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In the present study, we have investigated the anatomic distribution in blood and gut mucosal tissues of
memory poxvirus-specific CD4 and CD8 T cells in subjects vaccinated with smallpox and compared it with
vector (NYVAC)-specific and HIV insert-specific T-cell responses induced by an experimental DNA-C/
NYVAC-C vaccine regimen. Smallpox-specific CD4 T-cell responses were present in the blood of 52% of the
subjects studied, while smallpox-specific CD8 T cells were rarely detected (12%). With one exception, smallpox-
specific T cells were not measurable in gut tissues. Interestingly, NYVAC vector-specific and HIV-specific CD4
and CDS8 T-cell responses were detected in almost 100% of the subjects immunized with DNA-C/NYVAC-C in
blood and gut tissues. The large majority (83%) of NYVAC-specific CD4 T cells expressed a437 integrins and
the HIV coreceptor CCRS5. These results demonstrate that the experimental DNA-C/NYVAC-C HIV vaccine
regimen induces the homing of potentially protective HIV-specific CD4 and CD8 T cells in the gut, the port of
entry of HIV and one of the major sites for HIV spreading and the depletion of CD4 T cells.

Replication-defective adenovirus (Ad) and poxvirus-de-
rived vectors are among the most studied T-cell-based vac-
cine platforms against human immunodeficiency virus
(HIV) (21, 36).

Recently, two HIV vaccine trials evaluating the efficacy of
these two vectors generated different clinical outcomes. The
phase IIb test-of-concept efficacy study called STEP, which
evaluated a trivalent Ad5-Gag/Pol/Nef vaccine candidate, was
prematurely terminated due to a lack of efficacy of the vaccine
(6, 20). Furthermore, unexpectedly, the vaccine recipients with
higher titers of preexisting neutralizing antibodies (Abs)
(NADbs) to Ad5 (Ad5-NAbs) (AdS titers of >18) and who were
uncircumcised showed increased susceptibility to HIV infec-
tion compared to vaccine recipients with lower titers (<18) of
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Ad5-NAbs and/or subjects who were circumcised and placebo
recipients (6). The increased acquisition of HIV infection in
the group of vaccine recipients with higher titers of Ad5-NAbs
and who were uncircumcised has been further confirmed by
long-term follow-up analyses (A. Duerr, H. Y. Z. Moodie, D.
Lawrence, M. Robertson, and S. Buchbinder, presented at the
AIDS Vaccine Meeting 2010, Atlanta, GA, 2010). These anal-
yses have indicated that the increased susceptibility to HIV
infection was concentrated during the 6 months post-vaccine
administration, suggesting a causal link between Ad5 vaccina-
tion, the circumcision status, and increased HIV acquisition.
Several hypotheses were proposed to explain the increased
acquisition of HIV infection among vaccine recipients in the
STEP trial. These include (i) the Ad5 vaccine-mediated acti-
vation of Ad5-specific CD4 T cells that in turn may become the
ideal targets for HIV infection and support virus replication
and spreading; (ii) the generation of “enhancing antibodies”
that facilitate HIV infection; (iii) the activation of dendritic
cells (DC) through immune complexes composed of Ad5 par-
ticles and Ad5-NAbs, which may facilitate HIV infection of
DC and spreading to CD4 T cells at the site of virus entry, i.e.,
mucosal surfaces; and (iv) the unique microenvironment of the
mucosal compartment, where the mechanisms for the in-
creased acquisition of HIV infection likely operate (8, 31, 35).
Despite major efforts, the mechanism(s) responsible for the
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increased susceptibility to HIV infection in vaccine recipients
with high Ad5-NAD titers remains elusive.

The RV-144 trial evaluated the efficacy of the poxvirus
ALVAC-HIV (vCP1521) in combination with a recombinant
gp120 subunit vaccine (AIDSVAX B/E) (32). The results in-
dicated that this vaccine combination was effective in prevent-
ing infection, i.e., 31.2% efficacy, while it showed no effect on
the levels of viremia and/or CD4 T-cell counts in vaccinated
subjects for whom HIV-1 infection was subsequently diag-
nosed (32). These results, although showing a modest efficacy,
demonstrate for the first time that an HIV vaccine is capable of
preventing HIV infection.

HIV vaccine candidates based on rare adenovirus serotypes,
such as Ad26 and Ad35 vectors, and poxvirus vectors are im-
portant components of promising vaccine candidates for ad-
vanced clinical development.

For these reasons, it is important to comprehensively char-
acterize the preexisting immunity against the virus vector-
based vaccines and vaccine-induced immune responses in dif-
ferent anatomical compartments and particularly at mucosal
sites, which represent the primary port of entry and replication
for HIV (4). In the present study, we have characterized the
distribution of memory poxvirus- and Ad-specific T-cell re-
sponses in blood and gut mucosal tissues (rectum and ileum)
induced by smallpox vaccination and by adenovirus natural
infection in order to evaluate preexisting immunity against the
poxvirus and Ad vector HIV vaccine candidate. Furthermore,
poxvirus vector-specific and HIV insert-specific T-cell re-
sponses induced by a DNA-C/NYVAC-C (HIV clade C) vac-
cine regimen were also studied. This vaccine regimen was
previously shown (EuroVacc 02 phase I/II clinical trial with
HIV-uninfected individuals) to be safe, to be highly immuno-
genic (90% of responders), and to induce vigorous, polyfunc-
tional, broad, and durable T-cell responses (12).

MATERIALS AND METHODS

Study groups. Blood samples and gut biopsy specimens were obtained from 30
HIV-uninfected volunteers and 6 individuals enrolled in a previous HIV vaccine
trial, i.e., the EVO3 trial (Y. E. Levy et al., presented at the 17th Conference of
Retroviruses and Opportunistic Infections, 2010), who agreed to colonoscopy
and gut biopsy. The average age of the smallpox-vaccinated group was 52 years,
and since smallpox vaccination in Switzerland (Europe) was stopped in 1974, all
the subjects in this group received smallpox vaccination. The average age of the
subjects in the six DNA/NYVAC vaccine groups who were enrolled in the
present study was 30 years, and only 1 out of 6 subjects (42 years old) was
smallpox vaccinated. The individuals enrolled in the EVO03 trial were immunized
with 3 DNA-C injections (4 mg at weeks 0, 4, and 8) plus 1 NYVAC-C injection
(107 PFU at week 24). The six individuals were studied about 2 years after
receiving the last immunization. This study was approved by the Institutional
Review Board of the Centre Hospitalier Universitaire Vaudois, and informed
consent was obtained from all volunteers.

Vectors. Two E1/E3-deleted Ad5 vectors (AdBgal and AdGFP) were used in
this study and were previously described (30). Briefly, AdBgal harbors a lacZ
expression cassette and was used to stimulate Ad-specific T cells and for in vitro
HIV infection (6 X 10° physical particles [pp]/ml). AAGFP harbors a green
fluorescent protein (GFP) expression cassette and was used for the assessment of
NAD titers. AdS vector titers were measured in virus physical particles (pp/cell)
as described previously by Mittereder et al. (23). Parental NYVAC and a re-
combinant vector expressing Gag, Pol, and Nef of HIV-1 from clade C (referred
to as NYVAC-C) were previously described (9, 10).

Ad5-NADb titers. The neutralizing activity of the plasma of each volunteer enrolled
was determined by transduction inhibition assays using the 911 cell line (28).

Flow cytometry analyses. The following antibodies were used: CD4-allophy-
cocyanin (APC), CD8-peridinin chlorophyll protein (PerCP)-Cy5.5, CD3-elec-
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tron-coupled dye (ECD), CCR5-AF700, B7 integrin-phycoerythrin (PE), B4 in-
tegrin-PE-CY5, cutaneous lymphocyte antigen (CLA)-biotin, and streptavidin-
PE-CY7. CD4-APC, CD8-PerCP-Cy5.5, and B7 integrin-PE were purchased
from BD Biosciences; CD3-ECD was purchased from Beckman Coulter; and
CLA-biotin, CCR5-AF700, and a4 integrin-PE-CYS5 were purchased from Bio-
legend. Dead cells were excluded by use of the violet Live/Dead stain kit (Invit-
rogen).

Ex vivo proliferation assays. Mononuclear cells were isolated either from
peripheral blood using Ficoll-Histopaque separation (29) or following collage-
nase digestion of gut biopsy specimens. Five tissue samples were collected from
both the terminal ileum and the rectum. Gut samples were taken during routine
colonoscopy in patients with normal colonoscopic findings. Colonoscopies were
performed under conscious sedation with midazolam and pethidine in moderate
doses with a Pentax type EC 3890 Fi colonoscope (Pentax, Tokyo, Japan). Tissue
samples were collected with Radial Jaw 4 forceps (Boston Scientific Corporate,
Natick, MA). Biopsy specimens were then incubated at 37°C for 90 min with
RPMI medium containing 0.5 mg/ml type II-S collagenase (Sigma). Mononu-
clear cells from each anatomic region were resuspended at 10° cells/ml in phos-
phate-buffered saline (PBS) and incubated for 7 min at 37°C with 0.25 uM
5,6-carboxyfluorescein succinimidyl ester (CFSE; Molecular Probes). The reac-
tion was quenched with 1 volume of fetal bovine serum (FBS). Subsequently,
cells were washed, cultured in 4% human AB serum (Institut Jacques Boy,
France) and RPMI medium, and stimulated with AE1 AdBgal (10° pp/ml), empty
NYVAC (10° PFU/ml), or HIV peptide pools encompassing the Gag, Pol, Nef,
and Env regions (1 pg/ml) for 6 days (1). Cells were also stimulated with
Staphylococcus enterotoxin B (SEB) (100 ng/ml) (positive control). At the end of
the incubation period, cells were washed and stained with Abs (see “Flow
cytometry analyses”) to CD3, CD4, CD8, CCRS, a4 and B7 integrins, and the cell
adhesion molecule CLA. Data were acquired on an LSRII four-laser instrument
(408, 488, 633, and 405 nm) and analyzed by using FlowJo. Between 2 X 10° and
2 X 10° events were acquired in the flow cytometry experiments. The percentage
of proliferating CD4" and CD8* T cells, i.e., CFSE-low cells, was determined
from the CD3" cell population. The criteria for scoring of the proliferating cell
cultures as positive included (i) a percentage of CFSE-low cells of >1% after
subtracting background (percentage of CFSE-low cells in unstimulated cell cul-
tures) and (ii) a stimulation index (SI) of >3. The SI was calculated by the fold
increase between stimulated and unstimulated cell cultures. The expressions of
integrins, chemokine receptors, and cell adhesion molecules on antigen-specific
CD4 and CDS8 T cells were established on CFSE-low proliferating CD4 or CD8
T cells.

HIV infection in vitro. Mononuclear cells isolated either from peripheral blood
or from gut tissues (rectum plus ileum) (n = 5) were stimulated with AdBgal (6 X
10° pp/ml) or SEB (positive control) or remained unstimulated. After 3 days of
exposure, cell cultures were washed and exposed to 30 picograms of HIV-1g,;
for 3 h. At the end of the incubation, cells were washed and replated, and HIV
replication was assessed by measuring p24 levels in the culture supernatant at
days 0, 4, and 7 postexposure. HIV infection was also determined intracellularly
by flow cytometry. Following 7 days of HIV exposure, mononuclear cells were
permeabilized and stained with CD3-ECD, CD4-APC, CD8-PerCP-Cys.5, and
P24-RD-1 (KC57; Beckman Coulter) monoclonal antibodies (MAbs). Cell cul-
ture supernatants were also assayed for P24 content at days 0, 4, and 7 by using
an enzyme-linked immunosorbent assay (ELISA) (Innogenetics).

Statistical analyses. P values were derived from either chi-square analysis, for
comparison of positive proportions; one-way analysis of variance (ANOVA)
(Kruskal-Wallis test) followed by a Student ¢ test, in the context of multiple
comparisons; or a Spearman rank test for correlations.

RESULTS

Ad-specific but not poxvirus-specific CD4 or CD8 T cells
reside in gut mucosal tissues. Cellular immunity (T cells) to
different Ad serotypes is highly cross-reactive (29, 37). For
these reasons, we have used the terminology of “Ad-specific T
cells” and not “Ad5-induced T cells” to define T-cell responses
specific to adenovirus. We have also used the terminology of
“smallpox-specific T cells” to define memory T-cell responses
observed for subjects vaccinated with smallpox and NYVAC-
specific T-cell responses to define memory T-cell responses
detected in subjects who received the DNA-C/NYVAC-C vac-
cine regimen.
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FIG. 1. Adenovirus-specific but not smallpox-specific CD4 T cells are detected in gut mucosal tissues. Mononuclear cells were isolated from
blood and gut mucosal tissues (rectum and ileum), stained with CFSE, and stimulated with AdS or NYVAC vectors. Following 6 days of incubation,
cells were stained with CD3, CD4, and CD8 MAbs. (A) Flow cytometric profiles of proliferating Ad-specific and smallpox-specific CD4 T cells from
mononuclear cells isolated from blood and mucosal tissues (rectum and ileum). Data from one representative subject (subject 025) are shown. The
flow cytometric profile of unstimulated cells (negative control) is also shown. (B and C) Percentages of Ad-specific (B) and smallpox-specific
(C) CD4 T-cell responders (volunteers with CD4 T-cell responses). (D and E) Frequencies of proliferating Ad-specific (D) and smallpox-specific
(E) CD4 T cells. (F and G) Direct correlation between Ad-specific CD4 T-cell proliferation detected in blood and the rectum (F) or the ileum
(G). Statistical analyses were performed by using chi-square methods for comparisons of positive proportions, a Student ¢ test for multiple

comparisons, or a Spearman rank test for correlations.

To evaluate the anatomic distribution of Ad-specific versus
smallpox-specific CD4 and CD8 T cells, we analyzed the pres-
ence of Ad-specific and smallpox-specific CD4 and CDS8 T cells
in mononuclear cell populations isolated from blood and gut
mucosal tissues (ileum and rectum). To assess virus-specific
T-cell responses, blood mononuclear cells isolated from both
blood and gut mucosal tissues (ileum and rectum) from HIV-
uninfected individuals were labeled with CFSE and stimulated
for 6 days with AdS or empty NYVAC vectors. At the end of
the stimulation period, cells were stained with CD3, CD4, and
CD8 MADbs. As shown by representative flow cytometry pro-
files of subjects 025 and 014 (Fig. 1A and 2A) and by the
cumulative data from the 25 subjects studied (Fig. 1B and C
and 2B and C), Ad-specific CD4 and CD8 T cells were de-
tected in both blood and gut mucosal tissues. The proportions
of individuals having detectable Ad-specific CD4 and CD8 T
cells (referred to as responders) were similar in the two com-
partments, i.e., 56% in blood versus 58.3% in the rectum and

62.5% in the ileum for CD4 T cells and 48% in blood versus
48% in the rectum and 50% in the ileum for CD8 T cells (Fig.
1B and 2B). The levels of T-cell proliferation (percentage of
CFSE-low cells among total CD4 or CD8 T cells) were similar
among the two compartments for both Ad-specific CD4 and
CD8 T cells (Fig. 1C and 2C). These results demonstrated that
preexisting Ad-specific CD4 and CD8 T cells also resided in
gut mucosal tissues. Interestingly, the frequencies of CD4 T
cells proliferating in response to Ad5 stimulation correlated
between blood and gut tissues (rectum, P = 0.001; ileum, P =
0.01), indicating that the evaluation of immunological mea-
sures of Ad-specific CD4 T-cell responses in blood might re-
flect those of Ad-specific CD4 T cells resident in gut mucosal
tissues.

As shown for one representative individual (Fig. 1A and 2D)
and by the cumulative data (Fig. 1D and E and 2E and F),
smallpox-specific CD4 and CDS8 T cells were detected mainly
in blood and very rarely (1 out of 12) in gut mucosal tissues.
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FIG. 2. Adenovirus-specific but not smallpox-specific CD8 T cells are detected in gut mucosal tissues. Mononuclear cells were isolated from
blood and gut mucosal tissues (rectum and ileum), stained with CFSE, and stimulated with AdS or NYVAC vectors. Following 6 days of incubation,
cells were stained with CD3, CD4, and CD8 MADs. (A and D) Flow cytometric profiles of proliferating Ad-specific (A) and smallpox-specific
(D) CD8 T cells from mononuclear cells isolated from blood and mucosal tissues (rectum and ileum). Data from two representative subjects
(subject 014 and 006) are shown. The flow cytometric profiles of unstimulated cells (negative control) are also shown. (B and C) Percentages of
Ad-specific (B) and smallpox-specific (C) CD8 T-cell responders (volunteers with CD8 T-cell responses). (E and F) Frequencies of proliferating
Ad-specific (E) and smallpox-specific (F) CD8 T cells. Statistical analyses were performed by using chi-square methods for comparisons of positive
proportions and a Student ¢ test for multiple comparisons.

The proportions of smallpox-specific T-cell responders were
dramatically reduced (4% and 0%) for both CD4 T-cell re-
sponses in gut mucosal tissues (rectum and ileum, respectively)
compared to blood (52%; P = 0.0002 and P < 0.0001, respec-

tively) and CD8 T cells (12% in blood versus 0% in gut tissues;
P > 0.05) (Fig. 1D and 2D). Therefore, memory smallpox-
specific T-cell responses studied more than 30 years after vac-
cination were rarely detected in gut mucosal tissues.
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Ad5-NADb titers for each compartment: peripheral blood (A), rectum (B), and ileum (C). Statistical analyses were performed by using chi-square

methods for comparisons of positive proportions.

Frequencies of Ad-specific CD4 T cells in blood and gut
mucosal tissues do not correlate with Ad5-specific neutralizing
antibody titers. Recently, two studies have found no correla-
tion between Ad5-NAD titers and levels of proliferating Ad-
specific CD4 T cells isolated from blood before or after Ad5
immunization (15, 25). It was then relevant to determine
whether AdS5-NAD titers correlated with the presence and/or
the proliferative capacity of Ad-specific CD4 T cells isolated
from gut mucosal tissues in naturally adenovirus-infected vol-
unteers. To address this issue, Ad5-NADb titers were deter-
mined for each volunteer as previously described (28). The
volunteers were stratified into two groups based on their AdS
serostatus: (i) Ad5 NAb low (titer, <18) and (ii) AdS NAD high
(>18) (6, 20). The proportions of Ad-specific responders (in-
dividuals with CD4 T-cell proliferation) were similar between
volunteers with low and those with high titers of Ad5 NAbs
regardless of the anatomic compartment investigated (Fig. 3).
In addition, the percentage of Ad-specific CD4 T cells (per-
centage of CD3" CD4" CFSE-low cells) did not correlate with
AdS5 NAD titers in cells isolated from both blood and gut (see
Fig. S1 in the supplemental material).

Anatomic distribution of NYVAC- and HIV-specific CD4
and CD8 T-cell populations. Six individuals enrolled in a pre-
vious HIV vaccine trial, i.e., the EVO03 trial (Levy et al., pre-
sented at the 17th Conference of Retroviruses and Opportu-
nistic Infections, 2010), who agreed to colonoscopy and gut
biopsy, were investigated for the presence of vector (NYVAC)-
specific and insert (HIV)-specific T-cell responses in both
blood and gut after vaccination. The individuals enrolled in the
EVO03 trial were immunized with 3 DNA-C injections (4 mg at
weeks 0, 4, and 8) plus 1 NYVAC-C injection (10" PFU at
week 24). The DNA and NYVAC vaccines expressed Env,
Gag, Pol, and Nef from HIV-1 clade C isolate CN54 (9). The
six individuals were studied about 2 years after receiving the
last immunization. As for the Ad- and smallpox-specific T cells
(Fig. 1 and 2), NYVAC- and HIV-specific T-cell responses
were measured by antigen-specific proliferation in mononu-
clear cells isolated from both blood and gut mucosal tissues
(ileum and rectum) of the same subjects. Cells were labeled
with CFSE and stimulated for 6 days with the empty (not
expressing HIV antigens) NYVAC vector or with HIV peptide
pools. At the end of the incubation period, cells were stained

with CD3, CD4, and CD8 MAbs. As shown by a representative
flow cytometry profile of subjects 1008U and 1037F (Fig. 4A
and 5A) and by the cumulative data (Fig. 4B and C and 5B and
C), NYVAC-specific CD4 and CDS8 T cells were detected in
both blood and gut mucosal tissues (ileum and rectum). The
proportions of individuals having detectable proliferating
NYVAC-specific CD4 and CD8 T cells were similar for blood
(83.3%) and gut tissues (rectum, 83.8%; ileum, 100%) (Fig. 4B
and 5B). The magnitudes of the T-cell proliferation were sim-
ilar between the two anatomic compartments for NYVAC-
specific CD4 and CDS8 T cells (Fig. 4C and 5C).

These results demonstrate that recent (about 2 years) intra-
muscular immunization with DNA-C plus NYVAC-C led to
the generation of NYVAC-specific CD4 and CD8 T cells in
blood and in gut tissues.

Along the same line, the generation of HIV-specific CD4
and CD8 T in both blood and gut tissues cells was investigated.
Interestingly, HIV-specific CD4 and CD8 T cells were detected
in both blood and gut mucosal tissues (ileum and rectum).
Data for representative subjects (subjects 1008U and 1037F)
are shown in Fig. 4A and 5A. Cumulative data generated from
the analysis of the 6 subjects are also shown (Fig. 4D and E and
5D and E). All subjects studied showed HIV-specific CD4 and
CDS8 T-cell responses in both blood and rectum and 83.3% in
the ileum (Fig. 4D and 5D), indicating that the DNA/NYVAC
vaccine regimen induced the generation of HIV-specific CD4
and CDS8 T-cell responses in blood and gut mucosal tissues.
The frequencies of HIV-specific CD4 and CDS8 T-cell re-
sponses tended to be higher for blood than for gut tissues (Fig.
4E and SE). However, these differences were not significant
(P > 0.05). The percentage of HIV-specific CD4 T cells was
17.6% in blood versus 9.7% in the rectum and 9.6% in the
ileum, and the percentage of CD8 T cells was 21.09% in
blood, 10.8% in the rectum, and 7.75% in the ileum (Fig. 4E
and 5E).

Proliferating Ad-specific and NYVAC-specific CD4 T cells
express higher levels of a437 integrins than smallpox-specific
CD4 T cells. The tissue migration capacity of lymphocytes is
orchestrated by the combined expression of specific integrins
and chemokine receptors. The classical T-cell migration para-
digm opposes mucosal tropism to skin tropism (11, 16, 19, 22).
In order to migrate to the small intestine, T lymphocytes have
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FIG. 4. NYVAC-specific and HIV-specific CD4 T cells home to gut mucosal tissues. Mononuclear cells were isolated from blood and gut
mucosal tissues (rectum and ileum) of subjects (n = 6) vaccinated with the DNA-C/NYVAC-C regimen in the EV03 study, stained with CFSE,
and stimulated with NYVAC empty vectors or HIV peptide pools encompassing the Env, Gag, Pol, and Nef regions. Following 6 days of
incubation, cells were stained with CD3, CD4, and CD8 MAbs. (A) Flow cytometric profiles of proliferating NYVAC-specific and HIV-specific
CD4 T cells in mononuclear cells isolated from blood and mucosal tissues (rectum and ileum). Data from one representative subject (subject
1008U) are shown. The flow cytometric profiles of unstimulated cells (negative control) are also shown. (B and C) Percentage of NYVAC-specific
(B) or HIV-specific (C) responders (volunteers with CD4 T-cell responses). (D and E) Frequencies of proliferating NYVAC-specific (D) or
HIV-specific (E) CD4 T cells. Statistical analyses were performed by using chi-square methods for comparisons of positive proportions or by a

Student ¢ test in the case of multiple comparisons.

to express the chemokine receptor CCR9 (41), which recog-
nizes CCL25, constitutively released in the small intestine (17,
40) but not in the colon (17, 27, 41), and to express adp7
integrins, which bind MAdCAM-1 on endothelial cells (3, 39).
In order to home to the skin, T lymphocytes have to express
both CCR4 and cutaneous lymphocyte antigen (CLA) (7, 33).
Of note, whereas CCR9 expression is required for small intes-
tine migration, the chemokine receptor(s) involved in migra-
tion to other regions of the gastrointestinal tract remains to be
identified (24). We therefore examined the expressions of
CCR4, CCRY, a4B7 integrins, and CLA in proliferating Ad-
specific, smallpox-, and NYVAC-specific CD4 T cells isolated
from the blood of naturally adenovirus-infected (n = 12),
smallpox-vaccinated (n = 10), and NYVAC-vaccinated (n = 5)
individuals. To perform this analysis, mononuclear cells were
isolated from blood, labeled with CFSE, and stimulated for 6
days with AdS5 or NYVAC vectors. The chemokine receptor
and cell adhesion molecule profiles of proliferating T cells
were determined by multiparametric flow cytometry. As shown
by data from the representative individuals ES0219 and 1029E
(Fig. 6A and D) and by the cumulative data (Fig. 6E), prolif-
erating (CFSE-low cells) Ad-specific and NYVAC-specific
CDA4 T cells isolated form peripheral blood expressed higher
levels of a4B7 integrins than did smallpox-specific CD4 T cells,
i.e., Ad-specific levels of 78.6% versus smallpox-specific levels
of 55.27% versus NYVAC-specific levels of 84.62% (P =
0.0002 and P < 0.0001, respectively). In addition, Ad-specific,
smallpox-specific, and NYVAC-specific CD4 T cells expressed

intermediate levels of CLA, low levels of CCRY, and high
levels of CCR4 (data not shown). These results suggested that
proliferating Ad-specific, smallpox-specific, and NYVAC-spe-
cific CD4 T cells isolated from blood have the potential to
home to gut mucosal tissues. The reduced a4B7 integrin ex-
pression levels in smallpox-specific CD4 T cells (versus Ad-
specific and NYVAC-specific CD4 T cells) might potentially
explain the distinct migratory capacity of these antigen-specific
CD4 T cells. However, we cannot exclude that the differences
between the migratory capacities of NYVAC-, Ad-, and small-
pox-specific T cells and specific immune responses might be
attributed to the increased time that had passed between
antigen exposure and the measurement of antigen-specific
immune responses. Furthermore, the route of smallpox vac-
cination (scarification) differed from those of natural Ad
infections (usually mucosal routes [34]) and NYVAC vacci-
nation (intramuscular).

Ad-specific, smallpox-specific, and NYVAC-specific CD4 T
cells isolated from peripheral blood and gut mucosal tissues
express the HIV coreceptor CCRS. To determine whether pro-
liferating vector-specific CD4 T cells isolated from blood and
mucosal tissues were susceptible to HIV infection, the levels of
expression of the HIV coreceptor CCRS were evaluated by
multiparametric flow cytometry. Mononuclear cells isolated
from blood and gut mucosal tissues (rectum and ileum) of
naturally Ad-infected individuals (» = 12), smallpox vaccine
recipients (n = 10), and NYVAC vaccine recipients (n = 5)
were labeled with CFSE and stimulated for 6 days with Ad5 or
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FIG. 5. NYVAC-specific and HIV-specific CD8 T cells home to gut mucosal tissues. Mononuclear cells were isolated from blood and gut mucosal
tissues (rectum and ileum) of subjects (n = 6) vaccinated with the DNA-C/NYVAC-C regimen in the EV03 study, stained with CFSE, and stimulated
with NYVAC empty vectors or HIV peptide pools encompassing the Gag, Pol, Nef, and Env regions. Following 6 days of incubation, cells were stained
with CD3, CD4, and CD8 MAbs. (A) Flow cytometric profiles of proliferating NYVAC-specific and HIV-specific CD8 T cells in mononuclear cells
isolated from blood and mucosal tissues (rectum and ileum). Data from one representative subject (subject 1037F) are shown. The flow cytometric
profiles of unstimulated cells (negative control) are also shown. (B and C) Percentage of NYVAC-specific (B) or HIV-specific (C) responders (volunteers
with CD8 T-cell responses). (D and E) Frequencies of proliferating NYVAC-specific (D) or HIV-specific (E) CD8 T cells. Statistical analyses were
performed by using chi-square methods for comparisons of positive proportions or by a Student ¢ test in the case of multiple comparisons.

NYVAC vectors. At the end of the stimulation period, cells
were stained with CD3, CD4, CDS8, and CCR5 MAbs. As
shown by data from representative subjects 003 and 1029E

CD4 T cells expressed high levels of CCRS in both the blood
and gut compartments.
As expected, the proliferating virus-specific CD4 T cells

from both blood and gut were able to support efficient HIV
infection in vitro (see Fig. S2 in the supplemental material).

(Fig. 7A and B) and by the cumulative data (Fig. 7C), prolif-
erating Ad-specific, smallpox-specific, and NYVAC-specific
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FIG. 6. Adenovirus-specific and NYVAC-specific CD4 T cells express higher levels of a4B7 integrins than do smallpox-specific CD4 T cells.
Mononuclear cells were isolated from blood, stained with CFSE, and stimulated with Ad5 or NYVAC vectors. Following 6 days of incubation, cells
were stained with CD3, CD4, CDS8, and a4/B7 integrin MAbs. (A to D) Flow cytometric profiles of proliferating Ad-specific (A and B),
smallpox-specific (A and B), and NYVAC-specific (C and D) CD4 T cells (CFSE-low cells) expressing 37 integrin or coexpressing a4 and 7
integrins. Black dots correspond to CD3" CD4" CFSE-high cells, and red dots correspond to CD3* CD4" CFSE-low cells. (E) Cumulative data
for proliferating Ad-specific, smallpox-specific, or NYVAC-specific CD4 T cells (CD4 CFSE-low cells) expressing a4f7 integrins.
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FIG. 7. Proliferating Ad-specific, smallpox-specific, and NYVAC-specific CD4 T cells express high levels of HIV coreceptor CCRS. Mono-
nuclear cells were isolated from peripheral blood and gut mucosal tissues (rectum and ileum), stained with CFSE, and stimulated with AdS or
NYVAC vectors. Following 6 days of incubation, cells were stained with CD3, CD4, CD8, and CCR5 MAbs. (A and B) Flow cytometric profiles
of proliferating (CFSE-low cells) Ad-specific (A), smallpox-specific (A), and NYVAC-specific (B) CD4 T cells in mononuclear cells isolated from
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DISCUSSION

Several replication-defective adenovirus and poxvirus vec-
tors are among the most frequent strategies explored for the
development of an HIV vaccine (21, 26, 36). There is a large
consensus within the scientific community on the importance
of inducing vaccine responses both systemically (blood) and at
mucosal sites, i.e., at the port of entry of HIV (4). In addition,
the gut has also been shown to represent a major site for HIV
replication and the depletion of CD4 T cells (5). For these
reasons, it is important to characterize the vaccine-induced
immune responses in different anatomic compartments, in-
cluding in blood and mucosal tissues such as the gut.

The efficacy of a vaccine strategy can be substantially influ-
enced by the presence of preexisting immunity in the host (13).
This issue is particularly important for vectors derived from
adenovirus and poxvirus. There are 53 different Ad serotypes
that infect a large proportion of the population, depending on
the geographic region, and have tropisms for different ana-
tomic compartments (34, 38). While Ad-NAbs are serotype
specific, Ad-specific T-cell responses are largely cross-reactive
(14, 28, 29, 37). The issue of preexisting immunity to poxvirus
concerns only certain age groups, since smallpox vaccination
was stopped in the mid-1970s.

In the present study, we have investigated (i) preexisting Ad-
and smallpox-specific immunity in both blood and gut tissues,
(ii) poxvirus vector (NYVAC)- and HIV-specific T-cell re-
sponses in both blood and gut tissues following vaccination
with a DNA-C/NYVAC-C regimen in healthy volunteers, and
(iii) the potential tropism of Ad-, smallpox-, and NYVAC-
specific CD4 and CD8 T cells.

Memory Ad-specific CD4 and CDS8 T-cell responses were
consistently found in both blood and gut tissues (rectum and
ileum) from a large proportion of subjects studied, while mem-
ory smallpox T-cell responses were found in blood (predomi-
nantly CD4) and were almost absent in gut tissues. The lack of
detection of smallpox-specific T cells in the gut might be due

either to the low frequency of memory T cells after at least 30
years from the time of smallpox vaccination or to the route of
immunization (see below).

Therefore, on the basis of these results, Ad vector-based
vaccines may induce cross-reactive T-cell responses both in
blood and in gut tissues, while smallpox vaccines may induce
cross-reactive T-cell responses predominantly in blood. The
data on Ad vectors are consistent with previous studies per-
formed with blood from humans and with both in blood and
gut tissues from nonhuman primates (NHPs) (2, 18).

The lack of detection of smallpox-specific T cells in gut tissues
raised the question of whether poxvirus vector-induced T-cell
responses, both vector specific and HIV transgene specific, were
also induced at mucosal sites. Healthy volunteers immunized with
the DNA-C/NYVAC-C vaccine regimen were simultaneously in-
vestigated for the presence of vector- and HIV transgene-specific
CD4 and CD8 T cells in blood and gut (rectum and ileum). The
results consistently indicated that this vaccine regimen was able to
induce vector- and HIV-specific CD4 and CD8 T-cell responses
in both blood and gut tissues. An explanation for the differences
between NYVAC and smallpox vaccinations in the induction of
T-cell responses at mucosal sites remains unclear but could be
related to the degree of virus replication in human tissues, as the
smallpox vaccine represents a replication-competent virus, while
NYVAC is a nonreplicating virus. In addition to what is men-
tioned above, it is worth mentioning that NYVAC was adminis-
tered intramuscularly and that an NYVAC boost was preceded by
three DNA administrations. In this regard, DNA priming sub-
stantially increases the immunogenicity of NYVAC, resulting in a
larger proportion of responders and in a T-cell response several
orders of magnitude greater than that with the administration of
NYVAC alone (12).

Benlahrech et al. recently showed that proliferating Ad-
specific CD4 T cells isolated from the blood of volunteers
naturally infected with adenovirus expressed a4B7 integrins
and CCRY, thus indicating that Ad5-specific CD4 T cells may
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migrate to the small intestine (2). In this regard, Masek-Ham-
merman et al. have clearly shown with NHPs that Ad5-specific
CD4 T cells migrate to the small intestine and show no differ-
ences in the mucosal tropism of Ad5-induced CD4 T cells in
monkeys in the presence or in the absence of preexisting im-
munity to Ad5 (18). In the present study, we have shown that
poxvirus-specific T cells induced by smallpox and NYVAC
vaccination also expressed high levels of a4p37 integrins. How-
ever, blood smallpox-specific CD4 T cells expressed signifi-
cantly lower levels of a4B7 integrins than NYVAC-specific or
Ad-specific CD4 T cells. The lower levels of expression of a47
integrins may partially explain the lack of detection of small-
pox-specific T cells in the gut tissues. However, it is possible
that the differences observed for the migratory capacities of
NYVAC-, Ad-, and smallpox-specific T cells might result from
the increased time which had passed between antigen exposure
and the measurement of antigen-specific immune responses.
Both Ad- and poxvirus-specific CD4 T cells expressed elevated
and comparable levels of CCRS, and virus-specific CD4 T cells
from both blood and gut tissues showed comparable suscepti-
bility to HIV infection and supported viral replication in vitro.

In conclusion, the present study clearly shows that immuniza-
tion with the DNA/NYVAC vaccine regimen is capable of induc-
ing HIV-specific T-cell immunity both systemically and at muco-
sal sites such as the gut, which may serve as the port of entry for
HIV and as a major anatomic site for virus replication and the
depletion of CD4 T cells (4), and in turn, the immune response
triggered might play an important role in the control of HIV
infection.
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