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Abstract

Alpha herpesvirus genomes encode the capacity to establish quiescent infections (i.e.
latency) in the peripheral nervous system for the life of their hosts. Multiple times during
latency, viral genomes can reactivate to start a productive infection, enabling spread of
progeny virions to other hosts. Replication of alpha herpesviruses is well studied in cultured
cells and many aspects of productive replication have been identified. However, many ques-
tions remain concerning how a productive or a quiescent infection is established. While
infections in vivo often result in latency, infections of dissociated neuronal cultures in vitro
result in a productive infection unless lytic viral replication is suppressed by DNA polymer-
ase inhibitors or interferon. Using primary peripheral nervous system neurons cultured in
modified Campenot tri-chambers, we previously reported that reactivateable, quiescent
infections by pseudorabies virus (PRV) can be established in the absence of any inhibitor.
Such infections were established in cell bodies only when physically isolated axons were
infected at a very low multiplicity of infection (MOI). In this report, we developed a comple-
mentation assay in compartmented neuronal cultures to investigate host and viral factors in
cell bodies that prevent establishment of quiescent infection and promote productive replica-
tion of axonally delivered genomes (i.e. escape from silencing). Stimulating protein kinase A
(PKA) signaling pathways in isolated cell bodies, or superinfecting cell bodies with either
UV-inactivated PRV or viral light particles (LP) promoted escape from genome silencing and
prevented establishment of quiescent infection but with different molecular mechanisms.
Activation of PKA in cell bodies triggers a slow escape from silencing in a cJun N-terminal
kinase (JNK) dependent manner. However, escape from silencing is induced rapidly by
infection with UVPRYV or LP in a PKA- and JNK-independent manner. We suggest that viral
tegument proteins delivered to cell bodies engage multiple signaling pathways that block
silencing of viral genomes delivered by low MOI axonal infection.
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Author summary

Alpha herpesvirus infections stay life-long in infected human and animal hosts‘nervous
systems in a silent state ready to reactivate upon various stress signals. Remarkably, infec-
tion of epithelial cells with these viruses results in productive infection whereas infection
of peripheral nervous system neurons results in non-productive silent infection (i.e.
latency) in the natural hosts. More interestingly, infection of dissociated peripheral neu-
rons in culture also results in productive infection unless DNA replication inhibitors are
used. To study the molecular mechanisms of escape from latency, we used primary neu-
rons cultured in compartmented tri-chambers. By this way, we recapitulated the natural
route of infection by infecting axons with low dose of virus which resulted in a silent infec-
tion in a small number of neuronal cell bodies without the use of any inhibitors. Using
these cultures, we developed a new complementation assay to investigate the molecular
signals leading to escape from latency and establishment of productive infection. We
found two different mechanisms to escape from latency: Cellular stress-mediated slow
route and viral tegument mediated-fast route. Furthermore, we showed that the stress-
mediated pathway requires protein kinase A and c-Jun N-terminal kinase activity while
the viral tegument-mediated fast escape does not require these host cell kinase activities.
We also concluded that a general response to DNA virus infection or presence of excess
herpesviral genomes in the nucleus to saturate silencing complexes is not enough to
escape from latency. Induction of a productive infection requires presence of tegument
proteins or activation of PKA and JNK pathway.

Introduction

In an infected host, herpesviruses initiate a productive infection cycle in a variety of cell types,
but in some cells, they can establish a quiescent or latent infection [1]. These latent infections
may be reactivated resulting in a productive infection. The current effective antiviral drugs sup-
press productive replication, but there are no treatment modalities to block the establishment of
quiescent infections. Alpha herpesviruses, including herpes simplex virus (HSV; human herpes-
virus 1 and 2), varicella zoster virus (VZV; human herpesvirus 3), and pseudorabies virus (PRV;
suid herpesvirus 1), establish life-long latency in the peripheral nervous system (PNS) of their
natural hosts. PNS neurons are terminally differentiated, and the association of their cell bodies
with peripheral organs is mediated by axons that extend long distances. As a result, axons reside
in a different milieu than their cell bodies. This architecture indeed affects the mode of alpha
herpesvirus infections, but is difficult to recapitulate in vitro. Much of the research on herpesvi-
rus latency and reactivation involves animal models, but in vitro models have been developed to
provide a more reductionist approach for analysis of the molecular biology of alpha herpesvirus
latency [2-4]. These studies have revealed several important findings, including how continuous
neuronal signaling is required to maintain latency, and how histone modifications trigger gen-
eral transcriptional activation of silenced viral promoters. Most of these in vitro models use dis-
sociated neuron cultures where axons and cell bodies are not physically or fluidically separated.
In addition, to establish a quiescent infection, isolated PNS neurons must be pretreated with
interferon or replication inhibitors (e.g. acyclovir) to block the initial productive infection.

In this report, we used the modified Campenot tri-chambers to physically and fluidically
separate axons from their cell bodies. By culturing primary PNS neurons in these chambers,
we were able to establish reactivateable quiescent infections by PRV in the absence of any repli-
cation inhibitor or cytokine treatment [5]. Quiescent infections were established only when
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isolated axons were infected with infectious virions at a very low MOI (MOI of 0.01 pfu/cell).
Here we use this simplified experimental system to establish a quiescent infection (i.e. latency)
and to investigate the factors regulating escape from silencing. Our assay is a complementation
assay in which cell bodies are exposed to different treatments at the same time that axons are
infected with a very low MOI infection of a PRV recombinant that expresses mRFP-VP26
(PRV 180) to enable visualization of productive replication in cell bodies.

First, we found treatments that elevated cyclic adenosine monophosphate (cAMP) levels
(e.g. forskolin) in the cell bodies were sufficient to promote productive replication of PRV 180.
Such escape from silencing was mediated by protein kinase A (PKA) activation and required
cJun N-terminal kinase (JNK). We also found that applying UV inactivated PRV virions
(UVPRV) to cell bodies very efficiently promoted escape from silencing. Infection of cell bod-
ies with UV inactivated virus mutants that could not engage cell surface receptors (gD null) or
could not enter cells by membrane fusion (gB null) did not promote escape from silencing.
Importantly, activating PKA in cell bodies took longer to promote escape from silencing than
did exposing cell bodies to UVPRV.

We then focused on understanding how inactivated PRV particles could induce such rapid
escape from silencing. An important discovery came from complementation studies with light
particle (LP) preparations generated after infection by a UL25 null PRV mutant that produced
LP but no infectious virions. Herpesvirus infected cells typically produce light particles
together with infectious virions [6-8]. LP contains no capsids or viral genomes, but carries
outer tegument proteins and most of the viral envelope proteins. In our complementation
assay, cell body infection with LP promoted efficient PRV escape from silencing. Moreover,
the kinetics were comparable to those found for infection with UVPRV. Importantly, neither
UVPRV- or LP-mediated escape from silencing depended on PKA or JNK signaling.

US3 is one of two serine-threonine protein kinases encoded by alpha herpesvirus genomes
and carried in the virion as an inner tegument protein. The activity of HSV-1 US3 protein
kinase has been reported to functionally overlap with PKA [9]. EP0, another tegument compo-
nent of PRV, is functionally homologous to HSV-1 ICPO, a potent transcriptional activator
[10]. Neither the viral PKA analog US3 or the HSV-1 ICP0 homolog EP0 were required to pro-
mote escape from PRV silencing, since both UV inactivated EP0O null and Us3 null mutant
viruses were able to promote productive infection. Infection with other replication incompe-
tent DNA viruses, such as baculovirus or adenovirus vectors that efficiently transduce neurons
could not stimulate escape from silencing.

These results suggest that a generalized cytoplasmic or nuclear response to DNA virus
infection is not responsible for the rapid escape from silencing. In our system, efficient reversal
of silencing requires the delivery of viral tegument proteins, which must activate multiple cell
signaling pathways. Only when viral tegument proteins are not available in the cell bodies (as
in the case of reactivation), PRV escape from silencing requires activated host PKA and JNK
dependent signaling.

Results

The cell bodies that harbor silenced PRV genomes express LAT
transcripts

In our previous report, we established quiescent infections by infecting axons in the axonal
“N” compartment of modified Campenot tri-chambers with PRV 180 (which expresses an
mRFP-VP26 fusion protein) at an MOI of 0.01 (100 plaque forming units per dish) [5]. At this
very low MO, no cell bodies express any mRFP-VP26 over a period of 3 weeks. Silent
genomes can be reactivated after high MOI superinfection of cell bodies with UV treated PRV.
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This reactivated productive infection then spreads to all neurons in the chamber [5]. These
observations raised several important questions including how many cell bodies initially get
infected at this very low MOI, and do these silent genomes express latency associated tran-
scripts (LATs), a hallmark of authentic latent infection. To estimate the number of neurons
that harbored a quiescent PRV infection, we established quiescent infections using a trans-
complemented gB null mutant, which expresses a diffusible GFP under CMV promoter (PRV
233) [11]. This virus is completely deficient in cell-cell spread—only those neurons infected
via their axons with PRV 233 (at an MOI of 0.01) expressed the green fluorescent protein in
the soma (Fig 1A). We expected the number of cell bodies harboring silent genomes would be
small because quiescence was established with approximately 100 infectious particles. We
counted on average 9.8 [+2.9 standard error of the mean (SEM)] GFP positive cell bodies in
each S compartment after low MOI PRV 233 infection between 3 to 21 days post infection
(dpi). We also assessed the number of cell bodies that send axons to the N compartment by
adding a lipophilic dye (DiI) in the N compartment. We found that 49% (+4.7% SEM) of neu-
rons were connected to the N compartment, and of these, 0.45% (+0.2% SEM) were infected
with PRV 233 (Fig 1B).

Next, we assayed the viral transcripts from the cell bodies either from cultures with silenced
PRV 180 genomes (no capsid expression was detected in cell bodies after 7 dpi) or from cul-
tures that were productively infected with PRV 180 by direct infection of cell bodies at the
same low MOI (red capsid expression was detected in all cell bodes at 7 dpi). After 7 days, the
ratio of LAT to EPO mRNA was 34.5 fold more in silenced cultures when compared to cultures
with productive cell body infection (Fig 1C). In productively infected neurons, the EPO tran-
script was 148.3 (15 SEM) fold more abundant than the LAT transcript. This ratio went
down to 4.8 (£0.65 SEM) in quiescently infected neurons at 7 dpi. These experiments showed
that PRV infection of axons at an MOI of 0.01 results in a silenced infection in less than 0.5%
of connected cell bodies in S compartments. These silenced genomes do not express late genes,
indicated by the lack of mRFP-VP26 capsid protein fluorescence, but they do express LAT
transcripts, as expected of authentic latent genomes.

The complementation assay: Activation of PKA by forskolin or docAMP
in cell bodies results in escape from silencing

We established a system to study the mechanism of how low MOI PRV 180 retrograde infec-
tion which is destined to be silenced could be redirected to a productive infection. In these
assays, we do not wait 3 weeks for the full establishment of quiescence. Instead, we infect
axons with PRV 180 at an MOI of 0.01 as before, but we simultaneously treat or infect cell bod-
ies in S compartments with drugs, inactive/mutant viruses or virus-like particles (Fig 1D).
Over 7 days, we monitor mRFP-VP26 expression in the cell bodies to determine the extent of
productive PRV 180 infection. In this complementation assay, we call a productive infection
an ‘escape from silencing’. This assay is fundamentally distinct from ‘reactivation assays‘that
aim to investigate the reversal of repressive genome modifications after latency is established.
Because elevated cyclic adenosine monophosphate (cAMP) levels and consequent protein
kinase A (PKA) activation have been shown to reactivate quiescent HSV-1 infections [12,13],
we first tested the effect of treatments that cause elevated cAMP in our system. Treatments
with forskolin or a cell-permeable dibutyryl cyclic AMP (dbcAMP) in the cell body compart-
ment resulted in increased phosphorylation of PKA substrates, and this effect was blocked by
additional treatment with a PKA inhibitor, H89 (Fig 2A). To quantitate escape from silencing,
we measured the total fluorescence (mRFP-VP26 capsid protein) in chambered neuronal cul-
tures after performing background subtraction and feature selection using Fiji/Image] v.1.48u
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Fig 1. Low MOI axonal PRV infection in compartmented neuronal cultures results in a quiescent
infection in a small number of neurons. (A) Tri-chamber compartments, S: soma (cell bodies), M:
methocel (middle), N: axonal. PRV 233 infection was made in the N compartment at an MOI of 0.01. Dil (red)
was added to the N compartment media 6 hpi to label red cell bodies that project axons to the N compartment.
Circles highlight primarily infected neurons. Insets show single infected neurons (green) among surrounding
non-infected neurons. (B) GFP positive, Dil labeled or non-labeled cell bodies were counted at 3 dpi (separate
or merged channels are shown, arrowhead points to one GFP positive cell body, ph: phase contrast). Ratios
of either red cell bodies to all S compartment neurons (connectivity), or green cell bodies to dual color (green
and red) cell bodies (infectivity) were calculated and shown in the graph. (C) RNA was isolated after 7 days of
either S compartment or N compartment infection with PRV180 at an MOI of 0.01. LAT and EPO transcripts
were quantitated. S compartment (cell body) infection resulted in a productive infection (red capsid
accumulation in all of the cells), whereas N compartment (axonal) infection was silent (no detectable red
fluorescent signal anywhere in the S compartment). The graph shows the ratio of each transcript in axonal to
cell body infection after normalization to 28S rRNA. (D) lllustration of the complementation assay: N
compartments are infected with PRV180 at an MOI of 0.01 while S compartments are treated with drugs,
inhibitors, viruses or virus-like particles.

https://doi.org/10.1371/journal.ppat.1006608.9001
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Fig 2. Forskolin and dbcAMP promote escape from silencing in a PKA and JNK dependent manner.
(A) S compartments were treated either with forskolin or docAMP for 3 hours or untreated as a control. The
PKA inhibitor H89 was added either at 30 min. post forskolin or dbcAMP treatment (+) or not (-). 3 S
compartments were harvested per condition and samples were run on SDS-PAGE. PKA activity was tested
using a polyclonal antibody that detected PKA targets. Beta-actin was used as loading control. (B) The
complementation assay was performed with forskolin treatment and entire S compartment scans for red
fluorescence are shown for 1 control and 1 forskolin treated chamber 6 dpi. (C) The fluorescence intensity
was quantitated for each S compartment scan after background was removed (AU: arbitrary units). Each data
point represents one dish (ns is not significant, **** is p<0.0001 and *** is p = 0.0004). (D) The efficiency of
inhibitors was tested in dissociated neurons in 12 wells (3 wells were pooled per condition). Inhibitors were
added 1 h post forskolin treatment. Cells were harvested at 3 hpi (H: H89, J: JNKII). JNK activity was
monitored by phospho-c-Jun (P-cJun) and total c-Jun (T-cJun) antibodies. Beta actin was used as loading
control. (E) Untreated neurons (control) or neurons treated with forskolin plus H89 (F+H) or forskolin plus
JNKII (F+J) were imaged at 6 days post treatment (dpt), and then infected with PRV 180 at an MOI of 5.
Fluorescent images showing red capsid accumulation in cell bodies were taken 24 hpi.

https://doi.org/10.1371/journal.ppat.1006608.9002

[14,15] (Fig 2B). When applied to cell bodies during low-MOI axonal infection, both forskolin
and dbcAMP promoted PRV 180 productive infection (Fig 2C). The mean value of control
dishes, where no red capsid protein expression was observed is shown as the baseline. Virus
infection spread throughout the S compartment after escape from silencing in approximately 7
days in the case of dbcAMP or forskolin treatment. We further confirmed that the observed
effects of forskolin were due to PKA activation by including the PKA inhibitor H89 in the S
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compartment. Productive infection was blocked when PKA activity was inhibited (Fig 2C),
indicating that forskolin-mediated escape from silencing requires PKA activation.

Forskolin-mediated escape from PRV silencing requires JNK activity

How latent alpha herpesvirus infections reactivate when no viral proteins are produced in the
host cell to activate viral transcription is a topic of much research and debate. Recently, Cliffe
et al., showed that cJun N-terminal kinase (JNK) activity and c-Jun phosphorylation are es-
sential for HSV-1 reactivation [3]. It was proposed that stress or injury-related stimuli, in-
cluding phosphatidylinositol 3-kinase (PI3K) inhibition, axotomy, and nerve growth factor
(NGF) withdrawal converge on JNK activation and c-Jun phosphorylation for reactivation
[3,16]. To understand whether forskolin mediated PRV 180 productive infection (which
requires PKA activity) converges on the JNK pathway, we exposed forskolin treated cell bodies
to 20 uM of the JNK inhibitor, JNKII, while simultaneously infecting their axons with low
MOI PRV 180. In this condition, inhibiting JNK activity prevented the onset of PRV 180 pro-
ductive infection (Fig 2C). The effect of this inhibitor was confirmed by monitoring the levels
of total c-Jun (T-cJun) and phospho c-Jun (P-cJun). JNKII substantially reduced forskolin-
stimulated c-Jun accumulation and completely blocked cJun activation (Fig 2D). We also
checked c-Jun levels when the PKA inhibitor H89 was included in forskolin treated samples.
We detected less c-Jun accumulation, but phosphorylation was not blocked. Also, there was a
clear shift in the molecular weight of both total and activated forms of c-Jun. To confirm that
chemical inhibitor treatment did not alter viability or virus production capacity of neurons, we
monitored neuronal morphology and virus infection under conditions that did not allow PRV
productive infection (forskolin+H89 and forskolin+JNKII). After 6 days, forskolin+H89 or
forskolin+JNKII treated neurons displayed comparable morphology to untreated neurons,
and PRV 180 infection, at an MOI of 5, proceeded comparably in all conditions (Fig 2E).
Thus, when no viral components are delivered, PRV 180 escape from silencing occurs via a
slow, PKA-dependent activation of the JNK pathway.

Infection of cell bodies with UV treated PRV stimulates rapid escape
from silencing

We showed previously that superinfection of cell bodies with UV treated PRV is sufficient to
reactivate quiescent PRV genomes [5]. Using our complementation assay, we asked whether
virion components delivered to cell bodies can trigger escape from silencing similar to that
observed with forskolin treatment. We infected cell bodies in S compartments with a high
MOI of UV inactivated PRV 959 (mNeonGreen-VP26, a green fusion protein; UVPRV) [5],
while simultaneously infecting axons with PRV 180 at low MOIL We chose to use green capsid
PRYV to be able to monitor the effect of UV inactivation. UV inactivated virus particles, as we
have previously reported, are able to enter, undergo retrograde axonal transport in neurons,
and deliver their defective genomes to the nuclei [5]. UVPRV does not exclude superinfection
with a second PRV genome [17]. Simultaneous co-infection of cell bodies with high MOI
UVPRYV enabled efficient escape from silencing by PRV 180, as indicated by red capsid signal
in the cell bodies (Fig 3A). Note that there is no green capsid signal in the cell bodies, confirm-
ing that the UV inactivated virus is unable to replicate or express late viral genes. Surprisingly,
PRV 180 infection spread to all neurons in the S compartment in only 3 days following addi-
tion of UVPRYV to the cell bodies. This is considerably faster than the 7 day period required for
PKA-induced escape from silencing. Entry of UVPRV was required because escape from
silencing was not observed with UV inactivated non-complemented entry deficient mutants
(UVgBnull or UVgDnull) (Fig 3B). Interestingly, while the PKA inhibitor H89 efficiently
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Fig 3. Simultaneous infection of cell bodies with UVPRV enables axonally infecting PRV180 to escape
from silencing. (A) Control and UVPRV959 (MOI 10) complemented S compartments are shown (3 dpi).
Red channel is shown after background filtration. Raw image is used for the green channel (no signal). (B)
Quantitation of imaging data was graphed including control dishes (7 dpi), UV959 (3 dpi), UVgBnull or
UVgDnull PRV complementation (7 dpi), and UV959 plus H89 (UVH89) complementation (3 dpi). Each data
point represents one dish (ns is not significant and **** is p<0.0001). (C) Western blot analysis of PKA
targets after 3 hours of PRV180 and UVPRYV infection in S compartments at an MOI of 10 with (+) or without
(-) H89 treatment are shown in comparison to forskolin and docAMP treatments. (D) Control dishes with
axonal PRV180 infection (MOI 0.01) were harvested either 3 or 10 dpi. S compartments infected only with
UVPRYV (MOI 10), and complementation assay samples were harvested at 3 dpi. The presence of viral capsid
(VP5) and tegument (UL47 and EPO) proteins was determined by WB using half of the lysates (each lane
represents contents of one S compartment). Beta-actin was used as a loading control. The other half of the
lysates was used to quantitate the amount of viral DNA. (E) PRV DNA was quantitated using UL54 primers.
DNA amounts calculated based on threshold cycle values are shown in the graph. Red line shows the
detection limit.

https://doi.org/10.1371/journal.ppat.1006608.9003

blocked the activity of host PKA (Fig 3C), H89 had no effect on UVPRV-mediated escape
from silencing (Fig 3B). We also confirmed that PRV 180 or UVPRYV infection of cell bodies
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induces PKA activity early after infection (3 hpi), and this activity is also efficiently inhibited
by the addition of H89 1 hpi (Fig 3C). These observations suggest that, upon cell body entry,
components of UV treated virions trigger an accelerated escape from silencing through PKA-
independent mechanisms.

We also monitored viral DNA replication and expression levels of the major capsid protein
(VP5), the most abundant tegument protein (UL47) [18], and the lytic transactivator protein
(EPO) in neuronal cultures infected by either PRV 180 alone in N compartments (3 day or 10
day post infection-dpi), UVPRV alone in S compartments (3 dpi), or both of them simulta-
neously as we did in the complementation assay (3 dpi). We were able to detect the major cap-
sid protein VP5 only when PRV 180 escaped from silencing in the complementation assay (Fig
3D). Tegument protein UL47 was detectable in cell bodies infected with UVPRV but the levels
were less than in the co-infected samples. We detected EP0O in UVPRYV infected cell bodies, but
much less than UL47 in the same samples. EPO reached high levels during PRV 180 productive
infection stimulated by UVPRV complementation (Fig 3D). We quantitated viral DNA
amounts in cell bodies in these three conditions. In a silent infection (PRV 180 alone), DNA
amounts were almost at the detection limit of our Q-PCR system (CTyean = 33.76 + 0.29 SEM
at 3 dpi, CT pean = 34.91 £ 0.08 SEM at 10 dpi). UVPRYV infection of cell bodies yielded approx-
imately 8x10° fold more DNA than PRV 180 alone (CTyeqn = 20.44 #+ 0.12 SEM), and approxi-
mately 12.8 fold less DNA than the complemented samples (CT yean = 16.76 + 0.06 SEM) (Fig
3E). These results show that UV treated PRV particles deliver significant amounts of tegument
proteins as well as replication deficient viral DNA. Clearly one or both of these components
trigger escape from silencing in the complementation assay.

Light particles promote PRV 180 escape from silencing

We hypothesized that PRV quiescence is established after low MOI axonal infection, either
due to insufficient tegument proteins delivered to the nuclei to transactivate viral gene expres-
sion, or insufficient genomes to saturate the silencing machinery. We were able to test these
ideas using light particles (LP). We used cell supernatants from PRV UL25 null mutant
infected cells. The UL25 protein is essential for proper genome encapsidation, capsid nuclear
egress, and production of infectious progeny virions [19]. This mutant produces almost no
infectious virions, but produces abundant virion-like light particles (LP) that contain tegument
but do not contain capsids or genomes. We constructed PRV 495, a double recombinant that
expresses two fluorescent fusion proteins: gM-pHluorin, a green fluorescent viral glycoprotein
that is incorporated into light particles, and mRFP-VP26 (red capsid) [7,20]. The PRV 495
recombinant was prepared by infecting UL25-expressing helper PK15 cells. We prepared a
capsid-free LP stock by infecting non-complementing PK15 cells with complemented PRV
495 at an MOI of 5. Varying amounts of this LP stock were run on SDS gels, and we assessed
the presence of envelope proteins (gD, Us9), outer tegument (UL47 and EP0) and inner tegu-
ment proteins (UL36, Us3) (Fig 4A). Inner tegument proteins UL36 and Us3 were much less
than the other tegument components UL47 and EPO. The lack of capsid proteins (VP26 and
VP5) was confirmed by WB and by fluorescence microscopy of LP inoculum on axons and
adhered to glass coverslips (Fig 4A and 4B). Many gM-pHluorin positive punctae were
detected attached to axons at 1 h post-inoculation. We did not detect any dual color puncta on
axons or coverslips, confirming that the PRV 495 LP preparation does not contain viral cap-
sids. We noticed some rare single color red punctae that did not colocalize with the green gM
signal, which possibly represents fluorescent debris from lysed PRV 495-infected cells (Fig 4B).
We then inoculated cell bodies with the LP preparation to determine if LP could promote
escape from PRV 180 silencing. PRV 495 LP promoted escape from silencing as fast as the
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Fig 4. LP promote escape from PRV180 silencing independent of PKA activity. (A) 20 ul of PRV 180,
complemented PRV 495 (produced after infecting UL25 expressing PK15 cells) stocks, and light particles
(LP) prepared from PRV 495 infected PK15 supernatant (SN) were fractionated by SDS-PAGE. The presence
and quantity of envelope (gD and Us9), tegument (UL36, UL47, EPO, and Us3), and capsid (VP5 and VP26)
proteins were determined using specific antibodies (first two lanes were overexposed to be able to detect the
proteins in the LP lane). (B) 50 pl LP were added to axons in the N compartment, and gM-pHIluorin positive
particles were visualized (no red particles were detected). The same amount of LP was also put on a glass
coverslip and screened for green, red or dual color particles. (C) Complementation assays were performed
using different amounts of LP with or without H89 (3 dpi). Each data point represents one dish (ns is not
significant and ** is p = 0.0035). (D) Western blot analysis of PKA targets was done after 3 hrs of UVPRV or
LP infection with (+) or without (-) H89 treatment. Beta-actin was used as a loading control.

https://doi.org/10.1371/journal.ppat.1006608.9004

UVPRYV (Fig 4C). This effect was not dose dependent using the amounts we tested (10, 20 and
50 pl). Since there were no detectable capsids in our LP preparations, we concluded that viral
genomes were not necessary for escape from silencing. To be sure that the LP-mediated escape
from silencing is due to LP and not due to other soluble factors released from infected cells, we
filtered the LP preparation through a 0.1 pm filter. This filtered LP preparation did not promote
escape from silencing (Fig 4C). This indicates that the “escape from silencing” activity is particu-
late, and secreted viral/host proteins or smaller cellular exosomes are not able to promote escape
from silencing. Moreover, similar to what was observed with UVPRV, the PKA inhibitor H89
was not able to block LP-induced escape from silencing (Fig 4C). LP infection of cell bodies
induced phosphorylation of PKA targets comparable to what we found with UVPRYV, and this
induction was blocked by the addition of H89 (Fig 4D). These data confirmed that in the absence
of capsids or genomes, viral proteins incorporated into particles are sufficient to induce an accel-
erated escape from silencing within 3 days, and this escape does not require PKA activity.
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PRV tegument proteins Us3 and EPO are not required for escape from
silencing

We hypothesized that a tegument protein delivered by UVPRYV or LP might trigger escape
from silencing when PKA signaling is blocked. Specifically, we looked at PRV Us3, a potential
analog of PKA [9], and PRV EPO0, a functional homolog of HSV-1 ICP0, which contains a
putative cCAMP response element in its promoter [10]. To understand whether the PRV tegu-
ment components Us3 or EPO play a major role in escape from silencing, we prepared stocks
of viral mutants that do not express these proteins (Fig 5A). PRV 823 [21] contains a Us3 null
mutation, and PRV EPO6 contains an EP0 null mutation (see Materials and Methods). We
then performed the complementation assay by infecting cell bodies in the S compartment with
UV inactivated EP0O null (UVEPO6) or Us3null (UV823) while simultaneously infecting axons
with low MOI PRV180 (Fig 5B). The UV inactivated EPO null mutant promoted escape from
silencing with comparable kinetics to UVPRV and LP in a PKA independent manner. Unex-
pectedly, we also found that the Us3null mutant promoted escape from silencing with or with-
out H89 treatment (Fig 5B). Infection of neurons with either of these mutants induced PKA
activity in 3 hours comparable to UVPRV and H89 blocked this activity when added 1 hour
after infection with either PRV mutant (Fig 5C).
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Fig 5. PRV tegument proteins, US3 and EPO are not required to promote PRV180 escape from
silencing. (A) 20 yl PRV EPOnull (PRVEP06) and Us3null (PRV 823) virus stocks were run on SDS-PAGE in
comparison with PRV959 stocks. (B) Complementation assays were performed using UV inactivated PRV
EP06 (UVEPO06) and PRV 823 (UV823) with or without H89 (3 dpi). Each data point represents one dish (ns is
not significant, **** is p<0.0001, *** is p = 0.0004 and ** is p = 0.0021). Replication incompetent DNA
viruses expressing GFP (baculovirus and adenovirus) were also included. Inset shows the transduction
efficiencies of baculovirus and adenovirus in S compartments. (C) Western blot analysis of PKA targets during
3 hrs of UVPRYV (PRV 959), UV823 or UVEPO06 infection with (+) or without (-) H89 treatment. The samples
are compared to control and forskolin treatment. Beta-actin was used as a loading control.

https://doi.org/10.1371/journal.ppat.1006608.9005
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These data suggest that UVPRV- and LP-mediated escape from silencing involves multiple
signaling pathways, which may be distinct from the forskolin- and dbcAMP-mediated PKA
pathway that induces a slower escape from silencing. Alternatively, another viral kinase in the
tegument, which is resistant to H89, may be able to activate productive infection by phosphor-
ylating PKA targets (e.g. UL13).

We entertained the hypothesis that UVPRV and LP infections stimulated a general cell
response to virus infection, which resulted in escape from silencing. We tested replication defi-
cient adenovirus and baculovirus recombinants expressing diffusible GFP to determine if high
MOTI infection of cell bodies promoted PRV 180 escape from silencing. Although both DNA
virions (one naked, one enveloped) efficiently transduced GFP expression in neuronal cell
bodies, neither promoted PRV 180 escape from silencing (Fig 5B). We conclude that escape
from silencing by superinfection with UVPRV or LP is not a generalized neuronal response to
DNA virus infection. Rather, it is a herpesvirus-specific induction of productive cycle viral
promoters by multiple tegument-host protein interactions or induction of injury response
pathways.

UV inactivated PRV- and LP-mediated escape from silencing does not
depend on JNK activity

Our findings that UVPRV and LP mediate an accelerated, PKA-independent escape from
silencing support the hypothesis that the molecular mechanism(s) promoting quiescence or
productive infection might differ from the mechanisms of de-repressing viral promoters dur-
ing reactivation from latency. To test whether escape from silencing mediated by UVPRV or
LP is regulated by JNK activity, we infected axons with PRV 180, simultaneously treated cell
bodies with UVPRV or LP, and subsequently added a JNK inhibitor (JNKII) one hour post
infection. When JNK activity was inhibited, neither UVPRV- nor LP-mediated escape from
silencing was blocked, but the spread of infection among the S compartment neurons was
delayed (Fig 6A and 6C). We observed red capsid accumulation starting at 3 dpi, but the full
spread of infection took 6 days (Fig 6C). We also treated UVPRYV or LP infected cell bodies
with the PI3K inhibitor, LY294002. In this case, the onset and spread of PRV 180 productive
infection was significantly delayed but not completely blocked (Fig 6A and 6C). Interestingly,
we saw “strings” of infected neurons in S compartments (Fig 6C showing limited spread of
infection), but full spread of infection was prevented particularly when PI3K activity was
inhibited. These findings are consistent with the literature indicating a role for this kinase in
herpesvirus infection (see [22] for review). The activity of the inhibitors also was tested in
mock, UVPRV and LP treated neurons. Interestingly, treatment of neurons with UVPRV or
LP increased total and phosphorylated c-Jun levels comparable to forskolin. JNKII blocked
c-Jun phosphorylation in all of these samples (Fig 6B), but it interfered only with forskolin-
mediated and not with UVPRV- or LP-induced escape from silencing. LY294002 effectively
reduced activated AKT levels (pAKT) as expected, and induced c-Jun accumulation and phos-
phorylation in all of the conditions where the inhibitor was added (Fig 6B). These results fur-
ther established that UVPRV- and LP-mediated escape from silencing proceeds through a
distinct molecular mechanism from cAMP/PKA and JNK-mediated activation of productive
infection.

Discussion

Alpha herpesviruses establish latency in peripheral nervous system (PNS) ganglia in vivo.
However, in vitro HSV-1 or PRV infections of dissociated PNS neurons in culture (e.g. trigem-
inal ganglia, dorsal root ganglia, or superior cervical ganglia) generally result in productive
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Fig 6. JNK inhibition does not block UVPRV or LP promoted escape from silencing. (A) Complementation
assays were performed using UVPRYV and LP with or without the PI3K inhibitor LY294002, or the JNK inhibitor
JNKII (added 1 hpi) (6 dpi). Each data point represents one dish (ns is not significant, **** is p<0.0001, ** is
p=0.0013 and * is p = 0.033). (B) The efficiency of inhibitors was tested in dissociated neurons in 12 wells (3
wells were pooled per condition). The inhibitors were added 1 h post UVPRYV or LP infection. Cells were
harvested 3 hpi (L: LY294002, J: JNKII). JNK activity was monitored by phospho-c-Jun (P-cJun) and total c-Jun
(T-cJun) antibodies. PI3K activity was monitored by comparing steady state levels of phospho-AKT (P-AKT).
Beta actin was used as a loading control. (C) Representative S compartment scans (background removed) are
shown for conditions: UVPRV plus LY/JNKII or LP plus LY/JNKII (6 dpi) in comparison to UVPRYV or LP mediated
complementation at 3 dpi.

https://doi.org/10.1371/journal.ppat.1006608.9006

infection unless viral DNA replication is suppressed using DNA synthesis inhibitors or inter-
feron treatment [23]. Using our in vitro model system, which mimics the natural route of neu-
ronal invasion by long distance retrograde axonal transport, we previously showed that PRV
infection of axons at a low MOI (below 0.1) results in reactivateable quiescent infections in dis-
tant cell bodies. Importantly, this was the first in vitro system for establishing PRV quiescence
without the use of DNA synthesis inhibitors or cytokine treatment. These findings raised the
question of why the axonally delivered viral genomes can reach the cell bodies but cannot initi-
ate a productive infection. In the current study, we aimed to uncover cellular and viral compo-
nents that prevent establishment of quiescent infection and promote productive replication of
axonally delivered genomes (i.e. escape from silencing) after low MOI infection of axons.

We developed a compartmented complementation assay where axons are infected with a
PRV recombinant that expresses mRFP-VP26 (red capsid virus) at MOI of 0.01, which
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produces a silenced, quiescent infection. Cell bodies in a separate compartment from axons
are simultaneously treated with different reagents, UV inactivated virus or virus-like particles.
Using this system, we reveal two distinct molecular mechanisms to start productive infection
from quiescently destined PRV genomes: host stress-mediated (slow) and viral tegument-
mediated (fast). Host stress mediated productive infection required both PKA and JNK activ-
ity, whereas viral tegument mediated productive infection did not. When cell bodies were
treated with forskolin or a cell permeable cAMP analogue, PKA was activated. This resulted in
escape from silencing and productive infection spreading to all cell bodies in the S compart-
ment in approximately 7 days. We also showed that productive infection was completely lost
when PKA activity was blocked. Consistent with the literature, such escape from silencing
required stress-activated protein kinase (e.g. JNK) activity [3,16]. However, when S compart-
ment neurons were complemented with a UV inactivated PRV, the axonal PRV 180 infection
(which would otherwise be destined for quiescence) escaped silencing rapidly and spread to all
neurons in the S compartment in 3 days. Infection by entry deficient UVPRV gBnull or gDnull
mutants did not induce escape from silencing showing that particles must fuse and release
viral components into the neuronal cell body to stimulate a productive infection. Moreover,
escape from silencing did not require tegument proteins Us3 or EPO, and surprisingly did not
depend on cellular PKA or JNK activity.

From the large body of literature surrounding alpha herpesvirus latency, several hypotheses
emerge to explain why these viruses stay quiescent in PNS neurons in vivo. One hypothesis is
that separate long-distance axonal transport of nucleocapsids and certain tegument proteins
(e.g. VP16) challenges the timely arrival of tegument and viral DNA in the nucleus [24]. If
these components do not reach the nucleus concurrently, VP16 (along with cellular proteins
(HCF1, octl, LSD1)) may not be able to orchestrate the transactivation of immediate early
genes (e.g. ICP0) [25]. Furthermore, upon the nuclear delivery of the herpesvirus genome,
ND10 (nuclear domain 10) proteins assemble at the viral DNA and viral genomes are covered
with repressive histones [26] (see [27] for review). The newly made ICPO protein removes
repressive histone modifications to activate early/late gene expression [27-30].

A second idea is that productive infection can initiate only after sufficient genomes are
delivered to the neuronal nuclei to saturate the silencing complexes (e.g. ND10, Co-REST,
HDAC:). Because only a limited number of alpha herpesvirus genomes can be expressed
(fewer than 7) in a given neuronal or epithelial cell even after high MOI infection (100 pfu/
cell), the remaining genomes might be targeted by the silencing complexes, resulting in quies-
cent infection [31].

To test the hypothesis that alpha herpesvirus tegument proteins alone are sufficient to trig-
ger escape from silencing, we complemented S compartment cell bodies with light particles.
PRV light particles without capsids were produced during infection by UL25 null PRV mutant.
These light particles were able to initiate productive infection of axonally delivered PRV 180 as
fast as UVPRV and did so in a PKA- and JNK-independent manner. Although herpesvirus
infected cells yield large amounts of capsid-less virus-like particles (up to 81% in PRV [7], and
84% in EBV infection [8]) that contain viral envelope and tegument proteins and use exocyto-
sis machinery similar to infectious virions [6-8,32], their function is not well understood.
Recently, Gong et al., showed that such virus-like particles produced by Kaposi‘s sarcoma asso-
ciated virus (KSHV) induce B-cell differentiation signaling to promote lytic infection suggest-
ing a role for light particles in productive versus latency switch [8].

Our in vitro findings support the first hypothesis: Low MOI axonal infection is destined for
quiescence most likely due to a lack of tegument proteins in the neuronal cell body and
nucleus, which are required to initiate viral gene transcription and productive infection. This
conclusion is based on results from the PRV light particle complementation assays, which
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suggest that excess genomes do not play a major role in escape from silencing. However, viral
tegument proteins are critical for redirecting low MOI axonal infection from quiescent to pro-
ductive. We have yet to identify the specific tegument or tegument proteins responsible, but
potential candidates include VP16 and UL13 kinase. It is possible that multiple components
are required, and a single viral protein may not be sufficient to prevent quiescence.

A remaining question concerns how PKA activation leads to JNK mediated c-Jun phos-
phorylation. One idea is that cAMP-mediated PKA activity leads to direct activation of the
dual leucine zipper kinase DLK that is upstream of JNK. This pathway has recently been
shown to mediate axonal regeneration [33] and also HSV-1 reactivation [3]. Another possibil-
ity is that elevated cAMP levels activate PKA, which in turn phosphorylates mitogen activated
protein kinase 4 (MKK4). MKK4 also directly phosphorylates and activates JNK (see [34] for
review), and MKK4 has been shown to mediate aromatase expression in response to prosta-
glandin E, in a cAMP/MKK/JNK dependent manner [35].

Our low MOI axonal infection model of silencing suggests that very few cell bodies harbor
silenced genomes after axonal infection, and this raises the question of how this compares to
in vivo latency models. Using a spread deficient PRV (gBnull) mutant, we found the number
of cell bodies in the S compartment with quiescent PRV infections was 9.8 on average. This is
approximately 0.5% of the neurons that send axons to the N compartment. Even from this
small number of cells, we detected a significant increase in expression of the PRV latency asso-
ciated transcript in cultures with silenced PRV 180 infection compared to a productive infec-
tion. Because it is a hallmark of authentic latent infection, increased LAT expression validates
our in vitro model of quiescence.

The in vivo ocular HSV-1 latency model shows that thousands of neurons in the trigeminal
ganglia harbor latent infections, and some of them undergo productive infection before
genomes are silenced. We do not see this in our system because we do not see late gene expres-
sion as monitored by mRFP-VP26 fluorescent protein expression. More interestingly, in the
ocular infection model, only 0.04% of the latently infected neurons reactivate (2-4 neurons/
ganglion) and extremely low level replication was detected in these neurons [36-38]. Unlike
this small percentage of reactivation in the animal models, we see extensive spread rather than
low level viral replication after productive infection is initiated. This difference is most proba-
bly due to the lack of immune system control in our simplified in vitro model; as soon as pro-
ductive infection starts it spreads to all neurons unless replication inhibitors or cytokines are
added.

A two-stage program initiated by a pre-existing epigenetic switch has been proposed for
HSV-1 reactivation from latency [3,16]. The program includes a generalized de-repression of
viral promoters (phase I or animation) leading to de novo synthesis of many viral proteins. In
the first phase, viral gene expression does not follow the regular early-to-late gene-cascade,
and is not dependent on VP16 activity. Ex vivo reactivation triggered by axotomy in combina-
tion with neurotropin deprivation follows such a disordered pattern of gene expression. The
second phase of reactivation closely resembles productive infection: It follows the expected
transcription cascade and chromatin remodeling that is critical for full reactivation [16]. More
recently, Sawtell and Thompson proposed a three-step program including pre-initiation, initi-
ation, and progression [39]. Interestingly, explant reactivation produces new virus much faster
than reactivation through PI3K-inhibition [40]. It may be that, multiple signaling pathways
were activated during dissection of the ganglia that could accelerate the proposed biphasic pro-
gram. UVPRV- or LP-mediated escape from silencing shows a similar rapid pattern: If viral
tegument proteins are delivered into the cell body, several signaling pathways are induced, and
neither PKA nor JNK seem to be a major player. In this case, productive infection proceeds
rapidly. If tegument proteins are not efficiently delivered to the cell body (as in the case of
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axonal entry and similar to reactivation), PKA and JNK activity may help de-repression or
transcription of incoming viral genomes. This process takes a longer time similar to PI3K inhi-
bition-mediated HSV-1 reactivation.

We still do not know if escape from silencing differs mechanistically from reactivation from
latency, or whether forskolin-induced productive infection observed in our system is more
akin to reactivation rather than escape from quiescence. Our compartmented complementa-
tion assay will help dissect these phenomena by investigating whether viral lytic promoters are
associated with histone H3 tri-methylation at lysine 27 (H3K27me3) as shown for the HSV-1
genome [41,42]. Future studies will also explore the effect of type I and II interferon, as well as
stress hormones (epinephrine and corticosteroids) on the establishment of silent PRV infec-
tion as well as escape from genome silencing.

Materials and methods
Cell lines and viruses

Porcine kidney epithelial cells (PK15; ATCC) were used to produce and titer PRV. These cells
were maintained in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10%
fetal bovine serum, 1% penicillin and streptomycin. PRV Becker is a wild-type laboratory
strain [43]. PRV 180 expresses an mRFP-VP26 fusion protein in a PRV-Becker background
[44]. PRV 959 expresses an mNeonGreen-VP26 fusion protein in a PRV Becker background
[5]. PRV 233 is a gB-null mutant of PRV-Becker expressing diffusible GFP from the gG locus
under the control of a cytomegalovirus (CMV) promoter [11]. PRV 233 stocks were propa-
gated, and their titers were determined in PK15 cells stably transfected with LP64e3, a plasmid
expressing PRV gB (constructed by Lisa Pomeranz in the Enquist lab). PRV 357 is a gD-null
recombinant expressing diffusible GFP in a PRV Becker background [45]. PRV 357 is grown
G5 cells that constitutively express PRV gD [46]. To obtain entry deficient virus stocks, non-
complementing PK15 cells were infected with PRV 233 and PRV 357 at high MOI, and har-
vested at 24 hpi to obtain gB null and gD null virions, respectively. The titers of these stocks
were determined based on the genomic DNA content by quantitative RT-PCR. Mutant stock
titers were normalized using volumes of each stock corresponding to the amount of DNA in
10° pfu of wt PRV. PRV 823 is Us3 null of PRV-Becker expressing mRFP-VP26 fusion protein
[21] and PRV EP06 is EPOnull expressing mNeonGreen-VP26 in a PRV-Becker background
(constructed by Hao Oliver Huang in the Enquist lab). PRV 495 is UL25-null expressing
mRFP-VP26 and gM-pHluorin fusion proteins [20]. Complementing cell line expressing PRV
UL25 protein was a kind gift from G. Smith, Northwestern University [47].

Primary neuron cultures

Superior cervical ganglia (SCGs) were isolated from embryonic day 17 Sprague-Dawley rat
embryos (Hilltop Labs). Primary neurons were cultured in tri-chamber dishes as previously
described [48,49]. Multi-well or 35-mm plastic tissue culture dishes (Falcon) or optical plastic
dishes (Ibidi) were coated with 500 pg/ml of poly-DL-ornithine (Sigma Aldrich) and 10 pug/ml
of natural mouse laminin (Invitrogen). After coating, two sets of grooves were etched on the
dishes. A silicone grease-coated tri-chamber (Tyler Research) was placed on top of a drop of
1% methylcellulose (in neuronal medium) covering the groves. Ganglia were trypsinized and
triturated, and approximately 2/3 of an SCG was plated in the S compartment. Neurons were
maintained in complete neuronal medium: Neurobasal medium (Gibco) supplemented with
100 ng/ml nerve growth factor 2.5S (Invitrogen), 2% B27 (Gibco) and 1% penicillin and strep-
tomycin with 2 mM glutamine (Invitrogen). 2 to 3 days after seeding, 1 mM cytosine-D-
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arabinofuranoside (AraC; Sigma-Aldrich) was added for at least 2 days to eliminate non-neu-
ronal cells. Neurons were cultured for 14-21 days prior to experiments.

Virus infection and drug treatment in compartmented neuronal cultures

Before adding the virus inoculum to N and/or S compartments in tri-chambers, 1% methylcel-
lulose prepared in neuronal medium was added in the M (Middle) compartment to prevent
any possible leakage from either of these compartments. Neuronal infections were done using
the indicated amounts of recombinant PRV. Dil was added at 2.5 pg/mL (Life Technologies)
to the N compartment. Reagents used in this study: Forskolin (Sigma), dibutyryl cAMP (Sell-
eckchem), H89 (Selleckchem), LY294002 (Sigma) and JNK inhibitor II (Calbiochem).

Microscopy

Imaging was performed on a previously described Nikon Ti-E inverted epifluorescence micro-
scope [50]. Tiled images of the entire S compartment were captured using Nikon NIS Elements
software, a Cool Snap ES2 camera (Photometrics), and 4x magnification objective. To measure
the total fluorescence in chambered neuronal cultures, we performed background subtraction
and feature selection using Fiji/Image]J v.1.48u [14]. Because the background fluorescence
intensity is highly variable across tiled images, we first subtracted the local background by cal-
culating a 20 pixel radius median filter and subtracting this median filtered image from the
original. To select fluorescent cell bodies, we next performed granulometric filtering using the
GranFilter plugin in Fiji/Image] [15]. GranFilter plugin settings were as follows: circular struc-
ture element, 3 pixel radius, 6 pixel step size. With these settings GranFilter selects fluorescent
structures that are the approximate size and shape of fluorescent neuronal cell bodies. We then
manually set a region of interest to exclude image artifacts caused by reflections off the cham-
ber walls and grooves. Finally, we measured the integrated fluorescence intensity using the
Measure function in Fiji/ImageJ and exported these measurements to Microsoft Excel. High
magnification imaging of fluorescent particles was done using an Andor iXon Ultra EMCCD
camera and 60x magnification objective. All images and movies were assembled for publica-
tion using NIS-Elements software (Nikon), Fiji/Image], and Adobe Photoshop. For compara-
tive analysis, fluorescence excitation intensity, exposure time, and other imaging parameters
were consistent for all experimental conditions.

Western blot analysis

Dissociated neurons or cell bodies from the S compartment were lysed in radioimmunopreci-
pitation assay (RIPA) buffer supplemented with 1 mM dithiothreitol (DTT) and protease
inhibitor cocktail (Sigma-Aldrich). Lysates were incubated on ice for 30 min, sonicated, and
centrifuged at 11,000 rpm at 4°C. Supernatants were transferred into new tubes and mixed
with 5x Laemmli buffer. Samples were heated at 90°C for 5 min before resolved by 4-12%
NuPAGE BisTris gels (Invitrogen). Proteins were transferred to nitrocellulose membranes
(Whatman) using semidry transfer (Biorad). For blocking, membranes were incubated in 5%
non-fat dry milk in phosphate-buffered saline (PBS) solution for 1 h at room temperature.
Immunoblots were performed using primary and secondary antibodies diluted in 1% milk
PBS solution. Membranes were incubated with chemiluminescent substrates (Supersignal
West Pico or Dura, Thermo scientific). Protein bands were visualized by exposure on HyBlot
CL (Denville scientific) blue X-ray films. Primary antibodies used in this study: Mouse mono-
clonal antibody (mAb) anti-B-actin (Sigma), anti-Us9 mouse mAb IA8 clone [51], anti-VP5
mouse mADb (gift of H. J. Rziha, Federal Research Center for Viruses Diseases for Animals,
Tubingen, Germany), anti-UL47, anti-UL35 and anti-UL36 polyclonal rabbit sera [gifts of T.
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Mettenleiter, Friedrich-Loeffler Institut [52-54]], anti-Us3 mouse mAb [21], rabbit polyclonal
anti-EPO (gift of H. Kida, Hokkaido University) [55], anti-gD polyclonal rabbit sera (gift of K.
Bienkowska-Szewczyk University of Gdansk), anti-cJun (Cell Signaling), anti-phospho-cJun
(Ser63; Cell Signaling) anti-AKT (Cell Signaling), anti-phospho-AKT (Ser473; Cell Signaling),
anti-PKA substrates (P-S/T Kinase substrate Ab Sampler, Cell Signaling). Horseradish peroxi-
dase-conjugated secondary mouse or rabbit antibodies (KPL) were used at 1:10000 dilution.

Quantitative RT-PCR

Q-RT-PCR was performed with Eppendorf Realplex Mastercycler. Reaction mixture was pre-
pared using Kapa Syber Fast qPCR kit and samples were prepared as triplicates. Each experi-
ment was done in duplicates. To determine genomic DNA amounts in neuronal soma, each S
compartment was lysed in 10 pl of RIPA. 5 pl of this lysate was treated with proteinase K (New
England Biolabs) for 50 min. at 55°C followed by 5 min at 95°C. To titer entry deficient PRV
mutants (gBnull and gDnull), 90 ul of virus stock was first digested with 100 units of DNase I
(Invitrogen) to remove contaminating DNA before proteinase K treatment. Viral genomic
DNA was quantified by using UL54 specific primers as published [56]. PRV Becker nucleocap-
sid DNA and PRV Becker virus stock (1x10®pfu/ml) were used as standards to determine the
amount of viral DNA corresponding to one plaque forming unit. To determine transcript
amounts, total RNA was extracted from cell bodies in the S compartment using RNeasy Plus
Mini kit (Qiagen). cDNA synthesis was performed using SuperScript III first-strand synthesis
kit (Life Technologies) with Oligo-dT primers. LAT specific primers (fw: 5-“GATGCAGTCC
AGACAG-35, rev: 5“GTAGTGGTCCCGAGTTGC-3°) amplifying a 141 bp fragment were
used. EPO transcript was quantitated using primers (fw: 5-GGGTGTGAACTATATCGACA
CGTC-35, rev: 5-“TCAGAGTCAGAGTGTGCCTCG-3°) to amplify a 150 bp region. Plotted
values were calculated using the ~AACt method and normalization to 28S rRNA (fw: 5-GGGC
CGAAACGATCTCAACC-35, rev: 5-GCCGGGCTTCTTACCCATT-3"). Fold changes were
calculated using the comparative CT method (Z(CTX_CTR)control-(CTX_CTR)test) where Crx is the
threshold cycle of the gene of interest and Cry is the threshold cycle of the reference gene (28S
rRNA) [57].

Statistical analysis

One-way analysis of variance (ANOVA) with Tukey’s posttest or Mann-Whitney test was per-
formed using GraphPad Prism 5.0. Values in the text, graphs, and figure legends throughout
the manuscript are means + standard errors of the means (SEM).

Ethics statement

All animal work was performed in accordance with the Princeton Institutional Animal Care
and Use Commiittee (protocols 1947-16). Princeton personnel are required to adhere to appli-
cable federal, state, local and institutional laws and policies governing animal research, includ-
ing the Animal Welfare Act and Regulations (AW A); the Public Health Service Policy on
Humane Care and Use of Laboratory Animals; the Principles for the Utilization and Care of
Vertebrate Animals Used in Testing, Research and Training; and the Health Research Exten-
sion Act of 1985.

Acknowledgments

We thank the members of the Enquist lab for their critical comments on the project. We thank
our many colleagues for sharing antibodies and reagents.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006608 October 26, 2017 18/22


https://doi.org/10.1371/journal.ppat.1006608

@’PLOS | PATHOGENS

Two distinct mechanisms for alpha herpesvirus escape from genome silencing

Author Contributions

Conceptualization: Orkide O. Koyuncu, Lynn W. Enquist.

Data curation: Orkide O. Koyuncu.

Formal analysis: Orkide O. Koyuncu, Margaret A. MacGibeny, Ian B. Hogue.
Funding acquisition: Margaret A. MacGibeny, Lynn W. Enquist.
Investigation: Orkide O. Koyuncu.

Methodology: Orkide O. Koyuncu, Margaret A. MacGibeny.

Resources: Lynn W. Enquist.

Software: Ian B. Hogue.

Supervision: Lynn W. Enquist.

Visualization: Orkide O. Koyuncu.

Writing - original draft: Orkide O. Koyuncu.

Writing - review & editing: Margaret A. MacGibeny, Ian B. Hogue, Lynn W. Enquist.

References

1. Penkert RR, Kalejta RF (2011) Tegument protein control of latent herpesvirus establishment and ani-
mation. Herpesviridae 2: 3. https://doi.org/10.1186/2042-4280-2-3 PMID: 21429246

2. CamarenaV, Kobayashi M, Kim JY, Roehm P, Perez R, et al. (2010) Nature and duration of growth fac-
tor signaling through receptor tyrosine kinases regulates HSV-1 latency in neurons. Cell Host Microbe
8: 320-330. https://doi.org/10.1016/j.chom.2010.09.007 PMID: 20951966

3. Cliffe AR, Arbuckle JH, Vogel JL, Geden MJ, Rothbart SB, et al. (2015) Neuronal Stress Pathway Medi-
ating a Histone Methyl/Phospho Switch Is Required for Herpes Simplex Virus Reactivation. Cell Host
Microbe 18: 649-658. https://doi.org/10.1016/j.chom.2015.11.007 PMID: 26651941

4. Wilcox CL, Johnson EM Jr. (1987) Nerve growth factor deprivation results in the reactivation of latent
herpes simplex virus in vitro. J Virol 61: 2311-2315. PMID: 3035230

5. Koyuncu OO, Song R, Greco TM, Cristea IM, Enquist LW (2015) The number of alphaherpesvirus parti-
cles infecting axons and the axonal protein repertoire determines the outcome of neuronal infection.
MBio 6.

6. Szilagyi JF, Cunningham C (1991) Identification and characterization of a novel non-infectious herpes
simplex virus-related particle. J Gen Virol 72 (Pt 3): 661-668.

7. Hogue IB, Scherer J, Enquist LW (2016) Exocytosis of Alphaherpesvirus Virions, Light Particles, and
Glycoproteins Uses Constitutive Secretory Mechanisms. MBio 7.

8. GongD, Dai X, Xiao Y, Du Y, Chapa TJ, et al. (2017) Virus-like vesicles of Kaposi’s sarcoma-associated
herpesvirus activate lytic replication through triggering differentiation signaling. J Virol.

9. BenettiL, Roizman B (2004) Herpes simplex virus protein kinase US3 activates and functionally over-
laps protein kinase A to block apoptosis. Proc Natl Acad Sci U S A 101: 9411-94186. https://doi.org/10.
1073/pnas.0403160101 PMID: 15192152

10. Moriuchi H, Moriuchi M, Dean H, Cheung AK, Cohen JI (1995) Pseudorabies virus EPO is functionally

homologous to varicella-zoster virus ORF61 protein and herpes simplex virus type 1 ICPO. Virology
209: 281-283. PMID: 7747481

11.  Curanovic D, Enquist LW (2009) Virion-incorporated glycoprotein B mediates transneuronal spread of
pseudorabies virus. J Virol 83: 7796—7804. https://doi.org/10.1128/JV1.00745-09 PMID: 19494011

12. Danaher RJ, Savells-Arb AD, Black SA Jr., Jacob RJ, Miller CS (2001) Herpesvirus quiescence in neu-
ronal cells IV: virus activation induced by pituitary adenylate cyclase-activating polypeptide (PACAP)
involves the protein kinase A pathway. J Neurovirol 7: 163—168. PMID: 11517389

13. Rodriguez A, Sainz De La Maza M, Missry J, Foster CS (1991) The role of cyclic nucleotide mediators
in latency and reactivation of HSV-1 infected neuroblastoma cells. Eye (Lond) 5 (Pt 5): 627—635.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006608 October 26, 2017 19/22


https://doi.org/10.1186/2042-4280-2-3
http://www.ncbi.nlm.nih.gov/pubmed/21429246
https://doi.org/10.1016/j.chom.2010.09.007
http://www.ncbi.nlm.nih.gov/pubmed/20951966
https://doi.org/10.1016/j.chom.2015.11.007
http://www.ncbi.nlm.nih.gov/pubmed/26651941
http://www.ncbi.nlm.nih.gov/pubmed/3035230
https://doi.org/10.1073/pnas.0403160101
https://doi.org/10.1073/pnas.0403160101
http://www.ncbi.nlm.nih.gov/pubmed/15192152
http://www.ncbi.nlm.nih.gov/pubmed/7747481
https://doi.org/10.1128/JVI.00745-09
http://www.ncbi.nlm.nih.gov/pubmed/19494011
http://www.ncbi.nlm.nih.gov/pubmed/11517389
https://doi.org/10.1371/journal.ppat.1006608

@’PLOS | PATHOGENS

Two distinct mechanisms for alpha herpesvirus escape from genome silencing

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Schindelin J, Arganda-Carreras |, Frise E, Kaynig V, Longair M, et al. (2012) Fiji: an open-source plat-
form for biological-image analysis. Nat Methods 9: 676-682. https://doi.org/10.1038/nmeth.2019
PMID: 22743772

Prodanov D, Heeroma J, Marani E (2006) Automatic morphometry of synaptic boutons of cultured cells
using granulometric analysis of digital images. J Neurosci Methods 151: 168—177. https://doi.org/10.
1016/j.jneumeth.2005.07.011 PMID: 16157388

Cliffe AR, Wilson AC (2016) Restarting Lytic Gene Transcription at the Onset of Herpes Simplex Virus
Reactivation. J Virol.

Wu BW, Engel EA, Enquist LW (2014) Characterization of a replication-incompetent pseudorabies
virus mutant lacking the sole immediate early gene IE180. MBio 5: e01850. https://doi.org/10.1128/
mBio.01850-14 PMID: 25389174

Bohannon KP, Jun Y, Gross SP, Smith GA (2013) Differential protein partitioning within the herpesvirus
tegument and envelope underlies a complex and variable virion architecture. Proc Natl Acad Sci U S A
110: E1613-1620. https://doi.org/10.1073/pnas.1221896110 PMID: 23569236

Klupp BG, Granzow H, Keil GM, Mettenleiter TC (2006) The capsid-associated UL25 protein of the
alphaherpesvirus pseudorabies virus is nonessential for cleavage and encapsidation of genomic DNA
but is required for nuclear egress of capsids. J Virol 80: 6235-6246. https://doi.org/10.1128/JV1.02662-
05 PMID: 16775311

Hogue IB, Bosse JB, Hu JR, Thiberge SY, Enquist LW (2014) Cellular mechanisms of alpha herpesvi-
rus egress: live cell fluorescence microscopy of pseudorabies virus exocytosis. PLoS Pathog 10:
€1004535. https://doi.org/10.1371/journal.ppat.1004535 PMID: 25474634

Olsen LM, Ch’ng TH, Card JP, Enquist LW (2006) Role of pseudorabies virus Us3 protein kinase during
neuronal infection. J Virol 80: 6387-6398. https://doi.org/10.1128/JV1.00352-06 PMID: 16775327

Liu X, Cohen JI (2015) The role of PI3K/Akt in human herpesvirus infection: From the bench to the bed-
side. Virology 479-480: 568-577. https://doi.org/10.1016/j.virol.2015.02.040 PMID: 25798530

Kobayashi M, Wilson AC, Chao MV, Mohr | (2012) Control of viral latency in neurons by axonal mTOR
signaling and the 4E-BP translation repressor. Genes Dev 26: 1527—-1532. https://doi.org/10.1101/gad.
190157.112 PMID: 22802527

Hafezi W, Lorentzen EU, Eing BR, Muller M, King NJ, et al. (2012) Entry of herpes simplex virus type 1
(HSV-1) into the distal axons of trigeminal neurons favors the onset of nonproductive, silent infection.
PLoS Pathog 8: €1002679. https://doi.org/10.1371/journal.ppat.1002679 PMID: 22589716

Zhou G, Du T, Roizman B (2013) The role of the COREST/REST repressor complex in herpes simplex
virus 1 productive infection and in latency. Viruses 5: 1208—1218. https://doi.org/10.3390/v5051208
PMID: 23628827

Maul GG, Everett RD (1994) The nuclear location of PML, a cellular member of the C3HC4 zinc-binding
domain protein family, is rearranged during herpes simplex virus infection by the C3HC4 viral protein
ICPO. J Gen Virol 75 (Pt 6): 1223—-1233.

Roizman B, Whitley RJ (2013) An inquiry into the molecular basis of HSV latency and reactivation.
Annu Rev Microbiol 67: 355-374. https://doi.org/10.1146/annurev-micro-092412-155654 PMID:
24024635

Cai W, Schaffer PA (1992) Herpes simplex virus type 1 ICPO regulates expression of immediate-early,
early, and late genes in productively infected cells. J Virol 66: 2904—2915. PMID: 1313909

Halford WP, Kemp CD, Isler JA, Davido DJ, Schaffer PA (2001) ICPO, ICP4, or VP16 expressed from
adenovirus vectors induces reactivation of latent herpes simplex virus type 1 in primary cultures of
latently infected trigeminal ganglion cells. J Virol 75: 6143—-6153. https://doi.org/10.1128/JVI1.75.13.
6143-6153.2001 PMID: 11390616

Thompson RL, Shieh MT, Sawtell NM (2003) Analysis of herpes simplex virus ICPO promoter function
in sensory neurons during acute infection, establishment of latency, and reactivation in vivo. J Virol 77:
12319-12330. https://doi.org/10.1128/JVI.77.22.12319-12330.2003 PMID: 14581568

Kobiler O, Lipman Y, Therkelsen K, Daubechies |, Enquist LW (2010) Herpesviruses carrying a Brain-
bow cassette reveal replication and expression of limited numbers of incoming genomes. Nat Commun
1: 146. https://doi.org/10.1038/ncomms1145 PMID: 21266996

Kalamvoki M, Deschamps T (2016) Extracellular vesicles during Herpes Simplex Virus type 1 infection:
aninquire. Virol J 13: 63. https://doi.org/10.1186/s12985-016-0518-2 PMID: 27048572

HaoY, Frey E, Yoon C, Wong H, Nestorovski D, et al. (2016) An evolutionarily conserved mechanism
for cAMP elicited axonal regeneration involves direct activation of the dual leucine zipper kinase DLK.
Elife 5.

Cuenda A (2000) Mitogen-activated protein kinase kinase 4 (MKK4). Int J Biochem Cell Biol 32: 581—
587. PMID: 10785355

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006608 October 26, 2017 20/22


https://doi.org/10.1038/nmeth.2019
http://www.ncbi.nlm.nih.gov/pubmed/22743772
https://doi.org/10.1016/j.jneumeth.2005.07.011
https://doi.org/10.1016/j.jneumeth.2005.07.011
http://www.ncbi.nlm.nih.gov/pubmed/16157388
https://doi.org/10.1128/mBio.01850-14
https://doi.org/10.1128/mBio.01850-14
http://www.ncbi.nlm.nih.gov/pubmed/25389174
https://doi.org/10.1073/pnas.1221896110
http://www.ncbi.nlm.nih.gov/pubmed/23569236
https://doi.org/10.1128/JVI.02662-05
https://doi.org/10.1128/JVI.02662-05
http://www.ncbi.nlm.nih.gov/pubmed/16775311
https://doi.org/10.1371/journal.ppat.1004535
http://www.ncbi.nlm.nih.gov/pubmed/25474634
https://doi.org/10.1128/JVI.00352-06
http://www.ncbi.nlm.nih.gov/pubmed/16775327
https://doi.org/10.1016/j.virol.2015.02.040
http://www.ncbi.nlm.nih.gov/pubmed/25798530
https://doi.org/10.1101/gad.190157.112
https://doi.org/10.1101/gad.190157.112
http://www.ncbi.nlm.nih.gov/pubmed/22802527
https://doi.org/10.1371/journal.ppat.1002679
http://www.ncbi.nlm.nih.gov/pubmed/22589716
https://doi.org/10.3390/v5051208
http://www.ncbi.nlm.nih.gov/pubmed/23628827
https://doi.org/10.1146/annurev-micro-092412-155654
http://www.ncbi.nlm.nih.gov/pubmed/24024635
http://www.ncbi.nlm.nih.gov/pubmed/1313909
https://doi.org/10.1128/JVI.75.13.6143-6153.2001
https://doi.org/10.1128/JVI.75.13.6143-6153.2001
http://www.ncbi.nlm.nih.gov/pubmed/11390616
https://doi.org/10.1128/JVI.77.22.12319-12330.2003
http://www.ncbi.nlm.nih.gov/pubmed/14581568
https://doi.org/10.1038/ncomms1145
http://www.ncbi.nlm.nih.gov/pubmed/21266996
https://doi.org/10.1186/s12985-016-0518-2
http://www.ncbi.nlm.nih.gov/pubmed/27048572
http://www.ncbi.nlm.nih.gov/pubmed/10785355
https://doi.org/10.1371/journal.ppat.1006608

@’PLOS | PATHOGENS

Two distinct mechanisms for alpha herpesvirus escape from genome silencing

35.

36.

37.

38.

39.

40.

M,

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Chen D, Reierstad S, Lin Z, Lu M, Brooks C, et al. (2007) Prostaglandin E(2) induces breast cancer
related aromatase promoters via activation of p38 and c-Jun NH(2)-terminal kinase in adipose fibro-
blasts. Cancer Res 67: 8914—8922. https://doi.org/10.1158/0008-5472.CAN-06-4751 PMID: 17875734

Sawtell NM, Thompson RL (1992) Rapid in vivo reactivation of herpes simplex virus in latently infected
murine ganglionic neurons after transient hyperthermia. J Virol 66: 2150-2156. PMID: 1312625

Sawtell NM, Thompson RL (2004) Comparison of herpes simplex virus reactivation in ganglia in vivo
and in explants demonstrates quantitative and qualitative differences. J Virol 78: 7784—7794. https:/
doi.org/10.1128/JVI1.78.14.7784-7794.2004 PMID: 15220452

Sawtell NM, Thompson RL, Stanberry LR, Bernstein DI (2001) Early intervention with high-dose acyclo-
vir treatment during primary herpes simplex virus infection reduces latency and subsequent reactivation
in the nervous system in vivo. J Infect Dis 184: 964—971. https://doi.org/10.1086/323551 PMID:
11574910

Sawtell NM, Thompson RL (2016) Herpes simplex virus and the lexicon of latency and reactivation: a
call for defining terms and building an integrated collective framework. F1000Res 5.

Pesola JM, Zhu J, Knipe DM, Coen DM (2005) Herpes simplex virus 1 immediate-early and early gene
expression during reactivation from latency under conditions that prevent infectious virus production. J
Virol 79: 14516—-14525. https://doi.org/10.1128/JV1.79.23.14516-14525.2005 PMID: 16282451

Cliffe AR, Garber DA, Knipe DM (2009) Transcription of the herpes simplex virus latency-associated
transcript promotes the formation of facultative heterochromatin on lytic promoters. J Virol 83: 8182—
8190. https://doi.org/10.1128/JV1.00712-09 PMID: 19515781

Kwiatkowski DL, Thompson HW, Bloom DC (2009) The polycomb group protein Bmi1 binds to the her-
pes simplex virus 1 latent genome and maintains repressive histone marks during latency. J Virol 83:
8173-8181. https://doi.org/10.1128/JVI.00686-09 PMID: 19515780

Platt KB, Mare CJ, Hinz PN (1979) Differentiation of vaccine strains and field isolates of pseudorabies
(Aujeszky’s disease) virus: thermal sensitivity and rabbit virulence markers. Arch Virol 60: 13-23.
PMID: 226030

del Rio T, Ch’ng TH, Flood EA, Gross SP, Enquist LW (2005) Heterogeneity of a fluorescent tegument
component in single pseudorabies virus virions and enveloped axonal assemblies. J Virol 79: 3903—
3919. https://doi.org/10.1128/JV1.79.7.3903-3919.2005 PMID: 15767393

Tomishima MJ, Enquist LW (2002) In vivo egress of an alphaherpesvirus from axons. J Virol 76: 8310—
8317. https://doi.org/10.1128/JV1.76.16.8310-8317.2002 PMID: 12134036

Peeters B, de Wind N, Hooisma M, Wagenaar F, Gielkens A, et al. (1992) Pseudorabies virus envelope
glycoproteins gp50 and gll are essential for virus penetration, but only gll is involved in membrane
fusion. J Virol 66: 894-905. PMID: 1309919

Coller KE, Lee JI, Ueda A, Smith GA (2007) The capsid and tegument of the alphaherpesviruses are
linked by an interaction between the UL25 and VP1/2 proteins. J Virol 81: 11790-11797. hitps://doi.
org/10.1128/JVI.01113-07 PMID: 17715218

Curanovic D, Ch’'ng TH, Szpara M, Enquist L (2009) Compartmented neuron cultures for directional
infection by alpha herpesviruses. Curr Protoc Cell Biol Chapter 26: Unit 26 24.

Ch’ng TH, Enquist LW (2006) An in vitro system to study trans-neuronal spread of pseudorabies virus
infection. Vet Microbiol 113: 193-197. https://doi.org/10.1016/j.vetmic.2005.11.010 PMID: 16326047

Taylor MP, Kratchmarov R, Enquist LW (2013) Live cell imaging of alphaherpes virus anterograde
transport and spread. J Vis Exp.

Brideau AD, Banfield BW, Enquist LW (1998) The Us9 gene product of pseudorabies virus, an alpha-
herpesvirus, is a phosphorylated, tail-anchored type [l membrane protein. J Virol 72: 4560-4570.
PMID: 9573219

Kopp M, Klupp BG, Granzow H, Fuchs W, Mettenleiter TC (2002) Identification and characterization of
the pseudorabies virus tegument proteins UL46 and UL47: role for UL47 in virion morphogenesis in the
cytoplasm. J Virol 76: 8820—8833. https://doi.org/10.1128/JVI1.76.17.8820-8833.2002 PMID: 12163602

Klupp BG, Fuchs W, Granzow H, Nixdorf R, Mettenleiter TC (2002) Pseudorabies virus UL36 tegument
protein physically interacts with the UL37 protein. J Virol 76: 3065-3071. https://doi.org/10.1128/JVI.
76.6.3065-3071.2002 PMID: 11861875

Krautwald M, Maresch C, Klupp BG, Fuchs W, Mettenleiter TC (2008) Deletion or green fluorescent pro-
tein tagging of the pUL35 capsid component of pseudorabies virus impairs virus replication in cell cul-
ture and neuroinvasion in mice. J Gen Virol 89: 1346—1351. https://doi.org/10.1099/vir.0.83652-0
PMID: 18474549

Watanabe S, Ono E, Shimizu Y, Kida H (1995) Pseudorabies virus early protein 0 transactivates the
viral gene promoters. J Gen Virol 76 (Pt 11): 2881-2885.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006608 October 26, 2017 21/22


https://doi.org/10.1158/0008-5472.CAN-06-4751
http://www.ncbi.nlm.nih.gov/pubmed/17875734
http://www.ncbi.nlm.nih.gov/pubmed/1312625
https://doi.org/10.1128/JVI.78.14.7784-7794.2004
https://doi.org/10.1128/JVI.78.14.7784-7794.2004
http://www.ncbi.nlm.nih.gov/pubmed/15220452
https://doi.org/10.1086/323551
http://www.ncbi.nlm.nih.gov/pubmed/11574910
https://doi.org/10.1128/JVI.79.23.14516-14525.2005
http://www.ncbi.nlm.nih.gov/pubmed/16282451
https://doi.org/10.1128/JVI.00712-09
http://www.ncbi.nlm.nih.gov/pubmed/19515781
https://doi.org/10.1128/JVI.00686-09
http://www.ncbi.nlm.nih.gov/pubmed/19515780
http://www.ncbi.nlm.nih.gov/pubmed/226030
https://doi.org/10.1128/JVI.79.7.3903-3919.2005
http://www.ncbi.nlm.nih.gov/pubmed/15767393
https://doi.org/10.1128/JVI.76.16.8310-8317.2002
http://www.ncbi.nlm.nih.gov/pubmed/12134036
http://www.ncbi.nlm.nih.gov/pubmed/1309919
https://doi.org/10.1128/JVI.01113-07
https://doi.org/10.1128/JVI.01113-07
http://www.ncbi.nlm.nih.gov/pubmed/17715218
https://doi.org/10.1016/j.vetmic.2005.11.010
http://www.ncbi.nlm.nih.gov/pubmed/16326047
http://www.ncbi.nlm.nih.gov/pubmed/9573219
https://doi.org/10.1128/JVI.76.17.8820-8833.2002
http://www.ncbi.nlm.nih.gov/pubmed/12163602
https://doi.org/10.1128/JVI.76.6.3065-3071.2002
https://doi.org/10.1128/JVI.76.6.3065-3071.2002
http://www.ncbi.nlm.nih.gov/pubmed/11861875
https://doi.org/10.1099/vir.0.83652-0
http://www.ncbi.nlm.nih.gov/pubmed/18474549
https://doi.org/10.1371/journal.ppat.1006608

@’PLOS | PATHOGENS

Two distinct mechanisms for alpha herpesvirus escape from genome silencing

56. Tombacz D, Toth JS, Petrovszki P, Boldogkoi Z (2009) Whole-genome analysis of pseudorabies virus

gene expression by real-time quantitative RT-PCR assay. BMC Genomics 10: 491. https://doi.org/10.
1186/1471-2164-10-491 PMID: 19852823

57. Schmittgen TD, Livak KJ (2008) Analyzing real-time PCR data by the comparative C(T) method. Nat
Protoc 3: 1101-1108. PMID: 18546601

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006608 October 26, 2017 22/22


https://doi.org/10.1186/1471-2164-10-491
https://doi.org/10.1186/1471-2164-10-491
http://www.ncbi.nlm.nih.gov/pubmed/19852823
http://www.ncbi.nlm.nih.gov/pubmed/18546601
https://doi.org/10.1371/journal.ppat.1006608

