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ABSTRACT Herpes simplex virus 1 (HSV-1) cycles between phases of latency in
sensory neurons and replication in mucosal sites. HSV-1 encodes two key pro-
teins that antagonize the shutdown of host translation, US11 through preventing
PKR activation and ICP34.5 through mediating dephosphorylation of the � sub-
unit of eukaryotic initiation factor 2 (eIF2�). While profound attenuation of
ICP34.5 deletion mutants has been repeatedly demonstrated, a role for US11 in
HSV-1 pathogenesis remains unclear. We therefore generated an HSV-1 strain 17
US11-null virus and examined its properties in vitro and in vivo. In U373 glioblas-
toma cells, US11 cooperated with ICP34.5 to prevent eIF2� phosphorylation late
in infection. However, the effect was muted in human corneal epithelial cells
(HCLEs), which did not accumulate phosphorylated eIF2� unless both US11 and
ICP34.5 were absent. Low levels of phosphorylated eIF2� correlated with contin-
ued protein synthesis and with the ability of virus lacking US11 to overcome an-
tiviral immunity in HCLE and U373 cells. Neurovirulence following intracerebral
inoculation of mice was not affected by the deletion of US11. In contrast, the
time to endpoint criteria following corneal infection was greater for the US11-
null virus than for the wild-type virus. Replication in trigeminal ganglia and peri-
ocular tissue was promoted by US11, as was periocular disease. The establish-
ment of latency and the frequency of virus reactivation from trigeminal ganglia
were unaffected by US11 deletion, although emergence of the US11-null virus
occurred with slowed kinetics. Considered together, the data indicate that US11
facilitates the countering of antiviral response of infected cells and promotes the
efficient emergence of virus following reactivation.

IMPORTANCE Alphaherpesviruses are ubiquitous DNA viruses and include the hu-
man pathogens herpes simplex virus 1 (HSV-1) and HSV-2 and are significant causes
of ulcerative mucosal sores, infectious blindness, encephalitis, and devastating neo-
natal disease. Successful primary infection and persistent coexistence with host im-
mune defenses are dependent on the ability of these viruses to counter the antiviral
response. HSV-1 and HSV-2 and other primate viruses within the Simplexvirus genus
encode US11, an immune antagonist that promotes virus production by preventing
shutdown of protein translation. Here we investigated the impact of US11 deletion
on HSV-1 growth in vitro and pathogenesis in vivo. This work supports a role for
US11 in pathogenesis and emergence from latency, elucidating immunomodulation
by this medically important cohort of viruses.
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Herpes simplex virus 1 (HSV-1) and HSV-2 are highly prevalent neurotropic viruses
that coexist lifelong with their host (1). During primary infection, HSV-1 replicates

in mucosal epithelia in a lytic cycle limited initially by cell-intrinsic and innate immunity.
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Progeny virions that access underlying sensory neuron axon termini are trafficked in the
retrograde direction to the neuronal soma within sensory ganglia (2). Once in the
nucleus, the viral genome is driven into latency largely by epigenetic modifications (3).
Cellular stresses sporadically trigger reactivation from latency (4), yielding new virions
that are transported in the anterograde direction toward axonal termini at the mucosal
surface (2). There, lytic infection and lesion development may occur followed by viral
dissemination to a new host. A balance between antiviral immunity and viral counter-
measures has evolved to ensure that the viral niche and burden are constrained, thus
averting neuronal destruction, encephalitis, and death, outcomes that result in a
nontransmissible dead end for the virus.

Cellular pattern recognition receptor (PRR) pathways galvanize an antiviral state that
curtails viral spread, and, accordingly, alphaherpesviruses encode antagonists to several
of these pathways (reviewed in references 5 and 6). Within the alphaherpesviruses,
US11 is unique to the primate herpesviruses of the Simplexvirus genus (7). US11 is a �2
(true late) gene, and US11 protein is expressed late during HSV infection (8). The
best-understood function of US11 is the obstruction of pathways that lead to transla-
tional arrest, and it does this at three nodes involving PRR sentinels for double-stranded
RNA (dsRNA). The first node centers on the dsRNA-activated protein kinase PKR. Upon
binding of PKR to dsRNA, or to its dsRNA-bound activator PACT, PKR autoactivates and
then phosphorylates its target, the � subunit of eukaryotic initiation factor 2 (eIF2�) (9,
10). eIF2� phosphorylation inactivates the eIF complex, arresting protein translation
and promoting autophagy (11, 12). Although herpesviruses are DNA viruses, dsRNA
generated during HSV-1 transcription accumulates to small amounts in the cytosol from
mid-late infection (13). US11 has a high affinity for dsRNA (14) and PACT (15) and
sequesters both from PKR (16). By limiting activation of PKR, US11 indirectly prevents
eIF2� phosphorylation, thus maintaining protein translation late in infection (17). In
addition to US11, HSV-1 and HSV-2 encode ICP34.5, with which US11 collaborates in
modulating eIF2� activity. In contrast and in complement to US11, ICP34.5 acts midway
through infection and directly regulates eIF2� through corecruitment of eIF2� and its
phosphatase PP1� (18). HSV-1 mutants lacking ICP34.5 are highly attenuated in vivo
and in vitro (19–21). However, attenuation is partially rescued by aberrant, early
expression of US11, which suffices to inhibit eIF2� phosphorylation and support
protein synthesis despite the lack of ICP34.5 (22–26). Sequential roles for ICP34.5 and
US11 in the translational arrest pathway are now recognized, with both ICP34.5 and
US11 required for resistance of HSV-1 to type I interferon (IFN) (27, 28).

The second node US11 intersects in translational arrest pathways are those of MDA5
and RIG-I, PRRs that bind dsRNA differentially based on oligoduplex length (29). When
bound to dsRNA, MDA5 and RIG-I activate TBK1 through MAVS (30). TBK1 phosphoryl-
ates the transcription factor IRF3, stimulating transcription of type I interferon genes
(31, 32). Interferons, in turn, act in infected and bystander cells to stimulate transcrip-
tion of the interferon-stimulated genes (ISGs), whose products amplify the antiviral
response (33). By scavenging dsRNA, US11, present late in infection when dsRNA is
most abundant, prevents activation of MDA5 and RIG-I (34). IRF3 is thus kept inactive,
shunting the pathway away from interferon production, ISG transcription, and estab-
lishment of the antiviral state (34).

Finally, US11 interferes with the node governed by the PRR 2’-to-5= (2’-5=) oligoad-
enylate synthetase (OAS). dsRNA-bound, activated 2’-5= OAS synthesizes the second
messenger, 2’-5=-linked oligoadenylate, which in turn is recognized by RNaseL (35).
Activated RNaseL indiscriminately cleaves mRNAs and rRNAs, crippling virus production
(35, 36). Following ocular HSV-1 infection, mice lacking RNaseL suffer higher rates of
mortality than their wild-type counterparts, likely due to widespread corneal destruc-
tion and unimpeded access of the virus to sensory neurons (37). US11 is necessary and
sufficient to repress 2’-5= OAS activity in HSV-1-infected cells through its interaction
with 2’-5= OAS complexed with dsRNA (38).

Like many herpesvirus proteins, US11 has been attributed with multiple func-
tions. Current evidence points to two functions that are distinct from the translation
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arrest pathways: silencing of proapoptotic signaling and microtubule-based cargo
transport. US11 is a small, basic phosphoprotein (39, 40). Its carboxy-terminal half
contains several arginine-X-proline (R-X-P) repeats conferring its RNA-binding prop-
erty and both nucleolar import and nuclear export signals as well as domains
involved in all characterized protein interactions (14, 15, 34, 41–47). In the nucleus,
US11 interacts with homeodomain-interacting protein kinase 2 (HIPK2) (48). HIPK2
modulates transcription in response to cell surface and cytoplasmic signals, includ-
ing endoplasmic reticulum (ER) stress (49), regulating cell cycle progression and
proapoptotic pathways (50). When coexpressed with HIPK2, US11 antagonizes
HIPK2-induced cell growth arrest (48), suggesting that it may lock infected cells into
viral production. In the cytosol, US11 interacts with two components of the
microtubule motor protein kinesin family. The kinesin heavy chain and light chain-
related protein PAT1 were found to interact with US11 by in vitro pulldown and
yeast two-hybrid screens, respectively (46, 47). Kinesins are instrumental in rapid
axonal transport of proteins in neurons (51) and anterograde transport of mRNAs to
distal sites of localized translation in axons as well as distal processes in astrocytes
(52–55). Anterograde transport is required for efficient “round-trip” infection of
periocular tissue following ocular HSV-1 infection (56), and the idea of a possible
link between US11 and axonal transport is intriguing.

Defining the key roles for US11 in HSV-1 infection and pathogenesis has been
challenging due to subtle phenotypes for US11 single null mutants in vitro (27, 57). In
addition, older in vitro and in vivo studies largely dismissed the importance of US11
(57–59), thereby reducing enthusiasm in the field for more detailed studies. Here we
aimed to test the phenotype of US11-null viruses created through targeted mutagen-
esis of the US11 open reading frame (ORF). This report describes the results of
generation of US11 deletion and marker-rescued viruses and compares their abilities to
regulate the eIF2� pathway, to replicate in vitro, to replicate and cause disease in vivo,
and to emerge from latency.

RESULTS
Construction of Us11-null strain 17 virus. HSV-1 transcriptional units often over-

lap, and the Us10-12 locus is complex: the Us11 promoter is located within the Us12
ORF, and a substantial portion of the Us10 ORF and its promoter lies within the Us11
ORF. A deletion or replacement of the Us11 control elements or coding sequence
would thus compromise neighboring genes. We therefore designed a null virus by
precise targeting of a nonoverlapping region of the US11 ORF, avoiding the coterminal
Us12-Us10 transcripts (Fig. 1A). We targeted a unique SphI restriction site in the 5’
portion of the US11 ORF by inserting a 23-bp linker containing stop codons in all three
reading frames (shown in red) and a unique BglI site (underlined). This linker was
designed to minimally impact the HSV-1 genome and Us11 transcript yet terminate
Us11 mRNA translation at codon 29. Linker insertion and marker rescue of the US11-null
allele were carried out using standard homologous recombination methods (60).
Following screening by PCR, Southern blot analysis was used to confirm the genotypes
of the parental strain (strain 17), 17Δ11, and 17Δ11R viruses (Fig. 1B). Hybridization
between the SphI-digested products and a radiolabeled probe spanning the targeted
region revealed the expected bands of 3,659 and 1,337 bp in strain 17 and strain
17Δ11R DNA and of a single 5,015-bp product in strain 17Δ11.

The role of Us11 in translational arrest is dependent on virus and cell type. As
PKR antagonism is a major activity of US11, we sought to test the phenotype of our
US11-null virus using a direct downstream readout of PKR activity: eIF2� phosphory-
lation. We chose human corneal limbal epithelial cells (HCLEs), a well-established model
of the corneal epithelium. Corneal epithelial cells are relevant to HSV-1 pathogenesis as
they constitute the first barrier in primary corneal infections, are impacted by ocular
herpes stromal keratitis, and have robust innate immune responses (61–65). Addition-
ally, since a Patton HSV-1 strain deleted of US11 was found to be poor at blocking eIF2�

phosphorylation in U373 glioblastoma cells (U373s) (27), we also performed our studies
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in U373s as a comparison. HCLEs or U373s were infected with strain 17 or its US11
mutants, 17Δ11, 17Δ11R, and 17A11, a double deletion mutant lacking US11 and both
copies of ICP34.5. A parallel cohort of Patton strain viruses (provided by Ian Mohr, NYU)
was also used to address virus strain influence. The original virus designations are listed
in Materials and Methods, but for clarity, here these viruses are termed Patton, PatΔ11,
PatΔ11R, and ICP34.5�/US11� double deletion mutant PatΔ34Δ11 (27). Lysates were
prepared 18 h postinfection (hpi), and immunoblot analyses were performed using

FIG 1 Construction of strain 17 Us11 viruses. (A) Genomic map of Us11 and modification strategy. At top is a representation of the HSV-1
genome, indicating the long and short terminal repeats (TRL and TRS, respectively), long and short internal repeats (IRL and IRS,
respectively), and unique long and short (UL and US, respectively) regions. At the bottom, a magnified US-TRS region shows the transcripts
(bold black arrows), promoters (bent green arrows), and ORFs (hollow boxes) for the indicated US genes. An SphI restriction site at the
beginning of the Us11 ORF served as the insertion site of a BglI linker, placing stop codons (in red) in all 3 reading frames. The introduced
BglI site is underlined and the linker sequence is shown in uppercase letters. (B) Southern blot analysis of viral genomic DNA digested with
SphI and hybridized to a radiolabeled probe derived from pSW1, containing the US11 coding sequence. The presence of the SphI site in
strain 17 and 17Δ11R produced bands of 3,659 and 1,337 bp, while the 17Δ11 virus lacking the SphI site has a single 5,015-bp band. M,
molecular mass markers.
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antibodies specific to phosphorylated or total eIF2�, US11, and tubulin (Fig. 2A). US11
expression was restricted to the wild-type (strain 17 and Patton) and marker rescue
(17Δ11R and PatΔ11R) viruses as expected (US11 blots), and total eIF2� levels were
comparable between lysates (eIF2� blots). In HCLEs infected with strain 17 or 17Δ11R,

FIG 2 Suppression of protein translation by Us11 is cell and virus strain dependent. (A) Immunoblot analyses of eIF2� phosphorylation following infection of
HCLEs (left panels) or U373 cells (right panels) with the indicated viruses for 18 h. Detection antibodies are indicated between the upper panels. In the right
panel, the red arrow denotes P-eIF2� and the asterisk marks a nonspecific protein. The infected/mock-infected ratio of phospho-eIF2� is shown below the blots
for each lane. (B) Autoradiographs showing incorporation of [35S]amino acids into total protein in HCLE and U373 cells during 1 h of pulse-labeling at 18 hpi
with the indicated viruses. Molecular mass markers are at the far right. Red asterisks denote Us11. 35S inc., quantitation of the level of 35S incorporated into
nascent proteins from the average of results from three replicates. This is shown as a ratio to infection with the wild-type parental virus. (C) Immunoblot analyses
of ICP34.5 and US11 accumulation in U373 cells infected with either strain 17 or Patton HSV-1, as denoted above the panels. The time of infection (or mock
infection) is shown above each lane. (D) The kinetics of gene expression of ICP34.5 and US11 from strain 17 or Patton were measured by densitometric analysis
of a representative immunoblot (depicted in panel C). Data are displayed as the percentage of expression at each time point relative to that of maximal
expression of that protein during the time course.
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eIF2� phosphorylation remained at its basal (uninfected) level (HCLE P-eIF2� blot).
Unexpectedly, in the 17Δ11 lysate, the level of eIF2� phosphorylation was not appre-
ciably higher, yet the additional absence of ICP34.5 in the 17A11 infection increased
eIF2� phosphorylation by �40%, reflecting the key activity of ICP34.5 late in infection.
Compared to the strain 17 and 17Δ11R infections, Patton and PatΔ11R infections
yielded elevated levels of eIF2� phosphorylation. The PatΔ11 lysate had even higher
phospho-eIF2� levels, equal to that of the double mutant 17A11. The Patton double
mutant PatΔ34Δ11 had the highest level of phospho-eIF2� in HCLEs, twice that
measured in uninfected cells. The findings in HCLEs indicate greater control of eIF2�

phosphorylation by strain 17 than by Patton in late infection, which is independent of
US11 and dependent on ICP34.5. The data also suggest a role for US11 in late Patton
infection, cooperating with ICP34.5 to limit phosphorylation of eIF2�. The impact of
US11 deletion was more substantial in U373s, where a 50% to 80% increase in eIF2�

phosphorylation was measured in strain 17Δ11 infections and PatΔ11 infections com-
pared to strain 17 and Patton infections, respectively (U373 P-eIF2� blot, red arrow).
Again the infections with the ICP34.5�/US11� double mutants 17A11 and PatΔ34Δ11
resulted in the highest level of phospho-eIF2�, consistent with cooperation between
US11 and ICP34.5 in late infection.

To correlate the phosphorylation state of eIF2� with total protein synthesis, HCLEs
and U373s were infected with the virus cohorts and pulse-labeled with [35S]methionine
and [35S]cysteine from 17 to 18 hpi. Autoradiography of whole-cell lysates was used to
profile the late infection proteome (Fig. 2B). Compared to mock-infected samples,
translation in infected samples had shifted from production of cellular proteins to
production of viral late proteins. Overall, conditions marked by suppressed eIF2�

phosphorylation (see Fig. 2A) also resulted in sustained protein synthesis, while those
marked by elevated phospho-eIF2� led to a corresponding degree of translational
arrest (17A11, PatΔ11, and PatΔ11Δ34 lanes). In HCLE cell infections, the correlation
between eIF2� phosphorylation and translational arrest was proportional. Moderately
elevated levels of phospho-eIF2� (17A11 and PatΔ11) corresponded to moderate
translational arrest (�50%), as did that in 17Δ34.5 infection (data not shown). Moreover,
the markedly elevated levels of phospho-eIF2� in the PatΔ11Δ34 lysate corresponded
to marked (90%) translational arrest. However, this trend did not hold true in U373s.
While the parental virus (strain 17 and Patton) and marker rescue virus (17Δ11R and
PatΔ11R) infections showed equal levels of protein synthesis and the double mutant
(strains 17A11 and PatΔ11Δ34) infections characterized by the highest levels of eIF2�

phosphorylation were profoundly arrested in translation, the US11 single mutants
17Δ11 and PatΔ11 both yielding moderately increased phospho-eIF2� levels showed
5% and 70% levels of translational arrest, respectively. This indicates that the residual
U373 pool of eIF2� kept unphosphorylated by ICP34.5 in strain 17 infection suffices to
ensure continued viral protein production late in infection, while in Patton infection it
does not do so. It seems, therefore, that the Patton strain is more reliant on US11 late
in infection than strain 17 to meet the demands of viral protein synthesis.

To determine whether differences in the relative timing of expression and/or accrual
of ICP34.5 and US11 differed between strain 17 and Patton may explain the results
described above, a time course of protein expression during infection of U373 cells was
performed (Fig. 2C). Immunoblot analyses of ICP34.5 and US11 showed both similar
maximal amounts of protein expression and accumulation of both proteins over time
(Fig. 2C). In both virus strain infections, ICP34.5 expression was evident during mid-
infection, while the onset of US11 expression occurred later. What appeared in the
immunoblots to be delayed expression kinetics for both Patton ICP34.5 and US11
proteins was confirmed by densitometric analysis (Fig. 2D). Quantitation of the pixel
density per band, corrected for background and expressed as a percentage of maximal
expression, showed that Patton protein expression was shifted to a later time point
than that seen with strain 17. However, the relative expression kinetics revealed by
comparisons between Patton ICP34.5 and US11 were nearly identical to those of strain
17. Considered together, these experiments point to virus strain- and cell type-specific
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differences in the importance of US11 in controlling phosphorylation of eIF2� and
protein synthesis in late infection and indicate the differences are not attributable to a
strain-dependent difference in gene expression cascades.

US11 is dispensable for growth in vitro and does not contribute to IFN resis-
tance. Alpha/beta interferon (IFN-�/�) induction represents a key form of antiviral
defense, and corneal epithelial cells produce IFN-� in response to HSV-1 infection in
vivo (61) and rapidly initiate production of IFN-� and IFN-� following in vitro infection
(62). The observation that 17Δ11 can produce normal levels of protein even in the
presence of phosphorylated eIF2� (Fig. 2) led us to question whether it could overcome
natural IFN-stimulated innate defenses. To address this, HCLEs or U373s were infected
at a low multiplicity of infection (MOI) and a multistep growth analysis was performed
with strain 17, 17Δ11, or 17Δ11R (Fig. 3). Following the eclipse phase, the 17Δ11 virus
reached titers similar to those of strain 17 and 17Δ11R by 24 hpi and all viruses
replicated comparably at 48 hpi and 72 hpi in both cell lines. Moreover, priming HCLEs
with low levels of IFN-� prior to infection limited the replication levels of strain 17,
strain 17Δ11, and strain 17Δ11R equally, and there was no additional growth defect for
strain 17Δ11 (Fig. 3A). We also examined the replication of strain 17Δ11 in primary
fibroblasts from mouse embryos and adult dermis and found no growth defect in these
cell types relative to the results seen with wild-type viruses (data not shown). In light
of the modest growth defect suffered by the US11-null Patton strain in U373s (1 log
PFU/ml at one time point) (27), our findings (Fig. 2 and 3) suggest that US11 in isolation
is not a major factor in overcoming the innate immune defenses of the cell during lytic
replication.

The virulence of HSV-1 lacking US11 is dampened following mucosal but not
intracranial infection. To examine the importance of US11 for neurovirulence, the
time from infection to endpoint criteria for euthanasia was tested following intracranial

FIG 3 Us11 is not required for growth in vitro. HCLEs, either left untreated or pretreated with 30 IU/ml
IFN-� (A), or U373s (B) were infected with the indicated viruses at MOI � 0.001. At 1 h postadsorption,
viral inocula were replaced with media and wells (media and cells) harvested at the indicated time points
and titers were determined on Vero cells. Data points represent means � standard deviations (SD) of
results from experiments performed three times. P � �0.01 to 0.0001 (two-way ANOVA) where shown.
LOD, limit of detection.
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infection of wild-type (129SvEv) mice with 100 PFU of strain 17, strain 17Δ11, or strain
17Δ34.5 (Fig. 4A). While ICP34.5 deletion mutant 17Δ34.5 was completely avirulent as
expected (19, 20), both strain 17 and 17Δ11 were neurovirulent and all animals
succumbed to infection within 8 dpi.

Corneal infections were performed to test neuroinvasion. Following corneal scarifi-
cation, virus was applied to the corneal surface at a high dose (2 � 106 PFU/eye) (Fig.
4B) or low dose (2 � 104 PFU/eye) (Fig. 4C). Following high-dose infection, all mice
reached endpoint criteria at 9 to 10 dpi for strain 17-infected mice at and 9 to 14 dpi
for strain 17Δ11-infected mice (Fig. 4B). These modest differences in lethality did not
meet statistical significance (P � 0.098). The low dose led to mortality within 21 days in
45% to 50% of mice infected with strain 17 or 17Δ11R and in 20% of mice following
strain 17Δ11 infection (Fig. 4C). Strain 17Δ11 was significantly less virulent than strain
17Δ11R (P � 0.03), but its virulence was more modestly attenuated than that of strain
17 (P � 0.136).

Round-trip viral spread is promoted by US11. “Round-trip” transport of HSV-1

following corneal infection involves sequential infection of the cornea, trigeminal
ganglia (TG), and, finally, periocular skin, in a pattern typical of zosteriform spread (56).
This process depends on bidirectional axonal transport, and herpesviruses lacking key
transport-promoting components or that are pharmacologically blocked in axonal
transport are attenuated in virulence in vivo (66). The proposed role for US11 in
anterograde transport (46, 47) prompted us to examine the sequential spread of
US11-null virus following corneal infection of 129SvEv mice. At 24 hpi with 2 � 106

PFU/eye, the time point at which HSV-1 activity in the cornea peaks (56), tear film
contained 105 to 106 PFU/ml virus, irrespective of the genotype (Fig. 5A). By 48 hpi, viral
titers had declined equally and were close to the limit of detection in all three virus
groups. Replication and reporter activity of HSV-1 peaks in the TG at 3 dpi (56). At that
time point, strain 17 and strain 17Δ11R reached higher (P � 0.05 to 0.001) titers than
strain 17Δ11. The titers for all viruses were comparable by 5 dpi (Fig. 5B). Peak HSV-1
titers and reporter activity in periocular tissue occur at 3 to 4 dpi, with periocular
disease ensuing thereafter (56). Strain 17 and 17Δ11R reached significantly higher titers
(P � 0.05 to 0.001) than strain 17Δ11 in periocular tissues at 3 and 5 dpi (Fig. 5C).

US11 promotes periocular disease. The lower 17Δ11 titers in periocular skin were

consistent with the hypothesis that US11 promotes round-trip spread and suggest that
it may therefore promote periocular disease. To test this hypothesis, 129SvEv or
C57BL/6J mice were infected with 2 � 104 PFU/eye (129SvEv) or 2 � 106 PFU/eye
(C57BL/6J). These inocula were below the 50% lethal dose (LD50) in each of the
respective mouse strains, thereby allowing scoring of periocular symptoms over a
21-day period. Periocular pathogenesis in HSV-1-infected mice is typified by inflamma-
tion of the eyelid, muzzle fur ruffling and swelling, and periocular lesions. Disease
scores were assigned on a 0 to 5 scale in a blind fashion. All virus genotypes elicited a
response, with periocular symptoms arising at 5 dpi, peaking at 7 dpi (for C57BL/6J) or
11 dpi (for 129SvEv), and resolving by 21 dpi. Area under the curve (AUC) analysis of the
mean daily C57BL/6J scores through the symptomatic period indicated that strain
17Δ11 infection resulted in less than half the total disease score seen with strain 17 (the
AUC score for strain 17 was 20.75 and for strain 17Δ11 was 8.63). Examining the peak
mean disease scores, strain 17 and strain 17Δ11R produced the greatest extent of
disease, which differed significantly (P � 0.05 to 0.001) from that of the strain 17Δ11
infection in the 129SvEv cohort (Fig. 6A). The same trend was observed in the smaller
C57BL/6J cohort, but statistical significance was not achieved. We also examined the
percentage of days in which disease scores equaled or exceeded the mean scores over
21 days (0.85 for 129SvEv and 0.25 for C57BL/6J; Fig. 6B and C). In both mouse strains,
scores were greater than or equal to the mean during 70% to 80% of the days following
infection with strain 17 or strain 17Δ11R. In contrast, infection with strain 17Δ11
resulted in fewer symptomatic days (11% fewer in 129SvEv mice and 44% fewer in
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FIG 4 Us11 contributes to virulence. (A) Wild-type 129SvEv mice were injected intracranially with 100
PFU of strain 17, strain 17Δ11, or strain 17Δ34.5 and euthanized when endpoint criteria were met. (B and
C) Wild-type 129SvEv mice were subjected to corneal infection following scarification. Inoculation of
either 2 � 106 PFU/eye (B) or 104 PFU/eye (C) of the indicated viruses was performed, and mice were
euthanized when endpoint criteria were met. P values determined using the log rank (Mantel-Cox) test
and numbers of animals per group are as indicated.
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C57BL6 mice). The data are therefore consistent with a role for US11 in the pathogen-
esis of HSV-1 periocular disease.

Emergence following reactivation is delayed for US11-null viruses. Establish-
ment of latency was determined by quantitating the number of HSV-1 genome copies
per TG by real-time PCR after 28 dpi (Fig. 7A). There was no significant difference in
genome copy number/TG for the three viruses, all yielding 1.7 to 3 � 103 genomes/TG.
These data indicate that US11 is dispensable for the efficient establishment of latency

FIG 5 Viral replication in mouse tissues. Corneas of wild-type 129SvEv mice were scarified and infected
with 2 � 106 PFU/eye of strain 17, strain 17Δ11, or strain 17Δ11R. (A) At 24 and 48 hpi, eyes were
swabbed and titers of virus in tear film were determined. The number of animals per group is indicated
in the key. (B and C) Mice were sacrificed on days 3 and 5, and titers of virus were determined in
trigeminal ganglia (B) and periocular tissue (C). Numbers within bars indicate the total number of animals
in each group. Error bars show the standard deviations. *, P � 0.05; **, P � 0.01; ***, P � 0.001 (two-way
ANOVA and Bonferroni posttests).
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in TG neurons. Having shown this, the time to recrudescence of virus and the levels of
viral titers emerging from the TG were quantitated. To measure emergence, 129SvEv or
C57BL/6J TG mice were individually subjected to explantation at 28 dpi using permis-
sive cells. TG were moved to and incubated in a new well of Vero cells daily for 3 days.
The three “indicator plates” from which the TGs had been removed were then scored
daily for cytopathic effect (CPE) in a blind fashion (Fig. 7B). None of the wells in the h
0 to 24 or h 24 to 48 postexplantation (hpe) indicator plates showed any CPE (data not
shown). The plate corresponding to 48 to 72 hpe, however, showed some differences
in the appearance of CPE. After 48 h of incubation, �40% of the wells from the strain
17 and strain 17Δ11R indicator plates had become CPE positive, compared with �20%
of wells from the strain 17Δ11 indicator plates. This held true for both the 129SvEv and
C57BL/6J explantation cultures. At 72, 96, and 120 h, explantation cocultures from
129SvEv mice continued this trend, whereby strain 17Δ11 CPE lagged that of strain 17
and strain 17Δ11R. In contrast, at these later time points, the C57BL/6J explantation
cultures had levels of recrudescent virus that were equally detectable between infec-
tion groups. To quantitate reactivating virus, tissues were homogenized and assayed in

FIG 6 Us11 promotes periocular pathogenesis. Corneas of wild-type 129SvEv and C57BL/6J mice were scarified and infected with 2 � 104 PFU/eye (129SvEv)
or 2 � 106 PFU/eye (C57BL/6J) of strain 17, strain 17Δ11, or strain 17Δ11R. Mice were scored for disease daily from disease onset until resolution of periocular
disease by an observer in a blind fashion. (A) Using the scoring metrics in the table (right), the mean numerical disease score on the day of maximal disease
is shown for each virus/host strain combination (left). The number of animals per group is shown inside each bar. **, P � 0.01; ***, P � 0.001 (one-way ANOVA
and Bonferroni posttests). (B and C) Data from the same experiment are shown as percentages of total days following infection in which the mean disease score
equaled or exceeded 0.85 (129SvEv [SvEv] mice) (B) or 0.25 (C57BL/6J [Bl6] mice) (C).
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FIG 7 Establishment of and reactivation from latency. Trigeminal ganglia were collected from wild-type
129SvEv and C57BL/6J mice 28 dpi with 2 � 104 PFU/eye of strain 17, strain 17Δ11, or strain 17Δ11R. (A)
DNA extracted from latently infected 129SvEv TGs was analyzed for viral thymidine kinase copy number
by qRT-PCR. Data were normalized by comparison to data from a single-copy mouse adipsin gene. Data
are expressed as numbers of genome copies per individual TG. (B) 129SvEv and C57BL/6J TG explants
were plated with indicator Vero cells for 24 h during the interval 48 to 72 hpe. Wells were scored as CPE�

or CPE� at 48, 72, and 96, and 120 h. Data shown represent levels of CPE� wells as a percentage of total
wells (shown in legend) within each infection cohort. *, P � 0.05 (two-way ANOVA and Bonferroni
posttests). (C) At 72 hpe, TG from 129SvEv (SvEv) and C57BL/6J (Bl6) mice were homogenized and titers
in the homogenate were determined on Vero cells. In panels A and C, bars indicate the mean titers, which
were not significantly different (P 	 0.05 [one-way ANOVA]).
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accordance with the studies of Doll and Sawtell (67) (Fig. 7C). At 72 hpe, the level of
virus production after strain 17Δ11 reactivation was similar to that seen with the
wild-type viruses (�104 PFU/ml) in all six mouse/virus strain pairings. This titer is in
agreement with results reported previously (67). Taken together, these results reveal a
modest early delay in the recrudescence of strain 17Δ11 that was unrelated to the
establishment of latency.

DISCUSSION

Among the antagonists that HSV-1 encodes to thwart cell-intrinsic innate immune
mechanisms, ICP34.5 and US11 prevent antiviral cellular translational arrest. While
deficits in growth in vitro and neurovirulence in vivo are well documented for ICP34.5
deletion mutants (19–21), the importance of US11 in vivo is less well studied. Here we
created a phenotypically US11-null mutant in the background of strain 17 and of a
marker-rescued virus. These viruses were used to probe the influence of US11 on
protein translation and growth in interferon-responsive cells and on virulence, patho-
genesis, and latency in mice. Key findings of this study are as follows. US11 of either
strain 17 or Patton inhibited eIF2� phosphorylation in U373 cells, in cooperation with
ICP34.5. In HCLE cells, US11 of Patton also limited eIF2� phosphorylation and late
protein synthesis was sensitive to even modest levels of phosphorylated eIF2�. In
contrast, during late infection with strain 17, eIF2� phosphorylation was solely con-
trolled by ICP34.5, and protein synthesis continued whether or not phosphorylated
eIF2� had accumulated. US11 was dispensable for growth in vitro, even when cells were
primed with exogenous IFN-�, with strain 17Δ11 achieving titers similar to those seen
the wild-type viruses in multistep growth assays. Mice infected intracranially with strain
17Δ11 succumbed with kinetics indistinguishable from those seen with the wild-type
strain. Following corneal infection, however, strain 17Δ11-infected mice showed an
extended time to onset of morbidity relative to wild-type viruses, pointing to a role for
US11 in neuroinvasion. US11 also promoted viral replication in TG and periocular tissue
and was a contributing factor in periocular disease. Although US11 was dispensable for
the establishment of latency in TG neurons, the data indicated a potential role for US11
in emergence following reactivation.

The conservation of US11 in the Simplexvirus genus suggests that it has a key role
in the evolutionary success of the virus and that it most likely predates �34.5. If a central
function of US11 is to dampen translational arrest late in infection, why was �34.5, a
second effector in this pathway, acquired and stabilized within the HSV-1 and -2
genomes? It is thought that ICP34.5 largely supplanted the eIF2� antagonist role of
US11, since the hyperphosphorylation of eIF2� by an ICP34.5 null virus is suppressed
by immediate early expression of US11 in a spontaneous suppressor mutant (22).
Interestingly, “B virus” (Cercopithecine herpesvirus 1), which has conservation with HSV
and is derived from a common ancestor, uses US11 naturally in this fashion; it lacks
�34.5 and yet expresses US11 with immediate early kinetics (68). In HSV-1 and HSV-2,
leaky-late expression of ICP34.5 renders US11 redundant until ICP34.5 expression
wanes. By this line of thinking, assuming that auxiliary functions of US11 are dispens-
able, it is not surprising that US11-null viruses have subtle phenotypes relative to those
deleted for �34.5.

A spectrum of host permissivity exists toward HSV-1 viruses lacking the ability to
antagonize PKR activity. Primary glioblastoma stem-like cells are restrictive for such
viruses (69), and here we have found HCLEs to be relatively permissive for replication
of viruses deleted in US11. An intermediate restriction of US11-null Patton strain virus
was documented in the U373 glioblastoma cell line (27), likely stemming from de-
creased protein translation late in infection (Fig. 2B) (27). However, we also found that
in the context of strain 17 infection, US11 is dispensable late in infection of U373 cells.
This was evidenced by unabated protein synthesis in strain 17Δ11 infection and
replication of strain 17Δ11 to an extent indistinguishable from that seen with the
wild-type viruses. Moreover, the growth profile of strain 17Δ11 in U373s was strikingly
similar to that in HCLEs, with neither kinetic lag nor decreased peak titer. So while
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differences in the host cell clearly influence the phenotype of HSV-1 lacking US11, it
also seems that the virus strain factors into the outcome of infection. The Patton strain
is most closely related to the KOS63 strain (70), and yet, unlike KOS63 (71), it is
neuroinvasive following corneal infection (26), is comparable in that respect to strain
17, and has no growth defect in vitro. While we cannot exclude the possibility that
differences in the US11 loci in strain 17Δ11 and strain PatΔ11 [triple stop codon
insertion versus green fluorescent protein (GFP)-poly(A) insertion (27)] were designed
to minimally impact the US10-to-US12 region. We instead envisage two possible
explanations for the collective findings. The differences between the virus strains in the
primary amino acid sequence of ICP34.5 (70) may affect the degree of translational
arrest prior to US11 expression. It is also plausible that an accessory/alternative US11
role may be more important in certain host cells or for different strains of HSV-1.

One confounding factor in elucidating the function of US11 has been controversy
regarding its presence in the virion tegument. Tegument proteins delivered upon
cell-virus membrane fusion are present to function immediately, prior to viral gene
expression. While US11 has long been considered a major tegument component (39,
40), a role for tegument-derived US11 has remained obscure. The requirement for
ectopic, immediate early expression of US11 in order to rescue the translational arrest
during infection with ICP34.5-null viruses (22, 69) is inconsistent with the supposed
abundance of US11 in the tegument. In addition, following high-MOI strain 17 infection
in the presence of cycloheximide, there was no impact of input tegument proteins on
phosphorylation of eIF2� (data not shown). Using a mass spectrometry approach with
the sensitivity to detect 12 copies of tegument protein/virion, an analysis of highly
purified HSV-1 virions concluded that US11 is not present (72). Moreover, a recent
report described US11 as cargo in extracellular vesicles derived from HSV-1-infected
cells (73). It is possible that, like ICP4, US11 is preferentially incorporated into capsid-
less, fusogenic L particles (74) or extracellular vesicles, both of which are produced
naturally during HSV infection (73).

While US11 is a nonessential gene and while there is clear evidence for its strain-
to-strain diversity (57, 75–77), the ORF was found to be preserved in all HSV-1 strains
that have been sequenced. These findings imply that although US11 variants arise,
there is significant selective pressure to retain US11 function. Our data suggest that
assertions of the lack of importance of US11 for neurovirulence in mice (59) need to be
refined. One study using a Patton strain lacking US9 to US12 found no discrepancy in
neurovirulence following IC infection (59) and, surprisingly, ignored various differences
in LD50 levels that followed infection by a variety of peripheral routes (59). In agreement
with that work, the current study showed that US11 is dispensable for neurovirulence
when HSV-1 is introduced directly into the brain. Also in agreement with that work, our
study showed that there was a delay in the time to endpoint criteria following
peripheral introduction of strain 17Δ11 into mice relative to wild-type virus infection.
There was, therefore, a clear and reproducible trend of dampened virulence of strain
17Δ11. This report supports and extends the hypothesis that US11 has a role in
promoting access of the virus to the central nervous system (CNS).

The round-trip model of HSV-1 zosteriform spread from the corneal surface likens
the TG axon to a conduit conducting internalized virion capsids to the soma and
nascent capsids back to the periocular surface (56, 78). While the level of replication of
strain 17Δ11 in the cornea was normal, there was a modest and yet significant decrease
in the strain 17Δ11 titer in the TG. This finding implies the presence of obstacles with
respect to strain 17Δ11 reaching or replicating in the TG neuron. Potential mechanisms
include inefficiencies in retrograde transport of capsids to the soma, localized transport
or translation of mRNA transcripts, anterograde transport of capsids to nerve termini,
and viral replication and/or assembly or budding. The interaction of US11 with plus-
end-directed microtubule motor proteins (46, 47) lends credence to the possibility that
strain 17Δ11 is defective in anterograde transport. That said, it remains unclear whether
the diminished titers of strain 17Δ11 in periocular skin represent a “knock-on” effect
from decreased TG titers or an independent consequence of US11 deletion. Regardless,
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the level of periocular disease was diminished following corneal infection with strain
17Δ11. Both the extent and incidence of periocular disease were affected by deletion
of US11, and this held true in two strains of mice. This periocular disease phenotype is
in concordance with lessened TG and periocular skin replication. For many HSV
mutants, there is a direct proportionality between periocular skin viral titers and
inflammation and disease (79). It is unclear whether in this case the HSV-1 burden
correlates directly with virus-mediated tissue destruction or with proinflammatory
immune responses or both.

Here we uncovered a subtle but reproducible latency phenotype following strain
17Δ11 infection. While older papers showed that US11 had no role in HSV-1 latency (58,
59), there were caveats with respect to those studies. One study inoculated corneas
with 100-fold more US11-null virus than wild-type virus, thereby likely increasing the
number of genome copies available for reactivation (58). Another study performed
corneal infections at 2-fold to 5-fold the LD50 level, and reactivation could therefore be
assessed only on the 2 to 4 surviving animals/group (59). Together, the high inoculum
and small sample size would tend to mask subtle phenotypes. While we concur with
their collective conclusions that US11 is dispensable for latency establishment and virus
production upon reactivation, we did find that the early kinetics of viral recrudescence
from TG were modestly impacted, in two mouse strains.

In this study, we have attempted to isolate the role of US11 from that of ICP34.5 to
illuminate the unique contribution of US11 to the HSV-1 life cycle in vitro and in vivo.
Although our attention centered on the impact of US11 on the eIF2� pathway in our
in vitro studies, whether the disease phenotypes found in vivo pertain to the interface
of US11 with the protein translation pathway or with other host pathways remains to
be determined. We also consider it plausible that the central function and other
important functions of US11 such as intracellular transport and apoptosis have yet to
be defined.

MATERIALS AND METHODS
Cell culture. hTERT-immortalized human cornea limbal epithelial cells (HCLEs) were obtained from

the Gipson laboratory (Schepens Eye Research Institute, Boston, MA) (63). This cell line is nontransformed
and can realize the full differentiation potential of the in vivo progenitor (63). HCLEs were routinely
cultured in serum-free defined keratinocyte media (Gibco, catalog no. 17005-042) supplemented with
250 U/ml penicillin, 250 �g/ml streptomycin, 0.3 mM CaCl2, epidermal growth factor (0.2 ng/ml), and
bovine pituitary extract (20 to 30 �g/ml). Human glioblastoma cells, here termed U373, were originally
obtained from ATCC. This line was subsequently reclassified as U251 human glioblastoma and was
discontinued by ATCC (www.atcc.org). We refer to them here as the U373 cell line in order to foster
continuity between this study and that previously reported by the Mohr laboratory using the same cells
(27). Vero cells (African green monkey kidney, used for virus titering) and U373 cells were propagated in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum, 250 U/ml
penicillin, and 250 �g/ml streptomycin. For experiments, cells were subjected to passage into multiwell
plates and used upon confluence. Routinely, one well was trypsinized and cell density assessed for
calculating the needed PFU. All cultures were maintained in a humidified incubator at 37°C and 5% CO2.

Viruses. The Mohr laboratory (New York University, NY, NY) engineered the Patton strain viruses
pAUS11 (here called strain PatΔ11), pAUS11-Rep (here called strain PatΔ11R), and GFPpAUS11 (here
called strain PatΔ34Δ11) as described previously (27). Briefly, pAUs11 comprises a Patton strain in which
a GFP ORF fused to a poly(A) site lies immediately downstream of the US11 promoter; pAUS11-Rep is
derived from pAUs11 with the US11 locus repaired; and GFPpAUS11 is the double mutant in which the
pAUS11 mutation was superimposed on the background of the �34.5 deletion (both �34.5 loci).

Wild-type HSV-1 strain 17syn� was the background for all viruses generated in this study. The
17TermA virus lacking both copies of ICP34.5 (here called 17Δ34.5) was described previously (19).

In creating the Us11 deletion strains, we strove to maintain the viral genome structure by targeting
Us11 protein expression. Strain 17Δ11 and strain 17A11 were generated by first cloning a 5,035-bp
EcoRI/HpaI fragment containing the Us10, Us11, and Us12 genes from either strain 17syn� infectious
DNA (for strain 17Δ11) or 17TermA infectious DNA (for strain 17A11) into plasmid Litmus39 (NEB, Beverly,
MA). From this plasmid, pSW1, a 1,911-bp BstBI/BssHII fragment, was further subcloned into plasmid
Litmus28 (NEB). The resulting construct, pSW3, contained a unique SphI restriction site located in the 5=
end of the Us11 ORF (strain 17syn�, nucleotide position 145166; GenBank accession no. X14112). To
create the mutant allele of Us11, oligonucleotides 5=-GCTTGAGTGAGTGACCATG-3= and 5=-GTCACTCAC
TCAAGCCATG-3= were annealed and ligated into the SphI site. This “stop linker” contains termination
codons in all three reading frames (underlined), destroys the SphI site, and generates a BglI restriction
site. This construct, called pUS11-STOP, was linearized with HpaI and cotransfected with infectious DNA
from strain 17 or strain 17TermA (lacking both copies of ICP34.5 [19]) into Vero cells using Lipofectamine
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2000 (Invitrogen, Carlsbad, CA). Virus from the transfections was subjected to plaque purification and
screened for homologous recombination by PCR. PCR products spanning the insertion site were analyzed
by restriction digestion, and those that were SphI insensitive/BglI sensitive were identified. The corre-
sponding plaques were purified for three rounds prior to isolation of strain 17Δ11 or strain 17A11 viral
DNA. “17Δ11R,” the marker rescue virus with a repaired Us11 locus, was generated by cotransfection of
strain 17Δ11 infectious DNA with pSW3 and was isolated using criteria opposite those described above
(SphI sensitive/BglI insensitive). Southern blot analysis confirming the genotypes of strain 17Δ11, strain
17A11, and strain 17Δ11R was performed using a [�-32P]dCTP-labeled probe generated from pSW1
through random priming (Prime-a-Gene System, Promega, Madison WI). The recombinant viruses were
further verified by Sanger sequencing of the Us11 locus.

Immunoblot analyses. HCLEs or U373s in 12-well dishes were mock infected or infected in their
respective media at an MOI of 5 for 1 h at 37°C. Following adsorption, media were replaced and cells were
incubated for a total infection time of 18 h or a time course from 1 to 18 h. The cells were washed gently
in phosphate-buffered saline (PBS) that included Ca2� and Mg2� (PBS�) and were lysed in 30 �l of
1� SDS-PAGE sample buffer containing 0.1 M dithiothreitol directly in culture wells. Whole-cell lysates
were boiled at 100°C for 5 min and loaded directly onto 12.5% SDS-PAGE gels. Following electrophoretic
separation, proteins were transferred to polyvinylidene difluoride (PVDF) in a wet-transfer chamber at
100 V for 1 h. Blots were blocked for 30 min at room temperature in 2% (wt/vol) bovine serum albumin
diluted in TBS-T (50 mM Tris-Cl [pH 8.0], 0.2 M NaCl, 0.1% [vol/vol] Tween 20). Blocked blots were probed
for 1 h at room temperature by the use of the concentration of primary antibody suggested by the
provider. Blots were washed twice in TBS-T for 5 min each time, probed for 1 h at room temperature with
horseradish peroxidase (HRP)-conjugated secondary antibodies, washed again, and imaged using Pierce
ECL Western blotting substrate (Thermo Fisher) and an Alpha Innotech FluorChemQ imaging station
(ProteinSimple, San Jose, CA). The rabbit anti-phospho eIF2� antibody (447728G) used was from Thermo
Fisher/Invitrogen (Waltham, MA), mouse anti-eIF2� (L57A5) was from Cell Signaling Technologies
(Danvers, MA), and mouse anti-tubulin (DM1) was from Sigma (St. Louis, MO). The mouse monoclonal
anti-Us11 antibody was kindly provided by the Roizman laboratory (University of Chicago, Chicago, IL)
(40). The rabbit polyclonal anti-ICP34.5 antibody was a gift from Ian Mohr (NYU, New York, NY) (27).
HRP-conjugated secondary (anti-rabbit and anti-mouse) antibodies were from Jackson ImmunoResearch
(West Grove, PA).

For the phosphorylation blots, following image acquisition, the average pixel intensity in bands from
the P-eIF2� blot was measured using AlphaView software and the ratio of the values from each infected
sample/uninfected sample calculated. For the expression time course, the values of the (background-
corrected) bands at each time point were compared to the value at the time point of maximal expression
of that protein and expressed as a percentage.

Metabolic labeling and autoradiography. Infected (MOI � 5) or mock-infected cells in 24-well
dishes were radiolabeled 17 hpi as follows. Complete medium was aspirated from wells, cells were
rinsed gently with PBS�, the medium was changed to DMEM without cysteine/without methionine
(DMEM– cyst/�meth) supplemented with 0.1 mCi/ml of 35S-EasyTag Express (Perkin Elmer, Boston, MA) in
a 0.25-ml volume for 1 h at 37°C. After labeling, wells were washed gently in PBS� and scraped into 30 �l
1� SDS-PAGE sample buffer containing 0.1 M dithiothreitol, boiled, and loaded onto 4% to 20%
Tris-glycine gradient gels (Bio-Rad, Hercules, CA). After electrophoretic separation, proteins were trans-
ferred to PVDF in a wet-transfer chamber at 100 V for 1 h. Blots were stained with Ponceau Red S to
visualize lanes, dried, and exposed to BioMax MR film (Kodak, Rochester, NY). After autoradiography, the
lanes were individually excised and placed into EcoScint scintillant (National Diagnostics, Atlanta, GA)
and counts per minute per lane were measured with a liquid scintillation counter. The average of results
from three replicates was used to obtain a ratio of 35S incorporation between parental strain (strain 17
or Patton) infection and the mock or derivative mutant strain infections.

In vitro replication competence assays. Multistep growth assays were performed essentially as
described previously (19). Briefly, HCLEs or U373s were seeded into 12-well plates at a density of 1 � 105

cells/well and allowed to grow to confluence. HCLE cultures treated with IFN-� were treated for 16 h with
30 IU/ml of human IFN-� prior to infection. Wells were infected with each virus strain using an MOI of
0.001 in a minimal volume of media. After a 1-h adsorption, virus was removed and replaced with
complete growth medium. At the desired time points, cells were scraped into the media and disrupted
by sonication and the titers of the liberated virus were determined on Vero cells. Titers of the inocula
were determined to measure virus concentration for the 0 h time point and to ensure the accuracy of the
MOI in all experiments.

In vivo infections. Mice were cared for in accordance with all federal and institutional policies. Mice
were housed in the biosafety level 2 (BSL2) suite of the animal facilities at The Geisel School of Medicine
at Dartmouth or at Washington University School of Medicine. The following two HSV-1-susceptible
strains of inbred mice were used in these studies: 129SvEvTac (Taconic Biosciences, Germantown, NY)
and C57BL/6J (Jackson Laboratory, Bar Harbor, ME). Adult mice (6 to 8 weeks of age, with the genders
equally represented in each experimental group) were anesthetized by intraperitoneal injection of
ketamine (87 mg/kg of body weight) and xylazine (13 mg/kg). In intracranial infections, mice were
injected intracranially with 100 PFU of virus in a volume of 20 �l. In corneal infections, corneas were
bilaterally scarified with a 25-gauge needle and inoculated with the indicated dose of virus in a volume
of 5 �l. The weight and body temperature of mice were monitored daily. For virulence studies, the time
to endpoint criteria for euthanasia was recorded over 21 days. The endpoint criteria used were as follows:
loss of �15% starting body weight and/or body temperature drop of �10%. For virus replication studies,
corneas were swabbed daily for 5 days or mice were sacrificed on day 3 or day 5 postinfection for tissue
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harvesting. TG and 6-mm biopsy punches of periocular skin were placed into tubes containing 1-mm-
diameter glass beads and 1 ml of media. Tissue homogenates were prepared by freeze-thawing the
samples and mechanical disruption in a Mini-Beadbeater-8 instrument (Biospec Products, Bartlesville, OK)
for 1.5 min followed by sonication for 30 s (repeated three times). Homogenates and eye swab samples
were processed by standard plaque assay, and viral content was expressed as PFU level per milliliter of
tissue homogenate or eye swab sample. For periocular disease progression studies, mice were scored
daily by an observer in a blind fashion using the following scale: 0 � no symptoms; 1 � minimal eyelid
swelling; 2 � moderate swelling, ruffled muzzle fur, crusty discharge; 3 � eyes crusted and swollen shut,
periocular hair loss, skin lesions; 4 � severe muzzle swelling and hair loss, skin lesions; 5 � neurological
manifestations and/or endpoint criteria. Sacrificed mice were censored from the graphs, and the
numbers of animals (indicated inside each bar in Fig. 6A) reflect only survivors with scoreable or no eye
disease.

Reverse transcription-quantitative PCR (qRT-PCR) quantitation of latent genomes. At 28 days
after corneal infection, the mice were sacrificed and TG removed. TG DNA was prepared using a DNeasy
kit (Qiagen, Valencia, CA). Real-time PCR to determine the number of latent HSV-1 genomes per TG was
performed as described previously (80). Briefly, a 70-bp fragment of the thymidine kinase (tk) gene was
amplified from TG DNA and a 10-fold dilution series of HSV-1 bacterial artificial chromosome (BAC) DNA
(17–49, 81). BAC DNA was used to generate a standard curve of numbers of genome copies per
trigeminal ganglion, since BAC DNA models the episomal, latent genome. To control for the total DNA
content of each sample, real-time PCR for the single-copy mouse adipsin gene and a standard curve of
mouse genomic DNA were performed for each TG sample. The values corresponding to the tk copy
numbers were normalized to the lowest value of the mouse adipsin copy number to yield the normalized
genome copy numbers per ganglion.

Ex vivo latency reactivation assays. At 28 days after corneal infection, mice were sacrificed and TG
removed. TG were placed individually in wells of a 48-well plate containing Vero cells. TG were moved
to a new plate of Vero cells 24 h postexplantation (hpe) and again at 48 hpe. These three “indicator
plates” were scored daily for 7 days for cytopathic effect (CPE�/�). TG explants were plated in a blinded
fashion, so wells were scored without bias. At 72 hpe, the TG were combined with 250 �l of media and
1-mm-diameter glass beads and subjected to freezing-thawing at �80°C. Thawed samples were me-
chanically disrupted in a Mini-Beadbeater-8 instrument for 1.5 min followed by sonication for 30 s
(repeated three times). Tissue debris was pelleted by centrifugation at 1,200 � g for 3 min, and the levels
of virus present in supernatants were measured by plaque assay on Vero cells.

Statistics. Statistical analysis was performed using Graph Pad Prism 5. For assay of the multiple-
group conditions used in the experiments described here, one- or two-way analysis of variance (ANOVA)
was performed followed by Bonferroni posttests. Kaplan-Meier (time to endpoint criteria) graphs were
subjected to analysis using the log rank test. Asterisk notations are as follows: *, P � 0.05; **, P � 0.01; ***,
P � 0.001.
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