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Abstract
IMVAMUNE® is a Modified Vaccinia Ankara-based virus that is being developed as a safer 3rd

generation smallpox vaccine. In order to determine the optimal dose for further development, a
double-blind, randomized Phase II trial was performed testing three different doses of
IMVAMUNE® in 164 healthy volunteers. All three IMVAMUNE® doses displayed a favourable
safety profile, with local reactions as the most frequent observation. The 1×108 TCID50
IMVAMUNE® dose induced a total antibody response in 94% of the subjects following the first
vaccination and the highest peak seroconversion rates by ELISA (100%) and PRNT (71%). This
IMVAMUNE® dose was considered to be optimal for the further clinical development of this highly
attenuated poxvirus as a safer smallpox vaccine.
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1. Introduction
Following a long and coordinated worldwide vaccination campaign using a variety of vaccinia
virus strains, such as Lister-Elstree or New York City Board of Health (Dryvax®), the WHO
officially declared the eradication of smallpox in 1980 [1]. As people have not been vaccinated
against smallpox for the last 30 years, the majority of the world's population is highly
susceptible to this deadly disease. This has raised fears that through an act of bioterrorism,
variola virus, the causative agent of smallpox, may be released back into the general population
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and has led to discussions of re-introducing smallpox vaccination and/or stockpiling vaccines.
The original or 1st generation smallpox vaccines were crudely manufactured on the skin of
animals that has led to the development of 2nd generation smallpox vaccines, which are still
based on the same vaccinia virus strains, but are manufactured using modern sterile techniques
[2].

While traditional smallpox vaccines have been shown to be highly effective in eradicating
smallpox, their general use is restricted, because of rare but severe side effects, particularly in
immune compromised individuals [3;4]. Indeed, due to contraindications associated with the
use of these vaccines, it has been estimated that approximately 25% of the U.S. population
should be excluded from prophylactic vaccination using conventional smallpox vaccines [5;
6]. Furthermore, unexpectedly high incidences for developing myopericarditis were observed
following vaccination with conventional smallpox vaccines in clinical trials [7] and recent
studies using 1st and 2nd generation smallpox vaccines showed an incidence of 10.38 and 5.73
cases of myopericarditis for every thousand vaccinations [8]. Therefore, there is a need for a
safer or 3rd generation smallpox vaccine for the general population, including large risk
populations currently contraindicated for the current smallpox vaccines, namely people
infected with HIV or diagnosed with atopic dermatitis.

Modified Vaccinia Ankara (MVA) is an attenuated poxvirus created by more than 500 serial
passages of Chorioallantois vaccinia Ankara virus (CVA) in chicken embryo fibroblast (CEF)
cells [9] and was used in more than 120,000 vaccinees for priming prior to administration of
a conventional smallpox vaccine in a two-step protocol used in the 1970's in Germany [10;
11]. MVA-BN® (trade name IMVAMUNE®) has been derived from the licensed MVA used
in Germany by additional passages and limiting dilutions in CEF cells under serum-free
conditions and has been shown not to replicate in human cells and can be safely administered
to severely immune compromised animals [12;13]. During the attenuation in CEF cells, six
major deletions have occurred in the MVA genome compared to CVA and further deletions,
insertions and mutations have also been detected in 122 of the remaining 195 open reading
frames of MVA that presumably contribute to the highly restriction host range of MVA
compared to vaccinia virus [14]. Despite the severe host cell restriction of MVA to avian cells,
MVA has demonstrated to induce a comparable efficacy to various lethal poxvirus challenges
in mice and non-human primate models as traditional smallpox vaccines [15–22]. Earlier Phase
I studies have also demonstrated that IMVAMUNE® was safe, well tolerated and
immunogenic [23–25].

In this article we present the results of a double-blind, randomized, Phase II dose-finding study
evaluating three different doses of IMVAMUNE® in 164 healthy volunteers. The study was
designed to evaluate the safety and immunogenicity induced by IMVAMUNE® doses between
2×107 and 1×108 TCID50, in order to determine an optimal dose in terms of safety and the
magnitude of the humoral and cell mediated immune responses for the further clinical
development of IMVAMUNE® as a third generation smallpox vaccine.

2. Methods
2.1. Vaccine

The IMVAMUNE® smallpox vaccine was produced by IDT Biologika GmbH (Dessau-
Roßlau, Germany) according to current Good Manufacturing Practice at a nominal titre of 2 ×
108 TCID50/ml and was provided by Bavarian Nordic A/S (Kvistgaard, Denmark) as a freeze-
dried product stored under refrigerated conditions. The vaccine was reconstituted in 0.5 ml
sterile water for injection to a minimal dose of 1 × 108 TCID50. The two lower doses of 2 ×
107 and 5 × 107 TCID50 were prepared by dilutions of the reconstituted vaccine.
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2.2. Study design and subjects
The study was designed as a double-blind, randomized, Phase II dose-finding study comparing
three different doses of IMVAMUNE® to determine the optimal dose in terms of safety and
immunogenicity. The trial was performed in a monocentric setting. The study protocol was
approved by the responsible independent ethics committee and all volunteers provided a signed
consent prior to vaccination. Screening of subjects included determination of vaccinia titre by
ELISA, and only healthy male and female subjects between 18 to 30 years of age who were
confirmed to be vaccinia-naïve were selected for study participation. In order to obtain 150
evaluable records, a total of 165 subjects were randomly assigned to one of the three treatment
groups and were immunized twice with IMVAMUNE® in a four week interval. Each
immunization consisted of one subcutaneous injection of 0.5 ml IMVAMUNE® in the non-
dominant upper arm. Study-specific assessments were conducted at screening and on Days 0,
28, 42 and 84.

2.3. Safety assessments
Safety measures such as physical examinations, laboratory parameters and adverse events were
assessed regularly throughout the trial to obtain data on safety and reactogenicity. Occurrence,
relationship and intensity of any unsolicited adverse event (AE) that was spontaneously
reported by the subject at any time were recorded and documented at each visit during the 12
week study period. Solicited AE constituted pre-defined, expected local reactions (erythema,
swelling, induration and pain) and general symptoms (body temperature, headache, chills,
nausea and fatigue). All solicited AE were assessed for occurrence, intensity and duration by
the subjects and recorded by completing a diary card for the 7 day period following each
vaccination. Unsolicited AE were defined as all events reported by the subject within a 30-day
period after vaccination not solicited in the diary card. All unsolicited and solicited AEs were
analysed according to predefined scales.

2.4. Vaccinia specific Enzyme-linked immunosorbent assay (ELISA)
Immunoglobulin subclass G (IgG) responses to vaccinia virus were measured using an
automated direct ELISA on a Biomek FX (Beckman Coulter, Krefeld, Germany). ELISA plates
(96-well TRANSP MAXIS plates; Nunc, Wiesbaden, Germany) were coated overnight at 4°
C with 100 μl (7.5 μg/ml) of MVA antigen in coating buffer (200 mM Na2CO3, pH 9.6).
Following coating all subsequent steps of the ELISA was automated. The plates were blocked
with 200 μl of PBS-FCS 5 % (PAA Laboratories, Linz, Austria) for 30 min at room temperature,
washed and heat-inactivated (56 C for 30 min) test sera was titrated in duplicate using 2-fold
serial dilutions starting at 1:50. The plates were incubated for 1 h at room temperature, washed
and incubated again for 1 h with the detection antibody goat anti-human IgG-HRP (Sigma,
Taufkirchen, Germany) before development with 3,3',5,5'-Tetramethylbenzidine substrate
(Sigma).

The Optical Density (OD) value was measured at 492 nm with a reference wavelength of 405
nm. The antibody titres were calculated by linear regression and defined as the serum dilution
that resulted in an optical density of 0.35. A titre of ≥ 50 was the lowest reliably detectable
antibody level and if this titre was reached, the subject was considered seropositive. A titre of
< 50 was considered seronegative and was given an arbitrary value of 1. Geometric mean titres
(GMTs) were calculated using the antilogarithm of the mean of the log10 titre transformation.
The percentages of seropositive subjects were expressed as a percent (%) seroconversion rate,
which was determined for all study visits.
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2.5. Plaque reduction neutralization test (PRNT)
Vaccinia-specific neutralising antibody levels were measured using a PRNT assay. Sera were
heat-inactivated (56 C for 30 min) and serially diluted (starting dilution 1:20) in DMEM
(Invitrogen, Karlsruhe, Germany) media containing 100 IU penicillin, 100 μg/ml streptomycin
and incubated with approximately 100 plaque forming units (pfu) of the vaccinia virus strain
IHD-J for 2 hrs at 37 °C in 5% CO2. Following incubation, the sera were added to duplicate
wells of a 24-well tissue culture plate containing a confluent monolayer of Vero cells (Vero
E6, ATCC: CRL-1586, pre-seeded for 24 hrs) and incubated for 24–30 hrs at 37 °C with 5%
CO2. Monolayers were stained with crystal violet in order to visualize plaques and the
neutralising titre was determined as the dilution resulting in a 50% reduction of total plaques.
GMTs were calculated using the antilogarithm of the mean of the log10 titre transformations.
A PRNT value ≥ 20 was considered seropositive, while titres <20 were assigned an arbitrary
value of 1 and considered seronegative.

2.6. Intracellular cytokine staining (ICS) by flow cytometry
Vaccinia-specific T cell immunogenicity was measured by ICS of Interferon-gamma (IFN-γ)
producing cells using cryopreserved peripheral blood mononuclear cells (PBMCs). T cell
responses for both CD4+ and CD8+ T cells were measured by flow cytometry using a semi-
automated ICS assay. Cryopreserved PBMCs were thawed and cultured at 2 × 107/ml with
IMVAMUNE® at a multiplicity of infection of 10 and co-stimulated with anti-CD28 (final
concentration 0.3 μg/ml, BD Bioscience) at 37 °C with 5% CO2 for 16–24 hrs. After the first
2 hrs of incubation, secretion of intracellular cytokines was blocked by addition of 5 μg/ml of
Brefeldin A (Sigma). Cells were mixed and returned to the incubator. The cells were loaded
onto a progressive automated line, an integrated, semi-automated unit for cell staining,
permeabilized, washed and detected using flow cytometry (Beckman Coulter). The cells were
surface stained with a cocktail of antibodies to CD3, CD4, CD8 and CD69 (Beckman Coulter),
fixed, permeabilized and stained with IFN-γ antibodies. After staining, the cells were washed
using hollow fibre technology, re-suspended and loaded onto a Beckman Coulter FC500
analyzer. Non-stimulated cells were used as controls. These cells were treated equally but
without the addition of IMVAMUNE®. The non-stimulated cells were stained with isotype-
matched control antibodies for specificity and also with the test antibodies to obtain the non-
stimulated or baseline value of IFN-γ production of T cells. Data were analysed using Cytomics
RXP software. A lymphocyte gate was defined on forward and side scatter and confirmed for
CD3 positive status with a second gate. T cells were defined with gates for CD8+ or CD4+ T
cells (CD3+ and CD4+ or CD3+ and CD8+). T cells were considered positive for IFN-γ
production when the cells were positive for the activation marker CD69 and intracellular IFN-
γ. The percentage of CD4+ or CD8+ T cells minus the non-stimulated background values was
calculated. A positive vaccination response was defined as a value greater than the clinical
relevance limit (CRL, defined as 2 standard deviations of the baseline responses, minus any
clear outliers). For CD8+ T cells the CRL threshold was 0.25% and for CD4+ T cells 0.14%.

2.7. Statistical methods
The dose response was shown using linear regression on the log of the titres against the log of
the dose for day 28 (4 weeks after the first vaccination) and day 42 (two weeks after the second
vaccination) using Pearson correlation. A possible dose-response was also analysed by non-
parametric correlation analysis (Spearman correlation) between dose and titre data. The
correlation coefficient of the ELISA and PRNT titres were calculated. For the safety analysis,
adverse events were summarized using frequency tables.
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3. Results
3.1. Study population

A total of 165 subjects were randomized and all received at least one dose of IMVAMUNE®.
One subject was removed from the safety analysis due to missing safety data (subject diary).
Ten subjects did not fulfil the criteria for inclusion in the per-protocol (PP) population, either
due to premature discontinuation (no second vaccination, n = 4), or violation of visit schedule
(n = 5) or positive serology status before the first vaccination (n = 1). Consequently, the analysis
of immune responses induced by the various doses of IMVAMUNE® was performed on the
155 subjects of the PP set (Group 1: n=54, Group 2: n=49, Group 3: n=52, Figure 1).

3.2 Subject demographics
The arithmetic mean values together with the standard deviation (SD) of the safety population
(n = 164) were as follows: age (23.2 ± 3.0 years), height (170.7 ± 8.8 cm) and weight (67.3 ±
14.4 kg). More women than men were enrolled into the study with 64% of the total safety
population. However, demographics were similar between the safety population and the PP set
and no statistically significant differences in demographics were detected between the three
dose groups (data not shown).

3.3. Safety and reactogenicity
A total of 164 subjects were included in the safety analysis. Comparing the three treatment
groups, IMVAMUNE® was well tolerated at all dose levels. There were no deaths and no
vaccine related serious adverse events throughout the study. Analysis of vital signs and
laboratory parameters revealed no differences between the groups (data not shown). Only
minor laboratory value deviations from normal were observed, but none were assessed to be
clinically significant or relevant. One 27 year old woman became pregnant during the study
and based on the regular pregnancy tests foreseen in the protocol, the earliest time point of
conception was 17 days, or longer, after having received the second vaccination with
IMVAMUNE®. The pregnancy progressed to term without complications and the mother
delivered a healthy, normal baby.

The majority of subjects (≥ 96.4%) in each group experienced at least one solicited or
unsolicited adverse event (Table 1). Erythema and pain at the injection site were the most
prevalent solicited local symptoms recorded in the subject diary (Table 2). In general, subjects
classified most solicited events to be mild or moderate in severity (Grade 1 or 2), although
21.3% of subjects reported injection site erythema ≥ 50 mm (Grade ≥ 3 intensity), thus
representing the most prevalent Grade 3 solicited adverse event in all groups. The frequency
of injection site erythema and injection site swelling increased with higher doses, however for
all general symptoms no clear dose dependency was seen (Table 2). For all groups fatigue and
headache, followed by myalgia, nausea and chills, were the most prevalent solicited general
adverse events (Table 2). As is often seen with injected vaccines, the number of adverse events
reported after the second vaccination was lower compared to the first immunization (Table 1).

More than a third of adverse events classified as unsolicited were other local injection site
reactions not mentioned in the diary card, mainly pruritus. Table 2 presents all solicited or
unsolicited adverse events with a frequency of ≥ 5% in at least one group, regardless of causal
relationship to study vaccine. Only two unsolicited AEs (diarrhoea NOS and flatulence) were
assessed to be possibly related to vaccine and of Grade 3 (preventing daily activities). All other
Grade 3 events were assessed as not related. All patients with unsolicited adverse events
recovered without sequelae within the 30-day follow-up period after vaccination with one
exception, which was a subject in Group 2 that reported dental damage due to an accident that
occurred three days before the end of the study period. Two non-vaccine related serious adverse
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events were reported during this study. One volunteer experienced a fracture of the right
forearm (Grade 3, preventing normal daily activities) four days after the first vaccination.
Hospitalization was not required and the subject recovered without sequelae 61 days following
the event. The second serious adverse event occurred 37 days after the second vaccination in
a subject hospitalized due to intermittent abdominal pain lasting 2 days and 14 hrs (Grade 3,
definition see above). Both serious adverse events did not lead to premature discontinuation
of the study and both subjects recovered without sequelae.

3.2. Immune responses
3.2.1. Total antibody responses to vaccinia virus measured by ELISA—Following
a single vaccination with IMVAMUNE® the majority of the subjects had seroconverted by
ELISA, regardless of the vaccine dose. In the low dose group (2×107 TCID50) 59.3% of subjects
had seroconverted 28 days after the first vaccination, whereas in the middle (5×107 TCID50)
and high (1×108

50 TCID50) dose groups 81.6% and 94.2% seroconverted, respectively (Table
3). By Day 42, two weeks post the secondary vaccination with IMVAMUNE®, all subjects in
Groups 1 to 3 had seroconverted by ELISA and this level was maintained until the end of the
active study phase (Day 84) in the two higher dose groups. Whereas in the lowest dose group,
the antibody responses in three subjects were no longer detectable by ELISA, resulting in a
seroconversion rate of 94.2% on Day 84. There was a significant linear relationship between
the vaccine dose and the ELISA titres induced by IMVAMUNE® following a single (Day 28;
p < 0.0001) and booster (Day 42; p < 0.0001) vaccination (Figure 2A and 2C). From an
undetectable baseline titre in all subjects (given an arbitrary value of 1), the ELISA GMT
increased to 14.4, 53.2 and 98.5 within the three study groups four weeks after the first
IMVAMUNE® vaccination (Table 3). These responses were significantly boosted two weeks
post the secondary vaccination with IMVAMUNE® with a 27-, 11- or 8-fold increase in
antibody titre in the groups vaccinated with IMVAMUNE® doses of 2×107 TCID50, 5×107

TCID50 and 1×108 TCID50, respectively. Although the largest increase in antibody titre was
observed in the lowest dose group, a clear dose effect was observed with the highest GMT of
813.8 being recorded in the high dose group (1×108 TCID50) compared to only a GMT of 377.2
in group 1 (2×107 TCID50). Although by Day 84, there was a 60–64% decline in the total
antibody response in all groups, a clear linear relationship between vaccine dose and ELISA
titre remained, with GMT of 134, 228 and 324 in the low, middle and high dose IMVAMUNE®
groups, respectively.

3.2.2. Vaccinia virus neutralising antibody responses measured by PRNT—Four
weeks after the first vaccination (Day 28), the immune responses measured by PRNT were
only measurable in 7–12% of all subjects without any vaccine dose response being observed
(Table 3, Figure 2 B). However, after the second vaccination seroconversion rates increased
to 42.6%, 59.2% and 71.2% in the low, middle and high IMVAMUNE® dose groups. On Day
42, two weeks post the secondary vaccination, a significant linear relationship between
IMVAMUNE® dose and neutralising antibody titres was observed (Figure 2 D), with the
highest GMT response recorded in the high dose group with a GMT of 19.43, followed by the
middle (10.31) and low dose groups (5.51, Table 3). By Day 84, only a minor population still
had detectable neutralising antibodies and there appeared to be no clear dose effect.

3.2.3. Cellular immune response measured by ICS—Cellular immune responses were
analysed using ICS detecting vaccinia-specific IFN-γ producing CD4+ and CD8+ activated
(CD69+) T cells following an overnight stimulation with vaccinia virus (Table 4). The number
of subjects with a positive CD4+ response did not reveal a clear dose relationship with
IMVAMUNE® post vaccination. Fourteen days after the second vaccination with
IMVAMUNE®, 15.4% to 18.5% of subjects had a detectable CD3+, CD69+, CD4+ response
independent of the IMVAMUNE® dose and the highest CD4+ T cell response rate was
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recorded in the lowest dose group (2×107 TCID50). The percentage of subjects with a CD4+

T cell response in the lowest and highest dose groups decreased at Day 84 to approximately
9%, while the middle dose group had the highest responders (16.3%), which had remained at
the same level recorded 6 weeks earlier on Day 42. CD4+ responses were measured as high as
0.1% in individual subjects following vaccination with IMVAMUNE® (data not shown) and
while there was no dose effect with regards to the number of subjects with a CD4+ response
and the vaccine dose, a significant correlation between the magnitude of the mean CD4+ T cell
response over time could be detected (p < 0.0001) in the low and high dose groups (Table 4).
However, the CD4+ T cell response had already peaked with a mean response of 0.09% after
the first vaccination with the middle dose of IMVAMUNE®.

As expected, the peak CD3+, CD69+, CD8+ T cell response rate to vaccinia virus was 2 to 3
times higher than those recorded for the CD4+ T cells, although again there was no clear
relationship to the dose of IMVAMUNE® (Table 4). Four weeks post the primary vaccination
with IMVAMUNE® 38.5% of the people vaccinated with 5 × 107 TCID50 IMVAMUNE®
recorded a CD8+ T cell response, which represented the highest response rate compared to the
low (18.5%) or high (26.9%) dose groups. Two weeks post the booster vaccination, a 2-fold
increase in the numbers of people with a CD8+ T cell response was observed in the low and
high dose groups, although the number of subjects with a positive CD8+ T cell response was
comparable in all three dose groups with responder rates between 46–52%. These CD8+

response rates remained elevated 6 weeks later on Day 84 in the middle and high dose groups,
although there was a more pronounced decline in responders (29.6%) in the low dose group.
As with the CD4+ responses, a significant correlation between the magnitudes of the mean
CD8+ T cell response over time could be detected (p < 0.0001) in all three IMVAMUNE®
dose groups. The mean response peaked in all three groups two weeks post the secondary
vaccination (day 42) with mean CD8+ responses of 0.5%, 0.4% and 0.7% for the low, middle
and high dose groups respectively (Table 4). However, some individuals recorded CD8+ T cell
responses as high as 2.2% following the booster vaccination with IMVAMUNE®, which is
about 20 times higher than their maximal CD4+ response.

3.2.4 Correlation of ELISA and PRNT analyses—A correlation analysis of the total
antibody responses measured by ELISA versus the neutralising antibodies measured by PRNT
titres (both log10 transformed) was performed for all study visits. This revealed that the ELISA
and PRNT titres were highly significantly correlated at all time points with correlation
coefficients between 0.41 and 0.67 (p < 0.0001).

4. Discussion
As smallpox has been eradicated the future licensure of a new generation smallpox vaccine
will have to rely, in part, on the demonstration of efficacy in animals [26]. As such, the
determination of a relevant clinical dose will also have to take into consideration the efficacious
dose established in suitable animal models. In this study, the highest dose of IMVAMUNE®
(1×108 TCID50) was shown to be the most optimal dose evaluated for further development in
terms of the timing and magnitude of the immune response and has confirmed the findings
from two previous smaller Phase I studies that also evaluated various doses of IMVAMUNE®,
ranging from 1×106 TCID50 to 1×108 TCID50 [23;24]. Importantly, this dose of MVA has also
been shown to be optimal in various animal species (unpublished data) and is the dose that has
been used to demonstrate a comparable immunogenicity and efficacy of MVA in comparison
to traditional smallpox vaccines in various mouse and non-human primate challenge models
[15–18].

The study has also demonstrated that all doses of IMVAMUNE® were well tolerated and
confirmed the favourable safety profile demonstrated in other clinical studies evaluating this
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3rd generation smallpox vaccine [23–25]. No serious adverse events related to the vaccine
occurred and there was no clear correlation between the dose of IMVAMUNE® and any of
the general adverse events that were recorded. The most frequently recorded symptoms were
local adverse reactions following the vaccination(s), which occurred more frequently using the
highest dose of IMVAMUNE®. Local reactions such as redness, swelling and pain are
commonly associated with other vaccines, particularly those administered subcutaneously
[27] and in this study were generally assessed by the subjects to be mild to moderate and
resolved within 3 to 4 days post vaccination. Therefore, even the highest dose of
IMVAMUNE® displayed an acceptable safety profile, which supported the conclusion that
this dose is favourable in terms of safety and immunogenicity.

The growing amount of clinical safety data available for IMVAMUNE® strongly suggest that
IMVAMUNE® has a favourable safety profile compared to 1st or 2nd generation smallpox
vaccines. Indeed, a third of the subjects vaccinated in a trial with Dryvax® missed work, school,
sleep or recreational activities, due to the severity of very common side effects, such as myalgia,
malaise, headache, nausea and lymph node pain associated with the traditional smallpox
vaccine [8;28;29]. In contrast, no subject discontinued this study due to a vaccine-related AE
or suffered any significant impairment of daily activities after the first or second vaccination
with IMVAMUNE®. Moreover, many of the severe side effects associated with traditional
smallpox vaccines, such as auto-inoculation, progressive vaccinia, generalized vaccinia and
eczema vaccinatum are all associated with the replicating nature of the various vaccinia virus
strains [1]. Given that IMVAMUNE® fails to replicate in human cells [12;13], none of these
side effects are expected, or have been observed in any clinical studies evaluating
IMVAMUNE® [25]. The reasons for the reported high rates of myopericarditis following
vaccination with 1st and 2nd generation vaccines remains unclear, but may be associated with
a non-infectious pathogenesis of inflammation [30;31]. While no incidences of myopericarditis
were reported in this study, cardiac events were not specifically monitored. Encouragingly, in
other clinical studies evaluating IMVAMUNE®, cardiac function has been assessed by
monitoring ECG and troponin I levels and no clinical abnormalities have been reported
following vaccination with IMVAMUNE® [25;32].

There was a clear dose response in terms of humoral immunity induced by IMVAMUNE® as
measured by both ELISA and PRNT. Moreover, the total antibodies and neutralising antibodies
were shown to be highly correlated at all time points analysed, indicating that the ELISA and
PRNT assays, while measuring different aspects of humoral immunity, detected overlapping
antibody responses. As has been reported in other clinical studies evaluating either
IMVAMUNE® or Dryvax® [23;24], the total antibody response is higher, both in terms of
the number of responders and in the magnitude of the response, compared to neutralising titres.
This probably reflects that the PRNT is only measuring a proportion of the functional antibodies
involved in the direct neutralization of vaccinia virus in vitro, while in contrast the ELISA
quantifies all (IgG) antibodies, some of which will have other functions other than direct
neutralization of the virus. These include the clearance of infected cells by complement fixation
and antibody directed cellular cytotoxicity by NK cells, which have been shown to play an
important role in protection from poxviruses [33;34]. Moreover, the PRNT is known to be
highly variable [35] in contrast to an ELISA that is more reproducible and accurate [36], which
will also contribute to the differences measured by the two assays.

Although a clear dose response was recorded for the neutralizing antibody responses, the PRNT
seroconversion rates following vaccination with traditional smallpox vaccines have been
reported to be at least 90% [29], which is higher than the rates reported following the booster
vaccination even with the optimal dose of IMVAMUNE® in the current study. However, this
appears to be more related to the PRNT assay used in the present study, because the optimal
dose of IMVAMUNE® has been shown to induce comparable neutralizing antibody responses
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when compared directly to Dryvax® in a Phase I study, using a different PRNT assay [24].
Indeed, a prime-boost vaccination with IMVAMUNE® has been shown to be as effective, if
not superior, as the standard Dryvax® vaccination regime at eliciting variola virus-neutralizing
responses in the clinical [37].

The role the individual arms of the immune response play in the robust protection against
poxviruses remains unclear and no single immune correlate has been established. While there
are numerous reports demonstrating the important role antibodies play in protection [19;38],
the protection of B cell deficient mice using MVA, suggests an important role for the cell
mediated arm of the immune response [20]. Indeed, there is ample evidence both from
genetically engineered and immune suppressed mice that protection from poxviruses requires
both arms of the adaptive immune response for a robust protection from poxviruses [20;39].
Therefore, it was important to investigate both the humoral and cell mediated responses induced
by IMVAMUNE® in the current trial. In contrast to the humoral immunity induced by
IMVAMUNE®, the cell mediated response did not show a clear dose response, presumably
due to the high variability of cell based biological assays. However, similar responder rates of
50 to 60% reported in the current study for IMVAMUNE® have been reported using flow
cytometry following vaccination with 1st or 2nd generation smallpox vaccines [29].
Furthermore, in a direct clinical comparison to traditional smallpox vaccines, the peak antibody
and cell mediated immune responses induced by IMVAMUNE® were shown to be comparable
to those induced by Dryvax®, a smallpox vaccine with a known protective efficacy against
smallpox [24].

An interesting result from this study was that a single vaccination with the optimal dose of
IMVAMUNE® resulted in a 94% seroconversion by the first time point analysed post
vaccination. This supports the earlier observation of high antibody responder rates within 2
weeks post vaccination with IMVAMUNE® [24], while peak immune responses with
traditional smallpox vaccines are only observed 4 weeks post vaccination [24;28;29]. In animal
models this earlier induction of immunity by MVA has been shown to translate into inducing
a faster protective response compared to traditional smallpox vaccines in mice [21;22] and
non-human primates [18]. Moreover, recently MVA has shown to have a superior post-
exposure protection in immune suppressed animals that succumbed to the vaccinations with
Dryvax® [15], providing further data supporting the efficacious properties of IMVAMUNE®.

In conclusion this study has demonstrated that IMVAMUNE® is well tolerated in healthy
subjects and based on the timing and the magnitude of the immune response, coupled with the
optimal efficacy in non-human primates [16], the higher dose investigated was shown to be
optimal for further clinical development. The findings from this clinical study support the
safety, immunogenicity and efficacy of IMVAMUNE® from previous clinical and animal
studies, which indicate that IMVAMUNE® represents a good candidate as an alternative 3rd

generation smallpox vaccine.
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Figure 1. Disposition of subjects and cohorts analyzed
Out of 273 screened volunteers, 165 subjects were assessed as being eligible for enrolment and
allocated to the three study groups. In total, ten subjects were excluded from the per-protocol
analysis e.g. due to premature study discontinuation, violation of visit window and
seropositivity at study start.
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Figure 2. Correlation between the dose of IMVAMUNE® and ELISA and PRNT antibody titres
Subjects were vaccinated on Day 0 and 28 with three different doses of IMVAMUNE®
(2×107, 5×107 and 1×108 TCID50) and blood was taken at various intervals and analysed for
total and neutralising antibody responses to vaccinia by ELISA and PRNT respectively. The
log10 of three different IMVAMUNE® doses was plotted against the log10 of the ELISA (Day
28: 1A, Day 42: 1C) and PRNT titres (Day 28: 1B, Day 42: 1D).
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Table 1

Overall incidence of adverse events (solicited and unsolicited) according to per vaccination and per subject
analysis, reported during the 30-day follow-up visit after vaccination

Vaccination Period Treatment Group [TCID50] N Any Solicited or
Unsolicited

Adverse Event n
(%)

Any Unsolicited
Adverse Event n

(%)

1 2×107 55 53 (96.4) 23 (41.8)

5×107 55 53 (96.4) 23 (41.8)

1×108 54 53 (98.1) 27 (50.0)

total 164 159 (97.0) 73 (44.5)

2 2×107 55 48 (87.3) 20 (36.4)

5×107 55 49 (89.1) 21 (38.2)

1×108 54 51 (94.4) 22 (40.7)

total 164 148 (90.2) 63 (38.4)
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Table 2

Solicited or unsolicited adverse events with a frequency of ≥ 5% in at least one group regardless of causal
relationship to study vaccine (safety population)

Adverse events Group la
(N=55) n (%)

Group 2b
(N=55) n (%)

Group 3c
(N=54) n (%)

Total
(N=164) n

(%)

Gastrointestinal disorders

 Nausea 11(20.0) 5 (9.1) 12 (22.2) 28 (17.1)

 ≥ Grade 3d 1 (1.8) 1 (1.8) 1 (1.9) 3 (1.8)

General disorders and
administration site conditions

 Injection site erythema 47 (85.5) 49 (89.1) 52 (96.3) 148 (90.2)

 ≥ Grade 3 (≥ 50 mm) 7 (12.7) 13 (23.6) 15 (27.8) 35 (21.3)

 Injection site pain 48 (87.3) 44 (80.0) 53 (98.1) 145 (88.4)

 ≥ Grade 3 0 (0.0) 3 (5.5) 2 (3.7) 5 (3.0)

 Injection site induration 43 (78.2) 41 (74.5) 43 (79.6) 127 (77.4)

 ≥ Grade 3 (≥ 50 mm) 3 (5.5) 6 (10.9) 5 (9.3) 14 (8.5)

 Injection site swelling 38 (69.1) 41 (74.5) 44 (81.5) 123 (75.0)

 ≥ Grade 3 (≥ 50 mm) 4 (7.3) 7 (12.7) 9 (16.7) 20 (12.2)

 Injection site pruritus 9 (16.4) 8 (14.5) 14 (25.9) 31 (18.9)

 ≥ Grade 3e 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)

 Injection site inflammation 2 (3.6) 1 (1.8) 3 (5.6) 6 (3.7)

 ≥ Grade 3e 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)

 Fatigue 27 (49.1) 20 (36.4) 26 (48.1) 73 (44.5)

 ≥ Grade 3f 1 (1.8) 2 (3.6) 2 (3.7) 5 (3.0)

 Chills 2 (3.6) 3 (5.5) 5 (9.3) 10 (6.1)

 ≥ Grade 3g 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)

Infections and infestations

 Nasopharyngitis 4 (7.3) 9 (16.4) 4 (7.4) 17 (10.4)

 ≥ Grade 3e 1 (1.8) 1 (1.8) 0 (0.0) 2 (1.2)

Musculoskeletal and connective
tissue disorders

 Myalgia 10 (18.2) 9 (16.4) 14 (25.9) 33 (22.1)

 ≥ Grade 3h 1 (1.8) 1 (1.8) 0 (0.0) 2 (1.2)

Nervous system disorders

 Headache 30 (54.5) 24 (43.6) 22 (40.7) 76 (46.3)

 ≥ Grade 3i 3 (5.5) 2 (3.6) 3 (5.6) 8 (4.9)

a
Group 1: 2×107TCID50

b
Group2: 5×107TCID50

c
Group 3: 1×108TCID5O

d
Grading used for nausea: 0 = None; 1 = Able to eat; 2 = Oral intake significantly decreased; 3 = No significant intake, requiring i.v. fluids
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e
Grading used for unsolicited AEs (injection site pruritus, injection site inflammation, nasopharyngitis): 0 = No adverse event; 1 = An adverse event

which is easily tolerated by the patient, causing minimal discomfort and not interfering with everyday activities; 2 = An adverse event which is
sufficiently discomforting to interfere with normal everyday activities; 3 = An adverse event which prevents normal, everyday activities. (Such an
adverse event would, for example, prevent attendance at work and would necessitate the administration of corrective therapy.)

f
Grading used for Fatigue: 0 = None; 1 = Increased over baseline, but not altering normal activities; 2 = Moderate (decrease in performance status by

1 ECOG level) or causing difficulty performing some activities; 3 = Severe (decrease in performance status by ≥ 2 ECOG levels) or loss of ability to
perform some activities; 4 = Bedridden or disabling

g
Grading used for chills: 0 = None; 1 = Mild, requiring symptomatic treatment or non-narcotic medication; 2 = Severe and/or prolonged, requiring

narcotic medication; 3 = Not responsive to narcotic medication

h
Grading used for myalgia: 0 = None; 1 = Mild pain not interfering with function; 2 = Moderate pain: pain or analgesics interfering with function,

but not interfering with activities of daily living; 3 = Severe pain: severely interfering with daily life activities; 4 = Disabling

i
Grading used for headache: 0 = None; 1 = Mild pain not interfering with function; 2 = Moderate pain: pain or analgesics interfering with function,

but not interfering with daily life activities; 3 = Severe pain: severely interfering with daily life activities; 4 = Disabling
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