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Abstract

Introduction—Reintroduction of Variola major as an agent of bioterrorism remains a concern.
Time to seroconversion and plaque reduction neutralizing antibody titers (PRNT) of 1 or 2
standard doses (SD) were compared to a single high dose (HD) of modified vaccinia Ankara
(MVA).

Methods—Ninety subjects were randomized 1:1 to receive 1 HD or 2 SD of MVA
subcutaneously on Days 0 and 28 in a placebo-controlled trial. Serum was collected for PRNT and
ELISA. Subjects were followed for safety for the entire study.

Results—The HD was well-tolerated. Using Bavarian Nordic’s ELISA, subjects in both groups
achieved seroconversion by Study Day 15 (HD) and Day 28 (SD). Before second vaccination, the
hazard rate of seroconverting for the HD group was 1.7 times the SD group with a median time for
seroconversion of 14 days for both groups. The peak titer of one HD vaccine was superior to one
dose of SD vaccine but inferior to the peak titer after the second dose of the SD vaccination
regimen.

Using Saint Louis University’s PRNT, peak titers were 95.8 and 65.2 for the HD and SD groups,
respectively, prior to second vaccination. Non-inferiority of the SD group was not established. The
proportions of positives were 93.3% (42/45) and 82.2% (37/45) for the HD and SD groups,
respectively. The peak titer after two standard doses was superior to that of the HD.
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Conclusions—HD MVA was safe and well-tolerated. While the hazard rate for seroconverting
was significantly higher in the HD group before second dose, the effect was small as the median
time to seroconversion was identical. When comparing PRNT, non-inferiority of one SD was not
established and the peak titers were low for both groups. The HD peak response was inferior to the
standard two-dose regimen response based on ELISA and PRNT.
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INTRODUCTION

Although smallpox was declared officially eradicated by the World Health Assembly in
1980[1], governments remain concerned about the potential use of Variola virus as an agent
for bio-terrorism. ACAM2000™, a recently licensed clonal derivation of Dryvax®, has a
similar safety profile as Dryvax® including reported cases of myo/pericarditis [2].

A potential alternative vaccine, Modified vaccinia Ankara (MVA), was used during the
smallpox eradication campaign during the 1970s in Germany to mitigate the reactogenicity
of vaccinia Elstree [3,4]. This replication-incompetent virus [5-7] is host-range restricted
[8-12] due to multiple mutations and significant deletions of replicating vaccinia [2]. While
MVA genes are efficiently transcribed, there is a block in viral replication at the level of
virus assembly and egress in human cells [8,9].

Bavarian Nordic's proprietary MVA, derived from a purified clone of MVA-597, is
produced under serum-free conditions in chicken embryo fibroblast (CEF) cells and does not
fully replicate in human cells [13]. The vaccine is safe and well-tolerated and has been
administered to immunocompromised subjects [14,15] and subjects with atopic dermatitis.

The standard MVA two dose vaccination regimen is 1x108 TCIDsy of MVA administered
on Days 0 and 28. However, in the event of a confirmed release of smallpox, a more rapid
vaccination regimen is desirable. The main goal of this study was to determine whether a
single, high dose (HD) of MV A provided a more rapid and/or stronger immune response
relative to a single, standard dose (SD). Additional analysis included comparing a single HD
with a standard two-dose regimen. This study (ClinicalTrials.gov Identifier:NCT00879762)
seeks to inform policy makers about different options for post-event utilization of available
smallpox vaccines.

METHODS

Study Design

This was a randomized, double-blinded study of a single HD versus two SD of MVA
administered 28 days apart (Table 1). Subjects (N=45) in the HD group received two 0.5 mL
injections in different arms of MVA vaccine at 5x108/mL TCIDsg on Day 0 followed by a
single saline placebo dose on Day 28. Subjects (N=45) in the SD group received MVA at
1x108 TCIDsg in one 0.5 mL injection on Day 0 and 28 and saline placebo (0.5 mL) on Day
0. All injections were administered subcutaneously over the deltoid muscle.
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ECGs, hematology and chemistry evaluations were obtained at screening and 14 days after
each vaccination. Troponin | was evaluated at screening, 14 days after first vaccination and
if clinically indicated.

Reactogenicity was followed for 14 days after each vaccination, unsolicited adverse events
(AE) for 28 days after the last vaccination, and serious adverse events for the entire study.

The study was approved by the respective institutional review boards. All subjects signed
informed consent.

Inclusion Criteria

Eligible healthy subjects were at least 18 years old and not pregnant. ECGs were acceptable
if there were no clinically significant findings at screening. Subjects were excluded if they
had a vaccinia scar, possible history of smallpox vaccination, active exfoliative skin
conditions, or a >10% risk of developing a myocardial infarction or coronary death using the
National Cholesterol Education Program’s risk assessment tool [16].

Investigational Products

Three lots of MVVA vaccine, IMVAMUNE®, were provided by Bavarian Nordic (BN) A/S
(Hejreskovvej 10A, 3490 Kvistgérd, Denmark) in liquid-frozen aliquots of 0.65 mL as
single use vials. Sterile saline for injection, supplied by BN, was used as placebo and as a
diluent for IMVAMUNE® injections.

Immunogenicity Assays

The immunogenicity assays were previously described. BN used BN-MVA (non-replicating
in humans) and vaccinia-Western Reserve (replicates in humans) as the assay antigens in the
ELISA and PRNT assays, respectively [17] and SLU used ATCC MVA (VR-1508) as the
assay antigen in the ELISA [18] and plaque reduction neutralizing antibody (PRNT) assays
[19], respectively. Table 2 includes the thresholds for positivity for each assay and
definitions for seroconversion and non-inferiority. Serum was obtained on Days 0, 4, 8, 14
and 28 after first vaccination and Days 14, 28 and 180 after second vaccination.

Statistical Analysis

Sample Size

Safety

A sample size of 45 subjects per group provided 95% power to detect a significant
difference of 2.5 fold or more change in median time to seroconversion using the BN ELISA
assay at a 5% significance level and obtained 87% power to evaluate non-inferiority of a SD
versus a HD based on SLU-PRNT geometric mean of the peak titers GMT) assuming a non-
inferiority margin of 2.5 fold, SD=4 for both groups, and a significance level of 2.5 percent.

The number of each AE or reactogenicity event was summarized using the most severe
response (see legend for Figure 1). The number of AEs, rates and exact 95% confidence
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intervals (CI) for each group were calculated. Differences in event rates were evaluated with
Chi-square or Fisher’s exact test (Fisher).

Immunogenicity

The per protocol immunogenicity analysis was used and included subjects who received one
dose of vaccine and contributed both pre- and post-vaccination serum samples. One subject
was excluded due to a dosing error at the first vaccination. Subjects were excluded at the
post dose 2 timepoints if they did not receive the second standard vaccine, but were not
excluded if they did not receive placebo in the HD group. No imputations were performed to
account for the missing data.

The primary endpoint, time-to-seroconversion after the first vaccination using BN-ELISA,
was examined for a dose effect using interval-censored survival analysis (R package
“intcox” [20]) and confidence intervals for the hazard ratio were estimated using
bootstrapping [21]. Antibody titers were dichotomized into responders or non-responders,
and summarized using response rates and their exact 95% CI. Fisher’s exact test was used to
compare response rates. For ELISA, the geometric mean of the peak titer (GMT) among
subjects receiving one SD of IMVAMUNE® was considered non-inferior if there was less
than 2 fold difference in the GMT to that among subjects receiving one high dose of
IMVAMUNE®.

The secondary endpoint was the geometric mean of the peak SLU-PRNT post first
vaccination. The SD was considered non-inferior if there was less than 2.5-fold difference in
the GMT. When the PRNT were analyzed as a continuous variable, the mean difference in
log, 5 transformed peak titer between groups together with its associated two-sided 95% Cl
was computed. If the upper limit of the 95% CI was less than 1, the SD group was
considered non-inferior to the HD group. The peak subject-specific PRNT was
dichotomized as positive or negative. The difference of proportion of positives by dose and
the associated 95% CI were calculated. Fisher’s exact test (Fisher) was used for the
association of dose and titer positivity.

RESULTS

Study Subjects

Ninety-one subjects were enrolled at 2 sites from February 9, 2009 through August 16,
2010. The majority of subjects was female (53.3%), non-Hispanic (93.3%), and white
88.9%). The distributions of gender and ethnicity were the same for both groups. There were
no significant differences in race (Fisher, P=0.71) and age (one-way ANOVA, P=0.99). The
median age was 26.5 years (range: 18 to 37 years).

The study was placed on FDA clinical hold on June 15 through July 10, 2009 to add an
additional ECG 14 days after each vaccination, and a troponin level on 14 days post first
vaccination. During September 2009 through April 2010, enrollment was interrupted
because the HD vaccine titer fell below 3x108 TCIDsp/mL. Enrollment resumed with a new
lot of “high dose” (4.6x108 TCIDsg/mL) vaccine.
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Safety Results

Systemic Reactogenicity (Figure 1.a.)—No SAEs were reported. One subject from
each group experienced severe AEs after the first vaccination. Following any vaccination
(2" vaccination for HD was placebo), there was no statistically significant difference
between the proportion of subjects with any solicited systemic reaction for the HD (62.2%)
and the SD (48.9%) groups (Chi-square P=0.20), nor between the proportion of subjects
with any moderate plus severe systemic reactions for the HD (31.1%) and the SD (22.2%)
groups (Chi-square P=0.34). Headache was the most prevalent systemic reaction reported
across both groups, 35.6% and 17.8% of subjects in the HD and the SD groups, respectively,
after vaccination 1. In the SD group, 17.8% also reported feeling tired. Following
vaccination 2, headache was the most commonly reported symptom, with 11.6% in the HD
group (11.6% also reported feeling tired) and 14.3% in the SD group. Two subjects
receiving the HD experienced fever, one graded as moderate and one mild, the latter of
which had a concurrent illness of gastroenteritis unrelated to vaccine. There were no
troponin elevations, cardiac events or clinically significant ECG abnormalities noted.

Local Reactogenicity (Figure 1.b. and c.)—Following any vaccination (2"
vaccination for HD was placebo), there were no significant differences between the
proportion of subjects with any solicited local reactions (functional grade) for the HD
(91.1%) and the SD (86.4%) groups (Fisher P=0.52) and between the proportion of subjects
with any moderate plus severe reactions for the HD (22.2%) and the SD (29.5%) groups
(Chi-square P=0.48). One subject in the HD group experienced a severe local reaction of
underarm swelling. Pain at the injection site was the most prevalent local reaction, reported
as mild or moderate by 88.9% and 84.1% of subjects in the HD and SD groups, respectively,
after either vaccination.

Following first vaccination, there is no significant difference between the proportions of
subjects with any grade of measured erythema or induration size for the HD (60.0%) and the
SD (65.9%) groups (Chi-square P=0.56), and between the proportions of subjects with any
moderate plus severe reaction for the HD (40.0%) and the SD (45.5%) groups (Chi-square
P=0.60). Post second dose, the SD group had a significantly higher proportion of subjects
with any local reactions (Chi-square P<0.001). In the HD group, 13 subjects experienced
severe/large local reactions, all after the first dose. In the SD group, 7 and 10 subjects
experienced severe/large local reactions, after the first dose and second dose, respectively; 4
subjects had reactions after both doses.

Unsolicited AEs (Days 0-56 after First Vaccination)—Of the 73 unsolicited non-
serious AEs reported, 41 events (32 mild, 9 moderate) were reported by 22 HD recipients
and 32 events (21 mild, 11 moderate) were reported by 22 SD subjects (48.9% of subjects in
each group). Thirty-two events (43.8%) were considered associated with the vaccination.
Eleven subjects (24.4%) in the HD and nine subjects (20.0%) in the SD group experienced
an associated adverse event. There was no significant difference between the two groups
(Chi-square P=0.61).
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Seroconverion (Primary Objective) (Table 2, Figure 2, Figure 3)

BN-ELISA (Primary Assay): Prior to the second vaccination, all (N=90) subjects in both
dose groups seroconverted by 15 and 28 days post first vaccination for the HD and SD,
respectively. The interval-censoring based hazard ratio (HR) for time to seroconversion for
the SD group versus the HD group was 0.583 (95% CI: 0.384,0.853). The hazard rate of
seroconverting for the HD group was significantly higher implying that, at any time, 1.7
times as many subjects in the HD group had a seroconversion event compared with the SD
group. However, the median time to seroconversion was 14 days for both groups indicating
that the overall effect size was small. The peak GMTs were 282.3 (220.1, 362.1) and 158
(116.2, 214.9) for the HD and SD groups, respectively. Exploratory analyses indicated that
non-inferiority of the SD was not established and that the HD GMT was superior to that of
the SD.

SLU-ELISA (Additional Exploratory Assay): Prior to the second vaccination, 22/45
(48.9%) and 15/45 subjects (33.3%) in the HD and SD groups seroconverted, respectively.
The 95% CI for the difference of the proportion was (-0.045,0.356) (Fisher P=0.198). The
hazard ratio for the SD group versus the HD group was 0.614 (95% CI: 0.302,1.181). The
hazard rate for the HD group was 1.6 times higher but was not significantly different from
the SD group with alpha=0.05. The median time to seroconversion was 20 days for both
groups.

PRNT Assay (Secondary and Tertiary Objectives) (Table 2, Figure 3)

SLU-PRNT (Primary Assay): Prior to the second vaccination (secondary objective), the
peak PRNTSs were 95.8 (67.7, 135.6) and 65.2 (42.9, 99.1) for the HD and SD groups,
respectively. Non-inferiority of the SD was not established. The proportions of positive
responders for the HD, 93.3% (42/45) and SD, 82.2% (37/45), were not significantly
different (Cl: —0.0226,0.244) (Fisher P=0.197). After two vaccinations including placebo for
HD (tertiary objective), peak titers were 468.9 (348.3, 631.3) and 102.6 (73.1, 143.9) for the
SD and the HD groups, respectively. Non-inferiority of the HD was not established. The two
dose regimen was considered superior to a one HD regimen. The proportion of positives
responders for the SD, 100% (42/42), and the HD, 93.3% (42/45), were not significantly
different (Cl: —0.006,0.140) (Fisher P=0.242).

BN-PRNT (Additional Exploratory Assay): Prior to the second vaccination (exploratory
objective), the peak PRNTSs were 16.7 (13.3, 20.9) and 12.2 (9.5, 15.7) for the HD and SD
groups, respectively. The SD group was non-inferior to the HD group. The proportion of
positives responders for the HD group, 80.0% (36/45), was significantly higher than the SD,
46.7% (21/45), group (Cl1:0.147,0.520) (Fisher P=0.002).

After two vaccinations including placebo for HD (tertiary objective), peak PRNTs were 60.4
(41.0, 88.9) and 17.6 (13.9, 22.3) for the SD and HD groups, respectively. Non-inferiority
was not established for the HD group. The two SD regimen was superior to a one HD
regimen. The proportion of positive responders for the SD, 100% (42/42), was significantly
higher than the HD group, 82.2% (37/45), (C1:0.066,0.289) (Fisher P=0.006).
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Discussion

The objectives of this study were to evaluate the safety of a single HD MVA vaccine, assess
the time to seroconversion of HD vaccine compared to a single SD vaccine, and compare the
peak GMT of the neutralizing antibody (PRNT) between the HD and 1 or 2 SDs.

Regarding safety when both vaccinations are considered, there were no significant
differences in the number or severity of reactogenicity events or unsolicited adverse events
or the number of events associated with MV A between the HD group and the SD group. In
general, the HD vaccine was safe and well-tolerated.

When comparing the time to seroconversion based on BN-ELISA titer (primary endpoint),
all subjects in the HD and SD MVA groups seroconverted by Day 28. While the time to
event analysis showed that at any time prior to second vaccination proportionately more
subjects seroconverted in the HD group, the effect was small as no difference in median
seroconversion time was observed. Interestingly, with the SLU-ELISA, only 49% and 33%
of subjects in the HD and SD groups, respectively, seroconverted. Median time to
seroconversion was 20 days for both groups (compared to 14 days for BN-ELISA) and the
hazard rates were not significantly different. Reasons for the different results between the
two laboratories’ assays are discussed below.

When comparing the peak geometric mean of the PRNT, the HD group had higher GMT
than the SD group after one dose. This finding was consistent for both laboratories. Non-
inferiority for the SD was established using the BN assay but not for the SLU assay,
however it was close to being non-inferior (in the intent-to-treat analysis non-inferiority was
established; data not shown). Likewise the proportion of positives was higher for the HD
group; the difference was statistically significant only for the BN assay.

Peak titers achieved after two SDs of vaccine were superior to those after the single HD
vaccination. With the BN-PRNT, the proportion of seroconverters in the HD group was
significantly lower compared to the proportion of seroconverters in the SD group (in the
intent-to-treat analysis, the difference was not significant; data not shown).

There are several possible reasons for the difference in the assay results between the two
laboratories for numbers seroconverted and peak GMT. Among them are differences in
antigens and assay reagents and controls. Importantly, differences in assay results tended to
be more pronounced in those samples with lower GMTSs. Therefore, it is difficult to know
how much of the difference is due to variability seen as one gets closer to the lower limit of
quantitation. For samples with higher GMTs, in the range where one might expect a
correlation with protection, the results of the two assays were more similar.

While a single HD provided a greater percent of individuals with positive seroconversion
than one SD dose as anticipated, the overall peak titers were significantly lower than those
of the standard two dose regimen. A titer that correlates with protection has not been defined
for any immunological readout. However, immunogenicity and efficacy data obtained to
date suggest that a two-dose regimen of IMVAMUNE® provides a similar antibody
response to Dryvax/Acam2000. In addition, this regimen was shown to reduce the size of
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replicating vaccinia takes [22,23] and was as effective as Dryvax in producing peak 60%
and 90% variola virus neutralization GMTSs [24]. As such, at this time, the immune response
induced by the two-dose IMVAMUNE® regimen serves as a standard against which other
regimens/doses are compared and should be considered when developing policy perspective
until more data is available.

CONCLUSION

Multiple antibody assays using different assay antigens provided a more complete picture of
the antibody immune response following vaccination. The lack of consistently superior
responses of a single HD of MVA relative to one SD suggests the difference in the immune
response between HD and SD is small. These results, coupled with the low mean peak titers
of HD relative to the two-dose SD regimen and the limited availability of MVA, make the
relatively modest increase in rate of sero-conversion and mean peak titers after the
administration of a HD unlikely to provide significant benefit over a SD of MVA.
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Maximum Severity of Any Reactogenicity Event per Subject Post
Vaccination by Vaccination Number and Dose Group

a. Systemic (Functional Grade) Reactogenicity

Vaccination 1
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Subjects in the High Dose group received a placebo as the second vaccination.
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b. Local (Functional Grade) Reactogenicity
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Subjects in the High Dose group received a placebo as the second vaccination.
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c. Local (Measurement Grade) Reactogenicity
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Subjects in the High Dose group received a placebo as the second vaccination.

Figure 1.
Maximum severity grade of any reactogenicity event collected per subject in the HD and SD

groups for 15 days (Days 0-14) after each vaccination. Erythema and Induration were
measured and graded as mild (<15 mm), moderate (15-30 mm) or severe (>30 mm). Other
AEs including pain at the injection site, redness, swelling (induration was assessed by the
clinical staff), muscle aches, chills, headache, nausea, feeling tired, underarm pain,
underarm swelling, itchiness at vaccination site, change in appetite, and joint pain were
graded using a functional scale of mild (present but easily tolerated), moderate (able to

Vaccine. Author manuscript; available in PMC 2015 May 13.
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tolerate routine activity with effort), and severe (unable to continue routine activity). Fever
grading scale for oral temperature (°C) was mild 38.0 — 39.0, moderate >39.0 — 40.0, severe
>40.0; fever is captured under systemic reactogenicity. Figure 1.a. a) Systemic (functional
grade) reactogenicity; b) Local (functional grade) reactogenicity; ¢) Local (measurement
grade) reactogenicity.
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a. Estimated Survival Functions — BN ELISA, Per Protocol Population

Percent Without Seroconversion
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100 —

Page 16

b. Estimated Survival Functions — SLU ELISA, Per
Protocol Population
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Figure 2.
Estimated survival functions describing seronconversion as a function of time based on per

protocol analysis and interval-censored data. If 1 was not included in the interval, the hazard
rates were considered to be significantly different. a) Estimated survival functions - BN
ELISA titers, per protocol population. The corresponding 95% CI of the hazard-ratio was
0.58 (0.38, 0.85). b) Estimated survival functions -SLU ELISA titers, per protocol
population. The corresponding 95% CI of the hazard-ratio was 0.61 (0.30, 1.18).
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a. Non inferiority of a Single High Dose Versus a Single Standard
Dose of MVA
Non-inferior Non-inferiority not established
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b. Non inferiority of a Single High Dose Versus Two Single Standard

Doses of MVA

Non-inferior Non-inferiority not establishec
PRNT SLU P ——ro]
PRNT BN H—e——]
ELISA BN : } ® |
ELISA SLU : } % |
T T T 1 T T T T 1 T T |
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Two Standard Doses - Single High Dose
Figure 3.

a). Non inferiority of a Single High Dose Versus a Single Standard Dose of MVA.
Confidence intervals are shown for mean peak titer differences (PRNT log, 5 scale, ELISA
log, scale) between one HD and one SD prior to 2nd vaccination using per protocol
population. Dashed vertical line indicates non-inferiority margin.

b). Non inferiority of a Single High Dose Versus Two Single Standard Doses of MVA.
Confidence intervals are shown for mean peak titer differences (PRNT log, 5 scale, ELISA
log, scale) between two SDs and one HD all timepoints using per protocol population.
Dashed vertical line indicates non-inferiority margin.
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Study Design

Table 1

DMID 08-0040

Assessed for eligibility (n=168 | —>

Randomized and Vaccinated (n=91)

Excluded (n=77):

e 22 study hold

¢ 14 pre-existing health conditions

* 8 screening hematology out of range

¢ 5 each history of skin conditions, declined

e 3 each abnormal ECG, ALT 21.25ULN, unable to
contact for scheduling

e 2 each weight < 110 Ibs, serum creatinine >ULN

e 1 each 1+urine protein, over age limit, inadequate
birth control, elevated BP, Hx of IV drug use,
immunosuppression, malignancy, prior smallpox
vaccination, recent blood donation, accrual met

!
!

!

High Dose IMVAMUNE — Day 0
e Dose 1 (n=46)
o Analyzable (n=45)

o 1 vaccination error

Standard Dose IMVAMUNE and Placebo - Day 0
e Dose 1 (n=45)
o Analyzable (n=45)

Excluded (n=2)
* 1 history of psoriasis | —p
e 1illness

Excluded (n=3)

¢ 1 minor t wave inversion on ECG
e 1 out of window >
¢ 1 severe nausea after Dose 1

Placebo — day 28
e Dose 2 (n=43)
¢ Analyzable (n=45)*

v

Standard Dose IMVAMUNE - Day 28
e Dose 2 (n=42)
e Analyzable (n=42)

*Since Dose 2 was saline placebo only for the High Dose IMVAMUNE arm, subjects were not excluded from the
immunogenicity analysis if the second (placebo) dose was not administered
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