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The detailed mechanism which governs the choice between herpes simplex virus (HSV) latency and reacti-
vation remains to be elucidated. It is probable that altered expression of cellular factors in sensory neurons
leads to induction of HSV gene expression resulting in reactivation. As an approach to identify novel cellular
genes which are activated or repressed by stimuli that reactivate HSV from latency and hence may play a role
in viral reactivation, RNA from explanted trigeminal ganglia (TG) was analyzed by differential display reverse
transcription-PCR (DDRT-PCR). Nearly 50 cDNAs whose mRNA level was modified by the stress of explan-
tation were isolated and sequenced. We present a listing of a spectrum of altered RNAs, including both known
and unknown sequences. Five of those differentially displayed transcripts were identified as interferon-related
murine TIS7 mRNA. These results were confirmed in both infected and uninfected ganglia by quantitative
RNase protection assay and immunostaining. Alpha and beta interferons and interferon regulatory factor-1
(IRF-1) were also induced by explantation. In addition, we have identified sequences that correspond to IRF-1
consensus binding sites in both HSV type 1 origins of replication. Our findings suggest that physiological

pathways that include these cellular factors may be involved in modulating HSV reactivation.

Following primary infection, latent herpes simplex virus
(HSV) persists in sensory ganglia of the peripheral nervous
system. The virus can undergo sporadic reactivation to produce
recurrent mucocutaneous lesions at peripheral sites innervated
by the infected ganglia (reviewed in references 15, 46, and 53).
Reactivation stimuli range from direct mechanical or pharma-
cological insults to the neuron and surrounding tissue to sys-
temic changes in immune modulators and neurotransmitters
(15, 16, 24). The earliest molecular events in neuronal cells
that trigger reactivation of HSV remain unclear. It is thought
that these events include altered expression of cellular factors
such as induction of transcriptional activators and down-regu-
lation of repressors. Identification of cellular factors which are
induced during the reactivation process may lead to better
understanding of the cellular environment during viral induc-
tion and may facilitate development of an effective treatment
to prevent reactivation.

The present knowledge of the molecular pathogenesis of
HSV latency and reactivation was generated from studies in
laboratory animals including mice, guinea pigs, and rabbits
(reviewed in reference 47). We and others have found current
murine in vivo models to be inefficient in reactivation of the
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viral genome (13, 14, 21, 41, 48, 67). In contrast, the murine
explant reactivation model is exceptionally useful for studying
the molecular mechanisms of HSV reactivation, because infec-
tious virus can be efficiently recovered upon explantation and
culture of latently infected sensory ganglia (reviewed in refer-
ence 16). Using this model, we detect expression of viral early
genes coincident with expression of immediate-early (IE)
genes. Moreover, cellular IE factors Oct-1, Fos, Jun, and Myc
are induced within the first 2 h following explantation of tri-
geminal ganglia (TG), prior to first detection of viral gene
expression (54, 60).

Our goal in this study was to seek novel cellular factors
which may have a role in the reactivation process. Moreover,
we sought to identify factors whose expression is altered even
in the absence of latent HSV type 1 (HSV-1) infection and
induction, since such cellular factors would also be candidates
for causative agents in viral reactivation. To identify such fac-
tors, we used differential display reverse transcription-PCR
(DDRT-PCR), which allows the visualization and subsequent
isolation of cDNAs corresponding to mRNAs displaying al-
tered expression in different cell populations (34, 35). We
compared the levels of gene expression in TG populations
derived from various time points postexplantation (p.e.). Thus,
any factors modulated during the first 4 h, the period in which
induction of viral gene expression was previously detected (12,
54), may be important in the initial stimulation of latent viral
genomes.

Recent studies have used DDRT-PCR to identify genes that
are involved in neural stress and injury (26, 30, 42). For exam-
ple, Kiryu et al. (30) demonstrated differential expression of
the rat neuronal glutamate transporter in axotomized hypo-
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glossal motor neurons. Since glutamate transporter expression
was induced in response to neuronal injury, it may be involved
in the regeneration process. Others used DDRT-PCR to iso-
late a novel neuropeptide, called melanin-concentrating hor-
mone, in the hypothalamic response to starvation (42). DDRT-
PCR has also been used to identify cellular genes modulated
by simian virus 40 and Epstein-Barr virus (EBV) transforma-
tion (51, 68). However, it is a novel approach to study viral
reactivation.

In this study, we isolated approximately 50 differentially dis-
played cDNAs representing transcripts whose levels were al-
tered within the first 4 h following explantation of TG. Five
cDNAs were identical to murine TIS7, whose sequence has
been shown to be related to those of interferons (IFNs) (50, 58,
61). We also detected rapid induction of IFN-a and -f in
neuronal cells of TG explants. In addition, other factors, such
as the transcriptional activator IRF-1 (IFN regulatory factor-1)
and the mitogen TNF-a (tumor necrosis factor alpha), were
induced by explantation. Interestingly, we have identified se-
quences corresponding to IRF-1 consensus binding sites in
both HSV origins of replication. We discuss the possibility that
HSV reactivation involves the induction of a regulatory path-
way shared with IFN-related genes and that specific inductive
events of the viral genome occur in response to these regula-
tory factors.

MATERIALS AND METHODS

Infection of mice and explant reactivation. Four- to six-week-old female
BALB/c BYJ mice were obtained from Jackson Laboratory. Mice were anesthe-
tized with intraperitoneal injection of ketamine (87 mg/kg)-xylazine (13 mg/kg)
and then, after corneal scarification, inoculated in the eye with 10* PFU of
HSV-1 17+ (7). At a minimum of 28 days postinfection, mice were sacrificed by
cervical dislocation and TG were isolated. Groups of 6 to 10 explanted TG were
incubated in Dulbecco’s modified Eagle medium supplemented with 5% fetal
bovine serum at 37°C for 0, 1, 2, 4, or 24 h p.e. In a single experiment, TG were
explanted in the absence of serum.

Extraction of RNA. Ganglia used for RNA preparation were snap frozen in
liquid nitrogen. RNA was isolated from TG and brain stems by using the TRIzol
reagent, as described by manufacturer (Gibco BRL), followed by extensive di-
gestion with RNase-free DNase I (Boehringer Mannheim Biochemicals) and
ethanol precipitation. RNA concentrations were determined by spectrophotom-
eter and agarose gel electrophoresis (37).

DDRT-PCR. cDNA was prepared from 300 ng of RNA from latently infected
TG at 0, 1, 2, and 4 h p.e., using a Differential Display kit (Display Systems
Biotech, Inc., Los Angeles, Calif.) as described by the manufacturer. Primers
used in this study are listed in Table 1. Briefly, RNA from each sample was
incubated with one of nine downstream primers containing 11 T residues and
two-nucleotide anchors (AA, AC, AG, CA, CC, CG, GA, GC, and GG) for 1 h
at 40°C, followed by 5 min at 95°C to inactivate the Moloney murine leukemia
virus enzyme. cDNA was stored at —70°C. Each cDNA was subjected to PCR
amplification with DisplayTaq (Display Systems Biotech), using the original
downstream primer, 1 of 24 10-mer 5’ primers, and [a-**P]dATP (65). PCR
conditions were 35 cycles of 30-s denaturation at 94°C, 60-s primer annealing at
40°C, and 60-s extension at 72°C in a Perkin-Elmer Cetus Gene Amp PCR
System thermocycler. A final extension reaction was then performed for 5 min at
72°C. Radiolabeled reaction products were subjected to high-resolution polyac-
rylamide-urea gel electrophoresis as described previously (35). Gels were dried
on Whatman filters and analyzed by autoradiography. Differentially displayed
PCR bands were cut out from the filter paper and dissolved in diethyl pyrocar-
bonate-treated water (Ambion, Austin, Tex.) for 30 min at room temperature
followed by 10 min at 100°C.

Reamplification PCR. To ensure that each band analyzed contained a single
cDNA species, each differentially displayed band was reamplified in four indi-
vidual PCRs. Four T7-T11VVN 3’ primers were used, where VV was the original
DDRT nucleotide anchor (Table 1), T7 was a 23-nucleotide portion of the T7
promoter (TAATACGACTCACTATAGGGCCC), and N was A, G, T, or C.
The reamplification reactions included the original upstream primers, 2 pM
deoxynucleoside triphosphate, and the Stoffel fragment of Tag polymerase (Per-
kin-Elmer Cetus). Reactions were performed under the original DDRT-PCR
conditions. PCR products were separated by agarose electrophoresis, and the
most prominent product among the four parallel reactions was isolated for
automated sequencing and further confirmation.

Confirmation of differentially regulated expression. Isolated reamplification
bands were used as templates for synthesis of 3>P-labeled riboprobes with a
MAXIscript kit (Ambion) as described by manufacturer. RNase protection as-
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TABLE 1. Differential display primers® used in this study

Sequence

GATCATAGCC
.CTGCTTGATG
.GATCCAGTAC
.GATCGCATTG
AAACTCCGTC
TGGTAAAGGG
GATCATGGTC
GTTTTCGCAG
TACCTAAGCG
GATCTGACAC

15 GATCAATCGC
GATCAAGTCC
GATCTCAGAC
GGTACTAAGG

TTTTTTTTTTTAC

“ Obtained from Display Systems Biotech.

says (RPA) were performed with a Hybspeed RPA kit (Ambion) and 0.5 to 1 p.g
of total RNA from a second, new set of latently infected and uninfected TG
explants. Mouse B-actin riboprobes provided with the MAXIscript kit were used
as controls. Probes and protected fragments were analyzed by denaturing poly-
acrylamide gel electrophoresis (PAGE) and phosphorimaging.

PCR amplification of ¢cDNA. The second confirmatory PCR using specific
primer sets was performed as follows. cDNA was generated from 2 pg of total
RNA by using Superscript preamplification kit priming with oligo(dT) and ran-
dom hexamers (Gibco BRL). Reactions were performed in 25-pl volumes con-
taining 4% cDNA, 200 pM each deoxynucleoside triphosphate (Pharmacia), 1
uM each primer, and 1.25 U of AmpliTaq Gold (Perkin-Elmer) in PCR buffer
A (Fisher). Primer pairs used are described in Table 3. Primers specific for TIS7
were designed based on the published sequence (63). Cycling reactions were
performed with a Perkin-Elmer Cetus Gene Amp PCR System thermocycler.
After one cycle of 9-min denaturation at 94°C, cycles were as follows: (i) 1 min
of denaturation at 94°C, (ii) annealing at 60°C for 1 min, and (iii) extension for
2 min at 72°C. The final cycle was terminated with a 7-min extension at 72°C.
Amplification was carried out for 25 to 35 cycles. RT ™ reactions were included
in each set of experiments as negative controls, and 10 ng of mouse DNA was
used as a positive control. In every case, the size of PCR product bands corre-
sponded to the predicted size.

Detection of PCR products. Aliquots of 40% of the amplification products
were fractionated on 2.5% NuSieve agarose (FMC). Gels were stained with
ethidium bromide (Sigma), and the amounts of products were quantitated by
fluorimetry. The relative amount of PCR product was determined in arbitrary
numbers as the ratio between the PCR product band intensity to that of cellular
housekeeping gene encoding cyclophilin or B-actin (12, 54). Statistical analysis
was performed with Excel (Microsoft, Redmond, Wash.).

Immunohistochemical procedures. Ganglia used for immunohistochemistry
were immersed in 70% ethanol-150 mM NaCl for 24 h and then embedded in
paraffin wax, and 6-pm serial sections were cut and processed as described
elsewhere (45). Rabbit polyclonal antiserum to HSV-1 (Dako Corp., Carpinteria,
Calif.) was used for detection of replicating virus as described elsewhere (1, 28).
Rabbit polyclonal anti-mouse IFN-a/B (Lee Biomolecular Research, San Diego,
Calif.) and rabbit polyclonal anti-mouse TNF-a (Genzyme Diagnostics, Cam-
bridge, Mass.) were used to probe for cytokines. Rabbit polyclonal anti-TIS7 was
a generous gift from B. Varnum, Amgen, Thousand Oaks, Calif. Antigen-ex-
pressing cells were detected by an indirect avidin-biotin immunoperoxidase
method (Vectastain ABC kit; Vector Laboratories, Burlingham, Calif.), with
3,3'-diaminobenzidine as the chromagen (59).

RESULTS

We recently have shown that cellular IE factors, such as
c-Jun, c-Myc, and Oct-1, are induced in neuronal cells at early
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FIG. 1. PCR differential display of cDNA derived from latently infected
mouse TG following explantation. In the autoradiograph of radiolabeled DDRT-
PCR products, arrows denote PCR products representing band 64 amplified with
3’ primer 2 and 5’ primer 7, band 56 amplified with 3’ primer 2 and 5" primer 3.
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times following explantation of murine TG, within the time
frame of HSV-1 gene activation (54, 60). DDRT-PCR was
used in this study as an approach to identify previously un-
known cellular genes which are induced or repressed by ex-
plantation of TG.

Explantation of TG induces differential expression of mul-
tiple mRNAs. RNA was prepared from latently infected TG at
different time points (0, 1, 2, and 4 h) following explantation
into culture media. Complementary DNA was amplified by
using a set of arbitrary PCR primers. The PCR products were
resolved by PAGE and visualized by autoradiography. Every
pair of primers (216 primer combinations) identified a limited
number of target sequences within the pool of cDNAs. Thus, a
typical reaction generated 50 to 200 distinct radiolabeled PCR
products between 50 and 600 bp in length. As expected from
previous studies (34), the majority of PCR products were
present at identical levels in samples derived from different
time points (Fig. 1). However, over 50 differentially displayed
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PCR products were detected and isolated for further charac-
terization.

Reamplified PCR products were subjected to sequencing
followed by BLAST sequence analysis (2) and MasPar
searches of the NCBI nonredundant nucleotide database. Of
48 bands sequenced, 26 were novel sequences without signifi-
cant sequence homology in the database (results not shown),
whereas others had multiple significant hits (P value was less
than 1 e —10). The analysis of results, including GenBank
accession numbers for the most significant hits, are summa-
rized in Table 2. Five bands corresponded to structural genes
encoding proteins such as laminin and tubulin, and two (bands
54 and 53) encoded repeating sequence elements. Fifteen da-
tabase hits were similar to cellular enzymes or regulatory pro-
teins of interest such as NADH ubiquinone oxyreductase
(bands 218 and 20), the growth arrest gene GASS product
(band 123), and mouse semaphorin (band 229). Bands 56, 64,
116, 125, and 201 were identical in sequence to the coding
region of mouse TIS7 mRNA (61) (Table 2; Fig. 2) and were
conserved with rat PC4 mRNA sequence (58). TIS7 and rat
PC4 previously were shown to be highly related in protein
sequence and are thought to be functional homologs involved
in stress response (58, 61). These five overlapping products
(Fig. 2B) were chosen for further characterization.

Confirmation of differential display. The intensity of each of
the five PCR products (56 [Fig. 1], 64 [Fig. 1], 116, 125, and
201) was clearly increased in samples prepared 1 and 2 h p.e.
We next determined whether RNA corresponding to the iso-
lated bands was differentially expressed in either uninfected or
latently infected TG explants. Reamplified PCR products were
used as probes in quantitative RPA. RNA corresponding to
band 56 was induced by 2 h following explantation of unin-
fected (Fig. 3A) and infected (results not shown) explants.
Phosphorimager quantitation (Fig. 3B) indicated that the lev-
els of RNA were induced nearly sevenfold by 4 h. Similar
results were obtained with probes generated from band 64

TABLE 2. Sequence analysis of cDNAs differentially displayed in mouse TG explants

Expression

GenBank

Band no.” 3’ primer 5’ primer b c¢DNA name . P value®
pattern accession no.
64 2 3 Ind Mouse TIS7 V00756 4.82e —210
56 2 7 Ind Mouse TIS7 J00424 8.84¢ —75
116 6 2 Ind Mouse TIS7 X17400 S.4e—140
125 6 7 Ind Mouse TIS7 X17400 2.7e—37
201 8 2 Ind Mouse TIS7 X17400 3e —47
114 6 1 Rep Unknown mouse W97484 1.6 e —66
123 6 5 Ind GASS mouse growth arrest gene X67267 le —45
229 8 12 Rep Mouse semaphorin X85990 le —189
65 2 4 Rep Mouse kallikrein tumor antigen M18620 le—13
97 5 15 Ind Mouse T-cell antigen 4-1BB U02567 3.14e —52
27 4 9 Ind Rat ATPase H39388 259e —22
218 8 6 Rep Mouse lecithin cholesterolacyltransferase X54095 2e—15
20 4 20 Rep Human NADH ubiquinone oxyreductase subunit B14 T58895 7.7e —185
129 6 11 Ind Human nucleus-encoded mitochondrial NADH M25484 2.79 ¢ —168
ubiquinone oxyreductase 24-kDa subunit

232 8 12 Ind Mouse laminin T54408 1.17e —116
41 2 2 Rep Mouse alpha-tubulin H34265 1.18e —73
138 6 15 Ind Mouse beta-tubulin X04663 le —38
98 5 15 Rep Mouse beta-tubulin X04663 2.09¢e —176
21 4 21 Rep Human ribosomal protein S26 X77770 0
54 2 6 Ind Mouse retrotransposon-like element M21123 1.97 e —66
53 2 6 Ind Human retrovirus-related reverse transcriptase K02590 le—153

“ Bands 56, 64, 116, 125, and 201 share sequences (see Fig. 2).
® Ind, induced; Rep, repressed.

< Represents Poisson distribution value. The cutoff number representing significant hits was 1 e —9.
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#56 141 TGATCATGGLICAACCTAAATAATTTTTGATGTAGGGGTGGGTTGTATTTTAATTTAATGT 82 TIS7 mRNA
L LT T LT LT T 1 > 1792
TIS7 : 1650 TTATCTTGGTCAACTTAAATAATTTTTGATGTAGGGGTGGGTTGTATTTTAATTTAATGT 1709 #125 1650 1787
#56 81 ACAGTGTTACAAATTAATGAGTTCTTTATTCTCTGTAAAAATAACTGGTAACCACAAATA 22 #1186 1434 1787
FULLLCEE LT P TR P L LT # 64 1442 1792
TIS7 : 1710 ACAGTGTTACAAATTAATGAGTTCTTTATTCTCTGTAAAAATAACTGGTAACCACAAATA 1769 i56 1650 7%
#56 21 AAGTGTTTGTGATGTTTGGTC 1 4201 1650 1701
FORELLETTE LTI
TIS7 : 1770 AAGTGTTTGTGATGTTTGGTC 1790

FIG. 2. Sequences of DDRT-PCR products. cDNAs isolated from differential display gels were reamplified by using primers that included the T7 promoter
sequence, and PCR products were sequenced. Sequences were analyzed by BLAST searches. (A) BLAST output using band 56 as query sequence (P value = 7.7 X
104%) demonstrates sequence identity with murine TIS7. (B) Alignment of each DDRT band with TIS7 mRNA. Four cDNA bands corresponded to mouse IFN-related
gene TIS7 mRNA; band 56 (primers 2 and 7), band 64 (primers 2 and 3), band 116 (primers 6 and 2), and band 125 (primers 6 and 7).

(results not shown). Thus, RNA transcripts corresponding to
differentially displayed bands 56 and 64 were significantly in-
duced in uninfected TG by explantation.

To further confirm the DDRT results, cDNA prepared from
a different set of latently infected TG explants was subjected to
PCR using primers specific for TIS7 (Table 3). Each PCR
yielded a single product band whose size corresponded to that
of TIS7 cDNA. Importantly, TIS7 detected with these primers
was induced rapidly following explantation in both infected
(Fig. 3C) and uninfected (not shown) explants, confirming the
RPA results (Fig. 3A). Furthermore, by 24 h p.e., TIS7 expres-
sion returned to basal levels (Fig. 3C).

TIS7 expression is induced in neuronal cells. HSV latency
occurs primarily in neuronal cells which innervate the cornea
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FIG. 3. Confirmation of differential display. RNA was prepared from unin-
fected TG explants at 0, 1, 2, and 4 h p.e. Complementary DNA from differen-
tially displayed band 56 was reamplified by PCR using 3’ primers that included
the T7 promoter. PCR products were used as templates to prepare riboprobes
labeled with [*?P]JUTP and added to each RNA sample. Following hybridization
at 37°C and RNase digestion, samples were separated by PAGE. (A) The input
probe (P) and protected fragments were visualized using phosphorimager
screens. (B) The intensity of each protected fragment was quantitated with
ImageQuant software. Fold induction was expressed as the ratio between each
band to the zero time point. (C) Complementary DNA from latently infected TG
explants at 0 to 24 h p.e. was subjected to PCR using primers specific for TIS7
(TIS7A set). Products were separated on 2.5% agarose gels stained with
ethidium bromide and visualized by fluorimager analysis.

(9, 43, 44). Infected neurons represent approximately 2% of
the neuronal population in the TG (4, 38). To determine
whether TIS7 expression colocalizes with reactivating virus in
neuronal cells, TG sections from uninfected and latently in-
fected explants were analyzed by immunostaining using affin-
ity-purified polyclonal antisera. TIS7 protein expression was
not detected at 0 h p.e. and was induced at 1, 2, and 4 h p.e. in
both infected (data not shown) and uninfected (Fig. 4) ex-
plants. Furthermore, as judged by this technique, all neuronal
cells expressed TIS7, demonstrated by brown staining of the
cells. Since virus reactivates in approximately 1% of neuronal
cells (60), we conclude that viral gene expression occurs in cells
expressing TIS7. Thus, induced expression of TIS7 following
explantation of ganglia was detected by four independent
methods: DDRT-PCR, sequence-specific RT-PCR, RPA, and
immunostaining.

IFN-B is induced by explantation of TG. Several reports
have indicated that TIS7 and PC4 are related in sequence to
IFN-B (50, 58). To determine whether IFNs are also induced
by explantation, we again used qualitative RT-PCR. cDNA
derived from infected and uninfected TG explants was ana-
lyzed by PCR using primers specific for IFN-a or IFN-B (Table
3). Again, single specific PCR products were obtained from
each reaction. IFN- was induced 2- to 3.5-fold during the 4 h
p-e. compared to the amount of the cellular housekeeping gene
encoding cyclophilin (Fig. 5A). Similarly, IFN-a levels were
1.2- to 1.4-fold higher (data not shown). Both IFN-a and
IFN-B were induced in uninfected samples as well (data not
shown).

IFN expression is induced in neuronal cells. To determine
whether IFN expression colocalizes with reactivating virus in
neuronal cells, TG sections from latently infected and unin-
fected explants were analyzed by immunohistochemistry. IFN-
o/p protein expression was not detected at 0 h p.e. and was
induced at 4, 8, and 24 h p.e. in both infected and uninfected
explants (Fig. 6). Furthermore, as observed for TIS7, all of the
neuronal cells expressed IFN. Thus, we conclude that viral
gene expression occurs in cells expressing IFN.

Induction of IRF-1. The IRFs bind to IFN consensus se-
quences found in many promoters of IFN gene family mem-
bers (22, 56, 57). IRF-1 is an activator of IFN-B, whereas IRF-2
functions as a repressor (66). As shown in Fig. 5B, IRF-1
transcription was induced within the first hour p.e., and its
profile of induction was strikingly similar to IFN-B (Fig. SA).
In contrast, no significant change was observed in the levels of
the IFN-o/B receptor (IRFa/BR) or IRF-2 (Fig. 4D and 5C).
Induction of IFN and IRF-1 also occurred in the absence of
serum in the explantation media (not shown), indicating that
serum factors are not the cause for increased gene expression.
Induction of IFN and IRF-1 was detected reproducibly in both
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TABLE 3. PCR primer pairs used in this study
Name Sequence Product (bp) Reference

TIS7SA CTCTTATCTCGGCATTTG

GGACAAGAGAAAGCAGCG 342
TIS7B CGATGCCGAAGAACAAGA

CTGCCTGTCTTGTCTTCG 300
IFN-B GAAAAGCAAGAGGAAAGATT

AAGTCTTCGAATGATGAGAA 165 39
IFN-«a AATGACCTCCACCAGCAGCT

TCTCAGGTACACAGTGATCC 201 39
IFN-o/BR ACATGAGCCCCCCAGAAGTACG

ATGACCGGAGGAGGAGGGAGAA 613 31
IRF-1 CAGAGGAAAGAGAGAAGTCC

CACACGGTGACAGTGCTGG 201 5
IRF-2 CCTGAGTATGCGGTCCTGACTT

CCGGGTCTCCCGGTCTGGCCGA 528 31
TNF-a GAAAGCATGATCCGCGACGTGG

GTAGACCTGCCCGGACTCCGCAA 678 31
B-Actin ATAGCACAGCTTCCCTTTGAT

AACATGCATTGTTACCAACT 452 54
Cyclophilin ATTCGAGTTGTCCACAGTCAGCAATGG

ATGGTCAACCCCCACCGTGTTCTTCGAC 469 6

infected and uninfected preparations (not shown), as was also
found for TIS7 (Fig. 3). Our results suggest that IFN induction
after explantation of TG involves an IRF-1-dependent path-
way. We used computational analysis to probe the HSV-1
genome for IRF-1 consensus binding sites (AAGTGA) (56).
As shown in Fig. 7, 10 matches were identified in HSV-1 17+.
Interestingly, two of the matches were in the ICPO0/latency-
associated transcript (LAT) region, and four mapped to pal-
indromes in viral origins of replication OriL and OriS. These
observations are discussed below.

TNF-« is induced by TG explantation. Soluble TNF-a en-
hances the reactivation frequency and replication of HSV-1

L e

during explant reactivation (63). To determine whether endog-
enous TNF-a is induced during explantation, RT-PCR was
performed with primers specific for TNF-a. TNF-a transcripts
were induced rapidly following explantation (Fig. 8). However,
we were unable to detect TNF-a, a secreted factor, in TG
sections by immunostaining.

DISCUSSION

Cellular genes induced by the stress of explantation. We
have used DDRT-PCR to identify genes that are differentially
expressed following the stress caused by explantation of mu-

oo
3 L

FIG. 4. Immunostaining of TIS7 in TG following explantation. Latently infected BALB/c mice were sacrificed, and TG were excised and incubated in culture
medium for 0 to 24 h. Paraffin-embedded sections of uninfected TG at 0 (A), 1 (B), 2 (C), and 4 (D) h p.e. were processed as described in Materials and Methods and
reacted with rabbit polyclonal antiserum against TIS7. The experiment was repeated twice, and duplicate slides were screened.
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FIG. 5. Detection of IFN-B, IRF-1, IFNa/BR, and IRF-2 transcripts in murine TG following explantation. RT-PCR was used to detect IFN-B (A), IRF-1 (B),
IFNa/BR (C), and IRF-2 (D), and each was compared to the level of cyclophilin mRNA. Duplicate samples of TG explant RNA from 0, 1, 2, and 4 h p.e. were analyzed.
Products were separated by agarose gel electrophoresis, followed by fluorimager scanning and analysis using ImageQuant software. The relative amount of cDNA is
expressed in arbitrary units representing the ratio between the intensity of the PCR product band to the intensity of cyclophilin. The ratio at the zero time point is

designated 1. L indicates latent.

rine TG. We previously established that these are conditions
that induce viral gene activation and that certain HSV-1 genes
are detected by 4 h p.e. (54). Mice were infected with HSV-1
by the corneal route; at 4 weeks postinfection, mice were sac-
rificed and the TG were explanted. RNA was prepared from
TG at various times following explantation and then subjected
to DDRT-PCR. The genes that we identified can be classified
into three groups (Table 2): (i) 26 previously unknown se-
quences; (ii) known structural genes; and (iii) sequences cor-
responding to previously known genes associated with regula-
tion of cellular processes (Table 2). While we recognize the
possibility that none of these gene products directly influence
the HSV reactivation process, the possibility that one or more
are directly essential to viral activation is just as likely. Fur-
thermore, the identification of these induced genes may reveal
major stress-altered intracellular pathways, any component of
which could be key to reactivation, including any of the previ-
ously unknown genes. Of the regulatory genes identified in the
third group, the murine IFN-related TIS7 gene was repre-
sented multiple times. Because of this observation, our initial
studies focused on TIS7, the related IFN genes, and known
transcriptional regulators of these genes. Interestingly, these
studies revealed a potential link between the IFN regulatory
pathway and regulation of viral gene expression during reacti-
vation.

TIS7 is induced by the stress of explantation. Five differen-
tially displayed bands were identified as overlapping regions of
murine TIS7 (36, 61) (Fig. 2), and the results were confirmed
by quantitative RPA, RT-PCR (Fig. 3), and immunostaining
(Fig. 4). The TIS (TPA [tetradecanoyl phorbol acetate]-induc-
ible sequences) family members are early-response genes (64)
which are induced rapidly and transiently in Swiss 3T3 cells by
the tumor promoter and mitogen TPA (36) or by serum (22).
Most of the TIS genes also have been identified in rat PC12

cells following induction with nerve growth factor, TPA, epi-
dermal growth factor, and depolarization (32). In addition, TIS
induction has been detected in primary astrocyte cultures fol-
lowing mitogen induction (3). Thus, a family of TIS genes
appear to constitute a common pathway or response to many
cell stimulatory agents or physical stimuli.

The pattern of induction previously observed for TIS7 and
PC4 genes in these systems revealed an increase in the levels of
RNA or protein between 2 and 4 h poststimulation (62), sim-
ilar to our observation in the mouse explant model (Fig. 2 to
5). Moreover, we have shown that another TIS transcript,
TIS28 or c-fos, was induced rapidly following explantation (54,
60), and again, the kinetics matched those previously observed
for c-fos following mitogen induction (3). These observations
suggest that explantation and mitogen stimulation activate sim-
ilar cellular early-response pathways which activate or induce
TIS genes. One interesting possibility suggested by our results,
although we have not yet obtained confirming evidence, is that
these pathways also may be among the earliest events involved
in the induction of latent herpesvirus.

IFN-B is induced by the stress of explantation. TIS7 was
originally identified as a gene induced in murine 3T3 cells
following infection with Newcastle disease virus (50). Nucleo-
tide sequence analysis revealed some similarity with human
IFN-B and rat IFN-y (58). We have shown that, like TIS7, both
IFN-«a and IFN-B are induced in neuronal cells within the first
hour following explantation. These observations suggest that
these IFN-related genes, although different in function, may
share a common cellular pathway that may be involved in the
early events of HSV reactivation.

IFN-B expression is modulated at the transcriptional level by
multiple regulatory factors that bind upstream of the initiation
site, such as the activators IRF-1 and NF-«kB and the repressor
IRF-2 (reviewed in reference 56). We have shown that IRF-1
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FIG. 6. Immunostaining of IFN protein in TG following explantation. Latently infected or uninfected BALB/c mice were sacrificed, and TG were excised and
incubated in culture medium for 0 to 24 h. Paraffin-embedded sections of latently infected TG at 0 (A), 4 (B), 8 (C), and 24 (D) h p.e. and of uninfected TG 0 (E)
and 4 (F) h p.e. were processed as described in Materials and Methods and reacted with rabbit polyclonal antisera against IFN-« and -B. The experiment was repeated

twice, and duplicate slides were screened.

was induced by the stress of explantation. In contrast, neither
IRF-2 nor the IFN receptor was induced (Fig. 5). Since the
induction of IRF-1 followed the same temporal pattern as that
of IFN, IFN-a and -B are likely to be induced via an IRF-1-
dependent pathway (27) in explanted TG cells. Induction of
IFN expression has been previously observed following HSV
infection (17, 18, 52). However, we detected induction of IFN
at 1 to 2 h p.e., prior to viral gene induction, which we detected
at 2 to 4 h p.e. (54). Furthermore, IFN induction was detected
in neurons of both latently infected and uninfected TG. We
also found that IFN-B and IRF-1 were induced in the TG in
the absence of serum in the explantation medium. Taken to-
gether, these data indicate that IFN induction is a consequence
of the stress of explantation and did not result from viral gene
expression or from incubation in the presence of serum factors.

Possible relationship between reactivating HSV and IFNs.
IFN possesses antiviral properties and indeed is induced by
HSV infection (17, 18, 52). Several mechanisms have been
elucidated for specific effects of IFN on HSV. For example,
IFN is an inhibitor of HSV IE gene activation by VP16 in vitro

(33). We recently determined that both early and IE HSV
genes are induced during the first hours of viral reactivation
(54). Thus, the absence of viral IE gene expression prior to
early gene expression during the first hours following explan-
tation of TG may be a result of an inhibitory effect of IFN on
a neuron-specific VP16 functional homolog.

Furthermore, IFN blocks both HSV morphogenesis and re-
lease of viral particles from infected cells (8). The presence of
antiviral activity during the earliest times following tissue stim-
ulation suggests an interesting relationship between IFN and
reactivating HSV. Viral gene activation may induce one round
of viral replication, allowing the virus to travel from TG neu-
rons to the site of recrudescence in corneal epithelium. Imme-
diate induction of IFN may prevent the spread of reactivating
virus within the nervous system by inhibiting release of viral
particles and activating host defense mechanisms such as nat-
ural killer cells (22). Moreover, in another virus system, neu-
roblastoma cells expressing high levels of IFN-B support per-
sistent rabies virus infections (25). This finding suggests that
the IFN response may be involved in ensuring the viability of
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13,654: GACGT AAGTGA CGTCG Within UL5
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146,269: CGTTC TCACTT CTTTT Ori S

FIG. 7. Putative IRF-1 binding sites in the HSV-1 17+ genome, identified by
sequence analysis using the Findpatterns function of the Genetics Computer
Group (Madison, Wis.) software. The HSV-1 complete genome sequence (Gen-
Bank locus HE1CG accession no. X14112) was searched for the consensus IRF-1
binding site in IFN promoters the hexamer AAGTGA (56). Sequence matches
are listed by sequence location, and gene name.

infected host cells. IRF-1 has been implicated in the antiviral
effects of IFNs on encephalomyocarditis virus by inhibiting
viral replication. However, in IRF-1"/" fibroblasts derived
from knockout mice, there was minimal reduction of IFN-vy-
mediated inhibition of HSV-1 replication (29). This finding
suggests that IRF-1 is not essential for IFN inhibition of
HSV-1 replication in fibroblasts. Further latency studies in
IRF-17/" mice or ganglia may clarify the role of IRF-1 in HSV
pathogenesis.

In a different scenario, IFN may inhibit viral reactivation in
neurons, and in a few cells, other cellular factors override its
effects by inducing high levels of viral gene expression. For
example, Walev et al. (63) have shown that treatment of TG
explants with soluble IFN inhibits reactivation, detected by
reduction of infectious virus in the presence of IFN. In con-
trast, in the same study, TNF-a treatment increased the effi-
ciency of reactivation. These data support the hypothesis that
induction of IFN inhibits multiple rounds of viral replication in
neuronal cells of the TG. Consistent with this scenario, we
detected induction of TNF-a transcription in TG explants (Fig.
8) under conditions leading to viral reactivation. Thus, it is
possible that the levels of TNF-a in few neurons (perhaps 1%
of latent neurons) are higher than the levels of IFN, allowing
the latent viral genome to reactivate in those neurons.

Are TIS7, IFN, and viral responses related? TIS7 and IFNs
are induced by viral infection (50, 56) and, as shown in this
study, by the stress of explantation. While the precise function
of TIS7 in the cell is not yet elucidated, it is clear that it plays
a role in cellular growth and differentiation (19, 23). Further-
more, it is known that TIS7 has no antiviral activity (58), which
is a property of IFNs (56). One unifying hypothesis is that these
cellular components may share a common induction pathway
with HSV. In particular, as suggested above, TIS7, IFN family
members, and HSV share a common regulatory element. Thus,
our initial detection of TIS7 and IFN increasing in explanted
TG led us to test whether IRF-1 was also increasing. The
observation that IRF-1 expression was increasing in explants in
a similar time frame to IFN and TIS7, and prior to HSV gene
activation, leads to our speculation that IRF-1 may play a
direct role in reactivation of the HSV genome. As yet, we do
not have direct experimental evidence to demonstrate that
HSV-1 responds to IRF-1.

However, in support of this hypothesis, we have identified
multiple sequences corresponding to potential IRF-1 binding
sites in HSV-1 DNA (Fig. 7). As shown in Fig. 7, there are 10
perfect matches in HSV-1 17+ to the core IRF-1 consensus
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sequence (AAGTGA) (56). Of particular interest are several
binding sites in the origins of replication OriS and OriL. Two
are an inverted repeat within the palindrome in OriL, and the
other two are in OriS; strikingly, all are conserved in HSV-1
and HSV-2 strains (not shown). These consensus sites are
within regions previously identified as origin binding protein or
ULD9 binding site III. Also, of great interest are previous ob-
servations that, in addition to binding origin binding protein,
binding site III interacts with yet unknown cellular proteins
(10, 11). Taken together, these observations suggest that IRF-1
may bind to regulatory elements in the viral genome such as
the origins of replication and ICPO/LAT and thereby upregu-
late viral replication or gene expression. Interestingly, func-
tional IRF binding sites recently were identified in the herpes-
virus EBV (40, 49). IRF-1 and IRF-2 bind directly to consensus
sequence sites in the EBV type I latency promoter of EBNA-1
(Qp), and IRFs may play a primary role in transcriptional
regulation of EBNA-1 in cell culture (40, 49). Experiments are
in progress to determine whether IRF-1 or IRF-2 binds to IRF
consensus sites in HSV-1 that we have identified.

The stress of hyperthermia treatment induces in vivo reac-
tivation in mice (48). We recently determined that both TIS7
and IRF-1 are induced in murine TG by hyperthermia during
the time frame of detection of viral gene activation (55). These
results confirm our observations in the explantation model.
Thus, it is possible that HSV has evolved reactivation mecha-
nisms which take advantage of cellular activation pathways
which are induced by stress. Further experiments are under
way to test these hypotheses.

In summary, using DDRT-PCR as a starting point, we iden-
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FIG. 8. RT-PCR detection of TNF-a, cyclophilin, and B-actin transcripts in
murine TG cultured for various times p.e. RNA from latently infected TG
explants was prepared and analyzed by RT-PCR for TNF-a (A), and B-actin (B),
and cyclophilin as described in Materials and Methods. Products were visualized
by ethidium bromide staining as shown in the inserts. The graphs represent the
ratio between the PCR product band and the cyclophilin band. The ratio at the
time of explant (time zero) was determined as 1. Experiments were done in
duplicate in four separate experiments. L indicates latent.
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tified several genes involved in the cellular response to the
stress of explantation. Although we have not established a
causal link, the temporal correspondence of HSV-1 reactiva-
tion and induction of TIS7, IFN, and IRF-1 gene expression
suggests the existence of common regulatory pathways. Also,
our results yield insights into the cellular environment which is
present during HSV reactivation. Therefore, PCR differential
display represents an excellent method to screen for species of
RNA which are transcriptionally regulated in TG following
explantation. Genes identified using this method can be stud-
ied in other HSV reactivation systems, resulting in a database
of specific genes which may be involved in the reactivation
process.
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