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SUMMARY

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has been identified as the causative agent of
coronavirus disease 2019 (COVID-19). Although multiple mutations have been observed in SARS-CoV-2,
functional analysis of each mutation of SARS-CoV-2 has been limitad by the lack of convenient mutagenasis
methoeds. In this study, we establish a PCR-based, bacterium-free method to generate SARS-CoV-2 infec-
tious clones. Recombinant SARS-CoV-2 could be rescued at high titer with high accuracy after assembling
10 SARS-CoV-2 cDNA fragments by circular polymerase extension reaction (CPER) and transfection of the
resulting circular genome into susceptible cells, The censtruction of infectious clones for reporter viruses
and mutant viruses could ba completed in two simple staps: intraduction of reporter genas or mutations
into the desirable DNA fragments (~5,000 base pairs) by PCR and assembly of the DNA fragments by

CPER. This reverse genetics system may potentially advance further understanding of SARS-GoV-2.

INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 ([SARS-CoV-2)
in the family Coronavindae is the causative agent of a global
pandemic of severe respiratory disease, coronavirus disease
2018 (COMD-18) (Gorbalenya et al., 2020). The vires was inttially
discovered in Wuhan, China, in late December 2018 (Zhu st al,
2020; Zou et al., 2020; Wu et al., 2020) and has spread worldwide.
As of February 2, 2021, more than 100 million COVID-19 cases
hawe been confirmed and more than 2 million deaths have been
reported workiwide (nttos:/covid19.who.int/). Various mutations
have been dccumulaied on the genome of SARS-Cov-2 and
spread all over the world. For instance, viuses encoding the
D614G mutation en the surface of the spike protein (S pratein)
became predominant (httpsy/nextstrain.org/ncov/global). Inaddi-
tion, human cases infected with the lineage 501Y.V1 and 501Y.v2
viruses have been increasing, in which multiple mutations have
been introduced besides DB14G (hitpsi//nextstrain.org/ncov/
global). Tounderstand the function of each mutation in the genes
of these viruses, it is essential to generate recombinant virus with
each mutation and examine the biological features compared with
the parental virus. Atthough numerous papers have been pub-
lished since the emengence of SARS-CoV-2, lmited studies
have generated recombinant SARS-CoV-2 and examined the
functions of the viral genes or the molecular mechanisms of the

propagaiion and pathogenesis of SARS-CoV-2. The development
of a simple and efficient reverse genetics system is urgently
needed for further molecular studies of SARS-CoV-2.

Although various infectious clones harboring the ful-length viral
cDNA under suitable promoters in the plasmid have been estab-
lished, the plasmid system is not available for coronaviruses
because of the large size of their viral genomes (- 30 kilobases
[kbl). Instead, bacterial artificial chromoesomes (BAGs) or in witro
ligation ofviral cDNA fragments have been classically used (Alma-
zan et al., 2006; Yount et al., 2003; Scobey et al., 2013; Terada
et al., 2018). Although these systems have allowed us to conduct
molecular studies of coronaviruses, they have some dsadvan-
tages, particulary when performing mutagenesis. In the case of
BACs, undesired mutafions, such as deletions or inserfions, can
be introduced during bacterial amplification, and verification of
the fulHlength genome every time is time consuming. Mareover,
the in vitro ligation method is complicated. Given these facts, it
seems difficult to rapidly introduce reporter genes or multiple mu-
tations into viral genes by the classical methods.

Recentty, a method for the rapid generation of flavivirus infec-
tious clones by circular polymerase extension reaction (CPER)
was reported (Edmonds st al., 2013). In this approach, cONA
fragments covering the full-length viral genome and a linker frag-
ment, which encodes the promoter, poly(A) signal, and ribozyme
sequence, are amplified by PCA. Because the amplified
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One safety concern during severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) vaccine dewelopment

has been the vaccine-associated enhanced disease, which is characterized by eosinopt

immunepatholegy and

T helper cell type 2 {Ty2}-biased immune responses with insufficient neutralizing antibodies. In this study, we
established a lethal animal model using BALB/c mice and a mouse-passaged isolate (QHmusX] from a European
lineage of SARS-CoV-2. The QHmusX strain induced acute respiratory illness, associated with diffuse alveolar
damage and pulmonary edema. in Ty2-prone adult BALB/c mice, but not in young mice or Tul-prone C57BLM6 mice.
We also showed that immunization of adult BALB/c mice with recombinant spike protein without appropriate adju-
vant caused eosinophilic immunepathology with T2-shifted immune response and insufficient neutralizing
antibodies after QHmusX infection. This lathal mouse model is useful for evaluating waceine-associated enhanced
respiratory disease during SARS-CoV-2 infection and may provide new insights into the disease pathogenesis of

SAR5-CoV-2.

INTRODUCTION

Since the end of 2019, a novel coronavirus, severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), which causes coronavirus
disease 2019 (COVID-19), rapidly spread from Wuhan, China to
the rest of the world, threatening lives and society on a global level
(1-3). On 30 January 2020, the World Health Organization declred
the COVID-19 outbreak as a public health emergency of interna-
tional concern and reached consensus on the need to accelerate re-
search to stop the outbreak by developing easy-to-apply diagnoses,
accelerating existing vaccine candidates, and preventing infection
(4). Since then, more than 50 clinical trials are ongoing, and few of
the vaccine candidates have been approved. It is necessary to ensure
the safety of these vaccines; however, there are some concerns re-
garding coronavirus vaccine development (5)

Previous studies have shown that an inactivated SARS-GoV vaccine
induces neutralizing antibodies in mouse models; however, the im-
munized mice showed eosinophilic immunopathelogy of the lungs
upon SARS-CoV challenge {8, 7). This is thought to be due to the
production of insufficient amounts of antibodies against SARS-CoV
and a skewed Immune response toward T helper cell type 2 (T5,2)
(6, 7), which are thought to be caused by nucleocapsid (W)-specific
immune responses and enhanced eosinophilic immunopathology
resulting from the incorporation of SARS-CoV N into vaccine for-
mulations (7-¢). The SARS-CoV spike (S) protein vaccine alsoinduced
a similar eosinophilic immunopathelogy in a mouse model (20).
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Vaccine-induced eosinophilic immunopathology in murine lungs
upon wiral infection was reduced by Toll-like receptor (TLR} agonist
adjuvants (11},

A similar lung pathology has been reported for vaccine-associated
enhanced respiratory disease, which was recognized in the 1960
with the advent of formalin-inactivated respiratory syncytial virus
(FI-RSV) and measles vaccines (12). During clinical trials for the RSV
vaccine candidate, 80% of vaccine-immunized children were hospital-
ized, and two children died of enhanced respiratery disease upon
subsequent RSV infection (13). Histological examination revealed
that bronchoconstriction and severe pneumonia with unexpected
peribronchiolar eosinophilic infiltration oceurred in the children’s
lungs (14, 15). Immune complex formation and complement acti-
vation were detected in small airways using postmortem lung sec-
tions from fatal cases with enhanced RSY disease (15). Further studies
on the FI-RSY vaccine reproduced similar disease enhancement in
BALB/c miceand also suggested that a skewed T2 immune response
and an insufficient neutralizing antibody response caused eosinopl
immunopathology in the lungs (16-18). The generation of nonpro-
tective antibodies by the FI-RSV vaccine was due to poor TLR stim-
ulation (18). Because similar eosinophilic immunopathology was
observed in mouse models for SARS-CoV and also for Middle East
resplratory syndrome (MERS)=CoW vaccine studies (6-9, 11, 19-21),
thereare also concerns regarding the possibility of vaccine-associated
enhanced respiratory disease in humans immunized with SARS-CoV-2
candidate vaccines.

Because the features of clinical illness associated with SARS-CoV-2
infection in Syrian hamsters are very clear, this small animal model
ie considered useful for screening therapeutics and evaluating the
efficacy of candidate vaccines (22). However, vaccine-associated
enhanced respiratory disease was not observed in the lungs or livers
of hamsters following SARS-CoV infection (23), and it has not yet
been observed in SARS-CoV-2 studies. SARS-CoV-2 has very low
affinity for the murine angiotensin-converting enzyme 2 (ACE2)
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Expression of Mouse Interleukin-4 by a Recombinant
Ectromelia Virus Suppresses Cylolylic Lymphocyle Responses

and Overcomes Genetic

Resistance to Mousepox
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Genelic resistance o clinical mousepux (ectromelia virus) varies among inbred Laboratory mice amld is
characterized by an effective natural killer (NK) response and the early onset of a strong CD8* evtotoxic
T-lymphocyte (CTL) response In reslstant mice. We have Investigated the Influence of virus-expressed mouse
interleukin-4 (IL-4) on the cell-mediated response during infection. It was ohserved that expression of [L-4 by
a thymidine Kinase-positive ectromella virus suppressed cytolytic responses of NK and CTL and the expression
of gamma interferon by the latter. Genetically resistant mice infected with the IL-4-expressing virus developed
symptoms of acute mousepox accompanied by high mortality, similar 1o the disease seen when genetically
sensitive mice are infected with the virulent Moscow strain. Strikingly, infection of recently immunized
genetlcally resistant mice with the virus expressing 1L-4 also resulted In significant mortality due to fulminant
mousepox. These data therefore suggest that virus.encoded IL-4 not only suppresses primary antiviral cell.
mediated Immune responses but also can Inhibit the expression of Immune memory responses.

Ectromelia virus (ECTV: family Ponvindie, genus Orthopox-
virus) is a natural pathogea of laboratory mice that causes a
generalized disease termed mousepox (13). All mice are
equally susceptible to infection by footpad inoculation: how-
ever, development of clinical mouscpox among inbred mouse
strains differs greatly (44). In mousepos-sensitive (e.., BALB/c)
mice, the disease is an acule systemic infection with high viral
titers in the liver and spleen with resultant necrosis and high
mortality. In contrast, infection of mousepox-resistart (..,
C57BL/6) mice is usually subclinical. with lower levels of viral
replication in the visceral organs and development of nonfatal
lesions. Genetic resistance has been found to act through the
combined activity of innate host defenses including natural
killer (NK) cells, alpha interferon (IFN-a), IFN-B, IFN-y, ac-
tivated macrophages, and inducinle nitric oxide production
(17, 21, 23, 24, 36). Mousepox-resistant mice also display the
carly activation of a strong virus-specific cytotosic T-lympho-
eyte (CTI) response (20, 37) and produce high levels of type 1
cytokines interleukin-2 (IL-2), IL-12, IFN-v, and tumor necro-
sis factor alpha (TMF-e) in response to ECTV infection, where-
as these factors are absent or produced at low levels in sus-
ceptible mice (19, 36).

Effector CD1™ T cells can be categorized on the basis of
their cytokine production either as 1" helper 1 (1h1) cells that
produce IL-2 and IFN=y ur T belper 2 (Th2) cells dat produce
predominantly IL 4, IL 5, IL 10, and IL 13 (10). The eross

* Corresponding author. Maziling address: CSIRO Sustainable Eco-
sysiems, GPO) Box 254, Canberra ACT 2501, Ausiralia. Phone: 61 (1)
6242 1717, Tux: 61 (02) 6242 1511, E-mail: RJeckson@ese csiro.au.

T Fresent address: Centre for Biomelecular vaccine Technology.
Disciplinz of Immunolagy and Microbiology, University of Newrastle,
Neweastle, New South Wales, Australia.

1 Fresent address: CSIRO Plant Industry, Canberra ACT, Australia.

regulatory activities of IL-12 and IL-4. factors that play key
roles in directing the development of the Thl and Th2 subscts,
respectively, is well characterized (£0). Both in vitro and in
vivo, the presence of IL-4 at the time of stimulation has been
shown to inhibit IL-12 expression by antigen-presenting cells
{macrophages and dendritic cells), with Th2 cells dominantly
expanded in the acquired response (7, 8, 25). In addition to its
cficcts on development of Th1 and Th2 subscts, IL-4 has been
shown to influence the diferentiation of other lymphocyte
types. Ln vitro stimulation of narve CD¥™ cells in the presence
of TL-2, TL-12, ur TFN-y gencrales chosical type 1 cytotusic
cells (Tcl) which express TFN-; however, CD8 " cells stimu
lated in the presence ot IL-4 may develop 2 lc2 phenotyps
expressing (he cylokines [L-4, IL-5, [L-6, IL-10, sometimes
with reduced cytoxicity (11, 38). Treatment of activated Tel
cells with IL-4 results in detective 1FN-y, TNF-c, and 11-2
expression, Although TL-4-teated Tel cells etain shorl-term
in vitro cytotoxic activity, they fail to proliferate in response to
antigen stimulation, compromising their long-term functional
capalility 1o control infection (37). Tt s secently been shown
that NK cells cultured in the presence of IL-12 or IL-4 may
also difterentiate into NK1 or NK2 cells, respectively. with
distinet patter of eytokine secretion similar w Qose of Thi
and Th? cells, although this does not appesr to afleet their in
vitro cytotoxic activity (33).

Cross-regulation of Th subsets and the pencration of an
appropriate type of immune response against a particular
pathogen portant since the dominance of an inappropriate
respome can exacerbate disease and lead 0 the inability (v
eradicate the infecting organism. The use of recombinant vac-
cinia virus (VACV) to study the in vivo effects of mouse cyto-
kines Ims demonstratad that the course of infection can be
mediated and biased toward either an antiviral effect by coex-
pression of type 1 cyvtokines or enhanced virus virulence by

(Jackson et al. J Virol. 75:1205-1210, 2001)
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Killer mousepox virus raises bioterror fears
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The mousepox experience

An interview with Ronald Jackson and Ian Ramshaw on dual-use research

Michael J. Selgelid ¢ Lorna Weir

uch of the debate about science
M policy in recent years has focused

on 'the dual-use dilemma’, which
arises whem well-intentioned  scientific
research has the patential to be misused by
state and non-state actors for nefarious pur-
poses. In the context of the life sciences,
for example, the same discoveries that
lead 10 advancements in medicine could
also be used to facilitate the development
of biological weapaons. Although all life
science technigues and discoveries might
be inherently dual-use (Atlas, 2009), cur-
rent debates are concerned primarily
with cases where the consequences of
malevolent use would be especially severe
(Selgelid, 2009).

The dual-use dilemma is nat new. When
physicists observed atomic fissien and the
nuclear chain reaction early in the twenti-
eth century, they realized that these discov-
eres might have beneficial applications in
medicine and energy production; but they
also realized that they could lead to the pro-
duction of new, horribly efficient weapons,
The manufacture and use of the first atomic
bombs—and the nuclear arms race that
followed—demonstrated that their fears
were justified. According to the American
biologist Matthew Meselson, this is not
specific to nuclear physics: “Every major
technology—metallurgy, explosives, internal
combustion, aviation, electronics, nuclear
energy—has been intensively exploited, not
only for peaceful purposes but also for hos-
tile anes” (Meselson, 2000). Similarly, recent
advances in biology and genetics in particu-
lar raise the possibility of a new generation of
biological weapons.

One of the most cited examples of dual-
use research is that of Australian research-
ers who inadvenently developed a lethal
mouse virus. In this now-famous study,

18 EMBO reports VOL 11| NO 1] 2010

...recent advances in bielogy and
genetics in particular raise the
possibility of 2 new generation
of biological weapons

the researchers used standard genetic engi-
meering techniques to insent the gene for
interleukin-4 (IL-4) into the mousepox virus.
They hoped that the allered virus would
induce infertility in mice—which are a major
pest in Australia—and would thus serve as an
infectious contraceptive for pest contral, To
theirsurprise, they discovered thatthe altered
wvirus cauld kill both mice that were naturally
resistant 1o, and mice that had been vac-
cinated against ordinary mousepax. When
they published their findings, along with a
description of the materials and methods,
in the fournal of Virology in 2001 (Jackson
et al, 2001), critics complained that they had
thereby aletted would-be terorists to new
ways of making biclogical weapons and had
provided them with explicit instructions.

Of particular concern was the possibility
that the sama techniques used to engineer
the mousepox virus could be z2pplied o cre-
ate more virulent forms of poxviruses that
afflict humans, including a vaccine resistant
strain of smallpox; one of the most devastat-
ing diseases in human history. Although it
was eradicated in the 19805, fears remain
that farmer Soviet stockpiles—or genetically
reconstituted forms of the virus—could be
put to use by nefarious agents

Given the historical imporance of the
mousepox  experiment, we conducted
separale interviews with the two primary
researchers involved in the project—Ronald
Jacksom and lan Ramshaw—in order to gain
their perspective on this research. Although
the inernviews were conducted separately
on 13 and 14 February 2008, we asked
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many of the same questions to both sci-
entists. For the reader’s ease, we therefore
present their answers to some questions
side-by-side below.

Michael ). Selgelid & Lorma Wein How
did you ariginally become involved with
mousepox research?

Ronald Jackson: | started working with
CSIRO  [Commonwealth  Scientific  and
Industrial Research Organization] in 1988
on a project to enhance myxomalosis to
control rabbit populations—the myxoma
virus is the rabbit equivalent of mousepox
Because rabbits aren't as well studied as
mice, a lot of the reagents that we needed
weren't available for the rabbit but had just
become available for the mouse.

Selgelid & Weir: Can you explain the sig-
nificance of the rabbit and mice problems
i Australia?

Jackson: Rabbits were introduced in the
mid-1B00s and very quickly bacame an agri-
cultural pest. CSIRO successfully introduced
myxoma virus into Australia in 1950, which
reduced the rabbit population, but then the
virus and the rabbits started this co-evolution
of rabbits developing resistance 1o the dis-
ease and the virus atienuating very quickly
in response. By the lata 1980, the virus wae
controlling rabbit populations only mader-
ately—and it wasn't effective at controlling
population outbreaks. In agricultural areas,
rabbits can be comrolled moderately effec-
tively using poisons and warren destruc-
tion, which can keep the numbers down.
However, in the more arid zones of Australia,
where there are very few people and litle or
no intensive agriculture, rabbits can cause
major ecological problems.
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