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Highlights
Peroxisomes are important signaling
hubs for antiviral defense.

Viruses have evolved distinct strategies
to specifically interfere with peroxisomes
to inhibit retinoic acid-inducible gene I-
like receptors (RLR) signaling.

Viruses modulate peroxisome dynamics
and metabolism to promote proper
virus particle formation and propagation.
Peroxisomes, essential subcellular organelles that fulfill important functions in
lipid and reactive oxygen species metabolism, have recently emerged as key
players during viral infections. Their importance for the establishment of the cel-
lular antiviral response has been highlighted by numerous reports of specific
evasion of peroxisome-dependent signaling by different viruses. Recent data
demonstrate that peroxisomes also assume important proviral functions. Here,
we review and discuss the recent advances in the study of the diverse roles of
peroxisomes during viral infections, from animal to plant viruses, and from
basic to translational perspectives. We further discuss the future development
of this emerging area and propose that peroxisome-related mechanisms repre-
sent a promising target for the development of novel antiviral strategies.
The same virus can interfere with peroxi-
somes in different manners and at differ-
ent stages of its life cycle to temporally
either evade the antiviral response or
favor virus particle formation.

Manipulation of peroxisome dynamics
and metabolismmay be a novel strategy
for the development of innovative antiviral
therapeutics.
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Peroxisomes as key players in viral infections
Peroxisomes are highly dynamic membrane-bound organelles present in virtually all eukaryotic
cells. Through regulated morphologic and metabolic alterations (Box 1), peroxisomes adapt
their abundance and function in response to external stimuli [1,2]. Peroxisomes are essential
for the regulation of lipid and reactive oxygen/nitrogen species (ROS/RNS; see Glossary)
metabolism [2–4] (Box 1), and establishmultiple contacts with other organelles tomaintain cellular
homeostasis [5].

The importance of this organelle in health and disease has been increasingly demonstrated over
recent decades [2,6]. Peroxisome dysfunctions related to organelle biogenesis or to the metab-
olism of very long chain fatty acids (VLCFAs), ROS, or ether-phospholipids, have been associ-
ated with severe neurological and developmental disorders, cancer, and aging [2,6,7].
Peroxisomes have also been shown to play important roles in the innate immune response
against pathogens, such as viruses and bacteria, and even in the regulation of inflammatory pro-
cesses [8–11].

Although the importance of peroxisomes for virus–host interplay gained relevance with the
establishment of this organelle as a key signaling platform for cellular antiviral immunity,
peroxisome biogenesis and metabolism are manipulated by different viruses to favor
virus particle formation and, consequently, viral propagation [12]. This dual role, both
anti- and proviral, places peroxisomes in the center of an intriguing tug-of-war between
the virus and the host cell. In this manuscript we review current knowledge of the interplay
between different viruses and peroxisomes, and we discuss its importance for the virus
and the host cell. We furthermore propose that the relevance of the anti- or proviral
roles of peroxisomes largely depends on the stage of the virus infection cycle, and suggest
that peroxisome modulation may lead to the development of innovative broad-spectrum
antiviral therapies.
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Glossary
Coenzyme A (CoA): a metabolic
cofactor synthesized from cysteine,
pantothenate (vitamin B5), and ATP that
participates in acyl group transfer in fatty
acid and amino acid metabolism.
Docosahexaenoic acid (DHA):
polyunsaturated fatty acid with 22
carbons and six double bonds, in which
the first double bond is located at the
third carbon from the terminal methyl
group.
Ether-linked phosphatidylcholines:
a class of glycerophospholipids in which
the glycerol backbone is linked to a fatty
acid, a fatty alcohol, and a
phosphocholine molecule. One of the
fatty acids is bound to the glycerol
backbone via an ether bond.
Ether-phospholipids: a class of
glycerophospholipids that contain an
ether or vinyl-ether bond at the sn-1
position on the glycerol backbone; also
known as 'ether lipids'.
Fatty acids (FAs): organic molecules
that consist of an aliphatic carbon chain
with a methyl group at one end and a
carboxylic acid group at the other.
Depending on the aliphatic carbon chain
length, they are referred to as short
(6–12), long (12–22), or very long (>22)
chain fatty acids.
Glycerophospholipids: consist of a
glycerol in which two of its hydroxyl
groups are esterified by fatty acids at the
first and second positions, and a
phosphodiester polar head group is
present at the third position.
Interferons (IFNs): signaling proteins
produced by cells to activate and
modulate the immune system to fight
infection.
α-Oxidation: a catabolic process that
breaks down fatty acids through
oxidative decarboxylation, leading to
removal of the terminal carboxyl group
as CO2.
β-Oxidation: a catabolic process that
breaks down fatty acids by removing
two carbons from the C terminus of a
fatty acyl-CoA molecule. The process is
named as such because the β carbon of
the fatty acid undergoes oxidation.
Peroxin (PEX) proteins: peroxisomal
proteins which are essential for the
assembly of functional peroxisomes.
Pexophagy: a specific catabolic
process for the degradation of
peroxisomes that involves the formation
of a double-membrane structure
(autophagosome) around peroxisomes
which then fuses with lysosomes.
Peroxisomes as platforms for antiviral immunity
Viral infections trigger a robust network of defense mechanisms that lead to the production of
interferons (IFNs), IFN-stimulated genes (ISGs), and proinflammatory cytokines which
suppress viral replication, activate inflammation, and restrict infection. This antiviral response is
mainly activated by the recognition of viral components (such as proteins and nucleic acids),
named pathogen-associated molecular patterns (PAMPs), by different host cell pattern recogni-
tion receptors (PRRs) (reviewed in [13]). PRRs can be membrane-bound, such as the Toll-like
receptors (TLRs); cytosolic DNA sensors, such as cGMP–cAMP (cGAMP) synthase (cGAS),
absent in melanoma 2 (AIM2), and the DNA-dependent RNA polymerase III (Pol III); or cytosolic
RNA sensors belonging to the family of retinoic acid-inducible gene I (RIG-I)-like receptors
(RLRs) which include RIG-I and melanoma differentiation-associated protein 5 (MDA5) [13].

The importance of peroxisomes for the cellular antiviral response arose from the discovery that
themitochondrial antiviral signaling protein (MAVS) (also known as IPS-1, Cardif, and VISA), in ad-
dition to localizing at mitochondria [14–17] and at mitochondria-associated membranes (MAMs)
of the endoplasmic reticulum (ER) [18], also localizes at peroxisomes [19]. During infections,
MAVS-containing higher-order signalosomes are assembled upon interaction with the PRR
RIG-I which recognizes viral RNA. These MAVS signaling complexes stimulate a cascade of mo-
lecular interactions that culminate in the expression of IFNs and ISGs [8,20], thereby affecting dif-
ferent stages of the viral infection (Figure 1). MAVS signaling from peroxisomes induces a robust
antiviral response in cells infected with diverse single-stranded and double-stranded RNA viruses
[19,21]. Although many studies have addressed the mitochondrial pathway, not much is known
concerning downstream signaling initiated by the peroxisomal MAVS. Nevertheless, comparative
analyses between these two pathways identified key differences concerning kinetics and antiviral
gene expression upon activation of MAVS at each of these organelles [19]. Peroxisomal MAVS
activates a fast, but short-term, type I IFN-independent expression of ISGs, whereas mitochon-
drial MAVS triggers a delayed but sustained ISG production that is dependent on type I IFNs
[19]. Common and organelle-specific factors that act downstream of MAVS to promote antiviral
responses have been identified. For example, the E3 ubiquitin ligases tumor necrosis factor
receptor-associated factor (TRAF) 3 and TRAF6, and the transcription factor IFN regulatory factor
3 (IRF3), which were previously found to be essential for MAVS signaling, are activated by perox-
isomal MAVS, although no study has yet shown their specific activation by mitochondrial MAVS.
The transcription factor IRF1 is specifically required for MAVS signaling from peroxisomes [19].
Likewise, a negative regulator of MAVS, the nucleotide-binding oligomerization domain (NOD)-
like receptor X1 (NLRX1), which localizes exclusively to mitochondria, is specifically capable of
preventingMAVS signaling frommitochondria but not from peroxisomes [19]. RLR–MAVS signal-
ing from peroxisomes was found to induce the expression of type III IFNs, a class of IFNs with
tissue-specific roles in antiviral immunity. Type III IFNs are induced by a variety of pathogens,
and peroxisomes were identified as the key signaling platform fromwhich their expression is stim-
ulated. This type III IFN response that emanates from peroxisomal MAVS complements the IFN
response generated upon mitochondrial MAVS activation [22]. In addition to viruses, infection
with the bacterium Listeria monocytogenes results in MAVS signaling from peroxisomes, leading
to type I and III IFN expression [22]. Other studies have also reported type I and III IFN expression
after MAVS signaling from peroxisomes [21,23–25]. Why some infectious contexts induce differ-
ent IFN responses from peroxisomes is unclear, but may be related to the fact that type I and III
IFNs expression rely on distinct kinase-dependent signaling pathways. For example, expression
of IFN-β, the prototypical type I IFN, depends on the mitogen-activated protein kinase (MAPK)
ERK, as well as on p38 [22,26], in contrast to type III IFN expression, which does not depend
on ERK but relies on p38 [22]. Because ERK signaling is regulated by many signaling pathways,
including growth factors and other innate immune pathways, it is possible that some infections
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Plasmalogens: a class of
ether-phospholipids which contain a
vinyl ether and an ester bond at the sn-1
and sn-2 positions of the glycerol
backbone.
Reactive oxygen/nitrogen species
(ROS/RNS): unstable molecules that
contain a reduced form of oxygen or
nitrogen that is chemically reactive.
occur in contexts where ERK activity is high [27]. Under these conditions, MAVS signaling from
peroxisomes can induce type I IFNs via heterologous ERK activities. Consistent with this idea,
Listeria is well known to stimulate strong MAPK activities through NOD-dependent signaling
events [28]. Additional studies will be necessary to further define the common and distinct innate
immune pathways activated by peroxisomal and mitochondrial MAVS.

It is not yet known how peroxisome metabolism and morphologic plasticity influence the antiviral
response mounted at this organelle. Although mitochondrial elongation and fission have respec-
tively been shown to stimulate and diminish antiviral signaling [29], only one study has addressed
this issue at peroxisomes and has shown that the elongation of the organelle has a positive effect
on the antiviral response [19]. Further studies should be performed in different cell lines and using
different stimuli to substantiate these results and infer the relevance of peroxisome morphology
and metabolism for peroxisome-dependent antiviral signaling. It is also not known whether inter-
actions with other organelles influence the antiviral response. Peroxisomes share a coordinated
network with other organelles, whose interplay is mediated by membrane contacts, whereby
organelles such as the ER and lipid droplets (LDs) come into close proximity to allow exchange
of metabolites, proteins, and lipids [5]. It is likely that these interactions influence the peroxisomal
antiviral signaling, perhaps even involving crosstalk between distinct antiviral signaling pathways
that are mounted at the interacting organelles. In fact, it was previously demonstrated that MAVS
Box 1. Peroxisome biogenesis and metabolism in mammalian cells

Peroxisomes are highly dynamic organelles that display large plasticity in response to cellular and environmental stimuli. Peroxisomes multiply by growth and division, a
process involving membrane protrusion, elongation, constriction, and final fission (Figure IA). Activation of the peroxisomal membrane protein (PMP) PEX11β initiates
membrane remodeling and elongation [68–70]. MFF [71] and FIS1 [72] promote the activation of DRP1, which, through the formation of ring-like structures around
the peroxisomal membrane and upon GTP hydrolysis, leads to membrane fission [73,74] and generates new peroxisomes.

In cells lacking pre-existing peroxisomes, mature organelles can be formed de novo. Although still a matter of debate in the field, the newest findings suggest that pre-
peroxisomal vesicles (ppVs) originating from both the endoplasmic reticulum (ER) and mitochondria fuse to form new peroxisomes [75]. PEX3 and PEX14 are initially
inserted into the mitochondrial outer membrane, leading to budding of ppVs which then fuse with PEX16-enriched vesicles that bud from the ER [76]. This fusion
generates import-competent and metabolically active peroxisomes that can further proliferate through growth and division cycles.

The formation of mature peroxisomes depends on the incorporation of lipids, insertion of PMPs, and import of matrix proteins. The insertion of most PMPs at the
peroxisomal membrane is dependent on the cytosolic peroxin PEX19, as well as on PEX3 and PEX16. PEX19 binds to the membrane peroxisomal targeting signal
(mPTS) of newly synthesized PMPs and transports them to the peroxisomal membrane [77–79]. Peroxisome matrix proteins are imported into the organelle via a
complex import system. Upon cytosolic synthesis, their peroxisomal targeting signal (PTS) is recognized by the cytosolic proteins PEX5 (for PTS1) or PEX7
(for PTS2), which transport these proteins to peroxisomes. These PTS cargos are then targeted to a docking complex at the peroxisomal membrane and are
translocated into the peroxisomal matrix via transient pores [80].

Peroxisomes play an important role in mammalian cell metabolism and are involved in both catabolic and anabolic processes (Figure IB), such as α-oxidation and
β-oxidation of fatty acids (FAs), detoxification of glyoxylate, and the biosynthesis of ether-phospholipids, bile acids, and docosahexaenoic acid (DHA) [81,82]. In
addition, these organelles are involved in the production and scavenging of ROS/RNS [4,82].

The complete process of FA β-oxidation relies on both peroxisomes and mitochondria [81]. Although mitochondria are the main site of oxidation of medium- and long-
chain FAs, very long chain FAs (VLCFAs), 2-methyl branched-chain FAs (BCFAs), bile acid synthesis intermediates (dihydroxycholestanoic acid, DHCA; and
trihydroxycholestanoic acid, THCA) and long-chain dicarboxylic acids rely on peroxisomes for β-oxidation [2]. In addition, FAs with a methyl group at the 3-position,
including phytanic acid, must be initially α-oxidized at peroxisomes to be subsequently degraded through β-oxidation [2]. The oxidation of the end-products of
peroxisomal FA oxidation occurs at mitochondria where the citric acid and respiratory chain are located [81].

Peroxisomes play a crucial role in the biosynthesis of ether-phospholipids such as plasmalogens [83]. This process initiates at peroxisomes, where dihydroxyacetone
phosphate (DHAP), the building block for phospholipid synthesis, is converted to 1-O-alkyl glycerol-3-phosphate (AGP) or lysophosphatidic acid (LPA), which are then
further processed in the ER.

Several types of ROS/RNS are generated as byproducts of normal catalytic reactions at peroxisomes. The action of different peroxisomal oxidases leads to the produc-
tion of potentially damaging oxygen species. As protectivemechanisms, peroxisomes contain not only ROS- andRNS-metabolizing enzymes, such as catalase, glutathione
peroxidase, and peroxiredoxin 5, but also non-enzymatic antioxidant compounds such as glutathione, ascorbic acid, and plasmalogens that act as scavengers and help to
counteract oxidative stress (reviewed in [4]).
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interacts with the ER-resident protein, stimulator of interferon genes (STING), the adaptor of the
cytosolic viral DNA sensing upon stimulation of the PRR cGAS [30,31], suggesting a crosstalk
between these pathways. Although these studies did not distinguish peroxisomal from mitochon-
drial MAVS, it is likely that both types ofMAVS are able to interact with STING. Further studies should
be performed to confirm this interaction and infer its importance for both pathways. It also remains
unclear whether other antiviral signaling pathways are influenced by or depend on peroxisomes.

As described in the next section, different viruses interact with peroxisomes to interfere with
antiviral signaling. Although these results support the importance of this organelle for the cellular
immune response, further studies involving the inhibition of peroxisomal signaling should be
performed to analyze its relative importance for the propagation of different viruses. These studies
would likely unravel differences between viruses and virus families, largely depending on their
infection cycle and virus particle constitution.

Viral strategies to evade peroxisome-dependent antiviral signaling
Viruses have a tremendous capacity to adapt and counteract cellular responses. It is hence not
surprising that viruses have developed specific strategies to evade the different antiviral mecha-
nisms that are mounted upon infection, including the peroxisome-dependent antiviral response.
Some of these strategies (schematically represented in Figure 2) involve targeting of viral proteins
to the peroxisomal membrane and consequent interference with downstream signaling, whereas
others correlate with the specific modulation of peroxisome dynamics. Although some strategies
involve viral proteins that modulate both peroxisomal and mitochondrial MAVS signaling, the spe-
cific mechanisms involved are not always similar at both organelles.

One virus that specifically targets MAVS is the hepatitis C virus (HCV), an enveloped RNA virus
belonging to the Flaviviridae family. HCV cleaves MAVS at peroxisomes, mitochondria, and MAMs
via its serine protease complex NS3-4A [18,25,32,33], leading to blockade of IFN production
(Figure 2). HCV employs, hence, the same strategy to impair antiviral signaling originating from
these three organelles. Moreover, NS3‐4A localizes to peroxisomes even in the absence of MAVS
and disrupts downstream signaling with a similar kinetics as in mitochondria [32].

Although mainly responsible for sensing viral RNA, stimulation of the RLR signaling by DNA viruses
has been described [34], and DNA viruses, more specifically herpesviruses, have also been shown
to target peroxisomes to inhibit the antiviral cellular response. The human cytomegalovirus (HCMV)
protein, viral mitochondrial inhibitor of apoptosis (vMIA, also known as pUL37x1), interacts with the
peroxin (PEX) protein PEX19 and localizes at peroxisomes, where it interacts with MAVS and
Figure I. Peroxisome biogenesis (A) and metabolism (B). (A) In the absence of pre-existing peroxisomes, peroxisomes can be formed de novo through fusion of
pre-peroxisomal vesicles originating from both the ER and mitochondria. PEX16, PEX3, PEX14, and PEX19 are essential proteins for this process that ensure correct
targeting of peroxisomal proteins and the formation of new mature peroxisomes. Peroxisomes can also multiply by growth and division, a process involving membrane
protrusion, elongation, constriction, and final fission. PEX11β is required for membrane modulation; mitochondrial fission factor (MFF) and mitochondrial fission 1 (FIS1)
anchor the cytosolic dynamin-related protein 1 (DRP1), that is responsible for the final fission, to the peroxisomal membrane. (B) Peroxisomes are involved in several
cellular metabolic pathways including fatty acid metabolism, detoxification of glyoxylate, the biosynthesis of ether-phospholipids, bile acids and docosahexaenoic acid,
and reactive oxygen/nitrogen species (ROS/RNS) metabolism. Different lipid species can be stored at lipid droplets and are transported across the peroxisomal
membrane by peroxisomal membrane proteins (PMPs) (e.g., PMP70, ABCD1, and ABCD2). At the peroxisomal matrix, lipids are oxidized by α-oxidation or β-oxidation
enzymes. The products of β-oxidation can then serve as substrates for the synthesis of bile acids and ether lipids, which relies on cooperation with the ER, or may be
transported from peroxisomes to mitochondria for further oxidation. Peroxisomal oxidative activities produce ROS and RNS through the activity of peroxisomal oxidases
[e.g., xanthine oxidase, (XDH), acyl-CoA oxidase (ACOX)1, ACOX2, and ACOX3], which are then degraded by peroxisomal antioxidant enzymes (e.g.,
catalase, CAT; and superoxide dismutase 1, SOD1). Figure prepared using BioRender.com. Abbreviations: ADHAP, alkyl dihydroxyacetone phosphate
synthase; AMACR, α-methylacyl-CoA racemase; BCFA, branched-chain fatty acid; DBP, D-bifunctional protein; DHAP, dihydroxyacetone phosphate;
DHAPAT, dihydroxyacetone phosphate acyltransferase; DHCA, dihydroxycholestanoic acid; LBP, L-bifunctional protein; PEX, peroxin; SCPx, SCP-2/3-
ketoacyl-CoA thiolase; TCA, tricarboxylic acid; THCA, trihydroxycholestanoic acid; VLCFA, very long chain fatty acid.
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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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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.
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although themechanism remains undetermined, the authors suggest that inhibitionmay occur at the
level of IRF1 and IRF3 [38]. With a slow infection cycle, herpesviruses interfere in different manners
with host cell defenses to successfully persist in a latent form and spread without much damage
to the host. The contribution of peroxisomal MAVS signaling inhibition to the propagation of these
viruses remains to be determined and, importantly, must be analyzed taking into account the
contribution of this organelle to virus particle formation, as discussed in the next section.

Several other viruses have developed mechanisms that impair the peroxisome-dependent antiviral
response without directly disrupting MAVS downstream signaling, but by modulating peroxisome
dynamics (Figure 2). A screening study to identify the host cell interactors of the capsid proteins of
the flaviviruses dengue virus (DENV) and West Nile virus (WNV) showed that these proteins form a
stable complex with PEX19 [21]. Because both viral infections induce a reduction of the number of
peroxisomes per cell, it was suggested that these viruses evade the peroxisomal antiviral response
by disrupting peroxisome biogenesis through capsid protein-mediated sequestration and/or deg-
radation of PEX19 [21]. However, although both viral infections inhibited poly(I:C)-induced produc-
tion of type III IFNs, this inhibition was not observed upon overexpression of the individual capsid
proteins [21]. Furthermore, knockdown of PEX19 did not result in increased viral replication but in-
stead lead to a small but significant reduction of DENV and WNV titers [21]. Further studies should
be performed to determine the exact mechanism by which these viruses interfere with the
peroxisome-dependent IFN signaling, in line with the contribution of peroxisome biogenesis and
metabolism to viral propagation, as discussed in the next section. Infection by Zika virus (ZIKV), an-
other member of the Flaviviridae family, similarly displays a reduction of the peroxisome pool as well
as of the expression of some crucial PEX proteins such as PEX19 [39] in fetal astrocytes, a potential
cellular reservoir for this virus. As inWNV and DENV infections, PEX19 was found in stable complex
with ZIKV capsid protein during infection, and the overexpression of the capsid protein alone was
sufficient to decrease PEX19 protein levels and peroxisome number (Figure 2). Overexpression of
PEX11β, a protein that induces peroxisome proliferation (Box 1), restricted ZIKV infection and en-
hanced the innate immune response [39]. As with DENV andWNV, the mechanism by which ZIKV
evades the peroxisomal antiviral signaling needs to be further elucidated in the context of the spec-
ificity of the different phases of the virus infection cycle.

It has recently been suggested that infection by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) results in loss of peroxisome integrity and function, consequently hindering
peroxisome-mediated antiviral signaling [40]. This study shows that the SARS-CoV-2 protein
ORF14 (also named ORF9c) interacts with and inactivates the peroxisomal membrane protein
PEX14, thereby impairing the import of matrix proteins and leading to dysfunctional and less
abundant peroxisomes [40]. However, another study, which reported that SARS-CoV-2 ORF9b
antagonizes type I and type III IFNs through the manipulation of the RLRs antiviral signaling, has
shown that ORF9c overexpression has no effect on the inhibition of this signaling pathway [41].
Further studies should therefore be performed to determine the precise role of ORF9c/ORF14 in
the inhibition of antiviral signaling, taking into account that its effect on peroxisome integrity may
be related to the contribution of this organelle to virus particle formation, as discussed in the next
section. Moreover, the influence of ORF9b on the IFN response should be further investigated in
the context of peroxisome-dependent antiviral signaling.

Two other members of theCoronaviridae family, porcine epidemic diarrhea virus (PEDV) and porcine
deltacoronavirus (PDCoV), induce a reduction of peroxisome number upon infection and the disrup-
tion of the IRF1-mediated type III IFN response in intestinal epithelial cells [23,24]. Although the
mechanism used by PDCoV needs to be further elucidated, the evasion by PEDV is mediated by
the viral protein nsp1, a major type I IFN antagonist, which also modulates type III IFN expression
130 Trends in Cell Biology, February 2022, Vol. 32, No. 2
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[23] (Figure 2). Displaying a different mechanism, pestivirus also impairs the cellular antiviral
response. The viral protein Npro was found to colocalize with IRF3 at peroxisomes andmitochondria.
Although further studies should be performed to determine the importance of this localization, it was
suggested that both organelles may represent novel sites for IRF3 regulation by this virus [42].

Modulation of peroxisome dynamics and metabolism for viral propagation
Viruses are dependent on the host cell machinery and modulate cellular metabolism to favor the
formation of new virus particles. It is therefore not surprising that peroxisome biogenesis and
metabolism are manipulated by different viruses to promote the progression of their life cycles
(Figure 3). Of note, manipulation of peroxisomemetabolism is not the exclusive province of animal
TrendsTrends inin Cell BiologyCell Biology

Figure 3. Viral manipulation of peroxisome dynamics and metabolism. Viruses have evolved different mechanisms to modulate peroxisome metabolism and
dynamics to enhance viral propagation. By modulating peroxisome metabolism, several viruses, such as influenza virus (IAV), Zika virus (ZIKV), West Nile virus (WNV),
human cytomegalovirus (HCMV), Kaposi’s sarcoma-associated herpesvirus (KSHV), and herpes simplex virus 1 (HSV-1), induce the synthesis of ether lipids during
infection. IAV and enterovirus 71 (EV71) also downregulate peroxisome β-oxidation. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection induces
the accumulation of branched-chain fatty acids (BCFAs), and the hepatitis C virus (HCV) infection induces the accumulation of very long chain fatty acids (VLCFAs) by
reducing the expression of peroxisomal genes. Different viruses also modulate peroxisome morphology and dynamics. Infection with viruses such as HSV-1, HCMV,
SARS-CoV-2, and KSHV induces an increase in peroxisome number, whereas viruses such as human immunodeficiency virus (HIV), ZIKV, WNV, dengue virus (DENV),
porcine epidemic diarrhea virus (PEDV), porcine deltacoronavirus (PDCoV), and EV71 induce a decrease in peroxisome number. HCMV and HSV-1 also modulate the
morphology of peroxisomes during infection, and SARS-CoV-2 induces the redistribution of peroxisomes to sites of active viral replication. The KSHV viral FLICE-
inhibitory protein (vFLIP) protein, by hijacking PEX19, localizes at peroxisomes, where it is stabilized by peroxisomal MAVS, a process that is essential for KSHV latency
establishment. Similarly, the HCMV viral mitochondrial inhibitor of apoptosis (vMIA) protein also interacts with PEX19 to localize at peroxisomes. The capsid proteins of
WNV, DENV, and ZIKV form a stable complex with PEX19 to induce its sequestration and/or degradation. EV71 infection downregulates the expression of PEX19. The
NS2A protein of ZIKV, the VP4 protein of rotavirus, and the Nef protein of HIV localize at peroxisomes. Although it is possible that their localization at peroxisomes may
promote viral infection, the underlying mechanisms remain unknown. Figure prepared using BioRender.com. Abbreviations: DHCA, dihydroxycholestanoic acid; PEX,
peroxin; PMP, peroxisome membrane protein; ROS, reactive oxygen species; THCA, trihydroxycholestanoic acid.
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viruses, and several plant viruses are also reported to target peroxisomes to promote their own
propagation (Box 2).

HIV was among the first human viruses to be reported to interact with peroxisomes and manip-
ulate their metabolism [43] (Figure 3). Nef, an HIV protein that regulates several host pathways to
promote viral pathogenicity, was found to localize at peroxisomes and bind to ACOT8 (also
known as human thioesterase II) [43,44]. This interaction was associated with the downregulation
of CD4 andMHC class I expression on the surface of infected cells [43,44], and this may correlate
with the ability of ACOT to induce palmitoylation of membrane-associated proteins [44]. This
interaction may also disrupt the control of lipid metabolism and trigger other metabolic dysfunc-
tions because ACOT8 is also involved in the regulation the peroxisomal fatty acid (FA) levels
through the hydrolysis of coenzyme A (CoA) esters to free FA and CoA [45]. HIV infection
also induces a reduction in peroxisome number by upregulating specific miRNAs which target
several peroxisome biogenesis factors (PEX2, PEX7, PEX11β, and PEX13) [46]. HIV-1 Vpu has
been implicated as the viral protein responsible for this peroxisome depletion because it stabilizes
β-catenin, which in turn activates miRNA promoters and inhibits the translation of peroxisome
biogenesis factors [47]. Although this reduction in peroxisome numbers may contribute to the
evasion of cellular antiviral signaling, it may also promote the development of HIV-associated
neurocognitive disorders that are observed in a subset of infected patients. This suggestion is
substantiated by several reports that describe impaired neuronal functions in various autosomal
recessive disorders with mutations in peroxisome biogenesis proteins [2]. Peroxisomes also
seem to be implicated in the establishment of immunodeficiency in HIV-1-infected patients. The
Box 2. The interplay between peroxisomes and viruses in plant cells

In plant cells, peroxisomes assume a wider range of functions than in animal cells. In addition to being involved in lipid a
essential for photorespiration and the glyoxylate cycle, which have been increasingly implicated in disease and biotic
peroxisomes modulate transcriptional responses through H2O2 signaling to better tolerate environmental changes [85].

Plant peroxisomes play important roles in the replication and propagation of plant viruses (graphically summarized in Figur
family induce the formation of multivesicular bodies via remodeling of peroxisomal membranes to form viral replication
conserved among different viruses such as tomato bushy stunt virus (TBSV), cucumber necrosis virus (CNV), and Cymbi
the main driver for inducing remodeling [86–89]. TBSV p33 specifically hijacks PEX19 to target and initiate membrane re
TBSV alters cellular lipid metabolism, thereby enriching peroxisomes in phosphatidylethanolamine (PE), sterols, and ph
are essential for membrane remodeling [90–92]. Moreover, TBSV p33 recruits FIS1 to replication compartments to induce
contact sites between peroxisomes and the ER, thus promoting sterol enrichment [93]. TBSV also manipulates the cellula
transport (ESCRT) system to induce luminal invaginations in the peroxisomal membrane [94,95]. It has been shown that the
matic reorganization in which it produces numerous new peroxisome-like structures that are associated with p33; these w
RNA replication [89].

Rice dwarf virus (RDV) may also use peroxisomes as replication compartments because its P8 protein localizes to pero
glucose oxidase protein (GOX) [96].

The sugarcane mosaic virus (SCMV) 6K2-VPg-Pro polyprotein was also reported to colocalize with peroxisomes, although
occur at this organelle [97].

Different reports on cucumber mosaic virus (CMV) and barley stripe mosaic virus (BSMV) demonstrate that these viruses
oxidative bursts. Whereas the CMV 2b protein interacts with catalase inducing its degradation, which results in increased l
with GOX decreasing the production of H2O2 [98,99].

It has also been shown that tobacco mosaic virus (TMV) infection causes a reduction in the number and size of peroxiso
mechanisms underlying this observation and its impact on the virus life cycle have not yet been determined.

Interestingly, it was demonstrated that peroxisomes are used by the peanut clump virus (PCV) to evade the RNA interfe
antiviral defense mechanism in plant cells. PCV-encoded P15 has been shown to confine antiviral siRNAs by delivering the
their spread and favoring viral systemic movement [101].
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Figure I. Interplay between viruses and peroxisomes in plant cells. Peroxisomes are essential organelles for plants, being involved in themetabolism of lipids and
ROS/RNS, as well as in photorespiration and the glyoxylate cycle. To accomplish all their functions, plant peroxisomes interact with several organelles such as
mitochondria, chloroplasts, and the endoplasmic reticulum (ER). Different plant viruses modulate peroxisomes metabolism and morphology for their own benefit.
The p33 proteins of tomato bushy stunt virus (TBSV), Cymbidium ringspot virus (CymRSV), and cucumber necrosis virus (CNV) induce the remodeling of
peroxisome membranes leading to the formation of multivesicular bodies, which are used by these viruses as replication compartments. TBSV p33 interacts with
PEX19 to localize at peroxisomes, and it is also responsible for the enrichment of peroxisomes with phosphatidylethanolamine (PE), sterols, and phosphatidylinositol
3-phosphate [PI(3)P]. Through the interaction with mitochondrial fission 1 (FIS1), TBSV p33 induces the formation of membrane contacts with the ER to promote
sterol enrichment. CNV p33 also induces de novo biogenesis of peroxisomes. The cucumber mosaic virus (CMV) 2b protein induces catalase (CAT) degradation to
increase the level of ROS. Tobacco mosaic virus (TMV) infection induces the reduction of peroxisome size and number. By contrast, barley stripe mosaic virus
(BSMV) γb protein interacts with glucose oxidase protein (GOX) decreasing the production of H2O2. As an antiviral evasion strategy, peanut clump virus (PCV) P15
induces translocation of plant antiviral siRNAs to confine them inside peroxisomes. The sugarcane mosaic virus (SCMV) 6K2-VPg-Pro polyprotein also localizes at
peroxisomes, although its function remains unknown. Figure prepared using BioRender.com. Abbreviations: GGT, glu:glyoxylate aminotransferase; PEX, peroxin;
SGT, ser:glyoxylate aminotransferase.
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HIV Env protein, that is expressed at the surface of infected cells, induces a decrease in
peroxisome numbers via pexophagy and the accumulation of ROS in uninfected bystander
CD4+ T lymphocytes, leading to their death by apoptosis [48]. Further studies should be
performed to substantiate this conclusion and unravel the specific mechanisms involved.

Rotavirus, the etiologic agent for infantile gastroenteritis, was also one of the first human viruses to
be associated with peroxisomes. Its structural protein VP4 localizes at peroxisomes, as it con-
tains a PTS1 domain (Box 1) at its C terminus [49] (Figure 3). Although this association with
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peroxisomes may represent a strategy for the virus to control lipid metabolism and post-
translational protein modifications, further studies should be performed to analyze this hypothesis
and determine the importance of peroxisomes in the context of infection by this virus.

In the past decade peroxisomes have been extensively studied in the context of HCMV
infection (Figure 3). A spatiotemporal proteomic study, which addressed the expression and
localization of viral and host proteins during HCMV infection, revealed an accumulation of
peroxisomal proteins [50]. HCMV was later shown to increase peroxisome biogenesis through
upregulation of PEX3, PEX16, PEX13, and PEX14 expression [51], corroborating a previous
study that reported upregulation of PEX3 upon HCMV infection and a decrease in viral titers
upon knock-down of this protein [52]. HCMV infection also increases peroxisome number
and alters the morphology of the organelle, mainly at later stages of infection [51]. This increase
in peroxisome biogenesis was found to accompany a boost in peroxisome metabolism, and
this was mainly associated with increased production of plasmalogens that are required for
HCMV virion assembly [51]. HCMV infection was also shown to rewire host cell metabolism
to increase the synthesis of VLCFAs which are required for infectious virion production [53].
Stimulation/oxidation of VLCFAs should hence be studied as a possible novel peroxisomal
strategy to combat not only HCMV but also infection by other viruses that depend on VLCFAs.
As mentioned previously, HCMV vMIA localizes at peroxisomes and inhibits the peroxisome-
dependent antiviral response [35] (Figure 2). vMIA was also shown to trigger peroxisome
fragmentation, although this morphological change had no influence on the inhibition of antiviral
signaling [35] (Figure 3). A more recent study demonstrated increased association of vMIA with
peroxisomes throughout infection, culminating in modulation of peroxisome morphology at later
stages through activation of PEX11β [54]. The results regarding HCMV and peroxisomes provide
an excellent example of the dynamic interplay between viruses and peroxisomes: HCMV has
evolved a dual strategy to take advantage of the multifunctional nature of peroxisomes – blocking
peroxisome-dependent antiviral signaling early in infection, and promoting peroxisome biogenesis
and metabolism at later stages of infection to promote virus replication and particle formation.

Infection by another member from the Herpesviridae family, the herpes simplex virus 1 (HSV-1),
also induces an increase in peroxisome number and alters the morphology of the organelle,
mainly at late stages of infection [55] (Figure 3). These comparable results suggest that peroxi-
somes may be similarly modulated by other members of this virus family and possibly by other
enveloped viruses.

Also belonging to the Herpesviridae family, the interplay between the Kaposi's sarcoma-
associated herpesvirus (KSHV; also known as human herpes virus 8, HHV-8) and peroxisomes
has only been studied in the context of virus latency. Peroxisome number and metabolism
were specifically increased by KSHV latent gene expression [55]. Docosahexaenoic acid
(DHA) and its precursors, that are mainly produced during peroxisomal β-oxidation (Box 1),
are upregulated during KSHV latency, and the peroxisomal proteins ACOX1 and ABCD3
(also known as PMP70) are essential for the survival of endothelial cells latently infected by
KSHV [55] (Figure 3). It was also shown that KSHV relies on peroxisomal MAVS to maintain
infection and establish latency in infected cells. Peroxisomal MAVS, through induction of TRAF-
mediated post-translational modifications, stabilizes the viral FLICE inhibitory protein (vFLIP), a
viral oncoprotein that is essential for KSHV survival and which localizes at peroxisomes in a
PEX19-dependent manner [56] (Figure 3). These observations suggest that KSHV modulates
peroxisome biogenesis and metabolism to maintain infection and establish latency in infected
cells. Further studies on the role of peroxisome biogenesis and metabolism should be performed
outside the context of virus latency, paralleling studies on HCMV and HSV-1.
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Infection with enterovirus 71 (EV71), which causes hand, foot, and mouth disease (HFMD) and
can trigger fatal neurological complications, induces apoptosis and autophagy in neuronal cells
to favor the release of new virus particles. This virus has also been shown to interfere with
peroxisomes by downregulating the expression of ACOX1 and PEX19, leading to a reduction
in peroxisome number and, consequently, the accumulation of ROS, thereby inducing autophagy
and apoptosis in neural cells [57] (Figure 3). Accordingly, overexpression of ACOX1 negatively
impacts on viral replication, whereas its knockdown is beneficial for EV71 propagation [57].

The members of the Flaviviridae family WNV, DENV, and ZIKA have also been shown to interfere
with peroxisome biogenesis and metabolism. As mentioned in the previous section, infection by
any one of these three viruses induces a reduction in peroxisome number, and their capsid pro-
teins have been shown to interact with PEX19 [21,39]. WNV manipulates lipid metabolism in in-
fected cells, resulting in increased levels of glycerophospholipids, including plasmalogens,
and sphingolipids [58] (Figure 3). A lipidomic study identified increased levels of plasmalogens
in the serum of ZIKV-infected patients [59]. Because plasmalogens are essential for membrane
remodeling and membrane curvature, it is likely that both WNV and ZIKV modulate peroxisome
lipid metabolism to favor different steps of their infection cycle and virus particle formation
(Figure 3 and Box 1). Peroxisomes were also shown to be essential for efficient ZIKV replication.
ZIKV infection was reported to reduce the levels of PMP70 mRNA, and NS2A (i.e., required for
replication and capsid assembly) was found to localize at peroxisomes, although its specific func-
tion at this organelle remains to be clarified [60].

Although not much is known concerning peroxisome biogenesis and metabolism upon infection by
HCV, it has been shown that HCV leads to the accumulation of VLCFAs [61] and that the VLCFA
synthesis pathway plays an important role in infection and pathogenesis [62]. Additional studies
should be performed to analyze whether stimulation of peroxisomal β-oxidation of VLCFAs
influences HCV infection and propagation. Similarly to studies on other previously mentioned
flaviviruses, further investigations on peroxisome biogenesis and metabolism during the course of
HCV infection are required. If identical modulation of lipid metabolism is observed, this could be
further explored for the development of novel antiviral therapies against these types of viruses.

HCV infection can lead to severe hepatic damage and even to the development of hepatocellular
carcinoma (HCC). Peroxisome metabolism has recently been implicated in the progression of
virus-induced HCC, although the specific reports are somewhat contradictory. Patients infected
with HCV and carrying polymorphisms that upregulate the levels of the peroxisomal catalase
(Box 1) are more susceptible to developing HCC, mainly when combined with polymorphisms
in the mitochondrial antioxidant enzyme glutathione peroxidase 1 (GPX1) gene [63]. However,
another study found peroxisomal impairment in tumors and tissues adjacent to HCC [61].
Furthermore, ROS accumulation suppresses HCV replication in HCC cells [64]. Further studies
should be performed to better understand the molecular mechanisms involved and the role of
peroxisome metabolism in HCV-induced HCC.

Recent systems-level analysis contributed to significant developments on the study of the cellular
lipid profiles and protein expression patterns during viral infections. A lipidomic study focused on
membrane lipid dynamics in influenza A virus (IAV)-infected cells and purified influenza virions re-
vealed enrichment of the minor peroxisome-derived ether-linked phosphatidylcholines relative
to bulk ester-linked phosphatidylcholines in IAV virus particles [65]. Upon integration of these re-
sults with previously published genomic and proteomic data, it was proposed that IAV infection in-
duces the upregulation of ether lipid and sphingolipid synthesis and downregulation of peroxisomal
β-oxidation [65] (Figure 3). Moreover, the multifunctional IAV protein NS1 interacts with HSD17B4
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Outstanding questions
How does peroxisome morphology
modulation affect peroxisome metabolic
functions during viral infection?

What are the specific characteristics
that drive different viruses to interfere
with peroxisomes to evade the antiviral
response and/or improve virus particle
formation?

How does organelle crosstalk influence
the peroxisome-dependent antiviral
response?

Can the interplay between peroxisomes
and other organelles be exploited to
control viral propagation?

Could peroxisome-directed thera-
peutics simultaneously boost antiviral
immunity and restrict virus particle
formation?

Could peroxisome-directed therapeu-
tics drive the development of novel
broad-spectrum antiviral therapies?
(also known as DBP), an important protein for peroxisomal β-oxidation (Figure 3 and Box 1). The
function of this interaction remains unexplored, but it is conserved in six different human and
avian influenza virus species [66]. Although further studies should be performed to confirm or dis-
prove this theory, these results suggest that, similarly to other viruses, IAV tailors peroxisome lipid
metabolism for efficient particle formation and propagation.

Finally, members of the Coronaviridae family have also been shown to interfere with peroxisome
biogenesis and metabolism. As mentioned in the previous section, PEDV and PDCoV infections
induce a decrease in peroxisome number [23,24]. The recently described virus SARS-CoV-2
induces profound remodeling of several organelles, including peroxisomes, which are recruited
to viral replication centers at perinuclear regions with a positive signal for double-stranded RNA
[67]. Moreover, and in contrast to PEDV and PDCoV, an increase in peroxisome abundance
was observed in SARS-CoV-2-infected cells, together with an accumulation of PMP70 [67]
(Figure 3). Although the molecular mechanisms involved are not yet explored, these results
suggest that peroxisomes may play an important role in viral replication, perhaps by preventing
viral RNA oxidative damage or by providing specific lipids for membrane remodeling. These
results contrast with another study, discussed in the previous section, that reported loss of
peroxisome integrity and function during SARS-CoV-2 infection [40]. These opposing data may
result from the use of distinct cell lines and timepoints after infection in the two studies. It is
tempting to consider that SARS-CoV-2 infection may follow a similar pattern to that observed
for HCMV infection, where different peroxisomal characteristics are relevant at different phases
of the virus infection cycle, resulting in variations in peroxisome number and metabolism. Further
analyses at different stages of the viral infection will be necessary to elucidate possible temporal
variations and the role of peroxisomes throughout SARS-CoV-2 infection.

Concluding remarks
The complex and dynamic interplay between viruses and their host cells implies direct or indirect
modulation of a variety of cellular mechanisms. It does not come as a surprise that peroxisome
dynamics are also manipulated in the context of viral infections. In fact, this review demonstrates
that very different viruses, of different families and origins, can modulate peroxisome biogenesis
and metabolism to either counteract the cellular antiviral response or to make use of specific per-
oxisome features to promote virus particle formation and propagation. However, research in this
field is relatively incomplete because, for most viruses, only specific mechanisms and infection
stages have been analyzed. Furthermore, different studies report opposing results for the same
viruses, such as in SARS-CoV-2 infection – where one study shows an increase in peroxisome
number and another demonstrates peroxisome depletion. These differences are likely due to
the different phases of infection analyzed in these studies. As shown for HCMV, many viruses
likely interact differently with peroxisomes at different points in their infection cycle. This may result
in different levels of manipulation of peroxisome biogenesis, distribution, and metabolism in each
of the different phases. For example, viruses may favor depletion of peroxisome number early in
infection to inhibit antiviral signaling, but then stimulate peroxisome metabolism and biogenesis in
a later phase to increase lipid metabolism and support the formation of new virus particles. Hence,
although the available reports provide important information about the specific mechanisms of in-
terplay between viruses and peroxisomes, definite conclusions can only be obtained upon the de-
tailed study of peroxisome biogenesis and metabolism at several timepoints over a single and
complete infection cycle.

Inevitably, peroxisome manipulation has important consequences for the host cell and organism.
A depletion or increase in peroxisome numbers may affect ROS/RNS metabolism, lipid metabo-
lism, and the immune response, thereby impacting on cell survival and possibly leading to the
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development of other diseases. Although some of these side effects from viral infections are
mostly inconsequential to the viral life cycle, others favor virus spread and even the establishment
of latency in specific cell types.

Further and more detailed studies will be necessary to complement current knowledge on how
the diverse range of viruses modulate and take advantage of peroxisomes, and how this can
be exploited for the development of novel antiviral therapies (see Outstanding questions). It has
already been demonstrated that IAV replication can be disrupted by pharmacological modulation
of fatty acid β-oxidation or genetic ablation of ether lipid biosynthesis [65]. In vitromanipulation of
GNPAT, a peroxisomal enzyme essential for plasmalogen production, also restricted HCMV
dissemination [51]. The common manipulation of peroxisomal pathways upon infection by
different viruses supports the contention that peroxisome modulation may be explored for the
development of innovative broad-spectrum antiviral therapies.
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