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Global perspectives on smallpox vaccine against monkeypox: a 
comprehensive meta-analysis and systematic review of effectiveness, 
protection, safety and cross-immunogenicity
Hao Liua*, Wenjing Wanga*, Yang Zhanga,b, Fuchun Wanga, Junyi Duana, Tao Huanga, Xiaojie Huanga,c and 
Tong Zhanga,b,c

aClinical and Research Center for Infectious Diseases, Beijing Youan Hospital, Capital Medical University, Beijing, People’s Republic of 
China; bBeijing Institute of Sexually Transmitted Disease Prevention and Control, Beijing, People’s Republic of China; cBeijing Key 
Laboratory of HIV/AIDS Research, Beijing, People’s Republic of China

ABSTRACT
A large outbreak of monkeypox occurred in 2022, and most people lack immunity to orthopoxvirus. Smallpox 
vaccination is essential for preventing further smallpox outbreaks. This study evaluated the effectiveness, protection, 
safety, and cross-immunogenicity of smallpox vaccine in preventing monkeypox infection. PubMed, Embase, Scopus, 
and Web of Science were searched from database inception to 10 March 2024. We included studies involving 
“monkeypox virus” and “vaccinations”, and excluded reviews, animal studies, and articles with missing or duplicate 
data. A total of 37 studies with 57,693 participants were included in the final analysis. The effectiveness data showed 
that monkeypox infection rates were lower in the smallpox-vaccinated group than in the unvaccinated group (risk 
ratio [RR]: 0.46; 95% confidence interval [CI]: 0.31–0.68). The protection data showed that smallpox vaccination 
effectively reduced the risk of severe monkeypox infection (RR: 0.61; 95% CI: 0.42–0.87). Third-generation vaccines 
showed greater efficacy (RR: 0.36, 95% CI: 0.22–0.56) than first-generation vaccines. The number of doses of smallpox 
vaccine has no significant effect on monkeypox. Safety data showed that adverse reactions after smallpox vaccination 
were mainly mild and included local erythema, swelling, induration, itching, and pain. Meanwhile, we found that 
smallpox vaccination could induce the production of neutralizing antibodies against monkeypox. Our findings offer 
compelling evidence supporting the clinical application of the smallpox vaccine for preventing monkeypox and 
advocate that high-risk groups should be prioritized for receiving one dose of the smallpox vaccine if the vaccine 
stockpile is low.

ARTICLE HISTORY Received 29 May 2024; Revised 19 July 2024; Accepted 30 July 2024

KEYWORDS Monkeypox; smallpox; vaccine; effectiveness; safety; immunogenicity

Introduction

The monkeypox (mpox) virus (MPXV) is a DNA 
virus belonging to the Orthopoxvirus (OPXV) 
genus [1,2]. The genus encompasses many other 
poxviruses, including smallpox, vaccinia, cowpox, 
and camelpox viruses, as well as more recently iso
lated poxviruses [3]. Previously, mpox was endemic 
to Central and West Africa [4,5]; but had recently 
become a global epidemic. Between 2017 and 2018, 
a large outbreak of mpox was reported in Nigeria 
[6], and five cases were reported in the United King
dom, Israel, and Singapore during the same period 
[7]. From January 2022 to April 2024, a total of 
95,226 mpox cases were reported by the World 
Health Organization (WHO) from 117 countries 
[8]. Owing to the significant rise in global mpox 

cases in recent years, WHO has declared the mpox 
outbreak a global health emergency [9].

The incubation period of MPXV infection ranges 
from 5 to 21 days, and the common symptoms 
include fever and skin lesions, which are relatively 
similar to those of smallpox; however, one feature 
that distinguishes mpox from smallpox is lymphade
nopathy [10]. Mpox is often a self-limiting disease, 
with symptoms lasting 2–4 weeks; nonetheless, 
severe cases and death can occur. The severity of 
disease caused by different strains varies, with mor
tality rates ranging from 1% to 10%, as reported in 
multiple studies [11–13]. Individuals infected with 
human immunodeficiency virus (HIV) and those 
not vaccinated against smallpox are at a higher 
risk of death [14]. Moreover, men who have sex 
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with men (MSM) or are identified as bisexuals, as 
well as those with sexually transmitted diseases, are 
reported to be at a high risk of MPXV infection 
[15]. Of the cases reported from 2022 to 2024 with 
available data, 85.5% of mpox cases occurred in 
MSM, and 51.9% of patients with mpox were co- 
infected with HIV [8]. The high prevalence of HIV 
co-infection means that approximately half of mon
keypox patients are at risk of developing severe ill
nesses [16]. Owing to the global outbreak of mpox 
and the occurrence of severe and fatal cases, the 
idea of control of the epidemic should be clarified.

Owing to the lack of specific drugs, no effective 
clinical treatments are available for mpox. Preventive 
strategies based on the development of the mpox 
vaccines have become a crucial public health man
agement strategy for coping with emerging infec
tious diseases. MPXV has antigenic similarity to 
vaccinia virus (VACV) [17]; thus, the smallpox vac
cine may provide cross-protection against mpox. 
Several decades ago, the smallpox vaccine was 
shown to have an effect on mpox, and one study 
reported no deaths among those vaccinated with 
the smallpox vaccine, whereas the fatality rate 
among unvaccinated patients was 11% [10]. Earlier 
epidemiological research in the Democratic Republic 
of the Congo found that people who had been vac
cinated against smallpox had a 5.2-fold lower risk of 
mpox than unvaccinated people [18]. However, the 
above studies had geographical limitations, and the 
mode of transmission and high-risk groups of infec
tion were different from today’s outbreaks. More 
importantly, smallpox was declared eradicated in 
1980. Consequently, an increasing number of people 
lack cross-protection from orthopoxvirus, making 
the population generally susceptible to MPXV. In 
the current outbreak, men aged 18–44 years were 
the most severely affected by the outbreak, account
ing for 79.4% of the reported cases [8]. Therefore, to 
prevent the further spread of mpox, more evidence 
on the cross-protection of vaccines and urgent 
smallpox vaccination for high-risk groups are 
needed.

Currently, studies have reported a 35%–85% effec
tiveness of the smallpox vaccine in preventing mpox, 
with a low incidence of adverse events [19,20]. Some 
countries have approved smallpox vaccination as an 
emergency measure to prevent mpox based on data 
from existing studies [21,22]. Although several studies 
have evaluated the effectiveness and safety of the 
smallpox vaccines against mpox, a summary of these 
studies is necessary to reach a more comprehensive 
and credible conclusion. Therefore, this systematic 
review and meta-analysis aimed to summarize the cur
rent studies on smallpox vaccines against MPXV 
infection; assess the effectiveness, protection, safety, 
and cross-immunogenicity of smallpox vaccines 

against MPXV infection in the real world; and provide 
evidence for the widespread use of smallpox vaccines 
against MPXV infection and guidance for the vacci
nation protocols.

Methods

Protocol and registration

This research protocol follows the guidelines out
lined in the Preferred Reporting Items for Sys
tematic Reviews and Meta-Analyses (PRISMA) 
statement (Multimedia Appendix 1) and has been 
recorded in the Prospective International Registry 
of Systematic Reviews (PROSPERO) database 
(CRD42024536542).

Search strategy

A comprehensive search strategy comprising phrases 
related to “monkeypox virus” and “vaccinations” was 
used to search PubMed, Embase, Scopus, and Web 
of Science for all articles from the inception of each 
database through 10 March 2024. This analysis con
sidered only papers published in English. Additional 
information regarding the search approach can be 
found in Multimedia Appendix 2. Following the 
removal of duplicates, two authors conducted separate 
screenings of the titles, abstracts, and full-text studies. 
Disagreements were handled by engaging in discourse 
and ultimately reaching a consensus.

Eligibility criteria

The inclusion criteria were as follows: (1) study design, 
randomized clinical trials (RCTs), cross-sectional 
studies, cohort studies, case–control studies, and sero
logical studies; (2) study population, all age groups; (3) 
intervention, get vaccinated against smallpox; and (4) 
endpoints, infection status, safety data, and antibody 
responses against MPXV. Pregnant and lactating 
women were excluded from the study. We excluded 
reviews, conference abstracts, case reports, letters, ani
mal studies, irretrievable full-text research, and other 
articles that did not address the research issue. Only 
the latest or most comprehensive data were included 
when duplicates were detected. According to the 
WHO interim guidance, a positive polymerase chain 
reaction (PCR) test for OPXV, and confirmation of 
MPXV infection is established using PCR and/or 
sequencing, or by obtaining a positive MPXV PCR 
test in a suspected case [23]. Mild cases of mpox 
were defined as cases with 1–2 systemic symptoms 
and/or skin lesions on only one body location and/ 
or ≤ 25 systemic skin lesions. Severe mpox cases 
were defined as those with ≥ 3 systemic symptoms 
and/or skin lesions on > 2 body locations and/or > 
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25 systemic skin lesions and/or hospitalization due to 
MPXV infection. The safety outcome was any adverse 
events occurring within 28 days of vaccination.

Data extraction and risk of bias assessment

Data were extracted from each study using Microsoft 
Excel. We obtained the following pertinent infor
mation: (1) general information, including author’s 
name, year of publication, study area, study duration, 
and the number of participants; (2) study parameters, 
including study design and intervention programme; 
(3) participant characteristics; and (4) outcomes, 
including effectiveness data, protection data, and 
safety data.

The Cochrane risk of bias tool was used to evaluate 
the potential for bias in RCTs. Findings were categor
ized into three groups based on the level of bias: low, 
unclear, or high. The Newcastle-Ottawa Quality 
Assessment Scale was used to evaluate the potential 
for bias in the observational research, encompassing 
cross-sectional studies, cohort studies, and case–con
trol studies. Findings were categorized as low, med
ium, or high bias. Two reviewers independently 
conducted the data extraction and evaluated the 
potential for bias. The risk-of-bias assessment details 
are presented in Multimedia Appendix 3.

Statistical analysis

Statistical analyses were conducted using the RevMan 
statistical software (version 5.4; The Cochrane Collab
oration) and STATA MP statistical software (version 
18.0). Graphical editing and presentation were per
formed using Adobe Illustrator (version 27.8.1). 
Dichotomous data was expressed using effect size 
(ES) and risk ratio (RR) values. A forest plot was 
used to calculate the cumulative impacts. The I2 test 
was used to demonstrate significant heterogeneity. 
Four levels of heterogeneity were identified as 0%– 
40%, 30%–60%, 50%–90%, and 75%–100% and con
sidered as insignificantly, moderately, significantly, 
and highly different, respectively. A subgroup analysis 
was employed to examine the potential variability 
within the data. If relevant, a leave-one-out sensitivity 
analysis was conducted to examine the consistency of 
the results. If an adequate number of articles were 
accessible, the presence of publication bias was exam
ined using funnel plots and the Egger’s test.

Results

Study selection and characteristics

A total of 7,024 studies were retrieved from the four 
different databases: 2,031 from Embase, 1,143 from 
PubMed, 1,862 from Scopus, and 1,988 from Web of 

Science. After removing duplicates, 2,799 studies 
remained. After evaluating the titles and abstracts, a 
total of 80 papers were selected for full-text review. 
In addition, 37 studies that met our specified criteria 
were ultimately selected for data analysis and systema
tic review: 11 studies on vaccine effectiveness, 7 studies 
on vaccine protection (one of which coincided with 
studies on vaccine effectiveness), 10 studies on vaccine 
safety, and 12 studies on vaccine cross-immunogeni
city (two of which coincided with studies on safety). 
Figure 1 illustrates the literature search process.

We included studies from the United States, Italy, 
Germany, Canada, Spain, the Netherlands, Japan, 
South Korea, China, Belgium, Israel, and Central 
Africa. The study population comprised patients 
with mpox, high-risk populations, vaccine recipients, 
and healthy individuals. This study included 57,693 
participants. The age of the participants ranged from 
1 to 87 years. Further details on the study type, inter
vention protocol, vaccine type, dose, and study dur
ation are provided in Table 1.

The included articles comprised 7 cross-sectional 
studies, 18 case–control or cohort studies, 2 RCTs, 
and 10 serological studies. The bias risk assessment 
showed that among the studies [19,20,24–48] included 
in the data analysis, 23 had a low risk of bias, whereas 
the other 4 [35,37,46,47] had a medium risk of bias 
(Figures S1–2, Table S1 in Multimedia Appendix 3).

Effectiveness

We pooled data from 11 studies on the effectiveness of 
the smallpox vaccine in preventing MPXV infection. 
In total, 13,505 vaccinated and 19,786 unvaccinated 
participants were included in the effectiveness analy
sis. The results showed that the risk of MPXV infec
tion was reduced by 54% (RR: 0.46, 95% confidence 
interval [CI]: 0.31–0.68; Figure 2) with smallpox vacci
nation compared with that without smallpox vacci
nation [19,20,24–32].

Depending on the high heterogeneity, subgroup 
analyses were performed according to study region, 
vaccine dose, and sample size (Figure S3–5 in Multi
media Appendix 4). Analysis of data by region showed 
that, in North America, the risk of MPXV infection 
was 49% (RR: 0.51, 95% CI: 0.31–0.81) lower with vac
cination than without vaccination [19,20,25–28,31]. In 
Europe, vaccination reduced the risk of infection by 
60% (RR: 0.40, 95% CI: 0.17–0.91) [29,30,32]. In one 
study in Africa, smallpox vaccine reduced the infec
tion risk by 69% (RR: 0.31, 95% CI: 0.11–0.83) [24]. 
Analysis of data by dose showed that completing 
only one dose of vaccination reduced the risk of 
MPXV infection by 39% (RR: 0.61, 95% CI: 0.33– 
1.12) [24,27–32], whereas full administration of two 
doses reduced the risk by 82% (RR: 0.18, 95% CI: 
0.08–0.38) [19,20,25,26]. In addition, two studies 
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[29,32] with a sample size of <500 showed a 69% (RR: 
0.31, 95% CI: 0.10–0.99) reduction in the incidence of 
MPXV infection due to vaccination, four studies 
[19,25,28,31] with a sample size of 500–1,000 showed 
a 19% (RR: 0.81, 95% CI: 0.40–1.67) reduction in the 
incidence of MPXV infection, and five studies 
[20,24,26,27,30] with a sample size of >1,000 showed 
a 67% (RR: 0.33, 95% CI: 0.17–0.63) reduction in the 
risk of infection. However, in terms of effectiveness, 
the subgroup studies revealed no significant differ
ences between the groups.

Protection

Seven studies evaluated the clinical symptoms of 
mpox and classified them as mild or severe groups. 
Smallpox vaccine reduced the risk of severe disease 
in mpox by 39% (RR: 0.61, 95% CI: 0.42–0.87; 
Figure 3A) [29,33–38]. In addition, when comparing 
the incidence of mild and severe cases in the same 
population, we found that smallpox vaccine 
increased the incidence of mild cases by 11% (RR: 
1.11, 95% CI: 1.02–1.21; Figure 3B) [29,33–38], but 

decreased the incidence of severe cases. One study 
addressed the impact of vaccines on people living 
with HIV. The researchers found that HIV-positive 
mpox participants who received one dose of the 
JYNNEOS vaccine were 0.28-fold more likely to be 
hospitalized than HIV-positive participants with 
mpox who did not receive the vaccination; however, 
no hospitalizations were reported among HIV-posi
tive individuals with mpox who received a two- 
dose of JYNNEOS vaccine [36].

For vaccine protection, we performed subgroup 
analyses according to vaccine type, study region, vac
cine dose, and sample size. Smallpox vaccine reduced 
the risk of severe disease by 64% (RR: 0.36, 95% CI: 
0.23–0.56) in North America [34,36,38] and by 26% 
(RR: 0.74, 95% CI: 0.61–0.90) in Europe [29,33,37] 
(Figure 4A). Significant differences were observed 
after grouping by region. When grouped by dose, 
the incidence of severe disease was reduced by 29% 
(RR: 0.71, 95% CI: 0.55–0.92) with one dose [29,33– 
35,37,38] of vaccine, whereas full administration of 
two doses [36] reduced the incidence by 79% (RR: 
0.21, 95% CI: 0.03–1.47; Figure 4B). For different 

Figure 1. Flow chart illustrating literature search process. *We searched the database until 10 March, 2024.
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types of smallpox vaccine, we found that the first-gen
eration smallpox vaccine [33,37] reduced the inci
dence of severe disease by 29% (RR: 0.71, 95% CI: 
0.60–0.84), while the third-generation smallpox vac
cine [36,38] reduced the incidence by 64% (RR: 0.36, 
95% CI: 0.22–0.56), with significant differences 
between groups (Figure 4C). Finally, subgroup analy
sis of sample size showed that the vaccine reduced the 
risk of severe disease by 27% (RR: 0.73, 95% CI: 
0.59–0.90) in five studies [29,33–35,37] with a sample 
size of <500, and by 64% (RR: 0.36, 95% CI: 0.22–0.56) 
in two studies [36,38] with a sample size of >1,000. 
The differences between groups with different sample 
sizes were significant (Figure 4D).

Safety

In a pooled analysis of studies evaluating the safety of 
smallpox vaccine for the prevention of MPXV infec
tion, we found that the incidence was 56.3% (ES: 
0.563, 95% CI: 0.425–0.696) for local erythema [39– 
41,43–48], 55.1% (ES: 0.551, 95% CI: 0.371–0.724) 
for local swelling [39–41,43,44,46,47], 49.7% (ES: 
0.497, 95% CI: 0.104–0.891) for local induration 
[39,40,45,48], 47.8% (ES: 0.478, 95% CI: 0.270–0.690) 
for local itching [40,43,44,46,47], and 39.2% (ES: 
0.392, 95% CI: 0.242–0.552) for local pain [39– 
44,46–48] after vaccination (Figure 5). In addition, 
the incidence of vomiting [40,46,48], shivering 
[40,44,46–48], and having headache [39– 
41,43,44,46–48], rash [39,42,43,47], myalgia 
[40,41,44,46,48], and fatigue [40,41,43,44,46–48] ran
ged from 0.9% to 19% (Figure S6 in Multimedia 
Appendix 4). Specific information regarding safety 
outcomes is provided in Multimedia Appendix 5.

Cross-Immunogenicity

Several studies have shown that anti-MPXV neutraliz
ing antibodies (nAbs) and anti-MPXV immunoglobu
lin G (IgG) can be detected in the serum of 
participants who received the smallpox vaccine. 
Moschetta et al. [49] used the plaque reduction neu
tralization test to establish anti-MPXV nAbs titres 6 
months after the first vaccination. The results showed 
that among people who received the Modified Vacci
nia Ankara-Bavarian Nordic (MVA-BN) vaccination, 
the most common antibody titre was 1/10 (29 
[34%]), and some people (10 [12%]) had no detectable 
antibodies in their samples (<1/10). Asquith et al. [50] 
reported that 83% of the vaccine recipients exhibited 
MPXV antibodies 14 days after vaccination. Another 
study reported a serum geometric mean titre (GMT) 
of 112 (95% CI: 82–307) 30 days after vaccination 
with the attenuated smallpox vaccine LC16m8 [42]. 
Mazzotta et al. [48] also showed that the level of 
both anti-MPXV IgG and anti-MPXV nAbs increased Sa
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significantly after MVA-BN administration. Kottkamp 
et al. found that the GMT was four-fold higher after 
two doses than after one dose (199.4 vs 49.6) among 
participants without previous smallpox vaccination 
[51]. However, lower nAb titres were induced after 
JYNNEOS vaccination compared with that with 

MPXV infection [52]. While many studies have 
found that smallpox vaccines administered in the 
late twentieth century may still confer a certain protec
tion, Matusali et al. discovered that, among a group of 
people vaccinated against smallpox in the past, 60 
(89.6%) had detectable levels of anti-MPXV IgG 

Figure 2. Meta-analyses on effectiveness profiles of vaccinated and unvaccinated.

Figure 3. Meta-analyses on protection profiles of vaccinated and unvaccinated. (A) The effect of vaccination on severe disease. (B) 
The effect of vaccination on mild and severe disease.
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Figure 4. Subgroup analyses on protection profiles of vaccinated and unvaccinated. (A) Subgroup analysis by region. (B) Subgroup 
analysis by dose. (C) Subgroup analysis by vaccine generation. (D) Subgroup analysis by sample size.
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while 40 individuals (70.1%) possessed nAbs. The 
GMT was 75.2 (95% CI: 56.7–99.7) for IgG and 17.5 
(95% CI: 13.4–22.8) for nAbs [53]. A study in China 
showed that antibodies against the MPXV surface 
antigen A35/B6R were detectable in the plasma of 
84.91% of participants aged 54–63 years [54]. A 
study in the Netherlands also detected MPXV neutral
ization only in the sera of participants born before 
1974 (n = 19) [55]. Similar results were reported by 
Manenti et al. [56]. However, among the 23 partici
pants included in the study by Moschese et al. [57], 
a 1:5 titre of MPXV-specific IgG was detected in 11 
(48%) participants, although nAbs were undetectable. 
The MVA MERS-S is an MVA vector-based vaccine 
candidate against Middle East respiratory syndrome 
(MERS)-associated coronavirus. Researchers tested 
anti-MPXV nAbs in a group of participants vaccinated 
with MVA-MERS-S and found that the positive rate of 
nAb detection increased with the vaccination doses. 
The positive rate was 100% (10/10) and the GMT 
was 107 (95% CI: 36–323) after three doses of vacci
nation [58].

Discussion

Principal findings

This is an updated and comprehensive meta-analysis 
on the use of smallpox vaccine as an emergency pre
vention tool for the spread of mpox in the real 
world. Our results showed the following: (1) Smallpox 
vaccination effectively protected against MPXV infec
tion in high-risk populations, and the impact of the 
vaccine dose on effectiveness was not significant. (2) 
Smallpox vaccination significantly reduced the inci
dence of severe mpox, and the protection conferred 
by the third-generation smallpox vaccine was better 
than that conferred by the first-generation. (3) People 
living with HIV should be prioritized for smallpox 
vaccination to reduce the risk of MPXV infection 
and severe disease. (4) Smallpox vaccination is safe. 
Adverse reactions, such as local erythema, swelling, 
induration, itching, and pain, were common after 
smallpox vaccination; however, these symptoms were 
mild and disappeared in a short period of time, with
out causing any serious influence on the health of the 
participants. (5) The mpox nAbs detected in the vac
cinated participants confirmed that the smallpox vac
cine could induce cross-protection against mpox.

Previously published studies on smallpox vaccines 
have revealed that people who have been previously 
vaccinated against smallpox have higher immunity 
and fewer serious adverse events after vaccination 
than those receiving the first smallpox vaccine [59]. 
Subsequent research revealed no notable differences 
in the negative consequences between the MVA vac
cine and a placebo, and seroconversion rates were 

higher with two doses than with one dose [60]. How
ever, one of the above two studies focused on the 
safety and efficacy of the vaccine, and the other 
focused on the safety and immunogenicity, lacked a 
summary of the protection. Therefore, it is impossible 
to make a full assessment of the effect of smallpox vac
cine. In addition, the articles included in these two 
studies were published at an early age, which has little 
significance in guiding the current monkeypox epi
demic. Another study similar to ours reported that 
early smallpox vaccine immunization demonstrated 
a degree of protection against monkeypox [61]. How
ever, neither the assessment indicators nor the study 
regions are comprehensive enough in their study, so 
the findings may not be broadly representative. 
Based on the aforementioned studies, we focused on 
the cohort studies conducted after a major outbreak 
of mpox in 2022, supplemented the relevant evidence 
on the effectiveness and protection of the smallpox 
vaccine in preventing mpox infection, and extracted 
more detailed data on the adverse reactions caused 
by the smallpox vaccine for further evaluation of its 
safety. Finally, we systematically summarized the 
recent progress in the cross-immune response of the 
the smallpox vaccine to MPXV. Notably, we included 
multiple studies in the Americas, Africa, Asia, Europe 
and Oceania, which makes the findings globally repre
sentative. Therefore, our study provides a more 
detailed and comprehensive assessment of the effect 
of smallpox vaccination on mpox infections.

A systematic review by Xu et al. [62] also reached a 
conclusion similar to our study that widespread vacci
nation with the MVA-BN vaccine (third-generation) 
effectively prevents MPXV infection. By integrating 
data from studies of third-generation smallpox vac
cines for the prevention of mpox, we found that the 
new-generation smallpox vaccine significantly 
reduced the prevalence of mpox among MSM and 
close contacts who were at a high risk of mpox infec
tion. In addition, we studied the protection conferred 
by the new-generation smallpox vaccine and found 
that this was superior to the previous smallpox vaccine 
in terms of protection by significantly reducing the 
incidence of severe mpox. Nevertheless, the third-gen
eration smallpox vaccine, which is a highly attenuated 
virus with replication ability, is very safe [63,64], but 
its immunogenicity in humans is lower than that of 
first-generation vaccines [65]. Hence, the findings of 
our investigation differ from those of previous studies. 
We speculate that although first-generation smallpox 
vaccines played a major role in the eradication of the 
disease in the late twentieth century, the protection 
conferred by the original smallpox vaccine appears 
to wane over time [66]. Since the mpox outbreak, sev
eral cases have been reported in individuals vaccinated 
against smallpox [67]. Data on the residual protection 
of childhood smallpox vaccine are lacking; however, 
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our study proved that the third-generation smallpox 
vaccine provides significantly better protection than 
the historic first-generation smallpox vaccine, com
pensating for the deficiency of research. Therefore, 

our results suggest that regardless of smallpox vacci
nation in children, supplemental vaccination with 
new-generation smallpox or mpox vaccines is necess
ary to address existing mpox outbreaks.

Figure 5. Meta-analyses on safety of vaccinated. (A) Local erythema after vaccination. (B) Local swelling after vaccination. (C) Local 
induration after vaccination. (D) Local itching after vaccination. (E) Local pain after vaccination.
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Moreover, we conducted an in-depth analysis of the 
dose data for the third-generation smallpox vaccines. 
Our data revealed a 39% reduction in the incidence 
of MPXV infection after one dose and an 82% 
reduction after two doses of the vaccine. 
Similarly, the two doses were more protective than a 
single dose in reducing clinical symptoms, 
although no notable differences were detected between 
the regimens that involved the administration of one 
or two doses. This may help advocate the the admin
istration of a single dose of smallpox vaccine in the 
context of insufficient stock. However, recent research 
on the 2022 US mpox outbreak determined that the 
JYNNEOS vaccine had an estimated efficacy of 35%– 
75% after one dose and 66%–85% after two doses in 
preventing mpox [19,20]. The reason our results 
differed from those of previous studies may be that 
the number of articles in our included studies was 
small and heterogeneous. Therefore, to ensure the 
rational use of limited vaccine resources, a single 
dose of vaccine is recommended for high-risk groups 
if the vaccine stockpile is insufficient. However, 
further research is required to assess the impact of vac
cine doses on the prevention of mpox and disease 
symptoms.

Additionally, we confirmed the protective effects of 
the third-generation vaccines in the high-risk popu
lations. Since the 2022 mpox outbreak, 10.9% of the 
patients with available data required hospitalization, 
0.3% required intensive care, and 0.3% died [8]. Sev
eral studies have shown that HIV infection is a high 
risk factor for hospitalization, severe illness, and 
death in patients with mpox [68,69]. Therefore, as a 
high-risk group for severe and fatal mpox, people liv
ing with HIV require more attention. Mpox causes 
significantly more severe illnesses and longer-lasting 
illnesses in patients with advanced or untreated HIV 
infection [70–72]. An analysis of 57 patients admitted 
to a hospital with severe mpox in the US revealed that 
82% were diagnosed with HIV infection. Among these 
individuals, nearly 75% have a CD4 count of <50 cells 
per mm3 [73]. Preventive methods and clinical treat
ment drugs are urgently required to manage such con
ditions. We found that smallpox vaccination 
effectively reduced the risk of severe mpox. A study 
by Schildhauer et al. [36] showed that HIV infection 
had no effect on the response to the smallpox vaccine 
and that smallpox vaccination reduced hospitalization 
rates among HIV-positive patients with mpox. There
fore, smallpox vaccination for HIV-infected popu
lations should be prioritized. However, evidence 
from a single study is insufficient, and further research 
is needed on the prevention and control strategies for 
mpox in HIV-infected populations.

By analysing the adverse reactions caused by the 
third-generation smallpox vaccine, we found that 
most adverse reactions caused by the third-generation 

smallpox vaccine were mild local symptoms, such as 
local erythema, swelling, induration, itching, and 
pain. Other studies have also mentioned that 
common side effects of the JYNNEOS vaccine include 
redness or irritation at the site of injection, fatigue, 
headache, and body aches [21]. However, even with
out treatment, these symptoms tend to disappear 
after 1 to 3 days [45], with minimal non-life-threaten
ing effects on the patients. This indicates that the 
results of our study are consistent with the findings 
of previous studies reporting the safety of the smallpox 
vaccine.

Neutralizing antibodies prevent pathogens from 
binding to host cell surface receptors, thereby prevent
ing them from adhering to and invading target cells to 
replicate and reproduce [74]. Therefore, nAb levels are 
important indicators of host immunity. We observed 
that the smallpox vaccine induced cross-protection 
against mpox. Both the first- and third-generation 
smallpox vaccines, and other vaccines using pox
viruses as vectors, can induce the production of anti- 
MPXV IgG and anti-MPXV nAbs. Successful induc
tion of anti-MPXV nAbs by the smallpox vaccine 
confirmed that this confers cross-protection against 
mpox. However, another study has found a consider
able loss (>6-fold reduction) in the efficiency of 
MPXV-nAb elicitation with the vaccinia virus Tiantan 
strain. These findings indicated that VACV is a more 
appropriate option for use as a smallpox vaccine than 
the mpox vaccine [75]. Therefore, further research is 
required to investigate the extent to which various 
smallpox vaccines offer cross-protection against 
mpox, and the development of specific vaccines 
against mpox is necessary.

Limitations

Our study had several limitations. First, because of the 
small number of included studies and the fact that 
many characteristics could not be integrated into 
analysis, a high heterogeneity of unknown sources 
was observed in our articles. Second, to assess the pro
tective effect of the smallpox vaccine against monkey
pox, we included measures of cross-immunogenicity 
rather than the immunogenicity of the smallpox vac
cine itself. In addition, owing to the diverse presen
tation formats of the cross-immunogenicity results, 
data could not be combined for meta-analysis. Third, 
to date, the smallpox vaccine has only been used as a 
preventive measure against mpox infection in Europe 
and America. The key reasons for the lack of research 
data in other regions are insufficient smallpox vaccine 
reserves and unsupportive policies. Finally, we selected 
and retained only primary research while excluding 
conferences and the corresponding data. This may 
have resulted in the exclusion of accurate data and 
diminished the effectiveness of the findings.
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Conclusions

Our findings show that smallpox vaccine is safe and 
effective against monkeypox worldwide, and the pro
tection of the third-generation smallpox vaccine may 
not be affected by the doses given. Notably, smallpox 
vaccine shows an obvious advantage in high-risk popu
lations such as MSM and HIV-infected people as well. 
It is recommended that one dose of the third-gener
ation smallpox vaccine should be provided as a priority 
for high-risk groups, especially those infected with HIV. 
However, owing to the shortage of vaccine stocks, more 
studies are urgently needed to compare the prevention 
and treatment effects of different doses to ensure that 
the limited vaccine can be more rationally distributed. 
Furthermore, considering the reduced immune 
response to previous smallpox vaccination, the occur
rence of breakthrough infections, and the potential 
variation of the virus, developing a new generation of 
more effective and specific mpox vaccines is rec
ommended to deal with the current mpox outbreak.
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