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ABSTRACT The benefits of mucosal vaccines over injected vaccines are difficult to as-
certain, since mucosally administered vaccines often induce serum antibody responses
of lower magnitude than those induced by injected vaccines. This study aimed to deter-
mine if mucosal vaccination using a modified vaccinia virus Ankara expressing human
immunodeficiency virus type 1 (HIV-1) gp120 (MVAgp120) prime and a HIV-1 gp120 pro-
tein boost could be optimized to induce serum antibody responses similar to those in-
duced by an intramuscularly (i.m.) administered MVAgp120 prime/gp120 boost to allow
comparison of an i.m. immunization regimen to a mucosal vaccination regimen for the
ability to protect against a low-dose rectal simian-human immunodeficiency virus (SHIV)
challenge. A 3-fold higher antigen dose was required for intranasal (i.n.) immunization
with gp120 to induce serum anti-gp120 IgG responses not significantly different than
those induced by i.m. immunization. gp120 fused to the adenovirus type 2 fiber binding
domain (gp120-Ad2F), a mucosal targeting ligand, exhibited enhanced i.n. immunoge-
nicity compared to gp120. MVAgp120 was more immunogenic after i.n. delivery than af-
ter gastric or rectal delivery. Using these optimized vaccines, an i.n. MVAgp120 prime/
combined i.m. (gp120) and i.n. (gp120-Ad2F) boost regimen (i.n./i.m.-plus-i.n.) induced
serum anti-gp120 antibody titers similar to those induced by the intramuscular prime/
boost regimen (i.m./i.m.) in rabbits and nonhuman primates. Despite the induction of
similar systemic anti-HIV-1 antibody responses, neither the i.m./i.m. nor the i.n./i.m.-plus-
i.n. regimen protected against a repeated low-dose rectal SHIV challenge. These results
demonstrate that immunization regimens utilizing the i.n. route are able to induce se-
rum antigen-specific antibody responses similar to those induced by systemic immuniza-
tion.

IMPORTANCE Mucosal vaccination is proposed as a method of immunization able
to induce protection against mucosal pathogens that is superior to protection pro-
vided by parenteral immunization. However, mucosal vaccination often induces se-
rum antigen-specific immune responses of lower magnitude than those induced by
parenteral immunization, making the comparison of mucosal and parenteral immu-
nization difficult. We identified vaccine parameters that allowed an immunization
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regimen consisting of an i.n. prime followed by boosters administered by both i.n.
and i.m. routes to induce serum antibody responses similar to those induced by i.m.
prime/boost vaccination. Additional studies are needed to determine the potential
benefit of mucosal immunization for HIV-1 and other mucosally transmitted patho-
gens.

KEYWORDS HIV-1 vaccine, mucosal adjuvants, mucosal vaccines

A human immunodeficiency virus (HIV) vaccine would be of significant benefit for
ending the HIV/AIDS epidemic (1). To date, the only HIV vaccine clinical trial to

demonstrate protective efficacy was a poxvirus prime/recombinant gp120 boost RV144
trial (NCT00223080) (2). Since more than 90% of HIV infections are transmitted across
mucosal tissues, with sexual transmission being the most common route (3), enhancing
mucosal immunity with the use of mucosal immunization may enhance protection
against sexual transmission of HIV (4). The benefit of mucosal immunity for protection
against mucosal transmission of simian-human immunodeficiency virus (SHIV)/simian
immunodeficiency virus (SIV) has been demonstrated using passive and active immu-
nization. For example, passive transfer of the combination of systemically administered
anti-HIV IgG1 and mucosally administered anti-HIV dimeric IgA2 provided complete
protection against a high-dose rectal SHIV challenge, while transfer of anti-HIV IgG1
alone was not protective (5), suggesting that the combination of systemic and mucosal
anti-HIV IgG and IgA, respectively, may be required for maximum protection. Another
recent study demonstrated that systemic (intramuscular) and mucosal (aerosol) immu-
nizations with the same vaccine induced equivalent levels of protection against SIV
challenge (6). However, evaluation of vaccine-induced immune responses determined
that protection induced by intramuscular immunization was associated with serum
IgG-mediated immune responses while protection induced by aerosol immunization
was associated with serum IgA-mediated immune responses (6). Therefore, optimizing
both systemic and mucosal immunization regimens may be required to provide
consistent protection against mucosal HIV transmission (7).

HIV-1 vaccine regimens utilizing a mucosal route of vaccination have been described
in the literature, but evaluating the potency of a mucosally administered vaccine in
comparison to a similar vaccine delivered parenterally is often not discussed. For
example, mucosal immunization often fails to induce antigen-specific serum IgG re-
sponses comparable to those induced by parenteral immunization with the same
antigen (8, 9). Our previous study that compared i.m. MVA priming with i.m. gp120
boosting (i.m./i.m.) to i.m. MVA priming with i.n. gp120 boosting (i.m./i.n.) demon-
strated unique immune responses depending on the route of immunization used (8).
The i.m. boosted group had a trend toward higher plasma HIV Env-specific IgG
(P � 0.1), higher tier 1 neutralization in plasma (P � 0.2) and milk (P � 0.06), and higher
antibody-dependent cell-mediated cytotoxicity (ADCC) activity in plasma (P � 0.06)
than i.n. boosting, indicating that i.m./i.m. systemic immunization may be more effec-
tive than i.m./i.n. mucosal vaccination at eliciting functional systemic antibody re-
sponses (8). Others have reported that i.n. immunization of humans with 100 �g of
HIV-1 gp140 was not immunogenic while i.m. immunization with 20 or 100 �g of the
same antigen induced elevated serum anti-gp140 IgG responses (9). This observation
highlights the difficulty in comparing the immunogenicities of the same HIV-1 antigen
dose delivered parenterally versus mucosally. If the mucosal immunization strategy is
not immunogenic, it is impossible to evaluate correlates of protection for the mucosal
immunization strategy compared to the parenteral immunization strategy, as described
above (8). We therefore propose that one criterion to identify an optimized mucosal
immunization regimen is the expectation that the mucosal immunization regimen will
induce systemic anti-HIV binding and functional antibody responses, such as virus
neutralization or ADCC, comparable to those induced by systemic immunization while
utilizing a mucosal route of immunization that may enhance the induction of protective
serum (6) or mucosal (5) anti-HIV IgA responses.
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A major impediment to developing any mucosal vaccine is the lack of an approved
mucosal-vaccine adjuvant. Of all the mucosal-vaccine adjuvants tested to date, cholera
toxin (CT) has been one of the most efficacious and has been used as a “gold standard”
for mucosal adjuvant efficacy (10). However, safety concerns, including nerve toxicity,
will likely prevent it from being used in humans as a nasal vaccine adjuvant (10).
Monophosphoryl lipid A (MPL) is a Toll-like receptor 4 (TLR4) agonist that is approved
for use in injected vaccines when it is combined with alum, and clinical trials indicate
MPL is safe for use as a nasal vaccine adjuvant (11). Since mucosal vaccines need to be
both safe and efficacious, newer compounds have been investigated as mucosal-
vaccine adjuvants, including mast cell-activating compounds and cationic peptides,
which can bridge innate and adaptive immune responses (12, 13). Compound 48/80
(C48/80) is a mast cell-activating compound with adjuvant activity capable of inducing
antibody responses similarly to CT-adjuvanted vaccines when used as an adjuvant for
mucosal or systemic immunization (14–17). However, C48/80 is a mixture of polymer
species (18), and therefore, it may not be an ideal adjuvant, as regulatory agencies
would most likely require a single active compound to provide the described adjuvant
activity. To identify a potent adjuvant for nasally administered HIV-1 gp120, we
compared the abilities of several adjuvants—CT, MPL, and C48/80, as well as masto-
paran 7 (M7), a cationic antimicrobial mast cell-activating peptide (19, 20)—to enhance
serum anti-gp120 antibody responses.

In addition to immunostimulatory adjuvants, adjuvants that enhance vaccine reten-
tion at mucosal sites may be beneficial. Several studies have demonstrated that
increased nasal clearance correlates with diminished immunogenicity of nasal vaccines
(21–25). To enhance nasal vaccine retention, we tested a fused protein consisting of
gp120 and the adenovirus type 2 fiber protein (Ad2F). Ad2F binds the coxsackievirus
and adenovirus receptor (CAR) expressed on epithelial and endothelial cells and thus
can act as a mucosal targeting ligand to enhance antigen binding to the epithelial
surfaces in the nasal cavity (26). In addition to enhancing vaccine retention, Ad2F
binding can induce the release of proinflammatory cytokines and chemokines believed
to exert a localized adjuvant effect (27, 28). The enhanced immunogenicity of fusion
proteins consisting of botulinum neurotoxin vaccine antigens and Ad2F have been
reported previously (17, 26, 29). However, the ability of Ad2F to enhance the nasal
immunogenicity of HIV-1 gp120 has not been evaluated. Here, we test a fusion protein
composed of HIV-1 gp120 and Ad2F to determine if the addition of Ad2F enhances the
nasal immunogenicity of HIV-1 gp120.

Viral vectored vaccines are another vaccine/adjuvant system that may enhance the
immunogenicity of mucosal-vaccine regimens. Viruses that can infect the host through
mucosal tissues, such as modified vaccinia virus Ankara (MVA), have mechanisms to
overcome the innate immune defenses at mucosal sites and may be more easily
adapted to mucosal administration than subunit vaccines. Injected MVA vectored
vaccines have been used in several HIV vaccine clinical trials, but they have shown
various degrees of efficacy (30–36). Strategies that enhance insert-specific immune
responses and/or minimize vector-specific responses may enhance the efficacy of MVA
vaccine vectors. Thus, replication-defective MVA vectors may offer advantages over
conventional MVA vectors. For example, MVA vectors lacking the ability to express late
genes or immunomodulatory proteins or lacking the ability to replicate may induce
elevated insert-specific immune responses compared to conventional MVA vectors
(37–42). In this study, we evaluated the immunogenicity of traditional MVA and an MVA
vector lacking a gene (udg) necessary for viral replication, both expressing HIV-1 gp120,
when delivered intramuscularly or mucosally (intranasally, intragastrically, or rectally).

Here, we identify an HIV-1 vaccination regimen that utilizes a mucosal route of
immunization and induces serum gp120-specific IgG titers similar to those induced by
an injected vaccine regimen. Using the adjuvant systems discussed above, we opti-
mized a vaccination regimen consisting of a prime with conventional MVA expressing
gp120 (MVAgp120) followed by adjuvanted gp120 booster immunizations. Rabbits
were used as a small-animal model for the optimization of mucosal vaccines. We
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demonstrate the translatability of our optimized mucosal vaccination regimen from
rabbits to nonhuman primates (NHPs) by comparing the efficacy of the optimized
mucosal vaccination regimen to that of the systemic regimen in rhesus macaques.
Since the NHP model allows us to begin investigating the potential protective benefit
of including mucosal vaccines in an HIV vaccination regimen, we rectally challenged
both the mucosally and systemically vaccinated macaques with a heterologous tier 2
SHIV.

(This article was submitted to an online preprint archive [43].)

RESULTS
Evaluation of nontoxin adjuvants for use with nasally administered HIV-1

gp120. The lack of an approved mucosal-vaccine adjuvant is a major deterrent to
mucosal-vaccine development. To determine if a nontoxin adjuvant could provide
adjuvant activity similar or superior to that of CT, we compared the abilities of MPL,
C48/80, and M7 to enhance serum antibody responses to HIV-1 gp120 when i.n.
administered to C57BL/6 mice to that of the gold standard, CT. On day 14, all of the
mice (5/5) that were vaccinated with gp120 plus C48/80 or M7 had detectable serum
anti-gp120 IgG responses compared to 4/5 mice vaccinated with gp120 plus MPL, 3/5
mice vaccinated with gp120 plus CT, and 2/5 mice that received gp120 alone (Table 1).
Only the mice that received gp120 plus M7 had serum anti-gp120 IgG titers signifi-
cantly (P � 0.005) different than those of the mice that received gp120 alone (geomet-
ric mean titers [GMT], 1:4,782,969 versus 1:33.63, respectively).

By day 35, all the mice (5/5) that were vaccinated with an adjuvanted vaccine
developed detectable serum anti-gp120 IgG titers compared to only 2 of 5 mice
vaccinated with gp120 alone. However, only gp120 adjuvanted with C48/80 or M7
induced serum anti-gp120 IgG titers significantly greater than the anti-gp120 IgG titers
induced by the unadjuvanted vaccine (GMT, 1:22,267,288 and 1:129,140,163 versus
1:27, respectively) (Fig. 1). Mice vaccinated with gp120 plus M7 had significantly
elevated serum anti-gp120 IgA titers (GMT, 1:2,187; 4 of 5 mice developed serum
anti-gp120 IgA titers), while only 2 of 5 mice vaccinated with gp120 plus CT and 1 of
5 mice vaccinated with gp120 plus MPL developed serum anti-gp120 IgA titers (Table
1). Serum anti-gp120 IgA was not detected in mice that received gp120 alone or gp120
plus C48/80. Additionally, only mice that received vaccines adjuvanted with C48/80 or
M7 developed significantly elevated vaginal gp120-specific IgG responses (1:1,176 and
1:588, respectively), and only mice vaccinated with gp120 plus M7 developed signifi-
cantly elevated vaginal gp120-specific IgA titers (GMT, 1:74; 4 of 5 mice developed
detectable vaginal anti-gp120 IgA) (Table 1). Based on these results, M7 was selected as
the nasal vaccine adjuvant for subsequent experiments in rabbits and NHPs.

Intranasal immunogenicity of HIV-1 gp120 and gp120-Ad2F. One goal of this
study was to evaluate mucosal immunization for its ability to induce serum anti-HIV-1
antibody titers similar to those induced by i.m. immunization. For mucosal immuniza-
tion with HIV-1 gp120, i.n. immunization was utilized, due to our previous success using
this route in nonhuman primates (8, 44). Since rabbit nasopharyngeal lymphoid tissues
are similar to those in primates and humans (65), results from the rabbit model may be
more likely to translate to NHPs and humans than results obtained from mice. Thus,
rabbits were used as the animal model to evaluate intranasal immunization with HIV-1
gp120 combined with the cationic antimicrobial mast cell-activating peptide M7.

Higher antigen doses are likely required for intranasal immunization to induce
circulating antibody responses similar to those induced by injected vaccines (9).
Therefore, we tested i.n. vaccination with 100, 200, and 300 �g of gp120 adjuvanted
with the M7 peptide to determine what dose of gp120 administered i.n. was required
to achieve serum anti-gp120 IgG titers similar to those induced by i.m. vaccination with
100 �g of HIV-1 gp120 adjuvanted with AddaVax, a squalene-based oil-in-water emul-
sion (experiments are shown in Table 2, i.n. 1). Squalene oil-in-water-adjuvanted
vaccines induce titers similar to or higher than those induced by alum-adjuvanted
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vaccines (45, 46), and our previous success using MF59 (a squalene-based adjuvant) in
a prime/boost vaccine regimen led to our use of AddaVax in the current study (8).

We also tested gp120-Ad2F at doses (145, 290, and 435 �g) that were equimolar to
the i.n. doses of gp120 tested to determine if addition of the mucosal targeting ligand
Ad2F to gp120 enhanced the immunogenicity of gp120 when i.n. delivered (Table 2,
experiments i.n. 2 and 3). Regardless of the dose of gp120 or gp120-Ad2F used for i.n.
immunization, all i.n. immunization groups had some rabbits that did not develop
detectable anti-gp120 IgG responses, while all the rabbits immunized by the i.m. route
with 100 �g of gp120 developed detectable serum anti-gp120 IgG responses (Fig. 2A).

As shown in Fig. 2B, while only 4 of 8 animals that received 100 �g of gp120 i.n.
developed detectable serum anti-gp120 IgG titers on day 42 after two vaccines, all the
rabbits in the remaining groups at that time point exhibited detectable serum gp120-
specific IgG. Rabbits that received 100 �g or 200 �g gp120 i.n. developed serum
anti-gp120 IgG titers that were significantly different from those receiving 100 �g i.m.
(P � 0.0001 and P � 0.0015, respectively). Thus, we considered 300 �g gp120 admin-
istered i.n. to induce serum gp120-specific IgG titers similar to those induced by 100 �g
gp120 administered i.m. In contrast to the results obtained with gp120, none of the
gp120-Ad2F vaccine groups induced serum anti-gp120 IgG titers that were significantly
different from the anti-gp120 IgG titers induced by the gp120 i.m. vaccine group after
two immunizations (Fig. 2B). However, the geometric mean gp120-specific IgG titer in
all of the gp120-Ad2F vaccine groups was 1 log unit lower than that in the i.m. group.
Since gp120-Ad2F was more immunogenic than gp120 by more than 2 orders of
magnitude at the 100-�g dose, gp120-Ad2F was used as the antigen for the remaining
intranasal immunization studies.

Evaluation of the mucosal immunogenicity of MVA expressing gp120. We tested
various forms of MVA vectors expressing gp120 to determine if vector modifications
enhanced their mucosal immunogenicity as determined by the serum anti-gp120 IgG
responses induced. The immunogenicity of the replication-defective MVAdelta5 vector
expressing gp120 (MVAdelta5gp120), derived from that developed by Garber et al. (42),
was first compared to the immunogenicity of conventional MVA expressing gp120
(MVAgp120) when delivered by the i.m. route (Table 2, MVA 1 and MVA 2). Dose
responses for both anti-gp120 IgG and vector-specific IgG (anti-B5 and anti-L1) were
observed with escalating doses of MVAdelta5gp120 (Fig. 3). MVAdelta5gp120 (1 � 1010

PFU) induced the anti-gp120 IgG titers most similar to the anti-gp120 IgG titers induced
by immunization with 1 � 108 PFU of MVAgp120. However, MVAgp120 induced a more
consistent gp120-specific IgG response than MVAdelta5gp120, potentially indicating an

FIG 1 Intranasal vaccines adjuvanted with the mast cell-activating adjuvant compound 48/80 or mas-
toparan 7 induce serum gp120-IgG titers stronger than those induced by cholera toxin or monophos-
pholipid A. C57BL/6 mice (n � 5/group) were vaccinated on days 0, 7, and 21 with 10 �g gp120 and
either no adjuvant, 7 �g M7, 15 �g C48/80, 1 �g CT, or 10 �g MPL. Serum was collected on day 35, and
gp120-specific IgG titers were determined by ELISA. *, mice receiving vaccines adjuvanted with C48/80
or M7 had significantly higher serum anti-gp120 IgG titers than mice vaccinated with gp120 alone
(P � 0.01 and 0.001, respectively). The horizontal lines indicate the geometric mean titers.
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even higher dose of MVAdelta5gp120 might be needed to induce consistently high
anti-gp120-specific titers in all individuals.

After determining that MVAgp120 was the most immunogenic form of MVA to use
as a priming vaccine, different mucosal routes of immunization with MVAgp120 were
evaluated for the ability to induce mucosal and systemic anti-HIV-1 gp120 antibody
responses. Based on the requirement for three times the protein dose for gp120 i.n.
vaccines to induce serum antibody titers similar to those induced by i.m. vaccination,

FIG 2 Three hundred micrograms of gp120 and gp120-Ad2F (doses equimolar to 100 to 300 �g gp120)
administered i.n. induce serum anti-gp120 IgG titers similar to those induced by intramuscular administration of
100 �g of gp120. Male New Zealand White rabbits were vaccinated intramuscularly with 100 �g gp120 adjuvanted
with AddaVax or intranasally with gp120 or gp120-Ad2F adjuvanted with 64 �g M7. The intranasal vaccines
contained either 100, 200, or 300 �g gp120 or 145, 290, or 435 �g of gp120-Ad2F (doses equimolar to gp120).
Serum was collected 2 weeks after the first vaccination (day 21) (A) and the second vaccination (day 42) (B) and
assessed by ELISA for gp120-specific IgG responses. Experiments for each group (n � 4) were repeated 0 to 2 times
(n � 4 to 12). (A) After a single vaccination, serum anti-gp120 IgG responses induced by 100 and 300 �g of gp120
or equimolar doses of Ad2F were significantly lower than anti-gp120 IgG responses induced by 100 �g gp120 i.m.
(*, P � 0.05). (B) After administration of two vaccines, only 100 �g and 200 �g gp120 administered intranasally
induced serum anti-gp120 IgG responses significantly lower than serum anti-gp120 IgG responses induced in the
100 �g gp120 i.m. group (*, P � 0.0001 and 0.001, respectively). The horizontal lines indicate the geometric mean
titers.

FIG 3 Nonreplicating MVAdelta5gp120 is not superior to conventional MVAgp120 for induction of serum
gp120-specific IgG. Female rabbits were intramuscularly vaccinated with MVAgp120 or MVAdelta5gp120
at the doses indicated on days 0 and 21. The rabbits were bled on day 35, and gp120-specific and
vector-specific (B5 and L1) IgG titers were determined by ELISA. *, significantly different from 1 � 108 PFU
of conventional MVAgp120 (P � 0.05). The connecting lines represent the geometric mean titers.
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a dose of 3 � 108 PFU of MVAgp120 administered by various mucosal routes (nasal,
rectal, and gastric) was used for comparison to 1 � 108 PFU i.m. (Table 2, MVA 3). After
the second vaccination, all i.m. vaccinated rabbits had detectable gp120-specific IgG
titers while only 2/3 of the i.n. vaccinated rabbits had detectable gp120-specific IgG
titers (Fig. 4). No rabbit that was rectally or gastrically immunized developed detectable
serum gp120-specific IgG titers (�1:32 titer). Based on these data, an i.n. prime with
MVAgp120 was selected for use in the prime/boost experiments.

Evaluation of the immunogenicity of MVAgp120 prime/gp120 boost immuni-
zation regimens in rabbits. Three different prime/boost regimens that included nasal
vaccination were compared to an intramuscular prime/boost regimen to determine if
a prime/boost regimen utilizing i.n. immunization could be developed that induced
serum anti-gp120 IgG responses similar to those induced by the i.m. prime/boost
regimen. We also evaluated the use of a boosting regimen that utilized a combination
of both the i.m. and i.n. routes, since combining the two routes of administration
enhanced mucosal antibodies and enhanced serum viral neutralization activity in
previously vaccinated NHPs (47). The prime/boost regimens evaluated that included
nasal immunization were i.m. MVAgp120 prime and i.n. gp120-Ad2F boost (i.m./i.n.),
i.m. MVAgp120 prime and i.n. gp120-Ad2F plus i.m. gp120 boost (i.m./i.m.-plus-i.n.), and
i.n. MVAgp120 prime with i.n. gp120-Ad2F plus i.m. gp120 boost (i.n./i.m.-plus-i.n.)
(Table 3). At the end of the prime/boost regimen (week 19), only the i.m./i.n. group had
significantly lower (P � 0.01) serum gp120-specific IgG titers than the control i.m./i.m.
group (Fig. 5A). We also monitored vaccine-induced serum IgG antibodies to variable
regions 1 and 2 (V1V2) of HIV-1 gp120, since titers of IgG specific for V1V2 correlated
inversely with the rate of HIV-1 infection in the RV144 efficacy trial (48). There were no
significant differences in serum V1V2-specific IgG titers (Fig. 5B) between groups.
Additionally, there were no significant differences in the gp120-specific ADCC titers
between groups (P � 0.19). However, the geometric mean ADCC titers of the i.m./i.m.
(1:24,705) and the i.n./i.m.-plus-i.n. (1:33,921) groups were more similar than those of
the i.m./i.n. (1:8,591) and i.m./i.m.-plus-i.n. (1:48,626) groups (Fig. 5C). However, the
i.m./i.m.-plus-i.n.-vaccinated rabbits developed significantly higher neutralization of
6644.v2.c33 (P � 0.04), a tier 1b pseudovirus, than the i.m./i.m. group (Fig. 5D). There
were no significant differences in gp120-specific fecal (Fig. 6A and B) or vaginal (Fig. 6C
and D) IgG or IgA titers between the different groups. The i.n./i.m.-plus-i.n. vaccination
regimen was employed for further comparison to the i.m./i.m. regimen in NHPs, as
these groups had the most similar functional serum antibody responses in rabbits and

FIG 4 Intranasal, but not rectal or gastric, administration of MVAgp120 induced serum gp120-specific IgG
titers. Female New Zealand White rabbits were vaccinated with MVAgp120 by the intramuscular,
intranasal, intragastric, or intrarectal route (n � 3 or 4/group) on days 0 and 28. Serum was collected on
day 42, and gp120-specific IgG titers were determined by ELISA. Rectal and gastric administration of
MVAgp120 resulted in serum gp120-specific titers that were significantly lower than those from i.m.
administration (P � 0.01 and 0.008, respectively). The horizontal lines indicate the geometric mean titers.
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allowed a comparison of i.m. prime/boost to a vaccine regimen that utilized i.n. priming
and boosting to maximize the use of mucosal immunization.

Evaluation of the immunogenicity of the i.n./i.m.-plus-i.n. prime/boost vaccine
regimen in NHPs. To determine if a combined mucosal-systemic vaccine regimen opti-
mized in rabbits is translatable, NHPs were vaccinated with the control i.m./i.m. regimen
(n � 6) or with the i.n./i.m.-plus-i.n. regimen (n � 6) developed in rabbits to determine if the
i.n./i.m.-plus-i.n. regimen was able to induce serum anti-gp120 IgG responses similar to
those induced by the i.m./i.m. regimen (Table 3). The vaccination regimens induced
antibody responses in the NHPs that were similar to the antibody responses induced by the
same vaccine regimens in rabbits (Fig. 7). There was no significant difference in week 19
serum gp120-specific IgG or IgA, serum V1V2-specific IgG, or fecal gp120-specific IgG or IgA
titers or in virus neutralization between the i.m./i.m. and i.n./i.m.-plus-i.n. regimens in the
NHPs (Fig. 7 and 8). As reported by Pollara et al. (49), there were no significant differences
in ADCC activity against gp120-coated target cells or antibody-dependent cellular phago-
cytosis (ADCP) of HIV-1 virions between the two vaccination regimens.

�NHPs received a third booster vaccine corresponding to their assigned vaccination
regimens (thus, i.m. or i.m. plus i.n.) in week 24. Prior to administration of the 3rd
booster, serum gp120-specific IgG titers were significantly greater (P � 0.03) in the
i.n./i.m.-plus-i.n. group than in the i.m./i.m. group, potentially indicating that i.n./i.m.-
plus-i.n.-induced serum anti-gp120 IgG responses are more durable than i.m./i.m.-
induced responses. However, there was no significant difference in serum gp120-

FIG 5 Combined intramuscular and intranasal boosting, regardless of intramuscular or intranasal prime, induces serum
anti-HIV antibodies similar to those induced by an intramuscular prime/boost regimen in rabbits. New Zealand White
rabbits (n � 4 to 6/group) were primed i.m. or i.n. with MVAgp120 in week 0 and boosted with 100 �g gp120 adjuvanted
with AddaVax i.m. and/or with 435 �g gp120-Ad2F adjuvanted with 64 �g M7 i.n. in weeks 12 and 16. Serum antibody
titers and viral neutralization from blood drawn in week 19 are shown. (A) Serum gp120-specific IgG titers. Serum
anti-gp120 IgG titers induced i.m./i.n. were significantly lower than serum anti-gp120 IgG titers induced i.m./i.m
(P � 0.01). (B) Serum V1V2-specific IgG titers were not significantly different between groups. A Kruskal-Wallis test result
was not significant (P � 0.057), so multiple comparisons were not made. (C) ADCC activity using human effector cells
against HIV gp120-coated target cells. There were no significant differences between groups (P � 0.19). (D) Neutraliza-
tion of tier 1a (MW965.26 and CH0505.w4.3) and tier 1b (6644.v2.c33) pseudoviruses. I.m./i.m.-plus-i.n. immunization
induced significantly greater neutralization of 6644.v2.c33 (P � 0.04) than immunization by the i.m./i.m. route. The
horizontal lines indicate the geometric mean titers.
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specific IgG or IgA titers after the 3rd boost (weeks 27 and 30) (Fig. 8A and B). There was
also no significant change in fecal anti-gp120 IgG titers after the third boost (Fig. 8C).
Fecal gp120-specific IgA was undetectable in any week 19 sample at a 1:16 dilution, but
it was detected in week 27 samples at dilutions of �1:32 for 2/6 primates in each
vaccine group (Fig. 8D). Our results indicate that a prime/boost vaccine regimen
utilizing i.n. immunization that induces anti-HIV-1 serum IgG and IgA and fecal IgG
responses similar to those induced by i.m./i.m. immunization can be developed.

Evaluation of protective immunity using a repeated low-dose rectal SHIV chal-
lenge. The NHPs vaccinated using the i.m./i.m. and i.n./i.m.-plus-i.n. regimens received
a repeated escalating-dose rectal challenge with a heterologous tier 2 SHIV in week 30
to determine if the use of mucosal immunization routes provided any protective
benefit versus the i.m./i.m. vaccine regimen. Four unvaccinated NHPs were challenged
as negative controls. Following the four low-dose challenges, the challenge doses were
increased by an order of magnitude every other week to determine if the vaccination
regimens resulted in protection. All the unvaccinated animals became infected by the
7th � 1 challenge (Fig. 9A). Two of the six NHPs in both the i.m./i.m. and i.n./i.m.-plus-
i.n. groups became infected during the initial low-dose challenges. All of the i.m./i.m.
group and 5/6 individuals in the i.n./i.m.-plus-i.n. group became infected at or by the
7th challenge. Thus, there was no significant difference in the numbers of challenges
until infection between vaccine groups. Additionally, similar viral loads were present in
the immunized and unimmunized animals, with the peak viral load 2 weeks postinfec-
tion (Fig. 9B). The lack of protection seen in both the i.m./i.m. and i.n./i.m.-plus-i.n.

FIG 6 Rabbits developed undetectable or low mucosal antibody responses to all of the prime/boost regimens. New
Zealand White rabbits received a priming immunization of MVAgp120 either i.m. or i.n. in week 0 and gp120 boosts
i.m. and/or i.n. in weeks 12 and 16. Feces were collected from all individuals (n � 4 to 6/group), and vaginal lavage
was performed on the females (n � 3 or 4/group). The results shown are from week 19, 3 weeks after administration
of the second booster vaccine. (A) Fifty to 100% of the rabbits in each group developed detectable fecal
gp120-specific IgG titers. (B) Twenty-five to 50% of the rabbits in each group developed fecal gp120-specific IgA
titers. (C) Vaginal gp120-specific IgG was detectable in 50 to 100% of the female rabbits in each group but tended
to be lower than the fecal gp120-specific IgG titers observed. (D) Vaginal gp120-specific IgA was detectable in only
2 of the 4 i.m./i.n.-vaccinated females. The horizontal lines indicate the geometric mean titers.
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vaccines prevents us from determining if the use of an optimized mucosal-vaccine
regimen provides superior protection against a mucosal SHIV challenge.

DISCUSSION

The use of mucosal immunization may induce antigen-specific mucosal IgA responses
that are significantly greater than the antigen-specific mucosal IgA responses induced by
parenteral immunization (8), while the responses of serum antigen-specific IgG binding
antibodies (9) and functional antibodies (8) induced by mucosal immunization are often

FIG 7 Rabbit and NHP antibody responses to both prime/boost regimens were similar. New Zealand
White rabbits and rhesus macaques received a priming immunization of MVAgp120 in week 0 and gp120
boosts in weeks 12 and 16. All the vaccines were either administered intramuscularly (i.m. prime/i.m.
boost) or the MVAgp120 prime was administered intranasally and boosting consisted of both intramus-
cular and intranasal components (i.n./i.m.-plus-i.n.) (n � 6/group). The animals were bled at the time
points indicated, and antibody responses were determined by ELISA. (A) Serum gp120-specific IgG
responses after administration of the MVAgp120 prime (weeks 6 to 8), the first gp120 boost (week 15),
and the second gp120 boost (week 19). The connecting lines and error bars represent the geometric
mean titers and the 95% confidence intervals. (B) After administration of the second booster vaccine
(week 19), rabbits and NHPs had similar serum V1V2-specific IgG and serum gp120-specific IgA re-
sponses. Fecal gp120-specific responses were also similar between the species. The horizontal lines
represent the geometric mean titers.
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lower than those induced by parenteral immunization. Since protection against HIV-1
mucosal transmission may require optimum systemic and mucosal anti-HIV-1 antibody
responses (7), we propose that HIV-1 vaccine regimens utilizing a mucosal route of
immunization should be optimized to ensure induction of elevated serum anti-HIV-1
binding and functional antibody responses. In this study we demonstrate that a prime/

FIG 8 Intranasal prime with combined intranasal and intramuscular boosting induces serum antibodies and viral
neutralization similar to those induced by the parenteral i.m. prime/i.m. boost regimen. Rhesus macaques
(n � 6/group) were vaccinated with the same i.n./i.m.-plus-i.n. or i.m./i.m. regimen described for rabbits. An
additional booster vaccine was given in week 24. Serum was collected at the indicated time points, and
antigen-specific antibody titers were determined by ELISA. Antibody responses were compared between the two
vaccination regimens at each time point using a Mann-Whitney test. (A) Time course of serum gp120-specific IgG
titers during the vaccination regimen. The i.m./i.m. group had significantly higher serum gp120-specific IgG titers
after administration of the priming immunization (week 8), while the i.n./i.m.-plus-i.n. group had significantly
higher titers 7 weeks after administration of the second booster vaccination (week 27) (P � 0.01 and 0.03,
respectively). The connecting lines and error bars represent the geometric mean titers and the 95% confidence
intervals. (B) Time course of serum gp120-specific IgA titers. The i.m./i.m. regimen resulted in significantly higher
anti-gp120 IgA titers than the i.n./i.m.-plus-i.n. regimen at week 15 (P � 0.04). The connecting lines and error bars
represent the geometric mean titers and the 95% confidence intervals. (C) Fecal gp120-specific IgG titers were not
significantly different between vaccination regimens at any time point tested. The connecting lines and error bars
represent the geometric mean titers and the 95% confidence intervals. (D) While all NHPs had undetectable fecal
gp120-specific IgA at a 1:16 dilution at week 19, low levels of fecal gp120-specific IgA were detected in a few NHPs
in each vaccination regimen on week 27. The difference between time points was not significant (P � 0.6 for
i.m./i.m.; P � 0.3 for i.n./i.m.-plus-i.n.). The connecting lines and error bars represent the geometric mean titers and
the 95% confidence intervals. (E) Neutralization of tier 1a (MW965.26) and tier 1b (all others) pseudoviruses was not
significantly different between the vaccination regimens after both the 2nd and 3rd boosts. The horizontal lines
represent the geometric mean titers.
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boost HIV-1 immunization regimen utilizing i.n. immunization may be optimized to induce
serum anti-HIV-1 binding and functional antibodies in a quantity similar to that induced by
a prime/boost immunization regimen delivered by the i.m. route.

Here, we report for the first time the use of M7, a cationic antimicrobial and mast
cell-activating peptide, as an adjuvant in an HIV vaccine formulation. M7 provided more
potent adjuvant activity than CT, the gold standard for nasal vaccines. The efficacy of
M7 is not surprising, as vaccines adjuvanted with C48/80, another mast cell activator,
have induced antibody titers in mice and rabbits similarly to CT-adjuvanted vaccines
(14, 17, 50). Others have demonstrated that a vaccine formulation including an anti-
microbial peptide adjuvant, IC31, was an effective adjuvant for the induction of potent

FIG 9 Neither the i.m./i.m. vaccine regimen nor the optimized i.n./i.m.-plus-i.n. regimen protected NHPs from SHIV
challenge. Rhesus macaques (n � 6/vaccine group; n � 4/naive group) were rectally challenged weekly with an
escalating dose of heterologous tier 2 SHIV-1157QNE Y173H. All animals received two additional challenges after
the infective challenge, or a maximum of 10 challenges. Blood was collected 1 week after challenge (the same day
as administration of the next challenge) and assessed for viral RNA by PCR. (A) SHIV infection status after
administration of each challenge. After five challenges, 4 of 6 individuals that received the i.m./i.m. regimen and
3 of 6 individuals that received the i.n./i.m.-plus-i.n. regimen were infected, while 0 of 4 unvaccinated individuals
were infected. There was no statistical difference between vaccinated and naive animals (P � 0.08; Fisher’s exact
test) even at that time point. (B) Viral loads after infection as determined by PCR. The lines represent the mean viral
loads for the vaccine groups. The data points represent individuals’ viral loads for that time point. The limit of
detection was 250 copies/ml.
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anti-HIV-1 immune responses in mice after parenteral immunization (51). Our results
suggest that M7 is an effective nasal vaccine adjuvant that could be evaluated in future
human i.n. HIV-1 vaccine studies, although additional safety studies are needed with
M7 prior to its use in clinical studies.

It has been documented in the mucosal-vaccine field that higher antigen doses are
needed for mucosal vaccines to induce serum antibody responses similar to those
induced by injected vaccines (52–54). Consistent with this, we demonstrated that i.n.
administration of 300 �g of gp120 was required to induce serum gp120-specific IgG
titers not significantly different from those induced by i.m. administration of 100 �g of
gp120. Others have reported that the use of 3-fold higher antigen doses for i.n.
vaccination did not induce serum antibody responses similar to those induced by
parenteral immunization. For example, an NHP study that included five immunizations
with either 300 �g of gp140 adjuvanted with LTK63 administered i.n. or 100 �g of
gp140 adjuvanted with MF59 administered i.m. failed to achieve similar serum gp140-
specific IgG titers in the two groups (55). Other studies have compared i.n. to systemic
vaccination using the same (9, 56, 57), 2-fold higher (8), 3-fold higher (55), or 5-fold
higher (9) antigen doses. Differences in the immunogenicity of different nasal vaccine
regimens may be attributable to the antigen (specific antigen and dose), the adjuvant
(specific adjuvant and dose), the method of nasal vaccine delivery (58), and the vaccine
volume (59) administered to a nostril at a given time.

It is important to note that we did not determine that 100 �g gp120 i.m. and 300 �g
gp120 i.n. are equivalent, but rather, we failed to detect a significant difference.
Increasing statistical power by increasing the sample size and meeting the assumptions
for parametric statistics would increase the likelihood of detecting a difference between
the two vaccines. We consider the variation in individual responses observed with the
use of an outbred-rabbit model beneficial for translation to real-world use, where
vaccines are administered by a large number of individuals to people with different
immune statuses, genetic backgrounds, and environmental exposures. For example,
the extremely large variation in gp120-specific titers after vaccination with 100 �g of
gp120 is consistent with a response along the linear portion of a dose-response curve,
indicating that slight differences in administration or in immune responses between
animals could determine if the vaccine induced an immune response or if the animal
was a nonresponder. Notably, the 100-�g gp120 group experiment was repeated, with
4 rabbits per replicate and different personnel administering the i.n. vaccines in each
replicate, and there were responders and nonresponders in each replicate. Since
statistical power and sources of variance are important and often overlooked factors
when evaluating comparisons of nasal and systemic vaccines, our results may more
accurately be viewed as demonstrating a difference between 100 �g gp120 i.m. and
100 �g or 200 �g gp120 i.n.

The inclusion of the cell adhesin Ad2F greatly improved the immunogenicity of
gp120. I.n. vaccination with 145 �g of gp120-Ad2F, which is equimolar to 100 �g
gp120, induced serum antibody titers similar to those induced by the 100-�g gp120
administered i.m., while i.n. vaccination with 100 �g gp120 induced much lower and
more variable anti-HIV-1 IgG responses. The approximately 100- to 1,000-fold increase
in serum gp120-IgG titers induced by using gp120-Ad2F versus gp120 is similar to that
observed with other Ad2F-coupled immunogens delivered by the nasal route in rabbits
(17). While we did not see a dose-response effect when increasing to doses equimolar
to 200 �g gp120 or 300 �g gp120, we hypothesize that this was due to reaching the
upper plateau of the dose-response curve. If this is indeed the case, it is possible that
even doses lower than 145 �g of gp120-Ad2F could be used and still achieve high
serum antibody titers, allowing antigen sparing. Conversely, there may be a benefit to
using the gp120-Ad2F dose equimolar to 300 �g gp120 —for example, reduced vari-
ation in titers—that this study did not have sufficient power to detect. Recombinant
adenovirus vectors have been safely delivered to humans by the nasal route (60, 61),
demonstrating that exposure to Ad2F, at least in the context of adenovirus exposure,
is safe for humans.
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To optimize the MVA-vectored priming immunization, the effects of modifications to
the MVA vectors through the use of a replication-defective MVA containing deletions
of four genes encoding immune-modulatory proteins were evaluated. Although others
have reported the induction of similar vector-specific and insert-specific antibody titers
with replication-defective and conventional MVA vectors (39), in this study, 1 � 108 PFU
of MVAdelta5gp120 induced significantly lower serum gp120-specific IgG responses
than an equivalent dose of the conventional MVAgp120 vector. The lower response
may be explained by differences between studies, including animal models (NHPs
versus rabbits); route of administration (intradermal [i.d.] plus i.m. versus i.m.); HIV
antigen (gag versus gp120); how enzyme-linked immunosorbent assay (ELISA) titers
were determined (the optical density [OD] of a single serum dilution versus the
endpoint titer determined from serial dilutions); and, most notably, differences in the
promoters used to drive expression of HIV antigens. In the previous studies a modified
H5 promoter was used to provide early transcription and reduced late transcription
(42), whereas in this study, gp120 expression was controlled by a synthetic promoter
designed to promote strong late gene expression, as well as early gene expression.
Thus, in the present study, the replication-defective MVA vector would be expected to
express less gp120 protein than the conventional MVA, because in the absence of the
viral uracil-DNA-glycosylase and DNA replication, late expression would be abrogated.

The intranasal route was identified as the most effective mucosal route for priming
with MVA, as determined by serum anti-gp120 IgG responses similar to those of the
intramuscular regimen after administration of the first protein booster vaccine when
combined i.n.-i.m. gp120 boosts were administered. This result is similar to what was
observed with an HIV peptide vaccine, as in both studies, nasal vaccination was the
most immunogenic mucosal route (62). Even though i.n. administration of MVA was
effective for priming, similar immunogenicities between the i.m. and i.n. priming
immunizations were not achieved, even when three times more MVA was i.n. admin-
istered. Regardless, there was no significant difference in serum antibody titers after
administration of the first boost, indicating that i.n. administration of MVA was an
effective priming immunization. Our results are consistent with a previous study in
NHPs, where there was a significant difference in serum IgG titers when MVA was
administered i.m. versus i.n.; however, nasal vaccination resulted in higher T cell
responses and a longer interval until progression to AIDS than i.m. vaccination (63).

Using the MVA prime (i.m. or i.n.) and i.n. gp120-Ad2F and i.m. gp120 vaccine
delivery, we tested various combinations of systemic and i.n. prime and boost vaccines,
including i.m. MVA prime plus i.m. gp120 boost (i.m./i.m.), i.m. MVA prime plus i.n.
gp120-Ad2F boost (i.m./i.n.), i.m. MVA prime plus i.m. gp120 and i.n. gp120-Ad2F
combination boost (i.m./i.m.-plus-i.n.), and i.n. MVA prime plus i.m. gp120 and i.n.
gp120-Ad2F combination boost (i.n./i.m.-plus-i.n.). In our rabbit model, only the i.m./i.n.
regimen resulted in significantly lower serum gp120-specific IgG titers than the i.m./i.m.
regimen. A previous NHP study did not observe a significant difference in plasma
anti-gp120 IgG binding responses between a similar vaccination regimen consisting of
an MVA prime and two gp120 boosts administered either i.m. or i.n. (8). However,
differences in plasma virus neutralization between the i.m./i.m. and the i.m./i.n. vac-
cinees indicated that the i.m./i.n. regimen induced lower functional IgG responses than
the i.m./i.m. regimen, congruent with our results. Additionally, NHPs from the i.m./i.n.
regimen in the previous study went on to receive a combined i.m.-plus-i.n. boost
almost a year after the MVA prime. The combined i.m.-plus-i.n. boost was able to
enhance plasma anti-HIV-1 IgG, virus neutralization or ADCC titers, milk anti-HIV-1 IgA
titers, and antibody epitope diversity (47). Likewise, we found that combined i.m.-plus-
i.n. boosting increased serum IgG titers, viral neutralization, and ADCC activity in the
rabbit model. In fact, combined i.m.-plus-i.n. boosting resulted in significantly higher
virus-neutralizing responses than the i.m./i.m regimen. To prevent functional differ-
ences in serum IgG from impacting the challenge outcome, we performed NHP studies
with the i.n./i.m.-plus-i.n. regimen, as it was the vaccination regimen that induced
serum anti-HIV antibody responses most similar to the i.m./i.m. regimen while also
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utilizing the highest number of mucosal immunizations to determine if the use of
optimized mucosal immunization would influence acquisition of SHIV after repeated
low-dose rectal challenge.

In NHPs, both the i.m./i.m. and i.n./i.m.-plus-i.n. regimens induced high serum
gp120-specific IgG titers, demonstrating that intranasal vaccines can be included in a
vaccination regimen while inducing serum antibody titers similar to those achieved
with systemic vaccination regimens. Furthermore, serum gp120-specific IgA titers were
also similar between the vaccine groups after the second and third booster vaccines,
with the i.n./i.m.-plus-i.n. regimen inducing lower IgA responses after administration of
the first booster vaccine. Since serum gp120-specific IgA can interfere with protective
gp120-specific IgG responses (48) and mucosal vaccination is associated with the
production of IgA at mucosal surfaces, the lack of enhancement of serum gp120-
specific IgA after the inclusion of intranasal vaccines in the i.n./i.m.-plus-i.n. regimen
demonstrates that mucosal vaccines could potentially be incorporated into HIV vacci-
nation regimens without detrimental IgA-mediated competition with protective IgG for
binding to antigens.

While mucosal vaccination is thought to be a better activator of the mucosal
immune system than systemic vaccination, the i.n./i.m.-plus-i.n. vaccine regimen did
not induce anti-HIV fecal IgG or IgA responses greater than those induced by the
i.m./i.m. regimen. Additionally, fecal gp120-specific IgG responses were more prevalent
and higher titer than fecal gp120-specific IgA responses regardless of the vaccination
regimen. There are other examples in the literature where HIV vaccination of NHPs
induced antigen-specific mucosal IgG responses but not IgA responses in multiple
mucosal samples (44). Our results are consistent with the conclusion that no HIV
vaccination regimen developed thus far has induced sustained mucosal IgA responses
in humans or NHPs (63).

Rabbits were used to optimize intranasal vaccines to induce serum antibody re-
sponses similar to those induced by i.m. vaccination. Rabbits have a nasal cavity
anatomy similar to that of primates (64–66), making them ideal for the development of
nasal vaccines. We demonstrated that i.m./i.m. and i.n./i.m.-plus-i.n. vaccination regi-
mens induced similar serum and mucosal antibody responses in NHPs and rabbits (Fig.
7). Even though the vaccine regimens evaluated in this study elicited high-titer serum
antibody responses and detectable fecal/rectal anti-gp120 IgG titers in both rabbits and
NHPs, we did not detect mucosal anti-gp120 IgA in the majority of individuals, although
anti-gp120 vaginal IgA responses were observed in 4 of 5 mice nasally immunized with
gp120 plus M7. Others have also been unable to detect mucosal antigen-specific IgA
responses in rabbits after vaccination regimens that resulted in mucosal IgA titers in
mice (67). The relatively prolonged intervals between vaccine doses may also have
limited our ability to induce mucosal IgA responses in rabbits and NHPs. For example,
we have used nasal immunization schedules of days 0, 7, and 21 (16); days 0, 7, 14, and
28 (56); and days 0, 21, and 42 (21) in mice that induced vaginal antigen-specific IgA,
while rabbits and NHPs were immunized on schedules of 0, 12, and 16 weeks (with a
boost at week 24 for the NHPs).In addition to their use as an effective animal model for
the development of nasally administered vaccines, rabbits are also a useful model for
testing Fc-dependent functional antibody responses induced by HIV vaccines (49). Our
work highlights the ability of rabbits to serve as a valuable small-animal model system
for the development of mucosal HIV vaccination strategies, although more studies are
needed to better define vaccination regimens that enhance the induction of antigen-
specific mucosal IgA responses.

We chose to model our prime/boost regimen on the canarypox prime/gp120 boost
used in the RV144 clinical trial, as that prime/boost regimen showed moderate pro-
tection from challenge (2). A vaccine regimen that is partially protective should be the
most sensitive to any beneficial effects from mucosal vaccines. Unfortunately, no
protection from challenge was observed in either vaccine group tested in the present
study. Several factors likely played a role in the lack of protection observed. First, others
have seen a lack of protection against the same SHIV strain utilized in our study even
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after several additional boosts of gp120 (68). However, protection was observed when
a pentavalent gp120 vaccine was used, and the protective efficacy was correlated with
nonneutralizing antibody responses (6). ADCC responses were induced by our prime/
boost regimens in rabbits and NHPs, but both the lack of protective efficacy and the
ADCC responses observed in our study are similar to what Bradley et al. (68) observed
when using a bivalent gp120 vaccine regimen.

The decision to use AddaVax, an oil-in-water emulsion, as the adjuvant in our
i.m.-administered vaccines instead of alum, which was used in the RV144 trials, may
have resulted in lower vaccine efficacy. Vaccari et al., reported that a prime/boost
vaccination regimen consisting of priming with the canarypox vector ALVAC and
boosting with an adjuvanted gp120 vaccine was effective at preventing SIV acquisition
only when the boosting vaccines contained alum (46). The lack of efficacy of booster
vaccines adjuvanted with MF-59, another oil-in-water adjuvant, was correlated with
mucosal innate lymphoid cells, mucosal V2 antibodies, and RAS activation. Additional
studies are needed to determine if mucosal vaccination can overcome any skewing
induced by the use of oil-in-water adjuvants for systemic vaccines.

In conclusion, optimized nasal HIV vaccination regimens are capable of inducing
high-titer, functional serum antibody responses similar to those induced by i.m. vacci-
nation regimens. More work is needed to optimize mucosal immunization for the
induction of durable, elevated anti-HIV-1 IgA titers in mucosal secretions and to
determine if mucosal anti-HIV IgA influences protection against mucosal SHIV chal-
lenge.

MATERIALS AND METHODS
MVA vaccines. For experiment MVA 1 (Table 2), MVA expressing HIV-1 C.1086 gp140 was used. MVA

for all other vaccinations expressed HIV-1 C.1086 gp120 (MVAgp120). gp120 or gp140 was placed under
the control of a synthetic promoter capable of high levels of transcription in both early and late stages
of viral replication and inserted between two essential genes, as previously described (8, 69).

The MVA used to construct conventional MVA vectors was kindly provided by B. Moss (NIH). This MVA
(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 (Gibco), cultured, purified,
and quantified in these cells as described previously (70). A derivative of the virus (designated A681)
lacking the remnant of the K1L gene and the viral gene (MVA open reading frame [ORF] 184R) encoding
the soluble secreted interleukin-1 receptor (71) was constructed as described previously (8). This virus
was used as the base vector for the conventional MVA vectors used in this study. Replication-competent
MVAs, including A703, expressing HIV 1086 C gp140 (8), and other MVAs derived from conventional MVA
A681, were cultured in BHK-21 cells. MVAs rendered replication defective by deletion of the udg gene
(39), a gene essential for virus replication, were cultured in duck fibroblasts modified to express the
vaccinia virus udg gene (Can20 cells) as described previously (39). The Can20 cells were kindly provided
by David Garber (Centers for Disease Control and Prevention, Atlanta, GA).

The replication-defective MVA Δ5-HIV (42) was kindly provided by David Garber (Centers for Disease
Control and Prevention, Atlanta, GA). The virus contained HIV subtype C consensus gag and env genes
inserted into the MVA deletion III locus. An insertion vector to enable the removal of these genes was
constructed as follows. An 802-bp ApaI-BamHI DNA fragment was synthesized, containing a gene
encoding a red fluorescent protein (RFP), the pDsRed-Express gene (Clontech Laboratories), under the
control of an early/late promoter from vaccinia virus, flanked by lox66/lox71 sequences (72), and inserted
within plasmid pUC57 to generate plasmid p2648. The ApaI-BamHI 802-bp fragment from p2648 was
ligated to the 5,123-bp ApaI-BamHI fragment of the MVA deletion site III vector pG06dH5gz (42). The
DNA of the plasmid was cleaved with MluI and SpeI, and the 2,298-bp fragment containing the Red
Xpress gene was transfected into Can20 cells infected with MVA Δ5-HIV. RFP-expressing recombinants
were isolated and plaque purified three times. Next, Can20 cells that were infected with the virus were
transfected with plasmid DNA of pCAG-Cre:GFP, which was a gift from Connie Cepko (Addgene plasmid
no. 13776), to drive the Cre-mediated deletion of the RFP marker gene (73). A recombinant virus (A721)
that did not express RFP was isolated and plaque purified. The deletion of the marker gene was
confirmed by PCR using primer pairs flanking the deletion III locus, as well as primer pairs within the RFP
gene. The A721 virus was cultured in Can20 cells and quantified by plaque assay on Can20 cells
employing polyclonal rabbit antisera against vaccinia virus (Meridian Life Sciences) to visualize foci of
infected cells, as described previously (74).

A replication-defective MVA that expressed the HIV C.1086 gp120 protein, as described previously
(75), was constructed as follows. DNA containing the pDs Red-Express RFP gene, as described above but
synthesized to be flanked by wild-type lox sequences, was inserted into plasmid p2628, a derivative of
plasmid p2614 (8) expressing gp120 in place of gp140, to replace the K1L-GUS marker genes. To generate
recombinant virus expressing gp120, DNA from this plasmid (p2650) was transfected into Can20 cells
infected with virus A721. RFP-expressing viral recombinants were isolated and plaque purified. Can20
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cells that were infected with this RFP-expressing virus were transfected with plasmid DNA of pCAG-Cre:
GFP to drive the Cre-mediated deletion of the RFP marker gene. A recombinant virus (A722) that did not
express RFP was isolated and plaque purified. The deletion of the marker gene was confirmed by PCR
using primer pairs within the RFP gene. Monoclonal antibodies (VRC C 16H3) were used in Western blot
analyses of proteins extracted from A722-infected Can20 cells to confirm expression of the gp120
protein. The A722 virus was cultured in Can20 cells and then partially purified by ultracentrifugation
through a 36% sucrose cushion. The virus was quantified by plaque assay on Can20 cells as described
above.

Protein vaccines and adjuvants. The antigen used for booster immunizations consisted of either
C.1086 delta7gp120K160N (gp120) (47, 76) or a fusion protein between C.1086 delta7gp120K160N and
the Ad2F adhesin (gp120-Ad2F) using a method described previously (26). Briefly, the C-terminal region
of Ad2F, from G378 to E582, was used as the transporter/targeting domain. This region encompasses (i)
a short stretch of amino acids rich in Gly (4 of 15); (ii) a trimerizing domain; and (iii) a globular domain,
commonly referred to as the “knob,” that is important for interacting with the coxsackievirus/adenovirus
receptor on the cell surface. The C.1086 delta7gp120K160N ATG codon was embedded in an ideal Kozak
sequence, cloned upstream of the Ad2F transporter, and the carboxy terminus of the fusion contained
a His tag to allow protein purification. At both ends of the synthetic gene, two XbaI sites allowed excision
and cloning into the mammalian expression vector pcDNA3.1� (Invitrogen). The orientation of the
clones was determined by restriction analysis and confirmed by DNA sequencing. The resulting con-
struct, named pGnMM9, was used for protein expression by Paragon Bioservices. Briefly, 293T cells were
transfected with a synthetic gene encoding the fusion protein gp120-Ad2F. Secreted gp120-Ad2F was
affinity purified by lectin affinity columns, and its purity was assessed by SDS-PAGE and Western blotting.

Intramuscular vaccines adjuvanted with AddaVax (Invivogen; catalog no. vac-adx-10) were mixed 1:1
with antigen for the total vaccine volume. Intranasal vaccines tested in rabbits and macaques were
adjuvanted with 64 �g of the antimicrobial mast cell-activating peptide mastoparan 7 (INLKALAALAKA
LL-NH2; CPC Scientific, Sunnyvale, CA). In mice, intranasal vaccines were adjuvanted with 7 �g M7-NH2

(CPC), 15 �g compound 48/40 (Sigma), 1 �g cholera toxin (Enzo Life Sciences), or 10 �g MPL (Enzo Life
Sciences). USP grade 0.9% saline (APP Pharmaceuticals) was added as needed to create the total vaccine
volume (listed in Table 2).

Animal husbandry and procedures. All experimental procedures were performed in accordance
with IACUC policies. Summaries describing the numbers of experiments conducted, animal characteris-
tics, and vaccine formulations are provided in Tables 2 and 3.

Mouse experiments. Female C57BL/6J mice (Jackson Laboratory; 8 weeks old) were acclimated upon
arrival at the facility. The mice were housed in a barrier facility free from Helicobacter, Pasteurella, and
norovirus. They were fed PMI 5053 Picolab rodent diet 20 (LabDiet). Housing was in individually
ventilated microisolator caging with up to 5 mice per cage, and the corn cob bedding was changed
biweekly. A 12-h/12-h light cycle was used, with the light coming on at 6 a.m.

Mice were vaccinated by the i.n. route on days 0, 7, and 21. Serum was collected on days �4, 14, and
35. Vaginal lavage fluid was collected as previously described (62, 77) on days �4 and 35. All procedures
were performed under isoflurane anesthesia. The mice were anesthetized in a group using an induction
chamber. The mice were removed from the induction chamber and placed in dorsal recumbency. The
vaccine was applied to the external nares with a micropipette. All procedures occurred in the room
where the mice were housed.

Rabbit experiments. New Zealand White rabbits weighing more than 2 kg were obtained from
Robinson Services (Mocksville, NC) or Covance Research Products (Denver, PA). The rabbits were allowed
to acclimate for at least 1 week upon arrival at the facility. The rabbits used in the experiments MVA 2
and i.n. 3 and the male rabbits in the prime/boost experiment were previously used in other vaccine
experiments with a different antigen or were used as breeders.

The rabbits were fed LabDiet laboratory rabbit diet HF and timothy hay. The amount of feed was
constrained on an individual basis to maintain a healthy body condition. Rabbit cage waste pans were
changed twice a week. They received weekly enrichment consisting of both exercise in a playpen and
food treats. The rabbits were housed singly during all the studies; however, an attempt was made during
some studies to socialize the rabbits during playtime. All the abbits were maintained in the same room
in the animal facility as the other treatment groups. All procedures occurred in the room where they were
housed.

For vaccine optimization experiments, two vaccines were administered 3 to 5 weeks apart. The
rabbits were bled prior to the first vaccination, 3 weeks after the first vaccination, and 1 to 2 weeks after
the second vaccination. For prime/boost experiments, the rabbits received the MVAgp120 prime in week
0 and gp120 protein boosts in weeks 12 and 16. They were bled in weeks 0, 6, 15, and 19. Intramuscular
immunizations were injected bilaterally or unilaterally into the thigh using a 25-gauge needle.

Intranasally vaccinated rabbits were sedated with acepromazine as described for blood collection
and then anesthetized with isoflurane (up to 4% at 4 liters of O2/min) administered via a nose cone. Once
a rabbit was unresponsive to handling, it was placed in dorsal recumbency with its nose at about a 90°
angle to the table, and the vaccine was administered via a laboratory pipette. The intranasal vaccine was
administered in aliquots (the volumes are listed in Table 2) to each nostril with a rest period as noted
before an additional aliquot was applied to the same nostril (e.g., left nostril, right nostril, rest; left nostril,
right nostril, rest). Isoflurane was administered as needed during the rest periods. After the total volume
was administered, the rabbits were maintained in dorsal recumbency for the same amount of time as a
rest period before being placed in sternal recumbency. If blood was collected that day, it was obtained
while the rabbit was recovering from anesthesia. If simultaneous i.m. vaccination occurred, the i.m.
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vaccines were administered while the rabbit was under anesthesia or while the rabbit was recovering
from anesthesia.

Gastrically immunized rabbits were sedated with ketamine-xylazine (35 and 5 mg/kg of body weight)
administered subcutaneously. The rabbits were placed in sternal recumbency, and a no. 12 French
catheter was passed into the stomach. Five milliliters of a 12% (wt/vol) sodium bicarbonate solution and
10 ml of room air were administered, and the catheter was removed. Twenty to 30 min afterward, the
catheter was replaced and the vaccine was administered, followed by 10 ml of room air. Anesthesia was
not reversed, and the rabbits were maintained in a pediatric incubator until they recovered from the
anesthesia.

Rectally immunized rabbits were sedated with ketamine-xylazine at half the dose used for gastrically
immunized rabbits. The rabbits were placed in dorsal recumbency, and the vaccine was administered via
a round-tipped oral-gavage needle (Cadence; catalog no. 9915; 15 gauge by 3 in. with a 2.9-mm tip) that
was inserted 1.5 in. into the rectum; 500 �l of room air was administered prior to removal of the gavage
needle from the rectum. The rabbits were maintained in a pediatric incubator until they recovered from
anesthesia.

For blood collection, rabbits were sedated with 1 mg/kg acepromazine administered subcutaneously
between the shoulder blades. Lidocaine was applied topically to the ear, and a 21- to 25-gauge butterfly
catheter was placed in the central auricular artery to collect 5 to 10 ml of blood. Feces were collected
after spontaneous voiding during procedures or by expression from the rectum. If only cecotropes could
be obtained and not true feces, the cecotropes were collected and this change was noted. Vaginal lavage
was performed under isoflurane anesthesia. A pediatric nasal speculum or manual manipulation was
used to open the vaginal vault, and 0.5 to 1 ml of sterile phosphate-buffered saline (PBS) was used to
perform lavage.

NHP experiments. Sixteen 1- to 3-year-old rhesus macaques were obtained from the New England
Primate Research Center. The rhesus macaques had more than 6 months to acclimate upon arrival. They
were socially housed when possible until 11 weeks prior to administration of the SHIV challenge, at which
point they were individually housed. Access to a “play cage” was rotated between individuals and groups
until SHIV challenge began, at which point access was rotated at each cage change to prevent exposure
to bodily fluids that might contain SHIV. The NHPs were maintained in a single animal room until the
unvaccinated individuals were to begin SHIV challenges. At that time, the unvaccinated NHPs were
moved into an adjoining room. Semiannual veterinary examinations were performed. Brief physical
examinations were performed prior to every procedure. A complete blood count was performed weekly
once SHIV challenge began.

The NHPs received the MVAgp120 prime in week 0 and gp120 protein boosts in weeks 12, 16, and
24. They were bled in weeks �2, 8, 15, 19, 23, and 27. SHIV challenges began in week 30 (Table 3). The
animals were anesthetized for all procedures, and food was withheld for 12 h prior to anesthesia.
Ondansetron was administered to individuals with a history of vomiting. The animals were anesthetized
with 0.075 to 0.15 mg/kg dexmedetomidine and 3 mg/kg ketamine administered intramuscularly. A
physical examination was performed while under anesthesia. Once SHIV rectal challenges began,
temperatures were taken orally, and nothing was placed in the rectum other than the challenge. Blood
was collected via the femoral vein. Intramuscular and intranasal vaccines were administered as described
for rabbits. The NHPs were reversed with atipamezole upon being returned to their home cages.

Mucosal secretions (saliva and rectal with or without vaginal) were collected atraumatically (78) with
premoistened ophthalmic spears (BVI Weck-Cel, reference no. 0008680; BVI Merocel, reference no.
400101) in weeks �2, 8, 12, 15, 16, 19, and 27. The Weck-Cels were premoistened the day before with
100 �l of PBS for saliva and vaginal secretion collection and with 300 �l PBS for rectal secretion
collection. The Weck-Cels were inserted 1 to 1.5 in. into the respective mucosal compartment and left for
5 min. Rectal secretions were collected as described previously (78), but with a 5-ml laboratory pipette
inserted 1 inch into the rectum. Rectal and vaginal samples were processed as described previously
(44) with the following modifications. A total of 250 �l elution buffer (1% protease inhibitor cocktail
set V [Sigma; catalog no. P8340] and 0.5% IGEPAL [Sigma; catalog no. I8896] in 0.25% bovine serum
albumin [BSA]-PBS) was added to samples collected �6 h previously and stored on ice, and the
samples were centrifuged through a 30-�m filter (Thermo; catalog no. 69725) first due to the
presence of mucus, which would impede filtration through smaller filters. The eluted secretions were
then centrifuged through a 0.22-�m filter. As saliva samples did not contain the thick mucus present
in other samples, the 30-�m filtration step was not required, and the samples were centrifuged
through only a 0.22-�m filter.

SHIV challenge. Rectal challenges with a heterologous tier 2 SHIV-1157QNE Y173H (68, 79) (2014
stock, provided by Sampa Santra) were administered weekly for up to 10 weeks or until infection was
detected. For the first four challenges, virus stock was diluted 1:10,000. After the fourth challenge, the
virus stock dilution decreased 10-fold every other challenge (challenges 5 and 6, 1:1,000; challenges 7
and 8, 1:100; challenges 9 and 10, 1:10). All the challenge virus was diluted with 0.5% human serum
albumin (30% solution; Calbiochem) in PBS and administered in a 1-ml volume. Four unvaccinated
macaques were used as naive controls. The naïve NHPs were challenged with SHIV in the months
immediately preceding challenge of the vaccinated NHPs.

For challenge administration, anesthetized animals were positioned in ventral recumbency with their
hindquarters elevated by a 6-in. PVC tube in their home cages. A 1-ml tuberculin syringe was inserted
up to the plunger. The plunger was slowly depressed over 20 to 30 s and remained in the rectal vault for
15 min before the syringe was withdrawn slowly, followed by reversal of anesthesia. All the challenged
animals received a weekly complete blood count and had viral loads determined weekly for 8 weeks after
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infection prior to being humanely euthanized. Since the animals were bled and challenged on the same
day, and due to processing time for viral loads, all the animals received an additional 1 or 2 challenges
after the infective challenge.

Animal health events. In our rabbit studies, local inflammation and irritation did occasionally occur
associated with acepromazine injection. Rabbits were removed from the study if there was an obvious
break in skin integrity as evidenced by weeping/oozing. Additionally, following the MVA prime in the
prime/boost study, several rabbits developed inappetence, which progressed to gastrointestinal (GI)
stasis. Animals that were symptomatic for GI stasis for more than 2 days were removed from the study.
Clostridium spp. were isolated from some of the affected rabbits. The experiments with the i.m./i.m. and
i.n./i.m.-plus-i.n. groups in the rabbit prime/boost study were repeated to ensure that the results were
similar in unexposed individuals. In the NHP study, a few individuals had trauma to digits that required
veterinary medical attention.

Study design. Intramuscular vaccines were used as the positive control. Unvaccinated NHPs were
used as a control for SHIV infection. Animals were not assigned to groups randomly, but rather
systematically, either by animal identifier (ID) (rabbits) or by cage (mice) to distribute experimental
groups from a previous experiment across vaccine groups in this experiment (rabbits) or using a
combination of age, sex, and weight (NHPs). Female rabbits in the prime/boost regimen that received an
i.m. prime with MVAgp120 were redistributed among the i.m. prime groups after the Clostridium
outbreak.

Animal caretakers had access to information indicating which animals were in the same
treatment group but did not know what vaccine each group was receiving. Veterinary personnel
were blinded to the treatment group unless there was a need to know. Laboratory personnel
performing ELISAs were blinded to the treatment group until after the titer for each sample was
determined. Personnel performing neutralization and ADCC assays had access to treatment group
designations prior to performing the assays. Bleeding and vaccinations were performed in room
order if all the animals were receiving the same sedation/anesthesia protocol. If there was a subset
of animals that needed sedation/anesthesia, typically they were premedicated, the procedures were
performed on unsedated/unanesthetized individuals, and then the procedures were performed on
the premedicated individuals. During SHIV challenges, the individuals known to be infected were
bled after individuals who had not yet tested positive. This minimized the risk of transmission via
fomites, as well as minimizing the anesthesia duration for the animals that needed to be tested and
challenged. Procedures typically began at 10 a.m.

Animals were removed from a study if they did not receive all the vaccines. This occurred only in the
rabbit experiments, where rabbits were euthanized due to either GI stasis or Clostridium infection prior
to completion of the vaccine regimen or when an acepromazine reaction was moderate or severe
enough at the time of the next vaccination that sedation with acepromazine was contraindicated.
Animals remained in the study even if there was evidence that they did not receive the full vaccine dose
(for example, fluid was evident externally after i.m. vaccination or sneezing after i.n. vaccination). If there
was evidence that the entire amount to be administered to the animal was unsuccessfully administered,
a second attempt was made to vaccinate the animal with the desired vaccine amount allocated to that
animal. All sample collections, anesthesia, and vaccinations occurred in the same room the animal was
housed in. Procedures typically began between 9 and 10 a.m.

ELISA. ELISAs were performed as described previously (80) with the following exceptions. The
coating antigen was C.1086 K160N gp120 or V1V2 tags (NIH AIDS Reagent Program; catalog no. 12568)
at 2 �g/ml. To detect antibody responses to the viral vector in animals immunized with MVA, the vaccinia
virus proteins L1 and B5 (BEI; catalog no. NR-2625 and NR-546) were used as coating antigens at 2 �g/ml.
Serum samples were tested starting at a 1:32 dilution, while mucosal samples were tested starting at a
1:16 dilution. Serial 2-fold dilutions were performed. If any individual animal had titers greater than 227

at a given time point, samples from all the animals in the experiment were retested using serial 3-fold
dilutions. Murine antibodies were detected using alkaline phosphatase-conjugated goat anti-mouse IgG
or IgA (Southern Biotech; catalog no. 1030-04 and 1040-04). Rabbit antibodies were detected using
alkaline phosphatase-conjugated goat anti-rabbit IgG (Southern Biotech; catalog no. 4030-04) or IgA
(Novus; catalog no. NB7167). For NHP studies, the secondary antibodies used were anti-NHP IgG and
anti-NHP IgA (Rockland; catalog no. 617-105-012 and 617-105-006). The fluorescent substrate used,
Attophos (Promega), increases the sensitivity of the assay compared to colorimetric substrates (81). The
endpoint titers were defined as the last immune sample dilution with a relative light unit (RLU) value
3-fold higher than the RLU value of the animal’s preimmune sample at the same dilution. Since the mice
were inbred, the average of two preimmune samples was used instead of a preimmune sample from
each individual. Immune samples that were not 3-fold higher than the naive sample in the tested dilution
series were assigned a value of one dilution lower than the starting dilution for statistical analysis.

Antibody-dependent cellular cytotoxicity. ADCC activity was measured using the GranToxiLux
(GTL) assay as previously described (82). A clonal isolate of the CEM.NKRCCR5 CD4� T cell line (from
Alexandra Trkola [83], NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH) was used as the source
of target cells after coating with the recombinant HIV-1 gp120 protein used as the boost component of
the vaccine regimen (HIV-1 isolate C.1086). Effector cells were human peripheral blood mononuclear cells
(PBMC) obtained from an HIV-seronegative donor heterozygous for Fc� receptor IIIa at position 158
(158F/V) (84, 85). PBMC and target cells were combined at an effector cell-to-target cell ratio of 30:1.
Samples were tested after 4-fold serial dilutions starting at 1:100. ADCC activity was measured as the
proportion of cells positive for proteolytically active granzyme B (GzB) out of the total viable target cell
population (percent GzB activity) after subtracting the background activity observed in wells containing
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effector and target cells in the absence of plasma. ADCC endpoint titers were determined by interpo-
lating the dilutions of plasma that intercepted the previously established positive cutoff for the assay (8%
GzB activity) using GraphPad Prism software version 7.0b (GraphPad Software, Inc.) and are reported as
reciprocal dilutions.

Neutralization. Neutralizing antibody activity was measured in 96-well culture plates by using
Tat-regulated luciferase (Luc) reporter gene expression to quantify reductions in virus infection in TZM-bl
cells. TZM-bl cells were obtained from the NIH AIDS Research and Reference Reagent Program and were
contributed by John Kappes and Xiaoyun Wu. Assays were performed with HIV-1 Env-pseudotyped
viruses as described previously (86, 87). Test samples were diluted over a range of 1:20 to 1:43,740 in cell
culture medium and preincubated with virus (	150,000 RLU equivalents) for 1 h at 37°C before addition
of cells. Following a 48-h incubation, the cells were lysed, and Luc activity was determined using a
microtiter plate luminometer and BriteLite Plus reagent (Perkin Elmer). Neutralization titers are the
sample dilution at which RLU were reduced by 50% compared to the RLU in virus control wells after
subtraction of background RLU in cell control wells. Serum samples were heat inactivated at 56°C for
45 min (rabbits) or 30 min (NHP) prior to the assay.

Viral load quantification. Quantitative PCR (qPCR) was used to quantify the SHIV RNA present in
serum collected 1 week after each challenge. Viral RNA measurements were performed by the Immu-
nology Virology Quality Assessment Center Laboratory Shared Resource, Duke Human Vaccine Institute,
Durham, NC, as previously described (88). The lower limit of detection was 250 copies/ml.

Statistical methods. Mouse and rabbit data were analyzed by Kruskal-Wallis test with Dunn’s
multiple-comparison test. NHP ELISA data were analyzed by Mann-Whitney test. Graphs were
prepared and all nonparametric comparisons were performed in GraphPad Prism (GraphPad Soft-
ware, San Diego, CA). Values from individual animals, as well as the geometric mean titer, are shown
with the geometric mean of each group depicted on the graph as a horizontal line unless otherwise
indicated.
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