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We previously demonstrated that vaccination of lactating rhesus monkeys with a DNA prime/vector boost strategy induces
strong T-cell responses but limited envelope (Env)-specific humoral responses in breast milk. To improve vaccine-elicited anti-
body responses in milk, hormone-induced lactating rhesus monkeys were vaccinated with a transmitted/founder (T/F) HIV Env
immunogen in a prime-boost strategy modeled after the moderately protective RV144 HIV vaccine. Lactating rhesus monkeys
were intramuscularly primed with either recombinant DNA (n = 4) or modified vaccinia virus Ankara (MVA) poxvirus vector
(n = 4) expressing the T/F HIV Env C.1086 and then boosted twice intramuscularly with C.1086 gp120 and the adjuvant MF59.
The vaccines induced Env-binding IgG and IgA as well as neutralizing and antibody-dependent cellular cytotoxicity (ADCC)
responses in plasma and milk of most vaccinated animals. Importantly, plasma neutralization titers against clade C HIV variants
MW0965 (P = 0.03) and CAP45 (P = 0.04) were significantly higher in MVA-primed than in DNA-primed animals. The superior
systemic prime-boost regimen was then compared to a mucosal-boost regimen, in which animals were boosted twice intrana-
sally with C.1086 gp120 and the TLR 7/8 agonist R848 following the same systemic prime. While the systemic and mucosal vac-
cine regimens elicited comparable levels of Env-binding IgG antibodies, mucosal immunization induced significantly stronger
Env-binding IgA responses in milk (P = 0.03). However, the mucosal regimen was not as potent at inducing functional IgG re-
sponses. This study shows that systemic MVA prime followed by either intranasal or systemic protein boosts can elicit strong
humoral responses in breast milk and may be a useful strategy to interrupt postnatal HIV-1 transmission.

reastfeeding is responsible for almost half of the 350,000 pe-

diatric human immunodeficiency virus (HIV) infections oc-
curring annually (1, 2). However, in areas with limited resources,
breastfeeding is important for infant survival even in the context
of maternal HIV infection as formula feeding is associated with
increased risks of infant mortality (3, 4). Antiretroviral therapy
given to the mother and/or infant throughout the breastfeeding
period can significantly reduce the rate of mother-to-child trans-
mission (MTCT) (5, 6). But, even with the optimal prophylactic
regimens, in breastfeeding populations, more than 5% of infants
born to HIV-infected women are still at risk of becoming infected
(5). Elimination of pediatric HIV would require more than 95% of
HIV-infected pregnant women to adhere to preventive programs
(7). According to UNAIDS, in 2010 only 35% of pregnant women
from low- and middle-income countries were tested for HIV and
only 48% of women known to be infected with HIV received the
optimal antiretroviral regimen to reduce the risk of MTCT (8).
Thus, there is a need to develop immunologic interventions, such
as a maternal or infant vaccine, to prevent postnatal HIV acquisi-
tion. It is well documented that maternal immunization can be
effective in preventing neonatal infections, as maternal antibodies
are transferred to infants transplacentally and during breastfeed-
ing (9). Moreover, simian immunodeficiency virus (SIV) immu-
nization of pregnant rhesus macaques has been shown to protect
their offspring from simian-human immunodeficiency virus
(SHIV) challenge (10). As the risk of HIV transmission during
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breastfeeding is associated with the level of HIV cell-free and cell-
associated viruses in breast milk (11, 12), the induction of virus-
specific immune responses in milk by maternal immunization is a
potentially important strategy for preventing postnatal HIV trans-
mission.

Interestingly, despite multiple daily mucosal exposures to the
virus over several months, the majority of breastfed infants born
to HIV-infected women escape infection (13). It is therefore pos-
sible that milk contains antiviral factors that protect the majority
of breast milk HIV-exposed infants from acquiring HIV infection.
Passive immunization of neonatal rhesus monkeys with a combi-
nation of broadly neutralizing antibodies (Abs) can protect them
from oral exposure to simian-human immunodeficiency virus
(SHIV) (14). Moreover, although early studies reported no asso-
ciation between the levels of HIV-specific binding antibodies in
breast milk and infant protection (15), a recent study reported a
higher magnitude of milk antibody-dependent cellular cytotoxic-
ity (ADCC) in HIV-infected women who did not transmit HIV
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postnatally to their infants than in transmitters (16). Thus, induc-
ing potent functional antibody responses in breast milk is likely to
be important for an effective maternal HIV vaccine. Our previous
investigations of breast milk antibody responses in HIV-infected
women (17) and SIV-infected monkeys (18) indicated that func-
tional IgG responses in breast milk mirror that of plasma but are of
lower magnitude, suggesting that breast milk functional IgG anti-
bodies mostly transudate from plasma. Thus, strong vaccine-elic-
ited systemic antibody responses may be required to achieve po-
tent HIV-specific antibody responses in breast milk.

Nonhuman primates are a useful model to study vaccine-elic-
ited responses in breast milk, as lactation can be induced pharma-
cologically, producing milk that is immunologically similar to that
of natural lactation (19). We have previously shown that systemic
immunization of lactating rhesus monkeys can induce SIV-spe-
cific immune responses in milk (20). This previously studied im-
munization strategy with SIV DNA prime/virus vector boost with
NYVAC and adenovirus type 5 (Ad5) induced strong cellular im-
mune responses in milk of lactating rhesus monkeys. However,
only weak Env-specific IgG antibodies, and no IgA responses,
were detected in milk. Importantly, the RV144 poxvirus prime-
protein boost vaccine regimen demonstrated a moderate 31%
protection rate from HIV acquisition which was likely mediated
by vaccine-elicited humoral responses (21). Thus, it would be in-
teresting to determine if a poxvirus prime-protein boost vaccine
strategy can induce humoral immune responses in breast milk
resembling those elicited by the RV144 vaccine.

As an HIV vaccine would need to protect against transmitted/
founder (T/F) virus variants, the use of T/F Envs as vaccine im-
munogens could elicit more effective immune responses. The
clade C T/F virus Env C.1086, derived from an acutely infected
individual, was recently reported to be highly antigenic and im-
munogenic and to bind to antibodies directed against important
neutralizing epitopes (22). Moreover, immunization with C.1086
Env can elicit broadly neutralizing antibody responses (22). In this
study, we investigated vaccine-elicited immune responses in the
blood and breast milk of lactating monkeys immunized with the
T/F Env C.1086 using either a DNA prime/intramuscular (i.m.)
protein boost or a poxvirus prime/i.m. protein boost vaccine reg-
imen. Furthermore, we investigated if mucosal administration of
the protein boost induced more potent breast milk immune re-
sponses.

MATERIALS AND METHODS

Generation of recombinant MVA (rMVA) expressing C.1086 env gene.
The modified Ankara strain of vaccinia virus (MVA) was kindly provided
by B. Moss (NIH). MVA virus (designated A660) was purified through
three rounds of plaque purification in BHK21 cells maintained in minimal
essential medium alpha (MEM-alpha) with 5% fetal bovine serum (FBS)
(Gibco), cultured, purified, and quantified in these cells as described pre-
viously (23, 24). To facilitate subsequent genetic manipulation of MVA
through use of the KIL gene as a selectable marker, the remnants of the
disrupted KI1L gene in MVA A660 virus were removed (25) by the tran-
sient marker stabilization procedure (26) using insertion plasmid p2573.
Plasmid p2573 contains a marker cassette consisting of the functional
vaccinia virus (WR strain) KIL gene next to a synthesized copy of the
green fluorescent protein gene (hMGEFP) originally cloned from Montas-
trea cavernosa and codon optimized for expression (Promega Corpora-
tion). The hMGFP gene was placed under the control of a poxvirus early/
late promoter. The two genes in the marker cassette were flanked by a
250-bp direct repeat of the K2L gene to permit deletion of the marker
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genes after selection of the recombinant virus. The marker cassette was
flanked by a 0.4-kb portion of the N2L gene and an 0.6-kb portion of the
K2L gene to permit recombination to replace the KIL locus. After trans-
fection of insertion plasmid DNA into cells infected with A660 virus,
recombinant viruses capable of replication in RK13 cells (maintained in
MEM supplemented with nonessential amino acids and 10% FBS; Gibco)
were selected (containing the N2L gene, the KI1L gene, the hMGFP gene,
and the K2L gene) and then passaged in BHK21 cells to remove selective
pressure for the KIL gene. A virus (A676) containing the N2L and K2L
genes, designated MVA open reading frames (ORFs) 021L and 023L (27),
but lacking the marker cassette was isolated. The deletion of the KIL and
hMGEP genes was confirmed by PCR and Southern blot analyses.

After immunization with MVA, CD8™ T-cell memory responses can
be improved by the deletion of the viral gene (MVA ORF 184R) encoding
the soluble, secreted interleukin-1f receptor (IL-1BR) (28). To take ad-
vantage of this phenotype, the IL-1BR gene in MVA virus A676 was inac-
tivated by the transient marker stabilization procedure using plasmid
p2588. Plasmid p2588 contains the following: (i) a marker cassette con-
sisting of the functional vaccinia virus (WR strain) K1L gene next to a copy
of the coding region of the gene encoding B-glucuronidase (GUS) from
pGUS N358S (Clontech Laboratories, Inc.) under the control of a poxvi-
rus late promoter (the two genes in the marker cassette were flanked by a
0.3-kb direct repeat of the MVA genome [nucleotides 162700 to 163000]
to permit deletion of the marker genes after selection of the recombinant
virus), (ii) a copy of the luciferase gene (luc) from pGL4.10 (Promega
Corporation) under the control of a poxvirus early promoter, and (iii) the
luciferase gene/marker cassette flanked by sequences corresponding to
MVA genome sequences 162021 to 162321 and 162700 to 163300 to pro-
mote recombinational insertion of the three genes into the MVA genome
to inactivate MVA gene 184R. After transfection of insertion plasmid
DNA into cells infected with A676 virus, recombinant viruses capable of
replication in RK13 cells were selected (containing the luc gene, the GUS
gene, and the KIL gene) and then passaged in BHK21 cells, without selec-
tive pressure for the K1L gene. A virus (A681) lacking the marker cassette
but containing the inactivated MVA ORF 184R was isolated. The deletion
of the KIL and GUS marker genes was confirmed by PCR and Southern
blot analyses.

The HIV Env C.1086 gp140 protein corresponding to residues 1 to
669, with modifications of E489R and E497R to mutate the gp120-gp41
cleavage site, was expressed in an MVA virus. This gene, under the control
of a poxvirus early/late promoter, was placed into the genome of MVA
A681 virus by means of the insertion plasmid p2614. Plasmid p2614 con-
tains a chemically synthesized 3,853-nucleotide SacI-Apal fragment con-
taining the following: (i) a copy of the gene encoding the C.1086 Env
protein in which the nucleotide sequence was modified where possible by
silent codon alterations to disrupt runs of 4 to 5 consecutive G’s or C’s, as
well as potential early termination signals (TTTTTNT); (ii) a synthetic
poxvirus early/late promoter comprising the early promoter from the
cowpox virus CrmA gene (29, 30) in tandem with the late promoter of the
vaccinia virus p4b gene (31) to direct transcription of the gp140 gene; (iii)
an early termination signal immediately after the introduced stop codon
in the gp140 gene; (iv) a marker cassette containing the KIL and GUS
genes from p2588 flanked by 200-bp direct repeats of the 3" end of the K1L
gene to permit transient marker stabilization and selection of the gene
insertion into the MVA genome; and (v) flanking regions to direct inser-
tion of the gp140 gene and marker cassette into the intergenic region
between the two essential viral genes I8R and GIL. The removal of runs of
G’s and C’s was done to minimize spontaneous frameshift mutations
within the gp140 sequence, and the insertion of the gp140 gene between
two essential MVA genes was done to minimize the potential loss of the
inserted gene through spontaneous gene deletions in the viral genome, as
described previously (32). After transfection of insertion plasmid DNA
into cells infected with A681 virus, recombinant viruses capable of repli-
cation in RK13 cells were selected (containing the gp140 gene, the GUS
gene, and the K1L gene) and then passaged in BHK21 cells, without selec-
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tive pressure for the K1L gene. A virus (A703) lacking the marker cassette
but containing the gp140 gene was isolated. The deletion of the KIL and
GUS genes was confirmed by PCR. The expression of the gp140 gene was
confirmed by Western blot analyses of proteins in A703-infected BHK21
cells using monoclonal antibody (MAb) VRC C 16H3 to detect the C.1086
gp140 protein. A703 virus was cultured in BHK21 cells and partially pu-
rified by ultracentrifugation through a 36% sucrose cushion. The virus
was quantified by plaque assay on BHK21 cells employing polyclonal rab-
bit antisera against vaccinia virus (Meridian Life Sciences) to visualize foci
of infected cells, as described previously (23).

Generation of DNA plasmids and envelope protein production.
DNA plasmids containing the HIV C.1086 env gene were generated by
cloning the virus cDNA into the pVR1012 vector, as previously described
(33).

The codon-optimized HIV C.1086 gp120 env gene was commercially
synthesized (Genewiz, Inc.) and cloned into the pcDNA3.1+ expression
vector (Invitrogen). The expression vectors containing env gene inserts
were used for polyethyleneimine-mediated transfection of 293T cells. The
resulting recombinant Env gp120 glycoproteins were purified from super-
natants of transfected 293T cell cultures using Galanthus nivalis lectin-
agarose column chromatography (Vector Laboratories) and analyzed by
SDS-polyacrylamide gel electrophoresis and by Western blotting with the
anti-HIV-1 Env monoclonal antibody VRC C 16H3. Monomers of the
gp120 proteins were isolated from their oligomers by fast protein liquid
chromatography (FPLC) and stored at —70°C until use.

Animals. Lactation was induced in 12 female Indian rhesus monkeys
by depot medroxyprogesterone and estradiol injections followed by the
oral administration of a dopamine antagonist, as previously described
(19). Vaccination occurred after initiation of lactation. For the DNA
prime/i.m. boost and the MVA prime/i.m. boost, all vaccine doses were
administered in the quadriceps of anesthetized monkeys. For the MVA
prime/intranasal (i.n.) boost, the boost was administered intranasally us-
ing a previously reported procedure with some modifications (34).
Briefly, anesthetized monkeys were placed on their back with their head
held steady. A total volume of 150 .l was dispensed per nostril in 30-pl
aliquots at 30-s intervals with the nasal passages held closed between ali-
quot administrations. Milk (30 to 1,000 pl) was collected two times per
week, and blood was collected weekly before and following each immu-
nization. Milk was separated into cellular, supernatant, and fat fractions
by centrifugation, as previously described (18, 20). Vaginal and rectal
secretions were collected using premoistened Weck-Cel surgical sponges
(Medtronic, Jacksonville, FL) as previously described (35). Animals were
maintained according to the Guide for the Care and Use of Laboratory
Animals.

Preparation of mucosal samples. Mucosal secretions were eluted
from the Weck-Cel sponges using a previously reported protocol (35)
with slight modifications. In brief, the elution buffer for a single elution
was prepared by adding 6 pl of 100X protease inhibitor cocktail set 1
(Calbiochem) to 594 pl of 1X phosphate-buffered saline containing
0.25% bovine serum albumin (Sigma). Just before elution, sponges were
thawed on ice and transferred tip down to the upper chamber of a filterless
Spin-X column (Corning Life Sciences). The handle was removed with
scissors, and then 300 .l of ice-cold elution buffer was added directly onto
the sponge and allowed to diffuse for 5 min. The columns were then
centrifuged at 16,000 X g for 5 min. A second round of elution was per-
formed using a fresh 300-pl aliquot of elution buffer. The samples were
incubated for 10 min before centrifugation at 16,000 X g for 20 min. The
eluted fluid was then filtered through a Spin-X column containing an
0.22-pm filter (Corning Life Sciences). The samples and buffers were
incubated on ice throughout the procedure. IgG was purified from the
eluted fractions using protein G columns as previously described (17, 36).

Phenotyping and intracellular cytokine staining of breast milk
cells and PBMCs. The phenotype of breast milk and blood T lymphocytes
after vaccination was assessed by monoclonal antibody (MAb) staining
with anti-CD3-Alexa Fluor 700 (SP34.2), anti-CD8-allophycocyanin
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(APC)-H7 (SK1), and anti-CD4-eFluor605NC (L200; eBiosciences, San
Diego, CA). An amine dye (Aqua Vital Dye) was used to distinguish live
from dead cells in all flow cytometric analyses. Intracellular cytokine
staining was performed after a 6-h exposure of peripheral blood mono-
nuclear cells (PBMCs) and breast milk cells to overlapping, protein-span-
ning pooled C.1086 peptides (165 peptides; 15-mers overlapping by 11) or
staphylococcal enterotoxin B (SEB), as previously described (20), with the
following Abs: anti-tumor necrosis factor alpha (anti-TNF-a)—eFluor450
(Mab11; eBiosciences, San Diego, CA), anti-gamma interferon (anti-IFN-
v)—phycoerythrin (PE)-Cy7 (B27; BD Biosciences), and anti-interleu-
kin-2 (anti-IL-2)-APC (MQ1-17H12; BD Biosciences). The proportion
of cytokine-producing CD3* CD4" and CD3™ CD8" cells was deter-
mined by subtracting the proportion of unstimulated cytokine-producing
cells from the proportion of C.1086-stimulated cytokine-producing cells.
Data were collected on the LSRII flow cytometer (BD Biosciences) with
FACSdiva software and analyzed with FlowJo software (TreeStar). The
number of breast milk cells was considered to be too low to be analyzed in
a sample if no response to the SEB positive control that was above the
background was detected for at least two of the three cytokines assayed.

HIV-1 Env and V1V2-binding ELISA. Enzyme-linked immunosor-
bent assay (ELISA) plates were coated overnight with either HIV C.1086
gp120, goat anti-monkey IgG (Rockland, Gilbertsville, PA), or goat anti-
monkey IgA (Rockland, Gilbertsville, PA) and then blocked with the assay
diluent (phosphate-buffered saline containing 4% whey, 15% normal
goat serum, and 0.5% Tween 20). Dilutions of plasma, milk, IgG-depleted
vaginal/rectal secretions, and IgG purified from vaginal/rectal secretions
were then added to the plates. Antibodies were detected by a horseradish
peroxidase (HRP)-conjugated, polyclonal goat anti-monkey I1gG (Rock-
land, Gilbertsville, PA) or IgA (Rockland, Gilbertsville, PA) and the addi-
tion of the ABTS-2 peroxidase substrate system (KPL, Gaithersburg,
MD). Macaca mulatta purified IgG and IgA (Nonhuman Primate Reagent
Resource) were used to develop standard curves, and the concentration of
IgG or IgA antibody was calculated relative to the standard using a 5-pa-
rameter fit curve (WorkOut 2.5; PerkinElmer, Waltham, MA). For anti-
V1V2 IgG measurement, 384-well ELISA plates (Corning Life Sciences,
Lowell, MA) were coated with either gp70_B.CaseA_V1_V2 His6,
gp70_B.CaseA2 V1V2/169K, gp70_B.CaseA2 V1V2 mut3, AE.A244
V1V2 Tags, C.1086C V1V2 Tags 293F, or murine leukemia virus (MuLV)
gp70 His, monomer. Serial dilutions of plasma and milk were distributed
to the plates after blocking, and the Abs were detected using a peroxidase-
conjugated goat anti-monkey IgG (Rockland, Gilbertsville, PA) and the
SureBlue Reserve tetramethylbenzidine (TMB) peroxidase substrate
(KPL, Gaithersburg, MD). End titers were calculated as the inverse of the
last dilution three times above the background.

Neutralization assays. Tier 1 and 2 neutralization was measured in
TZM-bl cells by reduction in luciferase reporter gene expression after a
single round of infection, as previously described (37). Autologous virus
and other clade C virus neutralization was assessed in A3R5 cells using
HIV infectious molecular clones expressing the Renilla luciferase gene as
previously reported (38). A panel of 7 viruses was used to measure plasma
neutralization: HIV MW965 (tier 1), HIV CAP45.2.00.G3.LucR.T2A.
ecto, HIV Cel086_B2.LucR.T2A.ecto (autologous), HIV Cell76_
A3.LucR.T2A.ecto, HIV Ce2010_F5.LucR.T2A.ecto, HIV Du422.LucR.
T2A.ecto, and HIV DU151.2.LucR.T2A.ecto. In addition, plasma samples
from the MVA prime/i.m. protein boost regimen were tested for tier 2
neutralization in TZM-bl cells using the following viruses: SHIV-
1157ipd3N4, HIV TV1.21, and HIV ZM197M.PB7. Breast milk neutral-
ization was assessed against HIV MW965 in TZM-bl cells and against HIV
Cel086_B2.LucR.T2A.ecto (autologous), HIV CAP45.2.00.G3.LucR.
T2A.ecto, and HIV Cel176_A3.LucR.T2A.ecto in A3R5 cells. The 50%
inhibitory dose (IDs,) titer was calculated as the plasma or milk dilution
that caused a 50% reduction in relative luminescence units (RLU) com-
pared to the virus control wells after subtraction of cell control RLU. A
response was considered positive if the postimmunization ID, was at
least 3 times higher than the preimmune 1D,
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FIG 1 Vaccine regimens. Hormone-induced, lactating female monkeys were primed with either recombinant HIV Env C.1086 gp140 DNA or recombinant
MVA expressing HIV Env C.1086 gp140 and then boosted twice with HIV Env C.1086 gp120 i.m. or i.n. as indicated. Four animals were included in each vaccine

group.

Measurement of ADCC response in plasma and breast milk. ADCC
activities of plasma and delipidized breast milk samples were detected by
the GranToxiLux (GTL) procedure as previously described (39).
CEM.NKR_ g5 target cells (40) were coated with the recombinant HIV
C.1086 gp120 used as a protein boost in the vaccine regimen. Cryopre-
served human peripheral blood mononuclear cells (PBMCs) from an
HIV-seronegative donor served as effector cells and were added at an
effector/target ratio of 30:1. The samples were tested using 4-fold serial
dilutions starting at 1:100 for plasma and 1:4 for breast milk. A minimum
of 2,500 events representing viable target cells was acquired for each well
using an LSRII flow cytometer (BD Biosciences). Data analysis was per-
formed using FlowJo 9.6.1 software (Tree Star Inc.). The percent gran-
zyme B (% GzB) activity was defined as the proportion of cells positive for
proteolytically active GzB out of the total viable target cell population. The
final results are expressed after subtracting the background % GzB activity
observed in wells containing effector and target cells in the absence of
plasma or breast milk. ADCC titers were determined by interpolating the
dilutions of plasma or breast milk that intersect the positive cutoff (>av-
erage + 2 standard deviations [SD] % GzB activity of prevaccination
samples) using GraphPad Prism 5 software (GraphPad).

Statistical analysis. Immune responses were compared between vac-
cine regimens (either DNA prime/i.m. boost and MVA prime/i.n. boost
or MVA prime/i.m. boost and MVA prime/i.n. boost) using the Mann-
Whitney U test. The Wilcoxon matched-pair signed-rank test was used for
comparison between vaccine-elicited blood and milk responses. Finally,
the Spearman correlation coefficient was used for correlation analysis. All
statistical tests were conducted using GraphPad Prism 5 software.

RESULTS

Immunization of lactating rhesus monkeys. Lactation was phar-
macologically induced in 12 female Indian rhesus monkeys, as
previously described (19). After the initiation of lactation, the
monkeys were immunized with the clade C HIV T/F Env C.1086
using one of three vaccine regimens (Fig. 1). The first group of 4
animals was primed with three doses of 5 mg of recombinant DNA
(rDNA) plasmids containing the HIV C.1086 gp140 env gene in-
sert at weeks 0, 4, and 8 and then boosted twice intramuscularly at
weeks 20 and 24 with 100 g of HIV C.1086 gp120 protein. The
second group of 4 lactating female monkeys was primed with 10°
PFU of rMVA expressing the HIV C.1086 gp140 env gene and
boosted twice intramuscularly at weeks 12 and 16 with 100 pg of
HIV C.1086 gp120 protein. Finally, four lactating rhesus monkeys
were primed with 10° PFU of rMVA expressing the HIV C.1086
env gene and boosted twice intranasally at weeks 12 and 16 with
200 g of HIV C.1086 gp120 protein (100 pg in each nostril).
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MF59 (41, 42) was used as the adjuvant for the intramuscular
(i.m.) boosts at a 1-in-1 volume ratio with the vaccine (500 .l
each). The TLR 7/8 agonist R848 (500 pg/animal) was used as the
adjuvant for the intranasal (i.n.) boosts (43).

Systemic and mucosal immunization of lactating rhesus
monkeys induces robust T-cell responses in the breast milk
compartment. Vaccine-elicited cellular responses were assessed
in the blood and breast milk compartment before immunization
and then 2 to 3 weeks after the prime and each of the protein
boosts. The proportion of CD4 " T cellsand CD8™ T cells produc-
ing IFN-vy, TNF-a, and IL-2 after stimulation with the HIV
C.1086 Env peptide pool was measured by intracellular cytokine
staining. Only a small proportion of cells produced cytokines be-
fore stimulation (CD4 T cells, 0 to 0.7% and 0 to 0.06%, and CD8
T cells, 0 to 0.8% and 0 to 0.14% in milk and blood, respectively).
The proportions of HIV Env-specific CD4" T cells in blood that
produced IFN-vy, TNF-a, and IL-2 after the first protein boost
were comparable between the systemic regimens (P value range,
0.2 to 0.5) and between the MVA prime/i.m. boost and MVA
prime/i.n. boost regimens (P value range, 0.06 to 0.7) (Fig. 2A).
For animals that had adequate breast milk cell numbers for assess-
ment, HIV Env-specific cytokine-producing CD4 ™" cells were also
detected in the milk compartment following the first protein
boost in one of two animals vaccinated with the DNA primer/i.m.
protein boost regimen, two of four animals immunized with the
MVA prime/i.m. boost regimen, and four of four animals that
received the MVA prime/i.n. boost regimen (Fig. 2B). The pro-
portions of milk HIV Env-specific CD4™ T cells producing IFN-y,
TNF-q, and IL-2 were not statistically different between the MVA
prime/i.m. boost and MVA prime/i.n. boost regimens (P value
range, 0.6 to 0.9). When detected, the proportion of HIV Env-
specific CD4™ T cells producing either IFN-y (P = 0.02) or
TNF-a (P = 0.02) following the first HIV Env protein boost was
consistently higher in milk than in blood across all vaccine groups.

Similarly, the proportions of HIV Env-specific cytokine-pro-
ducing CD8 ™ T cells in blood following the first protein boost did
not differ in magnitude between the systemic vaccine regimens (P
value range, 0.3 to 0.9). The vaccine-elicited CD8" T-cell re-
sponses were also similar between the MVA prime/i.m. boost and
MVA prime/i.n. boost for IFN-y (P = 0.18) and IL-2 (P = 0.10)
but were higher with the i.n. boost for TNF-a (P = 0.02). HIV
Env-specific CD8™ cells were detected in milk in one of two ani-
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FIG 2 Env C.1086 prime/boost vaccination induces CD4 " and CD8 " T-cell responses in breast milk. (A and B) Percentages of HIV-specific CD4™ T cells in
blood (A) and milk (B) of animals vaccinated with the DNA prime/i.m. protein boost, the MVA prime/i.m. protein boost, and the MVA prime/i.n. protein boost
regimens. (C and D) Percentages of CD8™ T cells in blood (C) and milk (D) of vaccinated animals. Asterisks indicate that the numbers of breast milk cells were
too low to be assessed as determined by lack of a detectable response to the SEB positive control for at least two of the three cytokines assayed.

mals vaccinated with the DNA prime/i.m. boost, three of four
animals vaccinated with the MVA prime/i.m. boost, and two of
four animals vaccinated with the MVA prime/i.n. boost regimen.
When detected, the proportions of HIV Env-specific CD8™ T cells
producing IFN-vy, TNF-a, and IL-2 after the first Env protein
boost were similar between breast milk and blood (P value range,
0.2 to 0.8). Overall, in accordance with previous studies (44), our
results indicate that HIV immunization can induce strong cellular
responses in the milk compartment of uninfected lactating rhesus
monkeys.

Similar magnitudes of HIV Env-specific IgG antibody re-
sponses elicited by DNA prime/i.m. boost and MVA prime/i.m.
boost in plasma and milk. To investigate antibody responses elic-
ited by systemic T/F Env prime/boost regimens in blood and milk,
we first compared the abilities of the DNA prime/i.m. boost and
MVA prime/i.m. boost regimens to induce systemic and milk IgG
responses. HIV Env-specific IgG antibodies were detected in the
plasma of all vaccinated animals following the prime (Fig. 3A and
B), and the magnitudes of the responses were not statistically dif-
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ferent between the two vaccine regimens (Table 1). The concen-
tration of HIV Env-specific IgG antibodies in plasma after the first
protein boost was 1 to 2 logs higher than that after the prime, and
the concentrations remained comparable between the two vaccine
regimens (Table 1). Only a slight increase in plasma HIV Env-
specific IgG responses was observed following the second protein
boost.

The magnitude of the vaccine-elicited HIV Env-specific IgG
response in milk was generally 2 to 4 logs lower than that in
plasma. HIV Env-specific IgG antibodies were detected following
the prime in the breast milk of 3 of 4 animals primed with rDNA
and in 2 of 4 animals primed with rMVA (Fig. 3A and B). All
animals had detectable HIV Env-specific IgG antibodies in milk
following the protein boosts, and the levels were similar between
the two vaccine regimens (Table 1). Thus, the two systemic vac-
cine regimens induced robust HIV Env-specific IgG antibody re-
sponses in plasma and lower levels in milk.

To determine if higher levels of HIV Env-specific IgG could be
elicited in milk by mucosal immunization, we compared the mag-
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nitudes of the milk Env-specific IgG responses between animals
immunized with the MVA prime/i.m. boost regimen (Fig. 3B) and
those immunized with the MVA prime/i.n. boost regimen (Fig.
3C). Comparable levels of Env-specific IgG antibodies were elic-
ited in milk following the systemic and the mucosal protein boosts
(Table 1). As with the systemic regimen, the milk Env-specific IgG
concentration in animals boosted i.n. was 2 to 4 logs lower than
that in plasma. Notably, the magnitudes of the vaccine-elicited
plasma Env-specific IgG responses were also similar between the
i.m. and i.n. boost regimens (Table 1). Thus, the i.n. boost did not
improve the magnitude of HIV Env-specific IgG responses in milk
compared to the systemic boost and yet elicited similar levels of
HIV Env-specific IgG in plasma.

MVA prime/i.n. boost selectively induces strong Env-specific
IgA responses in milk. HIV Env-specific IgA antibodies were de-
tected in the plasma of all vaccinated animals after the protein
boost, but the magnitude of the response was 1 to 2 logs lower than
the Env-specific IgG response (Fig. 3D to F). The levels of Env-
specific IgA antibodies in plasma after the two boosts were com-
parable between DNA prime/i.m. boost and MVA prime/i.m.
boost and between MVA prime/i.m. boost and MVA prime/i.n.
boost (Table 1). HIV Env-specific IgA antibodies were detected in
milk of two animals vaccinated with DNA prime/i.m. boost and in
three animals from the MVA prime/i.m. boost regimen (Fig. 3D
and E). The magnitude of the response in milk was about 2 logs
lower in milk than in plasma for the two groups of vaccinated
lactating monkeys. In striking contrast, comparable levels of
Env-specific IgA antibodies were detected in the plasma and
milk of animals vaccinated with the MVA prime/i.n. boost (P =
0.6, Table 1). Moreover, the milk Env-specific [gA response was
significantly higher among MVA prime/i.n. boost-vaccinated
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animals than in those vaccinated with MVA prime/i.m. boost
(P =0.03). Tobe sure that this strong IgA response was not due
to IgG cross-reactivity in the assay, we repeated the measure-
ment of the IgA response in milk of animals vaccinated with the
MVA prime/i.n. boost after depleting IgG from the samples.
The concentration of Env-specific IgA in milk remained 1 log
higher in the MVA prime/i.n. boost than in the other vaccine
strategies, confirming the robustness of the i.n. vaccine-elicited
mucosal IgA response.

We then investigated if the high-magnitude Env-specific IgA
response found in milk following MVA prime/i.n. boost was also
present in other mucosal compartments. Env-specific IgA anti-
bodies were detected in vaginal secretions but not in rectal secre-
tions of all vaccinated animals (Table 2). However, the magnitude
of the Env-specific IgA response in vaginal secretions was about 1
log lower than that in milk. This suggests that the mucosal boost-
ing strategy (i.n. boost plus TLR agonist adjuvant) selectively in-
duces strong HIV Env-specific IgA responses in lactating mam-
mary glands.

Systemic and mucosal HIV T/F Env vaccination elicited HIV
Env-specific IgG antibodies at mucosal sites other than breast
milk. To determine if the vaccine regimens induced HIV Env-
specific IgG in mucosal compartments other than milk, Env-spe-
cific IgG antibodies were measured in vaginal and rectal secretions
(Table 3). While all vaccinated animals had detectable levels of
Env-specific IgG in vaginal secretions after the first protein boost,
only half of the animals from the DNA prime/i.m. boost and the
MVA prime/i.m. boost groups and none from the MVA prime/i.n.
boost group had detectable levels of Env-specific IgG in rectal
secretions. The magnitudes of the vaginal Env-specific 1gG re-
sponses did not statistically differ between the MVA prime/i.m.
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TABLE 1 Comparison of vaccine-elicited HIV Env-specific antibody responses in plasma and milk across vaccine groups

P value®

DNA prime/i.m. boost

MVA prime/i.m. boost

DNA prime/ MVA prime/i.m. MVA prime/ vs MVA prime/i.m. vs MVA prime/i.n.

Parameter i.m. boost boost i.n. boost boost boost
Plasma HIV Env-IgG (range, ng/ml)

Postprime 3,195-19,244 134-8,048 131-7,194 0.1 0.9

Post-boost 1 76,990-229,556  88,532-932,526 1,393-320,953 0.5 0.2

Post-boost 2 71,241-309,712  117,974-1,566,360  32,899-462,103 0.3 0.1
Milk HIV Env-IgG (range, ng/ml)

Postprime 0-104 0-164 0-0 0.7 ND’

Post-boost 1 47-1,412 8-525 1.55-1,190 0.9 0.9

Post-boost 2 22-843 70-2,814 189-5,269 0.3 0.7
Plasma HIV Env-IgA (range, ng/ml)

Postprime 19-72 0-12 0-13 0.03 0.9

Post-boost 1 555-1,414 248-1,323 1.5-1,190 0.7 0.5

Post-boost 2 202-3,466 625-1,187 189-5,269 0.7 0.3
Milk HIV Env-IgA (range, ng/ml)

Postprime 0-6 0-8 0-59 0.9 0.3

Post-boost 1 0-6 0-7 0-260 0.8 0.4

Post-boost 2 0-62 0-37 462-1,841 0.7 0.03
Plasma HIV Env-V1V2 IgG (range, ng/ml)

Postprime 810-21,870 30-810 90-2,430 0.05 0.8

Post-boost 1 65,610-196,830  2,430-590,490 270-65,610 0.9 0.2

Post-boost 2 65,610-196,830  6,5,610-198,830 21,870-196,830 0.6 0.2
Milk HIV Env-V1V2 IgG (range, ng/ml)

Postprime 0 0-30 0 ND ND

Post-boost 1 90-810 0-2,430 0-90 0.3 0.2

Post-boost 2 90-2,430 30-2,430 90-2,430 0.9 0.7
Plasma HIV MW965, 1Dy,

Postprime 40-118 22-53 <20-30 0.2 0.4

Post-boost 1 731-2,270 877-12,305 52-2,273 0.2 0.06

Post-boost 2 740-1,852 2,847-16,406 306-10,139 0.03 0.2
Milk HIV MW965, 1D,

Postprime 81-154 29-80 20-49 0.5 0.2

Post-boost 1 89-333 91-362 43-78 0.7 0.03

Post-boost 2 65-650 (2/4) 342-780 46-438 ND 0.06
Plasma ADCC, end titer

Postprime 100-553 100 100-244 ND ND

Post-boost 1 11,691-49,438 1,331-93,910 183-5,206 0.34 0.06

Post-boost 2 5,206-33,754 5,575-102,400 100-15,468 0.2 0.06
Milk ADCC, titer

Postprime 4 4 4 ND ND

Post-boost 1 4-3,355 4-4,096 4 0.7 0.07

Post-boost 2 4(2/4) 424-4,096 (3/4) 4 ND ND

“Values in bold represent P values lower than 0.05.
? ND, not determined.

and MVA prime/i.n. boost regimens (P = 0.11). Interestingly,
there was no correlation between the levels of Env-specific IgG in
milk and those in vaginal secretions (r = 0.01, P = 0.9), suggesting
that these mucosal responses are distinctly regulated. The func-
tion of rectal and vaginal Env-specific IgG antibodies was not as-
sessed due to lack of sufficient material.

6992 jviasm.org

Systemic and mucosal T/F Env immunization of lactating
rhesus monkeys induces anti-V1V2 IgG antibodies in plasma
and milk. We then investigated the ability of the systemic and
mucosal T/F Env vaccine regimens to elicit an anti-V1V2 IgG
response, the response that was associated with a lower risk of HIV
acquisition in the RV144 vaccine trial (45). Interestingly, a recent
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TABLE 2 MVA prime/i.n. boost vaccine-elicited mucosal IgA response

IgA response in sample®:

Monkey Milk Rectal Vaginal
A6E042 22 ND 1.3
AU71S 4 ND 0.4
A6E030 14 ND 1.1
AGE088 23 ND 0.3

“ Shown in ng of HIV Env-specific IgA per ug of total IgA after the second protein
boost. ND, not detected.

genetic analysis of breakthrough virus sequences in this RV144
trial demonstrated a vaccine efficacy of 48% against viruses
matching the V2 loop of the vaccine strain with a lysine at position
169 (46), compared to the 31% overall vaccine efficacy. IgG anti-
bodies against the autologous Env C.1086 V1V2 (containing a
lysine at position 169) were also a correlate of risk of reduced
transmission in the RV 144 trial (G. Tomaras, H.-X. Liao, and B. F.
Haynes, unpublished data), and antibodies of this specificity were
elicited in plasma following immunization in all animals (Fig. 4).
The magnitude of the response increased significantly between the
prime and the first protein boost (P = 0.002), but in most animals,
only a slight increase in antibody titers was observed after the
second boost (P = 0.2). Following the prime, autologous anti-
V1V2 IgG titers in plasma tended to be higher with the DNA
prime/i.m. boost than with the MVA prime/i.m. boost (Table 1,
P = 0.05). However, this strong anti-V1V2 IgG response follow-
ing DNA prime did not lead to stronger boosting responses since
the end titers did not statistically differ between the two regimens
after the protein boosts (P = 0.8 and P = 0.6 for post-boost 1 and
post-boost 2, respectively). The magnitudes of the plasma anti-
V1V2 IgG responses were also comparable between the MVA
prime/i.m. boostand MVA prime/i.n. boost regimens (P = 0.2 for
both post-boost 1 and post-boost 2).

To examine the breadth of the plasma anti-V1V2 IgG response,
IgG responses against the clade AE HIV A244 V1V2 (RV144 vac-
cine strain) and the clade B gp70V1V2 case A2 construct (used in
the RV144 immune correlate analysis) (45) were also evaluated in
all vaccine groups. The C.1086 Env vaccine-elicited response
against the clade B gp70V1V2 case A2 (containing a valine at po-
sition 169) was less potent than that against the autologous C.1086
V1V2 (post-boost 2 end titer range, 90 to 7,290 versus 65,610 to
196,830, respectively; P = 0.002). The binding against gp70V1V2
case A2 remained low when the valine at position 169 was replaced
by a lysine residue (data not shown). However, higher end titers
were obtained againsta gp70 V1V2 case A2 construct containing a
triple mutation at positions 169, 172, and 173 (V169K/E172V/
E173H) to match the C.1086 V1V2 sequence. There was a strong
correlation between the magnitudes of the vaccine-elicited IgG
response against A244 V1V2 (r = 0.95, P < 0.0001) and that
against gp70 V1V2 case A2 V169K/E172V/E173H (r = 0.94, P <
0.0001) and C.1086 V1V2 (Fig. 4D and E).

IgG responses against the Env V1V2 region were also elicited in
milk by the C.1086 Env vaccine regimens. The magnitude of the
milk anti-C.1086 V1V2 IgG response was 2 to 4 logs lower than
that in plasma, and the magnitudes did not differ between either
DNA prime/i.m. boost and MVA prime/i.m. boost or MVA
prime/i.m. boost and MVA prime/i.n. boost groups (Fig. 4A to C,
post-boost 2, P = 0.9 and 0.7, respectively). Anti-V1V2 IgG anti-
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TABLE 3 Vaccine-elicited mucosal IgG response following a single
protein boost

Response in sample”:

Regimen Monkey no. Milk Rectal Vaginal
DNA prime/i.m. boost 155 1.6 ND 24.9
207 39.7 0.5 33.4
210 1.2 1.9 28.9
290 0.4 ND 16.2
MVA prime/i.m. boost 187 8.2 ND 29.3
205 4.9 ND 37.9
251 1.4 1.4 4.1
270 0.08 0.2 3.1
MVA prime/i.n. boost A6E042 11.5 ND 6.2
AU71S ND ND 2.3
AG6E030 31.1 ND 1.0
AG6E088 20.4 ND 0.3

“ Shown as ng of HIV Env-specific IgG per pg of total IgG. ND, not detected.

bodies tended to increase in milk following the second protein
boost with the MVA prime/i.n. boost (endpoint titer range post-
boost 1 versus post-boost 2, 10 to 90 versus 90 to 2,430, respec-
tively; P = 0.09) but not with the MVA prime/i.m. boost regimen
(P =0.5). Interestingly, there was a strong correlation between the
magnitudes of the milk and plasma autologous anti-V1V2 IgG
responses (r = 0.8, P < 0.0001), suggesting that the vaccine-elic-
ited anti-V1V2 IgG antibodies in milk are mostly transudate from
plasma.

The MVA prime/i.m. boost vaccination regimen induced
more potent neutralizing antibody responses in plasma than
did the DNA prime or i.n. boost regimens. Although most HIV
Env vaccines tested to date have been able to induce strong sys-
temic binding antibody responses, only tier 1 and occasionally tier
2 neutralization responses have been elicited through vaccination
(38,47, 48). Thus, inducing potent, broadly neutralizing antibody
responses remains an important goal for future HIV vaccine can-
didates. In this study, tier 1 plasma neutralization was assessed
against HIV MW965 (clade C) in the TZM-bl cell-based assay.
Neutralization against five traditional tier 2 clade C viruses (tier
designation defined in the TZM-bl assay) and the autologous vac-
cine virus was also measured in the more sensitive A3R5 assay
(38). Neutralization responses against the HIV MW965 clade C
strain were detected in plasma after the first protein boost in all
animals except one animal immunized with the MVA prime/i.n.
boost regimen (Fig. 5). This animal (AU71S) generally showed
lower potency of vaccine-elicited immune responses, potentially
due to older age (age 15.4 years; immunized cohort range, 5.1 to
15.4 years). The TZM-bl tier 1 neutralization potencies in plasma
after the first boost did not differ between the DNA prime/i.m.
boost and the MVA prime/i.m. boost (Table 1, P = 0.2), but the
neutralization titers were significantly higher in animals vacci-
nated with the MVA prime/i.m. boost regimen after the second
boost (Table 1, P = 0.03). Plasma autologous C.1086 virus neu-
tralization in the A3R5 assay was observed in two of four animals
vaccinated with DNA prime/i.m. boost and in all animals vacci-
nated with the MVA prime/i.m. boost regimen (IDs, range, 94 to
594). One of the animals immunized with the DNA prime/i.m.
boost had low levels of neutralization activity in plasma against the
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FIG 4 Immunization of lactating monkeys induces anti-V1V2 IgG antibodies in plasma and breast milk. (A to C) End titers of IgG antibodies against C.1086
V1V2 in the plasma and milk of animals vaccinated with the DNA prime/i.m. protein boost (A), the MVA prime/i.m. protein boost (B), and the MVA prime/i.n.
protein boost (C) vaccine regimens. Each line represents one animal. Plasma is represented with filled symbols, and milk is represented with open symbols. (D
to F) Correlation between end titers of IgG antibodies against C.1086 V1V2 and gp70V1V2 case A2 (D), gp70V1V2 case A2 V169K/E172V/E173H (E), and A244

V1V2 (F). The y axis represents log,,.

five viruses tested in the A3R5 neutralization assay, whereas 3 of 4
animals vaccinated with MVA prime/i.m. boost had low to mod-
erate neutralizing activity against these five viruses (Fig. 5). Higher
levels of neutralization were observed with the MVA prime/i.m.
boost than with the DNA prime/im. boost against HIV
CAP45.2.00.G3 in the A3R5 neutralization assay (post-boost 1
ID5, range, 162 to 803 versus <20 to 162, respectively; P = 0.04).
Although classified as a tier 2 virus in the TZM-bl neutralization
assay (49), HIV CAP45.2.00.G3 displays a tier 1 phenotype in the
A3R5 neutralization assay (D. C. Montefiori and C. LaBranche,
unpublished data). Importantly, plasma tier 2 neutralization in
TZM-bl cells was assessed and found to be rare and of low mag-
nitude in animals vaccinated with the MVA prime/i.m. boost reg-
imen (data not shown). Thus, overall, the MVA prime/i.m. boost
elicited more frequent and more potent neutralizing responses in
plasma than did the DNA prime/i.m. boost.

We then compared the neutralization potency of antibody re-
sponses elicited by MVA priming followed by either i.m. or i.n.
boost. Tier 1 neutralization titers tended to be lower in the MVA
prime/i.n. boost than in the MVA prime/i.m. boost group after the
first boost (Table 1, P = 0.06), but comparable neutralization was
observed after the second boost (Table 1, P = 0.2). Surprisingly,
although the two regimens elicited equivalent levels of Env-spe-
cific binding antibodies, no autologous or other clade C virus
neutralization was detected in the plasma of i.n.-boosted animals
using the A3R5 assay (Fig. 5). This finding suggests that systemic
immunization was more effective than mucosal vaccination at
eliciting functional systemic antibody responses.

Low to moderate levels of tier 1 neutralization are elicited in
milk following T/F Env prime/boost immunization of lactating
rhesus monkeys. Our previous studies in HIV-infected lactating

6994 jviasm.org

women and SIV-infected lactating monkeys have shown that low
levels of tier 1 neutralizing antibodies can be detected in milk (17).
Therefore, we investigated the ability of the adjuvanted T/F Env
prime/boost regimens to induce neutralizing antibody responses
in breast milk. Milk tier 1 neutralization in the TZM-bl assay was
1 to 2 logs lower than that in plasma and was detected in all ani-
mals immunized with MVA prime/i.m. boost and in 3 of 4 animals
immunized with DNA prime/i.m. boost (Fig. 6A and B). The vac-
cine-elicited milk tier 1 neutralization responses were similar in
magnitude between the two systemic vaccine regimens after the
first prime (P = 0.6). Milk autologous and tier 2 neutralization
responses in the A3R5 assay were observed only in one MVA-
primed/i.m. boosted animal (animal 251, neutralization of 3 of 3
tier 2 viruses; ID5, range, 201 to 319; data not shown). Milk tier 1
neutralization was detected in only one animal immunized with
MVA prime/i.n. boost after the first protein boost and in three
animals after the second boost (Fig. 6C). After the second protein
boost, tier 1 neutralization tended to be lower in animals immu-
nized with the MVA prime/i.n. boost than in animals immunized
with the MVA prime/i.m. boost (P = 0.06). No autologous or tier
2 neutralization was observed in animals who received the muco-
sal vaccine regimen. This weak functional antibody response in
milk following i.n. immunization is in line with the weak sys-
temic functional antibody response observed with this regimen
and may indicate that neutralizing antibodies were not locally
elicited.

Lack of vaccine-elicited ADCC response in milk following
MVA prime/i.n. boost. It was recently reported that HIV-infected
women who did not transmit HIV to their infants during breast-
feeding had a higher potency of milk ADCC-mediating antibodies
than did the transmitting women (16). Thus, eliciting this non-
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I I I

MW965 Ce1086_B2. | Ce1176_A3. Ce2010_F5. DU151.2. CAP45.2.00.G3.
(tier1) LucR.T2A.ecto|LucR.T2A.ecto|LucR.T2A.ecto|LucR.T2A.ecto| LucR.T2A.ecto | LucR.T2A.ecto
155 pre-immune <20 58 <20 29 26 28 <20
post-prime 40 69 55 59 48 55 49
post boost 1 1836 115 73 7 98 92 61
post boost 2 1124 142 46 56 107 61 40
207 pre-immune <20 33 <20 25 20 29 <20
post-prime 118 121 77 87 7 78 93
post boost 1 2270 364 113 136 178 211 152
q post boost 2 1852 93 25 30 39 21 <20
U e 1L 210 pre-immune <20 35 <20 28 <20 22 <20
boost post-prime 44 122 79 75 55 59 99
post boost 1 731 42 36 28 41 34 <20
post boost 2 740 67 25 31 39 <20 25
290 pre-immune <20 58 25 25 38 27 <20
post-prime 47 96 84 94 61 60 86
post boost 1 1001 112 62 46 66 51 41
post boost 2 209 46 24 30 54 <20 24
187 pre-immune <20 28 <20 <20 <20 23 <20
post-prime 24 54 44 47 45 44 <20
post boost 1 7184 356 155 22 28 21 230
post boost 2 10081 9% 60 53 51 69 74
205 pre-immune <20 56 <20 34 23 27 <20
post-prime 34 77 55 51 40 46 61
post boost 1 12305 591 187 164 290 460 803
: post boost 2 16406 219 58 46 82 55 67
VA pitme 1Y) 251 pre-immune <20 32 <20 <20 <20 <20 <20
boost post-prime 53 92 54 51 44 48 60
post boost 1 4393 428 126 96 145 258 340
post boost 2 5926 55 30 29 69 28 <20
270 pre-immune <20 22 <20 <20 24 <20 <20
post-prime 22 76 49 46 43 47 41
post boost 1 877 243 112 99 119 205 162
post boost 2 2847 108 37 49 69 45 33
ABE 088 pre-immune 30 24 34 31 26 37 24
post-prime 22 <20 26 24 <20 44 <20
post boost 1 600 29 39 43 34 42 29
post boost 2 2388 32 35 42 33 49 32
ABE 030 pre-immune <20 <20 <20 <20 <20 37 <20
post-prime <20 <20 <20 <20 <20 44 <20
post boost 1 427 <20 <20 <20 <20 42 <20
MVA prime / IN post boost 2 1101 49 42 36 32 49 28
boost AU71S pre-immune 46 26 31 31 33 36 <20
post-prime 30 36 35 30 30 43 <20
post boost 1 52 39 38 38 38 52 <20
post boost 2 306 47 35 44 34 51 <20
ABE 042 pre-immune <20 24 23 24 <20 37 <20
post-prime <20 25 22 23 <20 37 <20
post boost 1 2273 42 35 37 40 44 <20
post boost 2 10139 48 38 41 51 55 <20

FIG 5 The MVA prime/i.m. protein boost regimen induces autologous and potent tier 1 neutralization in plasma. DNA prime/i.m. protein boost plasma
neutralization titers (top), MVA prime/i.m. protein boost plasma neutralization titers (middle), and MVA prime/i.n. protein boost plasma neutralization titers
(bottom). Positive neutralization titers defined as ID, at least three times above the preimmune ID,, are highlighted.

neutralizing functional antibody response in breast milk may be
important for an effective maternal HIV vaccine. The two sys-
temic boost vaccine regimens induced potent ADCC responses in
the plasma that were not statistically different after the protein
boosts (Table 1; P = 0.3 and P = 0.2 for boost 1 and boost 2,
respectively) (Fig. 6E and F). The ADCC response in milk was 1 to
2logs lower than that in plasma and was detected in 2 of 4 animals
from the DNA prime/i.m. boost vaccine regimen and from 3 of 4
animals vaccinated with the MVA prime/i.m. boost regimen.
When detected, the magnitudes of the milk ADCC response were
similar between the two groups (median DNA prime/i.m. boost
ADCGC titer, 1,905; range, 455 to 3,555; median MVA prime/i.m.
boost ADCC titer, 784; range, 213 to 4,096). Interestingly, vac-
cine-elicited ADCC-mediating antibodies were present in the
plasma but not in the milk of animals immunized with the MVA
prime/i.n. boost. This lack of response confirms that the MVA
prime/i.n. boost strategy is not potent at inducing functional an-
tibody responses in milk.
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DISCUSSION

Developing alternative prophylactic strategies that can be admin-
istered in combination with current preventive measures may be
necessary to eliminate HIV MTCT in low-income areas. As ADCC
activity in breast milk (16) and passive infusion of neutralizing
antibodies (14) have been associated with reduction of postnatal
HIV/SHIV acquisition in infants and neonatal rhesus monkeys, a
maternal vaccine that provides passive functional HIV-specific
antibody responses to HIV-exposed infants could contribute to
achieving an HIV-free generation. In this study, we compared
vaccine-elicited responses in breast milk and plasma of lactating
rhesus monkeys primed with either rDNA or rMVA expressing
the gp140 env gene of a highly immunogenic clade C T/F HIV
strain (HIV C.1086) and then boosted twice i.m. with HIV C.1086
gp120 protein. We also compared the responses elicited when
MVA priming was followed by i.m. or i.n. administration of the
protein boosts. All three vaccine regimens elicited cellular im-
mune responses in milk and plasma (Fig. 2). We previously estab-
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FIG 6 Mucosal immunization induces low levels of HIV Env-specific functional antibody responses in breast milk. (A to C) Log breast milk ID5, of the clade C
tier 1 virus HIV MW965 in animals vaccinated with the DNA prime/i.m. protein boost (A), the MVA prime/i.m. protein boost (B), and the MVA prime/i.n.
protein boost (C) regimens. Stars indicate samples not available for testing. (D to F) ADCC antibodies titers in the plasma and breast milk of animals which
received the DNA prime/i.m. protein boost (D), the MVA prime/i.m. protein boost (E), or the MVA prime/i.n. protein boost (F) vaccine regimen. Each line
represents one animal. Plasma is represented with filled symbols, and milk is represented with open symbols. The y axis represents log,.

lished that robust SIV immunogen-specific CD4" and CD8*
T-cell responses were induced in breast milk following immuni-
zation of lactating monkeys with a DNA prime virus vector
NYVAC/Ad5 boost vaccine regimen (20). This DNA prime/live
virus vector boost immunization strategy also induced low IgG
responses but no IgA responses in breast milk. In contrast, in the
present study, milk Env-specific IgG and IgA antibodies were de-
tected in the majority of the vaccinated animals. Thus, the HIV
T/F Env prime/protein boost vaccine strategies used in this study
appear to be superior to the DNA prime NYVAC/Ad5 boost for
inducing humoral immune responses in breast milk.

Inducing broadly neutralizing antibodies by vaccination has
proven to be difficult. Most vaccines tested to date, including the
moderately protective RV144 vaccine regimen, elicited tier 1 but
not tier 2 neutralizing responses (38, 47, 48). As passive immuni-
zation studies have shown that neutralizing antibodies are able to
protect from SHIV infection (50, 51), inducing this immune re-
sponse is an important goal for an HIV vaccine. Interestingly, it
was recently observed that while chronic Env immunogens in-
duced strong tier 1 but not tier 2 neutralizing antibodies following
immunization of guinea pigs, T/F Env immunogens elicited low
levels of broadly neutralizing antibodies capable of neutralizing
tier 1 and (weakly) tier 2 viruses (22). Consistent with the broadly
neutralizing antibody responses elicited by HIV C.1086 Env in
guinea pigs, lactating monkeys immunized with the MVA prime/
im. boost regimen also developed low to moderate levels of
plasma neutralizing antibodies that neutralized most of the tier 2
viruses tested in the A3R5 assay (Fig. 5). It should be noted that for
this activity to be seen, it required measurement in the sensitive
A3R5 neutralization assay, and as yet, the protective nature of
these types of neutralizing antibodies is unknown. It is therefore
important to determine if levels of these types of neutralizing an-
tibody responses are sufficient to protect from HIV acquisition.
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Only one study has investigated the association between milk
neutralizing antibodies and risk of breast milk transmission (16),
and although no association was observed, milk neutralization
was rarely detected. Thus, it is possible that the induction of more
potent neutralization in milk by a maternal vaccine could be ben-
eficial. Surprisingly, although the systemic and mucosal MVA
prime/protein boost regimens induced equivalent levels of HIV
Env-binding IgG antibodies in plasma and milk, including against
the Env V1V2 region, animals that received the i.n. boost had
lower levels of functional antibodies in milk (Fig. 6). This low milk
response likely reflects the lower magnitude of systemic functional
responses observed in this vaccine group, as the breast milk func-
tional IgG antibody response appears to be mainly derived from
plasma (16, 17). Thus, systemic immunization may be required to
achieve potent functional IgG antibody responses in breast milk.

High levels of plasma HIV Env-specific IgA antibodies were
associated with an increased risk of HIV acquisition in RV144
vaccinees (45). However, the transmission rate among vaccine
recipients with high Env-specific IgA levels was similar to that in
placebo recipients, indicating that IgA antibodies did not enhance
infectivity. Interestingly, although neutralization and ADCC an-
tibody responses did not correlate with risk of HIV acquisition in
the overall population of RV144 vaccine recipients, these func-
tional responses were associated with a decreased risk of infection
among vaccinees with low levels of plasma Env-specific IgA. It was
therefore hypothesized that plasma (predominantly monomeric)
IgA antibodies may interfere with potentially protective IgG re-
sponses (40, 69). As in most previously reported vaccine studies,
the vaccine strategies used in this study induced plasma HIV Env-
specific IgA responses. Importantly, although the MVA prime/i.n.
boost induced high levels of Env-specific IgA antibodies in milk,
there was no difference in the magnitude of the plasma response
between this regimen and the systemic regimens (Fig. 3). This
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observation raises the important issue of balancing vaccine elici-
tation of immune responses that are potentially protective and
those that may modulate these protective responses.

In contrast to the systemic compartment where monomeric
IgA is predominant (52), mucosal IgA is mainly in the form of
secretory IgA (sIgA), a dimeric antibody containing the ] chain
peptide and the secretory component (reviewed in reference 53).
The mechanisms of sIgA induction and regulation appear to be
distinct from those of systemic immune responses (54, 55), and
the absence of correlation between HIV-specific IgA antibodies in
plasma and those in mucosal compartments suggests that mucosal
HIV Env-specific IgA antibodies are at least partially locally pro-
duced (17, 56). Importantly, mucosal IgA antibody responses
were not investigated in the RV144 vaccine trial; thus, it is unclear
if these responses are associated with protection or risk of HIV
acquisition. Nevertheless, vaccine-elicited IgA responses in muco-
sal compartments are likely to exert functions distinct from those
of responses in plasma. It was recently reported that HIV neutral-
ization in rectal and vaginal secretions is mainly mediated by IgG
antibodies (57). Similarly, breast milk IgA antibodies rarely neu-
tralize HIV virions (17). However, mucosal IgA antibodies have
been associated with a delayed acquisition of SIV infection follow-
ing challenge of SIV-vaccinated monkeys (58). sIgA can mediate
inhibitory functions other than neutralization, including aggrega-
tion of virions and inhibition of virion movement through mucus
and across epithelial layers that may play protective roles for mu-
cosal HIV transmission (59). Thus, induction of these responses
by vaccination could be important to block HIV transmission at
the mucosal level.

Although secretory IgA (sIgA) is the most abundant antibody
isotype in mucosal compartments, only low levels of HIV-specific
IgA antibodies are present in mucosal secretions of HIV-infected
patients (56, 60). Similarly, the HIV Env-specific antibody re-
sponse in milk of HIV-infected lactating women is predominantly
IgG (17, 61). In contrast, the milk antibody response against other
viral pathogens such as rotavirus and respiratory syncytial virus
has been reported to be predominantly IgA (62, 63). Previous
HIV/SIV immunization studies have reported higher IgG than
IgA antibody responses in mucosal compartments (64—66). In this
study, while the systemic vaccine strategies induced only low levels
of mucosal virus-specific IgA responses, immunization with the
MVA prime/i.n. boost regimen induced strong breast milk HIV
Env-specific IgA responses, comparable in magnitude with the
milk IgG responses (Fig. 3). Limited studies have investigated the
antibody isotype distribution in milk following immunization.
One of these studies reported a predominance of IgA in breast
milk after immunization with pneumococcal capsular polysac-
charides (67); yet, reports have also indicated that IgA is the major
systemic isotype following immunization with capsular polysac-
charides (68). Thus, the strong HIV Env-specific IgA response
elicited in milk by the MVA prime/i.n. boost regimen is remark-
able. A recent evaluation of systemic and vaginal antibody re-
sponses elicited in mice following administration of a clade C HIV
Env alone or with different TLR agonists showed differences based
on the route of administration and adjuvant used (43). Thus, both
the use of a TLR 7/8 agonist (R848) as the adjuvant and the i.n.
mucosal administration route might have contributed to the
strong milk IgA response that we observed. However, this high-
magnitude IgA response was specific to the breast milk compart-
ment, suggesting that the mucosal route of HIV transmission

June 2013 Volume 87 Number 12

Mucosal HIV-1 Vaccination of Lactating Rhesus Monkeys

should be taken into account when designing vaccine strategies.
Vaccine-elicited Env-specific IgA responses should be evaluated
in future nonhuman primate studies and human trials in order to
determine if strong mucosal IgA responses are an important goal
of an HIV vaccine.

As the HIV T/F Env MVA prime/i.m. boost induced robust
functional antibody responses typically mediated by IgG antibod-
ies, whereas the MVA prime/i.n. protein boost strategy induced
strong HIV-specific IgA antibodies in breast milk, these two po-
tentially protective humoral immune responses may be elicited by
different pathways. If either response can be ultimately shown to
be protective, then understanding the mechanism of induction of
these responses will be critical for the development of an effective
maternal HIV vaccine. If both functional IgG and sIgA antibody
responses prove to be important for protection, our findings in-
dicate that a vaccine strategy combining mucosal and systemic
Env protein boosts may be required to induce robust protective
humoral responses in breast milk.
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