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One approach for a safer smallpox vaccine is to utilize recombinant subunits rather than live vaccinia virus
(VACV). The products of the VACV envelope genes A27L, L1R, B5R, and A33R induce protective antibodies in
animal models. We propose that proteins that elicit T-cell responses, as well as neutralizing antibodies, will be
important to include in a molecular vaccine. To evaluate VACV-specific memory T-cell responses, peripheral
blood mononuclear cells (PBMC) from four VACV vaccinees were tested against whole VACV and the indi-
vidual envelope proteins A27, B5, L1, and A33, using gamma interferon enzyme-linked immunospot and
cytokine flow cytometry assays. PBMC were stimulated with autologous dendritic cells infected with VACV or
electroporated with individual VACV protein mRNAs. T-cell lines from all donors, vaccinated from 1 month to
over 20 years ago, recognized all four VACV envelope proteins. Both CD4� and CD8� T-cell responses to each
protein were detected. Further analysis focused on representative proteins B5 and A27. PBMC from a recent
vaccinee exhibited high frequencies of CD4� and CD8� T-cell precursors to both B5 (19.8 and 20%, respec-
tively) and A27 (6.8 and 3.7%). In comparison, B5- and A27-specific T-cell frequencies ranged from 0.4 to 1.3%
in a donor vaccinated 3 years ago. Multiple CD4� and CD8� T-cell epitopes were identified from both A27 and
B5, using overlapping 15-mer peptides. These data suggest that all four VACV envelope proteins may contrib-
ute to protective immunity, not only by inducing antibody responses, but also by eliciting T-cell responses.

It is important to develop safer alternatives to the live vac-
cinia virus (VACV) vaccine to immunize against smallpox (va-
riola virus) infection. One approach is the use of modified
vaccinia virus Ankara (MVA), a highly attenuated vaccinia
virus that does not produce infectious progeny virions in hu-
man cells (24, 37). In comparison to VACV, however, MVA is
less immunogenic and requires higher doses (8, 25). Since
MVA is nonreplicating, it will also likely require more-fre-
quent boosting. Additionally, there remain safety concerns
about the use of a live, albeit attenuated, virus and the poten-
tial presence of adventitious pathogens. As an alternative live
virus vaccine, one group has developed a mutant vaccinia virus,
strain LC16m8 (expressing a truncated B5 envelope protein),
that is less virulent in an animal model but appears to retain
immunogenicity (26).

Another alternative is the use of a recombinant protein or
DNA vaccine. Smallpox vaccine development is hampered,
however, because little is known about the proteins that do or
could play important roles in the generation of protective im-
mune responses. Orthopoxviruses, including VACV and vari-
ola virus, are highly complex DNA viruses that encode over
180 proteins. There are also two different infectious forms of
poxviruses, the intracellular mature virion (IMV) and the ex-
tracellular enveloped virion (EEV), that are associated with
unique envelope proteins.

Animal studies suggest that VACV-specific neutralizing an-
tibodies alone are sufficient to protect against challenge. For
instance, mice were protected against lethal VACV infection

after depletion of CD4� and CD8� T cells following vaccina-
tion or after passive transfer of immune sera (2, 20). In another
study, rhesus macaques were protected against lethal monkey-
pox virus challenge after depletion of CD8� T cells after vac-
cination but not by depletion of B cells before vaccination (9).
In that study, passive transfer of human VACV-neutralizing
antibodies also protected macaques against severe disease.

We propose that VACV envelope proteins that elicit both
neutralizing antibodies and T-cell responses will be important
to include in a potent and durable vaccine. There are several
lines of evidence that support this hypothesis. CD4� T-cell
responses to lytic viruses help to generate and amplify B-cell,
T-cell, and innate immune responses (34). Whereas antibodies
may be sufficient to prevent infection, cytotoxic CD8� T-cell
responses are typically required to control and eradicate es-
tablished viral infections (18, 19). Specifically, Belyakov et al.
demonstrated that CD4� and CD8� T cells prevented mortal-
ity in vaccinated B-cell-deficient mice after VACV challenge
(2). In another study, adoptive transfer of immune CD8� T
cells was protective in B-cell-depleted animals (45). Addition-
ally, vaccination with an HLA A2-restricted epitope from the
VACV host range protein HRP2 protected HLA A2 trans-
genic mice against lethal VACV infection (36).

Several VACV envelope proteins that induce protective an-
tibodies have been identified, including the IMV proteins A27
and L1 and the EEV proteins A33 and B5 (10, 11, 14, 21, 32).
Each of these protein sequences is highly conserved between
VACV and variola virus. Recently, DNA vaccination with a
combination of all four genes (A27L, L1R, A33R, and B5R)
was documented to be completely protective against a lethal
VACV challenge in both mouse and monkey models (15, 16).
Protective antibody responses were identified in vaccinated
animals, but T-cell responses were not studied.
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The VACV proteins A27, B5, A33, and L1 represent prom-
ising smallpox vaccine candidates. The goal of this study was to
determine whether any of the four envelope proteins A27, B5,
A33, and L1 is recognized by memory T cells from vaccinated
donors. VACV-specific T-cell lines (TCLs) were prepared
from peripheral blood mononuclear cells (PBMC) from four
donors. Dendritic cells (DC) were utilized to process and
present input proteins via both major histocompatibility com-
plex (MHC) class I and class II molecules in order to stimulate
both CD4� and CD8� T-cell responses. VACV-specific T cells
were amplified in vitro by stimulation with autologous DC
treated with VACV after inactivation with psoralen and long-
wave UV light (pUV). As targets, individual VACV proteins
were expressed in DC via electroporation of mRNA. VACV-
specific TCLs from each donor recognized each individual
envelope protein expressed in autologous DC in a gamma
interferon (IFN-�) enzyme-linked immunospot (ELISPOT)
assay. Protein-specific TCLs, prepared from PBMC stimulated
with autologous DC expressing each VACV protein, recog-
nized VACV-treated targets. Both B5- and A27-specific CD4�

and CD8� T cells were directly detected in PBMC by cytokine
flow cytometry (CFC) assays. Additionally, both CD4� and
CD8� T-cell epitopes were identified from B5- and A27-spe-
cific TCLs, using overlapping 15-mer synthetic peptides.

MATERIALS AND METHODS

Subjects. Buffy coat collections were obtained from four donors previously
vaccinated with VACV and from two unvaccinated healthy adult donors. Donors
were vaccinated 1 month (donor 1), 3 years (donors 2 and 3), or �20 years ago
(donor 4). This study was approved by the Institutional Review Board.

Viruses. The Western Reserve strain of VACV was grown in 143 TK� cells,
crude lysates were prepared, and titers were determined as previously described
(44). VACV aliquots were inactivated with pUV, based on the method of Tsung
et al. (42). Briefly, VACV was incubated with 1 �g/ml of psoralen (4�-amino-
methyltrioxsalen hydrochloride; Sigma, St. Louis, Mo.) for 5 min at room tem-
perature (1 ml/well in a 6-well plate) and exposed to long-wave UV light for 10
to 20 min, using the Stratalinker UV cross-linker (Stratagene, LaJolla, Calif.).
This treatment led to a 102- to 104-fold reduction in titer. Adenovirus antigen was
prepared from Ad2-infected cell lysates and inactivated with short-wave UV
light, as previously described (28).

Cell lines and antibodies. Epstein Barr virus-transformed lymphoblastoid cell
lines (LCL) were prepared from donor PBMC by incubation with supernatant
from the marmoset cell line B95-8 in the presence of 1 �g/ml cyclosporine, as
previously described (28). The HLA homozygous LCL Boleth, Cox, and Mou
were obtained from D. Eckels, Medical College of Wisconsin (46). CD40L-
transfected 3T3 cells were obtained from J. L. Schultze, Harvard Medical School
(35). Monoclonal antibodies (mAbs) specific for A27, A33, and L1 have previ-
ously been described (15). A B5-specific mAb (206C5-F12) was kindly provided
by S. N. Isaacs, University of Pennsylvania. The HLA A-, B-, and C-specific mAb
W632 and the anti-DR mAb L243 were purchased from Leinco Technologies
(St. Louis, Mo.).

Dendritic cells. PBMC were purified from buffy coat collections by Ficoll-
Hypaque density gradient centrifugation. DC were prepared from CD14� cells
isolated from PBMC via positive immunomagnetic selection, as previously de-
scribed (39). Briefly, CD14� cells were incubated in RPMI 1640, supplemented
with 1% human AB sera (Atlanta Biologicals, Atlanta, Ga.), 10 mM HEPES, 2
mM glutamine, 100 U/ml penicillin, and 100 �g/ml streptomycin, in the presence
of granulocyte-macrophage colony-stimulating factor (800 U/ml) and interleu-
kin-4 (IL-4; 1,000 U/ml; BD Pharmingen, San Diego, Calif.) for 5 days. Then DC
maturation was induced by addition of 10 ng/ml IL-1�, 1,000 U/ml IL-6, 10 ng/ml
tumor necrosis factor alpha, and 1 �g/ml prostaglandin E2 (Sigma, St. Louis,
Mo.) for 48 h.

CD40-activated B-cell lines. In some experiments, cells from CD40-activated
B-cell lines (CD40-B) were used as autologous antigen-presenting cells in lieu of
DC (to spare the large number of PBMC required to prepare DC). Similar to
DC, CD40-B cells present input proteins via class I and class II antigens (43).

CD40-B cells were generated from PBMC by repeated stimulation with irradi-
ated CD40L-transfected NIH 3T3 cells, per the method of Schultze et al. (35).

Preparation of VACV protein mRNAs. Cloned protein open reading frames
(ORFs) (VACV Connaught strain) were amplified from the plasmids pWRG/
A27L, pWRG/A33R, pWRG/B5R, and pWRG/L1R by PCR, using primers that
added the restriction sites XhoI and HindIII (15). Each cDNA was gel purified,
restricted with XhoI and HindIII, and inserted into the multicloning site of the
transcription vector pBluescript II SK(�/�) (Invitrogen, Carlsbad, Calif.) behind
a T7 polymerase promoter. As a control, the enhanced green fluorescent protein
(GFP) ORF was cloned into the pBluescript vector. mRNA was prepared from
each insert by in vitro transcription, using the mMESSAGE mMACHINE T7 kit
(Ambion, Austin, Tex.), treated with DNase, and purified by LiCl precipitation,
according to the manufacturer’s instructions. mRNAs were analyzed by agarose-
formaldehyde gel electrophoresis and stored at �80°C in small aliquots.

Electroporation of DC with mRNAs. Mature DC were suspended at 1 � 106 to
2 � 106/100 �l in Nucleofector solution plus 5 �g of each mRNA and electro-
porated in an Amaxa electroporator using pulse program U08 (Amaxa, Gai-
thersburg, Md.) (3). Transfected DC were incubated overnight before being
used. GFP expression was confirmed by direct examination for fluorescence by
flow cytometry; more than 50% of cells expressed GFP (data not shown). The
efficiency of electroporation of each VACV protein mRNA was measured by an
indirect immunofluorescence assay using mAbs against each protein; expression
ranged from 45% to 60% (data not shown).

Preparation of T-cell lines. For whole VACV-specific TCLs, 3 � 106 aliquots
of PBMC were stimulated with autologous mature DC treated overnight with
pUV VACV (4 PFU/cell; PBMC to DC ratio, 10:1) in 24-well plates in RPMI
1640 supplemented with 10% human AB sera, 10 mM HEPES, 2 mM glutamine,
100 U/ml penicillin, and 100 �g/ml streptomycin (T-cell media). On day 7, cells
were restimulated with fresh pUV VACV-treated DC, and human recombinant
IL-2 (5 U/ml; Becton Dickinson, Bedford, Mass.) was added starting at day 9. To
prepare individual VACV protein-specific TCLs, PBMC were stimulated with
autologous DC transfected with individual mRNAs (PBMC to DC ratio, 10:1)
for 1 week.

CD4� and CD8� T-cell purification. Purified populations of CD4� and CD8�

T cells were separated from PBMC by negative immunomagnetic selection, as
previously described (39).

Synthetic peptides. Overlapping 15-mer peptides (11-amino-acid overlaps)
from the VACV Connaught strain A27L and B5R protein sequences (GenBank
accession numbers A4160184 and A4160185, respectively) were synthesized by
Sigma Genosys (The Woodlands, Tex.). In a few cases where peptides containing
the most hydrophobic sequences could not be synthesized, shorter peptides were
synthesized. The purity of each crude peptide was confirmed by high-pressure
liquid chromatography. Peptide stocks (10 mM) were prepared in dimethyl
sulfoxide and frozen in small aliquots at �70°C.

IFN-� ELISPOT assay. T-cell responses were measured by IFN-� ELISPOT
assay, using mAbs from Mabtech (Stockholm, Sweden) and 96-well plates with
Immobolin-P membrane (Millipore, Bedford, Mass.), as previously described
(28). PBMC were incubated overnight with live VACV (1 PFU/cell) following a
90-min adsorption. TCLs were incubated overnight with peptides (10 �M each)
or targets loaded with peptide, infected with live VACV, or treated with pUV
VACV. Spot-forming cells (SFCs) were counted with an ImmunoSpot analyzer
(Cleveland, Ohio).

Cytokine flow cytometry assay. PBMC were incubated 6 h with mature autol-
ogous DC infected overnight with live VACV or treated with pUV VACV (4
PFU/cell). Uninfected DC were tested as a negative control. PBMC were also
tested against autologous DC electroporated with mRNA for B5 and A27 VACV
proteins and GFP (negative control). TCLs were incubated with or without
peptide (10 �M) for 6 h. CD4� and CD8� T-cell responses were detected by
measurements of intracellular IFN-� and cell surface markers CD69, CD3, and
CD8 by four-color staining, as previously described (38).

Cytotoxic T-cell assay. Cytotoxicity was measured by a calcein-release assay, as
previously described (27).

Statistical methods. Data from the ELISPOT assays were analyzed using a
paired t test to compare the mean number of spots in the triplicate control and
experimental microwells. Standard deviations for all triplicate data points from
both ELISPOT and CTL assays are shown in each figure.

RESULTS

Comparison of vaccinia-specific T-cell frequencies among
vaccinees. PBMC were collected from donors vaccinated with
VACV 1 month (donor 1), 3 years (donors 2 and 3), or �20
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years ago (donor 4). PBMC from each donor were directly
assayed for T-cell responses to VACV (1 PFU/cell) by a short-
term IFN-� ELISPOT assay. PBMC were incubated with me-
dia alone as a negative control. Additionally, PBMC from two

unvaccinated donors (5 and 6) were tested as negative controls.
PBMC from all six donors responded to inactivated adenovirus
antigen as a positive control (data not shown). All four vac-
cinees had detectable IFN-� responses to VACV, whereas
both nonimmune donors were negative (Fig. 1). VACV-spe-
cific T-cell frequencies from the donor vaccinated 1 month
before (2,550 per 106 PBMC) were approximately sevenfold
higher than those for the three other vaccinated donors (mean,
356 per 106 PBMC; range, 208 to 488). Titration of the VACV
dose revealed nonlinear responses, and responses to a second
antigen (adenovirus) were inhibited in comixing experiments
with VACV, suggesting that VACV was also toxic to the T cells
(data not shown). Thus, the levels of VACV-specific T cells
were likely underestimated in this assay.

Vaccinia virus-specific T cells recognize input virion pro-
teins presented by dendritic cells. In order to identify T-cell
responses to virion proteins, VACV was inactivated by pUV
treatment to inhibit both expression of early viral proteins and
viral replication (42). DC, professional antigen-presenting
cells, were utilized to present input virion proteins from inac-
tivated VACV via both MHC class I and class II antigens (12).
Responses of PBMC from donor 4 to autologous DC infected
with live VACV or treated with pUV-inactivated VACV (4
PFU/cell) were compared, using the short-term CFC assay.

FIG. 1. Comparison of vaccinia virus-specific IFN-� responses among
donors. PBMC from VACV-immunized donors (1 to 4) and two nonim-
mune donors (5 and 6) were incubated overnight with live VACV (1
PFU/cell) or media alone (negative control). IFN-� responses were mea-
sured by ELISPOT assay. SFCs, spot-forming cells.

FIG. 2. CD4� and CD8� T-cell responses to vaccinia virus-infected DC. (A) PBMC from donor 4 were incubated 6 h with autologous DC infected overnight
with live VACV or treated with pUV-inactivated VACV. (B) PBMC from a nonimmune donor (donor 5) were tested as a negative control. Activated IFN-�-
and CD69-positive cells were measured by cytokine flow cytometry using four-color staining. CD8� T cells were gated on CD3�CD8� lymphocytes; CD4� T
cells were gated on CD3�CD8� lymphocytes. VACV-specific precursor frequencies were calculated by subtracting the responses to uninfected DC (see text).
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Uninfected DC were used to stimulate PBMC as a negative
control. Additionally, PBMC from an unvaccinated donor (do-
nor 5) were tested as a negative control. PBMC from both
donors exhibited strong CD4� and CD8� T-cell responses to
the mitogen phytohemagglutinin as a positive control (data not
shown). As shown in Fig. 2, both CD4� and CD8� T-cell
responses to live VACV-infected DC from donor 4 (0.59 and
0.31%, respectively) were detected. Similar levels of T-cell
precursor frequencies to pUV VACV-treated DC from donor
4 (0.57 and 0.28%, respectively) were detected. No VACV-
specific responses were detected from the unvaccinated donor.
The fact that both CD4� and CD8� T-cell responses to DC
treated with pUV-inactivated VACV were detected suggested
that virus-specific T cells recognize input virion proteins.

Virus-specific T-cell lines recognize individual vaccinia vi-
rus envelope proteins. VACV-specific TCLs were prepared by
stimulation of PBMC with pUV VACV-treated autologous
DC for 2 weeks, as per Materials and Methods. TCLs were
tested for responses to each VACV envelope protein ex-
pressed in autologous DC transfected with individual mRNAs
via electroporation. As a negative control, TCLs were tested
against autologous DC transfected with GFP mRNA. VACV-
specific TCLs from all four donors demonstrated specific T-cell
responses to each individual protein by IFN-� ELISPOT assay,
as illustrated with donor 3 (Fig. 3A) and donor 4 (Fig. 3C).
Additionally, purified CD4� and CD8� T cells (donor 2) sep-
arately stimulated with pUV VACV-treated autologous DC
exhibited IFN-� responses to each protein (data not shown).

As an alternative approach, individual VACV protein-spe-
cific TCLs were prepared by stimulation of PBMC with autol-
ogous DC transfected with each protein mRNA for 1 week.
PBMC stimulated with DC transfected with GFP mRNA were
tested as a control. CD40-B cells were prepared from PBMC
for use as autologous antigen-presenting cells, as per Materials
and Methods, in order to spare the large number of PBMC
required for DC preparation. CD40-B cells presented both live
VACV and pUV VACV antigens to CD4� and CD8� T cells
in the CFC assay, but not as efficiently as DC (data not shown).
Each TCL was tested against pUV Vac-treated and untreated
autologous CD40-B cell targets in the IFN-� ELISPOT assay.
From all four donors, TCLs against A27, B5, A33, and L1 each
specifically recognized pUV Vac-treated autologous targets in
the IFN-� ELISPOT assay. The responses from donors 3 and
4 are illustrated in Fig. 3B and D, respectively. These data
indicate that vaccinees exhibit T-cell responses to each enve-
lope protein.

Quantitation of B5-specific CD4� and CD8� T-cell precur-
sor frequencies. PBMC were directly assayed for B5-specific
CD4� and CD8� T-cell precursor frequencies by CFC assay.
PBMC were incubated for 6 h with autologous DC transfected
with either B5 mRNA or GFP mRNA (negative control). B5-
specific T-cell precursor frequencies correlated with the time
interval postvaccination. As shown in Fig. 4A, the recent vac-
cinee (donor 1) exhibited very strong T-cell responses to B5:
19.8% for CD4 and 20% for CD8. In comparison, PBMC from
donor 2, who was vaccinated 3 years ago, exhibited 20-fold-

FIG. 3. Vaccinia virus-specific T-cell lines recognize envelope proteins A27, L1, B5, and A33. VACV-specific TCLs prepared from PBMC from
donor 3 (panels A and B) and donor 4 (panels C and D) were tested by IFN-� ELISPOT assay. (A and C) Whole VACV-specific TCLs were stimulated
for 2 weeks (donor 3) or 3 weeks (donor 4) with pUV VACV-treated autologous DC and tested against autologous DC electroporated with mRNA from
A27, L1, B5, A33, or GFP (negative control). (B and D) Individual protein-specific TCLs (stimulated for 1 week with autologous DC electroporated with
mRNA from either A27, L1, B5, A33, or GFP) were tested against pUV VACV-treated (4 PFU/cell) or untreated autologous CD40-activated B-cell
targets (dark and open bars, respectively) or media alone (light gray bars). SFCs, spot-forming cells. Auto, autologous.
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lower B5-specific CD4� and CD8� T-cell precursor frequen-
cies (1.3 and 0.66%, respectively) (Fig. 4B). In contrast, PBMC
from the donor vaccinated �20 years ago exhibited a detect-
able response to B5R only after amplification in vitro (Fig. 3C),
consistent with the presence of lower precursor frequencies
compared to the other donors. These data confirm the pres-
ence of both CD4� and CD8� T-cell responses to B5 in vac-
cinated donors.

Identification of CD4� and CD8� T-cell epitopes from B5.
To identify both CD4� and CD8� T-cell epitopes, B5-specific
TCLs from each donor were screened by ELISPOT assay for
responses to eight pools of overlapping 15-mer peptides (8 to
10 peptides per pool) representing the entire 317-amino-acid
(aa) B5 protein. The use of 15-mer synthetic peptides allows
identification of both MHC class I- and class II-restricted T-
cell epitopes, despite the fact that the optimal size of class
I-restricted peptides is 9 to 10 aa (23). Then individual pep-
tides from positive pools were tested. Lastly, B5-specific TCLs
were stimulated with individual positive peptides for 2 weeks
and analyzed by ELISPOT, CFC, and CTL assays when ap-
propriate. B5-specific TCLs from all donors responded to at
least one peptide pool.

Major HLA B-restricted T-cell responses to the B5 peptides
193-07 and 225-239 (donor 1) and to the B5 peptide 105-119
(donor 3) were identified. Responses to each B5 peptide were
documented to be mediated by CD8� T cells by CFC assay, as
illustrated for peptide 193-07 in Fig. 5A. Each peptide-specific
line exhibited MHC-restricted cytotoxicity against both pep-
tide-loaded and VACV-infected LCL, confirming that these
epitopes are naturally processed in infected cells. The donor 1
(HLA A1, B35, B55) peptide 225-239-specific TCL responses

are shown in Fig. 5B. The B5R 225-239-specific TCL was
determined to be restricted by HLA B35, using a panel of
HLA-matched and mismatched targets (Fig. 5C). The donor 1
B5 193-207-specific TCL was presumptively restricted by HLA
B55; i.e., peptide-loaded autologous targets were killed, but
neither HLA A1- nor B35-matched targets were recognized,
and a B55-matched target was not available to test (data not
shown). The donor 3 (A1, A23, B4, B44) peptide 105-119-
specific TCL was documented to kill VACV-infected autolo-
gous targets (Fig. 5D and E) and was restricted by HLA B44
(Fig. 5F).

A major HLA A2-restricted T-cell response to the B5 pep-
tide 5-19 from donor 2 was identified. The donor 2 (HLA A1,
A2, B49, B57) B5 peptide-specific TCL response was mediated
by CD8� T cells by CFC assay (data not shown). The B5 5-19
peptide-specific TCL exhibited MHC-restricted cytotoxicity
against VACV-infected autologous LCL, and cytotoxicity was
blocked by a mAb against HLA A, B, and C antigens, not by
anti-DR (Fig. 6A and B). This peptide response was docu-
mented to be restricted by HLA A2, using a panel of HLA-
matched and mismatched targets (Fig. 6C). Donor 4 had de-
tectable responses to peptide pool 2 which could not be
amplified. Additional peptide responses were detected from
donors 1 to 3 but were not further characterized (data not
shown).

Quantitation of A27-specific CD4 and CD8� T-cell precur-
sor frequencies. Using the same strategy as above, PBMC were
directly tested for responses to autologous DC expressing A27
by CFC assay. Autologous DC expressing GFP were also
tested as a negative control. As shown in Fig. 7A, the recent
vaccinee exhibited strong responses to A27, although the pre-

FIG. 4. Comparison of CD4� and CD8� T-cell responses to B5 of donors 1 and 2. PBMC were incubated 6 h with autologous DC
electroporated with mRNA from B5 or GFP (negative control). (A) Donor 1 (vaccinated 1 month before). (B) Donor 2 (vaccinated 3 years before).
Activated IFN-�- and CD69-positive cells were measured by cytokine flow cytometry using four-color staining. CD8� T cells were gated on
CD3�CD8� lymphocytes; CD4� T cells were gated on CD3�CD8� lymphocytes. B5-specific precursor frequencies were calculated by subtracting
the values of the responses to GFP-transfected DC (see text).
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cursor frequencies were two- to threefold lower than the B5-
specific T-cell frequencies: 6.79% for CD4 and 3.67% for CD8.
Donor 2, who was vaccinated 3 years ago, exhibited 10-fold
lower CD4� and CD8� T-cell responses to A27 (0.83 and
0.43%, respectively) than the recent vaccinee (Fig. 7B). The
A27-specific T-cell precursor frequencies were similar to the
donor 2 responses to B5. PBMC from the donor vaccinated
�20 years ago (donor 4) did not have a measurable direct
response to A27-transfected DC but responded to A27 after in
vitro amplification (Fig. 3C), consistent with lower precursor
frequencies (data not shown).

Identification of CD4� and CD8� T-cell epitopes from A27.
A27-specific TCLs were prepared by in vitro stimulation of
PBMC with autologous DC transfected with A27 mRNA. A27-
specific TCLs were screened for responses to four pools of
overlapping 15-mer peptides representing the entire 110-aa
A27 protein. All donors responded to at least one peptide pool

and one or more individual peptides. TCLs were stimulated
with individual positive peptides for 2 weeks and analyzed.
Three CD4� T-cell epitopes were identified: A27 peptides
24-39 (donor 3), 45-59 (donor 2), and 77-91 (donor 1). A
representative CFC assay for the A27 45-59-specific TCL is
illustrated in Fig. 8A. A27 peptide-specific TCLs exhibited
MHC-restricted responses and recognized VACV-infected
LCL in the IFN-� ELISPOT assay, confirming that these
epitopes are naturally processed, as illustrated in Fig. 8B. One
CD8� T-cell epitope, A27 89-103, was identified from donor 2.
An A27 89-103-specific TCL exhibited MHC-restricted cyto-
toxicity against VACV-infected LCL that was blocked by mAb
against class I HLA antigens and was documented to be re-
stricted by HLA A1 (Fig. 8C, D, and E). Donor 4 exhibited a
specific response to A27 17-31 which could not be further
amplified. Additional peptide responses from donors 1 to 3
were detected but not further characterized (data not shown).

FIG. 5. Identification of B5-specific epitopes restricted by HLA B alleles. A B5-specific TCL from donor 1 (HLA A1, B35, B55) was stimulated
with individual B5 synthetic peptides for 2 weeks (panels A, B, and C). (A) A B5 193-207-specific TCL was incubated with or without peptide and
analyzed by cytokine flow cytometry (gated on CD3�CD8� lymphocytes). A B5 225-239-specific TCL was tested for cytotoxicity against autologous
LCL infected with VACV (10 PFU/cell) (triangles), loaded with peptide (diamonds), or untreated as a negative control (open squares) (B) and
HLA B35-matched LCL (HLA A3, B7, B35) only with or without peptide (filled and open squares, respectively) and HLA-mismatched Mou (HLA
A29, B44) with or without peptide (filled and open diamonds, respectively) (C). A B5 105-119-specific TCL from donor 3 (HLA A1, A23, B8, B44)
was tested for cytotoxicity against the following targets: autologous LCL infected with VACV (10 PFU/cell) (filled squares) or untreated (open
squares) (D), VACV-infected autologous LCL preincubated with mAbs (40 �g/ml) against either HLA A, B, and C or HLA DR (effector to target
ratio, 40:1) (E), HLA B44-matched Mou (HLA A29, B44) only with or without peptide (filled and opened squares, respectively), and HLA-
mismatched Boleth (HLA A2, B75) with or without peptide (filled and open triangles, respectively) (F). Cytotoxicity was measured by a
calcein-release assay. E:T, effector to target ratio.
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The sequences of the identified B5 and A27 T-cell epitopes
are displayed in Table 1. All peptide sequences share 100%
sequence similarity with variola virus except for the B5 peptide
225-239, as noted.

DISCUSSION

DNA vaccination with a combination of four VACV enve-
lope protein genes, A27L, B5R, A33R, and L1R, is effective
against lethal poxvirus infection in both mouse and monkey
models, suggesting that these proteins may be suitable small-
pox vaccine candidates (15, 16). Protective antibody responses
to each protein were documented in vaccinated animals, but
T-cell responses were not studied. In this report, PBMC from
donors vaccinated with VACV from 1 month to over 20 years
ago were documented to exhibit both CD4� and CD8� T-cell
responses to each of these four VACV envelope proteins.
Additionally, specific CD4� and CD8� T-cell epitopes were
identified from the representative EEV protein B5 and the
IMV protein A27.

VACV-specific TCLs from four of four vaccinated donors
exhibited specific responses to the individual VACV proteins
A27, B5, A33, and L1 in the IFN-� ELISPOT assay. VACV-
specific TCLs were prepared by stimulation of PBMC with
pUV VACV-treated autologous DC. DC are professional an-

tigen-presenting cells that efficiently process and present input
proteins to both CD4� and CD8� T cells. The use of pUV-
inactivated VACV allowed presentation of input virion pro-
teins by DC and avoided the toxicity associated with live
VACV in both the DC and TCL cultures. For use as targets,
autologous DC were transfected with mRNA for each protein
via electroporation, and expression of each VACV protein was
confirmed by immunofluorescence assay. Additionally, individ-
ually purified CD4� and CD8� VACV-specific TCLs were
documented to recognize each VACV protein, indicating the
presence of both CD4� and CD8� T-cell epitopes.

As another approach, individual VACV protein-specific
TCLs were successfully prepared by stimulation of PBMC with
autologous DC expressing each VACV protein. TCLs specific
for A27, B5, A33, and L1 each recognized pUV VACV-treated
autologous targets in the IFN-� ELISPOT assay.

A27 and B5 were selected as representative IMV and EEV
proteins, respectively, for more detailed analysis. Precursor
frequencies of VACV protein-specific T cells were compared
among PBMC from different donors by CFC assay. The recent
vaccinee exhibited high precursor frequencies of both CD4�

and CD8� T cells specific for B5 (19 and 20%, respectively)
and for A27 (7 and 4%, respectively). A donor vaccinated 3
years previously exhibited 10- to 20-fold-lower frequencies of

FIG. 6. Identification of an HLA A2-restricted B5 epitope. A B5-specific TCL from donor 2 (HLA A1, A2, B49, B57) was stimulated with B5
peptide 5-19 for 2 weeks. Cytotoxicity was measured by calcein-release assay against the following targets: VACV-infected (10 PFU/cell) and
uninfected autologous LCL (filled and open squares, respectively) and VACV-infected and uninfected HLA-mismatched Mou (HLA A29, B44)
(filled and open triangles, respectively) (A), VACV-infected autologous LCL preincubated with mAbs (40 �g/ml) against either HLA A, B, and
C or HLA DR (effector to target ratio, 10:1) (B), and HLA A2-matched Boleth (HLA A2;B75) with or without peptide (filled and open squares,
respectively) and HLA-mismatched Mou with or without peptide (filled and open triangles, respectively) (C). E:T, effector to target ratio.
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B5- and A27-specific T cells. In contrast, the donor vaccinated
�20 years ago exhibited T-cell responses to B5 and A27 after
in vitro amplification only. These data confirm that memory
T-cell responses to B5 and A27 are long lasting but that pre-
cursor frequencies decline over time.

Representative CD4� and CD8� T-cell epitopes were iden-
tified from B5 and A27. B5 and A27-specific TCLs were
screened with overlapping 15-mer peptides that are predicted
to detect both HLA class I- and class II-restricted epitopes
(Table 1). Four epitopes each from B5 and A27 were charac-
terized by ELISPOT, CFC, and, in some cases, CTL assays.
Interestingly, three of four peptides identified from A27 were
CD4� T-cell epitopes, whereas all four B5-specific peptides
were CD8� T-cell epitopes. All peptide-specific TCLs recog-
nized live VACV-infected cells, confirming that each epitope
was naturally processed in infected cells. Additionally, each
peptide-specific CD8� TCL exhibited MHC-restricted killing
of VACV-infected cells. Additional B5- and A27-specific pep-
tide responses were identified but have not yet been charac-
terized.

This study documents the presence of long-lasting VACV
protein-specific T-cell responses in vaccinated donors, consis-
tent with prior data on whole VACV-specific T-cell responses.
Ennis and coworkers were the first to document long-lasting
whole-VACV-specific T-cell memory (6). Hammarlund et al.
reported high frequencies of whole-VACV-specific T-cell re-
sponses after vaccination that declined slowly over time with a
half-life of 8 to 15 years (13).

This is the first study to detect specific human T-cell re-
sponses to the individual VACV envelope proteins A27, B5,
A33, and L1. These data are consistent with the limited infor-
mation regarding VACV-specific T-cell responses from other
animal studies. In an early study, Demkowicz et al. demon-
strated cell proliferation when spleen cells from VACV-vacci-
nated mice were incubated with purified A27 protein (7). More

recently, murine CD4� T-cell responses to an A27L DNA
vaccine were documented (30). In another study, IFN-� re-
sponses to a B5R DNA vaccine in a mouse model were de-
tected (32).

Human T-cell epitopes have been identified from other
VACV proteins. Ennis and coworkers identified two HLA
A2-restricted epitopes from the VACV early/late proteins
189R and 018L (unknown functions) in recent vaccinees (40).
Oseroff et al. recently identified 48 class I-restricted T-cell
epitopes from 35 different VACV proteins by screening PBMC
from vaccinated donors with a large number of synthetic pep-
tides (29). Additionally, human T-cell epitopes have been iden-
tified utilizing VACV-infected HLA transgenic mice. Snyder
et al. identified an HLA A2-restricted epitope in HRP2 that
induced protective immune responses in HLA A2 transgenic
mice (36). In another study using HLA A2, A11, and B7 trans-
genic mice, multiple CD8� T-cell epitopes were identified
from both regulatory and structural VACV proteins, including
the envelope proteins A14, A17, and H3 (31).

The present study was limited to the analysis of T-cell re-
sponses to four VACV envelope proteins. The VACV proteins
B5, A27, A33, and L1 were selected for analysis based on the
strength of the vaccine data with these immunogens in animal
models. Vaccination with each individual protein induces pro-
tective antibody responses in animal models (11, 15, 33). Neu-
tralizing antibodies were documented to B5, A27, and L1 in
vaccinated animals. Protective antibodies against A33 were
also detected but were not neutralizing, possibly because they
mediate complement-dependent killing (22; Alan Schmaljohn,
unpublished data). Previous studies of antibody responses
from human vaccinees have also identified neutralizing anti-
bodies to B5 (1). Human VACV-specific immune globulin also
recognizes A27 and A33 proteins, but antibodies against L1
have not been specifically identified (5, 17).

The fact that four randomly selected donors (with diverse

FIG. 7. Comparison of CD4� and CD8� T-cell responses to A27 of donors 1 and 2. PBMC were incubated 6 h with autologous DC
electroporated with mRNA from A27 or GFP (negative control). (A) Donor 1 (vaccinated 1 month before). (B) Donor 2 (vaccinated 3 years
before). Activated IFN-�- and CD69-positive cells were measured by cytokine flow cytometry using four-color staining. CD8� T cells were gated
on CD3�CD8� lymphocytes; CD4� T cells were gated on CD3�CD8� lymphocytes. A27-specific precursor frequencies were calculated by
subtracting the values of the responses to GFP-transfected DC (see text).
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HLA types) exhibited T-cell responses to each protein suggests
that these proteins are highly immunogenic and may be rec-
ognized by most individuals. However, it will also be important
to extend these analyses to additional vaccinees. Several rep-
resentative B5- and A27-specific T-cell epitopes were identi-
fied. Using the same strategies described herein, further stud-
ies need to be performed to characterize additional B5- and
A27-specific T-cell epitopes, as well as to identify T-cell
epitopes from A33 and L1.

A few other VACV proteins have also been demonstrated to
induce protective immune responses, including T-cell re-
sponses. In particular, the IMV protein H3, which may func-
tion as a virus attachment protein, appears to play a role.
Davies et al. identified neutralizing antibodies to H3 from
VACV-immunized donors (4). Additionally, this group dem-
onstrated that vaccination with a VACV H3 recombinant
protein or passive transfer with anti-H3 serum provided
partial protection from VACV infection in a mouse model
(5). Drexler et al. also identified an HLA A2-restricted epitope
from H3 in PBMC from human vaccinees (8). Another group

FIG. 8. Identification of A27-specific T-cell epitopes. An A27-specific TCL from donor 2 (HLA A1,A2, B49, B57) was stimulated for 2 weeks
with individual A27 peptides. An A27 45-59 peptide-specific TCL was analyzed by cytokine flow cytometry (gated on CD3�CD8� lymphocytes)
(A) and tested for responses to VACV-infected or peptide-loaded autologous LCL and HLA-mismatched Mou (HLA A29, B44) by IFN-�
ELISPOT assay (B). An A27 89-103-specific TCL was tested for cytotoxicity against the following targets: VACV-infected and uninfected
autologous LCL (filled and open squares, respectively) (C), VACV-infected autologous LCL preincubated with mAbs against either HLA A, B,
and C or HLA DR (effector to target ratio, 10:1) (D), and HLA A1-matched Cox (HLA A1, B8) with and without peptide (filled and open squares,
respectively) and HLA A2- and B49-matched LCL (HLA 2, 68, 38, 49) with and without peptide (filled and open triangles, respectively) (E).
Cytotoxicity was measured by calcein-release assay. E:T, effector to target ratio. Auto, autologous. Allo, allogeneic.

TABLE 1. Vaccinia virus B5 and A27 protein CD4� and CD8�

T-cell epitopes and their HLA-restricting elements

Peptidea Sequenceb HLA restriction

B5 5-19 SVVTLLCVLPAVVYS A2
B5 105-119 TKYFRCEEKNGNTSW B44
B5 193-207 NGLISGSTFSIGGVI B55c

B5 225-239 CIDGKWNPILPTCVR B35
A27 24-39 AKKPEAKREAIVKAD Class IId

A27 45-59 ETLKQRLTNLEKKIT Class IId

A27 77-91 EVLFRLENHAETLRA Class IId

A27 89-103 LRAAMISLAKKIDVQ A1

a Peptides are denoted by amino acid numbers.
b All sequences share 100% sequence similarity with variola virus except for

the variola virus B5 225-239 peptide (CIDGKWNPVLPICIR contains two con-
served 	bold
 amino acid differences and one nonconserved 	underlined
 amino
acid difference).

c B55 restriction is presumptive only (see text).
d Peptide-specific responses were mediated by CD4� T cells, as measured

by cytokine flow cytometry. The specific class II restricting elements were not
identified.
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identified murine T-cell responses to the VACV early protein
B8 (a soluble IFN-� receptor) and found that immunization
with a VACV B8 CD8� T-cell peptide provided partial pro-
tection against mousepox (ectromelia virus) infection in a
mouse model (41). Other VACV proteins that represent po-
tential vaccine candidates may be evaluated for human T-cell
epitopes using the same strategy as outlined in this report.

In conclusion, CD4� and CD8� T-cell responses to the
VACV proteins A27, B5, A33, and L1 were identified from
four of four vaccinated donors. Vaccines (DNA or protein)
comprised of combinations of these immunogens induce pro-
tective antibodies and protect against lethal VACV infection in
animal models. Antibody responses to these proteins are likely
to play important roles in protective immunity. Nevertheless,
VACV-specific T cells will boost B-cell responses, eradicate
infected cells, and help maintain virus-specific immunologic
memory. Therefore, the presence of human T-cell epitopes
strengthens the potential for use of each of these immunogens
in a safe and effective molecular smallpox vaccine.
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