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Adenoviral infections in the immunocompromised host are associated with significant morbidity and mor-
tality. Although the adoptive transfer of adenovirus-specific T cells may prevent and treat such infections, the
T-cell immune response to the multiplicity of adenovirus serotypes and subspecies that infect humans has not
been well characterized, impeding the development of such approaches. We have, therefore, analyzed the
specificities of T-cell responses to the viral capsid hexon antigen, since this structure is highly conserved in
human pathogens. We screened 25 human cytotoxic T-cell lines with adenovirus specificity to extensively
characterize their responses to adenoviral hexon and to identify a panel of novel CD4� and CD8� T-cell
epitopes. Using a peptide library spanning the entire sequence of the hexon protein, we confirmed the
responsiveness of these cytotoxic T-cell lines to seven peptides described previously and also identified 33 new
CD4- or CD8-restricted hexon epitopes. Importantly, the majority of these epitopes were shared among
different adenovirus subspecies, suggesting that T cells with such specificities could recognize and be protective
against multiple serotypes, simplifying the task of effective adoptive transfer or vaccine-based immunotherapy
for treating infection by this virus.

Adenovirus (Adv) infections are associated with significant
morbidity and high mortality rates in the immunocompromised
human host (12, 14, 19). The current preemptive or prophy-
lactic pharmacotherapy is ineffective, so there is interest in
developing immunity-based approaches. Treatment of Ep-
stein-Barr virus (EBV) and cytomegalovirus (CMV) diseases
in immunocompromised patients has been accomplished with
adoptively transferred virus-specific T cells (24, 34), but Adv is
a greater challenge due to the multiplicity of different adeno-
viral serotypes and subspecies that can cause disease in hu-
mans. Many of the expressed antigens that are potential T-cell
targets are highly polymorphic, and preparing discrete cyto-
toxic T lymphocyte (CTL) lines that could recognize every
species for each patient is impractical. Fortunately, however,
regions of the capsid protein hexon are well conserved among
serotypes and species, and there are increasingly strong pre-
clinical and clinical data to show that CTLs directed to hexon
are indeed protective (3, 4, 8, 13, 15, 16, 20, 33).

Although hexon is both a conserved and an immunodomi-
nant T-cell target antigen, it has been difficult to date to take
full advantage of these characteristics. Only eight CD8�

epitopes from hexon have been identified, presented in the
context of HLA-A1, HLA-A2 (three epitopes), HLA-A24,
HLA-B7 (two epitopes), and HLA-B13/49 (16, 31); CD4�

T-cell reactivity is even less well characterized, with one
HLA-DP (30) and four HLA-DR-restricted epitopes identified

(8, 30). If we could identify a broader panel of hexon epitopes,
the task of immunotherapy would be simplified. We would be
able to derive reagents such as multimers and peptides that
would allow characterizing and tracking adoptively transferred
Adv-specific T cells. We would also be able to design multi-
peptide- or multiepitope-based vaccines that would generate
both CD4 and CD8 responses with the potential to protect
patients irrespective of their HLA backgrounds and with a
reduced risk of viral escape resulting from epitope mutation.

We therefore screened 26 Adv-specific CTL lines from
healthy donors with diverse HLA phenotypes, using a library of
20-mer peptides covering the entire hexon protein and over-
lapping by 15 amino acids (aa), and thereby identified both
CD4� and CD8� T-cell epitopes. We discovered 5 new hexon-
derived HLA class I epitopes as well as 28 new class II-re-
stricted epitopes.

MATERIALS AND METHODS

CTL lines. CTL lines are defined as polyclonal antigen-specific T-cell lines
containing both CD4� and CD8� cells. The lines studied were prepared from
stem cell donors who gave informed consent upon enrollment in our clinical
trials of virus-specific T cells for the treatment of CMV infections and Adv-
associated diseases (13). All protocols were approved by the Baylor College of
Medicine institutional review boards and the National Marrow Donor Program.
For the purposes of this analysis, we have characterized 26 of these CTL lines.

Adv-specific cell lines. Details of cell line preparation have been described
previously (13). In brief, we transduced 5 � 107 donor peripheral blood mono-
nuclear cells (PBMC) with an Adv vector (Ad5f35pp65 or Ad5f35 null) at a
multiplicity of infection of 1,000 or 200 virus particles, as described previously
(13). Starting on day 9 posttransduction, the cells were restimulated weekly (for
2 to 4 weeks) with an irradiated EBV-lymphoblastoid cell line (LCL) transduced
with the same vector used to initiate the culture, at a responder/stimulator ratio
of 4:1. After a total of 3 or 4 stimulations, the CTLs were cryopreserved, and the
antigen specificity of each CTL line was analyzed with a standard 4-h chromi-
um-51 release assay and an enzyme-linked immunospot (ELISPOT) assay. All
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cell lines demonstrated specific cytolytic activity (data not shown). ELISPOT
analysis of gamma interferon (IFN-�) production was used to determine the
frequency of peptide-responsive Adv-specific T cells (11, 16, 29). Plates were sent
for evaluation to Zellnet Consulting. Spot-forming cells (SFC) and input-cell
numbers were plotted.

Hexon peptides. We purchased a peptide library covering the complete se-
quence of hexon (Adv serotype 5), which consisted of 188 20-mer peptides
overlapping by 15 amino acids (Alta Bioscience, University of Birmingham,
Edgbaston, Birmingham, United Kingdom). Lyophilized peptides were reconsti-
tuted with 5 mg/ml dimethyl sulfoxide and pooled in a total of 11 pools: pools 1
to 10 each contained 17 contiguous peptides, while pool 11 contained the re-
maining 18 peptides. These 11 hexon pools were used for the initial screening. To
determine the 20 mer(s) containing the stimulating peptide, CTL lines were
screened against individual peptides contained within the positive pools. To
identify the minimal epitope sequences, additional shorter peptides were ob-
tained from Genemed Synthesis, Inc. (South San Francisco, CA) and reconsti-
tuted with 10 mg/ml dimethyl sulfoxide. Aliquots of peptides were stored at
�80°C.

Multimer staining. To detect peptide-specific T cells in the CTL lines and the
PBMC, we used the soluble unlabeled pentamers HLA-B*3501-MPNRPNYIAF,
HLA-A*2401-TYFSLNNKF, HLA-A1-TDLGQNLLY, and HLA-B*0702-KPY
SGTAYNAL (all prepared by Proimmune, Inc.) or the phycoerythrin (PE)-
conjugated tetramers HLA-B*3501-IPYLDGTFY, HLA-B53-IPYLDGTFY,
HLA-A*0201-GLRYRSMLL, and HLA B53-LPGSYTYEW (constructed by
MHC Tetramer Core Laboratory, Houston, TX). Peptides were synthesized by
the Baylor College of Medicine Protein Core Facility or by Genemed Synthesis,
Inc. (San Antonio, TX). We stained CTLs (5 � 105 cells) with multimers as
described previously (6, 13). Briefly, for pentamer staining, we incubated CTLs
with unlabeled pentamer, followed by Pro5 Flurotag (PE-conjugated) (Proim-
mune, Inc.) according to the manufacturer’s instructions. We used tetramers at
a 1:100 final dilution. After the cells were incubated for 30 min at 4°C in the dark,
we washed the cells twice and then fixed and analyzed them. From each sample,
we acquired 100,000 live events.

Determining HLA restriction of identified epitopes. To confirm the HLA
restriction of the newly identified T-cell epitopes, CD4� and CD8� T cells were
isolated by using a cell sorter (MoFlo cell sorter; DAKO) or by magnetic cell-
sorting-positive (autoMACS; Miltenyi Biotec, Germany) selection columns, ac-
cording to the manufacturers’ instructions, and were used as the responders in an
IFN-� ELISPOT assay. The isolated T-cell fractions were stimulated using the
stimulating 20-mer peptides, which were identified as immunogenic in the initial
CTL screening experiments. IFN-� release was detected in either the CD4� or
the CD8� T-cell fraction, identifying the stimulating peptides as either HLA
class I restricted or class II restricted.

Identifying the minimal epitope peptides and the restricting allele of novel
CD8� T-cell epitopes. Minimal CD8� T-cell epitopes were identified by IFN-�
ELISPOT using isolated CD8� T cells as responders. These CD8� T cells were
plated at 1 � 103 to 1 � 104 cells/well and then stimulated with 1 �g/ml individual
9-mer peptides, which overlapped each other by 8 aa and spanned the original
20-mer peptide(s) recognized by the CTL line. Only one 9-mer peptide was
capable of stimulating CD8� T cells to produce IFN-�, thereby identifying the
minimal epitope peptide. HLA restriction was identified by using autologous
LCLs and a panel of partially matched allogeneic EBV-transformed LCLs as
antigen-presenting cells (APCs) in an IFN-� ELISPOT assay. The LCLs were
loaded with 1 �g/ml minimal epitope peptide for 1 h, excess peptide was washed
off, and then these peptide-loaded LCLs were used as stimulator cells in the
ELISPOT assay at 1 � 105 cells/well, with LCL alone as a negative control.
Isolated CD8� T cells were plated at 1 � 103 to 1 � 104 cells/well as responders.
Only the autologous peptide-loaded LCL and the allogeneic LCLs that shared
the restricting HLA type were capable of stimulating T cells, thereby allowing the
identification of the HLA-restricting molecule.

RESULTS

Magnitude and specificity of Adv reactivity within patient
CTL lines. To map the Adv epitope specificity of the CTL
lines, we used an overlapping peptide library representing the
entire sequence of the Adv serotype 5 hexon protein, which we
and others have previously shown is responsible for the major-
ity of T-cell reactivity to the Ad5f35 vector (7, 16). For the
initial screening, CTL lines were stimulated by overnight incu-
bation with the 188 overlapping hexon peptides, divided into

11 pools, containing 17 or 18 peptides per pool. Hexon-specific
reactivity was detected in 25/26 CTL lines. An example of the
screening process is shown in Fig. 1A, in which a CTL line
generated from donor 11 reacted against pools 4 and 9. Sub-
sequent screening with each of the 20-mer peptides contained
in these pools is shown in Fig. 1B, where the CTL reactivity in
pool 4 could be mapped to overlapping peptides 12 (aa 311 to
330, SRELMGQQSMPNRPNYIAFR) and 13 (aa 316 to 335,
GQQSMPNRPNYIAFRDNFIG), while the CTL reactivity di-
rected against pool 9 could be mapped to overlapping peptides
4 (aa 696 to 715, DPYYTYSGSIPYLDGTFYLN) and 5 (aa
701 to 720, YSGSIPYLDGTFYLNHTFKK).

Results from the Adv hexon peptide pool screening carried
out on all 26 CTL lines are shown in Fig. 2A. Seven of the 26
CTL lines had reactivity against only one epitope, whereas the
remaining 18 CTL lines recognized between 2 and 10 different
epitopes. The pools most frequently recognized were 9 and 11,
but all pools were recognized by at least one CTL line (Fig.
2B). In total, 98 responses were detected in the 26 CTL lines
(Fig. 2A), and the reactivity was mediated by both CD4� and
CD8� T cells. Overall, 24/98 (24%) responses were CD8 re-
stricted (Fig. 2A, filled circles), and 74/98 (76%) were CD4
restricted (Fig. 2A, open circles). Eleven of the 24 CD8 re-
sponses were targeted toward previously described epitopes,
including the peptides HLA-A24-TYFSLNNKF (aa 37 to 45),
contained in pool 1; the peptides HLA-B7-KPYSGTAYNAL
(aa 114 to 124), contained in pool 2; and the peptides HLA-
A1-TDLGQNLLY (aa 886 to 894) and HLA-A2-YVLFE
VFDV (aa 917 to 925), both contained in pool 11.

CD4� T-cell target epitopes are mostly hexon derived. The
majority of T-cell responses detected in the CTL lines were
directed against CD4� T-cell epitopes; however, it is difficult to
determine the minimal sequences and the restriction patterns
of CD4� T-cell epitopes, since they are often promiscuously
presented in the context of multiple HLA class II alleles.
Hence, we mapped these CD4 responses to the stimulatory
20-mer peptides, but the epitopes were not minimized. A list of
the immunogenic CD4 peptides is shown in Table 1. We iden-
tified a total of 31 CD4� T-cell epitopes, only three of which
have been described previously (20, 30). A number of these
hexon-specific CD4� T-cell epitopes were recognized by mul-
tiple CTL lines, including aa 556 to 580 (VPFHIQVPQKFFA
IKNLLLLPGSYT), which was recognized by six different lines,
whereas reactivity against 15 of these peptides was detected in
only one CTL line, suggesting that there is a hierarchy of
immunodominance among the identified CD4� T-cell epi-
topes.

Identification of novel CD8� T-cell epitopes. We next sought
to identify the minimal CD8� T-cell epitopes that were de-
tected using the overlapping 20-mer library in order to allow
the subsequent generation of multimers. CD8 reactivity against
pool 7 was detected in four CTL lines from donors 16, 17, 19,
and 23. Using the same screening process shown in Fig. 1, we
found that the CTL from patients (pts.) 16, 17, and 23 re-
sponded to the overlapping 20-mer peptides (aa 536 to 555,
NHHRNAGLRYRSMLLGNGRY; and aa 541 to 560, AGL
RYRSMLLGNGRYVPFHI). Therefore, we synthesized the
15-mer peptide spanning the overlapping region (aa 541 to
555, AGLRYRSMLLGNGRY) as well as a panel of 9-mer
peptides overlapping by 8 aa, starting from aa 541 to 549
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(AGLRYRSML) to aa 548 to 556 (MLLGNGRYV), and we
found that the minimal peptide recognized by all of the CTL
lines was the 9-mer peptide from aa 542 to 550 (GLRYRSM
LL), presented in the context of HLA-A2 (data not shown). In
contrast, patient 19 responded to the overlapping peptides
from aa 566 to 585 (FFAIKNLLLLPGSYTYEWNF) and aa
571 to 590 (NLLLLPGSYTYEWNFRKDVN), and the mim-
imal epitope peptide mapped to aa 575 to 583 (LPGSYTY
EW), presented in the context of HLA-B53. Staining of the
CTL lines from patients 16 and 19 with the GLR and the LPG
tetramers is shown in Fig. 3A and B, respectively.

Using a similar approach, we identified the CD8 epitope in
pool 9, which was recognized by CTL lines from pts. 4, 7, 11,
19, and 22. The overlapping 20-mer peptides (aa 696 to 715,
DPYYTYSGSIPYLDGTFYLN; and aa 701 to 720, YSGSIP
YLDGTFYLNHTFKK) from pool 9 were recognized by all
five lines. To identify the minimal epitope peptide, we synthe-
sized the 15-mer peptide spanning the overlapping region (aa
701 to 715, YSGSIPYLDGTFYLN), as well as a panel of
9-mer peptides starting from aa 700 to 709 (TYSGSIPYLT) to
aa 708 to 721 (LDGTFYLNH), and we found that the minimal
peptide recognized by all the CTL lines was the 9-mer peptide
from aa 705 to 713 (IPYLDGTFY). We found that no single
HLA-A or HLA-B allele was shared by all; however, three

donors carried the HLA-B35 allele, while the other two donors
carried HLA-B53. Since HLA-B35 and HLA-B53 are closely
related alleles and both have a preference for a proline residue
at position 2 and a tyrosine at the C-terminal position, we
examined whether the IPY peptide was being recognized in the
context of both HLA-B35 and HLA-B53. We initially gener-
ated an HLA-B35 tetramer and used it to stain CTL lines from
pts. 4, 11, and 23, all of whom carried the HLA-B35 allele, and
we were able to identify a tetramer-positive population in all
three lines (Fig. 3C). When we folded the same peptide in the
context of the HLA-B53 allele and used it to stain the CTL
lines from pts. 7 and 20, who carried the HLA-B53 allele, we
were also able to identify a tetramer-positive population (Fig.
3D). Therefore, the IPY peptide (aa 705 to 713) is immuno-
genic when it is presented in the context of either HLA-B35 or
HLA-B53. This phenomenon has been previously reported for
the human papillomavirus (HPV) peptide (aa 407 to 417)
derived from the EBV-associated EBNA1 protein.

Finally, we mapped the CD8� T-cell reactivity against pool
4 in the CTL lines from donors 4, 8, 11, and 22 (Fig. 4A). The
individual 20-mer screening showed that all four lines specifi-
cally recognized peptides 13 (aa 316 to 335, GQQSMPNRPN
YIAFRDNFIG) and 14 (aa 321 to 340, PNRPNYIAFRDNF
IGLMYYN). The screening results from patient 8 are shown

FIG. 1. Specificity of an Adv-specific CTL line for patient 11. Adv-specific CTL lines were screened by an ELISPOT assay against 11 pools of
hexon peptides (20-mer overlapping by 15 aa) to identify which peptide pools were being recognized by each CTL line. (A) The CTL line generated
for patient 11 showed specific IFN-� release against peptide pools 4 and 9. Results are expressed as numbers of spot-forming cells (SFC)/1 � 105

CTL. (B) To identify the stimulating 20-mer peptides, the CTL line for patient 11 was rescreened against the individual peptides contained in pools
4 and 9. The CTL reactivity against pool 4 mapped to the overlapping peptides 12 (SRELMGQQSMPNRPNYIAFR) and 13 (GQQSMPNRP
NYIAFRDNFIG), while the reactivity in pool 9 mapped to peptides 4 and 5. Results are expressed as numbers of SFC/2 � 105 CTL.

548 LEEN ET AL. J. VIROL.



in Fig. 4B. Interestingly, we found that these two peptides,
spanning aa 316 to 340, stimulated both CD4� and CD8� T
cells from donor 8, whereas only the CD8� T cells from pts. 4,
11, and 22 reacted to these peptides (data not shown). Thus,
the CTL from donor 8 recognized an overlapping CD4 and
CD8 T-cell epitope. To identify the minimal CD8� T-cell
epitope recognized by the CTL lines from all four donors, we
generated a panel of short 9-mer or 10-mer peptides spanning
this region and used them to stimulate isolated CD8� T cells in
the presence or absence of a major histocompatibility complex

class I (MHC-I) blocking antibody. The peptides we synthe-
sized were aa 318 to 326 (QSMPNRPNY), aa 320 to 328
(MPNRPNYIA [9 mer]), aa 320 to 329 (MPNRPNYIAF [10
mer]), and aa 323 to 331 (RPNYIAFRD). Only the 9-mer and
10-mer MPN peptides induced CD8� T cells to produce IFN-�
in an ELISPOT assay, an effect abrogated by the addition of
MHC-I blocking antibody. The 10-mer MPN peptide (aa 320
to 329) was the minimal epitope, since this epitope stimulated
the maximum number of reactive T cells to produce IFN-�.
Results from donor 8 are shown in Fig. 4C. To identify the

FIG. 2. Hexon reactivity detected in 26 CTL lines. (A) Adv hexon-specific CD4� (E) and CD8� (F) T-cell reactivity detected in 26 CTL lines.
Pt, patient. (B) The frequency of responses detected in each CTL line directed against each of the 11 hexon peptide pools is shown.
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HLA restriction of this peptide epitope, we used partially
matched LCL lines pulsed with the 10-mer MPN peptide as
APCs in an ELISPOT assay (Fig. 4D). T cells secreted IFN-�
upon stimulation with peptide-pulsed APCs matched for the
HLA-B35 allele but not HLA-A2. HLA-B35 restriction was
confirmed by the identification of a T-cell population within
the CTL line from donor 8, which stained positive with the
HLA-B35-MPNRPNYIAF pentamer (Fig. 4E). All of the CTL
lines from donors 4, 11, and 22 that also demonstrated CD8�

T-cell reactivity against pool 4 carried the HLA-B35 allele
and showed reactivity against the minimal MPN peptide by
ELISPOT and pentamer staining (data not shown). Thus, we
were successful in identifying the minimal epitope peptides for
all five novel CD8� T-cell responses detected in the current
study, and the resultant multimers were able to specifically
bind to antigen-specific T cells. These reagents will provide
important tools for CTL characterization and immunomoni-
toring studies.

Identification of overlapping CD4� and CD8� T-cell
epitopes. Five CD8� T-cell epitopes (HLA-A24 TYF, HLA-
B35 MPN, HLA-B35 LPG, HLA-B35/53 IPY, and HLA-A2
YVL) were found to overlap directly with CD4� T-cell
epitopes (aa 31 to 55, FAR; aa321 to 335, PNP; aa 566 to 590,
FFA; aa 691 to 715, LGS; and aa 906 to 930, EVD). An
example is shown in Fig. 4F. The CTL line from donor 8 was
found to respond to an overlapping CD4/CD8 epitope. The
CD8� T-cell epitope MPN was presented to T cells in the
context of HLA-B35 (Fig. 4E); however, the overlapping

CD4� T-cell epitope that stimulated CTL reactivity mapped to
PNRPNYIAFRDNFIG (aa 321 to 335), the region of overlap
between peptides 13 (aa 316 to 335) and 14 (aa 321 to 340)
(data not shown). There was no recognition of the minimal
CD8� T-cell epitope MPN peptide (aa 320 to 329) by isolated
CD4� T cells (Fig. 4F). Thus, five of the immunogenic pep-
tides are capable of stimulating both CD4� and CD8� T-cell
reactivity and are ideal candidates for vaccination strategies
aiming to stimulate a polyclonal antigen-specific T-cell re-
sponse in vivo.

Conserved regions of the hexon protein stimulate both
CD4� and CD8� T cells. The mapping of hexon-specific T-cell
reactivity in these 26 CTL lines identified immunogenic re-
gions of the hexon protein. To determine the conservation of
the epitopes identified among Adv serotypes, we compared the
sequences of hexons from Adv serotype 5 (species C), serotype
2 (species C), serotype 4 (species E), serotype 7 (species B),
serotype 35 (species B), and species F. By highlighting the
conserved regions and the hypervariable regions among
the different serotypes and species and the locations of both
the CD4� T-cell epitopes and the CD8� T-cell epitopes, we
determined that the cellular immune response targeting hexon
is directed against regions of the molecule which are highly
conserved through different Adv serotypes and species (Fig. 5).

DISCUSSION

Clinical trials of immunotherapy to prevent or treat the
severe adenoviral infections that occur in the immunocompro-
mised host (4) are hampered by a lack of identification of the
target epitopes that are shared by a broad range of pathogenic
adenoviruses. We have stimulated Adv-reactive CTL lines with
an overlapping hexon peptide library, using IFN-� secretion as
the readout with which to evaluate CD4 and CD8 T-cell re-
sponses against the viral hexon protein and to map their spec-
ificities. These responses were detectable in 25/26 CTL lines,
and the stimulating peptides identified 5 new HLA class I-re-
stricted (CD8) and 28 new class II-restricted epitopes (Table
1). Moreover, five of these epitopes stimulated both CD4 and
CD8 cells and may be particularly suited as vaccine antigens.

There were significantly fewer Adv epitope-specific re-
sponses detected in the trivirus-specific CTL lines generated
using the Ad5f35pp65 (lines 1 to 13) vector than in the bivirus-
specific CTL lines generated using the Ad5f35null (lines 13 to
26) vector. Thus, all 13 bivirus-specific CTL lines contained
Adv reactivity, and 11 had reactivity against at least three
distinct epitopes, while 1 trivirus-specific line did not exhibit a
detectable Adv-specific component, and 5 reacted with only
one Adv epitope. It is not clear if this was due to competition
between the high- and low-frequency responder T cells or
between pp65 and hexon peptides for HLA molecules on the
stimulator cells. This situation is further complicated at the
second and the subsequent stimulations when EBV epitopes
are also competing with the Adv and CMV epitopes for HLA
molecules. It has previously been demonstrated that high-af-
finity T cells can outgrow low-affinity T cells, particularly when
a common APC is stimulating the responses (9, 10). Neverthe-
less, in our clinical trial, the infusion of the CTL line for patient
2, which reacted with only one CD8� epitope, was associated
with a rapid Adv clearance and resolution of Adv disease,

TABLE 1. Immunogenic CD4 peptides

aa
positions Sequence No. of

responders

11–20 SYMHISGQDA 1
16–40 SGQDASEYLSPGLVQFARATETYFS 1
31–55 FARATETYFSLNNKFRNPTVAPTHD 1
56–80 VTTDRSQRLTLRFIPVDREDTAYSY 5
71–95 VDREDTAYSYKARFTLAVGDNRVLD 2
111–135 PTFKPYSGTAYNALAPKGAPNPCEW 2
201–225 QPEPQIGESQWYETEINHAAGRVLK 1
316–335 GQQSMPNRPNYIAFRDNFIG 6
391–415 VDSYDPDVRIIENHGTEDELPNYCF 1
396–420 PDVRIIENHGTEDELPNYCFPLGGV 1
456–475 NNFAMEINLNANLWRNFLYS 2
466–490 ANLWRNFLYSNIALYLPDKLKYSPS 3
501–510 YDYMNKRVVA 1
521–545 GARWSLDYMDNVNPFNHHRNAGLRY 1
556–580 VPFHIQVPQKFFAIKNLLLLPGSYT 6
566–590 FFAIKNLLLLPGSYTYEWNFRKDVN 1
591–615 MVLQSSLGNDLRVDGASIKFDSICL 1
646–670 YLSAANMLYPIPANATNVPISIPSR 3
661–680 TNVPISIPSRNWAAFRGWAF 2
671–680 NWAAFRGWAF 2
691–715 LGSGYDPYYTYSGSIPYLDGTFYLN 6
706–715 PYLDGTFYLN 1
711–730 TFYLNHTFKKVAITFDSSVS 1
736–760 RLLTPNEFEIKRSVDGEGYNVAQCN 1
756–775 VAQCNMTKDWFLVQMLANYN 2
786–810 SYKDRMYSFFRNFQPMSRQVVDDTK 2
791–815 MYSFFRNFQPMSRQVVDDTKYKDYQ 6
811–835 YKDYQQVGILHQHNNSGFVGYLAPT 2
856–880 VDSITQKKFLCDRTLWRIPFSSNFM 1
861–885 QKKFLCDRTLWRIPFSSNFMSMGAL 1
906–930 EVDPMDEPTLLYVLFEVFDVVRVHRPHR 6
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suggesting that CTL lines with a wide breadth of reactivity are
not crucial for in vivo efficacy (13).

Adenovirus is a lytic DNA virus that expresses a number of
potential target antigens. However, in order to activate an
effective and protective serotype-cross-reactive immune re-
sponse, the target antigen(s) must be conserved among the
different serotypes. Mouse models indicated that the well-con-
served immediate-early proteins E1A (22, 25, 26) and E2A (17,
23) were strong targets for specific T cells. Unfortunately, this
observation did not hold true for humans, in whom virion
proteins, particularly hexon, are stronger targets for antigen-
specific T cells (3, 5, 15, 16, 28). While penton and fiber ele-
ments show significant heterogeneity among types and species,
the viral capsid hexon contains regions which are highly con-
served among the different serotypes (16, 27). Data from our
group and those of other groups had suggested that the cellular
immune response directed against this protein is highly cross-
reactive and specifically targeted against these conserved re-
gions (8, 30, 31). The current more extensive analysis confirms
that the immunogenic epitope peptides lie in the conserved
regions of the hexon protein rather than in the hypervariable
regions, which are frequently the targets of serotype-specific
antibody responses (Fig. 5). Thus, hexon is a potent target for
antigen-specific T cells and, as such, serves as an ideal target,

both for vaccine protocols aimed at recruiting antigen-specific
T cells in vivo and for adoptive immunotherapy using transfer
of Adv-specific T cells.

The phenomenon of overlapping CD4� and CD8� T-cell
epitopes has previously been described for the tumor setting
where MART-1-specific CD8� T cells recognize the HLA-A2-
restricted peptide EAA (aa 26 to 35), which has direct se-
quence overlap with an HLA-DR11 epitope (aa 25 to 36), and
this peptide has been widely used in the melanoma setting in
vaccination protocols (1, 2). The results of our current study
suggest that for active Adv vaccination strategies, the best
candidate peptides are the five immunodominant peptides that
contain an overlapping CD4 and CD8 T-cell epitope. Alterna-
tively, since we have demonstrated that the conserved regions
of hexon are immunogenic, an overlapping 30-mer peptide
library spanning these regions could also be synthesized for use
in a vaccination protocol (32, 33). For the generation of Adv-
specific T cells for adoptive immunotherapy, the relevant
CD8� T-cell peptides (based on HLA restriction) can be com-
bined with the immunodominant CD4� T-cell peptides to ac-
tivate specific T cells. Alternatively, for the vaccine strategy, a
peptide library spanning the conserved regions of the hexon
protein can be used to reactivate T cells in an HLA-unre-
stricted manner. Ultimately, the epitope peptides will also al-

FIG. 3. Tetramer analysis of Adv-specific CTL lines. (A) The CTL line for patient (pt) 16 was incubated with the HLA-A2 GLR tetramer.
(B) Staining of pt 19 CTL line with the HLA-B53 LPG tetramer. (C) Staining of pt 11 CTL line with the HLA-B35 IPY tetramer. (D) Staining
of pt 7 CTL line with the HLA-B53 IPY tetramer.
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low precise and extensive characterization of CTL lines prior
to adoptive transfer, and for both vaccine and adoptive immu-
notherapy studies, these peptides will allow the immune re-
sponse to be monitored using the specific immunogenic pep-
tides as stimulators in immunoassays.

There is increasing evidence that an optimal antiadenoviral
response requires the integration of both CD4� and CD8�

T-cell responses (1, 2, 13, 18). Hence, irrespective of whether
adoptive transfer or vaccination is the primary therapeutic
strategy, it is likely that both CD4� and CD8� responses will
be desired. In 13 of the 26 CTL lines screened in the current
study, we found a mixture of CD4� and CD8� Adv-reactive T
cells, though the breadth of the reactivity differed. Of the 19
lines containing an Adv-specific CD4� T-cell component, only
4/19 recognized one single CD4� T-cell epitope, whereas 14 of
these lines had reactivity against �3 distinct CD4� T-cell
epitopes. In contrast, of the 19 CTL lines with a specific CD8�

T-cell component, 15 recognized a single CD8� epitope. In
total, nine CD8� T-cell epitopes were recognized by the CTL
lines screened in the current study, four of which had been
previously published and five of which were novel epitopes. So,
although we identified epitopes that stimulated either CD4� or
CD8� cells, the immune response directed against the hexon
protein seems to be dominated by CD4� T cells directed
against multiple MHC-II epitopes (8, 21, 30, 33), whereas
CD8� reactivity was less frequent and recognized fewer
epitopes, presented by a more limited range of class I mole-
cules. Nonetheless, five of the immunogenic peptides were able
to stimulate both CD4� and CD8� T cells.

In summary, we have identified a panel of CD4� and CD8�

T-cell epitopes which can be used in vaccination studies to
prime antigen-specific T cells as well as to provide a source of
antigen to challenge adoptively transferred T cells in vivo.
These epitopes also provide us with valuable tools for immune

FIG. 4. Overlapping CD4� and CD8� T-cell epitopes. (A) The CTL line generated for patient (pt) 8 showed specific IFN-� release against
peptide pool 4. Results are expressed as numbers of SFC/2 � 105 CTL. (B) To identify the stimulating 20-mer peptides, the CTL line for pt 8 was
rescreened against the individual peptides contained in pool 4. The CTL reactivity against pool 4 mapped to the overlapping peptides 13
(GQQSMPNRPNYIAFRDNFIG) and 14 (PNRPNYIAFRDNFIGLMYYN). Results are expressed as numbers of SFC/3 � 105 CTL. (C) To
identify the minimal CD8� T-cell epitope, the CTL was screened against a panel of shorter peptides, and the 10-mer MPN peptide (aa 320 to 329)
was identified as the minimal epitope that stimulated the maximum number of reactive T cells to produce IFN-�. This effect was blocked by the
addition of an MHC-I blocking antibody. (D) To identify the HLA restriction of the CD8-restricted MPN peptide, partially matched LCL lines
were pulsed with this peptide and used as APCs in an ELISPOT assay. Only lines that were HLA-B35-matched LCL lines were capable of inducing
IFN-� secretion. (E) The CTL line for pt 8 was stained with the HLA-B35 MPN tetramer, and 0.62% of the CD8� T cells were tetramer positive.
(F) CD8-depleted CTL from pt 8 responded to PNRPNYIAFRDNFIG (aa 321 to 335) but showed no reactivity against the minimal CD8� MPN
peptide. Results are expressed as numbers of SFC/1 � 105 CTL.
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FIG. 5. Conservation of the novel Adv epitopes. Epitope alignment of sequences from the indicated Adv serotypes. Hypervariable regions are
shown in green, and the conserved regions are shown in black, while the identified epitopes are highlighted in red.
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monitoring prior to and following immunotherapeutic inter-
ventions.
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