individual animals are ID50 values at week 6 (B), ID50 values at necropsy (C), and plasma ADCVI activity as percent viral
inhibition at week 6 (D).
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cayed to one-third of the concentration measured at the time of
the first challenge, and four of these remaining SHIVIG-treated
animals became infected (Fig. 1C; an arrow denotes the second
challenge). SHIVIG-plus-b12-treated infants were not rechal-
lenged, as b12 had decayed to the baseline.

Prechallenge transfer of SHIVIG modulates peak and
chronic viremia. To determine the impact of SHIVIG on infec-
tion, we compared Mamu-B*17- and Mamu-B*08-negative in-
fected infants that received SHIVIG (SHIVIG; n 
 6) to those that
were infused with normal IgG or normal IgG plus b12 (No-
SHIVIG; n 
 8) (Fig. 3). The plasma viral loads during acute
infection of all Mamu-B*08/17 allele-negative animals receiving
normal IgG only or normal IgG plus b12 were not distinguishable.
Peak viremia was significantly lower in SHIVIG than No-SHIVIG
animals (1.3 � 107 and 7.1 � 107 copies/ml, respectively; P 

0.02) (Fig. 3C). Moreover, the total virus load, calculated as the
AUC over the entire 24-week observation period, was also signif-
icantly lower in SHIVIG than No-SHIVIG animals (P 
 0.001)
(Fig. 3D). Plasma viral load was correlated with peripheral blood

mononuclear cell-associated viral load for each infected animal
(P 
 0.0004; r 
 0.81; n 
 14) (Fig. 4A) and was significantly
lower in SHIVIG than No-SHIVIG animals (P 
 0.009) (Fig. 4B),
indicating SHIVIG control of SHIVSF162P3 viral dissemination as
well as plasma viremia. The presence of less than sterilizing levels
of SHIVIG at the time of challenge resulted in a reduction of both
peak and total virus load in plasma and burden of integrated virus
in PBMC, as previously observed with SIVIG (20).

SHIVIG promotes early and prolonged endogenous NAbs
and ADCVI. To determine the impact of SHIVIG upon de novo
antibody production, we measured Env-specific antibodies and
NAbs against SHIVSF162P3 (see Fig. S2 in the supplemental mate-
rial). We differentiated endogenous from SHIVIG NAbs by exam-
ining the neutralization activity in the plasma of the four unin-
fected animals in the SHIVIG-plus-b12 group. By week six after
passive infusion of the SHIVIG, we did not detect any neutralizing
activity in the plasma samples from these animals (see Fig. S2,
bottom right), indicating that in the absence of antigenic stimula-
tion and endogenous NAb production, passively administered

FIG 6 Correlations between plasma virus load and NAbs, antigen-specific (SF162 gp140) memory B cells, and B cell frequencies for macaques that developed
NAbs and those that did not. (A) Plasma viral loads between weeks 8 and 24; (B) inverse correlation of PVL (weeks 8 to 24) de novo NAb development (weeks 6
to 24) during set-point viremia. Correlations of HIV-1SF162 gp140-specific memory B cells were determined by ELISPOT assay with plasma viral loads measured
at the time of necropsy (C) and with total peripheral CD20� B cell frequencies, quantified by flow cytometry, at necropsy (D). NAb� and NAb� animals are
identified individually. Analysis includes only infected Mamu-B*08- and Mamu-B*17-negative animals (n 
 14). Spearman correlation was used, and r and P
values are given.
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NAb (SHIVIG) is cleared from the plasma by that time. At week
six, when passively transferred NAbs had decayed, the mean NAb
titers were significantly higher in SHIVIG than No-SHIVIG ma-
caques (P 
 0.029) (Fig. 5A) and were analyzed for individual
animals in these two groups (P 
 0.011) (Fig. 5B). Five No-
SHIVIG macaques failed to develop NAbs, indicating more rapid
development of de novo NAb responses in SHIVIG animals. At
necropsy, NAbs remained significantly higher in SHIVIG than in
No-SHIVIG animals (P 
 0.025) (Fig. 5C). ADCVI activity was
significantly greater in SHIVIG macaques at week 6 (P 
 0.01)
(Fig. 5D). Altogether, and as we have seen previously (25), the data
indicate the passive administration of SHIVIG potentiated early
and potent de novo NAb and ADCVI responses in macaque infants
with naive immune systems.

When we analyzed the impact of the de novo production of
NAbs on set-point viremia, we found that irrespective of the treat-
ment, infected animals that produced endogenous NAb responses
(NAb�) had significantly lower set-point viremia than NAb� an-
imals (P 
 0.04; n 
 14) (Fig. 6A). The development of de novo
NAbs was inversely correlated with plasma viral load (P 
 0.0027;
r 
 �0.74) (Fig. 6B). In NAb� animals, Env-specific memory B
cells inversely correlated with plasma viral load (P 
 0.02; r 

�0.61) (Fig. 6C) and positively correlated with maintenance of
peripheral B cell frequencies at the time of necropsy (P 
 0.056;
r 
 0.53) (Fig. 6D), supporting a role for B cells in viremia control.

Survival is associated with NAb development and both T and
B cell preservation. The 1-month-old rhesus macaques in this
study with uncontrolled viremia progressed rapidly to clinical dis-

TABLE 1 Pathology summary of SHIVSF162P3-infected newborn rhesus macaquesd

Group and animal IDa NAb statusb Disease scorec Opportunistic infections and pathological diagnoses

Normal IgG plus b12
B29081 NAb� 3 Chronic active typhlocolitis; mild Pneumocystis pneumonia; diarrhea and dehydration
B29012 NAb� 3 Chronic active typhlocolitis; cryptosporidial cholangiohepatitis, cholangitis and

pancreatic duct inflammation; mild adenoviral nephritis; maculopapular rash �2
wk postinoculation

B29077 NAb� wk 10 3 Cryptosporidial tracheitis, cholangiohepatitis, cholangitis, and pancreatic duct
inflammation; flagellate enteritis; serositis and mesenteric lymphadenitis due to
Spironucleus; severe adenoviral pancreatitis, nephritis, and cystitis; viral enteritis

B29079 NAb� 2 SHIV giant cell pneumonia; Pneumocystis pneumonia; cryptosporidial tracheitis;
serositis and mesenteric lymphadenitis due to Spironucleus species; choledochitis,
cholecystitis, and pancreatic duct inflammation due to Enterocytozoon bieneusi;
flagellate enteritis; adenoviral enteritis

B29010 NAb� wk 20 1 Pneumocystis pneumonia; adenoviral pancreatitis, cholecystitis, gastritis, and enteritis;
mesenteric lymphadenitis due to Spironucleus species; diarrhea and leukocytosis

B29003 NAb� wk 8 1 None

Normal IgG only
N28792 NAb� 3 Chronic active typhlocolitis; cryptosporidial enteritis; cholangitis; adenoviral

pancreatitis
N28785 NAb� 3 Bacterial pneumonia, cytomegaloviral nephritis, vasculitis, and hepatitis;

choledochitis, cholecystitis, and pancreatic duct inflammation due to
Enterocytozoon bieneusi; flagellate ileocolitis, cryptosporidial gastroenteritis;
enterocolitis and mesenteric lymphadenitis due to Spironucleus species;
proliferative vasculitis

N28791* NAb� wk 8 1 Choledochitis and cholecystitis due to Enterocytozoon bieneusi; chronic active
typhlocolitis; flagellate colitis

N28779* NAb� wk 12 1 None
N28776* NAb� wk 10 0 None
N28778* NAb� wk 10 0 Focal proliferative vasculitis; mild pancreatitis

SHIVIG
SH29891 NAb� 3 Choledochitis, cholecystitis, and pancreatic duct inflammation due to Enterocytozoon

bieneusi; adenoviral pancreatitis, flagellate and amebic enterocolitis
SH29892 NAb� wk 6 1 Esophageal leukoplakia; mild enteritis with villous atrophy
SH29896** NAb� wk 6 1 Intermittent diarrhea
SH29897 NAb� wk 6 0 Flagellate gastritis; chronic active colitis
SH29894 NAb� wk 6 0 Mild choledochitis, cholecystitis, and pancreatic duct inflammation due to

Enterocytozoon bieneusi; flagellate gastritis

SHIVIG plus b12
SH28917 NAb� wk 6 0 None
SH29078 NAb� wk 6 0 None

a *, Mamu B*008:01 positive; **, Mamu B*017:01 positive.
b NAb� status includes the timing of development of de novo neutralizing antibodies. NAb� status indicates no de novo neutralizing antibody development.
c Disease scores are the following: 3, clinically ill prompting early termination; 2, clinically ill; 1, mild illness; 0, clinically healthy.
d Uninfected animals are not included. All remained clinically healthy throughout the study period.
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ease, and several required euthanasia (Table 1). This table also
includes the Mamu-B*08/17 allele-positive animals, all of which
had low disease scores of 0 or 1. In contrast, all of those with
disease scores of 3 were in the normal IgG groups. All SHIVIG-
treated macaques survived, while four of the eight in the No-
SHIVIG group were euthanized (P 
 0.0509) (Fig. 7A). Upon
analysis, we found that survival of NAb� animals was significantly
increased compared to that of NAb� animals (P 
 0.0066) (Fig.
7B). At necropsy, all six NAb� animals presented severe clinical
symptoms with opportunistic infections, including profound
weight loss and evidence of prolonged diarrhea, as well as ab-
normalities in systemic lymph nodes, spleen, and thymus, as-
sociated with profound lymphocyte depletion. In stark con-
trast, 12/13 NAb� animals showed no symptoms of advanced
disease (Table 1).

Total peripheral CD4� and CD8� T cell counts remained sim-
ilar between NAb� and NAb� groups over the entire 24 weeks of
study. At necropsy, a trend toward lower CD4� T cells was seen in
NAb� compared to NAb� and uninfected animals, but the differ-
ence did not reach statistical significance, and there were no sig-
nificant differences in CD8� T cells (see Fig. S3A and B in the
supplemental material). However, despite maintaining CD4� T
cell counts in a range from 474 to 1,880 CD4� T cells/�l of blood,
four of six NAb� animals developed severe and debilitating symp-
toms of disease and were euthanized by 16 weeks after exposure
(Table 1 and Fig. 7B). These observations suggest that a deficit in
NAbs is associated with rapid disease progression regardless of
CD4� T cell counts, as we previously observed in SIV infection
(20). T cells obtained by BAL fluid taken at necropsy were ana-
lyzed for intracellular cytokine expression, and all responses were

very low, with no significant difference between groups (data not
shown).

MHC genotype reduces pathogenesis and shields against B
cell dysregulation. Finally, to determine whether B cells were sim-
ilarly preserved in the No-SHIVIG Mamu-B*08/B*17-positive
macaques, we compared the NAbs and B cell frequencies in these
macaques to those in the SHIVIG group. During acute infection
(from 0 to 8 weeks p.i.), viremia was extremely high and signifi-
cantly higher in No-SHIVIG animals without either of the protec-
tive alleles than in No-SHIVIG animals that carried the alleles
(P � 0.05) or SHIVIG animals that were Mamu-B*08/B*17 nega-
tive (P � 0.01) (Fig. 8A). We also found that without the benefit of
SHIVIG, animals without Mamu allele B*08 or B*17 had signifi-
cantly fewer peripheral CD20� B cells than the other two groups
during acute infection (Fig. 8B). Moreover, acute viremia was in-
versely correlated with the level of the endogenous NAb response
(P 
 0.005; r 
 �0.61) (Fig. 8C). Altogether, these data suggest
that an early B cell dysregulation was provoked by the extremely
high acute viremia in the No-SHIVIG/Mamu-B*08/B*17-nega-
tive animals, resulting in failure to develop persistent NAbs in five
of eight of these animals (Fig. 8D; note that N28785 was weakly
positive at a single time point, week 12; also see Fig. S2B in the
supplemental material).

DISCUSSION

This study, as well as our prior work in pigtail macaques (24, 25),
demonstrates that high, acute, and persistent plasma viremia is
routinely observed in untreated 1-month-old macaques chal-
lenged with SHIVSF162P3, and it differs from that observed in older
rhesus macaques challenged with the same virus (22). A major
difference between the pigtail and rhesus macaques is the patho-
genic consequences of infection with this strain of SHIV. In stark
contrast to the pigtail study, four of six rhesus macaques that failed
to generate de novo NAbs progressed to AIDS and death. One of
the unusual aspects of rapid progression in SIV infection of ma-
caques is that antibody production is low or undetectable (20, 43),
often limited to IgM with little or no detection of IgG. Pathogen-
esis is more pronounced in very young macaques and has been
observed following vaccination with live attenuated SIV (44).
Thus, in many aspects, the infection of 1-month-old rhesus ma-
caques with SHIVSF162P3 has the hallmarks of SIVmac239 infec-
tion in juveniles. Untreated or unvaccinated animals experience
high levels of plasma and cell-associated viremia, failure to de-
velop significant NAbs within the first 6 months of infection, and
loss of B cells (10).

In this study, passive administration of 100 to 200 mg/kg of
neutralizing SHIVIG before oral challenge with SHIVSF162P3 pro-
tected 9 of 12 1-month-old rhesus macaques from infection.
When rechallenged after SHIVIG levels waned to a dose equiva-
lent to �30 mg/kg, one of five infants was protected. Infected
infants that received SHIVIG developed an endogenous NAb re-
sponse more rapidly, had reduced set-point plasma and cell-asso-
ciated viremia, and showed ameliorated disease pathogenesis,
leading to 100% survival of NAb� animals. In this experimental
system, NAbs were matched to the challenge virus. Importantly,
the effects of SHIVIG were obtained using IgG purified from ma-
caques that had only autologous neutralizing activity, indicating
that this response is sufficiently potent in the setting of a matched
virus challenge. We were unable to determine whether adding b12
to the mixture of polyclonal IgG (SHIVIG) at the small dose tested

FIG 7 Kaplan-Meier survival curves for SHIVSF162P3-infected infant ma-
caques. (A) Four NAb�/No-SHIVIG animals were euthanized by week 16 for
humane reasons due to severe disease progression (Table 1). Analysis includes
only infected Mamu-B*008:01- and Mamu-B*017:01-negative animals (n 

14). (B) NAb� and NAb� animals are identified in Table 1. Log-rank (Mantel-
Cox) test was used to compare survival curves. P values are indicated.
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further improved its effectiveness in vivo. Further studies in this
model with monoclonal and polyclonal antibodies are warranted
to test these concepts in the setting of nonhomologous virus chal-
lenge. Our prior study of 1-month-old M. nemestrina animals
showed that matching the SHIVIG to the challenge virus was crit-
ical to obtaining benefit (25). Thus, it is likely that if passive anti-
body-based therapy were to be effective, combinations or cock-
tails of broadly neutralizing as well as potent MAbs would be
necessary. Nonetheless, in this setting, we documented the bene-
ficial effects of polyclonal neutralizing Ig at the onset of severe and
persistent SHIV viremia, as previously described for SIV infection
(26, 27) and for one strain of SHIV infection in Mamu-A*01-
negative macaques (42).

Class I alleles Mamu-B*08 and Mamu-B*17 are known to re-
strict responses to SIVmac239 Vif and Nef, which are present in
SHIVSF162P3. Indeed, Mamu-B*08- and Mamu-B*17-positive an-
imals targeted Vif and Nef with CD8� T cell responses restricted
by these two MHC-I molecules. Intriguingly, Mamu-B*08- and
Mamu-B*17-positive animals still contained SHIVSF162P3 replica-
tion despite lacking Mamu-B*08- and Mamu-B*17-bound
epitopes found within SIVmac239 Env. Further, we saw similari-
ties in the reduced pathogenesis between SHIVIG/Mamu-B*008:
01- and Mamu-B*017:01-negative animals and the No-SHIVIG/
Mamu-B*08- and Mamu-B*17-positive infected animals at 1

month of age. This is an interesting parallel that suggests that
reduction of viremia by different mechanisms can lead to similar
disease outcomes. Alternatively, it is possible that the passive IgG
has directly limited viremia, leading to early viral control by T
cell-based mechanisms. However, we did not measure strong T
cell responses during the acute phase in PBMC, suggesting that
NAbs present during primary viremia can limit viral spread and
pathogenesis even in the absence of protective MHC-I alleles,
leading to strong adaptive responses and a more favorable out-
come of infection. Future studies in nonhuman primate models
are warranted to understand the mechanisms by which NAbs are
contributing to enhanced B cell immunity and better disease con-
trol.

The SHIVIG preparations used in this study were pools of IgG
produced in response to infection during the first few months of
infection; thus, they were capable of neutralizing only the homol-
ogous virus. Nevertheless, SHIVIG had profound effects upon the
ability of the host to control the matched challenge virus. Most
Env-based vaccine studies performed to date generate NAbs with
limited breadth, and increasing the effectiveness of these NAbs in
blocking heterologous strains remains a key objective. Testing the
potential protective and immunomodulatory effectiveness of an-
tibodies elicited by different vaccine approaches will be a rate-
limiting step that could benefit from direct testing in this model.

FIG 8 MHC-I alleles promote endogenous NAb responses. Comparison during acute infection (weeks 0 to 8) of No-SHIVIG animals (Mamu-B*08 and
Mamu-B*17 positive and negative) and SHIVIG animals (Mamu-B*08 and Mamu-B*17 negative) for PVL (A) and peripheral CD20� B cells (B). (C) Inverse
correlation of acute viremia and endogenous de novo NAb response (weeks 6 to 24) and (D) comparison of endogenous NAb responses between the three groups.
The P values and the correlation coefficient (r) are stated. Bonferroni and Tukey-Kramer adjustment for multiple-error correction was used to determine the
significance of multiple-group (3 or more) comparisons.
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These studies also provide further impetus for pursuing preexpo-
sure prophylaxis with cocktails of human NMAbs with potent,
broad activity to be used along with antiretroviral therapy (ART).
Such experiments can be modeled in the nonhuman primate
model we describe here. If these experiments yield the predicted
positive outcome, they may also provide a rationale for moving
NMAb cocktails to the clinic to complement maternal ART or
preexposure ART prophylaxis (PrEP) to enhance viral control or
to prevent infection.
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