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Abstract
Cowpox virus, a zoonotic poxvirus endemic to Eurasia, infects a large number of host species which makes its eradication impossible. The
elimination of world-wide smallpox vaccination programs renders the human population increasingly susceptible to infection by orthopoxviruses
resulting in a growing number of zoonotic infections including CPXV transmitted from domestic animals to humans. The ability of CPXV to
infect a wide range of mammalian host is likely due to the fact that, among the orthopoxviruses, CPXV encodes the most complete set of open
reading frames expected to encode immunomodulatory proteins. This renders CPXV particularly interesting for studying poxviral strategies to
evade and counteract the host immune responses.
� 2010 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

To successfully infect their hosts and produce infectious
progeny capable of spreading through the host population,
poxviruses have to limit recognition and destruction by the
host’s immune system. In order to escape immune survei-
llance, poxviruses employ a number of different strategies.
These escape mechanisms include interference with process-
ing and presentation of the viral antigens, expression of decoy
receptors/ligands and inactivation of key immune components
of the host defense response.

Poxviruses comprise a large family of linear dsDNA
viruses. Cowpox virus (CPXV), a zoonotic poxvirus belongs
to the most studied genus of Orthopoxviridae (OPXV) that
includes viruses isolated from mammals such as the human-
specific pathogen variola virus (VARV), the causative agent of
smallpox. This genus also includes the murine-specific ectro-
melia virus (mousepox; ECTV), as well as other viruses with
a broad host range such as monkeypox (MPXV). Vaccinia
virus (VACV), the most widely studied OPXV due to its
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successful use as smallpox vaccine, was widely considered to
be derived from CPXV [1]. However, sequence comparisons
suggest that VACV might have originated from horsepox virus
[2]. Among the OPXVs, CPXV possesses the largest genome
(w224e228 kbp) [3] and possibly infects the widest range of
host species. Rodents are thought to be its natural host, but the
virus can occasionally infect domestic animals and be trans-
mitted to humans [4]. With the eradication of VARV and the
diminished number of smallpox vaccinations, CPXV and
MPXV are considered to be the main source for potential
OPXV infections in humans. In healthy individuals CPXV
infection usually causes localized skin lesions, however in
immunocompromized patients the infection may lead to severe
generalized skin infection and lethal outcome [5]. Recent
outbreaks of CPXV infection in humans have been reported
from Germany and France in 2009 [6,7]. In addition, CPXV
infection outbreaks occur periodically in zoo animals [8]. The
largest fatal outbreak happened in a colony of new world
monkeys in Germany in 2002 [9].

In contrast to other dsDNA viruses, poxviruses encode their
own DNA replication and transcription machinery and they are
able to replicate in the cytoplasm, forming so-called virus
factories. The poxvirus replication cycle within the cell is
depicted in Fig. 1 and has been previously reviewed [10,11].
sson SAS. All rights reserved.
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Fig. 1. CPXV replication cycle and immunomodulatory proteins.
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Upon virus entry into the cell, virions are uncoated, the DNA
is replicated, and viral genes are expressed in a coordinated
fashion followed by virion assembly and exit from the cell.
Poxviruses assemble in a complex process of viral morpho-
genesis that includes four infectious virion forms (Fig. 1): (i)
the most abundant, intracellular mature virus (IMVor MV), is
released by the cell during its lysis; (ii) intracellular enveloped
virus (IEM or WV), an intermediate form of virus is produced
by budding of IMV particle through the trans-Golgi network
(TGN) membrane; (iii) cell-associated enveloped virus (CEV)
is responsible for cell-to-cell spread of the virus, and (iv)
extracellular virus (EEVor EV) is critical for dissemination of
the virus within the host.

A large number of poxvirus genomes have been sequenced,
including the three CPXV strains Brighton Red (BR), GRI-90
(GRI), and Germany-91 (Ger91) [12]. The involvement of
a number of viral proteins in modulating the immune response
was discovered based on sequence similarities to cellular
immune proteins [13]. Sequence analysis also revealed that the
poxviral genes essential for virus replication are highly
conserved and tend to localize in the middle of the genome
whereas the species-specific and immunomodulating genes are
generally found at the termini [14]. The clustering of genes
non-essential for replication possibly allows these viruses to
rearrange host-modulatory gene sequences or acquire new
genes. As a result, the sequence, structure, and function of
these terminal sequences are highly diverse. Comparative
analysis of CPXVand other OPXV genomes strongly suggests
that these viruses had a common ancestor. Because CPXV
possesses the largest genome which contains many ORFs
found in other OPXV, as well as some unique ORFs, CPXV
was suggested to be the most ancient and closest to the
common ancestor virus [15]. Interestingly, VARV lacks many
of these putative ancestral genes which likely restricted its host
range to a single group, humans, which facilitated the eradi-
cation of this plague [16,17]. CPXVencodes a large number of
immune evasion proteins that collectively target a wide range
of anti-viral host responses (Fig. 1; Table 1) [15]. In the
current review we will focus on these immunomodulatory
genes, with particular emphasis on those genes that are CPXV-
specific. In Table 1, we give a list of all immunomodulatory
proteins of CPXV identified to date. Several of these proteins
will be discussed in more detail below.

2. Complement evasion

Complement activation is one of the first responses of the
innate immune system to an invading pathogen. The
complement system employs a complex cascade of proteolytic
cleavages of more than 30 plasma and cell membrane proteins
and leads to induction of an inflammatory response, phagocyte
and neutrophil chemotaxis, pathogen neutralization and
subsequent opsonization, and lysis of the infected cells
(reviewed in Refs. [18,19]). The activation can be initiated via
three independent pathways: (i) classical, binding of the first
component in the cascade C1q to an antibodyeantigen
complex; (ii) alternative, a spontaneous hydrolysis of the
downstream complement component 3 (C3) convertase and its
interaction with pathogen surface; (iii) the mannose-binding
lectin (MBL) pathway triggered by MBL binding to mannose
residues on the pathogen surface. All three pathways converge
at the stage of cleavage of C3 into C3a, antimicrobial peptide
and C3b, an opsonin that binds to the pathogen and labels it
for degradation. Because the effector compounds generated in



Table 1

Cowpox virus encoded immunomodulating proteins and their orthopoxviral orthologs (the Poxvirus Bioinformatics Resource Center, http://www.poxvirus.org).

Immunomodulating proteins CPXV VARV GAR-66 MPXV ZAR-1979 ECTV MOS VACV COP

BR GR I Ger91

ORF Size a.a. ORF Size a.a. ORF Size a.a. ORF Size a.a. ORF Size a.a. ORF Size a.a. ORF Size a.a.

Complement control

protein IMP

Late, Secreted

034 263 031 259 032 263 SPICE

018

263 MOPICE

019

216 018 262 VCP C3L,

028

263

Ankyrin repeat NFkb inhibitor,

CPXV 006 early/late

006/231 619 003/212 586 003/217 591 206

G1R

585 003/200 587 002/176 587 e e

Ankyrin repeat NFkb

inhibitor, CP77

early

025 668 023 668 023 668 008 354 012 660 e e e e

Ankyrin repeat NFkb

inhibitor, K1L ortholog

041 284 038 284 039 285 027 66 028 284 023 285 036

K1L

284

TNFR homolog CrmB

Early, secreted

005/232

014

355

202

002/213

012

351

202

002/218

012

348

202

207

G2R

349 002,

J2L/201,J2R

348 e e 004,

C22L/264,

B28R

122

TNFR homolog CrmC

Late, secreted

197 186 180 186 179 186 e e e e e e 224,

A53R

103

TNFR homolog CrmD

Late, secreted

227 320 207 322 209 81 e e e e 003/175 320 e e

TNFR homolog CrmE

Secreted

e e 208 167 211 167 e e e e e e e e

CD30 receptor

homolog, vCD30

Late, secreted

015 110 013 111 013 109 e e e e 009 111 e e

Caspase inhibitor

CrmA (SPI-2)

Early, secreted

213 341 203 375 195 346 192 344 181 344 166 344 246,

B13R

116

IFN-a/b binding protein

Early, secreted

218 366 200 351 200 355 199/

D9R

355 187 352 171 358 254/B19R 353

IFNGR homolog

Early, secreted

208 266 190 271 189 266 187 266 177 267 163 266 241,

B8R

272

dsRNA-binding protein

Early

071 190 064 190 064 194 051 192 052 153 045 190 072,

E3L

190

PKR inhibitor

Early

043 88 040 88 041 88 29 88 ZAR-029 43 e e 049,

K3L

88

IL-1b receptor

Early, secreted

215 326 197 326 197 325 196 69 183 210 168 328 250,

B16R

290

IL-18-receptor

Secreted

223 372 203 375 203 372 204 372 191 375 173 370 015/

C12L

Chemokine binding

protein vCCI

Early/late, secreted

003/233 246 001/214 225 001/219 252 208 253 001/202 246 001/177 247 001,

H5R/265,

C23L

244

NKG2D binding protein

(OMCP)

Secreted

018 171 016 178 016 174 e e 198,N3R 176 e e e e

(continued on next page)
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the complement cascade can be delivered to any surface
including host membranes, intact host cells protect themselves
by expressing multiple complement regulatory proteins,
including complement receptor 1 (CR1), decay accelerating
factor (DAF), and membrane cofactor of proteolysis (MCP)
located in the plasma membrane [18].

Like many other enveloped viruses, poxviruses use host
complement control proteins to avoid activating the comple-
ment system [20e22]. It was demonstrated that in contrast to
IMV proteins, EEV carrying cellular complement control
proteins on their surface were resistant to complement acti-
vation [23]. In addition, CPXV and other OPXV encode
proteins with structural and amino acid similarity to host
complement control proteins with the largest sequence
homology to the C4b-binding protein [24,25]. The comple-
ment control protein of CPXV, called inflammation modula-
tory protein (IMP), is highly similar to its OPXV orthologs.
These proteins were shown to inhibit both classical and
alternative pathways via binding C3 and C4 and acting as
a cofactor for factor I, a host complement control protein that
cleaves and inactivates C3b and C4b [13]. CPXV IMP func-
tions were tested using an IMP knockout virus. The protein
was shown to block complement-mediated hemolysis and
limit the inflammatory responses in infected mice [24].

3. Inhibition of TNF-induced responses

Tumor necrosis factor (TNF; TNF-a) is a pro-inflammatory
cytokine that activates the innate immune responses to infec-
tion, promotes an anti-viral state in cells, controls apoptosis/
survival of cells, and cell differentiation. TNF is secreted by
a wide variety of cells including macrophages and binds to two
surface receptors: TNFR1, expressed by most cell types and
TNFR2, found on immune and endothelial cells [26]. The
same set of receptors can also bind a soluble form of another
member of the TNF superfamily, lymphotoxin (LT)-a (TNF-
b). LT-a is produced by activated T-cells and NK cells and
along with TNF it forms a signaling network that is essential
for efficient induction of innate and adaptive immunity [27].
TNF expression is initiated via recognition of a pathogen by
multiple host cell pattern recognition receptors (PRRs)
including toll-like receptors (TLRs) and cytoplasmic nucleic
acid sensors [28]. Five TLRs have been demonstrated to sense
viral infection. TLR2 and TLR4 were shown to detect viral
particles [28]. TLR3, TLR7 and TLR8, and TLR9 located in
the endosomes are suggested to recognize viral nucleic acids,
dsRNA (a viral transcription by-product), ssRNA, and unme-
thylated CpG motifs of dsDNA, respectively [28]. In addition,
virus produced nucleic acids can be recognized by cyto-
plasmic RNA sensors, retinoic acid inducible gene I (RIG-I)
and melanoma differentiation associated gene 5 (MDA5) and
a cytoplasmic DNA sensor, DNA-dependent activator of
interferon (IFN)-regulatory factors (DAI) [29,30]. In partic-
ular, the RIG-I-mediated pathway was demonstrated to be
important for induction of both TNF and type I IFN (discussed
below) during myxoma virus infection in non-permissive cell
lines [31]. Induction of the signaling pathways results in
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activation of NFkB, a key transcription factor for pro-
inflammatory genes including TNF and type I IFN (discussed
below). NFkB inhibitory proteins that sequester NFkB in the
cytoplasm become phosphorylated and inactivated by IkB
kinase (IKK) which triggers release and translocation of NFkB
subunits to the nucleus. In addition to pro-inflammatory
functions, TNF exerts an anti-inflammatory effect by ampli-
fying NFkB-dependent expression of anti-apoptotic factors
and activation of the mitogen-activated protein kinase
(MAPK) signaling network. This leads to the assembly of
complex I containing NFkB controlled anti-apoptotic gene
products and pro-apoptotic complex II containing caspase-8,
respectively. The outcome, cell survival or caspase-mediated
apoptosis depends on the efficiency of formation of each of the
complexes [32].

CPXV and other OPXV counteract TNF-mediated
responses at several different stages: they inhibit NFkB acti-
vation to prevent TNF expression in the first place; intercept
TNF and LT-a to subvert TNF-signal transduction; and inhibit
caspase-8 and granzyme B to overturn the induction of
apoptosis in infected cells [13,33].

CPXV encodes at least three NFkB inhibiting proteins:
CP77 and CPXV 006 expressed by pathogenic OPXV and an
ortholog of VACV K1L common to all OPXV (Table 1) [33].
All three proteins have structural similarities and possess
multiple predicted ankyrin repeats (ANK), proteineprotein
interaction motifs found in many cellular proteins including
NFkB binding proteins. However they have low sequence
identity and seem to function using distinct mechanisms and
inhibit different stages of NFkB activation pathway. CP77
contains nine N-terminal ANK and an F-box like C-terminal
domain that facilitate binding of the protein to the NFkB/p65
and the SCF, E3 ubiquitin ligase complex, respectively. Both
of these functions are essential for prevention of NFkB
migration into the nucleus suggesting that CP77 functions as
a bridging molecule between NFkB and SCF and, possibly,
targets it for ubiquitination and subsequent degradation by
proteasome [34]. Alternatively, the protein may play a role as
“surrogate” IkB-like domain and interfere with NFkB trans-
location into the nucleus. CP77 was also shown to play the
role of a host range (hr) factor and rescue replication of VACV
hr-mutants lacking either C7L or K1L gene in non-permissive
cell lines [33]. The second NFkB inhibitor, CPXV 006 is
encoded by all pathogenic OPXV. The protein contains six N-
terminal ANKs. It directly interacts and interferes with
degradation of the NFkB/p105 precursor protein and as
a result prevents release and nuclear migration of NFkB.
Using a CPXV 006 knockout virus, the protein was demon-
strated to function upstream of IKK [35]. Deletion of CPXV
006, restored phosphorylation of IKK, activation and nuclear
localization of NFkB, and expression of NFkB-controlled pro-
inflammatory cytokines in infected cells [35]. In-vivo experi-
ments demonstrated that in the absence of CPXV 006, CPXV
was attenuated with elevated inflammatory responses at the
sites of virus replication [35]. The third protein, an ortholog of
VACV K1L (96% identity) possesses six predicted ANKs.
K1L was shown to interfere with NFkB activation by
preventing degradation of IkBa, a cellular NFkB inhibitor
[33]. In addition to these three proteins, CPXVencodes several
other ANK proteins [12] for which the functions have yet to be
determined. However considering that several poxviral ANK
proteins were shown to play a role as host range determinants
and immunomodulators, these proteins may also be important
for CPXV immune evasion.

Four different TNF and/or LT-a binding proteins named
cytokine response modifier (Crm) B, CrmC, CrmD, and CrmE
were found in different poxviruses, but only CPXV was shown
to express all four of them (Table 1) [13,16,36]. These proteins
display a variable number of cysteine-rich domains (CRD)
characteristic of TNFR families and represent a family of
poxviral viroceptors. CPXV-encoded Crm proteins have
different temporal expression and show diverse species spec-
ificities which contribute to its capability to infect a wide
variety of hosts. CrmB protein, expressed by triplicated ORFs
in CPXV, is found in all other OPXV [16]. It is a secreted
protein that closely resembles TNFRII protein and shares
w42% identity with its ligand-binding domain. CrmB was
shown to specifically bind both mouse TNF and human LT-
a [37]. In-vitro, recombinant CPXV CrmB efficiently pro-
tected cells from the cytolytic effect of mouse TNF, but unlike
the VARVortholog, it was less potent against human or rabbit
TNF [16]. Similar to CrmB, CrmC is a soluble secreted
protein and is homologous to TNFR2. However its sequence
lacks 150 conserved amino acid residues found at the C-
terminus of CrmB protein and, unlike CrmB, it specifically
binds to and protects from TNF but not LT-a [38]. CrmD is
expressed only by CPXV and ECTV (97% identity [39]). It
also shares homology to the ligand-binding domain of
TNFRII. Both CPXV CrmD and its mouse ortholog compet-
itively bind and block the cytolytic activity of human, rat, and
mouse TNF and human LT-a [39]. The fourth TNFR-like
protein, CrmE is expressed uniquely by CPXV [40]. Albeit its
truncated orthologs are also found in VACV and MPXV their
functions are unknown [12]. The CrmE amino acid sequence
has limited homology to other CPXV Crm proteins
(w33e43%) as well as cellular TNFRI (w28%) and TNFRII
(31%) [12,40,41]. Although CPXV CrmE can specifically bind
human, rat, and mouse TNF, it protects only against human
TNF cytolysis [12,40,41]. It did not bind LT-a or any other
ligands of TNF superfamily [40].

CPXV vCD30, a soluble homolog of cellular CD30
receptor is considered the fifth poxviral TNFR family member
[42]. Similarly to other TNFR proteins, vCD30 possesses two
cysteine-rich domains and closely resembles the mouse CD30
protein. CD30, a TNFR family member is expressed at low
levels on resting lymphocytes, NK cells, and macrophages, but
its expression is induced on activated or virally transformed
cells [43]. The only known ligand for CD30 is CD153
(CD30L) expressed on activated T-cells, B-cells, monocytes,
macrophages and other hematopoietic cells. Interactions
between CD30 and CD153 were shown to be important for T-
cell and B-cell co-stimulation and proliferation [43]. vCD30
was shown to specifically and competitively bind to CD30L
and is suggested to interfere with the CD30eCD153
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interaction [42]. vCD30 orthologs were also found in ECTV
(91% identity) and in two recently sequenced genomes of
horsepox and deerpox, but not in other poxviruses [12,44].
Recombinant ECTV vCD30 inhibits T-cell activation and the
induction of type 1 cytokine-mediated inflammatory responses
[44]. However deletion of vCD30 did not have a significant
effect on viral virulence in infected mouse models [45].

CPXV cytokine response modifier A (CrmA), the first
discovered poxviral caspase inhibitor [46] was also found in
other poxviruses including VACV (Table 1; reviewed by
Ref. [13]). CrmA proteins belong to the serine protease inhibitor
superfamily (serpins or SPI) and are thought to act as suicide
substrates. CPXV CrmA is the most potent inhibitor compared
to its orthologs and can efficiently inhibit both caspase-8 and
granzyme B and consequently protect infected cells from TNF-
induced apoptosis and T-cell-mediated cytotoxicity. In addition,
CrmAwas shown to inhibit caspase-1, required for proteolytic
maturation of IL-1b and IL-18 suggesting that it also plays a role
in downregulation of cytokine signaling [13].

4. Blockade of interferon response

Interferons have several functions in activating the innate
immune response to viral infection [47]. In particular, type I
interferons block viral spread to uninfected cells by inducing
expression of multiple anti-viral proteins that can interfere
with every step of the viral life cycle. IFN-a and IFN-b are
produced upon viral infection by almost all cell types
including fibroblasts, dendritic cells, hepatocytes. As
mentioned earlier, detection of viral components by TLRs and
cytoplasmic sensors activates the transcription factor NFkB
which is essential for IFN-b expression. Another transcription
factor important for IFN-b gene expression, interferon regu-
latory factor 3 (IRF3), was shown to be activated via TLR3
and RIG-I-mediated signal transduction pathways [31,47]. In
addition to IFN-b induction, IRF3 activates several interferon-
stimulated genes (ISGs) directly. This initial response is
further amplified when secreted IFN-b binds to its receptor on
the surface of infected and uninfected cells and induces
expression of IRF7 and multiple ISGs. Both IFN-a and INF-
b bind to a single receptor, IFNAR, which is coupled to the
Janus-family protein tyrosine kinases (JAK) that phosphory-
late signal transducing activators of transcription (STAT) 1 and
2. Upon phosphorylation, STAT proteins translocate into the
nucleus where they complex with interferon regulatory factor
9 (IRF9) and initiate transcription of ISGs via binding to IFN-
stimulated response elements (ISRE) in the promoter
sequences. Among ISGs are 20e50-oligoadenylate synthetase
(OAS) activating the latent endoribonuclease (RNase L) and
protein kinase R (PKR) inactivating a translation initiation
factor eIF-2 by phosphorylation which results in degradation
of viral RNA and shut-down of protein synthesis. IFN-
dependent signal transduction is tightly regulated by various
mechanisms, including IFNAR degradation/internalization,
dephosphorylation/degradation of JAK-STAT pathway
components, and blocking transcriptional activation by protein
inhibitors of activated STAT (PIAS).
CPXVand other OPXVs use several strategies to counteract
the interferon response. They sequester dsRNA and interfere
with PKR signaling to prevent initiation of interferon
response; express decoy receptors for type I and II IFNs and
interferon induced cytokines, IL-18 and IL-1b [13,48].

Type I IFN binding proteins are encoded by all OPXVs
including CPXV [12]. However, these proteins have limited
homology to INFAR. They are structurally more closely
related to the IL-1 receptor and belong to the immunoglobulin
superfamily [49]. The VACV ortholog, B18R was shown to
competitively bind to and inhibit a broad range of type I IFN
species, block induction of the anti-viral response in infected
and uninfected cells, and prevent IFN-a response in infected
mice [13,50]. Homologs of cellular IFNGR are encoded by all
OPXV [13,51]. In contrast to species-specific cellular IFNGR
proteins, all OPXV homologs bind and inhibit wide range of
IFN-g species. The biological activity of the IFNGR homolog
was demonstrated in a rabbit model using recombinant VACV
with deleted IFNGR homolog (B8R) ORF. Consistent with
high affinity of B8R for rabbit IFN-g, the knockout virus had
an attenuated phenotype [52].

E3L, a dsRNA-binding and sequestering protein and K3L,
an eIF2a homolog that functions as a non-phosphorylatable
pseudosubstrate for PKR, are expressed by CPXV, VACV, and
other OPXVs (Table 1). These proteins function as direct
inhibitors of PKR and OAS signaling pathways. In addition,
E3L was shown to inhibit IRF3 activation and consequently
upregulation of INF-b expression (reviewed in Refs. [13,48]).

5. Suppression of cytokine signaling

Cytokines and chemokines are produced in response to
viral infection and orchestrate migration of the immune cells
to the sites of infection and induction of an anti-viral defense.
Expression of the cytokines is controlled by all poxviruses on
many levels. OPXVs in particular were shown to interfere with
activation of NFkB required for cytokine expression, TNF and
IFN signaling, and inactivate caspase-1, required for pro-
cessing of IL-1b and IL-18 cytokines (discussed above). In
addition to this, these viruses encode secreted decoy receptors
that intercept IL-1b, IL-18 cytokines and CC-chemokines
(Table 1) [13]. Viral IL-1b receptors produced by VACV,
CPXV, and ECTV display limited homology to the cellular
receptor, however they were found to specifically bind IL-1b
thereby preventing its interaction with the cellular receptor
and blocking proliferation of B- and T-cells [13]. Similarly,
amino acid sequences of CPXV, VACV, and ECTV IL-18
binding proteins (IL-18BP) are not related to the cellular IL-
18-receptor, yet IL-18BP was demonstrated to efficiently
block IL-18 interactions with the cellular receptor and inter-
fere with NFkB activation and IFN-g induction [53]. Inter-
estingly, although IL-1b and IL-18 and their cellular receptors
are related proteins, IL-18BP and IL-1bR displayed high
specificity towards their targets: IL-18BP was not able to bind
IL-1b and vice versa IL-1bR did not bind IL-18 [53]. Viral
chemokine inhibitor (vCCI) expressed by all OPXVs (Table 1)
specifically binds to and inhibits a particular subfamily of
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chemokines, CC-chemokines that were shown to attract
macrophages and T-cells [13]. Again, vCCI did not exhibit
amino acid sequence homology to any know chemokine
receptor yet it was able to efficiently block binding of all
tested CC-chemokines to their cellular receptors and inhibit
monocyte chemotaxis [54].

6. Inhibition of NK cell activation

Although NK cells derive from a common lymphoid
progenitor cells and kill the infected target cells by cytolysis,
they are distinct from T-cell lymphocytes and function as
a part of innate immunity. NK cell activation is tightly regu-
lated and depends on the balance between the signals trans-
duced by activating and inhibitory receptors many of which
use MHC I or MHC I-like molecules as their ligands. NK cells
directly survey target cells for the appropriate MHC I
expression. Recognition of MHC I molecules by inhibitory
NK cell receptors prevents NK cells from attacking “self”.
Conversely, downregulation of MHC I by viruses (“missing
self”) will result in the loss of inhibitory signaling and will
lead to activation of the NK cells when they are additionally
stimulated via activating receptors [55]. Among activating
receptors are NKG2D and natural cytotoxicity receptors
(NCR) located on the NK cell surface. NKG2D binds infec-
tion-induced MHC I-like ligands and can cause NK cell
activation even if the target cell has normal MHC I expression
[55,56]. In addition, NKG2D is expressed by CD8þ T-cells
and suggested to function as co-stimulatory receptor for these
cells. In order to avoid NK cell activation many viruses, in
particular herpesvirses, were shown to downmodulate NKG2D
ligands [55].

The role of NK cells in immune response to OPXV infec-
tion have been studied in-vivo using ECTV infected mice [57].
It was shown that an NK cell response, mounted within 48 h
post infection and several days before the CD8þ T-cell
response was detected, was important for control of early virus
dissemination and efficient induction of the adaptive response.
Moreover upregulation of NKG2D and its ligands during
infection was required for optimal NK cell activation and
cytotoxicity [57]. Sequence analysis of OPXV genomes
revealed that CPXV and MPXV encode a secreted protein
termed as OPXV MHC I-like protein (OMCP). It was further
shown that the OMCP protein binds with high affinity to both
human and mouse NKG2D receptors (Table 1) [58]. In in-vitro
assays, OMPC competitively blocked NKG2D interaction
with the cellular ligands and inhibited NK cell-mediated
cytotoxicity [58]. Considering that NKG2D is important for
activation of both NK and T-cells, expression of NKG2D
inhibitory ligand by CPXV and MPXV seems to be less
selective and more advantageous strategy compared with
downregulation of the cellular NKG2D ligands employed by
herpesviruses. Recently, a new cellular receptor for OMPC,
FcR-like 5 (FCRL5)/immunoglobulin receptor translocation-
associated protein 2 (IRTA2) has been described [59]. This
receptor is expressed by naive and memory B-cells and plasma
cells [60,61]. No cellular ligand for FCRL5 has been identified
to date, but the receptor is suggested to be involved in B-cell
differentiation and, potentially, be an inhibitory co-receptor for
B-cell receptor signaling [62].

7. T-cell evasion by downregulation of MHC I expression

CD8þ T-cell-mediated responses play an important role in
the control of intracellular pathogens, particularly viral
infection. T-cells scan MHC I complexes on the cell surface
and become activated once their T-cell receptor recognizes an
antigen (Ag)-derived peptide presented by MHC I. When viral
as well as cellular proteins are degraded by proteasomes, short
peptides are translocated into the endoplasmic reticulum (ER)
lumen by transporter associated with antigen processing
(TAP). In the ER, peptides are trimmed to 8e10 amino acids
and assemble with MHC I molecules. This complex travels to
the cell surface to present the peptide to CD8þ T-cells. The
process of MHC I-peptide assembly is tightly regulated by
a cellular quality control system: misfolded or “empty” MHC I
molecules do not leave the ER and undergo ER-associated
degradation (ERAD) [63]. In order to avoid presentation of
viral peptides and prevent CD8þ cell-mediated killing of the
infected cells many viruses interfere with the MHC I presen-
tation pathway at different stages such as MHC I expression,
proteasomal degradation of the proteins, TAP-mediated
transport of the peptides, assembly of the MHC I peptide
complex, or trafficking of this complex to the plasma
membrane [64].

Results obtained with VACV and ECTV suggested that
OPXV do not inhibit MHC I-dependent peptide presentation.
However, we recently observed that, unlike VACV or ECTV,
CPXV infection blocks MHC I cell surface expression which
also correlated with inhibition of CD8þ T-cell stimulation by
the infected Ag presenting cells [65]. It was now demonstrated
that CPXV encodes two ORFs, 203 and BR-012 which inter-
fere with expression of mouse and human species of MHC I by
two distinct mechanisms [66e68]. The 203 protein is encoded
by all three CPXV strains (BR, GRI, and Ger91), but it is
truncated in VACV and has more diverse sequence in MPXV
(64% identity) (Table 1). CPXV 203 binds to and retains MHC
I within the ER by means of the ER retention motif KTEL
[67]. CPXV12 orthologs are present in all three CPXV strains
(Table 1), however only BR-012 downregulates MHC I
expression [68]. BR-012 is a truncated version of its GRI and
Ger91orthologs. In the latter, this ORF encodes a C-type lectin
domain that is a putative ligand for the NK-inhibitory receptor
NKR-P1B, thus potentially contributing to NK cell evasion. In
contrast, BR-012 is missing most of the C-type lectin domain
and instead it interferes with MHC I presentation. BR-012 is
integral to the ER-membrane with the C-terminus protruding
into the ER lumen. BR-012 was shown to inhibit TAP-medi-
ated peptide transport and dissociation of MHC I from
peptide-loading complex eventually leading to MHC I degra-
dation [66,68]. BR-012 is so far the only poxviral TAP-
inhibitor known to date. Deletion of both ORFs, 203 or BR-12
was required for full rescue of MHC I surface expression in
infected cells and resulted in complete restoration of CD8þ T-
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cell activation [66e68]. These data suggested that the two
unrelated and independently functioning proteins act in
concert in order to prevent antigen presentation and CD8þ T-
cell-mediated killing of the infected cells. The role of both 203
and BR-12 as virulence factors was tested in-vivo using
a mouse model. The mutant virus with deleted ORFs 203 and
012 exhibited a significantly attenuated phenotype compared
with the wild type virus [66]. Importantly, virulence was
restored upon CD8þ T-cell depletion suggesting that CD8þ T-
cells are unable to control CPXV due to MHC I down-
regulation by 203 and BR-012.

8. Other immunomodulating proteins

Additional CPXV-encoded proteins with putative immu-
nomodulatory functions which have yet to be characterized
include orthologs of VACV growth factor (VGF), a secreted
homolog of epidermal growth factor [69] that induces prolif-
eration in quiescent cells required for efficient virus replica-
tion; 3b-hydroxysteroid dehydrogenase, a steroid hormone and
a virulence factor; and a homolog of cellular regulatory
proteins termed semaphorins that is likely to play a role in
mediating an inflammation response (reviewed in Ref. [13]).

9. Conclusion

CPXV immunomodulating strategies discussed in this
review affect many innate and adaptive immune response
pathways. These strategies are thought to allow the virus to
control and manipulate such critical aspects as detection of the
pathogen by complement, induction of the cytokine responses,
establishment of the anti-viral state, and activation of NK and
T cell cytotoxicity. Importantly, CPXV infects small animals
and it is thus possible to experimentally test the role of these
various immunomodulatory strategies for viral pathogenesis.
The function of many of these “non-essential” ORFs in the
CPXV genome is unknown due to the fact that CPXV
possesses the largest OPXV genome and it has not been
studied extensively in the past. However, most of these non-
essential genes are found in at least one other OPXV family
member suggesting that by studying CPXV-“specific” immu-
nomodulators we will gain insights that are likely relevant for
this entire viral family of pathogens.
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