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ARTICLE INFO ABSTRACT
Keywords: Due to the discontinuation of routine smallpox vaccination after its eradication in 1980, a large
Vaccines part of the human population remains naive against smallpox and other members of the ortho-

Vaccinia virus

> poxvirus genus. As a part of biosafety personnel protection programs, laboratory workers receive
Monkeypox virus

prophylactic vaccinations against diverse infectious agents, including smallpox. Here, we studied

Imvamune/Imvanex/Jynneos
Neutralizing antibodies
ELISA

serum neutralization test
Occupational biosafety

the levels of cross-protecting neutralizing antibodies as well as total IgG induced by either first- or
third-generation smallpox vaccines against Monkeypox virus, using a clinical isolate from the
2022 outbreak. Serum neutralization tests indicated better overall neutralization capacity after
vaccination with first-generation smallpox vaccines, compared to an attenuated third-generation

vaccine. Results obtained from total IgG ELISA, however, did not show higher induction of
orthopoxvirus-specific IgGs in first-generation vaccine recipients. Taken together, our results
indicate a lower level of cross-protecting neutralizing antibodies against Monkeypox virus in
recipients of third-generation smallpox vaccine compared to first-generation vaccine recipients,
although total IgG levels were comparable.

1. Introduction

In 1980, the World Health Organization (WHO) officially declared smallpox, a devastating viral disease caused by the variola virus
(VARV, genus Orthopoxvirus, family Poxviridae), eradicated. The eradication of smallpox is considered the first and, as of yet, the only
eradication of a human infectious disease achieved through a worldwide vaccination campaign. Before eradication, in the 20th century
alone, an estimated 300 million people succumbed to the disease [1-3].

Smallpox vaccines used during the eradication campaign, termed first-generation vaccines, were produced through the propaga-
tion of the closely related Vaccinia virus (VACV) on the skin of calves or other animals. However, these vaccines led to rare but severe
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Table 1

Study cohort of 29 laboratory workers immunized with first- or third-generation smallpox vaccines. Geometric mean titers (GMT) of reciprocal serum
dilution of VACV- and MPXV nAb were calculated from two independent experiments with two replicates per dilution. Values displayed showed a
viral neutralization >50 % compared to control. GMT values below 10 indicate that serum neutralization antibodies are below the limit of detection
(1:10). Dash (—): no sample collected. Additional information on vaccination time, serum collections, and time between last vaccination and first
serum collection are displayed in Supplementary Table S1.

Participant 1st or 3rd GMT GMT GMT GMT GMT GMT GMT GMT GMT
generation VACVnAb VACVnAb VACVnAb VACV VACV VACV VACV VACV VACV
vaccine? Titer 2014 titer 2015 titer 2016 nAb titer nAb titer nAb titer nAb titer nAb titer nAb titer

2017 2018 2019 2020 2021 2022
GMT GMT GMT GMT GMT GMT GMT GMT GMT
MPXV MPXV MPXV MPXV MPXV MPXV MPXV MPXV MPXV
nAb titer nAb titer nAb titer nAb titer nAb titer nAb titer nAb titer nAb titer nAb titer
2014 2015 2016 2017 2018 2019 2020 2021 2022

Participant First - 40 56.57 56.57 - 40 - 28.28 -

1 - 14.14 28.28 40 - 10 - 14.14 -

Participant Third - 14.14 20 20 10 14.14 14.14 14.14 28.28

2 - 10 10 10 14.14 10 10 14.14 7.07

Participant Third - - - - - - - - 28.28

3 - - - - - - - - 7.07
Participant Third - - 28.28 14.14 20 56.56 28.28 10 10

4 - - 20 5 7.07 10 14.14 10 7.07
Participant First - 40 56.56 - 80 56.56 28.28 20 56.56

5 - 20 80 - 20 20 40 28.28 28.28

Participant First - - - 10 5 - - - -

6 - - - 20 10 - - - -
Participant Third - - - - - 5 10 14.14 14.14
7 - - - - - 10 10 28.28 5
Participant Third - - - - - - - - 14.14

8 - - - - - - - - 20

Participant First - - - - - - - 28.28 -

9 - - - - - - - 20 -

Participant Third - - - - - 14.14 - 14.14 28.28

10 - - - - - 5 - 10 14.14

Participant Third - - 80 10 14.14 - 28.28 -

11 - - 14.14 28.28 14.14 - 14.14 - -

Participant Third - - 40 7.07 7.07 10 7.07 - 7.07

12 - - 10 10 7.07 10 7.07 - 14.14

Participant Third - - 7.07 7.07 7.07 7.07 5 5 5

13 - - 10 10 7.07 10 7.07 20 14.14

Participant Third 14.14 - - - - - - - -

14 10 - - - - - - - -

Participant First - 20 80 56.57 20 - 14.14 14.14 80

15 - 28.28 56.57 56.57 28.28 - 28.28 28.28 80

Participant Third - 7.07 7.07 - - - - - -

16 - 14.14 14.14 - - - - - -

Participant Third - - - - 10 7.07 20 14.14 7.07

17 - - - - 7.07 5 7.07 7.07 10

Participant First - 14.14 10 7.07 5 10 20 - -

18 - 28.28 20 14.14 40 10 20 - -

Participant Third - - - - - - 20 20 20

19 - - - - - - 10 14.14 7.07

Participant Third - - 226.27 40 56.57 56.57 20 40 28.28

20 - - 28.28 40 28.28 20 56.57 28.28 28.28

Participant First - 56.57 28.28 56.57 40 160 160 - -

21 - 40 28.28 40 28.28 56.57 80 - -

Participant First - 113.14 40 320 28.28 20 - - -

22 - 56.57 80 56.57 40 40 - - -

Participant First - 56.57 160 56.57 56.57 28.28 - 40 -

23 - 40 40 28.28 40 20 - 28.28 -

Participant Third - - - 5 5 - - - -

24 - - - 10 40 - - - -

Participant Third - - - - 7.07 - - 7.07 -

25 - - - - 5 - - 10 -

Participant Third - 5 5 14.14 7.07 7.07 - 14.14 10

26 - 7.07 14.14 10 20 14.14 - 20 14.14

Participant Third - - 10 5 10 10 10 20 20

27 - - 10 14.14 7.07 10 10 14.14 10
Participant First - - 40 20 56.57 40 28.28 40 40

28 - - 20 20 28.28 40 28.28 28.28 56.57
Participant Third - - - - - - 20 7.07 14.14

29 - - - - - - 14.14 40 28.28
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adverse events, such as post-vaccinal encephalitis, eczema vaccinatum, progressive vaccinia, and myopericarditis [4] and were
frequently observed in immunocompromised individuals. To protect vulnerable populations through vaccination without risking
severe vaccine-related health issues, novel vaccines were urgently needed. Second-generation vaccines were based on clones of the
first-generation vaccine (Dryvax) propagated on Vero cells in vitro, whereas third-generation vaccines are based on the modified
vaccinia virus Ankara (Bavarian Nordic, MVA-BN, also known as Imvamune/Imvanex/JYNNEOS™). These vaccines were developed
with improved safety profiles compared to previous vaccines. The MVA-BN vaccine is a replication-restricted live VACV formulation
passaged several hundred times in chicken embryo fibroblasts, resulting in increased virus attenuation and thereby leading to better
tolerability [5-7].

In 2022, Monkeypox virus (MPXV), a close relative of VARV, emerged in several non-endemic countries in people without any
travel history to endemic countries. MPXV is a double-stranded DNA orthopoxvirus, first identified in 1958 in a research facility
housing a population of imported cynomolgus macaques in Copenhagen, Denmark [8]. The first human MPXV infection was identified
in 1970 in the Democratic Republic of the Congo. MPXV has evolved into two different clades, both currently circulating in Africa:
clade I, and clade IIa. Although the case-fatality rate (CFR) for general Mpox (as referred by the WHO [9]) is lower than observed for
smallpox (30 %), clade I recorded a higher CFR (1-10 %) than clade ITa (1 %). Genome analysis comparing both clades revealed several
deletions and fragmentations in clade II, leading to reduced virulence [10-12]. Due to a sufficient number of mutations in the MPXV
causing the 2022 outbreak, it has been categorized as a new clade, IIb [13]. The observed CFR for MPXV clade IIb (January 2022 to
July 2023) was 0.16 % in regions of America, Europe, Africa, Western Pacific, Eastern Mediterranean, and South-East Asia [14].

As evidenced by the MPXV outbreak in 2022, orthopoxviruses still pose a health threat to humans. During the early weeks of the
2022 MPXV outbreak, no vaccine was licensed for pre- or post-exposure prophylaxis against Mpox. However, the third-generation
smallpox vaccines Imvamune/Imvanex/JYNNEOS™ obtained approval in Canada, the European Union, and the United States of
America, respectively, for pre-exposure prophylaxis for people at risk, such as laboratory personnel, health care professionals or people
exposed to infected patients [15].

Due to the nature of their work, laboratory workers are at increased risk of infection. The United States advisory committee on
immunization practices (ACIP) has recommended the immunization of laboratory workers with vaccinia virus vaccine since 1980.
Nevertheless, during 2004-2014 a total of 14 orthopoxvirus infections were reported in laboratory workers in the United States and
out of these, 13 occurred in workers who had not been vaccinated according to ACIP recommendations [16]. Due to the cessation of
mandatory vaccination, it is of utmost importance to administer the smallpox vaccine to those workers who risk occupational
orthopoxvirus exposure, to prevent potential laboratory-acquired infections [17]. Therefore, besides strict adherence to biosafety
procedures and correct usage of personal protective equipment, vaccinations of laboratory personnel should be considered essential
measures to ensure personnel safety in the event of occupational exposure.

To assess neutralizing protection after vaccination, we evaluated the neutralization capacity of sera collected yearly from labo-
ratory workers vaccinated against smallpox either with first- or third-generation smallpox vaccines against the emerging clade IIb
MPXV strain from the 2022 outbreak and the Lancy vaccine strain of VACV. We also assessed the presence of orthopoxvirus-specific
immunoglobulins type G (IgG) in serum samples of vaccinated people by ELISA. Results indicate low-level cross-protecting neutral-
izing antibodies of people immunized with third-generation vaccines against MPXV and VACV over several years. In contrast, re-
cipients of first-generation smallpox vaccines developed a higher concentration of neutralizing antibodies (nAbs) against these viruses
but not higher concentrations of VACV-specific IgGs compared to immunization with third-generation vaccine.

2. Materials and methods
2.1. Cohort

The tested cohort consisted of 132 serum samples from 29 persons, collected yearly, beginning in 2014, with a median age of 42
years (range 25-68 years). Laboratory workers must undergo annual health checks, during which the most important vaccinations are
administered. In addition, a blood sample is taken during these checks to determine various parameters such as electrolytes (Sodium,
Potassium), metabolites (creatinine, enhanced glomerular filtration rate), and enzymes (ASAT, ALAT, alkaline phosphatase, and G-
glutamyltransferase). Furthermore, a complete blood count is generated to analyze different blood cells (leukocytes, erythrocytes,
neutrophils, eosinophils, basophils, monocytes and lymphocytes). Serum samples from these individuals were stored in a biobank at
the sampling hospital. These samples were made available upon request for the investigation into laboratory worker immunity against
MPXV. The cohort of this study consists of current and previously employed laboratory workers, and therefore cannot be changed or
standardized further. Table 1 displays an overview of the study cohort, with the geometric mean titer of reciprocal serum dilutions of
VACV- and MPXV- nAbs of serum samples collected in different years, where >50 % virus neutralization was observed.

2.2. Sera

Human serum was collected during annual health checks of laboratory workers. Sera was obtained anonymously and stored at
—20 °C until the start of experiments. Sera was thawed overnight at 4 °C and subsequently inactivated for 30 min at 56 °C in a water
bath, centrifuged at 13 000 g for 10 min, and diluted 1:5 in minimum essential medium (MEM, Seraglob, M 3303) containing 2 % heat-
inactivated fetal bovine serum (FBS, Biochrom GmbH, S0615). Sera were further serially two-fold diluted in 96-well plates (Techno
Plastic Products (TPP), Trasadingen, Switzerland) in a final volume of 50 pl. In each plate, a serum-, cell- and virus-control were
included. Serum samples used for the current study were not purposely collected for the current study on Mpox immunity. However, as
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part of health checks of laboratory workers, these serum samples were stored for general purposes and provided upon request to
specifically study the effect on different smallpox vaccines against MPXV in laboratory workers. Therefore, we were limited to the
samples stored from current and previous employees.

2.3. Vaccines

2.3.1. First-generation smallpox vaccinees

A total of 10 (52 serum samples) laboratory workers received a first-generation smallpox vaccine. Six out of these 10 workers
received the vaccine before the official eradication of smallpox in 1980, whereas the remaining four study participants received an
occupational vaccination at later timepoints. None of these laboratory workers received an occupational immunization with a second-
generation smallpox vaccine. These vaccinations were based on live and replicative VACV, and were administered by the multiple-
puncture technique. The skin of the vaccine recipient will have been pierced several times by a bifurcated needle containing a drop
of1 x 108 plaque-forming units per milliliter (PFU/ml) live virus. The vaccine is delivered through scarification [18,19]. Vaccines in
this group were either the Lancy Vaxina (n = 4, 20 serum samples), the vaccine from Berna (n = 2, seven serum samples) or not
determined (n.d., n = 4, 25 serum samples), due to differential documentation standards at the time of vaccination. A total of five out of
10 laboratory workers (50 %) that were first immunized with the first-generation smallpox vaccine received an additional dose of
Imvanex/Imvamune. The participants immunized with a first-generation smallpox vaccine are listed in Table 2.

2.3.2. Third-generation smallpox vaccine: Imvamune/Imvanex

The third-generation smallpox vaccine Imvamune/Imvanex is based on an attenuated vaccinia virus (modified vaccinia virus
Ankara-Bavarian Nordic, MVA-BN). Laboratory workers, without vaccination against smallpox in their childhood based on vaccination
documentation (n = 19 individuals, 80 serum samples), have been immunized with the MVA-BN, in two doses with a four-week in-
terval. Imvanex/Imvamune was not approved by the Swiss regulatory and supervisory authority for medicinal products and medical
devices (Swissmedic) at the time of vaccination. Therefore, this vaccine was obtained off-label for personnel to be eligible for labo-
ratory work as part of the personnel biosafety and protection program. Persons who received the vaccination gave their consent. Third-
generation smallpox vaccines were administered at the institute of epidemiology, biostatistics and prevention at the University of
Zurich, Switzerland.

2.4. Virus propagation

VACV was obtained as a vaccine ampule (lot number 17137, originally seeded as Vaccinia Lister Elstree) from Berna Biotech AG in
2004. The virus was inoculated at an MOI of 0.1 on Vero E6 cells (African green monkey kidney cells) obtained from the American Type
Culture Association (ATCC CCL-81) in Minimum Essential Medium Earle, supplemented with 10 % FBS for three days at 37 °C, without
CO;, buffering, and examined daily for cytopathic effect (CPE). After three days, CPE of 60-80 % was observed. Subsequently cell
culture flasks underwent freeze/thaw cycles followed by centrifugation of the supernatant at 500g for 10 min at 4 °C. Finally, the
supernatant was aliquoted and stored at —80 °C.

MPXV passage 1, isolated from a pustule of a patient, was obtained as a clinical isolate from the University Hospital in Geneva
(Hopitaux universitaires de Geneve, HUG), Switzerland. MPXV was propagated at an MOI of 0.1 on Vero E6 cells (kindly provided by

Table 2

First-generation vaccine recipients. The table displays the type of vaccine received, and whether it was administered before the official eradication of
smallpox, followed by the number of doses administered. If individuals were not immunized before official smallpox eradication, vaccination was
obtained for occupational reason. Last column reports whether individuals received an additional dose of third-generation smallpox vaccine.

Participant Vaccine Year of first ~ Year of last ~ Number of first-generation Vaccination rationale Additional 3rd generation dose
obtained dose dose vaccine doses obtained? (year)
Participant 1 Lancy Vaxina 2007 2007 1 Occupational No
Participant 5 n.d 1970 2002 2 Before official smallpox Yes (2011)
eradication
Participant 6 Lancy Vaxina 2007 2007 1 Occupational No
Participant 9 Berna 1956 1980 4 Before official smallpox No
vaccine eradication
Participant n.d. 1965 1965 1 Before official smallpox Yes (2016)
15 eradication
Participant Berna 1969 1969 1 Before official smallpox Yes (2011)
18 vaccine eradication
Participant Lancy Vaxina 2007 2007 1 Occupational No
21
Participant n.d. 1976 2005 3 Before official eradication =~ No
22 smallpox
Participant n.d. 1969 1969 1 Before official eradication  Yes (2016)
23 smallpox
Participant Lancy Vaxina 2004 2004 1 Occupational Yes (2018)
28




D. Jandrasits et al. Heliyon 10 (2024) 31490

Prof. Dr. Volker Thiel, Institute of Virology and Immunology, University of Bern, Bern, Switzerland) for 3 days at 37 °C with 5 % COa,
in Minimum Essential Medium (MEM, Seraglob, M 3303) supplemented with 2 % heat-inactivated FBS (Biochrom GmbH, S0615), 2
mM 1-Glutamine (Gibco, 25030-081), 0.1U penicillin and 0.1 mg/ml Streptomycin (Seraglob, A 2003), 1X non-essential amino acids
(Seraglob, M 3104) and 0.86 g/1 sodium bicarbonate (Seraglob, L. 1601) and examined for CPE daily. Three days post infection, a CPE
of 40 % was observed. The cell culture flasks underwent two freeze/thaw cycles followed by centrifugation for 10 min at 500g at 4 °C in
order to remove any cell debris. Finally, the clarified supernatant was aliquoted and stored at —80 °C.

Confirmatory Mpox diagnosis was performed by real-time qPCR analysis. Patient sample was inactivated in AVL buffer (Qiagen,
Hombrechtikon, Switzerland), followed by the DNA extraction using the EZ1 Virus Mini kit v2.0 (Qiagen, Hombrechtikon,
Switzerland) according to the manufacturer’s instructions. PCR was performed using the 1x TagMan Fast Virus 1-step Master Mix
(Applied Biosystems, Fisher Scientific AG, Reinach, Switzerland) according to the manufacturer’s instruction, 0.4 pM of forward and
reverse primers and 0.25 pM of probe.

The MPXV F3L and N3R genes were detected by the following MPXV-specific oligonucleotides (Microsynth, Balgach, Switzerland).

F3L: fwd: 5-CTCATTGATTTTTCGCGGGATA-3, rev: 5-GACGATACTCCTCCTCGTTGGT-3, probe: 5-FAM-CATCA-
GAATCTGTAGGCCGT-MGB-3'

N3R: fwd: 5-AACAACCGTCCTACAATTAAACAACA-3, rev: 5-CGCTATCGAACCATTTTTGTAGTCT-3, probe: 5-FAM-
TATAACGGCGAAGAATATACT-MGB-3’.

Cycling parameters: 5 min at 50 °C, 20s at 95 °C, followed by 45 cycles of 3s at 95 °C and 30s at 60 °C. The real-time qPCR reactions
were performed in a Light Cycler 480 instrument (Roche Diagnostics, Basel, Switzerland).

All work with infectious MPXV and VACV was performed in the biosafety-level 3 (BSL-3) containment facility at Spiez Laboratory,
Spiez, Switzerland.

2.5. Serum neutralization test (SNT)

Vero E6 cells used for SNTs were cultured in MEM (Seraglob, M 3303) supplemented with 10 % heat-inactivated FBS (Biochrom
GmbH, S0615), 2 mM t-Glutamine (Gibco, 25030-081), 0.1U penicillin and 0.1 mg/ml Streptomycin (Seraglob, A 2003), 1X non-
essential amino acids (Seraglob, M 3104) and 0.86 g/1 sodium bicarbonate (Seraglob, L 1601) at 37 °C and 5 % CO,. All neutrali-
zation tests were performed twice in duplicates and neutralization reported as the geometric mean titer of two replicates per
experiment.

2.5.1. Vaccinia virus SNT

The Lancy strain of vaccinia virus (VACV, Berna Biotech AG) was diluted to 500 PFU/ml in MEM supplemented with 2 % heat-
inactivated FBS and the previously listed supplements. After serum inactivation, serum dilutions were performed in separate U-bot-
tom 96-well plates, followed by the addition of 50 pl of diluted virus. Subsequently, the serum-virus mixtures were incubated for 1 h at
37 °C with 5 % CO2, followed by transferring the mixture onto adherent Vero E6 cell monolayers. After 40-h incubation at 37 °C with 5
% CO2, the presence of nAbs was evaluated by counting plaques by eye after crystal violet staining. A reduction of plaque formation
equal to or higher than 50 % relative to a non-serum containing virus control was defined as neutralizing. The range of plaques counted
for the virus control, without sera, was between 20 and 25. As a negative control, serum of a laboratory worker without any history of
smallpox vaccination was used. Sera that showed no neutralizing effect at the lowest dilution, were assigned the artificial value of 5 for
graphical representation.

2.5.2. MPXV SNT

After serum inactivation, five-fold serum dilutions were performed in 96-well plates, followed by the addition of 50 ul of MPXV
diluted to 1000 TCIDso/ml, followed by an incubation for 1 h at 37 °C, with 5 % CO2. After 1 h, 100 pl of suspended Vero E6 cells
(200.000 cells/ml) were added per well, and incubated for five days at 37 °C, with 5 % CO2. Five days post infection, the neutralization
capacity was evaluated by crystal violet staining and plaques were counted by eye, a reduction of 50 % or more of plaque formation
compared to a non-serum containing virus control was considered neutralizing. Serum of a non-immunized laboratory worker was
used as a negative control. Sera that showed no neutralizing effect at the lowest dilution, were assigned the artificial value of 5, for
graphical representation.

2.6. ELISA

To detect human anti-orthopoxvirus Immunoglobulin type G (IgG) in the sera of vaccinated workers, samples were analyzed using
the commercially available human anti-Vaccinia virus IMV/Envelope Protein/H3L/p35 IgG ELISA kit (Alpha Diagnostics Interna-
tional, San Antonio, Texas 78244, USA). Human sera were prepared for analysis as described above. Anti-VACV antibodies were
detected using an anti-human IgG conjugated to horse-radish peroxidase (HRP). The assay was performed according to the manu-
facturer’s instructions and the readout performed with a GloMAX plate reader (Promega, Diibendorf, Switzerland) at 450 nm, and a
reference value of 600 nm. OD450nm values were converted into units per ml (U/ml) from a standard curve.

2.7. Statistical analysis and graphical representation

Data was analyzed and visualized using GraphPad prism (GraphPad Software version 9.5.1, La Jolla, CA, USA).



D. Jandrasits et al. Heliyon 10 (2024) 31490

3. Results

3.1. First-generation smallpox vaccines induce higher levels of VACV and MPXV neutralizing antibodies compared to third-generation
smallpox vaccines

Serum samples used in the study were grouped into first- (n = 10 individuals, 52 serum samples) and third-generation smallpox
vaccine (n = 19 individuals, 80 serum samples) recipients. None of the study participants has a known history of natural poxviridae
infection. Laboratory workers immunized with a first-generation vaccine show higher nAb titers against VACV (Fig. 1A) and MPXV
(Fig. 1B), than those immunized with the third-generation smallpox vaccine Imvamune/Imvanex, even though their immunization was
several decades ago. Serum VACV nAb titers were significantly higher (***p = 0.0003) in the first-generation vaccine group, with a
mean titer of 1:57.08, compared to 1:20.53 for the third-generation vaccine recipients (Fig. 1C). Similarly, first-generation vaccinees
displayed significantly higher (***p = 0.0003) MPXV nAb titers with a mean of 1:40 compared to the third-generation vaccine group
with an overall mean of 1:15.33 (Fig. 1D).

3.2. Boosting laboratory workers immunized with a first-generation vaccine does not result in increased neutralizing antibody titers

Five out of 10 (50 %) laboratory workers immunized with a first-generation vaccine received a booster dose of Imvamune/Imvanex
and to determine whether the administration of this dose leads to an increase in VACV (Fig. 2A-B) and MPXV (Fig. 2C-D) nAb titers, we
compared the serum of laboratory workers with and without a booster dose. Of note is, that first-generation vaccine recipients with a
booster dose of Imvamune/Imvanex did not display higher nAbs compared to laboratory workers vaccinated only with the first-
generation vaccine. The mean reciprocal VACV nAb titer for first-generation vaccine recipients is 1:81.96, while the mean recip-
rocal nAb titer for recipients of a booster dose was 1:45 (Fig. 2B).

MPXV nAb titers between first-generation vaccine recipients and the boosted laboratory workers were even less pronounced. The
mean MPXV nAb titers for the first-generation vaccine only was 1:43.99, and 1:34 for boosted laboratory workers (Fig. 2D).
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Fig. 1. Serum VACV and MPXV nAb titers of immunized study participants. (A) VACV and (B) MPXV nAb titers illustrated by reciprocal serum
dilution. Each individual is represented by a separate bar while each plotted value represents a different year of sampling. Serum nAbs of individuals
were aligned from highest to lowest titer. Comparison of serum nAb titers of first- and third-generation vaccine recipients against (C) VACV and (D)
MPXV. Statistical significance was evaluated through Mann-Whitney t-test (***p = 0.0003). Dashed lines: limit of detection, 1:10 dilution.
Reciprocal serum dilution: virus neutralization >50 % compared to control.
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Fig. 2. Serum nAb titers of first-generation vaccine recipients with or without a booster dose of Imvamune/Imvanex. (A) Serum VACV nAb titers of
laboratory workers vaccinated by first-generation vaccine with (orange bars) and without (white bars) a booster dose, illustrated by the reciprocal
serum dilution. (B) Comparison of VACV nAb titers between individuals with and without a booster dose. (C) Serum MPXV nAb levels of laboratory
workers with or without a booster dose. (D) Comparison of MPXV nAb titers of first-generation vaccine recipients and those who received a booster
dose. Serum nAbs titers of individuals listed in panels (A) and (C) are in the same order, for comparison of VACV and MPXV nAb titers. Statistical
significance was evaluated through Mann-Whitney t-test (ns, non-significant p = 0.1014, 0.2343, respectively) The dashed lines: limit of detection,
1:10 dilution. Reciprocal serum dilution: virus neutralization >50 % compared to control.

3.3. All first-generation vaccine recipients displayed MPXV nAbs in 2022

To determine whether laboratory workers had cross-protecting nAbs during the year of the worldwide Mpox outbreak in 2022, we
analyzed the nAb concentration in the serum of active workers (n = 17) collected during their yearly medical check-up in 2022. While
all first-generation vaccinees displayed nAb titers against MPXV, only 7 out of 14 (50 %) laboratory workers vaccinated with third-
generation vaccines displayed nAb titers above the limit of detection (Fig. 3A). First-generation vaccine recipients displayed signifi-
cantly higher (**p = 0.0019) MPXV nAb titers (mean 1:60) compared to the third-generation vaccine group (mean 1:10, Fig. 3B). All
serum samples collected in 2022 from first-generation vaccine recipients also displayed VACV nAbs, while 11 out of 14 laboratory
workers (78.57 %) of the third-generation vaccine group displayed nAb titers (Fig. 3C). Grouping serum samples according to the
vaccines, we found that serum of first-generation vaccinees also had significantly higher (***p = 0.0007) VACV nAb titers (mean 1:40)
compared to third-generation vaccinees (mean 1:20) (Fig. 3D).

3.4. First-generation smallpox vaccine administration does not result in higher orthopoxvirus-specific IgG production

Anti-VACV IgG ELISA indicates that first-generation vaccines do not lead to higher induction of orthopoxvirus-specific IgGs in this
cohort, compared to third-generation vaccine recipients. 12 out of 29 (41.38 %) study participants showed orthopoxvirus-specific IgGs
within the range of the positive control (Fig. 4A). Third-generation vaccine recipients showed significantly higher IgG compared to
first-generation vaccinees (**p = 0.0012). Similarly, third-generation vaccine recipients showed significantly higher IgG levels than
non-immunized participants (**p = 0.0027). However, the first-generation vaccine recipients showed a trend towards higher IgG
levels compared to negative controls (p = 0.0513, ns, Fig. 4B). When assessing the orthopoxvirus-specific IgGs in serum samples from
study participants collected in 2022, only nine out of 17 serum samples (52.94 %) are in or above the range of the positive control
supplied by the manufacturer (Fig. 4C). However, there was no statistical significance between the vaccine groups (p = 0.5912, ns,
Fig. 4D).
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Fig. 3. Serum nAb titers of serum samples collected in 2022 from active laboratory workers. (A) MPXV nAb titers illustrated by the reciprocal serum
dilution. Each individual is illustrated by a separate bar. Serum nAb titers of individuals are aligned from highest to lowest titer. (B) Comparison of
serum MPXV nAb titers grouped in first- and third-generation vaccine recipients. (C) VACV nAb titers similarly illustrated. (D) Comparison of serum
VACV nAb titers grouped in first- and third-generation vaccine recipients. Statistical significance was determined with a Mann-Whitney t-test (**p =
0.0019, ***p = 0.0007). Dashed lines: limit of detection, 1:10 dilution. Reciprocal serum dilution: virus neutralization >50 % compared to control.

4. Discussion

In the current study, we tested 132 serum samples collected yearly from 29 smallpox-vaccinated laboratory workers against the
presence of VACV and MPXV cross-protecting neutralizing antibodies. We used a clinical MPXV isolate from the 2022 outbreak to test
for the presence of cross-protecting nAbs in laboratory workers against this emerging strain. Our results indicate, that laboratory
workers who received a first-generation smallpox vaccine, based on replicating VACV, displayed significantly higher MPXV-
neutralizing capacities compared to those immunized with a replication-restricted third-generation vaccine (MVA-BN, Imvamune/
Imvanex). A two-dose vaccine regimen of Imvamune/Imvanex yielded only relatively low levels of MPXV nAbs in this cohort.

Additionally, we assessed orthopoxvirus-specific IgGs in the serum of study participants. The first-generation vaccines did not
induce higher concentrations of orthopoxvirus-specific IgGs, compared to third-generation smallpox vaccinees. Considering the
discontinuation of routine vaccination against smallpox after its eradication in 1980, a large part of today’s population remains naive
against orthopoxviruses. The proportion of non-vaccinated people in some developing countries exceeds 75 %, due to a young pop-
ulation [20]. Although a possible re-introduction of the variola virus or its use in bioterrorism seems unlikely, the 2022 outbreak of
Mpox showed the potential impact of other orthopoxviruses on global human health. From January 1st, 2022 to September 30th, 2023,
a total of 91 123 confirmed cases of human Mpox were recorded in 115 countries [21]. This represents the first worldwide outbreak of
the virus, as previously mostly single cases had been observed outside of Africa. Due to potential sexual transmission and the rapid
spread to multiple countries and continents in people without travel history to endemic countries, MPXV is considered an emerging
condition [22-24].

Since Imvamune/Imvanex received approval for the prophylaxis against Mpox, it is of major interest to evaluate the efficiency of
these vaccines for the prophylaxis of the disease.

A study conducted by Zaeck et al. [25] in the Netherlands demonstrated that two doses of Imvanex in non-primed health care
workers resulted in the production of relatively low antibody responses. These health care workers received the Imvanex vaccines for
safety purposes, due to their work in the BSL-3 laboratory. However, they detected a gradual increase in VACV-reactive IgG in in-
dividuals that received a priming and boosting dose of Imvanex. Additionally, they collected serum prior to vaccination (pre--
immunization), two and four weeks after the first dose, and four weeks after the second dose. Furthermore, they showed that these
recipients developed low-levels of MPXV neutralizing antibodies, which is in accordance with our findings. To investigate the effect of
a booster vaccine, study participants from the Dutch group received a third dose of Imvanex one year after the second dose, which
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Fig. 4. Orthopoxvirus-specific IgGs in the serum of study participants immunized either by first- or third-generation vaccines. (A) Total
orthopoxvirus-specific IgG of laboratory workers illustrated by units/ml derived from a standard curve. Serum samples included were collected from
2014 to 2021. (B) Comparison of serum orthopoxvirus-specific IgG of laboratory workers grouped according to vaccine administered. (C)
Orthopoxvirus-specific IgG levels of serum samples from active laboratory workers collected in 2022. (D) Group comparison of orthopoxvirus-
specific IgG levels of serum samples taken in 2022, during the active MPXV outbreak. Statistical significance was determined by Mann-Whitney
t-test (**p = 0.0012,0.0027, respectively; p = 0.0513, p = 0.5912, non-significant, ns). Each bar shows an individual study participant, whereas
each plotted value represents a different year of serum collection. IgG levels are aligned from highest to lowest concentration. Dashed lines: range of
positive control, negative controls: sera from non-immunized laboratory workers.

further boosted the production of VACV-reactive antibodies. So far, none of the laboratory workers in the current study received a
booster vaccination one year after the two-dose Imvanex/Imvamune vaccine regimen.

A study performed in New York (N.Y., United States) investigated and compared the cellular response from vaccinees that obtained
one and two doses of JYNNEOS (Imvamune/Imvanex) and convalescent patients of an authentic MPXV-infection. Antibodies elicited
against orthopoxviruses (infection or vaccination) have shown a significantly better cross-neutralization capacity compared to anti-
bodies targeting other viruses such as the human immunodeficiency virus (HIV) or influenza virus. Virus surface proteins of ortho-
poxviruses such as VACV, MPXV and Cowpox virus (CPXV) are abundant and show a high sequence homology (89-100 % similarity).
Therefore, orthopoxvirus antibodies are able to target multiple viral surface proteins simultaneously, leading to the increased cross-
neutralization [26].

Although the last case of natural smallpox infection was reported in 1977, the last fatal laboratory-associated infection occurred in
1978. This underlines the importance of biosafety measures for laboratory workers, such as appropriate handling of biohazardous
material, accurate training, and immunization through various vaccinations. Also, there are several cases of laboratory-acquired VACV
infections, of either vaccinated or non-vaccinated personnel. While the vaccinated persons usually developed mild disease and were
released shortly upon administration to the hospital, unvaccinated persons developed a more serious disease. As of yet, there are no
reports of laboratory-acquired MPXV infection [27]. Between 1985 and 2010, a total of 17 cases of laboratory-acquired VACV in-
fections were recorded in the United States. Out of these cases, 52 % never received a VACV-based vaccine, and over 80 % never
received an additional dose of vaccine during 10 years in research [28]. Furthermore, comparing Mpox in individuals receiving
one-dose of Jynneos™ (>14 days before symptoms) and unvaccinated patients, less hospitalizations occurred in the vaccinated (2 %)
than unvaccinated (8 %) cohort. Furthermore, the odds of systemic signs of infection, such as fever and chills, were less frequently
observed in vaccinated patients. Rash presentation in the genital and perianal areas were similar between vaccinated and
non-vaccinated patients, thereby indicating a similar route of infection. However, a reduced number of rash locations was observed
among vaccinated patients, indicating a possible prevention of spread through a single dose of third-generation vaccine [29].
Furthermore, according to prior reports, neutralization titers of >1:32 provides full protective immunity against smallpox in vacci-
nated people [30,31]. Our results therefore indicate, that people immunized with a first-generation smallpox vaccine likely maintained
full protective immunity, while the third-generation vaccinees have a partial immunity obtained through the replication-restricted
vaccine.

Vaccinations and serum collection are performed routinely during annual health check-ups in laboratory workers in the current
study. However, given the unexpected emergence of Mpox in 2022, we do not have access to pre-immunization sera of laboratory



D. Jandrasits et al. Heliyon 10 (2024) 31490

workers as described in Zaeck et al., as some of the laboratory workers received the immunization prior to the first health check-up,
including childhood vaccination. Furthermore, vaccination schedules differed between individual laboratory workers, based on their
start of employment. As a consequence, we were unable to study (1) the effect of the two-dose vaccine regimen on the naive immune
system, and (2) the effect of the third-generation vaccine after the first dose and after the second dose. However, since some of the
laboratory workers started their work several years ago, and therefore contributed several serum samples to the current study, we have
been able to analyze the serum of the same persons over a time period of up to seven years. Although we were not able to compare the
effect of the vaccine regimen to the naive status, it is of great interest for a research institution to know the immune status of their
workers during an active outbreak. Furthermore, since we were interested in the 2022 outbreak strain of MPXV, belonging to the clade
IIb which spreads pre-dominantly through human-to-human transmission in contrast to the other two clades which are thought to be
transmitted through contact with rodents [32], we did not test the sera against other MPXV isolates. Therefore, we are not able to
predict the efficiency of these vaccines against isolates belonging to other clades, which may be associated with higher virulence. Since
we only received serum samples stored in a biobank from current and previous employees, we were limited in experimental pro-
cedures. However, vaccine-induced neutralizing antibodies are considered a crucial factor in the protection against viral pathogens
[33,34]. Furthermore, our results are in-line with previously published studies.

Taken together, our results indicate the induction of low-level nAbs in recipients of third-generation vaccines when tested against
the orthopoxviruses VACV and MPXV. Also, we noted that first-generation vaccines administered several decades ago during the active
smallpox eradication campaign, led to the induction of higher levels of nAbs against both VACV and MPXV. As Imvamune/Imvanex
vaccination resulted in fewer side effects, and is also well tolerated in vulnerable population groups, its use for protection against Mpox
is justified. Regular booster vaccinations might be necessary for maintaining protection, especially for people at increased risk of
infection. For research and clinical laboratory workers, health care professionals, and designated response team members handling
more virulent orthopoxviruses, such as variola virus or MPXV, it is recommended by the ACIP to administer booster vaccinations every
two years after the initial two-dose immunization regimen with an additional dose of Imvamune/Imvanex/JYNNEOS. For those
handling less virulent orthopoxviruses, such as various VACV strains, a booster vaccination is recommended every 10 years [35].

5. Conclusion

In conclusion, laboratory workers vaccinated with third-generation smallpox vaccines display low-level cross-protecting
neutralizing antibodies against Mpox and despite the limitations of the cohort presented in this study we consider the implications and
correlations to other published studies to be quite relevant to the field of vaccinology and occupational biosafety. Even with observed
low baseline nAbs against MPXV in third-generation vaccinees, these vaccines are recommended for Mpox prophylaxis. Therefore,
more regular booster vaccinations of laboratory workers according to the ACIP recommendations could potentially result in better
occupational protection against orthopoxviruses.
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