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Burden of epidemic/pandemic viruses

§ Smallpox virus , influenza virus, Dengue 
virus, HIV, chikungunya virus, Ebola virus, 
HCV, HBV, Zika virus, SARS-CoV-2 ….

§ Billions of people infected since 19th

century
§ Hundreds of millions of deaths
§ Enormous economic and social impact

ú >$82 trillion for COVID-19



Paucity of antivirals for emerging viruses

§ Conventional antivirals target viral proteins
ú Take years to develop
ú Often highly specific

§ Vaccines are most effective in preventing
viral diseases
ú Highly specific

§ Need broad spectrum antivirals as first 
line of defense against emerging viruses



Taking advantage of the matchup

Youtube.com

~10 genes

>20,000 genes



Targeting host-dependency factors is 
an exciting new frontier for antivirals

• Viruses are wholly reliant on host cellular 
pathways for replication & assembly

• Vulnerabilities
• Conserved pathways that can be targeted

• Multiple viruses affected
• Less chance of developing resistance



The calcium pump SPCA1 is required for infectivity of multiple RNA 
viruses including measles, Dengue, West Nile, Zika and chikungunya 

viruses 

Hoffm
ann et al, 2017

Cell Host M
icrobe

Proof of principle



>50,000-fold reduction in SARS-CoV-2 replication



“For the present pandemic response, and for future pandemics …. the scientific community must be 
ready with an arsenal of easily self-administered drugs that can be tested in rapid, efficient clinical 
trials immediately after the causative viral agent is identified.”



Experimental approaches

• Determine which cellular pathways are perturbed or activated

• Test effects of pathway agonists/inhibitors on virus replication

• Flaviviruses

• Alphaviruses

• HIV

• Coronaviruses



Zika virus (ZIKV) distribution

ResearchGate



ZIKV transmission cycles

Sharma et al, 2019



ZIKV causes persistent infection and uses multiple 
strategies to antagonize the interferon response

Kumar, Hou et al, 2016; Kumar et al, 2018; Limonta et al, 2019; 
Airo et al, 2022

Capsid



Kumar et al, 2018 (Sertoli cells)
Limonta et al, 2019 (Fetal astrocytes)

Human fetal astrocytes

Fibroblast growth factor-2 (FGF2) mRNA is 
upregulated 270-8600X during ZIKV infection

• FGF2 signaling suppresses IFN! 
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Interferon (IFN) is one of the molecules released by virus-infected cells, resulting in the establishment of an
antiviral state within infected and neighboring cells. IFN-induced antiviral response may be subject to
modulation by the cellular signaling environment of host cells which impact the effectiveness of viral replica-
tion. Here, we show that cells with an activated Ras/Raf/MEK signaling cascade allow propagation of viruses
in the presence of IFN. Ras-transformed (RasV12) and vector control NIH 3T3 cells were infected with
vesicular stomatitis virus (VSV) or an IFN-sensitive vaccinia virus (delE3L) in the presence of alpha inter-
feron. While IFN protected vector control cells from infection by both viruses, RasV12 cells were susceptible
to viral infection regardless of the presence of IFN. IFN sensitivity was restored in RasV12 cells upon RNA
interference (RNAi) knockdown of Ras. We further investigated which elements downstream of Ras are
responsible for counteracting IFN-induced antiviral responses. A Ras effector domain mutant that can only
stimulate the Raf kinase family of effectors was able to suppress the IFN response and allow VSV replication.
IFN-induced antiviral mechanisms were also restored in RasV12 cells by treatment with a MEK inhibitor
(U0126 or PD98059). Moreover, by using RNAi to MEK1 and MEK2, we determined that MEK2, rather than
MEK1, is responsible for suppression of the IFN response. In conclusion, our results suggest that activation
of the Ras/Raf/MEK pathway downregulates IFN-induced antiviral response.

The interferon (IFN) system is the first line of defense
against viral infection. Upon infection by viruses, host cells
release the antiviral cytokine IFN, which can act in an auto-
crine or paracrine manner, to activate intracellular antiviral
defenses and restrict viral replication. To evade the host IFN
system, many viruses are equipped with proteins that directly
interrupt cellular antiviral responses induced by IFN (19, 37).
However, there are other strategies for viral survival, as evi-
denced by the existence of viruses lacking anti-IFN proteins,
which can be sensitive to cellular antiviral responses. One such
strategy may be for viruses to preferentially propagate in cells
resistant to IFN action. Alternatively, viruses may suppress the
IFN response indirectly, by manipulating cellular signaling
pathways that inhibit the IFN antiviral mechanism.

Viral infection plays a key role in the activation of alpha inter-
feron (IFN-")- and IFN-#-responsive promoters (40, 53). Once
secreted, IFN-" and IFN-#, binding to their cognate receptors,
activate the Jak-1 and Tyk-2 kinases, which leads to the phosphor-
ylation of STAT-1 and STAT-2 proteins (14, 54). Phosphorylated
STAT-1 and STAT-2 associate in a complex with IFN regulatory
factor 9, to form IFN-stimulated gene factor 3, which in turn binds
to IFN-stimulated response elements to activate gene transcrip-
tion (52, 55). Among the IFN-inducible genes, RNA-activated
protein kinase (PKR), 2$,5$-oligoadenylate synthetases, and Mx
proteins have been particularly well studied with respect to their
antiviral activities. PKR is an RNA-dependent kinase, which au-
tophosphorylates following binding to double-stranded RNA
(dsRNA) generated during viral infection (64). Activated PKR

can directly phosphorylate selected cellular proteins, such as
the " subunit of eukaryotic translation initiation factor 2
(eIF2") (51), which leads to inhibition of viral protein synthe-
sis. Similar to PKR, 2$,5$-oligoadenylate synthetase is also ac-
tivated by dsRNA and generates 2$,5$-oligoadenylates (2-5A)
(32, 57). The 2-5A molecules, in turn, bind and activate the
latent RNase, RNase L, resulting in RNA degradation and
inhibition of virus replication. The IFN-induced Mx proteins,
first identified as anti-influenza virus proteins (27), are mem-
bers of the superfamily of dynamin-like guanosine triphos-
phatases (GTPases) (26). The antiviral mechanism of Mx pro-
teins is poorly understood. Most experimental evidence to date
supports a model in which either viral nucleocapsid transport
or viral RNA synthesis is blocked by Mx proteins, depending
on their localization (21, 47, 63).

Ras is a membrane-bound GTP that functions as a molec-
ular switch to transduce a wide range of signals from the cell
membrane to the nucleus (56). Activation of Ras stimulates a
broad range of cellular signaling pathways, resulting in regu-
lation of a variety of cellular functions (11). Ras interacts with
and activates one of its downstream elements, the serine/threo-
nine protein kinase Raf, in a GTP-dependent manner, to reg-
ulate cell cycle progression, transformation, differentiation or
apoptosis. The family of Raf protein kinases consists of A-Raf,
B-Raf, and Raf-1. Activated Raf proteins phosphorylate and
activate MEK-1 and -2, which then phosphorylate and activate
extracellular signal-regulated kinase 1 (ERK-1) and ERK-2.
Phosphorylated ERKs can affect gene expression directly by
phosphorylating transcription factors such as Ets, Elk, and
c-Myc as well as indirectly through other substrates such as
p90-RSK (ribosomal S6 kinase) (15, 38). Several viruses are
known to activate the Ras/Raf/MEK pathway during infection.
Coxsackie virus infection activates Raf/MEK/ERK pathway by
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Activated Ras/MEK Inhibits the Antiviral Response of Alpha
Interferon by Reducing STAT2 Levels!†
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The ability of interferon (IFN) to induce the expression of antiviral genes, and therefore suppress viral
infection, is dependent on the activity of cellular suppressors. The Ras/MEK pathway is one of these cellular
suppressors, since the activation of Ras/MEK permits viral replication in the presence of alpha IFN (IFN-!).
Here, we have investigated the mechanism by which activated Ras/MEK inhibits the IFN-! response. We found
that the induction of antiviral proteins in response to IFN-! was impaired in Ras-transformed NIH 3T3
(RasV12) cells. The inhibition of the Ras/MEK pathway restored the IFN-mediated induction of antiviral
genes, indicating that activated Ras interrupts the IFN pathway upstream of antiviral gene transcription.
Indeed, the IFN-induced phosphorylation of signal transducer and activator of transcription 1 (STAT1) and
STAT2 was inhibited in RasV12 cells compared to that of vector control cells. In addition, we found that the
total amount of STAT2 was reduced in RasV12 cells. To determine if the impaired IFN-! response can be
rescued by restoring the overall level of STAT2, we overexpressed STAT2 in RasV12 cells. The IFN-!-induced
phosphorylation of STAT1 and STAT2, as well as the expression of antiviral protein, were restored, and
IFN-induced antiviral protection was partially restored. Moreover, we demonstrated that the downregulation
of STAT2 levels by Ras/MEK was mediated at the transcriptional level. Thus, the activation of the Ras/MEK
pathway reduces the amount of STAT2 available for propagating the IFN signal, resulting in the impairment
of the IFN-!-induced antiviral response.

The cellular antiviral state mediated by type I interferon
(IFN) is the most important host defense mechanism occurring
at the early stage of virus infection (15, 42, 45). IFN binds to
the IFN-" receptor (IFNAR), which consists of two subunits,
IFNAR1 and IFNAR2 (34). The binding of IFN leads to the
heterodimerization of the two subunits and the subsequent
phosphorylation of two tyrosine kinases, Janus kinase 1 (Jak1)
and tyrosine kinase 2 (Tyk2), which are associated with the
intracellular domains of the IFNAR (42, 43). Phosphorylated
Jak1 and Tyk2, in turn, phosphorylate signal transducer and
activator of transcription 1 (STAT1) and STAT2, which are
downstream transcriptional factors located in the cytoplasm
(9). Once phosphorylated, STAT1 and STAT2 form a trimeric
complex with the DNA binding protein, IFN regulatory factor
9, termed IFN-stimulated gene factor 3 (ISGF3) (20, 27).
ISGF3 then translocates to the nucleus, where it binds to
specific promoter elements of IFN-inducible genes (the IFN-
stimulated response element) and induces the expression of
hundreds of IFN-inducible genes that have antiviral and im-
munoregulatory functions (10, 14). However, IFN does not
always induce the antiviral response effectively. The efficacy of
IFN can be limited by anti-IFN proteins encoded in viral ge-
nomes or by host cellular suppressors regulating IFN signaling
(24, 28, 50). Even IFN-sensitive viruses (not armed with anti-

IFN genes) cause significant diseases in humans and animals
(31), indicating that cellular suppressors of the IFN pathway
are important in defining susceptibility to infection and viral
tropism.

Ras is a membrane-bound GTP binding protein that is es-
sential for the regulation of several biological processes, in-
cluding proliferation, transformation, and differentiation (6,
11). It is believed that Ras plays multiple roles in the promo-
tion of viral replication (1, 2, 12, 23, 29, 32, 37, 38). The
deregulation of Ras is a common target of several oncolytic
viruses (1, 4, 7, 12). Activated Ras has been implicated in the
negative regulation of the IFN response. The activation of
K-Ras suppresses the IFN-#-activated sequence-mediated
transcription of IFN-# in human cancer cells (22). When
BALB/c-3T3 cells are transfected with viral oncogene (v-Ras),
the induction of major histocompatibility complex class I by
IFN-" is inhibited (35). It also has been reported that the
antiviral protein PKR is not fully functional in cells with acti-
vated Ras (4, 30, 47). Finally, we and other researchers have
demonstrated that the activation of Ras and its downstream
elements, Raf and mitogen-activated protein kinase kinase
(MEK), suppress the IFN-"-induced antiviral responses (3,
33). IFN normally acts to protect cells from virus infection. How-
ever, in NIH 3T3 cells expressing constitutively activated Ras/
MEK, viruses are able to replicate efficiently even in the presence
of IFN (3). Noser et al. (33) also reported the interaction between
the Ras/MEK and IFN pathways in human cancer cell lines.
These two studies demonstrate that the Ras/MEK pathway is a
cellular suppressor of the IFN pathway and that the suppression
of the IFN response by activated Ras can be a common mecha-
nism that is exploited by some oncolytic viruses.

* Corresponding author. Mailing address: Division of BioMedical Sci-
ences, Faculty of Medicine, Memorial University of Newfoundland, 300
Prince Philip Dr., St. John’s, Newfoundland A1B3V6, Canada. Phone:
(709) 777-8291. Fax: (709) 777-8294. E-mail: kensuke@mun.ca.
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The molecular basis of viral oncolysis: usurpation of
the Ras signaling pathway by reovirus

James E.Strong, Matthew C.Coffey,
Damu Tang, Pauline Sabinin and
Patrick W.K.Lee1
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NIH-3T3 cells, which are resistant to reovirus infection,
became susceptible when transformed with activated
Sos or Ras. Restriction of reovirus proliferation in
untransformed NIH-3T3 cells was not at the level of
viral gene transcription, but rather at the level of viral
protein synthesis. An analysis of cell lysates revealed
that a 65 kDa protein was phosphorylated in untrans-
formed NIH-3T3 cells, but only after infection with
reovirus. This protein was not phosphorylated in
infected or uninfected transformed cells. The 65 kDa
protein was determined to be the double-stranded
RNA-activated protein kinase (PKR), whose phos-
phorylation leads to translation inhibition. Inhibition
of PKR phosphorylation by 2-aminopurine, or deletion
of the Pkr gene, led to drastic enhancement of reovirus
protein synthesis in untransformed cells. The emerging
picture is one in which early viral transcripts trigger
PKR phosphorylation in untransformed cells, which
in turn leads to inhibition of translation of viral genes;
this phosphorylation event is blocked by an element(s)
in the Ras pathway in the transformed cells, allowing
viral protein synthesis to ensue. The usurpation of the
Ras signaling pathway therefore constitutes the basis
of reovirus oncolysis.
Keywords: PKR activation and inactivation/Ras
signaling pathway/reovirus infection

Introduction
Although the presence or absence of virus receptors on
the cell surface remains a major determining factor of the
susceptibility of a cell to virus infection, there is now
increasing evidence that the intracellular environment
plays an important role in dictating the outcome of viral
invasion. In the case of the human reovirus, the receptor
is the ubiquitous sialic acid (Gentsch and Pacitti, 1985,
1987; Paul et al., 1989; Choi et al., 1990), a fact accounting
for the observation that reovirus binds to most mammalian
cells. However, neither virus binding nor even internaliz-
ation assures a productive outcome, suggesting that down-
stream events are required for reovirus infection. An
interesting clue has come from earlier studies which
showed that normal and transformed cells manifested
differential sensitivity to reovirus infection. Hashiro et al.

© Oxford University Press 3351

(1977) reported that certain virally and spontaneously
transformed cell lines of murine origin were susceptible to
reovirus infection, whereas normal human and subhuman
primate cells, primary mouse cells, normal rat kidney cells
and baby hamster kidney cells were not. Duncan et al.
(1978) found that normal and SV40-transformed WI-38
cells exhibited different sensitivities to reovirus infection,
with cytopathology observed only in the transformed cells
and not in normal cells, which nonetheless produced virus
for a sustained period. Collectively, these observations
suggest that reovirus infection efficiency is somehow
linked to the transformed state of the cell. However, the
molecular basis of this correlation remains obscure.
We recently reported that two mouse cell lines (NR6

and B82) expressing no epidermal growth factor receptors
(EGFRs) were relatively resistant to reovirus infection,
whereas the same cell lines transfected with the gene
encoding EGFR manifested significantly higher suscepti-
bility (Strong et al., 1993). This enhancement of infection
efficiency requires a functional EGFR, since it was not
observed in cells expressing a mutated (kinase-inactive)
EGFR. Thus, the reovirus infection process is closely
coupled to the EGFR-mediated cell signal transduction
pathway. Furthermore, we found that reovirus is capable
of binding directly to the N-terminal extracellular domain
of EGFRs (Tang et al., 1993). Taken together, these
observations suggest two alternative explanations for the
augmentation of reovirus infection by functional EGFRs.
The first possibility is that reovirus plays an active role
by first binding to EGFRs, thereby activating the tyrosine
kinase activity of the latter and triggering a cell signaling
cascade which is required for subsequent steps of the
infection process. This mechanism would be similar to
that proposed for Salmonella typhimurium invasion of
mammalian cells (Galan et al., 1992; Pace et al., 1993),
in which binding of the bacteria to cell surface structures
stimulates the EGFR, leading to a signaling cascade that
promotes Salmonella invasion. The second possibility is
that reovirus takes advantage of an already activated
signal transduction pathway conferred by the presence of
functional EGFR on the host cell. In this case, the binding
of the virus to EGFRs would represent a fortuitous event
that is unrelated to the ensuing infection. The latter
possibility is favored because of the following considera-
tions. First, a single infectious reovirus particle is sufficient
to initiate the infection process. Second, reovirus recog-
nizes cell surface sialic acid residues and is therefore
capable of interacting with a variety of cell surface
sialoglycoproteins, rather than with a single species such
as the EGFR (Choi et al., 1990; Tang et al., 1993). Third,
even if this interaction (between a reovirion and an EGFR)
occurs and results in the triggering of a signal, it is
doubtful that the signal from a single bound virus is strong
enough to generate an intracellular environment that is
now conducive to the subsequent infection process.
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of the virus to EGFRs would represent a fortuitous event
that is unrelated to the ensuing infection. The latter
possibility is favored because of the following considera-
tions. First, a single infectious reovirus particle is sufficient
to initiate the infection process. Second, reovirus recog-
nizes cell surface sialic acid residues and is therefore
capable of interacting with a variety of cell surface
sialoglycoproteins, rather than with a single species such
as the EGFR (Choi et al., 1990; Tang et al., 1993). Third,
even if this interaction (between a reovirion and an EGFR)
occurs and results in the triggering of a signal, it is
doubtful that the signal from a single bound virus is strong
enough to generate an intracellular environment that is
now conducive to the subsequent infection process.

Canadian pioneers in regulation of the IFN response
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Flavivirus capsids downregulate the IFN response

Airo et al, 2022

ViralZone



ZIKV capsid inhibits RIG-I ubiquitination by TRIM25
A.

B.

Figure 6. ZIKV capsid interacts with TRIM25. A. Myc-tagged ZIKV capsid
expressing cells were lysed and co-immunoprecipitation was performed
using anti-Myc beads. Immunoblots were probed for TRIM25, capsid and
actin. B. Flag-TRIM25 expressing cells were lysed and co-
immunoprecipitation was performed using anti-Flag beads. Immunoblots
were probed for Flag, capsid and actin. Each experiment in panels A and B
was conducted at least there times.

Yang et al, 2021

Figure 7. ZIKV capsid inhibits TRIM25 from ubiquitinating RIG-I.
HEK293T cells were transfected with GST-tagged human RIG-I CARD
domains (GST-h2CARD) or empty GST vector, together with HA-tagged
ubiquitin (HA-Ub), V5-tagged human TRIM25 (hTRIM25-V5), and the
indicated Flag-tagged proteins. Clarified whole cell lysates (WCL) were
subjected to GST pulldown (GST PD), followed by immunoblotting (IB) with
anti-GST, anti-HA, anti-V5, and anti-Flag antibodies. Influenza A virus (IAV)
NS1 serves as a positive control for ubiquitination inhibition.

Airo et al, 2022



Flaviviruses use many strategies to inhibit IFN response

• Non-structural proteins block IFN induction and 
signaling by targeting  NFkB, IRF3 and STAT2

• Mechanisms known in many cases

• Upregulated FGF signaling blocks IFN 
induction and ISG expression
• MEK-dependent pathway

• Capsid proteins block IFN induction 
• Inhibits TRIM25-mediated activation of RIG-I

• Conserved mechanism among flaviviruses
• Occurs before NS proteins act?

• Others?



Ma et al, 2011

Conserved interactions between flavivirus capsid 
proteins and host proteins 

You, Hou et al, 2015



Peroxisomes are membranous organelles that:

• Catabolize very long chain fatty acids
• Regulate reactive oxygen species
• Are sites of biosynthesis for specialized phospholipids
• Control inflammation



Knowledge gap regarding viruses and peroxisomes

ViralZone

Mohan et, 2002



inhibits downstream signaling [35] (Figure 2). Although vMIA also inhibits mitochondria-dependent
MAVS signaling, HCMV seems to have developed distinct mechanisms to interfere with antiviral
signaling at both organelles. In fact, although vMIA inhibits mitochondria-dependent signaling
through the induction of mitochondrial fragmentation [36], peroxisome fragmentation is not required
for effective inhibition of antiviral immunity [35,37]. Another member of the Herpesviridae family, the
herpes simplex virus 1 (HSV-1), also disrupts downstream signaling from peroxisomal MAVS
(Figure 2). Expression of its tegument protein VP16 impairs immediate early ISG expression and,

TrendsTrends inin Cell BiologyCell Biology

Figure 2. Viral evasion of the peroxisome-dependent antiviral signaling by distinct viruses. Different viruses present distinct evasion strategies to counteract antiviral
defenses coordinated by peroxisomes. The hepatitis C virus (HCV) NS3‐4A protease complex cleaves the mitochondrial antiviral signaling protein (MAVS) at peroxisomes,
impeding its oligomerization and the activation of downstream signaling. The human cytomegalovirus (HCMV) protein, viral mitochondrial inhibitor of apoptosis (vMIA), and the
herpes simplex virus (HSV-1) protein VP16, also impair peroxisome-dependent antiviral signaling, although the specific mechanisms remain unknown. Infection by West Nile
virus (WNV) and dengue virus (DENV) inhibits the expression of type III interferons (IFNs). Both porcine epidemic diarrhea virus (PEDV) and porcine deltacoronavirus (PDCoV)
disrupt the IFN regulatory factor 1 (IRF1)-mediated type III IFN response by targeting peroxisomes. In PEDV infection, nsp1 is the viral protein that mediates this strategy.
Figure prepared using BioRender.com. Abbreviations: ISG, interferon-stimulated gene; MDA5, melanoma differentiation-associated protein 5; RIG-I, retinoic acid-inducible
gene I.

TrendsTrends inin Cell BiologyCell Biology

Figure 1. Mitochondrial antiviral signaling (MAVS) protein-dependent antiviral signaling. Upon virus entry, viral RNA is released into the cytosol where it is
recognized by retinoic acid-inducible gene I (RIG-I) or melanoma differentiation-associated protein 5 (MDA5). This recognition allows the activation of MAVS at both
mitochondria and peroxisomes. MAVS then undergoes a conformational change that allows its oligomerization, which is essential for the activation of a signaling
cascade that activates the transcription factors interferon regulatory factors IRF1 and IRF3. Translocation of IRF1 and IRF3 to the nucleus promotes the expression of
type I and type III interferons (IFNs) and IFN-stimulated genes (ISGs). Figure prepared using BioRender.com.
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Peroxisomes are Antiviral Signaling Platforms



What happens to peroxisomes 
during viral infection?



Peroxisome

Flavivirus infection results in loss of peroxisomes

You, Hou  et al. 2015

Mock WNV 

Peroxisome

Mock                                                            WNV



HIV-1 infection also depletes peroxisomes

Xu et al, 2017

HIVE-HIV with encephalitis

HAND-HIV-Associated Neurocognitive Disorder



Different mechanisms, same result….

Wong et al, 2018
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SARS-CoV-2 infection depletes functional peroxisomes

Knoblach et al, 2021



SARS-CoV-2 infection impairs import of matrix proteins
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Some viruses upregulate peroxisomes



Peroxisomes pool is maintained by 2 main 
pathways

JCB • VOLUME 193 • NUMBER 1 • 2011 12

Pex13 and PMP70 were found in reticular structures apparently 
connected to the smooth ER (Geuze et al., 2003). Recently, a 
photoactivated form of GFP fused to Pex16 was localized solely 
in peroxisomes and the ER, but no cytosolic pool was found. 
Additionally, in Pex19-de!cient cells lacking peroxisomes and 
in N-terminal Pex16 truncation mutants that lack the mPTS, 
Pex16 remained exclusively in the ER. Furthermore, a novel 
pulse-chase strategy showed that the ER plays a central role in 
both the origin and maintenance of mammalian peroxisomes 
(Kim et al., 2006).

The growth and division of peroxisomes was linked with 
the ER-derived biogenesis model by showing the fusion of ER-
derived membrane structures with preexisting peroxisomes in 
yeast cells (Fig. 2; Motley and Hettema, 2007). However, ER-
derived de novo peroxisome biogenesis occurred only when 
preexisting peroxisomes were absent because of peroxisome 
segregation defects, and the process was slower than peroxi-
some multiplication in wild-type cells. Furthermore, peroxi-
some biogenesis in the cells carrying preexisting peroxisomes 
was dependent on dynamin-related proteins (DRPs), namely 
Vps1 and Dnm1, whose absence markedly reduced the number 
of peroxisomes. Subsequently, they also implicated Dnm1- 
dependent Caf4, Mdv1, and Fis1 proteins in peroxisome !ssion 
(Motley et al., 2008). In contrast, the de novo process was DRP 
independent, which suggests that the !ssion of preexisting per-
oxisomes, but not the exit of pre-peroxisomal structures, re-
quires DRPs (Fig. 2; Motley and Hettema, 2007).

of functional peroxisomes (Titorenko and Rachubinski, 1998). 
The ER-lumenal tail of another PMP, Pex15, a tail-anchored 
peroxin, is O-mannosylated (an ER-speci!c modi!cation) in  
S. cerevisiae (Elgersma et al., 1997). Because Pex15 does not 
undergo Golgi-speci!c mannose chain elongation, it is clear 
that it does not pass through the Golgi on its way from the ER 
to the peroxisomal membrane. Pex15 enters the ER in a Get3-
dependent manner, a mechanism common to tail-anchored pro-
teins (Fig. 2; Schuldiner et al., 2008).

Further evidence that PMPs may get to peroxisomes via 
the ER (Gonzalez and Beevers, 1976; Bodnar and Rachubinski,  
1991) came from pulse-chase "uorescence microscopy moni-
toring the reappearance of peroxisomes in peroxisome-free  
S. cerevisiae (Hoepfner et al., 2005). Membrane-anchored, "uor-
escently labeled Pex3 was demonstrated to !rst appear in the  
ER, concentrated in one or two dots; later, these dotted structures 
detached from the ER in a Pex19-dependent manner to form 
import-competent peroxisomes. Likewise, when a 46–amino acid 
N-terminal fragment of Pex3 was expressed in pex3 cells as a 
GFP fusion protein, it localized to a subdomain of the ER and ini-
tiated the formation of a pre-peroxisomal compartment, leading 
to de novo peroxisome biogenesis (Tam et al., 2005). Similarly, 
in P. pastoris, the Pex19-dependent peroxisomal traf!cking of 
Pex30 and Pex31 (peroxins that regulate the number and size 
of peroxisomes) occurs via the ER (Yan et al., 2008). In mam-
malian cells, additional evidence suggesting the role of ER in 
peroxisome biogenesis came from mouse dendritic cells where 

Figure 2. Contribution of the ER to peroxisome biogenesis. Most, if not all, PMPs are first imported into the ER through the Sec61/SSH1 translocon or 
the GET3 complex (left inset), are sorted into a pre-peroxisomal compartment, and bud out in a Pex3/Pex19-dependent manner to form pre-peroxisomal 
vesicles (right inset). These vesicles can form mature peroxisomes after fusion, dependent on Pex1/Pex6 (Titorenko and Rachubinski, 1998) and matrix 
protein import (de novo pathway). The de novo pathway repopulates cells with peroxisomes in the biogenesis mutants (e.g., pex3%/pex19%) lacking the 
organelle when corresponding genes are reintroduced (Elgersma et al., 1997; Fang et al., 2004; Tam et al., 2005; Hoepfner et al., 2005; Motley and 
Hettema, 2007; Motley et al., 2008; Perry et al., 2009; van der Zand et al., 2010). Alternatively, the pre-peroxisomal vesicles fuse with divided peroxi-
somes generated from preexisting mature peroxisomes. Peroxisome division requires Pex11 and a specific set of DRPs. In plants, retrograde trafficking from 
peroxisomes to the ER has been described (McCartney et al., 2005).

Ma et al, 2011



Genetic induction of peroxisomes by Pex11 inhibits
ZIKV replication by enhancing IFN response

Wong et al, 2019



PMP70/Pex11b to distinct puncta, inmany cases, thiswas in association
with well-defined circular structures that are reminiscent of LDs (Figs
2B and S1B). Moreover, it was evident that there was a redistribution of
Pex19 from a diffuse cytoplasmic distribution (Figs 2A and S1A) tomore
well-defined punctate structures (Figs 2B and S1B), suggesting that
viperin may drive the peroxisome to specific sites within the cell.

Studies from our laboratory and those of others have shown that
viperin localizes in close proximity to the LD surface (Hinson &
Cresswell, 2009; Helbig et al, 2011; Seo & Cresswell, 2013), and it is

reasonable to assume that the interaction of viperin with Pex19may
drive an association between the peroxisome and LDs. This was
indeed the case as under conditions when viperin was absent,
peroxisomes did not associate with the LD (Figs 3A and S2A).
However, after transient expression of viperin as would typically be
seen following a viral infection, it was evident that there was
significant colocalization of Pex19 and viperin at the interface of
BODIPY-positive LDs (Figs 3B and S2B). This was further confirmed
by using 3D-structured illumination microscopy (3D-SIM) in which

Figure 2. Viperin interacts with peroxisomes.
(A, B) To investigate the interaction of Pex19 and viperin with peroxisomes, Huh-7 cells were transiently transfected with plasmids expressing either (A) Pex19-GFP
(green) or (B) viperin–GFP (green) and peroxisomes visualized by detection of endogenous PMP70 or co-transfection with Pex11B-Myc/FLAG. Pex11b and PMP70 were
detected using a mouse anti-FLAG Ab and mouse anti-PMP70 Ab, respectively (red). Nuclei were counterstained with DAPI (blue). Serial (0.25-μm) z-sections of
immunofluorescence images (60×) were acquired as previously described. Scale bars: 10 and 1 μm formain images and insets, respectively. Images are representative of
three independent experiments.

Khantisitthiporn et al. https://doi.org/10.26508/lsa.202000915 vol 4 | no 7 | e202000915 4 of 14

The ISG Viperin associates with peroxisomes

Khantisitthiporn et al, 2021

• Potentiates the innate antiviral response
• Positive feedback mechanism?
• Positioning peroxisomes near the mitochondrial/MAM 

MAVS signaling synapse?



HIV-1 Vpu suppresses peroxisome biogenesis 

Kristina Hopfensperger, and Daniel Sauter mBio 2020; doi:10.1128/mBio.00967-20Hopfensperger et al, 2020

The power and serendipity of collaboration……

The HIV-1 Accessory Protein Vpu Downregulates Peroxisome
Biogenesis
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ABSTRACT Human immunodeficiency virus type 1 (HIV-1) establishes lifelong infec-
tions in humans, a process that relies on its ability to thwart innate and adaptive im-
mune defenses of the host. Recently, we reported that HIV-1 infection results in a
dramatic reduction of the cellular peroxisome pool. Peroxisomes are metabolic or-
ganelles that also function as signaling platforms in the innate immune response.
Here, we show that the HIV-1 accessory protein Vpu is necessary and sufficient for
the depletion of cellular peroxisomes during infection. Vpu induces the expression
of four microRNAs that target mRNAs encoding proteins required for peroxisome
formation and metabolic function. The ability of Vpu to downregulate peroxisomes
was found to be dependent upon the Wnt/!-catenin signaling pathway. Given the
importance of peroxisomes in innate immune signaling and central nervous system
function, the roles of Vpu in dampening antiviral signaling appear to be more di-
verse than previously realized. Finally, our findings highlight a potential role for
Wnt/!-catenin signaling in peroxisome homeostasis through modulating the produc-
tion of biogenesis factors.

IMPORTANCE People living with HIV can experience accelerated aging and the de-
velopment of neurological disorders. Recently, we reported that HIV-1 infection re-
sults in a dramatic loss of peroxisomes in macrophages and brain tissue. This is sig-
nificant because (i) peroxisomes are important for the innate immune response and
(ii) loss of peroxisome function is associated with cellular aging and neurodegenera-
tion. Accordingly, understanding how HIV-1 infection causes peroxisome depletion
may provide clues regarding how the virus establishes persistent infections and, po-
tentially, the development of neurological disorders. Here, we show that the acces-
sory protein Vpu is necessary and sufficient for the induction of microRNAs that tar-
get peroxisome biogenesis factors. The ability of Vpu to downregulate peroxisome
formation depends on the Wnt/!-catenin pathway. Thus, in addition to revealing a
novel mechanism by which HIV-1 uses intracellular signaling pathways to target an-
tiviral signaling platforms (peroxisomes), we have uncovered a previously unknown
link between the Wnt/!-catenin pathway and peroxisome homeostasis.

KEYWORDS HIV, Vpu, peroxisomes, miRNAs, !-catenin

Viruses have evolved intricate strategies to interfere with and/or activate host cell
pathways in order to facilitate replication and release of new virions. Human

immunodeficiency virus type 1 (HIV-1) causes chronic infections in its human hosts, a
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ABSTRACT Human immunodeficiency virus type 1 (HIV-1) establishes lifelong infec-
tions in humans, a process that relies on its ability to thwart innate and adaptive im-
mune defenses of the host. Recently, we reported that HIV-1 infection results in a
dramatic reduction of the cellular peroxisome pool. Peroxisomes are metabolic or-
ganelles that also function as signaling platforms in the innate immune response.
Here, we show that the HIV-1 accessory protein Vpu is necessary and sufficient for
the depletion of cellular peroxisomes during infection. Vpu induces the expression
of four microRNAs that target mRNAs encoding proteins required for peroxisome
formation and metabolic function. The ability of Vpu to downregulate peroxisomes
was found to be dependent upon the Wnt/!-catenin signaling pathway. Given the
importance of peroxisomes in innate immune signaling and central nervous system
function, the roles of Vpu in dampening antiviral signaling appear to be more di-
verse than previously realized. Finally, our findings highlight a potential role for
Wnt/!-catenin signaling in peroxisome homeostasis through modulating the produc-
tion of biogenesis factors.

IMPORTANCE People living with HIV can experience accelerated aging and the de-
velopment of neurological disorders. Recently, we reported that HIV-1 infection re-
sults in a dramatic loss of peroxisomes in macrophages and brain tissue. This is sig-
nificant because (i) peroxisomes are important for the innate immune response and
(ii) loss of peroxisome function is associated with cellular aging and neurodegenera-
tion. Accordingly, understanding how HIV-1 infection causes peroxisome depletion
may provide clues regarding how the virus establishes persistent infections and, po-
tentially, the development of neurological disorders. Here, we show that the acces-
sory protein Vpu is necessary and sufficient for the induction of microRNAs that tar-
get peroxisome biogenesis factors. The ability of Vpu to downregulate peroxisome
formation depends on the Wnt/!-catenin pathway. Thus, in addition to revealing a
novel mechanism by which HIV-1 uses intracellular signaling pathways to target an-
tiviral signaling platforms (peroxisomes), we have uncovered a previously unknown
link between the Wnt/!-catenin pathway and peroxisome homeostasis.
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Sawa et al, 2013

So what?



Pai et al, 2017

Lots of drugs that inhibit Wnt signaling pathway

Do these types of drugs induce peroxisomes??



Wnt/β-catenin inhibitors increase peroxisome density 
and potentiate the IFN response during viral infection

Xu, Wong et al, in preparation
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Wnt/β-catenin inhibitors inhibit SARS-CoV-2 
replication in multiple cell types

Calu-3 NHBE

• No effect in Vero cells
• IFN requirement? 

Licensed for human use
Phase I or II
Preclinical

Xu, Wong et al, in preparation



Reducing β-catenin levels induces peroxisome 
proliferation and enhances IFN response

Sawa et al, 2013
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Yamaguchi et al, 2020

IWP-01

KYA1797K

E7449

Drugs with high SIs chosen for testing against 
Variants of Concern and small animal studies



Peroxisome-modulating drugs are effective 
against SARS-CoV-2 Variants of Concern

Xu, Wong et al, in preparation
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Peroxisome-inducing drugs reduce replication of 
other RNA viruses

Xu, Wong et al, in preparation



SARS-CoV-2 is highly sensitive to Interferon

the results were not statistically different. By 48 h, replication of both viruses had
plateaued, and significant cytopathic effect was observed for both SARS-CoV and
SARS-CoV-2 infections. Together, the results indicated that SARS-CoV and SARS-CoV-2
replicate with similar replication kinetics in Vero E6 cells.

We next evaluated the susceptibility of SARS-CoV-2 to IFN-I pretreatment. Treatment
with IFN-I (recombinant gamma interferon [IFN-!]) has been attempted as an antiviral
approach for a wide variety of pathogens, including hepatitis B and C viruses, as well
as HIV (20). During both the SARS and the MERS-CoV outbreaks, IFN-I was used with
limited effect (21, 22). In this study, we pretreated Vero E6 cells with 1,000 U/ml of
recombinant IFN-I (IFN-") 18 h prior to infection. Vero E6 cells lack the capacity to
produce IFN-I but are able to respond to exogenous treatment (23). After pretreatment
with IFN-I, SARS-CoV infection has a modest reduction in viral titer of 1.5 log10 PFU
compared to untreated controls 24 h postinfection (Fig. 1A). However, by 48 h, SARS-
CoV has nearly equivalent viral yields as the untreated conditions (7.2 log10 PFU versus
7.5 log10 PFU). In contrast, SARS-CoV-2 shows a significant reduction in viral replication
following IFN-I treatment. At both 24 and 48 h postinfection (hpi), SARS-CoV-2 showed
massive 3-log10 (24 hpi) and 4-log10 (48 hpi) decreases in viral titer compared to control
untreated cells. Together, the results demonstrate a clear sensitivity to a primed IFN-I
response in SARS-CoV-2, which is not observed with SARS-CoV.

To explore differences in IFN-I antagonism between SARS-CoV and SARS-CoV-2, we
examined both STAT1 activation and IFN stimulated gene (ISG) expression following
IFN-I pretreatment and infection. Upon examining Vero E6 cell protein lysates, we
found that IFN-I-treated cells infected with SARS-CoV-2 induced phosphorylated STAT1
by 48 h postinfection (Fig. 1B). SARS-CoV had no evidence of STAT1 phosphorylation in
either IFN-I-treated or untreated cells, illustrating robust control over IFN-I signaling
pathways. In contrast, SARS-CoV-2 is unable to control signaling upon IFN-I treatment.
Examining further, IFITM1, a known ISG (17), had increased protein expression in the
context of SARS-CoV-2 infection following IFN-I pretreatment compared to SARS-CoV
under the same conditions (Fig. 1B). Basal STAT1 levels are reduced during SARS-CoV
infection relative to uninfected control and, to a lesser extent, during SARS-CoV-2
infection, likely due to the mRNA targeting activity of nonstructural protein 1 (NSP1)
(24). However, IFN-I treatment results in augmented protein levels for IFITM1 following
SARS-CoV-2 infection compared to untreated SARS-CoV-2. In contrast, IFN-I-treated
SARS-CoV had no significant increase in IFITM1 relative to control infection. Together,
the STAT1 phosphorylation, ISG production, and viral protein levels indicate that

FIG 1 SARS-CoV-2 is sensitive to type I IFN pretreatment. (A) Vero E6 cells were treated with 1,000 U/ml
recombinant type I (hashed line) IFN or mock (solid line) for 18 h prior to infection. The cells were subsequently
infected with either SARS-CoV wild type (WT; black) or SARS-CoV-2 (blue) at an MOI of 0.01, as described in the text.
Each point on the line graph represents the group mean (n # 3). All error bars represent the standard deviations
(SD). A two-tailed Student t test was used to determine P values (***, P ! 0.001). (B) Vero E6 cell protein lysates from
IFN-I-treated and untreated cells were probed at 48 h postinfection by Western blotting for phosphorylated STAT1
(Y701), STAT1, IFITM1, SARS spike, and actin.

SARS-CoV-2 Is Sensitive to Type I IFN Pretreatment Journal of Virology

December 2020 Volume 94 Issue 23 e01410-20 jvi.asm.org 3

SARS-CoV-2 lacks the same capacity to modulate the IFN-I stimulated response as the
original SARS-CoV.

SARS-CoV-2 attenuated in interferon competent cells. While capable of respond-
ing to exogenous IFN-I, Vero E6 cells lack the capacity to produce IFN-I following
infection, which likely plays a role in supporting robust replication of a wide range of
viruses (25). To evaluate SARS-CoV-2 in an IFN-I responsive cell type, we infected Calu3
2B4 cells, a lung epithelial cell line sorted for ACE2 expression and previously used
in coronavirus and influenza research (26). Using an MOI of 1, we examined the viral
replication kinetics of SARS-CoV-2 relative to SARS-CoV in Calu3 cells. We found that
both SARS-CoV and SARS-CoV-2 replicate with similar overall kinetics, peaking 24 h
postinfection (Fig. 2A). However, SARS-CoV-2 replication is slightly attenuated relative
to SARS-CoV at 24 h postinfection (0.82-log10 reduction). The attenuation in viral
replication expands at 48 h (1.4-log10 reduction), indicating a significant change in total
viral titers between SARS-CoV and SARS-CoV-2. Notably, no similar attenuation was
observed in untreated Vero E6 cells (Fig. 1A), suggesting possible immune modulation
of SARS-CoV-2 infection in the respiratory cell line due to differential sensitivity to
secreted IFN-I during infection. We next evaluated the susceptibility of SARS-CoV-2 to
IFN-I pretreatment in Calu3 cells. When pretreating cells with 1,000 U/ml of recombi-
nant IFN-I 18 h prior to infection, SARS-CoV infection has a modest reduction in viral

FIG 2 SARS-CoV-2-attenuated and IFN-I-sensitive in Calu3 respiratory cells. (A) Calu3 2B4 cells were treated with 1,000 U/ml recombinant type I
(hashed line) IFN or mock treated (solid line) for 18 h prior to infection. The cells were subsequently infected with either SARS-CoV WT (black) or
SARS-CoV-2 (blue) at an MOI of 1. Each point on the line graph represents the group mean (n ! 3). All error bars represent the SD. A two-tailed
Student t test was used to determine P values (***, P ! 0.001). (B) Calu3 cell protein lysates from IFN-I-treated and untreated cells were probed
at 48 h postinfection by Western blotting for phosphorylated STAT1 (Y701), STAT1, IFITM1, SARS spike, and actin. (C) Western blot quantification
for phosphorylated STAT1, total STAT1, and IFITM1. A two-tailed Student t test was used to determine P values (*, P ! 0.05; **, P ! 0.01; ***, P !
0.001).

Lokugamage et al. Journal of Virology
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either 24 or 48 h postinfection, consistent with findings from pretreatment experi-
ments. In contrast, SARS-CoV-2 had a substantial 2-log10 reduction in viral titers at 24 h
postinfection relative to the control. However, by 48 h, SARS-CoV-2 replication had
achieved similar level to untreated controls, indicating that posttreatment had only
a transient impact in Vero E6 cells. We subsequently performed the posttreatment
experiment utilizing Calu3 respiratory cells at an MOI of 1 (Fig. 4B). Similar to what we
observed in Vero E6 cells, SARS-CoV infection posttreatment resulted in no significant
changes at 24 h and a modest decrease (!0.5 log10) at 48 h, illustrating its resistance
to IFN-I. In contrast, IFN-I posttreatment of SARS-CoV-2 infection resulted in a "2-log10

reduction in viral titers at 24 h and expanded reduction at 48 h postinfection (!4-log10

reduction). The results indicate that in Calu3 cells, SARS-CoV-2 is unable to prevent
inhibitory effects of IFN-I even after establishing initial infection. Overall, the pre- and
posttreatment data highlight distinct differences between SARS-CoV and SARS-CoV-2 in
modulation of IFN-I pathways.

Conservation of IFN-I antagonists across SARS-CoV and SARS-CoV-2. Previous
work has established several key IFN-I antagonists in the SARS-CoV genome, including
NSP1, NSP3, ORF3b, ORF6, and others (29). Considering SARS-CoV-2’s sensitivity to IFN-I,
we next sought to evaluate conservation of IFN-I antagonist proteins encoded by
SARS-CoV-2, SARS-CoV, and several bat SARS-like viruses, including WIV16-CoV (30),
SHC014-CoV (31), and HKU3.1-CoV (32). Using sequence analysis, we found several
genetic differences to SARS-CoV-2 that potentially contribute to IFN-I sensitivity (Fig. 5).
For SARS-CoV structural proteins, including the nucleocapsid (N) and matrix (M) pro-
teins, a high degree of sequence homology ("90% amino acid [aa] identity) suggests
that their reported IFN-I antagonism is likely maintained in SARS-CoV-2 and other

FIG 4 SARS-CoV-2 impacted by after IFN-I treatment. (A and B) Vero E6 and Calu3 2B4 cells were infected
with either SARS-CoV WT (black) or SARS-CoV-2 (blue) at an MOI of 0.01 (A; Vero cells) or at an MOI of
1 (B; Calu3 cells). The cells were subsequently treated with 1,000 U/ml recombinant type I IFN (hashed
line) or mock treated (solid line) for 4 h after infection. Each point on the line graph represents the group
mean (n ! 3). All error bars represent the SD. A two-tailed Student t test was used to determine P values
(**, P # 0.01; ***, P # 0.001).

FIG 5 Conservation of SARS-CoV IFN antagonists. The viral protein sequences of the indicated viruses
were aligned according to the bounds of the SARS-CoV ORFs for each viral protein. The sequence
identities were extracted from the alignments for each viral protein, and a heat map of the percent
sequence identity was constructed using EvolView (www.evolgenius.info/evolview) with SARS-CoV as the
reference sequence. TR, truncated protein.
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SARS-CoV-2 lacks the same capacity to modulate the IFN-I stimulated response as the
original SARS-CoV.

SARS-CoV-2 attenuated in interferon competent cells. While capable of respond-
ing to exogenous IFN-I, Vero E6 cells lack the capacity to produce IFN-I following
infection, which likely plays a role in supporting robust replication of a wide range of
viruses (25). To evaluate SARS-CoV-2 in an IFN-I responsive cell type, we infected Calu3
2B4 cells, a lung epithelial cell line sorted for ACE2 expression and previously used
in coronavirus and influenza research (26). Using an MOI of 1, we examined the viral
replication kinetics of SARS-CoV-2 relative to SARS-CoV in Calu3 cells. We found that
both SARS-CoV and SARS-CoV-2 replicate with similar overall kinetics, peaking 24 h
postinfection (Fig. 2A). However, SARS-CoV-2 replication is slightly attenuated relative
to SARS-CoV at 24 h postinfection (0.82-log10 reduction). The attenuation in viral
replication expands at 48 h (1.4-log10 reduction), indicating a significant change in total
viral titers between SARS-CoV and SARS-CoV-2. Notably, no similar attenuation was
observed in untreated Vero E6 cells (Fig. 1A), suggesting possible immune modulation
of SARS-CoV-2 infection in the respiratory cell line due to differential sensitivity to
secreted IFN-I during infection. We next evaluated the susceptibility of SARS-CoV-2 to
IFN-I pretreatment in Calu3 cells. When pretreating cells with 1,000 U/ml of recombi-
nant IFN-I 18 h prior to infection, SARS-CoV infection has a modest reduction in viral

FIG 2 SARS-CoV-2-attenuated and IFN-I-sensitive in Calu3 respiratory cells. (A) Calu3 2B4 cells were treated with 1,000 U/ml recombinant type I
(hashed line) IFN or mock treated (solid line) for 18 h prior to infection. The cells were subsequently infected with either SARS-CoV WT (black) or
SARS-CoV-2 (blue) at an MOI of 1. Each point on the line graph represents the group mean (n ! 3). All error bars represent the SD. A two-tailed
Student t test was used to determine P values (***, P ! 0.001). (B) Calu3 cell protein lysates from IFN-I-treated and untreated cells were probed
at 48 h postinfection by Western blotting for phosphorylated STAT1 (Y701), STAT1, IFITM1, SARS spike, and actin. (C) Western blot quantification
for phosphorylated STAT1, total STAT1, and IFITM1. A two-tailed Student t test was used to determine P values (*, P ! 0.05; **, P ! 0.01; ***, P !
0.001).
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In vivo testing of Wnt inhibitors
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Promising trend……

• Mice infected with 10x3 pfu of mouse-adapted SARS-CoV-2
• Drugs administered IP pre- and post-infection



Summary

§ RNA viruses employ a highly diverse array 
of tactics to block innate immune signaling

§ This includes novel mechanisms to disrupt 
biogenesis and/or function of peroxisomes 
during infection

§ Wnt signaling plays a role in peroxisome 
homeostasis

§ Genetic or pharmacological upregulation 
of peroxisomes enhances the IFN 
response during viral infection



Potential benefits of targeting 
peroxisomes for antiviral therapy 

§ Drugs ……..lots of them!
ú Wnt inhibitors
ú Peroxisome proliferator-activated receptor 

agonists
ú Good safety profiles
ú Bench to bedside route shorter

§ Broad-spectrum antiviral activity
§ Reduce inflammation?
§ Prophylactic and early therapeutic use?



Ongoing studies and future directions

§ Determine how SARS-CoV-2 depletes 
peroxisomes
ú Candidate viral proteins and interactome studies

§ In vivo studies
ú Intranasal and oral delivery routes

§ Testing antiviral activity of Wnt inhibitors in 
combination with other drugs

§ Screening libraries for additional peroxisome-
inducing compounds/drugs

§ Metabolic consequences of peroxisome loss?
ú Inflammation and lipotoxicity



Acknowledgements


