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The current worldwide monkepox outbreak has reaffirmed the continued threat monkeypox virus
(MPXV) poses to public health. JYNNEOS, a Modified Vaccinia Ankara (MVA)-based live, non-
replicating vaccine, was recently approved for monkeypox prevention for adults at high risk of MPXV
infection in the United States. Although the safety and immunogenicity of JYNNEOS have been examined
previously, the clinical cohorts studied largely derive from regions where MPXV does not typically circu-
late. In this study, we assess the quality and longevity of serological responses to two doses of JYNNEOS
vaccine in a large cohort of healthcare workers from the Democratic Republic of Congo (DRC). We show
that JYNNEOS elicits a strong orthopoxvirus (OPXV)-specific antibody response in participants that peaks
around day 42, or 2 weeks after the second vaccine dose. Participants with no prior history of smallpox
vaccination or exposure have lower baseline antibody levels, but experience a similar fold-rise in anti-
body titers by day 42 as those with a prior history of vaccination. Both previously naïve and vaccinated
participants generate vaccinia virus and MPXV-neutralizing antibody in response to JYNNEOS vaccina-
tion. Finally, even though total OPXV-specific IgG titers and neutralizing antibody titers declined from
their peak and returned close to baseline levels by the 2-year mark, most participants remain IgG
seropositive at the 2-year timepoint. Taken together, our data demonstrates that JYNNEOS vaccination
triggers potent OPXV neutralizing antibody responses in a cohort of healthcare workers in DRC, a
monkeypox-endemic region. MPXV vaccination with JYNNEOS may help ameliorate the disease and eco-
nomic burden associated with monkeypox and combat potential outbreaks in areas with active virus
circulation.

Published by Elsevier Ltd.
1. Introduction

Following the global eradication of smallpox, monkeypox virus
(MPXV) has emerged as the most critical orthopoxvirus (OPXV) for
public health. MPXV is endemic in several West and Central Afri-
can countries, and until recently, the sporadic and isolated cases
reported outside these regions were largely linked to recent travel
to Nigeria [1–5], or the importation of infected animals [6]. In May
2022, the first clusters of monkeypox infections involving no
recent travel to endemic areas were reported in the United King-
dom. As of October 24, 2022, over 75,000 cases have been con-
firmed in 102 locations that have not historically reported
monkeypox, including the United States [7]. Infected individuals
develop vesicular-papular lesions and sometimes experience a feb-
rile prodrome and lymphadenopathy [8]. Severe illness may occur
in those with immunocompromising conditions, such as HIV [9],
and can be marked by secondary bacterial infections leading to
bronchopneumonia, sepsis and sometimes death [8,10].
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MPXV and variola virus, the causative virus of smallpox, share a
high degree of genetic homology. Consequently, smallpox vaccines
have historically been highly effective in preventing or reducing
the severity of monkeypox [11]. Past studies have demonstrated
that the severe complications and sequelae associated with mon-
keypox are more common in unvaccinated than vaccinated
patients [10]. However, until recently, pregnant women and popu-
lations with immunological, cardiac, and dermatological condi-
tions, who are precluded them from receiving live, replicating
smallpox vaccine (ACAM2000), were left without immunization
options against monkeypox [12,13]. In 2019 JYNNEOS (also known
as IMVAMUNE, IMVANEX), a Modified Vaccinia Ankara (MVA)-
based live, non-replicating vaccine developed for smallpox pre-
paredness, was approved by the FDA for smallpox prevention
and monkeypox prevention for adults at high risk for MPXV infec-
tion in the United States [8,14]. In severe disease or lethal MPXV
challenge studies in non-human primates, vaccination with JYN-
NEOS demonstrated a clear survival benefit [15–17]. Additionally,
safety studies evaluating JYNNEOS in previously vaccinated and
unvaccinated healthy adults, and in adults with atopic dermatitis
or HIV, did not find similar serious adverse events and systemic
reactions compared to those seen with replicating vaccines [18–
24]. As enrollment in these clinical studies has largely been limited
to persons from the United States and Europe, there is an incom-
plete understanding of the safety and effectiveness of JYNNEOS
in monkeypox-endemic regions.

Resuming smallpox vaccination to protect against monkeypox
in Africa has been discussed since shortly after the eradication of
smallpox, where markedly different attack rates of monkeypox
were seen in children born after cessation of vaccination [25]. Con-
tinued vaccination was deemed unnecessary at the time, partly
because infection clusters were expected to be self-limiting, but
also due to the known adverse reactions associated with live virus
vaccines [26,27]. Recent studies have reported an increased num-
ber of human MPXV cases in the Congo Basin area, indicating that
monkeypox remains a public health threat in the Democratic
Republic of the Congo (DRC) [28]. However, widespread immuniza-
tion using historical smallpox vaccines presents safety concerns
that are heightened by the high burden of tropical infectious dis-
eases, HIV and malnutrition-linked immune deficiencies [27]. The
development and licensure of JYNNEOS provides an opportunity
to minimize the worsening morbidity and mortality of monkeypox
in endemic areas.

In 2017, a study was initiated in DRC as a collaborative effort
between the U.S. Centers for Disease Control and Prevention
(CDC), the DRC Ministry of Health (MOH), and the Kinshasa School
of Public Health (KSPH) to evaluate the safety and immunogenicity
of the JYNNEOS smallpox vaccine against monkeypox virus infec-
tion in healthcare workers, including laboratory personnel [29].
Healthcare workers in Tshuapa Province are at a much higher risk
than the general population for exposure to and development of
monkeypox [29]. As part of this open-label prospective cohort
study, nearly 1000 participants received two doses of the liquid
frozen formulation of the JYNNEOS vaccine, and their systemic/lo-
cal adverse events, immunological responses, and any potential
monkeypox exposures or infections were monitored over the next
two years. In this manuscript, we describe the kinetics, magnitude,
and quality of serological responses against VACV and MPXV in a
select cohort of vaccinees with and without any history of prior
OPXV exposure. These analyses may shed light on the immunolog-
ical efficacy of JYNNEOS in a MPXV endemic region. In addition, the
data presented herein may further our understanding of the roles
that genetic and environmental factors play in the development
and maintenance of serological responses against OPXVs.
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2. Methods

2.1. Ethics statement

The human serum samples used in this study were collected as
part of the clinical trial NCT02977715 described previously [29].
The study was reviewed and approved by the CDC Institutional
Review Board (Protocol #6859) and the Kinshasa School of Public
Health.2 Each participant agreed to study procedures via written
informed consent prior to specimen collection and vaccination.
2.2. Study design and clinical samples

A total of 999 healthcare personnel 18 years of age or older
were recruited on a voluntary basis in Kinshasa and Tshuapa Pro-
vince in the DRC to receive two subcutaneous doses of the liquid
frozen formulation of JYNNEOS (then, IMVAMUNE) vaccine. Vac-
cine doses were administered on days (D) 0 and 28. A pregnancy
test was administered to females of childbearing age prior to
receipt of vaccine; if positive, vaccine was not administered, with
individuals excluded from the study if pregnant at D0. Blood sam-
ples were collected on D0, 14, 28, 42, 180, 365, 545, and 730 for all
individuals who received at least one dose of vaccine. D14 screen-
ings were only performed in Kinshasa and the provincial capital,
Boende, for 324 of participants. Specimens were centrifuged and
then stored at 4 �C in double gel SST tubes for up to 3 weeks until
shipment to the Institut National pour la Researche Biomedicale
(INRB) in Kinshasa was feasible. There, serum was aliquoted and
stored at �20 �C before shipment to CDC’s Poxvirus Laboratory in
Atlanta, Georgia, USA for immunological analysis.
2.3. Virus strains

Virus strains used for immunogenicity studies include: JYN-
NEOS (MVA) and Dryvax (VACV) for ELISAs, and VACV WR and
MPXV WA for plaque reduction neutralization tests (PRNT)s.
Viruses were propagated in BSC-40 cells using RPMI media con-
taining 2 % FBS and 1 % penicillin/streptomycin antibiotics. Work-
ing aliquots of all viruses were stored at �20 �C or �80 �C prior to
use.
2.4. ELISA

All serum specimens were tested for the presence of OPXV-
specific IgG and IgM antibody at 1:100 and 1:50 dilution, respec-
tively. The IgG and IgM ELISAs were performed as previously
described [30] using JYNNEOS vaccine as the viral antigen. JYN-
NEOS antigen ELISA was optimized for comparability with our
in-house developed Dryvax-based assay. A secondary cutoff was
used to determine positivity in IgG [Optical Density (OD) – cutoff
value (COV) > 0.1) and IgM (OD-COV > 0.12)]. These values were
selected based on being 1 standard deviation higher from the mean
OD-COV result in Naïve Participants at D0 (IgG), and based on the
same criteria at D0, D180, D365, and D730 (IgM). In addition, based
upon the availability of matched samples, a select subset of
matched D0, D42 and D730 sera were tested at a wider range of
dilutions to measure the IgG endpoint titer (EPT). OD values were
plotted for each dilution tested and the EPT was interpolated using
a non-linear regression equation (Sigmoidal, 4PL, X is log[concen-
tration]) on GraphPad Prism software (version 8, GraphPad). The
cutoff value to determine the EPT was defined as the mean OD of
5 negative control serum samples plus 3 standard deviations. IgG
2 See 45 C.F.R. part 46; 21 C.F.R. part 56.
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EPT ELISAs were performed using the VACV strain Dryvax as the
viral antigen.

2.5. PRNT

VACV and MPXV-specific neutralizing antibody titers were
measured by PRNT. Serum samples were heat inactivated for 1 h
at 56 �C, and serially diluted to cover a range of dilutions starting
at 1:7.5. Diluted sera were incubated with 50–80 pfu of VACV
WR or MPXVWA overnight at 37 �C, and then added to Vero E6 cell
monolayers seeded in 96-well plates. The virus, serum and cell
mixtures were incubated for 1 h at 37 �C, and a 2 % methylcellulose
overlay was added to the cells thereafter. After a 30 h (VACV) or
48 h (MPXV) incubation at 37 �C, cells were stained and inactivated
with crystal violet containing 10 % buffered formalin. Plates were
imaged using the Cellular Technology Limited (CTL) ImmunoSpot
reader (S6 Micro Analyzer, ImmunoSpot), and plaques were enu-
merated using BioSpot software (7.0.23.2 Professional, Immuno-
Spot). The number of plaques observed at each dilution were
plotted on GraphPad Prism software (version 8; GraphPad) and
PRNT50 values were determined using the non-linear regression
equation (Sigmoidal, 4PL, X is log[concentration]).
3. Results

3.1. Clinical cohort

Our clinical cohort consisted of 999 participants who agreed to
receive two doses of the liquid frozen formulation of JYNNEOS. Age,
sex and other cohort characteristics are provided in Table 1. Partic-
ipants were classified into two groups initially: Naïve and Prior
Vaccination. The DRC was declared smallpox free in 1977 and dis-
continued routine vaccination at that time. Thus, individuals that
were 40 years of age and older at enrollment may have been vac-
cinated. As worldwide eradication did not occur until 1980, a more
conservative minimum age criteria of 37 years was used as a cutoff
for individuals to be included in the Prior Vaccination group. There
were no age limits for inclusion in the Naïve group. Group classifi-
cation was primarily based upon agreement between participant
date of birth, age, self-reported vaccination status at the time of
recruitment, and the presence or absence of a vaccine take; groups
were further refined as individuals were excluded if they had miss-
ing age information, there was an incompatibility between Naïve
vaccination status and a positive IgG ELISA OD on D0, or there
was a notation of a prior MPXV-like disease. A total of 150 partic-
ipants were excluded from this analysis. Both groups comprised
more men than women, but no significant difference in gender dis-
tribution was observed between the groups. The Prior Vaccination
group was significantly older than the Naïve (p < 0.0001).

A majority of participants were not screened at D14 due to
logistical difficulties in reaching the secondary study sites. Some
individuals missed one or more scheduled visits and/or vaccina-
tions. Participant adherence for all 8 scheduled time points is
shown in Supplementary Table 1.

3.2. Robust antibody production and seroconversion post vaccination

IgM and IgG ELISAs were performed using sera from all time
points at a single dilution (1:50 for IgM and 1:100 for IgG) to check
for the presence of VACV-specific antibody (Fig. 1). Between D0
and D42, an increase in median IgM OD-COV values was observed
in both the Naïve and Prior Vaccination groups (Fig. 1A). While the
rise in OD-COV values was more pronounced and rapid for the
Naïve group, IgM values for the Prior Vaccination group remained
relatively stable overall (Fig. 1A, C). These differences in magnitude
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and kinetics were also reflected in the IgM seropositivity rates
shown in Table 2. IgG trends, in contrast, showed a faster and
greater increase in median ODs for Prior Vaccination samples com-
pared to the Naïve group (Fig. 1B, C). In addition, later time points
for Prior Vaccination participants remained IgG positive, while
seropositivity waned for the Naïve group over time (Table 2). A
peak in IgG OD-COV values was observed at D42 for both the Naïve
and Prior Vaccination groups. IgM seronegative participants in
both groups showed a higher average IgG seropositivity rate at
D0 than those who were IgM positive at one or more time points
(Supplementary Table 2). After D0, IgG seropositivity rates were
largely consistent between IgM seronegative and seropositive par-
ticipants in both groups.

3.3. Antibody titers strongly boosted by vaccination but decline to
baseline levels two years post vaccine

To further examine the magnitude and longevity of antibody
responses to JYNNEOS vaccine, we determined VACV-specific end-
point IgG titers at D0 (baseline), D42 (peak response) and D730
(end of study, 2 years post vaccination) for a subset of participants
from the Naïve (n = 51) and Prior Vaccination (n = 56) groups
(Fig. 2). For both participant groups, IgG titers significantly
increased between D0 and D42, and then declined significantly
between the peak at D42 and D730 (Fig. 2A, 2B). IgG titers for all
three time points were higher for Prior Vaccination participants
compared to the Naïve. However, the rise in titers between D0
and D42, when expressed as a fold change, was comparable
between the two groups (4.1, Naive vs 4.8, Prior Vaccination), indi-
cating that vaccination elicited a robust antibody response for both
participant types despite magnitude differences in median IgG
titer. In aggregate, D730 IgG titers for both groups returned to
baseline levels (Table 2, Fig. 2C).

3.4. Marked increase in VACV and MPXV neutralizing titers post
vaccination

To assess whether the antibodies generated post vaccination
were protective, we determined the in vitro neutralization titers
of sera against VACV and MPXV by PRNT (Fig. 3). Both Naïve and
Prior Vaccination participants saw an increase in PRNT50 titers
against VACV and MPXV between D0 and D42 (Fig. 3A and 3B).
Consistent with ELISA trends, a decline in PRNT50s was observed
at D730, suggesting that titers wane considerably by 2 years post
vaccination. Statistical significance and fold changes were not cal-
culated due to the sizeable number of participants without a
detectable antibody titer in the Naïve group. However, PRNT50 val-
ues were higher against VACV than MPXV for both participant
groups. VACV PRNT50 values correlated moderately with IgG ELISA
results, showing a slightly stronger correlation with EPTs
(R2 = 0.56) than with single dilution OD-COV values (R2 = 0.46)
(Fig. 3C).
4. Discussion

The safety and efficacy of JYNNEOS has been demonstrated in
both non-human primate studies and in clinical trials involving
US persons [15,20,22–24]. However, the immunogenicity of this
vaccine was previously untested in individuals who live in areas
with active OPXV circulation [29]. Study participants, both those
with and without prior smallpox vaccination, had a robust produc-
tion of VACV-specific IgG that peaked on D42, mimicking IgG
kinetics reported previously for JYNNEOS vaccinees [22]. Expect-
edly, IgM production was more pronounced in the Naïve partici-
pants, driven by the generation of a de novo B cell response to



Table 1
Characteristics of the clinical cohort.

n Sex Age (Median, Range)

F M

Naïve 273 88 (32.2 %) 185 (67.8 %) 33.5 (18–59)
Prior Vaccination 576 180 (31.2 %) 396 (68.8 %) 52 (37–84)

Fig. 1. Detection of IgM and IgG antibody after JYNNEOS vaccination. Serum specimens from participants were tested at a single dilution by ELISA to check for the presence of
VACV-specific IgM and IgG at different time points after vaccination. IgM (A) and IgG (B) OD-COV values shown for Naïve (left column) and Prior Vaccination (right column)
groups. OD-COV values plotted in box-and-whiskers format, wherein the horizontal band shows the median, boxes and whiskers represent 25–75 percentile and 2.5–97.5
percentile, respectively. (C) Magnitude and kinetic trends of VACV-specific IgM and IgG in Naïve vs Prior Vaccination groups. Median IgM (blue) and IgG (red) OD-COV values
from (A) and (B) shown with respect to days post primary vaccination. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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the vaccine. Naïve participants that remained IgM seronegative
throughout the study had a higher average baseline IgG seroposi-
tivity rate compared to their IgM seropositive counterparts, sug-
gesting possible unknown prior OPXV exposures. The lack of an
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IgM response did not impair the generation of IgG antibodies, as
both IgM seronegative and seropositive subgroups showed compa-
rable IgG seropositivity rates after D0.



Table 2
VACV-specific IgM and IgG seropositivity rates post vaccination.

Percent Seropositivity

D0 D14 D28 D42 D180 D365 D545 D730

IgM Naïve 4.9 37 27.3 43.5 7.0 4.1 5.5 4.8
Prior Vaccination 6.3 7.3 9.9 12.5 5.8 5.1 5.3 4.8

IgG Naïve 7.8 57.6 64.4 97.7 63.8 60.5 64.3 61.4
Prior Vaccination 82.2 100 99.5 98.7 99.3 98.8 95.3 95.6

Fig. 2. Robust IgG production after JYNNEOS vaccination. D0, D42 and D730 serum specimens from participants were serially diluted and tested by ELISA to determine VACV-
specific IgG endpoint titers (EPTs). IgG EPTs shown for Naïve (A) and Prior Vaccination (B) groups. Statistical significance determined using one-way ANOVA with post-hoc
Tukey’s multiple comparisons test. P-values represented as asterisks. *p < 0.05, **p < 0.01 and ****p < 0.0001, ns: not significant. C) Fold change in VACV-specific IgG EPTs
between D0 and D42 (left) and D0 and D730 (right) for Naïve and Prior Vaccination groups. Graphs show individual data points and mean values +/- SEM. Median values
tabulated below respective graphs.
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Interestingly, although the median peak IgG titer for the Prior
Vaccination group was over 4-fold higher than in Naïve participant
groups at any given timepoint, both groups experienced a compa-
rable fold-rise in IgG titers between D0 and D42. These data sug-
gest that JYNNEOS vaccination triggers a potent B cell expansion
in all recipients, irrespective of prior vaccination status. Neutraliz-
ing antibody titers correlated moderately with ELISA values, with
higher median baseline and peak titers for Prior Vaccination partic-
ipants compared to Naïve. Overall, higher PRNT titers were
detected against VACV than MPXV for both participant groups,
though the significance of this difference remains unclear given
the lack of a defined serological correlate of protection against
MPXV. One possible cause for this difference is that VACV WR is
more homologous to the vaccine than MPXV WA. Of note, we
observed higher IgG titers by both ELISA and PRNT in our clinical
cohort, including Naïve baseline (D0) samples, compared to some
previously studied cohorts [20–22,24]. Whether the higher titers
observed in the DRC cohort are indicative of prior asymptomatic
exposures, better immunological responses or are linked to serum
or assay sensitivity differences, warrants further investigation.

Prior studies evaluating JYNNEOS immunogenicity have moni-
tored responses for up to 30 weeks post vaccination and show a
decline in IgG titers by the 6-month time point [20–22,24]. In
our study, immune responses were tracked up to 2 years after pri-
mary vaccination, providing a unique glimpse into the longevity of
JYNNEOS-driven antibody responses. Starting at the 6-month visit,
ELISA ODs declined steadily until D730, at which median IgG titers
for both groups returned close to baseline levels. In a study by
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Crotty et al. involving Dryvax vaccinees, total VACV-specific and
neutralizing IgG titers decreased > 1 year post vaccination [31].
However, titers did not drop to baseline and in some recipients,
were maintained for 40–60 years thereafter. Crotty et al. observed
that VACV-specific memory B cells post Dryvax vaccination
decreased initially (with a half-life of < 1 year), but were then
maintained at a 10-fold lower plateau compared to the peak over
the next several decades. Long term maintenance of T-cell
responses has also been observed [31,32]. However, the specific
mechanisms involved in this prolonged maintenance of OPXV-
specific T and B cells decades post Dryvax vaccination are unknown
[32]. The cause for the seemingly faster decline of total and neu-
tralizing serum antibody titers in JYNNEOS recipients similarly
remains unclear. Although all participants self-reported as healthy
at the time of enrollment, the possibility that prior immunodefi-
ciencies or poor nutrition could have impacted immune responses
to JYNNEOS, or the possible contribution by the different genetic
background of the current study population, cannot be ruled out
and is a potential limitation of this study. However, only three indi-
viduals reported being HIV +. Additionally, each was vaccinated as
a child, had OPXV-specific antibodies on day 0, and a normal boost
response like others in the prior vaccinated group.

Our study demonstrated that two doses of JYNNEOS can gener-
ate a strong OPXV-neutralizing antibody response in individuals
from an MPXV-endemic region. Titers wane by the 2-year mark,
and more rapidly in individuals with no prior history of OPXV vac-
cination compared to previously vaccinated participants. The
ongoing 2022 monkeypox outbreak is a stark reminder of the con-



Fig. 3. VACV and MPXV neutralizing antibodies generated post JYNNEOS vaccination. D0, D42 and D730 serum specimens were serially diluted and tested by PRNT to
determine serum neutralization capacity. PRNT50 values against VACV (A) and MPXV (B) shown for Naïve (left column) and Prior Vaccination (right column) participants.
Dotted lines signify the highest serum dilution tested (1:7.5). Graphs show individual data points and mean values +/- SEM. Samples with PRNT50 values below the limit of
detection were assigned a value of y = 4 so they could be presented graphically. (C) Linear regression plots of log10 transformed PRNT50 vs IgG OD-COV values (left) and log10
transformed PRNT50 vs log10 transformed IgG EPT (right). The dotted lines mark the 95 % prediction band of the best-fit line (bold).
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tinued threat MPXV poses to public health. MPXV vaccination with
JYNNEOS could serve as an effective strategy to mitigate monkey-
pox disease burden and combat potential outbreaks, especially for
individuals in high-risk groups who live in areas with active virus
circulation. We anticipate a follow-up study to provide a booster
dose of JYNNEOS to individuals vaccinated in this study; it is of
interest to examine serum antibody levels at enrollment, which
will be more than 5 years post the two-dose vaccination here,
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and the kinetics of the boost response. Future studies that examine
the magnitude and kinetics of cellular mediators of OPXV immu-
nity, including plasmablasts, memory B cells and CD4 T-cells, could
provide greater insight into the protective capacity in the absence
of a detectible titer and longevity of OPXV-specific responses post
JYNNEOS vaccination. Studies that dissect the main targets of the
serological responses seen here may shed light on the breadth of



L. Priyamvada, W.C. Carson, E. Ortega et al. Vaccine 40 (2022) 7321–7327
the antibody repertoire and its protective capacity against MPXV
infection.
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