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Highlights
The peroxisome has emerged as a

multifunctional organelle with the

capacity to act at the interface be-

tween host defense and virus

replication.

Nearly a decade ago, the antiviral

protein MAVS was found to localize

to the peroxisome, marking perox-

isome-mediated immune signaling

as a critical component of host de-

fense. In response, viruses have

acquired mechanisms for sup-

pressing peroxisome signaling.

Virus-induced rewiring of peroxi-

some function revealed that per-

oxisomes also have proviral func-

tions via lipid synthesis necessary

for enveloped viruses.

The opposing peroxisome func-

tions are temporally regulated,

acting in immune response early in

infection and facilitating virus as-

sembly at later stages.

Peroxisome numbers and

morphology are finely tuned in

tandem with peroxisomal functions

during infection, providing a

powerful example of a link between

shape and function.
Peroxisomes are multifunctional organelles with roles in cellular metabolism, cytotoxicity, and

signaling. The plastic nature of these organelles allows them to respond to diverse biological pro-

cesses, such as virus infections, by remodeling their biogenesis, morphology, and composition to

enhance specific functions. During virus infections in humans, peroxisomes act as important im-

mune signaling organelles, aiding the host by orchestrating antiviral signaling. However, more

recently it was discovered that peroxisomes can also benefit the virus, facilitating virus–host in-

teractions that rewire peroxisomes to support cellular processes for virus replication and spread.

Here, we describe recent studies that uncovered this double-edged character of peroxisomes

during infection, highlighting mechanisms that viruses have coevolved to take advantage of

peroxisome plasticity. We also provide a perspective for future studies by comparing the estab-

lished roles of peroxisomes in plant infections and discussing the promise of virology studies as a

venue to reveal the uncharted biology of peroxisomes.

Peroxisome Biology and Virus Infections: A Changing Outlook

Nearly a decade ago, peroxisomes were identified as important immune signaling organelles in hu-

mans [1]. This discovery prompted much effort towards characterizing the peroxisome-mediated im-

mune response [2,3], redefining the scientific community’s view of peroxisomes as major cellular or-

ganelles. In fact, peroxisomes are multifunctional and dynamic, and are known to play a variety of

critical roles in development [4–6], cellular stress [7,8], cancer [9], and virus infection in plants [10].

Despite this, and the knowledge that human viruses cause extensive changes in other host organelles

[11], peroxisomal characteristics beyond immune signaling have not been deeply investigated in cells

under invasion by pathogens.

Several recent studies have tackled this broader question of peroxisome biology in infection, and

have uncovered diverse virus–host interactions that rewire peroxisomal metabolism, structure, and

biogenesis to support virus replication and spread. These investigations also discovered new links

between peroxisome dynamics and functions, revealing relationships at the core of peroxisome

biology that have long been challenging to study. The peroxisome is emerging as a double-edged

sword of infection, an organelle that can be hijacked to serve either the virus or the host. The findings

we review here have contributed to a changing perspective of peroxisomes in infectious diseases,

identifying new possibilities for antiviral therapeutics in addition to establishing a venue to examine

the fundamentals of peroxisome biology.
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Peroxisomes Are Plastic Organelles with Diverse Roles in Health and Disease

Among the last membrane-bound organelles to be defined, peroxisomes are found in nearly all eu-

karyotic organisms, acting as the subcellular hubs of reactive oxygen species (ROS) regulation and

lipid and amino acid b-oxidation [12] (Figure 1A). They are also plastic organelles; peroxisome

numbers, shape, and composition are fluid properties, often changing to tailor peroxisome functions

in response to cellular demands. Peroxisome biogenesis is primarily controlled by peroxin (PEX)

genes, which regulate self-sustaining cycles of maturation, fission, and pexophagy [13–16] (Figure 1B).

However, peroxisomes can also form de novo by the fusion of pre-peroxisomal vesicles derived from

the endoplasmic reticulum (ER) and mitochondria [17–19], a process initiated by transcription factors

known as peroxisome proliferator-activated receptors (PPARs). The morphology of peroxisomes is

likely regulated by a combination of molecular motor activity [20] and ER-mediated lipid transfer

[21,22], which allows for peroxisome membrane growth during maturation and prior to fission. Addi-

tionally, peroxisome composition is dictated by the expression and import of PEX proteins, peroxi-

some membrane proteins (PMPs), cellular metabolites, and metabolic enzymes in the peroxisome

matrix [12,13].
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Figure 1. Peroxisomes Are Dynamic and Multifunctional Organelles.

(A) The peroxisome biogenesis cycle in mammalian cells, including de novo biogenesis, peroxisome growth, fission, and pexophagy. Primary peroxisome

functions in human cells are depicted below. (B) Major peroxisome proteins involved in peroxisome formation and maintenance. PEX proteins are indicated

by their respective gene number. Abbreviations: IFN, interferon; ROS, reactive oxygen species.
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The dynamic regulation of peroxisomes is an essential aspect of peroxisome biology, illustrated by

the high variation in peroxisome properties across cell types, organisms, and even temporally within

an individual cell. Numerous studies have linked peroxisome dynamics to condition- or organism-

specific peroxisome functions. For example, PEX genes are upregulated [23] and peroxisomes are

elongated [8,24,25] during cell stress, and peroxisome numbers are increased in cell types with

elevated lipid catabolism [26,27], during mitosis [6], in cancerous cells [9], and during cell differenti-

ation [4,28]. These changesmay enhancemetabolic output for the high energy consumption required

for these processes. In addition, peroxisome content can be markedly different between organisms,

leading to additional organelle functions such as the glyoxylate cycle in plants and plasmalogen syn-

thesis in animals [12,29]. Alternatively, an absence of peroxisomes, such as in peroxisome biogenesis

disorders (PBDs, e.g., Zellweger syndrome), inhibits processes that often overlap with mitochondrial,

lysosomal, and ER-mediated functions [30]. As investigations were long limited to characterizing per-

oxisomes in single conditions or cell types, many peroxisome characteristics and functions have only

recently been elucidated, and it is becoming increasingly evident that peroxisome plasticity is critical

for human development and disease.
Peroxisome-Driven Immune Signaling at the Virus–Host Interface

The peroxisome was first recognized as a key subcellular signaling center upon the discovery that the

RIG-I-like receptor (RLR) adaptor protein MAVS, an innate immune signaling factor, localizes to the

peroxisome in human cells [1]. MAVS, previously thought to be exclusive to the mitochondria, mounts

a rapid antiviral response upon the RIG-I-mediated sensing of pathogenic genomes, specifically con-

trolling the type III interferon response when activated at the peroxisome [2]. Combined with the

known cellular detoxification functions of peroxisomes, the identification of peroxisomal MAVS

lead to the idea that peroxisomes primarily act in host defense during infection as antiviral signaling

organelles.

Further evidence for the antiviral function of peroxisomes comes from the finding that viruses have

acquired several mechanisms to inhibit peroxisome-mediated immune signaling (Figure 2A).

Some, including hepatitis C virus (HCV) and human cytomegalovirus (HCMV), use viral proteins to

directly target peroxisomal MAVS and inhibit its function. HCV encodes the multifunctional serine

protease NS3-4A, which localizes to peroxisome membranes and cleaves MAVS, resulting in its

degradation [31,32] (Figure 2B). Similarly, the HCMV protein pUL37 (also known as vMIA) localizes

to both mitochondria and peroxisomes to sequester MAVS, drive organelle fragmentation, and

disrupt antiviral signaling [33]. In a different twist of fate, Kaposi’s sarcoma-associated herpesvirus
Trends in Microbiology, November 2019, Vol. 27, No. 11 907
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(KSHV) repurposes peroxisomal MAVS to facilitate latency, using it to stabilize expression of the viral

protein vFLIP and maintain oncogenic activity [34].

Other aspects of peroxisome plasticity, beyond MAVS localization, are also important in the regula-

tion of immune signaling. By examining peroxisome-mediated immune signaling under exposure to a

range of cellular conditions and pathogens, Odendall et al. showed that an increase in peroxisome

numbers enhances the type III interferon response [2]. This suggested that peroxisome dynamics

are tightly linked to the magnitude of peroxisome-dependent antiviral signaling, and recent studies

of virus infections have further demonstrated this relationship (Figure 2B). For example, the flavivi-

ruses dengue (DENV) and West Nile (WNV) target their capsid proteins to peroxisome membranes,

where they interact with the biogenesis factor PEX19, cause a nearly 40% decrease in peroxisome

numbers, and consequently inhibit type III interferon expression [35]. Zika virus (ZIKV), another mem-

ber of the Flavivirus family, alters peroxisome numbers through a different mechanism: the viral pro-

tein NS2A localizes at peroxisomes and interacts with both PEX19 and PEX3 to inhibit peroxisome

biogenesis [36]. While this has not been fully linked to immunemodulation, it is likely that ZIKV inhibits

peroxisomal signaling in a similar manner to its DENV and WNV family members.

While these examples support a correlative – and rather intuitive – link between the number of per-

oxisomes in a cell and themagnitude of peroxisome-mediated antiviral signaling, the relationship be-

tween peroxisome dynamics and immune signaling seems more complex. For example, Bender et al.

observed that cells lacking peroxisomes still mounted an immune response during HCV infection [31].

This finding could be explained, in part, by the presence of ER- andmitochondrial-derived pre-perox-

isomal vesicles during de novo biogenesis (Figure 1A), which may be capable of antiviral signaling.

However, the flavivirus studies further found that, surprisingly, permanently reducing peroxisome

numbers (e.g., via PEX gene knockdowns or in PBD patient samples) negatively impacts virus produc-

tion [35,36]. This was also illustrated in HCMV and herpes simplex type 1 (HSV-1) infections, along with

the discovery that these viruses increase peroxisome biogenesis during infection [37] (Figure 2B).

Moreover, cells from patients with Zellweger’s syndrome, which lack peroxisomes entirely, were

shown to be resistant to infection by these herpesviruses [37]. These results muddle what is expected

of peroxisomes as antiviral organelles, and suggest that other peroxisome functions may be required

for virus replication.
Going Proviral: Peroxisome Metabolism and Virus Replication

Certain cellular lipids, including very-long-chain fatty acids (e.g., docosahexaenoate, DHA) and ether

lipids (e.g., plasmalogens), can only be synthesized at the peroxisome, often in sync with b-oxidation

pathways (Figure 1A) [26,27]. These lipids are thought to be particularly important for membrane

integrity and fluidity, highlighted by their involvement in PBD and neurodegeneration [38,39], and

plasmalogens specifically are key participants in membrane fission and fusion events [40]. Due to

these features, peroxisome-synthesized lipids are intriguing candidates for a variety of infection-

induced processes, especially formation of viral envelopes, modulation of cellular trafficking, and

maintenance of host and virus fitness. Indeed, plasmalogens were shown to be components of infec-

tious particles for several enveloped viruses, including HCMV [41], WNV [42], and influenza [43].

Several recent studies have identified peroxisomal lipid synthesis as a proviral peroxisomal function

(Figure 2A). For example, Jean Beltran et al. uncovered elevated peroxisome-mediated plasmalogen

synthesis as a requirement for secondary envelopment during the assembly of HCMV [37]. Given their

finding that HSV-1 drives similar changes to peroxisomes while the nonenveloped adenovirus (ADV5)

does not, in conjunction with the knowledge that plasmalogens are enriched in HCMV virions [41], the

authors proposed that peroxisomal lipid metabolism is a general feature of enveloped virus infec-

tions. In support of this, a previous study of influenza virus, an RNA virus, showed that ether lipidmeta-

bolism was induced and required upon infection, and that peroxisome-derived lipids were enriched

in influenza virions [43]. Along a different vein, Sychev et al. discovered that peroxisomal lipid meta-

bolism, notably synthesis of DHA, was required for maintenance of KSHV latency, protecting infected

cells from premature death [44].
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A range of changes in peroxisome numbers, composition, and shape were shown to accompany the

above mentioned infection-induced metabolic rewiring (Figure 2B). HCMV, HSV-1, and KSHV infec-

tions increase the number of peroxisomes per cell – specifically by modulation of peroxisome fission

in the case of HCMV [37,44]. HCMV and KSHV were further shown to alter peroxisome composition,

increasing proteins involved in biogenesis (HCMV [37,45]) and lipid metabolism (HCMV [37,45], KSHV

[44]). Additionally, HCMV and HSV-1 perturbed peroxisome morphology by inducing flattened and

irregularly shaped peroxisomes that caused enhanced plasmalogen synthesis during infection [37].

While these peroxisome phenotypes have not yet been investigated in influenza infection, the

conserved functional changes suggest that influenza is altering peroxisome plasticity in similar

ways. Alternatively, other viruses are known to drive these peroxisome phenotypes, but their func-

tions remain unclear. Human immunodeficiency virus (HIV) infection, for example, drives the expres-

sion of brain miRNAs (e.g., miR-500a-5p, miR-34c-3p, miR-93-3p, miR-381-3p) that change peroxi-

some numbers, cause elongated peroxisome morphology, and alter peroxisome composition [46].

As HIV is also an enveloped virus, it is possible that these peroxisome features are being rewired

to enhance lipid synthesis for virion assembly.
Peroxisomes and Plant Viruses

In addition to this growing body of knowledge in human infections, peroxisomes have long been

recognized as key players in the replication cycles of plant viruses. While plant pathogens engage

peroxisome biology in ways that often contrast with viral mechanisms in humans, underlying themes

can be found between these strategies. For example, tombusviruses, a family of nonenveloped RNA

plant viruses that includes cucumber necrosis virus (CNV), tomato bushy stunt virus (TBSV), and

Cymbidium ringspot virus (CymRSV), use peroxisomes as scaffolds for virus replication factories (Fig-

ure 2B). Upon infection, the viral auxiliary replicase (p33) and polymerase (p92) are targeted to perox-

isome membranes to generate peroxisome-derived multivesicular bodies (pMVBs), which serve as

the location for virus genome replication [47–49]. The formation of pMVBs requires the careful orches-

tration of host and viral components within peroxisomes, involving ESCRT, SNARE, and PEX proteins,

as well as a specific p33–Pex19 interaction required for pMVB initiation [50–52]. In CNV infection this

has been further linked to increased de novo peroxisome biogenesis, facilitating high viral output

[48]. As discussed above, Pex19-mediated virus–host interactions and the modulation of peroxisome

biogenesis have both been shown in human infections, but peroxisomes have not been specifically

implicated in viral genome replication. However, similar viral mechanisms exist for other organelles,

such as the ER (e.g., DENV, vaccinia virus) and Golgi (e.g., poliovirus) [11].

Plant viruses are also known to engage peroxisome functions that are currently a black box in human

infections, such as ROS homeostasis (Figure 2B). CNV infection, in addition to forming pMVBs, causes

peroxide accumulation in infected cells, likely contributing to the virus-induced increase in peroxi-

some biogenesis [48]. Alternatively, barley stripe mosaic virus (BSMV) dysregulates peroxisome

ROS processing in order to bypass the host immune response [53]. In plants, the balance between
Figure 2. Viruses Manipulate Peroxisome Functions in a Temporal Manner during the Viral Replication

Cycle.

(A) Upper panel. General schematic of the cellular life cycle of an enveloped virus, depicting both a nuclear and

cytoplasmic genome replication route. Lower panel. Virus-induced peroxisome modulations occur in

accordance with each stage (entry, replication, assembly, egress, or latency) of the virus replication cycle. For

each virus, the rectangle length corresponds to the stages of infection known to correspond with peroxisome

remodeling, with the virus name in bold and beside the regulated function. Virus type is indicated to the left. (B)

Diverse aspects of peroxisome biology are regulated during infection with human DNA (upper), human RNA

(middle), and plant (lower) viruses. In each case, the virus is indicated with the respective viral factor or process

(if known) in italics. Abbreviations: BSMV, barley stripe mosaic virus; CNV, cucumber necrosis virus; CymRSV,

Cymbidium ringspot virus; DENV, dengue virus; HCMV, human cytomegalovirus; HCV, hepatitis C virus; HIV,

human immunodeficiency virus; HSV-1, herpes simplex virus type 1; KSHV, Kaposi’s sarcoma-associated

herpesvirus; PCV, peanut clump virus; ROS, reactive oxygen species; TBSV, tomato bushy stunt virus; WNV,

West Nile virus; ZIKV, Zika virus.
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hydrogen ions, radical oxygens, and peroxide dictates immune signaling, and elevated peroxide

causes hypersensitivity to pathogen invasion [48,54,55]. BSMV has coevolved amechanism to combat

ROS-induced host defense via the multifunctional viral protein gb, which localizes to peroxisomes

and suppresses the function of glycolate oxidase (GOX), a peroxisome protein involved in redox.

This gb–GOX interaction serves a proviral role by decreasing peroxide production, therefore inhibit-

ing host defense and promoting virus replication. Intriguingly, ROS dysregulation and oxidative

stress is a known feature of many human virus infections and has even been linked to immune evasion

in some, such as influenza and poxvirus infections, but how the peroxisome regulates these processes

remains unclear.

Beyond ROS processing, the major antiviral response mechanism in plants is the generation and cell–

cell spread of small silencing RNAs (siRNAs) that target viral genomes [56,57]. Although long thought

to be a peroxisome-independent process, Incarbone et al. recently demonstrated that viruses can

bypass this defense by shuttling host siRNAs into the peroxisome matrix, sequestering them from

the effector molecules necessary to induce a response (Figure 2B) [58]. Peanut clump virus (PCV), spe-

cifically, uses its viral suppressor of RNA silencing (VSR) protein P15 to bind host siRNAs and translo-

cate them from the cytoplasm into the peroxisome, facilitating productive infection and systemic

spread [58]. While it remains to be seen if other plant or animal viruses participate in analogous

modes of organelle confinement, this study highlighted the diverse strategies viruses have evolved

to hijack peroxisome plasticity. Moreover, it has become increasingly evident that human viruses

modulate protein functions by inducing translocations between organelles [59], and it is likely that

peroxisomes are involved in similar processes.
Concluding Remarks

Peroxisomes are critical cellular organelles that play dual roles during the progression of human virus

infections. Either the host or pathogen can leverage peroxisome functions to achieve antiviral de-

fense or virus replication, a subcellular battle that plays out across infection time. Upon virus entry,

the host engages peroxisomal MAVS to quickly respond to invasion and limit the spread of infection.

However, reflective of the constant coevolution between viruses and hosts, the discovery of this anti-

viral mechanism was followed by the discovery of viral mechanisms that subvert or bypass this host

defense. By controlling peroxisome biogenesis, morphology, and composition at the later stages

of infection, viruses have coevolved strategies to turn peroxisome functions to the benefit of virus pro-

duction and spread. Peroxisomes are thus poised at the virus–host interface, contributing to the

outcome of infections across both viral and host species.

Due to the highly plastic character of peroxisomes and overlapping biology with other host organ-

elles (e.g., mitochondria), defining the molecular pathways that regulate peroxisome dynamics has

remained an unresolved challenge for researchers. We now know that studies of viral infections pro-

vide the appropriate context and the opportunity for addressing questions at the core of peroxisome

biology. For example, the observation that peroxisome numbers and protein composition are manip-

ulated during a variety of virus infections suggests that there may be a common transcriptional switch

that is induced upon infection. One possibility is the PPAR family of transcription factors (PPARa,

PPARg, and PPARb/d). However, PPARa is the only member known to induce peroxisome biogenesis,

while the roles of PPARg and PPARb/d in peroxisome biogenesis remain controversial [16]. Other fac-

tors, such as the transcriptional coactivator PGC-1a [60] and several peroxisome proliferator drugs

[61], are known to act independently of PPARa, indicating additional yet-to-be-discovered peroxi-

some regulators. Interestingly, multiple viruses are known to modulate these noncanonical transcrip-

tional activators, including PPARg [46,62–64] and PGC-1a [65], but how this plays into the regulation

of peroxisome dynamics during infection is not understood. As the upregulation of peroxisome

genes and numbers is essential for the progression of multiple human virus infections, identifying

a common transcriptional switch would have major implications for the development of antiviral ther-

apeutics. In addition, changes in peroxisome numbers are often linked to virus-induced immune

modulation, so examining how virus infection modulates peroxisome biogenesis may be the next

key step in understanding the cell signaling capacities of peroxisomes.
Trends in Microbiology, November 2019, Vol. 27, No. 11 911



Outstanding Questions

What virus- or host-driven mecha-

nisms underlie the dynamic regula-

tion of the structure and function of

peroxisomes during infection?

Is there a common transcriptional

switch that is induced upon infec-

tion to control peroxisome

numbers and composition?

How does peroxisome shape influ-

ence metabolic regulation in the

context of infection?

What is the role of peroxisome-

mediated ROS processing during

infection with human viruses?

Trends in Microbiology
Another intriguing avenue for discovery is the virus-induced regulation of peroxisome morphology.

Altered peroxisome shape, particularly elongation, has been observed during proliferation or

external stress (UV radiation and ROS) [4,24,25]. However, how peroxisome shape influences perox-

isome functions remains an intriguing question. It has been speculated that tubular or other complex

morphologies enhance processes associated with peroxisome membranes [7], as the coupling of

membrane expansion to irregular structure would increase interactions between luminal and mem-

brane-associated proteins. This, in turn, could increase the efficiency of pathways that share func-

tional components between the peroxisome membrane and lumen, such as transport of fatty acids

for oxidation and lipid synthesis [40,66]. Evidence for this lies in the recent discovery that herpesvirus

infections cause the formation of enlarged, flattened peroxisomes that lead to increased plasmalo-

gen synthesis [37]. As this was found to be important for herpesvirus assembly, it is likely that other

viruses known to modulate peroxisome morphology (e.g., elongation in HIV infection [46]) are simi-

larly using peroxisome shape to enhance function, and – conversely – viruses known to alter specific

peroxisome functions (e.g., lipid metabolism in influenza virus [43], WNV [36], and KSHV [45] infec-

tions, among others [67]) are also regulating peroxisome shape. Therefore, elucidating the processes

underlying peroxisome shape may provide strategies to selectively inhibit peroxisome-mediated

functions required for infection.

Due to the fundamental nature of peroxisomes as multifunctional and dynamic organelles, the as-

pects of peroxisome biology required for virus infections will be broadly applicable to human health

and disease. This is already apparent in the themes present across biological conditions, as discussed

above: changes to peroxisome biogenesis are found in metabolic disorders [27,30], development

[2,4,6], cancer [9], and stress responses [23], while enhanced peroxisome-mediated ROS processing

occurs in tumors [68] and plant infections [29,55], and peroxisomal immune signaling has been impli-

cated in a variety of processes [3,9,31], among others. Additionally, in a strikingly similar vein to virus

infections, the gut microbiota is known to widely regulate PPARs in a tissue-specific manner [69], and

pathological microbial infections require peroxisome metabolism, both of ROS and lipids [70].

Although the relationships between peroxisome dynamics and functions are becoming increasingly

apparent, how these processes are linked remains largely unknown. Further investigations geared to-

wards defining the mechanisms that regulate peroxisome plasticity in tandem with peroxisome func-

tions promise to provide a critical next step forward (see Outstanding Questions), impacting our un-

derstanding of both the biology of virus infections and basic cellular processes.
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