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Summary
Background Pre-exposure vaccination with MVA-BN has been widely used against mpox to contain the 2022 outbreak.
Many countries have defined prioritized strategies, administering a single dose to those historically vaccinated for
smallpox, to achieve quickly adequate coverage in front of low supplies. Using epidemiological models, real-life
effectiveness was estimated at approximately 36%–86%, but no clinical trials were performed. Few data on MVA-
BN immunogenicity are currently available, and there are no established correlates of protection. Immunological
response in PLWH in the context of the 2022 outbreak was also poorly described.

Methods Blood samples were collected from participants eligible for pre-exposure MVA-BN vaccination before (T1)
receiving a full course of vaccine (single-dose for vaccine-experienced or smallpox-primed and two-dose for smallpox
vaccine-naïve or smallpox non-primed) and one month after the last dose (T2 and T3, respectively). MPXV-specific
IgGs were measured by in-house immunofluorescence assay, using 1:20 as screening dilution, MPXV-specific
nAbs by 50% plaque reduction neutralization test (PRNT50, starting dilution 1:10), and IFN-γ-producing specific T
cells to MVA-BN vaccine, by ELISpot assay. Paired or unpaired t-test and Wilcoxon or Mann–Whitney test were
used to analyse IgG and nAbs, and T-cell response, as appropriate. The probability of IgG and nAb response in
vaccine-experienced vs. vaccine-naïve was estimated in participants not reactive at T1. The McNemar test was used
to evaluate vaccination’s effect on humoral response both overall and by smallpox vaccination history. In
participants who were not reactive at T1, the proportion of becoming responders one month after full-cycle
completion by exposure groups was compared by logistic regression and then analysed by HIV status strata
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(interaction test). The response was also examined in continuous, and the Average Treatment Effect (ATE) of the
difference from baseline to schedule completion according to previous smallpox vaccination was estimated after
weighting for HIV using a linear regression model. Self-reports of adverse effects following immunization
(AEFIs) were prospectively collected after the first MVA-BN dose (T1). Systemic (S-AEFIs: fatigue, myalgia,
headache, GI effects, chills) and local (L-AEFIs: redness, swelling, pain) AEFIs were graded as absent (grade 0),
mild (1), moderate (2), or severe (3). The maximum level of severity for S-AEFIs and L-AEFIs ever experienced
over the 30 days post-dose by vaccination exposure groups were analysed using a univariable multinomial logistic
regression model and after adjusting for HIV status; for each of the symptoms, we also compared the mean
duration by exposure group using an unpaired t-test.

Findings Among the 164 participants included, 90 (54.8%) were smallpox vaccine-experienced. Median age was 49
years (IQR 41–55). Among the 76 (46%) PLWH, 76% had a CD4 count >500 cells/μL. There was evidence that
both the IgG and nAbs titers increased after administration of the MVA-BN vaccine. However, there was no
evidence for a difference in the potential mean change in humoral response from baseline to the completion of a
full cycle when comparing primed vs. non-primed participants. Similarly, there was no evidence for a difference
in the seroconversion rate after full cycle vaccination in the subset of participants not reactive for nAbs at T1
(p = 1.00 by Fisher’s exact test). In this same analysis and for the nAbs outcome, there was some evidence of
negative effect modification by HIV (interaction p-value = 0.17) as primed people living with HIV (PLWH)
showed a lower probability of seroconversion vs. non-primed, and the opposite was seen in PLWoH. When
evaluating the response in continuous, we observed an increase in T-cell response after MVA-BN vaccination in
both primed and non-primed. There was evidence for a larger increase when using the 2-dose vs. one-dose
strategy with a mean difference of −2.01 log2 (p ≤ 0.0001), after controlling for HIV. No evidence for a difference
in the risk of developing any AEFIs of any grade were observed by exposure group, except for the lower risk of
grade 2 (moderate) fatigue, induration and local pain which was lower in primed vs. non-primed [OR 0.26
(0.08–0.92), p = 0.037; OR 0.30 (0.10–0.88), p = 0.029 and OR 0.19 (0.05–0.73), p = 0.015, respectively]. No
evidence for a difference in symptom duration was also detected between the groups.

Interpretation The evaluation of the humoral and cellular response one month after the completion of the vaccination
cycle suggested that MVA-BN is immunogenic and that the administration of a two-dose schedule is preferable
regardless of the previous smallpox vaccination history, especially in PLWH, to maximize nAbs response. MVA-
BN was safe as well tolerated, with grade 2 reactogenicity higher after the first administration in vaccine-naïve
than in vaccine-experienced individuals, but with no evidence for a difference in the duration of these adverse
effects. Further studies are needed to evaluate the long-term duration of immunity and to establish specific
correlates of protection.

Funding The study was supported by the National Institute for Infectious Disease Lazzaro Spallanzani IRCCS
“Advanced grant 5 × 1000, 2021” and by the Italian Ministry of Health “Ricerca Corrente Linea 2”.

Copyright © 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction
As of May 2022, a mpox epidemic had rapidly spread
across many non-endemic countries, causing more than
90,000 cases worldwide to date.1 As reported by the
major global case series,2,3 gay, bisexual, and other men
who have sex with men (GBMSM) have been most
affected during the outbreak. A transmission route
mainly during sexual intercourse has been hypothe-
sized4 and supported by the isolation of the replication-
competent virus in seminal fluid.5

From July 23rd, 2022 to May 10th, 2023, the World
Health Organization (WHO) declared mpox a public
health emergency of international concern (PHEIC)
and, among the various tools to contain the epidemic,
recommended vaccination both as post-exposure pro-
phylaxis for contacts and as pre-exposure prophylaxis for
high-risk groups.6

Consequently, the European Medicines Agency
(EMA)7 and the Food and Drug Administration (FDA)8

authorized the use of modified vaccinia Ankara-
Bavarian Nordic (MVA-BN) for the prevention of mpox.

MVA-BN is a third-generation vaccine based on the
replication-deficient modified vaccinia Ankara, licensed
against smallpox9 with a subcutaneous administration
www.thelancet.com Vol 68 February, 2024
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Research in context

Evidence before this study
The third-generation vaccine MVA-BN was licensed against
smallpox on the basis of data from studies on animals
showing that the vaccine elicits robust humoral and cellular
immune responses and clinical protection against severe
mpox and randomized clinical trials in humans that
demonstrated the safety of MVA-BN and its immunogenicity
comparable to that of ACAM 2000.
Data from 2022 real-world studies estimated the adjusted
vaccine effectiveness ranging from 36% to 86% and the
humoral response to MVA-BN vaccination was described as
moderate in terms of antibody (IgG) serum response or low
regarding the neutralizing response against mpox, in contrast
to a strong specific MPXV cellular response. To date, no
immunological correlates of protection have been identified.

Added value of this study
This study represents the first prospective evaluation of early
humoral and cellular immune response to MVA-BN in more
than 150 high-risk people for mpox infection during the 2022
vaccination campaign, and the analysis was focused on
estimating the causal effect of the vaccination strategy (one
dose vs. two doses) and role of HIV infection on the immune
response.

Data showed that a two-dose course in naïve donors elicited a
stronger stimulus to the cellular response compared to a
single-dose course in vaccine-experienced, while there was no
evidence for a difference in IgG and nAbs response by
vaccination strategy. In contrast, in the subset of PLWH, a
single-dose cycle in smallpox-primed elicited a detectable
MPXV-specific nAb response only in less than half of the
participants with a reduced probability of becoming reactive
for nAbs, compared to the two-shot vaccination in smallpox
non-primed.
Finally, our study showed that MVA-BN vaccination was
globally well tolerated, and grade 2 reactogenicity seemed to
be higher after the first dose of the two-dose course than the
single-dose while the data carried no evidence for a difference
in mean duration of symptoms between the exposure groups.

Implications of all the available evidence
Data from our evaluation of the humoral and cellular response
one month after the completion of the vaccination cycle
suggest that MVA-BN is safe and immunogenic and that the
administration of a two-dose schedule is preferable regardless
of the previous smallpox vaccination history, especially in
PLWH to maximize their nAbs response. In the absence of
randomized clinical trials, immunobridging studies are of
special importance.

Articles
schedule of two doses delivered at least 28 days apart. In
the non-human primate model, the vaccine elicited a
robust humoral and cellular immune response and
clinical protection against severe mpox diseases and
death.10 In humans, randomized clinical trials (RCTs)
demonstrated the safety and immunogenicity of MVA-
BN as comparable to that of previously available
second-generation smallpox vaccine ACAM 2000.11

Differently from the first- and second-generation
smallpox vaccines, MVA-BN can be administered to
immunocompromised patients due to its non-
replicating mechanism and RCTs have previously
shown in people living with HIV (PLWH) a humoral
response comparable to that in people living without
HIV (PLWoH).12,13

Due to the limited supplies to vaccinate, during the
2022 mpox outbreak, all risk groups with an adequate
number of doses, vaccination with at least one dose has
been prioritized in many countries, reserving the two-
dose cycle for vaccinia-naïve individuals. Moreover, the
EMA and FDA issued a recommendation to support
vaccination dose-sparing strategies by administering the
vaccine through the intradermal route, which has been
demonstrated to be as safe and immunogenic as the
subcutaneous route.14–16

Data from real-world studies conducted during the
2022 outbreak through epidemiological models estimated
a lower rate of mpox infection in recipients of the MVA-
www.thelancet.com Vol 68 February, 2024
BN vaccination compared to the unvaccinated, with
different estimates of effectiveness varying from 36% to
86%17–20

Despite these data, no immunological correlates of
protection have yet been identified. The humoral
response to MVA-BN vaccination was recently described
as moderate in terms of antibody (IgG) serum
response21 or low regarding the neutralizing response
against mpox,22 in contrast to a strong specific MPXV
cellular response.21,23 Conversely, another study24

demonstrated a substantial and durable humoral
response (against the vaccinia virus) both in primed
receiving one dose and in not-primed receiving one or
two doses of MVA-BN.

The aim of this study was to evaluate the immunoge-
nicity, in terms of the humoral and cellular immune
response, and reactogenicity according to previous small-
pox vaccination and HIV infection, after the administra-
tion of MVA-BN delivered as pre-exposure prophylaxis to
high-risk groups by a vaccination program of an Italian
Region during the 2022 mpox outbreak.
Methods
Patients’ enrollment
The Lazio Region vaccination campaign started in
August 8th, 2022, following recommendations from the
Ministry of Health.25 All eligible persons in the Lazio
3
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region received the vaccine in a hospital setting at the
Lazzaro Spallanzani National Institute for Infectious
Diseases, which was identified, therefore, as the only
vaccine center in the entire region. The target popula-
tion was GBMSM at high risk, defined as reporting
multiple sexual partners, participation in group sex
events, sexual encounters in clubs/cruising/saunas,
recent sexually transmitted infections (STIs), or sexual
acts associated with the use of chemical drugs (Chem-
sex), together with laboratory personnel with possible
direct exposure to orthopoxviruses (OPXV). The vacci-
nation schedule consisted of a two-dose cycle adminis-
tered at least 28 days apart for individuals who had never
received the smallpox vaccine (vaccine-naïve or non-
primed) and a single-dose cycle for persons who had
received the smallpox vaccine (vaccine-experienced or
primed) in the past. Of note, in Italy, the smallpox
vaccination campaign was stopped in 1977 and officially
abrogated in 1981.26 For the first two weeks of the
vaccination campaign, MVA-BN was administered sub-
cutaneously, then the intradermal route was adopted,
following the ministerial indications.27 A prospective
observational cohort was integrated into the framework
of this vaccination campaign.

Study protocol
Mpox-Vac protocol (“Studio prospettico osservazionale per
monitorare aspetti relativi alla sicurezza, all’efficacia,
all’immunogenicità e all’accettabilità della vaccinazione
anti Monkeypox con vaccino MVA-BN (JYNNEOS) in
persone ad alto rischio”) was approved by the INMI Laz-
zaro Spallanzani Ethical Committee (approval number
41z, Register of Non-Covid Trials 2022). All subjects
eligible for mpox vaccination according to the ministe-
rial guidelines and who signed a written informed
consent were enrolled in the study. Laboratory
personnel were excluded from the analysis. Timepoints
of the study were scheduled at each vaccine adminis-
tration (T1-T2), one month after the completion of the
cycle (T3), and then six months, one, two, and three
years from vaccination. For the vaccine-experienced in-
dividuals who received a single dose, T2 was the time
point corresponding to one month after vaccination
completion. At baseline, subjects were evaluated for
demographic and behavioural characteristics linked to
mpox exposure. The immunogenicity study consists of
random samples stratified by historical smallpox vacci-
nation, HIV infection and mode of administration
(subcutaneous or intradermal).

Vaccination was not recommended in people with
acute or prior mpox infection or who had contact with a
known mpox case. Participants who were reactive for
IgG or nAbs even before the mpox vaccination (titre
>1:20 for IgG and >1:10 for nAbs at T1) were excluded
from the analysis. Information regarding HIV status
and CD4 count, previous sexually transmitted infections
(STIs), and HIV pre-exposure prophylaxis (PrEP) uptake
was collected. Blood samples (sera and peripheral blood
mononuclear cells -PBMCs) were collected for the im-
mune response assessment at each time point. In this
paper, we showed the analysis of the data collected from
T1 to T3 (Supplementary Figure S1).

MPXV-specific IgG and neutralization assays
MPXV-specific IgGs and neutralizing antibodies in
serum were measured as previously described.28 Briefly,
anti-MPXV IgGs were assessed on immunofluorescence
slides prepared in-house with Vero E6 cells (ATCC)
infected with an MPXV isolate from the skin lesion of a
mpox patient infected during the 2022 outbreak (Gen-
Bank: ON745215.1, referred to the clinical sample).
Serum samples were tested with a starting dilution of
1:20, and serial two-fold dilution were performed to
determine anti-MPXV IgG titer. MPXV-specific
neutralizing antibodies (nAbs) were measured by 50%
plaque-reduction-neutralization test (PRNT50) with a
starting dilution of 1:10. Specifically, serum samples
were heat-inactivated at 56 ◦C for 30 min and titrated in
duplicate in 4 four-fold serial dilutions. Each serum
dilution was added to the same volume (1:1) of a solu-
tion containing 100 TCID50 MPXV isolate (GenBank:
ON745215.1, referred to the clinical sample) and incu-
bated at 37 ◦C for 2 h. Subconfluent Vero E6 cells were
infected with virus/serum mixtures and incubated at
37 ◦C and 5% CO2. After 5 days, the supernatant was
carefully discarded, and a crystal violet solution (Diapath
S.P.A.) containing 10% formaldehyde (Sigma–Aldrich)
was added. After 30 min, the fixing solution was
removed, and cells were washed with phosphate-buff-
ered saline (PBS, 1X; Sigma–Aldrich). The number of
plaques was counted using the Cytation 5 reader (Bio-
tek). The neutralizing titers were estimated by
measuring the plaques number reduction as compared
to the control virus wells. The highest serum dilution
showing at least 50% of the plaques number reduction
was indicated as the 50% neutralization titer (PRNT
50%). Each test included serum control (1:10 dilution of
each sample tested without virus), cell control (Vero E6
cells alone), and virus control (100 TCID50 MPXV in
octuplicate).

PBMC isolation
Briefly, peripheral blood mononuclear cells (PBMC)
were isolated by using Ficoll density gradient centrifu-
gation (Pancoll human, PAN Biotech) and frozen in fetal
bovine serum addictioned of 10% of DMSO (Merck Life
sciences, Milan, Italy) at vapors of liquid nitrogen.

Elispot assay
The frequency of T cell-specific responses to the MVA-
BN vaccine was assessed by interferon-γ ELISpot
assay. Briefly, PBMC were thawed and suspended in
complete medium [RPMI-1640 added of 10% fetal
bovine serum, 1% L-glutamine, and 1% penicillin/
www.thelancet.com Vol 68 February, 2024
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streptomycin (Euroclone S.p.A, Italy)]. Live PBMC were
counted by Trypan blue exclusion, plated at 3 × 105 cells
per well in ELISpot plates (Human IFN-γ ELISpot plus
kit; Mabtech, Nacka Strand, Sweden), and stimulated for
18–20 h with MOI 1 of the MVA-BN vaccine suspension
[JYNNEOS (Smallpox and Monkeypox Vaccine, Live,
non-replicating)] and aCD28/aCD49d (1 μg/ml, BD
Biosciences) at 37 ◦C (5% CO2). A T cell superantigen
(SEB 200 nM, Sigma) was added as a positive control. At
the end of incubation, the ELISpot assay was developed
according to the manufacturer’s instructions. Results
are expressed as spot-forming cells per 106 PBMCs
(SFC/106 PBMCs) in stimulating cultures after sub-
tracting the background (unstimulated culture).

Assessment of adverse reactions
Self-reported adverse effects following immunization
(AEFIs) were prospectively collected for 30 days from
vaccine recipients at the time of any dose (T1 and T2)
through a symptoms’ diary. Participants reported the
presence of systemic symptoms (S-AEFIs) classified as
fatigue, muscle pain, headache, gastrointestinal effects,
and chills, and local ones (L-AEFIs), such as redness,
induration, and pain. AEFIs were graded by the vacci-
nees as absent (grade 0), mild,1 moderate,2 or severe.3

Participants enrolled in the immunogenicity analysis
who completed data for the symptom diary were
included in the analysis evaluating the safety of the
vaccine.

Statistical analysis
Demographic and epidemiological characteristics of the
patients were described using the median and Inter-
quartile Range (IQR) for continuous parameters and
absolute and relative (percentage) frequencies for cate-
gorical variables, overall and stratified by our exposure
group of interest: history of smallpox vaccination (naïve
vs. experienced). Several outcomes were defined to
quantify the level of immunogenicity after mpox
vaccination. First, we analyzed the probability of sero-
conversion for MPXV-specific IgG and nAbs post-
vaccination, overall and after stratification by previous
smallpox vaccination. The McNemar test for paired bi-
nary data was used to test whether the proportion of
participants who seroconverted after the vaccination was
significantly higher than that which would have been
observed by chance alone overall and after stratification
by smallpox vaccination history. The proportion of
seroconverters according to smallpox vaccination was
then compared using the Chi-square test or Fisher exact
test when appropriate. Odd ratios of seroconversion by
the history of smallpox vaccination were calculated in
standard univariable logistic regression models after
controlling for HIV status. In the attempt to inform
guidelines for which vaccine strategy to use in PLWH
we also hypothesized effect measure modification by
HIV for the humoral response. This was tested in the
www.thelancet.com Vol 68 February, 2024
logistic model both in the multiplicative (OR) and ad-
ditive (risk difference) estimand scale (which provided
similar results), and for convenience, only the results for
the multiplicative scale have been shown by means of a
forest plot. Secondly, we also used a quantitative
outcome defined as the average change in MPXV-
specific IgG and nAb titers from baseline (T1) to one
month after the completion of the vaccination schedule
(T2 for vaccine-experienced and T3 for vaccine-naïve).
Again, we first conducted an analysis to evaluate
whether there was an overall increase in the average
levels of these titers and the completion of the vaccina-
tion schedule above the level that was expected by
chance alone using a paired t-test for the means (using
the responses in the log2 scale) and the equivalent non-
parametric Wilcoxon signed-rank test for the rank’s
distribution (when using the raw scale). In univariable
analyses, we also compared the average levels of these
markers by exposure vaccination group by means of an
unpaired t-test (log scale) and the non-parametric
equivalent of the Mann–Whitney U test (natural raw
scale). Finally, we repeated this comparison analysis
after controlling for HIV using a counterfactual frame-
work and by estimating the average treatment effect
(ATE) associated with vaccination exposure using a
linear regression model. Of note, the aim of this anal-
ysis was to evaluate what would have been the response
to MVA-BN vaccine had everybody in the sample
received the single dose vs., the two doses. We used a
doubly robust method (using augmented inverse prob-
ability weighting–AIPW) to obtain unbiased estimates of
the ATE even when either the propensity model or the
outcome model was not correctly specified. Both the
propensity and outcome models included HIV as a
single confounding variable (Supplementary Figure S2)
and for the outcome model we also used the saturated
model including the interaction parameter between
exposure and HIV-status (results were similar, not
shown). In the Supplementary material graphs, we show
the crude median changes in T-cell responses by vacci-
nation strategies and stratified by HIV-status. Finally,
we also investigated the safety of MVA-BN vaccination
overall and by exposure groups. Again, two main out-
comes were considered. First, for each participant, we
calculated the maximum level of severity ever experi-
enced over the 30 days past the first dose of vaccination
and for each of the systemic and local reactions, a cat-
egorical variable with 4 levels (no symptoms, mild,
moderate, and severe symptoms). We have shown the
raw proportions of participants falling into these cate-
gories by vaccination exposure groups. This outcome
was also analyzed using an univariable multinomial lo-
gistic regression model and after adjusting for HIV
status. In this model, the no-symptoms category was
chosen as the reference, and the estimated odds ratios
show the risk of falling into one of the symptomatic
categories if participants were smallpox vaccine-
5
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experienced vs. vaccine-naïve. As a second outcome, we
calculated the average number of days in which partic-
ipants experienced each of the 4-levels of symptoms over
the 30 days past the first dose of the MVA-BN vaccine.
For this outcome, we limited the analysis to the unad-
justed comparisons of the mean days by exposure group
stratified by individual symptoms (both systemic and
local reactions).

Role of funding
The study was supported by the National Institute for
Infectious Disease Lazzaro Spallanzani IRCCS
“Advanced grant 5 × 1000, 2021” and by the Italian
Ministry of Health “Ricerca Corrente Linea 2”.
Results
The process leading to the selection of the study popu-
lation is reported in a flowchart (Supplementary
Figure S3). The main characteristics of the study pop-
ulation are reported in Table 1. Among the 164 partic-
ipants enrolled, 90 (54.9%) were vaccine-experienced,
Characteristics Previous vaccination ag

Smallpox vaccine-experi

N = 90

Sexual orientation, n (%)

Bisexual 9 (10.0%)

Transgender 3 (3.3%)

MSM 78 (86.7%)

Age, years

Median (IQR) 53 (50, 57)

PrEPa users, n (%)

No 67 (74.4%)

Yes 16 (17.8%)

Unknown 7 (7.8%)

STIsb over the previous year, n (%)

Yes 15 (16.7%)

Syphilis 8 (53.3%)

Gonorrhoea 5 (33.3%)

Chlamydia 1 (6.7%)

HPVc 2 (13.3%)

Chemsex use, n (%)

Yes 5 (5.6%)

PLWHd 45 (50.0%)

On effective HAART 45 (100.0%)

CD4 counte, cells/μL
0–200 2 (4.4%)

201–500 9 (20.0%)

>501 34 (75.6%)

Mode of administration of the first dose, n (%)

Subcutaneous 50 (55.6%)

aPre-exposure prophylaxis for HIV infection. bSexually transmitted infections. cHuman pa
Mann–Whitney test as appropriate. gUnpaired t-test.

Table 1: Main characteristics of the study population according to previous
and 74 (45.1%) were vaccine-naïve. All were male, and
the majority (90.2%) self-identified as MSM. Overall, the
median age was 49 years (IQR 41–55), 53 (50–57) years
in the vaccine-experienced and 40 (34–45) years in the
naïve group, respectively (p < 0.0001) and there was no
evidence for a difference in any other characteristic be-
tween the two groups.

Regarding the high-risk behavior categories, 35 par-
ticipants (21.3%) were on PrEP, 31 (18.9%) reported at
least one STI diagnosed in the last year, and 76 (46.3%)
were PLWH, all on highly active antiretroviral therapy
(HAART). CD4 count was lower than 200 cells/μL only
in 4 participants (5.3%), while it was higher than
500 cells/μL in 58 (76.3%). Overall, 83 (50.6%) subjects
received the first dose by the subcutaneous route, of
whom 50 as a single dose among vaccine-experienced
(55.6% of this group) and 33 as the first dose of the
two-dose schedule in naïve group (44.6% of them). All
the second doses were administered intradermically.

There was evidence that the IgG and nAbs titers
increase by a larger amount that what was expected by
chance alone after the administration of the MVA-BN
ainst smallpox

enced Smallpox vaccine-naive p-valuef p-valueg Total

N = 74 N = 164

0.149

4 (5.4%) 13 (7.9%)

0 (0.0%) 3 (1.8%)

70 (94.6%) 148 (90.2%)

<0.0001 <0.0001

40 (34, 45) 49 (41, 55)

0.210

53 (71.6%) 120 (73.2%)

19 (25.7%) 35 (21.3%)

2 (2.7%) 9 (5.5%)

16 (21.6%) 0.421 31 (18.9%)

6 (37.5%) 0.384 14 (45.2%)

6 (37.5%) 0.812 11 (35.5%)

7 (43.8%) 0.020 8 (25.8%)

0 (0.0%) 0.137 2 (6.5%)

0.341

7 (9.5%) 12 (7.3%)

31 (41.9%) 0.302 76 (46.3%)

31 (100.0%) 76 (100.0%)

0.863

2 (6.5%) 4 (5.3%)

5 (16.1%) 14 (18.4%)

24 (77.4%) 58 (76.3%)

0.164

33 (44.6%) 83 (50.6%)

pilloma virus. dPeople living with HIV. eWith reference only to PLWH. fChi-square or

smallpox vaccination.
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vaccine regardless of the dose, and an inter-group
comparison showed evidence for a higher GMT only
for IgG when comparing primed vs. non-primed par-
ticipants (p < 0.0001) (Fig. 1).

However, when we compared potential outcomes
(i.e. comparing what would have happened if everybody
had received one dose vs. two doses) and after control-
ling for HIV status, there was no evidence for a differ-
ence in the change of both IgG and nAbs titers from
baseline to one month after the completion of the full
vaccination schedule between vaccination strategies
(Table 2).

Among the subgroup of the vaccinia-experienced, the
proportion of reactivity significantly increased after the
single-dose administration from 57/90 (63.3%) at T1 to
78/90 (86.7%) at T2 for IgG, and from 30/89 (33.7%) to
65/89 (73.0%), for nAbs, respectively (p < 0.0001,
McNemar test).

Among the subgroup of the vaccinia-naïve, the pro-
portion of seroconversion before and after the second
dose varied from 38/74 (51.4%) to 56/74 (75.7%) for IgG
(p = 0.0001, McNemar test) and from 15/74 (20.3%) to
45/74 (60.8%) for nAbs (p < 0.0001, McNemar test),
respectively (Fig. 1-donut graphs).

In the subset of participants who were not reactive at
T1, we found no evidence that the proportion of those
who became reactive after the full cycle of MVA-BN in
Fig. 1: MPXV-specific antibodies (IgG) and MPXV-specific neutralizing anti
smallpox vaccine-naïve (black plot) Panel A. Titers of MPXV-specific IgG w
group comparisons were performed with paired t-test; inter-group comp
were measured by 50% plaque reduction neutralization test (1:10 starting
and inter-group comparisons with unpaired t-test. Titers are expressed as
scale). Error bars refer to the 95% confidence interval of GMT. ****p < 0

www.thelancet.com Vol 68 February, 2024
the overall population was different by smallpox vacci-
nation history (Fisher’s exact test p = 0.25 for IgG and
p = 1.00 for nAbs, respectively) (Table 3). Among the
vaccine-experienced individuals and according to HIV
strata, the rate of IgG and nAbs seroconversion varied
from 75% in PLWoH to 57% in PLWH for IgG, and
from 71% to 48% for nAbs, respectively (Table 3).

In a logistic regression model testing the effect-
measure modification by HIV for the humoral
response, there was little evidence for an interaction for
the IgG response with little difference in rate of sero-
conversion between primed and non-primed according
to HIV-status (p = 0.49). In contrast, primed showed a
lower chance of seroconversion than the non-primed
(OR = 0.59; 95% CI: 0.22–1.62) while the opposite was
seen in the PLWoH group (OR = 1.64; 95% 0.59–4.55,
interaction p = 0.17, Fig. 2).

Overall, in the continuous scale, we observe an in-
crease in T-cell response after MVA-BN vaccination both
in primed and not-primed individuals. Inter-group
comparisons by univariable analysis showed strong ev-
idence that the T-cell response was higher in non-
primed vs. primed participants (Fig. 3, p = 0.04)). We
also described the raw data after stratification for HIV
status (Supplementary Figure S4). These plots show that
PLWoH had a higher level of T-cell response before
MVA-BN vaccination (time T1) compared to PLWH
bodies (nAbs) response in smallpox vaccine experienced (red plot) vs.
ere measured by immunofluorescence (1:20) starting dilution. Intra-
arisons with unpaired t-test. Panel B. Titers of MPXV-specific nAbs
dilution). Intra-group comparisons were performed with paired t-test,
Geometric Mean Titres (GMT) of the reciprocal serum dilution (log2
.0001.
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Potential average change at post full vaccine cycle and ATEa from fitting a linear regression
model (log2 scale)

Mean (log2) in
exposed (95% CI)

Mean (log2) in
unexposed (95% CI)

ATEb (95% CI) p-value

Smallpox vaccine-experienced vs. vaccine-naïve

Elispot

Double robust 0.69 (0.26, 1.12) 2.70 (2.20, 3.20) −2.01 (−2.65, −1.36) <0.0001

IgG

Double robust 1.75 (1.54, 1.97) 1.83 (1.51, 2.16) −0.08 (−0.47, 0.31) 0.6932

nAbs

Double robust 1.21 (0.93, 1.49) 1.34 (1.01, 1.67) −0.13 (−0.57, 0.31) 0.5572

aAverage Treatment Effect. bWeighted for HIV.

Table 2: Potential average change after full vaccination cycle and average treatment effect (ATE) from fitting a linear regression model (log2 scale).

Articles
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individuals. Consequently, PLWoH appeared to have a
larger benefit from the two-dose vs. one-dose vaccina-
tion, although this additional increase was not required
(as the response level appeared sufficiently high even
before vaccination). On the contrary, PLWH had clearly
lost immunization at T1 and, therefore, truly benefited
from the MVA-BN vaccination, especially those who
received two doses. Finally, when we re-analyzed the
data using a counterfactual framework (therefore
essentially comparing vaccination strategies and using
potential outcomes) and after controlling for HIV-status,
we estimated a mean difference of—2.01 log2 SFC/106

PBMCs (95% CI: −2.65, −1.36; p ≤ 0.0001) when
comparing the one dose strategy vs. the two-dose strat-
egy (Table 2). No breakthrough infections or re-
infections episodes have been observed during the
study period.

Reactogenicity
Among the participants enrolled for the immunoge-
nicity analysis, 121 fulfilled the symptom diary delivered
after the administration of the first or single dose, 58
(47.9%) were vaccine-experienced and 63 (52.1%) vac-
cine-naïve. No serious adverse events were observed.

Overall systemic reactions occurred in 58 (48%)
participants: 26 (45%) were vaccine-experienced, and 32
Anti-MPXV IgG

vaccine-naïve vac

Participants not reactive at T1 (n) 74a 33a

Reactive after full cycle n (%) 56 (75.7) 21

HIV negative 43 12

Reactive after full cycle n (%) 33 (76.7) 9 (

HIV positive 31 21

Reactive n (%) 23 (74.2) 12

aParticipants with IgG titers <1:20 at T1. bParticipants with nAbs titers <1:10 at T1.

Table 3: Proportion of participants who were non-reactive at T1 and who wer
vaccination, according to HIV status and previous smallpox vaccination (vac
(55%) were vaccine-naïve. Details of the occurrence of
systemic reaction are shown in Table 4. After adjusting
for HIV status, we found no evidence for a difference in
the risk of developing any systemic reaction of any grade
between vaccine-experienced and vaccine-naïve, except
for a lower risk of grade 2 (moderate) fatigue which were
lower in vaccine-experienced (OR 0.26; 95% CI:
0.08–0.92, p = 0.037).

Among the 113 (93%) participants reporting any
local reactions, 53 (47%) were vaccine-experienced,
and 60 (53%) were vaccine-naïve. Again, the risk of
occurrence of grade 2 (moderate) induration and local
pain was lower in vaccine-experienced than in vaccine-
naïve (OR 0.30, 95% CI: 0.10–0.88, p = 0.03 and OR
0.19, 95% CI: 0.05–0.73, p = 0.01, respectively)
(Table 5).

Local redness and induration were the most long-
lasting symptoms (on average, 12.0 and 9.2 days for
vaccine-experienced and 11.1 and 10.2 for vaccine-naïve,
respectively). Conversely, the systemic reactions were
short, with a maximum mean duration for fatigue of at
least mild grade of 1.45 and 1.30 days for vaccine-
experienced and vaccine-naïve, respectively. Overall, no
evidence for a difference in symptom duration were
detected between primed and not-primed participants
(Table 6).
Anti-MPXV nAbs

cine-experienced vaccine-naïve vaccine-experienced

74b 59b

(63.6) 45 (60.8) 35 (59.3)

43 28

75.0) 26 (60.5) 20 (71.4)

31 31

(57.1) 19 (61.3) 15 (48.4)

e reactive for IgG or nAbs, after the completion of the full cycle MVA-BN
cine-experienced or primed) or not (vaccine-naïve or non-primed).
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Fig. 2: Forest-Plot of the effect on seroconversion of the type of vaccination course by HIV strata.
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Discussion
Due to limited data on the immunogenicity and effi-
cacy of the MVA-BN vaccine against mpox, recom-
mendations on vaccination have differed worldwide in
terms of the number of doses, the route of adminis-
tration and the indication for use as pre- or post-
exposure prophylaxis. Many countries adopted a
single vaccination schedule, especially for smallpox
T1 T2 T1 T2 T3
0

500

1000

1500

2000

2500

3000

3500

Fig. 3: Frequency of T cells responding to MVA-BN vaccine expressed
as the number of SFC/106 PBMC tested by interferon-γ ELISpot
assay. Intra-group comparisons were performed with the Wilcoxon
test. Inter-group comparisons were performed by the Mann–Whitney
test. The horizontal lines refer to the median of the SFC/106 PBMC.
*p = 0.04; **p = 0.001; ****p < 0.0001.
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vaccine-experienced individuals, because of low stock-
piles of the MVA-BN vaccine and the need to roll out
an expanded vaccination campaign that could rapidly
reach all the high-risk people by administering at least
one dose. This prioritizing strategy was supported by
the first UK report on vaccine efficacy,19 which esti-
mated the protection offered by a single dose of MVA-
BN to be around 78% and by findings that a single dose
of MVA-BN in previously smallpox vaccinated people
aged 56–80 years old elicited a rapid boost of B cell
response.29 Moreover, the protective effect of the first-
generation smallpox vaccine against moderate/severe
mpox was estimated to have approximately 58%
effectiveness.30 The use of stockpiles of third-
generation vaccines (although less consistent) has
been preferred over second-generation ones because
MVA-BN can also be administered to individuals for
whom the second-generation vaccine was contra-
indicated, such as immunocompromised people. Un-
fortunately, half of the breakthrough infections
observed in the real-world study of single-dose vacci-
nation effectiveness19 occurred in PLWH.31

Recent RCTs showed that two doses of MVA-BN
elicited a comparable humoral response between
PLWH and PLWoH but with lower GMTs in PLWH and
that a two-dose schedule of MVA-BN was immunogenic
in people with AIDS history.32 Although PLWH enrolled
in these studies had a CD4 count higher than 350 cells/
μL, stratification for CD4 count showed that GMTs in
PLWH tended to be lower with decreasing CD4 count,
although not statistically significant.
9
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Systemic reactions Vaccine-experienced (n = 58) Vaccine- naïve (n = 63) p-valuea Adj ORb (CI 95%) p-valuec

n (%) n (%)

Chills 5 (8.6) 8 (13) 0.011

Absent 53 (92) 55 (87) 1

Mild 2 (3) 7 (11) 0.27 (0.05–1.37) 0.11

Moderate 2 (3) 1 (2) 0.006 1.91 (0.17–21.99) 0.60

Severe 1 (2) 0 Ndd 0.95

Nausea 4 (7) 9 (14) 0.012

Absent 54 (94) 54 (86) 1

Mild 2 (3) 6 (9) 0.34 0.20

Moderate 2 (3) 3 (5) 0.011 0.68 0.68

Severe 0 0 – –

Vomit 0 1 (2) 0.007

Absent 58 (100) 62 (98) 1

Mild 0 0 – –

Moderate 0 1 (2) 0.007 Ndd 0.95

Severe 0 0 – –

Muscle pain 13 (22) 14 (22) 0.046

Absent 45 (78) 49 (78) 1

Mild 8 (14) 7 (11) 1.24 (0.41–3.71) 0.70

Moderate 2 (3) 4 (6) 0.010 0.50 (0.09–2.88) 0.43

Severe 3 (5) 3 (5) 0.99 (0.19–5.27) 0.99

Fatigue 23 (40) 27 (43) 0.004

Absent 35 (60) 36 (57) 1

Mild 15 (26) 9 (14) 1.68 (0.65–4.38) 0.28

Moderate 4 (7) 13 (21) 0.002 0.26 (0.08–0.92) 0.04

Severe 4 (7) 5 (8) 0.76 (0.18–3.11) 0.70

Headache 16 (28) 18 (29) 0.026

Absent 42 (73) 45 (71)

Mild 13 (22) 11 (17) 1.17 (0.47–2.94) 0.73

Moderate 2 (3) 6 (10) 0.005 0.30 (0.6–1.63) 0.16

Severe 1 (2) 1 (2) 0.83 (0.05–14.02) 0.89

aChi-square test. bOdds ratio for the vaccine-experienced to develop adverse reaction compared to vaccine-naïve. cLogistic regression model adjusted for HIV. dNd: not
determined.

Table 4: Systemic adverse reactions after the first/single dose of MVA-BN vaccination according to previous smallpox vaccination and odds ratio of
experiencing reaction of each grade in the 121 participants who fulfilled the symptoms diary.
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Based on these data, the British HIV Association
(BHIVA) and the NIH, CDC, and IDSA in the US rec-
ommended two full vaccine doses for PLWH,33,34 but
these recommendations have not been adopted globally,
and the single-dose schedule was still used in smallpox
primed individuals.

We established that MVA-BN vaccination was able to
increase both humoral and T-cell responses in all study
participants. Estimated rates of IgG and nAbs serocon-
versions (>61%) and the average increases in T-cell
response on the continuous scale were consistent with
those previously shown.21–23

Our counterfactual analysis suggested that the two-
dose strategy led to a better average T-cell response at
the end of the full cycle than the one-dose strategy,
regardless of HIV status.
Of note, the increased T-cell response in smallpox-
primed PLWH was observed despite PLWH retaining
a lower level of residual specific T-cells from historical
smallpox vaccination than PLWoH.

People historically vaccinated for smallpox can
maintain a residual T-cell response for decades after
vaccination,35 and although a progressive decline
across the years has been suggested,36 a residual T-cell
response to Orthopox and Mpox peptides was esti-
mated in around 30% of vaccine-experienced
individuals.37

Albeit primed PLWoH retained a T-cell response
from the historical smallpox vaccination and did not
show a clear benefit after a single dose, the adminis-
tration of MVA-BN is useful as it is effective in eliciting
a neutralizing antibody response.
www.thelancet.com Vol 68 February, 2024
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Local reactions Vaccine-experienced (N = 58) Vaccine- naïve (N = 63) p-valuea Adj ORb (CI 95%) p-valuec

Redness 41 (70.7) 48 (76.2) 0.028

Absent 17 (29.3) 15 (23.8) 1

Mild 13 (22.4) 17 (27.1) 0.69 (0.25–1.89) 0.47

Moderate 15 (25.9) 21 (33.3) 0.011 0.66 (0.25–1.73) 0.40

Severe 13 (22.4) 10 (15.9) 1.15 (0.40–3.40) 0.80

Induration 38 (65.5) 50 (79.4) 0.006

Absent 20 (34.5) 13 (20.6) 1

Mild 21 (36.2) 24 (38.1) 0.57 (0.23–1.43) 0.23

Moderate 8 (13.8) 18 (28.6) 0.004 0.30 (0.10–0.88) 0.03

Severe 9 (15.5) 8 (12.7) 0.76 (0.23–2.46) 0.64

Pain 38 (65.5) 50 (79.4) 0.003

Absent 20 (34.5) 13 (20.6) 1

Mild 31 (53.4) 31 (49.2) 0.6 (0.25–1.44) 0.25

Moderate 4 (6.9) 13 (20.6) 0.001 0.19 (0.05–0.73) 0.01

Severe 3 (5.2) 6 (9.5) 0.31 (0.06–1.48) 0.14

aChi-square test. bOdds ratio for the vaccine-experienced to develop adverse reaction compared to vaccine-naïve. cLogistic regression model adjusted for HIV.

Table 5: Local adverse reactions after the first/single dose of MVA-BN vaccination according to previous smallpox vaccination and odds ratio of
experiencing reaction of each grade in the 121 participants who fulfilled the symptoms diary.

Articles
We also found evidence that HIV infection was a
negative effect measure modifier for the nAbs sero-
conversion response. Essentially, smallpox primed
PLWH, receiving a single dose, showed lower sero-
conversion rates than the non-primed PLWH,
receiving two doses. Thus, considering that nAbs
response could be one of the possible immunologic
correlates of protection against mpox infection, as
demonstrated for smallpox,38 our data suggested that
the administration of two doses of MVA-BN should be
always recommended in PLWH.

This recommendation is in line with the BHIVA and
the US NIH/CDC/IDSA statement on mpox vaccination
in PLWH14,15 and represents the immunogenicity
counterpart of the real-world assessment of reduced
effectiveness of partial (75.2%) compared to full (85.9%)
vaccination, especially in immunocompromised people
(51.0% vs. 70.2%, respectively).39 Moreover, recent data
have confirmed that a second dose of MVA-BN could be
necessary to achieve levels of nAbs comparable to those
elicited by natural infection, whose immune response is
considered stronger and more rapid than that elicited
after vaccination.29

The analysis of adverse reactions in our population
showed that the administration of MVA-BN is usually
safe and well-tolerated. According to a previous report,40

reactogenicity seemed higher after the first dose of the
two-dose course than the single-dose, in particular for
the occurrence of moderate fatigue, local induration,
and pain. The systemic adverse reaction lasted a few
days, while the local ones had a more clinically relevant
duration, as previously described16, but with no statis-
tical evidence for a difference between primed and not
primed.
www.thelancet.com Vol 68 February, 2024
The strength of our study is that it represents the
first prospective evaluation of immunogenicity (hu-
moral and cellular) on blood samples longitudinally
collected from more than one hundred high-risk people
for mpox infection during the 2022 vaccination
campaign. Moreover, comprehensive statistical analyses
were performed to try to minimize bias due to con-
founding by HIV and one of these attempted to estimate
the causal effect of the vaccination strategy (one dose vs.
two doses). In addition, our study informs about reac-
togenicity induced by the first dose in each vaccination
strategy.

However, some limitations need to be mentioned.
First, the observational nature of the study so that con-
clusions regarding the efficacy of the vaccination stra-
tegies are valid under the assumption that HIV is the
only confounder, there are no other unmeasured con-
founding pathways and at least one of the models
(propensity or outcome model) have been correctly
specified. However, due to the difficulties in realizing
clinical trials on the effectiveness and immunogenicity
of vaccines against mpox, immunobridging studies as
well as analysis involving counterfactuals aiming to es-
timate the causal effect of different strategies, are of
special importance and should also be repeated in spe-
cial populations, such as immunocompromised
patients.41

Second, it is difficult to make direct comparisons
with previously reported results because different
methods for antibody detection have been used. Also,
because no commercial mpox-specific peptides were
available, the T-cell response was evaluated using the
MVA-BN vaccine, which could elicit the innate
response. This could explain the baseline reactivity of
11
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Systemic reactions Duration of reactions

Duration (days) p-valuea

Smallpox vaccine-experienced Smallpox vaccine-naïve

Mean
Median

SD
IQR

Mean
Median

SD
IQR

Chills

At least mild 2.7
2.0

3.2
1.0, 3.0

1.4
1.0

0.7
1.0, 1.5

0.0533

Moderate or severe 2.2
1.0

2.9
1.0, 2.0

1.0
1.0

1.0, 1.0 <0.0001

Nausea

At least mild 2.5
1.0

3.4
1.0, 2.0

2.1
1.0

1.5
1.0, 3.0

0.4654

Moderate or severe 1.9
1.0

2.4
1.0, 2.0

1.7
1.0

1.2
1.0, 3.0

0.8703

Vomit

At least mild 2.3
1.0

3.4
1.0, 2.0

Muscle pain

At least mild 3.7
2.0

4.1
1.0, 4.0

3.1
3.0

1.9
1.0, 4.0

0.5815

Moderate or severe 2.8
2.0

3.2
1.0, 3.0

2.1
2.0

1.5
1.0, 3.0

0.2590

Fatigue

At least mild 4.3
3.0

4.9
1.0, 5.0

3.0
2.0

2.0
1.0, 4.0

0.4824

Moderate or severe 2.7
2.0

3.2
1.0, 3.0

2.2
1.0

1.9
1.0, 3.0

0.1394

Headache

At least mild 3.1
2.0

3.6
1.0, 4.0

2.0
1.0

1.7
1.0, 2.0

0.7115

Moderate or severe 2.2
1.0

2.8
1.0, 2.0

2.1
1.0

2.3
1.0, 3.0

0.5709

Local Reactions

Redness

At least mild 16.7
17.0

9.4
9.0, 27.0

14.6
13.5

10.0
5.5, 24.5

0.2898

Moderate or severe 6.3
5.0

5.5
2.0, 9.0

6.3
4.0

7.0
2.0, 5.0

0.8982

Induration

At least mild 14.0
12.0

9.2
6.0, 22.0

12.9
9.5

9.9
5.0, 23.0

0.5496

Moderate or severe 5.4
3.0

5.2
2.0, 7.0

4.0
3.0

4.0
2.0, 4.0

0.4702

Local pain

At least mild 6.4
5.0

5.4
2.0, 8.0

4.3
4.5

2.8
2.0, 6.0

0.1168

Moderate or severe 3.9
3.0

3.9
1.0, 5.0

2.5
2.0

1.4
1.0, 3.0

0.2651

Analysis was performed for each symptom of any grade and for each symptom of grades 3–4 (moderate or severe). aUnpaired t-test.

Table 6: Duration of systemic and local adverse reactions according to previous smallpox vaccination.
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non-primed participants. We also cannot rule out that
some participants may have gotten infected prior to
vaccination. Additionally, our analysis does not provide
information regarding the immunogenicity of the MVA-
BN vaccine in severely immunocompromised people
because only a minority of the PLWH included had a
CD4 count lower than 200 cells/μL. Furthermore, the
study was conducted in a non-endemic setting, and the
applicability of these results in the endemic zone re-
mains unknown.

Our counterfactual evaluation of the humoral and
cellular response one month after the completion of the
www.thelancet.com Vol 68 February, 2024
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vaccination cycle suggested that MVA-BN is immuno-
genic and that the administration of a two-dose schedule
is preferable regardless of the previous smallpox vacci-
nation history, especially in PLWH to maximize nAbs
seroconversion rates. MVA-BN was safe and well toler-
ated, with reactogenicity higher but not severe after the
first administration in vaccine-naïve than in vaccine-
experienced individuals. These data are important as,
in the absence of randomized trials, provide the only
source of data to base recommendations for any future
use of the MVA-BN vaccine to increase coverage against
mpox, which, in endemic regions, has been hypothe-
sized to occupy the ecological niche left vacant by now-
eradicated smallpox.42 Further studies are needed to
evaluate the long-term duration of immunity and
attempt to establish specific correlates of protection.
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