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ABSTRACT

B virus (Macacine herpesvirus 1) can cause deadly zoonotic disease in humans. Molecular mechanisms of B virus cell entry are
poorly understood for both macaques and humans. Here we investigated the abilities of clinical B virus isolates to use entry re-
ceptors of herpes simplex viruses (HSV). We showed that resistant B78H1 cells became susceptible to B virus clinical strains
upon expression of either human nectin-2 or nectin-1. Antibody against glycoprotein D (gD) protected these nectin-bearing cells
from B virus infection, and a gD-negative recombinant B virus failed to enter these cells, indicating that the nectin-mediated B
virus entry depends on gD. We observed that the infectivity of B virus isolates with a single amino acid substitution (D122N) in
the IgV-core of the gD ectodomain was impaired on nectin-1-bearing cells. Computational homology-based modeling of the B
virus gD-nectin-1 complex revealed conformational differences between the structures of the gD-122N and gD-122D variants
that affected the gD—nectin-1 protein-protein interface and binding affinity. Unlike HSV, B virus clinical strains were unable to
use herpesvirus entry mediator (HVEM) as a receptor, regardless of conservation of the gD amino acid residues essential for
HSV-1 entry via HVEM. Based on the model of the B virus gD-HVEM interface, we predict that residues R7, R11, and G15 are
largely responsible for the inability of B virus to utilize HVEM for entry. The ability of B virus to enter cells of a human host by
using a combination of receptors distinct from those for HSV-1 or HSV-2 suggests a possible mechanism of enhanced neuro-
pathogenicity associated with zoonotic infections.

IMPORTANCE

B virus causes brainstem destruction in infected humans in the absence of timely diagnosis and intervention. Nectins are cell
adhesion molecules that are widely expressed in human tissues, including neurons and neuronal synapses. Here we report that
human nectin-2 is a target receptor for B virus entry, in addition to the reported receptor human nectin-1. Similar to a B virus
lab strain, B virus clinical strains can effectively use both nectin-1 and nectin-2 as cellular receptors for entry into human cells,
but unlike HSV-1 and HSV-2, none of the clinical strains uses an HVEM-mediated entry pathway. Ultimately, these differences

between B virus and HSV-1 and -2 may provide insight into the neuropathogenicity of B virus during zoonotic infections.

Bvirus (Macacine herpesvirus 1) is an enveloped, double-
stranded DNA virus belonging to the genus Simplexvirus of
the subfamily Alphaherpesvirinae. B virus generally produces ei-
ther mild disease or asymptomatic infection in monkeys of the
Macaca genus, which are natural reservoir hosts. Similar to hu-
man herpes simplex viruses (HSV), B virus in natural host animals
initially infects mucosal or skin epidermal and dermal cells and
then enters nerve terminals of the sensory neurons subserving
these sites. Subsequently, B virus travels in a retrograde direction
to the dorsal root ganglion, where it can establish a latent lifelong
infection with periodic reactivation (1, 2). B virus infections of
the central nervous system (CNS) are extremely rare in the
natural host and are usually associated with immunosuppres-
sion or intercurrent diseases (3, 4). In most human cases, B
virus spreads to the CNS, causing an acute ascending paralysis
and encephalomyelitis with an ~80% mortality rate if not
treated in a timely manner. Postmortem examinations reveal
focal neuronal lesions occasionally seen in parietal neurons,
but far more often in the brainstem and cervical spinal cord,
which are primary sites of virus recovery (5-11). The molecular
basis for the differences in neurovirulence between HSV and B
virus in humans remains a mystery despite the fact that specific
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molecular differences between these two viruses have been
identified (12-19).

B virus is genetically and immunologically closely related to
HSV, and some aspects of cell entry and cell-to-cell transmission
of B virus and HSV are conserved (14, 20-23). The specific inter-
actions of glycoprotein D (gD) with cognate cellular receptors,
viz., herpesvirus entry mediator (HVEM), nectin-1, and nectin-2,
as well as one of the several isoforms of 3-O-sulfated heparan
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sulfate, play a key role in initiation of the cascade of events leading
to HSV cell entry (24-32). Similarly, B virus can utilize nectin-1 as
a cell entry receptor, and its interaction with B virus gD is required
for virus entry into cells bearing nectin-1 as the sole entry receptor
(13, 14). Unlike HSV, B virus cannot use either the human or
monkey HVEM-mediated pathway for cell entry (14). Another
substantial difference between HSV and B virus entry mechanisms
is the ability of B virus to enter skin cells by using a gD-indepen-
dent cell entry pathway(s) (13).

During in vivo infection, alphaherpesviruses likely utilize dis-
tinct sets of receptors to infect different cell types in different tis-
sues. Nectin-1 is expressed on a variety of cells and tissues encoun-
tered during the progression of HSV pathogenesis; it serves as the
primary receptor for infection of neuronal cells and is a predom-
inant receptor on epithelial cells (33-37). The receptor HVEM is
expressed on immune cells, including T and B lymphocytes and
conventional dendritic cells, and thus functions as the primary
receptor on these cell types (38—41). Human nectin-2, like nec-
tin-1, is widely expressed in different cells and tissues, including
the brain, synapse junctions, and endothelial, epithelial, fibro-
blast, and some hematopoietic cells (34, 42, 43). Nectin-2 can
serve as a receptor for pseudorabies virus (PRV), bovine herpes-
virus 1 (BHV-1), some HSV-2 strains, and HSV-1 gD mutant lab
strains rid1, ANG, and HF (44-47).

Receptor usage has been described only for the B virus laboratory
strain E2490, which has a long-term passage history in African green
monkey kidney cells (Vero cells) (14). The entry receptors of this
culture-adapted strain might be substantially different from those of
B virus clinical strains. Also, human nectin-2 has never been studied
as a potential receptor for B virus entry until now by our group. The
present study was undertaken to determine the receptor tropism of
low-passage-number clinical strains of B virus isolated from macaque
monkeys and from humans with zoonotic infections. In addition to
HVEM and human nectin-1, we examined human nectin-2 for the
ability to mediate B virus entry. We also compared the efficiencies of
receptor usage between B virus and HSV as well as between different
B virus strains. Computer modeling of the B virus gD-HVEM inter-
face was performed to study the structural basis for the failure of B
virus to enter cells via HVEM. Further, we performed comparative
modeling of the B virus gD—nectin-1 interaction to understand the
molecular basis of experimentally observed differences in infectivity
between B virus isolates carrying an asparagine versus an aspartic acid
residue in the IgV-core gD domain on human nectin-1-bearing cells.

MATERIALS AND METHODS

Cells. Vero cells (ATCC CCL-81; ATCC, Manassas, VA) were grown in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bo-
vine serum (FBS) (Atlanta Biologicals, Atlanta, GA) and 1% antibiotic-
antimycotic solution (Invitrogen, Carlsbad, CA). Cells expressing HSV
entry receptors were kindly provided by Gary H. Cohen and Roselyn J.
Eisenberg (University of Pennsylvania, Philadelphia, PA). These cell
lines were developed by transfecting murine melanoma B78H1 cells
with pcDNA3.1 expression plasmids carrying the human HVEM (B78-
HVEM), nectin-1 (B78-nectin-1), or nectin-2 (B78-nectin-2) gene or
with empty vector (B78¢c) (48). The cells were maintained in DMEM
supplemented with 5% FBS and 500 pg/ml Geneticin (G418 sulfate) (In-
vitrogen, Carlsbad, CA).

Virus strains and isolates. HSV-1 strain KOS (ATCC VR-1493),
HSV-2 strain G (ATCC VR-734), B virus laboratory strain E2490 (a kind
gift from the late R. N. Hull, Eli Lilly, Indianapolis, IN), a B virus gD
deletion mutant (BV-AgDZ) containing the 3-galactosidase (3-Gal) gene
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under the control of a human cytomegalovirus promoter (13), and 19 B
virus clinical isolates (obtained from the National B Virus Resource Lab-
oratory, Atlanta, GA) were propagated in Vero cells in maintenance me-
dium with DMEM containing 2% heat-inactivated FBS (2% DMEM).
Virus stocks were titrated by plaque assay on Vero cells and were stored in
aliquots at —80°C. During these investigations, B virus was categorized as
a select agent by the Department of Homeland Security (DHS), and thus
all experiments with low levels of virus were done in accordance with
relevant Health and Human Services (HHS) (49, 50) and DHS regulations
in the Viral Immunology Center biosafety level 3 (BSL-3) laboratory of
Georgia State University prior to 2007 and in the BSL-4 laboratory after
that date. Stocks and large quantities of B virus were prepared in the BSL-4
laboratory at all times, in accordance with the recommendations for risk
group 4 agents as found in the 4th and 5th editions of Biosafety in Micro-
biological and Biomedical Laboratories (49, 50).

TCID,, assay. Cell monolayers were prepared in 96-well culture
plates. The B virus stock was serially 10-fold diluted in maintenance me-
dium (2% DMEM). The culture medium was removed from the plates,
and diluted virus at 25 pl/well was added to each well across the plate,
from columns 1 to 9. One column (eight wells) per virus dilution was used
for infection. One column of wells was left uninfected; 25 pl/well of main-
tenance medium was added to this column. The plates were then incu-
bated for 1 h at 37°C with 5% CO, in a humidified culture incubator. After
1 h of incubation, 100 wl of maintenance medium was added to each well.
At 72 h postinfection (hpi), cytopathic effect (CPE) was examined by light
microscopy and then by immunostaining using pooled sera obtained
from B virus antibody-positive macaques. The 50% tissue culture infec-
tive dose (TCIDs,) of viral stocks, i.e., the dose which gave rise to CPE in
50% of inoculated cultures, was calculated using the Kirber algorithm as
described by Hierholzer and Killington (51). Reported infective titers re-
fer to the infective dose per milliliter of viral stock.

Infectivity assay with BV-AgDZ and X-Gal staining. Cell monolayers
were exposed to 10-fold serial dilutions of B-Gal-expressing BV-AgDZ
diluted in Hanks’ balanced salt solution (HBSS). After 1 h of incubation at
37°C with 5% CO, in a humidified culture incubator, the virus inoculum
was replaced by maintenance medium, and the cells were incubated for 48
to 72 h and then washed, fixed, and stained with X-Gal (5-bromo-4-
chloro-3-indolyl-B-p-galactopyranoside) as previously described (13).

Antisera. Rabbit polyclonal antisera against B virus gD were obtained
previously by DNA immunization (52). Pooled B virus antibody-positive
and -negative macaque serum samples were prepared as described previ-
ously (53).

Neutralization assays. Preimmune sera and antisera collected from
immunized rabbits were heat inactivated at 56°C for 30 min. Diluted virus
stock (100 PFU/100 pl or 100 TCID,,/25 pl) was mixed with an equal
volume of DMEM containing serial 2-fold dilutions of rabbit serum and
incubated for 1 h at 37°C with 5% CO, in a humidified culture incubator.
The neutralization capacity of the rabbit antiserum on nectin-1-bearing
and Vero cells was determined by a previously described plaque reduction
assay (53). The cell monolayers were fixed with 100% methanol at 48 hpi
and then stained with 0.2% crystal violet, and plaques were counted. The
neutralization capacity of the serum dilution was calculated according to
the following formula: % neutralization = (1 — PFU in a treated well/PFU
in a control well) X 100%. The neutralization titer was expressed as the
reciprocal of the serum dilution resulting in 50% plaque reduction. Be-
cause B virus does not produce well-defined plaques on nectin-2-express-
ing cells, a CPE inhibition assay was used to determine neutralization
titers of the antisera for these cells, as follows. Each preincubated virus-
serum mixture (50 pl) was combined with 100 pl of B78-nectin-2 cell
suspension (2 X 10° cells/ml) and added to each well of a 96-well cell
culture plate. Eight wells were prepared on a plate per dilution of serum.
To simplify detection of infected cells, monolayers were fixed at 72 hpi and
immunostained with the prepared pool of B virus-positive macaque serum
samples. Neutralization titers were determined by the Reed and Muench
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TABLE 1 Comparison of entry receptor usages of B virus, HSV-1, and HSV-2

Titer (PFU/ml) on cells

Titer relative to Vero cell infectivity (%)"

Virus Vero B78-HVEM B78-nectin-1 B78-nectin-2 B78c¢ B78-HVEM B78-nectin-1 B78-nectin-2
B virus E2490 7.5 X 107 0 3.0 X 10° 1.3 X 10° 0 0.0 4.0 1.7
HSV-1 (KOS) 1.8 X 10® 1.5 X 107 8.2 X 10° 0 0 8.3 4.5 0.0
HSV-2 (G) 1.3 X 107 9.5 X 10° 3.0 X 10° 1.0 X 10° 1.0 X 10° NA NA NA

¢ Calculated as follows: (titer on receptor-expressing cells/titer on Vero cells) X 100%. NA, HSV-2 can use an endogenous receptor to enter B78HI1 cells, and therefore the effect of

expressed receptors for HSV-2 entry is difficult to quantify precisely on this cell line.

method, with each neutralization titer expressed as the reciprocal of the high-
estantibody dilution at which half of the wells were negative for infection (54).

Immunostaining. Immunostaining of infected cells with a B virus
antibody pool was performed as previously described (52).

Sequence analysis of B virus gD. PCR amplification of the gD gene of
each B virus isolate from genomic DNA and gene sequencing were de-
scribed earlier (53). The nucleotide sequences of the gD alleles were de-
posited in the GenBank database under accession numbers AF447074 to
AF447094. Multiple-sequence alignments between B virus, HSV-1, and
HSV-2 gD protein genes were performed and analyzed by using the
DNASTAR MegAlign program (DNASTAR, Madison, WI).

Protein structure modeling. The sequence of B virus gD (GenBank
accession no. NP_851925) with the signal peptide deleted was used to
prepare a model of a hypothetical complex between B virus gD and
HVEM or nectin-1. The structures of the HSV-1 gD-HVEM complex
(PDB code 1JMA) (55) and the HSV-1 gD-nectin-1 complex (PDB code
3U82) (56) were used as templates for computer modeling of the B virus
¢gD-HVEM and B virus gD—nectin-1 complexes, respectively. The model
structures were prepared using software approbated in the framework of
Critical Assessment of Structure Prediction (CASP) conferences as de-
scribed previously (57). The stability of the gD protein globule structure
was calculated using the software package ECMMS (Energy Calculations
for MacroMolecular Systems) for molecular mechanics modeling (58).
Protein-protein interactions between gD and receptors in the models and
in the template structures were analyzed using the INTG program, which
calculates hydrogen bonds and hydrophobic interactions (59, 60). Models
of the complexes were minimized using the multiple-run procedure as
described previously (61). The multiple-run procedure is known to pro-
duce accurate side chain predictions (62, 63). The structural alignment of
the gD models was prepared using the software package EVM (Expert
Validation Modeling) as described previously (57). The illustrations of
protein structures were prepared using DS Visualizer (http://accelrys.com
/products/collaborative-science/biovia-discovery-studio/visualization
.html; Accelrys Inc., CA). An atom-atom “clash” (a severe violation of

B78-nectin-1

.

B78-nectin-2

geometry) was counted if the distance between any two nonbonded atoms
was less than 2 A.

RESULTS

Effectiveness of receptors for B virus, HSV-1, and HSV-2 entry.
The B78H1 murine cell line is resistant to infection by alphaher-
pesviruses because of the lack of suitable entry receptors (13, 64).
We used recombinant B78H1 cell lines, each stably transfected
with a transgene encoding one of the HSV entry receptors, for
comparative analyses of receptor usage by B virus and HSV types
1 and 2 (48).

The lack of a created reporter wild-type B virus precluded us
from using replication-independent cell entry assays. Instead, a
calculated infectivity titer for each receptor-bearing cell line was
used as a measure of effectiveness of the corresponding receptor
for viral entry. Although they are less precise, infectivity assays
were used to assess virus entry because reporter reagents were not
available. The permissiveness of the B78-HVEM, B78-nectin-1,
and B78-nectin-2 cell lines to B virus (lab strain E2490), HSV-1
(strain KOS), and HSV-2 (strain G) was tested by a standard
plaque assay. To assess quantitative differences in receptor usage
between B virus and HSV types 1 and 2, infectivity titers of each
virus on the receptor-expressing cells were normalized to those on
Vero cells (determined in parallel experiments). Cell monolayers
were immunostained with pooled rhesus B virus antibody-posi-
tive serum to simplify counting of plaques and foci of infected
cells.

HVEM-expressing B78H1 cells were highly susceptible to HSV-1
and HSV-2 (Table 1); however, only a few immunostained cells
were observed in the B78c and B78-HVEM cell monolayers in-
fected with the highest dose of B virus (4.3 X 107 PFU/well) used

B78-HVEM

7 AL
Ltk ‘E"n?_ﬂ

FIG 1 Susceptibility of murine B78H1 cells expressing HSV entry receptors to B virus infection. B virus E2490 was titrated on confluent monolayers of Vero (A),
B78-nectin-1 (B), B78-nectin-2 (C), B78-HVEM (D), and B78c (E) cells. At 48 hpi, the cells were fixed and immunostained with rhesus B virus antibody-positive
serum. Panels D and E represent images captured from culture wells infected with 4.3 X 10” PFU/well of B virus. Only a few immunostained cells were observed
in the B78¢ (E) and B78-HVEM (D) cells. Panels C, B, and A represent selected wells that best reflect the CPE produced by B virus on the nectin-2-expressing,

nectin-1-expressing, and Vero cells, respectively. Magnification, X10.
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FIG 2 Blocking of virus infectivity by gD antibody. (A) B virus neutralization
on B78-nectin-2 cells was performed using a CPE inhibition assay. The mono-
layers were fixed at 48 hpi and immunostained with rhesus B virus antibody-
positive serum. Magnification, X 10. (B) B virus neutralization on B78-nec-
tin-1 cells was assayed by a plaque reduction assay. The infected cells were fixed
at 48 hpi and then stained with crystal violet to visualize viral plaques. The
images represent culture wells of B78-nectin-1 cells infected with B virus-
serum mixtures. (C) Neutralization curves for B virus and HSV-1 on Vero
cells, representing negative and positive controls, respectively.

B78-nectin-2

B78-nectin-1
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in the experiments (Fig. 1D and E; Table 1). Thus, using a different
cell line expressing human HVEM, B78H1 cells, instead of the
Chinese hamster ovary cells used by Fan and colleagues (14), we
confirmed their observation that HVEM is incapable of mediating
entry of a B virus lab strain.

Both nectin-1- and nectin-2-bearing cells were highly suscep-
tible to B virus infection (Fig. 1B and C), but only nectin-1-ex-
pressing cells were susceptible to HSV-1 and HSV-2 (Table 1). The
sensitivities of nectin-1-expressing cells to B virus and HSV-1
were comparable, indicating that nectin-1 is equally efficient at
mediating entry of these two viruses (Table 1). Due to the partial
susceptibility of B78H1 cells to HSV-2, we were unable to com-
pare nectin-1 usage by B virus and HSV-2 accurately by using this
approach. The CPE resulting from B virus infection was markedly
different in nectin-1- versus nectin-2-bearing cells. Following B
virus infection of B78-nectin-1 cell monolayers, syncytial plaques
were approximately 2 to 3 times smaller than those produced in
identically infected Vero cell monolayers (Fig. 1A and B). In the
infected B78-nectin-2 cell monolayers, cells infected with B virus
produced various morphological changes, ranging from single
rounded cells or small grape-like clusters of rounded cells to small,
nonsyncytial plaques that were smaller than and morphologically
distinct from plaques on Vero and B78-nectin-1 cells (Fig. 1C).
These results indicate that in addition to nectin-1, B virus can use
nectin-2 as a cellular receptor for entry and cell-to-cell spread. The
data also suggest that nectin-1 is a more efficient mediator of B
virus lateral spread than nectin-2. Thus, both quantitative and
qualitative differences exist in the use of entry receptors by B virus
and HSV types 1 and 2.

To determine if nectin-1- or nectin-2-mediated entry of B vi-
rus was dependent on gD, neutralization experiments using B vi-
rus strain E2490 and rabbit polyclonal serum against B virus gD
and infectivity assays using the gD deletion mutant BV-AgDZ
were performed on receptor-bearing cells. Neutralization experi-
ments on Vero cells served as controls. The neutralization capacity
of the gD antiserum was examined on B78-nectin-1 and Vero cells
by using a plaque reduction assay and on B78-nectin-2 cells by
using a CPE inhibition assay. The polyclonal gD antibody fully
protected both nectin-1- and nectin-2-bearing cells from B virus
infection (neutralization titers were 1:64 and 1:32, respectively),
while preimmune serum offered no protection (Fig. 2A and B). In
the control experiments, we observed a lack of B virus neutraliza-
tion and efficient neutralization of HSV-1 infectivity on Vero cells
by the gD antiserum, which is consistent with previously pub-
lished results (52) (Fig. 2C). To assess the infectivity of the gD
deletion mutant on nectin-2-bearing cells, BV-AgDZ was titrated

Vero

FIG 3 Infection of cells with a gD-negative recombinant B virus (BV-AgDZ). Nectin-2-expressing, nectin-1-expressing (negative control), and Vero (positive
control) cell monolayers were infected with BV-AgDZ. Cells were fixed at 48 hpi and then stained with X-Gal as described in Materials and Methods.

Magnification, X5.
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FIG 4 Essential differences in protein-protein interfaces involving HSV-1 and B virus gD proteins and HVEM. (A) Alignment of the gD ectodomain residues of
HSV-1 (KOS), HSV-2 (HG52), and the B virus lab strain (E2490). Conserved amino acid residues are boxed. The red line above the gD sequences indicates
HVEM contact residues. The residues essential for HVEM-mediated and nectin-1-mediated HSV-1 entry are shown in bold red and bold blue, respectively. Red
shading indicates the M11 residue, which is involved in the interaction with the HVEM “hot spot” residue Y28. Blue shading indicates the only residue in the
IgV-core, Q132, that directly interacts with the nectin-1 C” strand. The arrows point to the residues that most probably distort the HVEM-B virus gD interface.
Lollipops mark the predicted N-glycosylation sites. The black-filled lollipop marks an N-glycosylation site that is absent in the B virus lab strain. (B) Resolved
structure of the HSV-1 gD and HVEM complex (PDB code 1JMA). Residues 1 to 50 of gD are shown. The residues A7, M11, and N15 (shown in space-filling
format) are accurately packed at the molecular surface of the receptor. (C) Model of the HVEM and B virus gD complex. Severe steric clashes of R7 and R11 are
predicted, with no interactions between G15 and the receptor.

9424 jvi.asm.org Journal of Virology October 2016 Volume 90 Number 20


http://www.rcsb.org/pdb/explore/explore.do?structureId=1JMA
http://jvi.asm.org

Entry Receptor Usage by B Virus Clinical Isolates

TABLE 2 Amino acid substitutions in the gD extracellular domain in B virus isolates from macaques and humans

Residue at position:

gD variant 122 143 B virus isolates” No. of isolates (% of total)
gD-122D/143G D G E2490, MR5, RP, A5, A6 5(25)

gD-122D/143S D S MR3, MR6, MR7, MJ1, MJ2, M]3, A4 7 (35)

gD-122N/143S NP S MRI1, MR2, MR4, MR8, A1, A2, A3, AR1 8 (40)

gD-122N/143G N G Not found 0

Total 20

@ Strains in bold indicate B virus strains isolated from infected humans.
b Predicted N-glycosylation site.

on B78-nectin-2 cell monolayers, followed by X-Gal staining. We
reported earlier that a gD-null B virus could not enter B78-nec-
tin-1 cells but infected Vero cells as efficiently as the wild-type
virus did (13). Therefore, for this study, we used Vero cells as a
positive control and nectin-1-bearing cells as a negative control
for BV-AgDZ infectivity. Similar to B78-nectin-1 cells, nectin-2-
bearing cells were resistant to BV-AgDZ infection, whereas Vero
cells were highly susceptible (Fig. 3). Together, these results pro-
vided evidence that gD was required by B virus for cell entry me-
diated by both nectin-1 and nectin-2.

Analysis of gD variability in clinical isolates. Even a single
amino acid substitution in HSV gD can influence the usage of
cellular receptors (27, 65, 66). Thus, the inability of the B virus lab
strain to use the HVEM receptor may have been due to the accu-
mulation of lab strain-specific mutations in gD. To evaluate this
possibility, we compared predicted amino acid sequences of gD
extracellular domains between the prototype lab strain E2490 and
19 clinical strains isolated from macaques and/or human patients
with confirmed B virus infections. The complete gD gene se-
quences of the strains were obtained as described previously (53)
and then compared. The N-terminal domain of gD (amino acids
[aa] 7 to 32), which is involved in the interaction of HSV-1 gD
with HVEM, was conserved among all B virus isolates (55, 67).
Naturally occurring substitutions (relative to the lab strain) at
residues 122 and 143 were identified in the B virus gD IgV-core
domain. In eight clinical strains, the D122N substitution gener-
ated a third potential N-glycosylation site, which was present in all
reported gD-1 and gD-2 sequences (Fig. 4A). Natural gD poly-
morphism did not correlate with the species from which the virus
was obtained, i.e., human or macaque. The frequencies of the
three naturally occurring gD variants, designated gD-122D/143G,
gD-122D/143S, and gD-122N/143S, and a list of B virus isolates

are shown in Table 2. The fourth possible variant, gD-122N/143G,
was not found among the clinical strains, while the frequencies of
the other variants were comparable to each other.

Receptor usage by B virus clinical isolates. To establish recep-
tor preferences, six B virus clinical isolates (macaque and/or hu-
man origin) representing various natural gD variants, as well as
the prototype lab strain, were evaluated for entry into the specific
receptor-expressing cells. In these experiments, the infectivity of
each B virus strain was evaluated using a TCID5, assay, which is
more sensitive (although less precise) than plaque assay (68, 69).
To compare strain infectivities by using different cell lines, each B
virus strain was simultaneously titrated on parallel cultures of
B78-nectin-1, B78-nectin-2, B78-HVEM, and B78c cells. The in-
fected monolayers were fixed at 72 hpi and stained with pooled
rhesus B virus antibody-positive serum samples, and viral titers
(TCIDs, per milliliter) on each cell line were calculated.

A few sporadic singly stained cells were observed in both in-
fected B78c¢ (control) and infected B78-HVEM cells. These singly
infected cells were most likely a result of entry via murine nectin-1,
as suggested previously for HSV-1 (70). Thus, similar to the lab
strain, none of the clinical isolates were able to infect B78-HVEM
or B78c cell monolayers. The TCIDs,, titers of the clinical isolates
on B78-nectin-2 cells were ~4 times lower, on average, than those
on B78-nectin-1 cell monolayers (Table 3). These findings dem-
onstrated that B virus primary isolates, regardless of the gD vari-
ant, can use both nectin-1 and nectin-2, but not HVEM, as cellular
receptors for entry into human cells. Nectin-1 was more effective
than nectin-2 in mediating this process. The inability of any of the
tested strains to utilize HVEM for entry could not be attributed to
the identified amino acid variability in B virus gD. Further, since
none of the isolates utilized HVEM for entry, the inability of B

TABLE 3 Use of HSV entry receptors by B virus clinical isolates as determined by TCID, assay

Infectivity titer (TCID,/ml)? on cells expressing:

gD variant Isolate HVEM Nectin-1 Nectin-2 Nectin-1/nectin-2 titer ratio
gD-122D/143G E2490 0 7.1 X 10° 4.0 X 10° 1.8
A5 0 4.0 X 107 7.1 X 10° 5.6
gD-122D/143S A4 0 7.1 X 10° 22X 10° 3.2
MR7 0 NT NT
gD-122N/143S AR1 0 4.0 X 10° 1.3 X 10° 3.1
Al 0 4.0 X 10° 7.1 X 10° 5.6
MR4 0 NT NT

“NT, not tested.
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TABLE 4 Use of nectin-1 for entry by B virus clinical isolates as determined by plaque assay

Infectivity titer (PFU/ml) on cells

gD variant Isolate Vero B78-nectin-1 Vero/B78-nectin-1 titer ratio
gD-122D/143G E2490 1.4 X 107 6.4 X 10° 22
A5 3.2 X107 6.5 X 10° 50
gD-122D/143S A4 1.0 X 107 2.2 X 10° 45
MR7 9.0 X 107 3.0 X 10° 30
gD-122N/143S ARI 7.0 X 107 3.5 X 10° 200
Al 3.0 X 107 1.4 X 10° 214
MR4 3.4 X 107 9.0 X 10* 378

virus to use the HVEM receptor was independent of the variability
in B virus gD as originally hypothesized.

Next, we compared the levels of effectiveness of nectin-1 usage
by the selected B virus strains. To enable an infectivity compari-
son, the virus titers (PFU per milliliter) of each clinical strain were
measured by plaque assays on parallel cultures of B78-nectin-1
and Vero cells (Table 4). The relative infectivity titers of all three
gD-122N/143S-carrying strains on B78-nectin-1 cells were 5 to 10
times lower than the titers of gD-122D/143G- and gD-122D/
143S-carrying strains, suggesting that residue 122 plays a critical
role in the interaction of B virus gD with nectin-1.

Structure modeling of the complex between B virus gD and
nectin-1. For comparative modeling, we used the X-ray crystallo-
graphic structure of the HSV-1 gD ectodomain (gD285) bound to
human nectin-1 (PDB code 3U82) (56). B virus gD isolates con-
tain either asparagine or aspartic acid at position 122, whereas
HSV-1 gD isolates contain an asparagine residue at the corre-
sponding position. To investigate the molecular details of the role
of B virus gD residue 122 in the gD—nectin-1 complex, we pre-
pared models of the structure of this complex by using software
that was extensively tested during CASP conferences, as described
in detail by Torshin (57) (Fig. 5A). The analysis showed that the
N122 residue is located more than 15 A from the nectin-1-gD
protein-protein interface and thus is not involved in the direct
interaction between gD and nectin-1. Next, we created a computer
model of nectin-1-liganded gD-122D and performed a structural
alignment of this gD variant and gD-122N by using the software
package EVM as described previously (57) (Fig. 5B). Energy cal-
culations were performed using the software package ECMMS,
and the results showed that the N122D substitution increased the
stability of the gD globular structure by 0.23 kcal/mol (58). The
N122D replacement also resulted in a conformational change of
the entire globule of the gD protein (root mean square deviance of
3.41 A compared to the gD-122N structure). As a result, the en-
ergy of gD binding to nectin-1 was reduced by 0.16 kcal/mol. We
suggest that the N122D substitution-induced conformational
changes in the globule of the gD protein can lead to destabilization
of the gD—nectin-1 interface and thus affect B virus entry.

Full atomic model of B virus gD-HVEM interfaces. The gD
contact residues for HVEM were identified in the N terminus of
the HSV-1 gD molecule by X-ray crystallography (55, 71). The
alignment of the gD amino acid sequences of HSV-1, HSV-2, and
B virus (Fig. 4A) showed that these contact residues are also pres-
ent in B virus gD, but 9 of 18 contact residues differ. Nevertheless,
the three residues in this region of HSV-1 gD (Q27, T29, and D30)
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essential for both HVEM binding and cell entry are conserved in
all B virus isolates (66, 72). These data suggest that the inability of
B virus to use HVEM is likely attributable to other residue substi-
tutions that influence accessibility of the critical regions required
for gD interactions with human HVEM.

To study possible theoretical structural bases for the inability
of B virus gD to utilize HVEM, we performed comparative homol-
ogy modeling of the B virus gD-HVEM interface by using the
structure of the HSV-1 gD-HVEM complex (Fig. 4B and C). In
the template structure (HSV-1 gD-HVEM; PDB code 1JMA), the
protein-protein interface is tightly packed, with no steric viola-
tions and with many hydrogen bonds stabilizing protein-protein
interactions (Fig. 4B and Table 5). In the model (B virus gD-
HVEM), however, the protein packing is characterized by a large
number of atom-atom clashes, primarily due to the introduction
of bulky arginine side chains at gD positions 7 and 11 (Fig. 4C and
Table 5), which result in considerable steric hindrance due to the
gross shape mismatch. The presence of these severe atom-atom
clashes in the protein-protein interface suggests that the hypothet-
ical complex cannot possibly be formed. In addition, arginine side
chains cannot be accommodated at the molecular surface of the
receptor without significant distortions of the binding geometry.
Further, a number of hydrogen bonds stabilizing the complex are
absent in the structure of the hypothetical complex. For example,
the two hydrogen bonds formed by asparagine at position 15 in
HSV-1gD arelost in B virus gD due to the N15G substitution. The
presence of atom-atom clashes, disruption of the tight packing,
and loss of almost half of the hydrogen bonds stabilizing the pro-
tein-protein complex suggest that B virus gD and the human re-
ceptor HVEM likely do not form a stable protein-protein com-
plex.

DISCUSSION

In the present study, we set forth to identify which of the known
human HSV receptors are utilized by low-passage-number B virus
clinical isolates obtained from infected macaques and humans in
order to better understand the interactions between B virus and
human cells during viral entry. The experimental data presented
in this paper revealed that B virus utilizes nectin-1 and, less effec-
tively, nectin-2 to gain entry into human cells. We also showed
that, similar to the situation with HSV, nectin-mediated pathways
of B virus cell entry are gD dependent, based on our experiments
showing that polyclonal gD antibodies blocked virus entry and
that a gD-negative recombinant B virus was unable to enter hu-
man nectin-1- or nectin-2-expressing murine cells.

October 2016 Volume 90 Number 20


http://www.rcsb.org/pdb/explore/explore.do?structureId=3U82
http://www.rcsb.org/pdb/explore/explore.do?structureId=1JMA
http://jvi.asm.org

Area of
nectin-1
domains
binding

P

K
N-terminus

Nectin-1 domains

Entry Receptor Usage by B Virus Clinical Isolates

C-terminus
N122

N-terminus

C-terminus

FIG 5 Computational modeling and comparison of the structures of B virus gD-122N and gD-122D variants liganded with nectin-1. (A) Computational
modeling of B virus N122-carrying gD and nectin-1. The solved crystal structure of HSV-1 gD bound to human nectin-1 (PDB code 3U82) was used as a template.
B virus gD and nectin-1 are represented as a stereo ribbon and van der Waals surfaces, respectively. The N122 residue is located more than 15 A from the
protein-protein nectin-1-gD interface and thus is not involved in the direct interaction between gD and nectin-1. (B) Overlay of the B virus gD-122N and
gD-122D structures. The arrows mark N122 (gray) and D122 (orange). Note the considerable conformational changes of the globule in the area of the nectin-1
binding domain. These changes lead to a reduction in the energy of binding of the gD-122D variant to nectin-1, by ~0.16 kcal/mol, compared to that of the

gD-122N variant.

For the first time, to our knowledge, we show the inability of
clinical isolates from macaques and humans to infect HVEM-
bearing cells. In marked contrast, all HSV primary isolates (n =
60) evaluated used both HVEM and nectin-1 for entry, with sim-
ilar efficiencies, whereas only a few strains used nectin-2, as dem-
onstrated by Krummenacher and colleagues (47). There are, how-
ever, several HSV-1 laboratory strains (e.g., rid1 and rid2) with a
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unique receptor tropism not previously reported for clinical iso-
lates. Examination of these strains by multiple independent
groups revealed gD mutations (L25P, Q27R, or Q27P) that are
responsible for the ability of these mutants to utilize nectin-2 in-
stead of HVEM for cell entry (45, 72-74). Although B virus resem-
bles these HSV-1 mutants with respect to receptor usage, conser-
vation of L25 and Q27 in all 20 sequenced strains of B virus
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TABLE 5 Residues of the protein-protein interfaces in gD-receptor complexes

HSV-1 gD (solved structure)” B virus gD (model)®*
No. of No. of

Amino acid No.of H hydrophobic  No. of No.of H hydrophobic No. of

position Residue  bonds® contacts clashes” Residue bonds® contacts clashes” Remarks

7 A 1 2 0 R NA NA 5 Too many clashes in the model suggest that
the residues will disrupt the complex

11 M 0 10 0 R NA NA 5 Too many clashes in the model suggest that
the residues will disrupt the complex

12 A 1 0 0 A% 1 0 0

14 P 1 11 0 P 0 9 0 A hydrogen bond is lost

15 N 2 1 0 G 0 0 0 Hydrogen bonding interactions are lost

24 \% 0 3 0 P 0 0 0 Protein-protein packing is disrupted

26 D 2 1 0 E 1 3 1 Hydrogen bonding interactions are lost

27 Q 2 1 0 Q 1 0 1 A hydrogen bond is lost

28 L 0 4 0 K 0 4 1

29 w 2 2 0 Y 3 1 0

31 P 0 2 0 P 0 2 0

“ Downloaded from the Protein Data Bank (PDB entry 1JMA).
¥ Based on the complex of HSV-1 gD and HVEM.

¢ Residues of the interfaces were identified using lists of intersubunit hydrogen bonds and van der Waals contacts as described earlier (59, 60).
4 An atom-atom “clash” was registered if the distance between two nonbonded atoms was less than 2 A.

¢ NA, not applicable (too many clashes in this region).

indicates that the similarity in receptor tropism for B virus gD and
these HSV mutants was not due to mutations at these positions.
Residues T29 and D30, which were revealed by alanine mutagen-
esis of the gD-1 contact region to be essential for use of HVEM and
nectin-2 for entry (66, 72), were also conserved in B virus gD.
Additionally, B virus gD lacks the amino acid substitutions
(M11P, P14R, G43P, L28G, and L28P) that correlated with loss of
HSV-1 entry via HVEM following random mutagenesis of HSV-1
gD (75). Thus, the structural modifications in B virus gD that
changed the B virus receptor usage appear to be different from
those observed in HSV-1 gD.

We predicted that the following three key residues in the N
terminus of B virus gD are responsible for the inability of B virus to
enter cells via HVEM: R7, R11, and G15. These predictions were
based on the proposed full atomic model of the B virus gD-HVEM
interface, prepared using the crystallographic structure of HSV-1
gD-HVEM (55) as a template (Fig. 4C). For proteins with con-
served sequence and structural similarities, such homology mod-
eling of three-dimensional structures can be generated with a pre-
cision sufficient to make biologically relevant conclusions, as
previously demonstrated independently by multiple investigators
(76,77). According to our model, two bulky arginine residues in B
virus gD, corresponding to A7 and M11 in HSV-1 gD, notably
alter the geometry of the gD contact surface. The fact that the
protruding side chains of arginine residues interfere with the pu-
tative fit of gD onto the HVEM binding interface, coupled with the
loss of stabilizing hydrogen bonds (Table 5), suggested that a sta-
ble interaction between B virus gD and HVEM is unlikely. Our
hypothesis does not contradict the results of HSV-1 gD alanine
scanning mutagenesis studies. In these studies, the substitutions
MI11A and N15A did not abrogate HSV-1 entry but did reduce gD
binding to HVEM to undetectable levels (65, 66, 78), while the
M11P substitution resulted in a complete loss of the ability of the
HSV-1 mutant to enter cells via HVEM (75).

Our computational modeling data are in agreement with the in
silico model of the B virus gD-HVEM complex described previ-
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ously by Li and colleagues (79). Their explanation for the inability
of gD to adapt HVEM as a receptor was based on the low shape
complementarity value and small interface area for the B virus
gD-HVEM complex compared to those for the HSV-1 gD-HVEM
complex. We extended their observations, and by using a different
computer modeling approach, we were able to identify specific
amino acids (R7, R11, and G15) producing steric clashes between
HVEM and B virus gD that prevent complex formation (Fig. 4).
In addition to influencing cell tropism, the inability of B virus
to interact with HVEM may also abrogate B virus interactions
with some immune cells of the human host. HVEM performs
multiple immunomodulatory functions and is expressed on both
T and B lymphocytes (39, 80-83). HSV-1 gD interaction with
HVEM on immune cells results in production of proinflamma-
tory chemokines, and this has been suggested to play an essential
role in the recruitment of adaptive immune defenses (84-87).
Whether the inability to interact with HVEM contributes to the
remarkable differences in B virus pathogenesis in humans versus
macaques requires further study. Remarkably, B virus infections
in macaques, similar to HSV infections in humans, are predomi-
nantly subclinical. Therefore, it is reasonable to suggest that B
virus either utilizes an unknown receptor that results in a similar
HVEM-mediated signaling pathway or has evolved unique mech-
anisms to modulate the natural host defenses. Pollara and col-
leagues suggest that delays in adaptive immune responses permit
the virus to enter nerve endings to evade immune defenses (88).
The ability to effectively use nectin-2 is another feature that
distinguishes B virus from HSV-1 clinical strains that either were
unable to utilize nectin-2 for entry or used this receptor ineffi-
ciently (47). The reasons for the enhanced ability of B virus gD to
use nectin-2 are unknown, in part due to a limited understanding
of the actual HSV gD and nectin-2 structural interactions. Nec-
tin-2 is widely expressed in various cells and tissues, including the
brain and synaptic junctions (34, 42, 43, 47). Interestingly, several
HSV-1 clinical isolates from the CNS of patients with encephalitis
can efficiently use nectin-2 for entry (47). In view of the fact that
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untreated B virus human infections often result in encephalitis,
the ability of B virus to efficiently use nectin-2 as an entry receptor
may play a significant role in the neuroinvasiveness of B virus in
humans.

Nectin-2 is also a ligand of the activating natural killer (NK)
cell receptor DNAX accessory molecule 1 (DNAM-1) (43, 89-92).
Work in PRV and HSV-2 showed that following cellular transfec-
tion with gD or viral infection, DNAM-1 was downregulated to
prevent NK cell-mediated cytolysis of infected cells (93). Because
B virus can interact with nectin-2, B virus may have a similar
mechanism to evade NK cell-mediated cytolysis. The immune as-
pect in the context of interactions between B virus gD and cognate
cellular receptors remains to be investigated.

Our study also shows, for the first time, that B virus clinical
isolates use nectin-1 for entry as effectively as HSV-1 and -2 do,
which is not surprising given that nectin-1 is currently considered
a principal entry receptor for most alphaherpesviruses (94, 95).
The essential nectin-1 binding residues are conserved in the B
virus lab strain and each of the 19 human and macaque clinical
strains we studied. Remarkably, all isolates that showed reduced
infectivity on nectin-1-expressing cells (Table 4) contained
D122N and G143S substitutions in gD relative to the gD sequence
of the lab strain. Because the plating efficiencies of the gD-122D/
143G- and gD-122D/143S-carrying isolates were comparable on
nectin-1-expressing cells, we concluded that the G143S substitu-
tion does not affect B virus entry, and therefore the D122N sub-
stitution is likely to be solely responsible for the reduced infectivity
of the gD-123N/143S-carrying strains.

Notably, the D122N substitution created a third N-glycosyla-
tion site in B virus gD, which was absent in the lab strain and 11 of
the 19 clinical isolates examined (Table 2). The addition of an
N-linked carbohydrate to the N122 residue may lead to a putative
conformational change in B virus gD, potentially affecting the
interaction of nectin-1 B-strand C” with the gD Ig fold that was
described by Di Giovine and colleagues (96). For HSV-1, however,
the glycosylation status of the residue at position 121 (corre-
sponding to position 122 in B virus gD) did not affect virus infec-
tivity (97, 98) or gD binding to either HVEM (73) or nectin-1 (46).

A structural model of the B virus gD—nectin-1 complex was
proposed earlier by Li and colleagues (79). Herein, using a com-
parative homology modeling approach, we illustrated putative
conformational and structural differences at the atomic level be-
tween B virus gD-122N and gD-122D upon nectin-1 binding. The
N122D replacement may result in a destabilization of the gD—
nectin-1 protein-protein interface due to conformational changes
in the globule of the gD protein. Destabilization of the nectin-1—
gD-122D protein-protein interface may change the flexibility of
gD, thus affecting specific structural rearrangements needed for
the downstream interaction of the gD C terminus with glycopro-
teins gB and gH/gL that is essential for cell entry (31, 67, 99, 100).
Making mutant viruses that have changes in the predicted amino
acids will indicate whether the predictions are accurate.

In summary, our study shows, for the first time, that low-pas-
sage-number B virus isolates effectively utilized human nectin-1
and nectin-2 for entry and cell-to-cell spread but that none were
able to use HVEM, regardless of the host (macaque or human)
from which each was isolated. Based on our homology model of
the B virus gD-HVEM interface, we predict that the combined
effect of three residues—R7, R11, and G15—in the N terminus of
B virus gD is largely responsible for the observation that B virus
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does not interact with HVEM. Additionally, based on energy cal-
culations and conformational changes in gD associated with the
N122D substitution, we concluded that the natural occurrence of
the mutation of amino acid 122 alters the interaction of gD with
nectin-1, affecting the infectivity of B virus on nectin-1-expressing
cells. The results presented here suggest that B virus depends on a
distinct combination of human cellular receptors for entry into
cells. These data may advance our understanding of the molecular
mechanisms of pathogenicity of zoonotic B virus infections.
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