JOURNAL OF VIROLOGY, Nov. 2010, p. 11646-11660
0022-538X/10/$12.00 doi:10.1128/JVI1.01550-10

Vol. 84, No. 22

Copyright © 2010, American Society for Microbiology. All Rights Reserved.

Herpes Simplex Virus Glycoprotein D Interferes with Binding of

Herpesvirus Entry Mediator to Its Ligands through
Downregulation and Direct Competition"

Katie M. Stiles,'f J. Charles Whitbeck,” Huan Lou,' Gary H. Cohen,’
Roselyn J. Eisenberg,” and Claude Krummenacher**

Department of Microbiology" and Department of Biochemistry,> School of Dental Medicine, and Department of
Pathobiology, School of Veterinary Medicine,® University of Pennsylvania, Philadelphia, Pennsylvania 19104

Received 23 July 2010/Accepted 28 August 2010

To initiate membrane fusion and virus entry, herpes simplex virus (HSV) gD binds to a cellular receptor
such as herpesvirus entry mediator (HVEM). HVEM is a tumor necrosis factor (TNF) receptor family member
with four natural ligands that either stimulate (LIGHT and LTa) or inhibit (BTLA and CD160) T cell function.
We hypothesized that the interaction of gD with HVEM affects the binding of natural ligands, thereby
modulating the immune response during infection. Here, we investigated the effect that gD has on the
interaction of HVEM with its natural ligands. First, HSV gD on virions or cells downregulates HVEM from the
cell surface. Similarly, frans-interaction with BTLA or LIGHT also downregulates HVEM from the cell surface,
suggesting that HSV may subvert a natural mechanism for regulating HVEM activity. Second, we showed that
wild-type gD had the lowest affinity for HVEM compared with the four natural ligands. Moreover, gD directly
competed for binding to HVEM with BTLA but not LT« or LIGHT, indicating the possibility that gD selectively
controls HVEM signals. On the other hand, natural ligands influence the use of HVEM by HSV. For instance,
soluble BTLA, LT, and LIGHT inhibited the binding of wild-type gD to HVEM, and soluble BTLA and LT«
blocked HSV infection of HVEM-expressing cells. Thus, gD is at the center of the interplay between HVEM and
its ligands. It can interfere with HVEM function in two ways, by competing with the natural ligands and by

downregulating HVEM from the cell surface.

Herpes simplex virus (HSV) causes a primary infection in
epithelial cells before establishing lifelong latency in sensory
neurons. Four glycoproteins, gB, gD, and gH/gL, are essential
for HSV entry and membrane fusion, and a fifth, gC, enhances
the efficiency of entry by binding to heparan sulfate proteogly-
cans. When gD binds to a cell surface receptor, the fusion
machinery of gB and gH/gL is activated, ultimately leading to
virus entry (27).

HSV type 1 (HSV-1) can engage three unrelated receptors:
herpesvirus entry mediator (HVEM), nectin-1, and 3-OS-mod-
ified heparan sulfate (20, 42, 62). HVEM is a member of the
tumor necrosis factor receptor (TNFR) family. It is expressed
mainly on lymphoid cells such as primary T and B cells and
monocytes, but it is also expressed to a lesser extent on fibro-
blasts and endothelial cells (29, 32, 34, 71, 72). HVEM is the
principal receptor for HSV entry into activated T cells (42). All
clinical isolates of HSV-1 and HSV-2 tested have the ability to
use HVEM as a receptor despite the fact that it is not ex-
pressed on the main targets of HSV infection in vivo (32).
Thus, the interaction of HSV gD with HVEM may be more
important for modulating the immune response to virus infec-
tion than for playing a direct role in HSV spread into its human
host.
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During HSV entry, binding of gD to its receptor induces
conformational changes that activate gB and gH/gL to fuse the
viral envelope with a cellular membrane. In addition, binding
of gD to nectin-1 induces receptor downregulation and virion
endocytosis (66). Here we show that interaction of gD with
HVEM also causes receptor downregulation and virus endo-
cytosis.

The TNFR family regulates the adaptive immune response
by directing cell survival, proliferation, and differentiation of
lymphocytes (36). Members of this family, including HVEM,
have a common structure that is comprised of an ectodomain
with four cysteine-rich domains (CRD), a transmembrane re-
gion (TMR), and a cytoplasmic tail (CT). Unlike many mem-
bers of the TNFR family, HVEM does not have a death do-
main in its cytoplasmic tail, but it does have binding sites for
TNFR-associated factor (TRAF) adaptor proteins (28, 37, 68).
HVEM binds to four ligands in addition to HSV gD: “lympho-
toxin-like, exhibits inducible expression, and competes with
HSV gD for HVEM, a receptor expressed by T lymphocytes”
(LIGHT), lymphotoxin alpha (LTa), B and T lymphocyte at-
tenuator (BTLA), and CD160 (4, 22, 38, 58). LIGHT and LT«
are members of the TNF family. LIGHT is expressed on the
surfaces of activated T cells, natural killer cells, and immature
dendritic cells, while LT« lacks a transmembrane region and is
secreted (23, 25, 38). LIGHT and LT« each form homotrimers
which bind to CRD2/3 of HVEM and are postulated to cause
trimerization of HVEM on the cell surface (3). Binding of
LIGHT to HVEM initiates signals that activate the transcrip-
tion factors NF-kB and AP-1 (37, 67). This provides costimu-
lation to activated T cells and leads to their proliferation and
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production of cytokines (67). Binding of LT« is also thought to
provide T cell stimulation; however, studies looking directly at
the interaction of LTa with HVEM have not been reported
(56, 64).

Unlike LIGHT and LTa, BTLA and CD160 are members of
the immunoglobulin (Ig) superfamily. BTLA is expressed on
mature lymphocytes, macrophages, and dendritic cells (75) and
is thought to be a dimer on the cell surface (10). CD160 forms
multimers on the cell surface and is expressed on peripheral
blood mononuclear cells (PBMCs), natural killer cells, and T
cells (1, 21). Altogether, the functional data collected on
HVEM and its ligands indicate that a complex combinatorial
expression of these ligands by immune cells provides a highly
regulated bidirectional mechanism to modulate cell survival,
activation, or attenuation of the immune response (for com-
plete reviews, see references 18, 44, 45, and 74). At the center
of this network of interactions, HVEM function is likely to be
affected in the presence of HSV gD, thereby altering the im-
mune response during HSV infection.

Like BTLA and CD160, HSV gD also contains an Ig domain
(7). The crystal structures of both gD-HVEM and BTLA-
HVEM show that BTLA binds to HVEM directly through its
Ig domain, while gD binds to HVEM through an N-terminal
loop that extends from the Ig core (7, 12). The binding sites for
gD and BTLA overlap extensively; both bind primarily to
CRD1 of HVEM and have 20 contact residues in common (7,
12). The tyrosine residue at position 23 (Y23) plays a key role
in HVEM binding to both gD and BTLA (12, 15). In fact, a
form of gD with high affinity for HVEM, gD(A290-299), com-
petitively inhibits binding of BTLA to HVEM (22, 48). HVEM
CRDL1 is also important for binding of CD160, and BTLA
blocks the binding of CD160 to HVEM (4).

Competition studies between gD, LIGHT, and BTLA have
yielded conflicting results. Using all soluble components, Sar-
rias et al. showed that gD(A290-299) does not inhibit binding
of LIGHT to HVEM (55). However, in cell-based studies,
Cheung et al. and Mauri et al. both demonstrated that gD
inhibits the binding of HVEM to cells expressing LIGHT (9,
38). Cheung et al. found that BTLA could also block HVEM
binding to LIGHT-expressing cells (9). However, Gonzalez et
al. found that neither LIGHT nor LTa could block HVEM
binding to BTLA, and in fact, BTLA and LIGHT were able to
simultaneously bind HVEM to form a ternary complex (22).
Thus, although HVEM and its ligands have been extensively
studied, a number of issues remain unresolved.

Our goal here was to characterize and compare the interac-
tions of gD relative to LTa, LIGHT, BTLA, and CD160 under
similar conditions using soluble proteins. To determine
whether the affinity of gD for HVEM affected its ability to
interfere with the binding of natural ligands, we used both
wild-type (wt) gD [gD(306t)], similar to the form of gD found
on virions, and a mutant gD that has a higher affinity for the
receptor [gD(285t)]. gD(285t) is similar to the gD(A290-299)
used in previous studies (22, 48, 55). Both of these mutants
have a higher affinity for HVEM because the C terminus of the
ectodomain, which normally occludes the receptor binding site
on gD, is removed [e.g., in gD(285t)] or destabilized [e.g., in
gD(A290-299)], allowing a faster association and yielding a
higher affinity (33). Thus, the data presented here represent
the first instance where the affinities and competition of each
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of the HVEM ligands have been determined under similar
conditions. In addition, we found that BTLA and LT« can
each block HSV infection that is mediated by HVEM. Fur-
thermore, gD, BTLA, and LIGHT each downregulate HVEM
from the cell surface. This suggests that HSV gD may tap into
a regulatory mechanism used by the ligands of HVEM to
control its expression. Thus, gD has the ability to interfere with
HVEM function both by downregulating it from the cell sur-
face and by directly blocking the binding of its natural ligands.

MATERIALS AND METHODS

Viruses. HSV-1 KOS and KOStk12 were grown and titers were determined on
Vero cells, and the viruses were purified as described previously (24, 42). The
KOStk12 and gD-null KOSgDg viruses were obtained from P. G. Spear (17).
Noncomplemented KOSgDB was produced in Vero cells, and complemented
viruses were produced and titers were determined on VD60 cells (17, 35). Partial
purification of KOSgDB was done as described by Stiles et al. (66). Equivalent
amounts of capsid were present in supernatant for the virus produced in VD60
cells and that for the virus produced in Vero cells as determined by Western
blotting with antibody (Ab) NC-1.

Abs. Anti-HVEM monoclonal Ab (MAb) CW10 and polyclonal Ab (PAb)
R140 were described previously (69, 76). For fluorescence-activated cell sorting
(FACS), CW10 was directly coupled with phycoerythrin (PE) at Molecular
Probes/Invitrogen. Anti-BTLA MAb MIH26 was purchased from eBiosciences
and anti-LIGHT MADb 115520 from R&D Systems. Anti-CD160 MAbs 5D.8E10
and 5D.10A11 were the generous gift of Gordon Freeman (Dana Farber Re-
search Institute). Secondary anti-IgG antibodies coupled with PE or Alexa 488
were purchased from Molecular Probes/Invitrogen, and those coupled to horse-
radish peroxidase (HRP) were purchased from KPL.

Cell lines. (i) Culture conditions. Murine melanoma B78H1 cells were grown
in Dulbecco’s modified Eagle’s medium (DMEM) with 5% fetal calf serum
(FCS) and penicillin-streptomycin (P-S). The previously described transfected
B78H1 cell lines B78H1-control-16 (abbreviated B78 here), B78H1-HVEM,
B78H1-HVEM-Y23A, B78H1-gD(wt), and B78H1-gD(W294A) were grown in
the same medium supplemented with 500 pg/ml G418 (15, 40, 66). 293T cells
were maintained in DMEM with 10% FCS and P-S. CHOKI1 cells were main-
tained in Ham’s F-12 medium with 10% FCS and P-S. CHO-nectin-1 (clone
R3A) and CHO-HVEM (clone A12) were maintained in the same medium with
250 pg/ml G418 (16, 42). CHO-CD160 cells (a gift from G. Freeman, Dana
Farber Research Institute) were maintained in the same medium with 300 pg/ml
hygromycin B (1). Sf9 (Spodoptera frugiperda) cells, used for producing recom-
binant baculoviruses and recombinant glycoproteins, were propagated in Sf900IT
medium (GIBCO) (78). Human primary T cells (CD3* CD14~ CD11b~
CD167) were obtained from the Human Immunology Core of the University of
Pennsylvania. Fresh resting cells were used immediately for FACS or cocultures
without activation.

(i) B78-gD(D30A) cell line. B78H1 cells were transfected with plasmid
pDL449 to express gD(D30A) (14). Selection of the cell line and determination
of gD expression were done as described by Stiles et al. (66). The clonal cell line
used in this study is B78H1-gD(D30A) no. 26.

(iii) Cell lines expressing BTLA and LIGHT. The full-length open reading
frame of human BTLA with flanking 5’ KpnI and 3" Xhol sites for cloning were
synthesized at Blue Heron Biotechnology. cDNA obtained from Blue Heron was
digested with KpnI and Xhol and ligated into pcDNA3.1/hygro to make plasmid
pKS846 for BTLA. The open reading frame of LIGHT was subcloned using
BamHI and Xhol from plasmid pLIGHT (a gift from M. Lazaro and H. Ertl,
Wistar Institute) into pcDNA3.1/hygro to generate plasmid pKS892. 293T cells
were transfected with plasmids pKS846 (BTLA), pKS892 (LIGHT), and
pcDNA3.1/hygro (for control) using Lipofectamine according to the manufac-
turer’s instructions. Clonal cell lines were selected by limiting dilution in the
presence of 250 wg/ml hygromycin B and further maintained in DMEM with
10% FCS, antibiotics, and 200 wg/ml hygromycin B. Clones were selected by
FACS for the level of surface expression of BTLA using MAb MIH26 (eBio-
sciences) or of LIGHT using MAb o-LIGHT 115520 (R&D Systems). The clonal
cell lines used in this study are 293T-BTLA no. 3, 293T-LIGHT no. 2, and
293T-control no. 1.

Baculovirus recombinants. (i) Construction of plasmids. (a) BTLA. A 375-bp
fragment of BTLA corresponding to amino acids 32 to 157 was PCR amplified
from plasmid pKS846. Amino acid 32 is the first amino acid after the predicted
signal peptide, and amino acid 157 is the last one before the predicted trans-
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membrane region. Primers used were forward primer bac-hBTLA-F (5'-GCGG
ATCCAGAATCATGTGATGTACAGCTTTAT), which adds an upstream
BamHI site, and reverse primer bac-hBTLA-R (5'-CGGCTGCAGTTAATGG
TGATGATGGTGATGACTATACAGGAGCCAGGGTCT), which adds six
histidine residues after amino acid 157 of BTLA, a stop codon, and a down-
stream PstI site. The PCR product was digested with BamHI and PstI and ligated
into pVTBac (70) to create plasmid pKS779. This plasmid was recombined into
baculovirus by cotransfecting with Baculogold DNA (BD Biosciences) (63).
Baculovirus recombinants expressing BTLA were subjected to two rounds of
plaque purification. The recombinant baculovirus was named bac-hBTLA(157t),
and the recombinant protein was designated BTLA(157t) or BTLAt.

(b) LIGHT. A 540-bp PCR fragment encoding amino acids 60 to 240 was PCR
amplified from plasmid pLIGHT (a gift from M. Lazaro and H. Ertl, Wistar
Institute) using forward primer bac-LIGHT-F (5'-GCGGATCCACATCACCA
TCACCATCACCAGCTGCACTGGCGTCTAGGAGAG), which adds a
BamHI site and six histidine residues prior to amino acid 60 of LIGHT, and
reverse primer bac-LIGHT-R (5'-GCGGAATTCTCACACCATGAAAGCCC
CGAAGTAAGA), which adds a stop codon and a downstream EcoRI site. Since
LIGHT is a type II membrane protein, amino acid 60 is the first amino acid after
the transmembrane sequence in the ectodomain and amino acid 240 is the last
amino acid of the protein. The PCR product was digested with BamHI and
EcoRI and ligated into pVTBac to make plasmid pKS918. This plasmid was used
to make baculovirus bac-LIGHT(t60). The recombinant protein was designated
LIGHT(t60) or LIGHTt.

(c) CD160. The sequence corresponding to amino acids 27 to 136 of CD160
with an additional six histidine residues after amino acid 136 was synthesized at
Blue Heron Biotechnology. The sequence included an upstream BamHI site and
a downstream EcoRI site for cloning. The DNA was digested with BamHI and
EcoRI and ligated into pVTBac to generate plasmid pKS916. This plasmid was
used to make baculovirus bac-CD160(136t). The recombinant protein was des-
ignated CD160(136t) or CD160t.

(d) LTa. The sequence corresponding to amino acids 35 to 205 of lymphotoxin
o with six histidine residues after amino acid 205 was synthesized at Blue Heron
Biotechnology. Since LTa is normally a secreted protein, no truncation was
necessary. Additionally, the sequence included an upstream BamHI site and a
downstream EcoRI site. The DNA was digested with BamHI and EcoRI and
ligated into pVTBac to create plasmid pKS917. This plasmid was used to make
baculovirus bac-LTa. The recombinant protein was designated LTa(r).

(i) Purification of recombinant proteins. (¢) BTLAt and LTa(r). Sf9 cells
grown in a 1-liter suspension culture were infected with recombinant baculovirus
(multiplicity of infection [MOI] = 4) for 48 h. The clarified supernatant was
concentrated, exchanged into phosphate-buffered saline (PBS) by tangential flow
filtration (10-kDa-molecular-mass cutoff membrane; Millipore), and incubated
overnight with 2.5 ml of nickel-nitriloacetic acid resin (Qiagen) at 4°C. The resin
was washed first with PBS and then with stepwise-increasing concentrations of
imidazole (0.01 to 0.25 M) in 0.02 M phosphate buffer (pH 7.5) containing 0.5 M
NaCl. The 0.25 M imidazole fraction, containing the purest recombinant protein,
was dialyzed against PBS and concentrated (10-kDa-molecular-mass cutoff cen-
trifugal membrane; Millipore). The yields of purified BTLAt and LTa(r) were 2
mg/liter of supernatant.

(b) LIGHTt and CD160t. The purification of LIGHTt and CD160t was done
using the protocol described above with the following modifications. These
proteins were purified for 4 h at 4°C using only 0.5 ml of nickel-nitriloacetic acid
resin in the presence of 5 mM imidazole. The 0.1 M and 0.25 M fractions, which
contained most of the pure proteins, were combined before dialysis against PBS
and concentrated (5-kDa-molecular-mass cutoff centrifugal membrane). These
modifications improved the purities of LIGHTt and CD160t but did not improve
their yields, which remained low. The yields of purified LIGHTt and CD160t
were 2 and 20 pg/liter of supernatant, respectively.

(c) HVEMt-Y23A. The expression plasmid for HVEM(200t)-Y23A was de-
rived using QuikChange mutagenesis of plasmid pCW275 (77) with forward
primer pmr-HveA-Y23A-F (5'-CAAGTGCAGTCCAGGTGCTCGTGTGAAA
GGAGGC) and reverse primer pmr-HveA-Y23A-R (5'-GCCTCCTTCACACG
AGCACCTGGACTGCACTTG). The resulting plasmid was named pKS919.
Recombinant baculovirus bac-HVEM(200t)-Y23A was made using the methods
described above for BTLA. The recombinant protein was designated
HVEM(200t)-Y23A or HVEMt-Y23A and was purified using the protocol pre-
viously described for HVEM(200t) (76). The yield of purified HVEMt-Y23A was
1.5 mg/liter of supernatant.

Gel filtration analysis of molecular weight. Dextran blue was used to deter-
mine the void volume of a Superdex 200 column (GE Healthcare Life Sciences),
which was calibrated with high- and low-molecular-weight standards using PBS
as the running buffer. Two hundred microliters of concentrated LIGHTt, LTa(r),
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BTLAt, and CD160t was loaded independently. The molecular weights of the
eluted proteins were calculated from a standard plot according to the molecular
weight standards.

FACS analysis of cell cocultures. Target cells expressing HVEM were de-
tached with trypsin and then counted and divided in aliquots for labeling with
Qdots using the Qtracker 655 labeling kit (Quantum Dot Corp/Invitrogen, Hay-
ward CA) for 1 h at 37°C in DMEM supplemented with 5% FCS according to the
manufacturer’s instructions. Qdot labeling was done to identify target cells dur-
ing FACS analysis (66). Target cells were washed three times with culture
medium and mixed with twice as many unlabeled effector cells. A total of 0.75 X
10° cells were plated in each well of a 12-well plate and cultivated overnight in
DMEM supplemented with 5% FCS and antibiotics. Target and effector cells
were also cultivated separately as controls. For FACS analysis, cells were de-
tached with EDTA (Versene) and resuspended in cold PBS containing 3% FCS
(PBS-FCS). Labeling with anti-HVEM MAb CW10-PE was performed on 0.5 X
10° cells (50 wul) for 30 min on ice. Cells were washed with cold PBS-FCS and
fixed with 3% paraformaldehyde (PFA) in PBS with 3% FCS. In order to gate
target cells during FACS analysis, Qtracker655 was detected by excitation at 630
nm and reading at 660 * 15 nm. Qtracker655-positive target cells were positively
selected for measurement of PE fluorescence for HVEM detection.

FACS analysis of downregulation during virus infection. A total of 0.75 X 10°
B78-HVEM cells were seeded in 12-well plates in DMEM with 5% FCS and
antibiotics and allowed to attach 4 h at 37°C. The medium was removed, and
virus was added in 1 ml chilled medium and allowed to bind for 45 min at 4°C.
The cells were then shifted to 37°C for 30 min. Cells were detached with EDTA
and resuspended in cold PBS-FCS. B78-HVEM cells were stained with anti-
HVEM MAb CW10-PE (20 pg/ml) in 50 wl PBS-FCS. Cells were then washed
and fixed in 3% PFA in PBS with 3% FCS.

Determination of binding of HVEMt to CHO-CD160 cells by cell-based en-
zyme-linked immunosorbent assay (CELISA). HVEMt was diluted in Ham’s
F-12 medium with 10% FCS, added to 4 X 10* CHO-CD160 or CHO cells in
96-well plates, and incubated for 1 h at 4°C. Cells were washed three times with
PBS and fixed with 100 wl 3% paraformaldehyde in PBS at room temperature
(RT) for 60 min. Cells were washed twice, and anti-HVEM PAb R140 (3 pg/ml)
was added in Ham’s F-12 medium with 10% FCS and left for 1 h at RT. Cells
were washed as before and incubated with anti-rabbit IgG coupled to HRP (2
pg/ml) for 1 h. Cells were washed with 20 mM citrate buffer (pH 4.5) before the
addition of substrate [2,29-azinobis(3-ethylbenzthiazolinesulfonic acid) (ABTS)]
(Moss Inc.). Absorbance at 405 nm was read on a microtiter plate reader
(Bio-Tek).

SPR experiments. (i) Kinetics and affinity measurements. Surface plasmon
resonance (SPR) experiments were carried out on a Biacore 3000 optical bio-
sensor (Biacore Life Sciences) at 25°C. The running buffer for the experiments
was HBS-EP (10 mM HEPES, 150 mM NaCl, 3 mM EDTA, 0.005% polysorbate
20). HVEMt was coupled to a CMS5 sensor chip through primary amine groups.
The flow cells were activated with 1-ethyl-3-(3-dimethylamino-propyl)carbodi-
imide hydrochloride and N-hydroxysuccinimide (EDC-NHS). HVEMt (0.05 mg/
ml) in 10 mM sodium acetate (NaAc) (pH 4.5) was injected until an amount
corresponding to approximately 2,000 response units (RU) was coupled to flow
cell 2 (Fc2). The surface was quenched by injection of 1 M ethanolamine-HCl
(pH 8.5). The Fcl control surface was activated and quenched without the
addition of protein.

To measure affinities, 2-fold serial dilutions of each ligand were injected across
Fcl and Fc2 at 50 pl/min. Ligand-HVEM association was allowed to occur for 2
min, with the wash delay set for an additional 2 min to allow for a smooth
dissociation curve. The chip surface was regenerated by injecting brief pulses of
0.2 M Na,COj; (pH 10) until the response signal returned to baseline. SPR data
were analyzed with BIAevaluation software version 4.1, which employs global
curve-fitting analysis. Sensorgrams were corrected for nonspecific binding by
subtracting the control sensorgram (Fcl) from the HVEMt surface sensorgram
(Fc2). Model curve fitting was done with a 1:1 Langmuir binding model with a
drifting baseline. This is the simplest model for the interaction between receptor
and ligand; it follows the equation A + B < AB. The rate of association (k)
is measured from the forward reaction, while the rate of dissociation (k.g) is
measured from the reverse reaction. The binding affinity (Kp) is kog/k . In each
case, the chi-square (x?) value for goodness of fit was less than 1 and the
residuals were within £3 RU, indicating that the data were a good fit to the
binding model.

BTLAt binding to HVEMIt could not be analyzed using the global curve-fitting
analysis because the rates of association and dissociation were too high. There-
fore, various concentrations of BTLAt were injected to equilibrium for measure-
ment of affinity (K) by Scatchard analysis. Equilibrium binding was reached
within 2 min, and thus the amount of binding (RU) at 2 min was used for
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FIG. 1. Downregulation of HVEM from the cell surface induced by gD. (A) Downregulation of HVEM expression in cocultures with
gD-expressing cells. Target B78-HVEM cells were labeled with Qtracker655 and mixed with effector B78 cells or cells expressing gD. Cells were
stained with MAb CW10-PE to detect HVEM by FACS. Target cells were positively selected based on Qtracker655 fluorescence for measurement
of HVEM expression. Bar graphs represent PE fluorescence of Qtracker655-positive HVEM-expressing cells as a percentage of the PE
fluorescence in cocultures with control B78 cells. The averages from three experiments * standard errors (SE) are shown. (B) gD on HSV virions
downregulates HVEM. HSV KOS (MOI = 50) or KOSgDB (equivalent of MOI = 50) was added to B78-HVEM cells and left for 45 min at 4°C
before shifting to 37°C for 30 min. Cells were then stained with CW10-PE to detect HVEM and analyzed by FACS. The level of HVEM detected
on the cell surface when no virus was added was set to 100%. (C) Protease protection assay on HVEM cells. The indicated cell lines were incubated
with virus at 4°C before being shifted to 37°C for 15 min. Cells were then treated with proteinase K (+PK) or mock digested (—PK). Cells were
lysed, and gB was immunoprecipitated with MAb DL16 and detected by Western blotting (PAb R68). (D) Downregulation of HVEM-ACT and
HVEM-GPI detected by FACS. Target cells were labeled with Qtracker655 and mixed with effector cells expressing no gD, gD(wt) (white bars),
gD(W294A) (gray bars), or gD(D30A) (black bars). Bar graphs represent PE fluorescence of Qtracker655-positive HVEM-expressing cells as a

percentage of the PE fluorescence in cocultures with control B78 cells (no gD). The averages from three experiments = SE are shown.

Scatchard analysis. For each concentration, RU bound versus RU bound/con-
centration was plotted and fitted to a linear model. The negative inverse of the
slope of the line is equal to the Kj,.

(ii) Competition between two ligands. Each HVEM ligand (acting as ligand 1)
was covalently coupled to the surface of a CMS5 sensor chip through primary
amines as described above. The coinject function was used to inject 300 to 400
RU of HVEMt immediately followed by the test ligand (acting as ligand 2). To
regenerate the sensor chip surface, brief pulses of 0.2 M Na,CO; (pH 9) were
injected as necessary until the response signal returned to baseline. This process
was repeated for each of the ligands. All ligands were able to block themselves
using this method.

(iii) Binding of HVEMt-Y23A. Each ligand was coupled to a CM5 sensor chip
using primary amines as described above. HVEMt or HVEMt-Y23A was flowed
across the chip at 5 pl/min for 4 min. The amount of binding at the end of the
injection was recorded. The sensor chip surface was regenerated with brief pulses
of 0.2 M Na,CO; (pH 10) until the signal returned to baseline.

(iv) Competition by anti-HVEM MAbs. MAb CW3, CW7, CW10, CW12, or
CW13 was coupled to the surface of a CM5 sensor as described above. Coinjec-
tion of HVEMt followed by the test ligand was performed as described above for
competition between two ligands. The sensor chip was regenerated with 0.2 M
Na,COj; (pH 11) until the response returned to baseline.

Blocking of virus entry with HVEM ligands. CHO-HVEM, CHO-nectin-1, or
B78-HVEM cells were preincubated with gD(306t), gD(285t), BTLAt, or LTa(r)
diluted in culture medium (50 pl/well) for 1 h at 4°C. An equal volume of culture
medium containing purified KOStk12 virus (MOI = 5) was added, and cells were
placed at 37°C for 6 h. B-Galactosidase activity was used to monitor HSV entry.
The results were plotted as percentages of values for controls where no ligand
was added.

RESULTS

gD downregulates HVEM from the cell surface. Our previ-
ous studies with the HSV receptor nectin-1 showed that frans-
interaction with gD expressed on the cell surface and on virions
downregulated this receptor from the cell surface (65, 66).
Downregulation of nectin-1 consisted of internalization into
the endosome/lysosome pathway followed by degradation (65,
66). Since gD-mediated internalization of nectin-1 also directs

virus to the endocytic pathway during entry, we investigated
whether this was also true for HVEM. To test for HVEM
downregulation, we first used B78H1 cells expressing gD in a
coculture assay with B78-HVEM target cells (66). As effectors,
we used cell lines expressing either wild-type gD [gD(wt)],
gD(W294A) [which is a mutant form of gD that binds
to HVEM with 100-fold-higher affinity than gD(wt)], or
gD(D30A) (which is a mutant gD that cannot bind to HVEM
but still binds nectin-1) (13, 33, 66). B78 cells expressing no gD
were used as a control. After coculture, cells were detached
and stained with the anti-HVEM monoclonal antibody (MADb)
CW10. When target B78-HVEM cells were cocultured with
B78 cells (no gD), we detected a high level of HVEM, and this
value was set at 100%. We detected a similar level of HVEM
expression in cocultures with B78-gD(D30A) cells, indicating
that HVEM-gD interaction is required for downregulation
(Fig. 1A). However, when B78-HVEM cells were cocultured
with either B78-gD(wt) or B78-gD(W294A) cells, considerably
less HVEM was detected on the cell surface, being reduced to
50% or less than 20%, respectively (Fig. 1A). These results
were confirmed by immunofluorescence microscopy of HVEM
in cocultures (data not shown). Therefore, HVEM, like the
structurally unrelated nectin-1, is downregulated from the cell
surface by binding of gD expressed on an adjacent cell. Inter-
estingly, gD(W294A) downregulated HVEM to a greater ex-
tent than gD(wt), suggesting that the affinity of the binding
interaction affects the efficiency of receptor downregulation.
This affinity effect was also observed for nectin-1 downregula-
tion (66).

Downregulation of endogenous HVEM was assessed using
primary human resting T cells in coculture experiments. After
overnight cocultures, the level of surface HVEM was reduced
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by about 30% in the presence of B78-gD(W294A) cells, while
cells expressing wt gD had no detectable effect. Thus, a high
affinity for HVEM is more important to mediate downregula-
tion in primary T cells, which express smaller amounts of
HVEM than B78-HVEM cells. Furthermore, since T cells are
nonadherent in culture, they may have less contact with ad-
herent effector cells, which may also limit the overall down-
regulation in this assay. This confirms that endogenous HVEM
is downregulated by gD in primary T cells in an affinity-de-
pendent manner.

HSYV enters cells either by fusion at the plasma membrane or
by endocytosis (41, 47, 80). Since the interaction of virion gD
with nectin-1 induces receptor downregulation and endocytosis
of HSV into B78H1 cells (65), we determined whether gD on
virions also causes HVEM downregulation. B78-HVEM cells
were exposed to HSV KOS (MOI = 50) and incubated at 4°C
for 45 min for virus attachment and then at 37°C for 30 min to
allow virus entry. Cells were detached with EDTA and ana-
lyzed by FACS for HVEM surface expression. Infected cells
expressed only 30% as much HVEM as mock-infected cells
(Fig. 1B). To be certain that HVEM downregulation was
caused by virion gD, we inoculated cells with the gD-null virus
KOSgDBg at the equivalent MOI (66). In this case, the level of
surface HVEM expression was the same as that of mock-
infected control cells (Fig. 1B). Thus, downregulation of
HVEM from the cell surface is caused by virion gD and rapidly
follows exposure to virus.

We next used a protease protection assay to determine
whether downregulation of HVEM was accompanied by virus
endocytosis. In this assay, glycoproteins on virions that enter by
endocytosis are protected from degradation by protease treat-
ment of intact infected cells (41). However, when virions enter
cells by direct fusion, glycoproteins are left on the cell surface
and are degraded by protease treatment. B78 or B7§-HVEM
cells were incubated with virus at 4°C prior to shifting the
temperature to 37°C for 15 min to allow endocytosis. The cells
were then incubated with proteinase K or mock digested. Cell
lysates were prepared, and gB was immunoprecipitated and
analyzed by Western blotting (Fig. 1C). In the mock-digested
samples, equal amounts of gB were detected on both B78 and
B78-HVEM cells. However, gB was not protected from pro-
teinase K digestion of B78 cells because they lack a gD recep-
tor. In contrast, when B78-HVEM cells were infected, gB was
protected from proteinase K, indicating that HSV enters these
cells by endocytosis. Therefore, the rapid gD-mediated down-
regulation of HVEM correlates with endocytic entry of HSV
into B78-HVEM cells.

The cytoplasmic tail of HVEM has binding sites for the
TRAF family of adaptor proteins, which are involved in acti-
vation of NF-xkB by HVEM (28, 37). Therefore, we wanted to
determine if the cytoplasmic tail (CT) or transmembrane re-
gion (TMR) of HVEM plays a role in HVEM downregulation
and HSV endocytosis. B78 cells were engineered to express
HVEM with a truncated cytoplasmic tail (HVEM-ACT) or a
glycosylphosphatidylinositol (GPI)-anchored HVEM (HVEM-
GPI). HVEM-ACT and HVEM-GPI function as well as full-
length HVEM in mediating HSV entry into B78H1 cells (data
not shown). We used the protease protection assay to examine
the pathway of HSV entry into B78-HVEM-ACT and B78-
HVEM-GPI cells. We found no difference between full-length
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HVEM and either HVEM-ACT or HVEM-GPI in this assay
(Fig. 1C). Moreover, these modified forms of HVEM were
downregulated by gD (Fig. 1D). These results indicate that the
cytoplasmic tail and the transmembrane region of HVEM are
dispensable both for HSV endocytosis and for gD-mediated
downregulation of HVEM. This suggests that other cellular
proteins may be involved in endocytosis of HVEM by connect-
ing the receptor to the endocytic machinery in the cytoplasm.
The extent of endocytosis triggered by cell-bound gD or virion
gD is unclear. Whether it is limited or generalized, our data
indicate that the endocytosis is initially triggered by gD binding
to HVEM.

BTLA and LIGHT, but not CD160, downregulate HVEM
from the cell surface. It is possible that gD activates a natural
response that is normally generated by binding of HVEM to
one or several of its cellular ligands. HVEM has three other
ligands that are expressed on the cell surface: LIGHT, BTLA,
and CD160. We used the coculture assay to test whether any of
the natural ligands might also downregulate HVEM. To do
this, we used human 293T cells to create effector cell lines that
stably express full-length BTLA or LIGHT. We also obtained
a CHO cell line that expresses human CD160 (1). Cell lines
were screened by FACS for cell surface expression of HVEM
ligands using MAbs MIH26 (BTLA), «LIGHT 115520
(LIGHT), and 5D.10A11 (CD160) (4, 49). All of the cell lines
expressed high levels of ligand on their surfaces (Fig. 2A),
while no ligands were detected on parental cells. Target B78-
HVEM cells were cocultured overnight with 293T-LIGHT,
293T-BTLA, or CHO-CD160 effector cells. Surface expression
of HVEM on target cells was analyzed by FACS. We detected
a high level of HVEM when B78-HVEM cells were cocultured
with either 293T or CHO cells, and this level was set to 100%.
In contrast, when B78-HVEM cells were cocultured with 293T-
BTLA cells, HVEM expression was only 20% of the control
level (Fig. 2B). This was comparable to what was observed in
cocultures with effector cells expressing gD(W294A) (Fig. 1A).
In cocultures with 293T-LIGHT cells, HVEM expression on
the surface of target cells was 40% of control levels (Fig. 2B).
In contrast, there was only a slight reduction in HVEM ex-
pression when the target cells were cocultured with CHO-
CD160 effector cells (Fig. 2B).

We used a cell-based ELISA to confirm that CD160 on the
surface of CHO cells could bind to HVEM. HVEMt binding to
either CHO or CHO-CD160 cells was detected with the anti-
HVEM PAb R140. HVEMt bound to CHO-CD160 cells in a
dose-dependent manner but did not bind to parental CHO
cells. Thus, the low level of HVEM downregulation noted by
FACS was not due to a failure of CD160 to interact with
HVEM. We conclude that downregulation of HVEM is a
common robust response to the binding of gD, BTLA, or
LIGHT but not to the binding of CD160. We suggest that
HVEM downregulation could be a natural means for regula-
tion of HVEM expression that is subverted by HSV gD.

Comparison of binding affinities of HVEM for gD and its
natural ligands. Because gD induced a response similar to that
of two of the natural ligands of HVEM, we compared how gD
binds to HVEM relative to these ligands. To do this, we con-
structed recombinant baculoviruses that produced soluble
forms of human LIGHT, LTa, BTLA, or CD160. For LTa,
BTLA, and CD160, the expressed protein consisted of its
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FIG. 2. Downregulation of HVEM by BTLA, LIGHT, or CD160. (A) Ligand expression on the indicated effector cell lines detected by FACS
using MAb MIH26 (BTLA), LIGHT 115520 (LIGHT), or 5D.10A11 (CD160) and goat anti-mouse secondary Ab conjugated to Alexa 488. The
white histogram indicates unstained cells. (B) Downregulation of HVEM in coculture experiments. B78-HVEM target cells were labeled with
Qtracker655 and mixed with effector 293T-BTLA, 293T-LIGHT, CHO-CD160, or control (293T or CHO) cells. Cells were stained with MAb
CW10-PE to detect HVEM. Bar graphs represent PE fluorescence of Qtracker655-positive HVEM-expressing cells as a percentage of the PE
fluorescence in cocultures with control cells from the averages from three experiments = SE. (C) Detection of HVEM binding to CHO-CD160
cells by CELISA. HVEMt was incubated with CHO or CHO-CD160 cells for 1 h at 4°C. HVEM binding was detected with PAb R140 and goat

anti-rabbit Ig conjugated to HRP.

ectodomain with a C-terminal six-histidine tag (Fig. 3A). Since
LIGHT is a type II membrane protein, the six-histidine tag was
placed on the N terminus of the ectodomain. All proteins were
purified by nickel affinity chromatography and analyzed by
SDS-PAGE. Purity was assessed by silver staining, and antige-
nicity was evaluated by Western blotting (Fig. 3B and C). The
multiple bands for BTLA and CD160 resulted from various
amounts of N-linked glycosylation (data not shown). Addition-
ally, each protein was recognized by MAbs to conformational
epitopes by ELISA, suggesting that the conformation of the
proteins is similar to that of the native protein (data not
shown). Each protein monomer was the expected size as de-
termined by Western blotting (Fig. 3C), and their oligomeric
states in solution were estimated by gel filtration chromatog-
raphy (Table 1). LTa(r) and LIGHTt were each determined to
be a trimer in solution, as previously reported for LTa and
LIGHT produced in bacteria and mammalian cells, respec-
tively (2, 3, 52). In contrast, CD160t and BTLAt both appeared
to be monomeric in solution (Table 1). Therefore, in calculat-
ing binding by surface plasmon resonance (SPR), we consid-
ered LTa(r) and LIGHT? to bind to immobilized HVEMt as
trimers and CD160t and BTLAt to bind to HVEMt as mono-
mers. Thus, we have produced and characterized soluble forms
for all of the ligands of HVEM in the same expression system.
This allowed us to directly compare HVEM cellular and viral
ligands under the same experimental conditions.

Previous SPR studies showed that gD(306t) and gD(285t)

bind to immobilized HVEMt with affinities of 3.2 X 107° M
and 3.7 X 10~® M, respectively (53, 76, 79). The mutant
gD(A290-299), produced in our laboratory and used in other
binding studies (12, 22, 38), has an affinity (ie., K, = 3.3 X
107 M [53]) and binding properties similar to those of
gD(285t) used here. We coupled HVEMLt to the surface of a
CMS5 sensor chip and examined the kinetics of binding of
LTa(r), LIGHTt, CD160t, and BTLAt to HVEM. Each ligand
was serially diluted in buffer and injected across the surface of
the sensor chip. We first showed that the affinities of gD(306t)
and gD(285t) for HVEM were 2.1 X 10 *M and 3 X 10 % M,
respectively, values consistent with previous reports. LIGHT
had the lowest K, for binding to HVEM, at 3 X 10~? M (Fig. 4A;
Table 2). This was consistent with the affinity of LIGHTt66
produced in mammalian cells (52). LTa(r) had a lower asso-
ciation rate (k,,) and a higher dissociation rate (k) than
LIGHTY, resulting in a 20-fold-lower binding affinity for
HVEM, with a K, of 5.7 X 10~® M (Fig. 4B; Table 2). The
affinity of CD160t for HVEM was 1.7 X 10~ M, which is about
60-fold lower than that of LIGHTt and 3-fold lower than that
of LTa(r) (Fig. 4C; Table 2). This is because CD160t has both
a lower association rate and a higher dissociation rate than
either LIGHTt or LTa(r). The kinetics of BTLAt binding to
HVEMLt were clearly different from those of the other ligands,
as it both associated and dissociated very quickly. In fact, the
on and off rates were too high to allow the determination of
affinity by global fitting (Fig. 4D). Therefore, we used Scat-
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FIG. 3. HVEM ligands produced in baculovirus. (A) Schematics of
full-length and truncated constructs of each ligand. Constructs indi-
cated with an asterisk were previously published (33, 53, 63, 77). The
white stars indicate point mutations. (B and C) Soluble proteins puri-
fied from the supernatant of Sf9 cells infected with recombinant ba-
culovirus were analyzed by silver staining (B) and Western blotting

with anti-histidine tag MAb (C). Lanes 1, BTLAt; lanes 2, LTa(r);
lanes 3, LIGHTt; lanes 4, CD160t.

chard analysis to determine the K, by injecting BTLAt at
various concentrations until equilibrium was reached (Fig.
4D). This method was previously demonstrated to yield the
same affinity value as the global fitting analysis; however, on
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and off rates cannot be calculated (53, 79). Our analysis yielded
a K, of 2.6 X 1077 M for binding of BTLAt to HVEMt (Fig.
4E; Table 2), which is in a range similar to that of the K,
between CD160t and HVEMt. By determining the binding
affinities and kinetics of each of the HVEM ligands under the
same conditions, we were able to directly compare them to
each other. The two TNF family ligands (LTa and LIGHT)
had a higher affinity for HVEM than the ligands from the Ig
superfamily (BTLA and CD160) (Table 2). The affinity of
gD(285t) was similar to that of LTa but higher than that of
either BTLA or CD160. Interestingly, the affinities of all of the
natural ligands for HVEM were 10- to 1,000-fold higher than
the affinity of wild-type gD(306t).

Competition between ligands for binding to HVEM. gD
binds to a site on HVEM that overlaps the binding site of
BTLA and is proposed to be on the opposite side of that of
LIGHT or LTa. To define how the viral and cellular HVEM
ligands affect binding of each other, we carried out a series of
competition studies by SPR using soluble proteins to examine
all the possible ligand combinations. Previous studies showed
that the high-affinity gD(A290-299) competes with BTLA for
binding to HVEM as determined by ELISA (22). BTLA com-
petes with CD160 as determined by ELISA as well (4). How-
ever, there was no information about whether wild-type
gD(306t) could compete with either of these proteins. Ad-
ditionally, previous reports conflicted in regard to the ability
of LIGHT or LT« to bind to HVEM at the same time as gD
(38, 59).

In this assay, the competing ligand (ligand 1) was directly
coupled to a CMS5 sensor chip (Fig. 5SA). The capture of
HVEMt by ligand 1 was followed immediately by injection of
ligand 2. Thus, if ligand 2 is able to bind to HVEM that is
already bound and presented by ligand 1, there is no compe-
tition between the ligands. However, if ligand 2 cannot bind in
this situation, this means that ligand 1 competes with ligand 2
for binding to HVEM (Fig. 5A). Results of SPR competition
experiments in which gD(285t) was coupled to the sensor chip
as ligand 1 are shown in Fig. 5B to F. As expected, gD(285t)
did not bind to HVEM(200t) that was already bound to
gD(285t) on the chip (Fig. 5B). Thus, gD(285t) effectively
competes with itself, which validates this method for looking at
competition between the ligands of HVEM. In addition,
gD(285t) competed with both gD(306t) and BTLAt for binding
to HVEMt (Fig. 5C and D). This is in agreement with a

TABLE 1. Mass analysis data

Mass (kDa) determined by:

Protein Oligomeric

Formulg (no_. of . Gel filtration® state

glycosylation sites)

LIGHTt 20.8 (1) Major peak, 70.9 Trimer
Minor peak, 24.5 Monomer

LTa(r) 20.2 (1) 69.0 Trimer
CD160t 132 (1) 14.4 Monomer
BTLAt 14.5 (3) 224 Monomer

“ Based on amino acid composition; the mass of N-CHO not included.

’ Estimated based on the elution volume of the maximum of the peak com-
pared to protein standards. The broadness of peaks varied based on the number
of N-linked carbohydrates.
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FIG. 4. Sensorgrams of ligand binding to HVEM. (A to C) Repeated injections of LIGHTt (A), LTa(r) (B), or CD160t (C) across immobilized
HVEMt at the indicated concentrations are represented by the triangles. The solid line is the best fit used for kinetics determination. (D) Equi-
librium binding sensorgrams of the binding of BTLAt to immobilized HVEMLt. The arrowhead indicates the time point used for Scatchard analysis.
(E) Scatchard analysis for BTLAt binding. RU bound is plotted against RU bound/concentration of BTLAt flowed across the surface. The negative
inverse of the slope is equal to the binding affinity (K,). Representative curves from two experiments are shown.

previous study which showed that gD(A290-299) competes
with BTLA for binding of HVEM as determined by ELISA
(22). Interestingly, we found that both LIGHTt and LTa(r)
bound to HVEMt presented by gD(285t), suggesting that

TABLE 2. Kinetic and affinity values for ligand-HVEMt binding

Protein® kon (105 s I MY kog (107257Y) Ky (kofkon) (1076 M)
gD(306t) 0.061 2.0 32
gD(285t) 3 1.1 0.037
gD(A290-299) 2.4 0.78 0.033
gD(W294A) 0.85 1.25 0.15
LIGHTt 13 0.42 0.003
LTa(r) 17 0.97 0.057
CD160t 0.72 12 0.17
BTLAt ND? ND 0.25

“ Values for gD(306t) (74), gD(285t) and gD(A290-299) (50) , and gD(W294A)
(31) were reported previously and are shown here for comparison.
”'ND, not determined.

gD(285t) does not compete with either LIGHTt or LTa(r) for
binding to HVEM.

Figure 5G summarizes competition experiments involving
each of the ligand pairings except CD160, where binding was
too low to be included. gD(306t) blocked the binding of
BTLAt and gD(285t), suggesting that wild-type gD is just as
effective at blocking BTLA as gD(285t). Reciprocally, BTLAt
blocked the binding of both forms of gD. Furthermore,
gD(285t), gD(306t), and BTLAt did not compete with LIGHTt
or LTa(r). LIGHTt competed with LTa(r) but not with
BTLAt, confirming the formation of a ternary complex,
HVEM-BTLA-LIGHT (22). Interestingly, although LIGHTt
and LTa(r) could not block binding of gD(285t), they did block
gD(306t).

There are two differences between gD(306t) and gD(285t)
that may account for this difference: (i) the affinity of gD(285t)
for HVEM is 100-fold higher than that of gD(306t), and (ii)
gD(306t) contains a longer C terminus of the ectodomain,
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FIG. 5. Competition between ligands for HVEM binding by SPR. (A)

Schematic of method used for competition. Ligand 1 was coupled directly

to the sensor chip. HVEMt was flowed across and allowed to bind, followed immediately by injection of ligand 2. (B to F) Series of experiments

with gD(285t) (ligand 1) in competition with the indicated ligand 2. The

reference sensorgram (dotted line) represents a parallel experiment with

buffer injected in place of ligand 2 to monitor the loss of signal due to natural dissociation of HVEMt from ligand 1. Increased signal after injection
of ligand 2 (arrowhead, continuous line) relative to the reference sensorgram indicates binding of ligand 2 and the absence of competition [e.g.,
for LIGHTt and LTa(r)]. (G) Summary of results from competition experiments with gD(285t), gD(306t), BTLAt, LIGHTt, and LTa(r). The
ligand that is coupled to the sensor chip (ligand 1) is in the center in bold. The ability of ligand 1 to compete with ligand 2 is indicated with a T
bar for competition or an arrow for no competition. (H) Summary of the effects of HVEM ligands on gD(W294A) binding. T bars indicate that
ligand 1 (bold) prevents gD(W294) (ligand 2) from binding HVEM, and the arrow indicates an absence of competition.

which is known to change conformation upon binding to
HVEM (33). To determine if the presence of the C terminus
directly affects competition, we used a mutant form of
gD(306t) carrying a W294A point mutation. gD(W294A) re-
tains the ectodomain C terminus like gD(306t) but has the
same affinity for HVEM as gD(285t) (33). As shown with
gD(306t) and gD(285t), we found that BTLAt blocked the
binding of gD(W294A) (Fig. 5SH). However, neither LIGHTt
nor LTa(r) blocked binding of gD(W294A) to HVEM. We
conclude that the difference in affinity between the wild-type
and high-affinity forms of gD caused the disparity in blocking
by LIGHTt or LTa(r).

Mapping of ligand binding sites with mutants and antibod-
ies. Competition between ligands can be due to overlapping
binding sites or to conformational changes of the receptor
which prevent interaction of a ligand at a different site. We

therefore characterized the binding sites of gD and cellular
ligands to HVEM using receptor mutants and antireceptor
MAbs. The crystal structures of gD-HVEM and BTLA-
HVEM complexes showed that gD and BTLA bind to over-
lapping sites and suggested that the tyrosine at position 23
(Y23) of HVEM is critical for binding of either ligand (7, 12).
Previous studies showed that mutation of Y23 to alanine
(HVEM-Y23A) abolishes binding to gD and BTLA as deter-
mined by ELISA (12, 15). Here we examined the binding of the
HVEM ligands to HVEM-Y23A by SPR. A soluble form of
HVEMt-Y23A was produced from baculovirus and purified
similarly to HVEMt. This mutant was recognized by confor-
mation-dependent MAbs CW3 and CW10, indicating that it
was folded properly (data not shown). Each ligand was directly
coupled to a CMS5 sensor chip, and HVEMt or HVEMt-Y23A
was flowed across the surface. HVEMt bound to each of the
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FIG. 6. Effect of the Y23A mutation on the interaction of HVEM
with its ligands. (A) Binding determined by SPR. HVEMt or HVEMt-
Y23A was flowed across gD(306t), gD(285t), LIGHTt, LTa(r), or
BTLAt immobilized to the sensor chip surface. The total amount of
binding (RU) was recorded at end of a 4-min association period.
(B) Target cells expressing HVEM-Y23A were cocultured with control
cells or cells expressing gD(wt), gD(W29A), BTLA, or LIGHT. Cells
were stained with MAb CW10-PE, and HVEM-Y23A expression was
detected by FACS as described for HVEM in Fig. 1A. (C) Surface
representations of the gD-HVEM (left) and BTLA-HVEM (right)
crystal structures. Residue Y23 is shown in red and is indicated with
the arrow.

ligands (Fig. 6A). Under similar conditions, HVEMt-Y23A did
not bind to gD(306t), gD(285t), LIGHT, or LTa. Unexpect-
edly, HVEMt-Y23A did bind to BTLAL, although it bound less
well than wild-type HVEMt (Fig. 6A).

To determine if the absence or reduction of binding to
HVEMt-Y23A had functional implications, we tested whether
the Y23A mutation would affect downregulation of full-length
HVEM by gD, BTLA, or LIGHT. We used B78-HVEM-Y23A
cells (15) as targets in the coculture assay with effector cells
that expressed either gD(wt), gD(W294A), BTLA, or LIGHT.
After coculture with cells expressing gD or LIGHT, there was
no downregulation of HVEM-Y23A from the cell surface (Fig.
6B). However, expression was reduced by 40% in cocultures
with 293T-BTLA cells (Fig. 6B). These results correlate with
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binding data in which BTLA retained some ability to interact
with HVEM-Y23A, whereas gD and LIGHT did not. A close
examination of crystal structures reveals that although BTLA
does interact with Y23 of HVEM, this residue is at the periph-
ery of the interface. In contrast, Y23 is at the center of the
binding site for gD (Fig. 6C).

We next examined the ability of anti-HVEM MADs to pre-
vent the binding of gD and natural ligands by SPR. Each MAb
was directly coupled to the chip and used to capture HVEM
before injection of the ligands. We first tested MAb CW3,
which binds to HVEM CRDI1 and blocks gD binding to
HVEMt as determined by ELISA (76). In addition to blocking
binding of gD(306t) and gD(285t), MAb CW3 also prevented
binding of BTLAt, LIGHTt, and LTa(r) to HVEM (Table 3).
Other MAbs with epitopes mapped to different regions (CW7,
CW10, CW12, and CW13) had no effect on the binding of any
of the ligands. Together, the HVEM-Y23A and MADb binding
data suggest that the binding sites for each of the ligands are
located closely enough together that their binding could be
blocked with a single MADb or by a point mutation.

Blocking of HSV entry. Since BTLA and LTa were able to
compete with gD for binding to HVEM, we wanted to use a
functional assay to determine if these ligands could affect HSV
entry into HVEM-expressing cells. To determine if the natural
ligands of HVEM blocked HSV entry similarly to soluble gD,
we added various concentrations of gD(306t), gD(285t),
BTLAt, or LTa(r) to either CHO-HVEM or CHO-nectin-1
cells at 4°C for 1 h. We then infected the cells with HSV
KOStk12, which expresses the lacZ gene, and measured entry
by B-galactosidase expression at 6 h postinfection. LIGHTt
and CD160t were not tested, as the protein yield was too low
to be used in this assay. As expected, gD(306t) and gD(285t)
blocked entry into both CHO-HVEM and CHO-nectin-1 cells
(16, 77). Because it has a higher affinity for HVEM, gD(285t)
was more efficient at blocking entry than gD(306t) (50% block-
ing at 0.1 pM versus 10 pM, respectively, on CHO-HVEM
cells). BTLAt and LTa(r) specifically blocked HSV entry into
CHO-HVEM cells (Fig. 7A). BTLAt was slightly more effi-
cient (50% blocking at 1 wM) than gD(306t) at blocking entry
into CHO-HVEM cells, while LTa(r) blocked entry only as
efficiently as gD(306t). The same hierarchy of blocking effi-
ciency was observed on B78-HVEM cells (not shown), indicat-
ing that competition is not cell specific. However, since B78-
HVEM cells express more HVEM, about 5-fold-higher

TABLE 3. Binding of ligands to HVEM presented by MAbs*

Binding
MAb  CRD’
gD(306t)  gD(285t) BTLAt LIGHTt  LTa(r)
CW3 1 - - - - -
CW7 3,4 + + + + +
CW10 3,4 + + + + +
CW12 3,4 + + + + +
CW13 3,4 + + + + +

¢ HVEMt was captured by the indicated MAbs on a CMS biosensor chip. The
indicated ligands were flowed across these surfaces, and binding was recorded.
Each ligand bound similarly (>50 RU) to HVEM presented by CW7, -10, -12,
and -13.

b Cysteine-rich domains (CRD) are numbered as described by Montgomery et
al. (42). MAb CW3 binds to CRD1, while the other epitopes were mapped to
CRD?3 and -4.
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FIG. 7. Soluble BTLA and LTa block HSV entry into HVEM-expressing cells. CHO-HVEM (A) and CHO-nectin-1 (B) cells were preincu-
bated with various concentrations of BTLAt, LTa(r) gD(285t), or gD(306t) for 1 h at 4°C. KOStk12 virus was then added (MOI = 5), and cells
were shifted to 37°C for 6 h. Cells were lysed for quantitation of B-galactosidase activity. Data are represented as a percentage of 3-galactosidase

activity in the absence of added protein (100%).

concentrations of soluble proteins were required to achieve the
levels of blocking observed in CHO-HVEM cells. Interestingly,
although both BTLAt and LTa(r) have an affinity for HVEM
that is similar to or higher than that of gD(285t), they were less
efficient at blocking entry into HVEM-expressing cells. This
suggests that the interactions of these natural ligands with HVEM
are structurally different from that of gD. As expected, neither
BTLAt nor LTa(r) blocked entry into cells expressing nectin-1,
because they do not interact with this receptor (Fig. 7B).

DISCUSSION

HVEM is expressed mainly on cells of the immune system
which are not targets of productive HSV infection or latency in
vivo, yet clinical isolates of HSV retain the ability to use this
receptor (32). However, HSV can enter T lymphocytes, and
infection can be achieved by stimulation with mitogens (6, 51).
Accordingly, viral replication appears to be blocked prior to
DNA replication in T cells (26, 54). Activation may affect
multiple steps of HSV infection, including levels of HVEM
expression (43, 44, 58, 59) but it is not known whether the entry
pathway is affected. Because gD can interfere with HVEM
binding to its ligands, the interaction of HSV with HVEM may
be important for regulating the immune response to the ad-
vantage of the virus rather than leading to productive infection.
Previous studies showed that BTLA and gD bind to overlap-
ping sites on HVEM (7, 12), suggesting that gD might interfere
directly with the interaction between HVEM and some of its
natural ligands. Using soluble versions of LTa, LIGHT,
BTLA, and CD160 along with gD and HVEM (48, 77), we
found that despite the fact that wild-type gD(306t) had the
lowest affinity for HVEM, it can block the binding of BTLA,
but not that of LTa or LIGHT, to HVEM. In this study, we
also showed that gD as well as BTLA and LIGHT causes
HVEM downregulation. Thus, gD binding to HVEM may in-
terfere with the interaction of the natural HVEM ligands ei-
ther by direct competition or by removing the receptor from
the cell surface.

Receptor downregulation by gD and other ligands. We pre-
viously showed that gD induced the internalization of its re-
ceptor nectin-1 during HSV endocytic entry and after transient
trans-interaction at cell-cell contacts (65, 66). Here, we showed

that gD also induces HVEM downregulation during entry and
upon cell-cell contact. It is remarkable that despite the struc-
tural and functional differences between HVEM and nectin-1,
HSV can use both receptors to access the endocytic pathway.
After transient interaction at cell-cell contacts, gD induces
HVEM downregulation in B78-HVEM cells and in human
primary T cells. Downregulation of endogenous HVEM in
resting T cells is achieved more efficiently by a high-affinity
form of gD. This may be due to the smaller amount of HVEM
at the surface of these cells or to a renewed expression of
HVEM in lymphocytes that do not remain in constant contact
with the effector cells. Upon exposure to gD, HVEM levels are
reduced, suggesting an enhanced turnover of the receptor,
similar to that of nectin-1 (65, 66). The natural rate of turnover
of HVEM in human lymphocytes varies depending on the
activation state of the cells (43, 45). Further experiments on
HVEM expression in resting and activated T cells are required
to correlate the effect of gD with the regulation of HVEM
expression in lymphocytes.

HVEM downregulation has potentially important conse-
quences for immune modulation, since the removal of HVEM
from the cell surface would make it inaccessible for binding by
any of its other ligands. Like direct competition by gD, this
might interfere with the normal immune regulatory signals
provided by HVEM and, in turn, may influence the immune
response to HSV. Since gD is not likely to be found in a soluble
form in its host but rather is expressed on virions and on
the surface of infected cells, HVEM downregulation might be
the preferred method of gD-mediated interference with the
HVEM immunoregulatory pathways. Paradoxically, down-
regulation of HVEM on adjacent cells decreases the availabil-
ity of receptors for cell-to-cell spread. However, uninfected
cells continuously produce receptors appearing on the surface,
which may either encounter cell-bound gD and be downregu-
lated or encounter gD on egressing virions and lead to virus
spread. It is not clear how downregulation affects the extent of
spread, but the advantage of inducing HVEM downregulation
appears to prevail over the inconvenience of a limitation of
spread to T cells or monocytes.

HSV may have tapped into a normal mechanism used to
regulate HVEM function, as BTLA and LIGHT also both
induce HVEM downregulation (Fig. 2). Indeed, Morel et al.
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TABLE 4. Properties of HVEM ligands

Ligand Affinity” Oligomer? dowrllzzlg]i{ftion"
gD(306t) + 2 ++4
gD(285t) +++ 2 NA°®
BTLA ++ 1 +4++
LIGHT ++++ 3 ++
LT« +++ 3 NA
CD160 ++ 1 +/—=
gD(W294A) +++ 2 +4++

“ K, summarized according to Table 2.

> Number of protomers in the soluble proteins used in this study. On the cell
surface, BTLA is likely a dimer and CD160 forms multimers (10, 21).

¢ Determined in cocultures with HVEM ligands expressed on the surface of
effector cells.

4 Downregulation by full-length wt gD.

¢ NA, not applicable. gD285t and LTa(r) are soluble proteins.

showed that LIGHT downregulates HVEM expression upon T
cell activation (43). HVEM was redistributed to the inside of
the cell and this effect could be blocked either by anti-LIGHT
antibodies or by soluble HVEM-Fc. Thus, the costimulatory
ligands of HVEM may be self-regulating so that the receptor is
concurrently downregulated as cells are activated. The fact that
BTLA induces downregulation of HVEM suggests that this
mechanism could also hold true for coinhibitory ligands of
HVEM. Therefore, we suggest that receptor downregulation
has a broad effect; however, further studies are necessary to
understand whether HSV gD mimics LIGHT or BTLA or
both.

Differences in binding kinetics and affinities of HVEM li-
gands. A variety of affinities for LIGHT, LTa, or BTLA bind-
ing to HVEM have been previously reported, but the different
methods used made it difficult to compare them directly. Here,
we used one system to produce the soluble ectodomain of each
ligand and SPR to determine binding affinities and kinetics.
We found that the trimeric TNF family ligands LT« and
LIGHT had the highest affinities for HVEM (57 nM and 3 nM,
respectively). The affinities of Ig family ligands BTLA and
CD160 were approximately 4-fold lower than that of LTa and
70-fold lower than that of LIGHT (250 nM and 170 nM,
respectively). BTLA and CD160 have similar affinities, but the
binding kinetics of BTLA are very different from those of the
other HVEM ligands. The BTLA affinity determined by SPR is
approximately 10-fold lower than a previously reported mea-
sure of BTLA binding to HVEM-expressing cells (12). The
difference in the method used for measurement likely accounts
for the discrepancy in the determined affinity (12). The differ-
ences in affinities of the TNF and Ig family ligands for HVEM
may be a result of their different functions and sites of binding.
LIGHT and LTa, which are both trimers, are each thought to
bind to a trimer of HVEM (3). Since TNFRs such as HVEM
are believed to be dimers on the cell surface, high-affinity
ligand binding may be needed to induce trimerization (8, 46).
In contrast, BTLA-HVEM binding is known to be 1:1 (12), and
this is also likely to be the case for CD160-HVEM. Similarly,
the stoichiometry of gD-HVEM binding is also 1:1 (7), which
is in accordance with its low affinity for HVEM. Overall, our
studies have revealed a wide range of affinities, binding kinet-
ics, and stoichiometries that likely reflect the structural differ-
ences among the ligands (Table 4).
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Binding of gD relative to HVEM natural ligands. Interest-
ingly, the affinity of wild-type gD for HVEM is lower than that
of all the natural ligands of HVEM. Although gD contains an
Ig V domain like BTLA and CD160, this domain is not in-
volved in the interaction of gD with HVEM. Instead, gD binds
to HVEM through a loop formed by a flexible N-terminal
extension (7, 12). Binding of HVEM to gD requires confor-
mational changes in gD to displace the C terminus and form
the N-terminal loop (14, 33). The presence of the gD C ter-
minus slows complex formation with HVEM, and when it is
removed or destabilized, the affinity increases 50- to 100-fold.
Thus, the shorter gD(285t) has a higher affinity for the receptor
because the HVEM binding site is more accessible. The
HVEM binding site on BTLA is exposed, allowing a very fast
interaction; however, the BTLA complex dissociates more rap-
idly from HVEM than gD despite sharing a similar binding site
on HVEM.

Indeed, despite having a lower binding affinity, wild-type
gD(306t) inhibits the binding of BTLA to HVEM. As both gD
and BTLA bind to an overlapping site on CRD1 of HVEM,
competition for binding with BTLA is expected (Fig. 8). Nei-
ther gD nor BTLA competed with LTa or LIGHT binding to
CRD2/3 on the opposite face of HVEM, which is unlikely to be
masked by the Ig-like ligands. Interestingly, LIGHT and LT«
both could block the binding of gD(306t) to HVEM but have
no effect on the binding of either gD(285t), gD(W294A), or
BTLA. By modeling the binding residues of LTa on HVEM
based on its binding to TNFR1 (2), it is clear that the binding
sites of gD and LTa may be less distinct than has been previ-
ously suggested (Fig. 8A). The inhibition of binding of all the
ligands by the Y23A point mutation (Fig. 6) and the MAb
CW3 (Table 3) also supports this idea. It is possible that tri-
merization caused by LTa and LIGHT binding changes the
conformation of CRD2. This may be enough to prevent bind-
ing of the low-affinity gD(306t). The higher affinity of gD(285t)
and gD(W294A) may allow these ligands to overcome this
change. BTLA would likely not be affected, as it binds exclu-
sively in CRDI1. Alternatively, gD(306t), which is larger, could
be more sensitive to steric hindrance. However, the fact that
the mutant gD(W294A), which contains the C terminus but
has a high affinity for HVEM, behaves like gD(285t) suggests
that it is the higher affinity that allows them to overcome the
block by LIGHT or LTa. Thus, our data support the formation
of a ternary complex between HVEM, BTLA, and LT« as well
as the previously reported complex between HVEM, BTLA,
and LIGHT (22). Our data also indicate that a ternary complex
could form between HVEM, gD, and LIGHT or LTaq, but only
if gD binds to HVEM first (Fig. 8C). In this configuration the
effect of the TNF-like ligand may be modulated differently in
the presence of BTLA or gD.

Soluble BTLA and LT« block HSV entry. Soluble gD is
known to block HSV entry into cells expressing either HVEM
or nectin-1 due to occupation of the receptor or downregula-
tion from the cell surface (16, 77). We found that soluble BT-
LAt and LTa(r) could specifically block HSV entry into cells
expressing HVEM. This result correlates with the direct blocking
of wild-type gD [i.e., gD(306t)] binding to HVEM by BTLAt and
LTa(r) in the competition studies. LT« is a soluble ligand for
HVEM that could possibly interfere directly with infection medi-
ated by HVEM. Interestingly, despite having a 50-fold-higher
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FIG. 8. Crystal structures of HVEM with footprint of contact res-
idues for ligands. Contact residues for BTLA and gD were determined
from the crystal structures of the complexes (7, 12). For LT, the
contact residues of LTa on TNFR1 were determined based on the
crystal structure (2). Based on a sequence alignment of TNFR1 and
HVEM, the homologous residues in HVEM were determined.
(A) Comparison of gD binding site (cyan) and modeled LTa binding
site (orange) on HVEM. (B) Comparison of BTLA binding site (pur-
ple) and modeled LT« binding site (orange) on HVEM. (C) Model of
relative spacing of ligand interactions with HVEM. LTa, orange;
LIGHT, yellow; BTLA, purple; gD, cyan.

affinity, LT« is not more efficient than gD(306t) at blocking virus
entry. This may be because LTa does not bind to the same site as
virion gD and therefore might block indirectly through a change
in conformation. It is currently unknown whether LTa has any
effect on HSV infection in vivo by this mechanism.

Implications for HSV infection. What are the implications for
the ability of wild-type gD to compete with BTLA for binding to
HVEM? HVEM acts as a molecular switch that helps to regulate
the immune response through both costimulatory and coinhibi-
tory signaling (5, 18, 44, 45, 74). Blocking the binding of BTLA or
CD160 would likely hinder inhibitory signaling which could po-
tentially augment the immune response. Since both LIGHT and
LTa can bind to other receptors to promote costimulatory sig-
naling (19, 64), it has been proposed that inhibitory signaling is
the most important function of HVEM (73).

It is also possible that gD evolved to use the binding site of

J. VIROL.

a natural ligand of HVEM to induce signaling itself. Several
studies have indicated that gD induces NF-«kB activation upon
HVEM binding (11, 39, 57). NF-«B activation is advantageous
for virus replication but may also augment T or B cell re-
sponses. BTLA and gD binding to HVEM share the most
similarity regarding structure, binding site, downregulation,
and, to some extent, affinity. It is possible that gD mimics some
functional aspects of BTLA as well. In fact, both gD and BTLA
binding to HVEM in frans induced survival signals in the
HVEM-expressing T cells (11). The interaction with HVEM
has the opposite outcome for the BTLA-expressing cells, which
receive an inhibitory signal (22, 58). Thus, gD binding to
HVEM both induces a T cell survival signal and eliminates the
possibility that BTLA can send an inhibitory signal by remov-
ing HVEM from the cell surface. This could potentially en-
hance a T cell response. It is unclear why it would be advan-
tageous for HSV to enhance the immune response through the
gD-HVEM interaction. We suggest that this may be a means of
activating an immune evasion mechanism similar to the T cell
fratricide model, in which HSV-infected cytotoxic T lympho-
cytes (CTLs) kill other virus-specific T cells (50). Alternatively,
it may be advantageous for the virus to locally stimulate an
immune response as a way to keep itself in check and cause
only mild local replication so as to not overwhelm its host. In
fact, several recent studies have shown that HSV-specific T
cells are found near latently infected trigeminal ganglia (30,
61). These T cells may play a role in controlling reactivation of
the virus (31, 60). Since these immune cells likely express
HVEM, as well as the other ligands, the interaction with gD at
the sites of virus exit from neurons may locally stimulate the
immune response to keep the virus in check and prevent it
from spreading to the central nervous system.

The competition and downregulation data suggest that HSV
gD mimics some aspects of BTLA binding to HVEM to induce
receptor downregulation which would prevent further interac-
tion of HVEM with natural ligands. In addition to BTLA,
other HVEM ligands interfere with HSV infection by blocking
access to HVEM. Thus, gD is at the center of the interplay
between the various types of ligands that bind to HVEM.
Further studies are necessary to determine how the ability of
gD to interfere with binding of HVEM to its ligands translates
to immunomodulation during infection in vivo.
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