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ABSTRACT

Foreskin is the principal site of heterosexual HIV-1 infection in men. However, little is known about HIV-1-specific immune
responses or inflammation in foreskin. To the best of our knowledge, no previous studies have assessed immune responses to
candidate HIV-1 vaccines in foreskin. Using the rhesus monkey model, we show that intramuscular immunization with adenovi-
rus serotype 26 and 35 vectors expressing SIV antigens elicited durable SIV Gag-specific CD4� and CD8� T cell responses in
foreskin that were detectable for more than 1 year following vaccination. Gag-specific CD4� and CD8� T cells were also detect-
able in foreskin of SIV- and SHIV-infected animals and were at least comparable in magnitude to those in peripheral blood.
However, unlike peripheral blood T cells, the majority of foreskin T cells exhibited transitional memory or effector memory phe-
notype and expressed higher levels of the activation markers CD69, HLA-DR, and CCR5, although vaccination did not further
enhance foreskin CD4� T cell activation. These findings suggest that systemic vaccination strategies can elicit potentially impor-
tant SIV-specific cellular immunity in foreskin. Further characterization of vaccine-elicited immune responses and inflamma-
tion in foreskin is warranted.

IMPORTANCE

We demonstrate here the induction of SIV-specific cellular immune responses in foreskin by adenovirus serotype 26 and 35 vac-
cine vectors. Foreskin T cells were more activated than peripheral blood T cells, but foreskin T cells were not further activated by
vaccination. These findings suggest that alternative serotype adenovirus vectors induce potentially important immune responses
in foreskin.

Foreskin is the principal site of heterosexual HIV-1 infection in
men (1–7), and medical male circumcision has been shown to

reduce the risk of HIV-1 acquisition (8–10). However, little is
known about HIV-1-specific immune responses in foreskin. To
date, only one study has assessed simian immunodeficiency virus
(SIV)-specific immune responses in foreskin of SIV-infected rhe-
sus monkeys (11), and the potential induction and phenotype of
SIV- or HIV-1-specific immune responses in foreskin following
vaccination has not previously been explored. In the present
study, we explore the hypothesis that vaccination may elicit po-
tentially important cellular immune responses in foreskin.

It has been shown that CD4� T cells in foreskin in humans are
highly activated, potentially contributing to the risk of HIV-1 in-
fection by increased HIV-1 target cells (12). It is therefore impor-
tant to assess both antigen-specific immune responses and inflam-
mation in foreskin following vaccination. Previous studies have
shown that vaccination of rhesus monkeys with adenovirus sero-
type 26 (Ad26)-based SIV vaccines elicited robust and durable
SIV-specific CD4� and CD8� T cell responses at gastrointestinal
and cervicovaginal mucosal sites (13). Unlike peripheral blood,
these mucosal T cell responses were primarily transitional mem-
ory (TM) and effector memory (EM) phenotype (13). Moreover,
it is possible that vaccine-elicited mucosal immune responses may
have contributed to protective efficacy afforded by these vaccines
against infection following mucosal SIV challenges (14). Whether
similarly protective immune responses can be elicited by vaccines
in foreskin is currently unknown.

Using the rhesus monkey model, we investigated whether
intramuscular (i.m.) vaccination with Ad26 and Ad35 vectors ex-
pressing SIV Gag, Pol, and Env immunogens would elicit SIV-
specific T cells in foreskin, and we compared the phenotype and
activation status of foreskin and peripheral blood T cells in vacci-
nated, infected, and naive animals. We show that immunization
with Ad35/Ad26-based SIV vaccines elicited durable and multi-
functional SIV-specific T cells in foreskin. Furthermore, we con-
firm that foreskin T cells show higher levels of immune activation
compared to peripheral blood T cells, but that this cellular activa-
tion was not further increased by vaccination. This is the first
demonstration of vaccine-elicited SIV-specific T cells in foreskin
and suggests that systemic HIV-1 and SIV vaccination strategies
can elicit the potentially important adaptive immune responses in
this key tissue compartment.

Received 21 December 2013 Accepted 10 January 2014

Published ahead of print 15 January 2014

Editor: B. H. Hahn

Address correspondence to Dan H. Barouch, dbarouch@bidmc.harvard.edu.

Copyright © 2014, American Society for Microbiology. All Rights Reserved.

doi:10.1128/JVI.03771-13

The authors have paid a fee to allow immediate free access to this article.

3756 jvi.asm.org Journal of Virology p. 3756 –3765 April 2014 Volume 88 Number 7

http://dx.doi.org/10.1128/JVI.03771-13
http://jvi.asm.org


MATERIALS AND METHODS
Animals, immunizations, and infection. A total of 45 adult male Indian
origin rhesus monkeys (Macaca mulatta) were housed in a Biosafety Level
2 (BSL-2) facility at the New England Primate Research Center in South-
borough, MA. All studies were approved by the Harvard Medical School
Institutional Animal Care and Use Committee. Priming immunizations
involved i.m. injection of 3 � 1010 virus particles (vp) of replication-
incompetent recombinant Ad35 vectors expressing SIVmac239 Gag, Pol,
and Env immunogens (Ad35 Gag/Pol/Env), followed by boosting at week
26 by i.m. injection of 3 � 1010 vp of replication-incompetent recombi-
nant Ad26 vectors expressing SIVmac239 Gag, Pol, and Env (Ad26 Gag/
Pol/Env) (n � 16). Additional monkeys were infected intrarectally with
SIVsmE660 (SIV, n � 14) or SHIV-SF162P3 (SHIV, n � 8). Animals were
divided into three groups: SIV or SHIV infected (n � 22), vaccinated and
not infected (n � 16), and sham immunized and not infected (n � 7).
Paired peripheral blood and foreskin specimens were obtained from the
animals at necropsy approximately 12 months after infection or vaccina-
tion for analysis of SIV-specific CD4� and CD8� T cell responses, phe-
notype, and activation status. Sections of foreskin specimens were also
evaluated by immunohistochemistry.

To evaluate the acute effects of immunization on peripheral blood and
foreskin T cell activation, another cohort of 6 additional animals were
immunized i.m. with 3 � 1010 vp of Ad26 Gag/Pol/Env. Day 2 (n � 3) and
day 14 (n � 3) postimmunization specimens from peripheral blood and
foreskin were obtained from the animals at necropsy for analysis of SIV-
and Ad26 vector-specific CD4� and CD8� T cell responses, CD4� T cell
phenotype and activation status via multiparameter flow cytometry and
immunohistochemistry. The results were compared to those of sham-
immunized and uninfected (baseline) animals.

PBMC and foreskin lymphocyte isolation. Peripheral blood mono-
nuclear cells (PBMC) were isolated from blood samples by Ficoll density
gradient sedimentation. Matched foreskin lymphocytes were isolated
from foreskin specimens essentially as previously described (13, 15).
Briefly, foreskin samples were cut into �1-mm pieces and incubated in
RPMI 1640 medium containing 10% fetal bovine serum supplemented
with 300 U of type IV collagenase (Sigma-Aldrich)/ml and 30 U of DNase
I (Sigma-Aldrich)/ml at 37°C with shaking for 30 min. The digested fore-
skin samples were then homogenized and passed through a 70-�m-pore-
size cell strainer (BD Falcon). Cell suspensions were then centrifuged at
695 � g for 25 min on a 35% Percoll gradient (Sigma-Aldrich). Pellets
containing the lymphocytes were then collected for use in assays. Approx-
imately one-quarter and three-quarters of the isolated foreskin mononu-
clear cells (typically 106 cells) were used for immunophenotyping and
intracellular cytokine staining (ICS), respectively.

Multiparameter flow cytometry. Paired PBMC and foreskin lympho-
cytes were used to evaluate CD4� and CD8� T cell phenotype and acti-
vation status. Freshly isolated lymphocytes were stained with predeter-
mined titers of fluorophore-tagged monoclonal antibodies (MAbs)
against CD3 (SP34; Alexa 700), CD4 (L200; AmyCan), CD8 (SK1; APC-
Cy7), CD28 (L293; PerCP-Cy5.5), CD95 (DX2; APC), HLA-DR (G46-6;
PE-Cy7), CCR5 (3A9; PE), CCR7 (150503; FITC), and CD69 (TP1.55.3;
PE-Texas Red [ECD]). The data were acquired on LSR-II analyzer (BD
Biosciences). CD4� and CD8� T cell phenotype and activation data were
analyzed by using FlowJo version 8 software (Tree Star, Inc.).

ICS assays. ICS assays for assessment of SIV-specific CD4� and CD8�

T cell responses in paired PBMC and foreskin specimens were performed
essentially as previously described (13). Briefly, PBMC and foreskin lym-
phocytes were incubated for 6 h at 37°C with media, 10 pg of phorbol
myristate acetate (Sigma-Aldrich)/ml, and 1 �g of ionomycin (Sigma-
Aldrich)/ml or with 1 �g of pooled SIVmac239 Gag peptides/ml. Cultures
contained monensin (GolgiStop; BD Biosciences), brefeldin A (Golgi-
Plug; BD Biosciences), and 1 �g of anti-CD49d MAb (Clone 9F10; BD
Biosciences)/ml. Cells were subsequently stained for CD3, CD4, CD8,
CD28, CD95, CD69, gamma interferon (IFN-�; B27; PE-Cy7), and tumor
necrosis factor alpha (TNF-�; MAb11; fluorescein isothiocyanate). All

assays were performed blinded. ICS data were analyzed after subtraction
of background (media) values. After background subtraction, T cells with
IFN-� or TNF-� responses of �0.02% were considered positive. The
Boolean gating function of the FlowJo software was used to assess multi-
functionality (IFN-� and/or TNF-� secretion) of the CD4� and CD8� T
cells.

Ad26 vector-specific CD4� and CD8� T cells were quantified in
paired blood and foreskin specimens from the vaccinated and sham-im-
munized animals via ICS as previously described (16). Briefly, isolated
PBMC and foreskin lymphocytes were incubated with or without stimu-
lation using a pool of Ad26 hexon peptides (hexon; 6 h stimulation) or
empty Ad26 vectors at a multiplicity of infection of 104 (Ad26; overnight
stimulation). IFN-�� Ad26 vector-specific CD4� and CD8� T cells in
PBMC and foreskin were subsequently determined via multiparameter
flow cytometry.

IHC. Immunohistochemistry (IHC) of foreskin tissue specimens was
performed essentially as previously described (15). Briefly, immunoper-
oxidase staining for CD3, CD4, HLA-DR, and Langerin was performed on
formalin-fixed, paraffin-embedded sections. Sections for CD3 and
HLA-DR were deparaffinized and rehydrated, followed by blocking with
3% hydrogen peroxide in phosphate-buffered saline. Sections for CD4
were heated under pressure in 1 mM EDTA-0.05% Tween. Sections for
Langerin were heated under pressure in Trilogy solution (Cell Marque
Corp., Rocklin, CA) and then blocked using a dual endogenous enzyme
block (DakoCytomation, Carpinteria, CA). A wash of Tris-buffered saline
followed each step for all sections. After pretreatment, an avidin-biotin
block (Invitrogen Corp., Frederick, MD) and then a Dako protein block
(Dako) were conducted on all sections. Subsequently, sections were incu-
bated with anti-human CD3 (Dako, polyclonal, 1:600, 30 min at room
temperature), anti-human CD4 (Vector Laboratories [Burlingame, CA],
monoclonal, 1:40, overnight in refrigerator), anti-human HLA-DR (No-
vocastra [Buffalo Grove, IL], monoclonal, 1:100, overnight in refrigera-
tor), and anti-human Langerin (Abcam [Cambridge, MA], monoclonal,
1:100, 60 min at room temperature). Slides were then incubated with
secondary biotinylated goat anti-rabbit antibody (Vector Laboratories,1:
200, 30 min at room temperature) for CD3, biotinylated horse anti-mouse
(Vector Laboratories, 1:200, 30 min at room temperature) for HLA-DR
and CD4, and Dako dual link system-horseradish peroxidase (Dako) for
Langerin. This was followed by a 30-min incubation at room temperature
with Vectastain ABC Elite (Vector Laboratories) (CD3, CD4, and HLA-
DR). All slides were developed with diaminobenzidine chromogen
(Dako) and counterstained with Mayer’s hematoxylin (Newcomer Sup-
ply, WI). Positive control tissues consisted of skin (Langerin) and lymph
node (CD3, CD4, and HLA-DR).

Objective scoring and quantitative image analysis. We utilized the
objective histopathologic scoring criteria to evaluate stained foreskin
specimens from the infected, vaccinated, and sham-vaccinated animals as
previously described (15). Briefly, cells staining positive for CD3, CD4,
HLA-DR, and Langerin within the epithelium and lamina propria of each
foreskin specimen were quantitatively enumerated in 10 randomly se-
lected fields at �400 magnification using an Olympus BX41 microscope
equipped with a DP25 camera (Olympus). Averaged cell count per 10
fields was obtained for each foreskin specimen and was given a score of 0
to 3, as defined in Table 1.

Statistical analyses. Immunologic parameters between PBMC and
foreskin were compared using two-tailed Student t tests (GraphPad Prism
4). P values of 	0.05 were considered statistically significant.

RESULTS
Foreskin is highly enriched with memory CD4� and CD8�

T cells. We initiated studies by evaluating expression of the co-
stimulatory molecule CD28 and the memory marker CD95 on
CD4� and CD8� T cells to compare distributions of naive
(CD28� CD95
), central/transitional memory (CM/TM; CD28�

CD95�), and effector memory (EM; CD28
 CD95�) T cells be-
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tween peripheral blood and foreskin (17) in 45 rhesus monkeys
that were evaluated 1 year after infection or vaccination. We iso-
lated �106 mononuclear cells per foreskin specimen, which is
consistent with the relative paucity of mononuclear cells in fore-
skin in humans (12). We observed decreased naive CD4� and
CD8� T cells and substantially increased CM/TM CD4� and
CD8� T cells in foreskin compared to peripheral blood in both
infected animals (Fig. 1A) and vaccinated animals (Fig. 1B; P �
0.0011 and P � 0.0038 for comparison of CM/TM CD4� T cells
and CD8� T cells, respectively, in foreskin versus peripheral
blood). This pattern was also observed in sham-immunized ani-
mals that were neither infected nor vaccinated (Fig. 1C), suggest-
ing that the observed increase in CM/TM cells in foreskin did not
result from infection or vaccination and essentially reflects the low
percentage of naive T cells in this tissue compartment. The major-
ity of CD4� T cells in foreskin were CM/TM phenotype, whereas
the CD8� T cells in foreskin were predominantly EM phenotype
(Fig. 1).

We next performed more detailed phenotyping in a subset of
animals. Assessing expression of the lymph node homing receptor
CCR7 among the CD95� CD4� and CD95� CD8� memory T
cells (18), we observed that most of the increase in CM/TM T cells
in foreskin was due to an increase in the population of the transi-
tional memory cells (TM; CD28� CD95� CCR7
) rather than
fully differentiated central memory cells (CM; CD28� CD95�

CCR7�) (Fig. 2). Collectively, these data suggest that foreskin is

mostly populated by the TM and EM CD4� and CD8� T cells.
These phenotypes are consistent with our previously reported T
cell phenotypes at mucosal surfaces, including the gastrointestinal
and cervicovaginal mucosa (13).

CD4� and CD8� T cells in foreskin are activated at baseline
but are not further activated by vaccination. We next compared
the activation status of CD4� and CD8� T cells between the
peripheral blood and foreskin in these animals. Total (Tot), central/
transitional memory (CM/TM), and effector memory (EM) T
cells from foreskin showed significantly higher expression of the
activation marker CD69 compared to peripheral blood T cells in
infected animals (Fig. 3A; P 	 0.0001 for CD69 in Tot CD4� T
cells), vaccinated animals (Fig. 3B; P 	 0.0001) and sham-vacci-
nated animals (Fig. 3C; P � 0.0369). This increased activation
status was further confirmed by elevated expression of HLA-DR
and CCR5 on foreskin CD4� T cells compared to peripheral blood
CD4� T cells from infected animals (Fig. 3D; P 	 0.0001 for CCR5
in Tot CD4� T cells), vaccinated animals (Fig. 3E; P 	 0.0001),
and sham-treated animals (Fig. 3F; P � 0.0452). These observa-
tions are consistent with the previously reported activated pheno-
type of CD4� T cells in foreskin in human subjects (12).

To evaluate the potential impact of immunization with Ad26
and Ad35 vectors on foreskin inflammation, we compared the
degree of foreskin immune cell activation between vaccinated an-
imals and sham-immunized controls 1 year after immunization
using multiparameter flow cytometry, immunohistochemistry,
and ICS. Compared to sham-treated animals, vaccinated animals
did not express higher levels of CD69, HLA-DR, and CCR5 on
foreskin CD4� T cells (Fig. 3). Furthermore, we observed similar
numbers and distribution of CD4� T cells and Langerhans cells
and expression of the activation marker HLA-DR in foreskin tis-
sue sections from vaccinated and sham-treated animals via IHC
(Fig. 4A to C). Moreover, using pooled Ad26 hexon peptides and
whole Ad26 virus-based ICS assays, which we have shown can
reliably detect Ad26 vector-specific CD4� T cells (16), we found
that Ad26 immunization of rhesus monkeys only led to marginal
Ad26 vector-specific CD4� T cells in both peripheral blood and
foreskin (Fig. 4D). Collectively, these findings suggest that fore-
skin T cells in rhesus monkeys show high baseline activation but

TABLE 1 Objective scoring criteria for foreskina

Score

Avg. no. of cell types at various sites

CD3� CD4� HLA-DR Langerin

IEL LP IEL LP IEL LP IEL LP

0 	1 	1 0–6 0–6 	1 	1
1 1–5 1–5 	10 	10 7–10 7–10 1–5 1–5
2 6–25 6–25 10–25 10–25 11–25 11–25 6–25 6–25
3 �25 �25 �25 �25 �25 �25 �25 �25
a For objective scoring criteria were as follows. Numbers and distribution of cells in
foreskin epithelium (intraepithelial lymphocytes [IEL]) and lamina propria (LP) were
evaluated in 10 fields at �400 magnification and assigned a score of 0 to 3 based on the
indicated range.
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FIG 1 Foreskin is enriched with memory CD4� and CD8� T cells. CD4� and CD8� T cells were assessed for CD28 and CD95 expression to identify naive
(CD28� CD95
), central/transitional memory (CM/TM; CD28� CD95�), and effector memory (EM; CD28
 CD95�) T cells in paired PBMC and foreskin
specimens. The proportions of naive, CM/TM, and EM CD4� and CD8� T cells in PBMC and foreskin are presented for infected animals (A), vaccinated animals
(B), and sham-vaccinated animals (C). *, P 	 0.05; **, P 	 0.01; ***, P 	 0.001 (two-tailed Student t test) for comparison of the proportion of CM/TM CD4�

or CD8� T cells between PBMC and foreskin. Error bars represent the standard errors of the mean (SEM).
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that vaccination did not further increase foreskin inflammation or
activation 1 year following immunization.

Systemic immunization with Ad35/Ad26-based SIV vaccines
and SIV infection elicit durable SIV-specific CD4� and CD8� T
cells in foreskin. SIV-specific CD8� T cells in foreskin have only
been described in one prior study in SIV-infected rhesus monkeys

infected by the penile route (11). To determine whether systemic
SIV infection would similarly result in SIV-specific CD4� and
CD8� T cells in foreskin, we assessed SIV Gag-specific CD4� and
CD8� T cell responses in foreskin and peripheral blood of SIV-
and SHIV-infected animals infected by the intrarectal route. We
detected SIV Gag-specific CD4� and CD8� T cells in the foreskin
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FIG 2 The proportion of transitional memory T cells is higher in foreskin than peripheral blood. Memory (CD95�) T cells were assessed for CCR7 and CD28
expression in a subset of animals to identify effector memory cells (EM; CD28
 CD95� CCR7
) and differentiate transitional memory cells (TM; CD28� CD95�

CCR7
) from fully differentiated central memory cells (CM; CD28� CD95� CCR7�) as previously described (18). The proportions of EM, TM, and CM CD4�

and CD8� T cells in matched PBMC and foreskin specimens are presented for infected animals (A) and vaccinated animals (B). **, P 	 0.01 (two-tailed Student
t test) for comparison of the proportion of TM CD4� or CD8� T cells between PBMC and foreskin. Error bars represent the SEM.

Tot CM/TM EM Tot CM/TM EM
0

10

20

30

40

50

60

PBMC Foreskin

***

***

***

***

**

***

%
Ex

pr
es

si
on

in
C

D
3+

C
D

4+
T-

ce
lls

Tot CM/TM EM Tot CM/TM EM
0

10

20

30

40

50

60

PBMC Foreskin

***

***

***

***

%
Ex

pr
es

si
on

in
C

D
3+

C
D

4+
T-

ce
lls

Tot CM/TM EM Tot CM/TM EM
0

10

20

30

40

50

60
HLA-DR
CCR5

PBMC Foreskin

**
*

**

%
Ex

pr
es

si
on

in
C

D
3+

C
D

4+
T-

ce
lls

Tot CM/TM EM Tot CM/TM EM
0

10

20

30

40

50

60

70

PBMC Foreskin

****** ******

******

%
C

D
69

+
T-

ce
lls

Tot CM/TM EM Tot CM/TM EM
0

10

20

30

40

50

60

70

PBMC Foreskin

****** ******
******

%
C

D
69

+
T-

ce
lls

Tot CM/TM EM Tot CM/TM EM
0

10

20

30

40

50

60

70 CD4+ T cells
CD8+ T cells

PBMC Foreskin

**
*

*
* *

%
C

D
69

+
T-

ce
lls

Infected (n=22) Vaccinated (n=12) Sham (n=3)A B C

D E F

FIG 3 CD4� and CD8� T cells in foreskin are activated. CD4� and CD8� T cells from paired PBMC and foreskin specimens were assessed for expression of the
activation markers CD69, HLA-DR and CCR5. The percentage expression of CD69 is presented for Total (Tot), central/transitional memory (CM/TM), and
effector memory (EM) CD4� and CD8� T cells among infected animals (A), vaccinated animals (B), and sham-vaccinated animals (C). The percentage of
expression of the activation marker HLA-DR and chemokine receptor CCR5 is presented for Total (Tot), central/transitional memory (CM/TM), and effector
memory (EM) CD4� T cells in infected animals (D), vaccinated animals (E), and sham-vaccinated animals (F). *, P 	 0.05; **, P 	 0.01; ***, P 	 0.001
(two-tailed Student t test) for comparison of the percentage expression of CD69, HLA-DR, or CCR5 in Tot, CM/TM, or EM T cells between PBMC and foreskin.
Error bars represent the SEM.
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SIV/SHIV infection or Ad35/Ad26-based SIV immunization were evaluated immunohistochemically for CD3, CD4, HLA-DR, and Langerin expression using the
objective scoring criteria (Table 1) as detailed in Materials and Methods. Mean objective scores and representative immunohistochemistry slides are presented
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were quantified in paired peripheral blood and foreskin lymphocytes via ICS after stimulation with a pool of Ad26 hexon peptides (hexon) or empty Ad26 vectors
(Ad26). IEL, intraepithelial lymphocytes; LP, lamina propria. Error bars represent the SEM.
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of infected animals (Fig. 5A) at magnitudes that were comparable
or higher than those observed in peripheral blood (Fig. 5B and C).

It is currently unknown whether vaccination elicits SIV/HIV-
1-specific T cells in foreskin. To investigate whether i.m. immu-

nization of rhesus monkeys would induce SIV-specific immune
responses in foreskin, we evaluated SIV Gag-specific CD4� and
CD8� T cells in foreskin and peripheral blood of 14 rhesus mon-
keys 1 year following i.m. immunization with Ad35 and Ad26

FIG 5 Infection and vaccination elicit SIV Gag-specific CD4� and CD8� T cells in foreskin. Paired PBMC and foreskin lymphocytes obtained 1 year after SIV/SHIV
infection or Ad35/Ad26-based SIV immunization were assessed for SIV-specific CD4� and CD8� T cell responses via ICS using pooled SIVmac239 Gag peptides. Flow
panels in panel A depict presence of SIV Gag-specific CD8� T cells in PBMC and foreskin of one representative SIV-infected animal. The magnitude of SIV Gag-specific
CD4� and CD8� T cell responses in all SIV/SHIV-infected animals is quantified for both CD4� T cells and CD8� T cells in panels B and C, respectively. Similarly, flow
panels in panel D depict presence of SIV Gag-specific CD8� T cells in the PBMC and foreskin of a representative vaccinated animal. The magnitude of SIV Gag-specific
CD4� and CD8� T cell responses in all vaccinated animals is quantified for both CD4� T cells and CD8� T cells in panels E and F, respectively. *, P 	 0.05; **, P 	 0.01;
***, P 	 0.001 (two-tailed Student t test) for comparison of the magnitude of SIV Gag-specific responses between PBMC and foreskin in Total (Tot), central/transitional
memory (CM/TM), or effector memory (EM) CD4� or CD8� T cells. Error bars represent the SEM.
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vectors expressing SIV Gag, Pol, and Env antigens. SIV Gag-spe-
cific T cells were observed in peripheral blood in 10 of 14 immu-
nized animals. Robust SIV Gag-specific CD4� and CD8� T cells
were observed in foreskin in 9 of 14 animals at this late time point
after Ad35/Ad26-based SIV immunization (Fig. 5D). Moreover,
vaccine-elicited SIV-specific CD4� and CD8� T cells in foreskin
were comparable or higher in magnitude than those in peripheral
blood (Fig. 5E and F). These responses were durable since they
were detected �1 year after vaccination.

Memory phenotype and functionality of SIV Gag-specific
CD4� and CD8� T cells in foreskin. We sought to characterize
the phenotype and functionality of the SIV Gag-specific CD4�

and CD8� T cells in foreskin elicited 1 year after infection or
vaccination. Compared to peripheral blood, the Gag-specific
CD4� and CD8� T cells in foreskin were primarily CM/TM but
also EM phenotype in both infected (Fig. 6A) and vaccinated rhe-
sus monkeys (Fig. 6B). Gag-specific CD4� and CD8� T cells in
foreskin demonstrated levels of both IFN-� and TNF-� secretion
largely similar to those observed in peripheral blood after infec-
tion (Fig. 6C) and vaccination (Fig. 6D). In contrast, the propor-
tion of the monofunctional TNF-�-secreting Gag-specific T cells

in foreskin were higher than those in peripheral blood, which were
primarily monofunctional IFN-�-secreting cells, specifically in
the EM compartments of both CD4� and CD8� T cells (Fig. 6C
and D; P � 0.0068 and P � 0.0018 for comparison of Gag-specific
TNF-�� EM CD8� T cells in infected and vaccinated animals,
respectively, in foreskin versus peripheral blood).

Vaccination with Ad26 vectors induced only transient acti-
vation of peripheral blood but not foreskin CD4� T cells. To
evaluate the early effects of immunization on peripheral blood
and foreskin inflammation, we immunized six rhesus monkeys
with Ad26 vectors expressing SIV Gag/Pol/Env antigens and com-
pared the degree of peripheral blood and foreskin immune cell
activation between vaccinated animals and sham-vaccinated con-
trols on days 2 and 14 after vaccination. Compared to sham-
treated animals, vaccinated animals showed only minimal and
transient increases in CD4� T cell expression of CD69, HLA-DR,
and CCR5 in blood on day 2 that waned by day 14 after immuni-
zation (Fig. 7A). In contrast, vaccination with Ad26 vectors did
not increase CD4� T cell activation in foreskin at any time point
studied (Fig. 7B). Moreover, we observed only marginal Ad26
vector-specific CD4� T cells in blood on day 14 after immuniza-

FIG 6 Phenotype and functionality of SIV Gag-specific CD4� and CD8� T cells in foreskin. The CD4� and CD8� T cells in PBMC and foreskin expressing both
IFN-� and TNF-� after SIVmac239 Gag stimulation were identified via ICS using the Boolean function of FlowJo software. The proportions of naive
(CD28�CD95-), central/transitional memory (CM/TM; CD28� CD95�) and effector memory (EM; CD28
 CD95�) T cells among these SIV Gag-specific
IFN-�� TNF-�� T cells were subsequently identified in matched PBMC and foreskin of both infected animals (A) and vaccinated animals (B). Multifunctionality
(IFN-� and/or TNF-� secretion) of all SIV Gag-specific CD4� and CD8� T cells from PBMC and foreskin is presented in the pie charts for both infected animals
(A) and vaccinated animals (B). *, P 	 0.05 (two-tailed Student t test) for comparison of the proportion of CM/TM CD8� T cells between PBMC and foreskin.
Error bars represent the SEM.
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tion (Fig. 7C). Low-level Ad26 vector-specific and SIV Gag-spe-
cific CD8� T cells were observed in both peripheral blood and
foreskin 14 days after immunization (Fig. 7D). Furthermore, we
observed similar numbers and distribution of CD4� T cells and
Langerhans cells and expression of the activation marker HLA-DR
in foreskin tissue sections from sham-treated and vaccinated ani-
mals 2 and 14 days after immunization via IHC (Fig. 7E, F, and G).
These findings suggest that immunization with Ad26 vectors did
not detectably increase foreskin inflammation or CD4� T cell ac-
tivation at these early time points following immunization.

DISCUSSION

Elucidating the mechanisms of HIV-1 infection through foreskin
will be critical for our understanding of heterosexual transmission
in men. Using the rhesus monkey model, we show that systemic
immunization with Ad35/Ad26-based SIV vaccines elicited dura-
ble SIV-specific CD4� and CD8� T cell responses in foreskin at
magnitudes at least comparable with those found in peripheral
blood. Moreover, although foreskin T cells showed considerable
baseline immune activation, vaccination did not further enhance
foreskin inflammation or T cell activation. These findings demon-
strate that Ad35 and Ad26 vaccine vectors elicit durable virus-
specific cellular immune responses in foreskin.

The RV144 HIV-1 vaccine trial showed a modest degree of
protective efficacy against heterosexual acquisition of HIV-1 in
both men and women (19). The extent to which vaccine-elicited
HIV-1-specific immune responses in foreskin may have played a
role, however, remains unknown. To our knowledge, our study is
the first to evaluate vaccine-elicited CD4� and CD8� T cells in
foreskin. These foreskin responses were robust in magnitude and
durable for at least 1 year after immunization. Similar to our pre-
vious observations with gastrointestinal and cervicovaginal mu-
cosa (13), the Ad35/Ad26 vaccine-elicited SIV-specific CD4� and
CD8� T cells in foreskin were primarily TM and EM phenotype
capable of secreting both IFN-� and TNF-�, suggesting that they
may be poised for rapid and potent responses against virus chal-
lenges (13, 20, 21). However, it remains unclear to what extent the
observed vaccine-elicited SIV-specific immune responses protect
against SIV infection through foreskin. Further research into this
question is therefore warranted.

To date, there has been only one report of the presence of
SIV-specific CD8� T cells in foreskin in SIV-infected rhesus mon-
keys (11). Consistent with this initial report, we also observed the
presence of SIV-specific CD4� and CD8� T cells in the foreskin of
SIV- and SHIV-infected animals. Of note, SIV infection was per-
formed via penile foreskin SIV exposure in the previous report
(11), and thus our findings confirm and extend these previous
data by showing SIV-specific CD4� and CD8� T cell responses in
foreskin following intrarectal SIV and SHIV infection. Intrigu-
ingly, as observed previously (11), SIV-specific CD4� and CD8�

T cells in foreskin appeared to secrete more TNF-� than SIV-
specific T cells in peripheral blood. The reason for this observation
remains unclear but may relate in part to the response of immune
cells to foreskin microbiota (22–24).

Foreskin CD4� T cells in humans are highly activated, poten-
tially increasing the risk of HIV-1 acquisition in men (12). A trend
toward increased HIV-1 acquisition among uncircumcised and
Ad5 seropositive vaccine recipients in the Merck phase 2b Step
HIV-1 vaccine trial was observed for at least 18 months after vac-
cination and raised a hypothesis that the vaccine might have in-

creased inflammation in foreskin and/or other portals of entry
(25, 26). However, Ad26 and Ad35 vectors are substantially bio-
logically different from Ad5 vectors in terms of tropism, cellular
receptor usage, innate immune profile, and adaptive immune
phenotypes (16, 27–30). Moreover, we did not evaluate the effects
of Ad5 vectors in the present study. Consistent with our prior
observations (16), we observed only a transient increase in CD4�

T cell activation in peripheral blood that waned by day 14 after
immunization with Ad26 vectors. We observed a high degree of
baseline CD4� T cell activation in the foreskin in rhesus monkeys,
but immunization with Ad26 and Ad35 vectors did not further
increase the number or activation status of CD4� T cells in fore-
skin at any time points studied. In addition, only marginal vector-
specific CD4� T cells were detected in the peripheral blood and
foreskin of the immunized animals. We evaluated the early effects
of immunization on inflammation using animals that received a
single immunization with Ad26 vectors and long-term effects
following heterologous Ad35 prime-Ad26 boost immunization.
Thus, to complement these studies, future studies should evaluate
the early effects of Ad26 boost on systemic and foreskin inflam-
mation in Ad35 prime-immunized rhesus monkeys. Further-
more, important differences exist between the rhesus monkey
model and humans, and thus clinical studies are required to assess
the extent of mucosal and foreskin inflammation in humans fol-
lowing vaccination.

In summary, we have demonstrated for the first time that i.m.
vaccination induces durable SIV-specific CD4� and CD8� T cells
in foreskin in rhesus monkeys. These SIV-specific CD4� and
CD8� T cells were comparable or higher in magnitude with those
in peripheral blood, exhibited primarily TM and EM phenotypes,
and secreted more TNF-� than IFN-�. Our data confirm prior
studies by showing that foreskin is enriched with highly activated
CD4� T cells expressing the SIV coreceptor CCR5, although fore-
skin CD4� T cell activation was not further increased by i.m.
immunization with Ad35/Ad26 vectors. Overall, our findings sug-
gest that systemic Ad35/Ad26-based HIV-1 vaccination strategies
may elicit potentially important HIV-1-specific CD4� and CD8�

T cells in foreskin.
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