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CDA4 T cells are required for the maintenance and recall of antiviral CD8 T cells and for antibody responses.
Little is known concerning the overall architecture of the CD4 response to complex microbial pathogens. In a
whole-proteome approach, 180 predicted open reading frames (ORFs) in the vaccinia virus genome were
expressed and tested using responder cells from 20 blood samples from 11 vaccinees. Validation assays
established the sensitivity and specificity of the system. Overall, CD4 responses were detected for 122 ORFs
(68%). A mean of 39 ORF's were recognized per person (range, 13 to 63). The most frequently recognized ORFS
were present in virions, including A3L and A10L (core proteins), WR148 (a fragmented homolog of an
orthopoxvirus protein that forms inclusions in cells), H3L (a membrane protein), D13L (a membrane scaffold
protein), and L4R (a nucleic acid binding protein). Serum immunoglobulin G profiling by proteome microar-
ray detected responses to 45 (25%) of the ORFs and confirmed recent studies showing a diverse response
directed to membrane and nonmembrane antigens. Our results provide the first empirical whole-proteome
data set regarding the global CD4 response to full-length proteins in a complex virus and are consistent with

the theory that abundant structural proteins are immunodominant.

The eradiation of smallpox transmission by preventative in-
fection with replication-competent vaccinia virus is a remark-
able success. Unfortunately, zoonotic orthopoxviruses can pe-
riodically emerge (61), there remains a potential for use of
smallpox as a bioweapon, and vaccination with live vaccinia
virus has complications (33). These issues, together with the
use of vaccinia virus as a vector for vaccines and immunother-
apy (31), have raised interest in the immune response to wild-
type and replication-incompetent vaccinia virus (1).

Vaccinia virus vaccination induces persistent cellular and
humoral responses (2, 15, 18, 34, 41, 42, 56, 58, 73). Several
lines of evidence indicate that CD4 T-cell help is required for
both CDS8 cytotoxic T-lymphocyte and antibody responses.
CDS8 cells clear primary vaccinia virus, and neutralizing anti-
bodies mediate protection from heterologous challenge (8, 22).
The priming, maturation, and survival of poxvirus-specific,
functional memory CD8 T cells requires CD4 T-cell help (4, 9,
10, 12, 13, 25, 39, 40, 64). In animals that are CD4 depleted,
and in CD4~/~ or major histocompatibility complex class I1-
deficient mice, vaccinia virus clearance is delayed and CD8 T
cells have proliferative and maturation defects (77, 78). Anti-
bodies fail to develop in CD4-deficient animals (21, 23).

In the last several years, the breadth of CDS8 T-cell responses
to vaccinia virus has been studied in several labs using a variety
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approaches in humans and in wild-type and HLA-transgenic
mice (20, 41-43, 51, 53, 57-59, 66, 69, 70, 72). Epitopes in a
total of 103 vaccinia virus open reading frames (ORFs) have
been found to induce CD8 T-cell responses restricted by hu-
man HLA class I molecules, with some data limited to trans-
genic mice (43). Much less is known about the specificity of
CD#4 responses. We reported on the dominance hierarchy of
CD#4 responses in three primary human vaccinees analyzed
using a genomic expression library approach (41). The appar-
ent diversity of the responses ranged from 8 to 20 antigenic
OREFs per subject. Single DRB1*0101-restricted epitopes in
ORFs A24R and D1R, enzymes involved in RNA metabolism,
were defined using T-cell clones and bioinformatics-based pep-
tide binding predictions (54). Most recently, Calvo-Calle et al.
combined predictive algorithms to focus on DRB1*0101-re-
stricted responses and obtained a relatively high hit rate to
define 25 epitopes in the strain modified vaccinia virus Ankara
in diverse ORFs (11). In mice, a similar predictive method was
used to explore CD4 specificity, and responses to virion struc-
tural proteins were predominant (56).

The goal of the current study was to define the breadth and
population-dominant antigens of the vaccinia virus-specific
CD#4 response using a nonpredictive approach. We used re-
combinant antigens covering the entire predicted vaccinia virus
proteome. Quality control and titration experiments confirmed
that proteins expressed by in vitro transcription/translation al-
lowed sensitive and specific detection of CD4 responses. To
cross-correlate CD4 T-cell and B-cell responses, we probed the
same protein set, arrayed as spots on nitrocellulose-coated
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TABLE 1. Subjects, vaccination history, time points studied, and responses to whole-cell-associated vaccinia virus
First blood sample Second blood sample
Subject N.O' o.f

a vaccinations Mos. between cpm? CD4 Mos. between cpm? CD4

no. (timing)” vaccination IFN-y¢ vaccinatio IFN-y*¢
and sample® Vacc Mock (%) and sample® Vace Mock (%)
1 2(43) 18 69,658 5,945 8.8 25 45,622 2,025 7.7
2 1 1 16,223 1,701 8.3 43 23,459 1,575 8.7
5 3(52,28) 0.5 20,288 351 15.3 38 70,887 322 59
6 2 (41) 0.5 27,247 341 33 28 35,480 727 6.3
7 1 1 17,274 327 6.1 10 29,820 786 6.6
8 2 (36) 1 33,627 247 15.1 25 38,418 157 8.3
9 2(35) 44 22,674 212 11.6 48 44,134 441 3.7
10 1 2 25,984 1,372 14.3 30 36,961 1,118 9.8
11 1 6 64,832 766 22.2 17 49,748 377 20.0
12 1 60 65,089 146 27.5 NA NA NA NA
13 4 (0.1, 29, 39) 1 31,242 169 39 NA NA NA NA
14 0 NA 811 545 0 NA NA NA NA

¢ Numbering for subjects 1 to 10 corresponds with the numbering used in our prior publications (41, 42).

> The number of total lifetime vaccinations is followed in parentheses by the interval(s) in years between the current and past vaccinations. All vaccinations were
clinical “takes” (63) except for subject 13, who had a poor take just prior to a typical clinical take.

¢ Months between most recent vaccination and first blood sample for T-cell studies. NA, not applicable.

@ All cpm values are means of duplicate [*H]thymidine incorporation determinations. Vacc, vaccinated group; NA, not applicable.

¢ The net percentage of CD4" CD8" cells accumulating intracellular IFN-y minus the percentage of similar cells that were IFN-y positive in response to mock

antigen. NA, not applicable.

slides, for binding immunoglobulin G (IgG). Overall, we iden-
tified 122 vaccinia virus ORFs that stimulated CD4 responses,
and 45 ORFs that stimulated antibody responses, in at least
one T-cell line. The within-subject diversity was generally quite
broad and far higher than has been presented for other infec-
tious agents to date. The ORFs most frequently recognized by
CDA4 T cells were predominately virion structural proteins and
tended to have high molecular weights and to be expressed
with late expression kinetics during virus replication. Most
ORFs that were immunodominant for antibody responses also
frequently elicited CD4 responses, while many other antigens
were recognized by CD4 cells only. This is the first proteome-
wide screen of CD4 responses to a complex pathogen using
full-length protein antigens.

MATERIALS AND METHODS

Subjects and specimens. Eleven adults (Table 1) receiving immunization by
scarification with Dryvax smallpox vaccine for occupational health purposes gave
Institutional Review Board-approved consent. Numbering for subjects 1, 2, and
5 to 10 corresponds to that used in our previous reports (42, 43), while subjects
11 to 13 were newly enrolled. HLA class II typing was done on some subjects and
is available upon request. Control subject 14 was herpes simplex virus type 2
(HSV-2) seropositive (3) and never vaccinated with vaccinia virus. No subject
had lived in a region endemic for malaria or had a known malaria or Francisella
tularensis infection. Blood for T-cell testing was drawn 2 weeks to several years
after vaccination. Peripheral blood mononuclear cells (PBMC) were cryopre-
served after Ficoll enrichment. Sera were stored at —80°C.

Cell and viral culture. Enrichment and expansion of vaccinia virus-specific T
cells have been described (41, 42). Briefly, PBMC were seeded at 10°ml in 2 ml
of T-cell medium (TCM) in 24-well plates. Live or UV-inactivated vaccinia virus
strain New York City Board of Health (NYCBH) was added at a multiplicity of
infection of 10 (or equivalent). Interleukin-2 (IL-2; Hemagen, Columbia, MD)
was started on day 5 (32 to 50 U/ml), and cultures were split and fed periodically
with IL-2-TCM. On day 12 to 14, gamma interferon (IFN-y) intracellular cyto-
kine cytometry (ICC) was done to confirm enrichment of vaccinia virus-specific
CD4 T cells (below). Cells were expanded one additional cycle in vitro using
anti-CD3 monoclonal antibody and IL-2 (45). The resultant cells were cryopre-
served in aliquots for functional assays. Vaccinia virus strain NYCBH was raised
and titers were determined in BSC-40 cells (42). Cell-associated virus stocks were
the supernatants of sonicated cell monolayers that had 90 to 100% of the surface
area of the cell monolayer showing obvious cytopathic effect, infected at a

multiplicity of infection of 1, 72 h previously, after clarification by centrifugation
at 400 X g for 10 min. UV inactivation (30-min exposure to GT038 bulbs at 10
cm; General Electric, Cleveland, OH) eliminated detectable infectious virus. For
vaccinia virus-naive control subject 14, a similar polyclonal virus-reactive bulk
culture was raised using UV-inactivated HSV-2 strain 333 (44) as described
elsewhere (48).

Antigens. The vaccinia virus strain WR proteome was expressed as previously
described (17, 18). In brief, genomic viral DNA was used as template for PCR.
PCR products corresponding to individual full-length ORFs were cloned into a
T7 expression vector by homologous recombination. Purified plasmids were then
expressed in the Escherichia coli-based rapid translation system (RTS-100) for in
vitro transcription/translation (Roche, Pleasanton, CA). The reaction products
are termed RTS proteins in this report. All reactions were verified for protein
expression on dot blots or arrays by probing with antibodies to the N- and
C-terminal epitope tags, followed by alkaline phosphatase-conjugated secondary
antibodies and nitrotetrazolium blue substrate as described elsewhere (18). RTS
proteins from 20-pl reaction volumes was used for CD4 assays without purifica-
tion (17). The vaccinia virus antigen set contained 180 potential unique ORFs.
Nomenclature for vaccinia virus ORFs is from vaccinia virus strain Copenhagen,
or from strain WR for orthologs absent from the Copenhagen strain. A cross-
correlation of strain/ORF nomenclature and GenBank accessions numbers is
available (50). Negative control antigens included 5 ORFs from Plasmodium
falciparum strain 3D7 (PF11_0284, PFE0225W, PFE0795C, PFE159W, and
PF08-0054; available via http://www.plasmodb.org/plasmo/home.jsp) (30, 65) and
28 ORFs (FT292, 306, 345, 394, 425, 468, 701, 745, 790, 994, 1108, 1127, 1208,
1254, 1305, 1306, 1344, 1396, 1695, 1729, 1835, 1844, 1952, 1961, 1973, 2036, and
2045; from GenBank AJ749949 from F. tularensis strain Schu S4) (49), also made
in RTS reactions, from our published proteome sets (26, 67). Some experiments
used vaccinia virus strain NYCBH ORFs or ORF fragments expressed previously
and described as in-frame fusions with B-galactosidase (41). ORF fragments
from our published molecular library approach to antigen discovery (41) were
expressed as fusions with B-galactosidase and used for comparison to RTS
reaction products. Selected ORFs and truncated ORF fragments were newly
expressed for this report. In brief, vaccinia virus strain NYCBH genomic DNA
was PCR amplified (primer sequences available on request). Amplicons were
ligated in frame into pBAD/Myc-His/lacZ (Invitrogen, Carlsbad, CA). E. coli
cells harboring the desired plasmids were induced to express B-galactosidase
fusion proteins as intracellular inclusions, which were partially purified and used
at a final dilution of 1:1,000. For ORFs A3L and A7L (full length) and L4R
(selected regions), peptides (typically 13-mers overlapping by 9 amino acids)
from the predicted strain Copenhagen amino acid sequences (50) were synthe-
sized (Mimotopes, San Diego, CA, or Sigma, St. Louis, MO) and resuspended at
10 mg/ml in dimethyl sulfoxide (DMSO). Pool-level enzyme-linked immunospot
(ELISPOT) assays used mixtures of 20 or 21 peptides at final concentrations of
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1 to 2 pg/ml for each peptide and a DMSO concentration of 0.2% or less.
Single-peptide ELISPOT and ICC assays used a final concentrations of 1 pg/ml.

Lymphocyte functional assays. Duplicate proliferation assays were used to
probe the microbial ORF panel. U-bottom, 96-well plates contained 2 x 10*
cultured bulk responders, 5 X 10* to 1 X 10° autologous PBMC treated with
3,300 rads gamma irradiation as antigen-presenting cells, and RTS protein in 200
ul TCM. Proliferation was assessed by [*H]thymidine incorporation on day 3 (41,
46). In addition to the P. falciparum and F. tularensis ORFs, negative controls
included 5 RTS reaction mixtures containing empty vector pXi (identical to
pXT7 (17) used for expressing microbial ORFs, 8 RTS reaction mixtures without
added DNA, 14 wells with medium, and a UV-treated mock virus BSC-40 cell
preparation diluted 1:1,000. The positive control was UV vaccinia virus NYCBH
(titer, 2 X 10° PFU/ml) that was UV inactivated and diluted 1:1,000.

ICC was performed as described previously (41). In brief, bulk-cultured vac-
cinia virus-reactive T-cell lines (2.5 X 10°/tube for peptides, 5 X 10° to 1 X
10%/tube for whole vaccinia virus) were stimulated with UV-treated vaccinia virus
diluted 1:1,000 or 1 pg/ml peptide. Autologous PBMC (obtained at a late post-
vaccination time point and cryopreserved and thawed prior to use) were added
in an equal number as antigen-presenting cells, and stimulation lasted 6 h in
medium containing brefeldin A (for the last 5 h), anti-CD49d, and anti-CD28.
Cells were surface stained with anti-CD4, permeabilized, and stained with anti-
IFN-y. Data collected on a FACScan or FacsCanto (Becton Dickinson) were
analyzed with FlowJo 8 (Treestar, Ashford, OR). Negative and positive controls
were UV-treated mock virus, medium, DMSO, and phorbol myristate acetate/
ionomycin, respectively (41). Gating selected cells in the lymphocyte forward/
side scatter region. Selected cultures were stimulated with UV-inactivated cell-
associated HSV-2 strain 333 as described elsewhere (32). For the IFN-y
ELISPOT we used our published procedures (47). For bulk-cultured polyclonal
responder cells, 1 X 10° cultured lymphocytes and 1 X 10° autologous PBMC
were plated per well. Results are reported as spot-forming units/10° cultured
lymphocytes.

Statistical analysis. For proliferative responses, the positivity cutoff was sep-
arately calculated for each *H proliferation assay data set containing the com-
plete set of responses for each polyclonal lymphocyte line. The raw counts per
minute from each well was natural log transformed. For each set, the distribution
of the natural log-transformed negative control group (54 wells containing 27 no
DNA or empty vector RTS product antigens in duplicate) was tested for nor-
mality using the Kolmogorov-Smirnov goodness-of-fit test (SPSS, Chicago, IL).
The means and standard deviations of the set of natural log-transformed counts
per minute values for all of the negative control wells were calculated. Normality
was satisfied in each case (see Results), and therefore the anti-natural log (e
raised to the [mean + 3.09 - standard deviation]) was set as the threshold for
positive calls, corresponding to a 0.1% false positive rate by one-tailed analysis
for a normal distribution (NORMDIST function, Excel 2003; Microsoft, Red-
mond, WA). For a viral ORF to be considered positive, both of the individual
[*H]thymidine incorporation duplicate data points were required to be greater
than the cutoff. The same normality test was applied to the negative control wells
(n = 66, duplicates of 33 antigens) containing P. falciparum or F. tularensis
antigens (see Results) and also to the combined control sets containing both the
empty vector/no DNA and parasitic/bacterial proteins. The same method was
used to calculate a threshold for antibody-positive calls, for each serum speci-
men, using the IgG microarray raw data (signal intensity). McNemar’s test,
two-tailed, with continuity correction (GraphPad, San Diego, CA) was used to
evaluate the consistency of responses between paired specimens from some
subjects by comparing the number of positive responses at the ORF level con-
verting to a negative response with the number converting from negative to
positive. Fisher’s exact test, two-tailed (GraphPad), was used to evaluate differ-
ences between specimens or ORF characteristics. Linear regression was used to
analyze relationships between the population prevalence of CD4 responses,
grouped into five categories as described in Results, and mean predicted ORF
length in amino acids, or percentage of ORFs detected in virions, using the linear
regression function in Excel (Microsoft, Redmond, WA). To analyze the rela-
tionship between the presence of CD4 responses and virion abundance reported
as the weight percent (14), a generalized estimating equation was used with
response as the outcome and weight as the predictor. This regression technique
accounts for the repeated measures done on individual subjects. Cluster analysis
and tree visualization used Cluster 3.1 and TreeView (24).

Antibody responses. Protein microarrays were printed from RTS proteins
(singly) containing each vaccinia virus ORF, according to published procedures
(17, 18). All proteins were expressed for 4 to 5 h in vitro (RTS-100 kits; Roche),
except for the membrane protein LIR, which was expressed overnight in RTS
disulfide kits (Roche) according to the manufacturer’s instructions. Expression
reactions were printed without purification onto nitrocellulose FAST slides
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(Whatman, Sanford, ME) within 6 h of the end of the reaction. Arrays were
allowed to dry and stored at 18°C in a desiccator. Sera were diluted to 1:50 in
protein array blocking buffer (Whatman) containing E. coli lysate at a final
concentration of 4 to 5 mg/ml for 1 h to absorb antibodies to E. coli and then used
to probe arrays for 18 h at 4°C with constant agitation. Binding of IgG was
detected using biotinylated anti-human IgG <y chain (Jackson Immuno, West
Grove, PA), followed by strepatividin-PBXL3 fluorophore (Martek, Columbia,
MD). Slides were examined on a confocal glass slide scanner (Perkin-Elmer,
Waltham, MA). Arrays showed no significant reactivity to the biotinylated sec-
ondary antibody and/or streptavidin-PBXL3. Fluorescence intensities were
quantified using ScanArrayExpress software (Perkin-Elmer).

RESULTS

Responder cells. The 21 responder cell lines included
matched pairs from nine vaccinated individuals (five with vac-
cinations 1 month or less before sampling), single samples
from two persons, and a negative control HSV-2-reactive cell
line from a nonvaccinated subject (Table 1). Cell lines from
vaccinia virus-immune donors had brisk responses to whole
cell-associated vaccinia virus. The mean (* standard devia-
tion) net cpm [*H]thymidine incorporation for vaccinia virus
antigen was 37,478 = 17,174. Responses to mock antigen were
low (<6,000 cpm, and generally less than 1,000 cpm) (Table 1).
A mean of 10.7% = 6.6% (range, 3.2% to 27.5%) of responder
CD4 T cells accumulated IFN-vy in response to whole vaccinia
virus antigen (after subtraction of background IFN-v, generally
less than 1%) (data not shown). In contrast, a polyclonal HSV-
2-reactive T-cell line (48) created from vaccinia virus-naive,
HSV-2-infected subject 14 (Table 1) had net [?H]thymidine
incorporation of 266 cpm and 16,309 cpm for whole vaccinia
virus and HSV-2 antigens. The CD4 IFN-y responses mea-
sured by ICC were 0% and 9.7% to these viral antigens, re-
spectively.

Validation of vaccinia virus ORFs transcribed and trans-
lated in vitro as T-cell antigens. We studied the identity,
diversity, and stability of CD4 responses to vaccinia virus by
using a protein set covering the vaccinia virus proteome. The
RTS set was derived from 180 unique, cloned ORFs that were
judged to encode bona fide vaccinia virus proteins in strain
WR. Validation experiments were performed to characterize
the RTS reaction products and the T cells that react with them.
Vaccinia virus ORF RTS reaction products typically have a
single predominant band by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis and Coomassie blue staining (17).
We expected, however, that E. coli proteins and other impu-
rities might stimulate leukocytes. To test this possibility, cryo-
preserved aliquots of CD4™ polyclonal responder cells from
previous research (41) containing T cells with known fine spec-
ificities were retested against a subset of the RTS reaction
products. For titration, we used a cell line from the early time
point from subject 2 (Table 1) and 15 RTS reactions, corre-
sponding to the full-length equivalents of ORF fragments pre-
viously shown (41) to be antigenic for this cell line (not shown).
Dilutions at 1:100 had toxicity, while 1:1,000 (chosen for sub-
sequent studies) and 1:10,000 dilutions elicited strong [*H]thy-
midine proliferation for each ORF (data not shown). This cell
line was reactive to both 1:1,000 RTS reaction products and to
bacterial inclusion bodies containing fragments of the same
ORFs known to be antigenic for this donor (Fig. 1).

To further characterize the nature of the proliferative re-
sponses to RTS proteins, we first confirmed selected T-cell
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FIG. 1. Comparison of proliferative responses of polyclonal vac-
cinia virus-reactive cell lines to RTS reaction products from full-length
vaccinia virus strain WR ORFs, diluted 1:1,000, and corresponding
ORF fragments from strain NYCBH expressed as inclusion bodies and
diluted 1:100. Proliferative responses are shown for subject 2 (Table 1),
a primary vaccinee, at 1 month after vaccination. The mean values for
inclusion bodies containing LacZ only or for RTS reactions containing
only empty vector were less then 600 cpm and were subtracted to yield
mean net [*H]thymidine incorporation.

reactivities to the peptide level and determined that the re-
sponding lymphocytes had the CD4™ phenotype. For example,
ORFs A3L, A7L, and L4R were positive (Fig. 2, left) for
subject 9 (Table 1) when polyclonal cells from a blood sample
from 48 months after vaccination were tested against the RTS
panel. Truncation analyses for ORF L4R using truncated pro-
teins expressed in E. coli and proliferation assays established
the presence of at least two antigenic regions as evidenced by
step-downs in lymphocyte proliferation with serial truncation
(Fig. 2, right). Each predicted reactivity was confirmed with
synthetic peptides and IFN-y ELISPOT (Fig. 3). L4R, peptide
85-98 (DKLTIEAIENYFL), corresponds to the drop-off in
reactivity between amino acids 61 to 197 and 91 to 197; likely,
the minimal epitope extends N-terminal to amino acid 91.
Overlapping peptides 159-171 and 163-175 (INIYKENME
SAST and KENMESASTEYTP) were each positive, account-
ing for the second step-down in between the 151-197 and
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181-251 fragments. It is not known if a single epitope is present
in the overlap between these peptides. For ORFs A3L and
AT7L, peptide pools showed that A3L pools 2 and 6 and A7L
pool 7 were antigenic. Deconvolution showed that A3L 97-109
(DWSTRLRNDGNAI), A3L 477-489 (ECYTGFRSLIDDT),
and A7L 593-605 (FFPPNYKLLKDLF) stimulated strong
IFN-vy release.

The phenotype of responding cells was then determined with
ICC. The ICC protocol involved coincubating PBMC and T-
cell lines in equal numbers. A portion of 5.18% of CD4" cells
from this donor reacted to positive control vaccinia virus an-
tigen, while responses to DMSO (negative control) were near
zero (Fig. 3, right). Each A3L peptide elicited specific IFN-y
synthesis among CD4™" T cells but not CD4-negative cells (Fig.
3). IFN-y ICC data for A7L 593-605 and L4R 85-98, 159-171,
and 163-175 also showed reactivity by CD4™ but not CD4~
cells (not shown).

An additional example of CD4 reactivity with an antigen
expressed in the RTS format came from subject 10, 2 months
after primary vaccination (Table 1), for ORF F11L. We ob-
served strong proliferative reactivity to the full-length ORF
(Fig. 4, upper right) and CD4 IFN-y responses to several F11L
peptides (not shown). Both contiguous regions of overlapping
F11L peptides (29-41 and 33-45, sequences PKKMNIVTD
LENR and NIVTDLENRLKKN, and also peptides 41-53, 45-
57, 49-61, and 53-65, sequences RLKKNSYIENTNQ, NSYIE
NTNQGNIL, ENTNQGNILMDSI, and QGNILMDSIFVST,
respectively) and the isolated peptide 21-33 (SILARRPTPK
KMN) were positive for this subject.

For the subject used for the F11L studies, there was higher
background among CD4-negative cells for IFN-y secretion,
due to residual activation from in vitro expansion. However,
clear differentiation for the CD4" population between the
mock virus and DMSO negative control stimuli and the vac-
cinia virus peptides was readily apparent. Isotype control an-
tibody staining showed no difference in staining between neg-
atives control and active peptides. Several other reactivities
have been verified by synthetic peptide ELISPOT and/or CD4

L4R 1-251
31197
61-197
91-197

121-197
151-197
181-251
medium
BADLacZ
mock
vaccinia

[-X
pBADLacZ-based antigen

FIG. 2. Proliferative responses of polyclonal PBMC-derived vaccinia virus-reactive cells to selected full-length and truncated vaccinia virus
proteins. Responder cells are from subject 9, 48 months after vaccination (Table 1). Left: Proliferative responses, recorded as means =+ standard
deviations of duplicate [*H]thymidine incorporation, to pooled negative control RTS reactions (neg RTS), indicated full-length vaccinia virus RTS
reactions, or mock or whole vaccinia virus. Right: Similar proliferative responses to full-length and truncated vaccinia virus ORF L4R expressed
as fusions with B-galactosidase within heat-killed E. coli. LAR is predicted to contain 251 amino acids; numbers indicate amino acid coordinates
of fragments. Negative controls were medium, B-galactosidase in killed E. coli, and mock virus; the positive control was whole vaccinia virus.
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FIG. 4. Proliferative responses to RTS reaction products covering a set of 180 PCR-amplified vaccinia virus strain WR ORFs and control
antigens (33 P. falciparum and F. tularensis ORFs and 27 additional control wells). Responder cells are polyclonal virus-reactive PBMC-derived
cell lines. The left portion of each plot ranks the vaccinia virus ORFs from left to right from lowest to highest mean [*H]thymidine incorporation
(of duplicate experiments), indicated by dots, while the right portion shows the control antigens in arbitrary order. The short vertical line separates
the no-DNA and empty vector control antigens (n = 27) (left) and the microbial control ORFs (n = 33) (right). The threshold for positive calls,
determined as described in Materials and Methods, is indicated by a solid horizontal line. Top left: HSV-2-reactive T-cell line from an
HSV-2-seropositive subject who never received vaccinia virus (negative control specimen). The most stimulatory vaccinia virus and negative control
proteins are labeled. Top right: responder cells from subject 10 (Table 1), 2 months after primary vaccination. Bottom left: responder cells from
subject 2, 1 month after primary vaccination. Bottom right: responder cells from subject 9, 48 months after vaccination. Selected reactive ORFs
are labeled for each specimen.

IFN-y ICC (L. Jing et al., unpublished data). The large number
of positive human subject/ORF combinations (sample data in
Fig. 4) has limited this process from being carried out to
completion to date.

To further validate that the proliferative responses to the
vaccinia virus proteins made in the RTS format were specific,
we tested the proteome-spanning RTS vaccinia virus ORF set
with an HSV-2-specific polyclonal T-cell line from a vaccinia
virus-naive subject (Table 1). The mean = standard deviation
[*H]thymidine incorporation for the negative control wells was
1,636 £ 717 cpm. Inspection of the raw data (Fig. 4, upper left)

showed that the overall pattern was very different from that
obtained for representative vaccinia virus-reactive CD4 T-cell
lines (Fig. 4, other panels). A single control ORF (P. falcipa-
rum ORF PFE159w; mean, 4,441 cpm) and a single vaccinia
virus ORF (WR149; mean, 4,173 cpm) had higher proliferative
responses than the other ORFs, but all vaccinia virus ORFs
including WR149 were well under the cutoff value (6,880 cpm
for this cell line).

Assessment of CD4 responses to vaccinia virus ORF's with a
whole-proteome panel. Taken together, the validation studies
support the use of the RTS reaction product panel to screen

FIG. 3. Synthetic peptides confirm reactivities assigned using RTS reactions for subject 9, 48 months after vaccination (Table 1). Top left: single
peptides correspond to predicted antigenic regions of L4R. Data are means =+ standard deviations of duplicate IFN-y ELISPOT assay results.
Second left panel: reactivity to pools of peptides covering ORFs A3L and A7L. Lower left panels: deconvolution of positive pools in A3L and A7L.
Right: Reactivity IFN-y ICC responses to control antigens and to A3L and A7L peptides reactive in the IFN-y ELISPOT. Cells were gated on
CD4" (left column) or CD8" (right column) events.
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the vaccinia virus proteome for CD4 T-cell responses. Strong
proliferative responses were noted to many individual vaccinia
virus proteins (sample data in Fig. 4, upper right and lower
panels). The primary goal was to assign each vaccinia virus
OREF as positive or negative for each responder cell popula-
tion. Analyses of the magnitude of proliferative responses are
considered less informative due to use of in vitro restimulation
prior to the readout assay. An objective cutoff for positive calls
was therefore established for each cell line. The negative con-
trol data (from wells containing medium or RTS reaction prod-
ucts with no DNA or empty vector substrate, or P. falciparum
or F. tularensis ORF substrates; n = 60) were found, for each
responder cell line, to be normally distributed. To determine
whether the P. falciparum or F. tularensis proteins were driving
T-cell responses, we examined data from subsets of the me-
dia/no substrate/empty vector substrate wells (n = 27) and of
the parasitic/bacterial ORFs (n = 33). Again, each subset had
a normal distribution for every responder cell line. Using the
media/no substrate/empty vector subset to define a cutoff and
a 0.1% false positive tolerance, no specific reactivity with P.
falciparum or F. tularensis ORFs was noted for any subject or
T-cell line. Given the absence of reactivity to irrelevant micro-
bial proteins, we used the no-DNA and empty vector control
sets (54 reactions per cell line) to calculate cutoffs for evalu-
ating vaccinia virus ORFs.

Graphics representing the spectrum of data sets (Fig. 4)
show that the cutoff levels appear reasonable when applied to
continuously distributed responses (Fig. 4, lower left). Many
data sets had “inflection points” in their distributions. At times,
the mathematically calculated cutoff levels appeared to over-
shoot (Fig. 4, upper right) or undershoot (Fig. 4, lower right)
these areas of changing slope, while for other specimens (not
shown), the cutoff value corresponded very closely to this in-
tuitive breakpoint. Use of the objective thresholds, based on
the negative control antigens and individually calculated for
each responder cell line, was maintained as a constant through-
out our analyses.

Overall, 20 responder cell lines from 11 vaccinees were
tested (Table 1). Among the 180 vaccinia virus ORFs studied,
proliferative responses were detected in one or more poly-
clonal responder cell populations to 122 (68%) ORFs. A very
large range of diversities was observed, from 2 to 60 ORFs per
responder cell line (Table 2). A mean (=* standard deviation)
of 22.6 = 15.6 ORFs were positive per cell line. The cell lines
were derived at heterogeneous times after the most recent
vaccination and from those who received either single or mul-
tiple vaccines. Regression analysis showed no overall relation-
ship between the time after most recent vaccination and the
number of ORFs recognized. Fisher’s test showed no relation-
ship between the number of lifetime vaccinations and the num-
ber of ORFs recognized. As work progressed, the format of
vaccinia virus used for restimulation was changed from live (5
T-cell cultures) to UV-inactivated (15 cultures) virus (Table 1).
This was done for reasons of safety but had the possibility of
influencing the diversity or repertoire of the resultant T-cell
lines. The number of antigenic ORFs detected in the live
virus-stimulated cultures was 41.6 = 16.3, while for the UV
virus-stimulated cultures, 20.3 * 15.2 ORFs were scored as
positive (P = 0.03 by two-tailed Mann-Whitney test).

Nine of the subjects were sampled twice each, providing an
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TABLE 2. Number of vaccinia virus ORFs recognized by proliferations
responses in PBMC from vaccinated subjects, virus stimulation, and
relationship between proliferative responses in serial specimens

Mos. after last No. of positive ORFs

Subject no. and vaccination

stimulus Sample Sample Sample Sample Sample

1 2 1 lor2

1: L, UV 18 25 53 2 53
2:L, UV 1 43 18 6 18
5:L, UV 0.5 38 60 17 63
6: UV, UV 0.5 28 42 8 43
7: L, UV 1 10 41 6 43
8: UV, UV 1 25 23 13 26
9: UV, UV 44 48 28 45 58
10: L, UV 2 30 36 28 42
11: UV, UV 6 17 3 23 23
12: UV 60 NA 47 NA
13: UV 1 NA 13 NA

“ Form(s) of vaccinia virus used to generate vaccinia virus-specific T-cell lines:
L, live vaccinia virus; UV, UV-inactivated vaccinia virus. For subjects with cell
lines generated on two different blood draw dates, the relevant stimuli are listed
in sequence. NA, not applicable. See Materials and Methods for details.

opportunity to examine temporal trends. It was considered
biologically plausible that some responses might fall below the
detection threshold over time but less likely that new responses
would arise late after an infection that has no known persistent
or latent state. Addition of a second blood specimen did in-
crease the number of ORFs detected as positive (Table 2). For
ORFs considered positive if either (or both) time point was
above threshold, a mean * standard deviation of 39 *+ 16.7
(range, 13 to 63) vaccinia virus proteins were recognized per
person. The assignments of individual ORFs as positive or
negative, comparing the paired cell lines derived from blood
specimens from the same subject, were 82.3% concordant. On
a per-subject basis, concordance ranged from 71.7% to 93.3%.
However, because of the change in the format of vaccinia virus
used to enrich vaccinia virus-specific CD4 T cells from live to
UV-inactivated viruses for five subjects, we did not attempt
detailed analysis of the concordance between the two time
points.

Characteristics of antigenic vaccinia virus ORFs. The pub-
lished literature indicates that CDS8 responses may emphasize
transcription factors and other proteins expressed with early
kinetics (42, 58, 79). The data set from this study was analyzed
to determine if CD4 responses were biased toward vaccinia
virus ORFs with certain structural or functional characteristics
(Table 3; Fig. 5). Vaccinia virus proteins detected in purified
virions were abstracted from three proteomics studies (14, 62,
80). Proteins observed in virions in one or more of these
studies (93 of 180) were considered to be virion structural
proteins for our analysis (Table 4). Among the virion proteins,
67 (72%) were CD4 antigens, compared to 55 of 87 (63.2%) of
the ORFs not detected in virions (not significant by Fisher’s
exact test, two-tailed). To permit a semiquantitative estimate
of immunodominance at the population level, vaccinia virus
ORFs were placed into five groups. Group 5 ORFs (n = 6)
were recognized by 9 to 11 subjects, and group 4 ORFs (n = 9)
were recognized by 7 or 8 persons. Among the less frequently
reactive ORFs, 37 were in group 3 (four to six persons), and 70
were in group 2 (one to three persons). Group 1 ORFs (n =
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TABLE 3. Vaccinia virus ORFs recognized by CD4 T cells from 82 to 100% subjects (9 to 11 of 11)

Human

Variola IgG

ORF” Length® Virion® Promoter? CDS¢ identity” prevalence® Comment(s)"

A3L 644 Yes L Yes 99 0 Capsid core

AI0L 891 Yes L Yes 97 10 Capsid core

DI13L 551 Yes L No 99 8 Membrane scaffold

H3L 324 Yes E/L Yes 97 9 IMV envelope, heparin binding

L4R 251 Yes L No 100 4 ssDNA/ssRNA binding; microtubule
associated

WR148 725 Yes L No 92 10 Fragment of homolog of cowpoxvirus

A type inclusion

“ Nomenclature from strain Copenhagen, except for WR148, which is from strain Western Reserve; actual PCR amplicons for protein expression were from strain
WR (see text). WR148 is related to vaccinia virus Copenhagen gene A26R (see reference 50 for details).

® Predicted length in amino acids from genomic information (50).

¢ Yes indicates detection by mass spectroscopy in one or more studies of purified virions (14, 62, 80).
4 Based on personal communication with E. Lefkowitz, C. Hendrickson, and C. Wang, University of Alabama at Birmingham.

¢ Based on a recent review (43).

/ Analysis for vaccinia virus Copenhagen (or WR for WR148) and variola Bangladesh 1975 was performed using the methods described in reference 50.
& Percentage of the 10 subjects in this report with IgG reactivity to the listed ORF. Subject 11 had no serum samples available for analysis.
" From reference 50 and a survey of the literature. IMV, intracellular mature virion; ssDNA, single-stranded DNA; ssRNA, single-stranded RNA.

58) were recognized by none of the 11 subjects. There was a
borderline association between dominance group and presence
in virions (Fig. 5, top) by linear regression (¥ = 0.76; P =
0.052). There was no difference between the cultures derived
using UV-treated or live vaccinia virus (Table 2) with regards
to the number or proportion of structural or nonstructural
ORFs with which these cultures showed T-cell reactivity.

The relative amounts of vaccinia virus proteins present in
purified virions was measured by Chung et al. (14) and ex-
pressed as the weight percent or moles percent. We correlated
the population prevalence of CD4 responses with these mea-
sures of abundance. In general, the frequently recognized
ORFs were found to be abundant virion proteins (Fig. 5, mid-
dle). Statistical analysis showed a positive relationship between
the population prevalence of CD4 responses and virion protein
abundance, whether expressed as moles percent (P = 0.0006)
or weight percent (P < 0.0001). The exception was D13L,
measured as 0.05% (by weight) by Chung et al. (14, 50) yet
driving CD4 responses in all 11 subjects. ORF WR148, fre-
quently recognized in our study, was referred to as Copenha-
gen A25L in the virion proteome study of Chung et al. (14, 50,
74) and is a major component of virions and inclusions in
vaccinia virus-infected cells (28). Given the association be-
tween virion proteins and late expression kinetics (55), we
expected to find that ORFs driving prevalent CD4 responses
would be expressed from promoters active later during viral
replication. Because not all ORFs have experimentally derived
promoter kinetic data, we analyzed predicted promoter activity
(Table 3). Five of the six group 5 immunodominant ORFs had
late predicted kinetics, while the sixth, H3L, has been shown
experimentally to have late expression kinetics (16) despite its
predicted early/late combined expression. The relationship be-
tween ORF length and CD4 reactivity was also analyzed, be-
cause longer proteins have more potential T-cell epitopes and
might therefore have a higher prevalence of CD4 responses
(Fig. 5, bottom). A direct relationship was noted, with the
longer ORFs showing a higher population prevalence of T-cell
proliferative responses (r* = 0.89; P = 0.016 by linear regres-
sion).

The vaccinia virus ORFs most frequently recognized by CD4

T cells (Table 3), eliciting proliferative responses for 9 to 11 of
the 11 subjects, were A3L, A10L, D13L, H3L, L4R, and
WRI148. These are all structural virion proteins with late ex-
pression kinetics. Integration with a recent tabulation of vac-
cinia virus ORF T-cell data (43) and a poxvirus bioinformatics
resource (50) showed that A3L, A10L, and H3L are also
known to contain at least one human CDS8 T-cell epitope. Most
are highly conserved with variola. A variety of protein func-
tions are represented, including capsid, membrane, scaffold,
and nucleic acid binding proteins. H3L is a transmembrane
protein that is a known target of neutralizing antibodies (be-
low). I2L, predicted to encode an intracellular mature virion
membrane protein, and present and highly conserved in other
orthopoxviruses (50), was atypical in being short (73 amino
acids) but nonetheless was recognized by 6 of the 11 subjects.

Antibody responses. While the mechanisms of protection of
smallpox by vaccination with vaccinia virus are unclear, anti-
bodies are detected in humans for decades after vaccination (1,
15, 29, 34, 37, 38, 60, 75). In macaques, vaccinia virus-induced
antibodies are necessary and efficient to protect against mon-
keypox virus infection (22). To investigate the correlation be-
tween the CD4 specificity and antibody development, we used
protein microarrays spotted with vaccinia virus strain WR pro-
teins, expressed as RTS reaction products, to detect IgG. Prev-
alent responses (present in 6 or more of the 10 subjects eval-
uated) were noted for 8 of 180 (4.4%) ORFs: A10L, WR148,
B2R, H3L, D13L, I1L, Al14L, and H5R (Fig. 6). These domi-
nant antigens are similar to those reported earlier using this
approach (17, 18, 66).

In one theory of antigen-specific B-cell development, cog-
nate effector CD4 T-helper-B-cell interactions are important
in activating naive B cells in germinal centers. The latter un-
dergo expansion, followed by diversification via somatic muta-
tion and selection of cells secreting high-affinity variants into
the long-lived memory B-cell compartment (35). The CD4 and
B cells may recognize determinants on the same polypeptide or
on physically associated molecules. ORFs that generate anti-
body responses may therefore also stimulate specific CD4 T-
cell responses within the same individual. To analyze this, we
merged antibody and CD4 responses for 10 vaccinees (subject



7128 JING ET AL.

80 -
70 1 MORFs not in virions
60 -
50 -

OORFs in virions

40

30
20 1
10 1 H
T T T

9-11 7-8 4-6 1-3 0
subjects recognizing ORFs

number of ORFs

12 1
e * DI3L L4R » * AfOL
4 10 4 H3L—» @ o A3
o
4
E 8 * WR148
= o o . .
(o2]
8 6 1 * * * o .
q:_, . o
3 4 1 . we o 3 .
(8]
% . o » 3
25 24 . WwWwe o .
()]
® o WO & 00 * *
0 g + + 1
0.01 0.1 1 10 100

virion protein weight percent

800 1

700 1

600 1
500 1
400
300 1
200 4
100 1
0 4 T T T T
9-11 7-8 4-6 1-3 0

subjects recognizing ORFs

FIG. 5. Characteristics of vaccinia virus ORFs, expressed as RTS
reaction products, grouped by population prevalence of T-cell recog-
nition. ORFs were considered positive in subjects sampled twice if
either time point was positive. Top: presence or absence of vaccinia
virus ORFs in virions, determined as described in the text, versus the
prevalence group for CD4 responses. Middle: relationship between
prevalence of CD4 responses and weight percent of vaccinia virion
proteins as reported by Chung et al. (14). The six ORFs with the
highest population prevalence of CD4 responses are indicated with
arrows. Bottom: length in amino acids (mean * 1.95 times the stan-
dard deviation) of vaccinia virus ORFs versus the prevalence group for
CD4 responses.
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13 [Table 1] did not have serum available). For persons with
two samples (Table 1), a response was scored positive if either
time point was over the computed threshold. The ORFs with
one or more positive calls for IgG, CD4 T cells, or both were
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grouped using pairwise average-linkage cluster analysis and
TreeView (24) (Fig. 6). The antigenic ORFS clustered into
several categories. A group of ORFs including A10L, H3L,
WR148, D13L, and B2R elicited prevalent (6 or more of 10
subjects) IgG and CD4 responses. Of note, four of these ORFs
(A10L, D13L, WR148, and H3L) were among the most fre-
quently recognized CD4 antigens. Overlap between IgG and
CD4 responses in four or more subjects was also noted for L4R
and H5R. For I1L and A14L, antibody responses were preva-
lent, but CD4 responses were less frequently detected (Fig. 6).
There was a relatively large group of ORFs with moderately
prevalent CD4 responses, but mostly undetectable IgG detec-
tion (Fig. 6, middle region). A final group of ORFs (Fig. 6,
upper part) had sporadic recognition by CD4 T cells and few or
no detectable antibody responses.

DISCUSSION

CD4™" T cells play a central role in orchestrating acquired,
effector immune responses such as CD8™ cytotoxic T lympho-
cytes and specific antibody synthesis. In addition, CD4 " T cells
can have significant independent effector functions, including
granule- and surface-mediated cytotoxicity and antiviral cyto-
kine secretion. In the context of orthopoxvirus infections,
CD4™" T cells have been shown to be essential for several
aspects of specific CD8 T-cell function, to be required for
virus-specific antibodies (5, 6, 64, 77, 78), and to be cytotoxic
and secrete IFN-vy (41, 54). CD4 responses to vaccinia virus are
remarkably durable in humans, in the absence of any known
persistent or latent infection, with a half-life estimated at 8 to
15 years (34).

Relatively little is known concerning the breadth or fine
specificity of vaccinia virus-specific CD4 T cells. Mitra-Kaushik
et al. found HLA DR1-restricted CD4 epitopes in ORFs A24R
and DIR from the predicted proteome of the Ankara modified
vaccinia virus strain (54). In our study, these ORFs were rec-
ognized by 4 and 3 of 11 persons, respectively. Calvo-Calle et
al. (11) found the majority of individuals had responses to
ORFs A17L, F16L, A10L, and I6L; we detected proliferative
responses in 1, 6, 11, and 6 persons, respectively, out of 11
subjects. Our previous study used a vaccinia virus expression
library to detect responses in five vaccinated subjects. CD4
responses were documented to 35 vaccinia virus ORFs, with a
diversity of 8 to 20 proteins per person (41). Among the six
OREFs with the highest prevalence of responses to the whole
ORF set (Table 3), all six were also detected by expression
cloning (41). The whole-proteome method in this report cap-
tures a broader within-subject CD4 response than that de-
tected with motif-driven peptide or expression library ap-
proaches.

The system reported herein is unique in that integrated
responses restricted by HLA DRB1, DRB3/4/5, DQBI, and
DPBI loci are interrogated in a single screen, and it bypasses
the need for comprehensive proteome-wide peptide synthesis
to capture all potential responses. The proliferative responses
at the core of our antigenic reactivity assignments (examples in
Fig. 4) are highly likely to be CD4 mediated. Each example
pursued to the peptide epitope level had the CD4™" phenotype
(Fig. 3 and data not shown), and in vitro proliferative re-
sponses by memory T cells to exogenous protein antigens were
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TABLE 4. Vaccinia virus ORFs expressed in vitro by RTS reactions in CD4 T-cell and IgG immunologic assays

ORF* Virion No. of subjects (of 11) with ORF* Virion No. of subjects (of 11) with
component” proliferative responses component” proliferative responses
AIL 0 1 B14R 0 0
A2L 0 4 BI5R 0 4
A3L 1 10 B17R 0 0
A4L 1 4 B18R 0 0
ASR 1 1 B19R 0 4
A6L 1 6 CIL 0 0
ATL 1 7 C2L 0 0
A8R 0 1 C3L 0 3
A9L 1 0 C4L 0 1
AI0L 1 11 C5L 0 3
AlIR 1 0 C6L 1 0
Al2L 1 3 C7L 0 1
A13L 1 0 C8L 0 3
Al4.5L 1 0 CIL 0 0
Al4L (2) 1 0 CI0L 0 4
AISL 1 0 CIIR 0 0
Al6L 1 1 CI2L 0 4
Al17L 1 1 C14L (2) 0 4
AI8R 1 7 CI9L 0 1
AI9L 1 5 C22L 1 0
A20R 0 0 C23L 0 0
A21L 1 0 D1R 1 3
A22R 1 0 D2L 1 3
A23R 0 1 D3R 1 0
A24R (1) 1 4 D4R 0 0
A261L/WR149 1 6 D5R 0 4
A27L 1 1 D6R 1 3
A28L 1 0 D7R 1 0
A29L 1 3 DSL 1 6
A30L 1 3 D9R 0 0
A31IR 1 2 DI10R 0 0
A32L (1) 1 0 D11L 1 2
A33R 1 0 DI12L 1 4
A34R 1 3 DI13L 1 11
A35R 0 2 EIL 1 2
A36R 0 1 E2L 0 0
A37R 0 0 E3L 1 6
A38L 0 1 E4L 1 2
A39R (5) 0 7 E5R 0 0
A40R 0 0 E6R 1 1
A41L 0 4 E7R 0 2
A42R 1 4 ESR 1 0
A43R 0 0 E9L 1 0
A44L 0 4 E10R 1 0
A45R 1 0 E11L 1 2
A46R 1 6 F1L 0 5
A47L 0 0 F2L 0 1
A48R 0 4 F3L 0 1
A49R 0 1 F5L 0 3
AS0R 1 3 F6L 0 1
ASIR 0 0 F7L 0 3
A52R 0 1 FSL 1 1
A53R 0 0 FOL 1 0
AS5R 0 0 F10L 1 2
A56R 1 2 F11L 0 5
B1R 1 4 F12L 0 0
B2R 0 8 F13L 1 7
B4R 0 2 F14L 0 0
B5R 1 0 F15L 0 0
B6R 0 3 F16L 0 6
B7R (1) 0 2 F17R 1 4
BSR 0 1 GIL 1 1
BO9R 0 1 G2R 0 0
B11R (1) 0 0 G3L 1 1
B12R 0 0 G4L 1 4
B13R (2) 0 2 G5R 1 0

Continued on following page
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TABLE 4—Continued

ORF* Virion No. of subjects (of 11) with ORF* Virion No. of subjects (of 11) with
component” proliferative responses component” proliferative responses
G6R 0 5 J5L 1 2
G7L 1 5 J6R 1 7
G8R 0 0 K1L 0 1
GI9R 1 0 K2L 0 6
G5.5R/WRO083 0 6 K3L 0 6
H1L 1 1 K4L 1 0
H2R 1 3 Ko6L 0 4
H3L (2) 1 10 K7R 0 2
HA4L 1 2 L1R-ss 1 2
HS5R 1 6 L2R 0 3
H6R 1 0 L3L 1 1
H7R 0 8 L4R 1 11
I1L (1) 1 2 L5R 1 0
12L 1 8 MIL 1 3
I3L (1) 1 7 M2L 0 4
I4L 0 2 NI1L 1 2
I5L 1 1 N2L 0 3
I6L 1 1 Ol1L 0 0
I7L 1 2 O2L 1 1
IS8R 1 4 WRO011 0 0
JIR 1 4 WRO018 0 0
J2R 0 1 WR148 1 10
J3R (2) 1 5 WR169 0 1
J4AR 1 1 WR208 0 0

“ ORFs were PCR amplified from strain WR. ORF nomenclature is based on that for vaccinia virus strain Copenhagen. GenBank accession numbers, gene sequences,
and concordance are available elsewhere (50). Numbers in parentheses following the ORF name indicate the molecular clone used as the template in the RTS reaction.
® ORFs are listed as a 1 if detected in virion preparations in one or more of three recent proteomic analyses or as a 0 if not detected in any analysis (14, 62, 80).

far more efficient for CD4 than for CD8 T cells. The volume of
antigen-human subject combinations uncovered with this tech-
nology (Fig. 4 and 6) limits the pace of the epitope deconvo-
lution and responder CD4 phenotype confirmation processes.
Future studies could deplete CD8 T cells from the responder
populations to ensure isolation of CD4 T cells.

The observed within-specimen diversity was high, with a
mean of 22, and up to 60 ORFs recognized per blood sample.
Most individuals were studied twice, and while some variation
was noted between serially collected blood specimens, concor-
dance was much greater than would be expected by chance. By
pooling the responses from these paired samples, the mean
within-person diversity increased to 39 ORFs with a range of
13 to 63. To our knowledge, this is the highest CD4 diversity
measured for the immune response to any infectious agent. We
set our cutoff for antigenicity quite conservatively, at a false
positive rate of 0.1%. In perhaps the only directly comparable
study, Sylwester et al. surveyed the CD4 response to human
cytomegalovirus (CMV) using overlapping peptides covering
the entire proteome and a direct PBMC IFN-y ICC readout
(68). A median of 12, and up to 39, different CMV ORFs were
recognized per subject by CD4 T cells in this format. CMV has
a similar genome size and number of ORFs compared to vac-
cinia virus but differs dramatically in that it causes life-long,
chronic, intermittently active infections.

The use of whole vaccinia virus IFN-y ICC or ELISPOT has
generally shown that the global CD4 response is of lower
magnitude than the CDS8 response in immune humans and
mice (36, 78). This conclusion is tempered by the fact that not
all pathogen-specific T cells make IFN-y. Our lab has detected
human CD4 clones that proliferate in response to vaccinia
virus but do not secrete IFN-y (41) and has confirmed the

finding of Zaunders et al. (81), using ex vivo PBMC ICC, of
vaccinia virus-reactive IL-2" IFN-y~ CD4 T cells. With this
caveat, and given the diversity we observe at the ORF level and
multiple CD4 antigenic peptides per ORF (Fig. 2) (41), it is
rational to conclude that IFN-y* CD4 T-cell populations re-
active with single vaccinia virus peptides are of low magnitude
in the blood. In contrast, CD8 T-cell populations may exceed
the threshold required for tetramer detection ex vivo (71). A
similar conclusion was reached in C57BL/6 mouse splenocytes
using a proteome-wide ORF set and very large peptide sets
predicted to bind haplotype-specific major histocompatibility
complex class I or IL. (56, 57, 73). To address the magnitude
hierarchy in humans, the ORF-level “hits” from this study are
being decoded to antigenic peptides and HLA-restricting al-
leles. When a large set is assembled, direct PBMC measure-
ments will be feasible. Peptide-specific responses have been
observed in preliminary direct PBMC IFN-y ELISPOT assays.

Each proteome screen required only four microtiter plates,
with about 4 X 107 each responder cells and PBMC and 400
wCi [*H]thymidine. The 20-ul RTS reaction mixtures provided
antigen for up to 1,000 screens. The process of enriching mi-
crobe-specific CD4 T cells from PBMC or other lymphocyte
sources is pathogen specific and becomes more complex if
phase variation is present or whole-pathogen preparations are
difficult to concentrate or detoxify. We used cell-associated
virus, an antigen mixture we have previously shown restimu-
lates memory CD4 T cells specific for both structural and
nonstructural vaccinia virus proteins (41). After initial enrich-
ment, the subsequent cycle of polyclonal expansion using anti-
CD3 monoclonal antibody and cytokines is typically robust
(~1,000-fold increase in cell number) and is thought to be
unbiased with regard to T-cell clonotypes (7). The most re-
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source-intensive step is creation of the initial ORF set, a pro-
cess requiring sequence information, and potentially the use of
cDNA rather than genomic DNA. Efficiency is gained by in
vivo ligation and bulk culture selection (26, 67).

j

ﬂ
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LICD4AL
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G1L With regards to assay sensitivity, CD4 T cells typically react
st to unmodified linear epitopes. Examples of CD4 epitopes re-
] 3R quiring posttranslation modifications, expected to be absent in
E%Lt the RTS antigens, have been published (52, 76) but are rare. In
WR 9

contrast, antibodies that require glycosylation or other ad-
ducts, proper disulfide bonds, and tertiary and quaternary
structures may fail to bind to the proteins expressed in our
system. Recently, we have documented the absolute require-
ment for disulfide bonding for serological detection of the
intracellular mature virion membrane protein using our array
technology (19), and further improvements may be made from
gan the use of eukaryotic cell-free expression systems. Ideally, na-
? tively folded proteins with full posttranslational processing that
are also pure enough for direct PBMC studies would be avail-
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&EL able for every ORF for T-and B-cell studies, but the technical
gé?f challenges of this grade of protein expression currently limit
AdsR throughput. Given these caveats, we have de-emphasized anal-
ﬁi%ﬁ ysis of CD4-B cell response correlation pending availability of

a1 an improved reagent set.

Egtl_ The majority (15) of the 20 vaccinia virus-reactive cell lines

SR were made using virus treated with UV light, rendering it

on replication incompetent in BSC-40 cells. The remaining five

1:?'}2 () cultures were expanded using live virus as part of our earlier

zisLSLR; (wros3 CD8 work (42). While even replication-incompetent UV-

treated vaccinia virus can express some protein in specific cell
lines (27), it was expected that most antigen presentation in the
UV-treated vaccinia virus cultures would be via the exogenous/
L phagocytic pathway. Endogenous presentation might contrib-
ute in the cultures stimulated with live virus. Side-by-side com-
parisons and additional samples will be required to determine
the importance of this variable for diversity of fine specificity.
We used whole-cell lysates as the source of virus for UV
treatment in order to obtain a mixture of proteins including
o both virion structural and nonstructural proteins. At least some
nonstructural proteins were present, as evidenced by detection
of reactivity to nonstructural proteins in this and our previous
report (41). Each positive call that we have pursued to date has
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ETHEY been confirmed at the peptide level. High-throughput meth-
AEL odologies are of necessity a compromise, and future experi-
Qqﬂﬁ'ﬁa ments may incorporate antigen standardization based on fu-
h2L sion tag detection to try to reduce variability.

E;i‘k In summary, the CD4 response to vaccinia virus is highly
4 . 1 e . P . .
E7L diverse within individuals, with a mean of 39 ORFs being
Rlar recognized per subject. This is the highest measured diversity
i ‘1: ;.,RE” for CD4 responses to a viral pathogen. Within our small sam-
LR ple population, the majority of ORFs (68%) were recognized
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fain FIG. 6. Cluster analysis of reactivity to vaccinia virus ORFs, ex-
it pressed as RTS reaction products, for IgG (green) and proliferative
i T-cell (red) responses for 10 subjects. Yellow indicates the presence of
D ax both responses. Subjects are listed in columns, and ORFs are shown in
Ba the rows. Cutoffs for positive calls were set as described in Materials
1k and Methods. An ORF was considered positive, for subjects sampled
e twice, if either or both time points were positive. Annotations for the

1
H3L@ vaccinia virus ORFs are available elsewhere (50).
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by at least one person. The ORFs recognized most frequently
within the population are longer polypeptides that are struc-
tural virion antigens with late viral promoters. The relationship
between ORF length and population prevalence response is
expected if overall epitope density is relatively constant on a
per-length basis. ORF I2L was an exception in having a very
short predicted length while being quite immunogenic for T
cells. Most of the ORFs recognized by 9 to 11 of our 11
subjects were quite abundant in virions, with the apparent
exception of D13L. We also found considerable overlap be-
tween CD4 antigens and the known set of CD8 antigens (Table
3). The current CD8 and CD4 T cell antigen data sets (56-57,
72) are almost certainly incomplete. The tools studied in this
report should speed full definition of the CD4 response to
vaccinia virus and related, large-genome viral pathogens.
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