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The high prevalence of pre-existing immunity to adenovirus serotype 5 (Ad5) in human populations may substantially limit the
immunogenicity and clinical utility of recombinant Ad5 vector-based vaccines for HIV-1 and other pathogens. A potential solution
to this problem is to use vaccine vectors derived from adenovirus (Ad) serotypes that are rare in humans, such as Ad35. However,
cross-reactive immune responses between heterologous Ad serotypes have been described and could prove a major limitation of
this strategy. In particular, the extent of immunologic cross-reactivity between Ad5 and Ad35 has not previously been determined.
In this study we investigate the impact of pre-existing anti-Ad5 immunity on the immunogenicity of candidate rAd5 and rAd35
vaccines expressing SIV Gag in mice. Anti-Ad5 immunity at levels typically found in humans dramatically blunted the immu-
nogenicity of rAd5-Gag. In contrast, even high levels of anti-Ad5 immunity did not substantially suppress Gag-specific cellular
immune responses elicited by rAd35-Gag. Low levels of cross-reactive Ad5/Ad35-specific CD4� T lymphocyte responses were
observed, but were insufficient to suppress vaccine immunogenicity. These data demonstrate the potential utility of Ad35 as a
candidate vaccine vector that is minimally suppressed by anti-Ad5 immunity. Moreover, these studies suggest that using Ad
vectors derived from immunologically distinct serotypes may be an effective and general strategy to overcome the suppressive
effects of pre-existing anti-Ad immunity. The Journal of Immunology, 2004, 172: 6290–6297.

R ecombinant adenovirus serotype 5 (rAd5)3 vector-based
vaccines have been shown to elicit high frequency cel-
lular immune responses in animal models (1, 2). Candi-

date rAd5 vaccines for HIV-1 and other pathogens are therefore
being advanced into large-scale clinical trials (3). A major limita-
tion of this approach, however, is that the majority of the human
population has pre-existing immunity to the Ad5 vector as a result
of natural exposure. Such pre-existing antivector immunity may
substantially reduce the immunogenicity and clinical utility of
rAd5 vaccines. In fact, anti-Ad5 immunity has already been dem-
onstrated to suppress the immunogenicity of rAd5 vaccines in
studies in mice (4, 5), rhesus monkeys (6), and humans in early
phase 1 clinical trials (7).

The development of adenovirus (Ad) vaccine vectors that elicit
potent Ag-specific immune responses, but are not inhibited by pre-

existing anti-Ad5 immunity, is therefore an important research pri-
ority. One strategy involves the development of Ad vectors from
species other than humans (8, 9). For example, chimpanzee Ads
are currently being developed as candidate vaccine vectors that are
only marginally affected by anti-Ad5 immunity (10, 11). However,
nonhuman Ads may pose significant regulatory challenges as a
result of their unknown clinical disease associations in humans.

Another strategy involves the development of vaccine vectors
from rare human Ad serotypes (12–15), but cross-reactive antivec-
tor immune responses between heterologous serotypes have been
reported and could prove a major limitation of this approach (16).
Ad35 is one of the rarest of the 51 known human serotypes, with
a seroprevalence of �7%, and thus may offer a significant advan-
tage over Ad5 as a candidate vaccine vector (15). However, the
immunogenicity of rAd35 vaccines and the extent of immunologic
cross-reactivity between Ad5 and Ad35 have not previously been
determined. We therefore investigated the impact of anti-Ad5 im-
munity on the immunogenicity of rAd5 and rAd35 vaccines ex-
pressing SIV Gag in mice.

Materials and Methods
Ad5 and Ad35 vector construction, production, and purification

E1/E3-deleted, replication-incompetent Ad5 or Ad35 vectors were gener-
ated in PER.C6/55K cells using pBR322-based adaptor plasmid pAdApt
or pAdApt535 together with cosmid pWE.Ad.AfllII-rITR�E3 or
pWE.Ad35.pIX-rITR�E3 essentially as previously described (17, 18). The
adaptor plasmids contained the left portion of the Ad genomes (nt 1–454
in Ad5 or nt 1–464 in Ad35), followed by transcriptional control elements
and the adaptor Ad DNA region (nt 3511–6095 in Ad5 or nt 3401–4669
in Ad35). The SIVmac239 gag gene optimized for high levels of expres-
sion in mammalian cells (GeneART, Regensburg, Germany) was cloned
into the expression cassette in the adaptor plasmids. The resulting pAdApt-
Gag and pAdApt535-Gag plasmids expressed the SIVmac239 gag gene
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under transcriptional control of the human, full-length, immediate-early
CMV promoter and the SV40 polyadenylation signal. These plasmids were
linearized and transfected into PER.C6/55K cells together with the cosmid
pWE.Ad.AfllII-rITR�E3 or pWE.Ad35.pIX-rITR�E3 containing the right
portion of the Ad genomes using Lipofectamine (Invitrogen, Breda, The
Netherlands). Homologous recombination led to the generation of rAd5-
Gag or rAd35-Gag virus. Ad vectors in crude lysates were plaque-purified
using limiting dilutions and agar overlays, and Ad vector clones were
analyzed for presence and expression of the transgene. Positive clones were
amplified for large-scale production using PER.C6/55K cells in 24–48
triple-layer 3 � 175-cm2 flasks. Stock viruses were purified by standard
two-step CsCl gradient ultracentrifugation and dialyzed three times into
PBS containing 5% sucrose. Purified Ad vectors were aliquoted and stored
at �80°C. Virus particle (vp) titers were determined by HPLC. Infectivity
was assessed by plaque assays using PER.C6/55K cells. SIV Gag expres-
sion was assessed by infection of A549 cells, followed by analysis of
culture lysates using a commercial Gag ELISA kit (Murex Biotech,
Dartford, U.K.). Purified rAd5-Gag and rAd35-Gag vectors were negative
in replication-competent Ad assays. Replication-incompetent rAd5-
luciferase, rAd35-luciferase, rAd5-empty, and rAd35-empty vectors were
produced using similar methods.

Mice and immunizations

Six- to 8-wk-old C57/BL6 or BALB/c mice were purchased from Charles
River Laboratories (Wilmington, MA). For rAd5 or rAd35 immunizations,
mice were injected i.m. with 106–1010 vp replication-incompetent E1/E3-
deleted rAd5 or rAd35 expressing SIVmac239 Gag in 100 �l of sterile PBS
in the quadriceps muscles. For DNA immunizations, mice were injected
i.m. with 50 �g of plasmid VRC-4307 expressing SIVmac239 Gag-Pol-
Nef (Vaccine Research Center, National Institutes of Health, Bethesda,
MD) in 100 �l of sterile saline. For rMVA immunizations, mice were
injected i.p. with 108 PFU of rMVA-T338 expressing SIVmac239 Gag in
100 �l of sterile PBS (Therion Biologics, Cambridge, MA). To induce
active anti-Ad5 immunity, mice were preimmunized once or twice, sepa-
rated by a 4-wk interval, i.m. with 1010 vp of rAd5-empty containing no
insert in 100 �l of sterile PBS.

Gag-specific ELISPOT

Gag-specific cellular immune responses were assessed by IFN-� ELISPOT
assays using murine splenocytes in response to individual Gag epitope
peptides or a pool of overlapping 15-aa peptides covering the entire SIV-
mac239 Gag protein. Ninety-six-well multiscreen plates (Millipore, Bed-
ford, MA) coated overnight with 100 �l/well of 10 �g/ml rat anti-mouse
IFN-� (PharMingen, San Diego, CA) in PBS were washed three times with
endotoxin-free Dulbecco’s PBS (Life Technologies, Gaithersburg, MD)
containing 0.25% Tween 20 and blocked with PBS containing 5% FBS for
2 h at 37°C. The plates were washed three times with Dulbecco’s PBS
containing 0.25% Tween 20, rinsed with RPMI 1640 containing 10% FBS,
and incubated in triplicate with 2 � 105 or 5 � 105 splenocytes/well in a
100-�l reaction volume containing 1 �g/ml peptide. For studies using the
Gag peptide pool, each peptide in the pool was present at 1 �g/ml. After
an 18-h incubation, the plates were washed nine times with Dulbecco’s
PBS containing 0.25% Tween 20 and once with distilled water. The plates
were then incubated for 2 h with 75 �l/well of 5 �g/ml biotinylated rat
anti-mouse IFN-� (BD PharMingen), washed six times with Coulter Wash
(Coulter, Miami, FL), and incubated for 2 h with a 1/500 dilution of
streptavidin-alkaline phosphatase (Southern Biotechnology Associates,
Birmingham, AL). After five washes with Coulter Wash and one wash with
PBS, the plates were developed with nitro blue tetrazolium/5-bromo-4-
chloro-3-indolyl-phosphate chromogen (Pierce, Rockford, IL), develop-
ment was stopped by washing with tap water, and plates were air-dried and
read using an ELISPOT reader (Hitech Instruments, Edgement, PA). For
depletion studies, splenocytes were incubated with magnetic microbeads
coated with anti-CD4 (L3T4) or anti-CD8 (Ly-2) mAbs (Miltenyi Biotec,
Auburn, CA) and separated using MiniMACS columns before performing
the ELISPOT assay. Cell depletions were �95% efficient.

Gag-specific ELISA

Serum anti-Gag Ab titers from immunized mice were measured by a direct
ELISA. Ninety-six-well plates coated overnight with 100 �l/well of 1
�g/ml recombinant SIV Gag protein (Intracel, Cambridge, MA) in PBS
were blocked for 2 h with PBS containing 2% BSA and 0.05% Tween 20.
Sera were then added in serial dilutions and incubated for 1 h. The plates
were washed three times with PBS containing 0.05% Tween 20 and incu-
bated for 1 h with a 1/2000 dilution of a peroxidase-conjugated, affinity-
purified, rabbit anti-mouse secondary Ab (The Jackson Laboratory, Bar
Harbor, ME). The plates were then washed three times, developed with

tetramethylbenzidine (Kirkegaard & Perry Laboratories, Gaithersburg,
MD), stopped with 1% HCl, and analyzed at 450 nm with an MR5000
ELISA plate reader (Dynatech Laboratories, Chantilly, VA).

AL11-specific tetramer binding assays

Tetrameric H-2Db complexes folded around the immunodominant SIV
Gag AL11 epitope (AAVKNWMTQTL) were prepared and used to stain
peptide-specific CD8� T lymphocytes essentially as previously described
(4, 19). Mouse blood was collected in RPMI 1640 containing 40 U/ml
heparin. After lysis of the RBCs, 0.1 �g of PE-labeled Db/AL11 tetramer
in conjunction with allophycocyanin-labeled anti-CD8� mAb (Ly-2;
Caltag Laboratories, San Francisco, CA) was used to stain AL11-specific
CD8� T lymphocytes. The cells were washed in PBS containing 2% FBS
and fixed in 0.5 ml of PBS containing 1.5% paraformaldehyde. Samples
were analyzed by two-color flow cytometry on a FACSCalibur (BD Bio-
sciences, Mountain View, CA). Gated CD8� T lymphocytes were exam-
ined for staining with the Db/AL11 tetramer. CD8� T lymphocytes from
naive mice were used as negative controls and exhibited �0.1% tetramer
staining.

Ad-specific ELISPOT

Ad5- or Ad35-specific cellular immune responses were assessed by IFN-�
ELISPOT assays using murine splenocytes from C57/BL6 mice in re-
sponse to Ad5- or Ad35-infected syngeneic BLK CL4 stimulator cells
(ATCC TIB-81; American Type Culture Collection, Manassas, VA) es-
sentially as previously described (15). BLK CL4 cells were plated at a
density of 1 � 106 cells/well in a six-well plate and infected with E1/E3-
deleted rAd5-empty or rAd35-empty at a multiplicity of infection of 2 �
104 for 3 days. ELISPOT assays using splenocytes from immunized C57/
BL6 mice were then performed as described above, using 5 � 105 spleno-
cytes and 1 � 105 Ad-infected BLK CL4 stimulator cells/well in place of
peptide Ags. For negative controls, splenocytes were incubated with un-
infected BLK CL4 cells or medium alone.

Ad-specific neutralizing Ab assay

Ad5- or Ad35-specific neutralizing Ab (NAb) responses were assessed by
luciferase-based virus neutralization assays essentially as previously de-
scribed (20). A549 human lung carcinoma cells were plated at a density of
1 � 104 cells/well in 96-well plates. E1/E3-deleted rAd5-luciferase or
rAd35-luciferase reporter constructs were then added at a multiplicity of
infection of 500 with 2-fold serial dilutions of serum in 200-�l reaction
volumes. After a 24-h incubation, luciferase activity in the cells was mea-
sured using the Steady-Glo Luciferase Reagent System (Promega, Madi-
son, WI). Ninety percent neutralization titers were defined as the maximum
serum dilution that neutralized 90% of luciferase activity.

Ad-specific cellular proliferation assay

Ad5- or Ad35-specific CD4� cellular proliferative responses were assessed
by [3H]thymidine incorporation assays. Splenocytes from immunized mice
were depleted of CD8� T cells using anti-CD8 (Ly-2)-coated magnetic
microbeads (Miltenyi Biotec, Auburn, CA). Cell depletions were �95%
efficient. CD8-depleted splenocytes were then resuspended at 4 � 106

cells/ml in RPMI 1640 containing 5% FBS. One hundred microliters was
added to each well in 96-well plates with 108 vp of rAd5-empty, 108 vp of
rAd35-empty, or medium alone. After 4 days of culture, 1 �Ci of [3H]thy-
midine (ICN Biochemicals, Costa Mesa, CA) was added to each well. After
a 16-h incubation, cells were harvested on glass filter paper, and radioac-
tivity was measured in a 1450 Microbeta liquid scintillation counter (Wal-
lac, Gaithersburg, MD). The stimulation index was calculated as: (cpm
with Ag stimulation)/(background cpm without Ag).

Statistical analyses

ELISPOT and tetramer data are presented as the mean and SE. Statistical
analyses were performed with PRISM version 2.01 (GraphPad, San Diego,
CA). Comparisons of mean ELISPOT responses among groups of mice
were performed by two-tailed t tests for two groups of animals or by
ANOVA for more than two groups. Bonferroni adjustments were included
when appropriate to account for multiple comparisons. In all cases, p �
0.05 was considered significant.

Results
Immunogenicity of rAd5-Gag and rAd35-Gag in naive mice

We initiated studies to determine the immunogenicity of E1/E3-
deleted, replication-incompetent rAd5-Gag and rAd35-Gag vac-
cines in naive mice. Groups of BALB/c and C57/BL6 mice (n �
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4/group) were immunized once i.m. with 1010 or 108 vp of each
vector. Vaccine-elicited cellular immune responses were assessed
by ELISPOT assays using a pool of 15-aa peptides overlapping by
11 aa covering the entire SIV Gag protein. Vaccine-elicited hu-
moral immune responses were assessed by Gag-specific ELISAs.

As shown in Fig. 1, both rAd5-Gag and rAd35-Gag elicited only
marginal SIV Gag-specific cellular immune responses in BALB/c
mice. In contrast, both vectors at a dose of 1010 vp elicited rapid
and potent ELISPOT responses by 2 wk after vaccination in C57/
BL6 mice. At the dose of 108 vp, SIV Gag-specific cellular im-
mune responses elicited by rAd35-Gag were �2-fold lower than
those elicited by rAd5-Gag. High titer anti-Gag Ab responses were
elicited by rAd5-Gag in both BALB/c and C57/BL6 mice. How-
ever, no anti-Gag Ab responses were detected after immunization
with rAd35-Gag. These data demonstrate that rAd35-Gag elicited
slightly lower cellular immune responses, but markedly lower hu-
moral immune responses, than rAd5-Gag.

Mapping Db-restricted T lymphocyte epitopes within SIV Gag

The rapid emergence of high frequency, Gag-specific, cellular im-
mune responses in C57/BL6 mice (Fig. 1C) suggested the presence
of immunodominant Db- or Kb-restricted CD8� T lymphocyte
epitopes. We therefore used a matrix-based ELISPOT approach to
identify candidate epitopes within SIV Gag to facilitate the devel-
opment of quantitative peptide-specific cellular immune assays for
rAd5-Gag and rAd35-Gag vectors. As depicted in Fig. 2, A–C,
C57/BL6 mice immunized with 1010 vp of rAd5, 1010 vp of
rAd35, or 50 �g of plasmid DNA expressing SIV Gag developed
an immunodominant cellular immune response to the 15-aa P78
peptide (QTDAAVKNWMTQTLL) and a subdominant response
to the P19 peptide (ENLKSLYNTVCVIWC). ELISPOT assays
using splenocytes depleted of CD4� or CD8� T lymphocytes
demonstrated that both P78 and P19 were, in fact, CD8� T lym-
phocyte epitopes.

We next fine-mapped these epitopes based on the peptide bind-
ing motifs of Db (Asn at position 5 and hydrophobic Leu/Ile/Val C
terminus) and Kb (Tyr at position 5 and hydrophobic Leu/Ile/Val
C terminus). As shown in Fig. 2, D–F, candidate optimal peptides
were assessed at log dilutions from 1 �g/ml to 100 fg/ml in pep-
tide-specific ELISPOT assays. A Db-restricted immunodominant
AL11 (AAVKNWMTQTL) epitope within P78 and a Db-restricted
subdominant KV9 (KSLYNTVCV) epitope within P19 were iden-
tified. These CD8� T lymphocyte epitopes elicited ELISPOT re-
sponses when used at a concentration of 1 pg/ml and were con-

firmed by functional chromium release cytotoxicity assays using
peptide-pulsed EL4 cells as well as Ltk cells transfected with Db,
but not Ltk cells transfected with Kb, as targets (data not shown).
The LV10 peptide was similarly investigated as a potential Kb-
restricted epitope, but this peptide was not confirmed in cytotox-
icity assays using Ltk cells transfected with Kb as targets, suggest-
ing that its reactivity in ELISPOT assays probably reflected KV9
contaminant peptide within the LV10 preparation.

Impact of low levels of anti-Ad5 immunity on the
immunogenicity of rAd5-Gag and rAd35-Gag

We next determined the impact of low levels of anti-Ad5 immu-
nity on cellular immune responses elicited by rAd5-Gag and
rAd35-Gag. To model pre-existing anti-Ad5 immunity, C57/BL6
mice were preimmunized once with 1010 vp rAd5-empty 4 wk
before immunization. As shown in Fig. 3C, mice preimmunized
with rAd5-empty developed mean Ad5-specific NAb titers of 128,
but no detectable Ad35-specific NAb titers (�16). These Ad5-
specific NAb responses represent average titers found in individ-
uals in the United States and Western Europe (15, 21). Ad-specific
T lymphocyte responses in these mice were assessed by virus-
specific ELISPOT assays using splenocytes stimulated with Ad5-
or Ad35-infected syngeneic BLK CL4 cells. As shown in Fig. 3D,
mice preimmunized with rAd5-empty developed mean Ad5-
specific ELISPOT responses of 250 spot-forming cells (SFC)/
106 splenocytes, but no detectable Ad35-specific ELISPOT
responses (�25 SFC/106 splenocytes).

Groups of naive mice or mice with anti-Ad5 immunity (n �
4/group) were then immunized with 1010 or 108 vp of rAd5-Gag or
rAd35-Gag. Four weeks after immunization, vaccine-elicited cel-
lular immune responses were assessed by Gag-pooled peptide and
epitope-specific ELISPOT assays. As shown in Fig. 3, A and B,
Gag- and epitope-specific cellular immune responses elicited by
1010 vp of rAd5-Gag were blunted by 75% in mice with anti-Ad5
immunity compared with those in naive mice. Cellular immune
responses elicited by 108 vp of rAd5-Gag were completely abro-
gated in mice preimmunized with rAd5-empty. These data dem-
onstrate the marked suppressive effects of anti-Ad5 immunity on
the immunogenicity of rAd5 vaccines. In contrast, Gag- and
AL11-specific responses elicited by rAd35-Gag were not detect-
ably blunted in mice with low levels of anti-Ad5 immunity. In fact,
Gag-specific cellular immune responses elicited by rAd35-Gag
were significantly higher than those elicited by rAd5-Gag in these
mice ( p � 0.05 comparing pooled peptide or peptide-specific

FIGURE 1. Immunogenicity of rAd5-Gag and
rAd35-Gag in naive mice. Groups of naive BALB/c
(A and B) or C57/BL6 mice (C and D) (n �
4/group) were immunized once with 1010 or 108 vp
of rAd5-Gag or rAd35-Gag. SIV Gag-specific cel-
lular and humoral immune responses were assessed
by pooled peptide ELISPOT assays (A and C) and
ELISAs (B and D). The mean and SE response for
each group are shown.
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ELISPOT responses using two-tailed t tests). Subdominant KV9-
specific responses elicited by rAd35-Gag were low, but were sim-
ilarly not blunted by anti-Ad5 immunity.

Vector-specific humoral and cellular immune responses were
also assessed in these groups of mice. As shown in Fig. 3, C and
D, naive mice immunized with rAd5-Gag or rAd35-Gag developed
Ad serotype-specific immune responses. No detectable cross-reac-
tive Ad5/Ad35-specific NAb or ELISPOT responses were ob-
served in these mice, suggesting that these two vectors were
largely immunologically distinct. As expected, mice preimmu-
nized with rAd5-empty generated potent, anamnestic Ad5-specific
NAb and ELISPOT responses after rAd5-Gag immunization. In-
terestingly, mice preimmunized with rAd5-empty generated unex-
pectedly potent Ad35-specific NAb responses after rAd35-Gag im-
munization (Fig. 3C). In fact, these responses were 10-fold higher
than the Ad35-specific NAb responses generated in naive mice
after the same rAd35-Gag immunization. These data suggest that
preimmunization with rAd5-empty may have primed low levels of
cross-reactive antivector immune responses that became apparent
only after administration of the heterologous rAd35-Gag vector.
However, these cross-reactive responses did not appear to suppress
the immunogenicity of rAd35-Gag.

Impact of high levels of anti-Ad5 immunity on the
immunogenicity of rAd5-Gag and rAd35-Gag

As the majority of individuals in the developing world have high
titers of Ad5-specific NAbs, we assessed whether high levels of
anti-Ad5 immunity would suppress cellular immune responses
elicited by rAd35-Gag. To investigate this, mice were preimmu-
nized twice with 1010 vp of rAd5-empty 8 and 4 wk before im-

munization. As shown in Fig. 4C, these mice developed mean
Ad5-specific NAb titers of 16,384, but no detectable Ad35-specific
NAb titers (�16). These NAb titers represent the upper limit of
those typically found in sub-Saharan Africa (21). As shown in Fig.
4D, these mice also developed high frequency, Ad5-specific ELIS-
POT responses of 560 SFC/106 splenocytes, but no detectable
Ad35-specific ELISPOT responses (�25 SFC/106 splenocytes).
Thus, preimmunization of mice with two doses of rAd5-empty
generated potent anti-Ad5 immunity.

Groups of naive mice or mice with these high levels of anti-Ad5
immunity (n � 4/group) were then immunized with 1010 vp of
rAd5-Gag or rAd35-Gag. Four weeks after immunization, Gag-
specific cellular immune responses were assessed. As shown in
Fig. 4, A and B, high levels of anti-Ad5 immunity abrogated Gag-
and epitope-specific ELISPOT responses elicited by 1010 vp of
rAd5-Gag by 90%. Importantly, Gag- and epitope-specific cellular
immune responses elicited by 1010 vp of rAd35-Gag were not
suppressed by these high levels of anti-Ad5 immunity. These data
demonstrate that even high levels of anti-Ad5 immune responses
failed to suppress the immunogenicity of rAd35-Gag. Moreover,
rAd35-Gag was markedly more immunogenic than rAd5-Gag in
these mice with potent anti-Ad5 immunity ( p � 0.001 comparing
pooled peptide and peptide-specific ELISPOT responses using
two-tailed t tests). As shown in Fig. 4, C and D, Ad5-specific NAb
and ELISPOT responses in mice with high levels of anti-Ad5 im-
munity were not further increased after rAd5-Gag immunization.
These data suggest that the rAd5-Gag vaccine vector was rapidly
neutralized before eliciting substantial Ag- or vector-specific im-
mune responses in these animals.

FIGURE 2. Epitope mapping studies. C57/BL6 mice were immunized with 1010 vp of rAd5, 1010 vp of rAd35, or 50 �g of plasmid DNA expressing
SIV Gag. P78 and P19 peptide-specific ELISPOT assays were performed using unfractionated splenocytes (A) or splenocytes depleted of CD4� T
lymphocytes (B) or CD8� T lymphocytes (C). D, Fine-mapping strategy for P19 and P78 based on the peptide binding motifs of Db and Kb. Position 5
and C-terminal residues are shown in bold. Candidate optimal peptide epitopes for P78 (E) and P19 (F) were assessed in ELISPOT assays using log dilutions
of each peptide from 1 �g/ml to 100 fg/ml.
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Tetramer binding assays

We next used tetramer binding assays to assess both the kinetics
and the magnitudes of CD8� T lymphocyte responses specific for
the immunodominant AL11 epitope. Tetrameric Db/AL11 com-
plexes were constructed essentially as previously described (4, 19)
and were used to quantitate the emergence of AL11-specific CD8�

T lymphocyte responses elicited by rAd5-Gag and rAd35-Gag in
mice with or without anti-Ad5 immunity. C57/BL6 mice were pre-
immunized once with 1010 vp rAd5-empty 4 wk before immuni-
zation and developed Ad5-specific NAb titers of 128–256. Groups
of naive mice or mice with anti-Ad5 immunity (n � 4/group) were
then immunized with 1010 or 108 vp of rAd5-Gag or rAd35-Gag.
Db/AL11 tetramer binding to gated CD8� T lymphocytes was as-
sessed at multiple time points after immunization. As shown in
Fig. 5, A and B, anti-Ad5 immunity markedly blunted the emer-
gence of tetramer�CD8� T lymphocyte responses elicited by
rAd5-Gag, but did not substantially affect the responses elicited by
rAd35-Gag. These data confirm the absence of functionally sup-
pressive, cross-reactive, antivector immune responses between
Ad5 and Ad35. We also assessed the immunologic potencies of
rAd5-Gag and rAd35-Gag administered at doses of 1010, 109, 108,
107, and 106 vp in naive mice. As shown in Fig. 5C, the threshold
dose required to elicit detectable tetramer� CD8� T lymphocyte
responses in naive mice was 108 vp for rAd35-Gag compared with
107 vp for rAd5-Gag.

Immunogenicity of homologous and heterologous prime-boost
regimens in naive mice

We next investigated the immunogenicity of homologous and het-
erologous prime-boost vaccine regimens in naive C57/BL6 mice.
Groups of mice (n � 4/group) were primed at wk 0 with 1010 vp
rAd5-Gag or rAd35-Gag and boosted at wk 4 with homologous or
heterologous vectors. As shown in Fig. 6A, heterologous rAd5

prime-rAd35 boost and rAd35 prime-rAd5 boost regimens were
more immunogenic than homologous prime-boost regimens. Re-
administration of homologous vectors did not substantially boost
Gag-specific cellular immune responses under these conditions,
presumably as a result of the generation of potent antivector im-
munity. Readministration of homologous vectors similarly failed
to boost Gag-specific responses in mice with pre-existing anti-Ad5
immunity (data not shown).

The higher Ad35-specific NAb responses observed after rAd35-
Gag immunization of mice with anti-Ad5 immunity compared
with naive mice (Figs. 3C and 4C) suggested the presence of low
levels of cross-reactive Ad5/Ad35-specific NAb or CD4� T lym-
phocyte responses. To confirm these findings, we assessed the gen-
eration of antivector immune responses in the mice in the previous
experiment. As shown in Fig. 6B, potent NAb responses were ob-
served after boost immunizations with both heterologous vectors.
However, cross-reactive Ad5/Ad35-specific NAb responses were
not detected even after boost immunizations with homologous vec-
tors. Interestingly, as shown in Fig. 6C, low, but detectable, cross-
reactive Ad5/Ad35-specific CD4� cellular proliferative responses
were observed after administration of rAd5 or rAd35. These data
suggest that low levels of cross-reactive Ad5/Ad35-specific Th
lymphocytes led to the generation of potent serotype-specific NAb
responses after heterologous vector administration.

Immunogenicity of heterologous prime-boost regimens in mice
with anti-Ad5 immunity

Heterologous DNA prime-rAd5 boost vaccine regimens have been
shown to elicit particularly potent immune responses in animal
models and are therefore being investigated as candidate vaccine
strategies in clinical trials (1–3). As the majority of humans have
pre-existing anti-Ad5 immunity, we sought to assess the immuno-
genicity of various prime-boost regimens in animals with anti-Ad5

FIGURE 3. Immunogenicity of rAd5-Gag and rAd35-Gag in mice with low levels of anti-Ad5 immunity. C57/BL6 mice were preimmunized once with
1010 vp of rAd5-empty to induce anti-Ad5 immunity 4 wk before immunization. Groups of naive mice or mice with anti-Ad5 immunity (n � 4/group) were
immunized with 1010 or 108 vp of rAd5-Gag or rAd35-Gag. Gag-specific cellular immune responses were assessed by Gag pooled peptide (A) and KV9
and AL11 epitope-specific (B) ELISPOT assays. Ad5- and Ad35-specific immune responses were also assessed both before and after immunization by Ad
NAb (C) and Ad ELISPOT assays (D) using Ad5- or Ad35-infected syngeneic BLK CL4 stimulator cells. Note that preimmunization with one dose of 1010

vp of rAd5-empty induced mean Ad5-specific NAb titers of 128 and Ad5-specific ELISPOT responses of 250 SFC/106 splenocytes.
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immunity. We therefore compared the immunogenicities of four
heterologous prime-boost regimens in C57/BL6 mice that were
preimmunized once with 1010 vp of rAd5-empty 4 wk before pri-
mary immunization. These mice had low Ad5-specific NAb titers
of 128–256 (Fig. 7C). Groups of mice (n � 4/group) were primed
at wk 0 with 50 �g of DNA or 1010 vp of rAd5 expressing SIV
Gag and then boosted at wk 4 with 1010 vp of rAd5, 1010 vp of
rAd35, or 108 PFU of rMVA expressing SIV Gag. Mice were
sacrificed at wk 8 for immunologic assays.

As shown in Fig. 7, A and B, DNA vaccine priming elicited low
to moderate Gag-specific ELISPOT responses, as expected. These
responses were boosted only marginally by rAd5-Gag as a result of
the anti-Ad5 immunity, but were boosted efficiently by rAd35-

Gag. In fact, the DNA prime-rAd35 boost regimen elicited signif-
icantly higher pooled peptide- and epitope-specific ELISPOT re-
sponses compared with the DNA prime-rAd5 boost regimen in
these mice ( p � 0.001 comparing responses among groups of mice
using ANOVA with Bonferroni adjustments to account for multi-
ple comparisons). Similarly, rAd5-Gag priming elicited only low
to moderate ELISPOT responses as a result of the anti-Ad5 im-
munity. Nevertheless, these responses were boosted by the heter-
ologous viral vectors rAd35-Gag and rMVA-Gag. These data dem-
onstrate that the DNA prime-rAd35 boost regimen and, to a lesser
extent, the rAd5 prime-rAd35 boost and rAd5 prime-rMVA boost
regimens were highly immunogenic in mice with pre-existing anti-
Ad5 immunity.

FIGURE 4. Immunogenicity of rAd5-Gag and rAd35-Gag in mice with high levels of anti-Ad5 immunity. C57/BL6 mice were preimmunized twice with
1010 vp of rAd5-empty to induce anti-Ad5 immunity at 8 and 4 wk before immunization. Groups of naive mice or mice with high levels of anti-Ad5
immunity (n � 4/group) were immunized with 1010 vp of rAd5-Gag or rAd35-Gag. Gag-specific cellular immune responses were assessed by Gag pooled
peptide (A) and KV9 and AL11 epitope-specific (B) ELISPOT assays. Ad5- and Ad35-specific immune responses were also assessed both before and after
immunization by Ad NAb (C) and Ad ELISPOT assays (D). Note that preimmunization with two doses of 1010 vp rAd5-empty induced mean Ad5-specific
NAb titers of 16,384 and Ad5-specific ELISPOT responses of 560 SFC/106 splenocytes.

FIGURE 5. Tetramer binding assays. C57/
BL6 mice were preimmunized once with 1010

vp of rAd5-empty to induce anti-Ad5 immunity
4 wk before immunization. Groups of naive
mice (F and Œ) or mice with anti-Ad5 immunity
(E and ‚) were immunized with 1010 or 108 vp
of rAd5-Gag (A) or rAd35-Gag (B). Db/AL11
tetramer binding to CD8� T lymphocytes is
shown at various time points after immuniza-
tion. C, Groups of naive mice were immunized
with 1010, 109, 108, 107, or 106 vp of rAd5-Gag
or rAd35-Gag, and Db/AL11 tetramer binding to
CD8� T lymphocytes was determined on day 14
after immunization.

6295The Journal of Immunology



Discussion
The high prevalence of pre-existing anti-Ad5 immunity in human
populations may substantially reduce the immunogenicity and
clinical utility of rAd5 vector-based vaccines for HIV-1 and other
pathogens. To circumvent this problem, adenoviral vectors can be
developed from rare adenoviral serotypes, such as serotype 35.
However, extensive cross-reactive cellular immune responses be-
tween heterologous Ad serotypes have been reported (10, 16, 22)
and may prove a significant limitation of this strategy. In this study
we assessed the degree of functionally significant, cross-reactive,
antivector immune responses between Ad5 and Ad35. We dem-
onstrate that a rAd35-Gag vaccine elicited potent cellular immune
responses that were not detectably suppressed by pre-existing anti-
Ad5 immunity in mice.

We did detect low levels of cross-reactive Ad5/Ad35-specific
CD4� T lymphocyte responses. Cross-reactive, Ad-specific, Th
lymphocytes have also been observed in humans (16, 22), sug-
gesting that Ads from heterologous serotypes are not completely
immunologically distinct. Moreover, these cross-reactive CD4� T
lymphocyte responses probably contributed to the potent Ad-spe-
cific NAbs that developed after heterologous vector administration
in mice (Fig. 6B). However, despite these cross-reactive immune

responses, Gag-specific cellular immune responses elicited by
rAd35-Gag were not detectably suppressed by pre-existing anti-
Ad5 immunity. These data suggest that antivector NAb responses
that are present at the time of immunization are more important
than those that develop after immunization in determining their
suppressive effects on vaccine immunogenicity.

In mice with anti-Ad5 immunity at levels typically found in
humans, rAd35-Gag elicited significantly higher cellular immune
responses than rAd5-Gag. These data demonstrate the potential
utility of Ad35 as a vaccine vector in the presence of pre-existing
anti-Ad5 immunity. In naive mice, however, rAd35-Gag elicited
slightly lower cellular immune responses and substantially lower
humoral immune responses compared with rAd5-Gag. These dif-
ferences in immunogenicity are consistent with our previous find-
ing that rAd35-mediated transgene expression was several-fold
lower than rAd5-mediated transgene expression in mouse muscle
(15). Ad5 interacts with the coxsackievirus and Ad receptor on the
surface of cells with its long and flexible fiber protein (23–26). In
contrast, the Ad35 fiber protein is shorter and more rigid than the
Ad5 fiber (26, 27), and CD46 has recently been identified as an
Ad35 receptor (28). As a result, Ad5 and Ad35 have different
cellular tropisms (29–32) and intracellular trafficking pathways

FIGURE 6. Immunogenicity of homolo-
gous and heterologous prime-boost regimens
in naive mice. Groups of naive C57/BL6 mice
(n � 4/group) were primed with 1010 vp of
rAd5-Gag or rAd35-Gag at wk 0 and boosted
with 1010 vp of homologous or heterologous
vectors at wk 4. The various immunization
regimens are depicted on the x-axis. Gag
pooled peptide ELISPOT assays (A) and Ad5-
and Ad35-specific NAb assays (B) were per-
formed at wk 8. C, Ad5- and Ad35-specific
cellular proliferative assays were performed
using splenocytes depleted of CD8� T
lymphocytes.

FIGURE 7. Immunogenicity of heter-
ologous prime-boost regimens in mice
with anti-Ad5 immunity. C57/BL6 mice
were preimmunized once with 1010 vp of
rAd5-empty to induce anti-Ad5 immunity
4 wk before primary immunization. These
mice had Ad5-specific NAb titers of 128–
256. Groups of mice with anti-Ad5 immu-
nity (n � 4/group) were then primed with
50 �g of plasmid DNA or 1010 vp of rAd5
expressing SIV Gag at wk 0. Certain
groups were boosted with 1010 vp of rAd5,
1010 vp of rAd35, or 108 PFU of rMVA
expressing SIV Gag at wk 4. The various
immunization regimens are depicted on
the x-axis. Gag pooled peptide ELISPOT
assays (A), KV9 and AL11 epitope-spe-
cific ELISPOT assays (B), and Ad5- and
Ad35-specific NAb assays (C) were per-
formed at wk 8.
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(33). These differences may explain in part the differences in im-
munogenicity between rAd5-Gag and rAd35-Gag in this animal
model. At present, it is not clear why we observed large differences
between rAd5-Gag and rAd35-Gag in their ability to elicit Gag-
specific antibodies. It is possible that a higher threshold of Ag is
needed to generate Ab responses compared with T lymphocyte
responses in this system.

Heterologous prime-boost vaccine strategies are commonly
used to elicit high frequency, Ag-specific immune responses. We
confirmed that boosting with heterologous vectors elicited higher
immune responses than boosting with homologous vectors (Fig.
6A). However, regimens that include rAd5 will probably have sub-
stantially reduced immunogenicity and clinical utility in the pres-
ence of anti-Ad5 immunity. In mice with anti-Ad5 immunity, a
DNA prime-rAd35 boost regimen was significantly more immu-
nogenic than a DNA prime-rAd5 boost regimen (Fig. 7). Thus,
DNA prime-rAd35 boost as well as rAd5 prime-rAd35 boost reg-
imens warrant further investigation as candidate HIV-1 prime-
boost vaccine strategies.

These data demonstrate the potential utility of Ad vaccine vec-
tors derived from rare human serotypes to elicit immune responses
in the presence of pre-existing anti-Ad5 immunity. It is possible
that cross-reactive cellular immune responses between serologi-
cally distinct Ads may limit the utility of certain vector combina-
tions, although this problem appears to be minimal for Ad5 and
Ad35. Therefore, this strategy may prove an effective and general
approach for developing vectors that avoid the suppressive effects
of pre-existing anti-Ad5 immunity. However, the ultimate utility
of this approach in humans will require data from clinical trials.

Acknowledgments
We thank N. Helmus, G. Penders, C. Ophorst, D. Lange, S. Verhaagh,
A. Lemckert, E. Wherry, R. Ahmed, M. Seaman, S. Santra, J. Schmitz, and
M. Kuroda for generous advice, assistance, and reagents. The SIV Gag
peptides were obtained from the National Institutes of Health AIDS Re-
search and Reference Reagent Program.

References
1. Sullivan, N. J., A. Sanchez, P. E. Rollin, Z. Y. Yang, and G. J. Nabel. 2000.

Development of a preventive vaccine for Ebola virus infection in primates. Na-
ture 30:605.

2. Shiver, J. W., T. M. Fu, L. Chen, D. R. Casimiro, M. E. Davies, R. K. Evans,
Z. Q. Zhang, A. J. Simon, W. L. Trigona, S. A. Dubey, et al. 2002. Replication-
incompetent adenoviral vaccine vector elicits effective anti-immunodeficiency-
virus immunity. Nature 415:331.

3. Letvin, N. L., D. H. Barouch, and D. C. Montefiori. 2002. Prospects for vaccine
protection against HIV-1 infection and AIDS. Annu. Rev. Immunol. 20:73.

4. Barouch, D. H., P. F. McKay, S. M. Sumida, S. Santra, S. S. Jackson,
D. A. Gorgone, M. A. Lifton, B. K. Chakrabarti, L. Xu, G. J. Nabel, and
N. L. Letvin. 2003. Plasmid chemokines and colony-stimulating factors enhance
the immunogenicity of DNA priming-viral vector boosting HIV-1 vaccines. J. Vi-
rol. 77:8729.

5. Yang, Z. Y., L. S. Wyatt, W. P. Kong, Z. Moodie, B. Moss, and G. J. Nabel.
2003. Overcoming immunity to a viral vaccine by DNA priming before vector
boosting. J. Virol. 77:799.

6. Casimiro, D. R., L. Chen, T. M. Fu, R. K. Evans, M. J. Caulfield, M. E. Davies,
A. Tang, M. Chen, L. Huang, V. Harris, et al. 2003. Comparative immunoge-
nicity in rhesus monkeys of DNA plasmid, recombinant vaccinia virus, and rep-
lication-defective adenovirus vectors expressing a human immunodeficiency vi-
rus type 1 gag gene. J. Virol. 77:6305.

7. Emini, E. A. 2003. Ongoing development and evaluation of a potential HIV-1
vaccine using a replication-defective adenoviral vector. Keystone Symposia on
HIV-1 Vaccine Development, Banff, Canada.

8. Farina, S. F., G. P. Gao, Z. Q. Xiang, J. J. Rux, R. M. Burnett, M. R. Alvira,
J. Marsh, H. C. Ertl, and J. M. Wilson. 2001. Replication-defective vector based
on a chimpanzee adenovirus. J. Virol. 75:11603.

9. Hofmann, C., P. Loser, G. Cichon, W. Arnold, G. W. Both, and M. Strauss. 1999.
Ovine adenovirus vectors overcome preexisting humoral immunity against hu-
man adenoviruses in vivo. J. Virol. 73:6930.

10. Fitzgerald, J. C., G. P. Gao, A. Reyes-Sandoval, G. N. Pavlakis, Z. Q. Xiang,
A. P. Wlazlo, W. Giles-Davis, J. M. Wilson, and H. C. Ertl. 2003. A simian
replication-defective adenoviral recombinant vaccine to HIV-1 gag. J. Immunol.
170:1416.

11. Pinto, A. R., J. C. Fitzgerald, W. Giles-Davis, G. P. Gao, J. M. Wilson, and
H. C. Ertl. 2003. Induction of CD8� T cells to an HIV-1 antigen through a prime
boost regimen with heterologous E1-deleted adenoviral vaccine carriers. J. Im-
munol. 171:6774.

12. Kass-Eisler, A., L. Leinwand, J. Gall, B. Bloom, and E. Falck-Pedersen. 1996.
Circumventing the immune response to adenovirus-mediated gene therapy. Gene
Ther. 3:154.

13. Mack, C. A., W. R. Song, H. Carpenter, T. J. Wickham, I. Kovesdi, B. G. Harvey,
C. J. Magovern, O. W. Isom, T. Rosengart, E. Falck-Pedersen, et al. 1997. Cir-
cumvention of anti-adenovirus neutralizing immunity by administration of an
adenoviral vector of an alternate serotype. Hum. Gene Ther. 8:99.

14. Mastrangeli, A., B. G. Harvey, J. Yao, G. Wolff, I. Kovesdi, R. G. Crystal, and
E. Falck-Pedersen. 1996. “Sero-switch” adenovirus-mediated in vivo gene trans-
fer: circumvention of anti-adenovirus humoral immune defenses against repeat
adenovirus vector administration by changing the adenovirus serotype. Hum.
Gene Ther. 7:79.

15. Vogels, R., D. Zuijdgeest, R. van Rijnsoever, E. Hartkoorn, I. Damen,
M. de Bethune, S. Kostense, G. Penders, N. Helmus, W. Koudstaal, et al. 2003.
Replication-deficient human adenovirus type 35 vectors for gene transfer and
vaccination: efficient human cell interaction and bypass of preexisting adenovirus
immunity. J. Virol. 77:8263.

16. Heemskerk, B., L. A. Veltrop-Duits, T. van Vreeswijk, M. M. ten Dam, S. Heidt,
R. E. Toes, M. J. van Tol, and M. W. Schilham. 2003. Extensive cross-reactivity
of CD4� adenovirus-specific T cells: implications for immunotherapy and gene
therapy. J. Virol. 77:6562.

17. Havenga, M. J., A. A. Lemckert, J. M. Grimbergen, R. Vogels, L. G. Huisman,
D. Valerio, A. Bout, and P. H. Quax. 2001. Improved adenovirus vectors for
infection of cardiovascular tissues. J. Virol. 75:3335.

18. Shabram, P. W., D. D. Giroux, A. M. Goudreau, R. J. Gregory, M. T. Horn,
B. G. Huyghe, X. Liu, M. H. Nunnally, B. J. Sugarman, and S. Sutjipto. 1997.
Analytical anion-exchange HPLC of recombinant type-5 adenoviral particles.
Hum. Gene Ther. 8:453.

19. Altman, J. D., P. A. H. Moss, P. J. R. Goulder, D. H. Barouch,
M. G. McHeyzer-Williams, J. I. Bell, A. J. McMichael, and M. M. Davis. 1996.
Phenotypic analysis of antigen-specific T lymphocytes. Science 274:94.

20. Sprangers, M. C., W. Lakhai, W. Koudstaal, M. Verhoeven, B. F. Koel,
R. Vogels, J. Goudsmit, M. J. Havenga, and S. Kostense. 2003. Quantifying
adenovirus-neutralizing antibodies by luciferase transgene detection: addressing
preexisting immunity to vaccine and gene therapy vectors. J. Clin. Microbiol.
41:5046.

21. Kostense, S., W. Koudstaal, M. Sprangers, G. J. Weverling, G. Penders,
N. Helmus, R. Vogels, M. Bakker, B. Berkhout, M. Havenga, et al. Adenovirus
type 5 and 35 sero-prevalence in AIDS risk groups supports type 35 as a vaccine
vector. AIDS In press.

22. Olive, M., L. Eisenlohr, N. Flomenberg, S. Hsu, and P. Flomenberg. 2002. The
adenovirus capsid protein hexon contains a highly conserved human CD4� T-cell
epitope. Hum. Gene Ther. 13:1167.

23. Bergelson, J. M., J. A. Cunningham, G. Droguett, E. A. Kurt-Jones, A. Krithivas,
J. S. Hong, M. S. Horwitz, R. L. Crowell, and R. W. Finberg. 1997. Isolation of
a common receptor for coxsackie B viruses and adenoviruses 2 and 5. Science
275:1320.

24. Roelvink, P. W., A. Lizonova, J. G. Lee, Y. Li, J. M. Bergelson, R. W. Finberg,
D. E. Brough, I. Kovesdi, and T. J. Wickham. 1998. The coxsackievirus-adeno-
virus receptor protein can function as a cellular attachment protein for adenovirus
serotypes from subgroups A, C, D, E, and F. J. Virol. 72:7909.

25. Roelvink, P. W., G. Mi Lee, D. A. Einfeld, I. Kovesdi, and T. J. Wickham. 1999.
Identification of a conserved receptor-binding site on the fiber proteins of CAR-
recognizing adenoviridae. Science 286:1568.

26. Wu, E., L. Pache, D. J. von Seggern, T. M. Mullen, Y. Mikyas, P. L. Stewart, and
G. R. Nemerow. 2003. Flexibility of the adenovirus fiber is required for efficient
receptor interaction. J. Virol. 77:7225.

27. Segerman, A., N. Arnberg, A. Erikson, K. Lindman, and G. Wadell. 2003. There
are two different species B adenovirus receptors: sBAR, common to species B1
and B2 adenoviruses, and sB2AR, exclusively used by species B2 adenoviruses.
J. Virol. 77:1157.

28. Gaggar, A., D. M. Shayakhmetov, and A. Lieber. 2003. CD46 is a cellular re-
ceptor for group B adenoviruses. Nat. Med. 9:1408.

29. Havenga, M. J., A. A. Lemckert, O. J. Ophorst, M. van Meijer, W. T. Germeraad,
J. Grimbergen, M. A. van Den Doel, R. Vogels, J. van Deutekom, A. A. Janson,
et al. 2002. Exploiting the natural diversity in adenovirus tropism for therapy and
prevention of disease. J. Virol. 76:4612.

30. Mizuguchi, H., and T. Hayakawa. 2002. Adenovirus vectors containing chimeric
type 5 and type 35 fiber proteins exhibit altered and expanded tropism and in-
crease the size limit of foreign genes. Gene 285:69.

31. Rea, D., M. J. Havenga, M. van Den Assem, R. P. Sutmuller, A. Lemckert,
R. C. Hoeben, A. Bout, C. J. Melief, and R. Offringa. 2001. Highly efficient
transduction of human monocyte-derived dendritic cells with subgroup B fiber-
modified adenovirus vectors enhances transgene-encoded antigen presentation to
cytotoxic T cells. J. Immunol. 166:5236.

32. Sakurai, F., H. Mizuguchi, and T. Hayakawa. 2003. Efficient gene transfer into
human CD34� cells by an adenovirus type 35 vector. Gene Ther. 10:1041.

33. Shayakhmetov, D. M., Z. Y. Li, V. Ternovoi, A. Gaggar, H. Gharwan, and
A. Lieber. 2003. The interaction between the fiber knob domain and the cellular
attachment receptor determines the intracellular trafficking route of adenoviruses.
J. Virol. 77:3712.

6297The Journal of Immunology


