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PML-NB-dependent type | interferon memory
results in a restricted form of HSV latency

Jon B Suzich®, Sean R Cuddy? Hiam Baidas®, Sara Dochnal®, Eugene Ke®, Austin R Schinlever?,

Aleksandra Babnis®, Chris Boutell® & Anna R Cliffe™"

Abstract

Herpes simplex virus (HSV) establishes latent infection in long-lived
neurons. During initial infection, neurons are exposed to multiple
inflammatory cytokines but the effects of immune signaling on the
nature of HSV latency are unknown. We show that initial infection
of primary murine neurons in the presence of type | interferon
(IFN) results in a form of latency that is restricted for reactivation.
We also find that the subnuclear condensates, promyelocytic
leukemia nuclear bodies (PML-NBs), are absent from primary
sympathetic and sensory neurons but form with type | IFN treat-
ment and persist even when IFN signaling resolves. HSV-1 genomes
colocalize with PML-NBs throughout a latent infection of neurons
only when type I IFN is present during initial infection. Depletion of
PML prior to or following infection does not impact the establish-
ment latency; however, it does rescue the ability of HSV to reacti-
vate from IFN-treated neurons. This study demonstrates that viral
genomes possess a memory of the IFN response during de novo
infection, which results in differential subnuclear positioning and
ultimately restricts the ability of genomes to reactivate.
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Introduction

Herpes simplex virus-1 (HSV-1) is a ubiquitous pathogen that
persists in the form of a lifelong latent infection in the human host.
HSV-1 can undergo a productive lytic infection in a variety of cell
types; however, latency is restricted to post-mitotic neurons, most
commonly in sensory, sympathetic, and parasympathetic ganglia of
the peripheral nervous system (Baringer & Swoveland, 1973;
Warren et al, 1978; Baringer & Pisani, 1994; Richter et al, 2009).

During latent infection, the viral genome exists as an episome in the
neuronal nucleus, and there is considerable evidence that on the
population level viral lytic gene promoters assemble into repressive
heterochromatin (Wang et al, 2005; Cliffe & Knipe, 2008; Cliffe et al,
2009; Kwiatkowski et al, 2009). The only region of the HSV genome
that undergoes active transcription, at least in a fraction of latently
infected cells, is the latency-associated transcript (LAT) locus
(Stevens et al, 1987; Kramer & Coen, 1995). Successful establish-
ment of a latent gene expression program requires a number of
molecular events, likely influenced by both cellular and viral
factors, and is not uniform (Efstathiou & Preston, 2005). Significant
heterogeneity exists in expression patterns of both lytic and latent
transcripts in latently infected neurons, as well as in the ability of
latent genomes to reactivate in response to different stimuli
(Sawtell, 1997; Proenca et al, 2008; Catez et al, 2012; Ma et al,
2014; Maroui et al, 2016; Nicoll et al, 2016). This heterogeneity
could arise from viral genome copy number, exposure to different
inflammatory environments, or intrinsic differences in the neurons
themselves. Furthermore, there is growing evidence that hetero-
geneity in latency may ultimately be reflected in part by the associa-
tion of viral genomes with different nuclear domains or cellular
proteins (Catez et al, 2012; Maroui et al, 2016). However, what
determines the subnuclear distribution of latent viral genomes is not
known. In addition, it is currently unclear whether viral genome
association with certain nuclear domains or cellular proteins results
in an increased or decreased ability of the virus to undergo reactiva-
tion. The aim of this study was to determine whether the presence
of interferon during initial HSV-1 infection can intersect with the
latent viral genome to regulate the type of gene silencing and ulti-
mately the ability to undergo reactivation. Because the fate of viral
genomes and their ability to undergo reactivation can be readily
tracked, latent HSV-1 infection of neurons also serves as an excel-
lent system to explore how exposure to innate immune cytokines
can have a lasting impact on peripheral neurons.

Latent HSV-1 genomes have been shown to associate with
promyelocytic leukemia nuclear bodies (PML-NBs) in mouse models
of infection, as well as in human autopsy material (Catez et al,
2012; Maroui et al, 2016). PML-NBs are heterogeneous, phase-
separated nuclear condensates that have been associated with the
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transcriptional activation of cellular genes (Wang et al, 2004;
Bernardi & Pandolfi, 2007; Lallemand-Breitenbach & de The, 2010;
Kim & Ahn, 2015; McFarlane et al, 2019), but also can recruit
repressor proteins, including ATRX, Daxx, and Sp100, that promote
transcriptional repression and inhibition of both DNA and RNA
virus replication (Zhong et al, 2000b; Garrick et al, 2004; Bishop
et al, 2006; Everett & Chelbi-Alix, 2007; Xu & Roizman, 2017). In
the context of lytic infection of non-neuronal cells, PML-NBs have
been shown to closely associate with HSV-1 genomes (Maul et al,
1996; Maul, 1998), and the HSV-1 viral regulatory protein ICPO is
known to disrupt the integrity of these structures by targeting PML
and other PML-NB-associated proteins for degradation (Everett &
Maul, 1994; Chelbi-Alix & de The, 1999; Boutell et al, 2002). PML-
NBs entrapment of HSV-1 genomes during lytic infection of
fibroblasts (Alandijany et al, 2018) is hypothesized to create a tran-
scriptionally repressive environment for viral gene expression, as
PML directly contributes to the cellular repression of ICPO-null
mutant viruses (Everett et al, 2006). In the context of latency,
neurons containing PML-encased latent genomes exhibit decreased
expression levels of the LAT (Catez et al, 2012), suggesting that they
are more transcriptionally silent than latent genomes localized to
other nuclear domains and raising the question as to whether PML-
NB-associated genomes are capable of undergoing reactivation.
Studies have shown that replication-defective HSV genomes associ-
ated with PML-NBs are capable of derepressing following induced
expression of ICPO in fibroblasts (Everett et al, 2007; Cohen et al,
2018) and following addition of the histone deacetylase inhibitor
trichostatin A (TSA) in cultured adult TG neurons (Maroui et al,
2016). However, it is not known if replication-competent viral
genomes associated with PML-NBs are capable of undergoing reacti-
vation triggered by activation of cellular signaling pathways in the
absence of viral protein.

PML-NBs can undergo significant changes in number, size, and
localization depending on cell type, differentiation stage, and cell-
cycle phase, as well as in response to cellular stress and soluble
factors (Bernardi & Pandolfi, 2007; Lallemand-Breitenbach & de The,
2010). Interferon (IFN) treatment directly induces the transcription
of PML, Daxx, Sp100, and other PML-NB constituents, which leads
to elevated protein synthesis and a robust increase in both size and
number of PML-NBs (Chelbi-Alix et al, 1995; Stadler et al, 1995;
Grotzinger et al, 1996; Greger et al, 2005; Shalginskikh et al, 2013).
During HSV-1 infection, type I IFNs are among the first immune
effectors produced, and they have been shown to restrict HSV viral
replication and spread both in vitro and in vivo through multiple
pathways (Hendricks et al, 1991; Mikloska et al, 1998; Mikloska &
Cunningham, 2001; Sainz & Halford, 2002; Jones et al, 2003). Type I
IFNs are elevated within peripheral ganglia during HSV-1 infection
(Carr et al, 1998) and have been linked with control of lytic HSV-1
replication. In an in vitro model of latency, exogenous type I IFNs
also have been shown to induce neuron-specific antiviral responses
that control reactivation (Linderman et al, 2017), but whether type I
IFN exposure during initial infection modulates entry into latency is
not known. Importantly, exposure to IFN and other cytokines has
also been shown to generate innate immune memory or “trained
immunity” in fibroblasts and immune cells (Kamada et al, 2018;
Moorlag et al, 2018), and PML-NBs themselves are potentially
important in the host innate immune response. A previous study
found that the histone chaperone HIRA is re-localized to PML-NBs
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in response to the innate immune defenses induced by HSV-1 infec-
tion, and in this context, PML was required for the recruitment of
HIRA to ISG promoters for efficient transcription (McFarlane et al,
2019). Prior exposure to type I interferons has also been shown to
promote a transcriptional memory response in fibroblasts and
macrophages (Kamada et al, 2018). This interferon memory leads to
faster and more robust transcription of ISGs following restimulation
and coincided with acquisition of certain chromatin marks and
accelerated recruitment of transcription and chromatin factors
(Kamada et al, 2018). Thus far, long-term memory of cytokine expo-
sure has only been investigated in non-neuronal cells, but it is
conceivable that neurons, being non-mitotic and long-lived cells,
also possess unique long-term responses to prior cytokine exposure.

Although in vivo models are incredibly powerful tools to investi-
gate the contribution of the host immune response to HSV infection,
they are problematic for investigating how individual components
of the host’s immune response specifically regulate neuronal
latency. Conversely, in vitro systems provide a simplified model that
lacks many aspects of the host immune response. Therefore, to
investigate the role of type I IFN on HSV-1 latency and reactivation,
we utilized a model of latency in primary murine sympathetic
neurons (Cliffe et al, 2015), which allowed us to manipulate condi-
tions during initial HSV-1 infection and trigger synchronous robust
reactivation. Using this model, we show that primary neurons
isolated from mouse peripheral ganglia are largely devoid of detect-
able PML-NBs but PML-NBs form following type I IFN exposure and
persist even when ISG gene expression and production of other
antiviral proteins have returned to baseline. Neither exogenous type
I IFN nor detectable PML-NBs are required for HSV gene silencing
and entry into latency in this model system, but, importantly, the
presence of IFNa specifically at the time of initial infection results in
the entrapment of viral genomes in PML-NBs and a more restrictive
form of latency that is less able to undergo reactivation. This study
therefore demonstrates how the viral latent genome has a long-term
memory of the innate response during de novo HSV infection that
results in entrapment of genomes in PML-NBs and a more repressive
form of latency.

Results

Interferon induces the formation of detectable PML-NBs in
primary sympathetic and sensory neurons isolated from
postnatal and adult mice

We initially set out to investigate the contribution of PML-NBs to
HSV latency and reactivation using primary sympathetic and
sensory neurons that have been well characterized as in vitro
models of HSV latency and reactivation (Wilcox & Johnson, 1987;
Wilcox et al, 1990; Camarena et al, 2010; Cliffe et al, 2015; Ives &
Bertke, 2017; Cuddy et al, 2020). In addition, primary neuronal
systems allow for much more experimental control of specific condi-
tions during de novo infection and can be easily manipulated either
immediately prior to or following infection. Peripheral neurons were
isolated from the superior cervical ganglia (SCG) or trigeminal
ganglia (TG) from young (post-natal day; P1) or adult (> P28) mice
and cultured for 6 days prior to staining. PML-NBs were defined as
detectable punctate nuclear structures by staining for PML protein.
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Strikingly, we observed that both SCG and TG neurons were largely
devoid of detectable PML-NBs (Fig 1A).

In certain cell types, the transcription of certain PML-NB-
associated proteins, including PML, can be induced by either type I
or type II interferon (IFN) treatment, which is correlated with an
increase in PML-NB size and/or number per cell (Chelbi-Alix et al,
1995; Stadler et al, 1995). Therefore, we were interested in deter-
mining whether exposure of primary sensory or sympathetic
neurons to different types of IFN resulted in PML-NB formation.
Type I IFN treatment using IFN-alpha (IFNo) (Fig 1B, C-F) or IFN-
beta (Fig EV1A) led to a significant induction of detectable PML-
NBs in both sensory and sympathetic neurons isolated from postna-
tal and adult mice. Representative images of IFNo-treated neurons
are shown (Fig 1B), and the number of detectable PML-NBs per
neurons is quantified (Fig 1C-F). The increase in detectable PML-
NBs was comparable for both 150 IU/ml and 600 IU/ml of IFNa.
Type Il IFN (IFNy) led to a more variable response with a small but
significant increase in detectable PML-NBs in a subpopulation of
sympathetic neurons. However, IFNy treatment of sensory neurons
did not result in the formation of detectable PML-NBs. Exposure of
neurons to IFN-lambda 2 (IFN-A2), a type III IFN, did not induce the
formation of detectable PML-NBs in either sympathetic or sensory
neuron cultures (Figs 1C-F and EV1B and C). Therefore, PML-NBs
are largely undetectable in primary sympathetic and sensory
neurons but can form upon exposure to type I [FNs.

The absence of detectable PML-NBs in untreated primary
neurons prompted us to investigate other known components of
PML-NBs. We were particularly interested in ATRX and Daxx
because like PML they have previously been found to be involved in
restricting HSV lytic replication in non-neuronal cells (Lukashchuk
& Everett, 2010; Alandijany et al, 2018; Cabral et al, 2018; McFar-
lane et al, 2019). Therefore, we investigated the localization of
ATRX and Daxx in primary peripheral neurons. ATRX is a multi-
functional, heterochromatin-associated protein that is localized to
PML-NBs in human and mouse mitotic cells and is largely character-
ized as interacting with the Daxx histone chaperone (Lewis et al,
2010; Clynes et al, 2013). In untreated neurons, we observed abun-
dant ATRX staining throughout the nucleus in regions that also
stained strongly with Hoechst (Fig EV1D and E). This potential colo-
calization of ATRX with regions of dense chromatin is consistent
with a previous study demonstrating that in neurons ATRX binds
certain regions of the cellular genome associated with the constitu-
tive heterochromatin modification H3K9me3 (Noh et al, 2015).
Importantly, this distribution of ATRX differs from what is seen in
murine dermal fibroblasts (Fig EVID and E) and other non-
neuronal cells, where there is a high degree of colocalization
between ATRX and PML (Alandijany et al, 2018). Following treat-
ment with IFNo, we found a redistribution of ATRX staining and
colocalization between ATRX and the formed PML-NBs, but the
majority of ATRX staining remained outside the context of PML-NBs
(Fig EV1D and E). Similar to PML, sympathetic SCG and sensory TG
neurons isolated from both postnatal and adult mice were devoid of
detectable puncta of Daxx staining (Fig EV1E), and we did not
observe extensive Daxx staining in untreated neurons as we did for
ATRX. We were unable to directly co-stain for Daxx and PML;
however, treatment of neurons with IFNa did induce punctate Daxx
staining that strongly colocalized with puncta of ATRX (Fig EV1E),
which given our previous observation of ATRX colocalization with
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PML following type I IFN treatment we used as a correlate for PML-
NBs. We were also interested in SUMO-1, which has been shown to
be required for formation of PML-NBs (Zhong et al, 2000a). Similar
to ATRX and Daxx, treatment of neurons with IFNa induced punc-
tate SUMO-1 staining in P6 SCG neurons that colocalized with PML
puncta (Fig EVIF). Therefore, PML-NBs containing their well-
characterized associated proteins are not detected in cultured
primary neurons but form in response to type I IFN exposure.

Type | IFN treatment specifically at time of infection restricts
reactivation of HSV-1 from primary sympathetic neurons without
affecting initial infectivity or LAT expression

Because we observed that primary SCG neurons are largely devoid of
PML-NBs and that PML-NBs form upon treatment with type I IFN
treatment, we first wanted to clarify that latency was maintained in
the absence of IFN and presumably without PML-NB formation,
consistent with our previous data (Cuddy et al, 2020). SCG neurons
were infected at a multiplicity of infection (MOI) of 7.5 plaque form-
ing units (PFU)/cell with HSV-1 Us11-GFP presence of acyclovir
(ACV). The ACV was removed after 6 days, and the neuronal
cultures were monitored to ensure the no GFP-positive neurons were
present (Fig 2A). We found that latency could be established and
maintained for up to 5 days following removal of ACV (Fig 2B).
Reactivation was triggered by PI3K inhibition using LY294002, as
previously described (Camarena et al, 2010; Kim et al, 2012;
Kobayashi et al, 2012; Cliffe et al, 2015), and quantified based on the
number of Us11-GFP neurons in the presence of WAY-150138 which
blocks packaging of progeny genomes and thus cell-to-cell spread
(van Zeijl et al, 2000). These data therefore indicate that exogenous
IFN is not required to induce a latent state in this model system.

We next turned our attention to whether type I IFN treatment at
the time of infection impacted the ability of HSV to establish latency
or reactivate in this model system. SCG neurons were pretreated
with IFNa (600 IU/ml) for 18 h and during the initial 2 h HSV inoc-
ulation. Following inoculation, IFNo was washed out and an
IFNAR1 blocking antibody was used to prevent subsequent type I
IFN signaling through the receptor. To confirm the effectiveness of
the IFNAR1 ab to block detectable IFN signaling, we validated it by
its ability to block ISG expression (ISG15) in cultured SCG neurons
by RT-qPCR (Fig EV2A). Reactivation was induced and initially
quantified based on the number of GFP-positive neurons at 3 days
post-stimuli. We found that full reactivation was restricted in
neurons exposed to type I IFN just prior to and during de novo infec-
tion (Fig 2C). We further confirmed this IFNo-mediated restriction
of latency by the induction of lytic mRNAs upon reactivation. IFNa
treatment at the time of infection significantly decreased the expres-
sion of immediate-early gene (ICP27), early gene (ICP8), and late
gene (gC) at 3 days post-reactivation (Figs 2D and EV2AB and C).
There were very few GFP-positive neurons and little to no viral gene
expression in mock reactivated controls, further indicating that
latency can be established in the presence and absence of IFN.

Reactivation of HSV in this system proceeds over two phases.
GFP-positive neurons is a readout for full reactivation or Phase II.
However, we and others have observed an initial wave of lytic gene
expression that occurs prior to and independently of viral DNA repli-
cation at around 20 h post-stimulus, termed Phase I (Du et al, 2011;
Kim et al, 2012; Cliffe et al, 2015; Cliffe & Wilson, 2017). Therefore,
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Figure 1. Type I IFN induces the formation of PML-NBs in primary peripheral neurons.

A Representative images of primary neurons isolated from superior cervical ganglia (SCG) and sensory trigeminal ganglia (TG) of postnatal (P6) and adult (P28) mice
stained for PML and the neuronal marker BllI-tubulin.

B SCG and TG neurons isolated from P6 and P28 mice were treated with interferon (IFN)o (600 IU/ml) for 18 h and stained for PML and BllI-tubulin.

C-F Quantification of detectable PML puncta in P6 and P28 neurons following 18-h treatment with IFNa (150 1U/ml, 600 1U/ml), IFNy (150 1U/ml, 500 1U/ml), and
IFNA2 (100 ng/ml, 500 ng/ml). Data information: Data represent the mean + SEM. n = 60 cells from 3 biological replicates. Statistical comparisons were made
using a one-way ANOVA with Tukey’s multiple comparison (ns not significant, ****P < 0.0001). Scale bar, 20 pum.

Source data are available online for this figure.
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Figure 2. Type | IFN treatment solely at time of infection inhibits LY294002-mediated reactivation of HSV-1 in primary sympathetic SCG neurons.

A Schematic of the primary postnatal sympathetic neuron-derived model of HSV-1 latency.

B Reactivation from latency is quantified by Us11-GFP expressing neurons following addition of the PI3K inhibitor LY294002 (20 uM) in the presence of WAY-150168,
which prevents cell-to-cell spread. The arrow indicates the time of LY294002 treatment at 5 days post-establishment of latency. n = 9 biological replicates.

C Number of Us11-GFP expressing neurons at 3 days post-LY294002-induced reactivation in P6 SCG neuronal cultures infected with HSV-1 in the presence or absence
of IFNat (600 1U/ml), then treated with an o-IFNAR1 neutralizing antibody. n = 9 biological replicates.

D RT—qPCR for viral mRNA transcripts at 3 days post-LY294002-induced reactivation of SCGs infected with HSV-1 in the presence or absence of IFNo. n = 9 biological

replicates.

E RT-qPCR for viral mRNA transcripts at 20 h post-LY294002-induced reactivation in SCGs infected with HSV-1 in the presence of absence of IFNa. n = 9 biological

replicates.

F Relative amount of viral DNA at time of reactivation (8 dpi) in SCG neurons infected with HSV-1 in the presence or absence of IFNa (600 1U/ml). n = 9 biological

replicates.

G Quantification of vDNA foci detected by click chemistry at time of reactivation (8 dpi) in SCG neurons infected with HSV-1 in the presence or absence of IFNo.
(600 1U/ml). n = 60 genomes from 3 biological replicates.
H LAT mRNA expression at time of reactivation (8 dpi) in neurons infected with HSV-1 in the presence or absence of IFNa (600 IU/ml). n = 9 biological replicates.

Data information: Data represent the mean & SEM. Statistical comparisons were made using a Mann-Whitney test (ns not significant, **P < 0.01, ****P < 0.0001).
Source data are available online for this figure.
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to determine whether IFNa treatment at the time of infection
restricted the Phase I wave of lytic, we carried out RT-qPCR to detect
representative immediate-early (ICP27), early (ICP8), and late (gC)
transcripts at 20 h post-addition of LY294002. We found significantly
decreased expression in the IFNa-treated neurons (Figs 2E and EV2D
and E). This is interesting as exogenous type I IFNs have previously
been shown to suppress reactivation in murine neurons by prevent-
ing Phase I and are rendered ineffective once Phase I viral products
accumulate (Linderman et al, 2017). Therefore, type I IFN treatment
solely at the time of infection has a long-term effect on the ability of
HSV to initiate lytic gene expression and undergo reactivation.

Because IFN treatment could reduce nuclear trafficking of viral
capsids during initial infection or impact infection efficiency, we
next determined whether equivalent numbers of viral genomes were
present in the neuronal cultures. At 8 dpi, we measured relative
viral DNA genome copy numbers in SCG neurons that were treated
with IFNo compared to untreated controls and found no significant
difference (Fig 2F). To further confirm that equivalent genomes
were present in the neuronal nuclei, we infected neurons with HSV-
1-containing EdC-incorporated genomes and performed click chem-
istry to detect vDNA foci. At 8 dpi, we found no significant dif-
ference in the average number of vDNA foci per nucleus of neurons
treated with IFNo at the time of initial infection compared to
untreated controls (Fig 2G). Therefore, the restricted reactivation
phenotype mediated by IFNo was not due to a decrease in the
number of latent viral genomes.

The decreased reactivation observed with IFNa treatment could
be secondary to changes in expression of the LAT and/or directly as
a result of decreased viral genome accessibility. The HSV LAT, one
of the only highly expressed gene products during latent infection,
has been shown to modulate several features of latency, including
the viral chromatin structure, lytic gene expression, and neuronal
survival, as well as the efficiency of latency establishment and reac-
tivation (Leib et al, 1989; Hill et al, 1990; Trousdale et al, 1991;
Gordon et al, 1995; Chen et al, 1997; Garber et al, 1997; Thompson
& Sawtell, 1997, 2001; Perng et al, 2000; Knipe & Cliffe, 2008).
Therefore, the ability of HSV to undergo reactivation could be due
to changes in LAT expression following IFNa treatment. However,
when we evaluated LAT expression levels at 8 dpi by RT-qPCR, we
found no detectable difference between IFNa-treated and untreated
cultures of neurons. This suggests that the IFNo-mediated restriction
in reactivation does not appear to occur as a result of changes in
expression of the LAT (Fig 2H). Therefore, it is possible that the
type I IFN-mediated restriction of HSV latency is due to changes to
the latent genome that results in a decreased ability to undergo reac-
tivation following PI3-kinase inhibition.

Primary neurons have a memory of prior IFNa exposure
characterized by persistence of PML-NBs

Because we observed a restriction in the ability of HSV to reactivate
that occurred 7-8 days following type I IFN exposure, we went on
to examine any long-term changes resulting from IFNa exposure.
First, we investigated the kinetics of representative ISG expression.
As expected, we saw a robust induction of Isg1S and Irf7 in IFNo-
treated (600 IU/ml) neurons that persisted for at least 42 h post-
treatment post-addition of IFNa (this represents 1 day post-infection
(dpi)). However, by 8 dpi, the time at which neurons were induced
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to reactivate, there was no detectable difference in Isgl5 or Irf7
expression in IFNo-treated neurons vs untreated controls (Fig 3A
and B), indicating that these representative ISGs were not detectably
elevated at the time of reactivation. We also found similar Isg15 and
Irf7 expression in HSV-1-infected neurons compared to uninfected
controls, suggesting that HSV-1 infection was not impacting IFN
signaling pathways at a population level. PML has been previously
characterized as an ISG product in non-neuronal cells (Chelbi-Alix
et al, 1995; Stadler et al, 1995) and is responsive to both IFNf and
IFNy in latently infected rat sympathetic neurons induced to reacti-
vate (Linderman et al, 2017), and we found an approximate 5-fold
increased expression of Pml in primary sympathetic neurons follow-
ing IFNa treatment which was less than the increased expression of
Irf7 and Isg15 (approximate 250-fold and 100-fold increased expres-
sion, respectively). Pml expression returned to untreated levels by
1 dpi (Fig 3C).

Although we did not detect maintained induction of IFN-
stimulated gene expression including Pml, we were intrigued as to
whether PML-NBs persisted throughout the course of infection. To
assess this, we first established whether PML-NBs persist even in
the absence of sustained ISG expression. Quantifying the number of
PML-NBs following IFNa (600 IU/ml) treatment, we found that the
number of bodies remains elevated through 15 days post-treatment
(Fig 3D). We went on to investigate additional products of ISGs
including STAT1 and Mx1 because of the availability of specific anti-
bodies against these proteins. We observed robust STAT1 staining
following IFNo exposure for 18 h. However, by 8 days post-infec-
tion, we could not detect STAT1 staining in primary neurons indi-
cating that accumulation of this IFNo-induced protein had returned
to baseline (Fig 3E). Similarly, we found induction of punctate Mx1
staining in neurons exposed to IFNa for 18 h that was undetectable
by day 6 post-treatment (Fig 3F). Therefore, exposure of primary
neurons to type I IFN led to a modest induction of Pml mRNA but
resulted in long-term persistence of PML-NBs, even in the absence
of continued IFN signaling and when antiviral protein products of
other ISGs were undetectable.

PML-NBs persist and stably entrap latent HSV-1 genomes only if
IFNa is present at the time of initial infection

The persistence of PML-NBs following IFN exposure raised the
possibility that viral genomes are maintained within PML-NBs only
in type I IFN-treated neurons. This would also suggest that PML-NB-
associated genomes are less permissive for reactivation and provide
us with an experimental system to investigate the contribution of
PML-NBs to the maintenance of HSV latency. To determine whether
viral genomes localize with PML-NBs in type I IFN-treated neurons,
SCG neurons were pretreated with IFNo (600 IU/ml) then infected
with HSV-1%9€ at an MOI of 5 PFU/cell in the presence of ACV and
IFNa as described above. By co-staining for PML, we found that a
large proportion of vDNA foci colocalized with PML-NBs in the
IFNo-treated neurons over the course of infection. In untreated
neurons that are largely devoid of detectable PML-NBs, very few
genomes were colocalized to PML puncta as expected. Representa-
tive images are shown (Fig 4A) and the percent of genome foci colo-
calized to PML-NBs is quantified (Fig 4B). Furthermore, high-
resolution Airy scan-based 3D confocal microscopy of IFNo-treated
neurons revealed that vDNA foci were entrapped within PML-NBs
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Figure 3. Type I IFN-induced PML-NBs persist in primary sympathetic neurons despite resolution of IFN signaling.

A-C Kinetics of ISG15, IRF7, and PML mRNA expression at 0.75, 1.75, 3.75, and 8.75 days post-IFNa (600 1U/ml) treatment. Arrow indicates the time of HSV-1 infection at

D

E
F

18 h post-interferon treatment. n = 9 biological replicates.

Quantification of PML puncta at 1, 3, 6, 8,10 and 15 days post-infection with HSV-1 in untreated and IFNo (600 1U/ml)-treated SCG neurons. n > 60 cells from 3

biological replicates.

Representative images of P6 SCG neurons treated with IFNa (600 1U/ml) and stained for STAT1 at 18 h and 8 days post-treatment. Scale bar, 100 pum.
Representative images of P6 SCG neurons treated with IFNa (600 1U/ml) and stained for Mx1 at 18 h and 6 days post-treatment. Scale bar, 20 um.

Data information: Data represent the mean 4 SEM. Statistical comparisons were made using one-way ANOVA with Tukey’s multiple comparison (A-C) or mixed-effects
analysis with Tukey’s multiple comparison (D). (ns not significant, **P < 0.01, ****P < 0.0001).
Source data are available online for this figure.
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Figure 4. Type I IFN-induced PML-NBs stably entrap vDNA throughout a latent HSV-1 infection of primary sympathetic neurons.

A Representative images of vDNA foci detected by click chemistry to PML at 1, 3, 6, and 8 dpi in P6 SCG neurons infected with HSV-

159C in the presence or absence of

IFNo: (600 1U/ml). Z-stack images of individual vDNA foci were acquired. Scale bar, 20 pm. Zoom scale bar, 1 um.
B Percent colocalization of VDNA foci detected by click chemistry to PML at 1, 3, 6, and 8 dpi in SCG neurons infected with HSV-159 in the presence or absence of
IFNa (600 1U/ml). Each point represents the percentage of 20 VDNA foci that colocalized to PML from 3 biological replicates.

C, D (C) 3D reconstruction of a high-resolution Z-series confocal image showing PML entrapment of a HSV-

entrapped VDNA outlined by white dashed box. Scale bar, 0.5 um.

19€ yDNA foci. Scale bar, 2 pm. (D) Enlargement of PML

E Quantification of PML-NB volume in SCG neurons infected with HSV-159 in the presence or absence of IFNa (600 [U/ml). n = 64 biological replicates.

Data information: Data represent the mean & SEM. Statistical comparisons were made using a 2-way ANOVA (B) or a one-way ANOVA with Tukey’s multiple comparison

(E) (****P < 0.0001).
Source data are available online for this figure.

(Fig 4C and D), as has also been reported upon lytic infection of
non-neuronal cell lines (Alandijany et al, 2018) and in latently
infected TG in vivo (Catez et al, 2012), and interestingly, we found
that the volume of PML-NBs associated with vDNA is greater than
PML-NBs not associated with vDNA (Fig 4E). Previous studies have
found that colocalization of viral DNA by PML-NBs during lytic
HSV-1 infection of human fibroblasts occurs independently of type I
IFN exposure (Maul et al, 1996; Everett et al, 2004; Everett &
Murray, 2005; Alandijany et al, 2018), and we confirmed this was
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also the case in dermal fibroblasts isolated from postnatal mice
(Fig EV3A and B). Therefore, the presence of IFNo during initial
infection can impact the long-term subnuclear localization of latent
viral genomes in neurons by inducing PML-NBs that persist and
stably entrap latent viral genomes.

Thus far, our data indicate that the presence of IFNa during
initial infection determines subnuclear positioning of latent viral
genomes and the ability of genomes to reactivate in response to
inhibition of PI3-kinase activity. We considered that type I IFN
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treatment could have a long-term effect on cell signaling pathways
which could impact the ability of HSV to reactivate. Therefore, to
determine the direct versus indirect effects on the viral genome
itself, we next investigated whether the timing of IFNa exposure
had a differential effect on the ability of viral genomes to reactivate.
We treated postnatal SCG neurons with IFNao (600 IU/ml) for 18 h
and during the 2 h HSV inoculation (—18 hpi) or exposed neurons
to IFNa for 18 h at 3 days prior to infection (—3 dpi). Following
pretreatment at —3 dpi or —18 hpi, IFNo was washed out and an
IFNAR1 blocking antibody was used. As expected, I[FNo during
initial infection significantly inhibited HSV reactivation, but surpris-
ingly, IFNa treatment at —3 dpi did not restrict reactivation as
shown by the similar number of GFP-positive neurons at 72 h post-
reactivation when compared to untreated neurons (Fig 5A).
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Consistent with the reactivation data, we found that vDNA foci did
not localize to PML-NBs in SCG neurons treated with [FNo at —3 dpi
(Fig 5B). We confirmed that PML-NBs were present at the time of
infection in neurons treated 3 days prior to infection (Fig 5C),
although we did detect slightly fewer PML-NBs per nucleus in
neurons treated —3 dpi compared to —18 hpi (a mean of 17.57
versus 12.47 per nucleus, respectively). We also confirmed compa-
rable recruitment of known PML-NB-associated proteins ATRX,
Daxx, and SUMO-1 at 3 days post-IFNa treatment (Fig EV4A-C).
When IFNo treatment of SCG neurons is continued from —3 dpi
through infection, or if SCG neurons treated at —3 dpi receive a
second treatment of IFNa during infection, then a similar proportion
of latent viral genomes colocalize with PML-NBs as with a single
treatment during infection (Fig EV4D). Together with the previous
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Figure 5. HSV-1 genomes only associate with PML-NBs when type | IFN is present during initial infection.

A Number of Us11-GFP expressing P6 SCG neurons infected with HSV-1 following IFNo treatment for 18 h prior to infection or for 18 h at 3 days prior to infection.

n = 9 biological replicates.

B Percent colocalization of vDNA foci detected by click chemistry to PML at 8 dpi in SCG neurons infected with HSV-154¢ following IFNa treatment for 18 h prior to
infection or for 18 h at 3 days prior to infection. Each point represents the percentage of 20 vDNA foci that colocalized to PML from 3 biological replicates.
C Quantification of PML puncta at time of infection in P6 SCG neurons treated with IFNa (600 1U/ml) for 18 h prior to infection or for 18 h at 3 days prior to infection.

n = 60 cells from 3 biological replicates.

D Percent colocalization of VDNA foci detected by click chemistry to PML at 3 dpi in SCG neurons with HSV-159 infected with ICPO-null mutant HSV-1, n212, or a
rescued HSV-1 virus, n212R, in P6 SCG neurons treated with IFNa for 18 h prior to infection or for 18 h at 3 days prior to infection. Each point represents the

percentage of 20 vDNA foci that colocalized to PML from 3 biological replicates.

Data information: Data represent the mean & SEM. Statistical comparisons were made using a one-way ANOVA with Tukey’s multiple comparison (A-C) or a 2-way

ANOVA (D) (ns not significant, **P < 0.01, ****P < 0.0001).
Source data are available online for this figure.
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data on genome entrapment in dermal fibroblasts (Fig EV3A and B),
these data indicate that type I IFN must be present during infection
of neurons, but not necessarily non-neuronal cells, for vDNA to
colocalize with PML-NBs.

The HSV-infected cell protein 0 (ICPO) is a RING-finger E3 ubig-
uitin ligase that is synthesized at very early stages of HSV-1 infec-
tion (Boutell et al, 2002). During lytic infection, it localizes to PML-
NBs and disrupts their integrity by targeting PML and other PML-
NB-associated proteins for degradation (Everett et al, 1998; Muller
et al, 1998; Chelbi-Alix & de The, 1999; Boutell et al, 2002; Boutell
et al, 2011; Cuchet-Lourenco et al, 2012; Alandijany et al, 2018).
This activity is required for promoting the efficient onset of HSV-1
lytic replication, and ICPO-null mutants exhibit a defect in viral gene
expression in certain cell types at low multiplicities of infection
(Everett et al, 2008). ICP0 mRNA is also known to be expressed
during the establishment of latency (Cliffe et al, 2013). Therefore,
the colocalization of latent viral genomes to PML-NBs and ulti-
mately the ability of HSV to undergo reactivation could be due the
presence of IFNa during initial infection and its effect on the local-
ization or amount of ICP0. To investigate the distribution of ICPO at
early time points post-infection, SCG neurons were treated with
IFNo at either —3 dpi or —18 hpi and infected at a MOI of 7.5
PFU/cell with HSV-1 Us11-GFP in the presence of acyclovir (ACV).
In both treatment groups, ICPO staining similarly colocalized with
puncta of ATRX, a correlate for PML-NBs, at 3, 6, and 9 h post-
infection (Fig EV4E and F). Interestingly, foci of ATRX still
remained even with the presence of ICPO, suggesting that ICPO is
not disrupting the integrity of PML-NBs in this system. To further
investigate the effect of ICPO on the colocalization of latent viral
genomes to PML-NBs, we generated an EdC-labeled ICPO-null
mutant strain n212 (Cai & Schaffer, 1989) and rescue (Lee et al,
2016) verified by immunofluorescence (Fig EV4G) and found that
the presence or absence of ICPO had no detectable impact on the
ability of vDNA foci to colocalize to PML-NBs (Fig 5D). Taken
together, these data demonstrate that association of latent viral
genomes with PML-NBs in peripheral neurons is dependent on the
formation of type I IFN-induced PML-NBs and the presence of type I
IFN during initial infection and is independent of ICP0O expression.

PML is required for the IFNa-dependent restriction of
HSV-1 latency

To determine whether the stable association of viral genomes with
PML-NBs directly contributes to the IFNa-dependent restriction of
HSV reactivation, we investigated whether PML depletion was suffi-
cient to restore the ability of the latent viral genomes to reactivate.
A previous study has shown that PML-dependent recruitment of
HIRA to ISG promoters contributes to the upregulation of gene
expression as a result of cytokine release in response to HSV infec-
tion (McFarlane et al, 2019). Although carried out in non-neuronal
cells, this study and others (Ulbricht et al, 2012; Chen et al, 2015;
Kim & Ahn, 2015; Scherer et al, 2016) suggest that PML itself may
contribute to ISG upregulation, so to determine whether PML was
indeed required for ISG stimulation in SCG neurons, we carried out
RNA deep sequence analysis in IFNo-treated neurons depleted of
PML. Postnatal SCG neurons were transduced with lentiviral vectors
expressing non-targeting control or PML-targeting shRNAs (shCtrl
and shPML, respectively) and then mock treated or treated with
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IFNo (600 IU/ml) for 18 h prior to RNA extraction for next-
generation sequencing. High-confidence reads were used for gene
expression and gene ontology (GO) analysis. As expected, treatment
of shCtrl transduced neurons with IFNa caused large changes in dif-
ferentially regulated gene expression, with an enrichment of upregu-
lated genes involved in immune system regulation. Similar to
control neurons, PML-depleted neurons also significantly upregu-
lated the expression of genes involved in the response to IFNa stim-
ulation. We found that of the total of 248 genes upregulated > 1.5-
fold following IFNa treatment, 83.47% of these genes were shared
between the shCtrl- and shPML-treated groups (Fig EV5A). Further-
more, we found similar ISG expression (Fig EV5B) and GO pathway
enrichment (Fig EVS5C). Therefore, in primary SCG neurons, the
expression of ISGs in response to exogenous IFNa is largely inde-
pendent of PML expression.

Because PML depletion did not detectably prevent the induction
of type I IFN response genes in SCG neurons, we were able to exam-
ine the effect of PML depletion prior to infection on the IFNa-
mediated restriction of HSV-1 reactivation. SCG neurons were trans-
duced with lentiviral vectors expressing different PML-targeting
shRNA or control non-targeting shRNA. PML depletion was con-
firmed by average number of PML-NBs per nucleus (Fig 6A) and
Pml mRNA expression level (Fig EV5D and E) in neurons transduced
for 3 days then treated with IFNa (600 IU/ml). As expected, we
found a significant decrease in the percent of vDNA foci stably colo-
calizing with PML-NBs at 8 dpi in the shPML-treated neurons
compared to shCtrl-treated neurons (Fig 6B). Furthermore, we
assessed reactivation in neurons infected with HSV-1 in the presence
or absence of IFNa (150 IU/ml) at 3 days post-transduction. In these
experiments, neurons were infected with a Us11-GFP gH-null virus,
which is defective in cell-to-cell spread and eliminates the need for
WAY-150138 during reactivation. In untreated neurons, we found no
difference in reactivation following treatment with LY294002 (Fig 6C
and D). In addition, PML depletion had no effect on the number of
GFP-positive neurons in the non-reactivated samples, indicating that
in this system that PML was not required for the establishment of
latency. However, in neurons treated with IFNa at the time of initial
infection, depletion of PML using either of the three PML shRNAs
increased the ability of HSV to reactivate as indicated by a 2.97-,
2.69-, and 3.49-fold increase in GFP-positive neurons following treat-
ment with LY294002, respectfully (Fig 6E and F). Moreover, there
was no significant difference between the PML-depleted, IFNa-
treated neurons and the non-IFNa-treated neurons, indicating that
PML depletion fully restored the ability of HSV to reactivate from
type I IFN-treated neurons. Taken together, these data demonstrate
that type I IFN exposure solely at the time of infection results in
entrapment of viral genomes in PML-NBs and restricts reactivation.
This suggests that genome entrapment by PML promotes a more
restrictive or deeper form of latency where reactivation is limited.

Depletion of PML after the establishment of latency enhances
reactivation in IFNa-treated neurons

To explore the long-term effect of stable PML-NB-association on
the latent viral genome, we next tested whether PML depletion
after the establishment of latency was sufficient to restore the abil-
ity of the latent viral genomes to reactivate following treatment
with a trigger that may directly disrupt PML-NBs. Arsenic trioxide
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Figure 6. Depletion of PML with shRNA-mediated knockdown prior to infection restores HSV-1 reactivation in type | interferon-treated primary sympathetic

neurons.

A Quantification of PML puncta in P6 SCG neurons transduced with either control non-targeting shRNA or shRNA targeting PML for 3 days, then treated with IFNo
(600 1U/ml) for 18 h. n = 60 cells from 3 biological replicates.
B Quantification of colocalization of vVDNA foci detected by click chemistry to PML in primary SCG neurons transduced with shRNA targeting PML for 3 days prior to
being infected with HSV-1%C in the presence or absence of IFNa (150 1U/ml). Each point represents the percentage of 20 VDNA foci that colocalized to PML from 3

biological replicates.
Number of Us11-GFP expressing neurons at 3 days post-LY294002-induced reactivation in P6 SCG neuronal cultures transduced with shRNA targeting PML for

C-F

3 days prior to infection with HSV-1 in the presence or absence of IFNa (150 1U/ml). n = 9 biological replicates.

Data information: Data represent the mean + SEM. Statistical comparisons were made using a one-way ANOVA with Tukey’s multiple comparison (ns not significant,
**p < 0.01, ****P < 0.0001).
Source data are available online for this figure.
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(ATO) has been shown to bind directly to PML and disrupt PML-
NBs (Lallemand-Breitenbach et al, 2008; Zhang et al, 2010; Sides
et al, 2011), and we confirmed that ATO (1 uM) fully disrupted
IFNo-induced PML-NBs in our peripheral neurons by 18 h post-
treatment (Fig EVSF). When we investigated reactivation in
neurons that were latently infected in the presence or absence of
[FNo, then treated with arsenic trioxide (ATO) at 8 dpi, we found
that ATO is a very potent stimulator of reactivation independent of
IFNo treatment, indicating that ATO is capable of triggering reacti-
vation of genomes that are either PML-NB-associated or not
(Fig EV5G). This is likely because ATO is a potent activator of the
cell stress response and can result in robust histone phosphoryla-
tion (Gehani et al, 2010), which we have previously linked to reac-
tivation (Cliffe et al, 2015). Although ATO could also induce
reactivation in the presence of IFNa-induced PML-NBs, this reacti-
vation was still less robust than mock-treated neurons, likely
reflecting the time required for disruption of PML-NBs by ATO.

Therefore, to more specifically determine whether PML depletion
restored the ability of neurons to reactivate following treatment with
a physiological stimulus of reactivation, neurons were infected with
Us11-GFP gH-null HSV-1 virus in the presence or absence of IFNa
(150 IU/ml) and subsequently transduced with lentiviral vectors
expressing PML-targeting shRNA or control non-targeting shRNA at
1 dpi. Under these experimental conditions, PML knockdown post-
infection did not impact LY294002-induced reactivation in untreated
neurons (Fig 7A and C), but did increase the ability of HSV to reacti-
vate from IFNo-treated neurons in response to treatment with
LY294002, as indicated by a 1.3-fold increase in GFP-positive
neurons, albeit reactivation was not restored to levels seen in
untreated neurons (Fig 7B and D). As expected, we found that only
a small proportion of vDNA foci stably colocalize with PML-NBs at
8 dpi in the shPML-treated neurons compared to vDNA foci in the
shCtrl-treated neurons (Fig 7E). Therefore, PML depletion post-
infection does not result in detectable spontaneous reactivation of
PML-NB-associated viral genomes, indicating that they are still in a
repressed state and/or lack the necessary factors required to initiate
gene expression. However, depletion of PML does partially restore
the ability of HSV to enter the lytic from IFN-treated neurons in
response to a reactivation stimulus.

Previously, we have shown that reactivation in response to
LY294002 is dependent on activation of the neuronal stress pathway
involved dual-leucine zipper kinase (DLK) and JNK activation (Cliffe
et al, 2015). To test whether the same cell stress stimuli is required to
induce reactivation from genomes released from PML-NBs upon
shRNA-mediated knockdown of PML, we reactivated in the presence
of the DLK inhibitor GNE-3511 (Patel et al, 2015). GNE-3511 inhib-
ited LY294002-mediated reactivation of latent genomes following
PML depletion post-infection (Fig 7F). Therefore, PML-NBs maintain
a restricted form of latency that is more refractory to reactivation,
and following PML depletion, viral genomes do not undergo detect-
able spontaneous reactivation and are still dependent on activation
of neuronal cell stress signaling pathways for reactivation.

Discussion

The considerable heterogeneity observed at the neuronal level in
the colocalization of viral genomes with different nuclear domains
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may reflect in different types of latency that are more or less suscep-
tible to reactivation. The determinants of this heterogeneity and a
direct link between the subnuclear localization of a latent genome
and its ability to reactivate following a given stimulus was not
known. Using a primary neuronal model of HSV latency and reacti-
vation, we found that the presence of type I IFN solely at that time
of initial infection acts as a key mediator of the subnuclear distribu-
tion of latent viral genomes in neurons and promotes a more
restricted form of latency that is less capable of reactivation follow-
ing disruption of NGF signaling. Importantly, we show that activa-
tion of the type I IFN signaling pathway in peripheral neurons
induces the detectable formation of PML-NBs, which stably entrap a
proportion of latent genomes. Importantly, we show that this IFN-
dependent restriction is mediated by PML, suggesting that PML-NBs
are directly responsible for the observed restriction of reactivation.
PML-NBs typically number 1-30 bodies per nucleus in non-
neuronal cells (Bernardi & Pandolfi, 2007). In the mouse nervous
system, however, Pml mRNA expression levels have previously
been found to be low as measured by in situ hybridization (Gray
et al, 2004). PML protein is enriched in neural progenitor cells, but
the induction of differentiation results in the downregulation of
PML both at a transcriptional and protein level, and Pml mRNA
expression is undetectable in post-mitotic neurons in many regions
of the developing brain (Regad et al, 2009). Our findings in postna-
tal peripheral neurons further support these observations. Pml
expression in adult mouse neurons varies considerably between
brain regions but is generally confined to the gray matter (Hall
et al, 2016). Although implicated to play a role in regulating circa-
dian rhythms (Miki et al, 2012), synaptic plasticity (Bloomer et al,
2007) and the response to toxic proteins that cause neurodegenera-
tive disorders (Yamada et al, 2001; Kumada et al, 2002; Mackenzie
et al, 2006; Chort et al, 2013), PML regulation, and function in
adult nervous system is still largely unknown. In our study, we
could not detect PML-NBs in adult primary neurons isolated from
the SCG or the TG. In contrast to our findings, PML-NBs have
previously been shown to be present in adult mouse and human
TG neurons by FISH and immunofluorescence (Catez et al, 2012;
Maroui et al, 2016). However, no quantification was done in these
studies, and Catez et al, (2012) describe subpopulations of adult
TG neurons that did not display any PML signal in the nucleus. In
addition, characterization of PML distribution in adult TG neurons
by IF-FISH of ganglia isolated in vivo may reflect prior exposure to
type I IFNs or other signaling molecules. The functional signifi-
cance of peripheral neurons lacking PML-NBs is unclear, but could
be linked to the capacity of neurons to undergo dynamic rearrange-
ment of local and global nuclear architecture during maturation or
neuronal excitation. An absence of PML-NBs in neurons could also
contribute to their resistance to apoptosis, as PML has also been
shown to play a role in cell death through the induction of both
p53-dependent and p53-independent apoptotic pathways (Quignon
et al, 1998; Wang et al, 1998; Guo et al, 2000). Whether PML-
mediated regulation of these pathways occurs in the context of
PML-NBs or by PML itself is unclear, but interestingly, the pro-
apoptotic functions of Daxx, a PML-NB-associated protein, may
require localization to PML-NBs in certain cell types (Croxton et al,
2006). Furthermore, our in vitro model using pure populations of
intact neurons is devoid of the immune responses and complexities
of intact animals, and we cannot rule out the possibility that
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Figure 7. Depletion of PML with shRNA-mediated knockdown post-infection partially restores LY294002-mediated HSV-1 reactivation in type | interferon-
treated primary sympathetic neurons.

A-D Number of Us11-GFP expressing neurons at 3 days post-LY294002-induced reactivation in P6 SCG neuronal cultures transduced with shRNA targeting PML at
1 day post-infection with HSV-1 in the presence or absence of IFNa (150 1U/ml). n = 9 biological replicates. Statistical comparisons were made using a Mann—
Whitney test (ns not significant, *P < 0.05).

E Quantification of colocalization of vDNA foci detected by click chemistry to PML in primary SCG neurons transduced with shRNA targeting PML at 1 day post-
infection with HSV-159C in the presence or absence of IFNa (150 1U/ml). Each point represents the percentage of 20 vDNA foci that colocalized to PML from 3

biological replicates.

F Number of Us11-GFP expressing neurons at 3 days post-reactivation in P6 SCG neuronal cultures transduced with shRNA targeting PML at 1 day post-infection
with HSV-1 in the presence of IFNa (150 IU/ml). Reactivation was induced by LY294002 in the presence of the DLK inhibitor GNE-3511 (4 uM). n = 9 biological

replicates.

Data information: Data represent the mean £ SEM. Statistical comparisons were made using a Mann-Whitney test (A-E) or a one-way ANOVA with Tukey’s multiple
comparison (F) (ns not significant, *P < 0.05, ****P < 0.0001).
Source data are available online for this figure.
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axotomy or the processing of the neurons ex vivo could lead to
PML-NB disruption or dispersal. However, notwithstanding these
caveats, primary neurons provide an excellent model system to
understand the impact of extrinsic immune factors and PML-NBs to
the altering the nature of HSV latency.

Peripheral neurons are capable of responding to type I IFN signal-
ing, given the robust induction in ISG expression and formation of
PML-NBs following treatment with IFNa, and this is supported by a
number of previous studies (Yordy et al, 2012; Katzenell & Leib,
2016; Song et al, 2016; Linderman et al, 2017; Barragan-Iglesias
et al, 2020). Importantly, however, peripheral neurons produce little
to no type I interferons upon HSV infection (Yordy et al, 2012;
Rosato & Leib, 2014), indicating that IFN production arises from
other surrounding infected cells. Infected fibroblasts at the body
surface, as well as professional immune cells, have been shown to
produce high levels of IFNa/p after HSV infection (Hochrein et al,
2004; Li et al, 2006; Rasmussen et al, 2007; Rasmussen et al, 2009).
In addition, there is evidence of elevated type I IFN in peripheral
ganglia during HSV-1 infection (Carr et al, 1998), suggesting that
glial or immune cells located adjacent to peripheral neuron cell
bodies are capable of type I IFN production. It will be important to
delineate if the inflammatory environment at the initial site of infec-
tion acts on neuronal axons to prime the neuron for a more
repressed latent infection or if inflammatory cytokines in the ganglia
are crucial for promoting a more repressive state. Although respon-
sive to IFN, primary peripheral and cortical mouse neurons have
previously been shown to have inefficient type I IFN-mediated
antiviral protection compared to non-neuronal mitotic cells (Yordy
et al, 2012; Kreit et al, 2014). One study showed that DRG neurons
are less responsive to type I IFN signaling and used an absence of
cell death upon IFN treatment as one of their criteria (Yordy et al,
2012). It should be noted that different cell types display specific
responses to type I IFN signaling and peripheral neurons have even
been reported to be more protected from cell death stimuli following
IFN treatment (Chang et al, 1990). Furthermore, a previous study
found that inducible reactivation of HSV-1 from latently infected
neuronal cultures is transiently sensitive to type I IFNs (Linderman
et al, 2017). Our model of HSV-1 latency and reactivation in primary
sympathetic neurons highlights a type I IFN response that is PML-
dependent and suggests a role for neuronal IFN signaling in promot-
ing a more restricted latent HSV-1 infection.

Prior to this study, it was not clear whether viral genomes associ-
ated with PML-NBs were capable of undergoing reactivation. In
response to inhibition of NGF signaling, our data demonstrate that
PML-NB-associated genomes are more restricted for reactivation
given that (i) IFN induces PML-NB formation and increased associa-
tion with viral genomes with PML-NBs, (ii) IFN pretreatment
promotes restriction of viral reactivation, and (iii) the ability of viral
genomes to reactivate from IFN-treated neurons increases with PML
knockdown either prior to or following infection. Previous work by
Cohen et al (2018) showed that quiescent genomes associated with
PML-NBs in fibroblasts can be transcriptionally reactivated by
induced expression of ICPO. However, this previous study did not
address the capability of viral genomes to reactivate in the absence
of viral lytic protein (i.e., during reactivation from latency in
neurons). In a further study using primary neurons, treatment of
quiescently infected neurons with the histone deacetylase inhibitor,
trichostatin A (TSA), could lead to disruption of PML-NBs and
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induce active viral transcription in a subset of PML-NB-associated
genomes (Maroui et al, 2016). However, the mechanisms of reacti-
vation following TSA treatment are not known and may be directed
via altering the HSV chromatin structure or indirect via increasing
the acetylation levels of histones or non-histone proteins, including
PML. How increased acetylation relates to the physiological triggers
that induce HSV reactivation is not clear. In contrast, loss of neuro-
trophic signaling can occur in response to known physiological
stimuli that trigger HSV reactivation (Suzich & Cliffe, 2018).
Although we cannot rule out the possibility that different stimuli
have the potential for PML-NB-associated genomes to undergo reac-
tivation, this study clearly demonstrates that at least one well-
characterized trigger of reactivation cannot efficiently induce PML-
NB-associated genomes to undergo transcription.

Our results identify a persistence of PML-NBs, an IFN-mediated
innate immune response, that allows for long-term restriction of
latent viral genomes in the absence of continued ISG expression.
Interestingly, type I IFN-induced PML-NBs persisted for up to
15 days post-treatment both in the presence and in the absence of
viral infection. Given the absence of PML-NBs in our untreated
peripheral neurons, this induction and persistence could represent
neuron-specific innate immune memory. The persistence of PML-
NBs in neurons may alter the subsequent response to IFN and/or
viral infection, and it will be interesting to determine whether there
is trained immunity in neurons such that subsequent responses dif-
fer from the first exposure. What is clear from our results, however,
is the role of PML and IFN exposure in sustained repression of the
latent HSV genome. Even in the absence of known chromatin
changes that occur on the PML-associated viral genome, this long-
term effect on the ability of the HSV-1 genome to respond to an
exogenous signal and restriction of reactivation is reminiscence of
the classical definition of an epigenetic change (of course in the case
of post-mitotic neurons in the absence of inheritance).

Here, we demonstrate that there are different types of HSV
latency dependent on the subnuclear positioning of the viral genome
and ability to reactivate. Genomes associated with PML-NBs are one
form of restricted latency in our system. PML-NBs are known to
play a role in the restriction of viral gene expression in non-
neuronal cells, but the potential mechanism of PML-NB-mediated
HSV gene silencing in neurons is unknown. During latency, the viral
genome is enriched with histone post-translational modifications
(PTMs) consistent with repressive heterochromatin, including
H3K9me2/3 and H3K27me3, and it is possible that PML-NBs play a
role in the association of viral genomes with core histones, repres-
sive PTMs, or heterochromatin-associated proteins (Wang et al,
2005; Cliffe et al, 2009; Kwiatkowski et al, 2009), or instead via
physical compaction of the viral genome in PML-NBs. Although
PML-NBs promote a more restricted form of latency, we have shown
that latency can be established in the absence of IFN treatment and
PML-NBs. Even in IFN-treated neurons, only a proportion of the
latent viral genomes colocalized with PML-NBs. This indicates that
latent genomes associate with other subnuclear regions and proteins
that may promote the assembly and/or maintenance of repressive
heterochromatic histone modifications. This supports previous
observations that HSV-1 viral genomes also colocalize with centro-
meric repeats and other, undefined nuclear domains in latently
infected TG in vivo (Catez et al, 2012). For example, the viral
genome is known to be enriched for H3K27me3 (Wang et al, 2005;
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Cliffe et al, 2009; Kwiatkowski et al, 2009), which can be bound by
Polycomb group proteins. Interestingly, we have found that the
multifunctional, chromatin remodeler protein ATRX has abundant
nuclear staining in neurons and, in contrast to non-neuronal cells, is
localized outside of PML-NBs. ATRX staining overlapped with
Hoechst DNA staining in our primary neurons, suggesting its local-
ization with AT-rich heterochromatin regions (Bucevicius et al,
2019). Ultimately, the latent viral genomes are likely bound by
ATRX, Polycomb group proteins, or other repressive cellular
proteins independently of PML-NBs. Investigating the identity,
mechanism of targeting, and role of these proteins in the induction
and maintenance of latency will ultimately facilitate the develop-
ment of antiviral therapeutics that target the latent stage of infection
to prevent reactivation.

Materials and Methods
Reagents

Compounds used in the study are as follows: Acycloguanosine,
FUDR, LY 294002, Nerve Growth Factor 2.5S (Alomone Labs),
Primocin (Invivogen), Aphidicolin (AG Scientific), IFN-o0 (EMD
Millipore IF009), IFN-B (EMD Millipore IF011), IFN-y (EMD Milli-
pore IF005), and IFN-A2 (PeproTech 250-33); WAY-150138 was
kindly provided by Pfizer, Dr. Jay Brown and Dr. Dan Engel at the
University of Virginia, and Dr. Lynn Enquist at Princeton University.
Compound information and concentrations used can be found
below in Table 1.

Preparation of HSV-1 virus stocks
HSV-1 stocks of eGFP-Us11 Patton were grown and titrated on Vero

cells obtained from the American Type Culture Collection

Table 1. Compounds used and concentrations.

Compound Supplier Identifier Concentration
Acycloguanosine Millipore Sigma A4669 10 puM, 50 pM
FUDR Millipore Sigma F-0503 20 uM
L-Glutamic Acid Millipore Sigma G5638 3.7 pg/ml
LY 294002 Tocris 1130 20 pM
IFNo EMD Millipore IFO09 150 1U/ml,
600 IU/ml
IFNP EMD Millipore IFO11 150 1U/ml
IFNy EMD Millipore IFO05 150 1U/ml,
500 1U/ml
IFNA2 PeproTech 250-33 100 ng/ml,
500 ng/ml
NGF 2.55 Alomone Labs N-100 50 ng/ml
Primocin Invivogen ant-pm-1 100 pg/ml
Aphidicolin AG Scientific A-1026 3.3 pg/ml
WAY-150138 Pfizer N/A 10 pg/ml
AFDye 555 Azide Click Chemistry 1479-1 10 uM

Plus

Tools
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(Manassas, VA). Cells were maintained in Dulbecco’s modified
Eagle’s medium (Gibco) supplemented with 10% FetalPlex (Gemini
Bio-Products) and 2 mM r-Glutamine. eGFP-Usll Patton (HSV-1
Patton strain with eGFP reporter protein fused to true late protein
Usll (Benboudjema et al, 2003)) was kindly provided by Dr. Ian
Mohr at New York University.

StayPut Us11-GFP was created by inserting an eUs11-GFP tag
into the previously created gH-deficient HSV-1 SCgHZ virus (strain
SC16) through co-transfection of SCgHZ viral DNA and pSXZY-
eGFP-Usll plasmid (Forrester et al, 1992). StayPut Usl1-GFP is
propagated and titrated on previously constructed Vero F6 cells,
which contain copies of the gH gene under the control of an HSV-1
gD promoter, as described in Forrester et al, (1992). Vero F6s are
maintained in Dulbecco’s modified Eagle’s medium (Gibco) supple-
mented with 10% FetalPlex (Gemini Bio-Products). They are
selected with the supplementation of 250 ug/mL of G418/Geneticin
(Gibco).

Primary neuronal cultures

Sympathetic neurons from the Superior Cervical Ganglia (SCG) of
post-natal day 0-2 (P0-P2) or adult (P21-P24) CD1 Mice (Charles
River Laboratories) were dissected as previously described (Cliffe
et al, 2015). Sensory neurons from trigeminal ganglia (TG) of post-
natal day 0-2 (P0-P2) CD1 mice (Charles River Laboratories) were
dissected using the same protocol. Sensory neurons from TG of
adult were dissected as previously described (Bertke et al, 2011)
with a modified purification protocol using Percoll from the protocol
published by Malin et al (2007). Rodent handling and husbandry
were carried out under animal protocols approved by the Animal
Care and Use Committee of the University of Virginia (UVA).
Ganglia were briefly kept in Leibovitz’s L-15 media with 2.05 mM -
glutamine before dissociation in collagenase type IV (1 mg/ml)
followed by trypsin (2.5 mg/ml) for 20 min each at 37°C. Dissoci-
ated ganglia were triturated, and approximately 10,000 neurons per
well were plated onto rat tail collagen in a 24-well plate. Sympa-
thetic neurons were maintained in CM1 (Neurobasal® Medium
supplemented with PRIME-XV [S21 Neuronal Supplement (Irvine
Scientific), 50 ng/ml Mouse NGF 2.5S, 2 mM r-Glutamine, and
Primocin). Aphidicolin (3.3 pg/ml) was added to the CM1 for the
first five days post-dissection to select against proliferating cells.
Sensory neurons were maintained in the same media supplemented
with GDNF (50 ng/ml; PeproTech 450-44).

Establishment and reactivation of latent HSV-1 infection in
primary neurons

Latent HSV-1 infection was established in P6-8 sympathetic neurons
from SCGs. Neurons were cultured for at least 24 h without antimi-
totic agents prior to infection. The cultures were infected with eGFP-
Usll (Patton recombinant strain of HSV-1 expressing an eGFP
reporter fused to true late protein Us11) or StayPut. Neurons were
infected at a multiplicity of infection (MOI) of 7.5 PFU/cell with
eGFP-Us1l and at an MOI of 5 PFU/cell with StayPut (assuming
1.0 x 10* neurons/well/24-well plate) in DPBS + CaCl, + MgCl,
supplemented with 1% fetal bovine serum, 4.5 g/l glucose, and
10 uM Acyclovir (ACV) for 2-3 h at 37°C. Post-infection, inoculum
was replaced with CM1 containing 50 uM ACV and an anti-mouse
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IFNAR1 antibody (Leinco Tech I-1188, 1:1,000) for 5-6 days,
followed by CM1 without ACV. Reactivation was carried out in
DMEM/F12 (Gibco) supplemented with 10% fetal bovine serum,
Mouse NGF 2.5S (50 ng/ml), and Primocin. WAY-150138 (10 pg/
ml) was added to reactivation cocktail to limit cell-to-cell spread.
Reactivation was quantified by counting number of GFP-positive
neurons or performing reverse transcription—quantitative PCR (RT—
gPCR) of HSV-1 lytic mRNAs isolated from the cells in culture.

Analysis of mRNA expression by reverse transcription—
quantitative PCR (RT-qPCR)

To assess relative expression of HSV-1 lytic mRNA, total RNA was
extracted from approximately 1.0 x 10* neurons using the Quick-
RNA™ Miniprep Kit (Zymo Research) with an on-column DNase I
digestion. mRNA was converted to cDNA using the SuperScript IV
First-Strand Synthesis system (Invitrogen) using random hexamers
for first-strand synthesis and equal amounts of RNA (20-30 ng/reac-
tion). To assess viral DNA load, total DNA was extracted from
approximately 1.0 x 10* neurons using the Quick-DNA™ Miniprep
Plus Kit (Zymo Research). qPCR was carried out using Power
SYBR™ Green PCR Master Mix (Applied Biosystems). The relative
mRNA or DNA copy number was determined using the comparative
Cr (AACt) method normalized to mRNA or DNA levels in latently
infected samples. Viral RNAs were normalized to mouse reference
gene GAPDH. All samples were run in duplicate on an Applied

Jon B Suzich et al

overnight in primary antibody. Antibodies used are described in
Table 3. Following primary antibody treatment, neurons were incu-
bated for one hour in Alexa Fluor® 488-, 555-, and 647-conjugated
secondary antibodies for multi-color imaging (Invitrogen). Nuclei
were stained with Hoechst 33258 (Life Technologies). Unless indi-
cated otherwise, z-stack images of entire nuclei were acquired using
an sCMOS charge-coupled device camera (pco.edge) mounted on a
Nikon Eclipse Ti Inverted Epifluorescent microscope and processed
into 2D projection images using the NIS-Elements software (Nikon)
Extended Depth of Focus (EDF) plug-in. Images were further
analyzed and processed using ImageJ.

Click chemistry

For EdC-labeled HSV-1 virus infections, an MOI of 5 was used. EdC-
labeled virus was prepared using a previously described method
(McFarlane et al, 2019). Click chemistry was carried out as
described previously (Alandijany et al, 2018) with some modifi-
cations. Neurons were washed with CSK buffer (10 mM HEPES,
100 mM NacCl, 300 mM Sucrose, 3 mM MgCl,, 5 mM EGTA) and
simultaneously fixed and permeabilized for 10 min in 1.8%
methanol-free  formaldehyde (0.5% Triton  X-100, 1%

Table 3. Antibodies used for immunofluorescence and concentrations

Biosystems™ QuantStudio™ 6 Flex Real-Time PCR System and the . . Identifier/ .
Antibody Supplier RRID Concentration
mean fold change compared to the reference gene calculated.
Primers used are described in Table 2. Anti-PML EMD Millipore  MAB3738 1:200
Mouse monoclonal AB_2166836
Immunofluorescence Anti-Beta-Ill Tubulin Millipore AB9354 1:500
Chicken polyclonal sigma AB_570918
Neurons were fixed for 15 min in 4% formaldehyde and blocked in Anti-ATRX Santa Cruz sc-15408 1:250
5% bovine serum albumin and 0.3% Triton X-100 and incubated Rabbit polycional Bio AB_2061073
Anti-Daxx Santa Cruz sc-8043 1:250
Mouse monoclonal Bio AB_627405
Table 2. Primers used for RT-qPCR. Anti-STATL Cell Signaling 14994 1:400
Primer Sequence 53’ Rabbit monoclonal Technologies AB_2737027
mMGAP 1SF CAT GGC CTT CCG TGT GTT CCT A Anti-Mx1/2/3 Santa Cruz sc-166412 1:250
Mouse monoclonal Bio AB_2147714
mGAP 1SR GCG GCA CGT CAG ATC CA - -
Anti-HSV-1 ICPO East Coast Bio H1A027 1:200
ICP27 F GCA TCC TTC GTG TTT GTC ATT CTG .
ICP27 R GCA TCT TCT CTC CGA CCC CG Anti-SUMO-1 Abcam Ab32058 1:250
ICP8 1SF GGA GGT GCA CCG CAT ACC Rabbit monoclonal AB_778173
ICP8 1SR GGC TAA AAT CCG GCA TGA AC Anti-IFNARL Leinco Tech 1-1188 111,000
Mouse monoclonal AB_2830518
gCH1F GAG TTT GTC TGG TTC GAG GAC
F(ab’)2 Anti-Mouse Thermo Fisher ~ A21425 1:1,000
gC #1R ACG GTA GAG ACT GTG GTG AA IgG Alexa Fluor® 555 AB_2535846
PML F GGG AAA CAG AGG AGC GAG TT Goat polyclonal
PML R AAG GCC TTG AGG GAA TTG GG F(ab’)2 Anti-Rabbit Thermo Fisher ~ A11070 1:1,000
1gC Alexa Fluor® 488 AB_2534114
ISG15 F CAA GCA GCC AGAAGCAGACT Goat polyclonal
ISG15 R CCC AGC ATC TTC ACC TTT AGG F(ab))2 Anti-Rabbit Thermo Fisher ~ A11017 11,000
IRF7 F CCA GTT GAT CCG CAT AAG GT 1gG Alexa Fluor 488 AB_2534084
Goat polyclonal
IRF7 R GAG GCT CACTTCTTC CCTATT T
Anti-Chicken IgY Abcam ab150175 1:1,000
LAT F TGT GTG GTG CCCGTGTCT T Alexa Fluor® 647 AB_2732800
LAT R CCA GCC AAT CCG TGT CGG Goat polyclonal
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phenylmethylsulfonyl fluoride (PMSF)) in CSK buffer, then washed
twice with PBS before continuing to the click chemistry reaction and
immunostaining. Samples were blocked with 3% BSA for 30 min,
followed by click chemistry using EdC-labeled HSV-1 DNA and the
Click-iT EAU Alexa Flour 555 Imaging Kit (Thermo Fisher Scientific,
C10638) according to the manufacturer’s instructions with AFDye
555 Picolyl Azide (Click Chemistry Tools, 1288). For immunostain-
ing, samples were incubated overnight with primary antibodies in
3% BSA. Following primary antibody treatment, neurons were incu-
bated for one hour in Alexa Fluor® 488- and 647-conjugated
secondary antibodies for multi-color imaging (Invitrogen). Nuclei
were stained with Hoechst 33258 (Life Technologies). Epifluores-
cence microscopy images were acquired at 60x using an sCMOS
charge-coupled device camera (pco.edge) mounted on a Nikon
Eclipse Ti Inverted Epifluorescent microscope using NIS-Elements
software (Nikon). Images were analyzed and processed using
ImageJ. Confocal microscopy images were acquired using a Zeiss
LSM 880 confocal microscope using the 63x Plan-Apochromat oil
immersion lens (numerical aperture 1.4) using 405, 488, 543, and
633 nm laser lines. Zen black software (Zeiss) was used for image
capture, generating cut mask channels, and calculating weighted
colocalization coefficients. Exported images were processed with
minimal adjustment using Adobe Photoshop and assembled for
presentation using Adobe Illustrator.

Preparation of lentiviral vectors

Lentiviruses expressing shRNA against PML (PML-1 TRCN0000229547,
PML-2 TRCN0000229549, PML-3 TRCN0000314605), or a control
lentivirus shRNA (Everett et al, 2006) were prepared by co-
transfection with psPAX2 and pCMV-VSV-G (Stewart et al, 2003)
using the 293LTV packaging cell line (Cell Biolabs). Supernatant was
harvested at 40- and 64-h post-transfection. Sympathetic neurons
were transduced overnight in neuronal media containing 8ug/ml
protamine and 50 uM ACV.

RNA sequence analysis

Reads were checked for quality using FASTQC (v0.11.8), trimmed
using BBMAP (v3.8.16b), and aligned to the mouse genome with
GENCODE (vM22) annotations using STAR (v2.7.1a). Transcripts
per million calculations were performed by RSEM (v1.3.1), the
results of which were imported into R (v4.0.2) and Bioconductor
(v3.12) using tximport (v1.18.0). Significant genes were called using
DESeq2, using fold change cutoffs and p-value cutoffs of 0.5 and
0.05, respectively. Results were visualized using Heatplus (v2.36.0),
PCAtools (v2.2.0), and UpSetR (v1.4.0). Functional enrichment was
performed using GSEA and Metascape.

Statistical analysis

Power analysis was used to determine the appropriate sample sizes
for statistical analysis. All statistical analysis was performed using
Prism V8.4. A Mann-Whitney test was used for all experiments
where the group size was 2. All other experiments were analyzed
using a one-way ANOVA with Tukey’s multiple comparison. Speci-
fic analyses are included in the figure legends. For all reactivation
measuring GFP DNA, gene

experiments expression, viral
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expression, or DNA load, individual biological replicates were plot-
ted (an individual well of primary neurons) and all experiments
were repeated from pools of neurons from at least 3 litters.

Data availability

The RNA-seq dataset generated and analyzed in the current study is
available at the NCBI Gene Expression omnibus (accession number
GSE166738; https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc =
GSE166738).

Expanded View for this article is available online.
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