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Not Induce Measurable Vector-Specific T Cells in Human Trials�
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The magnitude and character of adenovirus serotype 5 (Ad5)-specific T cells were determined in volunteers
with and without preexisting neutralizing antibodies (NAs) to Ad5 who received replication-defective Ad5
(rAd5)-based human immunodeficiency virus vaccines. There was no correlation between T-cell responses and
NAs to Ad5. There was no increase in magnitude or activation state of Ad5-specific CD4� T cells at time points
where antibodies to Ad5 and T-cell responses to the recombinant gene products could be measured. These data
indicate that rAd5-based vaccines containing deletions in the E1, E3, and E4 regions do not induce appreciable
expansion of vector-specific CD4� T cells.

Replication-defective adenoviruses (rAd) have been engi-
neered to provide high levels of expression of foreign inserts
with minimum expression of adenovirus proteins, making them
excellent candidates for vaccine and gene therapy applications
(3, 16). Despite promising immunogenicity, a prophylactic vac-
cine trial of a serotype 5 rAd (rAd5) vector expressing human
immunodeficiency virus (HIV) Gag, Pol, and Nef genes (Step
trial) was recently halted due to an increase in HIV infections
among volunteers who had preexisting neutralizing antibodies
(NAs) to Ad5 (7). This finding raises the possibility that the
presence of Ad5-specific T-cell responses (specifically CD4�

T-cell responses) in subjects with preexisting Ad5 NAs could
be boosted by rAd5 vaccines, thereby providing an expanded
susceptible target cell population that could be more easily
infected by HIV. If this mechanism were operative, it would
have broad implications for the future use of rAd viruses, and
indeed other virus vectors, as vaccines or therapeutic agents
within HIV-susceptible populations (2, 12, 15). We therefore
measured the frequency, magnitude, and activation status of
rAd5-specific T cells in HIV-uninfected volunteers who had
received rAd5-based HIV vaccines in the presence or absence
of preexisting NAs to Ad5.

We studied 31 volunteers enrolled in two NIAID Institu-
tional Review Board-approved phase I clinical trials of rAd5-
based HIV vaccines. VRC 006 was a dose escalation study
evaluating a single inoculation of a rAd5 mixture expressing
EnvA, EnvB, EnvC, and fusion protein Gag/PolB at 109, 1010,
and 1011 total particle units (10). VRC 008 evaluated DNA
priming by needle and syringe or Biojector, followed by rAd5
boosting. Both studies enrolled healthy, HIV-uninfected
adults; used the same rAd5 products; and evaluated immuno-
genicity on the day of and 4 weeks after rAd5 immunization.

Both of these trials involved rAd5 products that contained
deletions in the E1, E3, and E4 regions (8, 10).

NAs to Ad5 were determined for all volunteers as previously
described (19). A 90% NA titer of 12 or more was considered
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TABLE 1. Ad5 serostatus before and after vaccination

Volunteer Prior DNA
immunization

rAd5 dose
(PUa)

Ad5 NA titer

Prevaccine Postvaccine

1 No 1011 �12 739
2 No 1011 �12 834
3 No 1011 �12 4,787
4 No 1011 �12 806
5 No 1011 �12 1,033
6 No 1010 �12 130
7 No 1010 �12 1,354
8 Yes 1010 �12 1,387
9 Yes 1010 �12 575
10 Yes 1010 �12 170

11 Yes 1010 �12 �8,748
12 Yes 1010 �12 �12
13 No 1011 30 �8,748
14 No 109 46 �8,748
15 No 109 70 328
16 No 1010 176 �8,748
17 No 1010 478 6,198
18 No 109 2,472 �8,748
19 No 109 3,502 �8,748
20 No 1010 4,820 �8,748

21 No 109 5,078 �8,748
22 No 1011 6,162 �8,748
23 No 109 �8,748 �8,748
24 No 1011 �8,748 �8,748
25 Yes 1010 643 �8,748
26 Yes 1010 942 �8,748
27 Yes 1010 1,510 �8,748
28 Yes 1010 1,611 �8,748
29 Yes 1010 2,934 �8,748
30 Yes 1010 �8,748 �8,748
31 Yes 1010 �8,748 �8,748

a PU, particle units.
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positive and taken as evidence of preexisting humoral immu-
nity to Ad5. Volunteers were chosen for assessment of Ad5-
specific T-cell responses based upon the availability of periph-
eral blood mononuclear cell samples at key time points and the
presence or absence of preexisting NAs to Ad5. Only volun-
teers who received the vaccine (not the placebo) were in-

cluded. Table 1 lists the volunteers who were tested for Ad5-
specific T-cell responses and their NA titers to Ad5 before and
after rAd5 vaccination. All volunteers, except for one (volun-
teer 12) who had a less-than-maximum NA titer to Ad5 before
vaccination, had an increase in titer by 4 weeks after vaccina-
tion, indicating the successful “take” of the rAd5-based vac-
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FIG. 1. CD4� and CD8� T-cell responses to Ad5. (A) Gating tree used to determine antigen-specific T-cell frequencies. Single CD3� ViViD�

CD14� CD19� cells were gated on CD4 or CD8 cells. Naïve CD27� CD45RO� cells were gated out, and the frequency of cells expressing gamma
interferon (IFNg) and/or interleukin-2 (IL2) was determined. FSC-A, forward scatter area; FSC-H, forward scatter height; SSC-A, side scatter
area. (B) Frequencies of CD4� and CD8� T-cell responses after stimulation with Ad5 hexon or E2A peptides were plotted against the
prevaccination Ad5 NA titer. The prevaccine T-cell response was used. (C) Frequencies of CD4� and CD8� T-cell responses to Ad5 hexon, E2A,
and HIV EnvA before and 4 weeks after rAd5 vaccination are shown for subjects with (Ad5 NA titer of �12) and without (Ad5 NA titer of �12)
preexisting NAs to Ad5. Boxed areas represent interquartile ranges, and horizontal lines represent medians.
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cine. There was no correlation between rAd5 dose and in-
crease in Ad5 NA titer.

HIV-specific T-cell responses were measured by multipa-
rameter flow cytometry after 6 h of stimulation with peptides
(15-mers overlapping by 11) corresponding to the HIV EnvA
protein (one of the vaccine inserts expressed in the Ad5 vec-
tors), as previously described (13). Overlapping peptides cor-
responding to the major Ad5 surface protein (hexon), the Ad5
early regulatory protein (E2A), and Ad5 ORF1, -2, and -3
proteins were used to assess Ad5-specific T-cell responses, and
additional markers of cell viability (ViViD), T-cell memory
(CD45RO and CD27), and activation/division (CCR5, CD38,
HLA-DR, and Ki67) were added to the panel for these assess-

ments. Antibodies and fluorochromes used in this panel were
CCR5–Cy7-phycoerythrin (PE), CD38-allophycocyanin, Ki67-
fluorescein isothiocyanate, and CD3–Cy7-allophycocyanin, all
from BD PharMingen; CD8–Cy55-PE from BD Biosciences;
CD27–Cy5-PE and CD45RO–Texas Red-PE, both from Beck-
man Coulter; CD4–Cy5.5-PE from Caltag; CD14- and CD19-
PacificBlue, CD57-QDot545, and HLA-DR–Alexa680, conju-
gated according to standard protocols [http://drmr.com/abcon
/index.html]); gamma interferon-PE and interleukin-2–PE
from BD Biosciences; and a violet amine dye from Invitrogen.
Cells were analyzed on an LSRII instrument (Becton Dickin-
son), and data analysis was performed using FlowJo, version
8.1.1 (TreeStar). The gating strategy is shown in Fig. 1A.
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FIG. 2. Vaccine-induced activation of Ad5-specific CD4� T cells. (A) Total CD4� memory cells or Ad5-specific CD4� memory cells (as gated
in Fig. 1A) were further defined by expression of Ki67, CD38, CCR5, and HLA-DR. (B) Percentages of Ad5 hexon-specific cells, E2A-specific cells,
or total memory CD4� T cells that express CCR5, CD38, HLA-DR, or Ki67 before and 4 weeks after rAd5 vaccination are shown for subjects with
(Ad5 NA titer of �12) (left) and without (Ad5 NA titer of �12) (right) preexisting NAs to Ad5. The phenotype was assessed only for those
responders for whom at least 10 cytokine-positive events were counted. None of the comparisons of pre- and postvaccination marker expression
were significant at a P value of 0.02 by paired t test. Boxed areas represent interquartile ranges, and horizontal lines represent medians.
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Previously, we had found no T-cell responses to Ad5 ORF1,
-2, or -3, so data from these antigen stimulations are not
shown. As shown in Fig. 1B, T-cell responses to Ad5 hexon and
E2A were detected, but there was no association between the
NA response to Ad5 and the T-cell responses to these Ad5
proteins. Volunteers with an absence of NAs to Ad5 often had
very strong CD4� and CD8� T-cell responses to Ad5 proteins.
This probably reflects the degree of protein sequence homol-
ogy between different adenovirus serotypes (11) and suggests
that T-cell responses to adenoviruses may be significantly
cross-reactive, while NAs are serotype specific. It also indicates
that the NA response to Ad5 cannot be used as a surrogate for
either a CD4� or a CD8� T-cell response to that adenovirus
serotype.

We next asked whether Ad5-specific T-cell responses were
boosted by a single rAd5 vaccination in subjects with or with-
out preexisting NAs to Ad5. At the time point 4 weeks after
vaccination, there was clear evidence of boosting of the insert-
specific (EnvA) CD4� and CD8� T-cell responses in volun-
teers with and without preexisting NAs to Ad5 (Fig. 1C). The
results of the Ad5-specific responses were consistent across
volunteers who had received prior DNA immunization (VRC
008) and those who had not (VRC 006), so the results are
combined in Fig. 1C and show no increase in Ad5 hexon- or
E2A-specific CD4� T-cell responses after rAd5 immunization
irrespective of Ad5 NA status. There was evidence of an in-
crease in the CD8� T-cell response to Ad5 hexon (P � 0.004
by paired t test), but not that to E2A, after rAd5 vaccination.
These results, while showing evidence of adenovirus-specific
CD8� T-cell boosting by rAd5 vaccination, do not indicate an
expansion of Ad5-specific CD4� T cells that could serve as a
substrate for HIV infection in subjects with or without NAs
to Ad5.

Having failed to demonstrate an expansion of Ad5-specific
CD4� T cells after vaccination, we assessed whether the acti-
vation profile of the unexpanded Ad5-specific CD4� T cells
was changed by vaccination. The gating tree is shown in Fig.
2A. Ad5 hexon- and E2A-specific CD4� T cells expressed
activation markers CCR5, CD38, and HLA-DR and a marker
of recent cell division, Ki67, more frequently than did total
memory CD4� T cells (Fig. 2B). However, none of these
markers were significantly increased on total or Ad5-specific
CD4� T cells after vaccination in volunteers with or without
preexisting NAs to Ad5.

Expansion of Ad5-specific T cells after rAd5-based vaccina-
tion or gene therapy has been reported by others (14, 20, 21).
Those studies evaluated Ad5-specific responses to rAd5 vec-
tors with only the adenovirus E1 gene deleted (as used in the
Step trial vaccines). The vectors used here contained deletions
of the adenovirus E1, E3, and E4 genes (8, 10). While adeno-
virus gene deletions can render the vectors replication defec-
tive (6, 9), they do not necessarily completely shut off all
adenovirus protein expression (20, 21). To demonstrate the
importance of E4 deletions in limiting expression of adenovi-
rus gene products, we measured the level of adenovirus protein
synthesis in infected A549 cells as previously described (1, 4,
5). Cells were infected with adenovirus vectors with E1 and E3
deletions or with E1, E3, and E4 deletions at the same multi-
plicity of infection (10 focus-forming units per cell). At 24 h
postinfection, [35S]methionine was added for 1 h. Levels of

total and adenovirus protein synthesis in the infected and
mock-infected cells were compared (Fig. 3). Adenovirus early
protein single-stranded DNA binding protein, as well as late
gene products hexon, penton, and fiber, was immunoprecipi-
tated, fractionated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis, and resolved by autoradiography. The re-
sults show that the amount of newly synthesized adenovirus
proteins in cells infected with adenovirus with E1, E3, and E4
deletions is significantly lower than that for an adenovirus
vector with E1 and E3 deletions. Therefore, our inability to
detect a vaccine-induced increase in the frequency and char-
acter of the Ad5-specific T-cell response could relate to the
very low levels of adenovirus proteins that were probably
expressed in vivo by the rAd5 vectors with multiple dele-
tions.

We were therefore unable to demonstrate (i) that Ad5-
specific CD4� T cells were restricted to subjects with preexist-
ing Ad5 NAs, (ii) that rAd5 vaccination expanded or increased
the activation of Ad5-specific CD4� T cells, or (iii) that there
was a substantial effect on the magnitude or character of the
Ad5-specific CD4� T-cell response to vaccination based upon
preexisting NAs to Ad5. While the kinetics of Ad5-specific
T-cell responses after rAd5-based vaccination are not known,
it is clear that insert-specific responses are increased at 4 weeks
after vaccination and subsequently contract (10). It is therefore
reasonable to assume that if Ad5-specific responses were sim-
ilarly affected, they would be detected at the 4-week-postvac-
cination time point.

It is possible that rAd5 vaccines expand a preexisting muco-
sal T-cell response to Ad5 that is not reflected within the
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FIG. 3. Ad5 protein expression in vitro after infection with differ-
ent Ad5 vectors. A549 cells were infected with adenovirus vectors with
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onine labeled, and levels of total and adenovirus protein synthesis in
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dodecyl sulfate-polyacrylamide gel electrophoresis and autoradiogra-
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blood. While we do not have mucosal samples from our vac-
cine volunteers to directly address this possibility, it is likely
that expansion of a mucosal response would be reflected to
some degree within the blood.

The mechanism underlying the increase in HIV infections in
vaccinees with NAs to Ad5 in the Step trial is yet to be deter-
mined (2, 7, 12, 15, 17). Confounding factors and alternative
hypotheses have recently been proposed to account for the
increased acquisition (7, 12, 15, 18). Until there is a better
understanding of the processes involved, future studies of
rAd5-based products should proceed with appropriate safety
considerations and monitoring of adenovirus-specific re-
sponses. In addition, the use of vaccine regimens involving
single injections of vectors with multiple deletions may help
mitigate risk.
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