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Cytotoxic T lymphocytes (CTL) and natural killer (NK) cells play key roles in limiting herpesvirus infec-
tions; consequently, many herpesviruses, including herpes simplex virus (HSV), have evolved diverse strategies
to evade and/or disarm these killer lymphocytes. Previous studies have shown that CTL and NK cells are
functionally inactivated following contact with HSV-infected fibroblasts. During studies of the mechanisms
involved, we discovered that HSV-inactivated NK-92 NK cells and Jurkat T cells contain a strikingly promi-
nent, novel, ca. 90-kDa tyrosine-phosphorylated protein that we identified as the HSV tegument protein
VP11/12. Inasmuch as VP11/12 produced in fibroblasts and epithelial cells is not obviously tyrosine phosphor-
ylated, these data suggested that VP11/12 serves as the substrate of a cell-type-specific protein tyrosine kinase.
Consistent with this hypothesis, VP11/12 was also tyrosine phosphorylated in B lymphocytes, and this modi-
fication was severely reduced in Jurkat T cells lacking the lymphocyte-specific Src family kinase Lck. These
findings demonstrate that HSV tegument proteins can be differentially modified depending on the cell type
infected. Our data also raise the possibility that VP11/12 may modulate one or more lymphocyte-specific
signaling pathways or serve another lymphocyte-specific function. However, HSV type 1 mutants lacking the
UL46 gene retained the ability to block signaling through the T-cell receptor in Jurkat cells and remained
competent to functionally inactivate the NK-92 NK cell line, indicating that VP11/12 is not essential for
lymphocyte inactivation. Further studies are therefore required to determine the biological function of ty-

rosine-phosphorylated VP11/12.

Natural killer (NK) cells and cytotoxic T lymphocytes (CTL)
contribute to host antiviral defense by secreting antiviral cyto-
kines and triggering apoptosis of cells that display evidence of
virus infection (2, 12, 24). These killer lymphocytes play crucial
roles in limiting the severity of many viral diseases (18, 27, 35,
41), including those caused by herpes simplex virus (HSV) and
other herpesviruses (11, 35, 46). HSV, in turn, has evolved at
least three distinct strategies for evading and/or disarming
CTL and NK cells. First, HSV, like many other viruses, sup-
presses host major histocompatibility complex class I antigen
presentation pathways, thereby impairing CTL recognition of
infected cells (17, 21, 49, 57; reviewed in reference 1). Second,
also like other viruses, HSV produces several antiapoptotic
gene products (3, 6, 15, 19, 26), which can protect infected cells
from cytolysis by killer lymphocytes (4, 7, 20). Third, NK cells
and CTL are functionally inactivated (or disarmed) following
contact with HSV-infected fibroblasts or epithelial cells (8, 40).
Such inactivation requires direct contact between the infected
cell and the killer lymphocyte (8, 40, 44) and abrogates the
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ability of the lymphocyte to kill other target cells. The mech-
anism of HSV-induced lymphocyte inactivation is of great
interest but remains to be fully defined.

The bulk of the available evidence indicates that killer lym-
phocytes are inactivated by one or more HSV virion compo-
nents that are transferred from the infected fibroblast, likely
via progeny virions and/or enveloped subviral particles (39, 42,
44, 58). Consistent with this hypothesis, NK cells and CTL can
also be inactivated by direct infection with high multiplicities of
cell-free HSV (38, 42, 58), and in the case of Jurkat CD4" T
cells, such inactivation requires viral penetration but not viral
gene expression (42). Remarkably, transfer of viral DNA to the
lymphocyte does not seem to be required, since infected fibro-
blasts retain their ability to inactivate CTL following treatment
with acyclovir, an antiviral drug that blocks viral DNA repli-
cation and hence the production of infectious progeny virions
(42, 44). Taken in combination, these data suggest that non-
infectious enveloped subviral assemblies lacking capsids and
viral DNA, such as L particles (48) or PREPs (10), are also
competent, arguing that one or more tegument proteins are
likely responsible for inactivation (42). One report suggested
that the serine/threonine protein kinase encoded by HSV gene
US3 (a tegument protein) is required for lymphocyte inactiva-
tion mediated by infected fibroblasts (44); however, it is not yet
clear if the requirement for US3 is direct or indirect, and the
virion component that triggers inactivation has yet to be iden-
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tified. Indeed, more than one mechanism of lymphocyte inac-
tivation may be operative, since CTL can also be inactivated by
exposure to fibroblasts infected with HSV mutants incapable
of cell-to-cell spread, but only if such exposure occurs very
early (2 h) after infection of the fibroblasts (39).

Studies by Sloan and coworkers (42, 43, 44) have partially
defined the molecular mechanism underlying HSV-induced
inactivation of T lymphocytes by showing that HSV remodels
signaling through the T-cell receptor (TCR). Thus, HSV-inac-
tivated Jurkat cells fail to display the expected calcium flux or
Thl cytokine responses following TCR ligation; moreover,
TCR ligation results in p38-dependent induction of interleu-
kin-10, a Th2 cytokine that suppresses the T-cell response (43).
The HSV-induced TCR signaling modification is downstream
of activation of Zap70 and correlates with decreased tyrosine
phosphorylation of the T-cell signaling adaptor molecule LAT
(linker of activated T cells) (42). These findings indicate that
inactivation stems from virus-induced alterations to the protein
tyrosine kinase signaling cascade emanating from the TCR.
Consistent with this view, inactivation was partially attenuated
by inhibitors of protein tyrosine phosphatases (42).

Given the foregoing observations, we sought to broadly ex-
amine changes in protein tyrosine phosphorylation in HSV-
inactivated lymphocytes in order to gain further insight into the
mechanism of inactivation. We report here that HSV-inacti-
vated lymphocytes contain a prominent, novel, ca. 90-kDa ty-
rosine-phosphorylated protein, which we identify as the HSV
tegument protein VP11/12, encoded by gene UL46. Tyrosine
phosphorylation of VP 11/12 was lymphocyte specific, and in
Jurkat cells it required the Src family kinase Lck, a key player
in the activation pathways of both T and NK cells. However,
our data demonstrate that VP11/12 is not essential for the
HSV-induced blockade of TCR signaling in Jurkat cells or for
functional inactivation of the NK-92 NK cell line, indicating
that any putative effect of VP11/12 on lymphocyte function is
likely to be more subtle than complete abrogation of signaling
pathways. Thus, further studies are required to define the role
of VP11/12 in the biology of HSV-lymphocyte interactions.

MATERIALS AND METHODS

Cells. NK-92 cells (a gift from D. Burshtyn, University of Alberta; originally
obtained from the ATCC) were grown in a-minimal essential medium («MEM;
Gibco) supplemented with 12.5% horse serum (Sigma), 12.5% fetal bovine
serum (FBS) (PAA Laboratories Inc.), 0.2 mM inositol (Sigma), 0.1 mM 2-mer-
captoethanol (BDH), 0.02 mM folic acid (Sigma), 2 mM L-glutamine (Gibco), 20
pg/ml gentamicin (Gibco), and 100 U/ml interleukin-2 (Hoffmann-LaRoche
Inc.). 721.221 B cells (23) (a gift from D. Burshtyn) were maintained in Iscove’s
modified Dulbecco’s medium supplemented with 10% FBS, 4 mM L-glutamine,
and 100 U/ml penicillin-streptomycin (Gibco). Jurkat 6.8 and JCaM 1.6 cells (14)
(donated by H. Ostergaard, University of Alberta; originally obtained from the
ATCC) were maintained in RPMI 1640 medium (Gibco) supplemented with
10% FBS, 200 mM L-glutamine, 100 mM sodium pyruvate (Gibco), and 100 U/ml
penicillin-streptomycin. Human embryonic lung (HEL) fibroblasts (obtained
from the ATCC) were maintained in Dulbecco’s modified Eagle’s medium
(DMEM; Gibco) supplemented with 10% FBS, 100 mM sodium pyruvate, and
100 U/ml penicillin-streptomycin. Vero cells (obtained from the ATCC) were
maintained in DMEM supplemented with 5% FBS and 100 U/ml penicillin-
streptomycin.

Coculture of lymphocytes with HSV-infected fibroblasts. HEL fibroblasts in
6-well culture dishes were infected with 10 PFU/cell of the indicated HSV strain,
and the infection was allowed to proceed for 12 h. The infected cells were then
washed with phosphate-buffered saline, and lymphocytes growing in the appro-
priate medium were added to the culture and incubated for 3 to 4 h. Lympho-
cytes were added to the fibroblasts at a 1:1 ratio unless otherwise stated. Where
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indicated, the Src family kinase inhibitor PP2 (Calbiochem) was added to a final
concentration of 10 uM during the coculture period. The lymphocytes were then
collected and either used directly for a lytic assay or processed for mass spec-
trometry or Western blot analysis.

Mass spectrometry. Approximately 4 X 107 Jurkat or NK-92 cells were ex-
posed to HEL fibroblasts infected with HSV type 2 (HSV-2) strain HG52 as
described above, recovered, and then lysed by incubation in lysis buffer (1%
Nonidet, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EGTA, 1 mM NaF,
1 mM Na;VO,, 50 mM Tris-HCI [pH 7.4]) supplemented with a phosphatase
inhibitor cocktail (Sigma) and Complete protease inhibitor cocktail (Roche).
Nuclei were pelleted; the supernatants were incubated overnight at 4°C with an
antiphosphotyrosine monoclonal antibody (4G10; dilution, 1:20,000; Upstate);
and immune complexes were then recovered by incubation with 50% protein G
agarose (Roche) for 1 h at 4°C. Bound proteins were isolated by centrifugation
and then separated by electrophoresis on a 10% sodium dodecyl sulfate (SDS)-
polyacrylamide gel along with a Precision Plus molecular weight standard (Bio-
Rad). The proteins were silver stained (SilverQuest; Invitrogen) according to the
manufacturer’s protocol. Immunoprecipitated proteins were then analyzed by
mass spectrometry at the Institute for Biomolecular Design, University of Al-
berta.

Western blotting. Samples separated by electrophoresis through an SDS-10%
polyacrylamide gel were transferred to a nitrocellulose membrane (Hybond
ECL; Amersham Pharmacia). In most experiments, specific proteins were de-
tected using horseradish peroxidase-conjugated secondary antibodies (Promega)
and an ECL Plus detection system (Amersham Biosciences). In some cases,
membranes were stripped by incubation in 62.5 mM Tris (pH 6.7)-2% SDS-
0.7% B-mercaptoethanol prior to reprobing with another antibody. In the ex-
periments for which results are shown in Fig. 7 and 9, signals were detected and
quantified with fluorochome-conjugated secondary antibodies by using an
Odyssey infrared imager (LI-COR Biosciences). Signals were detected with the
Odyssey infrared imager (LI-COR Biosciences) and quantified using Odyssey
application software, version 1.2.

Antibodies. Antibodies used for Western blotting included mouse monoclonal
antibodies directed against phosphotyrosine (4G10; dilution, 1:20,000; Upstate),
actin (AC-15; 1:3,000; Sigma), phospho-p44/42 mitogen-activated protein kinase
(extracellular signal-regulated kinases 1 and 2 [ERK1/2]) (Thr202/Tyr204) (E10;
1/1,000; Cell Signaling), HSV-1 VP16 (LP1; 1/32,000; provided by Tony Minson),
and HSV-1 ICP27 (catalog no. 1113; 1/2,500; Goodwin Institute); rabbit poly-
clonal antisera raised against B-actin (1/2,000; Sigma) and HSV-2 UL46 (1:
30,000; provided by Yukihiro Nishiyama); and IR800-conjugated donkey anti-
mouse (1:15,000; Rockland), Alexa Fluor 680-conjugated goat anti-rabbit (1:
15,000; Invitrogen), and IRDye800-conjugated goat anti-rabbit (1/15,000;
Rockland) immunoglobulin G (IgG). Monoclonal antibody OKT3, directed
against CD3 (eBioscience), was used to initiate signaling through the TCR
following cross-linking with goat anti-mouse IgG2a (Sigma), as described in the
legend to Fig. 7.

Construction of UL46 mutants. KOS-37 (13), an infectious bacterial artificial
chromosome (BAC) bearing the entire HSV-1 strain KOS genome, was used as
the substrate for generating HSV-1 isolates bearing null mutations at the UL46
locus. Mutagenesis was performed using bacteriophage N Red-mediated homol-
ogous recombination in Escherichia coli (recombineering [reviewed in reference
9]) using the E. coli galK gene as the selectable marker (52) (see also the protocol
at http://recombineering.ncifcrf.gov/Protocol.asp). Mutagenesis was accom-
plished in two steps using sequential rounds of positive and negative selection for
galK in the galK-deficient E. coli strain SW102, as described by Warming et al.
(52). First, the HSV-1 UL46 open reading frame (ORF) was precisely deleted
from KOS-37 and replaced with a galK expression cassette, yielding KOS-37
AULA46galK. Second, the galK cassette was either precisely removed from
KOS-37 AULA46galK to form a seamless deletion of the UL46 ORF (KOS-37
AULA46) or replaced by the UL46 ORF to yield a UL46 repair construct (KOS-37
RUL46).

For the construction of KOS-37 AUL46galK, a linear galK expression cassette
was amplified by PCR from pgalK (52) using a pair of galK primers that bear 5’
sequences corresponding to the 50 nucleotides (nt) immediately upstream of the
ULA6 start codon and the 54 nt immediately downstream of the UL46 stop
codon, respectively: GACAAACAGGGGGAAAGGGGCGTGGTCTAGCGA
CGGCAGCACGGGCGGAGGCGTcctgttgacaattaatcateggea-3' and 5'-GGAC
GCGGCATAACTCCGACCGGCGGGTCCCGACCGAACGGGCGTCACCt
cagcactgtcctgcetectt-3'. (HSV-1 sequences are capitalized, and galK sequences are
lowercased.)

The construct bearing a seamless UL46 deletion, KOS-37 AULA46, was pro-
duced using a double-stranded linear oligonucleotide homologous to the regions
flanking the UL46 ORF. Specifically, the oligonucleotide was composed of se-
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quences corresponding to 49 nt immediately upstream of the UL46 start codon
directly fused to 54 nt located immediately downstream of the UL46 stop codon:
5'-GACAAACAGGGGGAAAGGGGCGTGGTCTAGCGACGGCAGCACG
GGCGGAGGCGT/GGTGACGCCCGTTCGGTCGGGACCCGCCGGTCGG
AGTTATGCCGCGTCC-3'.

For construction of KOS-37 RULA46, a linear cassette of the UL46 ORF
extending from 52 nt upstream of the UL46 start codon to 57 nt downstream of
the UL46 stop codon was amplified from KOS-37 by using primers 5'-GTCGA
CAAACAGGGGGAAAG-3' and 5'-CTGGACGCGGCATAACTC-3'.

Appropriately modified BAC clones were initially identified by PCR using
primers internal to the galKk ORF (CCATTGTCGCACATGAAAAC and TCC
AGTGAAGCGGAAGAACT) and the HSV-1 UL46 ORF (GGACTCAGCCG
GTGACATAC and AAGTACCTGCAGACGGTGGT). The presence of the
desired modification of the UL46 locus was then confirmed by PCR with primers
flanking the UL46 ORF (GACAAACAGGGGGAAAGG and GGACGCGGC
ATAACTCC) and Southern blot analysis. Following verification, BAC DNA was
isolated using the large-construct purification kit from Qiagen and was converted
to infectious HSV-1 by transfection into Cre-Vero cells (13) using Lipofectamine
2000 (Invitrogen).

Plasmids. A plasmid containing the HSV-1 KOS UL46 ORF (pUL46) was
constructed by inserting a PCR product extending from 10 nt upstream of the
ULA46 start codon to 30 nt downstream of the stop codon between the EcoRI and
Xhol restriction sites of pcDNA3.1 (Invitrogen) by using the primer pair ttgaat
tcGGGCGTCACCATGCAG-tttctcgagGTCTAGCGACGGCAGCAC.

A plasmid containing the HSV-1 DNA sequences that flank the HSV-1 KOS
UL46 ORF (pL1R1) was made in two steps. First, HSV-1 genomic sequences
extending from 18 to 472 nt downstream of the UL46 stop codon (amplified
using primers tctctagaGTCCAGTCGGCAAGATCCTC and ttttgeggecgCACG
CCTCCGCCCGTGCTGC) were inserted between the Xbal and Notl sites of
pBluescript SK(+) (Fermentas), producing pL1. Second, a PCR product extend-
ing from 1 to 350 nt upstream of the UL46 start codon was inserted between the
NotlI and Sacl sites of pL1 by using primers gtttgcggccecGGTGACGCCCGTT
CGGT and ttgagctcCGGAGCACGTGGATCTGC.

Southern blotting. BAC or viral DNA was digested with the indicated restric-
tion endonucleases and analyzed by Southern blotting using 3°P-labeled probes
as previously described (31). A probe corresponding to the UL46 ORF was
generated from pULA46 by digestion with EcoRI and Xhol; the galK probe was
isolated from pgalK following digestion with EcoRI and NotI; and the sequences
that flank the HSV-1 UL46 were isolated from pL1R1 following digestion with
Xbal, Notl, and Sacl.

Chromium release assay for NK cell-mediated lysis of target cells. NK cell
lytic activity was measured by a chromium release assay (54). Target 721.221 B
cells were labeled with 100 p.Ci/ml Na,*'CrO, (Perkin-Elmer) for 1.5 to 3 h at
37°C; then they were washed and resuspended in NK-92 cell medium. NK-92 and
721.221 cells were coincubated at various effector-to-target ratios for 4 to 5 h at
37°C. Radioactivity released from the target cells was then measured using a
1450 Wallac Microbeta TriLux liquid scintillation counter. The percentage of
lysis was calculated as (radioactivity released from the sample — radioactivity
released from the spontaneous target lysis control)/(radioactivity released from
the maximum target lysis control — radioactivity released from the spontaneous
target lysis control). (Radioactivity was measured in counts per minute.) The
radioactivity released via spontaneous target lysis was determined by using
721.221 cells incubated in the absence of NK-92 effectors. Maximal target lysis
was measured by determining the radioactivity released from 721.221 cells in the
absence of NK-92 effectors and in the presence of 10% Igepal CA-630 (Sigma).

RESULTS

Lymphocytes exposed to HSV-infected fibroblasts display a
prominent, ca. 90-kDa protein detected with an antiphospho-
tyrosine antibody. As reviewed in the introduction, T lympho-
cytes and NK cells are functionally inactivated following expo-
sure to HSV-infected fibroblasts (8, 40). Recent studies suggest
that inactivation of Jurkat T lymphocytes is accomplished by
blocking signaling through the TCR at one or more steps prior
to activation of LAT (42). Moreover, this functional inactiva-
tion can be attenuated by inhibitors of protein tyrosine phos-
phatases, implying that it involves modulation of tyrosine phos-
phorylation (42). We therefore sought to broadly examine
changes in protein tyrosine phosphorylation in lymphocytes
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FIG. 1. Analysis of tyrosine-phosphorylated proteins in lympho-
cytes after exposure to HSV-infected fibroblasts. The indicated lym-
phocytes were incubated for 4 h with HEL fibroblasts that had been
either mock infected or infected with HSV-1 F or HSV-2 HG52 12 h
previously. The lymphocytes were then removed, and extracts were
analyzed by Western blotting with an antiphosphotyrosine antibody.
The mobilities of protein markers are indicated on the left.

following exposure to HSV-infected fibroblasts. To this end,
HEL fibroblasts were either mock infected or infected with
HSV-1 strain F or HSV-2 strain HG52 for 12 h. Jurkat,
721.221, and NK-92 cells (CD4* T cells, B cells, and NK cells,
respectively) were then exposed to the infected fibroblasts for
4 h. The lymphocytes were removed and lysed, and extracts
were analyzed by Western blotting with monoclonal antibody
4G10, directed against phosphotyrosine (Fig. 1). Strikingly, all
three lymphocyte cell lines displayed a novel, prominent 4G10-
reactive protein of ca. 90 kDa after exposure to HSV-1- or
HSV-2-infected fibroblasts (although the signal induced by
HSV-1 in 721.221 cells was weaker than those in the other cell
types). Similar results were obtained with a CD8" CTL clone
(SA) and an additional Epstein-Barr virus-immortalized B-cell
line (data not shown). In contrast, no such prominent tyrosine-
phosphorylated species could be discerned in lymphocytes ex-
posed to mock-infected fibroblasts (Fig. 1) or in the HSV-
infected fibroblasts themselves (see Fig. 5 below). In many
experiments, the exposed lymphocytes also displayed a prom-
inent tyrosine-phosphorylated band (or bands) of ca. 55 to 60
kDa (for example, see the Jurkat cell samples in Fig. 1), but
this was less consistently observed. Exposed Jurkat cells also
displayed a much weaker, ca. 37-kDa tyrosine-phosphorylated
band (for example, see Fig. 4B). These results indicated that
cells representing three distinct lymphocyte lineages contain a
prominent, novel, ca. 90-kDa tyrosine-phosphorylated protein
after exposure to HSV-infected fibroblasts.

The 90-kDa tyrosine-phosphorylated protein is HSV VP11/
12, encoded by gene UL46. We sought to identify the 90-kDa
tyrosine-phosphorylated protein as a prelude to studies of its
possible role(s) in the biology of HSV-lymphocyte interactions.
As the first step, we used mass spectrometry to suggest poten-
tial candidates for its identity. To this end, Jurkat and NK-92
cells were exposed to HEL fibroblasts infected with HSV-2
strain HGS52 as described for Fig. 1. The cells were then re-
moved and lysed, and tyrosine-phosphorylated proteins were
isolated by immunoprecipitation with the antiphosphotyrosine
antibody, followed by SDS-polyacrylamide gel electrophoresis.
Gel slices containing proteins migrating at ca. 90 and 60 kDa
were separately excised and analyzed by mass spectrometry.
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FIG. 2. Tyrosine phosphorylation of the HSV tegument protein
VP11/12, encoded by gene UL46. (A). VP11/12 is tyrosine phosphor-
ylated. HEL fibroblasts were either mock infected or infected with the
indicated viruses for 12 h. Jurkat T cells were then coincubated with
the fibroblasts for 4 h, and extracts of the lymphocytes were prepared.
Cell lysates were analyzed by Western blotting with an antiphospho-
tyrosine antibody as for Fig. 1. The prominent ca. 90- and 120-kDa
bands, presumed to correspond to wild-type VP11/12 (UL46) and the
VP11/12-GFP fusion protein encoded by GHSV-UL46 (UL46-GFP),
respectively, are indicated by arrows. The mobilities of protein markers
are indicated on the left. (B) VP11/12 is immunoprecipitated by an
antiphosphotyrosine antibody. Jurkat cells were exposed to HEL fi-
broblasts as described for panel A and were then harvested 9 h later.
Extracts were immunoprecipitated with the antiphosphotyrosine anti-
body, and precipitated UL46-related proteins were detected by West-
ern blotting with a polyclonal antibody directed against HSV-2 VP11/
12. The mobilities of protein markers are indicated on the left.

Many host proteins were present in the ca. 90- and 60-kDa gel
slices; however, in one of two experiments, we also identified
peptides derived from the HSV-2 strain HG52 tegument pro-
tein VP11/12, encoded by gene UL46. Specifically, one UL46
peptide was detected in the 90-kDa sample from Jurkat cells,
and two additional UL46 peptides were found in the 60-kDa
sample from NK-92 cells (data not shown). No other viral
proteins were identified. Previous studies have shown that
HSV-2 VP11/12 produced in Vero cells migrates in SDS-poly-
acrylamide gels with an apparent molecular mass of 82 to 86
kDa (22), so it seems likely that the UL46 peptides found in
the 60-kDa sample arose from partially degraded or otherwise
truncated VP11/12. Although these mass spectrometry data
were by no means definitive, the results raised the possibility
that the prominent, ca. 90-kDa phosphoprotein might corre-
spond to a tyrosine-phosphorylated form of HSV VP11/12.
We therefore asked if the major tyrosine-phosphorylated
protein was altered in Jurkat cells exposed to fibroblasts in-
fected with HSV-1 stain KOS mutant GHSV-UL46, which
encodes a UL46—green fluorescent protein (GFP) fusion pro-
tein of ca. 120 kDa (53). As observed previously, wild-type
HSV-1 or HSV-2 triggered the appearance of a prominent, ca.
90-kDa tyrosine-phosphorylated band detected by the an-
tiphosphotyrosine antibody, as well as a broader band or bands
in the 55- to 60-kDa range. By contrast, the ca. 90-kDa signal
was greatly reduced and replaced by a prominent, ca. 120-kDa
species in Jurkat cells exposed to fibroblasts infected with
GHSV-ULA6 (Fig. 2A). This result indicated that most or all of
the 90-kDa tyrosine-phosphorylated material corresponds to
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VP11/12. Also consistent with tyrosine phosphorylation of
VP11/12, immunoprecipitation/Western blot analysis using a
polyclonal antibody raised against HSV-2 VP11/12 (22) docu-
mented that both wild-type VP11/12 and the UL46-GFP fusion
protein were immunoprecipitated by the antiphosphotyrosine
antibody 4G10 (Fig. 2B). Unexpectedly, GHSV-UL46 pro-
duced small amounts of a ca. 90-kDa tyrosine-phosphorylated
protein (Fig. 2A) in addition to the predicted 120-kDa UL46-
GFP fusion protein. This residual 90-kDa band, which differed
in relative abundance between experiments (for example, com-
pare Fig. 2A to Fig. 5), likely corresponds to a degradation
product of the UL46-GFP fusion protein, since it reacts with
the anti-VP11/12 antibody (Fig. 2B). GHSV-ULA46 continued
to induce the appearance of tyrosine-phosphorylated bands at
ca. 55 to 60 kDa, albeit at somewhat reduced levels compared
to those with wild-type HSV-1 KOS. The identity of the pro-
tein or proteins that give rise to this 55- to 60-kDa signal has
yet to be determined, but we note that these bands do not
obviously react with the anti-VP11/12 antibody (Fig. 2A; also
data not shown). Taken in combination, these data establish
that the prominent 90-kDa tyrosine-phosphorylated protein
detected in inactivated lymphocytes is the HSV tegument pro-
tein VP11/12.

Construction of UL46-null viruses. We wished to examine
the phenotypes of HSV UL46-null mutants in order to further
confirm the identity of the major ca. 90-kDa tyrosine-phosphor-
ylated protein and investigate the possible role of VP11/12 in
the biology of HSV-lymphocyte interactions. McKnight and
coworkers have previously derived viable HSV-1 strain F mu-
tants bearing null mutations at the UL46 locus (59, 60); how-
ever, the mutants obtained in these studies were no longer
available to us. We therefore constructed additional HSV-1
UL46-null mutants by using bacteriophage N Red-mediated
targeted homologous recombination (recombineering) (9) of
an infectious BAC clone of the HSV-1 KOS genome (KOS-
37). We first generated a UL46-null mutant (AUL46galK) in
which the UL46 OREF is precisely deleted and replaced with an
E. coli galK expression cassette (Fig. 3A) (Materials and Meth-
ods). The AUL46galK BAC was then used as the template for
a second round of recombineering employing ga/K counter-
selection to produce a seamless UL46-null deletion (AUL46)
and a UL46 repair construct (RUL46) (Fig. 3A).

We used Southern blot analysis to confirm that the virus
stocks derived from the modified BACs displayed the appro-
priate structure at the UL46 locus (Fig. 3; also data not
shown). Total DNA extracted from infected Vero cells was
digested with BamHI or Mlul, which cut within the UL46 ORF
or the galK expression cassette, respectively (diagrammed in
Fig. 3A). The resulting fragments were then detected using
probes corresponding to the sequences that flank the UL46
ORF (Flanks), the galK gene, or the UL46 ORF. As predicted,
the wild-type UL46 locus present in KOS-37 and RUL46 DNA
gave rise to 8,055-bp and 717-bp BamHI fragments that were
detected by both the UL46 and Flanks probes (Fig. 3A and B).
These wild-type DNAs also displayed the single expected
3,027-bp Mlul fragment that hybridized to the UL46 and
Flanks probes, and neither viral genome reacted with the galK
probe (Fig. 3B). Consistent with replacement of the UL46
ORF by the galK gene, AUL46galK DNA displayed a single
7,933-bp BamHI fragment that bound to the Flanks and ga/K
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FIG. 3. Verification of the UL46 mutations produced by recombineering of the KOS-37 BAC. (A) Genomic structures of wild-type and UL46
mutant viruses. Below the schematic diagram of the HSV-1 KOS-37 genome is an expanded view of the UL46 locus. The location and orientation
of the UL46 ORF are indicated, along with the locations of cleavage sites for BamHI and Mlul. “Flanks” indicates the probe that detects the UL46
5" and 3’ flanking sequences. AUL46galK bears a deletion/substitution mutation that replaces the UL46 ORF with the E. coli galK gene; AUL46
bears a precise deletion of the UL46 ORF; and RULA46 is a UL46 repair virus derived from AUL46galK. (B) Southern blot analysis of viral DNA.
Total cellular DNA extracted from Vero cells infected with the indicated viruses was cleaved with BamHI or Mlul and analyzed by Southern blot
hybridization using the indicated probes. Mobilities of molecular weight markers (in nucleotides) are indicated.

probes but not to the UL46 probe. Also consistent with acqui-
sition of the galK cassette and loss of UL46, AUL46galK DNA
generated the predicted 1,317-bp and 784-bp fragments upon
digestion with Mlul, both of which hybridized to the gal/K and
Flanks probes but not to the UL46 probe. Finally, as expected,
AULA46 DNA gave rise to a single fragment that hybridized
only to the Flanks probe following digestion with BamHI or
Mlul; moreover, the size of the AUL46 Mlul fragment was
consistent with the predicted seamless deletion of the 2,157-bp
ULA46 ORF.

Taken in combination, these and other data document that
the viral mutants derived by recombineering of the KOS-37

BAC displayed the intended genome configurations at the
ULA46 locus.

The UL46 gene product VP11/12 is required for the appear-
ance of the 90-kDa tyrosine-phosphorylated protein. As doc-
umented above, the UL46-null viruses AUL46galK and AUL46
lack the UL46 ORF and hence cannot express the UL46 gene
product VP11/12. We therefore used these mutant isolates to
determine if production of VP11/12 is required for the appear-
ance of the 90-kDa tyrosine-phosphorylated protein in lym-
phocytes exposed to infected fibroblasts.

We first confirmed that the UL46 null mutations indeed
abrogate the production of VP11/12. HEL fibroblasts were
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FIG. 4. Analysis of UL46 and tyrosine-phosphorylated proteins in
cells infected with UL46 mutants. (A). HEL fibroblasts were either
mock infected or infected with wild-type HSV (HSV-2 HG52, HSV-1
KOS-37), the UL46-null viruses (AUL46galk, AUL46), or the UL46
repair virus (RULA46). Cell extracts prepared 16 h postinfection were
then analyzed by Western blotting using a rabbit polyclonal antiserum
directed against HSV-2 strain 186 UL46 (top panel) and monoclonal
antibody LP1, directed against VP16 (bottom panel). (B) Jurkat cells
were exposed as before to HEL fibroblasts that had been either mock
infected or infected by wild-type HSV (HSV-2 HG52, HSV-1 KOS-
37), a UL46-null virus (AUL46galk, AULA46), or the ULA46 repair virus
(RULA46). The Jurkat cells were then removed, and extracts were
analyzed by Western blotting with an antiphosphotyrosine antibody.
The mobility of the prominent 90-kDa tyrosine-phosphorylated pro-
tein is indicated (p-Tyr).

infected with HSV-2 HG52, HSV-1 KOS-37, or the KOS-37
derived mutants, AUL46galk, AUL46, and RUL46. Extracts
prepared 16 h postinfection were then analyzed by Western
blotting using the rabbit polyclonal antibody directed against
HSV-2 VP11/12 (Fig. 4A). As a control, the samples were also
probed with a monoclonal antibody directed against another
abundant tegument protein, VP16, the product of the UL48
gene. All of the wild-type viruses gave rise to a strong VP11/12
signal; in contrast, no VP11/12 could be detected in cells in-
fected with the UL46-null mutants AUL46galK and AUL46,
although these samples displayed levels of VP16 comparable to
those of the other virus isolates. These data confirmed that
AUL46galK and AULA46 fail to produce VP11/12 and that this
defect is rescued in the UL46-repaired virus RUL46. Compa-
rable results were obtained with infected Vero cells (data not
shown).

We then asked if inactivation of the UL46 gene abrogates
the appearance of the ca. 90-kDa tyrosine-phosphorylated pro-
tein in lymphocytes exposed to HSV-infected fibroblasts. Jur-
kat cells were exposed to infected HEL fibroblasts, and ty-
rosine-phosphorylated proteins were examined as described
above (Fig. 4B). HSV-2 HGS52 and wild-type HSV-1 KOS-37
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FIG. 5. Lymphocyte-specific tyrosine phosphorylation of VP11/12.
HEL fibroblasts were infected with 10 PFU/cell of the indicated vi-
ruses. Twelve hours later, Jurkat T cells or NK-92 cells were added to
some of the cultures. Four hours later, the lymphocytes were removed,
and extracts were analyzed for tyrosine-phosphorylated proteins as
before. Extracts prepared at the same time from HEL cells that had
not been exposed to lymphocytes were analyzed in parallel. The mo-
bilities of the prominent ca. 90-kDa and 120-kDa tyrosine-phosphory-
lated proteins produced by HSV-1 KOS and GHSV-ULA46 are indi-
cated (UL46 and UL46-GFP, respectively).

triggered the appearance of the prominent ca. 90-kDa ty-
rosine-phosphorylated protein as before; in marked contrast,
the 90-kDa band was entirely absent from Jurkat cells exposed
to fibroblasts infected with either of the UL46 null mutants.
The 90-kDa band was, however, restored when the UL46 re-
pair virus RUL46 was used. Similar data were obtained when
NK-92 cells were exposed to HEL cells infected with the var-
ious HSV mutants (data not shown). Thus, VP11/12 is required
for the appearance of the 90-kDa tyrosine-phosphorylated pro-
tein in lymphocytes exposed to HSV-infected fibroblasts. Of
note, the UL46 null mutations also reduced the levels of the ca.
50- to 60-kDa and ca. 37-kDa tyrosine-phosphorylated species
in the exposed Jurkat cells (Fig. 4B).

Tyrosine phosphorylation of VP11/12 is cell type specific. A
previous study has documented that HSV-1 and HSV-2 induce
the production of multiple tyrosine-phosphorylated proteins
during infection of Vero cells, including the immediate-early
(IE) viral protein ICP22 (5); however, tyrosine phosphoryla-
tion of VP11/12 has not been reported previously. To deter-
mine if tyrosine phosphorylation of VP11/12 is lymphocyte
specific, we first infected HEL fibroblasts with HSV-1 KOS and
GHSV-ULA46 and then compared extracts of these cells pre-
pared 16 h postinfection to those of Jurkat and NK-92 cells
exposed to parallel cultures of infected fibroblasts from 12 to
16 h after infection with the same viruses (Fig. 5). The ca. 90-
and 120-kDa tyrosine-phosphorylated bands corresponding to
UL46 and UL46-GFP were readily detected only in the lym-
phocytes, despite the fact that the HEL cells contained easily
detectable levels of total VP11/12 (Fig. 4; also data not shown).
However, upon heavy overexposure of the blots, we occasion-
ally observed an extremely weak, ca. 90-kDa tyrosine-phosphor-
ylated band in the infected fibroblasts (data not shown). These
observations document that efficient tyrosine phosphorylation
of VP11/12 is cell type specific, since it is readily detected in
exposed lymphocytes but not in infected fibroblasts. The data
obtained to date are consistent with the hypothesis that ty-
rosine phosphorylation of VP11/12 is lymphocyte specific, al-



6104 ZAHARIADIS ET AL.

Jurkat JCAMA1.6 Jurkat+PP2

Do Do Do
o O [ONe) [ONe)
IX Iy IX
NI D NI
S5>8>S 8> >
SChDohhd S ®
=TI IL=2TIT =TI
100~
o] < p-Tyr
75-
50- .

-;----—-‘—Actm

B Jurkat JCAM1.6 Jurkat+PP2

N N o
0 0 n 0 0 0
00 OO0
22 2L 8¢
NT NS RNY
S>> 2 >
omnmnNWowmwvm ow 0N
SIISIISTT
1007 i oo @@=~ UL46
75— =

FIG. 6. Src family kinase activity is required for efficient tyrosine
phosphorylation of VP11/12 in Jurkat T cells. (A) HEL fibroblasts
were either mock infected or infected with HSV-2 HG52 or HSV-1
KOS for 12 h in the absence of PP2. Jurkat cells or cells of the
Lck-deficient Jurkat derivative JCaM 1.6 were then added to the cul-
tures, and extracts prepared 4 h later were analyzed for tyrosine-
phosphorylated proteins and B-actin by Western blotting as before.
Where indicated, PP2 was added at the same time as the Jurkat cells.
The mobility of the 90-kDa tyrosine-phosphorylated protein is indi-
cated. (B) The Western blot described for panel A was stripped and
reprobed with antisera raised against the HSV-2 186 UL46 protein.

though we cannot exclude the possibility that this modification
also occurs in additional cell types that have yet to be identi-
fied.

Phosphorylation of VP11/12 requires members of the Src
kinase family, including the lymphocyte-specific Src kinase
Lck. The cell-type-specific nature of VP11/12 tyrosine phos-
phorylation suggested that lymphocyte-specific protein ty-
rosine kinases might be involved. As one approach to examin-
ing this possibility, we asked if the Src family kinase Lck
(lymphocyte-specific protein tyrosine kinase) plays any role.
Lck is expressed in a tissue-specific fashion, being largely re-
stricted to lymphocytes and neurons (34, 36, 37, 50). In T cells,
Lck plays a key role in signaling through the TCR, where it
phosphorylates the CD3 and TCR ¢ chains of the TCR com-
plex in response to TCR ligation (reviewed in reference 36).
To determine if Lck is required for tyrosine phosphorylation of
VP11/12 in Jurkat T cells, we exposed wild-type and Lck-
deficient (JCaM 1.6) (14, 47) Jurkat cells to HEL fibroblasts
infected with HSV-1 or HSV-2 as before; in addition, the Src
family kinase inhibitor PP2 was added to some of the Jurkat
cell cultures during the coincubation period. The lymphocytes
were then removed, lysed, and analyzed for tyrosine-phosphor-
ylated (Fig. 6A) and total (Fig. 6B) VP11/12 by Western blot-
ting. Strikingly, the Lck-deficient JCaM 1.6 cells displayed se-
verely reduced levels of 90-kDa tyrosine-phosphorylated
VP11/12 compared to the parental Jurkat cell line (Fig. 6A); in
contrast, the levels of total VP11/12 appeared to be roughly
comparable in the two cell lines, at least in the samples derived
from cells exposed to fibroblasts infected with HSV-2. Along
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the same lines, PP2 reduced the ca. 90-kDa phosphotyrosine
signal in wild-type Jurkat cells (Fig. 6A) without greatly alter-
ing the overall levels of VP11/12 (Fig. 6B). These data suggest
that Src family kinases, including Lck, are required for efficient
tyrosine phosphorylation of VP11/12 in Jurkat T cells. How-
ever, we note that in some experiments, the total levels of
VP11/12 were also somewhat reduced in the JCaM 1.6 cells
and in the Jurkat cells treated with PP2 (data not shown),
raising the possibility that Lck and/or other Src family kinases
may additionally play a role in controlling the overall abun-
dance of VP11/12 in these cells.

ULA46 gene products are not required for the HSV-induced
blockade of TCR signaling or functional inactivation of NK-92
cells. As outlined in the introduction, CTL and NK cells are
functionally inactivated by HSV. As a first step in examining
the role of VP11/12 in the biology of HSV-lymphocyte inter-
actions, we asked if UL46 gene products are required for the
HSV-induced blockade to TCR signaling in Jurkat T cells (42).
Cultures of Jurkat cells were directly infected with 20 PFU/cell
of wild-type KOS-37, the UL46-null mutant AUL46, and the
ULA46-repaired virus RUL46. Eight hours postinfection, each
of the cultures was divided in half, and TCR signaling was
initiated in one of the samples by cross-linking of the TCR
using antibody OKTS3, directed against CD3. Phosphorylation
of the downstream ERKI1/2 mitogen-activated protein ki-
nase(s) was assessed by Western blotting using antibodies that
detect phosphorylated and total ERK1/2 (Fig. 7A). As ex-
pected (42), ERK phosphorylation in response to TCR ligation
was severely impaired in cells infected with KOS-37 and
RULA46, confirming the block to TCR signaling imposed by
wild-type HSV-1. We found that AUL46 was as effective as
KOS-37 and RULA46 in blocking ERK phosphorylation (Fig.
7A and B), indicating that ULA46 is not required for the HSV-
induced signaling blockade in Jurkat T cells.

We also asked if UL46 is required for the ability of HSV-
infected fibroblasts to attenuate the lytic activity of NK cells.
Preliminary experiments indicated that the lytic activity of
NK-92 cells toward the major histocompatibility complex class
I-low B-cell line 721.221 is severely reduced following exposure
of the NK-92 cells to HEL fibroblasts infected with wild-type
HSV-1 or HSV-2 (data not shown). To examine the contribu-
tion of VP11/12 to this inhibition, NK-92 cells were exposed to
HEL cells infected with wild-type KOS-37, the UL46-null mu-
tants AUL46galK and AULA46, or the UL46-repaired virus
RULA46 from 12 to 16 h postinfection. The NK-92 cells were
then removed and assayed for their ability to lyse > Cr-labeled
721.211 target cells in a >'Cr release assay (Fig. 8). We found
that the UL46 mutants could not be distinguished from wild-
type KOS-37 or the UL46 repair virus RUL46 in this assay:
with all these viruses, infected HEL cells reduced the lytic
activity of NK-92 cells to similar degrees relative to that for
mock-infected controls. Thus, UL46 is not required for HSV-
induced inactivation of the lytic activity of the NK-92 cell line
under the conditions of our assay.

Deletion of VP11/12 does not alter viral IE gene expression
in lymphocytes. Previous studies have suggested that VP11/12
modulates viral IE gene expression in nonlymphoid cells.
VP11/12 enhances the ability of HSV VP16 to transactivate
viral IE promoters in transient transfection assays (22, 30), and
one report indicates that VP11/12 also blocks IE promoter
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FIG. 7. ULA46 is not required for HSV-induced inhibition of TCR signaling. (A) Jurkat T cells were either mock infected or infected with 20
PFUj/cell of the indicated virus for 8 h. Each culture was then divided in half and incubated on ice for 15 min with or without 10 pwg/ml of an
anti-CD3 antibody (OKT3). The anti-CD3 antibody was then cross-linked by incubation on ice for an additional 15 min with goat anti-mouse IgG2a
(15 pg/ml). Samples were then incubated for 10 min at 37°C, followed by Western blot analysis using antibodies that detect total and phosphor-
ylated ERK1/2. (B) The levels of phosphorylated ERK present in OKT3-treated cells (see panel A) were quantified using an Odyssey infrared
imager and normalized to total ERK levels. Values are expressed in arbitrary units.
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FIG. 8. ULA46 is not required for HSV-induced inhibition of NK-92
cells. HEL fibroblasts were either mock infected or infected with the
indicated virus for 12 h. NK-92 cells were exposed to the fibroblasts
from 12 to 16 h postinfection; then they were removed and analyzed
for lytic activity against 721.221 target cells in a chromium release assay
at various effector-to-target cell ratios. Data points are means from
quadruplicate samples within a single experiment.

activity in the absence of VP16 in such assays (22). Consistent
with these observations, VP11/12 physically interacts with
VP16 (22, 51). Although such effects of VP11/12 on IE gene
expression have not been convincingly demonstrated in the
context of HSV-infected cells (59, 60), it seemed possible that
tyrosine phosphorylation of VP11/12 might alter the ability of
VP11/12 to stimulate HSV IE gene expression. To test this
possibility, we infected Jurkat cells with varied multiplicities of
cell-free KOS-37, AUL46, and RUL46 and compared the
amounts of the IE protein ICP27 (normalized to B-actin) at 4 h
postinfection (Fig. 9). We were unable to detect any difference
in the ICP27 levels between cells infected with the UL46-null
mutant AUL46 and those infected with the parental or re-
paired viral isolate KOS-37 or RULA46, respectively. Thus,
ULA6 has little if any effect on the expression of this IE gene
under the conditions of our assay.

DISCUSSION

The data presented in this communication document that
cells representing three distinct lymphocyte lineages (NK, T,
and B cells) display dramatically increased levels of tyrosine-
phosphorylated proteins following exposure to HSV-infected
fibroblasts. Our results further demonstrate that a substantial
fraction of this increase is due to tyrosine phosphorylation of
the ca. 90-kDa HSV tegument protein VP11/12, encoded by
gene UL46. In many experiments, we also detected novel ty-
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FIG. 9. Effect of UL46 on the expression of the IE ICP27 gene in lymphocytes. Jurkat T cells were either mock infected or infected with the
indicated viruses at a multiplicity of infection (MOI) of 1, 10, or 100 PFU/cell. At 4 h postinfection, the accumulation of the IE protein ICP27 was
assessed by Western blotting. (A) ICP27 and host B-actin were simultaneously detected with fluorescently labeled secondary antibodies using an
Odyssey infared imager. (B) ICP27 signal intensities normalized to B-actin levels are displayed.

rosine-phosphorylated proteins of ca. 55 to 60 kDa and 37
kDa, which have yet to be identified. One possibility is that one
or more of these proteins corresponds to a truncated form of
VP11/12, a possibility that is consistent with the detection of
ULA46-derived peptides in the ca. 60-kDa fraction in one ex-
periment. However, we note that the 55- to 60-kDa species do
not react with a polyclonal antibody directed against VP11/12
(Fig. 2B), and deletion of the UL46 gene did not completely
abrogate production of at least some of these species (Fig. 4B).
Hence, further studies are required to identify the origin of
these bands.

Tyrosine phosphorylation of VP11/12 appears to be cell type
specific, since it is not readily detected in the fibroblasts or
epithelial cells that we have examined to date. A previous
report showed that the HSV IE protein ICP22 is tyrosine
phosphorylated in several nonlymphoid cell lines (5); however,
as far as we are aware, our data provide the first example of
tyrosine phosphorylation of an HSV tegument protein.
VP11/12 and many other HSV tegument proteins have long
been known as phosphoproteins (25, 33, 45, 59), but until now
it has been generally assumed that they are phosphorylated
solely on serine and/or threonine residues by viral (US3 and

UL13) and/or cellular serine-threonine kinases (29, 33). Our
data now indicate that HSV VP11/12 also serves as a substrate
of one or more tyrosine or dual-specificity kinases, in a cell-
type-specific fashion.

The marked cell type specificity of VP11/12 tyrosine phos-
phorylation raises the possibility that cell-type-specific protein
kinases are responsible. Consistent with this hypothesis, our
evidence suggests that the Src family tyrosine kinase Lck,
which is largely restricted to lymphocytes and some neurons
(34, 36, 37, 50), is required for the modification of VP11/12 in
Jurkat T cells. Thus, tyrosine phosphorylation of VP11/12 was
severely suppressed by the Src family kinase inhibitor PP2 and
in the Lck-deficient Jurkat derivative JCaM 1.6. Although
these data do not necessarily imply that Lck directly phosphor-
ylates VP11/12, they do suggest that Lck activity is required for
this event. Lck plays a critical role in signaling through the
TCR by phosphorylating the immunoreceptor tyrosine-based
activation motifs (ITAM) in the CD3 and TCR { chains of the
TCR complex following TCR ligation (36), leading to recruit-
ment and activation of Zap70 and downstream signaling
events. Intriguingly, Lck plays a similar role in the activation of
NK cells through a subset of NK activating receptors including
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Nkp46, which signal through the ITAM of CD3 ¢ (reviewed in
reference 32). Moreover, related Src kinases, including Lyn,
play analogous roles in signaling through the B-cell receptor
(BCR) in B lymphocytes, by phosphorylating the ITAM of the
Iga and IgP signaling subunits of the BCR (reviewed in refer-
ence 56). However, unlike receptor signaling in T and NK cells,
HSYV infection of B cells does not appear to alter BCR signal-
ing (16). It will therefore be interesting to determine if Src
family kinases are also required for tyrosine phosphorylation
of VP11/12 in NK and B cells.

As noted above, Lck is normally activated in T cells in
response to external signals such as TCR ligation. However,
extremely robust Lck-dependent tyrosine phosphorylation of
VP11/12 occurs in the absence of TCR engagement. These
data raise the possibility that HSV infection may activate Lck
(and perhaps other lymphocyte-specific Src family kinases) in
the absence of receptor engagement. In this context, it is note-
worthy that HSV infection has previously been shown to acti-
vate several Src family members in nonlymphoid cells in a
process that requires the viral IE protein ICP0 and is modu-
lated by the viral US3 and UL13 kinases (28); however, Lck
and other lymphocyte-specific family members were not tested
in that study. Moreover, exposure of T cells to HSV-infected
fibroblasts has been reported to induce the phosphorylation of
p38 and Jun N-terminal protein kinase in the absence of TCR
stimulation (43), illustrating that HSV infection can activate
certain signaling pathways in lymphocytes. We currently seek
to determine if HSV infection activates Lck and/or other lym-
phocyte-specific Src family kinases in T and NK cells, and if so,
which viral proteins are required.

The role that tyrosine phosphorylation of VP11/12 plays in
the biology of HSV-lymphocyte interactions remains to be
defined. Based on previously published data, it seemed possi-
ble that this modification might serve to modulate viral gene
expression in lymphocytes. VP11/12 binds to the HSV virion
transactivator VP16 (22, 51), a tegument protein that plays a
central role in launching viral IE gene expression (55), and this
interaction has been suggested to augment VP16-induced
transactivation (22, 30). However, we were unable to detect
any effect of VP11/12 deletion on the expression of the viral IE
protein ICP27 in Jurkat cells, indicating that any such effect on
gene expression from the incoming viral genome is likely to be
minor. It will be interesting to determine if the VP11/12 mol-
ecules produced de novo within the infected lymphocytes are
tyrosine phosphorylated, and if so, whether this modification
alters their interactions with other tegument proteins and/or
assembly into progeny virions.

Perhaps a more plausible possibility is that VP11/12 alters
one or more signaling pathways within the lymphocyte for the
benefit of the virus. For example, as reviewed in the introduc-
tion, HSV functionally inactivates CTL and NK cells, and
current evidence implicates one or more tegument proteins as
the inactivating agent(s). We have shown that HSV mutants
lacking VP11/12 retain the ability to block TCR signaling in
Jurkat T cells and inhibit the cytolytic activity of NK-92 cells
against 720.221 B-cell targets (Fig. 7), documenting that
VP11/12 is not essential for HSV-induced inactivation of these
lymphocytes. However, this result does not necessarily exclude
a role for VP11/12 in modulating lymphocyte function. It is
possible that HSV encodes several proteins each of which is
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sufficient to functionally inactivate lymphocytes, a redundancy
that could mask the effects of deleting UL46. Alternatively,
UL46 may alter lymphocyte functions other than receptor-
induced activation of cytolytic activity. Given the key role that
phosphorylation by Src family kinases plays in regulating lym-
phocyte activity, experiments that focus on possible interac-
tions between VP11/12 and receptor-proximal signaling mole-
cules may prove informative.
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