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Abstract: Viruses are widely used as a platform for the production of therapeutics. Vaccines
containing live, dead and components of viruses, gene therapy vectors and oncolytic viruses are key
examples of clinically-approved therapeutic uses for viruses. Despite this, the use of virus-derived
proteins as natural sources for immune modulators remains in the early stages of development.
Viruses have evolved complex, highly effective approaches for immune evasion. Originally
developed for protection against host immune responses, viral immune-modulating proteins are
extraordinarily potent, often functioning at picomolar concentrations. These complex viral
intracellular parasites have “performed the R&D”, developing highly effective immune evasive
strategies over millions of years. These proteins provide a new and natural source for immune-
modulating therapeutics, similar in many ways to penicillin being developed from mold or
streptokinase from bacteria. Virus-derived serine proteinase inhibitors (serpins), chemokine
modulating proteins, complement control, inflammasome inhibition, growth factors (e.g., viral
vascular endothelial growth factor) and cytokine mimics (e.g., viral interleukin 10) and/or inhibitors
(e.g., tumor necrosis factor) have now been identified that target central immunological response
pathways. We review here current development of virus-derived immune-modulating biologics
with efficacy demonstrated in pre-clinical or clinical studies, focusing on pox and herpesviruses-
derived immune-modulating therapeutics.

J. Clin. Med. 2020, 9, 972; doi:10.3390/jcm9040972 www.mdpi.com/journal/jem



J. Clin. Med. 2020, 9, 972 2 of 29

Unknown

Seed sown

Strength grown
Expanding, landing
From infinitesimal
To infinite

Bright flight to
Great height

Alexandra Lucas, MD 2019

Keywords: virus; immune modulation; protein; serpin; chemokine binding protein; chemokine;
growth factor; cytokine; interleukin; therapeutic; biologic

1. Introduction

Historically, viruses were first investigated as a source of vaccines for the prevention of
dangerous viral infections. In a key example, Variola caused billions of severe and deadly infections
with widespread and lethal outbreaks in the past, albeit now eradicated worldwide in 1980 through
World Health Organization vaccination programs. It was Jenner’s observation that milkmaids
exposed to “Cowpox virus” were naturally protected against smallpox [1]. This was the basis for
developing the first smallpox vaccine in 1796 leading to the current day attenuated vaccine strain,
named vaccinia virus. Since that time effective vaccines for many infectious diseases, such as
influenza, measles, mumps and rubella have been developed [2], continuing to save uncounted
numbers of lives (Figure 1). More recently, the development of the Herpes zoster vaccine has reduced
the incidence of painful shingles outbreaks and a human papillomaviral (HPV) vaccine is now given
to young women (and more recently men as well) to prevent cervical cancer and other HPV-
associated malignancies [3]. Further, hepatitis vaccines reduce the risk of hepatitis, liver damage and
cirrhosis and offer the additional benefit of reducing the attendant risk for later hepatocellular cancer
[4]. Vaccines thus represent the first therapeutic use of viruses as immune-modulating agents.
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Figure 1. A general overview of therapeutic uses of viruses, including direct use as immunogens for
vaccines, gene therapy vectors for delivery of therapeutic protein-coding sequences, tools for
destroying cancer cells in oncolytic virotherapy and as sources for novel therapeutic proteins.

Whole viruses are also under investigation as new approaches to treating cancer, a field referred
to as viral oncolytics, in which viruses selectively target and kill cancer cells as well as enhancing
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natural immune cell killing of cancer cells [5,6]. Adenoviruses, herpesviruses, measles, senecavirus
and poxviruses, such as vaccinia and myxoma, are all in active development as treatments for many
cancers, including multiple myeloma, melanoma, sarcomas and brain cancers such as glioblastoma
multiforma (GBM) [7-11]. The rabbit-derived myxomavirus is one such virus now demonstrated to
selectively target, infect and kill cancer cells, without infecting or killing normal, noncancerous
mammalian and human cells [6]. Aside from acting as lytic agents, some viruses have been
genetically modified, armed with therapeutic transgenes to activate the native T-cell-mediated
immune responses and thus to suppress or kill cancer cells and prevent metastasis [12].

Viruses are also used as vectors designed to express genes that target genetic disorders or treat
pathogenic processes. Viral vectors have been designed to express genes that replace defective gene
expression in patients with congenital disorders including alpha-1-antitrypsin (SERPINA1; A1AT)
deficiency, a genetic serpin disorder, or serpinopathy, which causes severe emphysema [13].
Adenoviral (AdV) and Adeno-associated viral (AAV) vectors provide systems for treating rare
genetic disorders. One such vector, AAVS, has been reported to improve development in children
with X-linked myotubular myopathy [14]. AAV expression of immune- and angiogenesis-
modulating proteins are also in development for treating uveitis and macular degeneration [15,16].
Some AAV vectors have also recently been designed to ectopically express virus-derived immune-
modulating proteins, the focus for this review [17].

In addition to the exploitation of viruses as vaccines, oncolytics and gene therapy vectors,
viruses also provide an extensive repository in nature for new immune-modulating drugs [18,19].
The same large DNA viruses that cause severe disease such as poxviruses and herpesviruses have
developed highly effective and potent methods to evade the immune responses of the host [20]. These
virus-derived immune-modulating tools have evolved over millions of years in a virus versus cell
arms race as counterattacks to host immune responses, effectively blocking immune responses by
targeting central immune pathways [20]. These proteins are now under investigation for the
development of immune-modulating biologics designed to treat severe immune diseases where the
immune response has become excessive and/or dysregulated [13-17]. Poxviruses ranging from
vaccinia to myxoma and variola, as well as herpesviruses, ranging from mouse gamma herpesvirus
to cytomegalovirus, all encode extraordinarily effective immune-modulating proteins that bind and
inhibit proteases, cytokines and chemokines, while yet other proteins are homologs or decoys for
cytokines, cytokine receptors and growth factors.

Patients that may benefit from new therapeutics which address limitations of existing treatments
include those with autoimmune and inflammation-based diseases such as rheumatoid arthritis,
psoriasis, psoriatic arthritis, inflammatory bowel disease (Crohn’s), inflammatory vascular diseases,
stroke, myocardial infarction, unstable angina, heart failure, sepsis, diabetes, renal failure and central
nervous system trauma [21-25]. Other targets could include allograft transplant rejection, which is
associated with elevated inflammatory serine proteases, chemokines and cytokines together with
complement activation in the circulating blood and affected organs [26]. Increases in tumor necrosis
factor (TNF), interferon-gamma (IFNYy), interleukins (IL-1B, IL-18 among others), chemokines,
growth factors and complement components are frequently used as biomarkers to track the
progression of disease in these immune system-driven conditions and many of these same immune
system components are targeted, blocked or redirected by viruses [20]. Virus-derived immune-
modulating proteins thus provide a natural source for treatments designed to control dysregulated
responses in both the innate (inflammatory) and acquired (antibody- and cell-mediated) arms of the
immune system, where aggressive damage to the vasculature and end organs clinically progress to a
wide spectrum of inflammatory and autoimmune disorders.

Immune-modulating protein biologics and antibodies are actively being identified and
developed as new treatment options for immune disorders. The virus-derived biologics that have
been tested for potential therapeutic uses range from cytokine and chemokine mimics to receptor
mimics, growth factors and regulators of the coagulation cascade and complement systems, all
representing naturally derived proteins evolved to provide extraordinarily effective agents.
Interestingly, many of the immune modulators identified at present have been developed from
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herpesviruses or poxviruses, owing to the comparatively large sequence space in their DNA genomes
for adopting and evolving new immune-modulating virulence factors (Figure 2). The majority of
studies involving virus-derived protein biologics have been pre-clinical (i.e., laboratory animal
models), but one virus-derived serpin has been tested in a Phase Ila trial in patients with unstable
coronary syndromes, proving safe and effective [27], thus paving the way to future trials of this new
class of virus-derived protein biologics. With this review, we focus on studies where virus-derived
biologics have been investigated as immune-modulating treatments. We begin with an overview of
serpins, one of which has been tested clinically, followed by a review of chemokine modulating
proteins and finally virus-derived mimics and inhibitors of cytokines and growth factors and ending
with an overview of the discovery of unique modulators derived from other viruses and organisms
that have demonstrated efficacy in preclinical studies. These virus-derived biologics represent a new
and almost untouched source for highly potent immune-modulating therapeutics.

Large DNA Viruses
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Figure 2. Comparison of different classes of immune modulators produced by large DNA viruses.
Herpesviruses, which replicate in the nucleus, and poxviruses, which replicate in a peri-nuclear
factory, both produce chemokine mimics and inhibitors, cytokine and cytokine receptor mimics and
inhibitors and growth factor mimics. A major distinguishing feature of poxviruses is the production
of both intracellular and extracellular serine protease inhibitors (serpins).

2. Serine Protease Inhibitors (Serpins)

Serpins are ubiquitous serine protease inhibitors that function as regulatory across all kingdoms
of the Tree of Life, found in diverse organisms ranging from plants and fish to insects and humans
[28]. Likely due to horizontal gene transfer, some viruses also express serpins [28]. In mammals,
serpins regulate pathways central to thrombosis (coagulation), thrombolysis, complement activation,
apoptosis, connective tissue degradation, immune cell activation and even neuronal and endocrine
pathways [28-32]. Serpins function as suicide inhibitors providing an external strained reactive
center loop (RCL) that presents a P1-P1 scissile bond as bait for cleavage by targeted proteases [31].
The proteases that are targeted by serpins then cleave the RCL at the P1-P1’ bond, becoming
covalently bound to the cleaved end of the RCL in a Michaelis complex, which is normally transient
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in an enzyme-substrate complex [33,34]. The cleaved RCL with the bound protease then folds in
a dramatic rearrangement into the A (-sheet (as the third of five strands), bringing the now-
deformed and neutralized protease a distance of more than 70A to the opposite pole of the serpin in
a stable, inactive serpin-enzyme complex [35] (Figure 3).

Serpin-Protease
Suicide Complex

A B-sheet

RCL as 3rd
strand of
B-sheet

Serpin-Protease MNeutralized
Michaelis Complex Protease

Figure 3. General overview of serpin function. The two major functional components of a serpin
structure are the reactive center loop (RCL; magenta) and the A (3-sheet (yellow). The RCL presents a
protease cleavage site as a substrate to serine (and cysteine in cross-class serpins) proteases (cyan).
When the target protease acts upon the RCL substrate a transient Michaelis complex forms (left),
wherein the serpin and the protease are temporarily covalently bound to each other. When this
Michaelis complex forms, the RCL performs a dramatic rearrangement and inserts as the third of five
strands in the A p-sheet (right). The deformed and neutralized protease and serpin are permanently
linked in a suicide complex, which then gets degraded. Structures are modeled on RSCB entries 1K9O
(left) [36] and 1EZX (right) [35].

Serpins share approximately 30% homology across multiple kingdoms, including plants,
mammals and bacteria, in addition to viruses. The impact of serpins on the regulation of multiple
central pathways is evident in the prevalence of serpins in the circulating blood, representing 2%-—
10% of circulating plasma proteins [37]. Further, they are expressed after injury in many tissues at
high levels [38]. Due to their suicide inhibition mechanism, forming 1:1 inhibitory complexes, serpins
are understood to require high available concentrations for the effective blockade of protease
activation [31]. The impact of serpin-mediated function is also seen in genetic disorders such as alpha-
l-antitrypsin (SERPINA1; A1AT) deficiency causing severe emphysema [39], genetic mutations in
plasminogen activator inhibitor-1 (SERPINE1; PAI-1) and antithrombin III (SERPINC1; ATIII) [40]
leading to clotting disorders, genetic deficiency of the serpin complement C1 inhibitor (SERPINGI;
C1INH) causing angioedema [41], or neuroserpin mutations (SERPINI1; NSP) causing epilepsy and
other neurological disorders [42,43]. Conformational problems with serpins, usually caused by
mutations, are termed serpinopathies, wherein chains or aggregates of inactive serpins are postulated
to form inactive polymers where the mutated serpin RCL is inserted into the beta-sheet of adjacent
serpins or via a domain-swapping mechanism with a similar outcome [44]. Protein replacement
therapy, as well as AAV expression of A1AT expression, are in development to treat A1AT deficiency,
the archetypal serpinopathy [39].

The impact of serpins on normal regulatory functions in mammals is evident by the evolution
of poxviruses to express immune-modulating serpins that block host immune defenses against viral
infections. When expressed, select viral serpins markedly increase virulence with profound effects
on the ability of the infected host to mount an immune response against the infecting virus. In
Myxomavirus infections, the deletion of Serp-1 or Serp-2 genes modifies this highly lethal infection
in European rabbits (Oryctolagus cuniculus) to a benign local infection [45,46]. The Shope fibroma
Myxomavirus variant has a scrambled Serp-1 gene sequence, and produces only a benign self-
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limiting infection in rabbits [45-47]. Poxviral serpins act as highly effective inhibitors, functioning at
picomolar concentrations [27,48-51]. Serpins thus have extensive and highly evolved immune
modifying and suppressive functions allowing poxviruses to infect and spread within the host.

Based on this exceptional activity the potential for several virus-derived serpins to function as
immune-modulating biologics has been investigated. The orthopoxviruses express three serpins, Spi-
1, Spi-2 (CrmA) and Spi-3 while the leporipoxvirus, Myxomavirus, expresses three serpins, Serp-1,
Serp-2 and Serp-3. The poxvirus-derived serpins and serpin RCL-derived peptides are discussed in
the following sections, describing molecular targets and findings in current preclinical and clinical
studies, demonstrating for some serpins the potential for therapeutic benefit (Table 1).

Table 1. Viral Serpins and Serpin-derived Peptides with therapeutic efficacy.

Serpin Virus Targets Models Clinical Refs.
Serp-1 Myxoma uPA, tPA, FXa, Aortic balloon angioplasty Phase I/Ila for [27,48,5
virus Plasmin, Thrombin injury; Aortic transplant; Acute coronary 2-60]
(w/ heparin); Renal transplant; Heart syndrome —
Requires uPAR transplant; Temporal artery coronary stent
function in vivo xenograft; Carotid cuff implant
compression; Spinal cord
injury; MHV-68 lethal
vasculitis; Wound healing;
Collagen-induced arthritis
Serp-2 Myxoma Caspase-1, -8, -10, Aortic transplant; Liver N.D. [50,51,5
virus Granzyme B ischemia-reperfusion injury; 9,61]
Carotid cuff compression
CrmA Cowpox Caspase-1, -8, Anti-Fas hepatitis; ConA N.D. [62-65]
virus Granzyme B hepatitis; Doxorubicin
cardiomyopathy; LAD
ligation MI
Serp-1 RCL Myxoma  Unknown; inhibits MHYV-68 lethal vasculitis; N.D. [66]
peptide: 5-7 virus PAI-1 and NSP Aortic transplant
activity
Serp-1 RCL Myxoma Unknown; inhibit MHV-68 lethal vasculitis N.D. [33]
peptides: virus Thrombin-ATIII
MPS7-8,9 complex formation
N.D., Not done. MPS7, modified peptide S-7.
2.1. Serp-1

Serp-1 is a 50-55 kDa glycosylated Myxomavirus serpin that inhibits both thrombotic (factor X
and thrombin) and thrombolytic (tissue- and urokinase-type plasminogen activators {tPA and uPA}
and plasmin) serine proteases [67,68]. Serp-1 has been tested in perhaps the broadest array of
preclinical models amongst all virus-derived immune modulators that have been tested as potential
therapeutics. Serp-1 was first tested in a rabbit model of aortic balloon angioplasty injury and later
after balloon angioplasty and stent implant, demonstrating significantly reduced inflammation and
plaque growth [53]. Serp-1 efficacy was detected at picogram-to-microgram doses after both single
and multiple systemic injections. Subsequently, effective inhibition of arterial inflammation and
plaque growth was seen in aortic [48], renal [54] and heterotopic heart transplants [55] in mice and
rats. More recently, Serp-1 has proven effective in severe inflammatory vasculitic syndrome models
in mice after MHV-68 herpes virus infection in IFNyR deficient mice [56] and, in a different study,
after aortic xenograft implants of human temporal artery biopsy specimens from patients with
suspected inflammatory vasculitic syndromes (Giant cell arteritis) into the abdominal aorta of severe
combined immunodeficient (SCID) mice [57]. In other work, Serp-1 treatment reduced inflammation
in collagen-induced arthritis in rats [58] and reduced plaque in a mouse carotid compression model
[59]. When delivered locally by subdural infusion Serp-1 reduced inflammation and improved
functional recovery in a balloon crush spinal cord injury model in rats [60]. These prior studies were
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performed by systemic injection of Serp-1 either by intraperitoneal or intravenous injection or by
subdural infusion to the spinal cord in rats. When delivered topically in saline solution or via a
chitosan-collagen biocompatible hydrogel sustained-release substrate, Serp-1 accelerated healing in
a full-thickness wound healing model in C57BL6/] mice, with improved vascularization and tissue
remodeling [52]. These diverse studies attest to the marked capacity and the potential of this protein
to function as a biologic therapeutic.

Mechanistically, multiple studies point to a critical role of the urokinase-type plasminogen
activator receptor (uPAR) in the function of Serp-1 in vivo. In immunoprecipitation studies, Serp-1
binds to uPAR and co-precipitates with the actin-binding and coordinating protein filamin B [69].
Serp-1 efficacy is abrogated in a uPAR-deficient mouse aortic allograft models [70]. Similarly, Serp-
1-mediated promotion of full-thickness wound healing is completely blocked by co-treatment with a
neutralizing antibody to uPAR [52].

Of central interest to the translational potential of virus-derived immune-modulating biologics,
Serp-1 was examined in patients with unstable coronary syndromes, unstable angina and small heart
attacks with coronary stent implant, in the first human clinical trial of a viral protein. Serp-1 was
tested in randomized, blinded FDA-approved Phase 1 (safety) and 2 (Safety and efficacy) clinical
trials using a good manufacturing product (GMP) protein expressed in Chinese hamster ovary cells
(CHO) cells [27]. In a clinical trial, Serp-1 proved safe with minimal, if any, side effects and no major
adverse cardiovascular events (MACE score = 0), and specifically with no detected increase in
thrombosis or bleeding and no increased infections. In the Phase 2 trial (NCT00243308), Serp-1
treatment was tested in a randomized, blinded, dose-escalating trial in patients with documented
unstable coronary syndromes (patients with Non-ST elevation MI and unstable angina who required
coronary angiography and had demonstrated indications for coronary stent implant). In this trial,
performed at seven sites in Canada and the United States, no side effects were reported with a
reported MACE of 0 at the highest dose (15 pg/kg IV x 3 days). Further, no neutralizing antibodies
were detected after Serp-1 infusions. Serp-1 treatment significantly reduced markers of myocardial
damage, Troponin I and creatinine kinase, TNI and CK respectively. No reduction in plaque size was
detected by intravascular ultrasound but the total trial included only 48 patients in total. Thus, this
clinical trial, which was a first-in-class clinical trial of a virus-derived biologic in man, proved
treatment with a viral serpin safe and effective in reducing markers of cardiac damage and proved
safe with no significant antibody production. In summary, while this clinical trial did not detect
reduced plaque growth after coronary stent implants, perhaps due to the small patient cohort size,
Serp-1 treatment given for three days after stent implant did significantly reduce markers of heart
damage at the highest dose, a predictor of longer-term outcomes in ischemic heart disease.

2.2. Serp-2

Serp-2 is a 34 kDa serine and cysteine (cross-class) protease inhibitor, derived from
Myxomavirus that inhibits both apoptotic (granzyme B, a serine protease, and caspase-8 and -10,
cysteine proteases) and inflammasome (caspase-1, a cysteine protease) pathways [71-73]. In mouse
models of aortic allograft transplants, Serp-2 significantly reduced inflammation and intimal
hyperplasia, again with no detected side effects [50,51]. In a model of partial 70% warm ischemia-
reperfusion injury in the liver (LIRI), Serp-2 treatment given systemically also improved survival
over 10 days, reduced necrotic damage of the liver and lowered acute markers of liver damage [61].
Surprisingly, caspase-1, caspase-3 and caspase-8 activation were not suppressed, suggesting an
alternative mechanism of protection potentially by inhibition of circulating inflammatory proteases.
When tested in a mouse carotid cuff compression model of atherosclerosis, Serp-2 treatment had a
demonstrated trend toward the reduced carotid plaque, but significantly reduced proximal aortic
root plaque growth as a systemic effect on vasculature proximal to the carotid injury [59]. This
systemic efficacy of Serp-2 is not reproduced by the infusion of an inactive Serp-2 RCL mutant nor,
surprisingly, by the Cowpox analog CrmA that has similar molecular targets to Serp-2 (see next
section). When Serp-2 is given to mice after implant of granzyme B-deficient aortic transplants, the
efficacy for reducing graft vasculopathy is lost, indicating that Serp-2 immune-modulating functions
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in this transplant model are at least in part dependent upon blockade of granzyme B and apoptosis
[50].

2.3. CrmA

CrmA (cytokine response modifier A) is a cross-class serpin expressed by Cowpox virus, with
analogs in other orthopoxviruses such as vaccinia virus or ectromelia virus referred to as SPI-2 [74].
CrmA binds granzyme B and caspases 1 and 8 with higher affinity than Serp-2 [73]. Despite the higher
affinity, when CrmA and Serp-2 genes are interchanged in viruses they did not restore the immune-
modulating properties of the alternate gene, nor did they increase virulence [71]. As mentioned
above, in a mouse aortic transplant model, Serp-2 but not CrmA reduced aortic allograft
inflammation and intimal hyperplasia, indicating a difference in potential for therapeutic efficacy
[50]. However, some preclinical models have shown efficacy for CrmA as a therapeutic approach.
Pre-treatment with an adenovirus delivering the coding sequence for CrmA potently inhibited anti-
Fas antibody-induced fulminant hepatitis in male BALB/c mice [62]. In this model, protection by
CrmA was adenovirus dose-dependent and associated with the dramatic reduction in TUNEL
staining, caspase-3 activation and CD11b-positive cell infiltration. In similar work, adenoviral
transduction of CrmA protected mice from concanavalin-A-induced hepatitis, with an associated
reduction in TUNEL staining, caspase-3 activation, CD11b-positive cell infiltration and IL-18
secretion [63]. Interestingly, CrmA did not affect T-cell phenotypes in this model, despite
concanavalin-A hepatitis classically being thought of as driven by T-cells [75]. In a doxorubicin-
induced model of cardiomyopathy in mice, cardiac-specific expression of CrmA significantly
improved early survival, but the effect was transient and by twelve days post-induction no benefit
could be observed [65]. In this study, CrmA expression stably suppressed activity of caspase-3,
caspase-8 and caspase-9, but was unable to reduce levels of TUNEL staining or the release of
apoptosis-inducing factor (AIF). These results indicated that while CrmA did successfully prevent
initial caspase-3/8/9-dependent apoptosis, redundant pathways were engaged ultimately resulting in
cardiac damage by an apoptotic caspase-independent mechanism. Like Serp-1 and Serp-2, CrmA has
also been tested as a recombinant protein therapeutic. CrmA conjugated to an HIV trans-activator of
transcription (TAT) domain, which confers cell permeability, potently reduced disease severity and
improved survival in both anti-Fas-induced fulminant hepatitis, doxorubicin-induced heart failure
and left anterior descending (LAD) artery ligation-induced myocardial infarction in mice [64].

2.4. Serpin-Derived Peptides

In initial studies with the Myxomavirus derived serpin, single or limited doses of Serp-1 given
immediately after vascular injury or transplant produced a prolonged activity detected in preclinical
animal models of vascular disease. As the RCL for serpins is cleaved, it was postulated that naturally
derived metabolites from the Serp-1 RCL might have an activity that can extend Serp-1 activity. The
in vivo circulating half-life of Serp-1 is reported as short and dependent on the organism, with
measurements of 3 minutes in mice [59], 20 minutes in humans [27] and up to 12 or more hours in
rabbits [76]. However, much of the activity of Serp-1 may be due to non-circulating or tissue-based
activity and or active metabolites. Thus, 1 to 10 days of Serp-1 treatment given systemically has had
up to 30 days benefit, and for the inflammatory vasculitic syndrome (IVS) model of herpesvirus-
induced vasculitis, 10 to 30 days of Serp-1 treatment led to improved survival up to 150 days [56]. A
series of Serp-1 and mammalian neuroserpin (NSP) RCL peptides were thus tested; peptide
sequences based upon natural cleavage sites predicted by the Expasy/PeptideCutter program [33,66].
One of the Serp-1 RCL peptides, designated S-7, reduced inflammation after aortic allograft
transplant in mice, as well as improved survival with similar efficacy to Serp-1 in the MHV-68 IVS
mouse model in IFNyYR~- mice. In contrast, Neuroserpin RCL peptides were not active in the aortic
transplant model. Thus, bioinformatically predicted RCL peptides derived from Serp-1 have
demonstrated preclinical efficacy in IVS and transplant vasculopathy models unique to the virus-
derived parent protein.
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Serp-1 and the Serp-1 S-7 peptide lose therapeutic efficacy and no longer improve survival when
the gut bacterial microbiome is suppressed with broad-spectrum antibiotics [33]. This finding
suggests that this Myxomaviral immune regulating serpin has tapped into trans-kingdom
interactions and host defenses that modify host immune responses between the infecting virus and
the host bacterial microbiome. These peptides, while expected to inhibit serine proteases, instead bind
and inhibit mammalian serpins such and PAI-1 and NSP [67]. When the Serp-1 RCL peptide S-7 was
modified to improve hydrogen bonding in the A 3-sheet, the resultant peptides MPS7-8 and MPS7-9
displayed extended activity improving survival, even in antibiotic-treated mice in the IFNyR~~ [33].
Thus, immune-modulating biologics may be sensitive to host environmental factors and may require
molecular optimization to maintain therapeutic efficacy.

3. Chemokine binding proteins (CBPs)

Chemokines are small, 8-10 kDa cytokines that direct cell migration, guiding immune system
cells to sites of tissue damage from trauma and infection or to areas where foreign tissues have been
implanted as in transplants [77-79]. Chemokines also direct cell migration in angiogenesis, lymphatic
development, wound healing, nerve regeneration and cancer metastases [80]. Chemokines bind
glycosaminoglycans (GAGs) and form gradients in the connective tissue and the polysaccharide-
containing glycocalyx that surrounds cells in vessels (arteries and veins) and organs. They
simultaneously bind 7-transmembrane G protein-coupled receptors (7TMGPCRs, or GPCRs) found
on target cells like white blood cells (WBCs) (Figure 4).

Based on the N-terminal cysteine (C) residues, chemokines are divided into four groups; a
(CXC), B (CC), Y (C) and d (CX3C) chemokines, with X representing intervening amino acids between
CC residue groupings (Figure 4A) [81]. In the immune cell response, CXC or a chemokines are
generally considered neutrophil or lymphocyte recruiting cytokines, while CC or 3 chemokines are
reported to attract monocytes and T cells [82]. C or y chemokines (lymphotactins) and d chemokine
(fractalkine) are considered chemoattractant for T cells, NK cells and dendritic cells. However,
chemokines are notoriously promiscuous, often crossing over to act on diverging pathways and
receptors [80].

Chemokine expression is detected at sites of tissue trauma and infection, or in the case of
transplants at sites of immune rejection, directing both the necessary early inflammatory (innate
immune) and antibody-mediated (immune) cell migration acting both in healing responses and with
excess damaging inflammatory and immune responses [83]. Chemokines thus can be upregulated in
the ongoing, dysregulated inflammatory and immune responses in diseases such as non-healing skin
wounds in diabetics, dermatomyositis, neurotrauma, arthritis, vasculitis and transplant rejection.
Increased levels of individual chemokines and chemokine receptors are closely linked with many
inflammatory diseases.

Chemokines bind to GAGs to form a concentration gradient that then directs inflammatory (and
in some cases stem) cell binding, leading cells to sites of damage of infection (Figure 4B,C) [84]. The
chemokine then binds to GPCR on migrating cells, guiding cells into sites of tissue injury.
Chemokines can bind to cellular GPCRs and with GAGs through independent or overlapping
binding sites. Chemokines can thus direct immune cells responsible for activating inflammation and
immune response or suppressing excess immune responses or inflammation.

There are approximately 50 chemokines and 20 chemokine receptors reported, with the
chemokines exhibiting a remarkably conserved three-dimensional fold [79,85]. Chemokine receptor
interactions are promiscuous, with most receptors interacting with more than one chemokine and
most chemokines more than one receptor [80]. These chemokine-receptor interactions are further
refined by binding to specific GAGs, the most prevalent GAGs in the glycocalyx being heparan and
chondroitin sulfate.
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Figure 4. An overview of chemokine function and role. (A) Chemokines exhibit highly conserved

overall structure with classification by the arrangement of their N-terminal cysteine residues. (B)

Chemokines bind G protein-coupled receptors (GPCR)-type receptors on chemotactic cells such as

mononuclear cells via their N-terminus, and are anchored to tissue matrices and endothelial layers

by glycosaminoglycans in the glycocalyx. Viral chemokine signaling modulators are indicated in red

boxes with an approximate location of interference indicated. (C) Gradients formed by the anchoring

of chemokines to the glycocalyx direct circulating immune cells to infiltrate into the site of injury or

infection.

In a similar fashion as used by viruses for their adoption of serpins, viruses have developed

multiple chemokine-targeting strategies including chemokine mimics, chemokine receptor mimics

and chemokine binding proteins (CBPs). Two classes of large DNA viruses, poxviruses and

herpesviruses, have independently developed highly effective mechanisms that moderate chemokine

activity as methods to block host immune responses against viral infection. The viral chemokine
receptors mimic host structure; in contrast, the chemokine binding proteins have no sequence

homology to native mammalian chemokines or their receptors [86-88]. A variety of CBPs are encoded
by poxviruses [89,90] and by all three subfamilies (alpha, beta, and gamma) of herpesviruses [91].
Interestingly, the poxvirus-encoded CBPs have a common protein folding not found in mammalian

proteins, named the poxvirus immune evasion (PIE) domain, that is also found in poxvirus proteins
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that bind granulocyte-macrophage colony-stimulating factor, IL-2 or Major Histocompatibility
Complex class I molecules [92]. The structure of the gamma herpesvirus M3 protein also displays a
novel structure capable of binding chemokines with high affinity [93]. These unique and highly
potent virus-derived chemokine modulating proteins further demonstrate the central role of
chemokines in immune response, not only for viruses but also in many other invasive organisms
including ticks and helminths such as Schistosoma mansoni, that also produce CBPs [94,95]. This broad
range of pathogen-produced CBPs again demonstrates the benefit of chemokine blockade by
pathogens for evasion of host immune cell attack. The CBPs have been extensively tested as potential
treatments for immune disorders whereas the receptor mimics have had less attention. We will focus,
therefore, on the studies performed to date to investigate poxvirus and herpesvirus derived CBPs as
therapeutics.

Some poxviral and herpesviral CBPs have demonstrated impressive efficacy in preclinical
studies. M-T1 and M-T7 are Myxomavirus CBPs; M-T1 interferes with CC chemokine binding to
cellular receptors [89] while M-T7 blocks binding of a wide range of C, CC and CXC chemokines to
glycosaminoglycans (GAGs) [90]. The deletion of the M-T7 gene in Myxomvirus leads to markedly
reduced disease severity in European rabbits [90]. The mouse gammaherpesvirus-68 (MHV-68)
encodes the M3 CBP that has the combined function of inhibiting the binding of chemokines to both
GAGs and their respective GPCRs [91,96]. In the following section, we review the chemokine
modulating protein strategies that have demonstrated preclinical efficacy from both poxviruses and
herpesviruses (Table 2).

Table 2. Viral chemokine-modulating factors with therapeutic efficacy.

Protein Virus Targets/Function Models Refs.
35K; Vaccinia virus; CC chemokines, Atherosclerosis; [97-100]
vCCI (MPV); Myxoma virus; CCL3/MIP-1a for Arthritis; Angioplasty
M-T1 (MYXV); Monkeypox MPV vCCL; prevents  injury; Aortic
virus; receptor binding transplant;
Ectromelia virus; Experimental allergic
Cowpox virus encephalomyelitis
35K-like CBP Orf virus; C, CC, CXC Wound healing; Stroke;  [99,101]
Bovine papular chemokines; prevents Skin inflammation
stomatitis virus receptor binding
M-T7 Myxoma virus C, CC, CXC Balloon angioplasty [102-106]
chemokines; prevents injury; Aortic
GAG binding transplant; Renal
transplant
SECRET Variola virus; CC, CXC Genetic Crohn’s like [107,108]
domains Ectromelia virus chemokines; prevents disease; Arthritis
receptor binding
M3 Mouse gamma C, CC, CXC, CX3C Experimental allergic [109-115]
herpesvirus-68 chemokines; prevents encephalomyelitis;
receptor binding NOD Type I diabetes;
DSS colitis; Arterial
injury; Vaccine
adjuvancy
BHV1gG Bovine CC, CXC Serum transfer-induced [116]

herpesvirus-1

chemokines; prevents
receptor binding

arthritis
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3.1. Poxviral Chemokine Modulators

3.1.1. 35K

The 35K proteins are CBPs found in many poxvirus strains from Vaccinia, Ectromelia, Cowpox
and Myxomavirus (where it has been named M-T1) which have a high affinity for CC-class
chemokines [117]. When deleted, the absence of the 35K protein causes an increased inflammatory
response to viral infection but has minimal effect on overall viral survival [118]. The 35K proteins
have been tested and have shown some benefit in atherosclerosis and arthritis models [97,98].
Treatment with M-T1 proved beneficial in reducing pathology in rodent models of angioplasty injury
and aortic allograft inflammation [99].

Monkeypox virus (MPV) is an orthopoxvirus with significant homology to variola major [119].
MPV encodes a highly abundant secreted chemokine binding protein referred to as the MPV viral
chemokine inhibitor (vCCI), an ortholog of VACV 35K [100]. The canonical target for MPV vCClI is
MIP-1a (otherwise known as CCL4). Mice given a high dose of MPV vCCl by intraperitoneal injection
were therapeutically protected from experimental allergic encephalomyelitis (EAE) induced by
subcutaneous injection of myelin proteolipid peptide (PLP). Interestingly, while the initial phase of
the model was blunted versus control-treated animals, mice given MPV vCCI were completely
protected from the relapsing phase of the disease [100].

3.1.2. Orf Virus 35K-like Chemokine Binding Protein

Homologs of the 35K poxvirus proteins have also been isolated in parapoxviruses. This genus
of viruses infect primarily ungulates [120], but are also zoonotic, infecting human—animal handlers.
The type species, Orf virus (ORFV), was found to secrete two proteins with limited homology with
the orthopoxvirus 35K proteins; a granulocyte macrophage-colony stimulating factor and
interleukin-2 inhibitory factor (GIF) and a chemokine binding protein (CBP) [121,122].

The ORFV GIF exhibits pronounced species specificity, interacting with only ovine and bovine
cytokines [121]. This viral protein was shown to inhibit the hematopoietic activity of ovine GM-CSF
and T cell proliferation induced by ovine IL-2 [121]. The role of GIF in ORFV infection is not known,
but studies on the localized immune response at the site of infection suggest a role in subverting anti-
viral immune responses [123]. The GIF gene sequence is present in certain parapoxviruses [124], but
functional analysis has shown that the GIF from Pseudocowpoxvirus (PCPV) binds bovine IL-2 and
bovine GM-CSF, while the homolog from Bovine papular stomatitis virus (BPSV) does not.

The ORFV CBP binds with high affinity to human and mouse chemokines from the CC class,
and also to selected C and CXC class members [122,125]. Structural studies have revealed that ORFV
CBP is dimeric in solution, unusual for a CBP, and has revealed structure determination of complexes
with three different cognate binding chemokines (CCL2, CCL3 and CCL7) [125]. Recombinant ORFV
CBP, produced from HEK293s, was shown to inhibit monocyte and dendritic cell recruitment in vitro,
and from the blood to inflamed skin in a murine model, and also reduce T cell activation within the
lymphatics [126,127]. Not surprisingly, the deletion of this immune-modulator from the ORFV
genome severely attenuates infection of sheep, reducing pustule formation and increasing dermal
monocyte and dendritic cell recruitment to the lesion, relative to the wildtype virus [128]. The ORFV
CBP is conserved across parapoxviruses, but with low identity across species [99,129-132]. The CBP
encoded by BPSV shows the greatest similarity to that of ORFV, with the recombinant protein
binding strongly to chemokines within the CXC, CC and C subfamilies, and inhibiting neutrophil
and monocyte recruitment in vitro and a murine model of skin inflammation [99]. Intriguingly, three
variants have been identified in the genome of Parapoxvirus of red deer of New Zealand (PVNZ)
[132], and these CBPs exhibit differences in binding specificity. While the PVNZ CBP112.0 interacted
with chemokines from the CXC, CC and C classes of chemokines with nanomolar affinities, CBP112.3
showed a preference for CXC chemokines, and CBP112.6 showed picomolar affinity binding for CC
chemokines [132]. In vitro, the recombinant PVNZ CBPs also showed inhibition of neutrophil and
monocyte chemotaxis. Structural modeling explained these differences, showing that while the
PVNZ CBPs retain the core CBP structure, they differ in their chemokine binding domain [132].
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The broad spectrum of activity of the parapoxvirus CBPs has led to investigations as to their
therapeutic utility in preclinical models of acute inflammation. Intradermal injection of the BPSV CBP
into injured murine skin delayed the influx of neutrophils and reduced the accumulation of MHC-
II+ immune cells within the wound bed [99]. Treatment with the BPSV CBP also suppressed
inflammation post cerebrovascular accident (stroke) in mice [101]. Decreases were observed in the
stroke-induced CCL2 and CXCL2 levels and invasive leukocytes in treated mice relative to controls,
along with smaller infarct size and a reduced neurological deficit. The parapoxvirus CBPs with more
selective chemokine binding profiles have yet to be tested in preclinical models, but may too offer
clinical benefit.

3.1.3. M-T7

M-T7 is a rabbit species-selective interferon-gamma receptor (IFNyR) homolog with specific
binding for rabbit IFNy. M-T7 also binds and inhibits chemokine binding to GAGs for a wide range
of mouse and human C, CC and CXC chemokines [90]. When the M-T7 gene is deleted the
Myxomavirus becomes a benign self-limiting infection in European rabbits [133]. M-T7 has
demonstrated remarkable benefits in vascular injury models from balloon angioplasty to aortic and
renal allograft transplants [102-106]. M-T7 treatment given together with cyclosporine reduced
transplant rejection, vasculopathy and scarring in rats [104]. When given alone with no additional
immunosuppressants, M-T7 reduced aortic allograft inflammation and intimal hyperplasia [105]. In
a mouse renal allograft model, M-T7 given alone significantly reduced rejection on analysis by
pathologists blinded to treatment and also improved survival, even when given without
supplemental immunosuppressant treatments [105,106]. Interestingly, M-T7 activity was lost in the
renal allograft model in N-deacetylase sulfotransferase-1 (Ndst1) deficient mice. Ndstl selectively
transfers sulfur groups to heparan sulfate GAGs. Of interest, the transplant of donor renal grafts from
Ndst1-deficient mice without additional treatment also had markedly reduced rejection providing
evidence for new potential immune response pathways and new therapeutic targets for improving
diseases with dysregulated inflammation. Treatment with a mutant M-T7, E209], recovered efficacy
in Ndstl-deficient grafts into BALB/c mice, where wildtype was no longer functional. This finding
suggests that in scenarios wherein a virus-derived immune modulator has limited efficacy, targeted
mutation of susceptible residues may recover function and presents an example for other immune
modulators.

3.1.4. Poxvirus SECRET Domains

CrmB and CrmD found in variola virus (VARV) and ectromelia virus (ECTV) respectively are
bi-domain proteins that consist of a chemokine binding moiety called SECRET (smallpox virus-
encoded chemokine receptor) coupled with a viral tumor necrosis factor receptor (vINFR). The
SECRET domains were initially discovered within the cytokine response modifier (Crm) B and D
genes [134]. Other SECRET domains containing proteins (SCPs 1, 2 and 3) have also been identified
in CPV (V218, V014 and V201) and ECTV (E12 and E184). The SECRET domains and SCPs have
narrow chemokine binding properties inhibiting chemokine receptor binding. CrmD expression
specifically in intestinal epithelial cells reduces inflammatory cell migration in vitro and decreased
gut inflammation in a transgenic model of Crohn’s like inflammatory bowel disease [107]. In recent
work, the SECRET domain from ECTV was fused to the clinically used human TNF receptor Ig Fc
fusion protein (Etanercept) and demonstrated its efficacy in a mouse model of arthritis, and possible
improvement under certain conditions [108]. This recent work demonstrates that functional domains
of virus-derived immune modulators can be exploited in conjunction with other therapeutic proteins
to produce synergistic treatments.
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3.2. Herpesviral CBPs

3.2.1.M3

M3 derived from the mouse gamma herpesvirus-68 (MHV-68) binds to both the GAG-binding
and the receptor-binding domains of all classes of chemokines, C, CC, CXC and CX3C [91,96]. M3 N-
terminal sequences have partial sequence homology with SECRET domains. M3 protein infusion
reduces inflammation when given systemically after aortic allograft transplants in rodent models
[102]. Replication-deficient Adenoviral vector expression of M3 administered 5 days after induction
of experimental autoimmune encephalitis (EAE) in mice also improved clinical outcomes and
reduced evidence of histopathologic changes [109]. M3 has also been reported to increase resistance
to diabetes development by inhibiting the priming of diabetogenic cells in the pancreatic lymph
nodes and their recruitment into pancreatic islets in transgenic NOD mice, highlighting a key role for
chemokines in the development of diabetes [110]. Transgenic expression of M3 attenuated
inflammation and suppressed inflammatory infiltration of neutrophils, macrophages and eosinophils
in a dextran sulfate-induced colitis model in C57BL6/] background mice [111]. Conditional transgenic
mice expressing M3 under the control of doxycycline were resistant to intimal hyperplasia in a model
of femoral artery injury [112]. Consistent with this, the expression of M3 from an adenovirus vector
has been shown to limit atherosclerosis in apolipoprotein E7~ mice [114]. Adenovirus vectors
expressing M2 and M3 gene products have been developed as a method to vaccinate against latent
gamma herpesvirus infections [113], uniquely linking a viral chemokine-modulating protein to a
vaccine strategy designed to reduce herpes viral latency. Recently, M3 expression has been shown to
attenuate inflammation-driven angiogenesis [115] and could represent the basis for the design of
novel anti-angiogenic therapies. The manipulation of amino acids near the chemokine binding site
by site-directed mutagenesis may be a feasible strategy to modulate the affinity of M3 for particular
chemokines that play a more prominent role in particular diseases [135].

3.2.2. Bovine Herpesvirus 1 Glycoprotein G (BHV1gG)

BHV1gG binds to a wide spectrum of murine and human chemokines. When given via
adenovirus expression BHV1gG significantly inhibited thioglycollate-induced neutrophil migration
into the peritoneal cavity of BALB/c mice and reduced clinical severity and articular damage in
K/BxN serum transfer induced arthritis [116]. In contrast, BHV1gG-Ig fusion protein alone did not
prevent monocyte invasion into the peritoneum and did not prevent renal monocyte infiltration or
nephritis in lupus-prone NZB/W mice, nor did it improve survival after induction of lupus with Ad-
IFNa. Importantly, loss of efficacy in this study was found to be associated with the production of
neutralizing antibody response [116]. A recombinant version of a similar protein (gG) from herpes
simplex virus has been used as an adjuvant to improve the protective immune response to Helicobacter
pylori vaccination [136].

4. Virus-Derived Cytokine and Growth Factor Mimics and Inhibitors

In addition to the binding proteins described above, viruses have developed IFN, cytokine and
growth factor mimics and/or inhibitors that can divert host immune responses away from the
infecting viral pathogen. Virus-encoded homologs and/or inhibitors of host proteins mimic or target
IFNa/B/y, interleukin 1-beta (IL-1p@), interleukin 10 (vIL-10), interleukin 18 (IL-18), complement
components and tumor necrosis factor (TNF) and their receptors [119,137].

IFN is part of early responses evolved to control viral infection. Several IFN receptor mimics
have been discovered that block host IFN activation after viral infections. The Myxomavirus
chemokine modulator, M-T7, shares homology with the rabbit IFNy receptor of selected rabbit
species and functionally inhibits IFNY of rabbits only, but the CBP functions for M-T7 are not limited
to rabbits [94]. Viruses also express TNF and interleukin 10 (IL-10) mimics. TNF is considered part of
a pro-inflammatory response and is a mediator of immune cell killing, whereas IL-10 is a cytokine
often closely associated with reduced inflammation [119,137]. Growth factors drive cell proliferation,
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angiogenesis and tissue regeneration and a viral vascular endothelial growth factor (vVEGF), was
one of the earliest identified “virokines” expressed to modulate host responses by poxviruses
[138,139]. Several of these viral mimics and inhibitors, specifically vIL-10, vWVEGF and TNF inhibitors
have now been successfully assessed as potential therapeutic biologics with marked efficacy in
preclinical models (Table 3).

Table 3. Viral cytokine and growth factor mimics and inhibitors with therapeutic efficacy.

Protein Virus Target protein Models Refs.
mimic/inhibitor
vIL-10 Orf virus IL-10 mimic Wound healing [140-142]
vVEGF Orf virus; all VEGF mimic Wound healing; [143-146]
parapoxviruses Myocardial ischemia

CrmB TNEF- Variola virus; TNF inhibitor by Collagen-induced [147]

binding Ectromelia virus;  receptor decoy arthritis

domain Cowpox virus

vMIP-II Herpesviruses MIP-1a mimic Cerebral artery [148-151]
occlusion; Anti-GBM
glomerulonephritis;

Spinal cord injury;
Cardiac transplant
MC148 Molluscum CC-class chemokine Cardiac transplant [151]
contagiosum mimic

4.1. vIL-10

A homolog of IL-10 has been identified in ORFV [152], other parapoxviruses [129-131] and these
vIL-10s share remarkable similarity to mammalian IL-10. Functional characterization of ORFV IL-10,
produced as a recombinant protein in HEK-293s, suggests it shares the activities of mammalian IL-
10, in contrast to EBV vIL-10 that displays only a subset of activities of human IL-10. This viral protein
has been shown to stimulate murine thymocyte and mast cell proliferation [152,153]. ORFV IL-10 also
exhibits potent immunosuppressive activity, suppressing murine dendritic cell maturation and T cell
activation [127], as well as pro-inflammatory cytokine production in human monocytes [154], murine
macrophages [153], equine fibroblasts [155], ovine macrophages, keratinocytes and peripheral blood
lymphocytes [156]. The deletion of this gene severely attenuates ORFV, with smaller less severe
lesions produced during infection and reinfection of sheep [157].

Mammalian IL-10 is a known regulator of wound healing processes, contributing to scar-free
healing [158]. Consistent with this, a phase II randomized clinical trial has shown that intradermal
administration of recombinant human IL-10 to human incisional wounds improved the macroscopic
appearance of scars [159]. ORFV produces proliferative skin lesions, that even when persistent,
resolve with minimal scarring [160]. This observation, and its specific activities, led to ORFV IL-10
being investigating as an anti-scarring therapy in pre-clinical skin wound models. Subcutaneous
injection of ORFV IL-10 as with mammalian IL-10 limited scarring of skin wounds in mice, by
suppressing pro-inflammatory cytokine production, macrophage infiltration and myofibroblast
differentiation [140]. Wound inflammation was also suppressed in experimentally-induced slow-to-
heal wounds in horses following subcutaneous delivery of ORFV IL-10 [141], but not after topical
hydrogel delivery to fibrotic equine wounds [142]. This vIL-10 may, therefore, provide clinical benefit
when applied to human scars, but its route of administration may be critical.

4.2. vWWVEGF

Vascular endothelial growth factors (VEGFs) control blood vessel formation and are critical for
development and tissue repair [161]. The mammalian VEGF family comprises of five ligands that
each interacts with one or more high-affinity VEGF receptors (VEGFRs). Ligands that activate
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VEGEFR-2 promote blood vessel formation, while those that engage VEGFR-1 to induce inflammation.
Consequently, aberrant expression of mammalian VEGFs, or their receptors, has been implicated in
numerous inflammatory and vascular diseases, including non-healing wounds, retinopathy and
many cancers [162].

The first VEGF homolog discovered in a mammalian virus is encoded by the parapoxvirus,
ORFV [163]. Variants of this VVEGF were then identified in all known parapoxvirus species
[129,130,164-167]. The highly proliferative and edematous nature of parapoxvirus skin lesions has
been attributed to the expression of the vVEGEF. In the absence of a functional vVEGF, ORFV lesions
in sheep lack the vascular and epidermal hyperplasia associated with wild-type infections [168,169].
It has thus been hypothesized that the vVEGF supports parapoxvirus replication, by increasing the
number of proliferating epidermal cells that can be infected, as well as the supply of nutrients from
the vasculature. The vVEGEF also likely contributes to environmental spread, as scab formation was
reduced in lesions induced by the virus lacking this gene [168].

The vVEGFs show extensive genetic diversity from, but the high structural similarity to, the
mammalian VEGFs [161,170]. Although the crystal structure of the ORFV protein shows retention of
the characteristic homodimeric cysteine knot motif [171], conformational differences are evident in
loop regions associated with VEGFR binding, and within the glycosylated C-terminus [165,170,172].
These structural differences explain the unique receptor selectivity of the vVEGFs. Unlike
mammalian VEGFs, vVEGFs act primarily through VEGFR2, with limited binding to the other
VEGEFRs [165,173,174]. The consequences of this receptor-selectivity was seen in in vitro assays where
the recombinant ORFV vVEGEF, produced in Pichia pastoris or HEK-293 cells, induced endothelial cell
signaling, proliferation and tube formation, but failed to incite monocyte chemotaxis [165,173,175].
In vivo, the transgenic overexpression of the ORFV vVEGF in murine skin also increased blood vessel
formation, but with limited monocyte infiltration and edema relative to mammalian VEGFs [176].

As the receptor-selective VVEGF retains the reparative, but not inflammatory, properties of
mammalian VEGFs, many studies have explored the therapeutic utility of the ORFV vVEGF in
preclinical models of tissue damage. Transgenic delivery of the vVEGEF to the ischemic myocardium
of mice increased ventricular perfusion, without the inflammatory damage associated with
mammalian VEGF administration [143]. Subcutaneous injection of the VVEGF as with mammalian
VEGEF accelerated closure of murine skin wounds, through the enhanced blood vessel and epidermal
regeneration [144,145]. Wounds treated with the vVEGF also exhibited reduced inflammation and
scarring, which was attributed to an increase in anti-inflammatory IL-10 production [146].
Subcutaneous and topical hydrogel delivery of the vVEGF also increased epithelialization, blood
vessel functionality and lesion resolution in experimentally-induced slow-to-heal and fibrotic
wounds in horses, when applied in combination with ORFV IL-10 [141,142].

Virus derived growth factors have thus evolved such that they exhibit distinct therapeutic
advantages over their mammalian counterparts, and have proven effective in preclinical models. A
phase 1 clinical trial of recombinant human VEGF (Telbermin) in patients with chronic neuropathic
diabetic foot ulcers showed positive trends towards accelerated complete ulcer healing [177], but
excess is associated with scar formation [178]. The VVEGF may, therefore, provide the same
reparative functions, but with reduced inflammatory complications, thus offering greater clinical
benefit.

4.4 Viral Tumor Necrosis Factor Inhibitors

As noted above, the poxviruses express several TNF receptor homologs, specifically cytokine
response modifiers, (Crm) B, C, D and E. We have already discussed the C-terminus of CrmB and
CrmD, which contain a SECRET chemokine binding domain. These Crm proteins have been
examined as potential treatments in full form and recently with the SECRET domain only. Similarly,
the TNF-binding domain of CrmB from the variola virus has been shown to protect against collagen-
induced arthritis in Wistar rats when delivered as a gene therapy by direct injection of pcDNA
plasmid [147].
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Myxomavirus expresses a TNF binding protein, termed M-T2. In unpublished in vivo studies,
M-T2 exhibited no therapeutic efficacy in rodent models of angioplasty injury. The TNF inhibitory
activity of M-T2 is rabbit species-specific, likely resulting in the inactivity in rodent models of
vascular inflammation after angioplasty injury (unpublished observations). Thus, the full
characterization of a putative virus-derived immune modulator is an essential component of
preclinical validation.

The characterization of virus-encoded TNF receptors may also inspire the construction of
modified human TNF receptors used in the clinic. An examination of ligand binding specificities of
the TNF binding domain of CrmD, combined with structural data, identified a specific Glu-Phe-Glu
motif in the 90s loop in the CrmD cysteine-rich domain 3 responsible for the lack of human LT binding
by CrmD [179]. Unlike CrmD, etanercept binds both human TNF and LT, and transfer of the Glu-
Phe-Glu motif to etanercept generated a new human TNF inhibitor with reduced anti-human LT
activity [180]. This etanercept variant may cause fewer adverse effects compared to the one used in
the clinic.

4.4. vMIP-11

Macrophage inflammatory protein-1a (MIP-1a) is a potent, inflammatory chemoattractant. Viral
adoption of this chemokine (vMIP-II) can be found in numerous human herpesviruses, resulting in
antagonism of mammalian MIP-1a signaling. Initial studies with vMIP-II found that it competed for
binding with MIP-1a at the CCR1 and CCR5 receptors, as well as with MCP-1 (CCL2) at the CCR2
receptor [181]. In the same work, it was found that vMIP-II competed with SDF-1 (CXCL12) at the
CXCR4 receptor and had a weak activity to bind CXCR2. Thus, in addition to the antagonism of the
MIP-1a pathway, vMIP-II has broader effects on a wider range of chemokine signaling. The
therapeutic translation of vMIP-II has been tested in numerous preclinical models.
Intracerebroventricular injection of vMIP-II reduced infarct volume dose-dependently at 48 hours
after a 1-hour middle cerebral artery occlusion followed by a reperfusion period [148]. In contrast,
injection of the mammalian analog, MIP-1¢«, increased infarct volume in the same study. Thus, the
putative expanded function of the viral version of the same chemokine conferred potential for
additional therapeutic function. In another study, two daily intravenous injections of vMIP-II
protected rats in a model of anti-glomerular basement membrane-induced glomerulonephritis, with
a reduction of activated leukocytes and attenuated proteinuria [149]. Continuous infusion of vMIP-
I decreased infiltrating hematogenous cells at the site of injury in a spinal cord contusion injury in
rats, with associated reductions in neuronal loss and gliosis [150]. However, this study did not
include an assessment of locomotor function, thus it remains to be seen whether chemokine
antagonism with vMIP-II improves functional recovery, as seen with the poxvirus chemokine
modulator M-T7 [61]. Gene transfer of vMIP-II by direct injection of plasmid DNA improved cardiac
allograft survival when hearts were placed in the subcutaneous position of the ear pinnae of CBA/]
recipients [151].

4.5. MC148

MC148 is a CC-class chemokine expressed by the poxvirus Molluscum contagiosum, with an
affinity for both CC and CXC chemokine receptors [182]. In the same study mentioned above with
vMIP-1II, direct injection of MC148 in cardiac allografts significantly improved survival from a mean
of 13.4 days to a mean of 25.5 days [151].

5. Other inhibitors

5.1. Viral Complement Control Proteins

Complement proteins are serine proteases that drive cell killing through activation of a
membrane attack complex in normal, innate and acquired immune cell responses. Complement
proteases interact with receptors C3Ra and C5aR, so-termed anaphylatoxin receptors, to form a
membrane attack complex that targets cells and causes cell lysis. The same complement attack
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complex C5b9 is implicated in neuronal damage [183]. The membrane attack complex leads to
inflammatory cell chemotaxis, opsonization and cell lysis.

The vaccinia virus complement control protein, VCP, first identified by Kotwal and Moss, is an
inhibitor of the classic and alternative complement pathways with structural similarity to C4b and
functional similarity to CR1 [184]. It is also reported to bind heparan sulfate GAGs [185]. Treatment
with VCP improved sensorimotor control in rodent models of severe brain trauma but did not
improve cognitive function [84]. VCP treatment also improved hyperacute rejection in guinea pig to
rat heart xenotransplantation models [186]. Suggestive work in a recent study found that direct
injection of VCP to the rat retina might reduce photoreceptor cell death by complement inhibition
after photo-oxidative retinal degeneration and explored delivery via a slow-release substrate [187].

5.2. MO13L

The inflammasome is a central pathway in the innate immune response to pathogens and
damage. Activation of the inflammasome via a prion-like mechanism involving the assembly of a
central sensor protein (such as a NOD-like receptor), an adapter protein called Apoptosis-associated
Speck-like protein containing a CARD domain (ASC) and an inflammatory caspase such as caspase-
1, results in the processing and release of inflammatory cytokines IL-1b and IL-18 and an
inflammatory cell death called pyroptosis [188,189]. Myxomavirus-expressed M013L binds and
inhibits both NFxB in the inflammatory response as well as the pyrin domain of ASC in the
inflammasome pathway [190]. MO13L fused to a cell-penetrating TAT domain has proven effective
when expressed via AAV vector for reducing endotoxic uveitis in mouse eye inflammation models
[191]. In related work, TAT-MO013 was effective against experimental autoimmune uveoretinitis in
mice induced by immunization with interphotoreceptor retinoid-binding protein residues 161-180 in
Freund'’s adjuvant [17].

5.3. VACV TLR Signaling Inhibitor-Derived Peptides

Vaccinia virus encodes numerous inhibitors of TLR signaling, including A46 and A52. A multi-
peptide screen found that one peptide from A46, named VIPER (viral inhibitor peptide of TLR4), was
a potent inhibitor of TLR4-mediated responses via specific binding to the proteins TRIF-related
adaptor molecule (TRAM) and MyD88 adaptor-like (Mal) [192]. VIPER dose-dependently inhibited
LPS-induced IL-12/23 p40 secretion in BALB/c mice, suggesting a therapeutic potential for peritonitis-
like diseases. In another study, the P13 peptide from VACV A52 therapeutically inhibited heat-
inactivated Streptococcus pneumoniae-induced middle ear inflammation (otitis media) in BALB/c mice
[193].

6. Future Directions

These virus-derived immune-modulating biologics represent a new therapeutic direction.
However, of the wide range of virus-derived immune-modulating proteins, only a few have been
explored as potential therapeutics. While this review has focused primarily on poxvirus and
herpesvirus derived agents, immune-modulating factors from other viruses are only just beginning
to be identified and tested in preclinical studies. For example, a synthetic peptide derived from the
murine leukemia virus (MLV) retrovirus is reported to suppress inflammatory damage in two models
of skin inflammation in mice [194]. Other organisms including other viruses, fungi and parasites such
as malaria and insects have proven immune-modulating actions that have not yet been tapped as
potential sources for therapeutics. Potent immune modulators have been identified in many
organisms. For example, Evasins are chemokine-binding proteins isolated from tick salivary glands
[95]. Evasin-3 was effective as a treatment to reduce stroke in a mouse carotid occlusion model [195]
and a single administration was found to prevent myocardial reperfusion injury in mice [196]. In the
tick pathogen Haemaphysalis longicornis, two new serpins Hlserpin-a and HlSerpin-b have been
identified as inhibitors of cathepsins B and G, reducing joint inflammation in a mouse model of
collagen-induced arthritis [197]. The same study found that RCL peptides derived from the H.
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longicornis serpins were also therapeutically effective, similar to Serp-1 RCL-derived peptides [197].
In plants, the cucumber mosaic virus expresses a movement protein (MP) in Arabidopsis thaliana and
Nicotinia benthamiana that has a unique capacity to inhibit immune responses in plants [198]. MP
suppresses reactive oxygen species (ROS) production induced by pathogen-associated molecular
patterns (PAMPs), suppressing PAMP responses to bacteria-derived peptides and fungal-derived
chitin and may represent yet another branch in the tree of life with an uninvestigated stock of putative
therapeutics that could potentially be translated to mammals.

Throughout broad biological systems, pathogens such as viruses have adopted molecules to
combat host immunity. Virus-derived immune-modulating biologics provide a new and highly
potent class of naturally derived drugs now ready for investigation as treatments for (auto) immune
and (auto) inflammatory disorders (Figure 5).
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Figure 5. Summary overview of diseases and conditions tested for therapeutic efficacy of virus-
derived proteins in preclinical models discussed in this review.

Author Contributions: Writing—original draft preparation, JRY, LW, KK and ARL; writing—review and
editing, JRY, LZ, QG, MB, LS, EA, LW, KK, CJI, JMK, MJ, MMR, RWM, AA, GM and ARL; visualization, JRY
and ARL; supervision, ARL; funding acquisition, ARL. All authors have read and agreed to the published
version of the manuscript.

Funding: This study was financially supported by grants from the NIH (1R01AI100987-01A1 and
1RC1HL100202), American Heart Association (17GRNT33460327), University of Florida Gatorade Fund
(00115070) and start-up funds from the Biodesign Institute at Arizona State University all to ARL.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Damaso, C.R. Revisiting Jenner’s mysteries, the role of the Beaugency lymph in the evolutionary path of
ancient smallpox vaccines. Lancet Infect. Dis. 2018, 18, e55—e63.

2. Rodriguez, AM.; Do, T.Q.N.; Goodman, M.; Schmeler, K.M.; Kaul, S.; Kuo, Y.-F. Human Papillomavirus
Vaccine Interventions in the U.S.: A Systematic Review and Meta-analysis. Am. ]. Prev. Med. 2019, 56, 591—
602.

3.  Gillison, M.L.; Chaturvedi, AK.; Lowy, D.R. HPV prophylactic vaccines and the potential prevention of
noncervical cancers in both men and women. Cancer 2008, 113, 3036-3046.

4. Chang, M.-H.; Chen, C.-].; Lai, M.-S.; Hsu, H.-M.; Wu, T.-C.; Kong, M.-S,; Liang, D.-C.; Shau, W.-Y.; Chen,
D.-S. Universal Hepatitis B Vaccination in Taiwan and the Incidence of Hepatocellular Carcinoma in
Children. N. Engl. ]. Med. 1997, 336, 1855-1859.



J. Clin. Med. 2020, 9, 972 20 of 29

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Chan, W.M.; Rahman, M.M.; McFadden, G. Oncolytic myxoma virus: The path to clinic. Vaccine 2013, 31,
4252-4258.

Rahman, M.M.; McFadden, G. Oncolytic Virotherapy with Myxoma Virus. ]. Clin. Med. 2020, 9, 171.
Muthana, M.; Giannoudis, A.; Scott, S.D.; Fang, H.-Y.; Coffelt, S.B.; Morrow, F.J.; Murdoch, C.; Burton, J.;
Cross, N.; Burke, B.; et al. Use of Macrophages to Target Therapeutic Adenovirus to Human Prostate
Tumors. Cancer Res. 2011, 71, 1805-1815.

Melzer, M.K.; Zeitlinger, L.; Mall, S.; Steiger, K.; Schmid, R.M.; Ebert, O.; Krackhardt, A.; Altomonte, ]J.
Enhanced Safety and Efficacy of Oncolytic VSV Therapy by Combination with T Cell Receptor Transgenic
T Cells as Carriers. Mol. Ther. Oncolytics 2019, 12, 26-40.

Villa, N.Y.; Wasserfall, C.H.; Meacham, A.M.; Wise, E.; Chan, W.; Wingard, ].R.; McFadden, G.; Cogle, C.R.
Myxoma virus suppresses proliferation of activated T lymphocytes yet permits oncolytic virus transfer to
cancer cells. Blood 2015, 125, 3778-3788.

Allagui, F.; Achard, C.; Panterne, C.; Combredet, C.; Labarriere, N.; Dréno, B.; Elgaaied, A.; Pouliquen, D.;
Tangy, F.; Fonteneau, J.-F.; et al. Modulation of the Type I Interferon Response Defines the Sensitivity of
Human Melanoma Cells to Oncolytic Measles Virus. Curr. Gene Ther. 2017, 16, 419-428.

Ghonime, M.G.; Cassady, K.A. Combination Therapy Using Ruxolitinib and Oncolytic HSV Renders
Resistant MPNSTs Susceptible to Virotherapy. Cancer Immunol. Res. 2018, 6, 1499-1510.

Lemos de Matos, A.; Franco, L.S.; McFadden, G. Oncolytic viruses and the immune system: The dynamic
duo. Mol. Ther. Methods Clin. Dev. 2020, 17, 349-358.

Elshikha, A.S.; Abboud, G.; van der Meijden-Erkelens, L.; Lu, Y.; Chen, M.-].; Yuan, Y.; Ponjee, G.; Zeumer,
L.; Satoh, M.,; Morel, L.; et al. Alpha-1-Antitrypsin Ameliorates Pristane Induced Diffuse Alveolar
Hemorrhage in Mice. J. Clin. Med. 2019, 8, 1341.

Mack, D.L.; Poulard, K.; Goddard, M.A.; Latournerie, V.; Snyder, ].M.; Grange, RW.; Elverman, M.R.;
Denard, J.; Veron, P.; Buscara, L.; et al. Systemic AAV8-Mediated Gene Therapy Drives Whole-Body
Correction of Myotubular Myopathy in Dogs. Mol. Ther. 2017, 25, 839-854.

Lenis, T.L.; Sarfare, S.; Jiang, Z.; Lloyd, M.B.; Bok, D.; Radu, R.A. Complement modulation in the retinal
pigment epithelium rescues photoreceptor degeneration in a mouse model of Stargardt disease. Proc. Natl.
Acad. Sci. USA 2017, 114, 3987-3992.

Broderick, C.A.; Smith, A].; Balaggan, K.S.; Georgarias, A.; Buch, P.K,; Trittibach, P.C.; Barker, S.E.; Sarra,
G.M.; Thrasher, A.].; Dick, A.D.; et al. Local administration of an adeno-associated viral vector expressing
IL-10 reduces monocyte infiltration and subsequent photoreceptor damage during experimental
autoimmune uveitis. Mol. Ther. 2005, 12, 369-373.

Ridley, R.B.; Young, B.M.; Lee, J.; Walsh, E.; Ahmed, C.M.; Lewin, A.S,; Ildefonso, C.J. AAV Mediated
Delivery of Myxoma Virus M013 Gene Protects the Retina against Autoimmune Uveitis. |. Clin. Med. 2019,
8,2082.

Lucas, A.; McFadden, G. Secreted Immunomodulatory Viral Proteins as Novel Biotherapeutics. J. Immunol.
2004, 173, 4765-4774.

Lucas, A,; Yaron, J.R; Zhang, L.; Macaulay, C.; McFadden, G. Serpins: Development for therapeutic
applications. In Methods in Molecular Biology; Humana Press: New York, NY, USA, 2018.

Finlay, B.B.; McFadden, G. Anti-immunology: Evasion of the host immune system by bacterial and viral
pathogens. Cell 2006, 124, 767-782.

Hiebert, P.R.; Granville, D.J. Granzyme B in injury, inflammation, and repair. Trends Mol. Med. 2012, 18,
732-741.

Holers, V.M.; Banda, N.K. Complement in the initiation and evolution of rheumatoid arthritis. Front.
Immunol. 2018, 9, 1057.

Chen, K; Bao, Z; Tang, P.; Gong, W.; Yoshimura, T.; Wang, ].M. Chemokines in homeostasis and diseases.
Cell. Mol. Immunol. 2018, 15, 324-334.

Lai, . H.; Ling, X.C; Ho, L.J. Useful message in choosing optimal biological agents for patients with
autoimmune arthritis. Biochem. Pharmacol. 2019, 165, 99-111.

Kallinich, T. Regulating against the dysregulation: New treatment options in autoinflammation. Semin.
Immunopathol. 2015, 37, 429-437.

Yaron, J.R.; Kwiecien, ].M.; Zhang, L.; Ambadapadi, S.; Wakefield, D.N.; Clapp, W.L.; Dabrowski, W;
Burgin, M.; Munk, B.H.; McFadden, G.; et al. Modifying the Organ Matrix Pre-engraftment: A New
Transplant Paradigm? Trends Mol. Med. 2019, 25, 1-14.



J. Clin. Med. 2020, 9, 972 21 of 29

27.

28.

29.
30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Tardif, J.-C.; L’ Allier, P.L.; Grégoire, J.; Ibrahim, R.; McFadden, G.; Kostuk, W.; Knudtson, M.; Labinaz, M.;
Waksman, R.; Pepine, C.J.; et al. A randomized controlled, phase 2 trial of the viral serpin Serp-1 in patients
with acute coronary syndromes undergoing percutaneous coronary intervention. Circ. Cardiovasc. Interv.
2010, 3, 543-548.

Silverman, G.A.; Bird, P.I; Carrell, RW.; Church, F.C.; Coughlin, P.B.; Gettins, P.G.W; Irving, ].A.; Lomas,
D.A.; Luke, C.J.; Moyer, RW; et al. The serpins are an expanding superfamily of structurally similar but
functionally diverse proteins. Evolution, mechanism of inhibition, novel functions, and a revised
nomenclature. J. Biol. Chem. 2001, 276, 33293-33296.

Sanrattana, W.; Maas, C.; de Maat, S. SERPINs-From trap to treatment. Front. Med. 2019, 6, 25.

Lucas, A.; Yaron, J.R;; Zhang, L.; Ambadapadi, S. Overview of Serpins and Their Roles in Biological
Systems. Methods Mol. Biol. 2018, 1826, 1-7.

Huntington, J.A. Serpin structure, function and dysfunction. |. Thromb. Haemost. 2011, 9, 26-34.

Bao, J.; Pan, G.; Poncz, M.; Wei, J.; Ran, M.; Zhou, Z. Serpin functions in host-pathogen interactions. Peer|
2018, 6, e4557.

Mahon, B.P.; Ambadapadi, S.; Yaron, ].R.; Lomelino, C.L.; Pinard, M.A.; Keinan, S.; Kurnikov, I.; Macaulay,
C.; Zhang, L.; Reeves, W.; et al. Crystal Structure of Cleaved Serp-1, a Myxomavirus-Derived Immune
Modulating Serpin: Structural Design of Serpin Reactive Center Loop Peptides with Improved Therapeutic
Function. Biochemistry 2018, 57, 1096-1107.

Hopkins, P.C.R; Carrell, R.W.; Stone, S.R. Effects of Mutations in the Hinge Region of Serpins. Biochemistry
1993, 32, 7650-7657.

Huntington, J.A.; Read, R]J.; Carrell, RW. Structure of a serpin—protease complex shows inhibition by
deformation. Nature 2000, 407, 923-926.

Ye, S.; Cech, A.L.; Belmares, R.; Bergstrom, R.C.; Tong, Y.; Corey, D.R.; Kanost, M.R.; Goldsmith, E.]. The
structure of a Michaelis serpin-protease complex. Nat. Struct. Biol. 2001, 8, 979-983.

Lucas, A.; Liu, L.; Daj, E.; Bot, I.; Viswanathan, K.; Munuswamy-Ramunujam, G.; Davids, ].A.; Bartee, MY ;
Richardson, J.; Christov, A.; et al. The Serpin Saga; Development of a New Class of Virus Derived Anti-
Inflammatory Protein Immunotherapeutics; Springer: New York, NY, USA, 2009; pp. 132-156.

Hultman, K,; Blomstrand, F.; Nilsson, M.; Wilhelmsson, U.; Malmgren, K.; Pekny, M.; Kousted, T.; Jern, C.;
Tjarnlund-Wolf, A. Expression of plasminogen activator inhibitor-1 and protease nexin-1 in human
astrocytes: Response to injury-related factors. J. Neurosci. Res. 2010, 88, 2441-2449.

Lomas, D.A; Hurst, J.R.; Gooptu, B. Update on alpha-1 antitrypsin deficiency: New therapies. ]. Hepatol.
2016, 65, 413-424.

Yang, D.; Nemkul, N.; Shereen, A_; Jone, A.; Scott Dunn, R.; Lawrence, D.A.; Lindquist, D.; Kuan, C.Y.
Therapeutic administration of plasminogen activator inhibitor-1 prevents hypoxic-ischemic brain injury in
newborns. J. Neurosci. 2009, 29, 8669-8674.

Caccia, S.; Suffritti, C.; Carzaniga, T.; Berardelli, R.; Berra, S.; Martorana, V.; Fra, A.; Drouet, C.; Cicardi, M.
Intermittent Cl-Inhibitor Deficiency Associated with Recessive Inheritance: Functional and Structural
Insight. Sci. Rep. 2018, 8, 1-14.

Novakovic, K.E.; Villemagne, V.L.; Rowe, C.C.; Masters, C.L. Rare genetically defined causes of dementia.
Int. Psychogeriatr. 2005, 17, S149-5194.

Munuswamy-Ramanujam, G.; Daj, E.; Liu, L.; Shnabel, M.; Sun, Y.M.; Bartee, M.; Lomas, D.A.; Lucas, A.R.
Neuroserpin, a thrombolytic serine protease inhibitor (serpin), blocks transplant vasculopathy with
associated modification of T-helper cell subsets. Thromb. Haemost. 2010, 103, 545-555.

Yamasaki, M.; Sendall, T.J.; Pearce, M.C.; Whisstock, J.C; Huntington, J.A. Molecular basis of al-
antitrypsin deficiency revealed by the structure of a domain-swapped trimer. EMBO Rep. 2011, 12, 1011-
1017.

Upton, C.; Macen, J.L.; Wishart, D.S.; McFadden, G. Myxoma virus and malignant rabbit fibroma virus
encode a serpin-like protein important for virus virulence. Virology 1990, 179, 618-631.

Macen, ].L.; Upton, C.; Nation, N.; McFadden, G. Serpl, a serine proteinase inhibitor encoded by myxoma
virus, is a secreted glycoprotein that interferes with inflammation. Virology 1993, 195, 348-363.

Lomas, D.A,; Evans, D.L.; Upton, C.; McFadden, G.; Carrell, R.W. Inhibition of plasmin, urokinase, tissue
plasminogen activator, and C1S by a myxoma virus serine proteinase inhibitor. J. Biol. Chem. 1993, 268, 516
521.

Dai, E.; Viswanathan, K; Sun, Y.M,; Li, X,; Liu, L.Y.; Togonu-Bickersteth, B.; Richardson, J.; Macaulay, C.;



J. Clin. Med. 2020, 9, 972 22 of 29

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Nash, P.; Turner, P.; et al. Identification of myxomaviral serpin reactive site loop sequences that regulate
innate immune responses. J. Biol. Chem. 2006, 281, 8041-8050.

Viswanathan, K;; Liu, L.; Vaziri, S.; Dai, E.; Richardson, J.; Togonu-Bickersteth, B.; Vatsya, P.; Christov, A.;
Lucas, AR. Myxoma viral serpin, Serp-1, a unique interceptor of coagulation and innate immune
pathways. Thromb. Haemost. 2006, 95, 499-510.

Viswanathan, K.; Bot, L; Liu, L.; Dai, E.; Turner, P.C.; Togonu-Bickersteth, B.; Richardson, J.; Davids, J.A.;
Williams, J.M.; Bartee, M.Y.; et al. Viral Cross-Class Serpin Inhibits Vascular Inflammation and T
Lymphocyte Fratricide; A Study in Rodent Models In Vivo and Human Cell Lines In Vitro. PLoS ONE 2012,
7, e44694.

Davids, J.A.; Dai, E.; Chen, H.; Bartee, M.Y.; Liu, L.; Fortunel, A.; Moyer, R.; McFadden, G.; Lucas, A.R.
Viral Anti-Inflammatory Proteins Target Diverging Immune Pathways with Converging Effects on Arterial
Dilatation, Plaque and Apoptosis. Eur. . Inflamm. 2014, 12, 131-145.

Zhang, L.; Yaron, ].R.; Tafoya, A.M.; Wallace, S.E.; Kilbourne, J.; Haydel, S.; Rege, K.; McFadden, G.; Lucas,
A.R. A Virus-Derived Immune Modulating Serpin Accelerates Wound Closure with Improved Collagen
Remodeling. J. Clin. Med. 2019, 8, 1626.

Lucas, A.; Liu, L.-Y.; Macen, J.; Nash, P.; Dai, E.; Stewart, M.; Graham, K.; Etches, W.; Boshkov, L.; Nation,
P.N,; et al. Virus-Encoded Serine Proteinase Inhibitor SERP-1 Inhibits Atherosclerotic Plaque Development
After Balloon Angioplasty. Circulation 1996, 94, 2890-2900.

Bedard, E.L.; Jiang, J.; Arp, J.; Qian, H.; Wang, H.; Guan, H.; Liu, L.; Parry, N.; Kim, P.; Garcia, B.; et al.
Prevention of chronic renal allograft rejection by SERP-1 protein. Transplantation 2006, 81, 908-914.

Jiang, J.; Arp, ].; Kubelik, D.; Zassoko, R.; Liu, W.; Wise, Y.; MacAulay, C.; Garcia, B.; McFadden, G.; Lucas,
AR, et al. Induction of indefinite cardiac allograft survival correlates with toll-like receptor 2 and 4
downregulation after serine protease inhibitor-1 (Serp-1) treatment. Transplantation 2007, 84, 1158-1167.
Chen, H.; Zheng, D.; Abbott, J.; Liu, L.; Bartee, M.Y.; Long, M.; Davids, J.; Williams, J.; Feldmann, H.; Strong,
J.; et al. Myxomavirus-derived serpin prolongs survival and reduces inflammation and hemorrhage in an
unrelated lethal mouse viral infection. Antimicrob. Agents Chemother. 2013, 57, 4114-4127.

Chen, H.; Zheng, D.; Ambadapadi, S.; Davids, J.; Ryden, S.; Samy, H.; Bartee, M.; Sobel, E.; Dai, E.; Liu, L.;
et al. Serpin Treatment Suppresses Inflammatory Vascular Lesions in Temporal Artery Implants (TAI) from
Patients with Giant Cell Arteritis. PLoS ONE 2015, 10, e0115482.

Brahn, E,; Lee, S.; Lucas, A.; McFadden, G.; Macaulay, C. Suppression of collagen-induced arthritis with a
serine proteinase inhibitor (serpin) derived from myxoma virus. Clin. Immunol. 2014, 153, 254-263.

Bot, I; Von der Thiisen, J.H.; Donners, M.M.P.C.; Lucas, A.; Fekkes, M.L.; De Jager, S.C.A.; Kuiper, J.;
Daemen, M.J.A.P.; Van Berkel, T.].C.; Heeneman, S.; et al. Serine protease inhibitor Serp-1 strongly impairs
atherosclerotic lesion formation and induces a stable plaque phenotype in ApoE-/- mice. Circ. Res. 2003, 93,
464-471.

Kwiecien, ].M.; Dabrowski, W.; Marzec-Kotarska, B.; Kwiecien-Delaney, C.J.; Yaron, ].R.; Zhang, L.; Schutz,
L.; Lucas, A.R. Myxoma virus derived immune modulating proteins, M-T7 and Serp-1, reduce early
inflammation after spinal cord injury in the rat model. Folia Neuropathol. 2019, 57, 41-50.

Yaron, J.R.; Chen, H.; Ambadapadi, S.; Zhang, L.; Tafoya, A.M.; Munk, B.H.; Wakefield, D.N.; Fuentes, J.;
Marques, B.J.; Harripersaud, K.; et al. Serp-2, a virus-derived apoptosis and inflammasome inhibitor,
attenuates liver ischemia-reperfusion injury in mice. J. Inflamm. 2019, 16, 12.

Li, X.-K.; Fujino, M.; Guo, L.; Okuyama, T.; Funeshima, N.; Hashimoto, M.; Okabe, K.; Yaginuma, H.;
Mikoshiba, K.; Enosawa, S.; et al. Inhibition of Fas-Mediated Fulminant Hepatitis in CrmA Gene-
Transfected Mice. Biochem. Biophys. Res. Commun. 2000, 273, 101-109.

Fujino, M.; Kawasaki, M.; Funeshima, N.; Kitazawa, Y.; Kosuga, M.; Okabe, K.; Hashimoto, M.; Yaginuma,
H.; Mikoshiba, K.; Okuyama, T.; et al. CrmA gene expression protects mice against concanavalin-A-
induced hepatitis by inhibiting IL-18 secretion and hepatocyte apoptosis. Gene Ther. 2003, 10, 1781-1790.
Krautwald, S.; Ziegler, E.; Rolver, L.; Linkermann, A.; Keyser, K.A,; Steen, P.; Wollert, K.C.; Korf-Klingebiel,
M.; Kunzendorf, U. Effective blockage of both the extrinsic and intrinsic pathways of apoptosis in mice by
TAT-crmA. . Biol. Chem. 2010, 285, 19997-20005.

Bae, S.; Siu, P.M.; Choudhury, S.; Ke, Q.; Choi, J.H.; Koh, Y.Y.; Kang, P.M. Delayed activation of caspase-
independent apoptosis during heart failure in transgenic mice overexpressing caspase inhibitor CrmA. Am.
J. Physiol. Heart Circ. Physiol. 2010, 299, 1374-1381.

Ambadapadi, S.; Munuswamy-Ramanujam, G.; Zheng, D.; Sullivan, C.; Dai, E.; Morshed, S.; McFadden,



J. Clin. Med. 2020, 9, 972 23 of 29

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.
82.

83.

84.

85.

86.

87.
88.

89.

90.

B.; Feldman, E.; Pinard, M.; McKenna, R.; et al. Reactive Center Loop (RCL) Peptides Derived from Serpins
Display Independent Coagulation and Immune Modulating Activities. J. Biol. Chem. 2016, 291, 2874-2887.
Nash, P.; Whitty, A.; Handwerker, J.; Macen, J.; McFadden, G. Inhibitory specificity of the anti-
inflammatory myxoma virus serpin, SERP-1. J. Biol. Chem. 1998, 273, 20982-20991.

Li, X.; Schneider, H.; Peters, A.; Macaulay, C.; King, E.; Sun, Y.; Liu, L.; Dai, E.; Davids, ].A.; McFadden, G.;
et al. Heparin Alters Viral Serpin, Serp-1, Anti-Thrombolytic Activity to Anti-Thrombotic Activity. Open
Biochem. |. 2008, 2, 6-15.

Viswanathan, K.; Richardson, J.; Togonu-Bickersteth, B.; Dai, E.; Liu, L.; Vatsya, P.; Sun, Y., Yu, J.;
Munuswamy-Ramanujam, G.; Baker, H.; et al. Myxoma viral serpin, Serp-1, inhibits human monocyte
adhesion through regulation of actin-binding protein filamin B. ]. Leukoc. Biol. 2009, 85, 418-426.

Dai, E.; Guan, H.; Liu, L.; Little, S.; McFadden, G.; Vaziri, S.; Cao, H.; Ivanova, I.A.; Bocksch, L.; Lucas, A.
Serp-1, a viral anti-inflammatory serpin, regulates cellular serine proteinase and serpin responses to
vascular injury. J. Biol. Chem. 2003, 278, 18563-18572.

Nathaniel, R.; MacNeill, A.L.; Wang, Y.X.; Turner, P.C.; Moyer, RW. Cowpox virus CrmA, Myxoma virus
SERP2 and baculovirus P35 are not functionally interchangeable caspase inhibitors in poxvirus infections.
J. Gen. Virol. 2004, 85, 1267-1278.

Turner, P.C.; Sancho, M.C,; Thoennes, S.R.; Caputo, A.; Bleackley, R.C.; Moyer, RW. Myxoma virus Serp2
is a weak inhibitor of granzyme B and interleukin-1beta-converting enzyme in vitro and unlike CrmA
cannot block apoptosis in cowpox virus-infected cells. ]. Virol. 1999, 73, 6394-6404.

Bloomer, D.T.; Kitevska-Ilioski, T.; Pantaki-Eimany, D.; Ji, Y.; Miles, M.A_; Heras, B.; Hawkins, C.J. CrmA
orthologs from diverse poxviruses potently inhibit caspases-1 and -8, yet cleavage site mutagenesis
frequently produces caspase-1-specific variants. Biochem. . 2019, 476, 1335-1357.

Quan, L.T.; Caputo, A.; Bleackley, R.C.; Pickup, D.].; Salvesen, G.S. Granzyme B is inhibited by the cowpox
virus serpin cytokine response modifier A. J. Biol. Chem. 1995, 270, 10377-10379.

Heymann, F.; Hamesch, K.; Weiskirchen, R.; Tacke, F. The concanavalin A model of acute hepatitis in mice.
Lab. Anim. 2015, 49, 12-20.

Hatton, M.\W.C; Ross, B.; Southward, S.M.R.; Lucas, A. Metabolism and distribution of the virus-encoded
serine proteinase inhibitor SERP-1 in healthy rabbits. Metabolism 2000, 49, 1449-1452.

Bestebroer, J.; De Haas, C.J.C.; Van Strijp, ].A.G. How microorganisms avoid phagocyte attraction. FEMS
Microbiol. Rev. 2010, 34, 395-414.

Epperson, M.L.; Lee, C.A.; Fremont, D.H. Subversion of cytokine networks by virally encoded decoy
receptors. Immunol. Rev. 2012, 250, 199-215.

Handel, T.M.; Johnson, Z.; Crown, S.E.; Lau, E.K.; Sweeney, M.; Proudfoot, A.E. Regulation of protein
function by glycosaminoglycans— As exemplified by chemokines. Annu. Rev. Biochem. 2005, 74, 385-410.
Proudfoot, A.E.I. Chemokine receptors: Multifaceted therapeutic targets. Nat. Rev. Immunol. 2002, 2, 106—
115.

Miller, M.; Mayo, K. Chemokines from a Structural Perspective. Int. ]. Mol. Sci. 2017, 18, 2088.

Yoshie, O.; Imai, T.; Nomiyama, H. Chemokines in Immunity; Academic Press: Cambridge, MA, USA, 2001;
pp- 57-110.

Middleton, J.; Patterson, A.M.; Gardner, L.; Schmutz, C.; Ashton, B.A. Leukocyte extravasation: Chemokine
transport and presentation by the endothelium. Blood 2002, 100, 3853-3860.

Proudfoot, A.; Johnson, Z.; Bonvin, P.; Handel, T. Glycosaminoglycan Interactions with Chemokines Add
Complexity to a Complex System. Pharmaceuticals 2017, 10, 70.

Fernandez, E.J.; Lolis, E. Structure, function, and inhibition of chemokines. Annu. Rev. Pharmacol. Toxicol.
2002, 42, 469—-499.

Heidarieh, H.; Hernaez, B.; Alcami, A. Immune modulation by virus-encoded secreted chemokine binding
proteins. Virus Res. 2015, 209, 67-75.

Alcami, A.; Lira, S.A. Modulation of chemokine activity by viruses. Curr. Opin. Immunol. 2010, 22, 482-487.
Gonzalez-Motos, V.; Kropp, K.A.; Viejo-Borbolla, A. Chemokine binding proteins: An immunomodulatory
strategy going viral. Cytokine Growth Factor Rev. 2016, 30, 71-80.

Seet, B.T.; Singh, R.; Paavola, C.; Lau, E.K.; Handel, T.M.; McFadden, G. Molecular determinants for CC-
chemokine recognition by a poxvirus CC-chemokine inhibitor. Proc. Natl. Acad. Sci. USA 2001, 98, 9008
9013.

Lalani, A.S.; Graham, K.; Mossman, K.; Rajarathnam, K.; Clark-Lewis, I.; Kelvin, D.; McFadden, G. The



J. Clin. Med. 2020, 9, 972 24 of 29

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

purified myxoma virus gamma interferon receptor homolog M-T7 interacts with the heparin-binding
domains of chemokines. J. Virol. 1997, 71, 4356-4363.

Parry, CM.; Simas, J.P.; Smith, V.P.; Stewart, C.A.; Minson, A.C.; Efstathiou, S.; Alcami, A. A broad
spectrum secreted chemokine binding protein encoded by a herpesvirus. J. Exp. Med. 2000, 191, 573-578.
Nelson, C.; Epperson, M.; Singh, S.; Elliott, J.; Fremont, D. Structural Conservation and Functional Diversity
of the Poxvirus Immune Evasion (PIE) Domain Superfamily. Viruses 2015, 7, 4873-4893.

Alexander, ].M.; Nelson, C.A.; van Berkel, V.; Lau, E.K,; Studts, ].M.; Brett, T.].; Speck, S.H.; Handel, T.M.;
Virgin, HW.; Fremont, D.H. Structural Basis of Chemokine Sequestration by a Herpesvirus Decoy
Receptor. Cell 2002, 111, 343-356.

Smith, P.; Fallon, R.E.; Mangan, N.E.; Walsh, C.M.; Saraiva, M.; Sayers, ].R.; McKenzie, A.N.J.; Alcami, A.;
Fallon, P.G. Schistosoma mansoni secretes a chemokine binding protein with antiinflammatory activity. J.
Exp. Med. 2005, 202, 1319-1325.

Bhusal, R.P.; Eaton, ].R.O.; Chowdhury, S.T.; Power, C.A.; Proudfoot, A.E.I; Stone, M.].; Bhattacharya, S.
Evasins: Tick Salivary Proteins that Inhibit Mammalian Chemokines. Trends Biochem. Sci. 2020, 45, 108-122.
van Berkel, V.; Barrett, J.; Tiffany, H.L.; Fremont, D.H.; Murphy, P.M.; McFadden, G.; Speck, S.H.; Virgin,
H.W. Identification of a Gammaherpesvirus Selective Chemokine Binding Protein That Inhibits Chemokine
Action. |. Virol. 2000, 74, 6741-6747.

Bursill, C.A.; McNeill, E.; Wang, L.; Hibbitt, O.C.; Wade-Martins, R.; Paterson, D.J.; Greaves, D.R.; Channon,
K.M. Lentiviral gene transfer to reduce atherosclerosis progression by long-term CC-chemokine inhibition.
Gene Ther. 2009, 16, 93-102.

Buatois, V.; Fagete, S.; Magistrelli, G.; Chatel, L.; Fischer, N.; Kosco-Vilbois, M.H.; Ferlin, W.G. Pan-CC
Chemokine Neutralization Restricts Splenocyte Egress and Reduces Inflammation in a Model of Arthritis.
J. Immunol. 2010, 185, 2544-2554.

Sharif, S.; Nakatani, Y.; Wise, L.; Corbett, M.; Real, N.C.; Stuart, G.S.; Lateef, Z.; Krause, K.; Mercer, A.A.;
Fleming, S.B. A broad-spectrum chemokine-binding protein of bovine papular stomatitis virus inhibits
neutrophil and monocyte infiltration in inflammatory and wound models of mouse skin. PLoS ONE 2016,
11, e0168007.

Jones, ].M.; Messauodi, I.; Estep, R.D.; Orzechowska, B.; Wong, S.W. Monkeypox virus viral chemokine
inhibitor (MPV vCCI), a potent inhibitor of rthesus macrophage inflammatory protein-1. Cytokine 2008, 43,
220-228.

Lee, S.; Chu, HX,; Kim, H.A,; Real, N.C,; Sharif, S.; Fleming, S.B.; Mercer, A.A.; Wise, LM.; Drummond,
G.R.; Sobey, C.G. Effect of a broad-specificity chemokine-binding protein on brain leukocyte infiltration
and infarct development. Stroke 2015, 46, 537-544.

Liu, L.; Dai, E.; Miller, L.; Seet, B.; Lalani, A.; Macauley, C.; Li, X.; Virgin, HW.; Bunce, C.; Turner, P.; et al.
Viral chemokine-binding proteins inhibit inflammatory responses and aortic allograft transplant
vasculopathy in rat models. Transplantation 2004, 77, 1652—-1660.

Liu, L.; Lalani, A.; Dai, E.; Seet, B.; Macauley, C.; Singh, R.; Fan, L.; McFadden, G.; Lucas, A. The viral anti-
inflammatory chemokine-binding protein M-T7 reduces intimal hyperplasia after vascular injury. J. Clin.
Investig. 2000, 105, 1613-1621.

Bédard, E.L.R.R,; Kim, P,; Jiang, J.; Parry, N.; Liu, L.; Wang, H.; Garcia, B.; Li, X.; McFadden, G.; Lucas, A.;
et al. Chemokine-binding viral protein M-T7 prevents chronic rejection in rat renal allografts.
Transplantation 2003, 76, 249-252.

Dai, E.; Liu, L.Y.; Wang, H.; Mclvor, D.; Sun, Y.M.; Macaulay, C.; King, E.; Munuswamy-Ramanujam, G.;
Bartee, M.Y.; Williams, J.; et al. Inhibition of Chemokine-Glycosaminoglycan interactions in donor tissue
reduces mouse allograft vasculopathy and transplant rejection. PLoS ONE 2010, 5, e10510.

Chen, H.; Ambadapadi, S.; Wakefield, D.; Bartee, M.; Yaron, J.R.; Zhang, L.; Archer-Hartmann, S.A.; Azadi,
P.; Burgin, M.; Borges, C.; et al. Selective Deletion of Heparan Sulfotransferase Enzyme, Ndst1, in Donor
Endothelial and Myeloid Precursor Cells Significantly Decreases Acute Allograft Rejection. Sci. Rep. 2018,
8, 13433.

Viejo-Borbolla, A.; Martin, A.P.; Muniz, L.R.; Shang, L.; Marchesi, F.; Thirunarayanan, N.; Harpaz, N.;
Garcia, R.A.; Apostolaki, M.; Furtado, G.C.; et al. Attenuation of TNF-driven murine ileitis by intestinal
expression of the viral immunomodulator CrmD. Mucosal Immunol. 2010, 3, 633-644.

Alejo, A.; Sanchez, C.; Amu, S,; Fallon, P.G.; Alcami, A. Addition of a Viral Immunomodulatory Domain
to Etanercept Generates a Bifunctional Chemokine and TNF Inhibitor. J. Clin. Med. 2019, 9, 25.



J. Clin. Med. 2020, 9, 972 25 of 29

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Millward, J.M.; Holst, P.J.; Hegh-Petersen, M.; Thomsen, A.R.; Christensen, J.P.; Owens, T. The murine
gammaherpesvirus-68  chemokine-binding  protein M3 inhibits experimental autoimmune
encephalomyelitis. J. Neuroimmunol. 2010, 224, 45-50.

Martin, A.P.; Grisotto, M.G.; Canasto-Chibuque, C.; Kunkel, S.L.; Bromberg, ].S.; Furtado, G.C.; Lira, S.A.
Islet Expression of M3 Uncovers a Key Role for Chemokines in the Development and Recruitment of
Diabetogenic Cells in NOD Mice. Diabetes 2008, 57, 387-394.

Shang, L.; Thirunarayanan, N.; Viejo-Borbolla, A.; Martin, A.P.; Bogunovic, M.; Marchesi, F.; Unkeless, ].C.;
Ho, Y.; Furtado, G.C.; Alcami, A; et al. Expression of the Chemokine Binding Protein M3 Promotes Marked
Changes in the Accumulation of Specific Leukocytes Subsets Within the Intestine. Gastroenterology 2009,
137, 1006-1018.

Pyo, R.; Jensen, K.K,; Wiekowski, M.T.; Manfra, D.; Alcami, A.; Taubman, M.B.; Lira, S.A. Inhibition of
Intimal Hyperplasia in Transgenic Mice Conditionally Expressing the Chemokine-Binding Protein M3. Am.
J. Pathol. 2004, 164, 2289-2297.

Hoegh-Petersen, M.; Thomsen, A.R.; Christensen, J.P.; Holst, P.J. Mucosal immunization with recombinant
adenoviral vectors expressing murine gammaherpesvirus-68 genes M2 and M3 can reduce latent viral load.
Vaccine 2009, 27, 6723-6730.

Ravindran, D.; Ridiandries, A.; Vanags, L.Z.; Henriquez, R.; Cartland, S.; Tan, ].T.M.; Bursill, C.A.
Chemokine binding protein ‘M3’ limits atherosclerosis in apolipoprotein E-/- mice. PLoS ONE 2017, 12,
e0173224.

Ravindran, D.; Cartland, S.P.; Bursill, C.A.; Kavurma, M.M. Broad-spectrum chemokine inhibition blocks
inflammation-induced angiogenesis, but preserves ischemia-driven angiogenesis. FASEB |. 2019, 33, 13423—
13434.

Liu, Z.; Bethunaickan, R.; Sahu, R.; Brenner, M.; Laragione, T.; Gulko, P.S.; Davidson, A. The multiple
chemokine-binding bovine herpesvirus 1 glycoprotein G (BHV1gG) inhibits polymorphonuclear cell but
not monocyte migration into inflammatory sites. Mol. Med. 2013, 19, 276-285.

Lalani, A.S.; Ness, T.L.; Singh, R.; Harrison, J.K.; Seet, B.T.; Kelvin, D.J.; McFadden, G.; Moyer, R.W.
Functional comparisons among members of the poxvirus T1/35kDa family of soluble CC-chemokine
inhibitor glycoproteins. Virology 1998, 250, 173-184.

Carfi, A.; Smith, C.A.; Smolak, P.J.; McGrew, J.; Wiley, D.C. Structure of a soluble secreted chemokine
inhibitor vCCI (p35) from cowpox virus. Proc. Natl. Acad. Sci. USA 1999, 96, 12379-12383.

Weaver, J.R,; Isaacs, S.N. Monkeypox virus and insights into its immunomodulatory proteins. Immunol.
Rev. 2008, 225, 96-113.

Fleming, S.B.; Wise, L.M.; Mercer, A.A. Molecular genetic analysis of orf virus: A poxvirus that has adapted
to skin. Viruses 2015, 7, 1505-1539.

Deane, D.; McInnes, CJ.; Percival, A.; Wood, A.; Thomson, J.; Lear, A.; Gilray, J.; Fleming, S.; Mercer, A.;
Haig, D. Orf Virus Encodes a Novel Secreted Protein Inhibitor of Granulocyte-Macrophage Colony-
Stimulating Factor and Interleukin-2. J. Virol. 2000, 74, 1313-1320.

Seet, B.T.; McCaughan, C.A.; Handel, T.M.; Mercer, A.; Brunetti, C.; McFadden, G.; Fleming, S.B. Analysis
of an orf virus chemokine-binding protein: Shifting ligand specificities among a family of poxvirus
viroceptors. Proc. Natl. Acad. Sci. USA 2003, 100, 15137-15142.

Haig, D.M.; McInnes, C.J. Immunity and counter-immunity during infection with the parapoxvirus orf
virus. Virus Res. 2002, 88, 3-16.

Deane, D.; Ueda, N.; Wise, LM.; Wood, A.R.; Percival, A.; Jepson, C.; Inglis, N.F.; Fleming, S.B.; Mercer,
A.A.; McInnes, C.J. Conservation and variation of the parapoxvirus GM-CSF-inhibitory factor (GIF)
proteins. J. Gen. Virol. 2009, 90, 970-977.

Coufiago, R M.; Knapp, K.M.; Nakatani, Y.; Fleming, S.B.; Corbett, M.; Wise, L.M.; Mercer, A.A.; Krause,
K.L. Structures of Orf Virus Chemokine Binding Protein in Complex with Host Chemokines Reveal Clues
to Broad Binding Specificity. Structure 2015, 23, 1199-1213.

Lateef, Z.; Baird, M.A.; Wise, L.M.; Young, S.; Mercer, A.A.; Fleming, S.B. The chemokine-binding protein
encoded by the poxvirus orf virus inhibits recruitment of dendritic cells to sites of skin inflammation and
migration to peripheral lymph nodes. Cell. Microbiol. 2010, 12, 665-676.

Lateef, Z.; Fleming, S.; Halliday, G.; Faulkner, L.; Mercer, A.; Baird, M. Orf virus-encoded interleukin-10
inhibits maturation, antigen presentation and migration of murine dendritic cells. ]. Gen. Virol. 2003, 84,
1101-1109.



J. Clin. Med. 2020, 9, 972 26 of 29

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

Fleming, S.B.; McCaughan, C.; Lateef, Z.; Dunn, A.; Wise, L.M.; Real, N.C.; Mercer, A.A. Deletion of the
chemokine binding protein gene from the parapoxvirus ORF virus reduces virulence and pathogenesis in
sheep. Front. Microbiol. 2017, 8, 46.

Delhon, G.; Tulman, E.R.; Afonso, C.L.; Lu, Z.; de la Concha-Bermejillo, A.; Lehmkuhl, H.D.; Piccone, M.E.;
Kutish, G.F.; Rock, D.L. Genomes of the Parapoxviruses Orf Virus and Bovine Papular Stomatitis Virus. J.
Virol. 2004, 78, 168-177.

Ginther, T.; Haas, L.; Alawi, M.; Wohlsein, P.; Marks, J.; Grundhoff, A.; Becher, P.; Fischer, N. Recovery of
the first full-length genome sequence of a parapoxvirus directly from a clinical sample. Sci. Rep. 2017, 7, 1-
8.

Hautaniemi, M.; Ueda, N.; Tuimala, J.; Mercer, A.A.; Lahdenperd, J.; McInnes, C.J. The genome of
pseudocowpoxvirus: Comparison of a reindeer isolate and a reference strain. J. Gen. Virol. 2010, 91, 1560—
1576.

Sharif, S.; Ueda, N.; Nakatani, Y.; Wise, L.M.; Clifton, S.; Lateef, Z.; Mercer, A.A.; Fleming, S.B. Chemokine-
binding proteins encoded by parapoxvirus of red deer of New Zealand display evidence of gene
duplication and divergence of ligand specificity. Front. Microbiol. 2019, 10, 1421.

Mossman, K.; Upton, C.; McFadden, G. The Myxoma Virus-soluble Interferon- Receptor Homolog, M-T7,
Inhibits Interferon- in a Species-specific Manner. J. Biol. Chem. 1995, 270, 3031-3038.

Alejo, A.; Ruiz-Argiiello, M.B.; Ho, Y.; Smith, V.P.; Saraiva, M.; Alcami, A. A chemokine-binding domain
in the tumor necrosis factor receptor from variola (smallpox) virus. Proc. Natl. Acad. Sci. USA 2006, 103,
5995-6000.

Sebova, R.; Bauerova-Hlinkova, V.; Beck, K.; Nemcovicovd, L; Bauer, J.; Kaudelova, M. Residue Mutations
in Murine Herpesvirus 68 Immunomodulatory Protein M3 Reveal Specific Modulation of Chemokine
Binding. Front. Cell. Infect. Microbiol. 2019, 9, 210.

Baker, L.; Chitas, A.M.L.; Hartley, C.A.; Coppo, M.].C.; Vaz, P.K,; Stent, A.; Gilkerson, J.R.; Devlin, ].M.;
Every, A.L. Recombinant herpesvirus glycoprotein G improves the protective immune response to
Helicobacter pylori vaccination in a mouse model of disease. PLoS ONE 2014, 9, €96563.

Turner, P.C.; Moyer, R.W. Poxvirus immune modulators: Functional insights from animal models. Virus
Res. 2002, 88, 35-53.

Stroobant, P.; Rice, A.R.; Gullick, W.J.; Cheng, D.J.; Kerr, IM.; Waterfield, M.D. Purification and
characterization of vaccinia virus growth factor. Cell 1985, 42, 383-393.

Reisner, A.H. Similarity between the vaccinia virus 19K early protein and epidermal growth factor. Nature
1985, 313, 801-803.

Wise, L.M.; Stuart, G.S.; Real, N.C.; Fleming, S.B.; Mercer, A.A. Orf virus IL-10 accelerates wound healing
while limiting inflammation and scarring. Wound Repair Regen. 2014, 22, 356-367.

Bodaan, C.J.; Wise, LM.; Wakelin, K.A ; Stuart, G.S.; Real, N.C.; Mercer, A.A ; Riley, C.B.; Theoret, C. Short-
term treatment of equine wounds with orf virus IL-10 and VEGF-E dampens inflammation and promotes
repair processes without accelerating closure. Wound Repair Regen. 2016, 24, 966-980.

Wise, LM.; Bodaan, CJ.; Stuart, G.S.; Real, N.C,; Lateef, Z.; Mercer, A.A.; Riley, C.B.; Theoret, C.L.
Treatment of limb wounds of horses with orf virus IL-10 and VEGEF-E accelerates resolution of exuberant
granulation tissue, but does not prevent its development. PLoS ONE 2018, 13, e0197223.

Huusko, ].; Merentie, M.; Dijkstra, M.H.; Ryhdnen, M.M.; Karvinen, H.; Rissanen, T.T.; Vanwildemeersch,
M.; Hedman, M.; Lipponen, J.; Heinonen, S.E.; et al. The effects of VEGF-R1 and VEGF-R2 ligands on
angiogenic responses and left ventricular function in mice. Cardiovasc. Res. 2010, 86, 122-130.

Wise, LM.; Inder, M.K,; Real, N.C.; Stuart, G.S.; Fleming, S.B.; Mercer, A.A. The vascular endothelial
growth factor (VEGF)-E encoded by orf virus regulates keratinocyte proliferation and migration and
promotes epidermal regeneration. Cell. Microbiol. 2012, 14, 1376-1390.

Zheng, Y.; Watanabe, M.; Kuraishi, T.; Hattori, S.; Kai, C.; Shibuya, M. Chimeric VEGF-ENZ7/PIGF
specifically binding to VEGFR-2 accelerates skin wound healing via enhancement of neovascularization.
Arterioscler. Thromb. Vasc. Biol. 2007, 27, 503-511.

Wise, L.M,; Stuart, G.S.; Real, N.C.; Fleming, S.B.; Mercer, A.A. VEGF Receptor-2 Activation Mediated by
VEGF-E Limits Scar Tissue Formation Following Cutaneous Injury. Adv. Wound Care 2018, 7, 283-297.
Shchelkunov, S.N.; Taranov, O.S.; Tregubchak, T.V.; Maksyutov, R.A.; Silkov, A.N.; Nesterov, A.E.;
Sennikov, S.V. The gene therapy of collagen-induced arthritis in rats by intramuscular administration of
the plasmid encoding TNF-binding domain of variola virus CrmB protein. Dokl. Biochem. Biophys. 2016, 469,



J. Clin. Med. 2020, 9, 972 27 of 29

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

284-287.

Takami, S.; Minami, M.; Nagata, I.; Namura, S.; Satoh, M. Chemokine Receptor Antagonist Peptide, Viral
MIP-II, Protects the Brain against Focal Cerebral Ischemia in Mice. ]. Cereb. Blood Flow Metab. 2001, 21, 1430—
1435.

Chen, S.; Bacon, K.B.; Li, L.; Garcia, G.E; Xia, Y.; Lo, D.; Thompson, D.A.; Siani, M.A.; Yamamoto, T.;
Harrison, J.K.; et al. In Vivo Inhibition of CC and CX3C Chemokine-induced Leukocyte Infiltration and
Attenuation of Glomerulonephritis in Wistar-Kyoto (WKY) Rats by vMIP-IL ]. Exp. Med. 1998, 188, 193
198.

Ghirnikar, R.S.; Lee, Y.L.; Eng, L.F. Chemokine antagonist infusion attenuates cellular infiltration following
spinal cord contusion injury in rat. . Neurosci. Res. 2000, 59, 63-73.

DeBruyne, L.A.; Li, K.; Bishop, D.K.; Bromberg, ].S. Gene transfer of virally encoded chemokine antagonists
vMIP-II and MC148 prolongs cardiac allograft survival and inhibits donor-specific immunity. Gene Ther.
2000, 7, 575-582.

Fleming, S.B.; McCaughan, C.A.; Andrews, A.E.; Nash, A.D.; Mercer, A.A. A homolog of interleukin-10 is
encoded by the poxvirus orf virus. J. Virol. 1997, 71, 4857-4861.

Imlach, W.; McCaughan, C.A.; Mercer, A.A.; Haig, D.; Fleming, S.B. Orf virus-encoded interleukin-10
stimulates the proliferation of murine mast cells and inhibits cytokine synthesis in murine peritoneal
macrophages. J. Gen. Virol. 2002, 83, 1049-1058.

Wise, L.; McCaughan, C.; Tan, C.K.; Mercer, A.A.; Fleming, S.B. Orf virus interleukin-10 inhibits cytokine
synthesis in activated human THP-1 monocytes, but only partially impairs their proliferation. J. Gen. Virol.
2007, 88, 1677-1682.

Wakelin, K.A.; Wise, L.M.; Bodaan, C.J.; Mercer, A.A.; Riley, C.B.; Theoret, C.L. Orf virus interleukin-10
and vascular endothelial growth factor-e modulate gene expression in cultured equine dermal fibroblasts.
Vet. Dermatol. 2016, 27, do0i:10.1111/vde.12370.

Haig, D.M.; Thomson, J.; McInnes, C.J.; Deane, D.L.; Anderson, L.E.; McCaughan, C.A.; Imlach, W.; Mercer,
A.A.; Howard, CJ.; Fleming, SB. A comparison of the anti-inflammatory and immuno-stimulatory
activities of orf virus and ovine interleukin-10. Virus Res. 2002, 90, 303-316.

Fleming, S.B.; Anderson, L.E.; Thomson, J.; Deane, D.L.; Mclnnes, C.J.; McCaughan, C.A.; Mercer, A A.;
Haig, D.M. Infection with recombinant orf viruses demonstrates that the viral interleukin-10 is a virulence
factor. J. Gen. Virol. 2007, 88, 1922-1927.

King, A.; Balaji, S.; Le, L.D.; Crombleholme, T.M.; Keswani, S.G. Regenerative Wound Healing: The Role of
Interleukin-10. Adv. Wound Care 2014, 3, 315-323.

Kieran, I; Knock, A.; Bush, J.; So, K.; Metcalfe, A.; Hobson, R.; Mason, T.; O'’Kane, S.; Ferguson, M.
Interleukin-10 reduces scar formation in both animal and human cutaneous wounds: Results of two
preclinical and phase II randomized control studies. Wound Repair Regen. 2013, 21, 428-436.

Gurel, M.S.; Ozardali, L; Bitiren, M.; San, L; Zeren, H. Giant orf on the nose. Eur. J. Dermatol. 2002, 12, 183—
185.

Lateef, Z.; Wise, L.M. Exploitation of receptor tyrosine kinases by viral-encoded growth factors. Growth
Factors 2018, 36, 118-140.

Kieran, M.W; Kalluri, R.; Cho, Y.J. The VEGF pathway in cancer and disease: Responses, resistance, and
the path forward. Cold Spring Harb. Perspect. Med. 2012, 2, a006593.

Lyttle, D.J.; Fraser, KM.; Fleming, S.B.; Mercer, A.A.; Robinson, A.J. Homologs of vascular endothelial
growth factor are encoded by the poxvirus orf virus. J. Virol. 1994, 68, 84-92.

Inder, M.K,; Ueda, N.; Mercer, A.A.; Fleming, S.B.; Wise, L.M. Bovine papular stomatitis virus encodes a
functionally distinct VEGF that binds both VEGFR-1 and VEGFR-2. ]. Gen. Virol. 2007, 88, 781-791.

Inder, M.K,; Wise, L.M.; Fleming, S.B.; Mercer, A.A. The C-terminus of viral vascular endothelial growth
factor-E partially blocks binding to VEGF receptor-1. FEBS ]. 2008, 275, 207-217.

Ueda, N.; Inder, M.K,; Wise, L.M.; Fleming, S.B.; Mercer, A.A. Parapoxvirus of red deer in New Zealand
encodes a variant of viral vascular endothelial growth factor. Virus Res. 2007, 124, 50-58.

Ueda, N.; Wise, L.M.; Stacker, S.A.; Fleming, S.B.; Mercer, A.A. Pseudocowpox virus encodes a homolog of
vascular endothelial growth factor. Virology 2003, 305, 298-309.

Savory, L.J.; Stacker, S.A.; Fleming, S.B.; Niven, B.E.; Mercer, A.A. Viral Vascular Endothelial Growth Factor
Plays a Critical Role in Orf Virus Infection. J. Virol. 2000, 74, 10699-10706.

Wise, L.M.; Savory, L.J.; Dryden, N.H.; Whelan, E.M.; Fleming, S.B.; Mercer, A.A. Major amino acid



J. Clin. Med. 2020, 9, 972 28 of 29

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

sequence variants of viral vascular endothelial growth factor are functionally equivalent during Orf virus
infection of sheep skin. Virus Res. 2007, 128, 115-125.

Mercer, A.A.; Wise, L.M.; Scagliarini, A.; McInnes, C.J.; Biittner, M.; Rziha, H.].; McCaughan, C.A_; Fleming,
S.B.; Ueda, N.; Nettleton, P.F. Vascular endothelial growth factors encoded by Orf virus show surprising
sequence variation but have a conserved, functionally relevant structure. J. Gen. Virol. 2002, 83, 2845-2855.
Pieren, M.; Prota, A.E.; Ruch, C.; Kostrewa, D.; Wagner, A.; Biedermann, K.; Winkler, F.K.; Ballmer-Hofer,
K. Crystal structure of the Orf virus NZ2 variant of vascular endothelial growth factor-E: Implications for
receptor specificity. J. Biol. Chem. 2006, 281, 19578-19587.

Cébe-Suarez, S.; Griinewald, F.S.; Jaussi, R.; Li, X.; Claesson-Welsh, L.; Spillmann, D.; Mercer, A.A.; Prota,
A.E.; Ballmer-Hofer, K. Orf virus VEGF-E NZ2 promotes paracellular NRP-1/VEGFR-2 coreceptor
assembly via the peptide RPPR. FASEB ]. 2008, 22, 3078-3086.

Wise, L.M.; Ueda, N.; Dryden, N.H.; Fleming, S.B.; Caesar, C.; Roufail, S.; Achen, M.G.; Stacker, S.A.;
Mercer, A.A. Viral vascular endothelial growth factors vary extensively in amino acid sequence, receptor-
binding specificities, and the ability to induce vascular permeability yet are uniformly active mitogens. .
Biol. Chem. 2003, 278, 38004-38014.

Wise, L.M.; Veikkola, T.; Mercer, A.A_; Savory, L.]J.; Fleming, S.B.; Caesar, C.; Vitali, A.; Makinen, T.; Alitalo,
K.; Stacker, S.A. Vascular endothelial growth factor (VEGF)-like protein from orf virus NZ2 binds to
VEGFR?2 and neuropilin-1. Proc. Natl. Acad. Sci. USA 1999, 96, 3071-3076.

Kawamura, H.; Li, X.; Goishi, K.; Van Meeteren, L.A.; Jakobsson, L.; Cébe-Suarez, S.; Shimizu, A.; Edholm,
D.; Ballmer-Hofer, K.; Kjellén, L.; et al. Neuropilin-1 in regulation of VEGF-induced activation of p38MAPK
and endothelial cell organization. Blood 2008, 112, 3638-3649.

Kiba, A.; Sagara, H.; Hara, T.; Shibuya, M. VEGFR-2-specific ligand VEGEF-E induces non-edematous hyper-
vascularization in mice. Biochem. Biophys. Res. Commun. 2003, 301, 371-377.

Hanft, J.R; Pollak, R.A.; Barbul, A.; van Gils, C.; Kwon, P.S.; Gray, S.M.; Lynch, CJ.; Semba, C.P.; Breen,
T.J. Phase I trial on the safety of topical rhVEGF on chronic neuropathic diabetic foot ulcers. ]. Wound Care
2008, 17, 30-37.

Wilgus, T.A.; Ferreira, A.M.; Oberyszyn, T.M.; Bergdall, V.K.; DiPietro, L.A. Regulation of scar formation
by vascular endothelial growth factor. Lab. Investig. 2008, 88, 579-590.

Pontejo, SM.; Alejo, A.; Alcami, A. Comparative biochemical and functional analysis of viral and human
secreted tumor necrosis factor (TNF) decoy receptors. J. Biol. Chem. 2015, 290, 15973-15984.

Pontejo, S.M.; Sanchez, C.; Ruiz-Argiiello, B.; Alcami, A. Insights into ligand binding by a viral tumor
necrosis factor (TNF) decoy receptor yield a selective soluble human type 2 TNF receptor. J. Biol. Chem.
2019, 294, 5214-5227.

Kledal, T.N. A Broad-Spectrum Chemokine Antagonist Encoded by Kaposi’s Sarcoma-Associated
Herpesvirus. Science 1997, 277, 1656-1659.

Damon, I.; Murphy, P.M.; Moss, B. Broad spectrum chemokine antagonistic activity of a human poxvirus
chemokine homolog. Proc. Natl. Acad. Sci. USA 1998, 95, 6403-6407.

Duan, T.; Smith, A.J.; Verkman, A.S. Complement-dependent bystander injury to neurons in AQP4-IgG
seropositive neuromyelitis optica. . Neuroinflamm. 2018, 15, 294.

Kotwal, G.J.; Moss, B. Vaccinia virus encodes a secretory polypeptide structurally related to complement
control proteins. Nature 1988, 335, 176-178.

Pillay, N.S.; Kellaway, L.A.; Kotwal, G.J. Vaccinia virus complement control protein significantly improves
sensorimotor function recovery after severe head trauma. Brain Res. 2007, 1153, 158-165.

Jha, P.; Smith, S.A.; Justus, D.E.; Kotwal, G.J. Prolonged retention of vaccinia virus complement control
protein following IP injection: Implications in blocking xenorejection. Transplant. Proc. 2003, 35, 3160-3162.
Fernando, N.; Natoli, R.; Racic, T.; Wooff, Y.; Provis, ].; Valter, K. The use of the vaccinia virus complement
control protein (VCP) in the rat retina. PLoS ONE 2018, 13, e0193740.

Franklin, B.S.; Bossaller, L.; De Nardo, D.; Ratter, ].M.; Stutz, A.; Engels, G.; Brenker, C.; Nordhoff, M,;
Mirandola, S.R.; Al-Amoudi, A.; et al. The adaptor ASC has extracellular and “prionoid” activities that
propagate inflammation. Nat. Immunol. 2014, 15, 727-737.

Man, S.M.; Kanneganti, T.-D. Converging roles of caspases in inflammasome activation, cell death and
innate immunity. Nat. Rev. Immunol. 2016, 16, 7-21.

Rahman, M.M.; Mohamed, M.R.; Kim, M.; Smallwood, S.; McFadden, G. Co-regulation of NF-kB and
inflammasome-mediated inflammatory responses by myxoma virus pyrin domain-containing protein



J. Clin. Med. 2020, 9, 972 29 of 29

191.

192.

193.

194.

195.

196.

197.

198.

MO013. PLoS Pathog. 2009, 5, €1000635.

Ildefonso, C.J.; Jaime, H.; Rahman, M.M.; Li, Q.; Boye, S.E.; Hauswirth, W.W.; Lucas, A.R.; McFadden, G.;
Lewin, A.S. Gene delivery of a viral anti-inflammatory protein to combat ocular inflammation. Hum. Gene
Ther. 2015, 26, 59-68.

Lysakova-Devine, T.; Keogh, B.; Harrington, B.; Nagpal, K.; Halle, A.; Golenbock, D.T.; Monie, T.; Bowie,
A.G. Viral Inhibitory Peptide of TLR4, a Peptide Derived from Vaccinia Protein A46, Specifically Inhibits
TLR4 by Directly Targeting MyD88 Adaptor-Like and TRIF-Related Adaptor Molecule. ]. Immunol. 2010,
185, 4261-4271.

McCoy, S.L.; Kurtz, S.E.; MacArthur, C.J.; Trune, D.R.; Hefeneider, S.H. Identification of a Peptide Derived
from Vaccinia Virus A52R Protein That Inhibits Cytokine Secretion in Response to TLR-Dependent
Signaling and Reduces In Vivo Bacterial-Induced Inflammation. . Immunol. 2005, 174, 3006-3014.
Tolstrup, M.; Johansen, C.; Toft, L.; Pedersen, F.S.; Funding, A.; Bahrami, S.; Iversen, L.; Ostergaard, L.;
Duch, M. Anti-inflammatory effect of a retrovirus-derived immunosuppressive peptide in mouse models.
BMC Immunology 2013, 14, 51.

Copin, J.C; Da Silva, R.F.; Fraga-Silva, R.A.; Capettini, L.; Quintao, S.; Lenglet, S.; Pelli, G.; Galan, K,;
Burger, F.; Braunersreuther, V.; et al. Treatment with Evasin-3 reduces atherosclerotic vulnerability for
ischemic stroke, but not brain injury in mice. J. Cereb. Blood Flow Metab. 2013, 33, 490-498.

Montecucco, F.; Lenglet, S.; Braunersreuther, V.; Pelli, G.; Pellieux, C.; Montessuit, C.; Lerch, R.; Deruaz,
M.,; Proudfoot, A.E.; MacH, F. Single administration of the CXC chemokine-binding protein evasin-3 during
ischemia prevents myocardial reperfusion injury in mice. Arterioscler. Thromb. Vasc. Biol. 2010, 30, 1371-
1377.

Wang, F.; Song, Z.; Chen, J.; Wu, Q.; Zhou, X; Ni, X,; Dai, J. The immunosuppressive functions of two novel
tick serpins, HlSerpin-a and HlSerpin-b, from Haemaphysalis longicornis. Immunology 2020, 159, 109-120.
Kong, J.; Wei, M,; Li, G.; Lei, R.; Qiu, Y.; Wang, C,; Li, ZH.; Zhu, S. The cucumber mosaic virus movement
protein suppresses PAMP-triggered immune responses in Arabidopsis and tobacco. Biochem. Biophys. Res.
Commun. 2018, 498, 395-401.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
| @ @ \ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



