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Despite the eradication of smallpox, orthopoxviruses (OPV) remain public health concerns. Efforts to develop new therapeutics
and vaccines for smallpox continue through their evaluation in animal models despite limited understanding of the specific cor-
relates of protective immunity. Recent monkeypox virus challenge studies have established the black-tailed prairie dog (Cyno-
mys ludovicianus) as a model of human systemic OPV infections. In this study, we assess the induction of humoral immunity in
humans and prairie dogs receiving Dryvax, Acam2000, or Imvamune vaccine and characterize the proteomic profile of immune
recognition using enzyme-linked immunosorbent assays (ELISA), neutralization assays, and protein microarrays. We confirm
anticipated similarities of antigenic protein targets of smallpox vaccine-induced responses in humans and prairie dogs and iden-
tify several differences. Subsequent monkeypox virus intranasal infection of vaccinated prairie dogs resulted in a significant
boost in humoral immunity characterized by a shift in reactivity of increased intensity to a broader range of OPV proteins. This
work provides evidence of similarities between the vaccine responses in prairie dogs and humans that enhance the value of the
prairie dog model system as an OPV vaccination model and offers novel findings that form a framework for examining the hu-
moral immune response induced by systemic orthopoxvirus infection.

Over 30 years after the eradication of smallpox (1), orthopox-
viruses (OPVs) remain relevant public health threats. Variola
virus remains a priority of biodefense preparedness research (2),
and other OPVs, such as vaccinia virus (VACV) (3), cowpox virus
(4), and monkeypox virus (MPXV) (5), remain global emerging
infectious disease threats. Important characteristics of VACV
smallpox vaccines are their ability to induce cross-protective an-
tibodies against other OPVs and to provide a vaccine backbone for
recombinant vaccines against diseases such as rabies (6). While
Ist-generation vaccines were used to eradicate smallpox, they can
cause multiple adverse effects, including eczema vaccinatum, pro-
gressive vaccinia, and myopericarditis (7-9). Continued concerns
over vaccine safety and fears of smallpox release have fueled re-
search on safer, better-characterized vaccines. These concerns
have advanced development of 2nd- and 3rd-generation vaccines,
such as Acam2000 (Acambis) (10) and Imvamune (11). However,
questions remain regarding the breadth and quality of response
(12), protection of immunocompromised individuals (13), and
proper utilization strategies (14). In addition, development of
first-generation vaccines used to eradicate smallpox occurred in
the absence of sophisticated techniques to define specific and de-
tailed immune responses. Contemporary techniques have pro-
vided the means to characterize in more detail vaccine (1st, 2nd,
and 3rd generation)-induced immunity and factors associated
with protection (15).

The animal models used for smallpox vaccine testing were a
macaque model of variola virus infection (16), an MPXV-infected
macaque model (17, 18), multiple mouse models (19-21), the
rabbitpox-infected rabbit model (22), and others (2). Each of
these models has salient differences from human infections with
systemic OPVs that may include the route of infection, disease
pathogenesis, or a compressed disease incubation period. The
2003 U.S. monkeypox outbreak was caused when imported exotic
animals carrying MPXV were sold throughout the Midwest, sub-
sequently infecting cohoused black-tailed prairie dogs and ulti-
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mately humans (23). Following this outbreak, an experimental
infection model of the black-tailed prairie dog (Cynomys ludovi-
cianus) was characterized using monkeypox virus. Aspects of clin-
ical disease similar to systemic human OPV infection were found
using a monkeypox virus intranasal (i.n.)-infection model, in-
cluding a protracted asymptomatic incubation phase similar to
that of human smallpox (24). Further refinement of the model
allowed testing of vaccine efficacy using 1st-, 2nd-, and 3rd-gen-
eration smallpox vaccines (25).

Animal models for OPV have also been used to clarify the
immune response and requirements for protection from patho-
genic OPV infections. Murine models have indicated roles for
cellular- and humoral-based responses, although the requirement
for cellular responses varies by model system. Vaccination with
Dryvax (Wyeth) via tail scratch was shown to provide protection
in mice deficient in B cells when later challenged intranasally with
the VACV Western Reserve strain (VACV WR) (26), indicating
overlapping protection between the immune responses. Similarly,
mice vaccinated with either modified Ankara vaccinia virus
(MVA) or a recombinant VACV via skin scarification (s.s.) were
protected from respiratory challenge as long as either antibody or
T cells were present (27). However, other models have shown that
protection against secondary infection was dependent on anti-
body, but not CD4 or CD8 T cell function. For example, when
mice were primed with avirulent ectromelia virus (ECTV) intra-
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TABLE 1 Prairie dog samples utilized for data analysis

Immunity to Orthopoxviruses

Vaccination Challenge

Dose Virus Dosage Route Virus Dosage Route

Low DVX (n = 3) 2E5 PFU m.p. MPXV (n = 3) 2E5 PFU in.
Acam (n = 3) 2E5 PFU m.p. MPXV (n = 3) 2E5 PFU in.
PBS (n = 3) NA? m.p. MPXV (n = 3) 2E5 PFU in.

High DVX (n = 8) 2E5 PFU m.p. MPXV (n = 4) 2E6 PFU in.
Acam (n =9) 2E5 PFU m.p. MPXV (n =7) 2E6 PFU in.
2X Imvamune (n = 10) 1E8 TCID/1E8 TCID s.C. MPXV (n = 8) 2E6 PFU in.
PBS(n=1) NA m.p. MPXV (n=1) 2E6 PFU in.

“|INA, not applicable.

peritoneally and later challenged with virulent ECTV, only anti-
body was necessary (28, 29). Experiments done with Dryvax s.s.-
vaccinated rhesus macaques have also demonstrated a necessity
for antibodies by showing that protection from lethal MPXV chal-
lenge required the presence of B cells (30) and that passive treat-
ment with vaccinia immune globulin (VIG) was sufficient to pre-
vent death. Thus, interest in understanding in greater detail the
requirements for protection and the protective components of the
humoral response remains.

Most of the protective antigens for OPV infection that have
been studied are surface proteins from the two primary virion
forms, the intracellular mature virions (MV) and extracellular en-
veloped virions (EV). These immune response targets include MV
proteins L1, A17, A27, D8 H3, A13, and A28 and EV proteins A33
and B5 (31-38). The protective nature of antibodies reactive to
these MV proteins, especially when combined with those against
EV, indicate the possibility that a select subset of proteins may be
sufficient to provide protective immunity. However, protein tar-
gets of humoral immunity upon vaccination are known to differ
between individuals (39), and many viral proteins have not been
implicated in protective responses despite being effective at elicit-
ing host immune induction (31, 40-42). Furthermore, recent
analysis of CD8 T cell responses in mice have indicated that larger
than expected major histocompatibility complex (MHC)-depen-
dent differences were seen between VACV-infected outbred and
inbred populations (43), which raises the question of whether
these observations are also true for B cell responses in an outbred
model. The mechanism of protection may include all of these
factors (specific antigen recognition, cellular responses, and diver-
sity of neutralizing antibody response); however, a better under-
standing of the mechanisms of protection in newly developed
smallpox vaccines will be crucial for understanding novel-vaccine
efficacy.

We present research to further explore components of vaccine-
and OPV challenge-induced immunity in the prairie dog model of
OPYV infection, which emulates human systemic OPV infections.
However, it is important to show that vaccination of prairie dogs
induces a similar immune response and not just similar levels of
response relative to humans. Thus, we utilize antigenic profiling
to assess similarities and differences. Our results add value to the
use of this model of systemic OPV vaccination and infection and
may be utilized to better understand the humoral correlates of
protection in human vaccination against smallpox. Protein mi-
croarrays have been previously utilized to show that immune re-
sponse profiles in MVA- and Dryvax-vaccinated macaques, hu-
mans, and rabbits are comparable (44). We performed proteome
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microarray comparative analysis of humoral immunity in
Dryvax- and Acam2000-vaccinated humans versus Dryvax-,
Acam2000-, and Imvamune-vaccinated prairie dogs. We exam-
ined this novel model system for biomarkers that may be associ-
ated with protective immunity. We then extended the analysis to
characterizing immune response following MPXV challenge of
prairie dogs by examining changes that occur in vaccinated and
unvaccinated animals. Our results show that there are salient dif-
ferences in the magnitude and breadth of immune response after
vaccination and those after challenge. These differences may be
important as we transition to safer, and likely further attenuated,
vaccine strains.

MATERIALS AND METHODS

Protein arrays. Protein arrays were fabricated as described previously (40,
45). Briefly, individual open reading frames (ORFs) of VACV WR were
amplified and cloned into a T7 expression vector by homologous recom-
bination. Of 210 cloned genes, 62 were selected based on previous known
reactivity to serologic samples (see Table S1 in the supplemental material)
for further testing. Proteins were produced using Escherichia coli-based
cell-free coupled transcription/translation reactions (RTS 100 Kkits;
Roche) according to the manufacturer’s instructions and printed without
further purification on FAST nitrocellulose-coated glass slides (What-
man) using an OmniGrid 100 microarrayer (Gene Machines). Protein
expression was monitored by using hemagglutinin (HA) and His tags
present on the protein termini, which were detected in 77% and 99% of
expressed proteins, respectively; however, quantification of the amount
of protein spotted was not possible. No-DNA control spots containing
the reaction mixture and no template DNA were included throughout the
array to correct for background binding to E. coli proteins found in the
transcription-translation mixture.

Prairie dogs utilized and vaccinations. Prairie dogs were captured,
screened, and housed as described previously (46). The animals ranged
between 9 and 12 months of age during vaccination and challenge. Sera
from a series of studies described previously (25) were utilized and are
summarized in Table 1. The animals in study 1 (n = 9 animals) were
divided into 2 groups of 3 animals each and inoculated with Dryvax or
Acam2000 with 2 X 10° PFU of vaccine via multiple puncture (m.p.). All
vaccine doses were human doses and were administered on day —30 prior
to challenge. Study 2 (n = 32 animals; n = 29 with sera available for
microarray testing) animals were grouped as follows: Dryvax (n = 8 ani-
mals), Acam2000 (n = 9 animals), Imvamune (n = 10 animals), and
phosphate-buffered saline (PBS) (n = 1 animal). Dryvax and Acam2000
animals were vaccinated with 2 X 10° PFU of vaccine, while Imvamune
animals were vaccinated twice with 1 X 10® PFU subcutaneously (s.c.) on
day —60 and day —30 prior to challenge (day 0). Day —60 serum samples
(naive) from animals given Imvamune were unavailable, so day —30 was
used as the baseline for determining postvaccination results. Antibody
responses after a single dose of Imvamune were minimally reactive, except
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for protein D8, which produced fluorescence slightly higher than that seen
in other naive animals but significantly below the post-two-dose time
point (see Fig. S1 in the supplemental material). Blood samples were taken
every 3 or 4 days for 30 days to monitor disease progression. Sera were not
available for each animal at every time point.

Prairie dog monkeypox virus challenge. In a low-dose challenge, an-
imals from vaccination study 1 (Dryvax, n = 3; Acam2000, n = 3; and
PBS, n = 3) were challenged i.n. with 10°> PFU of Congo Basin MPXV-
ROC-2003-385. In the second experiment (high-dose challenge), the dose
was increased to 10° PFU of MPXV. Vaccinated animals from each group
were challenged with sera available for testing from Dryvax (n = 4),
Acam2000 (n = 7), and Imvamune (n = 8) animals. One PBS group
animal (n = 1) was unvaccinated and used as a virus challenge control. As
described by Keckler et al. (25), the resulting rash burdens and mortalities
were not statistically different between the low-dose and high-dose
Dryvax- and Acam2000-vaccinated animals, nor were the microarray re-
sponses here statistically different (data not shown). Thus, we combined
high- and low-dose data for appropriate groups in our analyses.

Human vaccinee sera and VIGIV. Human sera were collected from
primary vaccinees via venipuncture as part of a smallpox vaccination
study involving laboratory workers that is approved and monitored by the
CDC Institutional Review Board (IRB) to ensure the use of approved
protocols, properly trained personnel, and appropriate personal protec-
tive equipment (PPE). The vaccinees, aged 23 to 34 and 25 to 30, were
vaccinated with Dryvax or Acam2000, respectively. Sera were collected
prior to vaccination and at approximately 7-day intervals thereafter from
day 7 to day 49 postvaccination. Vaccinia immune globulin intravenous
(VIGIV) was received from the Strategic National Stockpile (CDC, At-
lanta, GA) and was produced by Cangene (Cangene Corporoation, Win-
nipeg, Canada). It is an anion-exchange column-purified globulin frac-
tion from VACV (Dryvax)-vaccinated and boosted plasma donors (47).
Lot 1730203, used here, had total protein (IgG) of 55 mg/ml.

ELISA. A modified version of an enzyme-linked immunosorbent as-
say (ELISA) was used for analysis of prairie dog anti-OPV (25). Briefly,
microtiter plates (Immulon II; Dynatech) were coated with crude VACV
or BSC-40 cell lysate by overnight incubation and subsequently inacti-
vated, blocked, and washed prior to incubation with dilutions of prairie
dog sera and then ImmunoPure A/G-horseradish peroxidase (HRP) con-
jugate (Pierce). The BSC-40 cell lysate half of each plate was used to gen-
erate a cutoff value (COV) for each plate by averaging all the values of the
BSC-40 lysate half and adding 2 standard deviations (SD). Specimens
were considered positive if the test sample’s value was above the COV. The
endpoint titer for each animal was determined based on the highest dilu-
tion that was positive. Study 1 animals were used for time course analysis
of ELISA and microarray signals. ELISA of human samples was performed
as previously described (48). Briefly, microtiter plates were coated with
crude VACV overnight, inactivated, blocked, and washed prior to incu-
bation with human sera and then goat anti-human IgG-HRP (KPL,
Gaithersburg, MD). After development, a COV was determined using the
mean optical density (OD) from known naive standards plus 3 SD. Sera
were considered positive if the test sample’s value was above the COV. The
endpoint titer was determined based on the highest dilution that was
positive. For comparison with microarray fluorescence, reciprocal values
(log transformed) were used.

HCS GFP neutralization assay. Neutralizing antibody (NAb) titers
postvaccination were measured using the ArrayScan high-content screen-
ing (HCS) reader to detect green fluorescent protein (GFP) introduced by
infection with a GFP-expressing VACV WR strain (49). This assay detects
the percentage of GFP-producing cells, which is then normalized to con-
trol wells to obtain a relative percent responder (RPR) value. Reported
50% RPR values correlate with the serum inhibitory concentration re-
quired to neutralize 50% of viral infection (50% infective dose [ID5,]) in
a traditional plaque reduction neutralization titer (PRNT) assay.

Array probing and signal calculation. Sera were probed on the arrays
at 1:100 dilution in protein array blocking buffer (Whatman) plus 20% E.
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coli lysate to block antibodies reactive to E. coli proteins present in the
transcription-translation mixture. The remaining steps were carried out
in blocking buffer with 10% E. coli lysate. VIG was probed on the arrays at
1:500 dilution. For human sera and VIG, a secondary donkey anti-human
IgG-biotin conjugate (Jackson Immuno) at 1:200 was used, followed by a
streptavidin-Surelight P-3 (Columbia Biosciences) conjugate. Prairie dog
serum antibodies were visualized using protein G-biotin (Pierce) second-
ary antibody at 1:200, followed by streptavidin-Surelight P-3 conjugate at
1:200. The microarrays were scanned using a Gene Pix 4100A scanner
(Molecular Devices, CA) with laser settings at 100% and a photomulti-
plier (PMT) gain of 350. Image analysis was performed with Genepix Pro
5.0 software (Molecular Devices). The spot intensity was calculated as the
median spot value minus local spot background. A secondary correction
for background binding to E. coli proteins in the reaction mixture was
done by subtracting an average of the no-DNA spots from the back-
ground-corrected spot value.

Array data analysis. Prevaccination/preinoculation sera or post-sin-
gle vaccination sera for Imvamune animals (see “Prairie dogs utilized and
vaccinations” above) were used to determine naive seroreactivity. Due to
differences between the assays for human and prairie dog samples (e.g.,
use of anti-human IgG for human samples or protein G with prairie dog
samples), the cutoff value for a positive hit was determined empirically for
each conjugate. This cutoff value was defined by the threshold where 1%
false positives occur when calculated from non-orthopox virus proteins
included on the array. These proteins included varicella zoster virus
(VZV) and herpes simplex virus (HSV). A fluorescence cutoff value of 150
arbitrary fluorescence units (AU) for prairie dogs or 1,000 AU for human
samples after subtraction of prevaccination values, combined with a
greater-than-2-fold rise in reactivity, were used to determine positive hits.
The 2-fold rise was included to account for array-to-array variability. For
VIG and human sera for which no prevaccination samples were available,
a collection of naive donor sera was used to calculate an average value of
previous reactivity to orthopox virus proteins.

Heat map normalization of human and prairie dog data. Heat map
intensity values were normalized between human and prairie dog samples
by running human samples with protein G-biotin secondary conjugate
and comparing the resultant signals with data obtained using donkey
anti-human IgG-biotin (both assays utilized streptavidin-Surelight P3 la-
bel). Differences in fluorescence intensities when comparing the individ-
ual serum reactivities with individual protein spots between the two assays
provided correlative intensities. Equivalent intensity ranges were then es-
tablished beginning at 1/2 of the cutoff value (500 in the anti-human assay
or 75 in the protein G assay) and continuing with approximately 2-fold
increases up to the maximum fluorescence intensity measurable by the
array scanner (65,000). Correlative values between assays were assigned
the same shading and used to show similar responses within the heat
maps.

Statistical analysis. SPSS was used for statistical analyses. The Wil-
coxon rank sum test was utilized to compare responses to proteins with
known neutralizing antigenic sites and neutralizing capacities of vaccinee
sera. The Wilcoxon rank sum test is a nonparametric test to compare
related samples and determine if their population mean ranks are differ-
ent; it was utilized given the variability found in some array responses.
Data were compiled by identifying microarray fluorescence values above
the appropriate cutoff value (150 or 1,000) but did not include the 2-fold
rise in reactivity otherwise utilized in order to allow comparison of naive
samples.

RESULTS

Vaccine-induced humoral immunity. We first set out to provide
a global view of reactivity and to identify major trends between
days 21 and 49 after vaccination of a group of human subjects and
prairie dogs. A core group of antigens elicit antibodies following
vaccination with Dryvax and Acam2000 in both species, as well as
in Imvamune-vaccinated prairie dogs (Fig. 1). As standards for
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FIG 1 Normalized proteome view associated with vaccination using Dryvax, Acam2000, or two-dose Imvamune in humans and prairie dogs. The proteins are
sorted by function and location (if known), with signal intensities represented by pale green for no response and red for increasingly intense reactions. Average
raw values for naive human and prairie dog serum profiles were included to provide visual controls for background proteome-wide antibody reactivity, whereas
VIG and the remaining sample profiles are shown after subtraction of naive reactivity. Each column is an average of measurements for individual vaccinees, with
the time point postvaccination indicated above each column. The normalization procedure for comparing human and prairie dog responses is described in

Materials and Methods.

immune reactivity on the array, naive sera were used to show
common background reactivity, and VIG was used to define fre-
quently recognized proteins. Interrogation with VIG revealed im-
mune recognition of 26 of 62 antigens (Fig. 1). The highest reac-
tivity measured by fluorescence intensity on this array was
observed to MV proteins WR148, A13, H3, D8, and A27; EV pro-
tein A56; core proteins I1 and A10; and H6 and D13 (other func-
tions). As a group, MV and core proteins were most frequently
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recognized by VIG (Fig. 1). In comparing vaccine-induced immu-
nity in humans and prairie dogs regardless of the vaccine strain,
commonly reactive antigens, defined those as having greater than
50% reactivity within a vaccination group, were observed in both
host species and included WR148, A13, H3, D8, I1, and D13.
Prominent differences observed include absence of a response to
MV protein A17 in prairie dogs, but also more frequent recogni-
tion of MV protein A9, EV protein A56, evasion protein E3, and
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TABLE 2 Frequently recognized antigens in vaccinated subjects”

Positive response”

Humans Prairie dogs

Protein category Protein DVX (n = 10) Acam (n = 5) DVX (n=11) Acam (n = 12) Imvamune (n = 10)

MV WR148 +++ +++ +++ +4++ +
WRI132 (A13) 4+ +++ +++ 4+ e+
WR101 (H3) +++ +++ +++ +++ 4+
WR113 (D8) 4+ 4+ +++ +++ +++
WR137 (A17) +++ +4+4+ - ++ +
WRI150 (A27) ++ + ++ _ _
WRI128 (A9) — - — ++ _

EV WR181 (A56) - - N T+ _
WRI187 (B5) - ++ ++ + ++
WRI156 (A33) + +++ - - _
WRI159 (A36) - + + ++ —
WR157 (A34) + + - _ _

Core WRO070 (11) +++ +++ +++ et e+
WR129 (A10) ++ ++ +++ + +++
WRI123 (A4) ++ + ++ ++ —
WR091 (L4) - + ++ + ++

Evasion WRO059 (E3) - + +++ + _

Other/unknown WRI118 (D13) +++ +++ +4++ +++ +++
WR130 (A11) +++ +++ +++ - 4+
WR169 + - ++ 4+ 4+

“ Proteins with greater than 5 hits over all samples are shown.

b+, >10% of subjects with a positive response; ++, >25% of subjects with a positive response; +++, >50% of subjects with a positive response; —, no subjects with a positive

response.

WR169 (unknown function) (Fig. 1, asterisks, and Table 2). Sim-
ilar to the VIG profile, MV proteins account for the majority of
reactive proteins in vaccinees and for 44% of the total signal.
Within individual serum samples, one or more EV proteins were
frequently recognized in each vaccine group, but rarely was the
same protein commonly recognized. One exception was reactivity
to A56 in prairie dog Dryvax and Acam2000 vaccinees, but not
those receiving Imvamune. Reactivity to EV protein F13 was also
predominantly absent in all groups. Responses to core proteins
and enzymes accounted for 22% of the chip signal. Host immune
evasion and virulence factor recognition were absent in human
vaccinees and were seen only minimally in prairie dogs, with a
predominance of reactivity to E3 in the Dryvax group. Overall, an
average reactivity to 8.5 of 62 antigens was found in both humans
and prairie dogs. Additionally, while there were many commonly
reactive antigens, no antigen was reactive in 100% of human and
prairie dog vaccinees.

Human response to vaccination. We then established a base-
line for comparison by examining human antibody profiles after
Dryvax and Acam2000 vaccination. Responses were highly similar
between vaccine strains (Fig. 1 and Table 2) and included recog-
nition of MV proteins WR148, A13, H3, D8, and A17 and, to a
lesser extent, A27L. EV proteins A56, B5, A33, A36, and A34 were
recognized by at least one Dryvax- or Acam2000-vaccinated indi-
vidual, and A33 was recognized by more than 50% of Acam2000
vaccinees. Human responses to core proteins I1L, A10, and A4
were observed in Dryvax and Acam2000 vaccinees, while re-
sponses to proteins categorized as other/unknown function in-
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cluded D13 and All. Ranked mean fluorescence intensities of
proteins with positive hits revealed that WR148 was the most im-
munogenic protein in human vaccinees, followed by A13 and then
I1 and D13 for both Dryvax and Acam2000 vaccinees (Fig. 1).
Prairie dog response to vaccination. We then set out to exam-
ine the prairie dog response in detail and to assess similarities and
differences between species. When given Dryvax and Acam2000,
prairie dogs showed responses highly similar to human vaccinee
responses (Fig. 1 and Table 2). Of the animals vaccinated with
Dryvax and Acam2000, 70% reacted to MV proteins WR148, H3,
and D8, and 45% reacted to each of those plus A13. In contrast to
humans, A13 responses were less frequently seen, with only a 56%
response rate versus 100% in humans. A17 responses were also
predominantly absent in prairie dogs, and EV protein A56 was
commonly recognized in Dryvax- and Acam2000-vaccinated an-
imals. Core proteins I1L, A10L, and A4L were also recognized in
both live-vaccine groups at levels slightly higher than those seen
in humans. E3L (evasion) protein was found to be reactive in
Dryvax-vaccinated prairie dogs, though much less so in
Acam2000-vaccinated prairie dogs (as in humans). Similar to hu-
man responses, prairie dogs vaccinated with Dryvax or Acam2000
react to scaffold protein D13L and protein of unknown function
WR169, but reactivity to morphogenesis protein All was absent in
Acam2000. For prairie dogs vaccinated with Imvamune, highly
reactive proteins were significantly more limited and included MV
proteins A13L, H3L, and D8. Except for one low-level binding
event (less than 2 times the cutoff), no response was observed to
WR148, which is known to be deleted in Imvamune. Imvamune
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FIG 2 Antibody response to known neutralizing or protective antigenic tar-
gets and induction of neutralizing antibodies after Dryvax, Acam2000, or two-
dose Imvamune vaccination. (a) Fluorescence intensities above the microarray
cutoff for human and prairie dog sera in response to eight known neutralizing
targets, H3, D8, A17, A27, and B5 and protective targets A33, A4, and A10,
were scored positive or negative, counted for each vaccinee, and averaged
(Wilcoxon rank sum; ¥, P < 0.05). (b) Neutralizing antibody titers for vaccin-
ees were evaluated by an HCS-GFP neutralization assay and are displayed as
the 50% RPR titer (50% neutralization). Human sera were not heat inactivated
prior to analysis. Insufficient quantities of prevaccination sera were available
for prairie dog NAD testing with the HCS-GFP assay. Time points for both
assays are as shown in Fig. 1 and range from 21 to 49 (median = 30) days
postvaccination. The error bars indicate standard deviation (SD).

also induced lower responses overall to EV proteins than were
seen with Dryvax and Acam2000, and a comparable reaction to
core proteins I1L and A10L versus live vaccines was observed.
Overall, a predominant absence of response to A17L in this assay
was consistent in all vaccinated prairie dogs. Of interest, evasion
protein E3L was reactive almost exclusively in Dryvax-immunized
animals. Reactive proteins in Imvamune vaccinees were compa-
rable to those in Acam2000 vaccinees, and both had fewer recog-
nized antigens than Dryvax vaccinees. Ranked mean fluorescence
intensities of proteins with positive hits revealed that WR148 (ex-
cept in Imvamune vaccinees) and I1L were the most immuno-
genic proteins for prairie dogs (Fig. 1).

Immune responses to proteins targeted by neutralizing anti-
bodies after vaccination. To more specifically analyze antibody
profiles related to neutralizing capacity, the reactivities of sera to
known neutralizing targets A13, A17, D8, H3, A27, and B5 and
protective targets A33, A4, and A10 were evaluated (Fig. 2a). Since
neutralizing capacity has been shown to be redundant (39), reac-
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tivities to these eight proteins were combined to determine if a
minimum number of recognition events was associated with a
neutralizing titer. Neutralizing target L1 was excluded from this
array, as it failed to be reactive when produced from this E. coli
system (45), and A28 (36), although included on the array, was
excluded from the analysis as response was absent in all but one
vaccinee. In all groups, postvaccination data showed increased
reaction to this subset of proteins. Higher reactivity in prevacci-
nation responses for humans was due to background binding to
A4. Additionally, since prairie dog Imvamune prevaccination sera
were unavailable for testing, higher initial reactivity was due to
increased recognition of D8 following the first dosing of Imva-
mune, which is presented here as prevaccination. The lower over-
all response postvaccination in prairie dogs was in part due to the
absence of reactivity to A17, an observation shown in Fig. 1. While
humans responded strongly to A17 after live vaccination, prairie
dogs typically failed to mount a response to the protein following
live or attenuated vaccination. No statistical difference in the total
number of responses was observed between human vaccinees and
prairie dogs given Dryvax or Imvamune (P = 0.56 to 1; Wilcoxon
rank sum). However, the total number of known neutralizing tar-
gets recognized in prairie dogs given Acam2000 was statistically
lower than in Dryvax- or Imvamune-vaccinated animals (P =
0.04 and 0.03, respectively; Wilcoxon rank sum test). Sera were
also evaluated using the HCS-GFP neutralization assay (49) to
observe the NAD titer (Fig. 2b). Neutralization increased postvac-
cination, with NAb titers (50% RPR titers) of 4.8 X 10% and 4.2 X
10? observed in Dryvax- and Acam2000-vaccinated humans. Post-
vaccination NADb titers for each prairie dog group were 3.4 X107,
1.9 X 10% and 7.3 X 10?, respectively. Insufficient prevaccination
sera were available for prairie dog vaccinees for HCS-GFP testing;
however, we recently showed that NAD titers of unvaccinated
prairie dogs were typically below 1.0 X 10* (25) and thus were
comparable to human prevaccination values. No correlation was
seen when comparing individual vaccinee responses to known
neutralizing antibody targets and NADb titers (data not shown),
and thus, the reduced number of neutralizing targets in
Acam2000-vaccinated prairie dogs was not biologically signifi-
cant.

Temporal evaluation of antibody responses after vaccination
and comparison with ELISA responses. We next looked at the
dynamics of the antibody responses over a 32-day period by pro-
tein microarray and ELISA endpoint titer (EPT). Since ELISA is
the study’s gold standard for confirming antibody reactivity to
MYV protein, our array results should produce similar responses
and show increasing response to those antigens over time. Six
prairie dogs and six humans were evaluated at approximately
7-day intervals post-Dryvax or -Acam2000 vaccination. Repre-
sentative individual responses for one Dryvax-vaccinated human
and one Acam2000-vaccinated prairie dog (Fig. 3) and aggregate
results for all time-course analyzed vaccinees (Fig. 4) showed cor-
relation between the two assays. In observing individual responses
(Fig. 3), ELISA EPTs typically rose by day 14 in both species. Hu-
man EPTs then showed modest increases at later time points;
however, prairie dogs typically showed no further increases. In
both species, the fluorescence responses to individual proteins on
our array were predominantly below the cutoff initially and
steadily increased at later time points. As previously noted in Fig.
1, WR148, A13, H3, and D8 were among the most antigenic pro-
teins. Response to A17 was seen in humans but remained below
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FIG 3 Kinetic view of responses to MV proteins at days 0, 7, 14, 21, and 28 or
30 and correlation with ELISA results; shown are data for an Acam200-vacci-
nated human and a Dryvax-vaccinated prairie dog. Raw microarray signal
intensities for select MV surface proteins are plotted, along with the array
cutoff (dashed blue lines) and endpoint titer ELISA values (solid purple lines).
The data are typical for each species regardless of the vaccination strain.

the cutoff in prairie dogs. To compare the microarray and ELISAs,
results for all time points were combined and displayed graphi-
cally (Fig. 4). Microarray fluorescence with human samples was
better correlated with the ELISA EPT than that with prairie dogs,
although both species showed increases in fluorescence associated
with higher titers. Human samples reached a maximal ELISA titer
of 10°, whereas prairie dog sera, on average, could be diluted
to 10%.

Immune response profiles in monkeypox virus-challenged
vaccinated prairie dogs. To determine how antibody profiles
were modified upon MPXV challenge, Dryvax-, Acam2000-, and
Imvamune-vaccinated prairie dogs were challenged with mon-
keypox virus 30 days postvaccination (60 days post-first-dose
Imvamune vaccination). At 24 to 30 days post-MPXV challenge,
overall reactivity to the proteins was boosted compared to pre-
challenge levels; antibodies to commonly recognized antigens
postvaccination became universally recognized and produced
higher-intensity array signals (Fig. 5). Among these were MV pro-
teins WR148 (except in Imvamune-vaccinated animals), A13, H3,
and D8; core proteins I1 and A10; and virion scaffold protein
(“other”) D13 (Table 3). MPXV challenge also induced strong
primary antibody response to proteins that were minimally or not
recognized after vaccination (Table 3, underlined proteins), i.e.,
MYV proteins A17, A27, A26, and Al4; EV proteins A56, B5, and
F13; core proteins A4, H5, and I3; enzymatic proteins L4, F2, Heé,
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FIG 4 Microarray fluorescence in response to MV proteins correlates with the
ELISA endpoint antibody titer. The intensities for all MV proteins present on
the array were analyzed at days 0, 7, 14, and 21 to 49 after Dryvax or Acam2000
vaccination of humans (n = 6) and prairie dogs (n = 6) and compared with the
corresponding ELISA titers. The data points are shown in color and represent
the date of sampling, i.e., days 0, 7, 14, 21, and 29 to 49. The inset in the prairie
dog graph shows a close-up view of the data with a 10° ELISA endpoint titer.
Data for all time points were not available for all individuals.

and E4; immunomodulatory proteins E3, A46, C23, and B29; vi-
rion assembly protein A11 (other); and WR169, whose function is
unknown. Of the antigens commonly recognized postchallenge,
four were rarely seen postvaccination in prairie dogs and only
minimally reactive to human VIG. Proteins F2 and A3 (core/en-
zyme) were most unique, as they were each reactive only once
postvaccination but were recognized by 73% and 42% of subjects
once challenged (Fig. 5). The immunomodulatory protein C23
and its gene duplicate B29 (evasion/virulence) were also unrecog-
nized by VIG and initially recognized in only 8% and 13% of
vaccinees, respectively, but were reactive in 50% and 55% of sam-
ples postchallenge. Three additional proteins also rarely reactive
in vaccinated prairie dogs are DNA binding protein I3 (core/en-
zyme), phospholipase protein F13 (EV), and interleukin 1 (IL-1)
inhibitor A46 (evasion/virulence). Postchallenge responses for
these proteins ranged from 72 to 100%. Although 13, F13, and A46
were reactive with VIG, the fluorescence intensities were each less
than 2 times the positive cutoff value.

DISCUSSION

Validation of animal models for use as surrogates for vaccination
studies is of paramount interest when human experimentation is
not feasible. Monkeypox virus infection of prairie dogs produces
disease that is highly similar to that in humans after systemic OPV
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FIG 5 Heat map of reactivities to microarray proteins of prairie dog sera postvaccination and post-MPXV challenge. The animals were vaccinated with Dryvax,
Acam2000, or Imvamune; allowed to seroconvert; and then challenged with MPXV. The animals providing MPXV-only samples were not vaccinated. The
samples were collected between 27 and 30 days postchallenge and had prevaccination reactivity subtracted. VIG is shown for visual comparison with the human

response to vaccination.

TABLE 3 Changes in antibody targets in vaccinated prairie dogs after
challenge with MPXV*

Protein
Protein category Prechallenge Postchallenge”
MV WR148¢, A13, WRI148, A13, H3, D8, Al7,
H3, D8 A27, A26, Al4
EV None A56, B5R, F13
Core/enzyme I1L, A10L 11, A10, A4, H5, I3, L4, F2,
He, E4

Evasion/virulence None E3, A46, C23, B29
Other/unknown D13L D13, Al1, WR169

“ Reactive in greater than 50% of subjects.

b Underlined proteins were not significantly recognized postvaccination.

¢ Absent in Imvamune- but dominant in Dryvax- and Acam2000-vaccinated prairie
dogs.
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infection, and protection from disease occurs when animals are
vaccinated prior to challenge with monkeypox virus (24, 25). Ad-
ditionally, since vaccination in humans produces an antibody re-
sponse correlated with protection, a highly similar response in
prairie dogs would further support their use as a surrogate animal
model of OPV vaccination. This in turn would allow testing of
additional smallpox vaccines in this model for efficacy against
systemic OPV infections. Here, we used a protein microarray
spotted with select VACV WR proteins and compared the anti-
body response profiles from VACV-vaccinated humans and
prairie dogs. The profiles were highly heterogeneous, with one or
more individuals in each group reacting to 15 of the 61 proteins on
the chip, yet also contained strong and consistent reactions to
several immunodominant and known neutralizing proteins. We
further characterized the immune response after MPXV challenge
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of naive and vaccinated prairie dogs. Upon challenge, the response
profiles became much more homogeneous, with an average of
27.4 antigens recognized by each prairie dog and 21 of those anti-
gens recognized by more than 75% of all challenged animals.

One concern when using nonclonal and unpurified proteins
was the potential for background reactivity due to aberrant pro-
tein production or the complexity of the crude mixture spotted. A
high degree of correlation between our results and those of others
using quantified or purified protein arrays would indicate that this
is not an issue. In one of the more complete efforts to date, 193 of
273 vaccinia virus Copenhagen strain proteins were expressed and
purified from a baculovirus protein system; it was found that
<10% of the proteome was reactive to VIG or vaccinated individ-
uals (42). Using a rabbit reticulocyte system, Duke-Cohan et al.
(41) selected 25 surface-exposed or known antigenic proteins of
the 218 ORFs of the WR proteome to produce proteins in a micro-
ELISA format. Reactivity was found to 17 proteins, although only
10 were strongly reactive. The correlations of vaccinated individ-
uals and VIG profiles were similar in both sets of experiments. In
our experiments, 13 proteins were recognized by more than one
vaccinee, and 26 proteins were recognized by VIG. Overall, among
all sets of results, there was good concordance when looking at
strongly reactive proteins, such as D13, H3, D8, I1, A33, A27, and
B5. When comparing less-reactive proteins, although there was
variability as to which individual proteins were recognized, our
experimental method did not produce significantly different hits
than either the Schmid or Duke-Cohan data sets. A comparative
table of reactivity observed by each system can be found in Table
S2 in the supplemental material.

Our results show significant reactivity to membrane proteins
in vaccinated humans and prairie dogs, with WR148, A13, H3, D8,
and A17 commonly seen. The last four MV proteins have all been
shown to be effective targets for virus neutralization and thus crit-
ical targets of the immune system to inactivate and limit virus
spread (50). However, A17 was recognized less frequently in prai-
rie dogs, with only 6 of 34 animals responding to it, and four of
those were in the Acam2000 group. A17 is an MV protein that is
associated with viral morphogenesis and is essential for replica-
tion (51). The N-terminal region has been identified as the target
of neutralizing antibodies, as well as the region that interacts with
Al4and A27 (52). As such, reduced reactivity may be indicative of
subtle changes that limit the accessibility of the external N-termi-
nal region, or the region may simply be less immunogenic in the
prairie dog. A fifth MV neutralizing target, A27, was seen in nearly
50% of Dryvax-vaccinated individuals of both species but failed to
react with any Acam2000 or Imvamune vaccinee. Protein L1 was
excluded from the chip, even though it has historically been
shown to produce neutralizing antibodies (53, 54). At the time of
writing, L1 failed to produce a response in human sera and was
only minimally reactive in concentrations higher than normal
(data not shown). L1 is notable for significant disulfide bonding;
thus, the limitation is likely structural, and some gains have since
been realized (44). With baculovirus expression, detection ranged
from 0 to 30% recognition (42, 50), and in a rabbit reticulocyte
lysate expression system, recognition was <<25%, although a
strong correlation with neutralization in 4 samples with anti-L1
antibodies was noted (41).

There were fewer and more varied responses to EV proteins
after vaccination regimens in both species with serorecognition of
A33 and sometimes B5, as indicated by low-level but significant
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fluorescence intensity in humans and serorecognition of A56 and
B5 in prairie dogs. Interestingly, upon MPXV challenge, prairie
dogs showed nearly universal responses to A56, B5, and F13 and
lower responses to A34 and A36. This finding is interesting, since
EV virions are thought to aid in virus dissemination in natural
infection (55) and typical vaccine strains produce only a single
localized lesion. However, it is unclear whether this difference in
reactivity to EV proteins is due to limited spread from the vacci-
nation site or simply due to less immunologic insult than the
systemic spread commonly found with monkeypox virus infec-
tion. It is also possible that since EV proteins would likely be
posttranslationally modified, this low reactivity is an artifact of the
E. coli system. However, a low frequency of reactivity to EV pro-
teins after immunization was also noted in similar assays using
different expression systems (41, 42). Reactivity to EV proteins
using single-antigen ELISA showed increases in response after
vaccination (56), but the absence of individual pre- and postvac-
cination sera makes comparison difficult. It is also notable that
while very few sera were reactive with multiple EV proteins, 8 of 15
human vaccinees and 20 of 34 prairie dogs were reactive to at least
one EV protein, and over 40% of all vaccinees were reactive to two
or more EV proteins. This variability at the whole-protein level
correlates with recent studies of antibody response after smallpox
vaccination, where redundant neutralizing antibodies targeted a
multitude of viral epitopes as opposed to a single immunodomi-
nant epitope, and shows that the specificities of the response may
differ substantially by individual (39).

Antibody responses to core proteins after vaccination were
highly similar between virus strains and species. As core proteins,
the accessibility of each would be limited until lysis of infected cells
and then would be expected to be somewhat correlated with their
relative abundances and the availability of immunogenic epitopes.
Reports of relative abundances in MV virions (57, 58) showed that
A4 and A10 were predominant proteins, with I1 representing as
little as 1/100 of their total mass. This relationship of antigen mass
to antibody recognition was reversed here, as I1 was immuno-
dominant.

The recognition of E3 by Dryvax-vaccinated prairie dogs, but
not humans, was also interesting. The protein was recognized only
weakly in one human vaccinee and was previously seen with
equivocal recognition by humans and no recognition by primate
vaccinees (40, 59). In comparison, strong recognition of E3 was
seen in mice and rabbits given the pathogenic VACV WR strain
(40, 45), and primates challenged with MPXV show reactivity to
E3, and in particular the truncated MPXV homologue of E3 (59).
Similar to the absence of reactivity to A17, reactivity to E3 after
vaccination may result from species-specific sensitivity to avail-
able epitopes, and only upon challenge (VACV WR or MPXV) is
the response sufficient to ensure that it is measurable. It is also
possible that stronger recognition is at least partially a function of
the pathogenicity of the challenge virus or the degree of systemic
spread of virus during disease.

There were three commonly recognized proteins after vaccina-
tion that did not fit into one of the above-mentioned groups. D13
is a scaffold protein that is lost prior to MV maturation (60).
However, its necessity as a structural protein in crescent forma-
tion and its ubiquity confirm it as a likely immunologic target. A11
is a nonstructural protein also associated with crescent formation
(61). Its near absence in Acam2000-vaccinated prairie dogs was
somewhat surprising but, upon examination of signal intensities,
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may simply be a function of low levels of response making it in-
distinguishable from background. While A11 was recognized in all
other vaccination groups, it typically had an average intensity of
only 2 to 3 times the cutoff value and for all groups was in the
bottom third of reactive proteins by ranked average intensity.

Consistent with previous reports of vaccine immunogenicity
(62), we saw no difference between Dryvax and Acam2000 array
responses in humans, with an average of 10.0 and 9.3 array hits per
sample, respectively. However, in prairie dogs, there was a trend of
lower response after Acam2000 than after Dryvax, including many
instances where Dryvax vaccinees responded to a given protein
100% of the time whereas Acam2000 vaccinees were less fre-
quently recognized but still greater than the 50% designation
shown in Table 2. A similar overall reduction was observed after
Imvamune vaccination, as well, only part of which can be ac-
counted for by the loss of reactivity to WR148. Relative to Dryvax,
reduced antibody response has also been seen in Imvamune vac-
cination of humans (63) and included absent or reduced reactivity
to WR148 and A17 but also significantly lower responses to A56,
A27,and A33. We observed no reactivity to each of these antigenic
targets in Imvamune-vaccinated prairie dogs, as well. The lower
overall response between viruses resulted in a drop in the number
of recognized antigens from an average of 11.7 hits per sample
after Dryvax vaccination to 7.8 and 7.9 hits per sample after
Acam?2000 or Imvamune vaccination. This difference accounts for
an ~15% loss in positive hits over the entire proteome between
the vaccines. ELISA geometric mean titers (GMTs) also showed
this reduced response, with both Acam2000 and Imvamune hav-
ing between 2- and 10-fold-reduced peak GMTs relative to
Dryvax.

After MPXYV challenge, the response to a much greater number
of antigens (n = 27.4) than after vaccination (n = 9.1) may reflect
the more systemic presentation of the virus. In Dryvax revaccina-
tion cases, only a modest increase in the number of recognized
targets has been seen (40). We also recently showed that disease
severity, as judged by weight loss, lesion count, and nasal involve-
ment, was significantly limited upon challenge after vaccination,
particularly after Dryvax or Acam2000 vaccination (25). Although
the limited number of immunodominant antigens after vaccina-
tion may have been expected to continue dominating the profile,
along with the addition of a few novel targets that may have been
recognized during vaccination but failed to generate a detectable
antibody response, the large increase here suggests that differences
in virus pathogenicities or life cycles affect immune recognition. It
was observed that pathogenic WR virus infection of naive rabbits
induced a large and robust response to a broad range of proteins
compared to vaccination alone (44), and a recent report showed
that the antibody response to monkeypox virus infection of naive
macaques also targeted a larger number of antigens than human
vaccination (59). Thus, dramatic increases in the frequency and
intensity of responses to multiple targets upon challenge, but not
repeat vaccination, provides evidence that increased pathogenic-
ity drives the stronger immune response. Added support for
pathogenicity affecting immune response is shown in the shift
from intermediate- and late-promoter genes (64—66), which are
typical of structural virion core and membrane proteins and are
present on the surfaces of infected cells (67), to early-promoter
genes. In the present study, all seven antigens reactive in greater
than 50% of vaccinated prairie dogs were intermediate- or late-
promoter driven. Of 27 commonly reactive antigens after chal-

January 2013 Volume 87 Number 2

Immunity to Orthopoxviruses

lenge, 13 were classified as intermediate or late promoter, but 6
early/immediate-early and 8 early/late promoters were seen. One
final piece of evidence supporting virus pathogenesis driving the
response to novel antigens includes mounting of a secondary IgM
response noted in vaccinated individuals during the 2003 mon-
keypox outbreak in the United States (48). The IgM assay utilized
whole VACV virions (Dryvax) to assess post-monkeypox IgM in-
duction, and as such, a response would indicate new immune
priming by previously unrecognized proteins and epitopes after
vaccination. An increase in pathogenicity between highly similar
yet different viruses, such as VACV and then MPXV, would allow
for the large number of additional antigenic targets to highly ho-
mologous proteins recognized here and the observed secondary
IgM response. One additional correlative observation was the re-
lationship between antigens recognized by proteome analysis and
disease severity upon challenge of the vaccinated animals. Prairie
dogs given Imvamune responded to fewer antigens by our analysis
and showed some signs of morbidity upon challenge (25). No
morbidity was observed when challenging Dryvax-vaccinated an-
imals. Although there were fewer targets overall, there was no
consistently absent antibody target that correlated with protective
or known neutralizing targets, nor were there statistically signifi-
cant differences in the average numbers of neutralizing targets
recognized. However, we also saw fewer responses during
Acam2000 vaccination yet no increase in morbidity after chal-
lenge, suggesting that multiple factors are involved in immunoge-
nicity and protection. It would also be of interest to gain greater
insight into the full spectrum of antibody responses before and
after challenge using an MPXV proteomic approach. Keasey et al.
observed greater increases in antibody responses to several MPXV
proteins than to VACV proteins by aerosol MPXV-challenged
macaques (59), indicating that although broad cross-reactivity ex-
ists, a stronger response may be directed toward MPXV-specific
proteins. Differences in neutralization titers have also been ob-
served, depending on the strain of OPV utilized in the PRNT
assays (68, 69). While a direct comparison between titration
methods is not possible using the vaccinia virus-based HCS-GFP
assay, future experiments that shed light on the virus specificity of
this broader response and the virus-specific neutralization capac-
ity after vaccination and challenge would be of interest.

In conclusion, we have shown that the antibody response in
prairie dog vaccination closely resembles that in human vaccina-
tion when examined at the whole-proteome level. While some
differences were observed, including variability in the recognition
of proteins A17, A9, A56, E3, and WR169 after vaccination, a clear
set of proteins recognized by all vaccinees in both species re-
mained. Of the proteins known to be targeted by neutralizing
antibodies, only the absence of A17 recognition in prairie dogs was
observed. However, there was no significant difference in neutral-
izing capacity, as demonstrated by similar 50% RPR titers in our
HSC-GFP assay, suggesting this loss of reactivity alone is not crit-
ical in protection, nor is it a salient difference in the animal model
system. We observed fewer responses after vaccination with the
attenuated Imvamune strain, which correlated with increases in
morbidity when the prairie dogs were challenged with MPXV. We
have also shown that challenge with pathogenic MPXV induced a
larger-magnitude response to a greater number of targets than
vaccination, regardless of prechallenge status (i.e., vaccinated or
naive). This dramatic increase in the frequency of antigen recog-
nition after challenge may be relevant as safer, and likely more
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attenuated, vaccines are developed. The increase in the breadth of
response after challenge also supports observations of lifelong im-
munity following smallpox but allows for wide variations in wan-
ing immunity years after vaccination (70, 71).
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