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Background. First- and second-generation smallpox vaccines are contraindicated in individuals infected with
human immunodeficiency virus (HIV). A new smallpox vaccine is needed to protect this population in the context
of biodefense preparedness. The focus of this study was to compare the safety and immunogenicity of a replication-
deficient, highly attenuated smallpox vaccine modified vaccinia Ankara (MVA) in HIV-infected and healthy subjects.
Methods. An open-label, controlled Phase II trial was conducted at 36 centers in the United States and Puerto

Rico for HIV-infected and healthy subjects. Subjects received 2 doses of MVA administered 4 weeks apart. Safety was
evaluated by assessment of adverse events, focused physical exams, electrocardiogram recordings, and safety labo-
ratories. Immune responses were assessed using enzyme-linked immunosorbent assay (ELISA) and a plaque reduc-
tion neutralization test (PRNT).
Results. Five hundred seventy-nine subjects were vaccinated at least once and had data available for analysis. Rates

of ELISA seropositivity were comparably high in vaccinia-naive healthy and HIV-infected subjects, whereas PRNT se-
ropositivity rates were higher in healthy compared with HIV-infected subjects. Modified vaccinia Ankara was safe and
well tolerated with no adverse impact on viral load or CD4 counts. There were no cases of myo-/pericarditis reported.
Conclusions. Modified vaccinia Ankara was safe and immunogenic in subjects infected with HIV and represents a

promising smallpox vaccine candidate for use in immunocompromised populations.
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In 1980, the World Health Organization (WHO) certified
the eradication of smallpox disease following a global vac-
cination effort [1]. This vaccination program and the sub-
sequent destruction and consolidation of known variola
virus (VARV) samples into WHO reference laboratories

significantly reduced the likelihood of accidental reintro-
duction of the causative agent of smallpox. Nonetheless,
the intentional reintroduction of smallpox from unde-
clared samples, accidental release, or intentional
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regeneration of the viral genome made possible by advances in
molecular biology remains a possibility [2, 3]. These concerns,
combined with the potential devastating impact of disease in an
immunologically naive population in which routine vaccination
ended over 40 years ago, have led to efforts to mitigate the poten-
tial reintroduction of VARV.
Vaccination remains the most effective means of preventing

transmission of VARV and reducing the impact of smallpox dis-
ease. First- and second-generation smallpox vaccines, based upon
vaccinia virus (VACV), an orthopoxvirus closely related to
VARV, are highly protective and were extensively used during
the global eradication program. However, these live replication-
competent VACV vaccines have the potential to cause serious
complications including progressive vaccinia, eczemavaccinatum,
generalized vaccinia, encephalitis, andmyo-/pericarditis, especial-
ly in individuals with immunodeficiency states or skin disorders
such as atopic dermatitis (AD) [4, 5]. These findings led the US
Advisory Committee for Immunization Practices to recommend
against vaccination with first- and second-generation smallpox
vaccines for individuals (and their household contacts) who
have a history or presence of eczema or AD, or who are immuno-
compromised such as those with human immunodeficiency virus
(HIV) infection. Based on these recommendations, it has been es-
timated that up to 25% of the population are ineligible to receive
the first- and second-generation smallpox vaccines [6].
Modified vaccinia Ankara (MVA) was used during the 1970s in

more than 120 000 people, including children with immune defi-
ciencies, for priming prior to administration with a first- and sec-
ond-generation smallpox vaccine [7]. Modified vaccinia Ankara
was derived by more than 570 passages of the VACV strain cho-
rioallantois vaccinia Ankara in primary chicken embryo fibroblast
cells and essentially became replication restricted to avian and cer-
tain mammalian cells [8], resulting in a product incapable of rep-
licating in human cells or severely immunocompromised animals
[9].Recent trials withMVA as a stand-alone smallpox vaccine have
demonstrated a favorable safety profile [10–13].Modified vaccinia
Ankara was also shown to induce immune responses comparable
with conventional VACV-based vaccines [14,15].Populations at an
increased risk to receive first- and second-generation smallpox vac-
cines (ie, subjects withHIV-infection [16],atopic dermatitis [17],or
immune-suppressive therapy [18], respectively) tolerated vaccina-
tion with MVAwell and had a good immune response. To further
evaluate MVA as a smallpox vaccine in at-risk individuals, this
Phase II trial was conducted to compare the safety and immunoge-
nicity of MVA in HIV-infected individuals and healthy controls.

METHODS

Study Vaccine
Modified vaccinia Ankara-Bavarian Nordic (MVA-BN) was man-
ufactured by IDT Biologika GmbH (Dessau-Roßlau, Germany)
according to Good Manufacturing Practices guidelines and

was provided by Bavarian Nordic A/S (Kvistgaard, Denmark)
as a liquid-frozen product (0.5 mL) with a nominal titer of
1 × 108 TCID50.

Study Design
A multicenter, open-label, controlled Phase II trial was con-
ducted between June 12, 2006 and March 25, 2009. Vaccinia-
experienced or vaccinia-naive, HIV-infected and healthy male
and female subjects (18–55 years of age) were enrolled at 36
centers in the United States and Puerto Rico. Main inclusion
criteria for healthy subjects were a negative antibody test for
HIV and hepatitis C. Human immunodeficiency virus-infected
subjects were eligible if they had confirmed HIV infection, had a
CD4+ count of 200–750 cells/µL, and were either on antiretro-
viral therapy for at least 6 months or not receiving antiretroviral
therapy for at least 8 weeks prior to enrollment. Main exclusion
criteria for all subjects included the following: pregnancy; acute
disease (any illness with or without a fever at the time of enroll-
ment); uncontrolled infections; known or suspected impairment
of the immune system other than HIV infection, including
chronic administration of immunosuppressive drugs starting
from 6months prior to study participation; administration of im-
munoglobulins (Igs) and/or blood products 3 months prior to in-
clusion; any clinically significant hematological, renal, hepatic,
pulmonary, central nervous system, or gastrointestinal disorders;
uncontrolled psychiatric disorders; history, clinical manifestation,
or increased risk of cardiovascular disease; allergy to vaccine
components; positive hepatitis B surface antigen; and any vacci-
nation prior to inclusion (14 days for killed/inactivated, 3 months
for live vaccines).
Based on HIV infection status and smallpox vaccination his-

tory (determined by subject report and examination for a typi-
cal vaccinia scar) at screening, subjects were allocated to 1 of 4
study groups to receive 2 subcutaneous doses of 1 × 108 TCID50

MVA-BN 4 weeks apart. After enrollment (Day 0; first vaccina-
tion), subjects returned at weeks 1, 4 (second vaccination), 6
and 8 for immunogenicity and/or safety assessments. A fol-
low-up via phone was scheduled 6 months after the second
vaccination; for a subgroup of subjects, the 6-month follow-
up was performed as an onsite visit.
Written informed consent was obtained from each subject

before enrollment. The study was approved by the relevant In-
stitutional Review Boards, and all procedures followed the Dec-
laration of Helsinki, ICH-Good Clinical Practice and US Code
of Federal Regulation applicable for clinical trials. An indepen-
dent Data Safety Monitoring Board oversaw the safety of volun-
teers participating in the study.

Safety Assessment
The occurrence, relationship, intensity, and duration of any un-
solicited adverse events (AEs) reported by the subject or detect-
ed by the investigator at any time during the study were
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recorded at each of the 4 postvaccination study visits. Serious
AEs (SAEs) were monitored throughout the study up to the
6-month follow-up visit. Solicited AE, ie, predefined local reac-
tions (erythema, swelling, and pain) and general symptoms
(pyrexia, headache, myalgia, chills, nausea, and fatigue), were
assessed for occurrence, intensity, and duration by the subjects
using diary cards for the 8 postvaccination days starting on the
day of each vaccination. Severe (ie, Grade 3) injection-site reac-
tions of erythema and swelling were defined as a diameter of

≥100 mm and for pain if preventing normal activity; general
symptoms were Grade 3 if daily activity was prevented. Grade
3 pyrexia was defined as body temperature ≥39.0°C and
<40.0°C; ≥40.0°C was Grade 4 (life-threatening or disabling).
The occurrence of any cardiac symptoms, elevated cardiac en-
zymes, and clinically significant electrocardiogram (ECG)
changes were defined as AEs of special interest (AESI). Physical
exams, including vital signs, were performed at every study visit.
In addition, all subjects underwent ECG and safety laboratories

Figure 1. Disposition of subjects and data sets analyzed. Of 1108 screened volunteers, 581 subjects were assessed eligible for enrolment, 579 subjects were
allocated to 1 of 4 study groups, and all 579 subjects received at least 1 vaccination (full analysis set [FAS]). One hundred eighty-five subjects were excluded
from the per-protocol analysis set ([PPS] n = 394). The active phase of the study is up to the visit for the last vaccination and the follow-up (FU) phase is at least
26 weeks after last vaccination. Only 164 from 501 subjects came to an on-site visit for the Follow-up, for 337 of 501 subjects the safety-relevant information was
gathered by telephone. For all other subjects, the safety-relevant information was gathered by telephone FU. In case any serious safety issues were detected via
telephone, the subject was asked to appear for an onsite visit. Abbreviation: vacc., vaccinia.
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for hematology and serum chemistry (including cardiac en-
zymes) at week 1 and 6, and additionally if indicated. Human
immunodeficiency virus RNA levels and CD4/CD8 T-cell
counts were monitored in HIV-infected subjects at baseline
and at each postvaccination visit.

Immunogenicity Assessment
Blood was drawn at baseline before the first vaccination, 1 week
and 4 weeks after the first, as well as 2 weeks and 4 weeks after
the second vaccination. For subgroup of subjects, who were at-
tending the onsite follow-up visit, a follow-up sample was
drawn at least 26 weeks after first vaccination (Figure 1).
Antibody responses to VACV were measured using an en-

zyme-linked immunosorbent assay (ELISA) and a plaque re-
duction neutralization test (PRNT) on heat-inactivated serum
samples. For subjects seronegative before vaccination, serocon-
version was defined as the appearance of a titer equal to or high-
er than the detection limit (50 for ELISA and 6 for PRNT). For
subjects seropositive before vaccination, seroconversion was de-
fined as at least a 2-fold increase in titer compared with the pre-
vaccination titer. Titers below the detection limit were replaced
by 1 for geometric mean titer (GMT) calculations.

Vaccinia Enzyme-Linked Immunosorbent Assay
Total IgG antibodies were measured using an automated
ELISA on a Biomek FX ELISA robot (Beckman Coulter, Ger-
many). The 96-well plates were coated overnight with a crude

antigen preparation (MVA-infected chicken embryo fibroblast
lysate) in 200 mM Na2CO3, pH 9.6. After washing, plates
were blocked with a solution of phosphate-buffered saline, 5%
fetal bovine serum (FBS), and 0.05% Tween 20. Plates were
washed again before the addition of test sera, which were titrat-
ed in duplicate 2-fold serial dilutions starting at 1:50. After a
1-hour incubation period, plates were washed, incubated for
1 hour with detection antibody (goat anti-human horseradish
peroxidase, Sigma-Aldrich), and washed again before a 30-
minute development with 3,3′,5,5′-tetramethylbenzidine sub-
strate. The optical density was measured at 450 nm. The antibody
titers were calculated by linear regression and defined as the
serum dilution that resulted in the optical density of the assay
cutoff (0.3).

Vaccinia Plaque Reduction Neutralization Test
Neutralizing antibodies were determined using a PRNT50. Test
sera were serially diluted in duplicate in Dulbecco’s modified
Eagle’s medium (DMEM)/7% FBS and added to an equal vol-
ume of vaccinia virus (Western Reserve strain, ABI) and then
incubated overnight at 37°C. After neutralization, the sera
were transferred to confluent Vero cell monolayers in 48-well
cell culture plates. After 70 minutes adsorption, overlay-medium
(DMEM, 7% FBS, penicillin, streptomycin, and 0.5% methyl
cellulose) was added and then incubated overnight. After crystal
violet staining, plates were scanned and automatically counted.
The number of plaques was fitted as a linear function of the

Table 1. Demographic Data and HIV Status (FAS, N = 579)a

HIV-Infected Vaccinia-
Naive (N = 351)

Uninfected Vaccinia-
Naive (N = 88)

HIV-Infected Vaccinia-
Experienced (N = 131)

Uninfected Vaccinia-
Experienced (N = 9)

Age, mean (SD), years 36.8 ± 8.0 28.9 ± 7.1 44.6 ± 5.1 45.6 ± 8.9

BMI, mean (SD), kg/m2 26.7 ± 5.6 27.6 ± 7.4 27.1 ± 5.0 26.0 ± 4.7

Gender, n (%)
Male 287 (81.8) 38 (43.2) 110 (84.0) 5 (55.6)

Female 64 (18.2) 50 (56.8) 21 (16.0) 4 (44.4)

Ethnicity, n (%)
Caucasian 161 (45.9) 49 (55.7) 60 (45.8) 5 (55.6)

African-American 117 (33.3) 15 (17.0) 43 (32.8) 3 (33.3)

Hispanic 65 (18.5) 14 (15.9) 27 (20.6) 0 (0.0)
Oriental/Asian 1 (0.3) 5 (5.7) 1 (0.8) 1 (11.1)

Other 7 (2.0) 5 (5.7) 0 (0.0) 0 (0.0)

CD4+ T Cells, median (range), number/mm3

Baseline 420 (200–897) N/A 449 (199–741) N/A

End of trial 403 (138–1056) N/A 435 (273–762) N/A

HIV Status, n (%)
HAART therapy 277 (79) N/A 120 (92) N/A

Baseline viral load <400 copies 278 (79) N/A 118 (90) N/A

Abbreviations: BMI, body mass index; FAS, full analysis set; HAART, highly active antiretroviral therapy; HIV, human immunodeficiency virus; N, number of subjects;
n, number of subjects in the specified category; N/A, not applicable; SD, standard deviation; %, percentage based on N.
a The main difference in demographics between groups was the younger age of vaccinia-naive compared with vaccinia-experienced subjects, which is to be
expected because mass vaccination programs ended in the 1970s, and the higher percentage of male subjects in the HIV-infected compared with healthy
populations, representative of and reflecting the gender balance of the general HIV-infected population in the United States.
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log10 of the dilution, and the titer was expressed as the serum di-
lution where the virus was neutralized by 50% compared with the
100% virus control (average number of plaques per 40 wells).

Statistical Analysis
The final sample size of at least 300 HIV-infected, vaccinia-naive
subjects was determined by regulatory requirements to identify a
potential safety signal of at least 1% with 80% power. Safety and
immunogenicity assessments were stratified according to the pre-
vaccination status of subjects to evaluate the potential impact of
pre-existing immunity. The HIV-infected study population was
further stratified according to their CD4 counts at baseline
(200–349, 350–500, 501–750 cells/µL).
The safety analysis was conducted on the Full Analysis Set

(FAS) including all subjects who received at least 1 vaccination.
The immunogenicity analysis was primarily performed on the
per-protocol analysis set (PPS), comprising all subjects without
major protocol violations, but was also repeated on the FAS for
comparison. All analyses were performed in an exploratory
manner at the 5% significance level without any adjustments
for multiple testing. Statistical analyses were conducted using
SAS.

Demographic parameters between groups were compared at
baseline using descriptive statistics i.e. proportions for gender or
race and mean and standard deviations for quantitative mea-
surements (e.g. age or body mass index). Safety laboratory pa-
rameters were compared over time by calculating the change
from baseline and calculating the mean and 95% confidence in-
terval of the mean.
Adverse events were summarized using frequency tables, and

differences between rates in groups were tested using Fisher’s
exact test. For the immunogenicity data (ELISA and PRNT
titers), the seroconversion rates (ELISA and PRNT) were com-
pared using an exact 95% confidence interval for the difference
between the percentages of healthy and HIV-infected subjects.
Differences in GMTs between 2 groups were tested using a ho-
moscedastic t test, or a one-way analysis of variance test in the
case of more than 2 groups, using the log10 titers.

RESULTS

Study Population
Five hundred seventy-nine volunteers were enrolled in the
study: 439 vaccinia-naive (88 healthy, 351 HIV-infected) and
140 vaccinia-experienced (9 healthy, 131 HIV-infected) subjects

Table 2. Summary of Adverse Events (AE) During the Treatment Period (FAS, N = 579)

HIV-Infected Vaccinia-
Naive (N* = 351)

Uninfected Vaccinia-
Naive (N* = 88)

HIV-Infected Vaccinia-
Experienced (N* = 131)

Uninfected Vaccinia-
Experienced (N* = 9)

Subject based, n (%)
At least 1 AE documented 318 (90.6) 87 (98.9) 113 (86.3) 7 (77.8)

At least 1

Nonserious AE 318 (90.6) 87 (98.9) 113 (86.3) 7 (77.8)
Causally related AEa 205 (58.4) 59 (67.0) 61 (46.6) 3 (33.3)

AE graded ≥3b 65 (18.5) 18 (20.5) 17 (13.0) 1 (11.1)

Causally related AE graded ≥3b 26 (7.4) 7 (8.0) 5 (3.8) 0 (0.0)
Unsolicited AE (29-day FU) 236 (67.2) 59 (67.0) 73 (55.7) 3 (33.3)

Solicited local AE (8-day FU) 272 (77.5) 82 (93.2) 95 (72.5) 7 (77.8)
Solicited general AE (8-day FU) 198 (56.4) 55 (62.5) 64 (48.9) 3 (33.3)

Special interest AE 41 (11.7) 13 (14.8) 9 (6.9) 0 (0.0)

Causally related special interest AE 8 (2.3) 7 (7.9) 2 (1.5) 0 (0.0)
AE leading to withdrawal from study 1 (0.3) 1 (1.1) 1 (0.8) 0 (0.0)

AE leading to withdrawal from 2nd
vaccination

1 (0.3) 0 (0.0) 2 (1.5) 0 (0.0)

- solicited local AEs: pain Grade 3 = spontaneously painful/prevented normal activity, erythema/swelling Grade 3 = greatest surface diameter ≥100 mm.

- solicited general AEs: Grade 3 = AE, which prevented daily activities or body temperature ≥39 to <40°C, Grade 4 = AE life-threatening or disabling or body
temperature ≥40°C.
- unsolicited AEs: Grade 3 = AE prevents daily activities, Grade 4 = AE life-threatening or disabling.

There may be findings in more than 1 category. The table shows AEs during the treatment period excluding the follow-up phase of the study. There were no causally
related AE grade 4 reported during the study.

Abbreviations: FAS, full analysis set; FU, follow-up; N, number of subjects; N*, number of subjects in the specified group; n, number of subjects with at least 1 report
of 1 particular kind of symptom; %, percentage based on N*.
a Unsolicited or solicited general AE considered by the investigator to have a possible, probable, definite or missing relationship to study medication. Solicited local
AEs are per definition considered related to study medication and were not included in the causality assessment depicted in this table.
b Intensity grades:

Safety and Immunogenicity of Modified Vaccinia Ankara • OFID • 5

D
ow

nloaded from
 https://academ

ic.oup.com
/ofid/article-abstract/2/2/ofv040/1411319 by O

U
P R

estricted Live U
niversity Test, Johnny M

cAdm
in on 07 D

ecem
ber 2018



log10 of the dilution, and the titer was expressed as the serum di-
lution where the virus was neutralized by 50% compared with the
100% virus control (average number of plaques per 40 wells).
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AEs are per definition considered related to study medication and were not included in the causality assessment depicted in this table.
b Intensity grades:
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received at least 1 vaccination, had data available for analysis,
and were included in the FAS (Figure 1). An amendment of
the protocol to fulfill regulatory requirements meant enrollment
into study groups was unbalanced. Five hundred forty-one sub-
jects received both vaccinations. Of these, 185 subjects (34%)
had a protocol violation (predefined according to regulatory au-
thority requirements) and were excluded from the PPS accord-
ingly. Because only 5 healthy vaccinia-experienced subjects
were included in the PPS, this group was not powered for com-
parisons with other groups.
Human immunodeficiency virus-infected and healthy study

populations were demographically balanced except that there
were more males than females in the HIV-infected study groups
and the HIV-infected vaccinia-naive group was older than the
healthy cohort. The main difference between vaccinia-naive and
vaccinia-experienced groups was the lower age of vaccinia-naive
compared with vaccinia-experienced subjects (Table 1). Based
on CD4 counts at screening (200–349, 350–500, 501–750
cells/µL), HIV-infected subjects were further divided into 3
subgroups with similar proportions of vaccinia-naive and vac-
cinia-experienced in each group (89 [25.4%], 163 [46.4%], and
99 [28.2%]; and 24 [18.3%], 61 [46.6%], and 46 [35.1%],
respectively).
Two healthy subjects and 29 HIV-infected subjects discontin-

ued the study prematurely. Reasons for discontinuation included
subject unable or unwilling to comply with study procedures (8),
adverse event (6), subject request (6), improper timing of a
licensed vaccine (5), CD4 dropped below prespecified level (4),

administration of prohibited medications (1), and unspecified
reason (1).

Safety
A summary of all categories of AE reported during the treat-
ment period of the study is provided in Table 2. A majority
of subjects (>90%) experienced at least 1 AE, with a slightly
lower incidence in vaccinia-experienced compared with vaccin-
ia-naive subjects. In general, occurrence of unsolicited and so-
licited AE and adverse drug reactions (ADRs), including grade
≥3 events, was similar in all 4 groups.
Of the 38 SAE reported during the study, all occurred in

HIV-infected subjects and, except for 1, were assessed as
not related to MVA. There was one possibly related SAE
(pneumonia and pleurisy) with onset 1 day after the second
vaccination, making the relationship unlikely because vacci-
nation occurred during the incubation period of the infection.
There was 1 nonrelated death due to suicide with benzodiaze-
pine overdose in a subject with known bipolar disorder and
schizophrenia.
Six of the 31 subjects who discontinued the study premature-

ly withdrew due to an AE (all HIV-infected). Three cases with
possible or probable relationship were due to injection-site
dermatitis, (transient) decrease in neutrophils, or partial incom-
plete left branch bundle block (LBBB) that resolved spontane-
ously. The latter subject had normal ECGs before and after the
incomplete LBBB, and all troponin levels were normal through-
out the study for that individual.

Table 3. Most Common Unsolicited Adverse Reactions (Frequency >2%) During the 28-Day Follow-up Period After Both Vaccinations
(FAS, N = 579)a

System Organ Class Preferred Term HIV-Infected Vaccinia-
Naive (N* = 351)

Uninfected Vaccinia-
Naive (N* = 88)

HIV-Infected Vaccinia-
Experienced (N* = 131)

Uninfected Vaccinia-
Experienced (N* = 9)

Administration site conditions, n (%)
Injection site pruritus, any grade 72 (20.5) 28 (31.8) 25 (19.1) 3 (33.3)

Injection site pruritus, Grade ≥3 1 (0.3) 0 (0) 0 (0) 0 (0)

Injection site nodule, any grade 4 (1.1) 3 (3.4) 0 (0) 1 (11.1)
Injection site nodule, Grade ≥3 0 (0) 0 (0) 0 (0) 0 (0)

Injection site bruising, any grade 2 (0.6) 2 (2.3) 0 (0) 0 (0)

Injection site bruising, Grade ≥3 0 (0) 0 (0) 0 (0) 0 (0)
Injection site warmth, any grade 2 (0.6) 3 (3.4) 1 (0.8) 0 (0)

Injection site warmth, Grade ≥3 0 (0) 0 (0) 0 (0) 0 (0)

Gastrointestinal disorders, n (%)
Vomiting, any grade 1 (0.3) 2 (2.3) 0 (0) 0 (0)

Vomiting, Grade ≥3 1 (0.3) 1 (1.1) 0 (0) 0 (0)

Investigations, n (%)
Troponin I increased, any grade 5 (1.4) 5 (5.7) 1 (0.8) 0 (0)

Troponin I increased, Grade ≥3 1 (0.3) 0 (0) 0 (0) 0 (0)

Abbreviations: FAS, full analysis set; N, number of subjects; N*, number of subjects in the specified group; n, number of subjects with at least 1 report of the specific
local or systemic AE after either vaccination; %, percentages based on N*.
a A subject may have AEs reported in more than 1 category.
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Adverse events of special interest assessed as possibly related
to the vaccination were reported in 7.9% of the healthy vaccinia-
naïve population and 2.3% of the HIV-infected vaccinia-naïve
population. Whereas in the HIV-infected vaccinia-experienced
population only 1.5% of Adverse events of special interest as-
sessed were reported as possibly related to the vaccination.
The cases were mostly due to transient, minimally elevated tro-
ponin I elevations that were not associated with any ECG
changes. All AESI were mild (grade 1) and transient, and
none was indicative of myo- or pericarditis. The majority of un-
solicited ADR reported with a frequency >2% were related to
vaccination-site reactions (Table 3).
No clinically significant changes in CD4 counts or HIV viral

load were observed during the treatment period, and there were
no clinically significant changes in hematology and biochemistry.
Injection-site pain, erythema, swelling, headache, myalgia, fatigues,
nausea, and chills were the most prevalent local and systemic
ADR, resolving within 3–5 days with none being graded as severe.

Immunogenicity Results
Immunogenicity data for the PPS are shown (n = 394; Figure 2);
however, similar results were obtained for the FAS (n = 579), il-
lustrating the robustness of the data (Figure 3). Higher baseline
seropositivity rates were observed in HIV-infected vaccinia-

naive subjects (35% for ELISA and 17% for PRNT) compared
with healthy vaccinia-naive subjects (14% and 7%, respectively),
although actual GMTs were low.
A rapid primary response was achieved in vaccinia-naive sub-

jects: 86% of the healthy and 80% of the HIV-infected subjects
were seropositive by ELISA 4 weeks after the first dose (week 4),
increasing to 100.0% and 97.5% 2 weeks after the second dose.
Similarly, 100% of healthy and 93% of HIV-infected vaccinia-
experienced subjects were seropositive by ELISA after a single
dose, the latter rising to 99% 2 weeks after the second dose.
Baseline CD4 count had no impact on ELISA seropositivity
rates in HIV-infected populations.
Enzyme-linked immunosorbent assay GMTs (Figure 2A)

were statistically higher in healthy compared with HIV-infected
subjects at week 6 (P = .0030) and week 8 (P = .0094). Geomet-
ric mean titer in HIV-infected subjects tended to be lower with
decreasing CD4 count, although not statistically significant
(data not shown). Enzyme-linked immunosorbent assay GMTs
in the vaccinia-experienced populations were not significantly
different with a GMT of 461.1 and 220.1 in healthy and HIV-
infected subjects after vaccination 1, rising to 612.9 and 588.4,
respectively, after the second dose (Figure 2B).
Four weeks after the first dose, 19% of healthy and 30% ofHIV-

infected vaccinia-naive subjects were seropositive by the PRNT.

Figure 2. Kinetics of humoral immune responses after 2 vaccinations with Modified vaccinia Ankara-Bavarian Nordic. Total and neutralizing antibody
responses were analyzed by enzyme-linked immunosorbent assay ([ELISA] A and B) and plaque reduction neutralization test ([PRNT] C and D) using the Per
Protocol Set. Abbreviation: GMT, geometric mean titer.
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Adverse events of special interest assessed as possibly related
to the vaccination were reported in 7.9% of the healthy vaccinia-
naïve population and 2.3% of the HIV-infected vaccinia-naïve
population. Whereas in the HIV-infected vaccinia-experienced
population only 1.5% of Adverse events of special interest as-
sessed were reported as possibly related to the vaccination.
The cases were mostly due to transient, minimally elevated tro-
ponin I elevations that were not associated with any ECG
changes. All AESI were mild (grade 1) and transient, and
none was indicative of myo- or pericarditis. The majority of un-
solicited ADR reported with a frequency >2% were related to
vaccination-site reactions (Table 3).
No clinically significant changes in CD4 counts or HIV viral

load were observed during the treatment period, and there were
no clinically significant changes in hematology and biochemistry.
Injection-site pain, erythema, swelling, headache, myalgia, fatigues,
nausea, and chills were the most prevalent local and systemic
ADR, resolving within 3–5 days with none being graded as severe.

Immunogenicity Results
Immunogenicity data for the PPS are shown (n = 394; Figure 2);
however, similar results were obtained for the FAS (n = 579), il-
lustrating the robustness of the data (Figure 3). Higher baseline
seropositivity rates were observed in HIV-infected vaccinia-

naive subjects (35% for ELISA and 17% for PRNT) compared
with healthy vaccinia-naive subjects (14% and 7%, respectively),
although actual GMTs were low.
A rapid primary response was achieved in vaccinia-naive sub-

jects: 86% of the healthy and 80% of the HIV-infected subjects
were seropositive by ELISA 4 weeks after the first dose (week 4),
increasing to 100.0% and 97.5% 2 weeks after the second dose.
Similarly, 100% of healthy and 93% of HIV-infected vaccinia-
experienced subjects were seropositive by ELISA after a single
dose, the latter rising to 99% 2 weeks after the second dose.
Baseline CD4 count had no impact on ELISA seropositivity
rates in HIV-infected populations.
Enzyme-linked immunosorbent assay GMTs (Figure 2A)

were statistically higher in healthy compared with HIV-infected
subjects at week 6 (P = .0030) and week 8 (P = .0094). Geomet-
ric mean titer in HIV-infected subjects tended to be lower with
decreasing CD4 count, although not statistically significant
(data not shown). Enzyme-linked immunosorbent assay GMTs
in the vaccinia-experienced populations were not significantly
different with a GMT of 461.1 and 220.1 in healthy and HIV-
infected subjects after vaccination 1, rising to 612.9 and 588.4,
respectively, after the second dose (Figure 2B).
Four weeks after the first dose, 19% of healthy and 30% ofHIV-

infected vaccinia-naive subjects were seropositive by the PRNT.

Figure 2. Kinetics of humoral immune responses after 2 vaccinations with Modified vaccinia Ankara-Bavarian Nordic. Total and neutralizing antibody
responses were analyzed by enzyme-linked immunosorbent assay ([ELISA] A and B) and plaque reduction neutralization test ([PRNT] C and D) using the Per
Protocol Set. Abbreviation: GMT, geometric mean titer.
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Significantly higher seropositivity rates were measured for healthy
subjects (81%) compared with HIV-infected subjects (61%) after
dose 2 (P = .0055). Responses were similar across the different
CD4 strata among HIV-infected subjects. Eighty percent of
both healthy and HIV-infected vaccinia-experienced subjects
were seropositive by PRNT after 1 dose, increasing further to
100% and 90%, respectively, after the second vaccination.
Neutralizing GMTs in vaccinia-naive subjects were low after

dose 1 and increased to 21.7 in healthy and 13.1 in HIV-infected
subjects, respectively after dose 2 (P = .17) (Figure 2C). Among
HIV-infected subjects, there was no significant difference at any
time point and no trends related to CD4 counts were observed.
A rapid increase in GMT from baseline was seen in both vaccin-
ia-experienced populations after dose 1, increasing after the second
dose in bothHIV-infected (88.9) and healthy subjects (354.5) (Fig-
ure 2D). In all 4 groups, there was a significant correlation between
ELISA and PRNT titers at all study visits (data not shown).

DISCUSSION

The primary goals of this study were to assess the safety and im-
munogenicity of MVA in immunocompromised subjects for
whom replication competent smallpox vaccines are contraindi-
cated. The results of this study demonstrate that the MVA

smallpox vaccine was as safe and well tolerated in HIV-infected
subjects with CD4 counts as low as 200 cells/µL as in healthy
individuals, regardless of their previous smallpox vaccination
status. Furthermore, MVA was able to induce a VACV-specific
immune response in HIV-infected subjects.
Although a majority of the study subjects experienced at least 1

AE, frequencies were similar in HIV-infected and healthy sub-
jects. The only SAE assessed as possibly related (pneumonia)
was likely pre-existing given the onset of symptoms 1 day after
vaccination. The majority of reported adverse reactions tended
to be mild to moderate, quickly resolving, local and systemic
ADR typically observed with vaccine administration. None of
the reported AESI was indicative of myo- or pericarditis. More-
over, the 11 subjects with minimally elevated troponin levels re-
ported during the study were evaluated by a cardiologist and
deemed not to indicate myo- or pericardits. Given the very low
elevation without any ECG or echocardiographic changes, the el-
evated troponin levels likely reflected a change in the central lab-
oratory threshold for normal range during the active phase of the
study, leading to false-positive results. There was no significant
difference in the frequency of ADR or AESI in HIV-infected or
healthy subjects. No safety signals were detected during the study
including the 6-month follow-up and despite close cardiac mon-
itoring, and no cardiac risk was identified.

Figure 3. Kinetics of humoral immune responses after 2 vaccinations with Modified vaccinia Ankara-Bavarian Nordic. Total and neutralizing antibody
responses were analyzed by enzyme-linked immunosorbent assay ([ELISA] A and B) and plaque reduction neutralization test ([PRNT] C and D) using the Full
Analysis Set. Abbreviation: GMT, geometric mean titer.
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These data are important because first- and second-generation
live smallpox vaccines have been associated with myo-/pericardi-
tis [19].The fact that no cases of myo-/pericarditis were identified
in this study, which was powered specifically to detect cardiac
events at the frequency reported with live vaccines, suggests
that the vaccine likely has a better cardiac safety profile than pre-
vious generation vaccines, confirming previously published data
on cardiac monitoring after administration of MVA [20]. Never-
theless, it remains possible that larger clinical studies might detect
rare clinical toxicity.
Immunogenicity of vaccines is of significant importance for

immunocompromised subjects who are at risk for more severe
disease. After 2 doses of MVA, high seropositivity rates were
demonstrated in both HIV-infected and healthy subjects. Al-
though total antibody titers were significantly higher in healthy
compared with HIV-infected vaccinia-naive subjects, PRNT
GMT values were similar at the 26 week follow-up visit. This re-
sult is consistent with the results of a smaller study [16], although
the trial reported here included subjects with more advanced dis-
ease (CD4 count as low as 200 cells/µL compared with >350 cells/
µL). Although a suppressed immune response in HIV-infected
subjects is generally expected and frequently observed with
other vaccines [21], total antibody titers in HIV-infected subjects
were still high and comparable to titers in healthy subjects given
first- and second-generation live smallpox vaccines [14, 16], justi-
fying the conclusion that immune responses correlating to protec-
tion had been induced in this immunocompromised population.
As has been reported in other clinical studies evaluating MVA

[10–13, 15–18] or first- and second-generation live smallpox
vaccines [14], the total antibody response is higher, both in
terms of the number of responders and in the magnitude of
the response, compared with neutralizing antibody titers. Al-
though neutralizing antibodies are considered an important im-
munological correlate of protection [22], other antibody
functions such as complement fixation, antibody directed cellu-
lar cytotoxicity, and opsonization have been shown to play an
important role in protection as well [23–27].Antibodies respon-
sible for these latter functions are likely captured better by an
ELISA [28, 29]. In all reported trials for MVA, the PRNT and
ELISA results were significantly correlated, as is the case in
the present study, supporting the comprehensive assessment
of humoral immune responses using the measurement of
both PRNT and ELISA.
In both groups of vaccinia-experienced subjects, MVA was

shown to significantly boost pre-existing immunity, supporting
earlier findings that first- and second-generation smallpox vac-
cines induce a long-lived B cell memory [30]. This anamnestic
response in vaccinia-experienced populations has previously
been used as an indicator of clinical efficacy for first- and sec-
ond-generation smallpox vaccines [24], and thus a single MVA
vaccination seems to be sufficient to boost the protective im-
mune response induced by first- and second-generation

smallpox vaccines in the majority of immunosuppressed and
healthy individuals.

CONCLUSIONS

In conclusion, this study demonstrates that the standard MVA
dose and regimen established for healthy populations has a
favorable safety and immunogenic profile in HIV-infected vac-
cinia-naive and vaccinia-experienced populations with CD4
counts of 200–750 cells/µL. The data from this study supported
US Food and Drug Administration approval for emergency use
of MVA in the event of a smallpox outbreak.
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These data are important because first- and second-generation
live smallpox vaccines have been associated with myo-/pericardi-
tis [19].The fact that no cases of myo-/pericarditis were identified
in this study, which was powered specifically to detect cardiac
events at the frequency reported with live vaccines, suggests
that the vaccine likely has a better cardiac safety profile than pre-
vious generation vaccines, confirming previously published data
on cardiac monitoring after administration of MVA [20]. Never-
theless, it remains possible that larger clinical studies might detect
rare clinical toxicity.
Immunogenicity of vaccines is of significant importance for

immunocompromised subjects who are at risk for more severe
disease. After 2 doses of MVA, high seropositivity rates were
demonstrated in both HIV-infected and healthy subjects. Al-
though total antibody titers were significantly higher in healthy
compared with HIV-infected vaccinia-naive subjects, PRNT
GMT values were similar at the 26 week follow-up visit. This re-
sult is consistent with the results of a smaller study [16], although
the trial reported here included subjects with more advanced dis-
ease (CD4 count as low as 200 cells/µL compared with >350 cells/
µL). Although a suppressed immune response in HIV-infected
subjects is generally expected and frequently observed with
other vaccines [21], total antibody titers in HIV-infected subjects
were still high and comparable to titers in healthy subjects given
first- and second-generation live smallpox vaccines [14, 16], justi-
fying the conclusion that immune responses correlating to protec-
tion had been induced in this immunocompromised population.
As has been reported in other clinical studies evaluating MVA

[10–13, 15–18] or first- and second-generation live smallpox
vaccines [14], the total antibody response is higher, both in
terms of the number of responders and in the magnitude of
the response, compared with neutralizing antibody titers. Al-
though neutralizing antibodies are considered an important im-
munological correlate of protection [22], other antibody
functions such as complement fixation, antibody directed cellu-
lar cytotoxicity, and opsonization have been shown to play an
important role in protection as well [23–27].Antibodies respon-
sible for these latter functions are likely captured better by an
ELISA [28, 29]. In all reported trials for MVA, the PRNT and
ELISA results were significantly correlated, as is the case in
the present study, supporting the comprehensive assessment
of humoral immune responses using the measurement of
both PRNT and ELISA.
In both groups of vaccinia-experienced subjects, MVA was

shown to significantly boost pre-existing immunity, supporting
earlier findings that first- and second-generation smallpox vac-
cines induce a long-lived B cell memory [30]. This anamnestic
response in vaccinia-experienced populations has previously
been used as an indicator of clinical efficacy for first- and sec-
ond-generation smallpox vaccines [24], and thus a single MVA
vaccination seems to be sufficient to boost the protective im-
mune response induced by first- and second-generation

smallpox vaccines in the majority of immunosuppressed and
healthy individuals.

CONCLUSIONS

In conclusion, this study demonstrates that the standard MVA
dose and regimen established for healthy populations has a
favorable safety and immunogenic profile in HIV-infected vac-
cinia-naive and vaccinia-experienced populations with CD4
counts of 200–750 cells/µL. The data from this study supported
US Food and Drug Administration approval for emergency use
of MVA in the event of a smallpox outbreak.
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