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InJuly 2022, the ongoing monkeypox (MPX) outbreak was declared a
public health emergency of international concern. Modified vaccinia
Ankara—Bavarian Nordic (MVA-BN, also known as Imvamune, JYNNEOS
or Imvanex) is a third-generation smallpox vaccine thatis authorized and
in use as avaccine against MPX. To date, there are no data showing MPX

virus (MPXV)-neutralizing antibodies in vaccinated individuals nor vaccine
efficacy against MPX. Here we show that MPXV-neutralizing antibodies can
be detected after MPXV infection and after historic smallpox vaccination.
However, atwo-shot MVA-BN immunization series in non-primed individuals
yields relatively low levels of MPXV-neutralizing antibodies. Dose-sparing of
an MVA-based influenza vaccine leads to lower MPXV-neutralizing antibody
levels, whereas a third vaccination with the same MVA-based vaccine
significantly boosts the antibody response. As the role of MPXV-neutralizing
antibodies as a correlate of protection against disease and transmissibility
is currently unclear, we conclude that cohort studies following vaccinated
individuals are necessary to assess vaccine efficacy in at-risk populations.

MPXYV belongs to the Orthopoxvirus genus of the Poxviridae family
of large double-stranded DNA viruses and causes a zoonotic disease
known as MPX. In May 2022, MPX was identified in several countries
in which MPX cases had not been reported previously, after which
MPXYV rapidly spread in Europe and the United States among indi-
viduals who had not traveled to endemic areas'. On 23 July 2022, this
ongoing MPX outbreak was declared a public health emergency of

international concern by the Director-General of the World Health
Organization®

MPXV is closely related to variola virus, the causative agent of
smallpox. Smallpox was eradicated by the use of different attenuated
poxvirus vaccines combined with active case finding, isolation and
quarantine measures. The first-generation and second-generation
smallpox vaccines contained infectious vaccinia virus (VACV) grown
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in the skin of live animals (for example, Dryvax), the chorioallantoic
membrane of eggs (for example, VACV Elstree) or cell culture (for
example, ACAM2000)°. The third-generation smallpox vaccine was
based on an even further attenuated VACV obtained by serial passage
inchicken embryo fibroblasts (CEFs), known as modified vaccinia virus
Ankara (MVA). Since MVA was developed in the endgame of smallpox
eradication (the first market authorization was obtained in Germany
in1977)%, its efficacy against smallpox has been inferred based on
the non-inferiority of immunogenicity in clinical studies’. A study
in the Democratic Republic of the Congo suggested that the VACV
smallpox vaccine was also effective against MPX to a certain extent®.
However, efficacy data of the third-generation MVA smallpox vaccine
against MPXin humans are lacking. MVA vaccination afforded protec-
tion against severe MPX disease and death in non-human primates by
inducing both VACV-neutralizing antibodies and T cells, but sterile
immunity was not achieved, and some skin lesions remained. The
presence of MXPV-neutralizing antibodies in non-human primates
was not assessed’”’. Partly because of this evidence for protection
against severe disease in non-human primates, MVA-BN was licensed
as avaccine against MPX in humans in Canada (known as Imvamune)
and the United States (known asJYNNEOS) and was recently approved
by the European Medicines Agency under special circumstances
(known as Imvanex), despite a lack of efficacy data against human
MPXYV infection or demonstrable MPXV-neutralizing antibodies in
vaccinated individuals.

Randomized trials, test-negative studies and cohort studies are
being initiated to better understand the efficacy of MVA-BN against
MPX', While these studies are underway, it is equally important to
improve understanding of theimmunogenicity of MVA, especially with
regard to MPXV. Assays to measure VACV-binding and MVA-binding
antibodies have previously been developed in enzyme-linked immu-
nosorbent assay (ELISA) formats using purified intracellular mature
virions (IMVs) or infected cell lysates™. Functional antibody measure-
ments through virus neutralization assays using VACV expressing or
MVA expressing reporter proteins have been used for studies assess-
ing the non-inferiority of vaccine-induced immunogenicity between
new-generation and old-generation vaccines”'2, However, assays to
measure MPXV-specific antibodies are lacking. In the present study,
we developed both an ELISA and a neutralization assay based on an
MPXVisolate from a Dutch patient and used themin combination with
anELISA with VACV Elstree-infected cell lysate and an MVA-based neu-
tralization assay to address three crucial questions. (1) Are antibodies
induced by historic smallpox vaccination cross-reactive with MPXV?
(2) Do MPXV-infected individuals rapidly mount neutralizing antibody
responses? (3) Does MVA-BN vaccination induce MPXV-reactive and
neutralizing antibodies?

Results

Historic smallpox vaccination cross-neutralizes MPXV
Immunogenicity of orthopoxvirus vaccinesis generally measured via
the presence of VACV-specific antibodies. Preliminary ELISA results
based on the use of both VACV Elstree-infected and MVA-infected cell
lysates highlighted a higher sensitivity of the ELISA performed with
VACV Elstree-infected cell lysate (Extended Data Fig. 1a). To determine
whether we could detect VACV-reactive immunoglobulin G (IgG) anti-
bodies induced by historic smallpox vaccination, we first performed
an ELISAwith VACV Elstree-infected cell lysate and sera selected from
the Erasmus Medical Center serum bank based on year of birth and
divided over decades before or during 1974 (n=59) and after 1974
(n=67) (smallpox vaccination of the general population was stopped
in1974 in the Netherlands). The sera were all obtained in 2022, mean-
ing that the sera from individuals born before 1950 were >70 years
post-historic smallpox vaccination (the median number of years for
this group between birth and sample was 74 years; range 72-85 years).
VACV-reactive antibodies were frequently detected inthe seraobtained

fromindividuals bornbefore 1974 (before or during 1974 = 71% (42/59);
before 1950 = 73% (8/11); 1950-1959 = 53% (8/15) ; 1960-1969 = 84%
(16/19); and 1970-1974 = 71% (10/14)) but infrequently in individuals
born after 1974 (3% (2/67)) (Fig. 1a, Table 1 and Extended Data Fig. 2a;
for before or during 1974 versus after 1974, P< 0.0001; Mann-Whitney
U-test). From the sera tested by ELISA, we randomly selected 30 sera
(n=19 and 11 from individuals born before or during 1974 and after
1974, respectively; colored symbols in Fig. 1a) to assess the presence
or absence of antibodies capable of neutralizing MPXV. Neutralization
of MPXV was almost exclusively detected in the selection of sera from
individuals born before 1974 (Fig. 1b and Extended Data Fig. 2b). Sera
not capable of neutralizing MPXV were also negative for VACV-reactive
antibodiesin the ELISA.

MPXV infection induces or boosts VACV-reactive antibodies

To determine whether MPXV infection leads to the production of
VACV-reactive IgG antibodies, we performed an ELISA with VACV
Elstree-infected cell lysate on diagnostic sera submitted to our labo-
ratory for MPXV quantitative polymerase chain reaction (PCR). We
included the sera from individuals who tested negative for MPXV by
PCR (n=40, of whichn =19 sera were from individuals born before or
during1974) and positive for MPXV by PCR (n =32, of whichn =13 sera
were from individuals born before or during 1974) (Table 2). In MPXV
PCR-negative individuals, VACV-reactive IgG antibodies were exclu-
sively detected in participants born before or during 1974 (n=10/19;
53%), reflecting antibodies induced by inferred historic smallpox
vaccination. In MPXV PCR-positive individuals, from whom sera were
exclusively obtained in the early symptomatic phase, VACV-reactive
IgG antibodies were detected in individuals born before or dur-
ing 1974 (n=10/13; 77%) and after 1974 (n = 5/19; 26%) (Fig. 1c, Table
2 and Extended Data Fig. 3a). Because we had thus far infrequently
detected VACV-reactive IgG antibodies inindividuals born after 1974,
we assume that these were induced by MPXV infection. Antibody
responses were more frequently detected in MPXV PCR-positive
individuals born before or during 1974, and the geometric mean
antibody level was also significantly higher compared to inferred his-
toric vaccination alone (P=0.0082; Mann-Whitney U-test) or MPXV
infection alone (P =0.0010; Mann-Whitney U-test), suggestive of a
rapid recall antibody response induced by MPXV infection (Fig. 1c,
green symbols).

Antibodies induced or boosted by MPXV infection neutralize
MPXV

We randomly selected 35 sera from MPXV PCR-negative individuals
(n=16,of whichn=11serawere fromindividuals born before or during
1974) and MPXV PCR-positive individuals (n =19, of which n =12 sera
were from individuals born before or during 1974) to assess the pres-
ence of antibodies capable of neutralizing MPXV (colored symbols
inFig. 1c). Similar to the ELISA results, virus-neutralizing activity in
sera from PCR-negative individuals was observed only in individuals
bornbefore or during 1974, probably reflective of antibodies induced
by historic smallpox vaccination (Fig. 1d (red symbols) and Extended
DataFig.3b). MPXV-neutralizing antibodies were also detected in sera
from MPXV PCR-positive individuals born after 1974 (Fig. 1d (green
symbols) and Extended Data Fig. 3b). Interestingly, the rapid boost-
ing of VACV-reactive IgG antibodies after MPXV infection of indi-
viduals born before or during 1974 was not as obvious with respect
to MPXV-neutralizing antibodies, as no significant differences were
observed (Fig. 1d). However, a trend toward higher antibody levels
in MPXV PCR-positive individuals born before or during 1974 was
observed when compared with inferred historic vaccination by itself.
When performing a direct comparison between the VACV-reactive
IgG antibodies and MPXV-neutralizing antibodies, agood correlation
was observed between VACV ELISA and MPXV 50% plaque reduction
neutralization test (PRNT,,) titers (Spearman’s correlation; r= 0.8325;
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Fig.1| VACV-reactive and MPXV-neutralizing antibodies after historic
smallpox vaccination and MPXV infection. a,b, Detection of poxvirus-specific
antibodies in an age-panel of n =126 biologically independent sera. a, Detection
of VACV-reactive antibodies by ELISA with VACV-Elstree-infected cell lysate. Sera
obtained fromindividuals bornin or before 1974 (triangles) or after 1974 (circles)
are merged on the left side of the graph and shown per decade on the right side of
the graph. Colored symbols reflect sera selected for neutralization assays. Donut
graphs show seroconversion percentages. b, Detection of MPXV-neutralizing
antibodies by PRNT on aselection of n =30 sera. c-e, Detection of
poxvirus-specific antibodies in adiagnostic panel of sera. ¢, Detection of
VACV-reactive antibodies by ELISA with VACV-Elstree-infected cell lysate. A total
of n=72serawere obtained fromindividuals bornin or before 1974 (triangles) or
after 1974 (circles), who were either PCR negative (red) or PCR positive (green).
Colored symbols reflect sera selected for neutralization assays. Donut graphs

show seroconversion percentages. d, Detection of MPXV-neutralizing antibodies
by PRNT onaselection of n =35 sera. e, Relationship between VACV-reactive
binding and MPXV-neutralizing antibodies by correlating the data from ¢

and d.30% endpoint ELISA titers were calculated based on a five-fold dilution
series, after subtraction of OD,s, values against a mock-infected cell lysate

and relative to a positive control. The PRNT, titer was calculated on the basis

of atwo-fold dilution series relative to an infection control. The lines indicate

the geometric mean, and the whiskers indicate the 95% confidence interval.
Mann-Whitney U-tests were performed to compare VACV-reactive endpoint
titers (two-tailed P < 0.05 was considered significant fora, and P < 0.0083 was
considered significant after Bonferroni correction for multiple comparisonsinc;
comparisons not leading to asignificant difference are not shown). VACV-reactive
and MPXV-neutralizing antibodies were correlated by performing Spearman’s r
analysis (excluding the n = 5 sera from MPXV-infected individuals born after 1974).

P<0.0001), withthe exception of a cluster of sera obtained from exclu-
sively MPXV-infected individuals (Fig. 1e, green triangles).

Imvanex vaccination induces VACV-reactive IgG antibodies

To determine whether Imvanex vaccination leads to the production
of VACV-reactive IgG antibodies, we performed an ELISA with VACV
Elstree-infected cell lysates and sera obtained pre-vaccination (VO),
2 weeks and 4 weeks after the first vaccination (V1and V2, respectively)

and 4 weeks after the second vaccination (V3) (Fig. 2a, top). The serum
sampleswere collected from healthcare workers who received Imvanex
vaccination for safety reasons as employees of a Biosafety Level 3 (BSL-
3) laboratory under the Erasmus Medical Center vaccination cohort
(COVA) biobanking study protocol. Participants were vaccinated with
the advised dose, 0.5 mlwith no less than 5 x 107 plaque-forming units
(PFU). Atotal of 18 study participants were included (n = 3 born before
or during 1974), of whom 11 were followed until the last timepoint at
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Table 1| Overview of age panel sera assessed for the presence of VACV-reactive or MPXV-reactive antibodies by ELISA and

MVA-neutralizing or MPXV-neutralizing antibodies by PRNT

Before or After 1974 Before1950 1950-1959 1960-1969 1970-1974 1975-1979 1980-1989 1990- After
during 1974 1999 2000
VACV ELISA
Sera 59 67 M 15 19 14 4 25 27 n
Responders 42 2 8 8 16 10 0 0 1 1
Percentage (%) 7 3 73 53 84 7 0 0 4 9
GMT 115 n 152 93 12 121 10 10 10 13
MPXV ELISA
Sera 19 M 2 4 8 5 - 4 7 -
Responders 8 1 1 2 - 1 -
Percentage (%) 42 9 50 50 38 40 - 0 14 -
GMT 16 10 14 24 13 18 - 10 10 -
MVA PRNT
Sera 19 n 2 4 8 5 - 7 -
Responders 5 0 0 1 2 2 - -
Percentage (%) 26 0 0 25 25 40 - 0 0 -
GMT 16 10 10 15 14 22 - 10 10 -
MPXV PRNT
Sera 19 M 2 4 8 5 - 4 7 -
Responders 15 1 2 5 5 - 1 -
Percentage (%) 79 9 100 75 63 100 - 25 0 -
GMT 90 12 126 48 VAl 191 - 16 10 -
Total
Sex (M/F)? 30/29 37/30 6/5 9/6 9/10 6/8 1/3 13/12 15/12 8/3
Age (years)® 61(range, 30 (range, 74 (range, 68 (range, 58 (range, 51(range, 46 (range, 38 (range, 29 17
49-85) 15-47) 72-85) 63-72) 52-62) 49-52) 43-47) 32-42) (range, (range,
23-32) 15-21)

*Number of assessed serum samples per group from males (M) versus females (F). °The median age per group, including the upper and lower limit, is given. GMT, geometric mean titer.

the time of writing (Table 3 and Extended Data Fig. 4a). VACV-reactive
IgG antibodies were detected in all sera from study participants born
before or during 1974 at all timepoints. A clear boosting by vaccination
was notobservedinthese threeindividuals who already had high bind-
ing antibody levels before vaccination (Fig. 2a (right panel) compared
with Fig. 1a). In study participants born after 1974, a gradual increase
inbinding antibody responses was seen, with detectable antibodies in
1/10 (10%) sera obtained 2 weeks after the first vaccination, 7/12 (58%)
sera obtained 4 weeks after the first vaccination and 8/8 (100%) sera
obtained 4 weeks after the second vaccination (Table 3 and Fig. 2a).

Imvanexinduces low levels of MPXV-neutralizing antibodies

Thus far, MVA-BNimmunogenicity has been assessed only by measuring
MVA-specific and VACV-specific antibodies. Consequently, in addition
to performing an ELISA with a VACV Elstree-infected cell lysate and
an MVA neutralization assay, an MPXV neutralization assay was per-
formed with sera from Imvanex-vaccinated study participants. Both
MVA-neutralizing and MPXV-neutralizing antibodies were detected
in study participants born before or during 1974 at all timepoints,
including before Imvanex vaccination (Fig. 2b,c, right panels). Simi-
larly to VACV-reactive binding antibodies, MVA-neutralizing antibodies
were induced by vaccination and increased over time in participants
born after1974 (Extended Data Fig. 4b). Pre-vaccination, 0/6 (0%) sera
from these individuals had detectable MVA-neutralizing antibodies,
increasing to5/8 (63%) and 8/8 (100%) after the firstand second vaccina-
tion, respectively (Fig. 2b, left panel). In contrast, MPXV-neutralizing

antibodies after vaccination with Imvanex were detected less fre-
quently. Only in 5/8 (63%) sera were MPXV-neutralizing antibodies
detected 4 weeks after the first and second vaccinations. Antibody
levelsinsome vaccinesincreased after the second shot, but, ingeneral,
little increase in MPXV neutralization was observed after the second
dose (Fig. 2c (left panel) and Extended Data Fig. 4c).

A third MVA vaccination boosts antibody responses

To further assess MVA immunogenicity, we performed an ELISA with
alysate of VACV Elstree-infected cells and sera from an MVA-HS5 influ-
enza vaccination trial”. Sera were obtained from study participants
(who wereallborn after 1974) who received vaccinations following two
different regimens: (1) a single-shot primary vaccination regimen fol-
lowed by aboost after1year or (2) atwo-shot primary vaccination regi-
men followed by aboost after 1 year. Additionally, participants under
eachregimenreceived either a high (108 PFU) or low (10’ PFU) dose of
MVA-HS5. Serawere obtained 4 weeks after each vaccination or 8 weeks
inthe case of the primary vaccination series for the single-shot vaccina-
tionregimen (Fig. 2d, top). We observed similar levels of VACV-reactive
antibodies 4 weeks after two shots of Imvanex or MVA-HS5 (compare
10® PFUMVA-HS5 4 weeks after the second vaccination (V2; Fig. 2d) with
Imvanex 4 weeks after the second vaccination (V3; Fig. 2a) (P= 0.8329;
Mann-Whitney U-test) and compare 10’ PFUMVA-H5 4 weeks after the
second vaccination (V2; Fig. 2d) with Imvanex 4 weeks after the second
vaccination (V3; Fig. 2a) (P= 0.1812; Mann-Whitney U-test)). The ELISAs
with VACV Elstree-infected lysates for the Imvanex-vaccinated and
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Table 2 | Overview of diagnostic panel sera assessed for the
presence of VACV-reactive or MPXV-reactive antibodies

by ELISA and MVA-neutralizing or MPXV-neutralizing
antibodies by PRNT

Before 1974 Before 1974 After After
and PCR™ and PCR* 1974and 1974 and
PCR™ PCR*
VACV ELISA
Sera 19 13 21 19
Responder 10 10 0 5
Percentage (%) 53 77 0 26
GMT 43 846 10 24
MPXV ELISA
Sera n 12 5 7
Responder 1 8 0
Percentage (%) 9 67
GMT 10 123 10 10
MVA PRNT
Sera n 12 5 7
Responder 0 5
Percentage (%) 0 42 0
GMT 10 41 10 10
MPXV PRNT
Sera n 12 5 7
Responder 7 10 0 5
Percentage (%) 64 83 0 7
GMT 4 185 10 176
Total
Sex (M/F)? 14/5 12/1 17/4 19/0
Age (years)® 57 (range, 57 (range, 29 35
51-80) 52-65) (range, (range,
20-42) 21-41)

*Number of assessed serum samples per group from males (M) versus females (F). °The
median age per group, including the upper and lower limit, is given.

MVA-H5-vaccinated cohorts were performed separately, but a bridg-
ingreference sample wasincluded on every assay plate. Incomparing
different dosing and vaccine regimens, we found that vaccination with
ahigh doseresulted in higher antibody titers; 2.8-fold higher binding
antibody levels were elicited by two shots of 108 PFU compared with
two shots of 10’ PFU, and 1.5-fold and 2.6-fold higher binding antibody
levels were found when comparing the booster vaccination after the
two-shot versus one-shot primary regimen, respectively (Extended
Data Fig. 5 and Fig. 2d). The second vaccination appeared to be cru-
cial for reaching detectable antibody levels, as individuals under the
single-shot regimen developed no to low antibody responses 4 weeks
and 8 weeks after vaccination. Finally, abooster vaccination given after
1year boosted the binding antibody levels in all dosing groups (up to
18-fold in the two-shot regimen and over 40-fold for both doses (10® and
10’ PFU) in the one-shot regimen) (Table 4 and Fig. 2d). Additionally,
MVA and MPXV neutralization assays were performed with 42 sera
obtained 4 weeks (two-shot regimen) or 8 weeks (one-shot regimen)
after the second or first shot, respectively (V2) and 4 weeks after the
booster vaccination (V3) (Extended Data Fig. 6). Similarly to two shots
of Imvanex, we observed low levels of neutralizing antibodies against
both MVA (Fig. 2e) and MPXV (Fig. 2f) after two shots of MVA-HS. A third
booster vaccinationsignificantly increased neutralizing antibody levels

and elevated seropositivity rates for both MVA and MPXV to 100%,
independent of the dosing or vaccination regimen. Simultaneously,
geometric mean MPXV-neutralizing antibody levels of the high-dose
regimens were 1.4-fold and 2.6-fold higher compared to the low-dose
regimen for the two-shot and one-shot primary regimens, respectively.

Discrimination between MVA vaccination and MPXV infection
Asshown earlier,both MVA vaccinationand MPXV infection alone result
inthe induction of VACV-reactive antibodies (Figs. 1c and 2a,d). Con-
sequently, using only an ELISA with VACV Elstree-infected cell lysates
does not allow serological differentiation between MPXV infection
and MVA vaccinationin affected individuals. However, this differentia-
tion canbe of crucialimportance in serosurveys and/or diagnosticsin
the general population and particularly at-risk groups. To determine
whether acombination of the assays employed above allows serological
differentiation of MVA vaccination from MPXV infection, we performed
correlationsbetween the ELISA with a VACV Elstree-infected cell lysate
and the PRNTs with infectious MVA and MPXV. Sera from both MPXV
PCR-positive patients and Imvanex-vaccinated and MVA-H5-vaccinated
individuals were included in this analysis. The sera from the MPXV
PCR-positive patients could be serologically distinguished from
sera obtained from vaccinated individuals by a combination of high
MPXV-neutralizing antibody levels and absent MVA-neutralizing
antibodies, suggesting limited cross-neutralization of sera obtained
from MVA-vaccinated and MPXV-infected individuals (Extended Data
Fig. 7a,c,e). As for sera from vaccinated individuals, a sequential
increaseinantibodies detected in all assays was observed inindividu-
als receiving one priming vaccination, two priming vaccinations, a
priming vaccination followed by abooster or two priming vaccinations
followed by abooster (Extended DataFig.7b,d,f). A three-dimensional
representation of the datashowed clear separate clustering of the MPXV
PCR-positive sera (Extended Data Fig. 7g).

Validation of assays detecting MPXV(-neutralizing) antibodies
Thus far, we assessed the presence of binding and neutralizing anti-
bodies in sera using an ELISA with a VACV Elstree-infected cell lysate
and PRNTs with infectious MPXV grown on Calu-3 cells. Additionally,
we developed an ELISA with an MPXV-infected cell lysate and directly
compared the 30% endpoint titers obtained from either the VACV or
MPXV ELISA for the age panel, diagnostic panel and Imvanex panel of
sera (Extended Data Fig. 8a and original data in Figs. 1a,c and 2a). The
ELISA with the MPXV-infected cell lysate appeared to be less sensitive
and only detected antibodies if the 30% endpoint titer against VACV
was >1,000. Additionally, we compared PRNTj, titers against infec-
tious MPXV grown on either Calu-3 or Vero cells for the age panel and
diagnostic panel of sera (Extended Data Fig. 8b). The PRNT against
Vero-grown MPXV was considerably less sensitive, predominantly
detecting neutralizing antibodies at PRNT,, values of >640 against
Calu-3-grown MPXV.

Discussion

In this study, we measured MVA-reactive, VACV-reactive and
MPXV-reactive binding and neutralizing antibodies in cohorts of his-
toric smallpox-vaccinated, MPXV PCR-positive, MVA-BN-vaccinated
and MVA-H5-vaccinated individuals. For the development and valida-
tion of novel assays, an MPXV isolate obtained during the ongoing
outbreak was used. We show that MPXV-neutralizing antibodies can
be detected across individuals after MPXV infection, although we
only detected MPXV-reactive antibodies in 5/19 MPXV-infected indi-
vidualsborn after 1974. We speculate that this was due to the sampling
timepoint—in the early symptomatic phase. Additionally, we detected
MPXV-neutralizing antibodies after historic smallpox vaccination.
Strikingly, a two-shot MVA-BN immunization series in non-primed
individualsyieldsrelatively low antibody levels, with poor neutralizing
capacity. Using sera from an MVA-HS trial, we show that dose sparing
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Fig. 2| VACV-reactive and MPXV-neutralizing antibodies after Imvanex

or MVA-HS5 vaccination. a-c, Detection of poxvirus-specific antibodies in
apanel of n =56 seraobtained from n = 18 Imvanex-vaccinated participants.
Serawere obtained pre-vaccination and at three timepoints post-vaccination
fromindividuals born before or during 1974 (triangles) or after 1974 (circles).

a, Detection of VACV-reactive antibodies by ELISA with VACV-Elstree-infected
celllysate. Gray symbols are data points, the colored symbols and line reflect
the geometric mean. b, Detection of MVA-neutralizing antibodies by PRNT
inaserum selection of n = 33 sera. Gray symbols are data points; the colored
symbols and line reflect the geometric mean. ¢, Detection of MPXV-neutralizing
antibodies by PRNT on a serum selection of n = 33 sera. Graey symbols are data
points; the colored symbols and line reflect the geometric mean. d, Detection of
VACV-reactive antibodies by ELISA with VACV Elstree-infected cell lysate. A total
of n=386 serawere obtained from n =22 participants inan MVA-HS vaccination
trial who received either a high (10%) or low (107) dose regimen, with two (left)
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or three (right) vaccinations. Vaccination regimens are indicated in the legend
above the panel. Gray symbols are data points; the colored symbols and line
reflect the geometric mean. Fold differences between geometric mean titers
after the second or booster vaccination with 10® or 10’ PFU are indicated. e,
Detection of MVA-neutralizing antibodies by PRNT in aserum selection of n =42
seraobtained at V2 or V3. Lines indicate geometric mean; whiskers indicate 95%
confidence interval. Fold differences between geometric mean titers after the
booster vaccination are indicated. f, Detection of MPXV-neutralizing antibodies
by PRNT, similar to e. 30% endpoint ELISA titers were calculated based ona
five-fold dilution series, after subtraction of OD s, values against a mock-infected
celllysate and relative to a positive control. The PRNT, titer was calculated on
the basis of a two-fold dilution series relative to an infection control. AMann-
Whitney U-test was performed to compare VACV-reactive endpoint titers at V2

and V3ind (two-tailed P= 0.05 considered significant). wk, weeks.

leads tolower antibody levels than those elicited by acomplete two-shot
vaccination regimen, whereas a third MVA vaccination boosts both
binding and neutralizing antibody responses. In summary, we show a
relatively low neutralizing antibody response in serafromindividuals
double vaccinated with Imvanex.

Although little is known about the antigenic similarities among
poxviruses, MVA-BN immunogenicity has thus far only been assessed
by measuring MVA-specific and VACV-specific antibodies’, and
cross-reactivity with other poxviruses is assumed. We argue that, for

effective use of this vaccine during an ongoing MPXV outbreak, it is
essential to measure the functionality of vaccine-induced antibodies
against the currently circulating MPXV strain. To assess antigenic simi-
larities among poxviruses and select the most appropriate serological
assays for studying MPXV-reactive immune responses, we compared
the binding and neutralizing activity of sera from infected and/or
vaccinated individuals against VACV, MVA and/or MPXV. Measuring
VACV-reactive binding antibodies by ELISA proved sensitive, as serolog-
icalresponses were detected in the majority of sera from participants
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Table 3 | Overview of Imvanex panel sera assessed for the presence of VACV-reactive or MPXV-reactive antibodies by ELISA
and MVA-neutralizing or MPXV-neutralizing antibodies by PRNT. The timepoints VO (pre-vaccination), V1 (two weeks after
the first vaccination), V2 (four weeks after the first vacciantion) and V3 (four weeks after the second vaccination) refer to

Fig. 2a
Before 1974 After 1974
VO vi V2 V3 Vo Vi V2 V3
VACV ELISA
Sera 8 8 2 3 15 10 12 8
Responder 3 3 2 3 1 1 7 8
Percentage (%) 100 100 100 100 7 10 58 100
GMT 1,452 3,228 3175 3,967 10 n 17 186
MPXV ELISA
Sera 3 3 2 3 6 - 8 8
Responder 2 3 2 3 1 - 0 0
Percentage (%) 67 100 100 100 17 -
GMT 24 10 50 96 10 - 10 10
MVA PRNT
Sera 3 3 2 3 - 8 8
Responder 3 3 2 3 - 5 8
Percentage (%) 100 100 100 100 0 - 63 100
GMT 49 123 91 150 10 - 17 60
MPXV PRNT
Sera 3 3 2 3 6 - 8 8
Responder 3 3 2 3 1 - 5 5
Percentage (%) 100 100 100 100 17 - 63 63
GMT 582 443 312 910 14 - 16 21
Total
Sex (M/F)? 1/2 8/10
Age (years)® 52 (range, 51-62) 30 (range, 24-45)

*Number of assessed serum samples per group from males (M) versus females (F). °The median age per group, including the upper and lower limit, is given.

bornbefore1974 and in the majority of recent vaccinees. No apparent
waningintotal binding antibody levels as afunction of age was detect-
able in individuals born before 1974, supporting previous assertions
about the longevity of antibodies induced by vaccinia-based small-
pox vaccination'". However, because we did not have access to his-
toric vaccinationrecords, we could not confirm whether people born
before1974 were indeed vaccinated against smallpox, how many shots
they received and which vaccine was used. Measuring MPXV-reactive
binding antibodies with an in-house-developed ELISA proved
less sensitive.

Because the currently used vaccine is based on MVA, proper
assessment of vaccine immunogenicity should involve measuring
both MVA-specific and MPXV cross-reactive neutralizing antibodies.
Interestingly, only limited correlation was observed between MVA and
MPXV neutralization in MVA-BN-vaccinated or MPXV-infected indi-
viduals, indicative of antigenic differences among these poxviruses.
Depending onthe research question, this suggests that measurement
of a combination of both VACV-reactive antibodies and MVA- and
MPXV-neutralizing antibodies may be required to study vaccine immu-
nogenicity. By combining assays, it proved possible to serologically
differentiate MVA vaccination from MPXV infection, which could be
essential in future serosurveys among vaccinated risk groups.

The present study has some intrinsic limitations. It was designed
asanimmunogenicity study of MVA-BN with afocus on MPXV-reactive
antibodies, as there was virtually no information on this in the

published literature at the time of writing. This study was notintended
toascertain vaccine efficacy, which, inthe Netherlands, is an ongoing
effort based on national clinical data collection for all MPXV cases
notified by sexually transmitted disease clinics. Although we were able
toinclude four diverse groups of vaccinees and patients in our study,
cohort sizes were inherently limited by the availability of samples.
The pseudonymized serum samples from the diagnostic cohort were
collected from patients with suspected MPXV infection, for whom
our laboratory serves as a diagnostic center. The serum samples from
the age panel cohort can be considered convenience samples, which
were obtained from the serum bank at the Department of Viroscience,
Erasmus Medical Center, and are thus unrelated to MPXV diagnostics.
Both of these cohorts were fully anonymized in agreement with pri-
vacy legislation for retrospective studies based on the reuse of stored
diagnostic samples. This provides the ability to rapidly assess essential
assays and responses during an outbreak such as this but does not allow
the linking of individual samples to clinical data, the course of infec-
tion or (historic) smallpox vaccination status. Finally, orthopoxviruses
produce two major forms of infectious virions during their replication
cycle: (1) IMVs and (2) extracellular enveloped virions (EEVs). IMVs are
thought to be well-suited for transmission between hosts, whereas
EEVs may have an important role in dissemination within the host'.
The assays asemployed in this study do not distinguish IMVs from EEVs,
but plaque reduction assays generally measure the neutralization of
IMVs rather than EEVs.
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Table 4 | Overview of MVA-H5 panel sera assessed for the
presence of VACV-reactive or MPXV-reactive antibodies

by ELISA and MVA-neutralizing or MPXV-neutralizing
antibodies by PRNT. The timepoints VO (pre-vaccination), V1
(four weeks after the first vaccination), V2 (four/eight weeks
after the first/second vaccination, respectively) and V3
(four weeks after the third vaccination) refer to Fig. 2d

One shot Two shots

vo vi V2 V3 vo Wi v2 V3

VACV ELISA (107 PFU)
Sera 6 6 6 6 6 6 6 6
Responder 0 1 2 6 0 6 6

Percentage (%) O 17 33 100 (0] (0] 100 100

GMT 10 n 12 509 10 10 79 1,383
MVA PRNT (107 PFU)

Sera - - 6 6 - - 6 6

Responder - - 0 6 - - 2 6

Percentage (%) - - 0] 100 - - 33 100

GMT - - 10 64 - - 14 129
MPXV PRNT (10’ PFU)

Sera - - 6 6 - - 6 6

Responder - - 1 6 - - 4 6

Percentage (%) - - 17 100 - - 67 100

GMT - - 10 33 - - 16 66
VACV ELISA (108 PFU)

Sera 5 5 5 5 3 5 5 5

Responder 0 2 2 5 0 2 5 5

Percentage (%) O 40 40 100 10 40 100 100

GMT 10 13 14 1,323 10 15 223 2131
MVA PRNT (108 PFU)
Sera - - 5 5 - - 3 5
Responder - - 0 5 - - 2 5
Percentage (%) - - 0 100 - - 67 100
GMT = - 10 131 - - 25 301
MPXV PRNT
(108 PFU)
Sera - - 5 5 - - 3 5
Responder - - 1 5 - - 1 5
Percentage (%) - - 20 100 - - 33 100
GMT - = 13 85 = = 14 91
Total
Sex (M/F)? NA NA
Age (years)® NA (range, 18-28) NA (range, 18-28)

2The original study included both male and female volunteers between 18 and 28 years of age.
Exact allocation of sex and age to the selected samples was not possible here.

The evidence for cross-protection afforded by VACV or MVA vac-
cination against MPX is inferred from animal experiments and from
observational studies conducted during the period of enhanced sur-
veillance in the endgame of smallpox eradication®”. In those studies,
partial clinical protection was observed. In our study, the individuals
bornbefore1974 still had detectable antibodies that neutralized MPXYV,
yet current epidemiological data suggest limited protection from
infectioninthis age group (diagnostic observations). Thisisin line with

earlier studies detecting subclinical MPXV infection in pre-immune
individuals by serology™. The primary MVA immunization series in
non-primed individuals yielded relatively low levels of neutralizing
antibodies, raising the question of whether vaccinated individuals
arenow protected and what the correlates of protection against MPXV
infection are. In non-human primates, depletion studies underlined
that antibodies do play an important role against lethal intravenous
MPXV challenge”, although both virus-specific antibodies and T cells
wereinduced by MVA-BN vaccination. At thismoment, itis unclear what
the relatively low MPXV-neutralizing titers mean for protection against
disease, severity of symptoms and transmissibility. Finally, using a
serum set fromapreviously performed MVA-HS5 clinical trial, we showed
that VACV-reactive as well as MVA-neutralizing and MPXV-neutralizing
antibodies can be further boosted with an additional shot of MVA. This
same trialindicates that dose sparing (10’ instead of 10® PFU) has a nega-
tive effect on the serological outcome of vaccination. Cohort studies
following vaccinated individuals and including biological sampling
are necessary to further assess vaccine efficacy in risk populations
andto determine correlates of protection for this emerging pathogen.

Online content

Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information,
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Methods

Serum samples and ethics statement

The research presented here complies with all of the relevant ethical
guidelines and was approved by the Erasmus Medical Center Medi-
cal Ethics Committee. Study protocols are mentioned below for the
separate serum sets. Serum samples from n =238 participants were
includedin this study, divided over four different cohorts (Tables 1-4
and Extended Data Figs. 2-6): (1) an age panel cohort; (2) a diagnostic
cohort; (3) an Imvanex cohort; and (4) an MVA-H5 cohort. The age
panel cohort was used to validate the assays and was retrieved from
the diagnostic serum bank at Erasmus Medical Center, based on year
of birth and excludingimmunocompromised patients. Intotal, n =126
seracollectedin 2022 wereincluded in this cohort (n = 59 bornbefore
orduring1974; n = 67 born after 1974). For the diagnostic cohort, diag-
nostic serum samples were collected in the Netherlands, in addition
to swab samples for PCR testing from patients suspected of having
MPXYV infection. These were submitted to Erasmus Medical Center as
a diagnostic center for MPX after privacy coding/pseudonymization
by the respective sender. In total, n = 72 anonymized diagnostic sera
were included in this study for further assay validation, subdivided
into PCR-negative and PCR-positive patients, born either before or
during 1974 or after 1974. Both the age panel and the diagnostic cohort
were fully anonymized in agreement with privacy legislation for the
retrospective studies based on the reuse of stored diagnostic samples.
For the Imvanex cohort, serum samples were obtained from health-
care workers who received Imvanex vaccination for safety reasons
as employees of a BSL-3 laboratory. Samples were collected under
the Erasmus Medical Center vaccination cohort (COVA) biobanking
study protocol (MEC-2014-398), and written informed consent was
obtained from all participants. Longitudinal samples were obtained
pre-vaccination, 2 weeks and 4 weeks after the first vaccination and
4 weeks after the second vaccination. Participants were vaccinated
with the prescribed dose—0.5 ml with no fewer than 5 x 10’ PFU. A
total of 18 participants were included (n = 3 born before or during
1974), of whom 11 were followed until the last timepoint at the time of
writing. The fourth serum panel (MVA-HS5 cohort) consisted of samples
that were obtained from participants as part of a past clinical phase
1vaccination trial with MVA-HS5 in two different regimens (Fig. 2d),
vaccinated with either alow dose (10’ PFU) or a high dose (10 PFU)".
Longitudinal samples were obtained pre-vaccination, 4 weeks after the
first vaccination, 4 weeks after the second vaccination or 8 weeks after
thefirst vaccination (depending on the respective dosing regimen) and
4 weeks after the booster vaccination after 1 year. All study participants,
independent of vaccination regimen or dosage, received a booster
vaccination. The Erasmus Medical Center Medical Ethics Committee
gave ethical approval for this work, which was performed as part of the
FluVec-HS5 study (ethical permit METC NL37002.000.12; Dutch Trial
Registry NTR3401). Written informed consent was obtained from all
participants. A total of 22 participants were included in this study, all
bornafter1974.Sex and gender were not consideredin the study design.
For cohorts (1) and (3), the study design included information on sex,
and the numbers of males and females were comparable. Of the MPXV
PCR-positiveindividualsin the diagnostic cohort, 97% were male, most
of whom were men who have sex with men.

Cell culture

CEFswereisolated from 11-day-old chicken embryos (Drost Loosdrecht
BV) and passaged once before use. CEFs were cultured in virus produc-
tion serum-free medium (VP-SFM, Gibco) containing penicillin and
streptomycin. Baby hamster kidney 21 (BHK-21, American Type Culture
Collection (ATCC)) cells were cultured in DMEM (Lonza) supplemented
with10% FBS, 20 mM HEPES, 0.1% CHNaO,, 0.1 mM non-essential amino
acids (Lonza) and penicillin and streptomycin/L-glutamine. HeLa cells
(ATCC) were cultured in DMEM supplemented with 10% FBS, 20 mM
HEPES, 0.1% CHNaO, and penicillin and streptomycin/L-glutamine.

Vero cells (ATCC) were cultured in DMEM (Capricorn Scientific)
supplemented with 10% FBS, 20 mM HEPES and penicillin and
streptomycin/L-glutamine. Calu-3 cells (ATCC) were cultured in
Opti-MEM + GlutaMAX (Gibco) supplemented with 10% FBS. All cell
lines were grown at 37 °Cin a humidified CO, incubator.

VACV Elstree virus and the generation of recombinant
rMVA-GFP

Recombinant MVA expressing green fluorescent protein (rMVA-GFP)
was generated by homologous recombination, as described previ-
ously'®. MVA clonalisolate F6 served as the parental virus for generat-
ing rMVA-GFP". Vector plasmid pG06-P11-GFP was used to direct the
insertion of GFP under the transcriptional control of the natural VACV
late promoter P11 into the deletion Il site of the MVA genome. Virus
stocks were generated in CEFs, purified by ultracentrifugation through
36% sucrose and reconstituted in a120 mM NaCl and 10 mM Tris-HCI
buffer (pH 7.4). The titer of the rMVA-GFP stock was initially determined
by plaque assay on CEFs and was confirmed for PRNT by titration on
Vero cells. The stock was validated by PCR, sequencing and transgene
expressioninvarious cell types. The VACV strain Elstree was a kind gift
from K. J. Stittelaar® and was grown in HeLa cells to serve as an ELISA
antigen. Allwork with rMVA-GFP was performed in a Class Il Biosafety
Cabinet under BSL-2 conditions. Work with VACV was performed under
BSL-2 conditions using BSL-3 safety measures (BSL-2+).

Isolation and propagation of MPXV

MPXV was isolated from a swab taken from a typical pox lesion of
an MPX-positive Dutch patient by inoculating Vero cells. The isolate
belongs to clade IIB and was designated as MPXV_2022_NLOOL. It is
available through the European Virus Archive Global (Ref-SKU: 010V-
04721). Virus stocks were propagated to passage 3 by inoculating
70-90% confluent Vero and Calu-3 cultures grown in T175 flasks at a
multiplicity ofinfection of 0.1in Advanced DMEM/F-12 (Gibco) supple-
mented with 10 mM HEPES, 1x GlutaMAX and 1x primocin (AdDF+++).
After 4 days, when at least 50% of the surface area in the cultures con-
sisted of visible plaques, cells were harvested using a cell scraper and
centrifuged at2,000g for 2 minutes. Cell pellets were resuspended in
500 plof Opti-MEM + GlutaMAX and pipetted up and down to mix ten
times using a P1000 tip. Cell suspensions were lysed by freeze-thawing
three timesinadry-ice ethanol bath, after which the lysates were mixed
by pipetting up and down 50 times using a P1000 tip. To the lysates,
we added 10 ml of Opti-MEM + GlutaMAX, which was then cleared by
centrifugation at 2,000g for 5 minutes. Cleared lysates were filtered
through a low-protein-binding 0.45-pm syringe filter (Millipore), ali-
quoted and frozen at —80 °C. All of the work with infectious MPXV
was performed in a Class Il Biosafety Cabinet under BSL-3 conditions.

MPXV stock titrations

Stock titers were determined by preparing ten-fold serial dilutions in
AdDF+++, We added 100 pl of each dilution to Vero cells in a 96-well
plate and incubated them for 16 hours in a humidified CO, incubator
at 37 °C. Next, the cells were fixed in 10% neutral buffered formalin for
30 minutes and permeabilized in 70% ethanol (submerging the entire
plate). Cells were then washed in PBS, blocked in 0.6% BSA (Sigma-
Aldrich) and 0.1% Triton X-100 (Sigma-Aldrich) in PBS for 30 minutes
and stained overnight at room temperature with rabbit-anti-VACV-FITC
(Abbexa)atal:1,000dilution. After washingin PBS, plates were scanned
onthe Amersham Typhoon Biomolecular Imager (channel = Cy2; reso-
lution =10 mm; GE Healthcare). The numbers of infected cells were
quantified using ImageQuant TL 8.2 (GE Healthcare).

Detection of VACV-specific or MPXV-specific IgG antibodies by
ELISA

For the detection of VACV-specific or MPXV-specific antibodies,
HeLaor Vero cells were mock treated or infected with VACV Elstree or
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MPXV_2022_NLOO1at multiplicities of infection of 1or 0.1, respectively,
and harvestedin1% Triton X-100 in PBS supplemented with cOmplete
Mini EDTA-free protease inhibitor (Roche) when a complete cytopathic
effect was observed. All of the work with the MPXV lysate was per-
formed under BSL-3 conditions. For ELISA, high-binding 96-well plates
(Corning) were coated for 1 hour at 37 °C with the diluted cell lysates
(VACV coating:1:500; MPXV coating: 1:100) in PBS. The coating concen-
trations were optimized in coatingtitration experiments. Coated plates
were washed five times with PBS supplemented with 0.05% Tween 20
(PBST; Merck) and subsequently blocked for 1 hour at 37 °C with block-
ing buffer (PBST + 2% skim milk powder (wt/vol, Merck)). Five-fold
dilution series of sera in blocking buffer (starting dilution: 1:10) were
transferred to the lysate-coated plates and incubated overnight at 4 °C.
Plates were washed five times with PBST and incubated for 1 hour at
37 °Cwith horseradish peroxidase-conjugated goat-anti-humanIgG at
adilution of1:6,000 (Dako). Afterwards, the plates were again washed
five times with PBST and incubated for about 15 minutes with 100 pl of
TMB Peroxidase Substrate (SeraCare/KPL), after which the reaction was
stopped with an equal volume of 0.5 NH,SO, (Merck). The absorbance
was measured at 450 nm using a Tecan Infinite F200 or Anthos 2001
microplate reader and corrected for absorbance at 620 nm. Values of
optical density measured at awavelength of 450 nm (OD,;, values) were
obtained with mock-infected cell lysates and subtracted fromthe OD 5,
value obtained with the VACV-/MPXV-infected cell lysates to determine
anet OD,;, response. A positive control serum was included on every
ELISA plate, generating aminimum-to-maximum OD ,, S-curve. OD 4,
values generated by dilution series per sample were transformed to this
control S-curve, and 30% endpoint titers were calculated.

Detection of MVA-/MPXV-specific neutralizing antibodies by
PRNT

Vero cells were seeded 1 day before the experiment in 96-well plates
(Greiner Bio-One) at a density of 20,000 cells per well. Sera were
heat-inactivated for 1 hour at 60 °C and subsequently two-fold seri-
ally diluted in AdDF+++ before 1,500 PFU of rMVA-GFP or 400 PFU
of MPXV_2022_NLOO1in 60 pl was added per well. The final serum
dilution in the first column was 1:20. The virus-serum mix was then
incubated for 1 hour at 37 °C before 100 pl of it was added to the Vero
cells. The cells were incubated for 24 hours (rMVA-GFP) or 16 hours
(MPXV) at 37 °C and under 5% CO, before fixing in 4% paraformalde-
hyde for 10 minutes (rMVA-GFP) or in 10% neutral buffered formalin
for 30 minutes (MPXV). MPXV-infected samples were furthermore
permeabilizedin70% ethanol, followed by awash with PBS and blocking
in 0.6% BSA and 0.1% Triton X-100 in PBS for 30 minutes before being
stained overnight at room temperature with rabbit-anti-VACV-FITC
(Abbexa) at a1:1,000 dilution. Both MVA and MPXV neutralization
assays were washed with PBS before nuclear staining with Hoechst
33342 (Thermo Fisher Scientific). Cells were imaged using the Opera
Phenix spinning disk confocal HCS system (PerkinElmer) equipped with
ax10air objective (NA 0.3) and 405-nm and 488-nm solid-state lasers.
Hoechst and GFP/FITC were detected using 435-480-nm and 500-
550-nm emission filters, respectively. Nine fields per well wereimaged,
covering approximately 50% of the individual wells. The number of
infected cells was quantified using Harmony software (version 4.9,
PerkinElmer). The dilution that would yield 50% reduction of plaques
compared with the infection control was estimated by determining the
proportionate distance between two dilutions from which an endpoint
titer was calculated. When no neutralization was observed, the PRNT;,
was given a value of 10.

Dataacquisition and statistical analysis

All samples from each respective experimental panel (that is, the
age panel (1), the diagnostic panel (2), the Imvanex-vaccinated panel
(3) and the MVA-H5-vaccinated panel (4)) were analyzed simultane-
ously per assay to counteract batch effects. ELISAs were thoroughly

validated via three additional methods: (1) performing ELISAs with
additional negative control sera obtained from patients diagnosed
with otherinfectious diseases (Extended DataFig. 1b); (2) side-by-side
comparison of the results of bridging samples measured in two inde-
pendent assays (Extended Data Fig. 1c); and (3) inclusion of the same
reference serum on every ELISA plate (Extended Data Fig. 1d). For
ELISAs with the VACV Elstree-infected cell lysate, the reference serum
was a pool of two high-titer sera from individuals who received both
historic smallpox and recent Imvanex vaccination. For ELISAs using
MXPV-infected cell lysate, the reference serumwas fromanindividual
who received historic smallpox vaccination and had recent MPXV
exposure. The reference samples on every plate were used to gener-
ate S-curves (Extended Data Figs. 2a, 3a, 4a and 5) to which the test
samples were transformed to calculate 30% endpoint titers (ELISA) as
described above. For neutralization assays, an infection control was
alwaysincluded. The dilution that would yield 50% reduction of plaques
compared with the infection control was estimated by determining the
proportionate distance between two dilutions from which anendpoint
titer was calculated (Extended Data Figs. 2b, 3b, 4b,c and 6). A statisti-
cal comparison between VACV-reactive 30% endpoint titers was per-
formed using aMann-Whitney U-test. A two-tailed P value below 0.05
(Figs. 1a and 2d) or 0.0083 (Fig. 1c) after Bonferroni correction for
multiple comparisons was considered significant. Correlation of
VACV-reactive 30% endpoints titers and MPXV-neutralizing PRNT,
titers was evaluated by Spearman’s r. Statistical evaluation was done
with GraphPad Prism version 9.02.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

Data from the present study are not part of public databases but are
available upon reasonable request from the corresponding author.
Patient-related data notincluded in the paper may be subject to patient
confidentiality and are unavailable due to the analysis of anonymized
data. This study used unique materials, which were custom-made for
specific analyses (ELISA antigens and virus stocks). Materials are avail-
able upon reasonable request, will be released via a material transfer
agreement and can otherwise be obtained viathe included experimen-
tal protocolsinthe Methods. The MPXV stock is available through the
European Virus Archive Global (Ref-SKU: 010V-04721).

Code availability
No specific codes were written or generated for analysis of the data.
Software use has been disclosed.
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Extended Data Fig. 1| Validation of ELISA with VACV-Elstree-infected cell
lysate. (a) Sera from participants vaccinated with MVA-HS (pre-vaccination and 4
weeks after booster vaccination) were 4-fold diluted starting at a dilution of 1:10
and added to plates coated with a VACV-infected or MVA-infected cell lysate. All
sample OD450 values were normalized to the highest and lowest OD450 value on
that plate and plotted as log (inhibitor) vs response curve with four parameter
variable slope using GraphPad Prism 9.02. A 30% endpoint dilution was estimated
by calculating the proportionate distance between two dilutions, from which
atiter was determined. 30% endpoint titers are reported in the legend for both
ELISAs with VACV-infected and MVA-infected cell lysate. (b) Diagnostic sera

from patients with confirmed infectious diseases other than MPX (VZV: varicella
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zoster virus; HSV: herpes simplex virus; Ent: enterovirus; CMV: cytomegalovirus;
EBV: Epstein-Barr virus; HIV: humanimmunodeficiency virus) were selected and
added to plates coated with a VACV-infected cell lysate at a serum concentration
of1:100. Sera from MVA-H5-vaccinated participants obtained 4 weeks after
booster vaccination were included as positive control. (c) Several sera from all
four cohorts were selected as ‘bridging’ samples and were measured in at least
twoindependent ELISAs with VACV-infected cell lysate. Assays were correlated by
performing Spearmanr analysis. (d) A reference serum (either a pool of MVA-H5-
vaccinated individuals, or a pool of historically-vaccinated and Imvanex-boosted
individuals [P/B]) was included on every ELISA plate.
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Extended Data Fig. 2| Normalized S-curves for determining the 30% OD450
ELISA endpoint and PRNT50 in age-panel sera. (a) Sera were 5-fold diluted
starting at adilution of 1:10 and added to plates coated with a VACV-infected
celllysate. A positive reference control was included on every plate to generate
anS-curve with minimum (0%) and maximum (100%) OD450 values. All sample
0D450 values were normalized to the positive control on the respective plate
and plotted as log (inhibitor) vs response curve with four parameter variable
slope using GraphPad Prism 9.02. A30% endpoint dilution was estimated by
calculating the proportionate distance between two dilutions, from which a titer
was determined. 30% endpoint titers are shown in Fig. 1a. (b) Sera were 2-fold
diluted starting at a dilution of 1:10 in duplicate, followed by the addition of

virus suspension leading to + 500 plaques/well in infection controls. Percentage
plaque reduction compared to the infection control was calculated per dilution
and plotted as log (inhibitor) vs response curve with four parameter variable
slope using GraphPad Prism 9.02. The dilution that would yield 50% reduction
of plaques compared to the infection control was estimated by determining the
proportionate distance between two dilutions, from which an endpoint titer
was calculated. PRNTS50 values are shown in Fig. 1b. Symbols indicate individual
donors, gray lines represent samples from the age-panel, purple lines represent
the controls from the different ELISA plates. All samples from this serum panel
were runinthe same ELISA or PRNT experiment, avoiding any possible batch
effects.
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Extended DataFig. 3| Normalized S-curves for determining the 30% OD450
ELISA endpoint and PRNT50 in diagnostic sera. (a) Sera were 5-fold diluted
starting at adilution of 1:10 and added to plates coated with a VACV-infected
celllysate. A positive reference control was included on every plate to generate
an S-curve with minimum (0%) and maximum (100%) OD450 values. Allsample
0D450 values were normalized to the positive control on the respective plate
and plotted as log (inhibitor) vs response curve with four parameter variable
slope using GraphPad Prism 9.02. A30% endpoint dilution was estimated by
calculating the proportionate distance between two dilutions, from which a titer
was determined. 30% endpoint titers are shown in Fig. 1c. (b) Sera were 2-fold
diluted starting at a dilution of 1:10 in duplicate, followed by the addition of
virus suspension leading to + 500 plaques/well in infection controls. Percentage

serum dilution
plaque reduction compared to the infection control was calculated per dilution
and plotted as log (inhibitor) vs response curve with four parameter variable
slope using GraphPad Prism 9.02. The dilution that would yield 50% reduction
of plaques compared to the infection control was estimated by determining the
proportionate distance between two dilutions, from which an endpoint titer
was calculated. PRNT50 values are shown in Fig. 1d. Symbols indicate individual
donors (circle:born prior to 1974, triangle born after 1974), red lines represent
sera from PCR-negative donors, green lines represent sera from PCR-positive
donors, and purple lines represent the controls from the different ELISA
plates. Allsamples from this serum panel were runin the same ELISA or PRNT
experiment, avoiding any possible batch effects.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Normalized S-curves for determining the 30% OD450
ELISA endpoint and PRNT50 in Imvanex sera. (a) Sera were 5-fold diluted
starting atadilution of 1:10 and added to plates coated with a VACV-infected
celllysate. A positive reference control was included on every plate to generate
an S-curve with minimum (0%) and maximum (100%) OD450 values. Allsample
0D450 values were normalized to the positive control on the respective plate
and plotted as log (inhibitor) vs response curve with four parameter variable
slope using GraphPad Prism 9.02. A30% endpoint dilution was estimated by
calculating the proportionate distance between two dilutions, from which a titer
was determined. 30% endpoint titers are shown in Fig. 2a. (b, c¢) Sera were 2-fold
diluted starting at a dilution of 1:10 in duplicate, followed by the addition of
rMVA-GFP suspension (b) or MPXV suspension (c) leading to + 500 plaques/well

ininfection controls. Percentage plaque reduction compared to the infection
control was calculated per dilution and plotted as log (inhibitor) vs response
curve with four parameter variable slope using GraphPad Prism 9.02. The
dilution that would yield 50% reduction of plaques compared to the infection
control was estimated by determining the proportionate distance between two
dilutions, from which an endpoint titer was calculated. PRNT50 values are shown
inFig. 2b for rIMVA-GFP and Fig. 2c for MPXV. Symbols indicate individual donors
(circle: born prior to 1974, triangle born after 1974), blue lines represent sera
from Imvanex-vaccinated donors, purple lines represent the controls from the
different ELISA plates. All samples from this serum panel were runin the same
ELISA or PRNT experiment, avoiding any possible batch effects.
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Extended Data Fig. 5| Normalized S-curves for determining the 30% OD450 slope using GraphPad Prism 9.02. A 30% endpoint dilution was estimated by
ELISA endpointin MVA-H5 sera. Sera from the MVA-HS panel were 5-fold diluted ~ calculating the proportionate distance between two dilutions, from whicha
starting atadilution of 1:10 and added to plates coated with a VACV-infected titer was determined. Symbols indicate individual donors, cyan lines represent
celllysate. A positive reference control wasincluded on every plate to generate sera from MVA-H5-vaccinated donors, purple lines represent the controls from
an S-curve with minimum (0%) and maximum (100%) OD450 values. Allsample the different plates. 30% endpoint titers are shown in Fig. 2d. All samples from
0D450 values were normalized to the positive control on the respective plate this serum panel were runin the same experiment, avoiding any possible batch
and plotted as log (inhibitor) vs response curve with four parameter variable effects.

Nature Medicine


http://www.nature.com/naturemedicine

Article https://doi.org/10.1038/s41591-022-02090-w

A 120 2 shots | postVx2 | 4w 120 2 shots | postBst | 4w 120 2 shots | postVx2 | 4w 120 2 shots | postBst | 4w
100 100 ° 100 100
80 \ 80 80 80 I\
© 60 I\ 60 o 60 R 60
T 20 40 T 40 40
S 3 S 3
= 2| 20 20 = 2| 20 20
.‘2 g 0 0 s ‘2 g 0 0 °
- o o o o ° o o o o ° o o o o o o - o o o o o ) o o o o o o o o o o
g 5 8 8 2 8 8 B g R 8 2 8 8§ 8 § g I R 8 8 8 8§ & § Ro® 8 B 8 F B §
g 3 2 3
g g | 120 1 shot | postVx1 | 4w 120 1 shot | postBst | 4w g g | 120 1 shot | postVx1 | 4w 120 1 shot | postBst | 4w
& & 10 100 £ 8| 100 100
g = g =
T 80 80 T 80 80
8 s o
o 60 60 o 60 60
=) =)
- 40 40 - 40 40
20 20 20 20
0 0 0 8—o—o—-o—-o—t—o—o 0
R e 8 8 8 3§ 8 § R e 8 8 8 § § g R e 8 8 8 § § g R %8 8 8 § 8 §
serum dilution serum dilution
B 120 2 shots | postVx2 | 4w 120 2 shots | postBst | 4w 120 2 shots | postVx2 | 4w 120 2 shots | postBst | 4w
100 100 100 100
80 80 80 80
o 60 & 60 w 60 N 60
< 40 40 < 40 40
: 2 < 5
s §=~, 20 20 s % 20 20 o
.‘2 .g 0 0 g .g 0 0
g S R %2 g 3 % %8 8§ R 2 8 8 8 3% 8§ § g g R ¢ 8 8 8 % % § R ¥ 8 8B %3 % B 8
g 2 g 3@
g g | 120 1 shot | postVx1 | 4w 120 1 shot | postBst | 4w g g | 120 1 shot | postVx1 | 4w 120 1 shot | postBst | 4w
2 8| 10 100 £ 8| 100 100
g = g =
T 80 80 T 80 80
8 8
= 60 \ 60 o 60 | 60
=) % =)
- 40 40 - 40 40
20 20 20 20
0 0 0 0
R e 8 8 8 § 8 § R e 8 8 8 § § g R e 8 8 8 § § g R e 8 8 8 § 8 §
serum dilution serum dilution
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Extended Data Fig. 7 | Differentiation between MVA vaccination and MPXV
infection by serology. ELISAs were performed on sera from either vaccinated
and MPXV PCR-positive individuals with a VACV-infected cell lysate.30%
endpoint ELISA titers were calculated based on a 5-fold dilution series, after
subtraction of OD450 values with amock-infected cell lysate, and relative toa
positive control. PRNTs were performed with MVA or MPXV. The 50% plaque
reduction neutralization titer (PRNT50) was calculated on the basis of a 2-fold

dilution series relative to an infection control. (a, b) Correlation of VACV

ELISA and MVA PRNT. (¢, d) Correlation of VACV ELISA and MPX PRNT. (e, f)
Correlation of MVA PRNT and MPXV PRNT. The bubbles in panels A, C,and E
enclose all datapoints from the indicated samples set. The centers of bubbles
from vaccinated individuals were connected by arrows to indicate antibody level
increases, as indicated in panels B, D, and F. (G) 3D representation of the data
presentedinpanels A, C,andE.
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Extended Data Fig. 8 | Correlation between ELISAs with VACV and MPXV

antigen, and neutralization assays with MPXV grown on Vero or Calu-3 cells.

(a) ELISAs were performed on the age-panel, diagnostic panel, and Imvanex
panel of serawith a VACV-infected or MPXV-infected cell lysate. 30% endpoint
ELISA titers were calculated based on a 5-fold dilution series, after subtraction
ofthe OD450 values from mock-infected cell lysate from the OD450 values from

PRNT50 (titer) - MPXV-calu

VACV-infected or MPXV-infected cell lysates, and relative to a positive control. (b)
PRNTs were performed with an MPXV stock grown on either Calu-3 or Vero cells.
The 50% plaque reduction neutralization titer (PRNT50) was calculated on the
basis of a 2-fold dilution series relative to an infection control. Sera were obtained
fromindividuals bornin or prior to (triangles), or after (circles) 1974, who were
either PCR-negative (red and gray), PCR-positive (green), or vaccinated (blue).
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Confirmed

IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
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Data collection  No software was used, nor were any codes generated.

Data analysis Statistical evaluation was done with GraphPad Prism v9.02. The number of infected cells in PRNTs was quantified using the Harmony software
(version 4.9, Perkin Elmer).
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agreement. Unigue materials were used in the study, which were custom-made for specific analyses (ELISA antigens, virus-stocks). Materials are available upon
request, will be released via a Material Transfer Agreement and can otherwise be obtained via the included experimental protocols in the Methods section of this
manuscript. The MPXV stock is available through EVAg; Ref-SKU: 010V-04721.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender Sex or gender were not considered in study design. Sex was collected in the study design, and equally distributed in the
agepanel of sera, and Imvanex- and MVA-H5-vaccinated participants. 97% of the MPX PCR-positive individuals in the PCR-
positive panel were male.

Population characteristics Age, sex and vaccination statuses were the only covariates analyzed in this initial observational study.

(1) agepanel sera: <1974 N=30 male, N=29 female, median age 61 (range 49-85), >1974 N=37 male, N=30 female, median
age 30 (range 15-47).
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(2) diagnostic sera: <1974 / PCRneg N=14 male, N=5 female, median age 57 (range 51-80); <1974 / PCRpos N=12 male, N=1
female, median age 57 (range 52-65). >1974 / PCRneg N=17 male, N=4 female, median age 29 (range 20-42); >1974 / PCRpos
N=19 male, N=0 female, median age 35 (range 21-41).

(3) Imvanex sera: <1974 N=1 male, N=2 female, median age 52 (range 51-62); >1974 N=8 male, N=10 female, median age 30
(range 24-45).

(4) MVA-H5S sera: The original study included both male and female volunteers between 18 and 28 years of age. An exact
allocation of sex and age to the selected samples was not possible here.

Recruitment Sera for the agepanel were randomly selected from the diagnostic serum bank, and pre-selected for the absence of co-
morbidities. Sera for the diagnostic panel were selected from individuals that reported potential MPX symptoms, were PCR-
tested, and found PCR-positive or PCR-negative. PCR-positive individuals were predominantly male. Sera from both panels
were analyzed anonymized, only information on year of birth and sex was collected. Imvanex-vaccinated individuals were
part of a biobank protocol. We recruited healthcare workers from the Erasmus MC with a professional risk of being exposed
to MPXYV, leading to a potential for selection-bias. No samples were specifically selected, all available samples were included
in the analyses. MVA-H5 recruitment was previously reported: Kreijtz JH, Goeijenbier M, Moesker FM, et al. Safety and
immunogenicity of a modified-vaccinia-virus-Ankara-based influenza A H5SN1 vaccine: a randomised, double-blind phase 1/2a
clinical trial. Lancet Infect Dis 2014;14:1196-207. We selected sera from N=22 study participants out of an available cohort of
N=40 randomly.

Ethics oversight (1) Age-panel cohort and (2) Diagnostic cohort. The sera in the age-panel were obtained from the serum bank at the
Department of Viroscience, Erasmus MC, for validation purposes. The MPX diagnostic serum samples were submitted to
Erasmus MC as a diagnostic center for MPX after privacy-coding / pseudonymization by the sender. Both of these cohorts
were fully anonymized in agreement with privacy legislation for retrospective studies based on reuse of stored diagnostic
samples. (3) Imvanex cohort. Serum samples were obtained from healthcare workers (HCW) who received Imvanex
vaccination for safety reasons as employees of a BSL-3 laboratory. Samples were collected on a biobanking study protocol.
The Erasmus MC Medical Ethics Committee gave ethical approval for this work performed as part of the COVA study (ethical
permit MEC-2014-398). Written informed consent was obtained from all participants. (4) MVA-H5 cohort. The fourth serum
panel consisted of samples that were obtained from participants as part of a past clinical phase | vaccination trial with MVA-
HS in two different regimens. The Erasmus MC Medical Ethics Committee gave ethical approval for this work performed in
the FluVec-H5 study (ethical permit METC NL37002.000.12, Dutch Trial Registry NTR3401). Written informed consent was
obtained from all participants. All relevant permits were submitted with the manuscript.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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All studies must disclose on these points even when the disclosure is negative.

Sample size We exclusively report serological experiments performed with patient material. No samples size calculations were performed, the study
purely reports observational data on basis of serum availability.

Data exclusions  No data were excluded in the analysis, and all data are available in the (supplemental) figures.




Replication All samples from each respective experimental panel (age-panel [1], diagnostic panel [2], Imvanex-vaccinated panel [3], and MVA-H5-
vaccinated panel [4]) were analyzed simultaneously per assay to counteract batch effects. ELISAs were thoroughly validated via three
additional methods: (1) performing ELISAs with additional negative control sera obtained from patients diagnosed with other infectious
diseases (Extended Data Figure 1B), (2) side-by-side comparison of results of ‘bridging’ samples measured in two independent assays
(Extended Data Figure 1C), (3) inclusion of the same reference serum on every ELISA plate (Extended Data Figure 1D). All attempts at
replication, both for the bridging samples and the reference control sera were successful. This data has bow been included in the manuscript.
All neutralization assays were measured in duplicate, and several bridging samples were included as internal controls. All attempts at
replication were successful. If samples significantly deviated, also based on the S-curve generated per sample, ELISA or PRNT was repeated.

Randomization  We exclusively report serological experiments performed with patient material. Sera were allocated to a 'group' on basis of year of birth,
MPXV PCR, and / or vaccination status.

Blinding We exclusively report serological experiments performed with patient material. All sera from specific cohorts were measured in a single assay,
but during data collection and analysis researchers were blinded to sample information and were only exposed to serum IDs (not revealing
group or status information).

>
Q
—
(e
(D
1®)
(@)
=
S
c
-
(D
©
O
=
>
(@)
w
[
3
=
Q
<

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChiIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
|:| Palaeontology and archaeology |Z |:| MRI-based neuroimaging

|:| Animals and other organisms
|Z Clinical data

|:| Dual use research of concern
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Antibodies

Antibodies used rabbit-anti-VACV-FITC; Abbexa abx023199; polyclonal (1:1000)
HRP-conjugated goat-anti-human IgG; Dako / ThermoFisher 31413; polyclonal (1:6000)

Validation rabbit-anti-VACV-FITC was previously validated in-house (Effects of pre-existing orthopoxvirus-specific immunity on the performance

of Modified Vaccinia virus Ankara-based influenza vaccines, Altenburg et al, Sci Rep). Antibody was re-titrated and evaluated side-by-
side with other monoclonals and polyclonal human serum before assays reported in the study were performed.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) CEF were isolated from 11-day-old chicken embryos and passaged once before use.
Baby hamster kidney 21 (BHK-21), Hela cells, Vero cells, and Calu-3 cells were obtained through ATCC.

Authentication None of the cell-lines were further authenticated.
Mycoplasma contamination All cell-lines were tested negative for mycoplasma contamination during regular screening procedures.

Commonly misidentified lines  no commonly misidentified cell lines were used in this study.
(See ICLAC register)

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.
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Clinical trial registration = MVA-H5 vaccination trial:
Dutch Trial Registry NTR3401 (https://trialsearch.who.int/Trial2.aspx?TriallD=NTR3401)

Study protocol ethical permit METC NL37002.000.12 from Erasmus MC, not publicly available but the protocol was submitted with the manuscript.

Data collection Previously reported in: Kreijtz JH, Goeijenbier M, Moesker FM, et al. Safety and immunogenicity of a modified-vaccinia-virus-Ankara-
based influenza A H5N1 vaccine: a randomised, double-blind phase 1/2a clinical trial. Lancet Infect Dis 2014;14:1196-207.




Qutcomes Previously reported in: Kreijtz JH, Goeijenbier M, Moesker FM, et al. Safety and immunogenicity of a modified-vaccinia-virus-Ankara-
based influenza A H5N1 vaccine: a randomised, double-blind phase 1/2a clinical trial. Lancet Infect Dis 2014;14:1196-207.
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