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Abstract
Breast milk transmission of human immunodeficiency virus (HIV) remains an important mode of
infant HIV acquisition. Interestingly, the majority of infants remain uninfected during prolonged
virus exposure via breastfeeding, raising the possibility that immune components in milk prevent
mucosal virus transmission. HIV-specific antibody responses are detectable in the milk of HIV-
infected women and simian immunodeficiency virus (SIV)-infected monkeys; however, the role of
these humoral responses in virus neutralization and local virus quasispecies evolution has not been
characterized. In this study, four lactating rhesus monkeys were inoculated with SIVmac251 and
monitored for SIV envelope-specific humoral responses and virus evolution in milk and plasma
throughout infection. While the kinetics and breadth of the SIV-specific IgG and IgA responses in
milk were similar to those in plasma, the magnitude of the milk responses was considerably lower
than that of the plasma responses. Furthermore, a neutralizing antibody response against the
inoculation virus was not detected in milk samples at 1 year after infection, despite a measurable
autologous neutralizing antibody response in plasma samples obtained from three of four
monkeys. Interestingly, while IgA is the predominant immunoglobulin in milk, the milk SIV
envelope-specific IgA response was lower in magnitude and demonstrated more limited
neutralizing capacity against a T-cell line-adapted SIV compared to those of the milk IgG
response. Finally, amino acid mutations in the envelope gene product of SIV variants in milk and
plasma samples occurred in similar numbers and at similar positions, indicating that the humoral
immune pressure in milk does not drive distinct virus evolution in the breast milk compartment.
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Breastfeeding is an important component of the maternal-infant immune system, providing
the infant with passive maternal immunity and protection against infectious pathogens. In
fact, non-breast-fed infants in developing nations experience higher mortality due to
respiratory and diarrheal illnesses (45). However, breastfeeding is also a mode of infant
human immunodeficiency virus (HIV) acquisition, contributing to a large proportion of
infant HIV infections in areas of high HIV prevalence. Therefore, development of feeding
strategies that promote HIV-free survival of infants born to HIV-infected mothers in
developing nations poses a major public health challenge.

Interestingly, in the absence of antiretroviral prophylaxis, HIV is transmitted via breast milk
to only 10% of infants chronically exposed to the virus via breastfeeding (19,25). This low
rate of HIV transmission suggests that antiviral immune factors in milk may protect the
majority of infants from mucosal HIV acquisition. HIV envelope-specific antibody
responses have been identified in milk, but the magnitude of these responses is similar in
women who transmit the virus via breast milk and women whose infants remain uninfected
throughout breastfeeding (3,11,23). Likewise, the magnitude of simian immunodeficiency
virus (SIV) envelope-specific antibody responses in the milk of SIV-infected, lactating
rhesus monkeys did not differ in those mothers that did and did not transmit the virus to their
suckling infant (1,42). Proposed mechanisms for HIV-specific breast milk antibody function
include virus neutralization and impairment of virus transcytosis through an epithelial cell
layer (3,7,17). Therefore, the function, rather than the magnitude, of the HIV-specific breast
milk antibody response may be the critical feature in protection against infant mucosal
transmission. Importantly, passive transfer of broadly neutralizing HIV-specific antibody to
neonatal monkeys protected the infants against oral simian-human immunodeficiency virus
(SHIV) challenge, indicating that passively transferred humoral immunity can protect
infants from virus transmission through breastfeeding (18,41).

Vertically transmitted HIV variants, including those transmitted via breast milk, have been
reported to be resistant to neutralization by systemic maternal antibody responses (9,38).
However, HIV-specific neutralizing antibody responses in breast milk have not been
characterized. In fact, the ability of mucosal IgA to neutralize HIV remains an important
question in the HIV field. While an HIV-specific mucosal IgA response in the genital tracts
of exposed-uninfected individuals has been described, the role of mucosal IgA in protection
against mucosal transmission of HIV is unclear and controversial (5,8–10). Furthermore, the
contribution of locally replicating virus at mucosal surfaces to the divergence of the
systemic and mucosal antibody responses is unknown. Similarly, the role of mucosal
antibody in the shaping of mucosal virus quasispecies evolution is not well characterized.
Delineation of the function and role of mucosal antibody responses in defining the pool of
transmitted virus will be crucial for the design of immunologic interventions to reduce breast
milk transmission of HIV.

SIV infection of lactating rhesus monkeys provides an excellent model to characterize virus-
specific immune responses and virus evolution in milk, as the sequence of the virus
inoculum, the timing of the infection, and the virus-specific immunodominant responses are
well defined in this model. Furthermore, SIV-infected, lactating rhesus monkeys transmit
the virus to their suckling infants via breastfeeding (1). We have developed a pharmacologic
protocol to induce lactation in nonpregnant rhesus monkeys, facilitating these studies
without reliance on breeder monkeys. Moreover, the milk produced by hormone-induced,
lactating monkeys has immunoglobulin content and a lymphocyte phenotype similar to that
produced by naturally lactating monkeys (35). In this study, we characterized the
neutralizing potency of the SIV envelope-specific IgG and IgA responses in milk and their
role in shaping the SIV envelope gene evolution of local virus variants.
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MATERIALS AND METHODS
Animals and virus

Four female Mamu-A*01+ rhesus monkeys underwent hormone induction of lactation, as
previously described (35), and were inoculated intravenously with 2.11 × 105 copies of the
previously described stock of SIVmac251 (9). Blood and milk samples were collected two
to three times per week until 54 to 76 weeks after infection. Milk samples were separated
into cellular, supernatant, and fat fractions by centrifugation, as previously described (35).
To measure the SIV virus loads in milk and plasma samples, RNA was isolated from milk
supernatant, amplified with SIV gag-specific primers and probes, and compared to
amplification of dilutions of a known quantity of gag RNA, as previously described (35).
Finally, peripheral blood mononuclear cells (PBMC) were isolated and stained with
lymphocyte phenotyping antibodies as previously described (35). The proportion of CD4+ T
lymphocytes was multiplied by the automated total lymphocyte count to obtain the CD4+ T-
lymphocyte counts.

Quantitation of total and SIV-specific Ig in milk and plasma samples
Plasma and milk supernatant IgM and IgG levels were measured in duplicate using monkey-
specific enzyme-linked immunosorbent assay (ELISA) kits (Alpha Diagnostics) and
standards per protocol. The plasma and milk supernatant IgA levels were measured by
noncommercial ELISA, as previously described (35). Breast milk supernatant was diluted
between 1:10 and 1:2,000 for the assays. SIV-specific IgG and IgA were measured by
incubation of serial 3-fold dilutions of plasma and milk supernatants in duplicate in a 96-
well plate coated with recombinant SIVmac239 gp130 or p27 (ImmunoDiagnostics). After
being blocked with phosphate-buffered saline (PBS) with 5% nonfat dried milk and 10%
fetal bovine serum, SIV-specific antibody was detected by a horseradish peroxidase (HRP)-
conjugated, polyclonal goat anti-monkey IgG (Alpha Diagnostics) or an anti-monkey IgA
(Rockland) antibody and by the addition of the ABTS-2 peroxidase substrate system (KPL).
The optical density (OD) at 410 nm was measured. The SIV envelope-specific antibody titer
was calculated as the inverse of the lowest dilution of plasma or milk supernatant which had
an average OD greater than two times the OD of the PBS-negative control. The SIV-specific
IgG and IgA titers were normalized by dividing the titer by the average of the total IgG or
IgA concentration (mg/ml) measured at three time points during infection for each animal.

SIV Western blotting
SIV Western blotting was performed with milk and plasma samples using an SIV Western
blot assay (ZeptoMetrix) per the manufacturer's instructions and the following
modifications. Acute breast milk samples (5 to 10 weeks after infection) and all plasma
samples were diluted 1:20, and chronic breast milk samples (40 to 54 weeks after infection)
were diluted 1:3 in PBS. For IgA detection, an alkaline phosphatase-conjugated, polyclonal
goat anti-monkey IgA antibody (Rockland) was used as the secondary antibody in the kit.

Ig isolation from milk and plasma samples
A 1:3 dilution of milk supernatant and 1:10 dilution of plasma samples were run over a NAb
protein G spin column (Pierce), according to the manufacturer's instructions. The protein G
column elution fractions were then run over a protein L spin column (Pierce). The protein G
flowthrough and the protein L elution fraction were both concentrated with Amicon Ultra
centrifugal filter units (Millipore) by centrifugation at 1,300 × g and then sterilized through a
Durapore Millex 13-mm filter unit (Millipore). The concentrations of the antibody fractions
were determined by spectrophotometry (NanoDrop) at A280. An extinction coefficient of
1.36 was used to calculate the antibody concentrations for all fractions (extinction
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coefficient of monomeric IgG = 1.35 to 1.45; extinction coefficient of secretory component
= 1.26) (20,22) The calculated concentrations of IgG and IgA were validated by total IgA or
IgG ELISA, as described above. Total IgG ELISA (Alpha Diagnostic) also confirmed that
all non-IgG fractions were composed of less than 1% IgG.

SIV neutralization assays
Stocks of molecularly cloned primary isolate SIVmac251, T-cell line-adapted (TCLA)
SIVmac251, and murine leukemia virus (MuLV) envelope-pseudotyped viruses were
prepared by transfection in 293T cells and titration in TZM-bl cells, as previously described
(26). Neutralization was measured by a reduction in luciferase reporter gene expression after
a single round of infection in TZM-bl cells, as previously described (26). Briefly, 200 50%
tissue culture infective doses (TCID50) of virus were incubated with 3-fold serial dilutions
of plasma or milk supernatant or purified preparations of plasma or milk IgG and IgA in
duplicates for 1 h at 37°C in 96-well flat-bottom culture plates. TZM-bl cells were then
added (1 × 104 cells/well in a 100-μl volume) in 10% Dulbecco modified Eagle growth
medium containing DEAE-Dextran (Sigma) at a final concentration of 11 μg/ml. Assay
controls included replicate wells of TZM-bl cells alone (cell control) and TZM-bl cells with
virus (virus control). Following 48 h of incubation at 37°C, 150 μl of assay medium was
removed from each well, and 100 μl of Bright-Glo luciferase reagent (Promega) was added.
The cells were allowed to lyse for 2 min, then 150 μl of the cell lysate was transferred to a
96-well black solid plate, and luminescence was measured. The 50% inhibitory dose (ID50)
titer was calculated as the plasma dilution that caused a 50% reduction in the number of
relative luminescence units (RLU) compared to the virus control wells after subtraction of
the number of cell control RLU. The 50% inhibitory concentration (IC50) titer was
calculated as the purified Ig concentration that caused a 50% reduction in the number of
RLU.

Single-genome amplification, virus sequencing, and analysis of the SIV envelope gene
Cassettes containing the SIV envelope open reading frame were amplified by single-genome
amplification (SGA) and sequenced from simultaneous samples of plasma and milk
supernatants collected from 3 chronically SIV-infected, lactating rhesus monkeys between
48 and 74 weeks after SIVmac251 infection, as previously described (36). Sequences were
trimmed, translated, and aligned with the sequence of the major inoculation virus species to
identify acquired mutations using ClustalW version 2 (2). Amino acid mutations included
within 3 minor variants of the inoculation virus population were not included in the analysis.

Statistical analysis
Virus loads, antibody content, and SIV-specific antibody titers were compared by paired,
nonparametric t tests (Mann-Whitney U test). Using this test, the lowest obtainable P value
in this four-monkey study is 0.12. The numbers of amino acid mutations in plasma and milk
virus variants were compared by a nonparametric t test (Wilcoxon's rank sum test).

RESULTS
Breast milk Ig content remains 1 to 2 logs lower than that in plasma samples throughout
acute and chronic SIV infection

Four Mamu-A*01+, lactating rhesus monkeys inoculated with SIVmac251 had ongoing virus
replication in milk samples that remained 1 to 2 logs lower than that in plasma samples
throughout acute and chronic infection (Fig. 1A) (all P values = 0.12). IgG content in breast
milk samples remained approximately 2 logs lower than that in plasma samples prior to and
during acute and chronic infection (all P values = 0.12). Interestingly, the expected increase
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in plasma IgG (28) was detected during chronic SIV infection, but the milk IgG
concentration remained stable (Fig. 2A). IgA content in milk samples was approximately 1
log lower than that in plasma samples prior to infection and during chronic infection (both P
values = 0.12) but was not significantly different than that in plasma samples 8 weeks after
infection (P = 0.62) (Fig. 2B). Finally, the IgM content in milk samples was approximately 1
log lower than that in plasma samples prior to and during acute and chronic infection (all P
values = 0.12) (Fig. 2C). As expected, IgA remained the predominant antibody isotype in
milk samples throughout the SIV infection. Importantly, the total antibody concentration in
milk samples remained considerably lower than that in plasma samples throughout the
infection in all animals.

Low-magnitude SIV envelope-specific IgA response in milk samples compared to that in
plasma samples during acute and chronic SIV infection

The SIV envelope-specific IgG response in plasma appeared in all monkeys by 5 to 8 weeks
after infection and remained relatively constant throughout the SIV infection (Fig. 3A, C, E,
and G). However, the SIV envelope-specific plasma IgG response declined in monkey 403
by 48 weeks after infection (Fig. 3G), likely due to significant CD4+ T-lymphocyte loss in
this monkey (Fig. 1B). The SIV envelope-specific milk IgG response had kinetics similar to
that in plasma samples, with a detectable response at 5 to 8 weeks after infection, but the
magnitude of this response in milk samples remained 2 logs lower than that in plasma
samples throughout the infection (P = 0.12 for all time points). Interestingly, the milk SIV
envelope-specific IgG response in monkey 403 did not display a decrease by 48 weeks after
infection similar to that in the plasma SIV envelope-specific IgG response (Fig. 3G and H).
When the SIV envelope-specific IgG responses in plasma and milk samples were
normalized for the IgG content in each compartment, the plasma and breast milk IgG
responses were nearly identical in magnitude (Fig. 3B, D, F, and H).

In contrast, the SIV envelope-specific IgA response was detectable only in two of four
animals during early infection (Fig. 3A and G, monkeys 206 and 403) and remained at low
titers throughout acute and chronic infection in all animals (Fig. 3A, C, E, and G).
Furthermore, although breast milk has higher total IgA content than IgG content throughout
infection, the SIV envelope-specific IgA response remained considerably lower than the SIV
envelope-specific IgG response in breast milk samples during acute and chronic infection
(Fig. 3B, D, F, and H). Therefore, although IgA is the predominant antibody isotype in milk
samples, the SIV envelope-specific IgG response is considerably more robust than the SIV
envelope-specific IgA response in breast milk samples throughout infection (P = 0.12 for all
time points).

As the SIV envelope IgA response in milk samples was surprisingly minimal compared to
the SIV envelope IgG response in milk samples, we assessed the magnitude of the IgA and
IgG responses in milk samples directed against another SIV antigen, Gag p27. The anti-Gag
p27 IgG response in milk samples was approximately 2 logs lower than that in plasma
samples at 12 and 48 weeks after infection (Fig. 4A) and was similar to that in plasma
samples after normalization for plasma and milk IgG content (Fig. 4B). In contrast to the
low SIV envelope gp130 IgA responses in milk samples, the anti-Gag p27 IgA responses in
milk samples were similar in magnitude to the anti-Gag p27 IgG responses in milk samples
(Fig. 4C) at both 12 and 48 weeks after infection. Furthermore, the magnitudes of the
plasma and milk anti-Gag p27 IgA responses were similar at both of these time points after
normalization for total IgA content in each compartment (Fig. 4D). This discrepancy in the
magnitudes of the anti-SIV envelope and Gag IgA binding responses in milk suggests poor
immunogenicity of the SIV envelope protein in mucosal compartments.
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The breadth of the SIV-specific IgG and IgA responses in milk and plasma samples was
assessed by SIV Western blotting during acute and chronic infection. A plasma IgG
response to eight or nine major SIV proteins was detected by Western blotting by 10 weeks
after infection. In breast milk samples, an IgG antibody response was detected at a 1:20
dilution to between four and seven of nine of the major SIV proteins by 10 weeks after
infection (Fig. 5). There was no single SIV protein-specific IgG response that was not
detected in the breast milk samples obtained from these monkeys. Therefore, the plasma and
breast milk IgG responses likely have a similar breadth during early infection, but the lack
of detection of responses to all major SIV proteins in breast milk samples by 10 weeks after
infection by Western blotting may be to a lower concentration of IgG in milk samples than
that in plasma samples (Fig. 2A).

An SIV-specific breast milk IgA antibody response in milk samples against two to seven of
the major SIV antigens was detected by Western blotting by five to 10 weeks after infection
(Fig. 5). The low number of SIV protein-specific IgA responses detected by Western
blotting during acute infection in some monkeys is consistent with the lack of detection of
SIV envelope-specific IgA responses in breast milk samples by ELISA early after infection
in two of four animals (Fig. 3). However, as the total immunoglobulin level is lower in milk
samples than in plasma samples (Fig. 2B), the antibody concentration in milk samples may
be too low to detect limited responses against all SIV antigens in this assay.

To further define the breadth of the SIV-specific antibody response in breast milk samples,
we repeated the SIV Western blot assay using a less dilute breast milk sample (1:3 dilution)
collected during chronic SIV infection. During chronic SIV infection, a plasma IgG
response to all major SIV proteins was detectable (Fig. 5). Importantly, breast milk IgG and
IgA responses to nearly all major SIV proteins in all animals by approximately 1 year after
infection were detected. A breast milk IgG response to all major SIV proteins in three of
three monkeys was detected, and a breast milk IgA response to between seven and eight out
of nine proteins in four monkeys during chronic infection was detected. There was no single
SIV protein-specific response that was not detected in the IgG or the IgA fraction of breast
milk samples during chronic infection, indicating similar breadth of the humoral responses
in milk and plasma samples during chronic infection.

The inoculation virus-specific neutralizing antibody response was not detected in breast
milk during acute or chronic SIV infection

A neutralizing antibody response to the SIVmac251 inoculation virus in plasma in three of
four monkeys by 35 weeks after infection was detected and increased in magnitude in the
three animals at 1 year after infection (Fig. 6A). This autologous neutralizing antibody
response remained undetectable in the plasma obtained from one animal with significant
CD4+ T-lymphocyte loss by 1 year after infection (monkey 403) (Fig. 1B). The magnitudes
of the neutralizing antibody responses against the autologous challenge virus in plasma
samples in our study are consistent with a recent report describing the evolution of this
response during SIVmac251 infection (2). In contrast, an inoculation virus-specific
neutralizing antibody response was not detected in breast milk samples obtained from any of
the four SIV-infected, lactating monkeys through 1 year after infection (Fig. 6B). This
finding may indicate that the SIV-specific antibody in breast milk is not effective in
neutralizing autologous virus in milk at its intrinsic concentration.

Low neutralizing potency of breast milk IgA compared to plasma or breast milk IgG
In order to further compare the magnitudes of the SIV-specific neutralizing antibody
responses in milk and plasma samples, we employed a more easily neutralized, T-cell line-
adapted (TCLA) SIVmac251 envelope pseudovirus in the TZM-bl neutralizing antibody
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assay. While the TCLA SIV-specific neutralizing antibody response in milk samples had
kinetics similar to that in plasma samples, the magnitude of the response was approximately
2 logs lower than that in plasma samples obtained from all monkeys (Fig. 7A, C, E, and G).
Interestingly, when the TCLA SIV-specific neutralizing antibody responses in plasma and
milk samples were normalized for compartment-specific total antibody content, this
response remained slightly lower in magnitude in milk samples than in plasma samples in all
monkeys (Fig. 7B, D, F, and H) (P = 0.12 for all time points at 16 weeks after infection).

Next, we compared the SIV-neutralizing potency of breast milk IgG and IgA to plasma IgG
and IgA. We isolated IgG and IgA fractions from plasma and milk samples obtained from
the four animals at various time points during acute and chronic SIV infection. We then
measured the neutralizing potency of each Ig fraction against the TCLA SIVmac251
envelope pseudovirus and a murine leukemia virus (MuLV) envelope pseudovirus (negative
control). Using dilutions of the quantitated IgA and IgG fractions, the IC50 titer for each
pseudovirus was calculated.

The most potent TCLA SIV-specific neutralizing response was detected in the plasma IgG
fraction, with a median IC50 titer of 0.06 μg/ml (range, 0.03 to 0.26 μg/ml) by 8 weeks after
infection (Fig. 8A, C, E, and G; Table 1). A potent TCLA SIV-specific neutralizing response
was also detected in the breast milk IgG fraction. TCLA SIV-neutralizing activity was
detected in the breast milk IgG fraction at 8 weeks after infection (median IC50, 4.9 μg/ml;
range, 0.48 to 8.8 μg/ml) but increased in potency during chronic infection (week 42 after
infection) (median IC50, 0.32 μg/ml; range, 0.05 to 3.4 μg/ml). Importantly, minimal or no
nonspecific neutralizing activity was detected against the MuLV envelope pseudovirus (Fig.
8B, D, F, and H; Table 1).

The activities of the milk and plasma IgA neutralizing responses were considerably less
potent than those of the milk and plasma IgG neutralizing responses throughout acute and
chronic infection (Fig. 8B, D, F, and H; Table 1). However, the TCLA SIV-neutralizing
potency of breast milk IgA was similar in magnitude and kinetics to that of plasma IgA
throughout infection. Interestingly, the neutralizing potency of the milk IgA peaked at 8
weeks after infection (median IC50, 5.5 μg/ml; range, 0.56 to 11.9 μg/ml) and remained
static or decreased at later time points, requiring a similar or larger amount of IgA to
neutralize the TCLA SIV pseudovirus at week 42 (median IC50, 70.8 μg/ml; range, 3.3 to
109.5 μg/ml) than at week 8 after infection. This pattern is in contrast to the plasma and
breast milk IgG responses, which continued to increase in potency at 42 weeks after
infection. Importantly, approximately 2- to 3-log more milk IgA (median IC50, 70.8 μg/ml;
range, 3.3 to 109.5 μg/ml) than milk IgG (median IC50, 0.32 μg/ml; range, 0.05 to 3.4 μg/
ml) was required to neutralize the TCLA SIV pseudovirus at 42 weeks after infection in
three of four monkeys, confirming that the SIV-specific milk IgA response is considerably
less potent than the SIV-specific milk IgG response. The reduced neutralizing potency of the
milk IgA response compared to that of the milk IgG response is similar to the reduced
neutralizing potency of the plasma IgA response compared to that of the plasma IgG
response. Therefore, this mucosal SIV-specific IgA response does not seem to be of higher
functional quality than the plasma SIV-specific IgA response.

Similar SIV envelope evolution of breast milk and plasma virus variants during chronic SIV
infection

HIV and SIV are known to rapidly and continually escape neutralizing antibody responses
by mutation of the virus envelope gene. Recent studies have indicated that virus variants in
breast milk are not phylogenetically compartmentalized from those in plasma but may be
partially produced by local infected cells (15,36). Therefore, the magnitude of the humoral
immune pressure in an anatomic compartment can be assessed by determining the amino
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acid mutation rate of the SIV envelope in the compartment-specific virus population. We
performed single genome amplification and virus sequencing to determine the number of
amino acid mutations in the envelopes of plasma and milk SIV variants collected between
48 and 74 weeks after infection compared to those of the inoculation virus quasispecies. The
median number of amino acid mutations in the SIV envelope were similar in plasma and
milk virus variants during chronic infection in three monkeys, compared by paired,
nonparametric t tests (Fig. 9A) (P = 0.5; P = 0.19; P = 0.67). Moreover, a specific pattern of
SIV envelope amino acid mutation was not identified in milk virus variants compared to
plasma virus variants (Fig. 9B). The amino acid mutations clustered in the variable loops
and gp41 in both plasma and milk viruses in a similar pattern to what has been previously
described in SIV-vaccinated and unvaccinated SIV-infected monkeys (2). Therefore, the
evolution of the SIV envelope is parallel in blood and milk virus populations, suggesting
that the humoral immune pressure in milk is not distinct from that in plasma.

DISCUSSION
Breast milk is an important means of maternal antibody transfer to the developing infant and
provides passive immune protection against a variety of neonatal pathogens. However, the
role of breast milk antibody in the protection of infants from viral pathogens transmitted via
breast milk is unclear. The magnitude of HIV-specific antibody responses is not associated
with HIV transmission via breast milk (3,11,23). However, neutralization-resistant viruses
have been reported to initiate infant HIV infections (9,38), suggesting that functional
maternal antibody responses are critical in protecting the infant from virus acquisition. In
this study, we describe the limited potency of SIV-specific antibody responses in milk
samples and find no divergence in the envelope sequence evolution of breast milk and
systemic virus populations, suggesting that the mucosal antibody response in milk has a
limited role in milk immunodeficiency virus neutralization.

The predominant antibody isotype in human breast milk is secretory IgA, whereas IgG
comprises only 1 to 5% of breast milk Ig (6,29). The IgA in milk is either produced by local
plasma cells in the mammary gland or actively transported by epithelial cells via the
polymeric Ig receptor (32). In contrast, IgG traffics mainly from the serum to the mucosal
surface of the mammary gland by transudation across the mucosal epithelium (16). While
the principal antibody isotype in milk is locally produced secretory IgA, and hormone-
induced lactating monkeys have a slightly higher secretory IgA content than naturally
lactating monkeys (35), we found that the SIV-specific humoral response in milk obtained
from rhesus monkeys is predominantly the IgG isotype. Furthermore, the limited virus-
specific mucosal IgA responses occurred in a setting of less dramatic pathogenicity and
CD4+ T-lymphocyte loss than previously described in these Mamu-A*01+ animals (33). In
contrast, SIV Gag p27-specific IgA responses were similar in magnitude to that of SIV Gag
p27-specific IgG responses in milk samples, suggesting a specific impairment of the SIV
envelope-specific IgA responses in breast milk.

Our finding of a limited mucosal SIV envelope-specific IgA response in breast milk is in
concordance with several other studies of HIV-specific humoral responses in breast milk
(3,42) and in other mucosal compartments, such as the genital tract and saliva
(4,12,14,27,31,39,43,46,47). This low-magnitude virus-specific mucosal IgA response in
breast milk is distinct from those described for other mucosal pathogens. Antibody
responses specific for respiratory syncytial virus (13) and rotavirus (37) in breast milk are
predominantly the IgA isotype. The specific impairment of HIV/SIV envelope-specific IgA
responses in milk and other mucosal areas may be associated with poor HIV/SIV envelope
immunogenicity, hypothesized to be the result of few envelope glycoprotein spikes on the
surface of the virion or heavy glycosylation of the antigen (34,44,48). Moreover, HIV-
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induced humoral immune dys-regulation and significant CD4+ T-lymphocyte loss in the
gastrointestinal tract may impair the lymphocyte responses of the gut-mammary axis during
infection.

We were not able to detect an inoculation virus-specific neutralizing antibody response in
breast milk samples obtained from SIV-infected lactating rhesus monkeys by 1 year after
infection, indicating that breast milk antibody may not be effective at neutralizing
autologous virus at its in vivo concentration. As the concentrations of antibodies are
significantly lower in breast milk than in plasma, we assessed the contribution of plasma and
milk IgG and IgA to the neutralization of a TCLA SIV pseudovirus using purified
immunoglobulin to normalize the concentrations of antibodies. These data demonstrated that
breast milk SIV-specific IgG and IgA are considerably lower in potency than that of plasma
IgG. The low neutralizing potency of the locally produced or actively transported IgA
response may be explained by impairment of mucosal lymphocyte responses, as previously
discussed. However, the breast milk IgG response also had lower neutralizing potency than
that of plasma IgG, despite evidence that IgG in human milk is comprised mainly of IgG
that traffics to the milk by transudation from the plasma. Identification of a difference in the
function of milk and plasma IgG at the same concentration of antibody supports selective
transfer of plasma IgG into breast milk. In fact, selective transfer of IgG1 from plasma into
milk mediated by Fc receptors on mucosal epithelial cells has been described in cattle
(21,24) and has been hypothesized in humans (30). Therefore, the regulation of the transport
of IgG isotypes from blood into human milk remains to be fully characterized.

Finally, in our evaluation of the SIV envelope evolution of plasma and breast milk virus
populations during chronic infection, we found no difference in the number or location of
acquired amino acid mutations in plasma and breast milk virus variants. No compartment-
specific SIV envelope evolution was identified in milk samples, in spite of evidence that
virus in breast milk replicates locally (36). However, this finding further supports the lack of
a potent, functional SIV-specific antibody response in breast milk that would be expected to
drive compartment-specific neutralization escape. The SIV envelope of milk virus is
therefore likely to be under humoral immune pressure similar to that in plasma.

Taken together, the findings of a low-potency SIV-specific neutralizing antibody response in
milk samples and the lack of breast milk compartment-specific SIV envelope evolution
indicate that the humoral immune response in milk is not likely to neutralize virus in the
infant gastrointestinal tract. Alternative breast milk antibody virus-specific functions, such
as inhibition of virus transcytosis or Fc receptor-mediated blocking of virus and target cell
interaction, may play a role in protection of the infant from virus transmission via
breastfeeding. Importantly, the limited mucosal HIV/SIV-specific humoral response
detected in milk samples obtained from infected individuals does not preclude the possibility
that induction of an HIV-specific humoral response in breast milk through a maternal
vaccination could protect breastfeeding infants from virus acquisition. In fact, a vaccine-
elicited HIV-specific binding antibody response may have protected vaccinated subjects
from virus acquisition in a recent phase III HIV vaccine trial (40). The design of a maternal
vaccine to prevent breast milk transmission of HIV will be aided by identification of virus-
specific humoral immune responses in milk that can prevent the transmission of HIV in the
infant gastrointestinal tract.
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FIG. 1.
Plasma and milk virus loads and peripheral CD4+ T-lymphocyte counts of SIV-infected,
hormone-induced, lactating monkeys. Plasma (closed symbols) and milk (open symbols)
virus loads (A) were measured by quantitative reverse transcriptase PCR (RT-PCR).
Peripheral blood CD4 counts (B) were measured by flow cytometry and complete blood
counting. wks, weeks.
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FIG. 2.
The total immunoglobulin isotype concentration in breast milk samples is 1 to 2 logs lower
than that in plasma samples throughout acute and chronic SIV infection. Total IgG (A), IgA
(B), and IgM (C) concentrations were measured by isotype-specific Ig ELISA in plasma
samples (shaded box plot) and breast milk samples (unshaded box plot) collected prior to
SIV infection and at the indicated time points following SIVmac251 infection. Box plots
display values of the median (black line), 25 to 75% interquartile range (box), and range
(error bars).
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FIG. 3.
A limited SIV envelope-specific IgA response is detected in breast milk samples obtained
from acute and chronically SIV-infected, lactating rhesus monkeys. (A, C, E, and G)
SIVmac239 gp130-specific plasma IgG (filled square), milk IgG (open circle), and milk IgA
(open triangle) titers were measured by ELISA from samples collected at the indicated time
points following SIVmac251 infection. (B, D, F, and H) In addition, SIVmac239 gp130-
specific plasma IgG, milk IgG, and milk IgA titers were normalized for Ig isotype-specific
concentrations. Monkey identification numbers are indicated above each graph.
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FIG. 4.
Similar-magnitude SIV Gag-specific IgA and IgG responses in milk samples obtained from
acute and chronically SIV-infected, lactating rhesus monkeys. SIVmac239 Gag p27-specific
plasma (closed symbols) and milk (open symbols) IgG (A) and IgA (C) titers were measured
by ELISA at 12 and 48 weeks after infection. In addition, SIV Gag p27 plasma and milk IgG
(B) and IgA (D) titers were normalized for total IgG and IgA content in each compartment,
respectively.
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FIG. 5.
The breadth of the SIV-specific humoral response is similar in plasma and breast milk
samples. SIV Western blot of plasma and breast milk samples during acute (weeks 5 to 10)
and chronic (weeks 40 to 54) infection. All plasma samples are diluted 1:20, whereas acute
breast milk samples are diluted 1:20 and chronic breast milk samples are diluted 1:3, due to
limited sample availability.

Permar et al. Page 17

J Immunol. Author manuscript; available in PMC 2011 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIG. 6.
No autologous neutralizing antibody response is detected in breast milk samples during
acute or chronic SIV infection. Autologous SIVmac251 envelope pseudovirus neutralization
was measured in plasma and milk samples collected at the indicated time points following
SIVmac251. ID50 titers in plasma (A) and milk (B) samples are plotted for each animal.
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FIG. 7.
The neutralizing antibody response in breast milk samples against TCLA SIVmac251
envelope pseudovirus remains lower than that in plasma samples after normalization for
total Ig content. TCLA SIVmac251 envelope-specific neutralization was measured in
plasma and milk samples collected at the indicated time points following infection. (A, C, E,
and G) ID50 titers in plasma (filled squares) and milk (open circles) samples are shown for
each monkey; (B, D, F, and H) ID50 titers in plasma and milk samples normalized for total
Ig content are shown in each graph.
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FIG. 8.
Low-potency neutralizing activity of breast milk IgA against TCLA SIVmac251 envelope
pseudovirus compared to those of plasma and breast milk IgG. IgG and IgA were purified
from plasma and milk samples collected at the indicated time points after SIVmac251
infection and tested for TCLA SIVmac251 pseudovirus neutralizing activity (A, C, E, and
G) and for neutralizing activity against a negative control MuLV envelope pseudovirus (B,
D, F, and H). IC50 titers of plasma IgG (closed squares), plasma IgA (closed circles), breast
milk IgG (open squares), and breast milk IgA (open circles) during acute and chronic
infection are shown for each monkey. A decreasing IC50 titer indicates increasing
neutralizing potency.
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FIG. 9.
Similar SIV envelope evolution of virus variants in plasma and breast milk samples during
chronic SIV infection. (A) The median number of acquired mutations in the virus envelope
of plasma (filled box) and breast milk (unfilled box) virus variants are similar in all three
monkeys. The results from paired, nonparametric t testing of the median number of plasma
and milk virus envelope mutations are as follows: monkey 206 at week 74, 23 blood virus
variants and 21 milk virus variants (P = 0.5); monkey 402 at week 67, 22 blood virus
variants and 18 milk virus variants (P = 0.19); and monkey 403 at week 48, 20 blood virus
variants and 15 milk virus variants (P = 0.67). (B) The frequency of acquired amino acid
mutations in the SIV envelope gene product is similar in plasma (closed symbol) and breast
milk (open symbol) virus variants from chronic infection in three monkeys. The frequency
of an amino acid mutation is graphed as a function of amino acid position within the
envelope. Envelope variable regions 1 to 5 (V1 to −5) are indicated. Amino acid positions
with no mutations in all virus variants were not plotted.
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