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Human Antibody Responses to the Polyclonal Dryvax Vaccine for
Smallpox Prevention Can Be Distinguished from Responses to the
Monoclonal Replacement Vaccine ACAM2000

Christine Pugh, Sarah Keasey, Lawrence Korman, Phillip R. Pittman, Robert G. Ulrich
United States Army Medical Research Institute of Infectious Diseases, Frederick, Maryland, USA

Dryvax (Wyeth Laboratories, Inc., Marietta, PA) is representative of the vaccinia virus preparations that were previously used
for preventing smallpox. While Dryvax was highly effective, the national supply stocks were depleted, and there were manufac-
turing concerns regarding sterility and the clonal heterogeneity of the vaccine. ACAM2000 (Acambis, Inc./Sanofi-Pasteur Biolog-
ics Co., Cambridge, MA), a single-plaque-purified vaccinia virus derivative of Dryvax, recently replaced the polyclonal smallpox
vaccine for use in the United States. A substantial amount of sequence heterogeneity exists within the polyclonal proteome of
Dryvax, including proteins that are missing from ACAM2000. Reasoning that a detailed comparison of antibody responses to the
polyclonal and monoclonal vaccines may be useful for identifying unique properties of each antibody response, we utilized a
protein microarray comprised of approximately 94% of the vaccinia poxvirus proteome (245 proteins) to measure protein-spe-

cific antibody responses of 71 individuals receiving a single vaccination with ACAM2000 or Dryvax. We observed robust anti-
body responses to 21 poxvirus proteins in vaccinated individuals, including 11 proteins that distinguished Dryvax responses
from ACAM2000. Analysis of protein sequences from Dryvax clones revealed amino acid level differences in these 11 antigenic
proteins and suggested that sequence variation and clonal heterogeneity may contribute to the observed differences between

Dryvax and ACAM2000 antibody responses.

he eradication of smallpox in the 1980s was a historical mile-

stone that marked the first successful vaccination campaign to
conquer a global infectious disease. Shortly after natural infections
were declared eradicated, the commercial production of smallpox
vaccines was discontinued. However, the United States reinsti-
tuted the smallpox vaccine stockpile program based on concerns
that an act of biological terrorism could result in reemergence of
smallpox due to the cessation of routine vaccination (1-4). The
standard smallpox vaccine Dryvax, used predominantly through-
out the United States, was derived from lymphatic fluid col-
lected from the skin of live animals after scarification with rep-
licating vaccinia virus (VACV; New York City Board of Health
[NYCBOH] strain). The Dryvax product consists of a heteroge-
neous pool of VACV clones that could potentially become con-
taminated by bovine pathogens or other adventitious material
during processing, as well as having an increased risk for selection
of more-virulent strains of VACV (5-9). Dryvax vaccination has
significant limitations, including risks to pregnant and immuno-
compromised individuals, serious and occasional lethal adverse
events such as myopericarditis, and the potential for transmission
of VACV to others who are at risk for adverse events (5, 10-20).
Further, there is significant variability in human antibody re-
sponses to traditional polyclonal VACV vaccines (21-23). The
levels of expression of antigens that are important for protective
immunity or that may influence adverse reactions are difficult to
control because Dryvax and similar vaccine preparations are com-
prised of heterogeneous VACV clones, some more virulent than
others (6-9). This type of molecular and biological diversity
within Dryvax vaccine preparations was demonstrated through
examination of individual VACV clones isolated from the pooled
vaccine (6-9).

An improved vaccine production method was needed in order
to address the shortcomings of polyclonal smallpox vaccines and
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their manufacturing process. One approach to improving the vac-
cine was initiated through the isolation of a single clone from
polyclonal VACV preparations (9, 24). In some cases, immune
responses to plaque-purified VACV preparations were altered sig-
nificantly by large genomic deletions that accompanied clone at-
tenuation (21). Ultimately, ACAM2000 (Acambis, Inc./Sanofi-
Pasteur Biologics Co., Cambridge, MA), a cell culture product of a
single VACV clone, was approved in 2007 by the U.S. Food and
Drug Administration (FDA) as a replacement for Dryvax (6, 25).
This new vaccine clone, which was isolated from multiple doses of
the original polyclonal Dryvax, maintains monoclonality and was
shown to be free of adventitious bacterial, fungal, or viral patho-
genic contaminants (6, 9). ACAM2000 is similar to the polyclonal
vaccine in terms of cutaneous vaccination lesions, viral shedding,
and general humoral or cell-mediated immune responses, while
myopericarditis and other adverse side effects are also comparable
to those of Dryvax (6, 9, 26, 27). Clinical trials comparing Dryvax
and ACAM2000 showed similar vaccine efficacy at the highest
dose. Efficacy of Dryvax was maintained with vaccine dilution,
whereas dilution of ACAM2000 resulted in decreased efficacy
(26, 28).
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In 2007, Osborne et al. (7) compared the genomes of
ACAM2000 and the neurovirulent Dryvax clone CL3, which was
isolated during ACAM2000 production. There are 625 nucleotide
substitutions within the coding sequence of ACAM2000 com-
pared to CL3, consisting of 572 single nucleotide polymor-
phisms that result in 290 amino acid changes, as well as inser-
tions or deletions (indels) of various sizes (7). While most
proteins are conserved, there are substantial differences between
the two clones for a subset of open reading frames (ORFs). For
example, the full-length alpha/beta interferon (IFN-a/f) recep-
tor, ankyrin-like protein, and tumor necrosis factor alpha recep-
tor are missing from ACAM2000 (7, 8). The potential impact of
these missing or variant proteins on long-term immunity to
smallpox is unknown, and a detailed analysis of immune re-
sponses to the ACAM2000 proteome may be useful for identifying
unique properties of this vaccine. In a previously reported study
(23), we developed a microarray of the vaccinia virus proteome
that was used to identify antigens comprising the human antibody
response to Dryvax vaccination. Expansion of the vaccinia virus
protein microarray to include the proteome of the monkeypox
virus allowed us to distinguish antibody responses to smallpox
vaccination from infection by monkeypox virus (29). On the
basis of these previous results, we reasoned that it should be
possible to compare human antibody responses to the monoclo-
nal ACAM2000 vaccine and Dryvax by using a microarray con-
sisting of 94% coverage of the VACV proteome. We report the
results of the proteome-wide analysis of viral antigens identified
by this study.

MATERIALS AND METHODS

Vaccinations. Sera were collected prior to and 28 days after primary vac-
cination with ACAM2000 (Acambis, Inc./Sanofi-Pasteur Biologics Co.,
Cambridge, MA) from volunteers who gave consent (n = 61). In addition,
sera were collected from 10 individuals who gave consent 28 days follow-
ing primary vaccination with Dryvax (Wyeth Laboratories, Inc., Marietta,
PA) (derived from NYCBOH), as previously described (23). Peripheral
venous blood from each healthy donor was collected for the preparation
of serum, following written informed consent and in accordance with the
protocols approved by the U.S. Army Medical Research Institute of Infec-
tious Diseases (USAMRIID) Institutional Review Board (IRB). The
ACAM?2000 and Dryvax studies used the same inclusion/exclusion crite-
ria (listed in the package insert), and only vaccinia virus-naive subjects
were eligible to participate in these protocols. ACAM2000 subjects were
divided into two groups on day 7 of the study to examine the spread of
virus from the vaccination site (unpublished data): subjects in the treat-
ment group had povidone iodine applied to the vaccination site starting
on day 7; subjects in the control group did not have povidone iodine
applied and the vaccination site was monitored as usual. Vaccination site
treatments with povidone iodine do not impact antibody responses (30);
therefore, data from all ACAM2000 vaccinations were processed as a sin-
gle group. After the subjects gave informed consent, blood was drawn
before and following scarification. Serum was separated and stored frozen
using standard procedures. ACAM2000, smallpox (vaccinia virus
[VACV]) vaccine, live, was derived from Dryvax (Wyeth Laboratories,
Marietta, PA; calf lymph vaccine, NYCBOH) using plaque purification
techniques and grown in African green monkey kidney (Vero) cells. The
freeze-dried vaccine was reconstituted using the provided diluent per
package insert instructions (25). Each reconstituted vaccine vial con-
tained approximately 100 doses of 0.0025 ml of live VACV, containing 2.5
X 10° to 12.5 X 10° PFU/dose. A sterile bifurcated needle (provided with
the vaccine) was used to remove vaccine from the vial and subsequently
used to administer ACAM2000 percutaneously using 15 jabs. The vacci-
nation site was kept covered using a semipermeable bandage, with the
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bandage changed every 1 to 3 days until the scab fell off. Vaccination was
deemed successful if the vaccinee developed a major cutaneous reaction
such as a vesicular or pustular lesion, an area of palpable induration, or
congestion surrounding the vaccination site.

Vaccinia virus proteome microarray. Proteins encoded by VACV
(Copenhagen; GenBank accession no. M35027.1) were produced as de-
scribed previously (23, 29). Briefly, 273 pENTR221 entry clones that were
fully sequenced and characterized were recombined into the pDEST20
glutathione S-transferase (GST) expression vector using Gateway cloning
methods (Invitrogen, CA). All GST-tagged recombinant vaccinia virus
proteins were expressed in Sf9 insect cells using Gateway baculovirus ex-
pression (Invitrogen) and purified using glutathione-based affinity puri-
fication. The 245 vaccinia virus proteins that passed quality control crite-
ria, as well as several control proteins, were printed in a microarray on
thin-film nitrocellulose PATH slides (GenTel Biosciences, WI). The pro-
tein microarrays were stored at —20°C until use.

All incubations and microarray manipulations were automated by
using a HS 400 Pro hybridization station (Tecan Group Ltd., NC), set at
22°C, using previously described methods (23, 29). Briefly, arrays were
blocked for 1 h in blocking buffer consisting of 50 mM HEPES (pH 7.5),
200 mM NaCl, 0.08% Triton X-100, 25% glycerol, 20 mM reduced gluta-
thione, 1% bovine serum albumin (BSA), and 1 mM dithiothreitol
(DTT). Protein microarrays were rinsed with wash buffer (1X phosphate-
buffered saline [PBS] [pH 7.4], 0.2% Tween 20, 1% BSA) and probed (1 h)
with 2 pl of serum diluted 1:150 in probe buffer (1X PBS [pH 7.4], 0.1%
Tween 20, 1% BSA). Protein microarrays were rinsed (wash buffer), and
antibody binding was detected by incubation (1 h) with 1:2,000 dilution
of goat-anti human IgG (H+L) Alexa Fluor 647.

Microarray data analysis. Dried microarray slides were scanned by a
confocal laser scanner (GenePix 4000B; Molecular Devices, CA), using a
wavelength of 635 nm. Raw pixel counts were generated by imaging the
microarrays using a power setting of 100% and the highest photomulti-
plier tube (PMT) gain that did not produce saturated signals. Data ac-
quired from GenePix software were analyzed using ProtoArray Prospec-
tor v5.1 (Invitrogen, CA) in Immune Response Profiling mode. Quantile
normalization was performed on raw pixel counts from nonvaccinated
and vaccinated (Dryvax and ACAM2000) groups of individuals sepa-
rately. Following normalization, an M-statistics algorithm (IRBP Toolbox
v5.1; Invitrogen) was used to calculate statistical significance, implement-
ing a minimal signal of 500 relative fluorescence units (RFU) with a min-
imal signal gap of 200 RFU. A Bonferroni’s correction was performed for
comparisons of nonvaccinated and vaccinated groups. Outliers among
the data replicates were identified by using a modified Z-score (median
absolute deviation of >3.5) and removed from further analysis. The data
were log, transformed for hierarchical clustering analysis with the MeV
v4.4.1 TM4 Microarray Software Suite (31), using Euclidean distance as
the dissimilarity metric.

Bioinformatics. Amino acid sequences encoded by ACAM2000 (Gen-
Bank accession no. AY313847) and 14 other Dryvax clonal sequences
obtained from the Viral Bioinformatics Resource Center (32, 33) were
examined. The 14 Dryvax sequences consisted of 11 different plaque-
purified clones (GenBank accession no. JN654977 to JN654986) isolated
from a stored vial of Dryvax vaccine (lot 1556-14), two plaque-purified
clones (VACV-3737 [GenBank accession no.DQ377945]; and VACV-
DUKE [GenBank accession no. DQ439815]) harvested from a Dryvax
vaccination site as well as the virulent plaque-purified clone (ACAM3/
CL3 [GenBank accession no.AY313848]) that was isolated during
ACAM2000 production. Multiple sequence alignments were performed
in MegAlign (DNASTAR Lasergene software suite v.8), using the Clust-
alW alignment program and the Gonnet 250 protein weight matrix to
score each alignment. The multiple alignment parameters consisted of the
following: gap penalty, 10; gap length penalty, 0.2; delay divergent se-
quences, 30%.

Percent length identity was calculated to compare the sequence length
of proteins in the Dryvax vaccine to those in ACAM2000. In order to take
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into account protein heterogeneity among the different Dryvax clones,
percent length identity was calculated by taking the number of Dryvax
clones that expressed VACV proteins of equal length to that of
ACAM2000 divided by the total number of Dryvax clones used for se-
quence analysis (n = 14).

Relative entropy was also used as a measure of protein sequence vari-
ability, using the following formula:

H(ml) == 2 Cia 1082 Pia
a

where m; is the ith column of alignment 1, ¢,, is the count of character a
in column 1, and p;, is the probability of character a in column i, given a
21-letter alphabet.

A 21-letter alphabet (20 possible amino acids, plus a dash for gaps) was
used in the calculation of entropy for each amino acid residue in the
alignment. Protein sequence alignments were evaluated (Gblocks v0.91b
[34]) with gaps allowed within final blocks to eliminate poorly aligned
columns or regions that may skew relative entropy calculations. Because
the B19R gene product is not produced by one of the Dryvax strains and is
truncated in most other strains (265 amino acids in length in the
ACAM?2000 reference sequence and nine other Dryvax sequences), a con-
served block consisting of the first 259 residues was used for BI9R entropy
calculation. The C21/B27R protein is truncated in two strains (79 amino
acids instead of 113 residues) and also exhibits a high degree of variability
in the two truncated proteins. For this reason, a conserved block consist-
ing of the first 49 residues was used for C21/B27R entropy calculation.

For each protein, a delta entropy value per residue was calculated as
follows: AH = H_pcerved — Heonserved Where Hypeyeq is the summation of
entropies for individual proteins divided by the total number of amino
acid residues in that protein and H, 415 the entropy value of the same

conserve

alignment if all residues were completely conserved.

RESULTS

Smallpox vaccinations and protein microarrays. Seventy-one
vaccinia virus-naive subjects participated in independent Dryvax
(n = 10) and ACAM2000 (n = 61) studies. Among the subjects
that completed the Dryvax study, their ages ranged from 23 to 46
years old, 6% were male, 10% were African American, and the
remaining 90% were Caucasian. In the ACAM2000 study, 68% of
subjects were male, 78.3% were Caucasian, 20.0% were African-
American, 1.7% were Asian, with a mean age of 25 years and a
range of 19 to 39 years. All vaccinated individuals in both com-
pleted studies, had a classic “take” reaction or major cutaneous
reaction following scarification. There were no serious adverse
events after vaccination.

Blood for serum isolation was collected from individuals in
each study before and 28 days following primary administration
of either Dryvax or ACAM2000 vaccine. We used microarrays
covering 94% (245 recombinant proteins) of the VACV proteome
to examine antigen-specific antibody responses of the 71 primary
Dryvax- or ACAM2000-vaccinated individuals. Each protein in-
cluded in the microarray was derived from a fully sequenced plas-
mid clone, and the products expressed in eukaryotic cells were
affinity purified for inclusion in the final platform.

Similarities in antibody responses to Dryvax and ACAM2000
vaccination. Dilutions of sera collected from control or vacci-
nated subjects were incubated separately on the proteome mi-
croarray in order to measure antibody binding to specific VACV
antigens (Fig. 1). Hierarchical clustering of serum antibody bind-
ing results indicated that all vaccinated individuals grouped to-
gether, while sera from nonvaccinated controls formed a sepa-
rate cluster (Fig. 1). Further, we noted that seven out of 10
Dryvax-vaccinated individuals clustered independently of the
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ACAM2000-vaccinated subjects. While these results suggested
that antibody responses of individuals receiving either vaccine
were similar, subtle differences in antibody responses between
polyclonal and monoclonal smallpox vaccines were evident. Upon
further analysis, 21 viral proteins were observed to elicit a robust
antibody response in Dryvax- and ACAM2000-vaccinated indi-
viduals in comparison to nonvaccinated controls (P = 0.0002)
(Table 1). In addition to the 21 VACV proteins, the late transcrip-
tion factor H5R was recognized by human antibody from vacci-
nated individuals (~74%; P = 0.0012), but these results did not
meet the Bonferroni’s corrected P value cutoff (P < 0.0002). As
shown in Table 1, the 21 antigens from vaccinia virus that were
targeted by antibody responses represented proteins that were se-
creted, intracellular, or associated directly with the extracellular
enveloped virion (EEV) or intracellular mature virion (IMV). No-
tably, antibody responses in over 90% of smallpox-vaccinated in-
dividuals involved the EEV membrane protein F13L, IMV mem-
brane proteins D13L and A27L, and the IMV core protein A10L.

Antibody responses that differentiate Dryvax from ACAM2000
vaccination. Upon further analysis of the 21 vaccinia virus anti-
gens that elicited a specific VACV antibody response in all vacci-
nated individuals, we noted that antibody responses to 11 anti-
genic proteins were statistically different between Dryvax- and
ACAM2000-vaccinated individuals (P = 0.05; Fig. 2). Antibody
binding to two vaccinia virus proteins, the IMV structural phos-
phoprotein A13L and IMV putative nuclease protein G5R, were
higher in the ACAM2000-vaccinated group, while antibody bind-
ing to the remaining nine vaccinia virus proteins (J6R, BI9R,
A38L, A26L, I1L, I3L, D8L, C3L, and A10L) were found to be
higher in the Dryvax-vaccinated group (Fig. 2). The EEV mem-
brane protein F13L exhibited a marginal difference in antibody
responses (50% prevalence in Dryvax versus 79% in ACAM2000;
datanot shown), but it was excluded from further analysis because
it did not meet our significance criteria (P = 0.052).

Due to the clonal heterogeneity of Dryvax ORFs, variations in
proteins were anticipated to lead to changes in antibody epitopes.
Therefore, we examined the sequences of the 11 viral proteins that
presented significant differences between antibody responses to
ACAM2000 and Dryvax vaccine and compared these sequence
results to those of the 10 viral proteins that had similar levels of
antibody binding in both vaccinated groups. Multiple sequence
alignments were generated for the proteins present in ACAM2000
and 14 Dryvax clones (see Fig. S1 in the supplemental material).
Among the sequences that were examined, 11 were from Dryvax
clones that were plaque purified (8) from a specific lot of Dryvax
vaccine (Dryvax clones designated by DPP prefix before a num-
ber), two were from a vaccinia pustule following Dryvax vaccina-
tion (VACV-3737 and VACV-DUKE) (35; VACV-3737 genome
directly submitted to the Genome Sequencing Center of the
Washington University School of Medicine), and the last, slightly
more virulent clone (CL3/ACAM3) was isolated from pooled vials
of Dryvax vaccine during ACAM2000 (7) vaccine production (32,
33). Four antigens (A13L, B19R, A26L, and C3L) differed in se-
quence length among the 11 proteins that distinguished antibody
responses between vaccinated groups, while only two (C21/B27R
and H3L) of the 10 VACV antigens common to both vaccinated
groups varied in sequence length (Fig. 3A). Vaccinia virus IFN-
o/ receptor protein B19R is present in all VACV clones except for
clone 17 (DPP17), which has an 11.7-kbp deletion that results in
the loss of this protein (8). For clones that express the B19R gene,
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TABLE 1 Proteins of vaccinia virus recognized by antibody from vaccinia virus-naive or Dryvax- and ACAM2000-vaccinated individuals

Location of viral Nonvaccinated Vaccinated

Protein Description® antigen® prevalence (%) prevalence (%) P value References

F13L IEV membrane wrapping palmytilated protein EEV membrane 2 99 3.86E—39 52-55

A10L Core protein P4a, assembly of nucleoprotein complex IMV core 3 97 1.67E—35 54-58

D13L Rifampin resistance protein, spicule coat formation of IMV membrane 2 93 2.61E—33 54,56, 59, 60
v

DSL Cell surface chondroitin sulfate binding protein IMV membrane 2 69 2.67E—19 54-56, 58, 61

C3L Complement regulatory protein EC/EEV membrane 8 79 4.93E—19 48,62,63

AlI3L IV to IMV assembly phosphoprotein IMV membrane 6 77 8.13E—19 54-56, 58, 64

A33R EEV glycoprotein, actin tail formation with A36R EEV membrane 3 68 9.88E—18 55,65, 66

AllIR IMV membrane assembly protein IC, viral factory 13 84 1.39E—16 54,67

I1L Intermediate-class gene promoter IMV core 3 62 4.08E—15 54-56, 68

H3L IMV heparan sulfate binding surface protein, IMV IMV membrane 10 70 5.57E—14 54-56, 58, 69, 70
assembly

A27L Heparan sulfate binding surface protein, IMV IMV membrane 32 92 1.32E—12  54-56,58,71,72
microtubule-dependent transport

C21/B27R  Ankyrin-like protein Unknown 11 77 1.61E—11

B5R Plaque size, host range protein precursor, EEV EEV membrane 11 63 427E—10 55,73-75
formation and dissemination

A38L Integrin/CD47-associated protein, Ca®* influx Host cell membrane 2 40 2.26E—08 76,77

G5R Putative FEN1-like nuclease IMV core® 10 45 1.33E—06 78,79

A26L IMV A-type inclusion, laminin binding protein IMV membrane 14 60 1.56E—06 54, 56, 80

I3L Single-stranded DNA-binding phosphoprotein IMV core 6 34 2.21E—05 54-56, 81, 82

J6R DNA-directed RNA polymerase 147-kDa subunit IMV core 3 40 2.28E—05 54-56, 83, 84

L4R Single- and double-stranded DNA and ssRNA- IMV core 10 41 3.95E—05 54-56, 58, 85, 86
binding virion core protein vp8

Ol1L ERK1/2 signaling modulator c? 5 33 4.37E—05 49

B19R IEN-o/f3 receptor EC, host cell 2 25 9.65E—05 51,87, 88

membrane

“IEV, intracellular enveloped virion; IV, immature virion; IMV, intracellular mature virus; EEV, extracellular enveloped virus; ssRNA, single-stranded RNA.
Y EEV, extracellular enveloped virus; IMV, intracellular mature virus; EC, extracellular; IC, intracellular.

¢ It should be noted that while da Fonseca et al. (78) found G5R to be located within the IMV, other studies (54-56) did not.

4 The study of Manes et al. (89) in 2008 suggests that O1L may also be detected within VACV virion particles.

the protein is usually truncated, with the exception of three VACV
strains (CL3, DPP13, and DPP21) that express a full-length pro-
tein (Fig. S1). Further, three (DPP13, DPP15, and DUKE) of the
Dryvax clones have in-frame amino acid deletions in A13L, while
nine clones have in-frame amino acid deletions in C3L. In
VACV3737, A26L is elongated by 2 amino acid residues. Further-
more, all 11 of the vaccinia virus proteins that distinguished
Dryvax from ACAM2000 vaccine varied by one or more amino
acid residues, while 7 of the 10 that were common to both vacci-
nated groups varied. A11R, A27L, and A33R were 100% conserved
among all Dryvax clones, D13L and L4R proteins varied by only
one amino acid residue in one to four Dryvax clones, and the
remaining five proteins (B5R, C21/B27R, D13L, H3L, and O1L)
varied by more than one amino acid residue (Fig. S1). Relative
entropy scores of the sequence alignment were used to visualize
overall sequence variations for each protein. Entropy scores varied

independently of the differences observed in protein length (Fig.
3B). As shown in Fig. 3B, none of the 11 proteins that differenti-
ated Dryvax from ACAM2000 antibody responses had an entropy
score of zero, indicating that no sequence was completely con-
served, whereas 3 of the 10 VACV antigens (A11R, A27L, and
A33R) that showed similar antibody binding in both vaccinated
groups had 100% sequence conservation. Collectively, these ob-
servations suggested that variability within VACV antigens as well
as clonal heterogeneity contributed to the observed differences
between Dryvax and ACAM2000 antibody responses.

DISCUSSION

We identified 21 VACV proteins that collectively comprised the
human antibody response to both Dryvax and ACAM2000 vac-
cines. We also noted subtle differences in vaccine responses, as
antibody results from most (70%) Dryvax-vaccinated individuals

FIG 1 Hierarchical clustering of vaccinia virus proteins recognized by antibody from vaccinia virus-naive and Dryvax- and ACAM2000-vaccinated individuals.
Protein microarrays were probed with sera from 61 vaccinia virus-naive individuals and 71 primary vaccinated individuals (10 individuals vaccinated with
Dryvax and 61 vaccinated with ACAM2000). Antibody binding to the vaccinia virus proteins was measured with Alexa Fluor 647-conjugated anti-human IgG
(H+L). Hierarchical clustering, using Euclidean distance average linkage method with normalized and log,-transformed data, was used to visualize protein
microarray results. Naive and vaccinated sera are listed in columns while vaccinia virus protein-antibody interactions (in rows) are sorted by increasing P value.
The gradient color key at the top right of the heat map at the bottom of the figure (main heat map) shows the scale of log,-transformed signal intensity (0 to 18),
and the nodal scale at the top right of the magnified section of the heat map, also corresponding to minimum and maximum signal intensity units, uses a true
branch length structure. The color blocks at the top of the main heat map represent the subject groups: orange before primary vaccination (naive); red primary
ACAM2000 vaccination; green, primary Dryvax vaccination. Only significant protein-antibody binding interactions (P < 0.0002; blue box) among vaccinated
individuals are magnified (top) for visualization.
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FIG 2 Antigens that differentiate Dryvax from the monoclonal ACAM2000
vaccine. Serum antibody responses from 71 individuals receiving a primary
vaccination with Dryvax (n = 10) or ACAM2000 (n = 61) were measured by
protein microarray. Data shown represent a significant difference (P < 0.05) in
antibody response between vaccinated groups of individuals.

grouped independently from antibody results from the
ACAM2000-vaccinated individuals. The VACV proteins A13L
and G5R appeared to elicit a higher antibody response in
ACAM2000-vaccinated individuals, whereas antibody responses
to J6R, B19R, A38L, A26L, I1L, I3L, D8L, C3L, and A10L were
higher in Dryvax-vaccinated individuals. Because Dryvax consists
of a heterogeneous mixture of VACV clones, we examined the
possibility that the differences in antibody recognition may be due
to protein variations between vaccine strains. We noted that the 11
proteins that distinguished antibody responses between vaccines
were less conserved than antigens that were common to both
ACAM2000 and Dryvax. For example, A13L, A26L, and C3L dif-
fered in sequence length, the IFN-a/f receptor protein B19R is
missing or truncated in several VACV clones, and amino acid
sequences for all 11 proteins varied by 1 to 88 amino acid residues.
Surprisingly, the longest protein, J6R (1,276 residues), was highly
conserved (AH = 0.001) compared to the shortest protein, A13L
(68 to 70 residues; AH = 0.068). Perhaps mutations are less tol-
erated for the essential enzyme J6R, a DNA-directed RNA poly-
merase subunit, whereas mutations may be more advantageous
for the IMV surface protein A13L. It should also be noted that an
antibody neutralization epitope was mapped to amino acid resi-
dues 59 to 69 of A13L, a region that is conserved in ACAM2000
and Dryvax (36). Although the precise relationship between anti-
body responses to the VACV proteins we identified and smallpox
immunity will require extensive study, our results suggest that
variations in protein sequences may contribute to differences in
antibody responses to the smallpox vaccine strains.

In general, the efficacy of smallpox vaccines relies on immune
responses to multiple VACV proteins, rather than a single immu-
nodominant target (37). The VACV antigens that we identified
included viral surface proteins (IMV, EEV), as well as secreted and
intracellular proteins. In animal studies, a combination of anti-
gens from both IMV and EEV infectious virion forms were re-
quired for complete protection following VACV challenge (38,
39). Six of the VACYV antigens (D8L, A13L, A33R, H3L, A27L, and
B5R) are IMV or EEV surface proteins that we identified as com-
mon components of the antibody response to Dryvax and
ACAM2000. These six antigens were previously shown to be tar-
gets of neutralizing antibodies or were critical for protective im-
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FIG 3 Analysis of vaccinia virus proteins that differentiate Dryvax from
ACAM2000 antibody responses. The 11 vaccinia virus proteins that distin-
guished Dryvax from ACAM2000 antibody responses are indicated by black
bars, and the antigens that were common among both vaccinated groups are
indicated by white bars. (A) Percent protein length identity. (B) Relative se-
quence entropy. Fifteen Dryvax clones, including ACAM2000, were used for
sequence analysis (20, 21).

munity against a VACV infection (36, 38—44). Further, for VACV
antigens such as B5R and A33R, antibody interactions required
complement activation to neutralize viral infection (45). In con-
trast to IMV and EEV surface proteins, secreted and intracellular
VACV proteins can have an indirect role in protective immunity.
For the case of C3L, this secreted VACV protein was shown to
enhance pathogenesis of VACV and monkeypoxvirus infections
by affecting complement activation (46—48). As an example of an
intracellular antigen recognized by vaccine antibody responses
observed in our study, the poxvirus protein O1L enhances viru-
lence by continuous activation of the extracellular signal-regu-
lated kinase (ERK) pathway, which may promote viral replication
and dissemination (49).

While the VACV antigen-antibody interactions that we iden-
tified were common to the study population as a group, immune
responses will vary from person to person. The prevalence of sig-
nificant antibody responses to any given antigen ranged from 25
t0 99% in our study. We found that human antibody responses to
VACYV involved <10% of the total viral proteome in our previous
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study (23) and that eight individual vaccinia virus proteins were
useful biomarkers of smallpox immunity following vaccination
with Dryvax. Using an expanded protein microarray to obtain the
results presented here, we confirmed that <10% (21 of 261 pre-
dicted proteins and 245 tested proteins) of the total viral pro-
teome is recognized by human antibodies following vaccina-
tion, while reporting antibody recognition of additional VACV
antigens (Table 1). Another published report (50) included
four additional proteins (WR148, A17L, A4L, and WR169) as
antigens recognized by polyclonal smallpox vaccine and
ACAM?2000 vaccine antibody responses. It should be noted
that the purified proteins we used were expressed in eukaryotic
cells, whereas the previous report (50) used nonpurified pro-
teins produced in an Escherichia coli expression system. The
VACV Western Reserve (WR) antigens were not included on our
protein microarray. Further, antibody recognition of A17L was
found to be marginally significant in our study (53% in all vacci-
nated individuals; P = 0.015) but below our significance criteria
(P = 0.0002), and we observed antibody binding to A4L in sera
from both nonvaccinated and vaccinated individuals.

By measuring common deletion alleles of Dryvax clones iso-
lated from a specific vaccine lot, Qin et al. (8) determined that
ACAM?2000-like viruses were the dominant form (~60%), ap-
proximately 40% were VACV-DUKE-like viruses, and less than
1% were similar to clones CL3 and DPP17 (includes a large
11.7-kbp deletion, including B19R). Therefore, in contrast to
ACAM2000, selective replication of VACV clones from the poly-
clonal Dryvax vaccine at the site of skin inoculation may be a
source of variability in individual antibody responses due to
differences in protein sequences or protein abundance (29). For
example, a Dryvax variant (VACV-DUKE) was isolated from a
vaccinated patient who developed vaccinia necrosum (35).
VACV-DUKE was similar to the slightly more virulent CL3
Dryvax clone in that it had a nearly full-length (351 residues)
IFN-a/@ receptor gene (B19R in COP; B18R in WR), whereas this
protein is truncated by ~90 amino acid residues in the
ACAM?2000 strain due to a 4-kb DNA deletion (7, 8). A C-termi-
nal deletion of BI9R, as is the case in ACAM2000, caused a de-
crease in IFN-o/@ binding affinity due to the elimination of the
third immunoglobulin domain, while complete deletion of BI9R
in the VACV-WR strain resulted in severe attenuation of viral
infection from intranasal challenge in mice (51). It is likely that in
vivo selection of clones that alter innate immunity by activities of
B19R will also impact antibody responses.

The results of our study with a comprehensive VACV protein
microarray (245 recombinant proteins) confirmed previously re-
ported vaccine antigens and also identified novel antibody-bind-
ing proteins that could be important biomarkers of vaccinia im-
munity. We identified 21 VACV proteins with significant
antibody binding from sera of all vaccinated individuals, while 11
proteins distinguished vaccination with Dryvax from the mono-
clonal replacement ACAM2000. The precise relationship between
smallpox immunity and the VACV proteins we identified as tar-
gets of antibody responses needs to be established. The antibody
response biomarkers described here may provide useful informa-
tion for improving smallpox vaccination, especially for those in-
dividuals with contraindications to vaccination with live, replicat-
ing VACV.
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