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Human immunodeficiency virus type 1 (HIV-1) vaccines that elicit protective antibody responses at mucosal sites would be
highly desirable. Here, we report that intramuscular immunization of candidate HIV-1 vaccine vectors and purified Env proteins
elicited potent and durable humoral immune responses in colorectal mucosa in rhesus monkeys. The kinetics, isotypes, func-
tionality, and epitope specificity of these mucosal antibody responses were similar to those of peripheral responses in serum.
These data suggest a close immunological relationship between mucosal and systemic antibody responses following vaccination
in primates.

Human mucosal surfaces represent the major portal of entry
for human immunodeficiency virus type 1 (HIV-1) (1).

Thus, a prophylactic vaccine will likely need to elicit protective
antibody responses at mucosal sites of virus exposure. However,

mucosal humoral immune responses following vaccination are
poorly characterized. The RV144 clinical trial suggested that vac-
cine-elicited HIV-1 envelope (Env)-specific humoral immune re-
sponses may have contributed to the partial protection observed
for vaccinees (2), but mucosal immune responses were not as-
sessed in that trial. In contrast, previous studies have shown that
immunization with peptide, DNA, protein, or attenuated bacte-
rial or viral vector-based vaccines through parental or mucosal
routes may elicit antigen-specific humoral immune responses at
mucosal sites in mice, nonhuman primates, and humans (3–7).
However, the characteristics, functionality, and epitope specificity
of vaccine-elicited mucosal antibody responses have not been fully
explored. Moreover, whether mucosal antibody responses reflect
distinct populations compared with those for peripheral antibody
responses remains to be determined. We therefore assessed the
magnitude, durability, isotype, neutralizing activity, and epitope
specificity of mucosal and peripheral antibody responses in rhesus
monkeys elicited by adenovirus (Ad) vector-based and protein-
based HIV-1 vaccine candidates.

We first collected blood and colorectal mucosal secretions us-
ing Weck-Cel sponges from 8 healthy adult rhesus monkeys. Us-
ing sera and mucosal secretions eluted from Weck-Cel sponges
(8), we assessed the amount of total IgG and IgA (monkey IgG/IgA
enzyme-linked immunosorbent assay [ELISA] kit; Alpha Diag-
nostic). The average volume of eluates from 8 unused sponges was
used as the elution buffer volume, and a dilution factor was cal-
culated according to the volume of eluate for each sample: dilu-
tion factor � experiment sponge eluate volume/(experiment
sponge eluate volume � unused sponge eluate volume). The di-
lution factor was used to calculate total IgG and IgA as well as titers
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FIG 1 Total mucosal IgG and IgA in rhesus monkeys. Sera and colorectal
mucosal secretions were collected from 8 healthy adult rhesus monkeys. (A)
The amount of total IgG and IgA was determined by quantitative ELISA. (B)
The amount of serum and mucosal IgA containing the �-chain (�-specific)
or the secretory component (SC-specific) was also determined. Means and
standard deviations (SD) of endpoint titers are shown. (C) Responses of
�-specific and SC-specific anti-IgA antibodies to recombinant IgA monomer
and polymer, as well as the sIgA standard, were determined by ELISA. Means
and SD of the optical density (OD; 450 nm) from 4 replicates are shown.
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of antigen-specific IgG and IgA. As expected, we found that the
amount of IgG in serum was significantly higher than that of IgA
(P � 0.0039; paired t test), whereas the amount of IgA in colorec-
tal mucosal secretions was significantly higher than that of IgG
(P � 0.0337; paired t test) (Fig. 1A). Nevertheless, the total amounts
of both IgG and IgA in mucosal secretions were substantially lower
than those found in serum. To confirm that the Igs collected from
mucosal sites actually represented mucosal antibodies, we assessed
mucosal and serum IgA for the IgA �-chain (�-specific responses)
and IgA secretory component (SC-specific responses). The �-specific
responses represent both monomeric and polymeric IgA, whereas
SC-specific IgA is only found in secretory IgA (sIgA) in mucosal se-
cretions (7, 9). Serum samples showed high �-specific IgA and no
detectable SC-specific IgA, as expected. In contrast, mucosal secre-
tions showed both �-specific and SC-specific IgA (Fig. 1B). SC-spe-
cific anti-IgA antibody proved specific for sIgA, with minimal cross-
reactivity to monomeric and polymeric IgA (Fig. 1C). These results
confirm that the IgA from mucosal secretions was largely sIgA and
not serum contamination.

We next assessed Env-specific IgG and IgA responses in colo-
rectal secretions and sera from 24 rhesus monkeys immunized
with candidate HIV-1 vaccines. Sixteen adult rhesus monkeys
were immunized intramuscularly (i.m.) with 2 � 1010 viral parti-
cles of adenovirus serotype 35 (Ad35) at week 0 and 2 � 1010 viral
particles of Ad26 (10) at week 24 (Ad/Ad). Both Ad vectors en-
coded simian immunodeficiency virus SIVSME543 Env-Gag-Pol
antigens (11). Eight additional adult rhesus monkeys were immu-
nized i.m. with 0.25 mg recombinant HIV-1 clade C CZA97.012
Env gp140 (12) with adjuvant at weeks 0, 4, 8, 12, 16, and 20. IgG
and IgA responses specific to SIV Env (SIVmac251 gp120; Immune
Technology Corp.) and HIV-1 clade C CZA97.012 Env gp140 (12)
were determined for both sera and colorectal mucosal secretions
by ELISA 2 to 4 weeks and 20 to 24 weeks following the final
immunization. Responses were defined as positive if the absor-
bance was greater than the mean plus 3 standard deviations of the
absorbance of negative controls. The cutoff absorbance was gen-
erally 0.05 for IgG responses and 0.1 for IgA responses. Both
Ad/Ad and protein immunization elicited high titers of Env-spe-

FIG 2 Vaccine-elicited mucosal antibody responses in rhesus monkeys. Rhesus monkeys were immunized i.m. with Ad35 (at week 0) and Ad26 (at week 24)
encoding SIV Gag-Env-Pol (Ad/Ad; n � 16 monkeys) or recombinant HIV-1 Env protein trimer at weeks 0, 4, 8, 12, 16, and 20 (Protein; n � 8). (A) Env-specific
IgG and IgA responses were determined for both serum and colorectal mucosal secretions by ELISA at baseline and 2 to 4 weeks and 20 to 26 weeks after the final
immunization. Means and standard deviations of endpoint ELISA titers are shown. Correlations between Env-specific IgG (left) and IgA (right) responses in sera
and mucosal secretions at (B) 2 to 4 weeks and (C) 20 to 26 weeks after the final immunization were analyzed using Spearman rank-correlation tests. Filled circles,
monkeys from the Ad/Ad group; open circles, monkeys from the protein group.
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cific IgG and IgA responses in sera and mucosal secretions at the
peak time point (P � 0.01; paired t test), and these responses
declined by approximately 0.5 log (range, 0.17 to 0.57 log; median,
0.54) by 20 to 24 weeks following the final immunization (Fig.
2A). Consistent with prior reports (5), mucosal antibody titers
were 1 to 2 logs lower than those found in serum. Moreover,
Env-specific IgG titers were approximately 1.5 logs (range, 1.29 to
1.69 logs; median, 1.59) higher than Env-specific IgA titers in both
serum and mucosal secretions. Env-specific IgA in mucosal secre-
tions but not in serum exhibited SC-specific responses (data not
shown), consistent with the data shown in Fig. 1B. Env-specific
mucosal IgG and IgA responses correlated with Env-specific sys-
temic IgG and IgA responses at both the peak time point (P �
0.002 for IgG; P � 0.0001 for IgA) and later time points (P � 0.02
for IgG; P � 0.03 for IgA) (Fig. 2B and C), suggesting that intra-
muscular immunization of Ad-vectored and protein HIV-1 can-
didate vaccines elicited immunologically coordinated antibody
responses in the periphery and at mucosal sites.

Follow-up studies of RV144 suggested that vaccine-elicited
Env-specific IgG3 titers may correlate with protective efficacy (13,
14). Rhesus IgG1, IgG2, IgG3, and IgG4 sequences are 88.0% to
90.1% identical to the corresponding human IgG subclasses, al-
though our understanding of the biology of rhesus IgG subclasses
remains incomplete (15). To dissect subclasses of Env-specific IgG
responses elicited in rhesus monkeys, we performed ELISAs for 6
monkeys from each group using secondary antibodies specific for
rhesus IgG1 and IgG3 (kindly provided by K. Reimann, NIH Non-
human Primate Reagent Resource). Both Ad/Ad and protein vac-
cines elicited IgG1 and IgG3 responses in serum and mucosal se-
cretions. The Ad vectors elicited comparable titers of IgG3 and
IgG1 responses in both sera and mucosal secretions, whereas the
protein vaccine elicited approximately 1 log higher titers of IgG3
than IgG1 (Fig. 3A and B), although mucosal responses were lower
than serum responses for both subclasses. The anti-IgG1 and anti-
IgG3 monoclonal antibodies exhibited minimal cross-reactivity
to the other rhesus IgG subclasses (Fig. 3E).

To determine if vaccine-elicited mucosal antibodies were func-
tional, we performed neutralization assays using mucosal secre-
tions collected at 2 weeks after the final immunization from mon-
keys that received the Ad/Ad vaccines compared with eight
additional control monkeys that received a sham vaccine. Mucosal
secretions and sera from vaccinated monkeys exhibited signifi-
cantly greater neutralizing activity against the TCLA strain of
SIVmac251.15 compared to that of the sham group (P � 0.001 for
sera and P � 0.01 for mucosal secretions; unpaired t test) (Fig. 3C
and D). Thus, these vaccine vectors elicited functional neutraliz-
ing antibodies in colorectal secretions, although titers in mucosal
secretions were around 2 logs lower than those found in serum.
These data suggest that IgG isotypes and functionality of vaccine-
elicited, Env-specific mucosal antibody responses are similar to
those of antibodies in peripheral blood, despite the overall pre-
dominance of IgA in mucosal secretions.

To determine if vaccine-elicited antibodies at mucosal sites
had epitope specificities similar to those of vaccine-elicited anti-
bodies in serum, we assessed paired mucosal and serum samples
for Env-specific IgG linear epitope profiling from 5 monkeys im-
munized with the Env protein using peptide microarrays (JPT
Peptide Technology). As a negative control, we also evaluated muco-
sal and serum samples from two naive unvaccinated monkeys, the
results of which proved negligible (16, 17). Microarrays consisted of 3

FIG 3 IgG subclasses and neutralizing activity of vaccine-elicited mucosal
antibodies. (A) Env-specific IgG1 and IgG3 titers were determined for sera
from Ad/Ad (left)- and protein (right)-immunized monkeys by ELISA. (B)
Env-specific IgG1 and IgG3 titers were also determined for mucosal secretions.
ns, not significant; *, P � 0.05; **, P � 0.01 (paired t test). (C) Pseudovirus
neutralizing assays were performed using tissue culture-adapted strain
SIVmac251.15. The 50% infective dose (ID50) titers were determined for sera
from monkeys immunized with Ad/Ad at 2 weeks after the final immuniza-
tion. (D) ID50 titers were also determined for mucosal secretions from these
monkeys. Samples from sham-immunized monkeys were used as controls. **,
P � 0.01; ***, P � 0.001 (unpaired t test). (E) Responses of anti-IgG1 and
anti-IgG3 monoclonal antibodies to recombinant rhesus IgG1, IgG2, IgG3,
and IgG4 were determined by ELISA. Means and SD of the OD (450 nm) from
6 replicates are shown.

Li et al.

13512 jvi.asm.org Journal of Virology

http://jvi.asm.org


identical subarrays containing 3,882 linear Env peptides covering
57% of global HIV-1 Env sequences in the Los Alamos National Lab-
oratory database (18). Mucosal and serum samples were incubated
with microarrays and a labeled secondary antibody, and the signal
intensity (SI) of peptide binding was measured by a Genepix 4300A
scanner. The threshold value used to define a minimum positive sig-
nal was calculated for each slide using the computational tool rapmad
(robust alignment of peptide microarray data) (19) and was estab-
lished as 5 standard deviations above the mean of the noise distribu-
tion. To calculate the breadth of antibody responses, we evaluated the
number of Env peptide responses for each animal, and we aligned the
reactive peptide sequences to eliminate overlap. If any reactive pep-
tide sequences shared 5 or more amino acids, we assumed that the
peptides were recognized by the same antigen-binding site on a single
antibody; these overlapping sequences were conservatively defined as
a single positive “binding site.” If the first and last overlapping peptide
in a string of overlapping peptides shared 4 or fewer amino acids, we
assumed that the peptides were recognized by a minimum of two
antibody binding sites. To calculate the depth of antibody responses,
we evaluated the overlapping sequences of each binding site and de-
termined the number of unique sequence variations for each binding
site. We then calculated the median number of variations/binding
site for each animal.

The pattern of IgG binding to linear Env peptides appeared
strikingly similar between serum and mucosal samples, with both
serum and mucosal antibodies binding predominantly to V3 lin-
ear peptides, followed by V1/V2 and V4 peptides (Fig. 4A and B).
Within compartments, there was some variability between ani-
mals in the binding to V1/V2 peptides, but V3 binding was uni-

versal (data not shown). For individual monkeys, a mean of 97%
of serum responses overlapped by �5 amino acids with mucosal
responses, whereas a mean of 81% of mucosal responses over-
lapped by �5 amino acids with serum responses. There was a
significant positive correlation between the mean signal intensity
of mucosal and serum IgG peptide binding (P � 0.0001, Spear-
man rank-correlation test) (Fig. 4C). Of note, both mucosal and
serum IgG from protein-immunized monkeys showed binding to
peptides within the V1/V2 region of Env (positions 120 to 204)
(2). In addition, there was no difference between the breadth and
depth of IgG binding to linear Env peptides between the mucosal
and serum compartments (Fig. 4D). These results suggest that
Env-specific mucosal and serum IgG generally share similar epitope
specificities.

HIV-1 infects humans primarily through mucosal surfaces,
and therefore it is likely that a prophylactic vaccine would elicit
protective antibodies both at mucosal surfaces and in the systemic
circulation. For optimal induction of mucosal immune responses,
several studies have suggested that vaccines should be adminis-
tered through mucosal routes (3, 20). However, other studies have
demonstrated that vaccines given parentally can also induce mu-
cosal antibody responses in certain settings (21, 22). A compara-
tive evaluation of intranasal (i.n.) and parental (i.m.) immuniza-
tion of an HIV-1 peptide-based immunogen with adjuvant in
cynomolgus monkeys showed that antibody responses at the nasal
and genital mucosa were highest in animals immunized parentally
(23). Individual mucosal compartments also display differences
with respect to antibody isotypes and densities, as well as origins of
cells involved in innate and adaptive immunity.

FIG 4 Mucosal and serum IgG binding to linear Env peptides by peptide microarrays. IgG binding to 3,882 linear Env peptides was assessed by peptide
microarrays using serum and mucosal secretions from 5 monkeys immunized with the Env protein vaccine 16 weeks after the final immunization as well as 2
naive control monkeys. (A) Mean signal intensity of binding is plotted by the peptide gp140 start position for serum. (B) Mean signal intensity of binding is
plotted for mucosal samples. (C) Mean signal intensity of mucosal peptide binding is plotted against mean signal intensity of serum peptide binding for the 5
immunized monkeys. (D) The breadth (number of binding sites) and depth (median number of epitope variants/binding site) for each immunized monkey are
plotted for serum and mucosal samples. Mean responses and standard errors of the means (SEM) are depicted.
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In this study, we demonstrate that intramuscular immuniza-
tion with both Ad-vectored and protein-based candidate HIV-1
vaccines elicited potent and durable Env-specific antibody re-
sponses in colorectal mucosa and that the kinetics, isotype, func-
tionality, and epitope specificity of mucosal antibodies generally
mirror those found in serum. These data suggest that vaccine-
elicited peripheral and mucosal humoral immune responses are
likely immunologically coordinated. The remarkable degree of
similarity also raises the possibility that mucosal and peripheral
antibodies elicited by vaccination may originate from the com-
mon B cell populations, although a detailed study of mucosal B
cells is beyond the scope of this study. Previous studies suggest that
mucosal IgA is largely synthesized locally and transported through
epithelial cells into the lumen (24). The degree to which mucosal
IgG and IgA elicited by vaccination reflects peripheral versus local
B cells requires additional investigation.
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