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ABSTRACT Oncolytic viruses, including herpes simplex viruses (HSVs), are a new class
of cancer therapeutic engineered to infect and kill cancer cells while sparing normal tis-
sue. To ensure that oncolytic HSV (oHSV) is safe in the brain, all oHSVs in clinical trial for
glioma lack the y34.5 genes responsible for neurovirulence. However, loss of y34.5 at-
tenuates growth in cancer cells. Glioblastoma (GBM) is a lethal brain tumor that is heter-
ogeneous and contains a subpopulation of cancer stem cells, termed GBM stem-like
cells (GSCs), that likely promote tumor progression and recurrence. GSCs and matched
serum-cultured GBM cells (ScGCs), representative of bulk or differentiated tumor cells,
were isolated from the same patient tumor specimens. ScGCs are permissive to replica-
tion and cell killing by oHSV with deletion of the y34.5 genes (y34.5~ oHSV), while
patient-matched GSCs were not, implying an underlying biological difference between
stem and bulk cancer cells. GSCs specifically restrict the synthesis of HSV-1 true late (TL)
proteins, without affecting viral DNA replication or transcription of TL genes. A global
shutoff of cellular protein synthesis also occurs late after y34.5~ oHSV infection of GSCs
but does not affect the synthesis of early and leaky late viral proteins. Levels of phos-
phorylated elF2« and elF4E do not correlate with cell permissivity. Expression of Us11 in
GSCs rescues replication of y34.5~ oHSV. The difference in degrees of permissivity be-
tween GSCs and ScGCs to y34.5~ oHSV illustrates a selective translational regulatory
pathway in GSCs that may be operative in other stem-like cells and has implications for
creating oHSVs.

IMPORTANCE Herpes simplex virus (HSV) can be genetically engineered to endow
cancer-selective replication and oncolytic activity. y34.5, a key neurovirulence gene, has
been deleted in all oncolytic HSVs in clinical trial for glioma. Glioblastoma stem-like cells
(GSCs) are a subpopulation of tumor cells thought to drive tumor heterogeneity and
therapeutic resistance. GSCs are nonpermissive for y34.5~ HSV, while non-stem-like can-
cer cells from the same patient tumors are permissive. GSCs restrict true late protein
synthesis, despite normal viral DNA replication and transcription of all kinetic classes.
This is specific for true late translation as early and leaky late transcripts are translated
late in infection, notwithstanding shutoff of cellular protein synthesis. Expression of Us11
in GSCs rescues the replication of y34.5~ HSV. We have identified a cell type-specific in-
nate response to HSV-1 that limits oncolytic activity in glioblastoma.

KEYWORDS oncolytic virus, cancer stem cell, HSV, translation, glioma, Us11, herpes
simplex virus

lioblastoma (GBM), a fatal brain tumor, affects thousands of patients each year (1).
Conventional treatment of GBM involves surgical removal of accessible tumor
followed by radiation and chemotherapy with temozolomide, extending survival by

August 2018 Volume 92 Issue 15 e00246-18 Journal of Virology

Received 12 February 2018 Accepted 15 May
2018

Accepted manuscript posted online 23 May
2018

Citation Peters C, Paget M, Tshilenge K-T, Saha
D, Antoszczyk S, Baars A, Frost T, Martuza RL,
Wakimoto H, Rabkin SD. 2018. Restriction of
replication of oncolytic herpes simplex virus
with a deletion of y34.5 in glioblastoma stem-
like cells. J Virol 92:00246-18. https://doi.org/
10.1128/JV1.00246-18.

Editor Richard M. Longnecker, Northwestern
University

Copyright © 2018 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Samuel D. Rabkin,
rabkin@mgh.harvard.edu.

* Present address: Kizito-Tshitoko Tshilenge,
Buck Institute for Research on Aging, Novato,
California, USA; Slawomir Antoszczyk,
Combined Therapeutics, Cambridge,
Massachusetts, USA; Anouk Baars, IG&H
Consulting, Utrecht, Netherlands.

jviasm.org 1


https://orcid.org/0000-0003-2344-2795
https://doi.org/10.1128/JVI.00246-18
https://doi.org/10.1128/JVI.00246-18
https://doi.org/10.1128/ASMCopyrightv2
mailto:rabkin@mgh.harvard.edu
https://crossmark.crossref.org/dialog/?doi=10.1128/JVI.00246-18&domain=pdf&date_stamp=2018-5-23
http://jvi.asm.org

Peters et al.

several months, but ultimately the tumor recurs resistant to therapy (2). GBM tumors
are heterogeneous genetically, cellularly, and morphologically, both within and be-
tween patients (3-6). The leading theory for GBM tumor heterogeneity and recurrence
hypothesizes the presence of a cancer stem cell population which can self-renew,
populate the tumor with differentiated cells, and resist therapy, leading to inevitable
recurrence (3, 7). GBM stem-like cells (GSCs) were first isolated by culturing patient
tumor specimens under neural stem cell (NSC) conditions in serum-free, growth
factor-supplemented neural basal medium as nonadherent spheres (7). Single-cell
transcriptome analysis (RNA-seq) indicates that GSCs are present in situ, as well as more
differentiated tumor cells derived from GSCs and expressing markers of more mature
multilineage cell types (4, 5). Culturing tumor specimens in serum generates primary
adherent serum-cultured GBM cells (ScGCs), representative of differentiated or bulk
tumor cells (8). GSCs are highly tumorigenic in immunodeficient mice, adopting similar
patterns of brain invasion, cellular heterogeneity, and vascularity as observed in the
original patient tumor, while ScGCs are poorly tumorigenic, epigenetically distinct from
GSCs, and do not faithfully recapitulate the patient’s tumor (9-12).

Due to the high mortality of GBM, researchers have sought novel therapies to
improve patient prognosis, such as oncolytic herpes simplex virus 1 [HSV-1] (oHSV).
oHSVs are genetically engineered to selectively replicate in and kill cancer cells and not
normal cells by targeting cells with cancer hallmarks such as unregulated cell division
or lack of normal antiviral cell responses (13, 14). HSV-1 infects and deposits its DNA
genome into the nucleus, where an ordered transcriptional cascade begins. Immediate
early (e, IE) gene products are expressed first, which facilitate expression of early (B, E)
genes, encoding proteins involved in HSV-1 DNA replication, and leaky late (vy,, LL)
genes (15). Only after de novo viral DNA replication are true late (y,, TL) genes
expressed. Once synthesized, the late proteins (structural and tegument) assemble
capsids, package newly synthesized HSV-1 DNA, and generate infectious virions (15).

G207, the first oHSV to enter clinical trial in the Unites States (16), has the ICP6 gene
(UL39; ribonucleotide reductase large subunit) inactivated by insertion of the Esche-
richia coli LacZ gene, and both copies of the y34.5 gene are deleted (17). The y34.5
protein directs protein phosphatase 1« (PP1a) to dephosphorylate elF2«, which main-
tains protein synthesis despite stress signaling from elF2 kinases, like PKR (18, 19). Loss
of y34.5 greatly reduces neurovirulence (20), which is further decreased by ICP6
inactivation (17), and contributes to selective replication in cancer cells (17, 21). Thus,
all oHSVs that have been in clinical trial for GBM have deletions of y34.5 (13). However,
HSV-1s with deletions of y34.5 (y34.5~ viruses) are somewhat attenuated for replication
in many cancer cells (22, 23). Deletion of ICP47 (Us12) complements y34.5 loss, likely
due to placement of TL Us11 under the ICP47 IE promoter (24-26). Us11 binds
double-stranded RNA and antagonizes PKR, inhibiting elF2a phosphorylation and
overcoming loss of y34.5 activation of PP1a (25, 26). In order to create a more
efficacious oHSV, ICP47 was removed from G207 to generate G47A, which grows in
many of the cancer cell lines and GSCs which restrict y34.5~ HSV-1 (9, 22). The ability
of Us11 expression in trans in nonpermissive cancer cells, such as GSCs, to rescue
v34.5~ HSV-1 has not been tested.

We found that every GSC line tested was nonpermissive for G207, while the matched
ScGC lines were all permissive. In contrast, all GSC and ScGC lines tested were
permissive for G47A. This held true regardless of the primary or recurrent status of the
patient’s tumor. In addition, the genetic heterogeneity between patient tumors had no
noticeable effect on oHSV replication. Here, we show that y34.5~ oHSV G207 is
prevented from producing new infectious virus in GSCs due to a translational block that
occurs late in virus infection. Viral DNA replication and transcription, including TL gene
transcription, occur normally. Despite shutoff of cellular protein synthesis late in
infection, E and LL viral proteins continue to be translated. We demonstrate that
expression of full-length Us11 protein in GSCs is sufficient to complement the loss of
v34.5 and rescue G207 replication.

August 2018 Volume 92 Issue 15 e00246-18

Journal of Virology

jviasm.org 2


http://jvi.asm.org

GSCs Restrict y34.5A oHSV

RESULTS

ScGCs, but not GSCs, are permissive to y34.5— oHSV replication. We have
isolated matched GSCs and ScGCs from the same patients’ tumor specimens (identified
by number, e.g., GSC8 and ScGC8 are from specimen MGG8) and shown that they have
different phenotypes (i.e., tumorigenicity and gene expression) (9, 11, 12). When we first
isolated GSCs, we found that y34.5~ oHSVs, except for G474, replicated poorly or not
at all in these cells (9, 23), in contrast to the previously shown replication of G207 and
other y34.5~ oHSVs in most established glioma cell lines (17, 21, 23, 27). Here, we
compared the permissivity of patient-matched GSCs and ScGCs to G207 replication as
well as to that with G47A and FA6 (y34.5"). We performed single-step growth exper-
iments at a multiplicity of infection (MOI) of 2 to determine virus yield during a single
cycle of virus replication. ScGC8 cells were permissive for G207, G474, and FA6 viral
growth (Fig. 1A), while GSC8 cells were nonpermissive for G207 (Fig. 1A), as previously
reported (9). A similar result was seen with 1716-6 (strain 17 with a deletion of y34.5
and ICP6), in a multistep growth experiment after infection at a low MOI of 0.1 (Fig. 1B).
G47A replicates better than G207 and reached similar titers as FA6 in ScGCs (Table 1).

GBM inevitably recurs after treatment, so it was important to determine whether
GSCs isolated from recurrent GBMs retained their permissivity to oHSV. The growth
kinetics of G207 and G47A in recurrent MGG123 GSCs and ScGCs were similar to those
in primary GBM cells (Fig. 1C). Titers from GSCs and ScGCs infected at an MOI of 2
reached their eclipse around 5 to 8 h postinfection (hpi) and plateaued after 24 hpi (Fig.
1A and Q). To examine whether nonpermissiveness was a hallmark of GSCs in general
or related to specific genetic abnormalities, we extended these studies to nine other
GSC lines and six matched ScGC lines (Table 1). All GSCs tested were nonpermissive to
v34.5~ G207 regardless of the primary or recurrent status of the patient’s tumor, while
all ScGCs were permissive (Table 1). Similarly, GSCs cultured adherently on laminin were
not permissive to G207 (data not shown). Because the ScGCs were cultured from the
same tumor specimens as their matched GSCs, any differences in replication are likely
due to the stem-like phenotype of GSCs. Our GSCs contain a wide variety of genetic
alterations (10), suggesting that no common genetic mutation is responsible for the
restriction of G207. In line with replication permissivity, G207 was cytotoxic to ScGCs
in vitro but not to GSCs, while FA6 was cytotoxic to both (Fig. 1D). Normal human neural
stem cells (huNSCs) were nonpermissive for both G207 and G47A replication but
permissive for wild-type (wt) F strain HSV-1, demonstrating cancer selectivity (Fig. 1E).

The difference in permissivities was not due to an inability of G207 to infect GSCs as
measurements of infectivity displayed no significant differences between GSCs and
ScGCs or between G207 and G47A in GSCs (Fig. 1F). Inactivation of ICP6 did not
contribute to cell permissivity in the context of y34.5~ HSV-1, as demonstrated with
R47A (ICP6+ G47A) and its parent virus R3616 (y34.57) (Fig. 1G) and 1716 (Fig. 1B).
Growth of some HSV-1 mutants, i.e., ICPO-null HSVs (28), can be rescued by infection at
a high MOI. However, GSCs infected at an MOI of 10 were still nonpermissive to G207
virus growth (Fig. TH).

Viral capsids are not produced after G207 infection of GSCs. We used transmis-
sion electron microscopy (EM) to evaluate capsid assembly in oHSV-infected GSCs and
ScGCs late in infection to further ascertain the temporal block. Viral capsids were
present in the nucleus of G207-infected ScGCs but not in G207-infected GSCs, while
they were present in both G47A- and FA6-infected GSCs and ScGCs (Fig. 2A). Forty-
eight percent and 68% of GSC4s examined (n = 25) during G47A and FA6 infection,
respectively, contained at least one capsid, while none were seen in GSCs infected with
G207.

True late protein synthesis is blocked in GSCs after G207 infection. To assess
why capsids were not being produced during G207 infection, we evaluated viral protein
synthesis using Western blot analysis of different kinetic classes of viral proteins after
infection of GSCs and ScGCs. All viruses (G207, G474, and FA6) synthesized IE, E, and LL
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FIG 1 Glioblastoma stem-like cells are not permissive to y34.5~ HSV-1 without ICP47 deletion. (A) Virus growth in GSC8s and ScGC8s after
infection at an MOI of 2. Cells and supernatant were collected at indicated times, and titers were determined on Vero cells. The number of PFU
was measured (n = 2). Significance was determined versus results with G207 (**) and for results with FA6 versus those with G47A (*) by a t test.
(B) Virus growth of 1716 and 1716-6 after infection at an MOI of 0.1 in MGG4 cells (dashed line, input virus). Significance was determined for results
with 1716 and 1716-6 with ScGC versus those with GSC by (n = 3; t test and ANOVA). (C) Virus growth on recurrent GSC123s (n = 3) and ScGC123s
(n = 2 or 1) after infection at an MOI of 2. Significance was determined for results with FA6 and G47A versus those with G207 (t test). (D) Cell
viability after G207 or FA6 infection of MGG8 cells at an MOI of 0.1 measured 8 days p.i. counting trypan blue-excluding cells. (n = 3; t test and
ANOVA). (E) Virus growth in normal human neural stem cells (NSCs) after infection of wild-type F strain, G207, or G47A at an MOl of 2 (n = 3;
t test). (F) Infectivity assay of MGGS8 cells infected with G207 or G47A at an MOI of 2. Infected X-Gal* cells at 6 hpi (left) were counted to determine
percent infected cells (right; n = 3). (G) Virus growth of R3616 and R47A after infection at an MOI of 2 of GSC4s and GSC8s (n = 2; ANOVA). (H)
Virus growth of G207 after infection at an MOI of 2 or 10 of GSC4s (n = 3). Graphs are replicate samples from single experiments. Values are means =
standard deviations. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

proteins in GSC8 and ScGC8 (Fig. 2B and C). However, G207-infected GSCs did not
synthesize TL proteins (gC and Us11), while G47A- and FA6-infected GSCs did (Fig. 2B).

Since viral TL protein synthesis was inhibited in G207-infected GSCs, we examined
whether this was selective to HSV proteins or also affected cellular proteins by moni-
toring global protein synthesis with puromycin. Puromycin incorporates into nascent
peptides, terminating their elongation while also labeling de novo protein synthesis
(29). G207-infected GSCs underwent a marked translational shutoff around 6 hpi that
was not seen with G47A-infected GSCs (Fig. 3A). Addition of the HSV-1 DNA synthesis
inhibitor acyclovir (ACV) did not influence protein synthesis shutoff during infection of
GSCs (Fig. 3B), in contrast to what was seen during y34.5~ HSV-1 infection of neuro-
blastoma cells (30). ACV treatment did prevent TL protein synthesis of gC in G47A-
infected GSCs (Fig. 3B, a-gC). A pan-HSV-1 antibody revealed that viral proteins
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TABLE 1 oHSV replication in GSC and ScGC lines

Titer ratio? in:

Tumor type and patient specimen Virus GSCs ScGCs
Primary
MGG4 G207 0.7 9.7
FA6 13.7 136.6
G474 32.7 415.7
MGG8 G207 0.5 63.2
FA6 154.9 34,5
G47A 423 327.6
MGG18 G207 35
FA6 NT NT
G474 343
MGG29 G207 1.3 83.3
FA6 25.8 83.3
G474 214 68.5
MGG75 G207 0.5 8.2
FA6 6.3 27.3
G474 NT NT
Recurrent
MGG31 G207 0.97 69.7
FA6 N/T 612
G47A 192 207
MGG70R G207 0.4
FA6 29.7 None
G47A 8.1
MGG70RR? G207 0.7
FA6 39.2 None
G474 7.0
MGG123 G207 0.7 99
FA6 198.5 NT
G474 20.7 614

aThe titer at 24 hpi was divided by the titer measured at 5 to 8 hpi. Cells were considered permissive if the
ratio was at least 5 or represented half a log increase from the value at eclipse. Values were calculated from
single experiments with technical triplicates. None, cells do not exist; NT, not tested.

®MGG70RR was a re-recurrent tumor from MGG70R.

accumulate to a lesser extent in G207-infected GSCs but were not noticeably impacted
by host protein synthesis shutoff or ACV (Fig. 3A and B). Us11 was absent from
G207-infected GSCs while present in G47A-infected GSCs by 6 hpi and after ACV
treatment, demonstrating its IE kinetics after ICP47 deletion (Fig. 3A and B). Puromycin
labeling was less efficient in ScGCs (compare M lane GSCs and ScGCs), while protein
synthesis shutoff in G207-infected ScGCs was much less than that in GSCs (Fig. 3C and
D, graphs). Viral protein accumulation occurred similarly in either G207- or G47A-
infected ScGCs (Fig. 3C and D). Interestingly, the increased accumulation of proteins
detected with anti-HSV-1 was much greater with time after infection with G207 and
G47A in ScGCs than in GSCs (Fig. 3C and D versus A and B; note 10-fold-increased scale
in ScGCs). These data suggest that differing abilities to respond to HSV-1-induced
protein shutoff contribute to different degrees of permissivity to G207 and G47A.

We could not ascertain whether protein synthesis shutoff was specifically affecting
TL proteins or all kinetic classes of HSV-1 proteins late in infection because puromycin
truncates polypeptides, and so the products are not detectable with antibody. There-
fore, we used amino acid analog azidohomoalanine (AHA)-coupled click chemistry to
label nascent peptides with biotin (31). AHA incorporation in GSCs was reduced late
after both G207 and G47A infection (Fig. 3E), supporting a generalized protein shutoff,
as with puromycin. Despite the shutoff, HSV-1 E and LL proteins ICP8 and gD were still
synthesized at 12 hpi with both viruses, as were proteins recognized by the pan-HSV-1
antibody (Fig. 3E). In contrast, TL Us11 and gC were not synthesized during G207
infection (Fig. 3E), demonstrating a specific shutoff of TL proteins. GSCs infected with
G47A maintained TL protein synthesis despite the protein shutoff (Fig. 3E).
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FIG 2 Capsids and true late (TL) proteins do not accumulate during G207 infection of GSCs. (A) Electron micrographs of ScGC8 and GSC4 cells infected with
G207, G474, and FA6 at an MOI of 2. Micrographs were taken at 24 hpi in ScGC8s (frames i, ii, and iv to vi) or 16 hpi in GSC4s (iii and vii to ix). Boxed areas
(periphery of nucleus) are magnified in panels on the right. Arrowheads indicate virus capsids. Whole-cell extracts from GSC8 (B) and ScGC8 (C) cells infected
with G207, FA6, or G47A at an MOI of 2 for 3, 6, 9, and 24 hpi were separated by SDS-PAGE and immunoblotted using antibodies against viral IE (), E (B), LL

(v,), and TL (v,) proteins or vinculin (loading control). Blotting performed on different membranes is denoted with an asterisk (¥).

Viral DNA replication is not inhibited during G207 infection of GSCs. HSV-1 TL
proteins require de novo viral DNA replication for synthesis (32). Therefore, we exam-
ined whether G207 DNA replication was occurring in infected GSCs. Quantitative PCR
(gPCR) was performed on DNA harvested from oHSV-infected GSCs to determine the
fold increase in HSV-1 genomes from an initial 2-hpi time point. Viral DNA amplification
occurs in G207-infected GSCs and ScGCs at levels similar to those of G47A and FA6
although approximately 10-fold more viral genomes are made in infected ScGCs (Fig.
4A). Addition of ACV prevented viral DNA replication and viral growth (Fig. 4B and C).
To confirm that viral infection and nuclear transit occur similarly, we performed qPCR
on nuclei from GSCs infected at an MOI of 2 and observed about 1.8 HSV-1 genomes
per GSC nucleus (data not shown), with nearly equal amounts of G207, FA6, and G47A
genomes in infected nuclei (1.0:1.1:0.9 ratio).

Viral true late gene transcription is not inhibited during G207 infection of
GSCs. We next examined virus transcription, which is kinetically regulated. Quantitative
reverse transcription-PCR (qRT-PCR) showed that G207-infected GSCs produced
amounts of IE and E gene transcripts similar to those of FA6- and G47A-infected GSCs
(Fig. 5A), as expected from protein synthesis. Unexpectedly, TL gC and Us11 transcripts
were expressed in G207-infected GSCs at levels similar to those with FA6 or G47A
infection (Fig. 5A). This pattern was reproduced in MGG31 and MGG29 cells using
TagMan qRT-PCR, with no large differences between GSCs and ScGCs (Fig. 5B). To
demonstrate that the gC transcripts were full-length and not truncations or gRT-PCR
artifacts, we performed Northern blotting on total RNA. Full-length gC RNA (~2.3 kb)
was detected with all viruses in infected GSC4 cells (Fig. 5C). We observed a decrease
in spliced glyceraldehyde-3-phosphate dehydrogenase (GAPDH) transcripts in infected
GSCs (Fig. 5C), as reported previously (33). Therefore, we repeated our gRT-PCR
experiments using 18S rRNA as a calibrator gene and observed the same increase in gC
transcription (Fig. 5D). We used RNAScope immunohistochemistry to determine the
cellular localization of TL gC transcripts, which were similarly clustered adjacent to the
nucleus after both G207 and G47A infection of GSC8s (Fig. 6). These observations
demonstrate that in GSCs, G207 replicates its DNA and synthesizes TL RNAs but is
unable to translate them, suggesting that GSCs restrict TL translation that y34.5
surmounts.
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pulsed with 10 wg/ml puromycin 15 min before lysates were harvested and probed with anti-puromycin antibody (a-Puro) and stripped and probed with an
anti-HSV-1 (a-HSV1) and anti-Us11 and anti-GAPDH (loading control) antibodies. Numbers at the side represent kilodaltons of markers. The arrow indicates Us11.
Quantitation of the Western blot is shown at right. Anti-puromycin intensity was normalized to that of M, and anti-HSV-1 intensity was normalized to that of
3 hpi. (B) GSC4s were infected with G207 and G47A at an MOI of 2 for 6 or 12 hpi in the presence (+) or absence (=) of 10 uM acyclovir (ACV) and pulsed
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of 2 for indicated times, pulsed with puromycin, and immunoblotted as described for panel A. Numbers at the side represent kilodaltons of markers. The arrow
indicates Us11. Quantitation of Western blots is shown on the right. Anti-puromycin intensity was normalized to that of lane M, and anti-HSV-1 intensity was
normalized to that of 3 hpi. (E) Western blot analysis for AHA-labeled proteins. Cell lysates from G207- or G47A-infected GSC4s at 6 and 12 hpi or mock infected
(M) after AHA treatment were subjected to Click-iT biotin conjugation and pulled down with streptavidin-coated beads. Lane P, biotin pulldown (control); lane
FT, flowthrough for non-AHA-treated (—) lysates. Membranes were analyzed by immunoblotting using anti-biotin (streptavidin), anti-HSV-1, and anti-ICP8 (E),
-gD (LL), -Us11, and -gC (TL) antibodies. Blotting performed on different membranes is denoted with an asterisk (*). Input samples (prior to biotin pulldown;
bottom three panels) were probed with anti-biotin (streptavidin), anti-ICP8, and anti-actin (loading control).

Translation initiation factor phosphorylation is not a direct contributor to
G207 replication. Us11 and y34.5 prevent shutoff of protein translation by reducing
phosphorylation of elF2« (18, 26). Therefore, we examined whether G47A was better
able to suppress elF2a phosphorylation due to PKR inhibition by IE Us11 expression.
G207 induced phosphorylated elF2«a (p-elF2a) in GSC8s although PKR was only mini-
mally activated (Fig. 7A). Perplexingly, G47A also elicited similarly high levels of p-elF2«
(Fig. 7A). In contrast, FA6 completely inhibited p-elF2« accumulation in GSC8s, despite
broad activation of PKR (Fig. 7A). In ScGCs, p-elF2a levels continued to rise at late times
after infection with G207 but not with G47A (Fig. 7B) even though ScGCs support G207
growth. Similar results were observed with GSC4s and ScGC4s (data not shown). This
suggests (i) that an elF2a kinase other than PKR may be phosphorylating elF2¢, (ii) that
PKR might not play a key role in restricting G207, (iii) that PKR is acting through other
pathways, and/or (iv) that elF2a phosphorylation may not be the dominant regulator
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of TL translation in HSV-1-infected GSCs. GSCs expressing a short hairpin RNA (shRNA)
to PKR (about 70% inhibition of PKR) remained nonpermissive to G207 (data not
shown). We further tested whether a number of inhibitors affecting antiviral responses
and oncolytic virus replication might rescue G207 replication in GSCs. We treated GSCs
with C16 (PKR inhibitor) (34), ruxolitinio (JAK1/2 inhibitor) (35, 36), and sunitinib
(multikinase inhibitor) (37, 38). None of these inhibitors rescued G207 replication or

affected replication of FA6 in GSCs (Fig. 7C).

The elF4F complex, regulated by mTOR, facilitates cap-dependent ribosome asso-
ciation with mRNAs to promote protein synthesis during normal homeostasis and
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FIG 6 RNAScope visualization of HSV-1 gC transcripts. HSV-1 TL gC mRNA was visualized using RNAScope
immunohistochemistry. GSC8s were infected with G207 or G47A and fixed at 12 hpi. Slides were lightly
counterstained with hematoxylin and mounted in a DAPI-containing medium. Arrows indicate gC
transcripts. ISH, in situ hybridization.

shutoff during endoplasmic reticulum (ER) stress (39). In HSV-T-infected cells, ICP6
promotes elF4F assembly (40). The elF4E subunit of the complex, which binds cap
structures, has been implicated in tumorigenesis (41). It is phosphorylated by MNK1/2,
in response to extracellular signal-regulated kinase (ERK) or p38 mitogen-activated
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FIG 7 Eukaryotic initiation factor 2a and PKR phosphorylation do not correlate with cell permissivity. Western
blotting was performed of GSC8 (A) and ScGSC8 (B) cells infected with G207, G47A, or FA6 at an MOI of 2 for the
time (hours postinfection) indicated at the top. Immunoblotting was performed using antibodies for total and
phosphorylated elF2«a and PKR. Quantitation of the Western blot (right) is shown as the ratio of anti-p-elF2a/elF2a
intensity normalized to the level at 3 hpi (set as 1). (C) GSC8 cells infected with G207 or FA6 at an MOI of 2 in the
presence of PKR inhibitor (C16), JAK1/2 inhibitor (ruxolitinib), or pan-kinase inhibitor (sunitinib). The cells and
supernatant were collected between 8 and 36 hpi, and titers were determined on Vero cells. Values are means *=
standard deviations (n = 3).
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FIG 8 Phosphorylation of elF4E does not restore TL protein translation in G207-infected GSCs. (A) Western blot for elF4E protein from whole-cell lysates from
GSC8 cells infected with G47A and G207 (24 hpi) at an MOI of 2 and immunoblotted with antibodies against p-elF4E, elF4E, gC, Us11, and vinculin (loading
control). (B) Whole-cell extracts from GSC4s expressing MNK1 wild-type or the constitutively active mutant T344D and infected with G207 or G47A (24 hpi) at
an MOI of 2, or mock (M). Immunoblotting was performed with antibodies against elF4E, p-elF4E, MNK1, gC, Us11, and vinculin (loading control). (C)
Quantification of Western blot for MNK1 expression as fold change in MNK1/vinculin normalized to the level of mock infection with an empty vector. (D) Virus
growth of G207 and G47A on MNK1-transduced GSC4s from the experiment shown in panel C. Values are means *+ standard deviations (n = 3). G47A yield
at 24 hpi is significantly different from that at 6 hpi (P < 0.01; ANOVA).

protein kinase (MAPK), which promotes transformation and alters translation of selec-
tive mRNAs (42-46). Inhibition of MNK1 reduces HSV-1 replication and protein synthesis
in fibroblasts (47, 48). Therefore, we examined whether MNK1/p-elF4E affect GSC
permissivity. p-elF4E was lost during infection of GSC8s by G207 but not by G47A (Fig.
8A). In contrast, while p-elF4E was lost in G207-infected GSC4s, it was elevated in ScGC4
cells (data not shown). To test whether p-elF4E could rescue TL translation and/or
whether loss of p-elF4E contributes to the selective shutdown of protein synthesis after
G207 infection, we overexpressed MNK1 and a constitutively active MNK1 mutant,
T344D (49). Overexpression of wt MNK1 increased p-elF4E after oHSV infection, and
mutant MNK1 (T344D) further elevated p-elF4E (Fig. 8B and C). Despite sustained
induction of p-elF4E, neither G207 TL protein synthesis nor virus replication was
rescued in MNK1-overexpressing GSC4s (Fig. 8B and D). This indicates that elevated
p-elF4E is not sufficient for TL protein synthesis in GSCs.

Us11 expression in GSCs complements y34.5 loss. We wanted to directly exam-
ine whether IE Us11 expression in GSCs could complement y34.5 loss. A y34.5~ oHSV
with [E Us11 expression (11S) was previously shown to replicate in U373 glioma cells,
which are nonpermissive to y34.5~ HSV-1 lacking IE Us11 expression (24, 25). 11S grew
in ScGC8s to similar titers as G47A but could not replicate in GSC8s (Fig. 9A), indicating
that GSCs are more restrictive than U373 cells. We next tested the requirement for Us11
in the context of wild-type y34.5. Us11 is not necessary for growth in GSCs when y34.5
is present, as demonstrated by the growth of pAUs11 (y34.5% Us117) in GSC8s (Fig. 9B).
However, loss of Us11 in a y34.5~ version of pAUs11 (A34.5pAUs11) attenuates the
virus even in Vero cells, reducing viral protein synthesis (19). Transduction of Vero cells
with a lentivirus expressing Us11 under an HSV IE4/5 promoter increased A34.5pAUs11
virus yield by 180-fold but did not alter G207 growth (Fig. 9C), demonstrating the
functionality of the Us11 construct.

We next examined whether G207 replication could be rescued in nonpermissive
GSCs by ectopic expression of Us11. GSCs were transduced with lentivirus vectors
expressing the Us11 open reading frame (ORF) or full-length Us11 mRNA (also con-
taining the Us10 ORF) under an HSV-1 IE4/5 promoter (IEUs11 or IEUs11+Us10,
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FIG 9 Strong Us11 expression is required to complement y34.5 deletion. (A) Virus growth of 11S, 11AS, or G47A on GSC8 (left)
and ScGC8 (right) cells, as measured by plaque assay (n = 3). (B) Virus growth of pAUs11 (y34.5+ Us11-) or pAUs11R (y34.5+
Us11+) on GSC8 cells. (C) Virus plaque assay of G207 or A34.5 pAUs11 on Vero cells transduced with IEUs11 lentivirus. Fold
increase in titer was compared to that on Vero cells (n = 3 for IEUs11; n = 1 for Vero cells). (D) Western blot of GSC8s
transduced with empty or IEUs11 lentivirus vector and infected with G207 or G47A at an MOI of 2 for 6 and 24 hpi.
Immunoblotting was performed using anti-Us11, -gC, and -GAPDH (loading controls) antibodies. (E) Western blot of GSC4s
transduced with empty, IEUs11, or IEUs11+Us10 lentivirus vector and infected with G207 or G47A at an MOI of 2 for 24 hpi.
Immunoblotting was performed as described for panel D. (F) Virus growth of G207 or G47A at an MOI of 2 for 6 and 24 hpi
from transduced GSC4s (as described for panel E) (n = 3). Values are means = standard deviations. *, P < 0.05; **<0.01 (t test).

respectively). G207 infection of transduced GSC4s and GSC8s induced Us11 expression,
as well as TL gC (Fig. 9D and E). These Us11-expressing GSC4s became permissive to
G207 infection, increasing G207 growth by 27- and 36-fold over the 6-hpi time point
with IEUs11 and IEUs11+Us10, respectively, with G47A replicating somewhat better (3-
to 6-fold) (Fig. 9F). There was no significant difference observed between IEUs11 and
IEUs11+Us10 expressing GSC4s (Fig. 9F), suggesting that full-length Us11 is sufficient
to complement y34.5~ HSV-1 when expressed in trans.

DISCUSSION

In these studies, we used matched GSC and ScGC lines isolated from the same
patient’s tumor specimens, allowing us to study two phenotypically distinct cell pop-
ulations from the same tumor. GSCs differ from ScGCs epigenetically, with altered
transcriptional circuits and gene expression profiles; GSCs are more related to neural
stem cells (NSCs), whereas ScGCs are more similar to astrocytes (11, 12). While GBM has
been classified by expression subtype, different cells within an individual tumor can fall
into different subtypes, illustrating the large heterogeneity present within a single GBM
(5, 50). Between patients there is also large variability. Here, we identify a unique
feature of GSC biology not present in ScGCs: repression of HSV-1 TL translation that is

August 2018 Volume 92 Issue 15 €00246-18

Journal of Virology

jviasm.org 11


http://jvi.asm.org

Peters et al.

overcome by y34.5 or Us11 expression. Despite the large genetic differences between
tumor specimens and GSCs from different patients (10), there is a consistent cellular
physiology that renders all tested GSCs nonpermissive and ScGCs permissive for y34.5~
oHSV. Importantly, G47A did not replicate in NSCs, illustrating a further level of
restriction in normal cells and validating the oncolytic selectivity of G47A.

The inability of GSCs to translate TL transcripts after y34.5~ oHSV infection suggests
an issue with translation initiation. Elevated protein synthesis and dysregulation of
translation initiation are common attributes of cancer, with the elF4F complex being a
central control node (39). How translation initiation is regulated/altered in cancer stem
cells is not well understood, nor are the translational regulatory differences between
GSCs and ScGCs. Viruses are dependent on host translational machinery and go to
great lengths to co-opt it (51). HSV-1 targets initiation through modifying elF2«
phosphorylation (with y34.5, Us11, and gB) and elF4F complex formation (with ICP6
and ICP27), as well as degrading excess mRNAs (virion host shutoff, Vhs) (51). Only a few
of the multitude of cancer cell lines tested restrict y34.5~ HSV-1, including U373 (24, 25)
and SK-N-SH (30), and these lines exhibit a similar shutoff of protein synthesis during
infection (25, 30). It is not understood why U373 or SK-N-SH cells are nonpermissive.
However, both y34.5 and Us11 can prevent translational shutoff by antagonizing the
phosphorylation/repression of elF2« (18, 19, 25, 26). In both GSCs and ScGCs infected
with either G207 or G47A, levels of p-elF2a were similarly increased, while activated
p-PKR was elevated in ScGCs at 24 hpi by both viruses. Similarly, p-elF2«a levels were
previously shown not to correlate with reduced TL expression during Vhs~ HSV-1
infection (52). In the absence of Vhs, loss of TL translation was proposed to be due to
mRNA overload unless transcripts were present before overload (53). We did not
directly test this, as all oHSVs were Vhs™, but the similar transcription kinetics between
G207, G474, and FA6 in GSCs does not support this hypothesis. Elevation of p-elF2q,
despite low p-PKR, could be due to other elF2« kinases: PKR-like endoplasmic reticulum
kinase (PERK), inhibited by HSV-1 (54), GCN2, or HRI (51).

The regulation of translational initiation is complex and perturbed in many cancers
(55), while the significance of p-elF4E in regulating translation is unclear. In contrast to
other viruses, which impair elF4F activity, HSV-1 usually stimulates it, with ICP6 (51)
and/or ICP27 binding to poly(A)-binding protein (PABP) to promote initiation (56).
G207, G474, and FA6 all have LacZ insertions inactivating the relevant ICP6 domain;
however, ICP6™ y34.5~ HSV-1 R3616 and 1716 (23) were also restricted in GSCs,
suggesting that ICP6 is not essential for viral translation. We observed that p-elF4E was
present at late times postinfection in GSCs infected with G47A but not with G207. This
was the only distinct molecular difference we observed between G207- and G47A-
infected GSCs in relation to protein synthesis shutoff. Activation of elF4E by transduc-
tion with constitutively active MNKT1 did not rescue G207 replication or TL protein
synthesis, indicating that p-elF4E is not sufficient to restore HSV-1 TL protein synthesis
or replication.

Despite our observations that elF2«a and elF4E do not appear to play major roles in
restricting y34.5~ HSV-1 in GSCs, early ectopic Us11 expression rescues viral growth.
The relative unimportance of p-elF2« levels raises questions as to whether Us11 rescue
is due to inhibition of PKR phosphorylation (19, 57, 58). In previous studies, early
expression of Us11 from recombinant y34.5~ HSV-1 rescued replication in nonpermis-
sive cancer cells due to purported inhibition of PKR (24, 25, 59). 11S, a y34.5~ HSV-1
with an IE ICP27 promoter-driven Us11, was reported to replicate in U373 cells (25).
Despite this IE promoter, this virus expresses very low levels of Us11 (25), which may
have contributed to its inability to replicate in GSCs. Both Us11 and y34.5 are present
in the tegument of wild-type HSV-1 but are not expressed until late in infection. Even
then, Us11 transcripts are expressed at higher levels than those of y34.5 (60). We
hypothesize that high levels of Us11 are necessary in some cells, like GSCs, for rescuing
v34.5~ oHSV replication, which may be independent of elF2a phosphorylation or PKR.
Both y34.5 and Us11 have multiple diverse functions that could contribute, possibly in
unknown ways. Deletion of the beclin-binding domain of y34.5, which inhibits au-
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tophagy, does not restrict replication (23). Additional activities of Us11 include the
following: preventing apoptosis; binding PACT, nucleolin, HIPK2, and PAT1; and inhib-
iting activation of 2',5'-oligoadenylate synthase (OAS), RIGI, and MDA5 (13), which
could be involved in overcoming y34.5 loss.

A complex issue facing the oncolytic virus field is how to balance viral cytotoxicity
and efficacy with safety. As oncolytic viruses are replication competent, there is
potential for normal tissue toxicity. This is why y34.5, the major viral neurovirulence
gene, was deleted in many oHSVs (13). This includes a number of y34.5~ oHSVs, in
addition to G207 and G474, that are in or entering clinical trial: 1716 (Seprevhir) (61),
C134 (62), M032 (63), rQNestin34.5 (64), and talimogene laherparepvec (T-Vec) (14).
T-Vec, approved for use in advanced melanoma, is similar to G47A, except that it has
an intact ICP6 and expresses granulocyte-macrophage colony-stimulating factor (GM-
CSF) (65), but may retain some neurovirulence (66). Expressing PKR inhibitors (human
cytomegalovirus [HCMV] IRS1 in C134 and HSV-1 Us11 in C122) from the CMV IE
promoter can overcome the growth defects of y34.5~ HSV-1; however, C122 (ICP47+
ICP6™) exhibited some neurovirulence in mice (62). The extreme negative effect of
v34.5 loss on virus replication became fully apparent only when GSCs were isolated and
tested. GSCs and ScGCs are closely related to primary tumor cells, as opposed to cancer
cell lines extensively passaged on plastic. This highlights the importance of examining
virus-host interactions in representative cell types. In GSCs, LL y34.5 functions to
overcome a block to TL translation. This restriction lies in an active antiviral system in
GSCs, antagonized by y34.5 and Us11 and not active in ScGCs. This difference between
GSCs and ScGCs may also be operative with other oncolytic viruses modulating
translation and relevant to stem-like cells from other cancers. These differences provide
insights for the development of cancer stem-like cell-targeted therapeutics and under-
standing host defenses to HSV-1.

MATERIALS AND METHODS

Cells. GSCs and ScGCs were isolated from GBM patient specimens at Massachusetts General Hospital
(MGH) with approval of the Institutional Review Board (9, 10). GSCs were cultured in neural basal medium
supplemented with epidermal growth factor (EGF) and fibroblast growth factor (FGF,) at a final
concentration of 20 ng/ml and passaged using trypsin LE or mechanical separation. ScGCs and 293T cells
(obtained from the Massachusetts Institute of Technology [MITI/ATCC) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) with 10% fetal calf serum (FCS) (HyClone; GE Healthcare). Vero cells
(ATCC) used for plaque assay were cultured in DMEM with 10% calf serum (HyClone; GE Healthcare). All
cells were confirmed to be mycoplasma free (LookOut mycoplasma kit; Sigma).

Viruses. FA6 was constructed from HSV-1 strain F by insertion of LacZ into the ICP6 (UL49) gene (9).
G207 was constructed from R3616 (gift from B. Roizman, University of Chicago), with deletion of both
copies of y34.5 (20), by insertion of LacZ into ICP6 (17). G47A and R47A were constructed by deleting
ICP47 from G207 and R3616, respectively (22). 1716 (y34.5~ strain 17) was provided by N. Fraser
(University of Pennsylvania). 1716-6 (y34.54, ICP6~) was described previously (23). Patton strains HSV-1
pAUs11, A34.5pAUs11, pAUs11R, 11S, and 11AS were gifts of lan Mohr (New York University) (19, 25).
Briefly, pAUs11 has an insertion of a polyadenylation sequence immediately downstream of the Us11
start codon, causing termination of Us11; A34.5-pAUs11 was built from pAUs11 by deleting both copies
of the y34.5 gene; pAUs11R is the rescue virus; 11S has the sequence of Us11 through Us10, and 11AS
has the sequence in the antisense orientation inserted into the thymidine kinase (TK) gene under an
ICP27 promoter, with both copies of y34.5 deleted (25). All viruses were purified as described previously
(67).

Virus yield assay. GSCs were dissociated mechanically in phosphate-buffered saline (PBS)-glucose
(Sigma) and infected for 1.5 h. ScGCs were plated the day before infection and infected in 1%
heat-inactivated fetal calf serum (IFCS)-PBS. After infection cells were washed twice with 1X PBS and
incubated in appropriate medium until harvest. Infected whole-cell lysates (supernatant and cells) were
frozen, thawed, and sonicated before being used to determine virus yield by plaque assay on Vero cells.
Samples were incubated on Vero cells in 1% IFCS, 0.1% pooled human IgG (McKesson Plasma Biologics),
and DMEM for 4 days. Wells were fixed with 0.2% glutaraldehyde-2% paraformaldehyde (PFA), stained
for B-galactosidase with 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside (X-Gal) stain (0.2 mg/ml
X-Gal, 1 mM ferricyanide, 1 mM ferrocyanide, 2 mM MgCl, in 1X PBS), and counterstained with neutral
red dye.

Infectivity assay. Cells were infected with virus and fixed in 0.2% glutaraldehyde-2% PFA at 6 to 8
hpi. Infected fixed GSCs were stained with X-Gal (1 mg/ml in 5 mM potassium ferricyanide, 5 mM
potassium ferrocyanide, and 2 mM magnesium chloride in PBS) for 2 h at 37°C, washed, and then applied
to coverslips and dried. ScGCs in 24-well plates were fixed, X-Gal stained, and counterstained with neutral
red. LacZ* blue cells were counted to determine infectivity.
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Viability assay. Cells were seeded in 48-well plates, infected at an MOI of 2, and incubated at 37°C
for 8 days. GSCs and ScGCs were dissociated by pipetting and trypsin-EDTA, respectively, and viable
(trypan blue-excluding) cells were counted on a hemocytometer.

Western blotting. Cells were harvested in radioimmunoprecipitation assay (RIPA) buffer (Boston
Bioproducts) supplemented with complete protease inhibitor (Roche) and phoSTOP phosphatase inhib-
itor (Roche), sonicated, and centrifuged. Protein in Laemmli buffer (Boston Bioproducts) was separated
on SDS-4 to 15% polyacrylamide gels (Bio-Rad) and transferred semidry onto polyvinylidene difluoride
(PVDF) membranes (Turbo-blot; Bio-Rad). Membranes were blocked in 5% skim milk in Tris-buffered
saline with Tween 20 (TBS-T; Boston BioProducts) and incubated with the following primary antibodies
diluted in milk against HSV-1 proteins: glycoprotein C (3G9, 1:3,000; Abcam), ICP4 (H2033-21B, 1:1,000;
US Biological), ICP8 (1:10,000; gift from D. Knipe, Harvard Medical School), glycoprotein D (1:1,000;
EastCoast Bio), ICP5 (1:1,000; EastCoast Bio), Us11 (monoclonal, 1:2,000; gift from B. Roizman University
of Chicago), Us11 (polyclonal, 1:5,000; gift from M. Mulvey, BeneVir), and Us11 (polyclonal, 1:2,000; gift
from D. Coen, Harvard University). Additional antibodies against the following were used: pThr446 PKR,
pThr451 PKR, PKR, and pSer251elF2« (all, 1:1,000; Abcam), elF2a (1:1,000; Cell Signaling Technologies
[CST]), p-elF4E (1:1,000 in TBST; CST), elF4E (1:1,000; CST), GAPDH (1:10,000; ACRIS), B-actin (1:10,000;
Sigma), streptavidin-horseradish peroxidase (HRP) (1:10,000; CST), vinculin (1:1,000; CST), and anti-
puromycin C terminus polyclonal antibody (1:1,000; gift from P. Walter, University of California, San
Francisco [UCSF]). Puromycin pulse experiments were performed by adding 10 ug/ml of puromycin to
cells for 15 min before washing. Primary antibody was detected with goat anti-rabbit-HRP and rabbit
anti-mouse-HRP (Bio-Rad) and developed using Clarity Western ECL substrate (Bio-Rad). Membranes
were imaged on a Gel Doc XR system with software (Bio-Rad).

Western blot quantification. Blot signals were quantified in arbitrary units using the Bio-Rad
Imagelab or ImageJ software. For total protein, lanes showing HSV infection were compared to mock
infection; for anti-HSV-1, comparison was made to the lanes representing the earliest infection; for MNK1,
comparison was made to lanes representing mock infection or empty vector. To correct for different
exposure lengths, a correction factor was determined by the change in signal intensity for unsaturated
bands at both exposures.

Electron microscopy. Cells were infected at an MOI of 2 for 16 to 24 h before being fixed in 1.25%
formaldehyde, 2.5% glutaraldehyde, and 0.03% picric acid or 2% glutaraldehyde in 0.1 M sodium
cacodylate buffer. Fixed cells were stained with 1% osmium tetroxide-1.5% potassium ferrocyanide and
incubated in a 1% uranyl acetate solution in maleate buffer or 1% osmium tetroxide in cacodylate buffer.
Samples were dehydrated in ascending 70%, 90%, and 100% ethanol solutions, followed by a final
dehydration in propylene oxide; they were embedded in 1:1 Epon-propylene oxide and polymerized at
60°C. Cut (100-um) sections were mounted onto electro-sprayed grids or Formvar-coated grids, stained
with uranyl acetate and lead citrate, and imaged using a Tecnai G2 Spirit BioTWIN or JEOL 1011
transmission electron microscope with an AMT 2k charge-coupled-device (CCD) camera.

RNA/DNA isolation. DNA was purified using a Qiagen core kit B for use in qPCR (100 ng per run).
Total RNA was harvested using TRIzol, followed by DNase treatment with RQ1 (Promega), and 1 pug was
used for cDNA synthesis with a high-capacity cDNA reverse transcription kit (Applied Biosystems). cDNA
from about 1,000 cells was used per qPCR run. qPCR was performed using SYBR Select master mix
(Applied Biosystems) or TagMan master mix and probes (Applied Biosystems). Fold increase was
calculated using the AAC; (where C; is threshold cycle) method. GAPDH or 185 RNA was used as a
calibrator gene, while ICP4 was used for viral quantification in gPCR. A 2-h postinfection sample was used
as the baseline for measuring fold increase. qPCR was carried out on a StepOne Plus PCR machine
(Applied Biosystems) using an initial 10-min denaturation at 98°C, followed by 40 cycles of 60°C for 30
s and denaturation at 98°C for 15 s, after which a melting curve was performed up to 98°C. Primers were
the following: GAPDH, 5'-CCCACTCCTCCACCTTTGAC (forward [Fwd]) and 5'-TTTTTCTGAGCCAGCCACCA
(reverse [Rev]); GAPDH spanning intron, 5'-GTCAGCCGCATCTTCTTT (Fwd) and 5'-CGCCCAATACGACC
AAAT (Rev); 185 RNA, 5-GTAACCCGTTGAACCCCATT (Fwd) and 5'-CCATCCAATCGGTAGTAGCG (Rev);
ICP4, 5'-TGATGAAGGAGCTGCTGTTG (Fwd) and 5'-GTACGCCCTGATCACGC (Rev); glycoprotein C (gC),
5'-CCCCAACAATGTCACACAAA (Fwd) and 5'-GGTGTTGTTCTTGGGTTTGG (Rev); Us11, 5'-GGCGACCCAGA
TGTTTACTTA (Fwd) and 5'-ACCCGAATCTCCACATTGC (Rev); TK, 5'-AAAAACGGAAGCGGGTAGGT (Fwd)
and 5'-CATGCCGGATTTTAGCCGTG (Rev).

Plasmid lentivirus construction. Lentiviral backbone plasmid CD513B-1 (CMV promoter) was
purchased from Systems Biosciences (SBI). Us11 ¢cDNA was amplified from FA6 viral DNA using primers
to insert Bmtl and Notl sites as well as a Kozak sequence (5'-GCTAGCGCCACCATGAGCCAGACCCAACC
and 5'-GCGGCCGCCTATACAGACCCGCGAGCCGTACGTG,; restriction sites are underlined). CMV-Us11 len-
tivirus plasmid was created by digesting plasmid and Us11 PCR product with Bmtl and Notl sequences
and ligation using T4-ligase (NEB). HSV IE4/5 promoter from pFLS-HSVIE4/5, created by cloning the
pHSV-LAC IE promoter (68) into the FLS shuttle vector (69), was excised by Spel and Avrll digest and
ligated into the CMV-Us11 plasmid at Spel and Xbal sites to create the IE4/5-Us11 lentivirus plasmid.
Hemagglutinin (HA)-MNK1 cDNAs in pCDNA3.1, provided by M. Gromeier (Duke University) (49), were
excised and inserted into pCD513B-1. Plasmid sequencing was performed at the MGH Center for
Computational and Integrative Biology plasmid sequencing core. Infectious lentivirus was generated
from 293T cells transfected with pVSVg, psPAX2, and lentivirus plasmids using FuGene (Promega),
harvested 48 h posttransfection, and filtered through a 0.45-um-pore-size polyethersulfone filter. Cells
were transduced by incubation of cells with lentivirus and selection with puromycin (0.5 pg/ml for GSCs
and 1 to 10 pg/ml for all other cell lines).
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Northern blotting. Total RNA (20 wg) was denatured at 95°C for 5 min in RNA loading buffer (50%
[vol/vol] glycerol, T mM EDTA, pH 8.0, 0.25% bromophenol blue, 0.25% xylene cyanol) and electropho-
resed on a denaturing 1.0% agarose formaldehyde gel in running buffer (10 mM morpholinepropane-
sulfonic acid [MOPS], pH 7.0, 8 mM sodium acetate, T mM EDTA, and 2.2 M formaldehyde). After
electrophoresis, the gel was rinsed in water and washed twice in 20X SSC (3 M NaCl, 300 mM sodium
citrate; 1X SSC is 0.15 M NaCl plus 0.015 M sodium citrate). Transfer onto a positive nylon membrane
(BrightStar) was performed in 20X SSC using an upward capillary transfer method. RNA was UV
cross-linked to the membrane, prehybridized in Perfect HyB hybridization buffer (Sigma) for 3 h, and
hybridized with digoxigenin (DIG)-labeled probes at 68°C overnight. Probes were created using DIG
incorporation and primers amplifying the spliced GAPDH gene (Fwd, 5'-TCTAGAGTCAGCCGCATCTT; Rev,
5'-AAGCTTTCATTGATGGCAACAATA) from GSC cDNA and the gC (Fwd, 5'-TCTAGAGAGGAGGTCCTGAC
GAA; Rev, 5'-AAGCTTAACCAGACAAACTCCACG) and Us11 (Fwd, 5'-TCTAGAATGAGCCAGACCCAACC; Rev,
5'-AAGCTTCTATACAGACCCGCGAG) genes from HSV-1 DNA. Detection of probe was carried out using an
anti-DIG antibody fused to HRP (CST).

RNAScope. RNA immunohistochemistry was performed using an HSV-1 UL44 RNAScope probe
(Advanced Cell Diagnostics [ACD]) and RNAScope, version 2.5, HD Duplex Assay (ACD) as instructed. GSCs
were infected at an MOI of 0.1 to 1 on laminin-coated coverslips and fixed with 4% PFA. After RNAScope
was completed, slides were briefly incubated in hematoxylin counterstain and mounted with 4’,6'-
diamidino-2-phenylindole (DAPI) medium (Vectashield).

Azidohomoalanine labeling. A Click-iT protein reaction buffer kit, containing azidohomoalanine
(AHA), copper sulfate, biotin label, and Click-iT buffers, was from Thermo Fisher. Infected cells were
washed three times with warm 1X PBS before being incubated in methionine-free DMEM (Thermo
Fisher). During incubation in methionine-free medium, AHA was added to a final concentration of 50 uM
for 2 h before cells were harvested. AHA-labeled cells were lysed in RIPA buffer as described above in the
paragraph “Western blotting.” Click chemistry was performed on lysates, and biotin-labeled proteins
were pulled down on streptavidin-coated agarose beads (Pierce). Biotin pulldown was performed for 1 h
at room temperature in the Click-iT reaction mixture. After biotin pulldown, beads were centrifuged and
washed with immunoprecipitation buffer (25 mM Tris-HCl, pH 7.4, 130 mM Nacl, 2.7 mM KCl, 1% EDTA
pH 8.0, 1% IGEPAL) four times before being boiled in Laemmli SDS buffer for 10 min.

Statistics. All statistical analysis was performed using the GraphPad Prism analysis tool’s unpaired
two-tailed student t test and one-way analysis of variance (ANOVA) (followed by Tukey’s multiple-
comparison test).
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