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The ongoing pandemic caused by mpox virus (MPXV) has become an international public health emergency that poses a significant
threat to global health. The vaccinia virus Tiantan strain (VTT) was used to vaccinate against smallpox in China 42 years ago. It is
urgent to assess the level of immunity to smallpox in individuals vaccinated 43 or more years ago and evaluate their immunological
susceptibility to MPXV. Here, we recruited 294 volunteers and detected the level of residual humoral immunity, including the
vaccinia-specific IgG level and neutralizing antibody titer, and the cross-antibodies of MPXV A29L, B6R, A35R, and M1R. Our results
showed that the humoral immunity from the smallpox vaccine in the population still remains, and VTT-specific NAb levels wane
with age. The majority of the population pre-1981 who should be immunized with VTT still maintains certain levels of MPXV-specific
antibodies, in particular, targeting A35R and B6R antigens. Furthermore, we separately analyzed the correlations between the
0OD450 values of VTT-specific IgG and A35R-specific IgG, B6R-specific IgG, and A29L-specific IgG with plasma samples diluted 1:40,
showing a linear correlation (p < 0.0001). Our findings suggest that most Chinese populations still maintain VTT-specific IgG
antibodies for 42 or more years after smallpox vaccination and could provide some level of protection against MPXV.
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INTRODUCTION
Mpox is a zoonotic disease caused by the mpox virus (MPXV)
characterized by smallpox-like symptoms, including fever and
rash, but the signs of mpox are milder and the mortality rate is
lower than those of smallpox.! The first mpox case was diagnosed
in 1970 in the Democratic Republic of the Congo (DRC), and since
then, it has been endemic in Central and West Africa over the last
few decades.>® Occasional outbreaks outside Africa were reported
in the United States, the United Kingdom (UK), Israel, and
Singapore prior to 2022.*® However, since the first confirmed
case was reported in the UK on May 6th 2022, mpox has quickly
spread across many countries worldwide. The 2022 outbreak of
mpox has drawn great attention because it is continually reported
in hitherto nonendemic countries, and the World Health
Organization (WHO) declared mpox a public health emergency
of international concern on July 23rd 2022.” As of June 21st 2023,
a total of 88,026 cases of mpox have been reported across 111
countries, including 148 deaths, posing a greater global threat to
humans®

Vaccination is always the most effective approach to control
and prevent mpox epidemics. MPXV belongs to the Orthopoxvirus
genus of the Poxviridae family, which is genetically closely linked
to other Orthopoxvirus viruses, such as variola virus (VARV),
vaccinia virus (VACV) and cowpox virus (CPXV). Vaccination using
VACV against smallpox has been shown to provide 85% protection
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against MPXV infection based on epidemiological features, as
observed in Zaire in the past.’ However, following the global
eradication of smallpox in 1980, routine smallpox vaccination was
gradually discontinued in many countries.’” Few people born
following the eradication of smallpox have received smallpox
vaccination, making those younger than 43 years old vulnerable to
other orthopoxviruses, such as MPXV and CPXV infections.
Although previous studies have shown that vaccination-induced
immunity has been maintained for more than three decades,'
immunity still wanes with time since vaccination.'>” ' Therefore,
the cessation of smallpox vaccination over the past decades has
increased the risk of MPXV in humans.'®'® Currently, the two
vaccines ACAM2000 and JYNNEOS, both initially developed for
smallpox, are available to prevent mpox. ACAM2000, a replicating
vaccinia virus-based second generation smallpox vaccine, can
provide effective protection even after exposure to MPXV.'”'®
However, ACAM2000 can often lead to severe adverse effects, and
it is contraindicated in individuals with pregnancy, atopic
dermatitis, or immune deficiencies.'® JYNNEOS is the 3 genera-
tion vaccine produced from the replication-deficient modified
vaccinia Ankara-Bavarian Nordic (MVABN strain). It was approved
by the US Food and Drug Administration (FDA) in 2019 to prevent
both smallpox and mpox disease in individuals over 18 years of
age considered to be at high risk for both infections.?’ JYNNEOS
has been shown to be safer than ACAM2000 due to its poor ability
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Table 1. The characteristics of 294 healthy volunteers in the First
Affiliated Hospital of Anhui Medical University, Hefei City, Anhui
Province, China

Age (years) Number Sex Value
19-42 (1981-2004) 184 M 93 (50.54%)
F 91 (49.46%)
43-53 (1970-1980) 66 M 29 (43.94%)
F 37 (56.06%)
54-63 (1960-1969) 44 M 25 (56.82%)
F 19 (43.18%)

M male, F female

to replicate in human cells. However, both vaccines are not
recommended for the general public?’ and they cannot
completely protect against MPXV. Breakthrough infections have
been found in people who received the smallpox vaccine after
high-risk exposure to MPXV.?>?3 Moreover, the current supplies of
these two vaccines are limited, and they are not accessible to all
countries.?* Thus, it is crucial to evaluate the susceptibility of
MPXYV in the general population and develop effective vaccination
strategies against mpox.

In China, the vaccinia virus Tiantan strain (VTT) was historically
used to vaccinate against smallpox.”> After the WHO recom-
mended that routine smallpox vaccination be discontinued, the
Chinese government stopped the national smallpox vaccination
program in 1981. However, little is known about the duration and
degree of residual immunity to smallpox in individuals vaccinated
43 or more years ago. Furthermore, mpox has never emerged in
China before 2022, and due to the lack of live MPXV and animal
infection models, whether the residual immunity of VTT can
provide sufficient cross-protection in the event of MPXV exposure
is unknown.?® Therefore, it is critical to assess the level of
immunity to smallpox in individuals vaccinated 42 or more years
ago and evaluate their immunological susceptibility to MPXV.

Antibody responses (both total IgG and neutralizing antibody)
were reported to play crucial roles in protection against poxvirus
diseases.'**” MPXV has a large DNA genome that generates two
antigenically distinct virion forms: intracellular mature virus (IMV)
and extracellular enveloped virus (EEV), which are similar to other
orthopoxviruses. The IMV surface proteins A29L and M1R (the
orthologs of VACV A27 and L1) and EEV surface proteins B6R and
A35R (the orthologs of VACV B5 and A33) have been shown to be
the targets of MPXV neutralizing antibodies. In the current study,
we recruited 294 volunteers and detected the vaccinia-specific
level of residual humoral immunity, including the vaccinia-specific
IgG level and neutralizing antibody titer and the cross-antibodies
of MPXV A29L, B6R, A35R, and M1R, to evaluate whether remote
smallpox vaccination can afford protection against MPXV infec-
tion. Our results will provide valuable clues for policy makers to
formulate effective vaccination plans against mpox.

RESULTS

Humoral immunity from smallpox vaccination

Here, plasma samples from 294 healthy volunteers (147 males and
147 females) ranging in age from 19-63 years as of 2023 were
obtained from Anhui Province in China and divided into three
groups (aged 19 to 42 years, aged 43 to 53 years, and aged 54 to
63 years) according to age (Table 1). The vaccinia virus Tiantan
strain (VTT) was used for the vaccination of Chinese people during
the worldwide smallpox prevention campaign.'” Therefore, the
optical density (OD450) values of VTT-specific IgG were detected
by ELISA with plasma dilutions of 1:40, 1:80, and 1:160. The
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proportion of plasma samples positive for VTT-specific 1gG
increased with age (9.24% in those aged 19-42 years; 86.36% in
those aged 43-53 years; 95.46% in those aged 54-63 years) (Fig.
1a, b). Furthermore, VTT-specific neutralizing antibody (NAb) level
was assayed by plaque reduction neutralization test (PRNT). The
percentage of people with positive anti-VTT NAb (PRNT50 > 1:16)
was 18.18% (20/110) in individuals older than 42 years and slightly
decreased from 21.21% (aged 43-53 years) to 13.64% (aged 54-63
years) (Fig. 1¢, d), and the detailed anti-VTT NAb titers are shown
in Supplementary Table 1. Thus, humoral immunity from the
smallpox vaccine in the Chinese population still remains, and VTT-
specific NAb level wanes with age.

The plasma antibody level against the mpox virus

Many studies have demonstrated that immunity against smallpox
has a high protective effect against MPXV.”'®2' Whether
immunity from the smallpox vaccine in Chinese people still has
cross-protective immunity against MPXV remains unknown. To
address this, the IgG levels of 4 MPXV surface proteins, A35R, B6R,
A29L and M1R, which are known neutralizing antibody targets
(the MPXV orthologs of the VACV L1R, A33R, A27L and L1 genes,
respectively), were detected by ELISA. Firstly, the MPXV-specific
antigens A35R, B6R and M1R were expressed in HEK293F cells, and
A29L was expressed in Escherichia coli BL21. The proteins were
confirmed separately by SDS-PAGE and Western blotting after
purification, showing that four purified proteins were successfully
obtained (Supplementary Fig. 1). Furthermore, the purified MPXV
A35R, B6R, A29L and M1R proteins were used separately to coat
the wells of a 96-well flat-bottomed plate to detect the plasma IgG
levels at dilutions of 1:40, 1:80, and 1:160. The data shown in Fig. 2
demonstrate that the population with positive anti-A35R/B6R/
A29L in pre-1981 (aged 43-53 years; aged 54-63 years) has a
much higher proportion than that in post-1981 (aged 19-42
years). In particular, the proportion (targeting A35R or B6R
antigen) in those aged 54-63 years was 84.91%. However, the
population with positive anti-M1R in pre-1981 (aged 43-53 years;
aged 54-63 years) has a higher proportion than that in post-1981
(aged 19-42 years), but the proportion with positive anti-M1R is
much lower than that with positive anti-A35R/B6R/A29L (31.82%
vs. 60.61%/63.64%/36.36% in aged 43-53 years; 9.09% vs. 84.91%/
84.91%/29.54% in aged 54-63 years) (Supplementary Fig. 2). At
the same time, the proportion of positive anti-EEV surface proteins
(A35R and B6R) is much higher than that of positive anti-IMV
surface proteins (A29L and M1R) in the same group (Supplemental
Fig. 3). Collectively, the majority of the population pre-1981 who
should be immunized with VTT still maintains certain levels of
MPXV-specific antibodies, in particular, targeting A35R and B6R
antigens.

Immunity from the smallpox vaccine provides cross-protection
against the mpox virus

Moreover, we calculated the proportion of plasma samples
positive for two, three or four antigens of VTT, A35R, B6R, and
A29L. As shown in Fig. 3a, b, most of the plasma samples positive
for two or three antigens of A35R, B6R, and A29L were positive for
VTT. The proportion (VITTA35R*B6RTA29L ") in those aged 54-63
years is as high as 50%. However, if the plasma samples are
negative for VTT, the proportion positive for two or three antigens
of A35R, B6R, and A29L is 0%, except for VIT A35R"B6RTA29L .
Interestingly, we found that some of the plasma samples were
positive for both A35R and B6R antigens and negative for VTT, and
the proportion in those aged 19-42 years was higher than that in
those aged 43-53 years (7% vs. 3%). This phenomenon reflects
that some Chinese people not vaccinated with VIT may have
received other orthopoxvirus infections (such as CPXV) and
acquired cross-protective immunity against MPXV. Furthermore,
we separately analyzed the correlations between the OD450
values of VTT-specific IgG and A35R-specific IgG, B6R-specific 1gG,
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Humoral immunity from smallpox vaccination. Plasma samples from 294 donors (147 males and 147 females) ranging in age from

19-63 years as of 2023 were obtained from Anhui Province in China and divided into three groups according to age: those (n = 184, aged 19
to 42 years, as of 2023) born after 1980; those (n =66, aged 43 to 53 years, as of 2023) born between 1970 and 1980, 40-50 years after
smallpox vaccination; and those (n = 44, aged 54 to 63 years, as of 2023) born between 1960 and 1970, 50-60 years after smallpox vaccination.
The level of 1gG antibody to the vaccinia virus Tiantan strain (VTT) and the titer of viral neutralizing antibody (VNA) against the VTT were
detected by ELISA and plaque reduction neutralization test (PRNT), respectively. The level of VTT-specific serum IgG according to age (a, b).
The neutralizing antibody titers are shown as PRNT5, (limit of detection (LOD) = 1:16) according to age (c, d)

and A29L-specific IgG with plasma samples diluted 1:40, showing
a linear correlation (p < 0.0001) (Fig. 3c-e). Overall, immunity from
the smallpox vaccine may provide some cross-protection against
MPXV.

DISCUSSION

The global mpox outbreak in the shadow of the COVID-19
pandemic has recently drawn more attention. The mpox cases
have surged in the last month in China since the whole population
has returned to normal life due to the successful control of COVID-
19 in Jan. 2023. Although safe and effective vaccines are critically
needed to provide protection against MPXV infections, no
clinically validated MPXV-specific vaccines are yet available.
Smallpox vaccines have been proven to be effective in preventing
MPXV infections due to the high genomic homology between the
two viruses. However, the eradication of smallpox around the
world has made more people vulnerable to MPXV infection, and
mpox has gradually become the most significant zoonotic threat
to human beings. The immunity level of vaccinated individuals has
declined over time, and those younger than 43 years old as of
2023 have not received smallpox vaccination, which may be one
of the main reasons for the re-emergence of mpox. To assess the
level of residual immunity to smallpox in those people, it is crucial
to evaluate the immunological susceptibility to MPXV, providing
important clues for revaccination smallpox vaccines and the
development of MPXV-specific vaccines in the current mpox
outbreak.

Previous studies have demonstrated that virus-specific anti-
bodies are necessary and sufficient to protect against lethal MPXV
challenge.?? Neutralizing antibody was identified as an important
correlate of protection against smallpox. Two studies indicated
that high levels of neutralizing antibodies may be associated with
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protective immunity against smallpox. One of the two demon-
strated that subjects who were in contact with smallpox victims
possessing vaccinia virus neutralizing titers<1:32 were more
susceptible to smallpox infection (3 of 15, or 20% of contacts
infected) compared with subjects with antibody titers of >1:32 (0
of 127 or <1% of contacts infected).?® In another study, the titer of
neutralizing Ab against vaccinia virus in human serum was
thought to be at least 1:20 to provide protection against
smallpox.?® However, the available cutoff values for preexisting
antibody levels in humans were reported during the period of
endemic smallpox circulation, which may not be relevant to the
current population. In this study, we evaluated the vaccinia-
specific 1gG level and neutralizing antibody titers in 294
volunteers, and we found that humoral immunity from the
smallpox vaccine in the Chinese population still remains, and VTT-
specific NAb level wanes with age. Our results are consistent with
previous studies showing that smallpox vaccine-induced immu-
nity wanes with time,">"'* and those with low or no VTT-specific
antibodies are more susceptible when exposed to MPXV and may
need priority vaccination, such people born post-1981 in China.

VTT has played a critical role in the eradication of smallpox in
China.?> Therefore, the titers of VTT-specific IgG were detected,
and we found that the proportion of plasma samples positive for
VTT-specific IgG increased with age, showing that the majority of
the Chinese population in pre-1981 still retained the binding
antibody response to vaccinia after vaccination for 42 or more
years. Furthermore, the VTT-specific NAbs were also positive
(PRNT50 = 1:16) in 18.18% (20/110) of individuals older than 42
years, but the positive rate of anti-VTT NAb was slightly lower in
people aged 54-63 years than in those aged 43-53 years. Thus,
the current populations in China who received the smallpox
vaccine decades ago still retain some humoral immunity against
VTT, and VTT-specific NAb level declines with age.
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Fig. 2 The plasma antibody level against the mpox virus. The level of IgG antibodies against MPXV-specific proteins (A35R, B6R, and A29L)
was detected by ELISA. The levels of A35R-, B6R- and A29L-specific serum IgG according to age (a, b, and )

Due to genetic and antigenic homology, smallpox vaccines have
historically been used to prevent or reduce the severity of
mpox.2>>° However, with the decline in VTT-specific antibody
response, whether residual immunity among Chinese people could
still provide cross-protection against mpox remains unknown. A
number of MPXV envelope proteins, such as MIR, A35R, B6R, and
A29L (the MPXV orthologs of the VACV L1R, A33R, and A27L genes,
respectively), have been identified as targets of neutralizing
antibodies.®’ In this study, we detected the IgG levels of MPXV
surface proteins MIR, A35R, B6R, and A29L and found that the
population with positive anti-A35R/B6R/A29L in pre-1981 who
should have received smallpox vaccination has a much higher
positive proportion than that in people younger than 43 years old
who probably have not been vaccinated. In particular, people 54-63
years old have a high proportion of antibodies targeting the A35R or
B6R antigen. Therefore, the majority of the smallpox vaccine-
immunized population still maintains certain levels of MPXV-specific
antibodies, especially those targeting the A35R and B6R antigens.
Moreover, the plasma samples positive for VTT were also positive for
two or three antigens of A35R, B6R, and A29L, and the titers of VTT-
specific IgG and A35R-specific IgG, B6R-specific 1gG, and A29L-
specific IgG were linearly correlated (p <0.0001). However, the
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positive rate of anti-M1R was relatively low in all subjects, and the
proportion with positive anti-A29L and anti-M1R is much higher
than that with positive anti-A35R and anti-B6R in the 54- to 63-year-
old group, which is contrary to the level of VTT-specific NAbs. We
speculated that the binding abilities of A29L and MIR were slightly
higher than those of A35R and B6R antigens,*? and as the anti-A29L
and MIR levels declined, the NAb levels also waned. Interestingly,
some younger people aged 19-42 years were VTT negative but
were positive for both A35R and B6R antigens, and the proportion in
those was higher than that in people aged 43-53 years. This may be
due to other orthopoxvirus infections (such as CPXV) and acquired
cross-protective immunity against MPXV. The above phenomenon
also suggests that people immunized with the smallpox vaccine are
less likely to be infected with other poxviruses.

Although this remaining immunity from smallpox vaccination
may not provide full protection against MPXV infection, it is likely
to decrease the probability of severe and fatal disease and relieve
clinical symptoms after infection. However, to acquire more
complete information regarding the immunity level against MPXV
among the Chinese population, further investigations are required
in terms of increasing the sample size and evaluating the live
MPXV neutralizing antibody levels and the cellular immune
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Fig. 3 Correlation analysis of VTT-specific IgG and MPXV-specific protein (A35R, B6R, and A29L) IgG. The proportion of plasma samples
positive for VTT, A35R, B6R, and A29L antigens by ELISA (a, b). The correlation between the OD450 values of VTT-specific IgG and A35R-specific

1gG, B6R-specific IgG, and A29L-specific IgG with plasma samples diluted 1:40 was separately analyzed (c, d, and e). “+” represents positive;

represents negative

response after vaccination against smallpox. Furthermore, a global
mpox outbreak is currently primarily affecting gay, bisexual, and
other men who have sex with men,*® which are high-risk
populations. The immunity level of high-risk populations to MPXV
is required to be investigated.

In summary, our results indicate that most Chinese populations
still maintain VTT-specific IgG antibody for 42 or more years after
smallpox vaccination and could provide mpox virus-specific 1gG
antibodies. Our findings contribute to prioritizing the anti-MPXV
strategy and prevention in the population under 43 years of age,
especially high-risk populations, such as gay, bisexual, or other men
who have sex with men, as well as immunocompromised subjects.

MATERIALS AND METHODS

Participants

The study was reviewed and approved by the Ethics Committee of
The First Affiliated Hospital of Anhui Medical University (approval
No. PJ2023-03-39). Two hundred ninety-four volunteers partici-
pated in the study from Anhui Province in China ranging in age
from 19-63 years as of 2023 and were divided into three groups
according to age. The first group (n = 184) was generally younger
(aged 19 to 42 years) and was born after smallpox vaccination in
post-1981. The second group (n = 66) was aged 43-53 years with
a history of smallpox vaccinations between 1970 and 1980. The
third group (n=44) was aged 54-63 years. The detailed
characteristics of 294 healthy volunteers are shown in Table 1.

Viruses and cells

Vaccinia virus (VACV) Tiantan strain (VTT) was grown in Vero cells
by using a multiplicity of infection of 0.01 and harvested at 48 h
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u_n

post-infection. Cells were lysed by 3 freeze/thaw cycles. The
plaque-forming unit (PFU) of viral stocks was titrated on Vero cells
by a plaque-forming assay using crystal violet staining. The virus
was inactivated with 0.025% [-propiolactone (v/v) before purifica-
tion by ultracentrifugation through a 36% sucrose cushion.*
African green monkey kidney (Vero) cells were grown in high-
glucose Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS; Shanghai VivaCell
Biosciences Ltd, Shanghai, China) and 1% penicillin/streptomycin
(Thermo Fisher Scientific) at 37 °C with 5% CO,. Human embryonic
kidney 293F (HEK293F) cells were cultured in HEK293 Cell
Complete Medium (Sino Biological Inc., Beijing, China) supple-
mented with 1% penicillin/streptomycin.

Recombinant MPXV A35R, B6R, A29L, and M1R proteins expression
and purification

MPXV-specific antigens A35R, B6R, A29L, and M1R (GenBank:
NC_063383.1) were expressed and purified to detect the IgG
antibody titers in plasma. Briefly, the codon-optimized sequences
of the MPXV A35R, B6R, and MIR genes were synthesized and
cloned into the pCDNA3.1 vector (Life Technologies) with a His-
tag. The recombinant plasmids were transfected into HEK293F
cells, and the A35R, M1R, and B6R proteins were expressed and
purified. The proteins were confirmed by Coomassie-stained
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE) and Western blotting. The A29L gene was also
synthesized and cloned into the prokaryotic expression vector
PET-28a (+) with a His-tag, and the expression plasmid was
transformed into Escherichia coli BL21(DE3) expression host cells
(Novagen) to express the recombinant A29L protein. The A29L
protein is a soluble protein and was purified from cell lysates. The
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purified quality of the proteins was confirmed by SDS-PAGE, and
the expressed A35R, B6R, A29L, and M1R proteins were identified
by Western blotting with anti-A35R antibody (R392a3, OkayBio,
China), anti-B6R antibody (R401¢8, OkayBio, China), anti-A29L
antibody (R396t5, OkayBio, China), and anti-M1R antibody
(R403Kk5, OkayBio, China), respectively.

Enzyme-linked immunosorbent assay (ELISA)

ELISA was used to detect anti-vaccinia antibody and MPXV cross-
antibody. Plasma samples were heat-inactivated for 30 min at
56 °C. The presence of vaccinia-specific IgG antibody and MPXV
cross-antibody were tested as previously described.** Briefly, VTT
(equivalent concentrations: 1 x 10”7 PFU/mL) or MPXV A35R, B6R,
A29L, and M1R proteins were used to coat the wells of a 96-well
flat-bottomed plate. Plasma dilutions of 1:40, 1:80, and 1:160 were
placed in antigen-coated wells and incubated at 37 °C for 1 h. The
plates were washed, horseradish peroxidase-conjugated anti-
human IgG was added, and the plates were again incubated for
1h at 37°C. After incubation, 100 uyL TMB (3,3',5,5'-tetramethyl-
benzidine) per well was added. The color development was
stopped by adding H,SO,. Optical density values were read at
450 nm using an ELISA plate reader (Thermo Fisher Scientific,
Waltham, MA, USA).

Neutralization antibody titer assay

VTT-specific neutralizing antibody titers were measured by the
plaque reduction neutralization titer (PRNT) assay as previously
described***® Heat-inactivated plasma samples were serially
diluted (starting at 1:16) and incubated with 100 PFU of the VTT
for 1 h at 37°C, and then the virus-plasma mixtures were added to
Vero cell monolayers seeded in 24-well plates and incubated for 1 h
at 37°C. After adsorption, culture medium containing 0.9%
carboxymethyl cellulose was added to each well to allow plaque
formation. After culturing at 37 °C for 40 h, cell monolayers were
stained with 1% crystal violet dissolved in 70% ethanol. Monolayers
were rinsed with water, and the plaques were counted.

Statistical analysis

All statistical analyses were performed using GraphPad Prism 9.0
(GraphPad Software, La Jolla, CA, USA). The PRNTs, titers were
converted to natural logarithms to normalize their distributions.
Data are represented as the mean + SEM. Linear correlation was
evaluated by Spearman’s correlation coefficient. p-values < 0.05
(two-tailed) were considered statistically significant.
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