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In the recently halted HIV type 1 (HIV-1) vaccine STEP trial, indi-
viduals that were seropositive for adenovirus serotype 5 (Ad5)
showed increased rates of HIV-1 infection on vaccination with an
Ad5 vaccine. We propose that this was due to activation and
expansion of Ad5-specific mucosal-homing memory CD4 T cells. To
test this hypothesis, Ad5 and Ad11 antibody titers were measured
in 20 healthy volunteers. Dendritic cells (DCs) from these individ-
uals were pulsed with replication defective Ad5 or Ad11 and
co-cultured with autologous lymphocytes. Cytokine profiles, pro-
liferative capacity, mucosal migration potential, and susceptibility
to HIV infection of the adenovirus-stimulated memory CD4 T cells
were measured. Stimulation of T cells from healthy Ad5-seropos-
itive but Ad11-seronegative individuals with Ad5, or serologically
distinct Ad11 vectors induced preferential expansion of adenovirus
memory CD4 T cells expressing aaf37 integrins and CCR9, indicating
a mucosal-homing phenotype. CD4 T-cell proliferation and IFN-y
production in response to Ad stimulation correlated with Ad5
antibody titers. However, Ad5 serostatus did not correlate with
total cytokine production upon challenge with Ad5 or Ad11.
Expanded Ad5 and Ad11 memory CD4 T cells showed an increase
in CCR5 expression and higher susceptibility to infection by R5
tropic HIV-1. This suggests that adenoviral-based vaccination
against HIV-1 in individuals with preexisting immunity against Ad5
results in preferential expansion of HIV-susceptible activated CD4
T cells that home to mucosal tissues, increases the number of virus
targets, and leads to a higher susceptibility to HIV acquisition.
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Replication-defective recombinant AdS vectors have been con-
sidered as potential vaccine delivery vehicles for HIV-1 (1).
There were great expectations of the recent HI'V-1 vaccine phase
IIb clinical trial known as the STEP carried out in individuals at high
risk of HIV infection. Because preexisting vector immunity was
expected to blunt the effectiveness of vaccination, volunteers were
divided into two groups based on their Ad5 antibody titers (less and
above 200). The vaccine consisted of three first-generation repli-
cation defective AdS vectors expressing HIV-1 Gag, Pol, and Nef.
In September 2007, the study was halted as the vaccine was declared
ineffective. More worryingly however, individuals who received the
vaccine were more susceptible to HI'V-1 infection compared to the
placebo arm, this was most significant in vaccinees with high
antibody titers to the vector (2), [Robertson, http://www.hvtn.org/
fem/1107slides/Robertsonfinal.pdf, reviewed in (3, 4)].

There is an urgent need to understand the mechanisms under-
lying the increased HIV infection rate in Ad5-seropositive vacci-
nees to ascertain whether adenoviral or any viral-vector-based
approach may ever be suitable for HI'V vaccination. Natural Ad5
infection occurs via the nasopharynx or gut and replicates in
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epithelial cells of mucosal tissues, inducing mucosal immunity. Thus
we hypothesized that vaccination of individuals immune to AdS
with adenovirus vectors would activate and expand T cells express-
ing a mucosal homing phenotype, and these cells would migrate to
the gut mucosa, increasing the number of permissive HI'V-1 target
cells and the risk of infection.

Results

Adenovirus-Specific Cytokine Responses Do Not Correlate with Ad5
Antibody Titers. To investigate the relationship between AdS
serostatus and Ad-specific cellular immune responses, Ad5 and
Ad11 antibody titers were measured in 20 healthy volunteers (Fig.
2A4). IFN-y ELISPOT was performed on 15 of these donors (Fig.
S1A). In 73.3% (mean response of 103.7 = 30.8 SFCs/10° PBMCs)
and 66.7% (mean response of 98.1 + 46.7) of individuals, there were
responses against Ad5 and Ad11, respectively. For comparison,
responses against inactivated influenza were also measured. All
individuals but one showed influenza-specific IFN-y ELISPOT
responses (mean response of 820.2 + 261.7). To determine whether
Ad5 serostatus is a surrogate for AdS5- or Adl1l-induced IFN-y
production by T lymphocytes, AdS5 and Ad11 IFN-vy responses were
plotted against Ad5 antibody titers (Fig. S1B). We observed no
significant correlations between AdS or Ad11 IFN-y ELISPOT
responses and AdS antibody titers. Furthermore, there was no
correlation between responses generated against AdS and Ad11
(Fig. S1C). To identify which cell populations were responsive to
Ad5 and Ad11, we undertook multiparameter flow cytometric
analysis for the detection of intracellular [FN-vy, IL-2, and TNF-a.
Dendritic cells (DCs) from all 20 donors were pulsed with AdS5,
Ad11, tetanus toxoid, heat-inactivated influenza, or Staphylococcus
enterotoxin B (SEB), and cytokines were measured in lymphocytes.
The majority of the IFN-y response against Ad5 and Ad11 was
mediated by CD8 T cells (means of 0.149 + 0.04 and 0.216 = 0.06%),
respectively) in comparison to CD4 T cells (means of 0.043 =
0.001%, P = 0.043 and 0.058 = 0.01, P = 0.078, respectively) (Fig.
S1D). Similarly, CD8 T cells produced significantly more TNF-« in
response to Ad5 or Ad11 (means of 0.211 * 0.04, P = 0.002 and
0.257 = 0.05, P = 0.016, respectively) (Fig. S1D). In contrast, we
detected no or very little IL-2 production in response to AdS and
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Fig. 1. Ad-induced T-cell expansion correlates with
Ad5 serostatus. (A) CFSE-labeled lymphocytes from 20
individuals were co-cultured for 5 days with Ad5, Ad11,
tetanus toxoid, influenza, or SEB-stimulated DCs. The
mean percentages = SD of proliferating (CFSE low)

800 CD4 (triangles) and CD8 (squares) T cells are shown. (B)
The percentages of proliferating CD4 T cells in re-
sponse to Ad5 stimulation (x axis) were plotted against
those in response to Ad11-pulsed DCs (y axis). Pand R
values were obtained using the spearman correlation
test. (C) The percentages of expanded Ad5, Ad11, tet-
anus toxoid, influenza, and SEB-specific CD4 T cells (y
axis) were plotted against the individuals’ Ad5 anti-
body titers (x axis). Continued and dotted lines repre-
sent the best fit line and 95% confidence intervals
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Ad11 by either CD4 or CD8 cells (means of 0.028 = 0.005, 0.044 =
0.025 and 0.029 = 0.008, 0.033 = 0.008, respectively) (Fig. S1D).
Furthermore, we observed no significant correlation between AdS
serostatus and IL-2 or TNF-a production in response to AdS or
Ad11, while a moderate but statistically significant correlation was
seen between CD4 T-cell IFN-vy production and Ad5 antibody titers
(r = 0.547, P = 0.012, Spearman test) (Fig. S2).

The functional quality of the responding Ad5 and Ad11-specific
CD4 T cells is depicted in Fig. 1E. No significant differences were
found between AdS- and Ad11-responding CD4 T cells in terms of
cytokine profiles with cells predominantly producing TNF-« alone,
or in combination with IFN-vy or IL-2. Cytokine-producing CD8 T
cells exhibited almost identical profiles in response to Ad5 or Ad11.
The majority of responding cells produced IFN-y, TNF-a, or both,
indicating an effector phenotype (Fig. S1E).

Adenovirus-Induced T-Cell Proliferation Correlates with Ad5 Antibody
Titers. We next addressed the ability of Ad vectors to induce T-cell
expansion ex vivo. DCs were pulsed with AdS, Ad11, tetanus toxoid,
influenza, or SEB then co-cultured with autologous CFSE-stained
T cells. Unlike cytokine production, which was mainly mediated by
CDS8 T cells, the majority of proliferating T cells in response to AdS
or Ad11 stimulation were CD4 T cells (means of 2.942 + 0.748, and
2.901 = 0.754%, respectively) in comparison to just 1.360 + 0.275
and 1.213 =+ 0.367 of proliferating (CFSE low) CD8 T cells (Fig. 14
and Fig. S3). No major differences were seen between the percent-
ages of expanded CD4 and CDS8 T lymphocytes in response to
tetanus toxoid and influenza (Fig. 14). We observed a strong
correlation between Ad5 and Ad11-mediated CD4 T-cell prolifer-
ation (Spearman r = 0.8602, P < 0.0001) (Fig. 1B), likely due to
conserved CD4 epitopes in viruses from serogroups C and B. There
was a trend toward a positive correlation between AdS- or Adl11-
induced CD4 T lymphocyte proliferation and Ad5 serostatus (r =
0.404, P = 0.077 and r = 0.598, P = 0.005 respectively) (Fig. 1C) that
was statistically significant when AdS titers >200 were analyzed
(Fig. S4). As expected, CD4 T-cell expansion in response to tetanus
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respectively, whilst R and Pvalues were obtained using

AdS titers the Spearman test.

toxoid, influenza, or SEB was unrelated to the individuals’ Ad5
titers (Fig. 1C).

asfB7 Expression by Expanded Adenovirus-Specific Memory CD4 T
Cells. Lymphocyte migration to gastrointestinal tissues is dependent
on the expression of a heterodimer comprising of oy and B
integrins that bind to MAdCAM-1 on endothelial cells in the
gastrointestinal tract (5-9). We therefore measured expression of
these molecules on expanded CFSE low CD4 T cells co-cultured for
5 days with Ad5, Ad11, second-generation Ad5 vector, influenza,
tetanus toxoid, or SEB-pulsed DCs. Representative profiles are
shown in Fig. S5, whereas Fig. S6 shows the cumulative results from
a total of 14 out of 26 samples (four samples from buffy coats for
which we did not have neutralizing antibody data) that exhibited a
proliferative response against adenovirus stimulation. The majority
of the expanded Ad5-specific CD4 T cells co-expressed a4 and 37
(means of 71.5 = 3.6%) (Fig. S6), whereas undivided cells (CFSE
high) CD4 T cells exhibited minimal expression levels (Fig. S5).
Moreover, stimulation with Ad11 or second-generation Ad5 (n =
4), considered to produce less adenovirus-encoded protein than
first-generation vectors, resulted in a similar expansion of as™ B7+
CD4" T cells (means of 72.1 = 3.3 and 78.8 = 12.2%), respectively).
Results with the second-generation vector suggest that low levels of
newly synthesized adenovirus proteins were not augmenting stim-
ulation. Conversely, CD4 T lymphocytes that proliferated in re-
sponse to un-pulsed or SEB-stimulated DCs showed a higher
expression of ay but not 37 (Fig. S5). Since SEB stimulation results
in proliferation of a heterogeneous population of naive and mem-
ory T cells, while responses against Ad5 or Ad11 would presumably
be mediated by memory CD4 T cells, we repeated the SEB
stimulations using purified memory CD4 T cells (n = 2). In both
samples tested, memory CD4 T cells that proliferated against SEB
resulted in higher expression of a4 but not B; (Fig. S7), indicating
that the lower levels of B7 expression were not skewed by naive
T-cell expansion.

Memory CD4 T lymphocytes that proliferated in response to
influenza exhibited a mean percentage of cell expressing asf37 of
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58.72 + 4.50. Although this was lower than Ad5 or Ad11-induced
a7 expression, it was not statistically significant (Fig. S6). How-
ever, proliferating T cells against tetanus toxoid exhibited signifi-
cantly lower expression levels of asf3; (mean percentage of 41.7 =
5.9) (Fig. S6). Taken together, this suggests that antigens originally
encountered through mucosal surfaces, adenovirus, and influenza,
expanded memory CD4 T cells with a mucosal homing phenotype,
while tetanus toxoid, which most individuals initially encounter as
a systemic intramuscular vaccine, expanded memory CD4 T cells
that are predominantly negative for mucosal homing markers.

Adenovirus-Induced asf7 Increases Correlate with Ad5 Titers. We
next investigated the relationship between increased asf37 expres-
sion by Ad-specific memory CD4 T cells and preexisting Ad5
neutralizing antibodies. For this purpose, we determined the fold
increases in oy 37 expression by total antigen-stimulated CD4 T cells
in relation to background expression levels of unstimulated CD4 T
lymphocytes as the latter varied considerably among the donors
tested (Fig. 2B). We observed a positive correlation between the
fold increases in total CD4 T lymphocytes expressing asf7 in
response to Ad5 or Ad11 and Ad5 antibody titers (P = 0.066 and
P = 0.028, respectively) (Fig. 2C). Conversely, no correlations with
neutralizing antibody to Ad5 were observed when tetanus toxoid or
influenza was used as a stimulus (Fig. 2C). Furthermore, when data
were stratified by AdS titers as per the STEP study (<200 or >200),
individuals with AdS titers >200 showed significantly higher per-
centages of CD4 T cells expressing a4f37 in comparison to donors
with Ad5 titers <200 in response to Ad5 and Ad11 stimulation (P =
0.023, and P = 0.003, respectively) (Fig. 2D). This finding was
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specific to adenoviral challenge as no differences were seen be-
tween the two groups when tetanus toxoid or influenza was used as
a stimulus (Fig. 2D).

To further address the possibility that the observed increases in
o437 expression was an experimental artifact, we plotted 37 fold
increases against the percentages of proliferating cells in response
to the different antigens utilized in this study. As can be seen in Fig.
S8, there was a positive and significant correlation between Ad5-,
Ad11-, and influenza-induced proliferation and 437 expression,
while tetanus toxoid-mediated expansion was unrelated to ouf3;
increases, indicating that expression of these molecules was re-
stricted to AdS5, Ad11, and flu-specific memory CD4 T cells rather
than a non-specific property of proliferating cells.

CCR9 and CCR5 Upregulation in Response to Ad5 and Ad11 Challenge.
Migration to mucosal tissues is also facilitated by the chemokine
receptor CCRY in response to its ligand CCL25 which is constitu-
tively expressed in the small intestine (10, 11). We examined the
levels of CCR9 expression by activated adenoviral-specific memory
CD4 T cells in 4 Ad5 responders by flow cytometry. There were
significantly increased levels of surface CCRY in cells expanded by
stimulation with first- and second-generation Ad5 vectors and Ad11
vectors in comparison to non-proliferating T cells (Fig. 34 and C).
CCRS expression is upregulated by T cells with effector/memory
phenotype and Thl cells (12, 13) and is expressed on gut mucosal
CDA4 T cells (14). As CCRS serves as a co-receptor for HIV-1 entry,
we investigated CCRS expression on expanded adenovirus-specific
memory T cells. CCRS was upregulated on divided CFSE-low CD4
T cells when cultured with first- or second-generation AdS, or
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novirus-specific T cells, increased CCRS expression by CD4 T cells
was seen in response to tetanus toxoid, influenza virus, and SEB
(Fig. S9).
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infection by RS strains of HIV-1 (15, 16), we tested whether these
cells were susceptible to HIV-1 infection. DCs from buffy coats
(n = 4) that showed a proliferative response against AdS were
pulsed with first- or second-generation Ad5 or Adll and co-
cultured with autologous lymphocytes for 3 days; they were then
infected with the R5 virus, HIV-1ga1, for an additional 4 days.
Infection was monitored by intracellular staining for p24 and by
ELISA for p24 in the supernatant. As can be seen in Fig. 4 A and
B, intracellular staining for HIV-1 p24 was significantly higher in
the proliferating CFSE-low CD4 T cells compared to undivided

Fig. 4. HIV-1ga. preferentially infects expanded Ad-
specific CD4 T cells. CFSE-stained lymphocytes were co-

cultured with autologous DCs that were unpulsed or
pulsed with Ad5, Ad11, or second-generartion Ad5 for 3

days. Cells were then cultured in the presence of infec-
tious HIV-1ga. for an additional 4 days. HIV-1 infection of
T helper cells was then measured by intracellular labeling
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culture supernatants by ELISA as indicated in Materials
and Methods. The means are given; error bars, SEM. P
values were obtained using the Mann Whitney U test.
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CFSE-high cells. ELISA showed significantly higher levels of p24 in
adenovirus stimulated cultures (Fig. 4C). Furthermore, we ob-
served similar levels of HIV-1 p24 in culture supernatants from
Ad5- or Adl1-stimulated lymphocytes.

Discussion

Recent reports showed no correlation between AdS serostatus and
AdS5 stimulated cytokine production suggesting that activation of
adenovirus-specific memory cells could not explain the increased
susceptibility to HIV infection in the STEP trial (17-19). We
confirmed these observations as measured by total IFN-y ELIS-
POTS and by flow cytometry and found no correlation between
AdS neutralizing antibody and IL-2 and TNF-«a production. How-
ever, by flow cytometry, we observed a moderate but significant
correlation between IFN-vy secretion by CD4 T cells and AdS
antibody. This discrepancy may reflect the use of antigen-pulsed
DC versus PBMC stimulations.

In contrast to cytokine responses, CD4 T-cell proliferation
stimulated by Ad5 or Ad11 correlated with Ad5 antibody titers,
particularly in individuals with Ad5 neutralizing antibody titers
above 200. In an early study, Chirmule et al. reported an
association between CD4 T-cell proliferation and AdS- neu-
tralizing antibodies in 74 donors (20). We observed a highly
significant association between CD4 T-cell expansion in re-
sponse to Ad5 and Ad11, most likely reflecting conserved CD4
T-cell epitopes across the two sero subgroups (21-23). Given
that there are 51 known human strains of adenovirus, one
might expect most individuals to have encountered at least one
strain and thus CD4 memory T cells from Ad5-seronegative
individuals may be expected to proliferate in response to
conserved epitopes on AdS. Although we do not have data to
explain this observation it could be due to differences in
immunodominance hierarchy such that conserved epitopes
may not be the most immunodominant in all strains of
adenovirus. This would also be influenced by HLA composi-
tion. Also of relevance to this question are observations of
clear differences between Ad5-seronegative subjects (who may
be seropositive for other Ad subtypes) and donors with
preexisting Ad5 immunity with regards to NF-«kB and cell
death pathways and IRF1/IRF1-binding sites as revealed by
gene microarrays. In addition, the finding of higher levels of
activated CD4 T cells in AdS-seropositive than in Ad5-seronegative
individuals who received the saline placebo in the STEP trial (24,
Zak et al., www.hivvaccineenterprise.org/conference/archive/2008/
Presentations/Wednesday/Oral%20Abstract%2009/1330%20
DE%20Zak.pdf),* indicates possible genetic characteristics that are
specific for AdS-seropositive individuals.

We show that memory CD4 T cells expanded by adenovirus
stimulation exhibited elevated expression of the gut-homing mol-
ecules asf37 and CCR9 with expression of auf37 being significantly
higher in individuals with AdS antibody titers greater than 200.
There is no commercially available antibody that recognizes this
dimer in humans, and we therefore used separate antibodies against
the two subunits. However, the (7 integrin is only known to
dimerize with a4 or ag subunits, both of which have been associated
with T-cell trafficking or retention in mucosal sites (8, 25), and thus
our approach should identify mucosal homing cells.

In the current investigation, we also show that Ad5 or Adl1
re-stimulated memory CD4 T cells are more susceptible to HIV-1
infection than unstimulated cells. HI'V-1 preferentially replicates in
activated T cells (26), and therefore, CD4 T cells activated in vitro
to any antigen could be infected by HIV. However, our key
observation with respect to the STEP trial is that Ad5-activated
memory cells would home to mucosal tissue, the site of HIV
transmission. In a recent study by Fauci’s group (27), it has been

*Zak DE, AIDS Vaccine 2008, October 18, 2008, Cape Town, South Africa.
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shown that the o437 receptor binds to HIV-1 gp120 and may serve
as a co-receptor for HIV-1 uptake. Thus, it is plausible that the
increased expression of a4f3; by re-challenged Ad5 memory CD4 T
cells may have contributed toward their increased susceptibility to
HIV-1 infection.

Other hypotheses have been put forward to explain the STEP
trial outcome, including a report from Perreau et al. demonstrating
in in vitro studies that Ad5 immune complexes activate DCs that in
turn would promote AdS-specific CD4 T-cell activation and a
higher susceptibility to HIV-1 infection (28). However, vaccine
recipients who were AdS-seronegative at baseline would have
developed anti Ad5 neutralizing antibodies after the first immuni-
zation. Since the majority of volunteers in the STEP study received
all three immunizations, all vaccinees would have become Ad5-
seropositive regardless of their baseline serostatus and shown
increased rates of HIV infection.

In the Merck vaccine trial individuals with neutralizing Ad5
antibody titers of less than 18 showed no increase in infection
rates compared with the placebo group (2, Robertson, http://
www.hvtn.org/fgm/1107slides/Robertsonfinal.pdf). Given that in
the vaccine group these individuals would have been expected to
become strongly AdS-positive after three intramuscular vacci-
nations, why did they not show increase risk of infection?
Naturally acquired adenovirus replicates in epithelial cells in
mucosal tissue and would induce CD4 T cells that home to the
site of infection. On re-exposure to adenovirus, expansion and
activation of a mucosal homing CD4 memory population would
occur, increasing in the number of potential target cells at the
site of infection and increasing the incidence of infection. The
vaccine was given by intramuscular injection and in individuals
with very low or no immunity to adenovirus, this would lead to
the generation of activated CD4 cells that are susceptible to
HIV-1 infection but which do not home to mucosal tissue and
thus should not increase the risk of infection. Thus a testable
prediction of this hypothesis is that in vitro stimulation with
adenovirus vectors of PBMCs from vaccinated individuals who
had no preexisting neutralizing antibodies for Ad5 would cause
expansion of CD4 T cells expressing low levels of mucosal
homing markers. Interestingly in vaccines, Ad5-specific memory
CD4 T cells were found to exhibit lower levels of a4B7 in
individuals seronegative for AdS at baseline compared to those
that were Ad5-seropositive before vaccination (18). Immuno-
logical analysis of the STEP trial showed that the percentage of
activated adenovirus-specific CD4 T cells in the blood was lower
in the group with preexisting immunity to Ad5 (19; Robertson,
CROI 2008, http://www.retroconference.org/2008/data/files/
retro2008_frameset.html) and may reflect recruitment of Ad5-
specific mucosal CD4 T cells to mucosal tissues, as suggested by
this study. Antigen-induced CD4 T-cell activation is transient
and fades as the antigen disappears; however, there was in-
creased susceptibility to infection in the Ad-seropositive group
for several months. This may reflect known persistence of
adenovirus, which is reported to last for several years, thus
causing more prolonged stimulation (29). Additionally, Tatsis et
al. demonstrated that replication-incompetent Ad5 vectors, such
as the one used in the STEP trial, persist over a year in vaccinated
mice (30).

Finally, our data also suggests that because there are conserved
CD4 epitopes in different adenovirus serotypes, the Ad vaccination
problem may not be overcome by vectors derived from rarer
serotypes. As proposed above, analysis of the mucosal homing
phenotype of AdS vaccinated, AdS-seronegative and -seropositive
individuals may provide further relevant data. Our findings suggest
a cautious approach in the development of adenovirus virus vector
vaccines for HIV.

Benlahrech et al.
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Materials and Methods

A detailed description of materials and methods is given in the SI Materials and
Methods but is briefly as follows:

Vectors and Virus Neutralizing Antibody. First-generation E1- and E3-deleted
Ad5, E1-deleted Ad11, and less “leaky” second generation E1-, E3-, polymerase-,
and pTP-deleted Ad5 vectors all carrying the gene for green fluorescent protein
(GFP) were propagated in packaging cell lines and purified by CsCl gradient
centrifugation. Titers of neutralizing antibody to Ad5 and Ad 11 were determined
in 20 healthy volunteers by adding vectors [1,000 virus particles (vp)/cell] treated
with doubling dilutions of serum for 30 min to A549 cells and assessing infection
after 48 h.

Proliferation of Ad-Specific Memory T Cells. Monocytes were isolated from the
blood of healthy volunteers with CD14 immunomagnetic beads and used to
generate DCs by culture with GM-CSF and IL-4. After 7 days, DCs were pulsed with
2,500 vp/cell of first-generation Ad5 or second-generation Ad5 or Ad11 vectors
and co-cultured with carboxyfluorescein succinimidyl ester (CFSE)-labeled autol-
ogous lymphocytes for 5 days. At the end of culture, cells were labeled with
fluorescently labeled antibodies to CD3, CD4, CD8, CD11¢, CD195 (CCR5), CD49d
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(), Bz, and CCRY and analyzed by flow cytometry. Responses to other antigens
including tetanus toxoid, influenza and the super antigen SEB were also assessed.
Susceptibility to HIV infection was determined by culturing CFSE-labeled lympho-
cytes cells with Ad vector-pulsed DCs for 3 days, infecting with HIV-1 g4, and
culturing for a further 4-7 days. Cells were then labeled for cell surface antigens,
fixed, stained for HIV p24, and analyzed by flow cytometry. Supernatant was
analyzed for p24 by ELISA.

Cytokine Analysis. DCs were pulsed for 3 h with Ad vectors or other antigens
described above, matured with LPS for 3 h, and co-cultured with autologous
lymphocytes for 24 h. Brefeldin A was added for the last 16 h and then cells were
fixed, labeled for IFN-v, IL-2, or TNF-, and analyzed by flow cytometry using the
gating strategy indicated in Fig. S10. Antigen-pulsed, DC-stimulated cells were
also analyzed for IFN-y secretion by ELISPOT.
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