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Abstract

Treatments with poxvirus vectors can have long-lasting immunological impact in the host, and
thus they have been extensively studied to treat diseases and for vaccine development. More
importantly, the oncolytic properties of poxviruses have led to their development as cancer
therapeutics. Two poxviruses, vaccinia virus (VACV) and myxoma virus (MY XV), have been
extensively studied as virotherapeutics with promising results. Vaccinia virus vectors have
advanced to the clinic and have been tested as oncolytic therapeutics for several cancer types with
successes in phase /11 clinical trials. In addition to oncolytic applications, MY XV has been
explored for additional applications including immunotherapeutics, purging of cancer progenitor
cells, and treatments for graft-versus-host diseases. These novel therapeutic applications have
encouraged its advancement into clinical trials. To meet the demands of different treatment needs,
VACVand MY XV can be genetically engineered to express therapeutic transgenes. The
engineering process used in poxvirus vectors can be very different from that of other DNA virus
vectors (e.g., the herpesviruses). This chapter is intended to serve as a guide to those wishing to
engineer poxvirus vectors for therapeutic transgene expression and to produce viral preparations
for preclinical studies.
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1. Introduction

1.1 Overview of Recombinant Pox Viruses

This chapter provides general guidelines for researchers intending to engineer therapeutic
recombinant poxviruses in a laboratory setting with the capacity to safely handle BSL-2
agents.

" jliu4@uams.edu.
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The United States Food and Drug Administration (FDA) considers any agent(s) which
“...mediate their effects by transcription and/or translation of transferred genetic material
and/or by integrating into the host genome and that are administered as nucleic acids,
viruses, or genetically engineered microorganisms” [1] to be examples of gene therapeutic
agents. By this definition, poxviruses have much to offer as delivery vectors for therapeutic
genetic sequences. The poxviruses (family Poxviridag) are large, double-stranded DNA
(dsDNA) viruses that have had an outsized impact upon human health and history, both
positive and negative. Smallpox has been a scourge of humanity from prehistory until the
close of the twentieth century, a highly contagious disease that killed between one-fourth
and one-third of its victims and routinely left survivors with lifelong scarring [2, 3]. The
causative agent of smallpox, the variola virus (VARV), was the impetus for Edward Jenner’s
early vaccination experiments with the cowpox virus (CPXV). Jenner’s experiments and
insight led to the practice of vaccination and, eventually, the global eradication of smallpox
through a program of comprehensive human vaccination with the vaccinia virus (VACV) [2,
3]. Because of its great utility as a smallpox vaccine, the VACV is the prototype and the best
characterized of all the poxviruses.

In addition to the VACV’s well-known role as a vaccine against smallpox, the ease with
which VACV and other poxviruses can be engineered to express foreign proteins has made
them valuable therapeutic vectors. Until the discovery of the mimivirus in 2003 [4], the
poxviruses were thought to be the largest of the viruses and were the first viruses to be
observed directly by light microscopy. Poxviruses possess large genomes and are capable of
integrating at least 25 kilobases of foreign DNA [5]. Two of the most common poxvirus
vectors used in therapy and gene delivery are VACV and myxoma virus (MY XV). Both can
be easily manipulated to integrate therapeutic transgenes into the viral genome [6]. Because
their replication cycle occurs entirely within the cytoplasm [7], there is no integration of
viral DNA into the host genome and no splicing of viral transcripts [8]. This property
minimizes the potential for genetic impact upon hosts that receive them as therapeutic
agents. Finally, these poxviruses can also be prepared at high titers [9, 10] to meet the
demand of escalated doses for treatment in preclinical models and in human patients.

Poxviruses, especially VACV and MY XV, along with other viruses are currently being
intensively investigated as anticancer therapeutic agents [11]. Originally oncolytic viruses
were envisioned as replication-competent viruses that would preferentially infect and
destroy cancerous cells via cytolytic activity. The theoretical advantage of utilizing
replication-competent viruses is that they can produce progeny viruses to amplify the
therapeutic outcome, all the while leaving noncancerous cells unscathed. While the promise
of a single efficacious viral agent to treat cancer has not yet been achieved, we now realize
that successful oncolytic viruses are capable of shaping the host immune response to tumor
cells [12] and even to alter the tumor microenvironment to facilitate the action of cytotoxic T
cells [13]. Viruses can be further armed [14] with therapeutic genes (transgenes) including
cytokines and chemokines [15, 16], prodrug activators [17], tumor-associated antigens [18],
inducers of apoptosis [19], and ligands of the toll-like receptors (TLRs) [20, 21]. In addition,
imaging enablers such as the sodium iodide symporter [22] and luciferase [23] can also be
incorporated. More importantly, virotherapy can complement and even synergize with
chemotherapy and immunotherapy [24—26]. Treatment benefits of some chemotherapeutic
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agents can be further improved by the prior or subsequent use of an oncolytic viral agent
[27], while concurrent delivery of both virotherapy and chemotherapy [24, 27] or
radiotherapy [28] can also be beneficial. Of the poxviruses, the VACV is by far the furthest
advanced as an oncolytic virus, and several VACV-based oncolytic virus candidates have
been tested in humans in Phase I/11 clinical trials, including Pexa-Vec (JX-594, SillaJen,
Inc.) [29, 30] and GLV-1h68 (GL-ONC1, Genelux Corporation) [17]. Pexa-Vec is a VACV
modified by insertion of human granulocyte-monocyte colony stimulating factor (hGM-
CSF) into the thymidine kinase (TK) gene [30, 31]. GLV-1h68 is a Lister strain of VACV
modified via insertion of Renillaluciferase (RLuc-GFP) into the F14.5L ORF, the insertion
of B-galactosidase into the viral TK gene, and the insertion of p-glucuronidase into the viral
hemagglutinin ORF (A56R) [32].

Myxoma virus (MY XV) has recently been recognized for its oncolytic potential in treating
cancerous conditions in preclinical models [33] and has proven to be a valuable candidate
for virotherapy [11]. The discovery of MY XVoncolytic potential was serendipitous [34], as
MY XV has a strict tropism for European rabbits and is not known to cause disease in any
other organism [35]. Myxoma virus (genus Leporipoxvirus) is antigenically distinct from
VACYV (genus Orthopoxvirus), making it a viable alternative to VACV virotherapy; it is
often an efficacy concern when patients have been previously vaccinated with VACV against
smallpox, as the aging population is most likely to experience cancer. Despite its narrow
host tropism for pathogenesis, MY XV productively infects neoplastic cells derived from
humans [36, 37], mice [24, 27, 38, 39], canines [40], and felines [41]. Although not yet
tested in the clinic, MY XV has shown promise in preclinical animal models of neoplasms
that are particularly difficult to treat and cure, including pancreatic cancer [24], gliomas
[36], medulloblastoma [42], and ovarian cancer [27]. In addition to conventional oncolytic
applications, MY XV has been examined for its immunotherapeutic potential and
effectiveness in combinatorial treatments with chemotherapy [24, 27]. It has also been
shown that MY XV efficiently binds to and subsequently destroys CD138* cells derived
from human multiple myeloma patients. The binding of MY XV to these multiple myeloma
cells induced apoptosis efficiently via the extrinsic pathway [43]. This allows for a potential
ex vivo therapy by efficiently purging neoplastic cells from autologous stem cell grafts
before re-implantation into the host [44, 45].

Based on our understanding of poxvirus virology, we provide a general guideline for the
engineering, isolation, and purification of recombinant poxviruses suitable for in vitro and
preclinical testing.

Each protocol (in Subheading 3) refers to reagents, consumables (such as tissue culture
vessels), and equipment necessary to fully execute the described procedure. These
referenced materials are detailed in Subheading 2 entitled “Materials.”

1.2 Genetic Engineering of Recombinant Poxviruses

During poxvirus infection, recombination occurs in the virus genome [6]. This is a universal
characteristic of poxviruses that has shaped the development of the methods used to produce
recombinant poxviruses. The activities of viral enzymes, including the 3'-to-5  exonuclease

activity of the virally encoded DNA polymerase [46], topoisomerase | [47-49] and Holliday
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junction resolvase [50] play roles in recombination during infection. The poxvirus infection
that is needed to generate the recombinant virus can be from the destination parental
poxvirus or a helper poxvirus [51]. Nevertheless, to engineer a recombinant poxvirus, the
first step is to produce the transfer plasmids that contain the gene of interest with its
expression driven by a poxvirus-specific promoter. In a transfer plasmid the expression
cassette for the gene of interest is flanked by approximately 500-1000 base pairs (bp) of
dsDNA homologous to the sequence in the parental virus genome. This design will lead to
integration of the transgene into the poxvirus genome in a site-specific manner. Initial
attempts to insert and subsequently express foreign genes in VACV made use of the VACV
thymidine kinase gene as an insertion site [52] and inserted the herpesvirus thymidine
kinase, providing its own selection mechanism [53]. In the VACYV, the viral thymidine kinase
gene [53] and the VACV growth factor gene [54] loci have both been successfully used as
insertion sites for foreign genetic material without reducing infectivity. If a wild-type (WT)
MY XV vector is desirable for the study, insertion at the locus between M135R and M136R
gene can be considered, as it will not affect either viral infectivity in vitro or pathogenesis in
rabbits [55]. The MY XV vector with a single gene knockout of either M063R [56, 57] or
M135R [45] is also commonly used as the backbone vector for therapeutic testing in
preclinical models. Because MO63R-null [56] and M135R-null [58] MY XV do not cause
pathogenic diseases in European rabbits, this accommodates the need for a replicating

MY XV vector without the possibility of endangering other animals in the process. Other
genes in MY XV, including M153R [59], M0O62R [27], and Serp2 [40], can also be
individually deleted to enhance its immunotherapeutic effect. In MY XV deletion of MO62R
alone results in a replication-defective viral vector in cells from all species tested [60].
However, treatments using MO62R-null MY XV can provide immunological benefits in
preclinical models and in some cases it has surpassed the therapeutic effect of WT MY XV
(unpublished data J Liu).

1.2.1 Construction of the Transfer Plasmid Vector—Once a poxvirus viral vector
has been chosen for the study and the insertion site in the viral genomic backbone has been
determined, the promoters to drive gene expression also need to be identified. The actual
methods used to construct the transfer vector are not in any way specific to poxvirus biology,
and researchers wishing to make transfer vectors have a number of options.

New DNA manipulation and cloning technologies, as well as inexpensive whole-gene
synthesis [61] mean that any researcher wishing to insert novel sequences into poxvirus
transfer vectors has a wealth of choices. A systematic survey of the history and current state
of DNA manipulation and molecular cloning methodologies is beyond the scope of this
publication, and many reviews exist to guide the research in their choice of cloning
procedures. One of such guides and current, detailed advice can be found published by the
iGEN/TU Eindhoven Community [62].

Gateway cloning [63, 64] has been extensively utilized to engineer poxvirus transfer
plasmids [55, 65, 66] and is the methodology of choice in our laboratory. The Gateway
cloning system allows for the simple, rapid, and highly efficient insertion of “att” bounded
sequences into a destination vector using a recombinase derived from lambda phage.
Smallwood et al. has provided an excellent and detailed protocol [67].
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1.2.2 Promoters for Transgene Expression in the Recombinant Poxvirus—
Poxvirus genes can be categorized into three temporal classes corresponding to the kinetics
of their transcription: early, intermediate, or late [68, 69]. Viral gene transcription occurs in a
cascade fashion. During the infection, each kinetic class of genes encodes factors necessary
for the transcription of the subsequent temporal class [69]. Poxvirus-specific promoters are
required to drive transgene expression in the context of a poxvirus infection. Early
promoters operate before viral DNA replication, while intermediate and late promoters
operate only after DNA replication [70]. Across the Poxviridae, promoters of a particular
temporal class differ slightly but have highly conserved core regions [68]. The promoter
structures of each temporal class have been well characterized in the VACV [71, 72].
Because transcription factors are highly conserved across the Chordopoxvirinae, promoters
from one poxvirus can often be used to drive transcription during infections caused by
poxviruses of different genera [68]. For example, the VACV p7.5 early/late promoter drives
transcription in the fowlpox virus (FWPV, genus Avipoxvirus) [73], the VACV pl1 late
promoter drives transcription in MY XV (genus Leporipoxvirus) [55], and the synthetic
early/late promoter (vwSyn E/L) drives transcription in the tanapox virus (TANV, genus
Yatapoxvirus) [21]. Poxvirus promoters combining the temporal classes have been made by
ligating regions from temporally distinct promoters and have been extensively utilized to
drive robust transgene expression for both virology studies and therapeutic applications [55,
74].

The researcher wishing to express exogenous genes in the context of a poxvirus infection
should be aware of the constraints imposed by each type of poxvirus promoter used. For
example, to engineer poxviruses for high levels of transgene production (e.g., vaccine
antigens [75]) it is appropriate to choose a promoter such as the early/late VACV p7.5 [76]
or the vwSyn E/L [39, 74, 77] promoter to drive continuous expression throughout the course
of an infection. In cases where the gene product must be expressed late in the replicative
process due to toxicity or as a selection control for transgene expression only during a
productive infection, a late promoter such as the poxvirus p11 late promoter [55] may be the
appropriate choice. Table 1 shows several poxvirus promoters including both native and
synthetic promoters from different temporal classes.

1.3 Engineering Recombinant Poxviruses

After construction of the transfer plasmid (or shuttle vector), recombinant poxvirus is
generated via homologous recombination in poxvirus infected cells. Generally a length of
500-1000 bp on each flank of the insertion DNA fragment is sufficient to guide homologous
recombination in a site-specific manner into the viral genome [6].

Utilizing a helper poxvirus such as fowlpox virus (FWPV) [83] or Shope fibroma virus
(SFV) [84] to provide the necessary machinery for recombination has been shown to greatly
improve the ease of downstream purification steps. In these modified protocols, instead of
using live virus of the chosen poxvirus vector, purified poxvirus genomic DNA from the
destination poxvirus vector is used along with the shuttle vector [83, 84]. In these systems
significantly improved recombination efficiency between the transfer plasmid and the
destination poxvirus vector has been reported. The marked improvement in abundance of
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recombinant virus is likely due to an effective inhibition of infection by the helper poxvirus
in the subsequent purification process. By choosing a cell line for purification that is
nonpermissive to the helper poxvirus but permissive to the chosen viral vector, one can
significantly eliminate the presence of helper virus in subsequent steps. However, due to the
need for additional reagents (live viruses such as FWPVor SFV) besides the chosen viral
backbones (e.g., VACV or MY XV), in this chapter we will focus on the conventional
methodology to generate recombinant poxviruses.

It is a common practice to transfect the vector into cells already hosting a poxvirus infection,
typically referred to as an infection/transfection procedure [83]. This is usually
accomplished by inoculating permissive cells with poxvirus (e.g., at a multiplicity of
infection (MOI) of 1), followed by transfection of the transfer plasmid 1-2 h later. Because
the majority of progeny virions will be the parental virus [85], it is necessary to apply a
selection method to screen for recombinant viruses bearing the desired transgenes. Thus, a
plaque or focus purification step is necessary to isolate the virus until a pure population of
the recombinant virus is established.

There are many types of selection that allow the isolation of recombinant virus from the
unaltered parental virus. Historically, selection was first conducted by probing of replica-
plated plaques on nitrocellulose membranes followed by /n situ hybridization to identify the
successful recombinants [86]. Selection can be accomplished via biochemical means using
selectable markers such as resistance gene to neomycin [86], hygromycin [87], or guanine
phosphoriboxyltransferase (gpt) [88, 89]. However, the use of genotoxic selectable markers
has been shown to cause secondary mutations elsewhere in the genome that are not
immediately apparent without direct sequencing [83]. We thus advise caution if one of the
above selection methods is used. Fluorescent reporters provide selection that can be used
together with other selectable markers [90, 91] or used alone. Although we reference
selection schemes for recombinant poxviruses based upon drugs or other biochemical
properties, this protocol is written with fluorescence-based selection in mind.

1.4 Considerations for Clinical Application Using Poxvirus Vectors

When making recombinant viruses for purely research work it is usually acceptable to leave
genes for selection proteins intact in the recombinant virus. If, however, a virus is intended
for therapeutic use in a human clinical trial, a clinical-grade viral preparation must be made
[92]. These recombinant viruses must also be free of expressible drug resistance proteins
(such as the neomycin phosphotransferase used during neomycin selection), as there are
potential safety concerns due to adventitious mutations in these viruses [93]. It is therefore
necessary to excise genes encoding any drug resistance proteins used during the isolation of
the virus. Such an excisable selection system was published by Rintoul et al. in 2011 [94].
The authors describe a selectable and excisable marker (SEM) system, which consists of a
transfer plasmid, pSEM-1, which contains (a) a luciferase gene driven by a poxvirus early/
late synthetic promoter and (b) a gene encoding yellow fluorescent protein ()7p) fused to the
gene encoding the drug selection marker guanine phosphoribosyltransferase (gp?). The entire
portion of pPSEM-1 containing these two genes was flanked by sequence homologous to the
viral thymidine kinase gene (dictating the site of insertion into the viral genome), while loxP
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sites flanked the portion containing the yfp-gpt gene. When the virus was inoculated onto
U20S cells, both YFP and luciferase activity were detected; when U20S cells stably
expressing the Cre recombinase were inoculated, only luciferase activity was detected. Thus,
the yifp-gpt portion of the viral genome had been excised.

When live, replication-competent viruses (particularly VACV) are used as virotherapeutics,
there exists a risk that productive viral infection within tumor cells in patients could spread
to healthy tissue and cause adverse effects. To protect against this possibility, researchers
should have access to antiviral drugs that can blunt any undesirable viral spread originating
with the treated tumor tissue. VACV infection in research animals has been successfully
treated with two investigational drugs, ST-246™ (SIGA Technologies, Inc) [95] and
CMX-001™ (Chimerix, Inc) (Brincidofivir) [96, 97]. Although it has not been approved for
use in poxvirus infections, Cidofovir (Vistide™ Gilead Sciences, Inc.) may also be used
[98]. In one case, combinatorial treatment was provided to a pediatric patient with refractory
atopic dermatitis who developed eczema vaccinatum from contact vaccinia infection and the
patient recovered; the combinatorial treatment included intravenous vaccinia immune
globulin, cidofovir, and ST-246 [99, 100]. ST-246 and CMX-001 are predicted to be able to
control MY XV infection effectively. Although MY XV inoculation in a non-rabbit species is
unlikely to cause infectious disease due to a strict species tropism, the availability of these
drugs provides an extra measure of safety.

1.5 Summary

It is an exciting time to be in the laboratory working with poxviruses as they continue to be
developed as virotherapeutic agents for the treatment of diseases, both in humans and in
companion animals [101, 102]. Although VACV has held center stage in the ongoing
oncolytic poxviruses story, MY XV is steadily establishing itself as a valuable addition to the
virotherapeutic armamentarium. VACVand MY XVare, however, only the beginning of the
poxvirus story. Within the Chordopoxvirinae, the International Committee on Taxonomy of
Viruses (ICTV) currently lists 12 genera containing 40 recognized poxviruses. The
therapeutic potential of most of these poxviruses remains to be characterized and developed.
In addition to vector administration, we continue to discover novel gene functions encoded
by poxviruses that modulate the cellular innate immune state, any of which could prove
important for the development of new therapeutics. Genetic manipulation of poxvirus
genome provides a powerful tool for future investigations.

2. Materials

This section contains a detailed list of cells, media, materials, consumables, apparatus, and
equipment used in the subsequent protocols.

2.1 Cell Lines

1 BSC-40, ATCC (catalog CRL-2761). Derived from Cercopithecus aethiops,
epithelial, adherent, from kidney. BSL-1.

2. CV1, ATCC (catalog CCL-70). Derived from Cercopithecus aethiops, fibroblast,
adherent, from kidney. BSL-1.
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Vero, ATCC (catalog CRL-812). Derived from Cercopithecus aethiops,
epithelial, adherent, from kidney. BSL-1.

2.2 Tissue Culture Medium, Reagents, and Solutions

1.

2
3
4,
5
6

2.3 Consumables
1.

2
3
4,
5
6

DMEM, with 4.5 g/L glucose and L-glutamine.
Penicillin/streptomycin (Pen Strep).

Fetal bovine serum (FBS).

Tris—=HCI 10 mM, pH 8.0, (sterile).

Trypsin 10x, without phenol red.

Sucrose (D-Sucrose, saccharose), molecular biology grade.Individual solutions
are made to 24, 28, 32, 36 and 40% W/V and filtered through a 0.22 pm
membrane.

Low-melting-temperature agarose.
PBS, with calcium and magnesium, sterile.

ViaFect Transfection Reagent, Promega (catalog E4982).

150 mm cell culture dish, treated, DNase/RNase free, sterile.

24 well tissue culture-treated plate, sterile.

35 x12 mm style tissue culture dish, tissue culture-treated, sterile.
25 cm cell scraper, sterile, individually wrapped.

Centrifuge tube, 50 mL, conical, sterile.

Ultra-Clear Centrifuge Tubes 1 x 3% in (25 x 89 mm).

2.4 Apparatus and Equipment

1.
2.
3.

3 Methods

Dounce-style homogenizer, 40 mL, with “loose” pestle, Wheaton.
Dismembrator (sonicator), with inverted “cup” and sound-deadening enclosure.

Ultracentrifuge, from ThermoScientific/Sorvall, model WX-Ultra 80, used with
swinging bucket rotor, model AH-629.

3.1 Infection/Transfection of Permissive Cells

1.

2.

Seed permissive cells (e.g., BSC-40) into a 35 mm tissue culture dish at a density
that will produce 80-90% confluency on the next day.

Inoculation of poxviruses onto the monolayer:
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€)) Use a poxvirus viral stock with sufficient plaque-forming units (pfu) to
achieve an MOI of 1 in a minimal volume of growth medium (just
sufficient to cover the bottom of the tissue culture dish). For a 35 mm
culture dish 0.5 mL is sufficient. Allow viral attachment to the cells for
1 h, which can be performed at 4 °C. Every 10 min gently rock the
plate to ensure complete exposure of the monolayer to the inoculum.

(b)  After 1 h of incubation, remove the inoculum from the dish and wash
three times with 1 mL of PBS each. Immediately add 2 mL of fresh
growth medium to the cells.

Incubate the infected cell monolayer at 37 °C with 5% CO, for 1 h before
transfection with the transfer vector.

Transfect the infected cells with complexes formed from the transfection reagent
of choice (e.g., ViaFect, see above) and the transfer vector, according to the
manufacturer’s protocol. Remove the transfection complexes if so directed by the
manufacturer’s protocol, as prolonged exposure may be toxic and cause cell
death. Allow the infection to proceed following transfection until a complete
cytopathic effect (CPE) in all cells is observed (48-72 h post infection).

When the infection is suitably advanced, collect the cell lysate together with the
culture medium by scraping the monolayer with a sterile cell scraper. At this
point the crude viral preparation may be stored at 80 °C until further processing.

3.2 Selection and Purification of Recombinant Viruses

1.

Before purification, subject the cell lysate to 3 cycles of freeze (—80 °C)-thaw
(37 °C water bath) followed by sonication in an ice bath for 1 min using a cup
sonicator (e.g., Fisher Scientific sonicator with the amplitude set to 50, see
above, Subheading 2.4).

Purification of the recombinant virus is conducted on a monolayer of BSC-40
cells seeded in 35 mm dishes or in 6-well plates. Serially dilute the original cell
lysate and transfer an appropriate amount of inoculum into each well for an
incubation period of 1 h. During the 1-hour incubation gently rock the dish every
10 min to ensure that sufficient culture medium is covering the monolayer cells.
After 1 h, aspirate the inoculum and overlay an appropriate volume of medium
containing low-melting agarose (0.67% in normal growth medium). Allow 20
min for the agarose overlay to solidify at room temperature before transferring
the plates into the incubator. An alternative is to use methylcellulose to replace
low-melting agarose. You may plate one dish of cells at each dilution for this
step. Once a suitable dilution is identified, more plates can be seeded until a
successful isolation is achieved.

Once well-separated viral foci or plaques are detected, proceed to isolate the
virus from them for further purification. For each round of purification, first
identify a discrete, well-separated plaque of viral infection and isolate it for
amplification and analysis (see Note 1 for further explanation.)
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4, Repeat the process of plaque (focus) purification until the resulting stock
contains a uniform population of recombinant virus (see Note 2). We typically do
a minimum of four rounds of plaque purification.

At each round of purification a sample of recombinant virus is isolated for viral DNA
extraction and PCR verification for purity. For PCR verification, one can use a primer set
that recognizes sequences surrounding the insertion site in the parental virus. It is also
helpful to design a different set of primers to recognize sequences only present in the
recombinant virus. Use viral DNA from your parental virus as a control. Once you confirm
the purity of the recombinant virus, proceed with further confirmation by sequencing. We
typically sequence the insert and several hundred bases surrounding the insertion site to
ensure that the gene(s) of interest have integrated correctly and that no mutations have been
introduced.

3.3 Poxvirus Amplification and Purification

Before testing in cells or animal models, it is necessary to produce a large quantity of
poxvirus with high titer. Viral titer is usually expressed as plaque-forming units (pfu) per
milliliter of virus preparation. Cell lines for the replication of VACV and other poxviruses
include BSC-40 [103], CV-1 [104], and Vero [105]. These cells are obvious first choices for
high-efficiency replication of poxviruses, and BSC-40 cells are most frequently used. A
protocol for small-to medium-scale VACV and MY XV preparation is detailed below, which
is modified from methods reported previously[106, 107].

1. Use cells that are fully permissive to the virus for amplification, such as BSC-40.
Start with 20-40 tissue culture-treated dishes of size of 150 mm (each dish has
176.7 cm? growth area for adherent cells) and allow them to reach full
confluence (approximately 2.0 x107 cells/dish). Cells should not be over-
confluent before infection.

2. Inoculate each dish with a low MOI (e.g., 0.001 for VACV).

(@ For infection, prepare an inoculum in a low volume of growth medium
per dish (e.g., no more than 10 mL) with an appropriate amount of
virus. Replace the medium from each plate with the inoculum.

(b) Incubate the inoculum at 37 °C for 1 h with occasional gentle rocking
of the dish. This is to ensure sufficient exposure of all cells to the
inoculum and to avoid drying of the monolayer.

(© Add an additional volume of complete growth medium to a total of 30
mL to each dish after 1 h of incubation.

3. Incubate and allow the infection to develop until cells reach full production
capacity (e.g., 72 h for MY XYV, and up to 5 days for VACV). Monitor the
progress of the infection daily. For VACV stock preparation, monitor the cells
until a CPE is apparent but cells have not started to lyse.
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Harvest the infected cells by scraping the monolayer and transferring the scraped
cells along with the medium into a 50 mL centrifuge tube. Recover as much of
the cells as possible.

Centrifuge cells at 750 x g for 10 min at 4 °C. Carefully discard the supernatant
and continue to collect scraped cells using the same 50 mL conical tubes. In each
tube, a pellet typically contains 4—6 dishes of infected cells. For temporary
storage, discard as much medium after centrifugation as possible and store the
tubes at —80° C until purification.

Resuspend briefly thawed cell pellets in ice-cold sterile 10 Mm Tris—HCI, pH
8.0. Use a volume approximately 6 times the volume of the cell pellet. For
example, cells from 5 of the 150 mm dishes make up approximately 1 mL of
volume and thus 6 mL of 10 mM Tris—HCI pH 8.0 is needed.

Freeze (80 °C) and thaw (37 °C water bath) the resuspended cell pellet two
more times. Sonicate the suspension for one min in an ice bath-equipped cup
sonicator (see Subheading 3.2, step 1 and Note 3).

In a biosafety cabinet, transfer the sonicated cell pellet to a sterile 40 mL
prechilled glass Dounce homogenizer (Wheaton) on ice and use the loose pestle
for 20 strokes slowly. Collect the homogenized cell suspension into a 50 mL
conical tube and centrifuge at 1500 x g for 15 min at 4 °C.

Save the supernatant in a fresh 50 mL conical tube on ice and resuspend the
remaining cell pellet in 4 mL of ice-cold 10 mM Tris—HCI, pH 8.0. Repeat the
homogenization step (step 8, above).

Centrifuge the homogenized pellet suspension at 1500 xg for 15 min at 4 °C.
Combine the supernatant with that from step 9 and discard the pellet.

Carefully layer the homogenate (no more than 20 mL of crude cell extract per
centrifugation tube) over a 36% sucrose cushion in 10 mM Tris—=HCI pH 8.0 (No
less than 17 mL of volume) in an Ultra-Clear centrifuge tube.

Centrifuge at 44,500 x g for 80 min at 4 C (see Note 4).

After centrifugation, the virus will form a tight pellet on the bottom of the
centrifuge tube. Carefully discard the supernatant and resuspend the pellet in no
more than 7 mL of ice-cold 10 mM Tris—HCI pH 8.0.

Sonicate the viral preparation 2 times for 60 s each in the ice bath using the
settings in Subheading 3.2, step 1.

Load the sonicated viral preparation on top of the sucrose step gradient, made
with 6 mL each of 24, 28, 32, 36, and 40% sucrose that have been dissolved in
10 mM Tris—HCI, pH 8.0 (see Note 5). Continue with purification by
centrifugation of the resuspension on the gradient for 40 min at 24,000 x g at
4°C.
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Centrifugation should result in 1 distinct band near the middle of the gradient.
Carefully remove the top layers of gradient material. Collect the band with a
pipette tip and discard the remaining liquid (se¢ Note 6).

Resuspend the collected band in 10 mM Tris—HCI, pH 8.0 and further dilute the
band to fill up the centrifugation tube.

Centrifuge the diluted band for 60 min at 31,500 x g, 4 °C.

Carefully discard the supernatant and resuspend the pellet in1 mL of 10 mM
Tris—HCI, pH 8.0.

Aliquot and store the purified virus preparation at —80 °C. Viral titer is evaluated
by titration on BSC-40 cells. Proper execution of this protocol results in viral
yields of 1-5 x 109 pfu/mL for MY XV, and approximately 1 x 1010 pfu/mL for
replicating VACV.

For testing the recombinant virus in vitro and in animal models, stop at the step 13; virus
preparation is of sufficient purity for this purpose. When generating recombinant virus to
express cytokine or other therapeutic molecules, further purification through the remaining
of the steps is necessary to further eliminate trace amount of transgene product which may
remain with the virus pellet at step 13.

3.4 Determination of Viral Titer

1

If titration is conducted on a crude cell lysate which has not previously been
processed, then freeze (at — 80 °C) and thaw (37 °C water bath) the sample 3
times followed by sonication before proceeding to step 2 for serial dilution of the
virus stock. If a viral preparation is purified from a sucrose cushion (see
Subheading 3.3, step 13) or sucrose gradient purification (see Subheading 3.3,
step 15), sonicate the virus aliquot in an ice bath for 30 s before proceeding to
step 2.

Make serial dilutions of your sample in PBS with Mg*2 and Ca*2 and 2% heat
inactivated FBS (dilution medium). Use 1.5 mL Eppendorf tubes and make the
initial 1072 dilution by adding 10 pL of sample to 990 pL dilution medium, and
all subsequent serial 10~ dilutions by adding 100 pL of diluted virus to 900 uL
of dilution medium. For samples of unknown titer, we suggest dilutions up to
1078 (see Note 7).

Use 24-well tissue culture-treated plates with a monolayer of permissive cells
(e.g., BSC-40 cells) seeded the day before for titration. Remove the growth
medium from each well, vortex the dilution tube before adding 200 uL of the
dilution tube into three wells. Start with the 108 wells and proceed from the
highest dilution to the lowest dilution (1072).

Place the dish(es) in a 37 °C with 5% CO, incubator for 60 min. Return every 10
min to gently rock the plate(s).

Prepare the overlay medium (as instructed in Subheading 3.2, step 2 using low-
melting agarose or methylcellulose) and warm it to 37 °C in a water bath.
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6. After the 1-hour inoculation period, aspirate the inoculum off each well before
adding 0.5 mL overlay medium.

7. Incubate the plate(s) for 2-3 days, or until plaques are clearly visible. For viruses
expressing a fluorescent reporter gene, you will have to count the number of foci
under a fluorescence microscope. Calculate the virus titer and express in units of
pfu/mL.

1 The goal of this step is to find a dilution that produces well-separated regions of
viral CPE so that you may isolate a pure clone of the virus. A suitable plaque can
be marked using a sharpie under the microscope on the bottom of the dish. To
identify a focus or plaque that expresses a fluorescent protein, simply search for
and mark discrete foci of fluorescence on the bottom of the dish under a
fluorescent microscope prior to isolating virus from plaques.

2. We recommend collecting viral DNA during each round of purification to check
the purity. It is useful to pick many candidate plaques in the first round, then
focus on your most promising samples in subsequent rounds. Each round is a
potentially unique mixture or single clone of virus and should be stored at
—80 °C until further purification or characterization.

3. We use a Fisher Scientific cup sonicator set to an amplitude of 50.
4, An ultracentrifuge and a rotor equipped with swinging buckets are needed.

5. After the sucrose solutions are made, they are sterilized by filtration through a
0.2 um membrane using negative pressure. The sucrose gradient is set up the day
before and left at 4 °C undisturbed overnight for the gradient formation.

6. Ten percent bleach or disinfectant is needed to disinfect the liquid before it is
taken outside of the biosafety cabinet. Further disinfection (such as autoclaving)
may be required before disposal.

7. Be sure to vortex the sample thoroughly before taking out a portion for the next
dilution. You must use a new pipette tip each time to prevent carryover.
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