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SUMMARY

How type I/II interferons prevent periodic reemergence of latent pathogens in tissues of diverse 

cell-types remains unknown. Using homogenous neuron cultures latently-infected with herpes 

simplex virus-1, we show that extrinsic type I or II interferon act directly on neurons to induce 
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unique gene expression signatures and inhibit the reactivation-specific burst of viral genome-wide 

transcription called Phase I. Surprisingly, interferons suppressed reactivation only during a limited 

period early in Phase I preceding productive virus growth. Sensitivity to type II interferon was 

selectively lost if viral ICP0, which normally accumulates later in Phase I, was expressed before 

reactivation. Thus, interferons suppress reactivation by preventing initial expression of latent 

genomes but are ineffective once Phase I viral proteins accumulate, limiting interferon action. This 

demonstrates that inducible reactivation from latency is only transiently sensitive to interferon. 

Moreover, it illustrates how latent pathogens escape host immune control to periodically replicate 

by rapidly deploying an interferon-resistant state.

Graphical Abstract

INTRODUCTION

Besides combating acute infections, innate host immune defenses, such as type I / II 

interferons (IFN), play critical roles controlling persistent infections. Unlike viruses that 

persist in their host through continuous replication, herpesviruses establish their genomes in 

a non-replicating, epigenetically silenced state within nuclei called latency (Bloom et al., 

2016; Wilson & Mohr, 2012). Periodically, in response to incompletely understood 

physiological cues or changes in immune status, latent viral episomes reactivate, reentering 

the productive replication cycle to produce infectious virus progeny. While the ability of 

IFNs to limit viral replication in productively infected cells by inducing interferon-

stimulated genes (ISGs) is well documented (Schoggins, 2014), precisely how and when 

IFNs act to contain established latent herpesvirus reservoirs prone to episodic reactivation is 

poorly understood.

Infection with herpes simplex virus type 1 (HSV-1), an α-herpesvirus subfamily member, 

begins in epithelial cells at mucosal surfaces. While host defenses typically contain primary 

infections, some virus accesses the peripheral nervous system (PNS) through axon terminals 

that innervate epithelia and enter neuronal nuclei in ganglia to establish latency. The viral 

genome is epigenetically silenced, limiting transcription of the approximately 80 virus-

encoded ORFs and preventing infectious virus production (reviewed in Roizman & Zhou, 

2015; Bloom, 2016). Transcription is restricted to a single locus encoding LAT, the latency-

associated transcript that is processed into non-coding, stable intronic-sequence RNAs and 

several microRNAs (Stevens et al., 1987; Umbach et al., 2008). To reactivate, this repressed 
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state is reversed allowing expression of viral genes required for productive, lytic replication 

and infectious virus production (reviewed in Bloom et al., 2016; Roizman & Zhou, 2015). 

Using either isolated ganglia or a cultured neuron model that faithfully displays key 

hallmarks of latency defined in animal models, NGF-binding to the TrkA receptor tyrosine 

kinase (RTK) suppressed HSV-1 reactivation (Camarena et al., 2010; Du et al., 2011). 

Continuous NGF-signaling through phosphatidyl-inositol 3-kinase (PI3K), Akt, mTORC1 

and its target the translational repressor 4E-BP1 maintains latency while transient 

interruption triggers reactivation (Kobayashi et al., 2012b).

Unexpectedly, viral gene expression during reactivation from latency differed substantially 

from the temporally-ordered sequence characteristic of acute infection (Du et al., 2011; Kim 

et al., 2012). Two discrete waves of viral productive cycle gene transcription, termed Phases 

I and II, were identified in latently-infected cultured neurons following inducible 

reactivation (Kim et al., 2012). By phosphorylating histone H3 ser10 adjacent to repressive 

di- or trimethylated H3 lys9, the neuronal JNK stress pathway overrides epigenetic silencing 

to activate viral promoters in Phase I (Cliffe et al, 2015; Cliffe & Wilson, 2016). The 

resulting burst of transcription from viral genomes includes all HSV-1 genes irrespective of 

their kinetic class [immediate-early (IE), early, leaky-late and true-late], is independent of 

protein or DNA synthesis, and proceeds without infectious virus production. In contrast, 

Phase II depends upon synthesis and action of the viral transactivator VP16, resulting in 

DNA replication and infectious virus production. Normally expressed late during acute 

infection, VP16 is packaged into virions and delivered into newly infected cells where it 

activates viral IE promoters. The resulting temporally-controlled viral gene expression 

program proceeds through viral DNA replication and culminates in infectious virus 

production (Kristie, 2007). Although HSV-1 proteins including ICP0 and ICP27 also 

accumulate in Phase I (Kim et al., 2012), their contribution to one or both reactivation gene 

expression phases and ultimately infectious virus production has not been explored.

Besides intrinsic epigenetic silencing of HSV-1 genomes, varied host immune defenses, 

including infiltrating T-cells that patrol ganglia and cytokines like IFNs impact latency 

(Cantin et al., 1995; Chen et al., 2000; Khanna et al., 2003; Liu et al., 1996; Shimeld et al., 

1995; St Leger & Hendricks, 2011; Leib & Enquist, 2016). While type I (α/β) IFN limits 

spread at initial infection sites and restricts replication to PNS neurons (Luker et al., 2003), 

type II (γ) IFN minimally impacts acute replication but helps control reactivation either 

alone or by synergizing with type I IFN (Cantin et al., 1999; Carr et al., 2009; Decman et al., 

2005; Sainz & Halford, 2002). Indeed, IFNs are detected in sensory ganglia from latently-

infected mice (Cantin et al., 1995; Chen et al., 2000; Halford et al., 1996, 1997; Shimeld et 

al., 1997) and promote latency establishment in dissociated ganglia cultures (De Regge et 

al., 2010; Wigdahl et al., 1982). As neurons reportedly lack an intrinsic response to HSV-1, 

they rely on and respond to extrinsic IFN sources (Liu et al., 2001; Low-Calle et al., 2014; 

Rosato & Leib, 2014; Van Opdenbosch et al., 2011). CD8+ T-cells within latently-infected 

ganglia suppress reactivation in part by producing IFNγ (Liu et al., 2001). In addition, the 

type I / II IFN signaling molecule STAT1 is essential to control HSV-1 infection in mice 

(Halford et al., 2006) and humans (Dupuis et al., 2003). Mice lacking STAT1 in 

neuroectoderm-derived cells, which includes neurons, glia, and astrocytes, could not contain 

viral replication and pathogenesis upon acute infection.
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Paradoxically, while dispensable for establishing latency, fewer reactivation events were 

observed in ganglia explanted from these mice, perhaps suggesting IFN signaling prevents 

neuron loss within ganglia after initial infection (Rosato & Leib, 2015; Rosato et al., 2016). 

Whether STAT1 directly controls reactivation of latent HSV-1 within the neurons 

themselves, as opposed to other cells, was not addressed. Indeed, the complex tissue 

architecture of sensory and sympathetic ganglia, comprised of multiple types of neurons, 

peripheral glia, satellite cells and infiltrating leukocytes (Ernsberger, 2001; Le Pichon and 

Chesler, 2014; St Leger & Hendricks, 2011; Yang et al., 2000), has hampered efforts to 

define the mechanism of IFN action in latently-infected neurons. Although IFNs have been 

proposed to control latency and reactivation (Cantin et al., 1999; Carr et al., 2009; Carr et 

al., 2003; Decman et al., 2005; Ellison et al., 2000; Liu et al., 2001), precisely how IFNs 

influence the onset and progression of viral gene expression during reactivation remains 

unknown.

Here, we capitalize on a primary neuronal culture model of HSV-1 latency to demonstrate 

that extrinsic IFNs prevent inducible reactivation in a neuron-intrinsic manner. Besides 

stimulating complex networks of ISG expression, IFNs blocked reactivation downstream of 

the translation repressor 4E-BP1, a key regulatory point of the NGF-signaling pathway 

required for latency. Significantly, IFNβ and IFNγ each acted selectively to block Phase I 

viral genome transcription, preventing viral replication in Phase II. This block was lost when 

IFN was applied after the onset of Phase I allowing virus reproduction in Phase II to 

proceed, suggesting IFN functions at an exceptionally early stage of reactivation to contain 

the viral genome-wide Phase I transcription burst and thereby restrict stress-induced 

reactivation. While a common subset of host mRNAs accumulated in latently-infected 

neurons treated with IFNγ or IFNβ, unique IFNβ or γ-specific gene expression signatures 

were identified and constitute neuron-specific responses. Moreover, delivery of the HSV-1 

IFN antagonist ICP0 prior to reactivation selectively suppressed the inhibitory response to 

IFNγ, but not IFNβ. This establishes that the capacity of IFNs to block HSV-1 reactivation 

in neurons is restricted to a discrete temporal window that closes prior to Phase II and shows 

that Phase I viral proteins function in part to overcome host antiviral defenses.

RESULTS

Exogenous IFNβ or IFNγ prevent HSV-1 reactivation in a neuron-intrinsic manner

To determine if IFNs control HSV-1 latency by direct action on neurons, independent of 

other cell types, we measured the impact of exogenous IFNs on inducible reactivation in 

primary sympathetic neurons latently-infected with a wild type HSV-1 reporter virus 

expressing enhanced green fluorescent protein (EGFP) fused to the true-late protein Us11 

(Fig.1A). While background spontaneous reactivation levels were observed in control 

DMSO-treated cultures, application of the PI3K inhibitor LY294002 (LY) for 20 h induced 

HSV-1 reactivation in agreement with published studies (Fig. 1B,C). Besides enabling 

control over reactivation-inducing stimuli, this system allowed precise application of either 

type I or II IFN at defined temporal points. Significantly, inclusion of 100 U/ml IFNβ or 

IFNγ during and after LY-treatment reduced reactivation as measured by visible EGFP 

accumulation to 10% (p≤0.0001) or 33% (p≤0.0001) of wells, respectively. IFN similarly 
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suppressed reactivation induced by Akt inhibitor VIII or the mTOR active-site inhibitor 

PP242 (Fig. S1A,B). The reduction in EGFP accumulation by IFN reflected a more than 

three orders of magnitude reduction in infectious virus production (Fig 1D). To determine if 

reactivation suppression required IFN signaling through cognate cell surface receptors, the 

impact of inhibiting JAK, a critical IFN receptor-interacting kinase, on inducible reactivation 

was evaluated. While IFNβ and γ each blocked reactivation, inducible reactivation in 

neurons treated with either IFN in the presence of the JAK inhibitor was not significantly 

reduced (Fig. 1E,F). While lower IFN concentrations less effectively suppressed 

reactivation, concentrations greater than 100 U/ml did not further decrease reactivation (Fig. 

S1C,D). Spontaneous reactivation was also reduced from 22% of wells by 100 U/ml IFNβ or 

IFNγ alone to 2% or 10% of wells, respectively (Fig 1B,C). Together, these data establish 

that responses to extrinsic type I or type II IFN are dependent upon JAK activity, which is 

consistent with the involvement of type I and II IFNs signaling through their respective cell 

surface receptors, and suppress HSV-1 reactivation in a neuron-intrinsic manner.

IFN acts on targets downstream of the translation repressor 4E-BP1

Our prior studies demonstrated that continuous PI3K-Akt-mTORC1 signaling is necessary 

to maintain HSV-1 latency in neurons by inhibiting the translational repressor 4E-BP1, 

which differentially controls neuronal mRNA translation in response to physiological stress 

(Kobayashi et al., 2012b). Preventing 4E-BP1 hyperphosphorylation, either with chemical 

inhibitors of PI3K, Akt, or mTOR or by expressing a constitutively-active 4E-BP1 mutant 

unable to be phosphorylated by mTORC1, triggers viral reactivation presumably by 

inhibiting synthesis of proteins needed to maintain latency (Kobayashi et al., 2012b). 

Because IFN stimulates mTORC1 signaling under certain conditions (Kaur et al., 2007; 

Saleiro et al., 2015), the impact of IFN on 4E-BP1 phosphorylation was evaluated in 

latently-infected neuronal cultures induced to reactivate. Compared to the more slowly-

migrating, hyperphosphorylated 4E-BP1 isofoms detected in DMSO-treated cultures 

(control), abundant faster-migrating, hypophosphorylated isoforms accumulated upon LY-

induced reactivation (Fig 2A). Importantly, the distribution of 4E-BP1 isoforms in LY-

induced cultures was indistinguishable from those treated concurrently with both LY and 

type I or II IFN. Thus, suppression of reactivation by type I or II IFN does not simply result 

from restored PI3K-Akt - mTORC1 signaling to preempt activation of the translational 

repressor 4E-BP1.

Because inhibiting PI3K-Akt-mTORC1 signaling differentially controls neuronal cap-

dependent mRNA translation by activating the 4E-BP1 repressor, it could potentially 

influence ISG-encoded protein abundance (Kaur et al., 2007). To investigate this possibility, 

accumulation of representative proteins encoded by ISGs was examined. STAT1, one of the 

most highly induced ISGs in IFNβ and IFNγ-treated neuronal cultures (Yordy et al., 2012), 

and DAXX, which colocalizes with latent HSV viral episomes in neurons (Catez et al., 

2012), were attractive candidates based on their potential to impact latency. STAT1 (Fig. 2B) 

and DAXX protein (Fig. 2B) and transcript (Fig S2A,B) levels were increased by IFNβ or 

IFNγ in untreated and LY-treated neurons. This indicates that inducing reactivation by 

interfering with PI3K-Akt-mTORC1 signaling did not preclude ISG product accumulation 

in latently-infected neurons.
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To investigate the role of 4E-BP1 phosphorylation further without using chemical inhibitors 

to induce reactivation, a doxycycline (dox)-inducible 4E-BP1 mutant (4E-BP1-AA) that 

constitutively represses eIF4E and cap-dependent mRNA translation (Kobayashi et al., 

2012b) was utilized. Compared to uninduced, latently-infected neurons, accumulation of the 

UL30 productive growth cycle transcript, an early mRNA encoding the DNA polymerase 

catalytic subunit, was greatly stimulated by dox-induced 4E-BP1-AA expression (Fig. 2C). 

Moreover, type I or II IFN reduced UL30 transcript abundance to levels below those 

observed in latently-infected control cultures, to 10% that of the control for IFNβ (p≤0.001) 

and 50% that of the control for IFNγ-treated cultures (p≤0.01). This argues that IFN does 

not directly reverse transmission of the reactivation signal itself, at least at the level of 4E-

BP1 phosphorylation, but rather acts downstream to preclude the viral response(s) to the 

signal or via an independent pathway(s).

IFN restricts reactivation during a discrete window of opportunity within Phase I

Reactivation of HSV-1 from latency in cultured neurons occurs in two distinct phases of 

lytic gene transcription (Kim et al., 2012). Phase I or animation corresponds to a burst of 

viral genome-wide transcription without DNA replication or infectious virus production, 

which are delayed until a second wave of VP16-dependent viral transcription termed Phase 

II. To ask if these discrete reactivation phases might respond to IFN differently, we 

examined the consequences of applying IFN at varying times relative to LY, the reactivation 

inducer. First, latently-infected cultures were treated with DMSO or induced to reactivate 

with LY in the presence or absence of type I or II IFN. After 20 h, mRNA was isolated and 

representative productive cycle transcripts analyzed by RT qPCR. Two viral mRNAs were 

used as markers for Phase I, UL30 and ICP27 (Fig. 3A,B). Consistent with earlier results, 

both were approximately 8-fold more abundant in LY-treated samples compared to 

unreactivated, DMSO-treated controls. In contrast, inducing reactivation concurrently with 

IFNβ or IFNγ treatment reduced accumulation of these viral transcripts to baseline levels 

(Fig. 3A,B). Similar results were obtained with the HSV-1 KOS strain, showing that the 

effects of IFN on Phase I transcription are not strain specific (Fig. S3). This shows that both 

type I and II IFN impair productive cycle transcript accumulation during Phase I and thus 

counter reactivation at the earliest detectable stage of viral gene expression.

To determine if the responsiveness of reactivating neurons to IFN might be restricted to a 

precise temporal window, the capacity of IFN to suppress reactivation at various times after 

induction was evaluated (Fig. 3C–E). IFNβ or IFNγ treatment concurrent with LY-treatment 

(Phase I & II) or for the first 20 h (Phase I only) effectively suppressed reactivation (Fig. 

3D,E). This supports our finding that type I and II IFN limited accumulation of productive 

growth cycle transcripts and antagonized the generalized burst of viral gene expression that 

defines Phase I. Surprisingly, inhibition of reactivation was not detected when type I or II 

IFN was added 20h after LY-application (Fig. 3D,E; see IFN for Phase II only). Indeed, the 

capacity of IFN to restrict reactivation was progressively lost when IFNβ or IFNγ was added 

between 5–10h after LY (Fig. S4A,B). Thus, the capacity of IFN to antagonize reactivation 

was diminished 5–10h after the onset of reactivation and lost entirely by 20h. This correlates 

with the beginning of Phase I and the transition to Phase II. Furthermore, it suggests that 

type I or II IFN cannot counter reactivation after Phase I has been fully engaged.
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Discrete gene expression signatures in latently-infected neurons treated with IFNβ or IFNγ

While ISG induction by IFNs is well established, how gene expression is modified in 

neurons during HSV-1 reactivation, potentially shaping cell intrinsic neuronal responses, is 

not known (Leib & Enquist, 2016). To define the impact of IFNs on neuronal gene 

expression during HSV-1 reactivation, RNA was isolated from latently-infected neuron 

cultures treated with LY in the presence of IFNβ or IFNγ and analyzed by RNA-seq (Fig. 

4). Using a fold change cut off of log2 > |0.5|, 266 and 437 responsive genes were 

respectively identified. The vast majority of these host genes were up-regulated in response 

to either IFNβ (Fig. 4A) or IFNγ (Fig. 4B). Clustered heat maps of all IFN responsive 

genes reveal distinct signatures unique to IFNβ or IFNγ (Fig. 4C). Among IFN-regulated 

transcripts, 176 responded similarly in both IFNβ and IFNγ-treated neurons (Fig. 4C,D; 

Table S1) and included many genes with known roles in anti-viral defenses and IFN 

signaling such as Mx1/2, STAT1/2, ISG15, IFIT2, IRF1/7/9, Daxx, PKR, TAP1, and USP18 

(Schoggins, 2014). Nicotinamide phosphoribosyltransferase (Nampt) was induced by IFNβ 
and IFNγ (Table S1) and had been previously identified in a proteomic study of ISG 

products in uninfected axons (Song et al, 2016). By catalyzing the rate-limiting step in 

NAD+ biosynthesis, Nampt could conceivably counter the rapid decline of NAD+ associated 

with axonal injury in response to infection (Gerdts et al, 2016). In terms of unique 

expression signatures, transcripts for 90 genes were selectively altered by IFNβ-treatment, 

compared to 261 genes in response to IFNγ (Fig 4D; Table S2, S3). Genes specific to the 

IFNβ signature are involved in serotonin receptor signaling, complement function, agrin 

interactions at neuromuscular junctions, dopamine receptor signaling, natural killer cell 

signaling, and bacterial or viral pattern recognition receptor pathways (Fig. 4E, Table S4). In 

contrast, genes induced uniquely by IFNγ were those from the acute phase response to 

inflammation, death receptor function, apoptosis, IFN, TWEAK, TREM1, and TNFR1 

signaling pathways (Fig 4F). This includes genes important for RIPK1-mediated regulated 

necrosis and TNFR induced NFKB signaling pathways (Tables S5). Significantly, we 

identified 36 genes enriched in neurons, 22 of which were not previously recognized as IFN 

inducible (Fig. 4G, Table S6) and might represent neuron-specific ISGs. Overall, this 

analysis shows that while IFNγ or IFNβ-treated neurons undergoing reactivation express a 

common set of genes, they also express unique IFNβ or γ-specific gene signatures that 

potentially modify the overall anti-viral response. It further raises the possibility that 

different virus-encoded effectors might preferentially antagonize discrete IFNβ or IFNγ-

induced states.

IFNβ but not IFNγ can block HSV-1 reactivation in the presence of viral IE protein ICP0

If Phase I functions in part to counter IFN action, ectopic expression of HSV-1 proteins 

produced in Phase I might alter the responsiveness of latently-infected neurons to IFN. To 

test this, we asked if ectopic expression of a single viral factor, ICP0, would be sufficient to 

overcome the IFN-mediated block to Phase I. We chose ICP0 because it is a multifunctional 

protein with E3 ligase activity that stimulates viral gene expression and antagonizes host 

antiviral defenses, including IFN signaling (reviewed in Boutell & Everett, 2013). Moreover, 

ICP0 is required for efficient reactivation from latency (Halford & Schaffer, 2001; 

Thompson & Sawtell, 2006) and its ectopic expression is sufficient to trigger reactivation in 

mixed cultures prepared from latently-infected, murine trigeminal ganglia (Halford et al., 
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2001). Recently, it was found that ICP0 is present at low levels during latency where it helps 

to sustain the latent program (Raja et al., 2016). However, ICP0 synthesis is markedly 

upregulated during reactivation Phase I (Kim et al., 2012), raising the possibility that ICP0 

might antagonize IFN action and contribute to the IFN insensitivity.

Cultured neurons latently-infected with HSV-1 were transduced with replication-defective 

adenovirus (Ad) vectors that allowed gene delivery to essentially all neurons in the culture. 

In agreement with in vitro studies using dissociated, latently-infected ganglia (Halford et al., 

2001), an ICP0 expressing Ad (Ad-ICP0) was sufficient to induce reactivation in 84% of 

wells (Fig. 5A), obviating the need for LY-treatment. A control vector that does not express 

ICP0 was unable to stimulate reactivation (Fig. 5A). In the presence of Ad-ICP0, IFNγ did 

not detectably alter the number of EGFP-positive wells, indicating that when ICP0 was 

supplied either before or during Phase I, it was capable of negating IFNγ antiviral action 

(Fig 5A). Levels of ICP0 produced in transduced cultures were not significantly altered by 

IFN either in neurons alone (Fig. 5B) or in latently-infected neurons (Fig. 5C). Surprisingly, 

ICP0 was not able to overcome IFNβ action when provided in the same context and only 

36% (p≤0.0001) of wells were EGFP-positive after 4 days (Fig 5A). In contrast, reactivation 

induced by Ad expressing VP16, a distinct HSV-1 protein made in Phase I, remained 

sensitive to either IFNβ or IFNγ similar to LY-induced reactivation (Fig. S5). This shows 

that ICP0 antagonizes the actions of IFNγ but not IFNβ in reactivating neurons and suggests 

that other viral functions produced in Phase I contribute to countering IFNβ. Moreover, 

expression of an HSV-1 protein prior to the onset of Phase I can alter the temporal interferon 

sensitivity profile of reactivating neurons. This is consistent with a biological role for Phase 

I proteins in countering host defenses and establishing a distinctive state that supports 

productive viral growth.

DISCUSSION

While control of HSV latency and reactivation by type I/II IFNs is well established (Cantin 

et al., 1999; Carr et al., 2009; Carr et al., 2003; Decman et al., 2005; Ellison et al., 2000; Liu 

et al., 2001), exactly where and how these cytokines act remains unclear. Sensory and 

autonomic ganglia harboring latent virus are complex, heterogenous tissues comprised of 

different neuron subtypes and an even greater number of non-neuronal cells, including 

support cells and lymphocytes (Ernsberger, 2001; Le Pichon and Chesler, 2014; St Leger 

and Hendricks, 2011; Yang et al., 2000). The involvement of numerous different cell types 

has compounded the difficulties in discerning precisely how IFNs antagonize reactivation 

within infected neurons and the relative contributions of non-neuronal cells. Indeed, 

evidence that tissue resident, HSV-1 specific CD8+ T-cells contain rather than prevent sub-

clinical reactivation episodes underscores the importance of deciphering neuron-intrinsic 

control mechanisms (Mark et al. 2008; Zhu et al, 2013).

Using a latency model consisting of homogenous neuron cultures and wild type virus, we 

demonstrate that IFNβ and IFNγ act directly on neurons to induce unique, neuron-specific 

transcriptional responses that prevent Phase I, the initial viral genome-wide burst of 

transcription. By blocking Phase I, the earliest known response of HSV to reactivation 

stimuli, damage to otherwise irreplaceable neurons is likely averted. Unexpectedly, 
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reactivation suppression by IFN was attenuated after the initiation of Phase I and subsequent 

IFN application did not restrict viral gene transcription. Furthermore, ectopic HSV-1 ICP0 

expression prior to Phase I selectively protected reactivating neurons from IFNγ, but not 

IFNβ. The surprising finding that IFN acts within a limited window and is antagonized by a 

Phase I viral protein implicates the viral products of Phase I in the establishment of an IFN 

resistant state that allows reactivating virus to proceed into active replication during Phase II 

(Fig. 5D).

So how does IFN block Phase I transcription? Because reactivation induced by expressing a 

constitutively active 4E-BP1 translational repressor remained IFN sensitive, we conclude 

that IFN did not simply antagonize reactivation cues by stimulating PI3K-Akt-mTORC1 

signaling. Thus, targets of IFN action are likely down-stream of 4E-BP1 and/or function in 

an alternate pathway(s). Unlike mitotic cells, DRG neurons reportedly limit HSV-1 lytic 

replication through IFN-induced autophagy (Yordy et al., 2012). While a role for IFN-

induced autophagy cannot be discounted, we believe it unlikely as IFNs suppressed 

reactivation induced by LY, which inhibits PI3Ks required for autophagy (Blommaart et al., 

1997). Notwithstanding mundane differences between these studies (mouse vs. rat or 

sympathetic vs. sensory ganglia), it potentially highlights different IFN-induced antiviral 

responses to acute HSV-1 infection compared to those that control reactivation.

Alternatively, IFN might maintain epigenetic silencing of viral lytic genes even in the 

presence of a reactivation stimulus. Recently Cliffe and colleagues showed that LY-treatment 

of latently-infected neurons activates c-Jun N-terminal kinase (JNK) resulting in 

phosphorylation of histone H3 ser10 adjacent to di- or tri-methylated lys9 on viral chromatin 

and reversing epigenetic repression (Cliffe et al. 2015). IFN signaling may directly 

antagonize this de-repression step to maintain HSV-1 genome silencing by blocking JNK or 

by clearing the phosphorylation mark. JNK phosphatases were not identified among IFNβ- 

or IFNγ-induced transcripts but there were increases in molecules, such as ISG15, known to 

manipulate a variety of signaling pathways. Likewise, ISGs could potentially modify or 

change the availability of JNK interacting proteins 3 (JIP3) and dual leucine zipper kinase 

(DLK), neuronal scaffold components required for JNK activation (Di et al, 2010; Holland 

et al, 2016). Lastly, IFN might activate additional mechanisms of transcriptional silencing 

that cannot be displaced by JNK-mediated phosphorylation, effectively bypassing the 

reactivation cue.

Given that Phase I results in IE, E and L viral mRNA accumulation, all viral productive 

cycle polypeptides are likely synthesized to some level. However, it is not known how many 

are correctly localized or available in sufficient abundance to be functional. Remarkably, 

overexpression of just a single viral protein, the SUMO dependent E3-ligase ICP0, prior to 

the application of IFN allowed the latent virus to reactivate in the presence of IFNγ, but 

interestingly, not with IFNβ. Surprisingly, delivery of VP16, another abundant Phase I 

protein, did not establish an effective IFN resistant state, even though it provided a 

functional reactivation stimulus. This seems counterintuitive because VP16 stimulates 

transcription of HSV-1 IE genes, including ICP0. The failure of VP16 to mimic direct 

delivery of ICP0 may be due to retention of VP16 in the cytoplasm during Phase I (Kim et 

al., 2012), resulting in reduced ICP0 accumulation. This might be compounded by miR138, 
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an abundant neuronal microRNA that inhibits translation of ICP0 mRNAs produced from 

endogenous HSV-1 genomes (Pan et al. 2014).

Earlier studies reported that ICP0 countered IFN-induced antiviral responses in acutely-

infected, non-neuronal cells (Boutell et al., 2011; Eidson et al., 2002; Harle et al., 2002; 

Mossman et al., 2000; Orzalli et al., 2012). Specificity with regard to type I and type II IFN-

mediated responses has not been described and probably reflects the unique ISG expression 

signatures elicited by IFNβ and IFNγ in neurons as revealed by our RNA-Seq analysis. 

There is growing appreciation for the differences between IFN action in neurons and other 

cell types. For instance, restriction of HSV-1 replication in acutely-infected neurons by IFNβ 
occurs through separate mechanisms in the axonal and soma compartments (Rosato & Leib, 

2015).

Exactly how ICP0 antagonizes IFNγ but not IFNβ action requires further study but likely 

involves host factors unique to the IFNγ profile. This category included genes associated 

with controlling programmed cell death and TNF superfamily signaling such as tumor 

necrosis factor receptor superfamily members [TNFSF] 6 (FAS/TNFSF6); TNFSF12A 

(TWEAK/TNFSF12). This was also true for receptor interacting protein kinase 1 (RIPK1), 

TNF receptor 1 (TNFR1), and caspase 8 and Fadd-like apoptosis regulator (CFLAR). ICP0 

might antagonize these pathways directly, or by stimulating expression of other viral genes 

like ICP6 (Sze & Herman, 1992). ICP6 blocks caspase 8-dependent apoptosis in both rodent 

and human cells, and can suppress TNF-induced necroptosis in human cells by binding to 

RIPK1 (Dufour et al, 2011; Guo et al, 2015).

Although exposure to IFN is sufficient to trigger neuron-intrinsic, anti-viral responses that 

control reactivation, murine neurons produce very little IFN in response to acute HSV-1 

infection and other cell types are the more likely sources of IFN (Rosato & Leib, 2014). 

HSV-specific CD8+ T-cells resident within ganglia secrete IFNγ (St Leger & Hendricks, 

2011), which is thought to preferentially control reactivation (Cantin et al., 1999; Carr et al., 

2009; Decman et al., 2005; Sainz & Halford, 2002). Other cell types, including those in 

peripheral tissues innervated by axons, are likely sources of IFNβ. The markedly different 

neuronal responses to IFNβ and IFNγ might engender different outcomes dependent upon 

the viral countermeasures deployed in Phase I.

Simultaneous expression of genes from all kinetic classes during Phase I equips the 

reactivating virus with a broad tool set to effectively defend against host antiviral responses 

triggered by the new viral activity. This creates an IFN-resistant state that precedes the onset 

of productive viral replication in reactivating neurons and is likely a critical step facilitating 

completion of the viral life-cycle, perhaps counteracting host neuron-intrinsic transcriptional 

responses to HSV-1 reactivation (Ma et al., 2014). Because ISG expression in response to 

infection and latent virus reactivation is stochastic (Rand et al., 2012; Teng et al., 2012), 

antagonism of IFNγ by ICP0 in Phase I might be a general strategy to increase the 

likelihood of progressing into Phase II, biasing the stochastic process in favor of 

reactivation. IE1 encoded by the β-herpesvirus HCMV is functionally analogous to ICP0, 

and might similarly help to establish an IFN-resistant state upon reactivation. The ability to 

establish IFN resistance at the onset of reactivation might also be a feature of other latent 
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viruses such as HIV (Weinberger & Weinberger, 2013). During productive herpesvirus 

infection, a similar outcome favoring acute replication is achieved in part by selectively 

packaging numerous late proteins, including HSV-1 VP16, into the virion tegument for 

release into the cytoplasm at the beginning of infection, creating a permissive environment 

for viral productive replication (Kelly et al., 2009). Although tegument proteins are not 

present at the onset of reactivation, which begins with de novo viral gene expression from 

latent genomes (Du et al., 2011; Kim et al., 2012), the Phase I viral genome-wide expression 

burst solves this problem by allowing viral proteins of all kinetic classes to accumulate 

simultaneously without viral DNA replication or infectious virus production (Fig. 5D). 

Using two distinct routes to achieve a similar goal may have allowed HSV-1 to evolve a 

latency strategy requiring few if any viral proteins.

EXPERIMENTAL PROCEDURES

Cell Culture and Establishment of HSV-1 Latency

Superior cervical ganglia (SCG) neurons were isolated, cultured and latently-infected as 

described (Kim et al., 2014; Kobayashi et al., 2012a). Briefly, SCGs isolated from E21 

Sprague-Dawley® rat pups were incubated at 37°C in trypsin (0.1%, Invitrogen) and 

collagenase (10 μg/ml, Sigma) for 20 min. After passage through 21G and 23G needles, 

dissociated cells were passed through a 70-μm cell strainer. 5000 cells/well were plated in 

96-well plates coated with rat-tail collagen (0.66 mg/ml, Millipore) and laminin (2 mg/ml, 

Sigma). Cells were cultured in neurobasal medium (Invitrogen) supplemented with NGF (50 

ng/ml, Harlan Laboratories) and with aphidicolin (5 mM, Calbiochem) and 5-fluorouracil 

(20 mM, Sigma) to eliminate proliferating cells. After 5–6 d in culture, acyclovir (ACV; 50 

mM, Calbiochem) was added and the following day neuron cultures were infected with 

wild-type HSV-1 (Patton strain) expressing an EGFP-Us11 fusion protein (MOI=1 based on 

titer determined in Vero cells). The virus was removed after 2 h and the neurons maintained 

in culture with ACV until reactivation.

Induction of HSV-1 reactivation

After 12–14 d in vitro, (6–7 d after HSV-1 infection), ACV was removed and cultures were 

induced to reactivate by treatment with LY294002 (20 μM, Calbiochem), PP242 (2.5 μM, 

Sigma) or Akt Inhibitor VIII (5 μM, Millipore) for 20 h. IFNβ and IFNγ (100U/ml, PBL 
Interferon Source) and JAK Inhibitor (10 μM, Millipore) were added as indicated. For 

experiments measuring Phase I viral transcript accumulation, neurons were harvested after 

20 h for qRT-PCR analysis. For assessing reactivation using EGFP fluorescence, neurons 

were re-fed with fresh media lacking inducer and wells visually scored over 4 d. Each data 

point represents 20 wells with data collected across a minimum of three separate 

experiments. Graphs and statistical calculations were made using Prism 5.0 software 

(GraphPad) with error bars indicating SEM.

RNA isolation, RNA-seq library construction and sequencing

Primary rat sympathetic neuron cultures latently infected with HSV-1 were induced to 

reactivate with LY in the presence or absence of IFNβ or IFNγ. After 20 h, total RNA was 

extracted using Trizol (Life Technologies) and precipitated with ethanol. Following 
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treatment with DNase I (Promega), phenol-CHCl3 extraction, and ethanol precipitation, 

RNA yield and concentration was determined by absorption spectroscopy using a NanoDrop 

(NanoDrop Products). All samples were prepared in 3 biological replicates. RNA-seq 

libraries were generated following Illumina TruSeq protocols for rRNA removal using Ribo-

Zero, fragmentation, and adaptor ligation. Multiplexed libraries were sequenced on 

HiSeq-2500 platform at the New York Genome Center, generating 125-bp paired end reads. 

RNAseq data has been deposited in the NCBI Gene Expression Omnibus (GEO; http://

www.ncbi.nlm.nih.gov/geo/) and is accessible through GEO Series accession number 

GSE90744.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Suppression of HSV-1 reactivation by exogenous IFNβ or IFNγ in a neuron cell-
intrinsic manner
A) Protocol for establishing latency and reactivating HSV-1 using homogenous neuronal 

cultures isolated from rat SCGs. SCGs were isolated, dissociated and cultured for 6 d with 

mitotic inhibitors to yield a homogenous cultured neuron population (Camarena et al., 

2010). Cultures latently-infected with HSV-1 EGFP were established using acyclovir (ACV) 

to suppress productive virus growth. ACV was removed after 6 d and reactivation induced 

by treating with the PI3-K inhibitor LY294002 (LY) +/− IFN. After 20 h, LY was removed 

and incubation continued +/− IFN. Reactivation was quantified by determining the 

percentage of EGFP-positive wells detected by fluorescence microscopy at 4 d post-

treatment. (B) Neurons were treated with 20μM LY +/− 100 U/ml IFNβ for 20 h. At 20h, LY 

was removed, neurons were cultured +/− IFN, and reactivation measured as described in (A). 

(C) As in B except that 100 U/ml IFNγ was used. (D) As in B and C except that the amount 

of infectious virus produced was quantified by plaque assay using Vero cells. (E) As in B 

except neurons were treated +/− 10 μM JAK Inhibitor for 20 h. At 20h, media containing LY 
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was removed and replaced with media containing IFN and / or JAK Inhibitor. (F) As in E 

except that 100 U/ml IFNγ was used.
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Figure 2. Inhibition of reactivation by IFN despite enforced interruption of PI3K-Akt-mTORC1 
signaling
(A) Latently-infected neurons were treated for 20 h with 20 μM LY alone or with 100 U/ml 

IFNβ or IFNγ. Total protein was isolated, fractionated by SDS-PAGE in a 17.5% gel and 

analyzed by immunoblotting. Slower-migrating, low abundance hyper-phosphorylated 4E-

BP1 isoforms indicate active PI3K-Akt-mTORC1 signaling. Accumulation of faster-

migrating, hypophosphorylated 4E-BP1 indicates that PI3-K-Akt-mTORC1 signaling is 

inhibited. Tubulin is a loading control. (B) Total protein isolated from latently-infected 

neurons treated as in A was separated by SDS-PAGE and analyzed by immunoblotting using 
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STAT1 and DAXX antibodies. (C) Neurons transduced with a lentiviral vector expressing a 

doxycycline (dox)-inducible, constitutively-active 4E-BP1 (AA) mutant unresponsive to 

mTORC1 were treated with dox +/− 100 U/ml IFNβ or IFNγ. HSV-1 UL30 mRNA 

accumulation measured by qRT-PCR was plotted relative to untreated controls.
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Figure 3. Suppression of reactivation by IFN is limited to a temporal window that closes before 
Phase II
(A, B) Latently-infected neurons were treated with 20 μM LY alone or in the presence of 

100 U/ml IFNβ or IFNγ. After 20 h, accumulation of HSV-1 lytic Phase I transcripts UL30 

(A) or ICP27 (B) was analyzed by qRT-PCR. (C–E) Latently-infected neurons induced to 

reactivate with LY for 20 h (shaded arrow) were treated with 100 U/ml (D) IFNβ or (E) 

IFNγ for different periods: during and after the LY pulse (IFN for Phase I & II), only during 

the LY pulse (IFN for Phase I only), or only after the LY pulse when Phase I has already 

occurred (IFN for Phase II only). Reactivation was scored 4 d after LY application.
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Figure 4. Treatment with IFNβ and IFNγ elicit unique profiles of neuronal gene expression in 
reactivating neurons
Volcano plots of genes (blue and orange points) differentially expressed following IFNβ (A) 

or IFNγ (B) treatment. Dotted line indicates y=0.01, vertical solid lines indicate the × = 

−0.5 and × = 0.5 thresholds. (C) Clustered heat maps of all differentially expressed genes 

showing log2 fold-change values in either condition. (D) Venn diagram depicting significant 

overlaps between genes whose expression changes in response to IFNβ or IFNγ. The 

significance of overlap was calculated using a hypergeomeric test. (E–F) The top 6 pathways 

enriched among genes induced uniquely by (E) IFNβ or (F) IFNγ. (G) Interferon induced 

genes were compared to a reference transcriptomic dataset of CNS cell types (Zhang et al, 

2014). Heat map depicts the top 10 neuron-enriched genes and respective enrichment scores 

for each cell type.
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Figure 5. IFNβ but not IFNγ counters HSV-1 reactivation even in the presence of the viral 
protein ICP0
ICP0 was ectopically expressed from a dox-inducible promoter using a recombinant 

adenovirus vector in neurons latently-infected with HSV-1. (A) The percentage of wells in 

which HSV-1 had reactivated −/+ 100 U/ml IFNβ or IFNγ was scored 4 d after inducing 

ICP0 expression. After 4 d of dox treatment, total protein was isolated from (B) neurons not 
latently-infected with HSV-1 or (C) latently-infected with HSV-1 and ICP0 accumulation 

was measured by immunoblotting. (D) Model depicting how a viral genome-wide 

expression burst or virion protein delivery represent different strategies to counter anti-viral 

defenses and promote productive viral growth during acute infection or reactivation. During 

acute infection, the tegument delivers a subset of viral proteins from different kinetic classes 
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into newly infected cells that antagonize host cell-intrinsic immunity and foster reproductive 

replication. Unlike acute infection, which begins with virion entry and tegument deposition, 

reactivation begins with de novo expression of latent HSV-1 genomes organized in 

compacted chromatin within neuronal nuclei. Instead of delivering a preformed tegument 

loaded with viral proteins into the host, reactivation Phase I in neurons results in a genome-

wide burst of viral gene expression allowing the simultaneous accumulation of viral proteins 

of all kinetic classes without viral DNA replication or infectious virus production. Both 

strategies achieve a similar function by providing a toolkit of viral proteins capable of 

countering cell-intrinsic host defenses, including responses to IFN and ISGs, and stimulating 

productive virus growth.
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