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Since vaccination remains the only effective protection against orthopox virus-induced diseases such as
smallpox or monkeypox, the strategic use and stockpiling of these vaccines remains of significant public
health importance. The approved liquid-frozen formulation of Bavarian Nordic’s Modified Vaccinia
Ankara (MVA-BN) smallpox vaccine has specific cold-chain requirements, while the freeze-dried (FD) for-
mulation of this vaccine provides more flexibility in terms of storage conditions and shelf life.

Ceywords: In this randomized phase 3 trial, the immunogenicity and safety of 3 consecutively manufactured lots
s;caclllnix of the FD MVA-BN vaccine was evaluated. A total of 1129 healthy adults were randomized to 3 treatment
Monkzypox groups (lots 1 to 3) and received 2 vaccinations 4 weeks apart.

For both neutralizing and total antibodies, a robust increase of geometric mean titer (GMT) was
observed across all lot groups 2 weeks following the second vaccination, comparable to published data.
For the primary results, the ratios of the neutralizing antibody GMTs between the lot group pairs ranged
from 0.936 to 1.115, with confidence ratios well within the pre-specified margin of equivalence. Results
for total antibodies were similar. In addition, seroconversion rates were high across the 3 lots, ranging
between 99.1 % and 99.7 %.

No safety concerns were identified; particularly, no inflammatory cardiac disorders were detected. The
most common local solicited adverse events (AEs) reported across lot groups were injection site pain
(87.2%) and erythema (73.2%), while the most common general solicited adverse events were myalgia,
fatigue, and headache in 40.6% to 45.5% of all participants, with no meaningful differences among the
lot groups. No related serious AEs were reported.

In conclusion, the data demonstrate consistent and robust immunogenicity and safety results with a
freeze-dried formulation of MVA-BN.

Clinical Trial Registry Number: NCT03699124.
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1. Introduction

While the efforts of global vaccination campaigns using
vaccinia-based vaccines succeeded in eradicating smallpox in
1980 [1,2], the strategic use and storage of these vaccines is of con-
tinued public health importance. Large national vaccine stockpiles
are maintained by countries around the world as a means of pro-
tecting against the intentional release of smallpox virus in an act
of bioterrorism [3,4]. Smallpox vaccination also is recommended
for individuals at risk for occupational exposure, including certain
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healthcare professionals, laboratory workers [5] and military per-
sonnel [6]. Additionally, protection against other related orthopox-
viruses, such as monkeypox, can be provided through vaccinia-
based smallpox vaccines [5,7]. This use of smallpox vaccine
remains highly relevant because human monkeypox infections
appear to have increased over the past decade, with the potential
for human-to-human spread [8-11]. In response to monkeypox,
vaccinia-based vaccines have been administered as part of a clini-
cal trial in areas of Africa where the virus is endemic [12] and in
countries, like the United Kingdom, where travelers have pre-
sented with monkeypox disease [13,14] and transmitted it to
others upon their return [15].
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Bavarian Nordic A/S produces a smallpox vaccine that is based
upon the highly attenuated modified vaccinia Ankara strain
(MVA-BN). As of January 2022, the liquid-frozen formulation of
MVA-BN is registered in Europe for active immunization against
smallpox in adults (tradename: IMVANEX®), in the US for the pre-
vention of smallpox and monkeypox disease in adults at high risk
for infection (tradename: JYNNEOS®) and in Canada for active
immunization against smallpox, monkeypox, and related ortho-
poxvirus infection and disease (tradename: IMVAMUNE®).

MVA-BN has been attenuated to the point of being unable to
replicate in mammals and has a superior safety profile compared
to other replication-competent vaccinia-based smallpox vaccines.
Such other live vaccines (e.g., ACAM2000) are associated with
increased incidences of acute myo-/pericarditis (~1:200) and
cardiac-related adverse events such as dyspnea at rest
(~1:100) [16-20]. In contrast, no confirmed cases of inflamma-
tory cardiac disease have been observed following administra-
tion of MVA-BN to nearly 8000 clinical trial participants at the
time of US licensure in 2019 [21,22]. Also, unlike other approved
smallpox vaccines, MVA-BN has a favorable safety profile for
individuals with atopic dermatitis [23,24] and immunodeficiency
[25-27]. Thus, the MVA-BN vaccine addresses a number of safety
concerns that limit the use of previous generations of smallpox
vaccines [21,22].

To enhance both the long-term storage and the ease of distribu-
tion of smallpox vaccine stockpiles, a freeze-dried (FD) formulation
of MVA-BN was developed. Previous trials using MVA-BN have
demonstrated noninferior immune responses and comparable
safety profiles between lyophilized and liquid frozen formulations
[28,29]. Assessments of the long-term stability of the freeze-dried
formulation (FD MVA-BN) are ongoing.

In this report, FD MVA-BN is further characterized by assessing
the consistency of immunogenicity across 3 consecutively pro-
duced vaccine lots. This phase 3 lot-to-lot consistency trial not only
provides valuable insight into the reliability of the freeze-dried for-
mulation manufacturing process but also allows for further charac-
terization of the safety and reactogenicity of FD MVA-BN in over
1000 clinical trial participants.

2. Methods
2.1. Trial design

This was a randomized, double-blind, multicenter, phase 3 trial
conducted at 12 sites in the United States over an approximately 1-
year period, ending in 2020. All trial-related procedures were con-
ducted in accordance with the provisions of the Declaration of Hel-
sinki and approved by the relevant institutional review boards
(IRBs) at each site.

The primary objective of the trial was to show the consis-
tency of neutralizing antibody immune responses to 3 consecu-
tively produced lots of FD MVA-BN. The secondary objectives
were to assess uncommon adverse reactions, with a focus on
cardiac signs and symptoms indicating myo-/pericarditis, and
to collect additional humoral immune response data. It was
planned that approximately 1110 adults would be randomized
(1:1:1) to receive treatment with 1 of 3 FD MVA-BN production
lots (Lot Groups 1, 2, and 3) using an automated randomization
system stratified by clinical trial site. Participants in each Lot
Group received 1 injection at Week 0 and again at Week 4.

2.2. Participants

Healthy men and women between 18 and 45 years of age, with-
out a medical history of autoimmune or coronary heart disease,
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were eligible if they had a body mass index (BMI) > 18.5
and < 35 kg/m?, an electrocardiogram (ECG) without clinically sig-
nificant findings, hematology and chemistry laboratory values
within prespecified normal limits, total bilirubin levels < 1.5 times
the upper limit of normal in the absence of evidence of significant
liver disease, and no prior smallpox vaccination. Participants with
an immediate family member who experienced an onset of
ischemic heart disease prior to 50 years of age were also excluded,
along with participants who had abused alcohol or illicit drugs
within 6 months of screening. Women of childbearing potential
were instructed to use an acceptable method of contraception,
could not be actively breastfeeding, and were required to have a
negative pregnancy test at screening and on each vaccination day.

2.3. Vaccine

MVA-BN is a highly attenuated, purified, live, vaccinia-based
vaccine [30]. The FD MVA-BN bulk drug substance was produced
at Bavarian Nordic A/S (Kvistgard, Denmark) according to GMP
standards, and the final drug product was filled, formulated, and
labeled by IDT Biologika GmbH (Dessau-Rosslau, Germany). The
freeze-dried vaccine was provided as lyophilized aliquots with a
nominal virus titer of 1 x 10® Inf.U/0.5 mL dose. Clinical site per-
sonnel reconstituted each aliquot with 0.65 mL of water for injec-
tion (WFI) and then administered 0.5 mL subcutaneously in the
upper (deltoid) region of the subject’s nondominant arm. Partici-
pants in each lot group received both of their injections from the
same batch (C00020, C00021, and C00022 for Lot Groups 1, 2,
and 3, respectively). FD MVA-BN was shipped and stored between
-25 °C and -15 °C (-13°F to +5°F) and WFI was shipped separately
at 20 °C to 25 °C (68°F to 77°F) and then stored between 15 °C and
30 °C (59°F to 86°F) at the clinical site prior to use.

2.4. Immunogenicity assessments

Immunogenicity parameters to assess lot-to-lot consistency
included total and neutralizing antibody GMTs; seroconversion
rates; the ratio, or consistency, of GMTs between group lot pairs;
and a correlation analysis between total and neutralizing antibody
titers in each lot group. Total serum antibodies were measured
using a vaccinia-specific enzyme-linked immunosorbent assay
(ELISA), and neutralizing antibodies were measured using a
vaccinia-specific plaque reduction neutralization test (PRNT). Sam-
ples for these assessments were drawn at baseline (Week 0) and
2 weeks after the second FD MVA-BN vaccination (Week 6). This
postvaccination assessment timepoint was chosen because peak
antibody titers are consistently observed 2 weeks following the
second vaccination in individuals who have not been previously
vaccinated against smallpox [24,26,31-33]. The PRNT and ELISA
antigens were Western Reserve and MVA, respectively. Both meth-
ods were validated and were performed as previously described for
a prior phase 2 trial [26] with the following modifications: For the
ELISA, an optical density cut-off value of 0.35 was used, and for the
PRNT, the neutralization was performed in Dulbecco’s modified
Eagle’s medium/0.1 % human serum albumin. The lower limits of
quantification (LLOQs) for the ELISA and PRNT assays were 200
and 20, respectively.

2.5. Safety assessments

Assessments of solicited and unsolicited adverse events were
used to characterize the overall safety and reactogenicity of FD -
MVA-BN and to make comparisons across lot groups. Solicited
adverse events constituted a set of pre-defined, expected local
reactions (erythema, swelling, pruritus, induration and pain) as
well as general events (elevated body temperature, headache,
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chills, myalgia, nausea and fatigue) listed on a memory aid. This
memory aid was provided to participants for 2 solicitation periods
of 8 days each, which included each vaccination day and the week
that followed. Intensity of solicited adverse events was graded
according to prespecified criteria defined for each local and general
event. All local solicited events were considered related to trial
vaccine, while relatedness of general events was assessed by the
investigator.

Unsolicited events were collected from the day the first vaccine
was administered (at Week 0) until 4 weeks following the last vac-
cination (overall vaccination period) and consisted of any adverse
event that was either not listed on the memory aid or had occurred
outside the 8-day solicitation periods. Any unsolicited adverse
events ongoing 4 weeks following the last vaccination were fol-
lowed until resolution or until the 6-month follow-up visit. Both
the intensity of the event and its relationship to the trial vaccine
were assessed by the investigator. Any SAEs or adverse events of
special interest (AESIs) experienced during the 6-month follow-
up period were also collected.

As a precaution, AESIs in this trial were defined as any: (1) car-
diac symptoms, (2) clinically significant ECG changes, or (3) tro-
ponin I values that were above the upper limit of normal and
developed since the first vaccination. Participants developing an
AESI were to return for physical and cardiac examinations or fur-
ther diagnostic tests, if clinically indicated, and were followed up
until resolution or stabilization, or until the end of the 6-month
follow-up period.

Safety hematology and chemistry laboratory tests were per-
formed at screening and 2 weeks after each vaccination, and—if
clinically indicated—at any other visit.

2.6. Statistical methods

All statistical analyses were performed using SAS 9.4 (SAS-
Institute, Cary, NC, USA).

A simulation was performed to estimate the required number of
analyzable participants per group based on several underlying
assumptions. A two-sided 95 % significance level was used, and
assumptions of within- and between-lot variability were made
based on prior data. An equivalence margin (A), within which
the difference between lots would be considered equivalent,
of £ 0.301 on the log;o scale (a 2-fold difference) was assumed.
An analyzable sample size of 315 participants in each group was
calculated to yield a power of at least 90 % to show equivalence
for all 3 FD MVA-BN lot groups. In order to account for a dropout
rate of about 15 %, observed in previous MVA-BN trials, a total of
370 participants was planned for each group.

Analyses of immunogenicity endpoints were based on the per
protocol set (PPS), which included those who received all vaccina-
tions and adhered to the protocol without major deviations with
the potential to substantially affect the immunogenicity results.
Geometric mean titers (GMTs), or the antilogarithms of the means
of the log, titer transformations, were calculated for neutralizing
antibodies (measured by PRNT) and total antibodies (measured
by ELISA) at baseline and 2 weeks following the second vaccina-
tion. For titers that were below the limit of quantification (LLOQ),
a value of half the LLOQ was assigned for calculation purposes.

The primary analysis is presented as GMT ratios between lot
groups and their 95 % confidence intervals (Cls). The primary end-
point of equivalence between any 2 lot groups was defined as a CI
around the ratio of the GMTs, measured 2 weeks after the second
vaccination, that was within the prespecified margin of equiva-
lence of 0.5 to 2. The secondary outcome of total antibody titers
was analyzed using the same method of comparison and likewise
presented as GMT ratios and confidence intervals.
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A sensitivity analysis for the primary outcome was repeated on
the Full Analysis Set (FAS) using multiple imputation (MI) for miss-
ing data, assuming titer values were missing at random and log-
normally distributed. Year of birth, sex, and race were used as
predictors. MI was used to create 100 complete sets of results that
accounted for the random variability in titer values. The log-
transformed differences and associated standard errors were com-
bined over the imputations and then back-transformed to the orig-
inal scale.

Seroconversion in this trial was defined as either the appear-
ance of antibody levels > LLOQ for participants who had a titer
level below LLOQ at baseline, or a doubling (or more) of the anti-
body titer compared to baseline for participants who had a
titer > LLOQ at baseline.

Analyses of safety endpoints were based on the FAS, comprised
of all randomized participants who received at least 1 vaccination.
Safety data were summarized descriptively, and unsolicited
adverse events were coded using the Medical Dictionary for Regu-
latory Activities, version 22.

3. Results
3.1. Participant Demographics and characteristics

A total of 1129 participants were randomized, with 377 partic-
ipants in Lot Group 1, 375 participants in Lot Group 2, and 377 par-
ticipants in Lot Group 3 (Fig. 1). All randomized participants
received the first vaccination and were included in the FAS for
evaluation of safety. Across lot groups, the majority of participants
also received the second vaccination (92.8 % to 95.2 %), with
participant-elected withdrawal being the most common reason
for having an incomplete immunization schedule. Very few partic-
ipants did not receive the second vaccination due to an adverse
event. Of those who received both vaccinations, the most common
reason for exclusion from the PPS immunogenicity analyses was
not having a serum sample collected 2 weeks following the second
vaccination (at Week 6). However, most participants across lot
groups were included in the immunogenicity analyses (86.7 % to
88.3 %) and attended the follow-up visit (91.5 % to 92.3 %).

The demographic and baseline medical history characteristics
across lot groups was comparable (Table 1). Overall, the median
age of participants was 30.0 years, with 52.6 % of all volunteers fall-
ing in the age range of > 18 to 30 years, and 55.8 % of participants
were female. Most participants were either of White (77.9 %) or
Black or African American (15.2 %) race, and predominantly not
Hispanic or Latino (93.1 %) ethnicity. Overall, in this generally
healthy adult population, the most common medical history condi-
tions were anxiety (17.2 %), seasonal allergy (17.0 %), depression
(16.3 %), and history of drug hypersensitivity (13.8 %). No partici-
pants had a known history of receiving a smallpox vaccine or a
poxvirus-based vaccine or had a typical vaccinia scar.

3.2. Immunogenicity results

As expected in an unvaccinated population, most participants
did not have detectable vaccinia-specific neutralizing and/or total
antibody levels at baseline (97.8 % and 99.5 %, respectively). Those
with neutralizing or total antibody levels at or above the LLOQ
were roughly evenly distributed across lot groups (Table 2).

Two weeks following the second vaccination (at Week 6), neu-
tralizing antibody GMTs had increased from non-detectable to
252.7 for Lot Group 1, 269.9 for Lot Group 2, and 242.0 for Lot
Group 3. The ratios of GMTs between lot group combinations ran-
ged between 0.936 and 1.115, with 95 % confidence limits ranging
between 0.816 and 1.287. Since the CIs of the neutralizing antibody
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Lot Group 12
N =377 [100%)]

Screened
N= 1597 Excluded
N =468
Reasons:
_| Ineligibility (346)
| Consent Withdrawn (55)
Loss to Follow Up (36)
Y Other (31)
Randomized
N=1129
I
Lot Group 22 Lot Group 32
N =375 [100%)] N =377 [100%)]

Did not receive 214
Vaccination

L3 N =27 [7.2%]

Reasons:

 Participant Withdrawal (10)

* Lossto Follow Up (7)

e Adverse Event (6)

o Other (3)

* Protocol Deviation (1)

¢ Adverse Event (5)

¢ Death (1)

Received 224 Vaccination
N=1350 [92.8%)]

Did not receive 22d Did not receive 2nd
Vaccination Vaccination
L N=18 [4.8%] > N=20 [5.3%]
Reasons: Reasons:
* Participant Withdrawal (7) + Participant Withdrawal (10)

+ Lossto Follow Up (4)

¢ Investigator decision (1)

¢ Lossto Follow up (4)
» Adverse Event (2)
¢+ Other (4)

Received 224 Vaccination
N =357 [95.2%]

Excluded from PPS b
N =50 [13.3%]
| Reasons:
* No Week 6 Sample (36)
* No 2= Vaccination (27)
» LabDewviation (4)
* Timing of 2% Vaccination (4)
¢ Timing of Week 6 Sample (4)
¢ Prohibited Vaccine Use (1)

Received 224 Vaccination
N =357 [94.7%)]

N=44[11.7%]
—» Reasons:

¢ Lab Deviation (1)

Excluded from PPS b Excluded from PPS b

¢ No Week 6 Sample (28) * No Week 6 Sample (30)

» No 2% Vaccination (18) * No 2% Vaccination (20)

¢ Timing of 2*¢ Vaccination (5) * Timing of Week 6 Sample (5)
* Timing of Week 6 Sample (4) + Timing of2* Vaccination (4)
¢ Violation of VE Criteria (2) + LabDeviation (4)

¢ Prohibited Vaccine Use (1)

N=47 [12.5%]
—»| Reasons:

» Violation of IE Criteria (3)

4

A 4

Attended Follow-up Visit
N= 1345 [91.5%)]

Attended Follow-up Visit
N =343 [91.5%]

A4

A4

Analysis Populations
* FAS: N=377 [100%)]

« PPS:N= 327 [86.7%]

Analysis Populations
+ FAS: N=375 [100%]
* PPS:N= 331 [88.3%]

y

Attended Follow-up Visit
N =348 [92.3%)]

v

Analysis Populations
* FAS: N=377 [100%)]
e PPS:N= 330 [87.5%)]

Fig. 1. Subject Disposition (All Participants) Abbreviations: FAS = full analysis set; I/E = inclusion/exclusion criteria; PPS = per protocol set. Note: Participants excluded on
account of timing were either vaccinated or had serum draws at timepoints substantially outside the timeframe specified in the protocol. * All randomized participants
received the first dose of trial vaccine and were included in the FAS for the purpose of evaluating safety. ® Some participants may have been excluded from the PPS for more
than one reason; thus, the individual reason counts may add up to be more than the total number of participants excluded.

GMT ratios all fell within the prespecified interval of 0.5 to 2.0, the
lot groups were considered equivalent, and the primary endpoint
of the trial was met. The sensitivity analysis on the FAS using mul-
tiple imputation to compensate for missing values yielded ratios of
neutralizing antibody GMTs between the lot groups that were clo-
ser to 1 than the results for the PPS. Values ranged between 0.947
and 1.095, and all CIs were within the interval of 0.5 to 2.0.
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Similar findings were observed for total antibodies, with a
response observed 2 weeks following the second vaccination
of GMTs ranging from 1222.0 to 1311.0 across lot groups.
Although equivalence was not formally assessed for this sec-
ondary endpoint, the ratios of GMTs between lot groups and
their 95 % Cls were in the same range as the primary endpoint
(Table 2).
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Table 1
Demographics and Baseline Characteristics (Full Analysis Set).

Characteristic Statistic Lot Group 1 Lot Group 2 Lot Group 3 Overall

(N =377) (N = 375) (N =377) (N = 1129)
Age at Informed Consent (years)
Mean (SD) 30.7 (7.31) 30.6 (7.29) 30.7 (7.50) 30.7 (7.36)
Min, Max 18, 45 18, 45 18, 45 18, 45
Age Group (years), n (%)
18 to 30 203 (53.8) 196 (52.3) 195 (51.7) 594 (52.6)
> 30 to 45 174 (46.2) 179 (47.7) 182 (48.3) 535 (47.4)
Sex, n (%)
Female 210 (55.7) 213 (56.8) 207 (54.9) 630 (55.8)
Male 167 (44.3) 162 (43.2) 170 (45.1) 499 (44.2)
Body Mass Index (kg/m?)
Mean (SD) 26.56 (4.367) 26.48 (4.476) 26.36 (4.389) 26.47 (4.408)
Min, Max 18.5, 349 18.5, 34.8 18.5,35.1 18.5, 35.1
Race, n (%)
White 292 (77.5) 295 (78.7) 293 (77.7) 880 (77.9)
Black or African American 58 (15.4) 55 (14.7) 59 (15.6) 172 (15.2)
Asian 17 (4.5) 13 (3.5) 13 (34) 43 (3.8)
Other 7 (1.9) 9 (2.4) 8 (2.1) 24 (2.1)
American Indian or Alaska Native 2(0.5) 2(0.5) 4(1.1) 8(0.7)
Pacific Islander® 1(0.3) 1(0.3) 0 2(0.2)
Ethnicity, n (%)
Not Hispanic or Latino 348 (92.3) 354 (94.4) 349 (92.6) 1051 (93.1)
Hispanic or Latino 28 (7.4) 20 (5.3) 25 (6.6) 73 (6.5)
Not Reported 1(0.3) 1(0.3) 3(0.8) 5(0.4)

Abbreviations: BMI = body mass index; BMI = body mass index; SD = standard deviation; N = number of participants in the specified group; n = number of participants within

a specified group (N); %, percentage based on N.
2 Including Native Hawaiian.

Seroconversion rates 2 weeks following the second vaccination
were above 98.0 % for both neutralizing and total antibodies in all
groups, with no statistically significant differences among the 3 lot
groups for neutralizing and total antibodies (p = 0.7102 and
p = 0.6916, respectively) (Table 3). Total and neutralizing antibody
levels were highly correlated within each of the lot groups (Fig. 2).
Pearson correlation coefficients (r values) ranged between 0.656
and 0.657, with p-values < 0.0001 for each lot group and overall.

3.3. Safety results

Local solicited AEs were experienced by 91.2 % of all partici-
pants. (Table 4). The most common local solicited AEs were injec-
tion site pain and injection site erythema reported for 87.2 % and
73.2 % of all participants, respectively (Table 6). Across all local
solicited AEs categories, <12.0 % were of Grade 3 intensity, with
the longest mean duration being 15.6 days for injection site
induration and all other events having mean durations ranging
from 4.6 to 6.9 days. Across all local solicited AEs categories, the
mean duration was longer following the first vaccination (4.7 to
18.4 days) compared to after the second vaccination (3.7 to
5.5 days). Most prominently, the mean duration for injection site
induration after the first vaccination (18.4 days) was longer com-
pared to after the second vaccination (5.5 days).

General solicited AEs were experienced by 69.6 % of all partici-
pants during the overall vaccination period, with nearly all events
considered related to trial vaccine (Table 4). The most common
general solicited AEs were myalgia, fatigue, and headache in
40.6 % to 45.5 % of all participants (Table 6). Across all general soli-
cited AEs categories, <4.0 % were of Grade 3 intensity, with mean
durations between 2.0 and 4.1 days. The mean duration of general
solicited AEs was slightly longer after the first vaccination (2.0 to
4.3 days) compared to after the second vaccination (1.8 to
3.2 days).

Unsolicited AEs were reported for 26.2 % of all participants dur-
ing the overall vaccination period (the time from the first vaccine
dose until the last visit or 35 days after the second vaccine dose,
whichever is later), with 9.6 % experiencing events considered at
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least possibly related to the vaccine by the investigator (Table 4).
Grade 3 and higher unsolicited AEs were reported for 1.9 % of par-
ticipants, with 0.3 % having events of this intensity deemed related
to trial vaccine. Overall, the most common unsolicited adverse
events were upper respiratory tract infection (5.8 %), injection site
nodule (2.9 %), and an increase in blood potassium (2.4 %). All other
adverse events were experienced by 1.3 % or fewer of the overall
trial population (Table 5). A slightly higher proportion of all partic-
ipants reported unsolicited AEs after the first vaccination (18.1 %)
as compared to after the second vaccination (13.5 %).

A total of 9 serious AEs (SAEs) were experienced by 9 partici-
pants (0.8 %) across the 3 lots, 5 (0.4 %) during the overall vaccina-
tion period (Table 4) and 4 (0.4 %) during the follow-up period
(Supplemental Materials), with none considered related to trial
vaccine. Those SAEs that occurred during the overall vaccination
period included events of depression, colitis, foot deformity, and
alcoholic pancreatitis. Also, a 44-year-old male with a medical his-
tory of asthma died of unknown causes 28 days after the first vac-
cination. During the 6-month follow-up period, SAEs included
groin abscess, panic attack, and spontaneous abortion, and a 37-
year-old male died of unknown causes 167 days after the last vac-
cination. All non-fatal SAEs had resolved by the time of the last
follow-up assessment.

One pregnancy occurred approximately 7 days after a partici-
pant received a second vaccination and resulted in a live birth.

A total of 8 cardiac-related AEs of special interest (AESIs) were
experienced during the overall vaccination period by 6 participants
(0.5 % across the 3 lots) (Table 4). Importantly, no inflammatory
cardiac disorders were observed. One participant with a medical
history of dyspnea, allergic rhinitis, and heart murmur experienced
a Grade 2 event of exertional dyspnea 6 days after receiving the
first vaccination. The participant had not reported any symptoms
of dyspnea at screening. While the investigator assessed this event
as possibly related to trial vaccine, the sponsor considered the rela-
tionship unlikely. Concomitant medication and medical history
suggested that exertional dyspnea had been a repeated symptom
for this subject, and the 6-day period between vaccination and res-
piratory symptom onset did not clearly suggest a causal relation-
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Table 2
Antibody Titers and Ratios Between Groups at 2 Weeks After the Second Vaccination (Per Protocol Set).
Lot Group 1 Lot Group 2 Lot Group 3
(N =327) (N =331) (N = 330)
Neutralizing Antibodies (Assessed by PRNT)
Baseline, n 326 331 330
<LLOQ, n (%) 321 (98.5) 322 (97.3) 322 (97.6)
2 Weeks After Second Vaccination (Visit 4), n 327 331 330
GMT 252.7 269.9 242.0
95 % CI [LCL, UCL] [231.3, 276.0] [243.2, 299.7] [219.5, 266.8]
GMT Ratio Compared to Group 3 1.044 1.115
95 % CI [LCL, UCL] [0.915, 1.191] [0.967, 1.287]
Equivalence Met" Yes Yes
GMT Ratio Compared to Group 2 0.936
95 % CI [LCL, UCL] [0.816, 1.073]
Equivalence Met © Yes
Total Antibodies (Assessed by ELISA)
Baseline, n 326 331 330
<LLOQ, n (%) 324 (99.4) 329 (99.4) 329 (99.7)
2 Weeks After Second Vaccination (Visit 4), n 327 331 330
GMT 1222.0 1311.0 1226.1
95 % CI [LCL, UCL] [1123.3, 1329.4] [1195.7, 1437.5] [1118.1, 1344.6]
GMT Ratio compared to Group 3 0.997 1.069
95 % CI [LCL, UCL] [0.880, 1.129] [0.939, 1.218]
GMT Ratio compared to Group 2 0.932
95 % CI [LCL, UCL] [0.823, 1.056]

Abbreviations: CI = Confidence Interval; ELISA = Enzyme-linked Immunosorbent Assay; LCL = Lower Confidence Limit; LLOQ = Lower Limit of Quantitation; N = number of
subjects in the PPS in the specified group; n = number of subjects with available titer values; PRNT = Plaque Reduction Neutralization Test; UCL = Upper Confidence Limit.
Note: Geometric means were calculated using the mean of the log; transformed titer values, with corresponding 95% Cls based on a t-test.
Note: Antibody titers below the LLOQ were given a value of half of the LLOQ. The LLOQ was 20 for PRNT and 200 for ELISA.

¢ Equivalence (only assessed for neutralizing antibodies) was met if the LCL > 1/2 and UCL < 2 for PRNT.

Table 3

Seroconversion Rates 2 Weeks Following the Second Vaccination (Per Protocol Set).
Sampling Time Point Lot Group 1 Lot Group 2 Lot Group 3

(N =327) (N =331) (N =330)

Neutralizing Antibodies (Assessed by PRNT), n 326 331 330
Seroconversion, n (%) 325 (99.7) 328 (99.1) 327 (99.1)
95 % CI [LCL, UCL] [98.3, 100.0] [97.4, 99.8] [97.4, 99.8]
p-value?® 0.7102
Total Antibodies (Assessed by ELISA), n 326 331 330
Seroconversion, n (%) 323 (99.1) 325 (98.2) 326 (98.8)
95 % CI [LCL, UCL] [97.3, 99.8] [96.1, 99.3] [96.9, 99.7]
p-value® 0.6916

Abbreviations: CI = Confidence Interval; ELISA = Enzyme-linked Immunosorbent Assay; LCL = Lower Confidence Limit; LLOQ = Lower Limit of Quantitation; N = number of
subjects in the specified group; n = number of subjects with available titer values; PRNT = Plaque Reduction Neutralization Test; UCL = Upper Confidence Limit.
Seroconversion was defined as either the appearance of antibody titers > LLOQ for subjects with a titer below LLOQ at baseline, or a doubling (or more) of the antibody titer
compared to the baseline titer for subjects with a titer equal or above the LLOQ at baseline.
The LLOQ for PRNT was 20 and 200 for ELISA.
95% CI: Clopper-Pearson 95% 2-sided confidence intervals for the proportion of seroconverted subjects.

2 Comparison of Lot Groups 1 to 3 using Freeman-Halton exact test.

ship. All other cardiac-related AESIs were considered unrelated to particularly for vaccines using live, attenuated virus [34,35].
trial vaccine by both the investigator and the sponsor. The out- Though lyophilization is a primary method for improving vaccine
comes of all AESIs were reported as resolved, with the exception stability, freeze-drying live vaccines generally remains complex,
of one case of supraventricular extrasystoles in a participant who but affords greater long-term stability and facilitates a longer pro-
was lost to follow-up. duct shelf life [35].

Withdrawal from the second vaccination occurred due to unso- Fortunately, lyophilization of live, replicating poxvirus vaccines
licited AEs in only 1.1 % of all participants, with no participants was achieved over a century ago and then improved in the 1900s.
withdrawing from the second vaccination on account of solicited The resulting vaccines (e.g., Dryvax, Lancy-Vaxina) were used in

AEs (Table 4). No AEs led to withdrawal from the trial, and there the successful eradication of smallpox, and the World Health
were no meaningful differences in solicited or unsolicited AEs Assembly declared the world free of smallpox in 1980. These live
across lot groups. vaccines were then replaced by cell-cultured poxvirus vaccines
(ACAM2000, CCSV), which still contained replicating virus. The
cell-cultured vaccines were found to have similar safety concerns
[36,37], including, as previously noted, the occurrence of acute
myocarditis and pericarditis, as well as the potential for local repli-
cation and onward transmission. MVA-BN was developed as a
safer, nonreplicating vaccine in a liquid-frozen formulation admin-

4. Discussion

Vaccines stand as one of the greatest achievements of modern
medicine to improve public health. Even so, vaccine instability
remains a challenge during both development and distribution,

402



E. Turner Overton, D. Schmidt, S. Vidojkovic et al.

Vaccine 41 (2023) 397-406

i
100000 | 1 [95%CT) = 0.657 [0.590, 0.714] 3
10000 .
[ i =
2
1000 - . S
3
+ 4 =
100 : ’#.p;'tt
+ + +
+
10 ,
100000 — 1 r9s9cC1] = 0.657 [0.591, 0.714] +|
10000 - *
2 B
2 o
= + 2
2 1000 - i 5
+ + -
H A =3
§ *’++;§ 4t =
100 | % Rk T S
4 >
10 + +
100000 | ¢ [959%CT] = 0.656 [0.589, 0.713]
10000 - ‘
o
[=%
-
1000 - 5
2
‘ =
100 I
$
10 - ++
T ] T
100 1000 10000
ELISA Titers

Fig. 2. Correlation Between Total and Neutralizing Antibodies (Per Protocol Set) Abbreviations: CI = confidence interval; ELISA = Enzyme-Linked Immunosorbent Assay;
PRNT = Plaque Reduction Neutralization Test. Notes: Values below the LLOQ for each method were imputed to half the value of the LLOQ. Pearson correlation coefficient (r)

was calculated on the logy titers.

istered by subcutaneous injection, rather than by skin scarification
with a bifurcated needle. In 2008, the US Strategic National Stock-
pile added MVA-BN to its reserves of essential medical supplies to
strengthen national security and protect US interests in the event
of a smallpox outbreak.

Early development of MVA-BN also included a freeze-dried for-
mulation. For the post-eradication world, lyophilized poxvirus vac-
cines provide potential advantages for long-term storage of
stockpiled doses and for their distribution in the event of an emer-
gency. Given this and the safety profile that was observed with
liquid-frozen MVA-BN, the freeze-dried formulation was recently
targeted for further development and testing. The shelf life of the
current FD MVA-BN vaccine is not yet known, nor is the extent
of the need for cold chain management, as stability assessments
are ongoing. Shelf life of stockpiled vaccine likely is optimized by
storage at —20 °C. However, the titer of the freeze-dried formula-
tion has remained above the minimum specification level at 2 °C
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to 8 °C for 5 years, certainly supporting the possibility to ship
and/or store the vaccine under refrigerated conditions before use
in the event of an emergency.

While enhancing long-term storage and easing cold-chain
requirements of vaccine stockpiles is of great value to public health
initiatives [34,38], demonstrating the consistency and robustness
of the production process is an important step towards the future
licensing of this FD MVA-BN formulation. This phase 3 trial inves-
tigating lot-to-lot consistency of the vaccine with regard to
immunogenicity provided such evidence. For neutralizing antibody
responses, there was no statistical difference in the titers induced
by 3 consecutively produced lots of FD MVA-BN 2 weeks after
the last vaccination, and seroconversion was nearly complete
across groups, ranging between 99.1 % and 99.7 %.

Comparison of the two MVA-BN formulations was undertaken
in 2 previous trials, which demonstrated that the humoral
response to FD MVA-BN is noninferior to the LF formulation of
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Summary of Solicited and Unsolicited Adverse Events for the Overall Vaccination Period (Full Analysis Set).
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Lot Group 1
(N =377)
n (%) [events]

Lot Group 2
(N = 375)
n (%) [events]

Lot Group 3
(N =377)
n (%) [events]

Overall
(N =1129)
n (%) [events]

Unsolicited AEs
Related®
Grade > 3
Grade > 3 Related
Led to Withdrawal from Second Vaccination
Led to Trial Withdrawal
Fatal
Local Solicited AEs"
Led to Vaccine Deferral
Led to Vaccine Discontinuation
General Solicited AEs®
Related®
Led to Vaccine Deferral
Led to Vaccine Discontinuation
Serious Adverse Events
Related®
Grade > 3
Cardiac AEs
of Special Interest’
Related”
Grade > 3

88 (23.3) [143]
33 (8.8) [58]

6 (1.6) [7]
2(0.5) [2]

6 (1.6) [11]

0

0

338 (89.7) [1967]
1(0.3) [1]

0

253 (67.1) [811]
246 (65.3) [773]
0

0

1(0.3)[1]

0

0

2(0.5)[2]

0
1(03)[1]

110 (29.3) [172]
38 (10.1) [54]

8 (2.1)[10]

0

4(1.1)[5]

0

1(03)[1]

348 (92.8) [2082]
0

0
267 (71.2) [912]
256 (68.3) [849]
0

0

3(0.8) [3]

0

2(0.5)[2]
3(0.8) [3]

1(0.3)[1]
0

98 (26.0) [162]
37 (9.8) [48]

7 (1.9) [10]
1(0.3)[1]
2(0.5)[7]

0

0

344 (91.2) [2025]
1(03) [1]

0

266 (70.6) [915]
252 (66.8) [834]
3(0.8) [3]
0
1(03) 1]
0
1(03)[1]
0.3) [3]

0
0

296 (26.2) [477]
108 (9.6) [160]

21 (1.9) [27]
3(0.3) [3]

12 (1.1) [23]

0

1(0.1)[1]

1030 (91.2) [6074]
2(02) [2]

0

786 (69.6) [2638]
754 (66.8) [2456]
3(0.3)[3]

0

5(0.4) [5]

0

3(0.3)[3]

6 (0.5) [8]

1(0.1)[1]
1(0.1)[1]

Abbreviations: AE = Adverse Event; ECG = Electrocardiogram; N = number of subjects in the specified group; n = number of subjects reporting an AE in the specified category.
Note: This summary includes all AEs, SAEs, AESIs, Grade > 3 AEs, and fatalities reported during the overall vaccination period only. The overall vaccination period is the time
from first vaccination through the second vaccination + 35 days or the date of the last visit, whichever is later. Adverse events are presented separately for the two vaccination

periods and additionally for the follow-up period in the Supplemental Materials.

2 Related AEs were either considered at least possibly related to trial vaccine by the investigator or had missing information pertaining to relatedness.
P Local solicited AEs included redness, swelling, induration, pruritus, and pain within 8 days after each vaccination. All local solicited AEs were considered related to trial

vaccine, as defined in the protocol.

¢ General solicited AEs included pyrexia, headache, myalgia, chills, nausea, and fatigue within 8 days after each vaccination. General solicited AEs were considered related
when the investigator considered them at least possibly related to vaccination or when information on relatedness was missing.

4 Cardiac AEs of special interest were defined as any cardiac sign or symptom that developed after the first vaccination, including ECG changes determined to be clinically
significant and cardiac enzyme troponin I levels above the upper limit of normal. These were the only AEs of special interest defined in this trial.

Table 5
Most Common Unsolicited Adverse Events for the Overall Vaccination Period (Full Analysis Set).
Preferred Term Lot Group 1 Lot Group 2 Lot Group 3 Overall
(N =377) (N = 375) (N =377) (N =1129)
n (%) [events] n (%) [events] n (%) [events] n (%) [events]
Upper respiratory tract infection 19 (5.0) [19] 5(6.7) [26] 2] (5.6) [23] 65 (5.8) [68]
Injection site nodule 11 (2.9) [11] 0(2.7) [10] 2(3.2) [12] 33 (2.9) [33]
Blood potassium increased 6 (1.6) [6] 1(2.9)[11] 0(2.7)[10] 27 (2.4) [27]
Injection site discoloration 3(0.8) [3] 5 (1.3) [5] 7 (1.9) [7] 15 (1.3) [15]
Injection site bruising 5(1.3) [5] 4 (1.1) [4] 3(0.8) [3] ]2 (1.1) [12]
Urinary tract infection 1(0.3)[1] 4(1.1) [4] 4(1.1) [4] (0.8) [9]
Vaccination site bruising 2(0.5) [2] 3(0.8) [4] 2 (0.5) [2] (0 6) [8]
Anxiety 2 (0.5) [2] 2 (0.5) [2] 2 (0.5) [3] 6 (0.5) [7]
Ligament sprain 4(1.1) [4] 1(0.3)[1] 1(0.3)[1] 6 (0.5) [6]
Pyrexia 0 3(0.8) [3] 3(0.8) [3] 6 (0.5) [6]

Abbreviations: N = number of subjects in the specified group; n = number of subjects reporting an adverse event in the specified Preferred Term category.

the vaccine [28,29]. The immunogenicity findings in this trial not
only demonstrate consistency among the lots used for this trial,
but also consistency with the growing body of evidence for the
humoral response induced by MVA-BN, regardless of formulation.
Previous studies have repeatedly shown that MVA-BN induces
peak humoral responses 2 weeks following the second vaccination
[24,26,31-33]. If one compares the peak responses across trials,
including this trial, total antibody titers were reliably in the
3 logo range, at which protection against infection is provided.
There was some variability in the neutralizing antibody titers
across different trials, but this variability is largely accounted for
by modifications to the PRNT methods used in different trials.
Therefore, while this trial demonstrates that high antibody titers
are consistently generated across multiple production lots of FD -
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MVA-BN, it also adds to the evidence that lyophilization does not
appear to compromise the immunogenicity of the vaccine.

The favorable safety profile of MVA-BN is further supported by
the findings of this trial, with no vaccine-related serious adverse
events. Importantly, no cardiac inflammatory disorders were
reported in any participants vaccinated with FD MVA-BN, in
marked contrast to what has been observed with replicating small-
pox vaccines [16-18]. As with other MVA-BN trials, the most com-
monly reported adverse events after administration of FD MVA-BN
were solicited local and general reactions that were mostly mild to
moderate in nature and self-limiting. These events also were
evenly distributed across the 3 lot groups with regard to frequency,
intensity, and duration. Similarly, unsolicited adverse events were
evenly distributed across lot groups, with no apparent clusters of
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Table 6
Summary of Solicited Adverse Events (Full Analysis Set).

Lot Group 1 Lot Group 2 Lot Group 3 Overall

(N =377) (N = 375) (N =377) (N=1129)

n (%) n (%) n (%) n (%)
Local Solicited Adverse Events
Injection Site Pain, n (%) 325 (86.2) 330 (88.0) 329 (87.3) 984 (87.2)
Grade 3, n (%) 46 (12.2) 45 (12.0) 43 (11.4) 134 (11.9)
Mean Duration, days [SD] 6.9 [4.41] 7.1 [4.44] 6.7 [3.64] 6.9 [4.18]
Injection Site Erythema®, n (%) 271 (71.9) 283 (75.5) 272 (72.1) 826 (73.2)
Grade 3, n (%) 44 (11.7) 42 (11.2) 29 (7.7) 115 (10.2)
Mean Duration, days [SD] 7.1 [6.53] 6.5 [5.06] 6.6 [5.39] 6.7 [5.68]
Injection Site Swelling?, n (%) 215 (57.0) 233 (62.1) 236 (62.6) 684 (60.6)
Grade 3, n (%) 17 (4.5) 25 (6.7) 12 (3.2) 54 (4.8)
Mean Duration, days [SD] 6.7 [6.47] 6.0 [5.04] 5.9 [4.52] 6.2 [5.38]
Injection Site Induration?, n (%) 215 (57.0) 226 (60.3) 229 (60.7) 670 (59.3)
Grade 3, n (%) 11(2.9) 8 (2.1) 6 (1.6) 25(2.2)
Mean Duration, days [SD] 18.0 [24.04] 13.9 [13.12] 15.0 [15.01] 15.6 [17.94]
Injection Site Pruritus, n (%) 210 (55.7) 230 (61.3) 198 (52.5) 638 (56.5)
Grade 3, n (%) 10 (2.7) 7 (1.9) 10 (2.7) 27 (2.4)
Mean Duration, days [SD] 5.0 [5.70] 4.4 [3.24] 4.4 [3.87] 4.6 [4.37]
General Solicited Adverse Events
Myalgia, n (%) 166 (44.0) 173 (46.1) 175 (46.4) 514 (45.5)
Grade 3, n (%) 13 (3.4) 10 (2.7) 20 (5.3) 43 (3.8)
Mean Duration, days [SD] 4.1 [2.80] 4.0 [3.27] 4.1 [3.30] 4.1 [3.13]
Fatigue, n (%) 140 (37.1) 171 (45.6) 171 (45.4) 482 (42.7)
Grade 3, n (%) 15 (4.0) 13 (3.5) 14 (3.7) 42 (3.7)
Mean Duration, days [SD] 3.9 [5.16] 3.1 [2.70] 3.6 [3.57] 3.5 [3.86]
Headache, n (%) 146 (38.7) 157 (41.9) 155 (41.1) 458 (40.6)
Grade 3, n (%) 14 (3.7) 11 (2.9) 10 (2.7) 35(3.1)
Mean Duration, days [SD] 3.2 [2.85] 3.1[2.49] 3.2 [3.59] 3.2 [3.01]
Nausea, n (%) 75 (19.9) 81 (21.6) 78 (20.7) 234 (20.7)
Grade 3, n (%) 6 (1.6) 6 (1.6) 6 (1.6) 18 (1.6)
Mean Duration, days [SD] 2.6 [2.98] 2.7 [2.76] 2.7 [2.50] 2.6 [2.74]
Body Temperature Increased”, n (%) 47 (12.5) 60 (16.0) 63 (16.7) 170 (15.1)
Grade 3, n (%) 1(0.3) 4(1.1) 1(0.3) 6 (0.5)
Mean Duration, days [SD] 2.3[1.87] 1.9 [1.91] 1.9 [1.92] 2.0 [1.90]
Chills, n (%) 58 (15.4) 54 (14.4) 57 (15.1) 169 (15.0)
Grade 3, n (%) 5(1.3) 4(1.1) 6 (1.6) 15 (1.3)
Mean Duration, days [SD] 2.3 [2.01] 2.3 [2.71] 2.3[2.19] 2.3 [2.30]

Abbreviations: N = number of participants in the specified group; n = number of participants reporting an AE in the specified category.
¢ For injection site erythema, swelling, and induration, the intensity was graded based on the maximum diameter: Grade 0 (none): 0 mm, Grade 1: < 30 mm, Grade 2: > 30

to < 100 mm, Grade 3: > 100 mm.

b For body temperature increased, intensity was graded as: Grade 0 (none): < 99.5°F (or < 37.5°C), Grade 1: > 99.5°F to < 100.4°F (or > 37.5°C to < 38.0°C), Grade 2: >
100.4°F to < 102.2°F (or > 38.0°C to < 39.0°C), Grade 3: > 102.2°F to < 104.0°F (or > 39.0°C to < 40.0°C), Grade 4: > 104.0°F (or > 40.0°C).

events affecting specific body systems. Therefore, these results
demonstrate consistency across production lots in terms of reacto-
genicity as well as immunogenicity.

5. Conclusions

The results of this clinical trial show consistent immunogenicity
for FD MVA-BN, with statistically equivalent neutralizing antibody
titers 2 weeks after the second vaccination across multiple lot
groups. Both neutralizing and total antibody responses were robust
and similar to those observed in previous clinical trials. Safety and
reactogenicity of FD MVA-BN were also comparable across lot
groups and consistent with the known safety profile of MVA-BN.
The summary of this evidence supports the appropriateness of FD -
MVA-BN as an alternative to liquid-frozen vaccine and demon-
strates the reliability of the manufacturing process. Further
information on long-term stability could confirm its advantages
for stockpiling and emergency distribution.
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