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Abstract: Various intrinsic and extrinsic factors can interfere with the process of protein folding,
resulting in protein aggregates. Usually, cells prevent the formation of aggregates or degrade them
to prevent the cytotoxic effects they may cause. However, during viral infection, the formation of
aggregates may serve as a cellular defense mechanism. On the other hand, some viruses are able
to exploit the process of aggregate formation and removal to promote their replication or evade the
immune response. This review article summarizes the process of cellular protein aggregation and
gives examples of how different viruses exploit it. Particular emphasis is placed on the ribonucleotide
reductases of herpesviruses and how their additional non-canonical functions in viral immune
evasion are closely linked to protein aggregation.

Keywords: Murine Cytomegalovirus (MCMV); Herpes Simplex Virus (HSV); Epstein-Barr Virus
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1. Introduction

Proteins obtain their functional conformation through correct folding of the primary
amino acid sequence into a three-dimensional structure. However, the folding process can
be disrupted by genetic mutations, incomplete translation, environmental stress factors, or
a lack of ribosomal quality control, among other factors [1]. In such cases, or if the folding
capacity of the cellular chaperone machinery is exceeded, for instance due to massive
production of viral proteins during infection, misfolded proteins with incorrectly exposed
hydrophobic surfaces start to accumulate and form aggregates. Protein aggregates can
either be amorphous or they can form structurally ordered oligomers or amyloid fibrils [2].
Although aggregated conformation is a prerequisite for the functionality of some proteins,
accumulation of protein aggregates is usually a cytotoxic process or even a pathological
hallmark of disease, the latter being observed for instance in systemic amyloidosis [3]
or neurodegenerative disorders such as Alzheimer’s disease and Parkinson’s disease [4].
To prevent cytotoxic effects accompanying inappropriate protein aggregation, cells target
aggregated proteins for degradation via the ubiquitin-proteasome pathway, chaperone-
mediated autophagy, or aggrephagy [1].

Protein aggregation during viral infection can either be a process actively induced by
the virus or an indirect consequence of perturbed cellular proteostasis and remodeling of
the cellular architecture taking place during infection. In this review, we summarize the
key steps of protein aggregate formation and clearance with a special focus on how viruses
as intracellular pathogens exploit these cellular pathways, usually by playing a role in cell
survival and innate immune responses. We provide examples of how viruses across several
viral families make use of protein aggregation for efficient progeny production, immune
evasion, and enhanced virulence. Thereby we especially highlight the non-canonical role
of the herpesviral ribonucleotide reductase in counteracting cellular immune defenses.
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2. Protein Synthesis and Folding

Viral infection initiates a series of stress responses leading to the compartmentalization
of RNA and proteins. RNA is compartmentalized into membraneless bodies, known as
RNP granules, that are distributed both in the cytoplasm and the nucleus [5]. The formation
of RNP granules is a dynamic process with the aim of concentrating specific cellular
components upon stress. Stress granules and P-bodies are two types of granules present in
the cytoplasm that are involved in RNA silencing and decay [6,7]. Stress granules form
after mRNA translation has stalled, and they are associated with several RNA-interacting
proteins, translation initiation factors, and other proteins. P-bodies, on the other hand,
contain mRNAs associated with the mRNA silencing and decay machinery [8]. Stress
granules and P-bodies are found in close proximity to each other, suggesting an exchange
of components between them [7]. Formation of RNP granules occurs frequently upon viral
infection and is a dynamic event that can cause a redistribution of mRNA and translation
arrest, affect mRNA localization, and eventually induce autophagy and other antiviral
responses [9]. The formation of stress granules during viral infection and how viruses
affect them have been reviewed elsewhere [10]. As membrane-less compartments, it has
been proposed that they arise through a process called liquid-liquid phase separation
(LLPS), a liquid state of matter that can rapidly and reversibly change [8,11]. This process is
mediated by intrinsically disordered proteins with low complexity domains that are found
to be present in RNP granules [12].

Unlike RNP granules, protein aggregates are often associated with membranes and
are characterized by a state of matter that does not change reversibly [13-15]. Aggregates
can be detected with different methods including the use of dyes, fractionation techniques,
or advanced microscopy techniques (Table 1).

Table 1. Selected methods for detection of protein aggregates in cells. The listed methods make use of fluorescent dyes,

solubility properties of aggregates, and different microscopy techniques.

Detection Method

Principle Additional Remarks

Thioflavin-T (ThT)

Emission maximum at ~485 nm overlaps with
the intrinsic fluorescence of some cellular

(16l Fluorescent rotor dye constituents [17]
Free rotation inhibited upon intercalation into the Hieh sienal intensit
[3-sheet structure of amyloid fibrils leading to (or - 181 S y

® e . . 7 S Emission maximum at 600 nm enables the use
ProteoStat significantly increasing existing) fluorescence emission. e
(18] of additional fluorescent markers
Suitable for high-throughput screening by
flow cytometry
BSB Emission maximum at 520 nm

Crosses the blood-brain barrier enabling

(trans, trans)-1- bromo-2,
5-bis-(3-hydroxycarbonyl-4-hydroxy)
styrylbenzene
[19]

Fluorescent probe for staining amyloids in tissue
sections or live mice.

in vivo staining of characteristic amyloid
plaques in neurodegenerative disorders
Requires a UV laser source for
optimal excitation

Separation of cell lysate into insoluble
and soluble fractions

Soluble proteins are dissolved with a mild detergent
(e.g., Nonidet P-40, Triton X-100).
Insoluble fraction is pelleted by centrifugation and
lysed using strong reducing agents (e.g.,
2-mercaptoethanol, SDS).

Both fractions are visualized by immunoblotting.

Laborious, not suitable for large
sample volumes

Correlative light and electron
microscopy (CLEM)
[20]

Area of interest containing a fluorescently labeled
target is selected using fluorescence microscopy.
Target can be analyzed at high resolution by EM.

Combines ultrastructural analysis with
dynamics and improved target identification.
Laborious and time-consuming
Only a limited amount of cells can
be examined.

Fluorescence recovery after
photobleaching (FRAP)
[21]

Region of a fluorescently labeled target protein is
bleached with a laser. Recovery of fluorescence is
recorded over time.

In liquid compartments, fluorophores can diffuse, and
fluorescence recovers rapidly.

In solid aggregates, diffusion is not possible and
fluorescence recovery is prevented.

Investigates protein mobility in living cells
Laborious and time-consuming
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As aggregate accumulation has cytotoxic effects, cells aim to either prevent aggregation
or to direct aggregates towards degradation. To understand how protein aggregates are
formed, we will briefly recapitulate the principles of protein folding. Upon their synthesis
on ribosomes, proteins must fold into a three-dimensional structure to fulfill their biological
function [22]. Folding into the tertiary protein structure is energetically unfavorable and, if
unsuccessful, can lead to the accumulation of misfolded proteins with exposed hydrophobic
domains. In the endoplasmic reticulum (ER), proteins that do not fold properly are targeted
for ER-associated degradation (ERAD), which involves the proteasome [23]. Protein
translocation, folding, and degradation are facilitated by molecular chaperones. There are
three major groups of ER chaperones that can localize at the nascent chain: (i) heat shock
proteins (e.g., Hsp70, Hsp40, and Hsp90) and several co-chaperones (e.g., CDC37 and the
BAGS3) that promote protein folding and prevent aggregation; (ii) ER lectins (e.g., Calnexin,
calreticulin) that keep immature and unfolded proteins in the ER; (iii) thiol oxidoreductases
(e.g., PDI) that are involved in the formation of disulfide bonds [24]. Interestingly, the same
heat shock proteins that are involved in protein folding also mediate the degradation of
misfolded proteins [25,26].

Various stress conditions, including viral infection, can lead to the accumulation of
unfolded or misfolded proteins in the ER and induce ER stress, which in turn activates the
unfolded protein response (UPR) [27]. The UPR consists of three ER-to-nucleus signaling
pathways that collectively work to restore homeostasis by reducing translation, increasing
the expression of chaperones and foldases, and upregulating ERAD [28,29]. Accumulation
of damaged proteins can disrupt cellular homeostasis and lead to aging, degenerative
diseases, and even cell death. Examples are the accumulation of protein aggregates in
neurodegenerative disorders such as Alzheimer’s disease, Parkinson’s disease, and Hunt-
ington’s disease [30]. Thus, damaged or misfolded proteins must be repaired or eliminated
by protein quality control systems consisting of the aforementioned molecular chaperones
or proteolytic systems. Chaperones are mainly, but not exclusively, involved in repair-
ing damaged proteins, while irreparably damaged proteins are identified and selected
for degradation.

3. Disposal of Protein Aggregates

To avoid cytotoxic effects, cells target accumulating protein aggregates for degrada-
tion. The highly regulated process of aggregate disposal can take place either through
the ubiquitin-proteasome system (UPS), through chaperone-mediated autophagy (CMA),
or through macroautophagy, which is also called aggrephagy when the substrate is an
aggregate (Figure 1) [1,31,32].

The UPS involves a series of enzymes, E1 (ubiquitin-activating enzyme), E2 (ubiquitin-
conjugating enzyme), and E3 (ubiquitin ligase), that mark the polypeptide with ubiqui-
tin residues targeting it for degradation through the proteasome [33,34]. Ubiquitinated
substrates are subsequently transferred to the proteasome and degraded. It should be
noted that aggregates degraded by autophagy can also be ubiquitinated [35]. CMA is a
multi-step process that takes place in the cytosol and is regulated by Hsp70 and several
co-chaperones [36]. The first step involves substrate recognition through a KFERQ-like
motif that is present in all CMA substrates and becomes accessible to Hsc70 when the target
protein is misfolded [37]. The substrate is subsequently targeted to lysosomes through
the lysosome-associated membrane protein type 2A (LAMP-2A) receptor [38]. Here the
protein unfolds, crosses the lysosomal membrane, and undergoes complete degradation as
soon as it reaches the lysosomal matrix.

The term aggrephagy, which was introduced by Per Seglen, describes the selective
sequestration and degradation of protein aggregates by autophagy [39]. UPS and CMA are
only capable of degrading one extended polypeptide at a time. When the accumulation
of unfolded proteins exceeds the capacity of these two systems, misfolded proteins are
actively transported along microtubules to pericentriolar inclusions called aggresomes [40].
The aggresomes accumulate around microtubule-organizing centers (MTOCs). However,
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the mechanism of active aggregate transport to the MTOCs remains incompletely under-
stood [41]. An active role in this process has been attested to Parkin-mediated K63-linked
polyubiquitination as a signal coupling misfolded proteins to the dynein motor complex
via the adaptor protein histone deacetylase 6 (HDACS6) [42—-45]. Misfolded proteins are
thereby sequestered in aggresomes and can be subsequently cleared by autophagy.
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Figure 1. Types of aggregates and degradation mechanisms. A functional protein is normally found
in a properly folded three-dimensional state. Aggregation, which is normally prevented by molecular
chaperones, can occur as a result of different stimuli and lead to the formation of three different types
of aggregates: amorphous, oligomeric, or fibrillar. Except in the case of fibrillar aggregates, these
proteins can return to their folded state. If this does not happen, they are degraded (a). Aggregates
can be degraded in three different ways: by the ubiquitin-proteasome system (b), by chaperone-
mediated autophagy (c), or by aggrephagy, a special form of macroautophagy (d). Figure created
with BioRender.com (accessed on 3 August 2021).

The aggresome itself is an insoluble and metabolically stable structure surrounded by
vimentin and keratin filaments and usually contains ubiquitinated proteins. Autophagy
adaptors such as p62, NBR1, and autophagy-linked FYVE protein (ALFY) are also present
in aggregates and can be involved both in their formation and autophagy-mediated degra-
dation [46]. Two other types of described aggresome-like structures that do not localize
at the MTOC include the insoluble protein deposit (IPOD) and the juxtanuclear quality
control compartment (JUNQ). IPOD does not contain ubiquitinated proteins and is located
at the cell periphery, whereas JUNQ harbors ubiquitinated proteins and is located close to
the nucleus. However, the relationship between these two structures and aggresomes has
not yet been fully elucidated [47].

4. Aggregate Formation during Viral Infection

Viral infection causes profound changes in the cell architecture, for instance by induc-
ing the formation of aggregates or insoluble inclusion bodies that contain viral structural
proteins [48,49]. Although cells usually rapidly dispose of such potentially cytotoxic struc-
tures to ensure survival, several viruses are known to exploit the aggregation process for
enhanced replication, immune evasion, and virulence. Large cytoplasmic DNA viruses
make use of aggresome-like viral factories as scaffolds to facilitate replication and as-
sembly [49-51], whereas, for instance, adeno- and herpesviruses promote aggregation of
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cellular immune effectors and signal transducers to suppress their antiviral effector or
signaling functions [52-54] (Table 2).

Table 2. Viruses and aggregate formation. Examples of viral proteins involved in aggregate formation and their involvement

in the autophagic response.

Involvement in

Virus Protein Aggregate Formation Involvement of Autophagy
African swine fever virus ) Concentrates vDNA in Not known
(ASFV) aggresome-like viral factories
Baculoviruses BmNPYV polyhedrin Co-localizes with aggregate markers Co-localizes with LC3
. Re-localize components of
Adenovirus type 5 (Ad5) E4-11k and E1B-55k Sequester the MRN DNA repair RNA processing bodies
complex to the insoluble fraction
to aggresomes
. Capable of oligomerizing into
Influenza A virus (IAV) PB1-F2 o Not known
amyloid fibers
PurlffliilN-ﬁrr{u&a}ﬁﬁ;ﬂ;ﬁn’g?0 aa) Recruits autophagy adapters
Ormhs amy ol S I VITO VPS26B and TBC1D5 and
M45 (MCMV) Expression in cells causes deorades aceresates
accumulation of RIPK1 and NEMO as gb autogia 8
insoluble aggregates y phagy
crosva) induees e lormaonof  Degrades e
Herpesviruses 881CE y phasy
ICP6 (HISV-1) Re-localize nuclear APOBEC3
BOREF2 (EBV) proteins to distinct structures in Not known
ORF61 (KSHYV) the cytoplasm
UL48 (HCMY) Sectester TRIM2S in Bind to 14-3-3 scaffold
BPLF1 (EBV) q proteins and co-localize
aggregate structures ith D62
ORF64 (KSHV) withp

Occasionally, an aggregated conformation constitutes a prerequisite for a fully func-
tional virulence factor, as observed in highly virulent strains of influenza A virus [55].

African swine fever virus (ASFV), a member of the Asfarviridae family, is an example of
a large DNA virus that forms cytoplasmic viral factories resembling cellular aggresomes as
a means of concentrating viral DNA and essential structural components for progeny virion
production [50]. While aggresomes localize directly to MTOCs, ASFV viral factories form in
their vicinity. Both structures are surrounded by a vimentin cage and recruit mitochondria
and cellular chaperones, such as Hsp70. Similar to aggresomes, the structural integrity
of ASFV viral factories is dependent on an intact microtubule network, as evidenced
by dispersal of the compact perinuclear factories upon treatment with the microtubule-
depolymerizing drug nocodazole. The authors proposed that, following cell entry, ASFV
nucleocapsids are recognized as aggregates by the aggresome machinery and transported
along microtubules to the MTOC. The vimentin cage prevents the distribution of capsids
throughout the cytoplasm. Since the capsids already contain enzymes necessary for viral
genome replication, the nascent aggresomes serve as ideally shielded intracellular sites for
localized production of viral DNA.

Baculoviruses, which infect several orders of insects and form characteristic poly-
hedric or oval occlusion bodies depending on the virus species, have also been associated
with protein aggregation. The baculoviral protein polyhedrin is originally known as a
structural component of occlusion bodies in which the virions are immobilized in a crys-
talline protein lattice, allowing them to persist outside the host and remain infectious
even under harsh environmental conditions [56]. Guo et al. have investigated the struc-
tural nature of Bombyx mori nucleopolyhedrovirus (BmNPV) polyhedrin during infection
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and could show that BmNPV polyhedrin shares characteristics of aggresomes at early
times post-infection, including co-localization with both the MTOC marker y-tubulin and
aggresome-targeted fusion protein GFP-250, microtubule-dependent formation, as well
as recruitment of mitochondria and Hsc/Hsp70 [57]. The authors conclude that since
polyhedrin is produced in large quantities within a short time during baculovirus infection,
the protein is dependent on the cellular chaperone machinery for correct folding, and
the observed aggresomes potentially serve polyhedrin storage until it is processed by the
chaperones. As the infection proceeds, polyhedrin recovers its natural conformation and
co-localizes with the autophagosomal marker LC3 in the phagophore of autophagosomes.
Indeed, polyhedrin protein levels and the production of BnNPV occlusion bodies decrease
significantly upon chemical inhibition of autophagy with 3-methyladenine [57].

During adenovirus type 5 (Ad5) infection, large cytoplasmic structures fulfilling the
criteria for aggresomes are induced by the viral early proteins E4-11k and E1B-55k. Both
proteins redistribute and sequester members of the cellular Mre11/Rad50/Nbs1 (MRN)
DNA repair complex from the nucleus to distinct perinuclear accumulations to prevent
DNA damage response and concatenation of viral DNA [52,53]. In Ad5-transformed cells,
P53 also colocalizes in the perinuclear bodies [58], which are surrounded by a vimentin
cage, stain with the MTOC marker y-tubulin and require an intact microtubule-based
cytoskeleton for their formation as they drastically reduce in number upon nocodazole
treatment. In the absence of E4-11k, Mrell, Rad50, and Nbs1 are mostly present in the
soluble cell fraction but accumulate in the insoluble fraction in E4-11k-transfected cells, in-
dicating that E4-11k expression reduces the solubility of the MRN complex constituents [52].
Apart from the MRN proteins, several components of RNA-processing P-bodies are relo-
calized to E4-11k-containing aggresomes [59]. However, most of these proteins are also
present in aggresomes induced by chemical stress, independent of E4-11k, except for the
P-body component RNA helicase Ddx6. Based on the role of E4-11k in stimulating viral
late gene expression via viral late mRNA accumulation, Greer et al. postulated that E4-11k
sequesters Ddx6 in aggresomes to perturb P-body function and thereby the decay of viral
mRNAs, which in turn stimulates viral late gene expression. All in all, Ad5 efficiently
exploits the cellular aggresome pathway to redistribute, sequester, and finally degrade
several host proteins for immune evasion and enhanced viral replication [59].

Another viral protein with a propensity to form aggregates is the influenza A virus
(IAV) accessory protein PB1-F2. It is translated from an alternative reading frame in the
PB1 polymerase gene and can be classified as an intrinsically disordered protein; it is able
to alter between a disordered, an «-helical, and a 3-sheet conformation depending on the
physicochemical conditions [59]. In a membrane-mimicking environment, PB1-F2 acquires
a [3-sheet conformation, in which the protein is capable of oligomerizing to amyloid fibers,
as determined by dynamic light scattering and electron microscopy. The amyloid 3-sheet
structures are also detected in wild-type IAV-infected cells but are absent upon APB1-
F2-mutant infection. Furthermore, PB1-F2 has been shown to rupture membranes at
nanomolar concentrations [55,60] potentially by inducing the formation of nonselective
ion channels [61]. However, membrane lysis is only observed in the presence of amyloid-
like PB1-F2 oligomers and fragmented fibers, instead of amorphous PB1-F2 aggregates,
indicating that the cytotoxicity of PB1-F2 is determined by the protein’s conformational
state. In the infection context, wild-type IAV induces membrane rupture at late time points
in A549 epithelial and U937 monocyte cells, whereas the effect is less pronounced with a
APB1-F2-virus. The role of PB1-F2 in destabilizing membrane integrity is corroborated by
electron microscopy showing more membrane fragmentation and damage at late times
during wild-type IAV infection compared to a APB1-F2 mutant [55]. As PB1-F2 has been
shown to accumulate as amyloid-like oligomers late in infection [62], these very amyloids
are likely responsible for the lytic activity of PB1-F2 and the resulting membrane damage
during IAV infection [55].
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5. Herpesvirus Proteins and Aggregate Formation

The herpesviruses (Herpesviridae) are a family of double-stranded DNA viruses with
large genomes of up to 230 kbp, which can be further subdivided into three subfam-
ilies: Alphaherpesvirinae, Betaherpesvirinae and Gammaherpesvirinae. Human pathogenic
herpesviruses include the alphaherpesvirus Herpes simplex virus type 1 (HSV-1), the
betaherpesvirus Cytomegalovirus (CMV), the gammaherpesviruses Epstein-Barr virus
(EBV), and Kaposi's sarcoma-associated herpesvirus (KSHV) [63,64].

Herpesviruses have coevolved with their respective host species during extensive
periods of time, giving rise to specific adaptations and ultimately a balance between
virus and host defenses. Consequently, most herpesviruses are characterized by a narrow
host range. Furthermore, herpesviruses are highly disseminated in nature and almost all
examined animal species have been shown to carry at least one herpesvirus species [63].
To ensure productive infection in the hostile cellular environment, herpesviruses have
acquired diverse genes with a high degree of homology to cellular genes involved in
various processes, such as immune regulation and nucleotide metabolism, probably by
hijacking them from the host. To facilitate replication in quiescent and non-dividing cells
with restricted dANTP pools, most herpesviruses encode their own ribonucleotide reductase
(RNR) enzymes to catalyze the synthesis of ANTPs (Figure 2a,b).

Alphaherpesviruses and gammaherpesviruses encode an active heterotetrameric RNR
enzyme consisting of two large (R1) and two small (R2) subunits. In contrast, betaher-
pesviruses lack an active RNR enzyme and merely harbor the R1 subunit. In addition to
their canonical role in nucleotide metabolism, herpesvirus R1 proteins carry out additional
functions in viral immune evasion [65].

Although devoid of enzymatic activity, the R1 protein M45 of the murine cytomegalovirus
(MCMV) has been shown to be essential for viral replication both in vitro and in vivo.
Viruses lacking M45 induce rapid programmed cell death (PCD) in SVEC4-10 endothelial
cells and macrophages, thereby precluding viral spread [66,67]. Subsequent studies have
shown that M45 inhibits PCD by blocking the receptor-interacting protein kinase (RIPK) 1
and 3 (RIPK3) [68-70]. Upon activation by death receptor stimulation or by viral infection,
RIPK1 complexes with RIPK3 through a RIP homotypic interacting motif (RHIM) and in-
duces downstream signaling. RIPK3 phosphorylates the mixed lineage kinase domain-like
pseudo-kinase (MLKL), leading to cell membrane disruption and induction of necroptosis,
a special form of PCD [71,72]. At its N-terminus, the viral M45 protein carries a RHIM
motif that blocks the formation of the RIPK1-RIPK3 complex. M45 also inhibits RIPK1-
independent induction of necroptosis through interaction with the RHIM of TRIF, RIPK3,
and DAI [68,70,73]. Recent studies demonstrated that the RIPK1-RIPKS3 signaling platform
(called necrosome) forms an amyloid signaling complex characterized by (3-sheets that initi-
ate necroptosis [74]. In vitro studies by Pham et al. showed that the N-terminal 90 residues
of the M45 protein, which contain the RHIM domain, self-assemble into homo-oligomeric
amyloid fibrils and interact with the RHIM domain of RIPK1, RIPK3, and DAI forming
heteromeric amyloid fibrils [75]. Whether M45 initiates the formation of such amyloid
fibrils in cells remains to be shown.

Similar to M45, the R1 protein ICP6 of the human alphaherpesvirus HSV-1 also contains a
RHIM and inhibits RIPK1/RIPK3-dependent necroptosis in human cells [76,77]. Interestingly,
ICP6 also suppresses apoptosis, another form of PCD, by binding and blocking caspase-8 [78].
Thus, ICP6 concurrently inhibits two forms of PCD, apoptosis and necroptosis.

Besides inhibiting necroptosis through its RHIM, MCMV M45 also prevents the
activation of the proinflammatory transcription factor NF-«B by interacting with the NF-xB
essential modulator (NEMO), the regulatory subunit of the Inhibitor of kB Kinase (IKK)
complex responsible for NF-kB activation. M45 binds to NEMO and induces its autophagy-
mediated degradation [79]. Subsequent work showed that M45 causes the accumulation of
RIPK1 and NEMO in detergent-insoluble protein aggregates in the cytoplasm. Aggregate
formation is strongly increased when autophagy is blocked (i.e., in autophagy-deficient
cells or in the presence of drugs inhibiting the autophagosome-lysosome degradation
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pathway), indicating that aggregates are degraded by autophagy [54]. The C-terminal part
M45 is necessary for the formation of RIPK1 and NEMO-containing aggregates and their
degradation. It contains an Induced Protein Aggregation Motif (IPAM) required for M45
self-interaction, for its interaction with RIPK1 and NEMO, and for aggregate formation.
In the same way as M45, the R1 homolog of HSV-1, ICP6, also induced the formation of
RIPK1-containing protein aggregates and their degradation by aggrephagy [54].

(a)

a-herpesviruses B-herpesviruses y-herpesviruses
RNR subunit| HSV-1 HSV-2 vzV HCMV MCMV EBV  KSHV
Large| ICP6 ICP10 ORF19‘ uL45 M45 BORF2 ORF61

Small| ORF40 ORF40 ORF18||| // // BaRF1 ORF60
(b)
RHIM ————— R1 homology region ——
0] [ c CC  GxGxxG I YY CCJHSV-11CP6
C_ ) [ C hxonG [ Y JMCMV M45
( [ c Heo6 [ Y JHCMV UL45
( [ cc  ox6x6 | YY  JEBVBORF2
( [ € cc eonc [V JKSHV ORF61
¢ c € 6x6x6 | YY CCJHuman RNR
(© L ipam
IPAM
I---LIDLCADRA VDIHS QSMTLY V ----1 HSV-1ICP6
I----IVI KMCVDRAQ FIVDIHHAQSLPVA I ----1 MCMV M45
I---- ' VEMAAVNLSVIFIVDQCVALVFYY ---- HCMV UL45
|----1L | QMSRDRAFVDQSQSHSLF L ---- EBVBORF2
I----ILLDRARARA FIlVDJIQS Q SMSFF L ----1 KSHV ORF61
I---- IVLKMAAERGAIF I@SQSLNIHI ----1 Human RNR
(d)
EBV BORF2 WT EBV BORF2 mutlPAM

Figure 2. Ribonucleotide reductase in herpesviruses. (a) Names of the large (R1) and small (R2)
RNR subunit homologs present in alphaherpesviruses, betaherpesviruses, and gammaherpesviruses.
(b) Schematic representation of human and viral R1 proteins. Residues important for RNR activity
are shown. M45 and ICP6 contain a RHIM domain, which is not present in the other viral R1 proteins.
(c) Alignment of the Induced Protein Aggregation Motif (IPAM). Residues corresponding to the
consensus shaded green. (d) Requirement of the EBV BORF2 IPAM for the formation of cytoplasmic
protein condensates. U20S cells were transfected with plasmids encoding Flag-tagged wildtype
BOREF?2 or an IPAM mutant. Flag-tagged proteins (red) were detected by indirect immunofluorescence
staining and confocal microscopy. Nuclei were counterstained with DAPI (blue). Scale bar, 10 pm.
Panels a, b, and ¢ were made with BioRender.com (accessed on 3 August 2021).

MCMV infection initially leads to a very brief and transient activation of NF-«B.
Curiously, this initial activation is mediated by M45 brought into the cell by viral particles
(M45 is a constituent of the viral tegument). Shortly thereafter, NEMO is inactivated and
degraded, resulting in a complete block of all canonical NF-kB activating pathways [80].
How exactly the initial activation is triggered remains unknown. However, the most
plausible hypothesis is that the small quantities of M45 imported through the infecting
virions bring RIPK1 and NEMO molecules together in nascent aggregates. These micro-
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aggregates could function similarly to signaling platforms and induce activation of the
RIPK1-IKK-NF-kB signaling pathway. Later, RIPK1 and NEMO become sequestered in
larger aggregates and subsequently degraded by aggrephagy, resulting in a complete
blockage of the signaling pathway [54].

Recently, Cheng et al. revealed an additional non-canonical function of herpesviral
R1 proteins. They reported that the R1 proteins of EBV, KSHV, and HSV-1 play a role in
counteracting cellular APOBEC3 (A3) ssDNA cytosine deaminases [81,82]. A3s are known
viral restriction factors that counteract several viral families with ssDNA replication inter-
mediates both in a deaminase-dependent and -independent fashion [83]. By catalyzing the
deamination of cytosine bases to uracils preferentially on the DNA minus-strand, A3s have
the potential to introduce C/G-T/A hypermutations into replicating viral genomes [84],
provided that they have access to the site of viral replication. Viruses exposed to the pres-
sure by A3 proteins have in turn evolved countermeasures to protect their genomes from
deleterious mutations. In particular, the host-virus arms race between several cytoplasmic
A3 members and human immunodeficiency virus type 1 (HIV-1) has been characterized
extensively [85-88].

Herpesviruses, which replicate their DNA in the nucleus, are by default especially
susceptible to mutation by nuclear A3 proteins. To protect their genomes from detrimental
deamination events during the lytic phase of replication, EBV and HSV-1 have repurposed
their respective R1 proteins, BORF2 and ICP6, to relocalize nuclear APOBEC3 proteins A3A
and A3B to the cytoplasm, as evidenced by data from Cheng et al. Upon overexpression,
BORF2 colocalizes with both A3A and A3B in either elongated or dot-shaped cytoplasmic
structures, respectively. Similar cytoplasmic colocalization is observed upon overexpression
of the KSHV R1 protein ORF61 with both A3A and A3B [81,82].

Upon induction of EBV lytic replication, the authors first observe BORF2 colocalization
with A3B in dot-shaped structures both in the nucleus and the perinuclear space followed
by accumulation of cytoplasmic bodies containing both proteins at later times. In imaging
studies, these BORF2- and A3B-containing bodies colocalized with BiP/GRP-78 and TRAPx
indicate an association with the endoplasmic reticulum. Given that the A3B relocalization
is absent upon a ABORF2 mutant EBV reactivation, the authors concluded that the process
is entirely dependent on BORF2 [82]. In the case of HSV-1, distinct cytoplasmic structures
containing A3B and the HSV-1 R1 protein ICP6 were absent in a wildtype HSV-1 infection
but appeared during an infection with a AICP4 mutant HSV-1, which is characterized by
abnormally high levels of viral immediate-early proteins and ICP6 [81].

In addition to R1 proteins, herpesviral ubiquitin deconjugases (DUBs) have been
described to promote aggregate formation [89,90]. DUBs are deubiquitinating cysteine pro-
teases that catalyze the removal of ubiquitin residues from their substrates. In herpesviral
genomes, DUBs are encoded in the N-terminal domain of the viral large tegument proteins,
and they promote viral replication by interfering with various steps of the host type I inter-
feron (IFN) response [91-93]. DUBs encoded by EBV (BPLF1) and KSHV (ORF64) have both
been shown to inhibit the ubiquitination of RIG-I [94,95], whereas the HSV-1 (UL36) and
HCMYV (UL48) counterparts interfere with TRAF3 ubiquitination [96,97]. UL48 additionally
interacts with the HCMV R1 protein UL45, and the two proteins cooperatively inhibit
NF-«B signaling at late stages of HCMYV infection by targeting RIPK1. Similarly, MCMV
DUB M48 interacts with both the R1 homolog M45 and RIPK1, indicating a conserved
immunomodulatory function of viral DUBs and R1 proteins in betaherpesviruses [98].

Regarding the molecular mechanism behind RIG-I inhibition by EBV BPLF1, Gupta et al.
have shown that the catalytic domain of BPLF1 is recruited to a trimolecular complex en-
compassing TRIM25 ligase and 14-3-3 molecular scaffold proteins [89]. The BPLF1/TRIM25/
14-3-3-containing complex does not colocalize with the stress granule marker TIA-1 dis-
tinguishing it from viral-induced stress granules. Instead, it represents an aggregated
cytoplasmic structure in which autoubiquitinated TRIM25 is sequestered, preventing it
from ubiquitinating RIG-I and thereby activating the type I IEN response. Interestingly,
the autophagy receptor p62 is present on the aggregated BPLF1/TRIM25/14-3-3-complex,
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suggesting that TRIM25 might be targeted for degradation by aggrephagy. However, the
authors observed stabilization of TRIM25 levels in the presence of catalytically active BPLF1
indicating that the EBV DUB might instead inhibit selective autophagy.

According to Gupta et al., binding of catalytically active BPLF1 to 14-3-3 is essential for
TRIM25 aggregate formation, as well as for inactivation of the IFN response. Active BPLF1
also modifies TRIM25 polyubiquitin chains, giving rise to a mono/di-ubiquitinated form
with a slower turnover, whereas catalytically inactive BPLF1 induces polyubiquitination
and subsequent degradation of TRIM25 without causing protein aggregation [89]. Since the
BPLF1 domain required for interaction with 14-3-3 is conserved in functional homologs of
other herpesviruses, the authors extended their observations to HSV-1, HCMV, and KSHV
DUBs. They discovered that the catalytic domains of HCMV UL48 and KSHV ORF64
share the capacity of EBV BPLF1 to autoubiquitinate and sequester TRIM25 in cytoplasmic
aggregates, thereby precluding activation of type I IFN response. In contrast, the HSV-1
UL36 catalytic domain alone neither induces TRIM25 aggregation nor inhibits the IFN
response, which the authors attributed to the observed weak interaction between UL36
and 14-3-3 [90].

In summary, herpesviruses possess several proteins that promote the sequestration of
diverse host immune effector molecules in protein aggregates. However, the involvement of
autophagy in the removal of these aggregates has not been fully elucidated. Whereas M45-
and ICP6-induced aggregates containing mediators of programmed cell death are cleared
by aggrephagy, the fate and the structural characteristics of the structures encompassing
BORF2/ICP6 and A3B remain to be further investigated. It is not excluded that they
are protein aggregates, which are subsequently targeted to autophagic clearance. Finally,
the potential role of herpesviral DUBs in manipulating the autophagic response awaits
further investigation.

6. Requirements for Viral Induced Protein Aggregation and Disposal: IPAM and
Autophagy Adapters

Viral R1 proteins have acquired additional functions, and some of them are involved
in the formation and disposal of protein aggregates. In MCMV M45, a short sequence
motif within the C-terminal part of the protein was identified by alanine scanning mu-
tagenesis. The 5-amino acid motif PFVDH, which is required for M45-induced protein
aggregation, was named Induced Protein Aggregation Motif (IPAM). It is necessary for
M45 oligomerization, as well as for M45 interaction with RIPK1 and NEMO. In the ab-
sence of the IPAM, M45 is unable to oligomerize, suggesting that the motif catalyzes the
polymerization and aggregation of M45 with its interacting proteins [54]. The fact that
a small motif can mediate all these functions is most likely due to the ability of M45 to
interact with RIPK1 and NEMO after forming dimers or oligomers. Interestingly, the IPAM
appears to be conserved in R1 proteins of related herpesviruses (Figure 2c). The IPAM
consensus sequence (P-F/Y-V-D-H/Q) is, for instance, present in HSV-1 ICP6. Indeed, the
ICP6 IPAM was shown to be required for interaction with RIPK1, aggregate formation, and
inhibition of necroptosis [54]. A motif search revealed that the IPAM consensus motif is
present in more than 70 viral R1 homologs, mostly from the herpesviruses but also from
baculoviruses and giant viruses (e.g., mimivirus and pandoravirus). This finding suggests
a broader conserved function. Of note, the IPAM consensus sequence is not fully conserved
in the human cytomegalovirus R1 protein, UL45, which lacks the proline residue of the
motif (Figure 2c).

While the IPAM appears to be conserved in several R1 viral homologs, the cellular
interaction partners appear to be different. M45 and HSV-1 ICP6 both interact with RIPK1,
but whereas M45 also interacts with NEMO, ICP6 interacts with caspase-8 [78]. Whether
ICP6 inactivates caspase-8 by inducing its aggregation remains to be tested. ICP6 can also
interact with APOBEC3A and, to a lesser extent, with APOBEC3B. ICP6 was shown to
promote APOBEC3A accumulation in cytoplasmic condensates [81]. Similarly, the EBV
and KSHV R1 proteins, BORF2 and ORF61, respectively, induce APOBEC3B relocation to
perinuclear dot-like structures [82] (Figure 3a). Whether these structures represent protein
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aggregates remains to be investigated. However, preliminary data indicated that that the
BORF2 IPAM is required for the formation of the dot-like structures (Figure 2d).
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Figure 3. Schematic representation of R1s and aggregate formation. Detailed mechanism of cellular
protein degradation by herpesvirus Rls. (a) HSV-1, EBV, and KSHV R1 target nuclear APOBECs (A3)
and concentrate them to perinuclear clusters that resemble protein aggregates. (b) MCMYV and HSV-1
R1 induce the formation of aggregates containing antiviral proteins. They then recruit autophagy
adaptor proteins that facilitate the removal of aggregates through aggrephagy. Figure created with
BioRender.com (accessed on 26 August 2021).

Although the formation of NEMO and RIPK1 aggregates contributes to their loss
of function, it is interesting to note that both M45 and ICP6 promote their degradation
via autophagy. Two proteins involved in autophagosome targeting of NEMO and RIPK1
aggregates have been identified: the retromer component VPS26B and the LC3-interacting
protein TBC1D5. M45 and ICP6 both interact with these autophagy adaptor proteins, and
autophagic degradation is impaired in their absence [54] (Figure 3b).

Finally, an IPAM has not only been found in several viral proteins but also in a few
cellular proteins. For example, the co-chaperone BAG3 bears a similar motif (PFFVDH).
Chaperones such as Hsp70, BAG3, and HSPBS are involved in protein quality control, and
in the presence of aggregates, they form a complex that directs aggregates into autophago-
somes for degradation [99]. Since M45-induced aggregates do not co-localize with Hsp70
but only do so with LC3B, the herpesviruses and other large dsDNA viruses may have
evolved a mechanism that mimics the function of a cellular chaperone.

7. Conclusions and Open Question

We are only beginning to understand how virus-host cell interaction is influenced by
the formation and turnover of aggregates. In some cases, the host induces aggregation of
certain viral components to prevent viral replication. In other cases, viruses promote the
aggregation of host molecules needed for antiviral defense. In particular, herpesviruses
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appear to induce protein aggregation and promote aggrephagy through a protein present
in all herpesviruses and many other large dsDNA viruses, the ribonucleotide reductase R1
homolog. By alanine scanning mutagenesis, a specific motif, called IPAM, was identified,
which mediates protein aggregation. This IPAM is conserved in the R1 proteins of many
herpesviruses and several other large DNA viruses. It is currently not known whether all
proteins with a conserved IPAM can induce aggregate formation or whether additional
structural features are required. It is also not known whether mutagenesis of the IPAM
affects the catalytic activity of the ribonucleotide reductase.

The disposal of aggregates through aggrephagy appears to be conserved in at least
two herpesviruses, MCMV and HSV-1. It should also be mentioned that the viral proteins
themselves aggregate and are degraded by autophagy. However, it is unclear whether
autophagic activity is upregulated by viral infection or whether the presence of aggregates
induces it.

Autophagy adaptors are important mediators of selective autophagy of aggregates.
The best-known ones are p62, NBR1, and ALFY [1]. Curiously, MCMYV and ICP6 do not
use the ‘classical’ adaptors but recruit the retromer component VPS26B and TBC1D5. Are
these proteins also involved in aggrephagy in the absence of viral infection, or do the
viruses repurpose the two proteins for non-physiological functions? Additionally, do other
viruses use them too? These and other unsolved questions should be worth investigating
in future studies.
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