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Glossary
γδ T cells: a small subset of CD3-positive T cells in
the peripheral blood that occurs at increased
frequency in mucosal tissues. Human γδ T cells do
not recognize peptides presented by human
leukocyte antigen (HLA) molecules like the
conventional CD4+ or CD8+ T cells that carry the αβ
T cell receptor, but rather recognize nonpeptidic
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 phosphorylated molecules secreted by pathogens.
Neutralizing antibody: in contrast to blocking
antibody, which binds its target but does not interfere
with the infectivity of a virus, for example, a neutralizing
antibody binds its target and negates its downstream
cellular effects, such as cell proliferation or
chemotaxis, or infectivity. Only a small subset of the
many antibodies that bind a virus are capable of
neutralization.
mRNA vaccine: a vaccine that delivers
antigen-encoding mRNA molecules into immune
cells, which use the designed mRNA to build foreign
protein that would normally be produced by a
pathogen (e.g., a virus). The mRNA is generally
delivered by a co-formulation of the RNA
encapsulated in lipid nanoparticles that protect the
RNA strands and aid in their absorption into the cells.
Synthetic vaccine: a vaccine consisting mainly of
synthetic peptides, carbohydrates, or lipid antigens or
combinations thereof. They are usually considered to
be safe compared with vaccines prepared from
bacterial cultures, less costly, and relatively rapid to
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A multicountry outbreak of mon-
keypox has gained global atten-
tion. Basic research including
structural and immunological in-
vestigation on monkeypox virus
(MPXV) is central to design effec-
tive solutions of treatment with an-
tivirals and appropriate vaccines.
We summarize some information
about this virus and its re-emer-
gence and the current vaccines
that are proposed to limit its spread
and present some possible ave-
nues for developing new vaccines.
develop.
Ubiquitin system: a cellular machinery used by
viruses to facilitate many aspects of the infectious
cycle in the acquired immune response. This system
is also involved in major histocompatibility complex
(MHC) class II expression and turnover with impact on
MHC I molecule.
Zoonotic infection or zoonosis: infection that can
spread between animals and humans.
Introduction
MPXV is a member of the Orthopoxvirus
genus in the family Poxviridae, a large
group of double-stranded DNA (dsDNA)
viruses [1]. Since the officially announced
global eradication of smallpox in 1980
and subsequent cessation of routine
smallpox vaccination, monkeypox has
been considered to be the most important
orthopoxvirus infection in humans. The
first outbreak of monkeypox, in 1958,
was described in a colony of cynomolgus
monkeys held at the State Serum Institute
in Copenhagen; other outbreaks followed
in monkey colonies. Its first description in
humans dates back to 1970 with cases
in the Democratic Republic of the Congo
(DRC) and later in Sudan in 2006.Monkey-
pox can be acquired through direct con-
tact with an infected person or animal
(lesions, body fluids, respiratory droplets)
or with material contaminated with the
virus (e.g., bedding). Monkeypox is a viral
zoonosis (see Glossary) that occurs pri-
marily in tropical rainforest areas of Central
and West Africa and was occasionally
exported to other regions. Since early
May 2022, however, cases of monkeypox
have been reported from countries in dis-
parate geographic areas where the dis-
ease was not endemic [2–4]. Today,
monkeypox is thus considered as a re-
emerging infectious disease. In a way
that cannot yet be predicted, the monkey-
pox re-emergence can be time limited as
found in the case of viral hemorrhagic fe-
vers that caused severe, life-threatening ill-
ness (Marburg and Ebola virus infections);
on the contrary, it can spread all over the
globe and for a longer period, as in the
case of the coronavirus disease that
emerged in 2019 (COVID-19), which still
requires large-scale management and pri-
ority intervention worldwide. Currently, in
the case of monkeypox, although it is not
a newly emerging infection, a number of
gaps in knowledge still remain to enable
development of effective disease control
strategies [1,4,5]. This includes under-
standing how different clades of the virus
are precisely transmitted and spread (es-
pecially in high-risk patient groups), how
infection develops in patients at the cellular
and tissue level, how innate and adaptive
cellular and humoral immune responses
coordinate to fight MPXV, and obviously,
based on answers to the foregoing ques-
tions, how effective prevention and treat-
ment approaches such as appropriate
vaccines and antivirals could be designed.
Here, we briefly discuss cellular and hu-
moral immunity to MPXV and highlight po-
tential approaches that could help in the
development of new vaccines against
human monkeypox.

Cellular and humoral immunity to
MPXV
The initial attachment of MPXV to the host
cell surface occurs through interactions
between multiple viral ligands (e.g., proteins
A34 and B5) and, depending on the type
of cells that are targeted, several possible
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cell surface receptors such as chondroitin
sulfate, heparan sulfate,macrophage recep-
tor with collagenous structure (MARCO, a
class A scavenger receptor), and laminin, a
major component of the basal lamina.
Thereafter, the virus may enter the target
cell by direct fusion or via the endosomal
pathway and release its content (especially
a linear, dsDNA genome and enzymes re-
quired for virus uncoating and replication)
into the host cell cytosol. Earlier data ob-
tained after the US monkeypox outbreak of
2003 showed that classical immune re-
sponses are generated against this virus
[4]. Orthopoxvirus-specific immunoglobulin
G and M, CD4+ and CD8+ T cells, and B
cell responses were measured at ∼7–14
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Box 1. Antivirals and vaccinia immune globulin intravenous (VIGIV) in monkeypox infection

In general, MPXV-infected patients with intact immune systems recover without strongmedication, by only re-
ceiving supportive care and pain control. However, depending on the profile of the patient (health status, co-
morbidities, previous vaccination program), a complementary treatment may be necessary. Several drugs de-
veloped to treat smallpox (tecovirimat, brincidofovir, and cidofovir), and VIGIV may be recommended. Al-
though the efficacy of smallpox antivirals has been shown to lower virus levels and reduce clinical
symptoms in animal models with monkeypox, data are much more limited in humans, and the results of on-
going clinical trials will not be known for several months. Tecovirimat (ST-246), the only FDA- and European
Medicines Agency (EMA)-approved drug for orthopoxvirus infection in humans, is an inhibitor of extracellular
virus effects. It interferes with the cellular localization of the major p37 envelope protein, which is necessary
for the replication of viral particles; p37 has no homologs among proteins of humans or other mammals. How-
ever, much more information is needed with regard to the mechanism of action of the proposed anti-MPXV
antivirals. Regarding VIGIV, data are not yet available on their effectiveness for treating MPXV infection. To
date, it is unknown whether a person with severe MPXV infection would benefit from treatment with VIGIV.
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weeks and 1 year after exposure [6]. Recent
data have also highlighted the importance of
the host ubiquitin system [7]. The impor-
tance of memory γδ T cells, which play an
important role in protective immunity but
also have the potential to worsen the pro-
gression of autoimmunity, has been high-
lighted in the acquired immune memory to
MPXV (shown in macaques). More broadly,
however, in humans infected with MPXV,
the effective roles of innate immune cells
(e.g., monocytes/macrophages, neutrophils,
natural killer cells, conventional dendritic
cells, plasmacytoid dendritic cells, and innate
lymphoid cells) remain largely unknown [4].
The fundamental basis for immune evasion
of MPXV also deserves much more study
to be fully understood [4]. Specific anti-
MPXV antibodies, especially induced by
site-directed vaccination, could hamper
MPXV binding and infection of host cells by
either targeting virus receptors at the host
cell surface or by blocking viral molecules
that interact with those receptors.

Vaccine strategies to prevent
monkeypox infection
To date, there are no specific treatments
or vaccines for the prevention of MPXV in-
fection. Bearing in mind that monkeypox
and smallpox viruses are genetically similar
and expose low polymorphic antigens on
their surface, allowing conferment of indi-
rect protection against MPXV infection via
cross-reactive antibodies, several coun-
tries are currently using antiviral drugs
and vaccines that were developed earlier
against smallpox as treatment and pre-
vention approaches for MPXV infection
[4,5] (Box 1). International organizations
for public health monitoring and infection
prevention, such as the World Health Or-
ganization (WHO), recommend the admin-
istration of these vaccines before or after a
recent exposure to MPXV to help protect
people against the disease and reduce
the spread of infection. To date, however,
information regarding the efficacy of
these vaccines against MPXV remains
insufficiently documented [5].We summarize
16 Trends in Pharmacological Sciences, January 2023, Vol.
current vaccination resources for MPXV,
propose new avenues for vaccine develop-
ment, and discuss future resources in devel-
opment.

Current vaccination resources
Today, three vaccines are in use against
MPXV [4,5] (Table 1). They have been pre-
viously used for protection against small-
pox infection. The first one, an attenuated,
nonreplicating, smallpox vaccine devel-
oped in collaboration with the US govern-
ment to ensure the supply of a smallpox
vaccine for the entire population, including
immunocompromised individuals who are
not recommended vaccination with tradi-
tional replicating smallpox vaccines, is pro-
duced by the Bavarian Nordic company
and marketed as either Imvanex (Europe),
Jynneos (USA), or Imvamune (Canada)
[8,9] (see Table 1 for further information).
Bearing in mind that this product is a
repurposed vaccine, it would require
extensive research and even Phase 3 clini-
cal trials for monkeypox efficacy. This vac-
cine contains a modified smallpox virus
hence has been named as modified vac-
cinia Ankara (MVA), a biological product
that has completed Phase 3 clinical trials,
and has been approved in different coun-
tries. An open-label prospective cohort
study including healthcare personnel was
performed in DRC. Adult personnel at risk
for monkeypox received two doses of atten-
uated live virus smallpox vaccine. They re-
ceived a liquid (1000 subjects) or lyophilized
formulation (600 subjects) on days 0 and
44, No. 1
28 via subcutaneous injection [1 × 108 me-
dian tissue culture infectious dose (TCID50)
per 0.5 ml]. Blood samples were regularly
collected over 24 months. The data regard-
ing efficacy in this study are announced but
not yet available in the case of MPXV [10]
[for updated information, see clinicaltrials.
gov and Centers for Disease Control (CDC)i].

Another vaccine called ACAM2000
(Acambis, Inc./Sanofi Pasteur Biologics
Co., Cambridge, MA) can be used for the
prevention of monkeypox (Table 1). It is a
recombinant second-generation vaccine
(aimed to reduce the risks of live or attenu-
ated vaccines, consisting of specific pro-
tein antigens or recombinant protein
components including nucleic acids spe-
cies), also initially developed for smallpox.
As such, it has been recommended for
use in the USA for preventing monkeypox
infection. However, the US CDC do not
recommend it for people with defective
health conditions, such as congenital or
acquired immune deficiency disorders (es-
pecially people with AIDS), diseases
affecting skin conditions like atopic derma-
titis/eczema, and cardiac diseases; for in-
fants under 12 months of age; or during
pregnancy. ACAM2000 is delivered in a
single percutaneous dose with a booster
dose every 3 years or at least every 10
years. ACAM2000 is a vaccinia virus vac-
cine derived from a plaque-purified clone
of the sameNew York City Board of Health
strain, a smallpox strain that was used to
manufacture Dryvax, a related monkeypox
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Table 1. Vaccines under study for the prevention of monkeypox virus infectiona

Name Type Other names Status Study results
for monkeypox

Conditions Location URL/Refs

IMVANEX
smallpox
vaccine in adult
healthcare
personnel at risk
for monkeypox in
the DRC;
Bavarian Nordic
(MVA-BN),
Denmark

Live modified
vaccinia virus
Ankara

Imvanex (Europe)
Jynneos (USA)
Imvamune
(Canada)

Active,
not
recruiting

No results
available

Monkeypox
virus
infection

Tshuapa,
Boende;
Tshuapa,
DRC

https://ClinicalTrials.
gov/show/NCT02977715

ACAM2000;
Acambis,
Inc./Sanofi
Pasteur Biologics
Co., Cambridge,
MA, USA

Recombinant
second-generation
vaccine

None Active,
not
recruiting

No results
available

Monkeypox
virus
infection

Not known https://clinicaltrials.gov/
ct2/results/details?term=
ACAM2000&cond=Monkeypox

LC16m8; KM
Biologics,
Kumamoto,
Japan

Recombinant
second-generation
vaccine, derived
from the Lister
strain of the
vaccinia virus

None Active,
not
recruiting

No results
available

Monkeypox
virus
infection

Discontinued
– Phase 1/2
for smallpox
in USA

[19]

aInformation source: https://www.who.int/health-topics/monkeypox/#tab=tab_1 and https://clinicaltrials.gov/ct2/results?
cond=Monkeypox&term=vaccine&cntry=&state=&city=&dist=.
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vaccine candidate. Data from ACAM2000
clinical trials indicate a safety profile similar
to Dryvax, including risk for rare but seri-
ous cardiac adverse events [10,11].

A third approved vaccinia vaccine made
by KM Biologics (Kumamoto, Japan) is
also proposed for monkeypox (Table 1).
This vaccine, called LC16m8, is licensed
for use in healthy people in Japan, against
biological terrorism [8,9]. Approximately
100 000 people have undergone vaccina-
tion with this vaccine without experiencing
any severe complications. It is an attenu-
ated smallpox vaccine derived from the
Lister vaccinia strain. It was developed to
lack the B5R envelope protein gene
of the vaccinia virus to attenuate its
neurotoxicity. It generated neutralizing
antibody titers to multiple poxviruses,
including vaccinia, monkeypox, and vari-
ola major, and generated broad T cell re-
sponses.

It has been shown that immune response
takes 14 days after the second dose of
Jynneos and 4 weeks after the ACAM2000
dose for maximal immunity development.
No data are yet available on the efficacy of
these two vaccines in the current outbreak
of monkeypox. Due to uncertainty regarding
the efficacy of proposed vaccines toward
monkeypox, and problems created by ad-
verse events that have been reported [12],
a next generation of safer and specific vac-
cines is eagerly awaited. Although in the vac-
cine community some experts claim that
developing vaccines with a large spectrum
of specificity to multiple diseases can be
advantageous (as found with LC16m8,
for instance, but also others), past experi-
ence has also shown that epitope-focused
immunogens are often more effective in
boosting subdominant neutralizing antibody
responses in vivo, resulting in enhanced
neutralization.

Monkeypox vaccine candidate
development: introducing synthetic peptide-
based prototype vaccine formulations
Finding and developing novel vaccines
against emergent and transmissible
Trends in P
diseases represents huge conceptual
and technological challenges. The COVID-
19 pandemic demonstrated the complexity
of producing safe, specific, and high-efficacy
vaccine formulations based on the most
usedbiological platforms, includingwhole at-
tenuated or killed severe acute respiratory
syndrome (SARS)-CoV-2 virus; others
made by using parts of the virus such as
nonreplicative human or simian adenovirus
DNA vectors; and others are based on spe-
cific mRNA templates for parts of the viral
spike (S) glycoprotein. Current strategies for
producing and transporting biological plat-
form-based virus vaccines require highly
controlled biosafety laboratories and strict
cold chains andpacking lines to prevent vac-
cine alteration and for allowing researchers
to work safely. In addition, second-genera-
tion vaccines have not been proven to be a
reliable pathway toward subunit vaccines
due to their low stability and specificity. On
the contrary, low-cost, stable, specific, non-
toxic, and safe molecules produced by con-
trolled synthesis strategies have become a
reality for obtaining vaccine formulations for
harmacological Sciences, January 2023, Vol. 44, No. 1 17
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multiple lethal diseases, such as malaria and
COVID-19 [13,14].

New generation vaccines, especially syn-
thetic vaccines and mRNA vaccines,
are emerging as novel tools for controlling
infectious diseases. Hence, some efforts
toward site-directed designed synthetic
vaccines, especially those based on a ra-
tional site-directed selection of relevant
epitopes exposed by the virus and their
subsequent modification, have proven to
be reliable pathways toward more efficient
vaccines. Perhaps the first and most rep-
resentative example of this strategy is a
synthetic malaria vaccine proposed in the
mid-80s named SPf66 that reached clini-
cal trials [14]. Although this early trial has
shown limited effectiveness, it has opened
the way to the development of peptide-
based synthetic vaccines that have proven
to be safe and potentially useful to prevent
transmissible diseases.

Our own experience developing synthetic
peptide-based prototype vaccine formula-
tions for human life-threatening infectious
diseases, such as malaria and COVID-19,
has led us to also assess different routes
of administration such as intranasal, sub-
and transcutaneous, and intramuscular
routes for synthetic vaccine candidate
formulation for these diseases in animal
models. These routes have all proven to
be able to stimulate strong humoral and
cellular immunity in preclinical studies.
An important finding in experiments
conducted by us and others is that site-
directed designed synthetic epitopes when
administered in animal models as vaccine
formulations stimulate not only the produc-
tion of expected antihomologous peptide
antibodies but also that of antibodies that
cross-react with viral proteins, including anti-
bodies displaying neutralizing properties
[13,15]. We have shown that intravenous
administration of site-directed antibodies
stimulated by synthetic peptides encom-
passing specific epitopes cleared different
circulating malaria pathogen strains in
18 Trends in Pharmacological Sciences, January 2023, Vol.
rodents [13], a strategy that could be
applied to diseases caused by viruses
such as MPXV. Synthetic platforms do not
require cold chains since this sort of
vaccine product has proven to be highly sta-
ble even at room temperature for long time
periods.

Using the synthetic approach, we thus
developed synthetic formulations of anti-
genic site-directed polymers on human-
compatible adjuvant systems such as
Alhydrogel, which stimulated neutralizing
antibodies against SARS-CoV-2 and
some genetic variants in in vitro experi-
ments [16]. In this pursuit, clinical trials
have yet to be conducted. This type of
vaccine would be applied especially for
booster purposes to those persons who
have previously received an mRNA vac-
cine for COVID-19. When properly formu-
lated, synthetic vaccines can be strong
stimulators of both cell and humoral
immune responses [17]. One could thus
consider identifying key dominant epi-
topes, most preferably neutralizing, of
MPXV and design potent site-directed
synthetic vaccine formulations containing
these immunogenic epitopes and appro-
priate immune stimulators (adjuvants, ex-
cipients, carriers). These formulations can
be developed at moderate cost compared
with biological vaccines, especially due to
low biosafety requirements for production,
and have remarkable immune versatility
and stability. Identification of several epi-
topes that may be assembled to design
(multi-)epitope vaccines (peptides and
mRNA vaccines) could be highly advanta-
geous. Developing such constructs
requires identifying and artificially repro-
ducing a variety of surface protein motifs
endowed with immunogenic activity. This
strategy of associating sequences encom-
passed in several SARS-CoV-2 proteins (S,
E, M, and N) could be exploited in vaccines
against MPXV. We suggest here that ele-
ments used by the virus to attach to key
sites on the cell surface could be prime tar-
gets [18]. Induced antibodies generated by
44, No. 1
vaccination could then block the virus entry
and consequently prevent it from spreading.

DNA vaccines to MPXV are in development
but not yet validated in humans. For exam-
ple, Tonix Pharmaceuticals associated with
the University of Alberta is heading toward
clinical trials with TNX-801, a live vaccine
that uses a horsepox virus TNX-801 assem-
bled from synthetic DNA fragments. In non-
human primates, TNX-801 blocks the for-
mation of monkeypox lesions, and in mice
it is less virulent than old vaccinia strains. In
addition to studies based on synthetic pep-
tides, proteins, and DNA, novel vaccines
based on mRNA are also being investigated
with the experience gained from the new
vaccines developed against COVID-19. In
this context, Moderna has announced on
August 5, 2022 that it has begun a preclinical
program investigating possible mRNA vac-
cines for monkeypox [10].

Concluding remarks
As monkeypox cases rise globally, re-
searchers are learning more about how
the disease is transmitted and spreads in
the general population. According to the
European Centre for Disease Prevention
and Control (September 27, 2022), since
the start of the monkeypox outbreak in May
2022, 20 083 confirmed cases of monkey-
pox have been reported from 29 EU/Euro-
pean Economic Area countries. The five
countries reporting most cases since the
start of the outbreak are Spain (7149),
France (3969), Germany (3607), TheNether-
lands (1223), and Portugal (851). According
to the recently published scores from the
USCDC (September 29, 2022), monkeypox
has spread to 106 countries and led tomore
than 67 000 confirmed infections worldwide.
Because MPXV is closely related to the
smallpox virus, vaccines approved to pre-
vent smallpox virus infection are thought to
protect 85% of individuals against monkey-
pox infection [4,10]. This level of protection
againstmonkeypox remains to be confirmed
in the general population. Based on recent
experience of new vaccines, an arsenal of
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possible tools (including DNA and mRNA
vaccines and protein or peptide vaccines)
should shortly appear for monkeypox, espe-
cially synthetic vaccines, as highlighted
above, that are endowed with extremely
valuable properties in terms of specificity,
safety, and effectiveness against transmissi-
ble diseases.
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