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ARTICLE INFO ABSTRACT

Keywords: Poxviruses (PXVs) are mostly known for the variola virus, being the cause of smallpox; however, re-emerging

Immu_nlty PXVs have also shown a great capacity to develop outbreaks of pox-like infections in humans. The situation is

LnfecFlon alarming; PXV outbreaks have been involving both endemic and non-endemic areas in recent decades. Stopped
oXVIirus

smallpox vaccination is a reason offered mainly for this changing epidemiology that implies the protective role of
immunity in the pathology of PXV infections. The immune system recognizes PXVs and elicits responses, but
PXVs can antagonize these responses. Here, we briefly review the immunology of PXV infections, with emphasis
on the role of pattern-recognition receptors, macrophages, and natural killer cells in the early response to PXV
infections and PXVs’ strategies influencing these responses, as well as taking a glance at other immune cells,
which discussion over them mainly occurs in association with PXV immunization rather than PXV infection.
Throughout the review, numerous evasion mechanisms are highlighted, which might have implications for
designing specific immunotherapies for PXV in the future.

1. Introduction

Monkeypox virus (MPXV) has been a potentially threatening
poxvirus (PXV); it directed several outbreaks during the two recent
decades, with the most recent one being now ongoing and has been
involving both endemic and non-endemic areas [1]. The first cases of
MPXV infections were reported in the 1970s, involving West Africa and
Central Africa, mainly the Democratic Republic of the Congo (DRC).
This DRC-dominant concentration of MPXV cases remains to date;
however, two important events happened during the 2000s: the total
number of cases increased sharply, and cases residing outside Africa
were documented. In 2003, the outbreak in the US occurred in associ-
ation with exposure to pet prairie dogs, which, in turn, were infected
after exposure to Ghana-imported MPXV-infected animals. Between
2010 and 2019, the UK, Singapore, and Israel also reported a few cases
of MPXV infection [1]. Recently, between May 13, 2022, and June 24,
2022, MPXV cases have been reported to the World Health Organization
(WHO) from 47 locations worldwide, including the Americas, Eastern
Mediterranean, Europe, and Western Pacific, as well as the African re-
gion.l As of June 24, 2022, the total number of confirmed cases exceeds
4100, which concerns health authorities about a new outbreak of

zoonotic viral infection [2].

Long before MPXV was discovered, people had to deal with the
variola virus (VARV), the causative agent of smallpox infection. The
early history of VARV is not clearly determined, with evidence of its
observation in China, Egypt, and India thousands of years ago. There
have definitely been subsequent movements between countries, regions,
and states that have made smallpox spread globally [3]. Since 1900,
smallpox has been the cause of death in more than 300 million peo-
ple—eradication programs by the WHO could eradicate smallpox in
1980. Ectromelia virus (ECTV) is another PXV that has been observed in
Chinese children with erythromelalgia and pharyngitis. It remains,
however, obscure whether it might have caused outbreaks in humans
[4].

Poxviruses (PXVs) that affect vertebrates belong to the family Pox-
viridae, subfamily Chordopoxvirinae [5]. There are numerous genera
ranked as Chordopoxvirinae, including more than 50 species. Ortho-
poxvirus is a widely known genus, particularly for the variola virus and
the vaccinia virus (VACV), the live virus used for smallpox vaccination.
The genus includes other viruses, such as monkeypox, camelpox, cow-
pox, ectromelia, raccoon pox, skunkpox, taterapox, volepox, Abatino
macacapox, and Akhmeta. Three other genera of PXVs can also affect
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humans, including parapoxvirus, yatapoxvirus, and molluscum con-
tagiosum virus (MCV). Of 83 discovered PXVs, only two infect humans
as the primary host: VARV and MCV-commonly present with skin le-
sions in infants and immunocompromised people. The others are zoo-
notic and transmit from animals to humans. Among all PXVs that can
infect humans, VARV and MPXV are the most important in severity.
They can cause a generalized infection involving the skin and internal
organs, particularly the lungs. MPXV generally tends to cause a less
severe infection-MPXV infection resembles a mild form of smallpox;
however, it has features that make it less eradicable than VARV, espe-
cially the presence of animal reservoirs and lack of a specific vaccine [6].

PXVs are enveloped double-stranded DNA (dsDNA) viruses ranging
between 130 and 290 kbp, known as the largest viruses with a diameter
between 200 and 400 nm. PXVs genome contains more than 200 open-
reading frames (ORFs), each of which has more than 50 amino acids;
non-coding regions that separate ORFs; and terminal inverted repeat
(TIR) sequences that occur at the two ends of the genome, which might,
in turn, comprise up to 12 ORFs [7]. Many DNA viruses need the nucleus
and relevant enzymes, metabolites, and factors for replication, but PXVs
can complete the replication cycle totally in the cytoplasm [8]. This
accomplishment lies in virions that express different proteins that make
PXVs replicable in the cytoplasm [9]. PXV virions are complex structures
of two main forms. Naturally occurring through the cytoplasmic mem-
brane, PXV virion is fundamentally comprised of a core containing the
DNA genome, two lateral bodies, and an inner membrane. When
released artificially, it acquires an outer membrane, as well. The former
is also known as an intracellular mature virion (IMV) or simply mature
virion (MV), and the latter is known as an extracellular enveloped virion
(EEV) or simply enveloped virion (EV). MV membrane is more stable
than EV membrane; around 20 proteins participate in the synthesis of
MV membrane, whereas six proteins are relevant to the synthesis of EV
membrane. Both MV and EV contribute to the replication cycle [10].

PXVs virion not only synthesizes proteins essential for DNA repli-
cation and viral assembly, but it also encodes for non-essential, host-
modulating proteins that boost virulence. The essential proteins are
encoded by centrally located, highly conserved PXVs’ genes that
participate in DNA processing, replication, and packaging. Essential
proteins contributing to DNA replication include DNA polymerase,
helicase-primase, uracil DNA glycosylase, processivity factor, protein
kinase, single-stranded (ss) DNA-binding protein, and DNA ligase. DNA
processing also essentially involves Holliday junction resolvase, and
DNA packaging crucially employs ATPase and telomerase-binding pro-
tein 1 [9]. Various host-modulating proteins have been identified to be
expressed by terminally located, highly variable PXVs’ genes. The
expression of these proteins is species-dependent and determines the
severity of PXV infection [5]. Some PXV infections might be self-limited
and localized to the skin, while there are PXVs highly potent to spread
into the body and cause a systemic infection characterized by two
(primary and secondary) stages that begin with the skin lesions and the
virus’ introduction into the blood, followed by the involvement of in-
ternal organs and re-releasing the virus into the blood, and end with the
explosion of ulcerative lesions. This way, systemic PXV infection be-
comes terrible and fatal unless the host can effectively eliminate it; host
resistance/susceptibility affects the pathogenesis of PXV infection. E.g.,
European rabbits are extremely susceptible to myxoma virus than South
and North American rabbits. Similarly, BALB/c mice are susceptible
compared to C57BL mice against ECTV [5]. It has been shown that
STAT1 and STAT3 pathways that have been associated with infection
outcomes are activated in resistant C57BL mice but not in susceptible
BALB/c mice [11]. Therefore, the host genetics’ background crucially
determines PXV susceptibility.

Histopathological studies of smallpox in humans highlight the role of
virus-mediated cytopathic effects as well as inflammation both during
early infection and second viremia [12]. Edema and lymphocyte infil-
tration are evident in the skin during the second viremia, and poly-
morphonuclear (PMN) leukocyte migration into vesicles causes pustules
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to form. The lungs usually represent a viral interstitial pneumonitis-like
picture, including bronchitis, hyperemia, and degeneration of the alve-
olar epithelium. The kidneys and testes have also shown interstitial
edema and lymphocyte infiltration. Moreover, cell degeneration and
necrosis, which trigger inflammation, might be seen in the lungs, testes,
liver, kidneys, and lymph nodes.

Direct evidence of the immunology of important PXVs, i.e., VARV
and MPXV, in humans is lacking. Our present knowledge is, currently,
based mainly on animal experiments conducted using VACV immuni-
zation and infection. These experimentations have shown that, like
other DNA viruses, the immune system recognizes PXVs and activates
immune responses. Upon infection with PXVs, the host employs the
innate arms by inducing natural killer (NK) cells, interferons (IFNs), the
complement system, and inflammatory cells. During days, cell-mediated
and humoral immunity come for viral clearance and antibody produc-
tion for viral neutralization and prevention of re-infection. On the other
hand, PXVs can mediate different immune evasion mechanisms,
increasing the severity of pathogenic infection or reducing the effec-
tiveness of immunization. Below, we review the immune responses to
PXVs as well as PXV strategies influencing the host defense.

2. Host-Cell entry for enveloped viruses

MVs’ binding might depend on or be independent of cellular
attachment-related proteins [13]. The former involves surface mole-
cules, like glycosaminoglycans (GAGs), while the latter is mediated
through direct interaction with liposomes. EVs require cellular attach-
ment proteins for binding; however, less is known about proteins that
play a role in this binding. When viruses bind to the host cells through
their MVs/EVs, they undergo two possible processes for entering the
host cell: fusion and endocytosis. In the fusion, viral particles are fused
at the plasma membrane and later will be uncoated for replication. In
endocytosis, the role of the intracellular transport system is crucial. After
the internalization of the virus, endocytic vesicles carry the virus to a
place suitable for fusion. Then, as mentioned in the fusion path of entry,
uncoating and viral replication occur. Interestingly, viruses benefit from
entering by endocytic vesicles more than simply fusing at the plasma
membrane. The endocytic vesicles serve as guards for viral particles,
crossing them from cytoskeleton barriers and protecting them against
immune recognition.

Accordingly, the PXV-specific replication cycle is, in brief, as follows.
IMV binds to cell surface molecules, i.e., GAGs, and enters the target cell
through fusion or endocytosis [14]. Core uncoating leads to DNA
replication, followed by assembly and morphogenesis to prepare IMV for
packaging by Golgi membranes. The Golgi-packaged IMV is then called
the intracellular enveloped virus (IEV), which again undergoes fusion at
the membrane, resulting in the cell-associated enveloped virus (CEV).
Two possible fates of the CEV are: to be removed or released from the
cell. The cell undergoing the former event is known as the extruded cell,
while free EEV is what undergoes the latter event. Noteworthy to
mention is that IMV might bud to release EEV directly, which, this way,
IEV formation is eliminated.

In summary, the host cell-virus interactions occurring at the binding/
entry and intracellular levels are essential to mediate PXV cell tropism.
In turn, cellular tropism would then direct tropism at the tissue and
organ level, determining the extent to which PXV can replicate and
disseminate.

3. Innate immunity
3.1. Pattern recognition receptors
3.1.1. Toll-like receptors
Toll-like receptors (TLRs) are receptors occurring in the plasma

membrane (membrane-bound) and endosome (intracellular) that
mediate the recognition of pathogen-associated molecular patterns
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Fig. 1. Toll-like receptors (TLR), the immune system, and poxviruses.

(PAMPs) and damage-associated molecular patterns (DAMPs) [15]. To
date, ten TLRs have been identified in humans, including six membrane-
bound TLRs (TLR-1, 2, 4, 5, 6, 10) and four intracellular TLRs (TLR-3, 7,
8, 9). Through interacting with MyD88, an adaptor molecule, all TLRs,
but TLR3, can activate mitogen-associated protein kinases (MAPKs) and
nuclear factor-kappa B (NF-kB) to produce pro-inflammatory cytokines
and chemokines. TLR3 interacts with another adaptor, TRIF, inducing
NF-kB and IRF3 to generate type I IFNs (T1IFNs) [16]. TLR-7, 8, and 9
also lead to T1IFN response by inducing IRF7. TLR/Interleukin-1 re-
ceptor is another pathway to which TLRs signal to induce the expression
of inflammatory cytokines. This pathway involves such Toll/IL-1 re-
ceptor (TIR) domain-containing adapter proteins (TIRAP) as MyD88,
MAL, TRIF, TRAM, and SARM [17], and the IL-1 receptor (IL-1R)-
associated kinases (IRAKs), including IRAK1-4. Tumor necrosis factor
(TNF) receptor-associated factors (TRAFs), particularly TRAF3 and
TRAF®6, also participate in the regulation of TLRs signaling by linking
TLRs and relevant adaptors to the downstream signaling molecules [18].

PXV infection induces innate signaling pathways both dependent on
and independent of TLRs. It might, in turn, depend on viral proteins
whether TLRs-dependent pathways, TLRs-independent pathways, or
both are triggered. E.g., the TLR3-dependent pathway is downregulated
by VACV ORF A52R [19], while both TLR2-dependent and TLR2-
independent pathways could occur in vivo in VACV infection; the
former directs the production of the pro-inflammatory cytokines and the
latter leads to IFN responses [20]. Upon infection with PXVs, TLRs-

dependent pathways are triggered by different TLRs in dendritic cells
(DCs), T cells, mast cells, monocytes, and macrophages [21-33].

Different PXV species engage different TLRs; VACV could interact
with TLR-2, 3, 4, 7, 8, and 9; ECTV with TLR2; MCV with TLR4; MYXV
with TLR2, 6, 7, and 9; and parapoxvirus ovis with TLR9. Most studies
have been conducted using VACV and shown that different VACV-
associated proteins, e.g., A52, A46, N1L, E3, and K7, antagonize TLRs
in different points of signaling to IL-1R, NF-kB, and IRFs [28,33-40].
Particularly, studies elucidate the ability of VACV and its attenuated
strain, MVA, to inhibit activation of MAL and MyD88 by TLR2; TRIF,
TRAM, MAL, and MyD88 by TLR4; MyD88 by TLR7; and IRAK2 and
TRAF6 by TLR3. Later, VACV can also inhibit NF-kB-related proximal
kinases, IKKa and IKKb [41]. From a structural perspective, VACV pro-
teins, such as A46, A52, B15, K7, N2, C1, C6, and C16/B22, possess
sequences similar to Bcl2 (B cell lymphoma 2, an apoptosis regulator)
[42]. Also, biophysical analyses reveal that VACV could directly bind the
TIR domain of adaptors, including MyD88, Mal/TIRAP, and TRIF [43].
These observations, in addition to the fact that Bcl2 can negatively
regulate innate immune pathways, might explain the ability of PXVs to
inhibit TLRs-dependent innate responses [44].

TLRs triggered or targeted by PXV act as double-edged swords, with
both beneficial and detrimental effects for the host (Fig. 1). TLR3 has
been associated with increased inflammatory responses in both pe-
riphery and lungs, viral replication, and mortality and morbidity
following infection with VACV [45]. In contrast, TLR2, 4, and 9 increase
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resistance against ECTV and VACV infection [46-49]. In ECTV infection,
TLR9 seems essential for CD11c(+) cells to induce inflammatory gene
expression [48] and for DCs to recruit NK cells to the site of infection
[49]. In VACV infection, TLR2 is crucial for CD8 + T cells to expand and
differentiate into memory cells [50], for NK cells to become activated
[51], for mast cells to increase the production of cathelicidin (LL-37),
and therefore antiviral activities [29], and also for macrophages to
induce TRAF3 and undergo reprogramming [30]. Unexpectedly, when
VACV was intradermally administered, the role of TLR2 was no longer
crucial to viral control, but it was MyD88 that induced antiviral im-
munity in an effective, TLR2-independent manner [52]. Totally, the
engagement of TLRs-dependent pathways by PXVs depends at least on
the PXV and animal species/strains and route of infection. When all
these potential factors are controlled, using TLR antagonists/agonists
might confer benefits in treating and preventing PXV infections. For
example, TLR7 agonists, imiquimod and resiquimod, could improve
immune responses following smallpox vaccination [53].

3.1.2. RIGHI like receptors

RIG-I-like receptors (RLRs) are another group of PRRs that serves to
sense viral RNA-associated PAMPs in the cytosol. There are three RLRs:
RIG-I, MDAS5, and LGP2, that signal to adaptor proteins, called MAVs,
residing on the peroxisomes, mitochondrion, and mitochondrial-
associated membranes (MAMs). Upon viral RNA recognition by RLRs,
subsequent activation of MAVs leads to the induction of IRFs and NF-kB
[54]. RLRs could detect major viral infections. RLRs might be implicated
in PXV infection in different cells, such as DCs, fibroblasts, peripheral
blood mononuclear cells (PBMCs), monocytes, and macrophages
[19,55-63].

Evidence points to the potential engagement of all three RLRs with
VACV; RIG-I and MDA5 with MVA and ALVAC; and RIG-I with MYXV,
Orf virus, and sheeppox virus. RIG-I and MDAS5 mainly contribute to the
T1IFN responses and the induction of pro-apoptotic proteins, e.g., Noxa,
while LPG is particularly involved in NF-kB activation [23]. VACV
protein, E3, is highly antagonizing with domains that can bind both DNA
and dsRNA, which the latter, i.e., the dsRNA-binding domain, can, in
turn, interfere with both dsRNA- and ssRNA-mediated IFN activation
[64]. Inhibitory effects of E3 on RIG-I involve MAVs, importantly IFN-f
promoter stimulator (IPS)-1, and p38 and JNK kinase, therefore
enabling VACV to inhibit IFN-f responses and the production of the pro-
inflammatory cytokines [65,66].

Due to contradictory findings, drawing a sharp line between the pro-
viral and antiviral effects of RLRs activation is not possible. For example,
the aforementioned antiviral effects of RIG-I activation include IFN re-
sponses; on the other hand, RIG-I seems to promote viral replication in
cancer cells [67]. Further studies are required to investigate this issue.

3.1.3. Nucleotide-binding and oligomerization domain (NOD)-like
receptors

In addition to TLRs and RLRs, nucleotide-binding and oligomeriza-
tion domain (NOD)-like receptors (NLRs) detect intracellular PAMPs
and DAMPs. NLRs comprise an N-terminal domain that interacts with
the ligands, a central nucleotide-binding domain, and a C-terminal
domain known as LRR [68]. According to the N-terminal domain, NLRs
structurally fall into NLRA, NLRB, NLRC, and NLRP. Functionally, NLRs
respond by triggering inflammasomes that, in turn, interact with the
adaptor, ASC, to induce caspase 1 that converts the pro-form of cytokine,
IL-1B, into its mature form; signaling pathways NF-kB and MAPK;
transcription activation; and autophagy. Different NLRs have been
implicated in infections; NOD2, NLRP1, and NLRP3 play roles in anti-
viral responses [69]. Particularly, NLRP1 and NLRP3 are involved in
PXV infection.

Canarypox virus-based vector (ALVAC), MVA, and VACV-based
vaccine vector lead to inflammasome activation. ALVAC, using cGAS-
IFI16-STING-T1IFNs, primes AIM2 to interact with ASC and direct cas-
pase 1 to activate inflammasomes [70,71]. MVA-induced IL-1p
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production appears to depend on caspase l-activating inflammasome
signaling [72]. In the local infection model, MVA-activated inflamma-
some in macrophages is very conducive to inflammation, cell death, and
T cells mobilization and effector function [73]. VACV-based vaccine
vector has also been shown to cause inflammasome activation in the
injection site in the first 12 h post-administration [74]. These lines
indicate that PXV-based vectors and attenuated PXVs can engage
inflammasome activation in stimulating the immune system. However,
MYXV and VACV evade NLRP3 and NLRP1 inflammasome activation by
respectively having proteins M013 and F1L that can directly bind ASC-1
and NLRP1 [27,75-77]. Moreover, PXVs are among rare pathogens that
encode Pyrin domain-only proteins (POPs) that again bind ASC inter-
fering with inflammasome activation [78].

3.1.4. Cytoplasmic DNA receptors

There are numerous DNA sensors in the cytoplasm, among which
ZBP1, AIM2, IFI16, RNA Poll III, DNA-PK, DDX41, DDX50, and cGAS
play a role in sensing poxviral DNA [21,22]. The pathways mainly
include: DHX9 interacts with MyD88 to activate NF-kB; AIM2 stimulates
caspase-1-activating inflammasome to induce IL-1p; and most trigger
STING-TBKI signaling to induce NF-kB, IRFs, and STAT6 resulting in the
expression of pro-inflammatory cytokines (IL-1f and IL-6), type I (IFN-«
and IFN-B) and III (IFN-A1) IFNs, and chemokines (CXCL10) [79].

Cytosolic DNA is a stimulant for cGAS, and its activation is regulated
by carboxypeptidases (CCP) 5 and 6 [80] to produce cGAMP. cGAMP is
then taken by viruses to form extracellular vesicles or viral particles
[81], which, in turn, regulate the gap junctions-mediated transfer of
cGAMP from producing cells to other cells [82]. In the target cells,
cGAMP activates the endoplasmic reticulum (ER) STING to move to the
Golgi apparatus (GA), where synthesized sulfated glycosaminoglycans
(sGAGs) mediate STING polymerization and TBK1 activation [83]. In
the GA, STING is co-localized with RAB2B, which recruits GARIL5 to
form the complex RAB2B-GARIL5 [84]. In association with this com-
plex, STING induces ISGs. IFNs not only on their own are antiviral
products, but also, they can induce CCL4 to induce monocytes recruit-
ment and direct the differentiation of inflammatory monocytes (CCR2 +
) into engulfing macrophages (Lyvel-) in ACEIIs [63] to help with VACV
elimination. In FPXV infection, cGAS-STING-induced macrophages are
enhanced in effector functioning to mediate MHC II transcription and
related antigen presentation to T cells [85]. Thus, cGAS and STING are
crucial to resistance against PXVs [86]. Particularly, animals lacking
STING are highly susceptible to subcutaneous, respiratory, and intra-
venous involvement by ECTV infection [87]. Also, those lacking cGAS in
the bone marrow display severe ECTV infection [88]. Unlike replication-
defective PXVs, such as MAV [89] and ALVAC [71], which have shown
no significant inhibitory effect on DNA-induced STING activation,
replication-competent PXVs, such as CPXV, ECTV, and VACV (strains
Copenhagen and Western reserve), could interfere with STING activa-
tion [90]. Different mechanisms handle this interference, involving both
virus-mediated and host-mediated proteins. VACV F17 protein can
impair mTOR signaling by binding regulators of mTOR complexes 1 and
2 (Raptor and Rictor) and thereby inhibit STING activation [91,92].
PXVs also possess immune nucleases, called poxins, that degrade 2’3’
c¢GAMP and thereby inhibit cGAS-STING signaling in infected cells [93].
Poxins have been identified in human PXVs, such as MPXV and cowpox
virus, as well as their homologs being related to insect DNA viruses,
Alphabaculovirus [93]. This way, poxins might be a mechanism by
which not only can PXVs evade the immune system and spread into the
body, but they can also transmit between humans and insects. The host
caspases (3 in humans and 7 in mice) by cleaving cGAS impede cGAS-
STING activation [94].

DNA-PK, another sensor of viral DNA, leads to STING, IRF3, and
TBK1 activation, and its deficiency causes severe combined immuno-
deficiency in humans. VACV proteins, C4 and C16, prevent DNA-PK
activation [95-97].

DHX9, an RNA helicase, triggers the production of cytokines via
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TLR2-dependent-induced IL-6 production, TLR8-dependent inflamma-
tory cytokines production, and also TLRs-independent activation of NF-
kB to produce IL-6 [33]. In addition to the production of inflammatory
cytokines, DHX9 can mediate granules’ formation, inhibiting viral
replication [98]. VACV E3 protein inhibits DHX9 in monocytes [33].

ZBP1 is a sensor of Z-RNA. Upon activation, ZBP1 activates RIPK3 to
mediate necroptosis and viral control. VACV E3, capable of binding Z
conformation [99] and evasion of T1IFNs [100], disrupts ZBP1-induced
necroptosis [100-103].

3.1.5. C-type lectin-like receptors

C-type lectin-like receptors (CTLRs) constitute a large family of re-
ceptors (greater than1000). The best-known one is the dendritic cell-
associated CTLR, called dectin-2, which leads to cytokine and chemo-
kine production by stimulating the axis of Syk, PKC8, and signalosome
CARD9/BCL10/MALT1 (CBM) complex [104]. CARD9 is involved in
anti-PXV immunity [23]. MER11, a cytoplasmic DNA sensor, undertakes
viral DNA sensing associated with the DNA repair protein 50 (Rad50)
[105]. Then, Rad50 links to CARD9, which induces Bcl-10 and NF-xB
proximal kinases [23].

3.2. Macrophages

There has been an argument over the origin of tissue-resident mac-
rophages that they are a separate lineage developed and maintained on
their own, i.e., through self-renewal, or blood monocytes are responsible
for their replacement and maintenance in the tissues during develop-
ment [106,107]. Anyway, the availability of tissue-resident macro-
phages in the various tissue, e.g., the CNS, skin, lungs, and heart, make
them effector cells of the innate immune system that can participate in
the detection of pathogens and their removal through phagocytizing.
Particularly in HIV infection, not only monocytes and macrophages are
affected by the virus with diminished capacity to induce cytokines and
phagocytosis, but also, they help with the spread and dissemination of
the virus to, e.g., the CNS [108].

Different macrophage subsets play different, opposing roles in
infection with different PXVs. Upon VACV infection, murine macro-
phages undergo apoptosis that crucially involves Bcl-xL and facilitates
viral pathogenesis [109]. In the skin, VACV binds to MARCO (macro-
phage receptor with collagenous structure) expressed by keratinocytes
to enhance virulence [110]. However, murine bone marrow-derived
macrophages are activated by VACV to induce IFNAR and ISG15,
which, in addition to IFN production, trigger the STAT1 phosphoryla-
tion, macrophage polarization, and mitochondrial function by
increasing ATP, NO, and ROS; all are potent antiviral responses
[111,112]. In peritoneal infection, VACV induces PARP1 to activate
macrophages, which, in turn, stimulate ISG15, AKT, and NF-kB to pro-
duce CC chemokine, CCL2 [113]. The axis CCL2-CCR2 then mediates NK
cell recruitment. Moreover, alveolar macrophages are vital to surviving
respiratory infection with VACV [114]. In ACEIls, VACV infection
prompts CCR2 + inflammatory monocytes recruitment into the lungs
and their differentiation into Lyvel- macrophages that engulf viral
particles [63]. In intradermal infection with VACV, macrophages,
especially residing on the subscapular sinus and the draining lymph
node, have been shown to mediate a systemic, innate response early, and
this response crucially contains the disease spread in mice [115]. After
VACV infection, human monocytes under the regulation of GM-CSF and
M—CSF drive into M1 and M2 macrophages, but these macrophages
mostly contain EEVs that, through cell-cell contact, contribute to viral
dissemination [116].

Like VACV, MVA also directs apoptosis and necroptosis in murine
macrophages [117], possibly by inflammasome activation [73]. Mac-
rophages are among the immune cells early responding to intradermal
administration of MVA in non-human primates [118]. Again, similar to
VACYV, alveolar macrophages are necessarily involved in respiratory
infection with MVA, along with other antigen-presenting cells, i.e., DCs
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[119]. In murine alveolar macrophages, MVA induces T1IFNs [120] to
produce chemokines [121], including CXCR2, CXCL2, CCL2, CCRI1,
CCL3, CCL5, and CCL9, to use chemotaxis to recruit NK cells and T cells
into the lung. In murine bone-marrow-derived macrophages, the axis
CCR4-CCR2 could lead to the chemotactic recruitment of neutrophils
into the lung [122]. Moreover, splenic CD169 + macrophages in the
marginal zone capture MVA-related antigens from the blood [123].
These macrophages transfer antigens to dendritic cells, which act as
APCs for CD8 + T cells to prime CD8 + T cells’ effector function. In
human cells, MVA protein N2L can bind macrophage receptors, inter-
fering with IRF3 and contributing to pathogenesis [124]. Moreover, PXV
virion encodes for a CC chemokine inhibitor (CCI), which has been
shown to bind different chemokines [125].

PXVs-induced macrophages offer opportunities. To combat ECTV
infection, murine macrophages mediate T1IFN production in a cGAS-
STING-dependent pathway [86] and are considered a good model for
the study of ECTV immunopathogenesis [126]. MYXV also encodes for
M-T?7 and Serp-1, which do fine in regulating macrophages in different
contexts, e.g., by decreasing macrophages infiltration in the cavity of
injury in animals after spinal cord injury and attenuating inflammation
[127,128], and also by increasing arginase-expressing macrophages and
enhancing wound healing [129]. Recombinant VACV could be planned
to prime macrophages to elicit such functions as antitumor immune
responses [130].

3.3. Natural killer cells

Natural killer (NK) cells are lymphocytes with innate, adaptive, and
regulatory properties [131,132]. As innate immune cells, they occur
widely over lymphoid and non-lymphoid tissues directing immune re-
sponses quickly and generally. Under the influence of a wide array of
inhibitory and activating receptors, they can signal to different cells, i.e.,
DCs, B cells, T cells, and macrophages, and regulate different functions.
And as adaptive players, they can be driven in an antigen-specific
manner and undergo clonal expansion mediating long-term memory.
NK cells contribute to immune responses against DNA and RNA viruses,
from inducing the adaptive immune responses and killing the virus-
infected cells by producing cytokines and IFN-y to generating antigen-
specific memory [133].

Studies confirm that NK cells are infected with ECTV, VACV, MAV,
MYXV, and MPXV, which is often associated with a Th1 response, NK-
cell activation, IFN-y production, and T-cell activation. PXVs lead to
the production of T1IFNs to induce NK cells [134], which, upon acti-
vation, secrete cytokines [135], particularly IFN-y and TNF-a, to pro-
liferate and mediate their cytolytic function and also to induce cytotoxic
T cells effector function [136,137]. Cytolysis by these cells is accom-
panied by the formation of granules and the release of granzyme b and
perforin to kill the infected target cells. PXVs have been shown to induce
factors to prompt NK cells’ accumulation. ECTV, in a TLR9-MyD88-
dependent manner, induces NKG2D, an activating factor for NK cells,
to produce CCL9, which in association with CXCR3, recruits NK cells
[49]. ECTV also engages Seprinb9, an inhibitor of granzyme B, to
interfere with and balance the granzyme b-induced killing of mature NK
and T cells [138,139]. MVA induces SST, which inhibits ghrelin and
prevents its down-regulatory effect on NK cells, and CCL2, which re-
cruits NK cells [120,140].

However, different mechanisms have been proposed to enable PXVs
to evade NK cells. In general, VACV infection downregulates the
expression of cellular proteins, including NK cell ligands [141], and is
also correlated with JNK2, causing iNKT cell loss [142]. When compared
with LCMV-induced NK cells, VACV-induced NK cells appear less
effective, with an increased frequency of immature NK cells (CD11-
CD27 + cells) and decreased frequency of activated NK cells (CD69 +
cells) [143]. Also, VACV-induced NK cells relatively express more
NKG2A, an inhibitory regulator for NK cells, and are relatively impaired
in function, both cytolysis (lower production of perforin and granzyme
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B) and IFN production (lower IRF4 expression) [143]. VACV protein N1
inhibits NK cells’ accumulation, too [144]. MPXV increases NK cells in
number but decreases them in cytokine production (IFNy and TNFa),
cell degranulation, and chemotactic function early in infection [145].
ECTV encodes for CrmD, which contains SECRET and TNF BD [146].
The binding to chemokines and TNFa decreases NK cell accumulation,
corresponding to increased susceptibility to ECTV infection [146]. Also,
PXVs possess HA, which upregulates NK ligands, such as NKp30 and
NKp46 [147]. By influencing NKp30- and NKp46-triggered NK-cell
activation, VACV and ECTV hinder the killing of infected cells by NK
cells, facilitating virulence [147].

The transfer of NK cells could improve viral control in VACV infec-
tion [148], supporting that NK cells are essential to the host’s resistance
against PXVs.

3.4. Neutrophils

Linking to cytokines, proteases, antimicrobial proteins, and factors,
neutrophils can affect and be affected by other immune cells in the
extravascular tissue, such as monocytes, immature or plasmacytoid DCs,
B cells, T cells, and macrophages [149]. Neutrophils’ role is from early in
viral infection and continues to the killing of pathogens. Particularly,
neutrophils internalize and inactivate viruses, transport viruses, and are
recruited to infection sites to induce antiviral immune responses [150].
The discussion over neutrophils in PXVs largely occurs in the context of
immunization, not infection with PXVs. It shows even when highly
attenuated, PXVs could prime neutrophils [151]. Also, in mice, PXV
infection could direct neutrophils’ recruitment and neutrophil extra-
cellular traps (NETs) formation, a mechanism of viral inactivation, in the
liver [152]. However, PXV semaphorin has been shown to inhibit DCs
and neutrophils-mediated viral phagocytosis [153].

3.5. Complement system

Also known as the immune surveillance system, it takes place in the
first and fast line of defense, i.e., innate immunity [154]. Three intricate
pathways defined by activating factors, e.g., classical (IgG and IgM
containing antigen—antibody complexes), lectin (bacterial surfaces), and
alternative (pathogen surfaces), involve different complement proteins
and enzymes; however, they intersect at C3 and associated products
C3a, C3b, and C5a, and the formation of C5b-C9 membrane attack
complex [154]. In humans, various complement receptors and regula-
tors have been identified with different roles in chemotaxis, cytokine
production, phagocytosis, and antibody production that justifies the
complement system’s role from early recognition to the removal of
pathogens [155]. Complement deficiency has been associated with
increased susceptibility to infections as well as syndromic and autoim-
mune conditions due to deregulated immune responses [154]. The
complement system is activated early in PXV infection in mice, and its
activation is crucial for viral control [156]. Again, PXVs have learned to
evade the complement system by secreting the virokines, which are viral
proteins serving as complement regulators’ mimics. Such a virokine has
been primarily identified in VACV (VV complement control protein
(VCP)), with orthologues and homologs isolated from MPXV, VARV, and
CPV. VCP has been shown to interfere with classical and alternative
complement activation. SPICE is a VCP homolog with a higher potency
that might account for VARV virulence in humans [157].

4. Innate-Adaptive immune interface
4.1. Dendritic cells

The fine regulation of activities on the innate-adaptive immune
interface is the key to pathogen eradication; otherwise, abnormal acti-

vation of each of innate and adaptive arms would contribute to reactions
that favor the pathogen and ensue pathogen proliferation and
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dissemination [158]. All of the aforementioned elements of the innate
arm are essential to programming to the innate-adaptive immune
interface; however, at the center of this interface are dendritic cells
(DCs). DCs are antigen-presenting cells (APCs) serving different func-
tions in different phenotypes [159-161]. Upon antigen capturing in the
peripheral tissues, immature DCs undergo maturation to express stim-
ulatory molecules for T cells and subsequently migrate to lymphoid
tissues and bone marrow. DCs tune T cells’ function; they induce T cells
to act against the non-self, and also, DCs inhibit T cells from reacting
against the self. DCs affect B cells’ growth, differentiation, and functions,
such as antibody production and immunoglobulin switching. During
viral infections, DCs undergo switches to initiate such immune responses
as type I IFNs. In PXV infections, DCs are activated with migration to the
sites of viral replication and inflammation, e.g., the skin and lungs, to
activate immune cells, for example, CD8 + T cells, to combat the
infection [162,163]. However, like other viruses, PXVs have also
evolved mechanisms of DCs evasion to facilitate immunopathogenesis
by inhibiting DCs-mediated phagocytosis [153].

5. Adaptive immunity
5.1. CD4 + T cells

These cells recognize antigens presented by MHC class II molecules.
Upon activation, Th cells fall into different functional categories by
cytokines they induce [164], including but not limited to Th1 (IL-12 and
IFN-y), Th2 (IL2 and IL4), Th17 (IL6, IL21, IL23, and TGFp), induced
regulatory T (IL-2 and TGFf), and follicular Th (IL6 and IL21) cells
[165]. Thl cells play a role in controlling intracellular microbes; Th2
cells in extracellular parasites; Th17 cells in extracellular bacteria and
fungi; iTregs in pro-inflammatory responses, inflammation, and al-
lergies; and follicular Th cells in B cell-mediated humoral immunity by
inducing the synthesis of immunoglobulins (HgG1, IgG2a, IgE, and IgA)
[165]. In combatting viral infections, CD4 + T cells are complex with
roles from recruiting CD8 + T cells and DCs to the sites of viral repli-
cation and priming CD8 + T cells to differentiate into effector and
memory T cells to promote B cells-dependent antibody responses [166].
Human cytotoxic CD4 + T cells could recognize PXVs-related antigens
conserved among many PXVs, e.g., VACV, VARV, MPXV, cowpox virus,
and ECTV [167]. In mice, cytotoxic CD4 + T cells kill the PXV-infected
cells by inducing perforin [168]. Many PXVs, including VACV, have
been shown to interfere with the IFN-y-Jak-Stat pathway. This obser-
vation, in addition to the fact that this pathway is involved in MHC class
IT antigen presentation, concludes with PXVs’ evasion from CD4 + T
cells [169].

5.2. CD8 + T cells

CTLs recognize MHC class I molecules-presented antigens. These
cells are essential mentors that, upon detection of such changes as mi-
crobial pathogens and cellular transformation, trigger the killing of
target cells through either indirect induction of killing cytokines, e.g.,
IFN-y and TNF-q, or directly through cell-cell contact [164]. The latter
is, in turn, possible either via FasL-Fas binding or via pro-apoptotic
proteins, e.g., perforin and granzymes. The problem with the cytotoxic
activity of CTLs is due to their overactivation; therefore, many infected
cells are destroyed. So, although CTLs are required for viral clearance,
there should be a mechanism of resistance to regulate the apoptosis of
infected cells carefully. NKG2A is a receptor expressed in NK cells with
an inhibitory function. It occurs in CD8 + T cells, too, and has been
shown to regulate CD8 + T-cell responses in PXV infection [170]. For
mice to induce effector CD8 + T cells after VACV infection, DCs appear
essential, as well as Batf3, a transcription factor [171]. Recombinant
PXVs are highly able in specific CD8 + T cells’ priming effector and
memory T cells [172], which might explain their high success in being
used as vectors for immune interventions, e.g., antiviral immunization
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Fig. 2. Immune cells and poxviruses (PXVs). The immune system induces all cells of the innate arm, innate-adaptive interface, and adaptive arm in PXV infection. On
the other hand, PXVs can inhibit these cells to function properly through different mechanisms as listed throughout the manuscript.

and antitumor immunotherapy. Interestingly, in mice, CD8 + T-cell
responses against VACV, ECTV, and MPXV infection appear highly
similar, raising the hope that VACV immunization might induce CD8 +
T-cell cross-reactivity against other PXVs [173]. This needs further in-
vestigations into human populations.

5.3. B cells and antibodies

Several B-cell subsets have been defined by the core markers with
different properties and abilities. Among them, some are of most interest
to the present discussion: memory B cells that can induce immunological
memory in a T-cell-independent manner; antibody-secreting B cells that
secrete antibodies; regulatory B cells (Bregs) and regulatory plasma cells
(PCregs) that modulate immune responses [174]. When the B-cell re-
ceptor (BCR) is bound with a pathogen or apoptotic debris, B cells
induce T-bet + cells that mediate IgG2 production and T-bet- cells that
mediate IgG1 and IgA production. T-bet + cells, in turn, can undergo
self-renewal and differentiation into plasma cells and other lineages
that, like other B cells, can mediate viral control and immune protection
against intracellular pathogens and, on the other hand, overproduce
autoantibodies and cause inflammatory and autoimmune diseases and
transplant rejection [175]. During HIV infection, different B-cell subsets
are dysregulated in function and frequencies that result in B-cell
exhaustion, diminishing B cells’ effector functions [176]. B cells are as
important as CD8 + T cells in the recovery from PXV infection; however,
CD8 + T-cell responses mainly occur early in infection, whereas B cells
later become crucial for antibody production, viral control, and disease
prevention [177]. PXVS could evade B cells; Orthopoxvirus MHC class I-
like protein (OMCP) binds to the FcR-like 5 (FCRL5) on B cells, inter-
fering with their function [178].

6. Smallpox vaccination

PXVs can be used not only for immunization against PXVs but also in
the recombinant form to express the glycoproteins related to other vi-
ruses and tumor-associated antigens, thereby contributing to the pre-
vention and treatment of other infectious diseases and cancer. E.g., a
recombinant VACV-rabies vaccine was proposed to eradicate rabies in
wildlife [179]. Also, variola vaccinia, canarypox, fowlpox, myxoma,
tanapox, and orf are species of PXVs applied to cancer research and
therapy [180]. Despite the promises of PXVs in the so-called oncolytic
virotherapy, studies show that smallpox-vaccinated subjects might not
benefit from PXVs-based immunotherapy due to their immunity to
PXVs. These lines of evidence pose a challenge that could be resolved
with immunosuppressive therapy while supporting the long-lived
effectiveness of smallpox immunization [181].

VACV’s origin is not clear, going back to either VARV or cowpox
virus or both. Low rates of side effects while providing long-term im-
munity to smallpox have made VACV successful in eradicating smallpox.
To date, three generations of VACV vaccines have been developed, ac-
cording to the platform they are prepared, from lymph-derived live
VACV to tissue-cultured VACV to highly attenuated VACV. Clearly, they
have been improved in order to minimize the side effects due to im-
munization with live, highly virulent VACV. In terms of efficacy,
searching for immune correlates of VACV immunization has been a
subject of human studies, showing the role of both T cells and B cells in
immune protection [182,183]. Yet, efforts are ongoing to establish
subunit vaccines that can enhance smallpox vaccines in time and place,
increasing the longevity of immunization and decreasing the occurrence
of side effects in the systems beyond immunity, i.e., the nervous system
[184].

Cross-reactivity is, in general, a poorly understood immunological
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phenomenon; however, its promises are attractive, so one might hy-
pothesize about having a broad-spectrum anti-PXV agent. Fortunately,
this hypothesis could be proved correct by the presence of cross-
neutralizing antibodies for VACV, VARV, CPXV, and MPXV in humans
[185]. Whether vaccination against smallpox infection offers a strategy
to protect against other poxvirus infections remains to be further
investigated, and if so, then it is to measure the amount of protection.
The measurement is important for determining how to manage the
likelihood of resurging outbreaks, i.e., the case of an ongoing MPXV
outbreak, which is influenced by different factors, including at least
waned protection and evolved evasion mechanisms.

There have been several vaccines developed for the prevention of
smallpox. Studies show that these vaccines are potent to protect against
monkeypox to a great extent, as well. For example, the study [186]
calculated the efficacy of smallpox vaccination to be as high as 89 % for
MPXV protection. Per the Centers for Disease Control and Prevention’s
report last updated on August 20, 2022, two vaccines are approved
during the current monkeypox outbreak: JYNNEOS and ACAM2000.
JYNNEOS is a replication-deficient MVA, third-generation vaccine,
while ACAM2000 is a replication-competent VACV, second-generation
vaccine [187]. As it is replication-defective, JYNNEOS is associated
with a narrower range of and also less severe complications than
ACAM2000. These vaccines are, in general, not recommended for the
general population, and there have been indicated conditions for the
administration of these vaccines. Such conditions are classified as high-
risk, and include laboratory personnel, who work in research settings
and deal with orthopoxviruses, laboratory or healthcare personnel who
undertake diagnostic tests for orthopoxviruses or ACAM2000 adminis-
tration, healthcare providers who help orthopoxviruses-infected people,
and designated members of response team. ACAM2000 is contra-
indicated for administering to people with severe immunodeficiency,
while JYNNEOS can be considered for such people with some
precautions.

What concerns us goes beyond the current MPXV outbreak; suppose
the re-emergence of smallpox and the emergence of new PXVs. The
generations born in the last four decades have not received smallpox
vaccination. This means people 0 to 40 years old have low to zero im-
munity to VARV. In addition to the need to revisit the smallpox vacci-
nation, specific therapeutics are required. With our discussion above,
why not immunotherapies?

7. Conclusion

This review concludes that although the immune system engages
receptors and cells of all the three levels of innate, innate-adaptive, and
adaptive, PXVs are able to adopt mechanisms to interfere with all the
immune military (Fig. 2). These mechanisms have implications for
designing targeted immunotherapy approaches.
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