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HSV targeting of the host phosphatase PP1a is
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required for disseminated disease in the neonate
and contributes to pathogenesis in the brain
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Newborns are significantly more susceptible to severe disease
after infection with herpes simplex virus (HSV) compared with
adults, with differences in the host response implicated as a major
factor. To understand host response differences between these
age groups, we investigated the shutoff of protein synthesis by
the host and the retargeting of host phosphatase PP1a by the
HSV-1 protein y34.5 for reversal of translational arrest. In a murine
newborn model of viral dissemination, infection with the HSV-1
mutant for PP1a binding resulted in complete absence of disease.
PP1a-binding mutant HSV-1 replicated in visceral organs early
after inoculation, demonstrating that HSV-1 replication requires
PP1a-targeting only later in infection. Newborn mice deficient in
type | IFN signaling partially rescued the virulence of the PP1a-
binding mutant virus, suggesting an IFN-independent role for
elF2a kinases during infection. When we investigated the contri-
bution of PP1a targeting to pathogenesis in the brain, we found
that the inability of HSV-1 to bind PP1« increased survival time in
both newborn and adult mice. Unlike disseminated disease, type |
IFN signaling in the brain was required to attenuate disease fol-
lowing PP1a-mutant virus infection. Furthermore, pharmacologic
inhibition of elF2a dephosphorylation reduced HSV-1 replication in
a brain slice culture model of encephalitis. Our findings reveal age-
dependent differences in y34.5 function and tissue-specific reli-
ance on the type | IFN response for protection from HSV disease.
These results define an important role for y34.5 in neonatal infec-
tions in contrast to other studies indicating that the autophagy-
inhibiting function of y34.5 is dispensable for pathogenesis in the
newborn brain.

HSV-1 | translational arrest | disseminated disease | interferon response

H erpes simplex virus (HSV) infections cause a wide spectrum
of outcomes, ranging from asymptomatic acquisition to le-
thal dissemination and central nervous system (CNS) disease (1).
Newborns are particularly susceptible to HSV disease with over
50% of infected newborns progressing to disseminated disease or
encephalitis. Of those who survive the initial encephalitis, 2/3 of
newborns will go on to have long-term neurologic morbidity (2).
This is in contrast to the adult population, where occurrence of
HSV encephalitis and disseminated disease are rare and in-
fection with HSV is often subclinical (3). Either serotype of HSV
(HSV-1 or HSV-2) may cause disease in newborns, but recent
data suggest a rising incidence of HSV-1 genital infection, par-
alleled by a predominance of HSV-1 as a cause of newborn
disease (4, 5). The striking difference in outcomes between adults
and neonates infected with HSV suggests an age-dependent dif-
ference in susceptibility to disease based on host factors.

It is likely that differences in the immune response in the neonate
compared with the adult result in the disparate outcomes following
HSV infection, and this was investigated in our current studies.

One of the earliest responses to infection is the type I IFN re-
sponse and the innate pathways modulated by the IFN-inducible
double-stranded RNA-dependent protein kinase R (PKR) system.
HSV-1 counters the PKR ‘response in part through production of

WWww.pnas.org/cgi/doi/10,1073/pnas. 1513045112

the viral protein y34.5 for successful replication in cell culture (6, 7).
Mutant viruses deleted for the entire y34.5 gene are significantly
attenuated in vivo, and virulence of y34.5-null HSV-1 is restored in
adult PKR ™~ mice in models of ocular and CNS disease (8). Within
y34.5 are domains that specifically target host cell-mediated trans-
lational arrest (7, 9), type I IFN response induction through TANK-
binding kinase 1 (TBK1) (10), and initiation of autophagy through
beclin 1 binding (11, 12). The different functions of HSV-1 y34.5
have been shown to contribute to replication in cell culture and in
some models of HSV disease in the adult; however, evidence sug-
gests that y34.5 may interact with the host differently in the newborn.
We recently demonstrated that the autophagy-inhibiting func-
tion of y34.5 through beclin 1 binding, although important for disease
in the adult murine CNS, is completely dispensable for pathogenesis
in the neonatal murine brain (13). However, deletion of the entire
v34.5 gene still results in attenuation of HSV in the newborn brain
(13), suggesting that there are other functions of y34.5 that are im-
portant for pathogenesis in the neonate.

The shutoff of protein synthesis resulting from eIF2a phos-
phorylation is an important host response to viral replication
and ER stress during infection. There are four serine—threonine
elF2a kinases in mammalian cells (PKR, GCN2, HRI, PERK),
two of which have been established to control eIF2a phosphor-
ylation during HSV-1 infection, namely PKR and the endo-
plasmic reticalum (ER) resident kinase PERK (14). In cells
infected with a y34.5-mutant HSV-1, activation of PKR and
subsequent elF2a phosphorylation is responsible for the cessa-
tion of protein synthesis. However, wild-type HSV-1 has evolved
an effective strategy through y34.5 to reverse the translational
arrest following eIF2a phosphorylation for successful viral rep-
lication. The carboxyl terminus of HSV-1 y34.5 is homologous to
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The increased severity of herpes simplex virus (HSV) disease in
the newborn compared with the adult is a result of complex
interactions between the virus and the host response. We
studied viral targeting of host-mediated shutoff of protein
synthesis during HSV disease in a murine model and found that
HSV-1 targeting of the host phosphatase PP1a was required for
disseminated disease in the newborn and contributed to HSV
encephalitis. Additionally, this report demonstrates that the
host response resulting in translational arrest is tissue-specific
and also reveals a tissue-specific reliance on the type I IFN re-
sponse for control of HSV-1. These results provide important
insight into the mechanisms of severe HSV disease in the
newborn compared with the adult.
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the host protein GADD34 (15) and serves as an adaptor mole-
cule to bind both the host phosphatase PPla and elF2a, thus
targeting elF2a for dephosphorylation and reversing trans-
lational arrest (7, 9, 16, 17). Evidence suggests that PP1a binding
by HSV-1 y34.5 contributes to pathogenesis in an ocular model
of HSV disease (18); however, the role of PP1la targeting by HSV
in CNS disease or in the unique immune environment of the
developing newborn remain unknown.

We demonstrate that the PPla-targeting function of HSV-1
y34.5 is required for pathogenesis in a model of neonatal dis-
seminated disease. Investigation of early viral replication in vis-
ceral organs demonstrate that PPla binding by HSV-1 is not
required for early replication on the first day after infection, but
is required for further replication after day 1 postinfection. Ab-
lation of the type I IFN response only partially restored the
virulence of a PPla-binding—deficient virus, suggesting an IFN-
independent contribution of PP1a targeting by HSV-1 to disease
in the periphery. When inoculated directly intracranially, the
PPla-binding mutant virus was attenuated in both the neonatal
and adult brain, suggesting that translational arrest is important
for protection from HSV disease in both age groups. Unlike in
the periphery, we show that the attenuation of a PPla-binding
mutant virus is dependent on the type I IFN response in the
brain. Additionally, inhibiting inducible eIF2a dephosphorylation
during HSV infection of organotypic brain slice cultures reduced
viral replication in both age groups. Our findings suggest that viral
targeting of PPla mediated by HSV-1 y34.5 significantly con-
tributes to disease in both the neonate and the adult and that the
host responses that result in translational arrest during infection
are tissue-dependent.

Results

HSV Targeting of PP1a Is Required for Disseminated Disease in the
Neonatal Mouse. The reversal of translational arrest mediated
by HSV-1 y34.5 binding the host phosphatase PPla and the
eukaryotic initiation factor elF2a is important for viral replica-
tion in cell culture (7, 9) and in a model of HSV Kkeratitis (18).
We used a virus that carries specific mutations in y34.5 that
abolish PPla binding (19), or its marker rescue virus, to test
whether PP1a binding by HSV-1 y34.5 contributes to dissemi-
nated disease in the newborn. We inoculated 7-d-old wild-type
(WT) mice intraperitoneally (i.p.) with 10* plaque forming units
(pfu) of either the virus mutant for PP1a binding (APP1a) or its
marker rescue (APPla-R). Interestingly, the APPla virus was
completely attenuated for mortality in the WT neonate with
100% survival in neonatal mice infected with the mutant virus
(Fig. 14). As was expected for a WT virus, there was 0% survival
in neonatal mice infected with the rescue virus and a median
survival time of 5.5 d. At mortality, robust replication of the
rescue virus was detected in the visceral organs of mice, including
the lung, liver, and spleen, and also in the brain (Fig. 1B). At the
end of the experimental time course on day 14, there was no de-
tection of viral replication in either the brain or the viscera of
neonatal mice infected with the mutant virus APP1la.

The absence of disease in neonatal mice infected with APP1la
raised the question of whether there was early replication of
APPla that was rapidly controlled by the host response or if the
mutant virus was replication-deficient. To determine the repli-
cation dynamics of APP1a compared with its rescue virus in vivo,
we assayed for viral replication at days 1, 2, and 3 after i.p. in-
fection. We found that the PPla-binding mutant virus initially
replicated to WT levels on day 1, but had reduced replication
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Fig. 1.

HSV targeting of the host phosphatase PP1a is required for disseminated disease in the neonatal mouse following i.p. inoculation. (A) Survival of

7-d-old neonatal WT mice (n = 9-10 for each group) inoculated i.p. with 10% pfu of either a virus mutant in the two amino acids responsible for PP1a binding
(APP1a) or its marker rescue virus (APP1a-R). Results shown represent survival data from eight independent inoculations. There was 0% mortality in the
neonates infected with APP1a, compared with 100% mortality and a mean survival of 5.5 d in mice inoculated with APP1a-R (P < 0.0001). (B) Titer of APP1a or
APP1a-R in the brain and visceral organs (lung, liver, and spleen) at time of mortality or postinoculation day 14. APP1a was not detected at day 14 after
infection in any of the organs assayed, compared with high viral titers in the organs of APP1a-R infected neonates at death (mean titers: brain = 1.6E8 pfu/g;
lung = 4.1E5 pfu/g; liver = 8.9E4 pfu/g; spleen = 1.02E6 pfu/g). (C) Titer of APP1a or APP1a-R in the brain and visceral organs at days 1, 2, and 3 postinoculation
(n_=_5 per virus, per time point). There was no statistically significant difference between APP1a and APP1a-R titer in the lung, liver, or spleen on day
1 postinoculation (P > 0.12 for all groups). (D) Immunoblot of HeLa cells or murine Neuro2a cells infected with either APP1a or APP1a-R at an MOI of 5 and

blotted for total elF2« and phospho-elF2a (Ser51) at 6 or 24 h postinfection.
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GAPDH was used as a loading control.
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compared with rescue virus on day 2 and no replication detect-
able in any organs by day 3 (Fig. 1C). The rescue virus was de-
tected in all of the visceral organs assayed on day 1 and in the
brain by day 2 with increasing replication in the CNS until
mortality. The APPla mutant virus was controlled by the host
response in the periphery before it entered the brain and was
never detected in the CNS. These data show that infectious virus
production on day 1 is not dependent on the PPla-binding function
of y34.5, but further replication of the virus after day 1 requires
PPla binding. This could reflect a delay in initiating the host re-
sponses that result in the control of APPla virus replication or an
insensitivity of the initially infected cells to detecting viral replication
and early spread to other cells.

To confirm that the APPla mutant virus is unable to target
elF2a for dephosphorylation in the context of infection, we de-
termined elF2a phosphorylation status during infection in vitro
in both human and murine cells. Immunoblots of cells infected in
vitro with either APP1a or APP1a-R show no difference in eIF2a
phosphorylation early in infection at 6 h (Fig. 1D). However, at
24 h postinfection, robust phosphorylation of eIF2a in APPla-
infected cells compared with rescue virus-infected cells was de-
tected. PP1a binding by HSV-1 did not result in a global change
in the phosphorylation of all PP1a substrates because no differ-
ence was detected in the phosphorylation of other PPla targets
including beclin 1, TBK-1, and TAK-1. It has been previ-
ously demonstrated that the shutoff of protein synthesis resulting
from elF2a phosphorylation in cells infected with a y34.5-
deficient HSV-1 is associated with the onset of viral DNA syn-
thesis. Our observation that infection with a specific PP1a-binding
mutant virus results in elF2o phosphorylation late in infection is
consistent with observations in y34.5-mutant viruses previously
reported by others (20).

Virulence of the PP1x-Binding Mutant Virus Is Partially Restored in
Type | IFN Signaling-Deficient Neonatal Mice. The elF2a kinases,
including PKR, are constitutively expressed at low levels in most
mammalian tissues. However, PKR expression is strongly in-
duced upon type I IFN stimulation (21) and is subsequently
activated in the presence of its activator ligand, double-stranded
RNA or PACT, to prevent the translation of viral mRNAs
through eIF2a phosphorylation (22, 23). To determine the con-
tribution of the type I IFN response to the attenuation of the
PPla-binding mutant virus during disseminated disease, we in-
oculated type I IFN receptor knockout (IFNAR KO) neonatal
mice intraperitoneally with either the APPla mutant virus or its
rescue, APPla-R. Both APPla and APPla-R-infected IFNAR
KO neonatal mice exhibited 100% mortality; however, neonatal

mice infected with the PP1la-binding mutant virus had a signifi-
cantly longer survival time of 5.25 d, compared with 3 d in the
APPla-R-infected group (Fig. 24). Furthermore, despite suc-
cumbing to infection days earlier than the neonates infected with
APPla, those infected with the rescue virus had significantly
higher viral replication in the lung, liver, and spleen at morality
(Fig. 2B). These data suggest that, although the type I IFN re-
sponse significantly contributes to the attenuation of a PPla-
binding mutant HSV-1, there is an IFN-independent role for
PPla targeting by HSV-1 in disseminated disease. This is con-
sistent with IFN-independent eIF2a kinase activity through PKR
and PERK. Although PKR expression is greatly induced through
IFN signaling, it does not require IFNa/p-receptor ligand binding
and signaling through JAK/STAT to be activated (24), and this
could explain in part the attenuation of the APPla mutant virus
in IFN-signaling—deficient neonatal mice.

HSV Targeting of PP1a Contributes to Mortality and Viral Replication
in the CNS of Both Neonatal and Adult Mice. In a model of neonatal
disseminated HSV disease, replication of a mutant virus unable
to target the host phosphatase PP1la was controlled early in in-
fection before the virus entered the central nervous system (Fig.
1). In previous studies, we have shown that, unlike HSV disease
in the adult brain (11), inhibition of autophagy through beclin 1
binding by y34.5 was completely dispensable for pathogenesis in
the neonatal brain (13). We sought to determine whether the
PPla-binding function of y34.5 contributed to CNS disease in
the neonate. Neonatal and adult mice were inoculated directly
intracranially (i.c.) with either the APPla mutant virus or its
rescue. Similar to what is expected from infection with WT HSV-1,
there was 100% mortality in neonatal mice infected with
APPla-R (Fig. 34). Interestingly, neonatal mice inoculated with
the APPla mutant virus had a significantly delayed time to
mortality with a mean survival time of 8 d, compared with 4.5 d
in the neonates infected with the rescue virus. The APPla virus
carrying a specific mutation in the PPla-binding region of y34.5
exhibited a similar survival curve to knockout of the entire y34.5
gene (13), with infection by both mutants resulting in 100%
mortality. Despite a significant gain in survival time, replication
at mortality was similar between the APPla mutant virus and
APPla-R (Fig. 3B). Infection of the adult brain yielded similar
results with a longer mean survival time and greater overall
survival in mice infected with APPla compared with APPla-R
(Fig. 3C). These data suggest that, unlike inhibition of auto-
phagy, viral targeting of PPla contributes to CNS pathogenesis
in both age groups.
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Fig. 2. Virulence of the PP1a-binding mutant virus is partially restored in neonates lacking intact type | IFN signaling following i.p. inoculation. (A) Survival of
7-d-old IFNAR KO littermates (n = 11 for each group) after i.p. inoculation with 10* pfu of either the APP1a mutant virus or its rescue, APP1a-R. Results shown
represent survival data combined from 10 different inoculations. Log-rank analysis showed a statistically significant delay in time to mortality for IFNAR KO
newborns inoculated with APP1a compared with APP1a-R (median survival: APP1a-R = 3 d; APP1a=5.25d; P < 0.01). (B) Titer of APP1a or APP1a-R in the brain
and visceral organs (lung, liver, and spleen) at time of mortality in IFNAR KO mice infected i.p. The APP1o-R virus replicated to higher titers than the APP1«
mutant in the lung, liver, and spleen (lung: P = 0.003; liver: P = 0.03; spleen: P = 0.004). Replication in the brain at mortality was higher in the APP1a than the
APP1a-R group (P = 0.009).
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Fig. 3. HSV-1 targeting of PP1a contributes to pathogenesis in the CNS of both neonatal and adult mice following i.c. inoculation. (4) Survival of 7-d-old WT
littermates inoculated i.c. with 10% pfu of either the PP1a-binding mutant (APP1a: n = 13) or its rescue virus (APP1a-R: n = 13). Results shown represent survival
data combined from eight independent inoculations. Log-rank analysis showed a statistically significant delay in time to mortality for WT newborns in-
oculated with APP1a compared with APP1a-R (median survival: APP1a-R = 4.5 d and APP1a = 8 d; P = 0.01). (B) Titer of APP1a or APP1a-R in the brains of
neonatal mice at mortality. There was no statistically significant difference in replication between the two viruses at mortality (mean titers: APP1a-R =
5.2E7 pfu/g and APP1a = 5.9E7 pfu/g; P = 0.79). (C) Survival of adult WT mice inoculated i.c. with 10* pfu of either APP1a or APP1a-R (n = 10 each group).
Results shown represent survival data from eight independent inoculations. Log-rank analysis showed a statistically significant delay in time to mortality after
inoculation with APP1a (median survival = 11.5 d) compared with APP1a-R (P < 0.0001; median survival = 4.25 d). (D) Titer of APP1a or APP1a-R in the brains of
WT adult mice at mortality. There was no statistically significant difference in replication between the two viruses at mortality (mean titers: APP1a-R = 1.2E7

pfu/g and APP1a = 2.5E6 pfu/g; P = 0.10).

Full Virulence of the PP1x-Binding Mutant HSV Is Restored in the CNS
of Type | IFN Signaling-Deficient Neonatal and Adult Mice. Our
previous studies demonstrated that, unlike the adult, the type I
IFN response does not contribute to the control of WT HSV-1 in
the newborn brain (13). We inoculated IFNAR KO neonatal and
adult mice intracranially to determine if the attenuation of the
APPla mutant virus in the brain was dependent on the type I
IFN response for the two age groups. Unlike what was observed
after peripheral inoculation (Fig. 2), there was complete resto-
ration of the virulence of the APPlo mutant to WT levels in both
IFN signaling-deficient neonatal (Fig. 44) and adult (Fig. 4C)
mice. Furthermore, viral replication in the brain was the same
for APPla and APPla-R in both age groups (Fig. 4 B and D).
This result is also consistent with similar replication of APPla
and APPla-R in the brains of IFNAR KO neonates after i.p.
inoculation (Fig. 2B). These data suggest that, although the type
I IFN response does not contribute to the control of WT HSV-1
in the neonatal brain, the IFN response is not completely absent
because it does contribute to the attenuation of the APPla virus
in the neonatal brain. Additionally, our data suggest that, al-
though there is an IFN-independent role for viral targeting of
PPl in the periphery, signaling through type I IFN was required
to attenuate disease following PPla-mutant virus infection in
the brain.

Our data suggest a tissue-dependent contribution of the type I
IFN response to control of a PPla-binding mutant virus and
tissue-specific differences in the host responses that result in the
cessation of protein synthesis. To determine whether the basal
expression levels of the regulators of elF2a phosphorylation may
explain, in part, our observations across different tissue types in

E6940 | www.pnas.org/cgi/doi/10.1073/pnas. 1513045112

the neonate, we performed immunoblots for PKR and the PPla
regulatory subunits CreP (PPP1R15B) and GADD34 in the
brain, lung, liver, and spleen (Fig. 4F). Although basal expres-
sion of CreP and GADD34 was similar across the brain and
peripheral organs, expression of PKR was significantly higher in
the lungs, a site of early HSV-1 replication in the periphery (Fig.
1C), compared with the brain. Similar basal expression of PKR
across the brain, liver, and spleen suggests a role for other reg-
ulators of elF2a phosphorylation, and possibly tissue-specific
differences in the induction of PKR, to explain the differential
attenuation of the PPla-binding mutant virus in the brain com-
pared with the periphery. These results suggest that, at least in
the lung, some cells initially infected with HSV-1 express higher
levels of PKR compared with the brain (Fig. 4E), and this could
explain, in part, the significant attenuation of the APPla virus in
some visceral organs compared with the brain in the neonate.
One possible explanation is that the low basal expression of the
other eIF2a kinases and differential induction of those kinases
during infection in the neonatal brain may be insufficient to
produce enough phosphorylated elF2a to shut off translation as
effectively as the peripheral organs.

Inhibiting elF2c Dephosphorylation Decreases Viral Replication in
Vitro and in an ex Vivo Organotypic Brain Slice Culture Model of
HSV Encephalitis. We have presented evidence that HSV-1 tar-
geting of the host phosphatase PPla contributes to disease in
both the newborn and the adult brain by using a virus mutant for
PPla binding (Fig. 3). The viral protein y34.5 forms a complex
with PPla and the translation initiation factor eIF2a in vitro
(9). Phosphorylated elF2a is a marker for the shutoff of protein
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Fig. 4.

Full virulence of the PP1a-binding mutant HSV-1 following i.c. inoculation is restored in the CNS of type | IFN-signaling—deficient neonatal and adult

mice. (A) Survival of 7-d-old IFNAR KO littermates inoculated i.c. with 10% pfu of either the APP1a mutant virus (n = 11) or its rescue virus APP1a-R (n = 12).
Results shown represent survival data combined from eight independent inoculations. Log-rank analysis showed no statistically significant difference in time
to mortality for IFNAR KO neonates inoculated with either APP1a (median survival =5 d) or APP1a-R (P = 0.30; median survival = 4.5 d). (B) Titer of APP1a or
APP1a-R in the brains of IFNAR KO neonatal mice at mortality. There was no statistically significant difference in replication between the two viruses at
mortality (mean titers: APP1a-R = 8.7E8 pfu/g and APP1a = 3.6E9 pfu/g; P = 0.33). (C) Survival of adult IFNAR KO mice inoculated i.c. with 10* pfu of either
APP1a (n = 11) or APP1a-R (n = 10). Results shown represent survival data from 12 independent inoculations. Log-rank analysis showed no statistically sig-
nificant difference in time to mortality after inoculation with APP1a (median survival = 4.5 d) compared with APP1a-R (P = 0.50; median survival = 4.0 d).
(D) Titer of APP1a or APP1a-R in the brains of IFNAR KO adult mice at mortality. There was no statistically significant difference in replication between the two
viruses at mortality (mean titers: APP1a-R = 5.2E7 pfu/g and APP1a = 6.0E7 pfu/g; P = 0.79). (E) Representative immunoblot (Left) and densitometry (Right)
(mean values + SEM) of whole-organ homogenates from uninfected 7-d-old neonatal and 10-wk-old adult mice (n = 4 in each group). Expression of PKR was
significantly higher in the lung compared with other organs (lung vs. brain: P = 0.02; lung vs. liver: P = 0.007; lung vs. spleen: P = 0.004; all other comparisons:

P > 0.05). Expression of CreP and GADD34 was not significantly different across the brain, lung, liver, and spleen (all comparisons: P > 0.05).

synthesis in the host cell, and, taken together, this translational
arrest suggests that the phosphorylation status of elF2u contrib-
utes to the successful replication of HSV-1. To test the contribu-
tion of eIF2a phosphorylation to viral replication, we infected
HelLa cells with the rescue virus and treated with either salubrinal,
a selective inhibitor of eIF2a dephosphorylation (25), or vehicle
control. Treatment with 10 pM salubrinal reduced viral titer
10-fold compared with vehicle control by 72 h, and treatment with
50 pM salubrinal, previously shown to result in robust phosphory-
lation of eIF2a while maintaining cell viability in vitro (25), resulted
in an approximately 10,000-fold decrease in viral titer by 72 h (Fig.
5A4). The reduction of viral titer after treatment with salubrinal in
vitro suggests a significant contribution of inducible eIF2a phos-
phatase activity to the replication of HSV-1 and is consistent with
observations reported by others (26).

Organotypic brain slice cultures have the potential to be a
valuable model for studying viral encephalitis because, unlike
cell culture systems, they maintain the normal tissue architecture
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and interactions between neural cells that may contribute to
pathogenesis (27, 28). Importantly, organotypic brain slice cul-
tures have previously been used to investigate neurotropism
differences between neonate and adults as a model of HSV
encephalitis (29). To test the contribution of inducible elF2a
dephosphorylation to viral replication in a model of CNS dis-
ease, we infected ex vivo organotypic brain slice cultures from
neonatal and adult mice with HSV-1 and treated them with
salubrinal or vehicle control. Viral replication in both the neo-
nate and the adult brain slice cultures was significantly reduced
with increasing doses of salubrinal compared with vehicle control
(Fig. 5 B and C). The reduction in viral titer after salubrinal
treatment was not due to cell toxicity because there was no
discernible difference in cell viability between salubrinal and
DMSO control-treated brain slice cultures as determined by the
MTT assay. These data suggest that phosphorylation of elF2a
results in reduced viral replication in an ex vivo model of HSV-1
encephalitis. The host phosphatase PP1a forms a complex with
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Fig. 5. Inhibition of elF2a dephosphorylation decreases HSV-1 replication in vitro and in an ex vivo organotypic brain slice culture model of HSV encephalitis.
(A) Hela cells treated with 10 or 50 pM salubrinal displayed reduced viral replication compared with DMSO (vehicle-only) treated cells at 24, 48, and 72 h
(P < 0.05 at all points; n = 4 each point). (B) Neonatal brain slice cultures infected in triplicate with 108 pfu of APP1a-R were treated with DMSO, 50 uM salubrinal,
or 100 pM salubrinal. Salubrinal-treated brain slice cultures exhibited decreased viral replication compared with DMSO-treated controls at 24 h (P = 0.03 for
50 uM sal; P = 0.003 for 100 puM sal), at 48 h (P = 0.03 for 50 pM sal; P < 0.001 for 100 pM sal), and at 72 h (P = 0.006 for 100 uM sal) postinfection. (C) Adult
brain slice cultures infected in triplicate with 10° pfu of APP1a-R were treated with DMSO, 50 pM salubrinal, or 100 uM salubrinal. Salubrinal-treated brain
slice cultures exhibited decreased viral replication compared with DMSO-treated controls at 48 h (P < 0.001 for both 50 and 100 pM sal) and at 72 h (P = 0.04

for 100 pM sal) postinfection.

its nonenzymatic cofactor GADD34 during cell stress or with the
constitutively active CreP (26) to mediate dephosphorylation of
elF2a. Salubrinal inhibits dephosphorylation of eIF2a mediated
by both phosphatase complexes in vitro (25). The sequence ho-
mology between the C terminus of HSV-1 y34.5 and GADD34
makes it a likely target of salubrinal and probably contributes to
the effectiveness of salubrinal in reducing HSV-1 replication in
brain slice cultures.

Discussion

We report that HSV-1 targeting of the host phosphatase PP1a by
v34.5 for the reversal of host-mediated translational arrest is
required to cause disseminated disease in the neonatal mouse
(Fig. 1). We also demonstrate that, although not required to
cause disease in the CNS, PPla targeting by the virus signifi-
cantly contributes to HSV pathogenesis in the brains of both
adult and neonatal mice (Fig. 3). Although the type I IFN re-
sponse significantly contributed to the control of a virus mutant
for PP1la binding, ablation of this response did not entirely re-
store the virulence of the mutant virus during disseminated dis-
ease (Fig. 2), suggesting an IFN-independent role for PPla
targeting by HSV-1 in the visceral organs. In contrast, virulence
of a PPla-binding mutant virus was completely restored to WT
levels in the CNS of IFNAR KO mice (Fig. 4), demonstrating
that HSV targeting of PPla is dispensable for CNS pathogenesis
in IFN signaling-deficient mice and a possible dependence on
the type I IFN response for host shutoff of protein synthesis in
the brain. Basal expression of PKR was higher in the lungs of
neonatal mice compared with the brain, liver, and spleen (Fig.
4E). This could explain, in part, the reduced susceptibility of the
lung to the PP1a-mutant virus, but also suggests differential PKR
induction during infection across tissues and a possible role for
the other eIF2a kinases to explain tissue-dependent differences
in susceptibility to the APPla virus. Taken together, these data
suggest that the host response that results in translational arrest
is tissue-specific. Finally, in an ex vivo organotypic brain slice
culture model of HSV encephalitis, we demonstrate that inhib-
iting elF2a dephosphorylation with salubrinal treatment reduces
HSV-1 replication in the brain.

The multifunctional HSV-1 protein y34.5 is important for
counteracting several different host antiviral pathways for successful

E6942 | www.pnas.org/cgi/doi/10.1073/pnas. 1513045112

viral replication in the nervous system (30, 31). Until recently, it was
not known whether HSV manipulates these responses differently in
the unique environment of the developing newborn brain. We have
previously shown that, although y34.5 contributes to CNS disease in
both neonatal and adult mice, unlike in the adult, the beclin
1-binding function of y34.5 is completely dispensable for pathogen-
esis in the newborn brain (13). It is possible that targeting beclin 1 did
not alter disease in the newborn brain due to the unique autophagic
environment in the developing brain (32), so HSV must rely on
other functions of y34.5 to promote replication in the newborn. We
demonstrate that the PPla-binding function of y34.5 significantly
contributes to disease in both the adult and the neonatal brain.
Interestingly, we also show that y34.5 targeting of PPla was more
important in nonneuronal tissue because a virus mutated for PP1a
binding was completely attenuated for disease in a model of HSV
dissemination in the neonate. These results are consistent with
likely differences in host responses, including elF2a and its regu-
lators, across different tissue types (Fig. 4E). Furthermore, these
data reflect decreased neuroinvasion by the PPo-binding—deficient
HSV-1 from the periphery, possibly due to rapid control of the virus
and decreased viral loads.

The translational arrest observed in cells infected with HSV-1
y34.5 mutants reflects global cessation of virus and host protein
synthesis before completion of the HSV infectious cycle. This
process is mediated by phosphorylation of the initiation factor
elF2a by the kinases PKR and PERK, resulting in an increased
affinity of eIF2« for the guanine nucleotide exchange factor elF-
2B and sequestration of the two factors in an inactive complex
(33). PKR is an IFN-stimulated gene (ISG) in mammalian cells
and, although PKR is constitutively expressed in most tissue
types, its expression is rapidly up-regulated in cells treated with
IFN (22). The virulence of a y34.5-null virus is restored to WT
levels in PKR ™~ mice, suggesting that y34.5 is central to coun-
tering the PKR-dependent pathways in the host (8). Taken to-
gether with our results demonstrating only partial restoration of
virulence with the APPla mutant virus in IFN-deficient mice
(Fig. 2), our current results are consistent with a significant
contribution of IFN-independent elF2a kinase activity during
disseminated HSV disease. Importantly, the neonate is under a
unique metabolic state in part due to a period of rapid development
and organ growth, but also following the sudden interruption in
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nutrient supply immediately after birth, resulting in the early
neonatal starvation period (32). Although its role during HSV-1
infection has not yet been described, the elF2a kinase GCN2 is
activated when amino acids are limiting during periods of star-
vation (34), and therefore GCN2 could contribute to trans-
lational arrest in the newborn host during infection. The neonatal
brain is also in a period of rapid development, and reduced
susceptibility to mRNA translational arrest resulting from elF2a
phosphorylation remains a possibility at this developmental age.
The reliance on the type I IFN response for the attenuation of
a PPla-binding—deficient HSV-1 in the brains of both age groups
suggests a tissue-specific role for the IFN response, which in-
creases the abundance of ISG-encoded proteins, one of which
is PKR.

There is some evidence that the type I IFN response is gen-
erally blunted in the newborn compared with the adult (35), and
we have previously demonstrated that the type I IFN response
does not contribute to the control of WT HSV-1 in the newborn
brain (13). Interestingly, here we show that the type I IFN re-
sponse does contribute to the control of HSV-1 in the visceral
organs in a model of disseminated disease, with a shorter survival
time and higher viral titer in IFN-deficient neonatal mice com-
pared with WT neonatal mice infected with the rescue virus
(Figs. 1 and 2). This suggests not only an age-dependent differ-
ence in the type I IFN response, but also a tissue-specific reliance
on type I IFN for control of HSV disease. A dampened type I
IEN response in the brain may be important for proper devel-
opment of the newborn brain because multiple lines of evidence
suggest that altering the cytokine balance in the brain can have
profound developmental consequences (36, 37). Specifically,
intracranial inoculation of type I IFNs alone in mice has been
shown to result in neurologic deficits later in life (38). Taken
together, these results may suggest specific dampening of the
IFN response in the newborn brain to avoid a cytokine response
that could be detrimental to proper development.

Targeting phosphorylated elF2a, a marker for translational
arrest, with a drug that specifically inhibits eIF2a dephosphory-
lation effectively reduced viral replication in an ex vivo model of
HSV encephalitis (Fig. 5). Salubrinal has previously been shown
to prevent the dephosphorylation of eIF2a by inhibiting PPla
phosphatase complexes and thereby promoting translational ar-
rest, both during viral replication and the unfolded protein re-
sponse (UPR) during ER stress in cell culture (25, 26). Given the
strong sequence homology of HSV-1 y34.5 to the nonenzymatic
PPla cofactor GADD34, it is likely that salubrinal also disrupts
y34.5 targeting of PPla during infection. Additionally, due to its
modulation of the UPR, salubrinal may prevent neuronal cell
toxicity during infection beyond its effect on viral replication.
Promotion of translational arrest by salubrinal during the UPR
has been shown to be neuroprotective and to improve long-term
neurologic outcomes in models of traumatic brain injury (39). In
clinical practice, acyclovir is in widespread use to directly inhibit
HSYV replication; however, its use has not improved long-term
neurologic outcomes among survivors of CNS disease (40). De-
velopment of therapeutics for HSV disease in newborns will need
to be created to both reduce viral replication and to improve long-
term neurologic outcomes in this susceptible population.

Methods

Viruses and Cells. The HSV-1 strain 174+ mutant virus APP1a that carries the
Val178Glu and Phe180Leu substitutions in y34.5 and the rescue virus where
the wild-type sequence was restored, APP1a-R, were kindly provided by David
Leib, Dartmouth University, Lebanon, NH and are previously described (19).

Vero cells were cultured in Dulbecco’s modification of Eagle’s medium
(DMEM) plus 10% (vol/vol) FBS and 1% penicillin-streptomycin and were
used for the propagation and titering of virus. Plaque titrations were per-
formed by standard methods.

Wilcox et al.

Murine HSV Disease Model. Animal care and use in this study were in accor-
dance with institutional and NIH guidelines, and all studies were approved by
the Northwestern University Animal Care and Use Committee. The mouse strains
used have been previously described, including the 12952 (WT) and IFNAR KO
mice (41) on the 12952 genetic background. Pups were inoculated at 7 d of age,
which from an immunologic perspective corresponds most closely to humans at
birth (42). Virus was diluted to the appropriate dose in each experiment with PBS
containing 1% inactivated calf serum and 0.1% glucose (PBS-GCS).

For the model of newborn disseminated HSV disease, neonatal mice were
inoculated intraperitoneally with 10* pfu in 100 pL total volume of either
APP1a or APP1a-R. Infected mice were monitored twice daily for signs of disease,
and those displaying symptoms of advanced disease including lethargy, seizure,
ataxia, and hunched posture were immediately killed, and the organs were
collected for titering. Tissues were weighed, homogenized in DMEM with
5% (vol/vol) inactivated calf serum and 1% ciprofloxacin, and sonicated.

For the model of HSV encephalitis, newborn mice were inoculated in-
tracranially with 10? pfu of either APP1a or APP1a-R. Infections of 8- to
10-wk-old adult mice were included for comparison with newborn infections,
with an inocula of 10% pfu. A positive displacement syringe with a 26-gauge
needle and a needle guard was used to inoculate 5 pL total volume into the
brain. The needle was placed in the approximate region of the hippocam-
pus, equidistant between the lambda and bregma through the left parietal
bone lateral to the sagittal suture. Intracranially infected mice were similarly
monitored twice daily and killed for viral titering. All statistical analyses
were performed using Prism 5.01 (GraphPad Software). Kaplan-Meier sur-
vival statistical analysis was performed using the log-rank (Mantel-Cox) test.
Comparisons of viral titers between different groups of mice were done by
Student’s t test, using log-transformed values.

Immunoblots. HeLa and Neuro2a cells were inoculated at a multiplicity of
infection (MOI) of 5 on a rocking platform for 2 h at 37 °C. Infected cells were
incubated until either 6 or 24 h postinfection, at which point they were
collected for immunoblot analysis. Tissue samples were whole-organ ho-
mogenates from neonatal and adult mice. Western blots were performed on
cell lysates using a 1:1,000 dilution of antibodies against total elF2a (Cell
Signaling), phosho-elF2a (Ser51) (Cell Signaling), PKR (Abcam), PPP1R15B
(Abcam), GADD34 (Abcam), and a 1:10,000 dilution of the anti-GAPDH an-
tibody (Abcam) as a loading control. Blots were visualized using the LI-COR
Odyssey system. Statistical analysis of densitometry was performed using a
one-way ANOVA and the Holm-Sidak’s multiple comparison test.

In Vitro Infections and Drug Treatment. HeLa cells were infected at an MOI of
0.001 with the rescue virus APP1a-R suspended in a 1-mL volume of PBS-GCS
with either the indicated concentration of salubrinal (Sigma) in DMSO or the
equivalent volume of DMSO vehicle. Cells were infected on a rocking plat-
form for 2 h, and the inoculum was replaced with fresh media containing
either salubrinal or DMSO. Cells were collected and assayed for viral repli-
cation at the indicated time points.

Organotypic Brain Slice Cultures. Brain slice cultures were prepared from ei-
ther 7-d-old neonatal mice or 8- to 10-wk-old adult mice. Mice were eu-
thanized, and brains were rapidly removed into ice-cold slicing media [HBSS
(Gibco) containing 6 mg/mL glucose equilibrated in 95% (volivol) O,, 5% (volivol)
CO,]. Using aseptic technique, the frontal cortex and cerebellum were removed,
and 400-um coronal sections were made with a Vibratome through regions of
the cerebrum containing the hippocampus and thalamus. Brain slices were po-
sitioned on a semiporous membrane insert (Millipore), following previously
described methods (43). Membranes with brain slices were placed in six-well
plates with 1.6 mL of filter culture media [50% (vol/vol) minimal essential media,
25% (vol/vol) HBSS, 25% (vol/vol) heat-inactivated horse serum, 0.044% NaHCOs,
2 mM glutamine, 10 U/mL penicillin]. Immediately after establishment of the ex
vivo culture, slices were infected with 10° pfu of the APP1a-R rescue virus in 1 mL
of PBS-GCS. Viral inoculum contained the indicated concentration of salubrinal
(Sigma) or the equivalent volume of DMSO as a vehicle control. After 2 h, the
inoculum was aspirated and replaced with fresh media containing either
salubrinal or DMSO. Cultures were maintained in a humidified incubator at
5% (vol/vol) CO, and 37 °C and collected at 24, 48, or 72 h for viral titering.
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