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Abstract

Background

Modified Vaccinia Ankara (MVA) is a live, viral vaccine under advanced development as a
non-replicating smallpox vaccine. A randomised, double-blind, placebo-controlled phase lli
clinical trial was conducted to demonstrate the humoral immunogenic equivalence of three
consecutively manufactured MVA production lots, and to confirm the safety and tolerability
of MVA focusing on cardiac readouts.

Methods

The trial was conducted at 34 sites in the US. Vaccinia-naive adults aged 18-40 years were
randomly allocated to one of four groups using a 1:1:1:1 randomization scheme. Subjects
received either two MVA injections from three consecutive lots (Groups 1-3), or two placebo
injections (Group 4), four weeks apart. Everyone except personnel involved in vaccine han-
dling and administration was blinded to treatment. Safety assessment focused on cardiac
monitoring throughout the trial. Vaccinia-specific antibody titers were measured using a Pla-
que Reduction Neutralization Test (PRNT) and an Enzyme-Linked Immunosorbent Assay
(ELISA). The primary immunogenicity endpoint was Geometric Mean Titers (GMTSs) after
two MVA vaccinations measured by PRNT at trial visit 4. This trial is registered with Clinical-
Trials.gov, number NCT01144637.

Results

Between March 2013 and May 2014, 4005 subjects were enrolled and received at least one
injection of MVA (n = 3003) or placebo (n = 1002). The three MVA lots induced equivalent
antibody titers two weeks after the second vaccination, with seroconversion rates of 99-8%
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(PRNT) and 99-7% (ELISA). Overall, 180 (6:0%) subjects receiving MVA and 29 (2:9%) sub-
jects in the placebo group reported at least one unsolicited Adverse Event (AE) that was
considered trial-related. Vaccination was well tolerated without significant safety concerns,
particularly regarding cardiac assessment.

Conclusions

The neutralizing and total antibody titers induced by each of the three lots were equivalent.
No significant safety concerns emerged in this healthy trial population, especially regarding
cardiac safety, thus confirming the excellent safety and tolerability profile of MVA.

Trial registration
ClinicalTrials.gov NCT01144637

Introduction

Despite the eradication of smallpox in 1980 [1], the risk of reoccurrence still remains due to its
potential use in biological warfare [2, 3]. The limited immunity in the general population due
to the discontinuation of routine vaccination programs raises the need for contingency plans
involving vaccine stockpiles. However, current stockpiles comprise traditional replicating vac-
cines that are contraindicated for up to 25% of the population (e.g. individuals with impaired
immune systems or eczematous skin disease, as well as their contacts) [4]. Furthermore, a
series of cardiac adverse events, including myo-/pericarditis, have been observed in close tem-
poral relationship to the administration of replicating smallpox vaccines such as ACAM2000
[5-9]. Their use in a pre-emergency situation is thus restricted to high-risk populations (e.g.
military personnel), disregarding other relevant groups such as first-line responders. Safer vac-
cines are thus needed to encompass a wider population. MVA is a live, highly attenuated Mod-
ified Vaccinia Ankara virus currently in advanced clinical development as a non-replicating
smallpox vaccine and is considered to be a safer alternative over replicating smallpox vaccines
[10].

MV A has demonstrated protective efficacy in animal models, including non-human pri-
mates [11], as well as robust immunogenicity and a good safety profile in healthy individuals,
including elderly and at-risk populations usually contraindicated to receive replicating small-
pox vaccines [people infected with human immunodeficiency virus (HIV), diagnosed with
atopic dermatitis (AD), or under immune suppressive treatment] [12-17]. Moreover, MVA
induces peak antibody responses comparable to the ones elicited by the replicating smallpox
vaccine Dryvax®™ in healthy subjects. Prior MVA vaccination inhibits the replication of vac-
cinia virus (Dryvax‘f""\’) in the skin [18]. In order to further address the potential efficacy of
MVA as a reliable inoculation strategy against smallpox, clinical trials performed so far have
included vaccinia-naive as well as vaccinia-experienced subjects [12,13,15,19]. In 2010, MVA
was granted a pre-emergency use authorization status in the U.S. for the vaccination of vulner-
able populations contraindicated to receive replicating smallpox vaccines, such as HIV-
infected individuals and subjects with atopic dermatitis (AD). MV A has been licensed in the
European Union (EU) and Canada since 2013 (trade name outside EU IMVAMUNE®;
invented name in the EU IMVANEX™®) [17,18,20,21].
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The objectives of the phase III trial reported here were to demonstrate the equivalence of
three consecutive MVA production lots in terms of induced antibody titers, and to confirm
the favorable cardiac safety and tolerability profile of MVA.

Methods
Trial design and participants

This randomised, double-blind, placebo-controlled Phase III trial was conducted at 34 sites in
the US between March 18, 2013 and May 23, 2014. The study was approved by the following
Institutional Review Boards: Quorum Review IRB, 1601 5™ Avenue, Seattle, WA; Washington
University in St. Louis Human Research Protective Office, 600 South Euclid Avenue, St. Louis,
MO; Marshall University IRB #1 / Office of Research Integrity, 401 11" Street, Huntington,
WYV; The University of Alabama at Birmingham IRB for Human Use, 701 20" Street South,
Birmingham, AL.

Healthy, vaccinia-naive, women and men aged 18-40 years were randomised into four
groups: Groups 1 to 3 received two subcutaneous (s.c.) MVA injections from three different
consecutively manufactured vaccine lots at weeks 0 and 4. Group 4 received two s.c. placebo
injections in the same time interval. The active trial period (8-10 weeks) comprised five visits.
A phone follow-up (FU) visit was performed 26 weeks after the second injection. The trial was
conducted according to ICH-GCP standards and the principles of the Declaration of Helsinki.
The protocol was approved by independent review committees for each site and all subjects
provided written informed consent prior to participation.

Randomisation and blinding

Treatment was assigned at trial visit 1 after re-confirmation of the subject’s eligibility. The ran-
domisation scheme was 1:1:1:1 (3 MVA groups and 1 placebo group). Randomisation was
stratified by clinical trial site. The unblinded trial statistician generated randomisation
sequences (block randomisation with block size of eight) and the unblinded clinical trial staff
assigned each participant to a treatment group using a secure interactive web response system.

Everyone except personnel performing randomization, vaccine handling and administra-
tion, remained blinded to treatment throughout the study.

Procedures

The MVA bulk drug substance was produced at Bavarian Nordic A/S (Kvistgard, Denmark)
according to cGMP standard and the final drug product was filled, formulated and labelled at
IDT Biologika GmbH (Dessau-Rof8lau, Germany). One dose (0-5 mL) of the liquid frozen for-
mulation had a nominal virus titre of 1 x 108 TCIDs,. Placebo consisted of the vaccine formu-
lation buffer, Tris-buffered saline (TBS), provided in liquid aliquots. One placebo dose (0-5
mL) contained 0-605 mg tris (hydroxymethyl)-amino methane and 4-09 mg sodium chloride.
To evaluate the safety of MVA, solicited and unsolicited AEs were recorded at all visits.
Serious Adverse Events (SAEs) were monitored up to the six months phone FU visit. Solicited
AEs constituted a set of pre-defined, expected local reactions (erythema, swelling, pain, itch-
ing, and induration) and systemic symptoms (pyrexia, headache, myalgia, nausea, fatigue and
chills). All solicited AEs were recorded on a memory aid during an 8-day period following
each injection. Treatment-emergent unsolicited AEs were events not included in the memory
aid and reported by the subject within a 29-day period after each injection. Safety laboratory
tests were performed at screening and two weeks after each injection. Troponin I testing and
electrocardiograms (ECG) were performed at screening and two weeks after the first injection.
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If clinically indicated, additional safety measures could be taken at any other scheduled or
unscheduled visit. Any cardiac symptoms developed since the first injection, clinically sig-
nificant ECG changes and Troponin I elevations >2 x upper limit of normal (ULN) were
defined as AEs of special interest (AESIs). Any subject developing an AESI was requested to
return to the clinical trial site in order to perform a thorough work-up, physical and cardiac
examination comprising ECG, cardiac enzymes and/or echocardiogram. If necessary, further
diagnostic tests and regular follow-ups could be performed until complete resolution or
stabilization.

Blood for immunogenicity serum collection was drawn at baseline prior to the first injec-
tion (week 0) and two weeks after the second injection (week 6). These time points are based
on results obtained during the phase I and II development program, in which peak antibody
titers were consistently observed two weeks after the second vaccination in vaccinia-naive
subjects [15,16,19-22]. PRNT and ELISA were performed as previously described with the
following modifications: For the ELISA, a cut off value of 0-35 was used. For the PRNT, the
neutralization was performed in Dulbecco’s modified Eagle’s medium/0-1% human serum
albumin and the detection limit was a titer of 2 [15]. Seroconversion was defined as the appear-
ance of titers equal to or higher than the detection limit for subjects seronegative at baseline, or
as an at least 2-fold increase over pre-existing titers for subjects tested positive at baseline.

Objectives

The primary objective was to assess the equivalence of three consecutively produced MVA lots
by PRNT. The secondary objectives were to assess uncommon adverse reactions, with a partic-
ular focus on cardiac signs and symptoms indicating myo- /pericarditis, and to compare their
frequency to those observed after placebo. Additionally, vaccinia-specific humoral immune
evaluations utilizing an ELISA and a correlation analysis between total and neutralizing anti-
body titers were performed.

Criteria for evaluation

Primary immunogenicity endpoint:
GMTs after two MV A vaccinations measured by PRNT at trial visit 4.
Secondary immunogenicity endpoints:

1. GMTs after two MVA vaccinations measured by ELISA at trial visit 4.
2. Vaccinia-specific PRNT and ELISA seroconversion rates at trial visit 4

3. Pearson Correlation Coefficient between the log;, transformed PRNT titers and the
log;o transformed ELISA titers at trial visit 4.

Secondary safety and reactogenicity endpoints:

1. Occurrence, relationship and intensity of any Serious Adverse Event (SAE) at any time
during the trial.

2. Occurrence, relationship and intensity of any cardiac sign or symptom indicating a case
of myo-/pericarditis
3. Occurrence of any Grade 3 or 4 Adverse Events (AEs) probably, possibly or definitely

related to the trial vaccine within 28 days after vaccination.

4. Occurrence, relationship and intensity of unsolicited non-serious AEs within 28 days
after each vaccination.
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5. Occurrence, relationship and intensity of solicited local AEs (erythema, swelling, pain,
itching, and induration) during the 8-day period (day of vaccination and the following
seven days) after each vaccination.

6. Occurrence, relationship, intensity and duration of solicited general AEs (pyrexia, head-
ache, myalgia, nausea, fatigue and chills) during the 8-day period (day of vaccination
and the following seven days) after each vaccination.

Datasets analysed. The Full Analysis Set (FAS) consisted of all randomized subjects who
received at least one vaccination and for whom any data were available. For all analyses using
the FAS, subjects were summarized according to the treatment that they received.

The Immunogenicity Analysis Set (IAS) was a subset of the FAS comprised of the first 700
randomized subjects from each group.

The Per Protocol Set (PPS) consisted of all subjects present in the IAS who received both
vaccinations, completed Visits 1, 3, and 4, and adhered to all protocol conditions. Subjects
with only minor protocol deviations were included in this dataset.

Statistical analysis

Statistical analyses were performed using SAS version 9.1 (SAS Institute, Cary, NC).

Assuming a significance level of 5%, an analyzable sample size of 600 per group for the PPS,
and an expected log; titer SD of 0.85 in all groups receiving MVA for the PRNT, the primary
hypothesis of the PRNT GMT at Visit 4 (i.e., after two MVA vaccinations) has a power of > 80%
to show equivalence for all three MV A groups, using an equivalence margin of A = 0.301 on the
log; scale. In order to account for a dropout rate of about 15%, which has been observed in previ-
ous MVA trials, serum collection was scheduled for a total of 700 subjects in each group.

To allow a proper safety analysis, 300 additional subjects were enrolled in each group to
ensure that a total of ~ 1,000 subjects per group were available, giving a combined MVA safety
population of 3,000 subjects. With this sample size the trial had a 95% chance of detecting any
uncommon AEs, i.e., AEs with an incidence of at least 1/1,000.

Immunogenicity analyses were primarily ran on the PPS and the IAS.

The PRNT and ELISA titers were transformed into log titers for the calculation of geo-
metric means and 95% confidence intervals (CIs). Titers below the detection limit were
assigned a value of 1 for GMT calculation.

For lot equivalence, a two-sided 95% CI was calculated using the differences of the means
of the log;,-transformed post baseline titers between pairs of lots. Equivalence among the
three lots was demonstrated if for each pair of lots, the two-sided 95% CI for the log;o PRNT
mean was between -0-301 and 0-301, i.e., if the PRNT GMT ratio of each pair of lots was
between 0-5 and 2-0. For the ELISA, the two-sided 95% CI was -0-176 and 0-176, i.e. the ELISA
GMT ratio was between 0-66 and 1-5.

For the PRNT and ELISA correlation, Pearson’s correlation coefficient (with associated CI)
between log,, titers measured by both assays was calculated per group and for Groups 1-3
combined along with the associated p-values and 95% Cls.

The trial was overseen by an independent data safety monitoring board (DSMB; 4 meet-
ings) and is registered with ClinicalTrials.gov, number NCT01144637.

Results

A total of 5357 volunteers aged 18-40 years were screened, of whom 4005 were eligible for
enrolment. All eligible subjects received at least one injection, had data available for analysis
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Assessed for eligibility (n=5357)

Excluded (n=1352)

Reasons
Enrollment » Failed Inclusion Criterion (n=848)
Failed Exclusion Criterion (n=141)
Withdrew Consent (n=163)
Other (n=200)
Randomized (n=4005)
Group 1 (Lot 1) Group 2 (Lot 2) Group 3 (Lot 3) Group 4 (Placebo)
Enrolled (n=999) Enrolled (n=1005) Enrolled (n=999) Enrolled (n=1002)
Discontinued (n=74) Discontinued (n=76) Discontinued (n=60) Discontinued (n=56)
Allocation Reasons Reasons Reasons Reasons
Withdrew consent (n=10) Withdrew consent (n=4) Withdrew consent (n=5) Withdrew consent (n=9)
Unable to comply (n=21) Unable to comply (n=25) Unable to comply (n=22) Unable to comply (n=13)
Adverse Event (n=6) Adverse Event (n=7) Adverse Event (n=3) Adverse Event (n=3)
Other (n=37) Other (n=40) Other (n=30) Other (n=31)
Completed follow-up Completed follow-up Completed follow-up Completed follow-up
Follow-up (n=925) (n=935) (n=938) (n=941)
FAS  (n=999) FAS  (n=1005) FAS  (n=999) FAS  (n=1002)
Analysis IAS  (n=710) IAS  (n=703) IAS  (n=706) IAS  (n=710)
PPS (n=637) PPS (n=628) PPS (n=641) PPS (n=643)

Fig 1. Subject disposition. FAS = full analysis set; IAS = Immunogenicity Analysis Set, subset used for immunogenicity analysis (first ~ 700 subjects enrolled per
group); PPS = per protocol set; n = number of subjects in the specified category.

https://doi.org/10.1371/journal.pone.0195897.9001

and were included in the FAS. Of these 4005 subjects, 2829 were included in the IAS. Of the
2829 subjects in the IAS, 2549 were eligible for the PPS (Fig 1).

There were no statistically significant differences for any demographic characteristics
among treatment groups (Table 1).

Vaccinations were generally well tolerated.

Higher proportions of subjects vaccinated with MV A experienced solicited local AEs com-
pared to Placebo (Group 1: 892/985 [90-6%]; Group 2: 865/976 [88-6%]; Group 3: 879/982
[89-5%] and Placebo: 344/980 [35-1%] as well as solicited general AEs compared to Placebo
(Group 1: 588/985 [59-7%]; Group 2: 577/976 [59-1%]; Group 3: 589/982 [60-0%] and Placebo:
381/980 [38-9%]).

Table 2 presents an overview of the incidence of all unsolicited AEs. A total of 180 (6-0%)
subjects in the combined MV A groups (Groups 1-3) reported at least 1 unsolicited AE that
was considered by the investigator to be (at least possibly) related to the trial vaccine. A smaller
proportion of subjects in the placebo group (2-9%) experienced related unsolicited AEs
(p = 0-0001).

Injection site induration and injection site hematoma were the only unsolicited AEs experi-
enced by more than 1% of the subjects and mostly occurred after the first vaccine administra-
tion (data not shown).

A total of 18/3003 MV A-vaccinated subjects (0-6%) and 3/1002 placebo-vaccinated subjects
(0-3%) were withdrawn from the trial due to an AE, most of which were assessed as unrelated
or unlikely related to the trial vaccine, and had a mild to moderate intensity. Four subjects
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Table 1. Demographic data (FAS, n = 4005).

Group Group 1 (Lot 1) Group 2 (Lot 2) Group 3 (Lot 3) Groups 1-3 Group 4 (Placebo)
(n=999) (n=1005) (n=999) (n=3003) (n=1002)
Age [years] | Mean 28 27 28 28 28
SD 63 6:2 63 63 6-4
Height Mean 170 171 171 171 171
[em] SD 9:6 10-1 9:6 9.7 10-1
Weight Mean 76 77 77 77 76
(ke] SD 14-8 155 154 152 158
Gender Male 473 (47%) 478 (48%) 505 (51%) 1456 (48%) 463 (46%)
Female 526 (53%) 527 (52%) 494 (49%) 1547 (52%) 539 (54%)
Ethnicity | Hispanic/Latino 119 (12%) 119 (12%) 108 (11%) 346 (12%) 109 (11%)
Non-Hispanic/Latino 880 (88%) 886 (88%) 890 (89%) 2656 (88%) 893 (89%)
Race White/Caucasian 773 (78%) 790 (79%) 765 (77%) 2328 (77%) 773 (77%)
Black/African 172 (17%) 165 (16%) 191 (19%) 528 (18%) 184 (18%)
American
Oriental/Asian 24 (2%) 17 (2%) 18 (2%) 59 (2%) 19 (2%)
Other 30 (3%) 33 (3%) 25 (2%) 88 (3%) 26 (3%)

Data for gender, ethnicity and race are n (%), SD = standard deviation.

https://doi.org/10.1371/journal.pone.0195897.t001

receiving MV A were withdrawn due to AEs corresponding to arthralgia, bundle branch block,
pericarditis or pruritus, assessed as possibly related to the trial vaccine. The occurrence of two
life-threatening events (a suicide and a suicide attempt) leading to withdrawal of subjects
receiving MV A was assessed as unrelated to the vaccine. One subject in the placebo group
experienced a seizure in temporal relation to the trial vaccination. This possibly related SAE of
moderate intensity was the only Suspected Unexpected Serious Adverse Reaction (SUSAR)
occurring during the trial. Injection site reactions and an AE of dizziness leading to withdrawal
were assessed as definitely related to the vaccine. Overall, the AE safety profile across the three
MVA groups was similar (Table 2).
A small proportion of subjects (< 1%) in the placebo group and the combined MVA groups

experienced SAEs (p > 0-9999).

Table 2. Overview of unsolicited adverse events per subject (FAS, n = 4005).

Group 1 (Lot 1) Group 2 (Lot 2) Group 3 (Lot 3) | Group 1-3 (n =3003) p- Group 4 (Placebo)
(n =999) (n =1005) (n =999) value® (n=1002)

SAE 11 (1-1)* 7(0-7) 7(0-7) 25 (0-8) p = 1-0000 $(0-8)
At least possibly related SAE 0(0-0) 0 (0-0) 0 (0-0) 0 (0-0) p = 0-2502 1(0-1)
AESI 2(0:2) 5(0-5) 1(0-1) 8 (0-3) p = 0-4654 1(0-1)
At least possibly related AESI 0 (0-0) 1(0-1) 1(0-1) 2 (0-1) p = 1-0000 0 (0-0)
Unsolicited AE 199 (19-9) 238 (23-7) 223 (22-3) 660 (22-0) p = 0-0400 189 (18-9)
At least possibly related unsolicited AE 54 (5-4) 59 (5-9) 67 (6:7) 180 (6-0) p<0-0001 29 (2:9)
At least possibly related unsolicited AE 2(0-2) 2(0-2) 2(0-2) 6(0-2) p=0-6882 1(0-1)
Grade0020030> 3
AE leading to withdrawal from trial 5(0-6) 9 (0-8) 4(0-5) 18 (0-6) p = 0-3202 3(0-3)

Data are n (%)

* One subject in Group 1 committed suicide 19 days after receiving the first injection. The investigator assessed this death as unrelated to treatment.

# p-value calculated using Fisher’s exact test comparing the incidences in the combined Groups 1-3 versus Group 4

https://doi.org/10.1371/journal.pone.0195897.t1002
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A total of 8/3003 subjects (0-3%) in the combined MV A groups experienced AESI com-
pared to one subject in the placebo group (Table 2). Two subjects with elevated Troponin I val-
ues (0-13 ng/mL and 0-14 ng/mL) and no abnormal ECG findings returned to normal levels
upon retest. Neither was deemed as related to vaccine. Furthermore, five subjects (four in the
MV A groups and one in the placebo group) were referred to a cardiologist for evaluation with-
out apparent indication of cardiac toxicity.

Two out of the 3003 MV A-vaccinated subjects (0-1%) experienced AESI related to MVA
(Table 2): one in Group 2 exhibited a right bundle branch block in the ECG and another in
Group 3 experienced symptoms indicating possible acute pericarditis according to protocol
criteria (chest pain worsening when lying down) (Table 3). A thorough cardiac examination,
including auscultation, ECG, Troponin I testing and echocardiography did not confirm the
diagnosis. The echocardiography did not reveal any signs of pericardial effusion, pericardial
rub, ECG changes suggestive of pericarditis, Troponin I increase or decreased exercise capac-
ity. A detailed laboratory examination revealed a positive serology for Coxsackie B virus in
temporal relation to the reported chest pain, suggesting a possible acute viral infection as the
potential cause of the symptoms.

No subjects in the placebo group experienced AESI considered related to trial vaccine. All
AESIs, except a tachycardia experienced by a subject in Group 2, occurred after the first
vaccination.

Immunogenicity data for the PPS are shown in Table 4. Similar results were obtained for
the IAS. Comparable baseline titers were observed amongst the groups (PRNT: GMT of 1-0
for all groups; ELISA: GMT ranging from 1-1 to 1-3; data not shown) indicating no baseline
immunity to smallpox. Two weeks after the second vaccination, vaccinia-specific neutralizing
(PRNT) titers had risen to 110-7, 110-5 and 117-2 in Groups 1, 2 and 3 respectively, while the
placebo Group had a GMT of 1-0. For total antibodies, ELISA GMT values of 901-0, 794-4 and
946-7 were observed for Groups 1, 2 and 3 respectively, with a GMT of 1-1 in the placebo
Group. In both the PRNT and ELISA, >99-5% of subjects had seroconverted two weeks after
the second vaccination across all MV A groups, with 1-4% (PRNT) and 2:0% (ELISA) of sub-
jects meeting the criteria for seroconversion in the placebo group. Equivalence was statistically
proven with a ratio of 1-10, 0-94 and 0-86 in the PRNT for Group 1/ Group 2, Group 1/
Group 3 and Group 2 / Group 3 respectively, meeting the trial primary endpoint. Similar ratios
(1-13, 0-95 and 0-84) were determined through ELISA for the respective group pairs (Table 4).

Table 3. Adverse events of special interest (FAS, n = 4005).

https://doi.org/10.1371/journal.pone.0195897.t003

Preferred term Relationship to trial vaccine determined by investigator Outcome
Group 1 (Lot 1)

Troponin I increase > 2 x ULN Unlikely Resolved

Wolff-Parkinson-White Syndrome Unrelated Resolved
Group 2 (Lot 2)

Troponin I increase > 2 x ULN Unlikely Resolved

Supraventricular extrasystoles Unrelated Resolved

Bundle branch block right Possible Not Resolved

Tachycardia Unrelated Resolved

ECG ST Segment abnormal Unrelated Unknown
Group 3 (Lot 3)

Pericarditis Possible Resolved
Group 4 (Placebo)

Bundle branch block right Unrelated Resolved
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Table 4. PRNT and ELISA GMTs, seroconversion rates and GMT group ratios 2 weeks after the second vaccination (PPS, n = 2549).

PRNT and ELISA GMT and seroconversion rates

Group

GMT [95% CI] SC PRNT
ELISA

Group Ratios of PRNT and ELISA GMT
Group Ratio

Ratio of GMT [95% CI] PRNT
Equivalence Met* ELISA

901-0 [844-8,961-1] 99-7%

Group 1 (Lot 1) (n = 637) Group 2 Group 3 (Lot 3) (n = 641) Group 1-3 Group 4 (Placebo)
(Lot 2) (n =1906) (n=643)
(n=628)
110-7 [103-4, 118-4] 99-8% 110-5 [93-7, 117-2 [109-0, 126-0] 99-8% 109-3 [104-9, 1-0 [1-0, 1-1] 1-4%

107-8] 99-7%

794-4 (7381,
855-0] 99-5%

113-8] 99-8%

8789 [845-3,
913-8] 99-7%

946-7 [888-2, 1008-9] 100-0% 1-1[1-1,1-3] 2:0%

Group 1/Group 2
1-1012 [0-9992, 1-2136] Yes
11342 [1-0288, 1-2505] Yes

Group 1/Group 3
0-9444 [0-8554, 1-0427] Yes
0-9518 [0-8695, 1-0419] Yes

Group 2/Group 3
0-8577 [0-7753, 0-9488] Yes
0-8392 [0-7615, 0-9247] Yes

GMT: Geometric Mean Titer (for purposes of calculation titers below the detection limit are given the arbitrary value 1)

95% CI: 95% confidence interval [LCL = lower confidence limit and UCL = upper confidence limit]

SC: Seroconversion is the percentage of subjects who became seropositive or had an at least two-fold rise in titer from baseline
*: Equivalence is passed if the LCL > 1/ Delta and UCL < Delta. For the PRNT Delta is 2, i.e. CI must be contained in [1/2, 2]. For the ELISA Delta is 1-5, i.e. the CI

must be contained in [2/3, 1-5].

https://doi.org/10.1371/journal.pone.0195897.t1004

PRNT and ELISA titers were significantly correlated two weeks after the second vaccination in
all groups (p < 0-0001, data not shown).

Discussion

This phase III trial was designed according to the recommendations issued by the US FDA to
commercialize a non-replicating smallpox vaccine. The results demonstrate a consistent MV A
manufacturing process and confirm the favorable cardiac safety profile of MVA in a large
population.

Comparable vaccinia-specific PRNT GMT values were observed two weeks following the
second vaccination (week 6) in the PPS, demonstrating the equivalence of three consecutively
produced MVA lots. MVA induced strong total (ELISA) and neutralizing (PRNT) antibody
responses, with seroconversion rates of at least 99-5% after the second vaccination. Analogous
findings were previously observed using the same MVA administration scheme [14,15,20-22],
showing a reliable immunogenic potential.

This trial adds a large dataset of almost 2000 paired ELISA and PRNT titers to the immuno-
genicity database, exhibiting a significant correlation between total and neutralizing antibody
titers that confirms the results of previous clinical trials [17]. Similarly, these results signifi-
cantly enlarged the overall existing safety database of MV A. The addition of 3003 MV A vacci-
nated subjects, together with the 651 subjects from a recently completed phase II trial
(publication in preparation), has doubled the size of the MV A safety database, i.e. cumulative
safety data are now available from almost 8000 vaccinees.

Most of the AEs reported after MV A administration in this trial comprised temporary local
and systemic reactions of mild to moderate intensity that did not require additional treatment
nor led to withdrawal from further vaccination. As expected, the frequency of solicited AEs
observed in the three MV A groups was significantly higher compared to the placebo group.
Their frequency, intensity and duration were equally distributed across the 3 MV A groups,
showing lot equivalence. This profile was similar to those established during the phase I and II
clinical trial programs, further demonstrating the excellent and reliable safety of MV A across
different populations [12, 13, 20-23].
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Concerning unsolicited AEs, including SAEs, no trends towards any specific events or sys-
tem organ classes were observed. The overall number of unsolicited AEs and SAEs was low
and the distribution was comparable across all treatment groups.

Replicating smallpox vaccines are associated with a series of cardiac AEs of inflammatory
nature, such as myo/pericarditis. MVA has exhibited a lack of such effects in almost 8000 vac-
cinees [6, 24]. A lower incidence of AESI was observed in the present study compared to previ-
ous trials, with no significant difference between the MV A and placebo groups. No signs of
cardiac inflammatory disorders were detected in the 3003 subjects treated with MVA. A single
case of chest pain that worsened when lying down occurred during the trial, meeting the pro-
tocol criteria for possible acute pericarditis. However, thorough cardiac examinations revealed
normal ECG results without pericardial effusion and normal Troponin I levels. This event was
therefore assessed as unlikely related to MV A and resolved spontaneously with no sequelae.
These findings are in line with previous studies, suggesting a robust cardiac safety profile
[12,13].

Only three of the 3003 MV A-vaccinates showed an increase of Troponin I above normal
limit following vaccination. One subject exhibited an elevated Troponin I value at baseline that
did not classify as an AESI and therefore met the inclusion criterion for enrolment. This value
later increased above baseline levels. The second subject showed increased Troponin I levels
upon the second visit (14 days after the first vaccination), accompanied by normal ECG results.
His Troponin I levels returned to normal 5 days later. The event was considered as resolved
and assessed as unlikely related to the trial vaccine. The third subject had elevated Troponin I
levels 15 days after vaccination. Further cardiac examination revealed signs suggesting athlete’s
heart, which coincided with a history of marathon running. The event was later considered as
resolved and assessed as unlikely related to trial vaccine. In summary, the frequency of Tropo-
nin I increase above ULN following MV A administration was below 1 in 1000.

All AESI were transient without long-term cardiac damage according to the cardiology fol-
low-up examinations. AESI reports were based on findings obtained through the targeted
examinations including Troponin I testing and ECG readings. Epidemiologic figures for back-
ground incidence of Troponin I elevations are in the range of 0-43% to 1-5%, depending on
the definition of the upper limit of normal [25-27]. The background incidence of pericarditis
shows a frequency of up to 27-7 cases per 100,000 patients [28]. The incidence for all AESI
reported in this trial is thus in line with or below the published background incidence rates for
otherwise healthy populations, suggesting that MV A administration presents no increased car-
diac risk to recipients.

This phase III trial further demonstrates the favorable cardiac safety profile of the non-rep-
licating smallpox vaccine MVA. Replication-competent smallpox vaccines such as Dryvax and
ACAM2000 are associated with a significant risk of myo-/pericarditis [6-10, 29], with inci-
dence rates ranging from 1 in 175 to 1 in 216 vaccinees following vaccination [29, 30]. A recent
prospective surveillance study reported a significant increased risk to develop cardiovascular
symptoms such as chest pain (approx. 1 in 12 vaccinees) and dyspnoea (approx. 1 in 19 vacci-
nees) after receiving ACAM2000 [30]. In the present trial, isolated cases of chest pain/discom-
fort and dyspnoea were equally distributed between MVA and placebo groups, making
unlikely any association between these symptoms and MVA.

The overall AE profile observed in this trial coincides with reports from previous trials [12,
13, 15,17, 19-22].

In summary, this trial has confirmed the excellent safety and cardiac profile of MV A, clearly
differentiating MV A from replicating smallpox vaccines. In addition, the robust immunoge-
nicity displayed by the different lots indicates a reliable and consistent manufacturing process.
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