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In early 2022, a cluster of monkeypox virus (MPXV) infection (mpox) cases
were identified within the UK with no prior travel history to MPXV-endemic
regions. Subsequently, case numbers exceeding 80,000 were reported
worldwide, primarily affecting gay, bisexual, and other men who have sex with
men (GBMSM). Public health agencies worldwide have offered the IMVANEX
Smallpox vaccination to these individuals at high-risk to provide protection
and limit the spread of MPXV. We have developed a comprehensive array of
ELISAs to study poxvirus-induced antibodies, utilising 24 MPXV and 3 Vaccinia
virus (VACV) recombinant antigens. Panels of serum samples from individuals
with differing Smallpox-vaccine doses and those with prior MPXV infection
were tested on these assays, where we observed that one dose of Smallpox
vaccination induces a low number of antibodies to a limited number of MPXV
antigens but increasing with further vaccination doses. MPXV infection
induced similar antibody responses to diverse poxvirus antigens observed in
Smallpox-vaccinated individuals. We identify MPXV A27 as a serological mar-
ker of MPXV-infection, whilst MPXV M1 (VACV L1) is likely IMVANEX-specific.
Here, we demonstrate analogous humoral antigen recognition between both
MPXV-infected or Smallpox-vaccinated individuals, with binding to diverse yet
core set of poxvirus antigens, providing opportunities for future vaccine (e.g.,
mRNA) and therapeutic (e.g., mAbs) design.

Monkeypox virus (MPXV), is a member of the Orthopoxviruses, a
group of closely related viruses, some of which are highly pathogenic
that cause distinctive diseases in humans and animals'>. Within the
Orthopoxvirus genus, other members of this viral family include Vac-
cinia virus (VACV), the foundation of a number of Smallpox vaccina-
tions; Variola virus (VARV), the causative virus of Smallpox disease

which was subsequently declared eradicated in 1980*¢; and Cowpox
virus (CPXV), the virus likely used by Edward Jenner to inoculate
individuals against Smallpox®’. Whilst Orthopoxviruses share a high
degree of genetic homology®®, they vary in their pathogenicity to
humans. VARV is highly pathogenic in humans, contributing to
300-500 million historic deaths worldwide, with no known animal
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reservoir, aiding in its eradication. VACV can cause disease in
humans’'°, however attenuated strains of VACV have been developed
through serial passage, as the basis of a number of licensed vaccines
against Smallpox—Dryvax®®, ACAM2000 (both based on the New York
City Board of Health vaccinia virus strain) and Modified Vaccinia
Ankara (MVA) Bavarian Nordic (MVA-BN); trade-names IMVANEX’ and
‘JYNNEOS).

After the eradication of Smallpox in 1980°, routine Smallpox
vaccination, using Vaccinia virus, was halted worldwide®". Since this
vaccination programme stopped, it has been suggested that the
worldwide population remain increasingly at risk of poxvirus infection,
due to waning antibodies in those with prior Smallpox vaccination and
a lack of vaccine-derived immunity in those born after 1980

MPXYV is a zoonotic pathogen (with a presumed rodent animal
reservoir) causing Mpox disease*"*. Previously, it has been identified
only in central and Western African countries with occasional impor-
tations in returning travellers. There have been a small number of
onward transmissions in some countries such as the UK”™" and
USA'%°, however minimal mutations are observed between isolates
spanning multiple years’.

In the UK on the 7th of May 2022, one case of MPXV was identified
in a returning traveller from Nigeria. A week later, an autochthonous
familial cluster was identified, with no link to the earlier case and no
travel history outside of the UK to MPXV-endemic regions”*. Shortly
afterwards, further MPXV cases were identified in the UK, largely in gay,
bisexual, and other men who have sex with men (GBMSM) with no travel
to endemic countries or known exposure to confirmed cases. There-
after, other non-endemic countries including the USA, Spain, Germany,
Portugal and France also identified similar cases and evidence emerged
of local transmission in these countries?. To date, >80,000 cases of
MPXV have been identified globally®, the majority of which have been in
GBMSM*., Whole genome sequencing has identified 30-80 mutations
(with the majority being nonsynonymous) in sequences from MPXV
isolated during the current outbreak, which has been termed Clade Ilb,
compared to previous MPXV cases from Clade I or Clade lla***. Muta-
tions within Clade IIb were primarily either GA- to AA-, or TC- to TT
substitutions, suggesting that host factors such as APOBEC3 cytosine
modification led to these mutations, possibly due to sustained infection
in a new host or altered phenotypic/transmission methods>*.

To limit transmission during the 2022 MPXV outbreak, public
health agencies recommend Smallpox vaccination, as previous studies
have shown protection from Mpox disease using Smallpox vaccines
such as IMVANEX or ACAM2000?*, The immunology of Dryvax®,
ACAM2000 and IMVANEX vaccines has been well studied”**, with
antibody responses detected up to 35 years post-Smallpox
vaccination®’. However, studying the immunology to MPXV infection
and disease has been limited by the geographical distribution, limited
number of human cases worldwide and access to convalescent serum
samples. Animal models have been undertaken to understand immu-
nology from Mpox disease in species such as macaques®*' and prairie
dogs”, however, the translation of this knowledge to human MPXV
infections is unknown.

Whilst T-cell immune responses to MPXV infection have been
studied during the current Clade IIb 2022 outbreak®*® and previous
oubreaks®, we sought to determine the humoral response and antigen
recognition induced by both Clade Ila and IIb MPXV infection, with
comparisons to IMVANEX and ACAM2000-vaccinated individuals.
Similarly, using a combination of data, we demonstrate the ability of a
multi-antigen ELISA to study antibody responses in Smallpox-
vaccinated or MPXV-infected individuals.

Results

Mpox convalescent individuals and smallpox vaccinees mount a
highly shared but distinct serological reactivity towards pox-
virus antigens

In total 27 poxvirus antigens (24 MPXV and 3 VACV antigens), spanning
diverse functions from structural viral proteins to those involved in
virion morphogenesis and host immunomodulation (Table 1) were
tested against a panel of serum samples of those with prior Smallpox-
vaccination or MPXV infection (Fig. 1, Table 1).

Of the negative samples, individuals demonstrated minimal anti-
body binding to all the MPXV or VACV antigens, with the exception of
one individual, showing binding to the MPXV H3 and VACV A27 anti-
gen. Binding to MPXV C18 was observed across all negative samples. In
individuals that received one dose of the IMVANEX vaccine, antibody
binding to MPXV and VACV antigens was generally low (post-dose 1, 21
days post-vaccination, Fig. 1), however, all individuals generated anti-
bodies post-vaccination that were able to bind the MPXV B2 (VACV

Table 1| Overview of samples used in this study

Sample group n= Median time since vax/inf (days) Range since vax/inf (days) Median age
Negatives IMVANEX pre-vaccination 18 27
ACAM2000 pre-vaccination 5 N/A
Paediatric negatives 256 3
Smallpox vaccinated IMVANEX post-dose 1 (time point 1) 8 24 14 26
IMVANEX post-dose 2 (time point 1) 10 14 14-28 27
IMVANEX post-dose 2 (time point 2) 7 43 37-63 26
IMVANEX post-dose 2 (time point 3) 8 63 63-85 26
IMVANEX post-dose 2 (time point 4) 7 84 84-106 26
ACAM2000-vaccinated 5 40 30-200 23
Mpox Convalescent Mpox (Clade Ila) 3 7 5-20 37
Convalescent Mpox (Clade Ilb) 43 81 20-113 37
Confounders Confounder: CMV (aged <50) 62 N/A N/A 34
Confounder: CMV (aged >51) &7/ 63
Confounder: EBV (aged <50) 54 25
Confounder: EBV (aged >51) 46 62
Confounder: Rheumatoid (aged <50) 82 15
Confounder: Rheumatoid (aged >51) 18 63
Confounder: VZV (aged <50) 58 32
Confounder: VZV (aged 251) 42 60
Nature Communications | (2023)14:5948 2
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split according to the different sample groups. Middle panel: VACV antigens, split
according to the different sample groups. Bottom panel: Using a pool of four MPXV
and one VACV recombinant antigens. n is equal to the number of biologically
independent samples.

A56) antigen. Antibody binding to the VACV BS and the MPXV homo-
logue; B6, was variable across individuals, with only one individual
demonstrated robust antibody binding to both the VACV B5 and
MPXV-B6 antigens. Two-dose IMVANEX-vaccinated individuals
(14 days post-vaccination) demonstrated diverse recognition of a
number of MPXV and VACV antigens, with the strongest binding of
antibodies observed to VACV B5 and MPXV B6 (homologous proteins),
followed by MPXV antigens A35, B2, E8 and M1 (Post-dose 2, 14 days
post-vaccination, Fig. 1). Some individuals had antibodies able to bind
MPXV AS, A29 and H3, but absorbances were generally low, with the
exception of MPXV A29 in which two individuals demonstrated strong
binding. Following further time points, post-dose 2 vaccination (43-,
63- and 84 days post-dose 2), lower binding to antigens was observed,
in particular to MPXV antigens B2, A35, B6, E8 and M1, and VACV A33
and B5 demonstrating similar decreasing binding.

We were also able to sample two individuals that received two
historical IMVANEX doses (>3 years prior) with a booster (third) dose
of IMVANEX (Post-dose 3, Fig. 1). These individuals show similar anti-
body binding to antigens as those in the post-dose 2 cohort, with
strong antibody binding to the MPXV B6, E8, A35, H3 and M1 antigens,
and the VACV A33 and BS5 antigens. Binding to the M1 antigen was only
observed in those receiving two or three doses of the IMVANEX vac-
cination. ACAM2000 Smallpox vaccination similarly induced anti-
bodies that could bind the same antigens as IMVANEX-vaccinated
individuals, with the exception of the MPXV M1 antigen, whilst binding
was observed to the MPXV A27 antigen, which was not observed in
IMVANEX-vaccinated individuals.

Serum samples from individuals with prior MPXV infection were
similar to those from post-vaccination individuals, primarily mounting
antibodies that bind VACV B5, A27 and A33 and MPXV-B2, B6, A27, A35
and E8, with variable binding across different individuals to these
antigens and others such as A5, Al4, A29, M1 and H3 (Fig. 1, MPXV).
Serum samples from individuals with confirmed Mpox disease prior to
the 2022 outbreak (Clade Ila) displayed similar antibody binding to
antigens as serum samples from individuals during the 2022-2023
Mpox outbreak (Clade IIb), notably A35, A27, B2 and B6, and VACV B35,
but variable binding to MPXV-A29 and A44. Notably, no difference in
antigen recognition was observed between those aged <51 and >51,
with the latter more likely to have had historical smallpox vaccination
(Supplementary Fig. 1). Two individuals with prior MPXV infection

were found to have no antibody responses to any of the antigens
tested here (Fig. 1).

Using Pearson correlation, trends in antibody binding to diverse
MPXV and VACV antigens were determined (Fig. 2). Most negative
samples correlated strongly with one another but some samples from
individuals demonstrated poor correlation to other negative samples.
However, generally, there was minimal correlation between the nega-
tive samples to other groups such as vaccinated or previously infected,
with the exception of dose-one IMVANEX-vaccinated individuals, who
demonstrated variable correlation in antibody binding to those post
ACAM2000 vaccination, post-dose 2 IMVANEX vaccination or post-
MPXYV infection.

Conversely, serum samples from those post-two-dose IMVANEX
vaccination at four different time points (14-, 43-, 63- and 84 days) had
the strongest positive correlation observed, both between individuals
and over different time points, with decreasing correlation over time
since second-vaccine dose (Fig. 2). Serum from post-two-dose IMVA-
NEX vaccinated also strongly and positively correlated with
ACAM2000-vaccinated individuals and convalescent individuals with
Clade lla and IIb MPXYV infection, again with similar strong correlation
to one another. MPXV-infected individuals were highly correlated to
one another, but as described earlier, also strongly correlated with
those post-Smallpox vaccinations.

Similarly, Pearson correlation was used again to determine the
correlation between MPXV/VACV antigens across the different groups
(Supplementary Fig. 2). MPXV and VACV protein homologues were
strongly correlated with one another in all groups as expected,
including negative samples: VACV B5 with MPXV B6, VACV A33 with
MPXV A35 and VACV A27 with MPXV A29, with the exception of MPXV
A29 and VACV A27 in the negative samples.

Within the Smallpox-vaccinated group (IMVANEX or ACAM2000),
a positive correlation was observed between a number of MPXV anti-
gens including B2 with A35, B6, E8 and M1, as well as VACV antigens
A33 and B35, and similarly observed in the mpox convalescent group,
but also with MPXV A27 (Supplementary Fig. 2).

Using antibody binding data to the 24 MPXV and 3 VACV antigens,
principal component analysis (PCA) was performed to determine clus-
ters in differential binding repertoires between pre-vaccination/negative
individuals and the Smallpox vaccinated (Dose 1 IMVANEX, Dose 2
IMAVENEX and ACAM2000), or with prior MPXV infection groups

Nature Communications | (2023)14:5948
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I1a). Two-tailed correlation was performed using all ELISA data for MPXV and VACV
antigens. Only significant correlations are shown, with blank cells indicating a non-
significant (p > 0.05) correlation. Data produced using the CorrPlot package.

(Clades Ila and Clade IIb). Antibody binding within the negative group all
clustered similarly close to one another, whilst dose 1 IMVANEX vacci-
nated individuals similarly clustered both with one another but also with
the negative samples (Fig. 3a). Dose 2 IMVANEX vaccinated individuals
showed distinct clusters, different from the negative samples, however,
serum samples from individuals with further time points post-IMAVNEX
vaccination clustered towards the negative samples (Supplementary
Fig. 3). Mpox convalescent individuals formed a distinct grouping
separately from IMVANEX vaccinated or negative samples, however,
displayed a degree of overlap with both of these groups. ACAM2000-
vaccinated individuals were not distinctive, falling within the middle of
the mpox-convalescent samples but separate (yet overlapping) from the
IMVANEX vaccinated samples (Fig. 3a).

Using a biplot from the principal component analysis to
determine individual variables driving the differentiation, indivi-
dual antigens were highlighted as distinctive to particular groups
(Fig. 3b). For MPXV-infected individuals, MPXV antigen A27 was the
most specific to the mpox-infected and ACAM2000-vaccinated

group, followed by MPXV Al4, D13 and A26, as well as VACV A27.
Antigens specific to the IMVANEX-vaccinated group were primarily
MPXV M1, but also included MPXV antigens E8, A36 and VACV
antigens B5 and A33.

Serological reactivity to specific MPXV and VACV antigens can
discriminate between mpox convalescent from Smallpox-
vaccinated individuals

Based on a number of analyses (Fig. 1, Fig. 3a, b), several antigens
show promise in being used to differentiate between Smallpox-
vaccinated and MPXV-infected individuals. We performed ROC
analysis on some of the singular antigens identified in analyses
described here (MPXV A27 and MPXV M1) to determine their fea-
sibility in discriminating between vaccinated and infected
(Fig. 4a, b, Table 3). No significant difference (p=0.8708) was
observed in antibody binding between the negative and IMVANEX
vaccinated group for antibodies binding MPXV A27; however,
MPXV-infected individuals had significantly higher antibody

Nature Communications | (2023)14:5948
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responses (p<0.0001) compared to negatives. Similarly,
ACAM2000 individuals had significantly (p <0.0001) higher anti-
bodies to MPXV A27 than negatives (Fig. 4a). Equally, when utilising
the MPXV M1 antigen, we observed that only IMVANEX-vaccinated
individuals had significantly higher (p <0.0001) antibodies com-
pared with the negative samples, ACAM2000-vaccinated, or MPXV-
infected individuals (Fig. 4b).

In our initial experiments, we observed that Smallpox-
vaccinated and MPX-infected individuals had similar binding to
both the VACV B5 and the MPXV homologue B6 (Table 2). Separ-
ating the Smallpox-vaccinated and the MPXV-infected groups, we
observed preferential binding to the protein that individuals were
either vaccinated or infected with, whereby Smallpox-vaccinated
individuals bind VACV BS better than the MPXV homologue B6 and
skewed towards the B5 (VACV) axis (Fig. 4c). Conversely, MPXV-
infected individuals were found to bind MPXV B6 better than the
VACV homologue B35, with the majority of samples skewed towards
the B6 (MPXV) axis. The same was also observed for the VACV A33
and MPXV-A35 proteins (Fig. 4d); however, there was minimal
antibody binding to either poxvirus antigen observed in MVA-
vaccinated individuals and only in MPXV-infected individuals. These
data suggest antigen exposure influences the subsequent antibody
binding to MPXV or VACV antigens.

Only a subset of MPXV and VACV antigens are recognised
longitudinally following IMVANEX vaccination, with waning
observed
Using a time course from IMVANEX vaccinated individuals, we asses-
sed the antibody binding in these individuals; prior to vaccination, 28-
days post-primary vaccination dose (post-dose 1 (PD1) D24), and 14, 43,
63, 84-, 122-, 157- and 185-days post-dose 2 (PD2). The majority of
individuals demonstrated no antibody binding to the majority of
antigens tested, demonstrated in earlier observations (Fig. 1, Fig. 5),
however, antibodies were able to bind nine antigens (MPXV antigens
B6, B2, E8, A35, M1, A29 and VACV antigens: B5 and A33) across the
time course (Fig. 5). Antibodies induced after one dose of vaccination
were minimal, primarily to MPXV B2, however, induction of antibodies
to these nine antigens were observed 14 days post-dose 2. Cross-
reactive antibodies to MPXV C18 were observed across all time points.
Area under the curve (AUC) analysis identified nine antigens with
a high AUC for use in detecting antibodies to both MPXV infection and
Smallpox vaccination, with the exception of A27, which was likely
MPXV-specific (Table 3). Using Dunnett’s multiple comparison tests,
we also identify a number of antigens that are significantly higher at
the different time points post-IMVANEX vaccination or MPXV infection
compared to negative samples (Table 3). In particular, a number of
MPXV antigens were significantly higher 14 days post-dose 2 than

Table 2 | MPXV antigens and their homologues in VACV and known or predicted functions

MPXV VACV Protein?> VACV vs MPXV homol- Type Protein description/function

Protein' ogy (%)

A5 Ad 95.0 Late 39-kDa immunodominant virion core protein

A14 A13 92.8 Late IMV inner and outer membrane protein

A26 - N/A Late Similar to cowpox A-type inclusion protein

A27 A26 (putative)  N/A Late N-terminal of A-type inclusion body protein of CPV, missing from MVA Bavarian Nordic
(IMVANEX) strain

A29 A27 93.6 Late Intracellular mature virus (IMV) surface membrane 14-kDa fusion protein, binds cell surface
heparan

A33 A31 86.6 Unknown function, 53 bp insertion in MPXV C-terminus

A35 A33 96.1 Late Extracellular enveloped virus (EEV) envelope glycoprotein, needed for formation of actin-
containing microvilli and cell-to-cell spread

A36 A34 95.2 Late EEV envelope glycoprotein, lectin-like, required for infectivity of EEV, formation of actin-
containing microvilli and cell-to-cell spread

Ad4 - N/A Unknown function, gene not predicted to be present in VACV Copenhagen, ACAM2000 or
IMVANEX strains

B2 A56 93.0 Early-Late EEV Type | membrane glycoprotein hemagglutinin, prevents cell fusion

B5 B4 93.1 Ankyrin-like

B6 B5 95.9 Early-Late Palmitated 42-kDa EEV glycoprotein required for efficient cell spread and found on mem-
brane of infected cells and EEV envelope, complement control protein-like

Cc15 F9 99.1 Late MV membrane protein—required for virus entry

c18 F12 97.2 Early-Late IEV, actin tail formation

c19 F13 98.7 Late Major envelope antigen of EEV, wrapping of IMV to form IEV, phospholipase D-like

D13 C4 94.3 Early Intracellular protein—inhibits NF-kB activation

D14 C3 93.1 Early Secreted complement binding protein

E8 D8 94.7 Late IMV surface membrane 32 kDa protein, binds cell surface chondroitin sulfate, IMV adsorp-
tion to cell surface

F3 E3 86.3 Early IFN resistance, dsRNA binding, inhibits dsRNA dependent protein kinase, and 2-5A-
synthetase

H3 H3 93.2 Late IMV heparan-binding surface membrane protein

n n 99.4 Late Virosomal protein essential for virus multiplication

L1 J1 96.7 Late IMV membrane protein—participates in virion morphogenesis

L4 J4 100 Early RNA pol 22-kDa subunit

M1 L1 98.8 Late Myristylated IMV surface membrane protein

'MPXV proteins labelled according to the genome of MPXV virus Zaire-96-1-16 (NC_003310). 2VACV proteins labelled according to VACV Copenhagen (M35027). Data obtained from ref. 63-67.

Antigens in bold are recombinant antigens used in this study.
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Fig. 5 | Antibody responses to different MPXV antigens longitudinally in
IMVANEX-vaccinated individuals. Longitudinal sampling of individuals receiving
IMAVENEX vaccination against: a a panel of 24 MPXV and 3 VACV antigens or the
pooled antigen ELISA. Bars represent the mean + standard error of the mean. n is
equal to the number of biologically independent samples. b Evaluation of the
pooled antigen ELISA to determine sensitivity and specificity. Bars represent the
mean * standard deviation. Each dot represents a biologically independent sample.
¢ Using the pooled antigen ELISA, endpoint titres were determined for positive

MPXV B6 o038
MPXV B2 re=0mm
MPXV A35 re 02255
MPXV E8 r2-osss

groups. Bars represent the mean + standard error of the mean. Each dot represents
a biologically independent sample. Comparison of the ELISA results of MPXV-
infected and Smallpox-vaccinated serum samples using individual antigens relative
to the pool of antigens (d) split by antigen, or e linear regression of individual
antigen results relative to pooled antigen ELISA results (n =121 biologically inde-
pendent samples). Dotted lines represent the 95% confidence intervals. Black lines
represent X =Y. Pvalues for d were generated using a paired ¢ test and each pair of
dots joined by a line represents a biologically independent sample.

negative samples (A29 (p=0.0072), A35 (p=<0.0001) and B5
(p =0.0023) that showed no significant difference at day 63 post-dose
2. Similarly, MPXV A27 and VACV A27 were not significantly different
between negatives and post-vaccination, however, they were sig-
nificantly higher in mpox-convalescent individuals compared with
negatives (p < 0.0001).

Using individual antigens for detecting post-vaccination or post-
MPXV-infection was assessed using ROC analysis (Table 3). We
observed that individual antigens such as MPXV B2, which had a sen-
sitivity of 91.67% (95% Cl: 78.17-97.13%) and specificity of 87.30% (95%
Cl: 76.89-93.42%) using a cutoff OD450 nm Of >0.1827, were well suited
in detecting post-vaccination samples (both dose 1 and all time points
for dose 2).

MPXV A27 was highly accurate in being able to discriminate
MPXV-infected individuals, with ROC analysis demonstrating 91.3%

sensitivity (95% CI: 79.86% to 96.57) and 98.86% specificity (95% CI:
96.70% t0 99.69%) using a cutoff OD,sonm > 0.1838 (Table 3). MPXV M1
gave a sensitivity of 63.89% (95% Cl: 47.58% to 77.52%) and specificity of
98.401% (95% Cl 95.42% to 99.15%) in detecting IMVANEX-vaccinated
individuals using a cutoff of OD450nm > 0.1164.

Antibodies from MPXV-infected and Smallpox-vaccinated indi-
viduals can reliably be detected using a pooled antigen ELISA

From the results of individual antigen testing, the dominant antigens
recognised by MPXV-infected and Smallpox-vaccinated individuals
(IMVANEX or ACAM2000) were highly similar: VACV antigen B5 and
MPXV antigens A35, B2, B6 and E8. We sought to determine the fea-
sibility of using a pool of these antigens as the basis of detecting pan-
Poxvirus antibodies, preventing the requirement for the use of whole-
MVA/VACV or individual recombinant pox antigens. We explored the
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sensitivity and specificity of this pool and comparisons to individual
antigen results.

A number of antibodies against specific antigens increased post-
dose 2, with waning observed, whilst binding to some antigens was lost
at further time points post-vaccination such as MPXV A29 (Fig. 5a).
Compared to individual antigens, higher ODs were obtained when
samples were tested using the pool antigen ELISA, compared with
individual antigens, with trends in increasing antibody titres following
a second dose of vaccination, and waning observed 43 days post sec-
ond dose (Fig. 5a-c). This sensitivity and specificity of this pooled
antigen ELISA was then further explored, to determine feasibility in
detecting antibodies induced both by Smallpox vaccination and/or
MPXYV infection: with an overall sensitivity of 96.34% (95% CI: 89.79% to
99.00%) and specificity of 98.22% (95% Cl: 96.66% to 99.06%) deter-
mined using ROC analysis (Table 3) with an OD cut off of 0.1926. This
sensitivity and specificity were based on testing the pooled antigen
ELISA against a total of 613 samples: 508 negatives (paediatric nega-
tives, pre-vaccination samples and confounders) and 105 positives
(IMVANEX vaccinated (Dose 1 or Dose 2), ACAM2000 vaccinated or
MPXYV infected (Clade lla and IIb)) (Fig. 5b). All vaccination and MPXV-
infected samples tested positive by the pooled antigen ELISA, with the
exception of some post-dose one vaccinated individuals (though were
marginally below the 0.1926 cut off) and two MPXV-infected indivi-
duals, however these MPXV-infected individuals demonstrated no
antibody binding to any of the MPXV/VACV antigens (Fig. 4, with
samples taken 20- and 76-days post-infection).

AUC analysis identified the pool antigen ELISA as the highest AUC
compared to any individual antigen but was also the only ELISA that
show significantly higher results in post-dose 1 vaccinated individuals
compared to negative samples, further demonstrating the utility of
this pooled antigen ELISA (Table 3) as a screening assay to detect pan-
poxvirus antibodies. This assay could be further quantified by per-
forming endpoint titres to quantify and compare samples between
runs, serially diluting samples 1:4 until the cut-off of 0.1926 was
achieved (Fig. 5c, Table 3).

When using a combined antigen pool, this resulted in a poten-
tiation of antibodies detected by ELISA (Bottom panel, Fig. 1). In gen-
eral, all samples tested on the individual antigens had lower antibodies
determined by OD measurement than the pooled antigen ELISA
(Fig. 5d), with linear regression models similarly demonstrating higher
ODs in the pooled antigen ELISA relative to the individual antigens
(Fig. 5e). When comparing ROC analysis, the highest sensitivity and
specificity for detecting antibodies induced by Smallpox vaccination
or MPXV-infection was in fact the pooled antigen ELISA, with 97.22%
and 98.22% sensitivity, and 95.65% and 98.22% specificity, respectively
(Table 3).

Discussion

MPXV was detected in a wide range of countries during the 2022-2023
outbreak after the initial identification of cases within the UK. Vacci-
nation strategies have been implemented through a number of public
health agencies worldwide as means to limit the spread of the disease
and protect individuals from infection®’. Here, we have demonstrated
that antibody responses induced by two widely used and licensed
Smallpox vaccines (IMVANEX and ACAM2000, post-dose 1, 2 and 3)
and prior MPXV infection (both Clade Ila or the current 2022-2023
Clade Ilb outbreak) are similar and result in antibodies able to bind a
number of MPXV and VACYV antigens. We also describe the develop-
ment of a pooled antigen ELISA to study both Smallpox vaccine and
MPXV-infection antibody responses.

Analogous antigen recognition is observed between Smallpox-
vaccinated and Monkeypox-convalescent individuals

Using an array of 27 different poxvirus antigens (24 MPXV and 3 VACV),
we observe that Smallpox-vaccination (be it IMVANEX or ACAM2000)

induces a similar antibody response to those previously infected with
MPXV, both Clades Ila and IlIb. Minimal antibodies to the diverse
poxvirus antigens were observed in negative samples, with all negative
samples correlating positively to one another (Fig. 2, Supplementary
data). Surprisingly, however, those with one dose of IMVANEX vacci-
nation demonstrated minimal antigen binding, such as with negative
samples, except for the presence of some antibodies able to bind
MPXV B2 in one-dose vaccinated individuals, likely explaining the
minimal and variable correlation observed in this group to other vac-
cinated or MPXV-infected groups (Fig. 2). However, variations in
Eukaryotic/Prokaryotic-expressed proteins also need to be further
assessed to determine effects due to glycosylation. Furthermore, dif-
ferences in delivery (subcutaneous vs intradermal) and dosing (full
versus fractional dosage) of the IMVANEX vaccination may also play
additional roles in induction of antibody and thus antigen binding,
which was not studied here and warrants further investigation.

Nevertheless, the lack of robust antibody responses after one
dose of IMVANEX in previously unvaccinated individuals (aged <50)
shown here does not suggest a lack of protection, as recent studies
have shown that vaccine efficacy against disease after one dose of
IMVANEX has been suggested to be as high as 78% when comparing
vaccinated with unvaccinated individuals*, and that antibodies may be
present that are able to bind a number of antigens not measured here.
Similarly, whilst one vaccination dose has been shown to induce both
low antigen-binding and neutralising antibodies*?, this likely suggests a
role of cellular or T-cell immunity not measured in this study but
performed by others”’.

Within our study, we demonstrate that a number of antibodies
capable of binding diverse poxvirus antigens are induced by two-dose
IMVANEX vaccination or MPXV prior infection (Clade lla and Clade IIb),
with high correlation between individuals in these groups and to one
another (Fig. 2). Even though we only have three Clade Ila convalescent
samples, we observe no difference in antigen recognition between a
Clade lla and lIb MPXYV infection, which should be further explored to
understand the role of mutations in Clade IIb and their possible role in
transcriptional changes and hence antigen recognition after MPXV
infection™”°. We did observe two MPXV-infected individuals that did
not show any antibody binding to any of the MPXV or VACV antigens
tested here, suggesting either antibody responses to other poxvirus
antigens not tested here, or minimal induction of antibodies, akin to
post-dose 1 individuals.

However, whilst there is a high correlation between antibody
binding to diverse MPXV/VACYV antigens in two-dose IMVANEX-vacci-
nated and MPXV-infected individuals, distinctive but overlapping
grouping is observed when performing principal component analysis
(Fig. 3a) which is further narrowed with post-vaccination antibody
waning (Supplementary Fig. 3). Antigen binding to poxvirus antigens is
also highly similar across ACAM2000-vaccinated individuals and
MPXV-infected (Fig. 2), and PCA similarly identifying overlapping
groups, yet binding to the A27 antigen was observed in both groups.
These data suggest a core set of antigens are shared across repeated
Smallpox-vaccinations (IMVANEX and ACAM2000) and MPXYV infec-
tion due to similarity across viral epitopes®, warranting further work to
understand the drivers of these shared and distinct antibody respon-
ses between two highly similar vaccines.

This aligns with the observed protection afforded when MVA was
used for vaccination against MPXV infection in macaques®™?’ or used in
regions with high MPXV prevalence’. Prior studies have demonstrated
a difference in neutralising titres between those infected with MPXV
aged <48 and >48" as a basis for historical Smallpox-vaccination,
however, we see no discernible difference in antibody binding to all
MPXV and VACYV antigens measured in this study when using a similar
age cut off (Supplementary Fig 1) but similarly confirm the low level of
IgG induced by single IMVANEX vaccination. When performing prin-
cipal component analysis, antibody waning in two-dose IMVANEX-

Nature Communications | (2023)14:5948



Article

https://doi.org/10.1038/s41467-023-41587-x

vaccinated individuals results in the harmonisation of IMVANEX vac-
cinated with MPXV-infected groups, preventing discrimination
(Fig. 3a, Supplementary Fig. 3). Further longitudinal data is needed to
understand the immunology from Smallpox-vaccination and MPXV
infection, and suggests that other additional assays will be required for
differentiating between MPXV-infected and VACV-vaccinated indivi-
duals such as specific-antigens or avidity assays.

Previous work has been conducted to differentiate the antibody
response from MPXYV infection from Smallpox-vaccination, however,
this has involved cross-absorption ELISAs or a Western blot method,
which identifies three diagnostic bands as a differential diagnostic*?,
with none of the proteins further described. Using our data, we were
able to identify immunological signatures of MPXV infection, primarily
those induced to the MPXV A27 protein (Fig. 4e and Tables 2 and 3) a
cowpox-like type A inclusion protein that is present in the strain used
in the ACAM2000 vaccination and MPXV isolates, but missing in MVA-
BN (IMVANEX) and VACV Copenhagen. The absence of A27 in VACV
Copenhagen and MVA-BN may provide the ability of MPXV A27 to be
used as a differential assay in serosurveillance studies in countries such
as the UK that do not or have not previously used the
ACAM2000 smallpox vaccine. However, further work is required to
ensure that cross-reactivity of antibodies to MPXV A27 is not observed
in those with other Chordopoxvirinae infections and that an MPXV A27
assay can be used to also detect prior infection with MPXV Clade I that
was not assessed here. Similarly, we also identify MPXV M1 (VACV
homologue L1) as a serological marker of IMVANEX vaccination
(Fig. 4b), but antibodies able to bind M1 were observed in some MPXV-
infected individuals, possibly due to prior Smallpox-vaccination. The
reasoning for MPXV M1 (VACV L1), an IMV surface membrane protein
that has shown to be protective against poxvirus challenge***¢, as a
differential between IMVANEX vaccinated and MPXV-infected or
ACAM2000 vaccinated is unknown, and warrants further investiga-
tion, as it is present in all VACV and MPXYV strains, with >98% amino
acid identity between VACV Copenhagen and MPXV Zaire, suggesting
a possible overexpression of this gene (and thus strong immune
induction to the protein) within the IMVANEX-strain.

Similarly, whilst individual antigens show distinct and differential
binding, binding between VACV and MPXV homologous antigens is
different depending on whether individuals having VACV vaccination
or an MPXYV infection (Fig. 4c, d). This is further supported by recent
work that demonstrated Smallpox-vaccine naive individuals (e.g. those
aged <48) with MPXV infection neutralise MPXV better than VACV*,
reinforcing a virus-specific immunological response that should be
further explored in those with heterologous antigenic exposures.

We also observe waning in vaccine-induced antibodies at day 43
post two vaccine doses as would be expected, with a decrease in
antibodies able to bind the diverse antigens (Figs. 1, 2 and 5). The
further extent of this antibody and antigen-specific waning is to be
explored, as others have demonstrated waning to individual
antigens®’, whilst persistence of IgG and neutralising antibodies up to
88 years post-vaccination have been observed*®. Further work is nee-
ded to study the immunogenicity and persistence of antibodies to
diverse poxvirus antigens after MPXV infection and/or IMVANEX vac-
cination, as means to provide data on antibody persistence and inform
recommendations for new vaccines or future vaccination boosters in
communities at-risk of mpox transmission or infection. We are now
also pursuing an understanding of the immunological impact of het-
erologous (both full and partial dosage) antigen exposure in those with
MPXYV infection followed by two IMVANEX doses, to understand anti-
body persistence and repertoire.

The presence of antibodies able to bind MPXV C18 (VACV F12), an
IEV actin tail formation protein*®, across all samples suggests either
cross-reactivity of antibodies to the recombinant antigen or non-
specific sequestration of immunoglobulins. Further work is ongoing to
understand antibody binding and MPXV C18.

A pooled MPXV and VACV antigen ELISA is more sensitive and
specific than individual poxvirus antigens

To perform reliable immunological studies on Smallpox vaccination,
MPXV infection or serosurveillance, standardised and highly con-
gruous ELISA assays are needed. Whilst a number of poxvirus ELISAs
use whole-MVA inactivated VACV, or Western blot-based methods,
these methods require virus growth and quality control with batch-to-
batch variability. Using the data from our antigen panels, we describe
the development of a pooled-antigen ELISA using highly purified and
commercially available recombinant antigens to study Smallpox-vac-
cine- and MPXV-induced antibody responses.

Using a number of pre-vaccination/negative samples, longitudinal
samples from IMVANEX vaccinated individuals, those with prior
ACAM2000 vaccination and also MPXV-infected individuals, we
demonstrate the use of nine antigens in detecting antibody responses
in each of these groups (Table 3, MPXV antigens B6, B2, E8, A35, M1,
A29 and VACV antigens: B5 and A33). Whilst some of these antigens are
highly sensitive and specific to detecting Smallpox-vaccination- or
MPXV-infection-induced antibodies, the highest sensitivity and speci-
ficity achieved was a pool of five antigens (MPXV B2, B6, E8, A35 and
VACV B5). This pooled antigen assay demonstrates high sensitivity and
specificity but also potentiation in antibodies detected than singular
antigen ELISAs (Fig. 1, Fig. 5d, e). Furthermore, quantitation through
endpoint titres is possible and enables quantification of antibody
responses following vaccination and MPXV infection and the mon-
itoring of antibody waning/long-term IgG persistence (Fig. 5c).

The high sensitivity and specificity of the pool are explained by
the recombinant antigen components: MPXV B2 (VACV homologue
A56) is an EEV Type | membrane glycoprotein haemagglutinin that is
integral for in vivo and in vitro spread of VACV, as well as binding
additional VACV proteins in infected cell membranes® 2. MPXV E8
(VACV homologue D8) is an IMV surface membrane protein, shown to
be involved in virus entry through binding chondroitin sulphate, eli-
citing strong humoral immunity****, MPXV B6 (and VACV homologue
B5) is a 42-kDa EEV outer surface antigen, previously shown to be a
major target of EEV-neutralising antibodies****°, likely explaining the
immunogenicity observed to MPXV B6 and VACV B5 in this study.
Similarly, MPXV A35 (VACV homologue A33) is an EEV envelope pro-
tein and also a source of EEV protective antibodies***, whilst also
previously demonstrated to be associated with B5”. Previous studies
have also demonstrated anti-A33 (MPXV A35) and anti-B5 (MPXV B6)
monoclonal antibodies (mAbs) as protective against lethal VACV-
challenge in mice®®*’, however, combinations of anti-VACV mAbs
afforded the highest protection. These proteins are highly conserved
between VACV and MPXV*® (Table 2), likely suggesting minimal chan-
ges in assay sensitivity if VACV homologues were used; however, based
on differential binding demonstrated here (Fig. 4c, d), this should be
further explored.

As a number of antibodies are induced to these antigens due to
MPXYV infection, further work is warranted to determine if a combi-
nation of these antigens provides protection from disease as next-
generation Orthopoxvirus vaccines. Prior work has similarly demon-
strated that some of these antigens (both individually or combined)
induce a robust antibody response when used in an mRNA®*°" or
DNA***¢ vaccine, some of which have demonstrated protection
against disease. Similarly, monoclonal antibodies against some of
these antigens may provide new post-exposure or long-lasting ther-
apeutics for mpox or broad poxvirus disease, in replacement of con-
valescent serum such as Vaccinia immune globulin (VIG) or
recombinant VIG****%?, something we are actively exploring.

One of the major strengths of this study is that we used a large
number of recombinant MPXV/VACV antigens, some of which are
produced in mammalian cells, which are more representative of viral
proteins (including glycosylation) than linear peptides used in protein
arrays. Furthermore, using 24 MPXV antigens, these cover -15% of
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proteins encoded within the MPXV genome. Further work is now
ongoing to perform expression and purification of all MPXV antigens
to determine the range of antibodies involved in antigen binding
induced by infection/vaccination using customised-multiplex assays
(e.g., Luminex) to determine binding to whole proteins rather than
linear epitopes using protein microarrays. Additional VACV homo-
logues are also being sought to provide additional information on the
preferential binding observed (Fig. 4).

Our pooled antigens are skewed towards MPXV, though the data
demonstrated here show that this pool is the only assay (compared to
individual antigens) capable of detecting a statistically significant
increase in antibodies relative to negative controls. Further optimisa-
tion of this antigen pool is ongoing to determine optimum antigens for
use in vaccination immunology studies and serosurveillance.

Similarly, we did not conduct MVA, VACV or MPXV neutralisation
as part of this study; however, our observations of low antibodies
induced post one-dose of IMAVENX correlates to observations by
others** and is observed when using endpoint titres using the pooled
antigen ELISA. Further work is needed to understand the role of
binding and neutralising antibodies in the context of correlates of
protection.

Finally, the samples we used within this study were a diverse mix
of vaccination/mpox samples from individuals at differing time points;
however further time points are required to monitor waning in both
the vaccination and MPXV-infected individuals, as well as assessing
antibody persistence in those with heterologous antigenic exposure.

Here, our results provide a wealth of information on the immu-
nology of MPXV infection and also demonstrate analogous humoral
antigen binding between those with Smallpox-vaccination (IMVANEX
or ACAM2000) and those with prior MPXV infection (both Clade lla
and IIb). Furthermore, the singular proteins identified in this study in
the immunological responses to both Smallpox vaccination and MPXV
infection may offer new targets for future vaccination strategies (e.g.,
mRNA vaccines) or therapeutics (e.g., mAbs). Similarly, using the
analogous immune responses between Smallpox-vaccinated and
MPXV-convalescent, we developed a highly sensitive and specific
pooled antigen ELISA that offers a mechanism for reliably measuring
immune responses post-infection or post-vaccination without the
need for whole-virus ELISAs or live-virus neutralisation. Taken together
these findings offer an opportunity for the development and assess-
ment of next-generation Orthopoxvirus vaccines.

Methods

Antigens

Recombinant MPX protein antigens were sourced from several com-
mercial companies, as either Eukaryotic- or Prokaryotic- expressed
proteins (Supplementary Table 1) as follows: A14, A26, A27, A29, A36,
A44, B5, B6, C15, C18, D13, D14, E8, F3 and L1 (ProteoGenix, France), B2
and C19 (Abbexa, UK), ASL and L4R/VP8 (Native Antigen Company,
UK) and A33, A35, H3, I1 and M1 (SinoBiological, China). MPXV
sequences for recombinant protein expression were all based on Clade
1. Additionally, recombinant VACV Copenhagen protein antigens A27,
A33 and B5 were sourced from SinoBiological.

Single antigen ELISAs

ELISAs utilising single MPXV or VACV antigens were all performed
using the same method, with variation in the coating antigen only.
Briefly, 48 wells of a Corning High-Binding 96-well plate were coated
with 100 ul/well of 0.1pug/ml recombinant antigen overnight at 4 °C,
with the other 48 wells ‘coated” with PBS (Gibco, 10010). After over-
night incubation, plates were washed three times with 300 ul/well of
PBS with Tween20 (0.01% final) using a Biotek 405 TS plate washer
before being blocked with 200 ul SuperBlock (ThermoFisher, 37516)
for 60 minutes at room temperature. Plates were washed as before,
serum samples were diluted to 1:200 in Superblock and 100 pl per well

was applied to both the antigen-coated and PBS-only wells. After a 60-
minute incubation with the samples at 37 °C, plates were washed as
before and 100 ul/well goat anti-human IgG preabsorbed H+L
(AbCam, ab98624), diluted 1:8000 in Superblock, was added to the
plate. Plates were incubated for a further 60 minutes at 37 °C, followed
by a wash with 300 ul/well of PBS with 0.01% Tween20 five times. Plates
were then developed with 50 ul/well 1-Step™ Ultra TMB-ELISA Sub-
strate Solution (ThermoFisher, 34029) for 30 minutes at 37 °C and
stopped with 50 ul/well KPL TMB Stop Solution (Seracare, 5150-0021).
Plates were then read at an absorbance of 450 nm using an Infinite F50
plate reader (Tecan, 30190077).

Pooled antigen ELISA

A pooled-antigen ELISA was performed similarly to single antigen
ELISAs described above, however, wells were coated with 100 ul/well of
a pool of recombinant MPXV antigens A35, B2, B6 and E8, and
recombinant VACV antigen B35, each at a concentration of 0.1 ug/ml. In
addition, to determine endpoint titres, samples were also serially
diluted 1:4 seven times in SuperBlock, starting at a 1:100 dilution and
100 pl added per well.

Negative and confounder samples

To determine pox-antigen reactivity and background pox-antibody
reactivity, paediatric serum samples were sourced from the UK Health
Security Agency (UKHSA) Seroepidemiology Unit (SEU), Manchester
(n=256) to develop the assays and ensure specificity. In addition,
confounder serum samples from those with PCR-confirmed infection
with CMV (n=99), EBV (n=100) and VZV (n=100) along with serum
samples positive for Rheumatoid factor (n=100) were used to deter-
mine assay specificity.

Serum samples from smallpox-vaccinated individuals
Individuals with prior or imminent IMVANEX vaccination were
recruited from UKHSA Porton Down. Individuals in the process of
receiving IMVANEX vaccination were bled before their primary
intramuscular vaccination (n =18), then further bled at 24 days post
dose one (n=8) and 14 (n=10), 43 (n=7), 63 (n=8) and 84 days
(n=7) post dose two. Two individuals with historical IMVANEX
vaccination (>4 years prior) receiving a booster were bled 14 days
post dose (n=2). In addition, serum samples were provided by the
Poxvirus and Rabies Branch at the US Centre for Disease Control
and Prevention (US-CDC) from individuals post ACAM2000 single
dose vaccination (n=4) and multiple-dose vaccination (n=1). Fur-
ther detail can be found in Table 1.

Mpox convalescent serum

Residual and anonymised Mpox convalescent serum from PCR-
confirmed cases from the 2022 Clade IIb outbreak (n=43) were
obtained for diagnostic assay development from the Rare and
Imported Pathogens Laboratory, Imperial College Healthcare NHS
Trust and Chelsea and Westminster Hospital NHS Foundation Trust.
Year of birth was used as a proxy for historic Smallpox vaccination
(<1971), although noted that not all patients born prior to the end of
the eradication programme may have been vaccinated. Days since
diagnosis were also recorded. Convalescent Mpox Clade Ila sera from
2018 and 2019 (n=3) were obtained from the Rare and Imported
Pathogens Laboratory from previously imported Mpox cases.

Data analysis

Data processing and handling were done using Microsoft Windows
Excel (version 2208 (15602.30578)), GraphPad Prism software (version
9.2.0(33)). ELISA absorbance data was handled using Tecan Magellan
Software (Version 7.5). Data analysis was achieved using the built-in
analysis tools of GraphPad Prism (version 9.2.0, as above), with no
modifications.
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Before analysis, the absorbances achieved on the PBS-only wells
were subtracted from the corresponding absorbances achieved on the
antigen-coated wells. All data analysis (curve fitting, receiver operator
curve (ROC), or principal component analysis was performed using
GraphPad Prism 9.2.0 (GraphPad Software, USA) unless otherwise
stated. For Pearson correlation CorrPlot (version 0.92) using R (Ver-
sion 4.02) and R Studio (1.3.1056). Analysis was performed whereby r
was computed for every pair of y data set and used to generate a
correlation matrix. Data were assumed to have Gaussian distribution
with p values determined using the Two-tailed method. Principal
component analysis was performed using the OD of each antigen for
each sample as a continuous variable and principal components were
selected based on parallel analysis with 1000 simulations performed at
a 95% percentile level. The results of the principal component analysis
were grouped by sample group. The endpoint titres of a sample were
calculated by fitting a sigmoidal 4PL model to sample absorbances
versus log' transformed sample dilution and interpolating the dilution
at an absorbance of 0.1926.

Ethics

Samples from ACAM2000-vaccinated individuals were collected at the
Centre for Disease Control and Prevention through IRB #3349. For
testing herein, samples were additionally deidentified under a separate
IRB-approved protocol (#7294). Samples obtained from IMVANEX
Smallpox-vaccinated individuals were obtained through written and
informed consent through UKHSA Research and Ethics Committee
(“REGG”) for assay validation. NHS Research Ethics Committees (REC)
granted approval for sampling from previous MPXV-infected indivi-
duals under reference 22/HRA/3321, with residual and fully anon-
ymised serum from individuals with prior MPXV infection sourced
from diagnostic laboratories for surveillance, assay performance
assessment, validation and public health monitoring.

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

Data availability

All serology data generated in this study are provided in the Supple-
mentary Information and Source Data file. Genomes of MPXV and
VACV are publicly available through NCBI under accession numbers:
MPXYV virus Zaire-96-1-16 (NC_003310) and VACV virus Copenhagen
(M35027). Source data are provided with this paper.
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