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bstract

Recombinant proteins are being evaluated as smallpox and monkeypox vaccines because of their perceived safety compared to live vaccinia
irus. Previously, we demonstrated that three or more injections of a Ribi-type adjuvant with a combination of three proteins from the outer
embranes of intracellular (L1 protein) and extracellular (A33 and B5 proteins) forms of vaccinia virus protected mice against a lethal

ntranasal challenge with vaccinia virus. Here, we compared several adjuvants and found that QS-21 and to a lesser extent alum + CpG
ligodeoxynucleotides accelerated and enhanced neutralizing antibody responses to a mixture of L1 and A33 proteins, provided the highest

atio of IgG2a to IgG1 isotype response, and protected mice against disease and death after only two immunizations 3 weeks apart. In
ddition, monkeys immunized with recombinant vaccinia virus proteins and QS-21 developed neutralizing antibody to monkeypox virus and
ad reduced virus load, skin lesions, and morbidity compared to the non-immunized group following monkeypox virus challenge.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

The eradication of smallpox, through the administration
f a vaccine comprised of live vaccinia virus (VACV), saved
any millions of lives [1]. In addition to ending the mortality

nd morbidity of smallpox, eradication of this disease permit-
ed the cessation of vaccination and the associated expense

nd adverse reactions, which can be life threatening particu-
arly for the immunocompromised [2]. Nevertheless, having
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ng 33, Room 1E13C.1, Bethesda, MD 20892-3210, USA.
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topped vaccination, the human population is now more sus-
eptible to smallpox, as well as monkeypox, than it was 30
ears ago [3]. The decline in immunity and apprehension
egarding the reintroduction of variola virus, the causative
gent of smallpox, as a biological weapon have stimulated
fforts to modernize and stockpile the conventional small-
ox vaccine and to develop safer vaccine candidates. Highly
ttenuated strains of VACV and recombinant proteins and
NA provide the basis for alternative smallpox vaccines that
ight be used for those most vulnerable to the side effects of

he standard vaccine.
The rational selection of immunogens for recombinant
accines is dependent on knowledge of poxvirus structure
nd function [4]. Several studies demonstrated that anti-
odies to the extracellular (EV) form of VACV, in addition
o the intracellular mature form (MV), provide superior
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rotection to orthopoxviruses in small animal models [5–7].
Vs comprise the most basic form of the infectious particle

nd are released as such upon cell lysis. EVs, which have
ndergone exocytosis from cells at the plasma membrane
o enhance spread within the host, are essentially MVs
ith an additional membrane [8–10]. Importantly, the viral
rotein constituents of the MV and outer EV membrane are
ntirely different and therefore present different immune
argets. Several MV and EV proteins have been identified
s protective immunogens in orthopoxvirus infections of
xperimental animals. Individual recombinant A27, L1 and
3 MV proteins [11–13] and A33 and B5 EV proteins

11,14,15] can induce partial protection. However, both DNA
16] and protein [11] immunization studies indicated that
ulticomponent vaccines eliciting antibodies to MV and EV

roteins provided better protection against VACV than single
omponent vaccines. In addition, monkeypox virus (MPXV)
NA priming and protein boosting provided better protection

n a MPXV model than either alone [17]. Results obtained
y passive administration of polyclonal or monoclonal IgGs
o A33, B5 and L1 suggested that antibodies are important
or the protection achieved by protein vaccines [18,19].

Immunostimulatory adjuvants have been developed to
nhance immune responses to weak protein immunogens. In
ur previous study [11], we used a non-toxic derivative of the
ram negative bacterial lipopolysaccharide monophosphoryl

ipid A (MPL), which retains the ability to stimulate the innate
mmune response via the toll-like receptor TLR4 [20,21], in
onjunction with trehalose dicoyrnomycolate (TDM) from
he cord factor of the tubercle bacillus to enhance the adjuvant
ffect [22]. MPL has been safely used as a vaccine adjuvant
n animal models and in human clinical trials against several
nfectious diseases and has been effective in shifting immune
esponses to some antigens from a Th2-dominant to a Th1-
ominant response [23]. The combination of MPL with TDM
s often used as an alternative to Freund’s complete adju-
ant. Despite the use of this potent adjuvant system, three
r four immunizations were needed to obtain good antibody
esponses to the VACV proteins and protection against VACV
hallenge [11]. Goals of the present study were to acceler-
te and enhance the immune response in order to reduce the
umber of immunizations and recombinant proteins neces-
ary for full protection and to extend the work to non-human
rimates.

To achieve our goals, we compared the efficacy of the
djuvant system used in our prior study with several others.
S-21 is a water-soluble saponin extracted from the bark of

he Quillaja saponaria molina tree that has been developed as
n adjuvant [24]. QS-21 can enhance both humoral and cell-
ediated immune responses and has been used in human

linical trials [25–27]. Another emerging adjuvant strat-
gy employs synthetic oligodeoxynucleotides (ODNs) with

nmethylated CpG motifs. Bacterial DNA contains a high
requency of unmethylated CpG dinucleotides, which have
een shown to stimulate the innate immune response through
ecognition by the TLR 9 receptor [28–30]. CpG ODNs have

u
b
t
C
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een used in experimental vaccines and can induce a shift
owards Th1-polarized responses in both animal models and
umans [31] and can be combined with both mineral-based
djuvants like aluminum hydroxide gel (alum) as well as
mulsion adjuvants like MPL. Protein–alum complexes form
depot at the site of injection, which enhances uptake by anti-
en presenting cells [32] and activates cytokines and specific
-cell subpopulations [33,34].

In the present study, we compared the immunogenicity and
rotection induced by two recombinant VACV proteins A33
nd L1 without adjuvant or combined with alum, alum + CpG
DNs, MPL + TDM or QS-21 in the VACV murine pneumo-
ia model [35,36]. We also describe an initial determination
f the protective immunity induced by recombinant VACV
roteins in conjunction with QS-21, determined to be the
ost effective of the adjuvant formulations in mice, in a
PXV cynomolgous monkey model [37].

. Materials and methods

.1. Viruses and cells

BS-C-1 monolayer cells (ATCC CCL-26) were main-
ained at 37 ◦C and 5% CO2 in modified Eagle’s minimal
ssential medium (EMEM) supplemented with 10% heat-
nactivated fetal bovine serum (FBS, Hyclone, Logan, UT),
mM l-glutamine (Invitrogen, Carlsbad, CA), 10 U/ml peni-
illin and 10 �g/ml streptomycin (Invitrogen). HeLa S3
uspension cells (ATCC CCL-2.2) were maintained at 37 ◦C
n modified Eagle medium for spinner cells supplemented
ith 5% heat-inactivated equine serum (Hyclone). VACV

train Western Reserve (WR) (ATCC VR-1354), VV-NP-
IIINFEKL-EGFP [38,39] and IHD-J (S. Dales, Rockefeller
niversity, NY), were grown in HeLa S3 cells, purified by

ucrose density centrifugation, and titered by plaque assay
n BS-C-1 cells [40].

MPXV strain Zaire 79 (V-79-I-005) originally isolated
rom the scab of an infected human by incubation in LLC-

K2 cells and passaged twice in BS-C-40 cells was obtained
rom J. Esposito (Centers for Disease Control and Preven-
ion, Atlanta, GA) and propagated in MA-104 cells. A titered
larified lysate was used for the virus challenge.

.2. Recombinant proteins and ODNs

Soluble forms of the VACV proteins A33, B5 and L1
ere prepared in insect cells infected with recombinant
aculoviruses and purified from the medium by nickel
ffinity chromatography as previously described [41,42].

mixture of two CpG ODNs (GCTAGACGTTAGCGT
nd TCAACGTTGA) with phosphorothioate backbones was

sed as vaccine adjuvants [28]. Neither endotoxin (measured
y chromogenic Limulus amoebocyte lysate assay) nor pro-
ein (measured by bicinchoninic acid protein assay kit, Pierce
hemicals) was detected in the ODN preparations.
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.3. Mouse immunization and challenge protocol

Five to 6-week-old female BALB/c mice (n = 4–5 mice/
roup) were purchased from Taconic (Germantown, NY) and
ere maintained in a pathogen-free environment in sterile
icroisolator cages at an NIAID animal facility. Mice were

mmunized subcutaneously and boosted 3 weeks later with
0 �g each of A33 and L1 proteins in phosphate buffered
aline (PBS) or with alum, alum and 50 �g of phospho-
othioate ODNs containing CpG motifs, a Ribi-adjuvant
ystem (MPL + TDM; Sigma–Aldrich, St. Louis, MO), or
saponin adjuvant QS-21 (Antigenics Inc., New York, NY).
roteins or proteins and CpG ODNs were adsorbed to alum
protein/alum ratio = 2:1, w/w) by vortexing tubes contain-
ng immunogens while adding alum in a dropwise manner
nd then adding PBS to dilute mixtures to the appropriate
oncentration. MPL + TDM was solubilized in PBS to 2×
oncentration and combined with immunogens and PBS and
ortexed to create a stable oil-in-water emulsion. QS-21 adju-
ant (2 mg/ml stock in sterile water) was diluted with proteins
nd PBS to a final concentration of 15 �g/ml. All immuniza-
ion mixtures were administered subcutaneously at a final
olume of 100 �l. Mice were bled 1 day prior to each immu-
ization and prior to challenge by tail bleed for serological
nalysis.

Three to 4 weeks following the second immunization,
ice were challenged intranasally with VACV WR as pre-

iously described [11]. Briefly, a thawed aliquot of sucrose
radient purified VACV WR was sonicated and diluted in
BS to a final concentration of 106 pfu/20 �l. Mice were
nesthetized with isoflurane and inoculated intranasally with
0 �l of the VACV preparation. The mice were weighed and
bserved daily for 2 weeks. Mice were terminated if they lost
0% of their initial weight according to a protocol approved
y the NIAID Animal Care and Use Committee.

.4. Monkey immunization and challenge protocol

Three female cynomolgous monkeys were immunized
ntramuscularly with 100 �g each of A33, B5 and L1 pro-
eins combined with 50 �g of QS-21 adjuvant on days 0,
8, 57 and 251 of the study. At the same times, one monkey
as immunized with 50 �g of QS-21 alone and two monkeys

emained unimmunized. One day prior to each immunization
r challenge, monkeys were bled and serum was obtained
or analysis. One month after the fourth immunization, mon-
eys were challenged intravenously with 5 × 107 pfu MPXV
nd monitored daily for signs of illness. Supportive care
ncluding subcutaneous fluids was provided as needed. Every

or 4 days following challenge, blood was collected for
nalysis. Monkeys were housed at Bioqual, Inc. (Rockville,
D) during the immunization period and transferred to US

rmy Research Institute of Infectious Diseases (USAMRIID,
t. Detrick, Frederick, MD) at the time of challenge. The
SAMRIID Animal Care and Use Committee approved the
rotocols.
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.5. Enzyme-linked immunosorbent assay (ELISA)

Polystyrene 96-well round bottom plates (model 3799,
orning, Corning, NY) were coated with recombinant A33,
5 or L1 proteins or a VACV-infected cell lysate as previ-
usly described [11]. Serum was heat-inactivated at 56 ◦C
or 30 min prior to analysis and reciprocal endpoint titers
ere determined by serial two-fold dilution of individ-
al or pooled mouse serum or individual monkey serum
amples. Total mouse IgG was detected by addition of anti-
ouse (�-chain) horseradish peroxidase (HRP)-conjugated

ntibody (Roche Diagnostics, GmbH, Mannheim, Germany)
nd isotype-specific antibodies were distinguished by using
orseradish peroxidase-conjugated antibodies against murine
gG1 or IgG2a (BD Pharmingen, San Diego, CA). Monkey
ntibodies were detected with an anti-monkey Fc-specific
eroxidase-conjugated antibody used at a 1:4000 dilution
Nordic Immunology, Tilburg, The Netherlands). A ready-to-
se solution of soluble 3,3′,5,5′-tetramethylbenzidine (BM
lue, POD substrate; Roche Diagnostics) was added to
lates after removal of HRP-conjugated antibody and the
370nm and A492nm were measured with a spectrophotometer
fter incubation for 30 min at room temperature. Recipro-
al endpoint titers were determined for mouse samples as
he dilution with an absorbance of 0.1 after subtraction of
ackground absorbance of serum samples incubated on plates
ot coated with protein or lysate. Titers of monkey samples
ere determined as the dilution with an absorbance two stan-
ard deviations above that measured in wells not treated with
erum.

.6. VACV MV neutralization and comet reduction
ssays

Two types of MV neutralization assays were performed.
or the flow cytometric assay, HeLa S3 cells were infected
ith VV-NP-siiinfekl-EGFP in the presence of cytosine ara-
inoside and treated with serial two-fold dilutions of mouse
r monkey serum. The cells were analyzed 18 h later for green
uorescence by flow cytometry in order to determine the
0% inhibitory concentration of each sample as previously
escribed [43].

For the plaque reduction assay, a 96-well U-bottom clus-
er plate (Corning) was coated with 0.1% FBS in PBS
0.1 ml/well) and incubated overnight at 4 ◦C. The coating
olution was removed and duplicate two-fold serial dilutions
f serum were made in Dulbecco’s modified EMEM sup-
lemented with l-glutamine, antibiotics and 2.5% FBS in a
nal volume of 0.1 ml/well. A purified virus stock of VACV
R was diluted in the same medium and 200 pfu (in 0.1 ml)
as mixed with diluted serum and incubated for 1 h at 37 ◦C.
onfluent Vero cells were infected with the virus/serum mix-
ures (0.1 ml virus/serum and 0.4 ml of Dulbecco’s modified
MEM/2.5% FBS) for 2 h at 37 ◦C, and cells were over-

aid with EMEM/2% FBS/0.5% methyl cellulose following
emoval of the virus inoculum. Cells were incubated for 2
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ays at 37 ◦C and plaques were visualized by staining with
rystal violet.

For the VACV comet reduction assay, six-well plates of
onfluent BS-C-1 cells were infected with 80 pfu/well of
ACV IHD-J strain for 2 h at 37 ◦C. The virus inoculum
as removed and cells were overlaid with EMEM supple-
ented with 2.5% fetal bovine serum, 2 mM l-glutamine,

ntibiotics and a dilution of mouse or monkey serum. Plates
ere incubated for 40 h at 37 ◦C and stained with crystal
iolet to enumerate plaques.

.7. MPXV neutralization and comet reduction assays

For the plaque reduction neutralization assay, 50 pfu
PXV strain Zaire 79 (V-79-I-005) was incubated at 35.5 ◦C

or 3 h with dilutions of monkey sera in RPMI containing 2%
BS. Confluent monolayers of E6 cells were infected with

he virus/serum mixtures in six-well plates and incubated at
5.5 ◦C and 6% CO2 for 1 h. The inoculum was removed and
he cells were incubated at 35.5 ◦C and 6% CO2 for 3 days
n RPMI containing 2% FBS. Plaques were visualized by
taining with crystal violet.

For the comet reduction assay, confluent monolayers of
S-C-40 cells in six-well cell culture plates were infected
ith MPXV strain Zaire 79 (V-79-I-005) at 50 pfu/well in
PMI medium containing 2% FBS. Plates were incubated at
5.5 ◦C and 6% CO2 for 1 h and rocked every 15 min to ensure
ven distribution of inoculum. Medium was aspirated; cells
ere washed twice and overlaid with RPMI containing 2%
BS and a dilution of heat-inactivated monkey serum. Each

reatment was performed in duplicate. Plates were incubated
t a fixed angle for 3 days at 35.5 ◦C and 6% CO2. Cells were
xed in 10% phosphate buffered formalin and treated with
olyclonal rabbit anti-variola antibody [44]. Following incu-
ation with peroxidase-labeled goat anti-rabbit IgG (KPL
74-1506), comets were visualized by addition of TrueBlue
eroxidase substrate (KPL 50-78-02).

.8. Determination of MPXV genomes in blood

Viral DNA was extracted from whole blood using the QIA-
EN QIAamp DNA Mini Kit. A quantitative TaqMan-Minor
roove Binder polymerase chain reaction was set up with a
an-orthopoxvirus probe as previously described [37]. Each
ample was run in duplicate and the limit of detection for this
ssay was 200 genomes/ml of blood.

.9. Statistical analysis

The mouse weight loss data collected following intranasal
hallenge were analyzed statistically. To compare treatment
roups, the area under the curve corrected for the follow-up

eriod was calculated for each mouse for days 2–14 post-
nfection as a summary statistic with a trapezoidal rule using
ll available measurements [45]. Area under the curve val-
es was compared between all treatment groups with the

a
d

f
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on-parametric Wilcoxon rank sum test adjusting p-values
ccording to Holm [46] to control family wise error rate in
he multiple tests. Monkey viral load and lesion count data
ere analyzed similarly for days 0–28 except that a t-test
as used to compare animal groups. Significance was set at
p-value < 0.05.

. Results

.1. Effect of adjuvants on antibody responses to VACV
33 and L1 proteins

We previously reported that a vaccine, composed of
ecombinant forms of the L1 MV protein and the A33
nd B5 EV proteins secreted from insect cells, combined
ith MPL + TDM, administered three or four times pro-

ected mice against a lethal VACV intranasal challenge [11].
n objective of the present study was to determine if pro-

ection of mice from disease and death could be attained
ith fewer immunizations and proteins than were previ-
usly required. The number of protein immunogens was
educed from three to two as protection with L1 and A33
as nearly as good as that achieved with the combination
f L1, A33 and B5 [11]. In addition, we thought that dif-
erences in adjuvants might be more easily discerned with
ewer immunogens as well as fewer vaccinations. Female
ALB/c mice were immunized subcutaneously and boosted
weeks later with recombinant forms of the VACV pro-

eins A33 and L1 (the combination henceforth abbreviated as
L) with or without adjuvant. The following adjuvants were
sed: alum, alum + CpG ODNs, MPL + TDM or QS-21. An
dditional group of mice was immunized with alum + CpG
DNs without AL as a negative control. Serum samples were

ollected prior to each immunization to determine A33 and
1 binding antibodies. A strong anti-A33 response after a
ingle vaccination was only obtained using QS-21 as the
djuvant for AL, and this response was boosted 3 weeks
ater (Fig. 1A). The latter titer was comparable to what
as achieved after three immunizations with MPL + TDM

n a previous study [11]. The boosted A33 titers obtained
ith AL + alum + CpG ODNs or MPL + TDM were similar

o each other and higher than the titers achieved with AL
nd alum or no adjuvant but less than with AL and QS-
1 (Fig. 1A). Although L1 is less immunogenic than A33
11], significant antibody titers were achieved after boost-
ng and were highest with AL and QS-21 or alum + CpG
DNs, somewhat lower with MPL + TDM, and undetectable
ith alum or no adjuvant (Fig. 1B). Overall, the effective-
ess of the adjuvants in inducing antibody responses to AL
as QS-21 > alum + CpG ODNs > MPL + TDM > alum = no

djuvant. The antibody titers following challenge, which

ppear in the non-shaded areas of Fig. 1A and B, will be
iscussed in Section 3.3.

The data shown in Fig. 1 were obtained with sera pooled
rom animals within each group. We also analyzed the sera
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Fig. 1. ELISA values of pooled mouse sera following immunizations with A33 and L1 proteins combined with different adjuvants. Mice (n = 5) were immunized
twice with a mixture containing 10 �g each of A33 and L1 proteins (AL) alone or combined with alum, alum + CpG, MPL + TDM (MPL) or QS-21 and challenged
w llected
( 3 (A) an
v + CpG a
w ). In th

f
f
o
n
(
A
s

a
l
e

T
R

I

A
A
A
A
A

A
2

ith VACV strain WR at 3 weeks after the last immunization. Serum was co
shaded area), and 2 weeks after challenge (unshaded area). Antibodies to A3
alues are plotted. In panel B, the plots for AL + QS-21 and for AL + alum
as re-analyzed for IgG1 or IgG2a isotype antibodies to A33 (C) and L1 (D

rom individual mice collected after the boost in order to per-
orm a statistical analysis (Table 1). The A33 ELISA titers
f sera from mice immunized with AL + QS-21 were sig-

ificantly higher than the titers of mice of any other group
p < 0.00002). The titers obtained after immunization with
L + alum and CpG ODNs or with AL + MPL + TDM were

ignificantly higher than after AL without adjuvant or with

A
s

i

able 1
eciprocal endpoint dilution ELISA titers to A33 and L1 (italic values) of sera from

mmunogen Reciprocal endpoint dilution ELISA titer A33/L1a

L 100/200, 200/200, 100/400, 200/200, 400/100 (200)/
L + A 400/100, 400/100, 400/100, 400/100 (400)/(100)
L + A + C 800/1600, 25,600/800, 1600/3200, 12,800/12,800, 32
L + M 12,800/800, 6400/6400, 3200/800, 3200/1600, 51,20
L + Q 204,800/3200, 409,600/51,200, 409,600/25,600, 204

bbreviations: AL, A33 + L1; AL + A, A33 + L1 + alum; AL + A + C, A33 + L1 + alum
1.
a Average of values in parentheses.
prior to immunization (week 0), 3 weeks following immunizations 1 and 2
d L1 (B) were determined on pooled sera by ELISA and reciprocal endpoint
re superimposed. Serum collected 3 weeks after the second immunization

e latter panels, alum and CpG are abbreviated as A and C, respectively.

lum but did not differ significantly from each other. Simi-
ar results were obtained from the L1 ELISA determinations,
xcept that the difference between the titers obtained with

L + QS-21 or with AL and alum + CpG ODNs did not reach

tatistical significance.
Immunizations with protein, in contrast to live virus, typ-

cally induce a predominant Th2 response with IgG1 as the

individual mice immunized with AL plus various adjuvants

(220)

00/12,800 (8800)/(6240)
0/800 (15,360)/(2080)
,800/6400, 409,600/3200 (327,680)/(17,920)

+ CpG ODNs; AL + M, A33 + L1 + MPL + TDM; AL + Q, A33 + L1 + QS-
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Fig. 2. Induction of neutralizing antibody. The sera described in Fig. 1
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Fig. 3. Induction of comet-reducing antibody. The sera described in Fig. 1
obtained from mice immunized with A33 and L1 (AL) plus the indicated
adjuvants were used to detect antibodies that inhibit the formation satellite
plaques due to spread of EV in liquid medium. BS-C-1 cells were infected
with VACV strain IHD-J (80 pfu/well), overlaid with medium containing a
1:50 dilution of pooled mouse serum, and 40 h later stained with crystal vio-
let. The column labeled pre-challenge represents samples collected 3 weeks
after the second immunization and 1 day prior to intranasal virus challenge.
T
w
t

s
i
a
f
i
e
f
t

btained from mice immunized with AL plus the indicated adjuvants
ere used. MV neutralizing antibodies were measured with a flow

ytometry-based GFP assay and the 50% inhibitory concentration (IC50)
as determined for each pool of mouse sera.

ominant antibody isotype in Balb/c mice. However, the Th1
esponse as revealed by IgG2a antibody can be enhanced
y some adjuvants. Fig. 1C and D shows the results of
sotype-specific ELISAs that detect antibodies against A33
nd L1 in sera collected 3 weeks after the second immuniza-
ion. The anti-A33 antibodies from mice immunized with
L alone or with alum were exclusively IgG1 as the IgG2a

iters were no higher than the adjuvant alone control. Some
gG2a in addition to IgG1 was made after AL + alum + CpG
DNs or MPL + TDM (Fig. 1C). However, the highest total

gG2a as well as the highest ratio of IgG2a to IgG1 occurred
ith AL + QS-21. Isotype-specific titers against L1 were

gG1-dominant in all groups, but IgG2a titers above the con-
rol were observed with sera from mice immunized with
L + QS-21 or alum + CpG ODNs (Fig. 1D). These results

uggested that the magnitude and isotype of the antibody
esponses were influenced by both the nature of the protein
s well as the adjuvant. Overall with the two protein immuno-
ens, QS-21 induced the most IgG2a with alum + CpG ODNs
nd MPL + TDM next.

.2. Induction of VACV neutralizing and comet-reducing
ntibodies

A flow cytometry-based GFP assay was used to detect
V neutralizing antibody induced by L1. Neutralizing anti-

ody was not detected after the primary immunization but
as present after the boost. The highest neutralizing titers
ere measured in the AL + QS-21 and the AL + alum + CpG
DNs groups (Fig. 2). These neutralization values were sim-

lar to that of vaccinia immune globulin, although the latter
argeted additional MV proteins (data not shown). Significant

eutralization was achieved with sera from mice immunized
ith AL and MPL + TDM but not with AL and alum or no

djuvant (Fig. 2). The post-challenge titers will be discussed
n Section 3.3.

e
t
r
S

he post-challenge column shows samples collected from surviving mice 2
eeks following challenge. The well shown in the upper left corner shows

he typical formation of comet-shaped plaques in the absence of serum.

The IHD-J strain of VACV produces large numbers of
atellite plaques known as comets when cells are infected
n liquid medium. Antibodies to certain EV proteins such
s A33 but not MV proteins such as L1 can suppress the
ormation of comets. Pre-challenge sera from animals receiv-
ng alum + CpG alone or proteins without adjuvant had no
vident effect on comet size, whereas pre-challenge sera
rom animals immunized with proteins and adjuvants reduced
he sizes of comets to various extents (Fig. 3). The great-

st reduction occurred with AL + QS-21, consistent with
he highest anti-A33 ELISA titer (Fig. 1A). The comet-
educing activity of post-challenge sera will be discussed in
ection 3.3.
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Fig. 4. Survival and weight changes in mice immunized with AL pro-
teins and different adjuvants followed by intranasal VACV challenge. Mice
were immunized as described in Fig. 1, and 3 weeks following the second
immunization, were challenged intranasally with 106 pfu VACV strain WR.
The unchallenged (Unchall) mice were not immunized or challenged. The
alum + CpG control group received no recombinant protein prior to chal-
lenge. Mice were weighed daily for 2 weeks and sacrificed if their weight
fell below 70% of the initial value. The percent of survivors (A) and the
percent of initial weight of surviving mice (B) are shown for each group.
The data shown here represent two independent experiments and each group
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.3. Effects of adjuvants on the induction of protective
mmune responses to A33 and L1 proteins

The protective effects of immunization with AL com-
ined with different adjuvants were determined in mice that
ere infected intranasally with the WR strain of VACV

35,36]. Weight loss, which occurs during the first week
ollowing challenge, is directly correlated with virus repli-
ation in the lung and provides an objective, non-invasive
ay of following disease [7,47]. According to our animal
rotocol, mice were terminated if they lost greater than
0% of their initial weight. Three to 4 weeks following
he second protein immunization with various adjuvants,

ice were challenged intranasally with 5 LD50 of VACV
R. The majority of mice died or was sacrificed by 10

ays post-infection in the control group immunized with
djuvant without protein or with AL in the absence of adju-
ant (Fig. 4A). Half of the mice immunized with AL and
lum and 80% of those immunized with AL + MPL + TDM
urvived. Most impressively, all mice immunized with AL
ombined with either QS-21 or alum + CpG ODNs survived
hallenge (Fig. 4A). Dramatic weight loss of surviving mice
as observed over the first 6 days following challenge in
ost groups, except for mice immunized with AL + QS-21

Fig. 4B). The AL + QS-21 group showed little fluctuation in
eight and no visible signs of illness throughout the obser-
ation period. Mice immunized with AL and alum + CpG
DNs were next best and showed less weight loss overall

han the other immunized groups. It is important to note that
ees et al. [48] reported that CpG ODNs alone could pro-

ect against VACV challenge through the upper respiratory
oute by stimulating innate immunity. However, the protec-
ive action of CpG ODNs was short lived and gone by 21
ays, which was the minimum time that we waited before
hallenge. Moreover, our control group received alum +
pG ODNs.

Statistical analysis of the weight loss data was achieved
y calculating the area under the curve as a summary statis-
ic for each animal and using the non-parametric Wilcoxon
ank sum test with the Holm p-value adjustment method for
ultiple tests to compare the animal groups. The resulting
-values are shown in Table 2. Challenged mice that were
mmunized with AL + QS-21 lost significantly less weight
han mice given any of the other immunizations; furthermore
he weight loss in this group was not significantly different

l

w
i

able 2
-Values calculated with area under the curve analysis of weight loss data in Fig. 4B

Alum + CpG AL A

La + alum 0.4 0.4 –
L + alum + CpG 0.002b 0.002 0
L + MPL + TDM 0.02 0.02 0
L + QS-21 0.0005 0.0003 0
a AL, A33 + L1 proteins.
b Bold numbers indicate significant p-values.
ad 4–5 mice/group. Each data point is the average weight ± S.E.M. of mice
n each group from the two challenge experiments.

rom unchallenged mice. Mice given AL and alum + CpG
DNs had significantly less weight loss than mice immu-
ized with AL alone or with alum alone. Mice immunized
ith AL and MPL + TDM showed significantly less weight

oss than mice immunized with AL alone.

This statistical analysis confirmed that mice immunized

ith AL and QS-21 were the best protected, in addition to
nducing the highest overall antibody response. Binding the

followed by the Wilcoxan rank sum test using the Holm p-value adjustment

L + alum AL + alum + CpG AL + MPL + TDM

– –
.02 – –
.4 0.4 –
.0005 0.0008 0.0003
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Fig. 5. Analysis of monkey sera following immunizations with A33, B5
and L1 combined with QS-21. Cynomolgous monkeys were immunized
with 100 �g each of recombinant A33, B5 and L1 proteins combined with
the adjuvant QS-21 at days 0, 28, 57 and 251 as indicated by double arrows
below the x-axis. Four weeks after the fourth immunization, monkeys were
challenged intravenously with 5 × 107 pfu MPXV as indicated by the solid
black triangle above the x-axis. (A) Averages of the ELISA values specific
for A33, B5 and L1 are shown. (B) Reciprocal ELISA values determined
against an infected cell lysate and flow cytometry VACV neutralization titers
of individual monkeys and averages are presented. (C) The presence of EV
n
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roteins to alum did not significantly enhance protection, but
ddition of CpG ODNs to AL + alum provided significant
rotection from weight loss. The weight loss data paralleled
he number of survivors, since the groups with more survivors
howed less weight loss.

Boosting of antibody to the viral immunogens follow-
ng challenge is an indirect measure of virus replication.
ence, surviving animals that were least well protected
ere anticipated to show highest boosting. Convalescent

erum, collected from surviving mice 2 weeks after challenge,
howed a boost in A33 antibody except for the AL + QS-21
r alum + CpG ODNs groups (Fig. 1A), which had been the
est protected. The same two groups showed the least boost-
ng of anti-L1 antibody after challenge (Fig. 1B). Although
rior to challenge, MV neutralization and EV comet reduc-
ion were exclusively due to anti-L1 and anti-A33 antibodies,
espectively, antibodies to additional proteins may have con-
ributed to inhibition after challenge. Thus, sera from all
roups, except those receiving AL + QS-21, showed a dra-
atic rise in neutralizing antibodies 2 weeks post-challenge

Fig. 2), likely targeting additional MV proteins. Similarly,
ll of the post-challenge sera showed strong comet-inhibiting
ctivity (Fig. 3).

.4. Binding and VACV neutralizing antibodies
ollowing immunization of cynomolgous monkeys with
ecombinant A33, B5 and L1 combined with QS-21

Prior to the adjuvant comparison studies described above,
e initiated an experiment to test the efficacy of a recom-
inant protein vaccine in a non-human primate. Three
ynomolgous monkeys (030, 770, 974) were immunized
hree times at 1-month intervals with 100 �g each of recom-
inant A33, B5 and L1 proteins with QS-21 adjuvant. One
ontrol monkey (026) was immunized with the QS-21 adju-
ant alone and two additional controls (398, 419) received
either adjuvant nor protein. The average ELISA titers for
he three immunized monkeys are shown at each time point
Fig. 5A). Antibodies specific to A33, B5 and L1 were
etected 1 month after the first immunization and were
oosted by the second immunization. The titers fell some-
hat between the second and third immunizations but were
oosted again by the latter. The reciprocal ELISA titers
eclined gradually over the next 6 months and at the end
f this time were more than a log lower than the peak values.
owever, the titers rebounded again after another immu-
ization. A similar response pattern was obtained using a
ACV-infected cell lysate for the ELISA in order to detect
ntibodies capable of recognizing non-recombinant VACV
ntigens (Fig. 5B).

Neutralizing antibodies were detected using the flow
ytometry assay following protein immunization and were

oosted following each immunization as shown in Fig. 5B.
nly L1-specific antibodies neutralize MVs since antibod-

es against A33 and B5 only target the EV form of the
irus. IC50 titers fell to background levels between the third

l
i
a
(

eutralizing antibodies in sera collected prior to challenge was determined
sing the comet reduction assay. Key: None, no serum; 026, adjuvant only
onkey serum; 030, 770, 974, sera from immunized monkeys.

nd the fourth immunization, but were boosted to peak

evels after the fourth. The sera obtained after the fourth
mmunization were also tested by a VACV plaque reduction
ssay, which gives lower titers than the flow cytometry assay
Fig. 6A).
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Fig. 6. VACV and MPXV plaque reduction and MPXV comet inhibition. (A) Pre-challenge serum samples were tested in a VACV plaque reduction assay. Data
are from three separate analyses each done in duplicate and percentage reductions were determined with respect to serum from adjuvant only monkey (026). (B)
Pre-challenge serum samples were tested in a MPXV plaque reduction assay. Analyses were done in duplicate and the percentage reduction determined as above.
( the fina
T xidase-l
s and pho

o
c
f
n
c
p
s

3
i
A

C) Sera (1:40 dilution) obtained prior to immunization (Pre-Imm) and after
he plates were stained with anti-variola rabbit antibody followed by pero
ubstrate accounting for their dark color. Experiment was done in duplicate

Antibodies to both A33 and B5 can reduce the release
f extracellular virus from cells, which is responsible for
omet formation. Pre-immune sera (not shown) and serum
rom the control monkey receiving adjuvant alone (026) did

ot cause any comet reduction compared to the no serum
ontrol. Serum from each of the three immunized monkeys
rior to challenge dramatically reduced VACV comet size as
hown in the bottom three wells of Fig. 5C.

M
i
w

l immunization (Post-Imm) were tested in a MPXV comet reduction assay.
abeled goat anti-rabbit IgG; comets were visualized by adding peroxidase
tographs of one set are shown.

.5. MPXV neutralizing antibodies following
mmunization of cynomolgous monkeys with recombinant
33, B5 and L1 combined with QS-21
Sera from the immunized monkeys also neutralized
PXV. The MPXV plaque reduction titer (Fig. 6B) was sim-

lar to the titer determined with VACV (Fig. 6A), consistent
ith the conserved protein sequences. The immune sera also
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nhibited MPXV comet formation whereas the serum from
he monkey receiving adjuvant alone (026) did not (Fig. 6C).
hus, antibodies to VACV L1 neutralized MPXV MVs and
ntibody to VACV B5 or A33 prevented spread of MPXV.

.6. Protection of monkeys from severe disease and
eath following an intravenous MPXV challenge

Although we had originally intended to challenge the mon-
eys with MPXV after the third immunization, logistical
roblems prevented this. An opportunity to challenge arose
bout 6 months later leading us to give an additional protein
mmunization. Four weeks after that, the monkeys receiv-
ng proteins and QS-21 (030, 770, 974), QS-21 alone (026)
nd no vaccine (398, 419) were challenged intravenously
ith 5 × 107 pfu MPXV. The monkeys were monitored for
month following challenge during which the immunized
onkeys appeared healthy. In contrast, the non-immunized
onkeys were severely ill with fever and weight loss as pre-

iously described [37] and one (026) died on day 12, despite
upportive efforts including subcutaneous fluids. The num-
er of virus-induced skin lesions was counted every 3–4 days.
he monkeys that were not immunized with protein devel-
ped 575–820 skin lesions each, which peaked at 12 days
ost-infection (Fig. 7A). There were fewer lesions in immu-
ized monkeys (maximum of 65–140 each) and they were
enerally smaller and atypical compared to those observed
n naı̈ve monkeys, developed less synchronously, and healed
apidly. The difference in lesion number between immunized
nd control animals was statistically significant (p = 0.02).

A real-time PCR assay detected viral genomes in the blood
f all monkeys immediately after challenge (day 0), followed

y a decline (Fig. 7B). On day 6, however, an increase in viral
enomes was detected with peak values generally present at
ay 9. The viral loads were higher in the controls than in the
mmunized monkeys with an average difference of about 2.5

b
M

s

ig. 7. Protein immunization reduces skin lesions and circulating virus in macaq
ig. 5 were challenged intravenously with 5 × 107 pfu MPXV and skin lesions were

ntervals and the number of viral genomes was determined in duplicate by real-time
oint. The limit of sensitivity was 200 genomes/ml. Key to monkeys: 026 (QS-21
nd A33, B5 and L1 proteins). Note that the dashed and solid lines are from contro
(2007) 2787–2799

ogs, which was statistically significant (p = 0.04) despite the
mall number of animals.

. Discussion

An important role of antibody in protection against sec-
ndary orthopoxvirus infections has been well documented.
tudies using B- and T-cell depletion [49,50] or gene knock-
uts [51] demonstrated the pivotal role of the CD4(+)
-cell-driven antibody response for protection against VACV
nfection in mice. The fundamental role of B-cells was also
hown in ectromelia virus infections of mice [15,52] and in
macaque MPXV model [53]. These findings suggest that
protein subunit vaccine, which primarily induces an anti-

ody response, may be sufficient to defend against smallpox,
f the animal models are predictive of disease protection in
umans.

Our previous study [11] showed that a combination of
oluble recombinant forms of VACV MV and EV membrane
roteins could protect as well as live VACV in the VACV
R mouse pneumonia model. However, the requirement for

hree or four protein immunizations would be impractical
or vaccine delivery and we therefore investigated the use of
ther adjuvants. We now show that the combination of QS-
1 with only the A33 and L1 proteins completely prevented
eight loss as well as death after only two vaccinations at
-week intervals. Using the same vaccination regimen, the
ombination of the two proteins with alum + CpG ODNs was
ext best, followed by MPL + TDM. Alum + CpG ODNs was
learly superior to alum alone. The degree of protection in the
ouse model with different adjuvants correlated with anti-
ody levels, whether determined by ELISA, neutralization of
Vs, or reduction in spread of satellite plaques.
Analysis of convalescent serum from surviving mice

howed a consistent pattern with respect to ELISA and neu-

ues. (A) Skin lesions. Monkeys immunized as described in the legend to
counted at 3–4-day intervals. (B) Blood samples were collected at 3–4-day
quantitative PCR. The average ± standard deviation is shown for each time

adjuvant only); 398 and 419 (no immunization); 030, 770 and 974 (QS-21
l and protein immunized animals, respectively.
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ralizing antibody titers. Groups of mice that had higher titers
gainst A33 and L1 prior to challenge and the best protection,
amely those receiving AL + QS-21 or AL + alum + CpG
DNs, showed the lowest boosting of A33 and L1 antibod-

es. Conversely, groups that had the lowest A33 and L1 titers
rior to challenge and the poorest protection had the great-
st boosting of antibody responses following challenge. This
rend was observed with both MV and EV antigens, and likely
eflects the degree of replication of the challenge virus in
oorly immunized animals.

Protein immunogens typically induce a predominantly
h2-type response that is characterized by activation of B-
ells and production of antibodies, especially IgG1. QS-21
nd to a lesser extent alum + CpG ODNs and MPL + TDM
ncreased the IgG2a antibody, indirectly suggesting an
nhancement of the Th1 response. This effect of immunos-
imulatory adjuvants has been noted previously for other
mmunogens. Both QS-21 [54–58] and CpG ODNs [59,60]
an also augment the production of antigen-specific cytotoxic
-cells, though this was not evaluated in the present study.

The monkey study described here provides a preliminary
valuation of the immune response to recombinant VACV
roteins in a primate and provides evidence that they can
nduce protection against severe disease following a MPXV
hallenge. This study mimicked our earlier mouse exper-
ments [11], which used B5 in addition to A33 and L1.
ecombinant B5 protein [11,14] as well as antibodies to B5

18,19] can provide protection in the VACV mouse pneu-
onia model. In addition, B5 is the major target of EV

eutralizing antibody in human VACV immune globulin [61],
hough antibody to B5 is not necessarily the most protective in
ivo. Also, VACV B5 has a slightly greater amino acid iden-
ity (96%) to the MPXV homolog than VACV A33, which
as 93% identity. L1 is the most highly conserved with 98%
dentity between the VACV and MPXV homologs. There-
ore, we anticipated that antibodies to these VACV proteins
ould cross react with the MPXV homologs and provide at

east partial protection. We chose to use QS-21, based on our
revious experience with recombinant HIV proteins in a mon-
ey model [62], even though we had not yet determined the
uperiority of this adjuvant for inducing VACV protection in
ice. The recombinant VACV proteins were immunogenic in
onkeys and binding antibodies were detected after the first

mmunization and boosted by a second, at which time VACV
eutralizing and comet-reducing antibodies were also found.
etween immunizations, the antibody levels dropped but
ere boosted again even after 7 months. At this time, we also
emonstrated MPXV neutralizing and comet-reducing anti-
odies. A previously described intravenous MPXV challenge
as used because of its consistency [37], which was particu-

arly important with a small number of animals. There were
everal indicators of protection: each unimmunized animal

eveloped approximately 700 typical pustular skin lesions,
hereas the vaccinated ones developed about 100 smaller

typical lesions; the virus load was reduced by about 2.5
ogs; and most importantly the vaccinated animals appeared
(2007) 2787–2799 2797

ealthy whereas the unvaccinated were gravely ill and one
ied. Based on the number of skin lesions, the protection
as less than achieved with modified VACV Ankara or the

icensed smallpox vaccine [37] and similar to that obtained
ith a four-component DNA vaccine (VACV L1R, A27L,
33R and B5R) administered percutaneously with a gene gun

63]. In a recently published study [17], it was reported that a
our-component DNA vaccine composed of MPXV orthologs
f the same VACV genes administered intramuscularly did
ot induce neutralizing antibody or protect monkeys against
MPXV challenge. In contrast, the corresponding recom-

inant MPXV proteins with alum or CPG ODNs provided
artial protection, which was enhanced by prior DNA vacci-
ations. Although VACV and MPXV membrane proteins are
ery closely related to the variola virus orthologs, it would
eem that the latter would be most appropriate for a smallpox
accine.
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