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Induction of mucosal anti-human immunodeficiency virus type 1 (HIV-1) T-cell responses in males and
females will be important for the development of a successful HIV-1 vaccine. An HIV-1 envelope peptide, DNA
plasmid, and recombinant modified vaccinia virus Ankara (rMVA) expressing the H-2Dd-restricted cytotoxic
T lymphocyte P18 epitope were used as immunogens to test for their ability to prime and boost anti-HIV-1
T-cell responses at mucosal and systemic sites in BALB/c mice. We found of all prime-boost combinations
tested, an HIV-1 Env peptide subunit mucosal prime followed by systemic (intradermal) boosting with rMVA
yielded the maximal induction of gamma interferon (IFN-�) spot-forming cells in the female genital tract and
colon. However, this mucosal prime-systemic rMVA boost regimen was minimally immunogenic for the
induction of genital, colon, or lung anti-HIV-1 T-cell responses in male mice. We determined that a mucosal
Env subunit immunization could optimally prime an rMVA boost in female but not male mice, as determined
by the magnitude of antigen-specific IFN-� responses in the reproductive tracts, colon, and lung. Defective
mucosal priming in male mice could not be overcome by multiple mucosal immunizations. However, rMVA
priming followed by an rMVA boost was the optimal prime-boost strategy for male mice as determined by the
magnitude of antigen-specific IFN-� responses in the reproductive tract and lung. Thus, prime-boost immu-
nization strategies able to induce mucosal antigen-specific IFN-� responses were identified for male and female
mice. Understanding the cellular and molecular basis of gender-determined immune responses will be impor-
tant for optimizing induction of anti-HIV-1 mucosal immune responses in both males and females.

Development of an human immunodeficiency virus type 1
(HIV-1) vaccine is a global priority (65). HIV-1 can be trans-
mitted either mucosally as a sexually transmitted disease or
parenterally by blood administration or intravenous drug use
(65). Studies with the rhesus macaque-simian immunodefi-
ciency virus (SIV) model have indicated that dendritic cells
residing in the lamina propria of the vagina were the first
cellular targets of SIV after intravaginal inoculation with cell-
free SIVmac251 (35, 55). SIV was detectable in the internal
iliac lymph node and in the blood within 2 and 5 days, respec-
tively, of intravaginal infection with SIV (55). Therefore,
HIV-1 initiates infection at the mucosal surface by infecting
dendritic cells present in the lamina propria adjacent to the
mucosal surface. HIV-1-infected dendritic cells then spread to
regional lymph nodes where HIV-1 is disseminated (24). Anti-
HIV-1 T- and B-cell mucosal immune responses are desired
because they may be able to prevent systemic HIV-1 infection
by eliminating the infection at the mucosal surfaces or keep the

infection localized by containing the infection at the regional
lymph nodes (30, 31).

A successful HIV-1 vaccine must be able to induce protec-
tive anti-HIV-1 systemic and mucosal immunity in both males
and females. Gender differences in immune responses to vac-
cines have been reported in mice immunized with T-dependent
antigens BSA (64), keyhole limpet hemocyanin (67), OVA
(67), and hen egg lysozyme (20), as well as the T-independent
antigen polyvinyl pyrrolidone (13). Gender has also been re-
ported to affect immune responses after pseudorabies virus
vaccination of swine (8). Vaccine-induced antibody responses
were significantly greater in women than men (3, 48), and a
herpes simplex virus (HSV) vaccine was protective in females
but not in males (60). Measurement of antigen-specific im-
mune responses by enzyme-linked immunosorbent assay, neu-
tralizing antibody, lymphocyte proliferation, and gamma inter-
feron IFN-� secretion assays in the HSV vaccine trial did not
reveal any differences in the magnitude of vaccine-induced
immunity between males and females, although significant dif-
ferences in efficacy were observed (60).

In this study, we evaluated three model HIV-1 immunogens,
a Th-cytotoxic T lymphocyte (CTL) peptide (ThD) containing
the HIV-1 IIIB gp120 P18 CTL epitope, a DNA vaccine ex-
pressing HIV-1 IIIB Env, and a recombinant modified vaccinia
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virus Ankara (rMVA) expressing the HIV-1 IIIB envelope
ThD epitope, for their ability to prime and boost anti-HIV-1
T-cell responses at mucosal sites. We found that the optimal
regimen for induction of HIV-1-specific T cells in multiple
female mucosal tissues utilized a mucosal peptide prime, fol-
lowed by a systemic MVA boost. Surprisingly, this immuniza-
tion regimen was only weakly immunogenic in males, due to an
inability of mucosal immunization to prime T-cell responses in
male mice. However, a systemic MVA prime followed by an
MVA boost was optimal for the induction of HIV-1-specific T
cells in the reproductive tract and lungs of male mice.

MATERIALS AND METHODS

Animals. Female and male BALB/c mice (18 to 20 g, 6 to 8 weeks of age) were
purchased from the Frederick Cancer Research and Development Center, Na-
tional Cancer Institute, Frederick, Md. Mice were housed in filter top cages and
provided food and water ad libitum. All procedures were approved by the Duke
University Institutional Animal Care and Use Committee.

Immunogens. An rMVA containing a linear array of the following HIV-1
helper and CTL epitopes, including the P18 CTL epitope (RIHIGPGRAFYTT
KN) (5, 22, 63), was used for immunizations: HAGPIAPGQMREPRG (66)/
KQIINMWQEVGKAMYA (54), KEKVYLAWVPAHKGIG (21)/MYAPPI
GGQI (11), LLFIHFRIGCRHSR (53)/DRVIEVVQGAYRAIR (54), and the
ThD sequences EQMHEDIISLWDQSL/RIHIGPGRAFYTTKN (5, 22, 63).
ThD and P18 peptides were synthesized by SynPep (Dublin, Calif.). Peptides
were purified by high-performance liquid chromatography and verified to be
�95% pure by mass spectroscopy. The DNA vaccine plasmid was constructed
with the PMV vector backbone, provided by Wyeth-Lederle Vaccines (Pearl
River, N.Y.). A plasmid DNA vaccine expressing HIV-1 IIIB gp120 (PMV-
gp120) was used for immunizing mice in these experiments. The empty PMV
vector was used as a sham plasmid. Since all immunogens contained the domi-
nant P18 epitope and we have assays available for monitoring P18-specific re-
sponses via enzyme-linked immunospot (ELISpot) and H-2Dd–P18 tetramers
(56), all immune responses followed in this study were to the P18 epitope.

Immunizations. A Th-CTL HIV-1 Env peptide (ThD) containing the HIV-1
IIIB CTL P18 epitope was used for intranasal (i.n.) and subcutaneous (s.c.)
peptide immunizations. For nasal immunization, mice were anesthetized with
Isofluorane (Abbott Laboratories, North Chicago, Ill.), and 50 �g of peptide with
1 �g of cholera toxin (List Biological, Campbell, Calif.) was administered in
saline for a total volume of 15 �l (7.5 �l per nare) (4, 44, 56–59). For s.c. peptide
immunizations, mice were immunized at the base of the tail with 50 �g of
peptide, and 25 �g of RC-529 (a synthetic toll-like receptor 4 ligand) (23, 43)
obtained from Wyeth was used as the adjuvant. Mice immunized with MVA were
anesthetized with ketamine-xylazine (173 and 7 mg/kg of body weight) before 10
�l of saline containing MVA (107 PFU) was injected into the left ear pinna (first
dose) or right ear pinna (second dose) intradermally (i.d.) with a Gastight syringe
with a 31-gauge needle (Hamilton Co., Reno, Nev.). DNA immunizations were
performed by injecting 50 �l of saline containing plasmid DNA (25 �g) intra-
muscularly (i.m.), into both hind-leg quadriceps muscles for a total of 50 �g of
plasmid DNA (51, 52).

Optimization of peptide, MVA, and DNA immunizations. In dosing studies, we
found that maximal CTL and IFN-� spot-forming cell (SFC) responses were
obtained using 50 �g of ThD HIV-1 Env subunit peptide per immunization,
given as a mucosal i.n. prime dose and three i.n. boosts. Therefore, this dose and
immunization regimen was used for subunit immunizations throughout. Similar
dosing studies showed that the optimal dose of MVA given ID was 107 PFU.
Finally, the optimal dose of HIV-1 IIIB gp120 DNA was previously determined
to be 50 �g of DNA IM per immunization (51, 52). In addition to the concen-
tration of MVA to be used for optimal induction of P18-specific cell-mediated
immunity, we also determined if inoculation with MVA by different routes
affected the induction of P18-specific IFN-� SFC responses. Groups of BALB/c
mice (four mice per group) were immunized intraperitoneally (i.p.), i.n., or
intradermally (i.d.) with MVA at 106 or 107 PFU on day 0 and boosted 18 days
later with the same dose and via the same route. After the second immunization,
splenocytes were assayed for P18-specific IFN-� SFCs. A prime-boost regimen of
MVA via the i.d. route was significantly more effective than i.p. or i.n. immuni-
zation (P � 0.01).

Isolation of mucosal lymphocytes. Lymphocytes were isolated from mucosal
tissues as previously described (56), except that calcium- and magnesium-free
phosphate-buffered saline was used for whole-body perfusion prior to usual

tissue harvest. The female genital tract included the ovaries, fallopian tubes,
uterus, and vagina. The male genital tract included the preputial gland, testicles,
epididymis, vas deferens, prostate, seminal vesicles, and coagulating glands.
Colon tissues included the ascending and descending colon. All tissues were
digested with RPMI-1640 with 5% fetal bovine serum, penicillin-streptomycin,
HEPES, and 2.5 mg of collagenase type A (Roche catalogue number 1088
785)/ml and 5 units of DNase I (Roche catalogue number 104 159)/ml. Mucosal
tissues were pooled from four mice/immunization group to provide sufficient
cells to perform replicates of each experiment (IFN-� ELISpot) from each tissue
to allow for accurate measurement of immune responses in each immunization
group. The average yield of cells per mouse was 2.9 � 106 cells/female repro-
ductive tract, 10.8 � 106 cells/male reproductive tract, 2.2 � 106 cells/colon, and
and 7.9 � 106 cells/lung.

IFN-� and IL-2 ELISpot and CTL assays. ELISpot and CTL assays were
performed as previously described (56), except that anti-interleukin-2 (IL-2)
capture antibody (JES6-1A12) and biotin anti-IL-2 detection antibody (JES6-
5H4) (both from BD PharMingen, San Diego, Calif.) were used in the IL-2
ELISpot assay. ELISpot plates were scanned into an ImmunoSpot Series I
analyzer, and spots were quantitated with ImmunoSpot 2.1 software (CTL An-
alyzers, Cleveland, Ohio). Controls included cells cultured in medium in the
absence of peptide stimulation. The frequency of IFN-� SFCs in control wells
(typically �10 IFN-� SFCs/106 cells) was subtracted from the frequency of IFN-�
SFCs detected in the peptide-stimulated cells for calculation of antigen-specific
IFN-� responses. For CTL assays, spontaneous release was �10% of maximum
release. The percent specific cytotoxicity was measured as follows: (experimental
release � spontaneous release)/(maximum release � spontaneous release) �
100.

Tetramer analysis of antigen-specific CD8� T cells. H-2Dd–P18 tetramers
were prepared and used as described (56). A total of 0.1 to 0.2 �g of phyco-
erythrin-labeled tetrameric H-2Dd–P18 complexes with allophycocyanin (APC)-
labeled anti-mouse CD8 (Ly-2; Caltag, South San Francisco, Calif.) monoclonal
antibody was used to identify P18-specific CD8� T cells. Samples were analyzed
with tetrameric H-2Dd–P18 complexes for the percentage of CD8� T cells by
two-color flow cytometry with a FACScalibur (Becton Dickinson, Mountain
View, Calif.) system.

CD8 depletion. CD8� lymphocytes were depleted from spleen and mucosal
samples with magnetically activated cell sorting CD8� (Ly-2) MicroBeads
(Miltenyi, Auburn, Calif.), following the protocol provided with the MicroBeads.
Briefly, single-cell suspensions were incubated with MicroBeads for 15 min at
6°C. The cells were then washed with 5 ml of phosphate-buffered saline, 0.5%
fetal bovine serum, and 2 mM EDTA. The pellet was then resuspended in 500 �l
of wash buffer and placed onto a prewetted MS� selection column (Miltenyi) in
the separator. Following the separation, the column was washed three times, and
the negatively selected cells were washed and pelleted before being counted and
adjusted to a proper concentration for the ELISpot assay.

Statistics. Data for each assay were compared by analysis of variance
(ANOVA) and Student’s t test. If significant differences between the groups were
identified by ANOVA, multiple comparison procedures (Tukey) were performed
to determine differences between specific groups (4, 12). To improve the clarity
of the figures, significant differences between genders within the same immuni-
zation group are indicated by brackets and the P value.

RESULTS

Prime-boost regimens including a boost with rMVA are op-
timal for the induction of antigen-specific immunity. We first
determined the optimal prime-boost immunization regimens
for induction of antigen-specific (gp120 IIIB P18) immunity in
female mice (Table 1). This analysis revealed that maximal
antigen-specific IFN-� SFC and tetramer-positive CD8� T
cells were induced by DNA prime-rMVA boost, peptide
prime-rMVA boost, and rMVA prime-rMVA boost.

Because gender differences in response to vaccines have
been reported, (3, 8, 13, 20, 48, 64, 67), we examined these
three best immunization strategies, DNA prime-rMVA boost,
peptide prime-rMVA boost and rMVA prime-rMVA boost for
their ability to induce antigen-specific T-cell responses in
spleens of both female and male BALB/c mice (Fig. 1). Using
a P18-specific major histocompatibility complex class I H-2Dd-
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restricted tetramer, IFN-� ELISpot, and chromium-51release
assay, we determined the magnitude of antigen-specific CD8�

lymphocytes in the spleens of male and female mice.
When mice were primed with DNA i.m. or with peptide i.n.

and boosted systemically with rMVA, female mice had a sig-
nificantly greater frequency of tetramer-specific CD8� lym-
phocytes than male mice. For DNA prime-rMVA boosting,
female mice had 6.77 	 0.51 tetramer� CD8� lymphocytes
versus 4.15 	 0.48 in male mice (P 
 0.05). With peptide
prime-rMVA boosting, female mice had 3.81 	 0.19 tetramer�

CD8� lymphocytes versus 2.28 	 0.11 tetramer� CD8� lym-
phocytes in male mice (P 
 0.05) (Fig. 1A). In addition, rMVA
prime-rMVA boosting gave the highest frequency of tetramer-
specific CD8� splenocytes with no differences between males
and females (Fig. 1A).

Control groups of female and male mice that received only
one immunization of rMVA were immunized at the times
when all other groups were boosted with rMVA and are thus
referred to as no prime-rMVA boost groups. Females primed
with DNA (6.77 	 0.51 tetramer� CD8� lymphocytes), pep-
tide (3.81 	 0.19 tetramer� CD8� lymphocytes), or rMVA
(7.97 	 0.49 tetramer� CD8� lymphocytes) and boosted with
rMVA had significantly more tetramer-specific CD8� spleno-
cytes than did females receiving only one immunization of
rMVA (2.09 	 0.94 tetramer� CD8� lymphocytes) (P 
 0.05).
In contrast, males primed with DNA (4.15 	 0.48 tetramer�

CD8� lymphocytes) or peptide (2.28 	 0.11) and boosted with
rMVA had no difference in tetramer-specific CD8� spleno-
cytes compared to males receiving only one immunization of
rMVA (2.72 	 0.18 tetramer� CD8� lymphocytes). Only
males that were primed and boosted with rMVA showed an
increased frequency of tetramer-specific binding compared to
only one immunization with rMVA (7.44 	 0.56 versus 2.72 	
0.18 tetramer� CD8� lymphocytes; P 
 0.05). Thus, males had
a defect in mucosal priming with peptide.

Tetramer analysis identifies antigen-specific CD8� T cells
but does not evaluate antigen-specific cell functional activity.
Therefore, we utilized IFN-� ELISpots and chromium release
assays to monitor the functional activity of antigen-specific
responses induced using the prime-boost immunization regi-
mens. Following DNA prime-rMVA boost immunization,
male mice exhibited the same frequency of IFN-� SFCs/106

cells (710 	 134) compared to female mice (576 	 62; P values
were not significant). However, as with tetramer analysis, gen-
der differences in the peptide-rMVA group were significant
with females having a significantly higher frequency of IFN-�
SFC than males (780 	 44 versus 393 	 45; P 
 0.05). Fur-
thermore, females primed with peptide and boosted with
rMVA had significantly higher frequencies of IFN-� SFC than
female mice receiving only one immunization of rMVA (780 	
44 versus 533 	 79, respectively; P 
 0.05), indicating that
peptide would prime for an rMVA boost in females. IFN-�

TABLE 1. Immunization regimens

Prime (dose)/route Adjuvant Boost (dose)/route Adjuvant (dose) na P18-specific
IFN-� SFCb

P18-specific
tetramer �
CD8 cellsc

Peptide (50 �g)/i.n. Cholera toxin (1 �g) Peptide (50 �g � 3)/i.n. Cholera toxin (1 �g) 9 116.2 	 32.9 2.8 	 0.28
Peptide (50 �g)/i.n. Cholera toxin (1 �g) MVA (107 PFU)/i.d. None 12 502.3 � 99.9d 4.8 � 0.53d

Peptide (50 �g)/i.n. Cholera toxin (1 �g) DNA (50 �g)/i.m. None 4 19.1 	 6.4 1.3 	 0.09
None/i.n. Cholera toxin (1 �g) None/i.n. Cholera toxin (1 �g) 4 5 	 2.0 0.5 	 0.10
MVA (107 PFU)/i.d. with

minigene
None Peptide (50 �g)/i.n. Cholera toxin (1 �g) 4 243 	 62.0 2.1 	 0.16

MVA (107 PFU)/i.d. with
minigene

None MVA (107 PFU)/i.d. with
minigene

None 12 438.6 � 77.6e 8.4 � 0.81e

MVA (107 PFU)/i.d. with
minigene

None DNA (50 �g)/i.m. None 12 113.6 	 21.4 3.1 	 0.40

MVA (107 PFU)/i.d. with
minigene

None None None 4 176 	 41.0 2.4 	 0.19

MVA (107 PFU)/i.d.
without minigene

None MVA (107 PFU)/i.d.
without minigene

None 4 5 	 2.0 0.5 	 0.10

DNA (50 �g)/i.m. None Peptide (50 �g)/i.n. Cholera toxin (1 �g) 10 11.4 	 3.8 0.8 	 0.06
DNA (50 �g)/i.m. None Peptide (50 �g � 3)/i.n. Cholera toxin (1 �g) 12 103 	 31.5 2.6 	 0.18
DNA (50 �g)/i.m. None MVA (107 PFU)/i.d. with

minigene
None 12 380 � 76.0f 9.4 � 0.96f

DNA (50 �g)/i.m. None DNA (50 �g)/i.m. None 4 8.3 	 3.1 1.1 	 0.08
DNA (50 �g)/i.m. None None None 3 11.6 	 2.6 0.8 	 0.09
PMV plasmid (50 �g)/

i.m.
None PMV plasmid (50 �g)/

i.m.
None 4 6.3 	 2.0 0.4 	 0.02

a n, number of mice.
b Data are means 	 standard error, per 1, million cells.
c Data are means 	 standard errors.
d Compared to all regimens primed with peptide, peptide prime-rMVA boost induced significantly more IFN-� SFCs and tetramer-specific cells when compared by

t test (P � 0.05). Analysis by ANOVA was comparable in the IFN-� ELISpot assay (P 
 0.05), but did not reveal highly significant differences in tetramer-specific cells
between peptide-rMVA and peptide-peptide three-dose regimens or peptide-rMVA and peptide-DNA.

e Compared to all regimens primed with rMVA rMVA prime-rMVA boosting induced significantly more tetramer-specific cells when compared by t test (P � 0.05)
and by ANOVA (P 
 0.05). Analysis by ANOVA was comparable but did not reveal highly significant differences between rMVA-rMVA and rMVA-peptide or
rMVA-rMVA and rMVA-no-treatment regimens by the ELISpot assay.

f Compared to all regimens primed with DNA, DNA-rMVA induced significantly more IFN-� SFCs and tetramer-specific cells when compared by t test (P � 0.05).
Analysis by ANOVA was comparable in the tetramer binding assay; however, ANOVA only demonstrated highly significant results (P 
 0.05) when DNA-rMVA was
compared to DNA-peptide by the IFN-� ELISpot assay.
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SFCs in these assays were CD8�, since depletion of CD8�

lymphocytes decreased the frequency of antigen-specific IFN-�
responses by 89% (data not shown).

Immunization with rMVA prime-rMVA boost resulted in
similar IFN-� SFC responses in both females and males (816 	
74 and 832 	 97 IFN-� SFC/106 cells). The rMVA-rMVA
immunization strategy induced a significantly higher frequency
of IFN-� SFCs in the spleens of both females (Fig. 1B) and
males (Fig. 1B) than did female and male mice receiving only
one immunization of rMVA (female mice, 533 	 79; male
mice, 496 	 52) (P 
 0.05). Thus, rMVA could prime for an
rMVA boost in both males and female mice. In contrast, as
with tetramer responses, mucosal peptide primed for an rMVA
boost only in females, as there was no significant difference
between peptide prime-rMVA boosting and no prime-rMVA
boosting in males (P values were not significant) while the
difference was significant in females (P 
 0.05) (Fig. 1B). In
addition, chromium release assays were performed and gender
differences in antigen-specific lytic responses matched the pro-
file of the IFN-� ELISpot assay. At effector-to-target ratios of
5:1, 10:1, 20:1, and 40:1, splenocytes of female mice primed
with peptide and boosted with rMVA induced significantly
more target cell lysis than did splenocytes in male mice primed
and boosted with the same regimen (P 
 0.05); there were no
gender differences in target cell lysis by splenocytes from mice
primed with DNA or rMVA and boosted with rMVA (data not
shown).

In addition to the IFN-� SFC responses, we examined P18-

specific production of IL-2 with a P18-specific IL-2 ELISpot
assay. As with IFN-� SFC responses, there were also gender
differences in the IL-2 SFC responses in mice in the peptide-
rMVA group (P 
 0.05; data not shown). Thus, the gender
differences in mucosal prime-rMVA boosting were also seen
with IL-2 SFC generation as well as with IFN-� responses.
Among these assays, there was consistent inability of mucosal
peptide immunization to prime for rMVA boosting in male,
but not in female, mice.

Gender differences in mucosal P18-specific IFN-� SFC.
Since antigen-specific T-cell responses at mucosal tissues may
contribute to vaccine-induced protection against HIV-1, we
evaluated antigen-specific T-cell responses in the reproductive
tract, colon, and lung to quantitate these responses and deter-
mine if gender differences in antigen-specific T-cell responses
existed in mucosal tissues. We limited our analysis of the mu-
cosal responses to mice immunized utilizing the peptide prime
(i.n.)-rMVA boost (i.d.) and rMVA prime (i.d.)-rMVA boost
(i.d.) immunization regimens.

Antigen-specific IFN-� responses in the reproductive tract.
We first evaluated antigen-specific IFN-� SFC responses in the
reproductive tracts of male and female mice immunized with
the peptide prime (i.n.)-rMVA boost (i.d.) and rMVA prime
(i.d.)-rMVA boost (i.d.) immunization regimen. We also in-
cluded the control group that did not receive a priming immu-
nization, but did receive the rMVA boost immunization (no
prime-rMVA).

We found a gender difference in antigen-specific P18 re-

FIG. 1. Antigen-specific CD8� responses in splenocytes from female and male BALB/c mice following various prime-boost regimens. Female
and male mice were primed with either DNA (50 �g) i.m., peptide (50 �g) with cholera toxin i.n., or rMVA (107 PFU) i.d. All animals were boosted
with rMVA (107 PFU) i.d. (see Materials and Methods for immunization details). Spleens were removed 20 days after the rMVA boosting and
assayed for the frequency of P18 tetramer-specific CD8� splenocytes (A) and antigen-specific IFN-�-secreting cells (B) by ELISpot. (A) When
evaluated by tetramer analysis, significant differences were observed between the genders in animals primed with DNA and boosted with rMVA
(41 females and 23 males; P 
 0.05) and animals primed with peptide and boosted with rMVA (86 females and 60 males; P 
 0.05). Other
significant differences were observed in females (n 
 40) and males (n 
 24) primed with rMVA and boosted with rMVA; their tetramer responses
were significantly greater than any other immunization regimen (P 
 0.05). Females in the DNA-rMVA, peptide-rMVA, and rMVA-rMVA
regimes had significantly increased tetramer responses when compared to female mice in the no prime-rMVA group (P 
 0.05). Only males primed
and boosted with rMVA showed an increased frequency of tetramer-specific responses when compared to the no prime-rMVA immunization
group (P 
 0.05). (B) Gender differences were observed in mice primed with peptide and boosted with rMVA (86 female mice and 60 male mice;
P 
 0.05). Other significant differences were detected in females primed with peptide and boosted with rMVA (86 mice) or primed with rMVA
and boosted with rMVA (40 mice); these groups had a significantly higher frequency of IFN-� SFCs than did females receiving only one
immunization of rMVA (47 mice) (P 
 0.05). Males primed with rMVA and boosted with rMVA (24 mice) had a significantly higher frequency
of IFN-� SFCs than did males primed with peptide and boosted with rMVA (60 mice) or males receiving only one immunization of rMVA (38
mice) (P 
 0.05).
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sponses in the reproductive tract with peptide-rMVA immuni-
zation (424 	 33 SFCs versus 151 	 37 SFCs, respectively; P 

0.05) but not with rMVA-rMVA immunization (P values were
not significant) (Fig. 2). Male reproductive tract IFN-� re-
sponses detected in the peptide-rMVA group were no different
than those detected in the no prime-rMVA group, demonstrat-
ing that mucosal peptide priming was not effective in male
mice.

P18-specific IFN-� SFC responses were significantly greater
in male mice immunized with rMVA prime-rMVA boosting
than in male mice immunized with peptide prime-rMVA
boosting (496 	 142 SFCs versus 151 	 37 SFCs, respectively;
P 
 0.05) (Fig. 2). Thus, i.d. systemic priming with rMVA
overcame male mouse hypo-responsiveness to peptide priming
for P18 IFN-� responses in the genital tract.

Antigen-specific IFN-� responses in the colon. Although the
reproductive tracts of males and females both exhibit immu-
nologic characteristics indicating they are tissues of the muco-
sal immune system (9, 10, 26, 28, 29, 40–42, 46), the male and
female reproductive tracts are obviously anatomically and
functionally distinct. Therefore, we evaluated antigen-specific
IFN-� responses in the colons of mice immunized with our
prime-boost immunization strategies. As with the IFN-� re-
sponses in spleens and reproductive tracts, we also observed
gender differences in IFN-� responses in the colon. Female
mice immunized with peptide-rMVA have significantly greater
IFN-� responses in the colon than the responses detected in
male mice immunized with the same regimen (252 	 67 SFCs

versus 32 	 8 SFCs, respectively; P 
 0.05) (Fig. 3). The colon
IFN-� response of peptide-rMVA-imunized female mice, but
not male mice, was elevated when compared to the IFN-�
response in the colons of mice immunized using the no prime-
rMVA regimen. These results are similar to the results ob-
served for the reproductive tract and again supported the no-
tion that there is a defect in the mucosal nasal priming in male,
but not female, mice.

In contrast to the results detected in the reproductive tract
of mice immunized with rMVA-rMVA, female mice contained
a greater frequency of colon IFN-� SFCs than male mice (149
	 37 SFCs versus 42 	 19 SFCs) (Fig. 3). Though the differ-
ences are not statistically significant by ANOVA, Student’s t
test reveals P values of �0.05. Additionally, mice immunized
with the rMVA-rMVA regimen had colon IFN-� SFC re-
sponses that were no better those detected in the female and
male mice immunized with the no prime-rMVA regimen (147
	 52 SFCs versus 93 	 38 SFCs). These results suggested that
rMVA priming was not able to overcome the priming defect
observed in male mice immunized with peptide-rMVA, with
regard to colon IFN-� responses.

Antigen-specific IFN-� responses in the lung. While the
lungs are not a site for HIV-1 transmission, they are an addi-
tional mucosal site with similar organ structure in males and
females. Of interest was the observation that the lung had the
highest frequency of vaccine induced antigen-specific IFN-�
SFCs of any tissue evaluated.

Gender differences were again detected between female and
male mice immunized with peptide i.n. and boosted with

FIG. 2. P18-specific IFN-� SFCs in the genital tracts of female and
male BALB/c mice following prime-boost immunization. BALB/c mice
were primed with peptide (50 �g) with cholera toxin i.n. or MVA (107

PFU) i.d. All animals were boosted with MVA (107 PFU) i.d. Twenty
days after the MVA boost, genital tract lymphocytes were isolated and
assayed for the frequency of P18-specific IFN-� SFCs by ELISPot. Due
to low yields of cells from individual mice, cells isolated from four mice
were pooled. Each bar represents the mean 	 standard error of the
mean of six pooled sets of genital tract tissue (specimens from 24
mice). Lymphocytes isolated from the genital tract of females primed
with peptide and boosted with rMVA had a significantly higher fre-
quency of IFN-� SFCs than did lymphocytes isolated from the genital
tracts of males primed with peptide and boosted with rMVA (P 

0.05). P18-specific IFN-� SFC responses were significantly greater in
mice immunized with rMVA prime-rMVA boosting than in male mice
immunized with peptide prime-rMVA boosting (496 	 142 SFCs ver-
sus 151 	 37 SFCs, respectively) (P 
 0.05).

FIG. 3. Antigen-specific IFN-�-producing lymphocytes isolated
from the colon of female and male BALB/c mice following prime-
boost immunization. Female and male mice were primed with either
peptide (50 �g) with cholera toxin i.n. or MVA (107 PFU) i.d. All
animals were boosted with MVA (107 PFU) i.d. Twenty days after
MVA boosting, colon lymphocytes were isolated and assayed for the
frequency of P18-specific IFN-�-producing cells by ELISpot. Due to
low yields of cells from individual mice, cells isolated from four mice
were pooled. Each bar represents the mean 	 standard error of six
pooled sets of colon tissue (specimens from 24 mice). Lymphocytes
isolated from the colons of females primed with peptide and boosted
with rMVA had a significantly higher frequency of IFN-� SFCs than
did lymphocytes isolated from the colons of males primed and boosted
via the same regimen (P 
 0.05 by ANOVA). (Although ANOVA
revealed no significance between females and males receiving rMVA-
rMVA, Student’s t test showed P values of �0.05).
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rMVA i.d. (972 	 163 SFCs and 345 	 69 SFCs, respectively)
(Fig. 4). Though the trend was not significant by ANOVA, the
Student’s t test analysis showed a significance of P � 0.01.
Additionally, peptide priming of males did not increase the
IFN-� response over that observed in mice immunized with no
prime-rMVA, again demonstrating a male defect in mucosal
priming. In contrast, i.d. rMVA priming was an effective

method of priming male and female mice for lung IFN-� T-cell
responses.

Inability to overcome defective mucosal priming in males by
repeated i.n. immunizations. Our results suggested that the
gender difference observed in mice immunized with the pep-
tide-rMVA regimen was due to ineffective nasal priming of
male mice. To determine if the mucosal priming defect in male
mice could be overcome by multiple mucosal immunizations,
we immunized female and male BALB/c mice with an i.n.
peptide prime on day 0, followed by three i.n. peptide boosts
on days 7, 14, and 28 (56–59). On day 40, splenocytes were
isolated and tested for their ability to produce IFN-� in re-
sponse to in vitro peptide stimulation (Fig. 5). Splenocytes
from female mice immunized four times i.n. with peptide con-
tained a significantly greater frequency of P18-specific IFN-�
SFCs than male mice (347 	 51 SFCs versus 96 	 26 SFCs,
respectively; P 
 0.05). As with the peptide prime-rMVA im-
munization strategy, there was a gender difference in the an-
tigen-specific IFN-� response after nasal peptide priming done
once with a peptide boost done three times, suggesting that
nasal immunization of male mice is defective regardless of the
number of times of immunization.

i.n. but not s.c. peptide priming enhances antigen-specific
IFN-� responses in female mice. To determine whether the
gender difference observed in the IFN-� SFC responses was
due to the route of priming or due to the nature of the im-
munogen itself, we evaluated antigen-specific IFN-� SFC re-
sponses in spleens of female and male mice primed i.n. versus
s.c. with peptide and then boosted i.d. with rMVA. Confirming
our observations presented above (Fig. 1B), i.n. peptide prim-

FIG. 4. Antigen-specific IFN-�-producing lymphocytes isolated
from the lungs of female and male BALB/c mice following prime-boost
immunization. Groups of female and male BALB/c mice were immu-
nized with peptide (50 �g) i.n. with cholera toxin or MVA (107 PFU)
i.d. All animals were boosted with MVA (107 PFU) i.d. Twenty days
after the MVA boost, lymphocytes from the lungs were isolated and
assayed for the frequency of P18-specific IFN-�-producing cells by
ELISpot. Cells isolated from four mice were pooled. Each bar repre-
sents the mean 	 standard error of six pooled sets of colon tissue (24
mice). Though ANOVA revealed no significance between females and
males receiving peptide-rMVA, Student’s t test showed P values of
�0.01).

FIG. 5. Antigen-specific IFN-� SFCs isolated from the spleens of
female and male BALB/c mice following repeated i.n. peptide immu-
nizations. Groups of female and male BALB/c mice were immunized
i.n. with 50 �g of peptide plus 1 �g of cholera toxin on days 0, 7, 14,
and 28. On day 40, spleens were isolated and assayed by ELISpot for
the frequency of P18-specific IFN-�-secreting cells. Each bar is repre-
sentative of the mean 	 standard error of results from 12 mice. P
values were 0.05 when P18-specific IFN-�-secreting responses from
females were compared to males.

FIG. 6. Enhanced antigen-specific responses in female BALB/c
mice are dependent upon the route of peptide delivery. Groups of
female and male BALB/c mice were immunized i.n. with 50 �g of
peptide plus 1 �g of cholera toxin or immunized s.c. with 50 �g of
peptide plus 25 �g of RC-529. Both groups were boosted with 107 PFU
of rMVA i.d. Spleens were removed and assayed for the frequency of
IFN-�-producing cells by the ELISpot assay. Each bar is representative
of the mean and standard error of results with 10 mice. P values were
0.05 when females primed with peptide i.n. and boosted with rMVA
were compared to male mice primed i.n. with peptide and boosted with
rMVA. When female and male mice immunized with peptide-rMVA
s.c. were compared by ANOVA or Student’s t test, there was no
difference in the number of IFN-� SFCs (P values were not significant
and P 
 0.17, respectively).
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ing and rMVA boosting produced significantly more spleen
IFN-� SFCs in females than in males (463 	 73 SFCs versus
231 	 33 SFCs; P 
 0.05) (Fig. 6). When groups of female and
male mice were primed with peptide delivered s.c. with RC-529
adjuvant and later boosted with rMVA, the IFN-� responses
were not significantly different in female mice versus male mice
(196 	 19 SFCs and 292 	 64 SFCs; P values were not signif-
icant) (Fig. 6). Thus, there was no male s.c. priming defect, as
responses were identical in males and females with the same
antigen administered s.c. The difference in female SFC re-
sponses i.n. versus SFC responses s.c. can be attributed to the
strength of the adjuvant used for s.c. immunization. The im-
portant point here is that with s.c. dosing, there were no gender
differences, whereas with i.n. immunization there were gender
differences. Taken together, our results suggested that the gen-
der differences observed in the splenocyte IFN-� SFC re-
sponses after i.n. peptide priming and i.d. rMVA boosting are
associated with as-yet-undefined differences in immune recog-
nition in the nasally associated lymphoid tissue (NALT) be-
tween male and female mice.

DISCUSSION

In this study, we have determined that an immunization
strategy optimized for the induction of HIV-1-specific T-cell-
mediated immune responses in female systemic and mucosal
lymphoid tissues failed to induce optimal HIV-1-specific sys-
temic and mucosal T-cell responses in males. The inability of
the immunization strategy to induce HIV-1-specific responses
in male mice was associated with defective T-cell priming after
nasal immunization. Interestingly, the gender-dependent dif-
ferences in the vaccine-induced immune responses in the sys-
temic compartment could be overcome by utilizing alternative
priming immunization strategies such as i.d. rMVA.

The induction of maximal immune responses in the systemic
compartment (spleen), reproductive tract, and colon of fe-
males was dependent upon a nasal peptide prime followed by
an rMVA boost. However, this immunization strategy was not
optimal in male mice. In male mice, an i.d. rMVA prime
followed by an i.d. rMVA boost was optimal for the induction
of maximal immune responses in the spleen, reproductive
tract, and lungs. Our results suggest that priming by the nasal
route is effective in female mice but not male mice and that
separate immunization strategies may be needed for optimal
induction of immune responses in males and females. The
efficacy of peptide priming by the nasal route in female mice is
supported by our previous observations on the ability of nasal
peptide immunization to induce humoral and cell-mediated
immune responses in systemic and mucosal tissues (4, 44, 56,
58, 59).

Although we have not previously evaluated nasal immuni-
zation in male mice, others have reported that male, but not
female, CBA/J mice are unresponsive to allergic sensitization
by nasal immunization with allergen (71). The unresponsive-
ness to allergic sensitization in CBA/J mice can be reversed by
castration, indicating that androgens were modulating the in-
duction of antigen-specific responses after nasal antigen expo-
sure (71). There was no gender difference in the induction of
allergen-specific immunoglobulin E in BALB/c mice, the
mouse strain used in our studies, suggesting that the host

genotype also influences the induction of antigen-specific re-
sponses after nasal antigen exposure (71). It is important to
mention that the allergic sensitization studies were performed
by nasal immunization with allergen in the absence of adjuvant
(71), while our studies have utilized the potent mucosal adju-
vant cholera toxin. Nasal immunization with the B subunit of
cholera toxin is an effective method of immunization in male
humans (50) while nasal immunization of male rabbits utilizing
cholera toxin as an adjuvant induced protective immunity
against a nasal challenge with Pasteurella multocida (7). Taken
together, these results suggested that a number of factors can
contribute to the lack of efficacy of the nasal peptide prime-
rMVA boost utilized in our study.

i.d. immunization with rMVA was utilized to boost mice that
had been primed by the i.n. (peptide) or i.d. (rMVA) route.
Although the rMVA was administered by a systemic route, the
tissue distribution of the rMVA after systemic delivery may
affect the immune responses induced in mucosal and systemic
tissues (27, 47). For example, i.p. or s.c. administration of
rMVA expressing luciferase (rMVAluc) to female mice re-
sulted in the detection of luciferase activity in both systemic
and mucosal tissues including the spleen, lung, ovaries, ingui-
nal, and cervical and hilus lymph nodes but not the small
intestine or NALT (47). In contrast, nasal administration of
rMVAluc resulted in luciferase detection in the lung, NALT
and hilus lymph nodes, while gastric administration of rMVAluc
resulted in detectable luciferase activity only in the NALT (47).
Therefore, systemic administration of rMVAluc resulted in
antigen expression in both systemic (spleen and lymph nodes)
and mucosal tissues (ovaries and lung), while mucosal admin-
istration resulted in a very limited expression of antigen in only
mucosal tissues (NALT and lung). In this study, the tissue
distribution of rMVA in male mice was not evaluated. A sep-
arate report that monitored T-cell-mediated immune re-
sponses in the ovaries and testes utilized i.p. administration of
vaccinia virus to female mice (since vaccinia virus, like MVA,
has a propensity to disseminate to murine ovaries) but used
direct injection of vaccinia virus into the testes of mice, since
infection of the testis could only be achieved by microinjection
(27). These studies suggested that rMVA, like vaccinia virus,
has a propensity to localize to tissues of the female reproduc-
tive tract but not the male reproductive tract. If local antigen
expression is associated with the magnitude of antigen-specific
responses induced in genital tract tissues, it seems likely that
the combination of a nasal peptide prime (a route of immuni-
zation known to induce responses in the female reproductive
tract) (1, 4, 39, 49, 58, 59) and a systemic rMVA boost (that
results in antigen expression in the female reproductive tract)
would result in maximal antigen-specific responses in mucosal
tissues including the female reproductive tract. This conclusion
may seem to contradict our findings with the reproductive
tracts of male mice, where rMVA-rMVA boosting was supe-
rior to all other immunization regimens tested. However, since
MVA disseminates widely through systemic tissues, induction
of antigen-specific immune responses in the male reproductive
tract may be less dependent upon activation of the mucosal
immune system and more dependent upon effective systemic
immunization. Our antigen-specific IFN-� results with colon
tissue support the conclusion that rMVA dissemination affects
the magnitude of antigen-specific immune responses detected
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in mucosal tissues. Antigen-specific IFN-� responses in the
colon after rMVA-rMVA immunization were greater in fe-
male than in male mice. It seems likely that dissemination of
rMVA to and antigen expression in the female reproductive
tract activated the mucosal immune system, resulting in aug-
mented IFN-� responses in other mucosal tissues such as the
colon.

Gender influences on the induction of multiple types of
antigen-specific immune responses have been known for many
years. In 1968, Terres et al. reported that male Swiss albino
mice had significantly lower antibody responses than female
mice after immunization with bovine serum albumin (64). Ad-
ditional studies with mice have documented gender-dependent
differences in response to keyhole limpet hemocyanin (67),
OVA (67), hen egg lysozyme (20), and polyvinyl pyrrolidone
(13), with female mice mounting more potent antigen-specific
immune responses than males. Similar gender-dependent dif-
ferences in vaccinated swine and humans have been reported
(3, 8, 48). Importantly, an HSV experimental vaccine was pro-
tective in human females but not in males (60), and a pseudo-
rabies virus vaccine resulted in significantly lower virus excre-
tion in female swine than in male swine (8).

Numerous factors likely contribute to the differences in vac-
cine-induced immune responses between males and females.
First, the age of the vaccinee may affect the response. There
were no differences in postimmunization vaccine-specific anti-
body titers between genders in infants vaccinated with acellular
or whole-cell pertussis vaccines (6), while vaccination of adult
females resulted in antigen-specific immune responses signifi-
cantly greater than those induced in adult males (3, 48, 60). In
contrast, with the inactivated influenza vaccine, there was no
significant difference in vaccine-specific immune responses be-
tween adult men and women (2, 6). Second, gender-dependent
APC production of IL-12 and IL-10 has been reported (68).
Female SJL mice preferentially developed Th1 immune re-
sponses, while male SJL mice developed Th2 immune re-
sponses. This was due to gender-dependent production of
IL-12 by APCs, with APCs from female mice producing more
IL-12 than APCs from male mice (68). Third, the social
stresses of housing of male animals could decrease immuno-
gen-induced immune responses, compared to immunogen-in-
duced responses in females (8, 20). Individual housing of male
mice was associated with significantly increased antigen-spe-
cific immune responses, compared to group-housed males (8,
20). Fourth, the presence of estrogen could affect the induction
of antigen-specific immune responses (32). The inability of the
peptide nasal immunization to induce comparable levels of
antigen-specific IFN-� responses in male mice may be associ-
ated with the ability of estrogen to augment the induction of
cell-mediated immune responses, including T-lymphocyte pro-
liferation and IFN-� production in female mice (32). Alterna-
tively, the enhanced induction of HIV-1-specific IFN-� SFC
responses in the genital tracts of female mice after nasal pep-
tide prime/MVA boost may represent augmented antigen pre-
sentation in the female upper respiratory tract, via estrogen-
dependent mechanisms, since estrogen has been reported to
augment the APC activity of mucosal epithelial cells (45, 69,
70).

It is of interest that MVA priming was effective in male mice
while i.n. peptide priming was not. The strength of peptide-

induced CTL responses is significantly increased by the pres-
ence of T-helper responses (62). Although our peptide im-
munogen contained a T-helper epitope, the rMVA vaccine
expressed numerous other HIV-1 Env or MVA T-helper
epitopes that may provide superior T-cell help for the induc-
tion of vaccine-specific IFN-� responses and overcome the
defect observed in male mice after i.n. peptide immunization.
Additionally, it has been reported that persistence of antigen
influences the induction of CD8-restricted T-cell responses
with greater CD8-restricted T-cell responses occurring in the
setting of persistent antigen (61). With i.n. peptide subunit
priming, the antigen may not persist as long as antigen pro-
duced by rMVA immunization, resulting in a less effective
priming immunization. A decreased density of T-helper
epitope and/or decreased persistence of antigen after mucosal
immunization combined with gender differences in APC func-
tion (68) or estrogen augmentation of epithelial cell APC ac-
tivity (45, 69, 70) may explain the defective mucosal peptide
priming observed with male mice. However, these explanations
do not explain the effectiveness of nasal peptide priming with
female mice.

A fundamental question is whether a mucosal prime and
boost is needed to generate protective anti-HIV-1 immune
responses at mucosal sites. We and others have previously
reported that nasal immunization is an effective method of
immunization for the induction of antigen-specific humoral
immune responses in the female genital tract (1, 4, 16, 18, 37,
38, 57–59). In the present study, all immunization strategies
using systemic i.d. MVA induced detectable HIV-1-specific
IFN-� SFC responses in the mucosal tissues of the lung, genital
tract, and colon, although a mucosal peptide prime followed by
a systemic MVA boost was optimal for the induction of HIV-
1-specific female genital tract and colon IFN-� SFC responses.
Others have suggested that mucosal priming is critical for
generating mucosal responses, since the use of a nasal recom-
binant vaccinia virus prime followed by a systemic or mucosal
DNA vaccine boost was superior to systemic prime boost im-
munization strategies for the induction of optimal vaccine-
induced immunoglobulin A in the female genital tract and
antigen-specific IFN-� SFC in the spleen and regional lymph
nodes (14). It has also been reported that i.n. and parenteral
immunization with BCG induced similar levels of antigen-
specific responses in the spleen while only the i.n.-immunized
mice had specific T-cell responses in the lung lymph nodes,
suggesting that a mucosal route of immunization was required
for the induction of mucosal T cells (19). Others have reported
that mucosal priming followed by i.d. MVA boosting of ma-
caques enhanced SIV Gag-specific CD8� T-cell responses in
the colon when compared to animals immunized with i.d.
MVA alone (15). Our results are in agreement with reports
documenting the detection of CD8� T-cell responses in mul-
tiple mucosal sites after induction by systemic immunizations
(17, 25, 33, 34, 36). However, until the correlates of protective
immune responses to HIV-1 challenge are known and the level
of those immune responses needed for protection are deter-
mined, it will not be conclusively known if a systemic immuni-
zation will provide adequate anti-HIV-1 immunity at mucosal
sites.

In conclusion, we have found that significant differences in
vaccine-induced, HIV-1-specific immune responses in the
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spleen, genital tract, and colon may exist between males and
females. It will be important to determine if the levels of
mucosal immunity induced by systemic immunization are pro-
tective in males and females in nonhuman primates and hu-
mans. If a given strategy is not protective, it may be important
to use distinct immunization strategies in males and females to
induce optimal protective immune responses.
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