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Research Focus

§ Identification of key host 
factors/pathways that 
are utilized or affected 
by multiple RNA viruses

§ Pharmacological 
targeting of these host 
factors/pathways should 
result in broad-spectrum 
antiviral activity

Experimental approaches

• Determine which cellular pathways are perturbed or activated

• Test effects of pathway agonists/inhibitors on virus replication

• Flaviviruses

• Alphaviruses

• HIV

• Coronaviruses
CRI

SPR

Restriction &
Dependency
Factors



“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.”

Host-targeted antivirals to be part of this arsenal?

White et al, 2021



Peroxisomes are targeted during 
RNA virus infection

• Abundant metabolic 
organelles in the cytoplasm
• Catabolize very long chain 

fatty acids
• Regulate reactive oxygen 

species
• Produce specialized 

phospholipids (e.g. 
plasmalogens)



Peroxisome

Flavivirus infection results in loss of peroxisomes

You, Hou  et al. 2015
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Why would a virus want to deplete the 
peroxisome pool?

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.

Trends in Cell Biology

Trends in Cell Biology, February 2022, Vol. 32, No. 2 129

Ferreira et al, 2022

>>Peroxisomes are antiviral signaling platforms that 
facilitate induction of type I and III interferons (IFN) 



SARS-CoV-2 is highly sensitive to Interferon (IFN)

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

December 2020 Volume 94 Issue 23 e01410-20 jvi.asm.org 4

Lokugamage et al, 2020



SARS-CoV-2 depletes functional peroxisomes

Mock                    24-hr                        48-hr                   72-hr

Mock      24         48        72    hpi
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Knoblach et 
al, 2021
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Respiratory syncytial virus infection depletes 
peroxisomes too
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Respiratory Syncytial Virus (RSV) also 

reduces peroxisome poolRespiratory syncytial virus infection depletes 
peroxisomes too
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As does HIV….

Xu et al, 2017



Patel et al, 2020



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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HIV-1 Vpu suppresses peroxisome biogenesis 

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

Vpu reduces 
metabolic 
activity of 
peroxisomes



§ Wnt/b pathway inhibits peroxisome 
biogenesis

Hypothesis: Inhibiting Wnt/b pathway will 
induce peroxisomes and reduce virus 
replication via enhanced IFN response

Test effects of Wnt/b pathway inhibitors on 
peroxisome density



Wnt/β-catenin inhibitors increase peroxisome density

But do they inhibit virus replication?

Xu, Elaish, Wong et al, 
in preparation

DMSO Pyrvinium

E7449KYA1797K



Wnt/β-catenin inhibitors reduce SARS-CoV-2 

replication in multiple cell types

Calu-3 NHBE
Calu3 NHBE

Xu, Elaish, Wong et 
al, in preparation

Calu3-human lung adenocarcinoma
NHBE-normal human bronchial epithelial cells



Reducing β-catenin levels induces peroxisome 

proliferation and enhances IFN response

Sawa et al, 2013
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Xu, Elaish, Wong et 
al, in preparation

Suggests that antiviral effects 
of Wnt/b catenin inhibitors is 
not due to off target effects
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Wnt/β-catenin inhibitors increase peroxisome density 

in Vero cells but do not reduce virus replication

Consistent with model that antiviral effects of 
these drugs are IFN-dependent

Xu, Elaish, Wong et 
al, in preparation



Some Wnt/β-catenin inhibitors decrease virus 

replication when added post-infection
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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
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Some Wnt/b-catenin inhibitors reduce replication 

of other human coronaviruses



Wnt/b-catenin inhibitors reduce replication of 

other RNA viruses

Xu, Elaish, Wong et 
al, in preparation
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In vivo testing of Wnt inhibitors

Drugs administered intranasally to female BALB/c mice (5 in each group)

Intranasal challenge with 5 x 103 pfu of mouse-adapted SARS-CoV-2



KYA1797K

§ Destabilizes b-catenin by 
activating Axin-GSK3b
complex

§ Tested via IP 
administration in mice (20 
mg/kg/day)
ú Here limited to 3 mg/kg due 

to solubility



E7449

§ Other names: Stenoparib
§ Dual inhibitor of PARP1/2 & tankyrase1/2 
§ Orally bioavailable 
§ Phase1/2 study for cancer indications

ú Well tolerated (50-800 mg dosing) in humans
ú 0% cytotoxicity in human cells at 10 µM in 

vitro



Wnt inhibitors have modest effect on virus-
induced weight loss
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4 DPI, Lung, N=5
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Xu, Elaish, Wong et 
al, in preparation

Wnt inhibitors reduce proinflammatory 
markers in lungs
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HIV-1 Vpu suppresses peroxisome biogenesis 

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

Wnt inhibitors reduce expression of miRNAs 
that suppress peroxisome biogenesis
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Summary

§ Inhibition of Wnt/b catenin pathway 

induces peroxisomes and enhances IFN 

response during viral infection

§ Significantly reduces SARS-CoV-2 

replication in vitro and in vivo
§ Broad-spectrum activity against other 

RNA viruses



Potential benefits of targeting 
peroxisomes for antiviral therapy 

§ Drug candidates with good safety 

profiles 

ú Wnt inhibitors
ú Peroxisome proliferator-activated receptor 

agonists
§ Reduce inflammation?

§ Prophylactic and early therapeutic use?

§ Do not induce IFN in absence of viral 
infection



Inducing peroxisome biogenesis may have 

multiple health benefits

Zalckvar and Schuldiner, 2022



Ongoing/Future studies

§ In vivo efficacy of post-infection 

administration of Wnt/b catenin inhibitors

§ Increase bioavailability of drugs?

  Oral?
  Nebulizer?
  Derivatives?

§ Testing other Wnt/b catenin inhibitors and 

peroxisome proliferators alone and in 

combination

§ High throughput screening for novel 

peroxisome-inducing drugs
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