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protects monkeys from lethal monkeypox challenge
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Summary The potential use of smallpox as an agent of bioterrorism has renewed interest in
the development of a modern vaccine capable of replacing the standard Dryvax® vaccine. Vac-
cinia virus (ACAM2000), clonally isolated from Dryvax® and manufactured in cell culture, was
tested for immunogenicity and protective activity in a non-human primate model. Cynomolgus
monkeys vaccinated with ACAM2000, Dryvax®, or ACAM2000 diluent (control) were challenged 2
months post-vaccination with a lethal, intravenous dose of monkeypox virus. ACAM2000 proved
immunogenic and efficacious in protecting against lethal monkeypox challenge, as evident from
a lack of post-challenge viral replication, and the absence of any significant clinical signs
attributable to monkeypox infection. This protection correlated (with) neutralizing antibody
titers equivalent to those generated in the Dryvax® group post-vaccination, as well as a similar
significant increase in the presence of neutralizing antibodies post-challenge. Control animals
showed no signs of vaccine-induced seroconversion, displayed post-challenge tissue-associated
viral replication and viremia, and developed severe monkeypox-specific clinical symptoms. The

protective efficacy of ACAM2000 was found to be equivalent to the currently approved vaccine,
Dryvax®.
© 2007 Elsevier Ltd. All rights re
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ntroduction

ince the formal declaration of smallpox eradication by the
orld Health Organization in 1980 there has been a height-
ned concern over the use of variola virus as a potential

ioterrorism agent. Vaccination of the general US popula-
ion ceased in 1972 amid concerns over the adverse effects
f vaccination in light of the dwindling threat that small-
ox posed. With the termination of vaccination programs
orldwide, commercial incentives for vaccine production
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papule, pustule, ulcer, scab). Body weight measurements
82

aned and Dryvax® vaccine production in calf skin ceased
ltogether in 1982. Only military personnel and a lim-
ted population of healthcare, laboratory workers, and first
esponders currently receive the vaccine [1].

Due to cessation of routine childhood vaccination the
eneral public has become increasingly susceptible to the
isease. By the mid 1990s the US government had identi-
ed smallpox as a potential bioterrorist threat [2] primarily
ue to the possible persistence of unknown frozen stocks of
irulent variola virus in ‘rogue’ states [3—5]. Although stud-
es have shown that up to a 1:10 dilution of the Dryvax®

accine can still elicit an effective cutaneous reaction or
ermal ‘‘take’’ [6,7], current emergency vaccination plans
hich call for use of the Dryvax® vaccine at a 1:5 dilution
ould only be sufficient to dose an estimated 75 million peo-
le [8]. The shortage of stockpiled vaccine and concerns
ver the quality of vaccine, formerly produced in the skin
f calves, required a shift in focus toward the establishment
f a next generation smallpox vaccine. In response, the US
overnment contracted for the large-scale production and
tockpile of a vaccine at least equivalent to the Dryvax®

accine in protective efficacy, and made in accordance with
odern in vitro manufacturing standards.
Previous research demonstrated that smallpox vaccines

ould be produced successfully using cell culture [10—12].
n extension of this approach involves selection of a clonal
irus population that would likely have a more consistent
afety and immunogenicity profile compared to a lymph-
erived vaccine (Dryvax®), consisting of a heterogeneous
ollection of viral subpopulations with discrepant properties
f virulence [13—15].

Vaccine candidate identification began by isolating clones
rom the Dryvax® vaccine by plaque purification in MRC-

human diploid cells. One clone (ACAM1000) was chosen
ased on similarity in ‘‘take’’ response in rabbit skin and
n attenuated neurotropic phenotype in mice compared to
ryvax®. Initial phase I trials using the ACAM1000 candi-
ate confirmed that the clinical response profile was similar
o that of Dryvax® and resulted in a ‘‘take’’ response
n 100% of test subjects [13]. In conjunction with Baxter
ioscience, the ACAM1000 master virus seed was used to
repare vaccine (ACAM2000) on a large scale using Vero cells
ropagated under serum-free conditions. In phase I clini-
al trials, ACAM2000 produced major cutaneous reactions
nd elicited significant neutralizing antibody production
nd cell-mediated immune responses with a similar reac-
ogenicity profile to that of Dryvax® in the vast majority of
est subjects. ACAM2000 has also demonstrated protective
fficacy in rodents [9]. This type of clonal vaccine is advanta-
eous as it promotes a more stable viral phenotype, is more
onsistent in manufacture, and it eliminates the possibil-
ty of the accumulation of adventitious bovine contaminants
ue to passage in livestock [13].

Eradication of naturally occurring smallpox makes field
ests for vaccine efficacy impossible so we set out to
est vaccine immunogenicity and protective activity in a
on-human primate model. Previous work has shown the
athology of monkeypox infection in cynomolgus monkeys

Macaca fascicularis) to be similar to that of smallpox infec-
ions in humans [16]. This is regarded as the best model of
rthopoxvirus infection in a non-human primate [8] and has
een consistently used to compare protective efficacies of
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andidate vaccines and therapeutics [17—19]. This study was
esigned to evaluate whether ACAM2000 is effective for pro-
hylaxis, compared to Dryvax®, against virulent monkeypox
irus administered intravenously to cynomolgus monkeys as
surrogate efficacy model for vaccination against smallpox

nfection in humans.

aterials and methods

est system

wenty-four male (n = 12) and female (n = 12) cynomolgus
acaques aged 22 months or more were utilized for this

tudy. Monkeys were screened by plaque reduction neu-
ralization tests to certify the animals as seronegative to
accinia virus and were quarantined and under observation
or a minimum of 6 weeks prior to the study. Animals iden-
ified with chest tattoos and individual cage cards were
ndividually housed while on study. Supplemental feeding,
ue to cessation of voluntary feeding, was administered
ia an oro-gastric tube when necessary. During the quaran-
ine period animals were randomly assigned by gender and
eight to three study groups such that each treatment group
ould contain equal numbers of males and females covering
n equivalent weight range.

accine inoculations

n study Day 0 all animals were anesthetized and
dministered either ACAM2000 (n = 8) (dose formulation:
.4 × 108 pfu/mL), Dryvax® (n = 8) (Wyeth-Lederle; dose for-
ulation: 1.5 × 108 pfu/mL), or a negative control (n = 8)

ACAM2000 glycerol—phenol diluent: 50% (w/w) glycerin,
SP; 0.21% (w/w) phenol, USP in Water for Injection, USP]
ia the percutaneous route (scarification) with a sterile
ifurcated needle delivering a nominal volume of 2.5 �L.
accines were delivered by administering a minimum of
5 jabs to the shaved skin in the subscapular region.

hallenge material inoculations

ixty-one days after vaccination, all animals were adminis-
ered a challenge dose of 0.5 mL containing 3.8 × 107 total
fu of monkeypox virus (Monkeypox strain Zaire 79; CDC V79-
-005) in HEPES buffer into the femoral vein in a single IV
njection.

linical observations

ll animals were observed twice daily (a.m. and p.m.) for
he duration of the study. Observations included, but were
ot limited to, behavior, physical appearance, feces/urine
utput, eating behaviors, and movement/activity. Vacci-
ation sites were visually inspected for measurement and
haracterization of appearance of erythema (i.e. vesicle,
ere taken during the vaccination and challenge periods and
aily rectal body temperatures were taken post-challenge.
ox lesion development was observed by body region and
haracterized by degree of severity based on predetermined
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Clonal vaccinia virus grown in cell culture

ranges of lesion counts per body part (mild: 5—25; moderate:
26—100; severe: 101—250; grave: >250).

Hematology

Blood was collected into EDTA tubes on Days 0, 60, 67, 73,
79 and on the day of death prior to necropsy (when possible)
for hematology determinations. A Bayer Health Care ADVIA
120 was used to evaluate the following parameters: white
blood cell count, relative leukocyte percentages, differen-
tial leukocyte count, hemoglobin, hematocrit, red blood
cell count, mean corpuscular volume, mean corpuscular
hemoglobin, mean corpuscular hemoglobin concentration,
red cell distribution width, platelet count, and mean
platelet volume.

Clinical chemistry

Clinical chemistry evaluation was performed on blood col-
lected into serum separator tubes (SST) on Days 0, 60,
67, 73, 79 and on the day of death prior to necropsy
(when possible) using a Bayer Health Care ADVIA 1200.
Serum chemistry evaluation was performed on the following
parameters: albumin, albumin/globulin (A/G ratio), alkaline
phosphatase, alanine aminotransferase, aspartate amino-
transferase, total bilirubin, urea nitrogen, BUN/creatinine
ratio, calcium, chloride, creatinine, globulin, glucose, lac-
tate dehydrogenase, sodium, potassium, phosphorus, and
total protein.

Antibody and viremia determinations

Blood drawn into SST tubes was separated and the serum was
tested for neutralizing antibody determination on Days 0,
30, and 60 post-vaccination, 30 days post-challenge, as well
as terminal draw dates when available. All pre-challenge
serum samples were shipped to Acambis Inc. for assay in
a 50% plaque reduction neutralization test (PRNT50) per-
formed in Vero cells as previously described [13], using the
ACAM1000 vaccinia virus in place of the referenced virus
(vaccinia strain WR). Post-challenge samples were analyzed
by Battelle in a similar assay to detect monkeypox-specific
neutralizing antibodies.

Post-challenge blood was drawn into sodium citrate
(CPT) tubes for viremia determination. Peripheral blood
mononuclear cells (PBMCs) were separated, collected, and
counted for cell-associated virus titer determination. Sep-
arated plasma from CPT processing (and serum from SST
processing where available) was tested for cell-free virus.
PBMCs were held on ice, sonicated for cell lysis and viral
release, and stored at −80 ◦C until tested. Throat swabs
were collected to determine virus shedding in the oral
cavity. All throat swabs were collected and placed in a stor-
age buffer containing sterile PBS with antibiotics and 1%
FBS and stored at −80 ◦C until analysis. Virus titer deter-

minations were performed by plaque assay. Briefly, serial
dilutions of prepared samples were inoculated onto Vero
cell monolayers and incubated 60 min at 37 ◦C/5% CO2. Cell
culture medium containing methylcellulose was used to
overlay the monolayers; these culture plates were incubated
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or 72 h at 37 ◦C/5% CO2. Monolayers were stained with a
ormalin/ethanol/crystal violet solution, plaques were man-
ally enumerated, and virus titers were determined and
xpressed as pfu/106 PBMCs for cell-associated virus and
fu/mL for all other sample types. Limit of detection for
amples inoculated undiluted is 10 pfu/mL.

ecropsy and histopathological examination

full necropsy and associated routine histopathology super-
ised by a board certified veterinary pathologist was
erformed on any monkey found dead or euthanized and
onsisted of collection of the following tissues: skin,
onsil, spleen, lymph nodes, liver, brain, lungs, heart, kid-
eys, adrenal glands, ovaries or testicles, gross lesions.
istopathology consisted of collection of gross lesions on

isted tissues. Samples were fixed in 10% neutral buffered
ormalin, processed to 5-�m sections for routine H & E stain-
ng, and examined microscopically.

esults

ost-vaccination clinical observations

uring the 60-day vaccination period all animals displayed
ormal behavior with no observed morbidity or mortality.
o significant abnormal clinical observations were recorded
or any animal in either the ACAM2000 or Dryvax® group
ollowing vaccination.

mmunogenicity

he cutaneous reaction to vaccination was assessed by
ecording the scored progression and size of erythema
nd/or central lesion from the inoculation site. Measure-
ents were taken at five time-points during the first 15 days
ost-immunization. All monkeys vaccinated with ACAM2000
r Dryvax® exhibited cutaneous ‘‘take’’ responses to the
accine material. No significant differences were seen in the
ize or appearance (i.e. papule, pustule, etc.) of cutaneous
eactions between vaccine groups. Cutaneous lesion size
eaked on Days 7—10 for both vaccination groups (Fig. 1).

By Day 30 post-vaccination all monkeys in both the
CAM2000 and Dryvax® groups seroconverted (≥fourfold

ncrease in vaccinia neutralizing antibody titer compared
o baseline) and displayed vaccinia-specific antibody titers
anging from 40 to 320 (GMT = 160) and from 40 to 640,
espectively (GMT = 174). Antibody titers remained rela-
ively unchanged at Day 60 post-vaccination and ranged
rom 80 to 640 (GMT = 174) and from 80 to 320 (GMT = 190),
espectively (Fig. 2). No statistical differences were found
etween the post-vaccination vaccinia-specific GMT values
f the ACAM2000 and Dryvax® treatment groups at either
ay 30 (p > 0.8473) or Day 60 (p > 0.6505). Sham vaccination
esulted in 0% seroconversion.
rotective efficacy

ll treatment groups were challenged with a virulent intra-
enous dose of monkeypox virus (3.8 × 107 total pfu) on
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Figure 1 Vaccination site response. Statistical analysis
showed no significant difference in the size of central lesion
between the two vaccine groups on any of the 5 days on which
measurements were taken (Day 3: p = 0.8539; Day 5: p = 0.2874;
D
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Figure 2 Antibody response. Graph shows the maximum,
minimum, and geometric mean titer (GMT) values for each
treatment group and time point. Note: reported prescreen and
post-vaccination (time points: 0, 30, and 60) antibody titer
results generated from vaccinia plaque reduction neutraliza-
tion assays. Post-challenge (time point: terminal, 91) antibody
titer results generated from monkeypox plaque reduction neu-
tralization assays. *No statistical difference in post-challenge
monkeypox-specific GMT values between ACAM2000 (Day 91,
GMT = 43 782) and Dryvax® (Day 91, GMT = 46 072) vacci-
nation groups were observed (p > 0.8456). **Post-challenge
m
a

w
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v
w
g
d
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ay 7: p = 0.1515; Day 10: p = 0.7856; Day 15: p = 0.9070,
NOVA). Likewise, no difference in lesion score was exhibited
p = 0.5870, ordinal logistic model).

ay 61 post-vaccination. All ACAM2000 vaccinated monkeys
urvived the challenge with few or no apparent clinical
igns or symptoms of poxvirus infection. Protection afforded
y the Dryvax® treatment was similar. Three animals in
he Dryvax® group and one ACAM2000 vaccinee demon-
trated minor rash-like skin eruptions in the immediate
rea of the femoral vein challenge site. These reactions
ere observed from Day 5 to 7 post-challenge and quickly

esolved within a 2-day period. Monkeys in both vaccine
roups displayed high levels of monkeypox-specific neutral-
zing antibodies after challenge. These antibody titer values
anged from 12 047 to 88 037 (GMT = 43782) and from 33 483
o 74 688 (GMT = 46072) for the ACAM2000 and Dryvax®
roups, respectively (Fig. 2). No statistical differences were
ound between the post-challenge monkeypox-specific GMT
alues of the ACAM2000 and Dryvax® immunization groups
t 30 days post-challenge (p = 0.8456). Rectal temperatures

s
c
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g

Table 1 Clinical observations following monkeypox challenge

Clinical signs ACAM 2000 Dryvax

Pox lesions None None
Body temperature Normal Normal
Body weight Mean 1% gain Mean 1% gain
Hematology Elevated lymphocytes Elevated lymp

Clinical chemistry All parameters within
normal ranges

All parameter
normal ranges

Death None None
Pathology None None
onkeypox-specific antibody titers in control group determined
t time of death or sacrifice (varied).

ere similar between vaccine groups and showed little evi-
ence any of these animals became febrile (Fig. 3). Neither
accination nor challenge had any significant effect on body
eight in either the ACAM2000 or Dryvax® group aside from
enerally negligible weight gain over the course of the 91-
ay study (Table 1).

All control monkeys developed severe illness following
hallenge, manifested by cessation of voluntary feed-
ng, lethargy, diarrhea, non-responsiveness, and progressive
utaneous lesion development. All control animals pre-

ented with ‘‘classical’’ severe pox-lesion development
oncentrated around the face, including the mucous mem-
ranes of the nose and mouth. Each monkey in the control
roup developed an elevated body temperature (consid-

Controls

>250 per region
104 ◦C on Day 3 (mean)
1—10% loss (mean 5% loss)

hocytes Baso, lymph, WBC, HGB, and HCT values out-
side normal ranges

s within Serum albumin, phosphorus, AST and LDH
values outside normal ranges
100% by Day 9
Gross lesions consistent with monkeypox
infection
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Figure 3 Post-challenge body temperatures. Data shown
reflect mean values of all animals for each group. No significant
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differences in body temperatures were found to exist between
ACAM2000 and Dryvax® treatment groups in the average, max-
imum, and incidence of elevated temperatures.

ered ≥ 104 ◦F) during at least 1 day of observation following
challenge. The majority of temperatures peaked 2—3 days
post-challenge before declining just prior to death or
euthanasia (Fig. 3). Body weight of control monkeys, which
had remained steady or increased slightly during the post-
vaccination period, declined an average of 5% from their
pre-challenge body weight during the course of the post-
challenge observation period. The weight loss observed
ranged from 10% to 1% (Table 1). Six of eight monkeys in
the control group developed a detectable antibody response
to the monkeypox challenge by the final day of serum col-
lection (Fig. 2). These positive antibody titers ranged from
70 to 946 with a GMT value of 227. This response did not
prove protective from lethal monkeypox challenge as within
9 days post-challenge each of these monkeys succumbed to
the infection or were humanely euthanized when deemed
moribund.

Viremia and virus shedding

No detectable intracellular or cell-free virus was observed
in any blood sample tested from either the ACAM2000 or
Dryvax® group at any time post-challenge. Throat swabs
taken every 2 days post-challenge were free from detectable
virus by plaque assay in all ACAM2000 animals at all time
points; however, three of eight Dryvax® vaccinated animals
showed evidence of virus shedding in the oral cavity. Of
these three positive Dryvax® animals, a very low level of
virus was detected at Day 4 post-challenge for all three
animals and for one 2 days later; this monkey (#19 738) dis-
played the most significant virus shedding (333 pfu/mL on
Day 65 and 167 pfu/mL on Day 67). In contrast, viral repli-
cation was clearly apparent in all control animals. Virus
shedding was confirmed from throat swabs in all control

monkeys and appeared first on Day 2 post-challenge in three
monkeys and in all by Day 6 post-challenge. Viremia in serum
or plasma as well as PBMC-associated virus was detected in
six of eight control animals (two of eight without reported
positive values had incomplete sample sets) (Table 2). Ta
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linical pathology

inor changes in hematology and clinical chemistry values
ere observed from post-vaccination to post-challenge for
CAM2000 immunized animals and were similar to changes
bserved among the Dryvax® group; however, few of these
hanges were statistically significant and were attributed
o repeated manipulation versus indication of systemic viral
nfection. Post-challenge lymphocyte levels did rise above
ormal ranges in both vaccine groups but returned to normal
y the end of study period (Table 1).

Notable findings in clinical pathology were limited to the
on-vaccinated control group post-challenge. These findings
nclude a substantial increase in total white cell counts;
pecifically, in lymphocytes and basophils 7—9 days post-
hallenge that, on average, reached two to four times
ormal baseline values. A modest increase in platelets was
lso observed. Clinical chemistry analysis showed decreases
n mean serum albumin, total protein, and phosphorus con-
entrations (Table 1).

athology

ll animals that succumbed to infection or were eutha-
ized were members of the control group. All these animals
ad pathological findings consistent with death due to mon-
eypox infection. Gross monkeypox-related lesions were
bserved primarily in the skin, tongue, esophagus, ton-
ils, and stomach. Lesions considered related to monkeypox
nfection also include necrosis of the liver, lymph nodes,
pleen, testes and ovaries, and incidence of focal to multi-
ocal fibrinohemorrhagic bronchitis and alveolitis. Other
athological findings include inflammation and neutrophilic
nfiltrates in the heart, kidney, and lymph nodes as well as
yocardial degeneration, enlargement of the liver, various

ymph nodes, and the spleen (Table 1). No surviving, healthy
rimates from either vaccine group were sacrificed at the
tudy terminus as per IACUC guidelines governing this study.

iscussion

CAM2000 is a clonal, cell culture-derived smallpox vaccine
hat has a similar biological profile to Dryvax®, including the
bility to elicit major cutaneous reactions, systemic immune
esponses in animals and humans, and exhibits a similar pro-
ective efficacy in various animal challenge models [9,13].
he present study was devised to further test the protec-
ive efficacy of the ACAM2000 vaccine in comparison with
he established Dryvax® vaccine in a model more consis-
ent with smallpox infection in humans. The intravenous
hallenge route was chosen in the absence of a developed
odel utilizing a more natural route of transmission (i.e.

ntranasal, intratracheal, or aerosol) involving the respira-
ory tract [20]. However, intravenous inoculation results in
mmediate viremia and systemic spread of the virus, is thus

severe route of infection and a rigorous test of efficacy

or any therapeutic, and has consistently been used as such
17,21,22]. Previous comparative data from preclinical tests
or safety, immunogenicity, and protective efficacy, and sub-
equent clinical observations [9,13,23] are also reinforced in
ight of this challenge study.
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Successful vaccination occurred in all cynomolgus
acaques vaccinated with ACAM2000 or with Dryvax®. The

ime course observed for development of major cutaneous
eaction was 7—10 days for both vaccine groups and no sig-
ificant differences were found in size or appearance of
rythema following immunization. Seroconversion was con-
istent with development of a major cutaneous reaction and
ccurred in all subjects receiving a test vaccine with no dif-
erences in neutralizing antibody GMT seen across treatment
roups at Days 30 and 60 post-vaccination.

A phase II clinical trial of ACAM2000 reported no clini-
ally significant shifts in hematology or clinical chemistry
arameters from baseline to Day 15 post-immunization [23].
his is consistent with the clinical pathology observed in the
ynomolgus model as the minor shifts in hematology and
linical chemistry values observed over the course of the
tudy were similar between vaccine groups and revealed no
iologically or statistically significant differences. In con-
rast, significant changes in clinical pathology were observed
n the control group values post-challenge, consistent with
cute illness and inflammation due to viral infection.

A previous report on the pathology of aerosolized mon-
eypox in cynomolgus monkeys outlined the onset of
xanthema (primarily inguinal, ventral abdominal, ventral
horacic, perineal, and facial), enanthema, fever, leukocy-
osis, and cell-associated virus 6—9 days post-exposure prior
o death (mean 11.7 days). No cell-free virus or significant
rends in clinical chemistry were reported [16]. Intravenous
hallenge of the non-vaccinated control animals in our study
resented a much accelerated and systemic progression of
isease. The onset of fever and detection of virus in buffy
oat cells, serum/plasma, and from swabs taken from the
ral mucosa was observed as early as Day 2 post-challenge.
y Day 5 exanthema (primarily concentrated around the
ace, with generally equal distribution among the arms, legs,
horax and abdomen) was reported in all animals progressing
ntil death (mean 7.5 days). Similar to the reported progres-
ion in the aerosol model, leukocytosis was reported by Day
, but shifts in blood chemistry (decrease in mean serum
lbumin, total protein, and phosphorus concentrations) are
lso reported in this study.

Published comparisons of ACAM1000, ACAM2000, and
ryvax® in mice challenged with vaccinia WR and cowpox
emonstrated similar protective activities. Survival times of
ALB/c mice challenged with vaccinia WR strain following

mmunization with graded doses of ACAM1000, ACAM2000,
nd Dryvax® did not differ significantly between vaccine
roups. Required vaccine doses for survival of 50% of mice
ere also similar between groups [9].

Immunization of cynomolgus macaques with either
CAM2000 or Dryvax® proved equally efficacious against
hallenge with a lethal dose of monkeypox virus. Vac-
inated animals did not develop fever, adverse clinical
igns, laboratory abnormalities, or viremia. ACAM2000 and
ryvax® immunized animals exhibited greater than a 200-
old increase in levels of neutralizing antibodies following
hallenge, indicating that a limited monkeypox infection

ad occurred sufficient to boost immunity but insufficient
o cause illness. The immunity afforded by ACAM2000 and
ryvax® is sufficient to inhibit systemic infection and devel-
pment of advanced and dispersed dermal pocks; however,
hese vaccines do not provide a sterilizing immunity for such
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a severe dose and route of infection. Evidence of possible
breakthrough lesion development observed in the immedi-
ate area surrounding the challenge site in one ACAM2000
vaccinee and three Dryvax® immunized animals, as well
as breakthrough oral shedding in three Dryvax® vaccinated
monkeys also suggests the presence of a limited infection.
Indeed, a low level shedding of monkeypox virus in the oral
cavity of three of eight Dryvax® vaccinated animals was
observed, two of which also exhibited evidence of break-
through lesion development local to the challenge site. This
may indicate an enhanced protective profile of ACAM2000
over that of the standard Dryvax® vaccine. A comparative
pathologic investigation of vaccinated animals beyond the
scope of this study would be necessary to further elucidate
this finding.

Protection was associated with high titers of neutraliz-
ing antibodies in response to vaccination with ACAM2000 or
Dryvax®. Previous studies in monkeys, employing immune
depletion methods, have shown that B-cell responses (anti-
bodies) rather than CD4+ or CD8+ T-cell responses are
sufficient to protect against intravenous challenge with a
similar dose of monkeypox virus [24].

This study supports the conclusion that the ACAM2000
vaccine fully protects cynomolgus monkeys from develop-
ing a severe monkeypox infection following a harsh and
uniformly lethal challenge, and that this protection is com-
parable to what is observed in monkeys vaccinated with
Dryvax®. The eradication of naturally occurring human
smallpox precludes pivotal efficacy trials in humans. Effi-
cacy data presented here from the monkeypox-cynomolgus
macaque challenge model, in concert with safety and
immunogenicity data from human trials [23], is being used
to demonstrate possible ACAM2000 vaccine efficacy against
smallpox infection in humans.
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