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Constitutively expressing cell lines that secrete a truncated bovine herpes
virus-1 glycoprotein (gpl) stimulate T-lymphocyte responsiveness
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SUMMARY

The desire to obtain authentically glycosylated viral protein products in sufficient quantity for
immunological study has led to the use of eucaryotic expression vectors for protein production. An
additional advantage is that these protein products can be studied individually in the absence of their
native viral environment. We have cloned a complementary DNA (cDNA) encoding bovine herpes
virus-1 (BHV-1) glycoprotein 1 (gpl) into the eucaryotic expression vector, pZipNeo SVX1. Since
this protein is normally embedded within the membrane of BHV-1 infected cells, we removed
sequences encoding the transmembrane domain of the native protein. After transfection of the
plasmid construct into the canine osteosarcoma cell line, D17, or Madin-Darby bovine kidney
(MDBK) cells, a truncated BHV-1 (gpl) was secreted into the culture medium as demonstrated by
radioimmunoprecipitation and SDS-PAGE. Both a CD4* T-lymphocyte line specific for BHV-1
and freshly isolated T lymphocytes could recognize and respond to the secreted recombinant gpl.
Further, recombinant gpl could elicit both antibody and cellular responses in cattle when used as an
immunogen. Having established constitutively glycoprotein producing cell lines, future studies in

vaccine evaluation of gpl will be facilitated.

INTRODUCTION

Bovine herpes virus type 1 (BHV-1) is an alpha-herpes virus.!
Other members of this subfamily include the herpes simplex
virus (HSV), pseudorabies virus and equine herpes virus. BHV-
1, capable of infecting both the respiratory and genital tracts of
cattle, is the primary viral pathogen involved in bovine respira-
tory disease complex, an economically important disease syn-
drome.? Live BHV-1 vaccine strains establish neurological
latency in immunized animals and may cause abortion if
administered to pregnant females.’ Therefore, identification of
viral subunits that stimulate a protective immune response
could be useful in understanding herpes viral immunity and
immunopathology, in addition to identifying potential candi-
dates for synthetic vaccines.

Both cellular and humoral responses against BHV-1 have
been previously demonstrated.*> Monoclonal antibodies, as
well as antibody from naturally infected animals, identify at
least three major glycoproteins (gp) that reside on the viral
envelope.®® Each of the three, gpl, gplll and gpIV have been
molecularly cloned and sequenced, identifying them as ana-
logues of HSV envelope glycoproteins gpB, gpC and gpD
respectively.!® 13 HSV gpB, gpC and gpD have been shown to
elicit T-lymphocyte responsiveness in both human and murine
models,'*'® and immunization with recombinant gpB or gpD
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can protect mice from lethal HSV challenge.!®? Previous
research has established a role for the individual BHV-1
glycoproteins in the protection of animals from disease
following immunization,?' 2 in addition to a role for T lympho-
cytes in the immune response to these proteins.? Based on the
lack of information regarding the role of gpl in bovine T-
lymphocyte-mediated immunity, our desire was the develop-
ment of a readily available BHV-1 gpl to assess its role as a
viable vaccine candidate.

We have characterized the cellular and humoral immune
response to a truncated BHV-1 gpl produced from a viral gene
cloned into the eucaryotic expression vector, pZipNeo SVXI. In
the process, we have removed sequences encoding the trans-
membrane anchor. Bovine and canine cell lines transfected with
this plasmid secreted a truncated gpl identical to the native viral
proteins in antibody recognition and glycosylation. Both a
bovine CD4+* T-lymphocyte line specific for BHV-1 and freshly
isolated bovine T lymphocytes from animals immunized with
killed virus responded to this protein. Furthermore, super-
natants from these cell lines engendered antibody and T-
lymphocyte responses in cattle immunized with the recombinant
glycoprotein product.

MATERIALS AND METHODS

Strains and plasmids
Escherichia coli strain DHSa was used for plasmid propagation
(BRL, Gaithersburg, MD). Plasmid pZipNeo SVXI1 (pZN), a
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Figure 1. Plasmid map of the expression vector pZNGPI.10 and the
BHV-1 gpl structural domains demonstrate noteworthy aspects of the
construction. The Moloney murine leukaemia virus long terminal
repeats (LTR), BHV-1 gene insertion site, neomycin gene and origins of
plasmid replication are indicated. Additionally, the protein product
encoded by the gpl gene demonstrates fragment sizes, disulphide bond
positions, potential N-glycosylation positions and the recombinant
translational stop codon.

gift from H. M. Temin (University of Wisconsin, Madison, WI)
has been described in detail elsewhere.?>-?’ Briefly, pZN contains
the Moloney murine leukaemia virus long terminal repeats
(LTR), and sequences derived from transposon 7n5 which
encode G418 resistance in eucaryotic cells, cloned into pBR322.
The retroviral LTR contain sufficient information for transcrip-
tional initiation and polyadenylation. A unique BamHI cloning
site resides between the 5 LTR and the neo gene. In addition,
pZN includes an SV40 origin of replication to enable plasmid
propagation in mammalian cells. Cloned and sequenced BHV-1
viral cDNA gpl was generously provided in carrier plasmids by
Tim Zamb,'*'22 formerly of Molecular Genetics, Inc. (Minne-
tonka, MN).

Plasmid constructions

Standard cloning procedures were used for plasmid construc-
tion,? the noteworthy aspects of our construction are illustrated
by plasmid pZNgpl.10 in Fig. 1. This plasmid contained a 2-7
kilobase pair (kbp) fragment of BHV-1 gpl capable of encoding
the first 742 amino acids (nucleotides 181-2787 of the published
gene sequence)'' of the 932 amino acid native gene product,
cloned into the BamHI restriction site of pZN. BHV-1 gpl is a
130,000 MW glycoprotein that is post-translationally cleaved to
yield 74,000 and 54,000 MW products joined by a disulphide
bond.” Translational termination within the transmembrane
sequence was accomplished by inserting a nonsense stop codon
contained within a Spel linker (New England Biolabs, Beverly,
MA) at the Xmnl restriction enzyme site of gpl. This prevented
translation of the complete transmembrane anchor following

plasmid transfection into mammalian cells. The transmembrane
region of gpl was identified using the Hopp-Woods hydrophili-
city plot.

Plasmid transfections

Recombinant plasmids were introduced into mammalian cells
using calcium phosphate and glycerol shock.’*3! Madin-Darby
bovine kidney (MDBK) cells, and the canine osteosarcoma cell
line D17, were used for transfection based on their previously
established suitabilty for this purpose.’! Transfected MDBK
and D17 cell lines were cultured with 2 and 1 mg/ml, respect-
ively, of the neomycin analogue Geneticin® (Gibco, Grand
Island, NY) while under selection for drug resistance. After this
time, surviving cells were cloned and maintained at 0-5 mg/ml
Geneticin®. All cell lines were cultured (37° at 5% CO,) in
Minimal Essential Medium (Sigma, St Louis, MO) supple-
mented with 2 mm L-glutamine, 100 U/ml penicillin, 100 xg/ml
streptomycin, 25 mM HEPES, 5 x 105 M 2-mercaptoethanol (2-
ME) and 10% foetal bovine serum (FBS) (Hyclone, Logan,
UT). Cloned lines were screened for the presence of specific
BHV-1 viral RNA using Quick-Blot® (Schleicher and Schuell,
Keene, NH) to ensure proper transformation had occurred in
Geneticin®-resistant cells.

Monoclonal antibodies and virus

Anti-BHV-1 specific monoclonal antibody (5106) was kindly
provided by G. J. Letchworth (University of Wisconsin,
Madison, WI) as ammonium sulphate precipitated ascites.’
Plaque-purified bovine herpes virus-1, Cooper strain (ATCC
no. VR-864) was used for all viral experiments. Virus was titred
by limiting dilution and diluted to achieve a multiplicity of
infection (MOI) of 10 for all assays.

Radioimmunoprecipitation

Transfected, infected and uninfected D17 or MDBK cell lines
were labelled with [**S]methionine (Dupont de Nemours and
Co., Wilmington, DE) for 6 hr as previously described.® Cells
were infected by culturing with BHV-1 atan MOl of 10 for 12 hr
prior to radiolabelling. Labelling was terminated by washing
three times with NET buffer (10 mm Tris base, | mm EDTA and
0-5mm NaCl), pH 8:0, containing 0-2 mM phenylmethyl sulfonyl
fluoride (PMSF) and subsequently the cells were lysed with
NET-0-5% Triton X-100 for 15 min on ice. Cellular debris was
removed by centrifugation, and the desired proteins immuno-
precipitated using specific mAb adsorbed onto protein-A
Sepharose 6MB beads (Sigma) as per manufacturer’s instruc-
tions. Immunoprecipitates were released by boiling for 5 min in
100 ul of sample buffer (625 mMm Tris, 10% glycerol, 5% 2-ME,
2-3% SDS, and 1% bromophenol blue), resolved by 10% SDS-
PAGE using the procedure of Laemmli,* then exposed on
Kodak XAR-S film.

Animals and cells

Donors of peripheral blood mononuclear cells (PMBC) were
cows from the university dairy herd. All animals were clinically
normal and immunized annually against BHV-1 with a forma-
lin-inactivated vaccine preparation (Triangle-3, Fort Dodge
Laboratories Inc., Fort Dodge, IA). Several months following
vaccination, PBMC were obtained by layering heparinized
venous blood over Lymphoprep® (Nycomed, Oslo, Norway),
followed by interface collection after centrifugation (22°, 40
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min, 1700 g). Recovered cells were resuspended in RPMI-1640
(Sigma) supplemented with 2 mm L-glutamine, 100 U/ml
penicillin, 100 ug/ml streptomycin, 25 mm HEPES, 5 x 105 M 2-
ME and 10% FBS (Sigma). The CD4+ T-lymphocyte line has
been previously reported.* Animals immunized with recombi-
nant gpl were approximately 7 months of age and fed BHV-1
negative colostrum at birth to maintain their BHV-1 seronega-
tive status. Calves were immunized by intramuscular injection
of 17 pg of concentrated recombinant gpl produced in D17 cells
emulsified in an equal volume of Freund’s incomplete adjuvant
(Sigma). Glycoprotein I from D17 cell culture supernatants was
dialysed against water to remove medium salts, concentrated by
lyophilization, then resuspended in a minimal volume of water.
Following dialysis against phosphate-buffered saline (PBS),
recovered protein was quantitated by ELISA?? and used as an
immunogen. Two weeks following the initial protocol, animals
were reimmunized intranasally with 100 ug of recombinant gpl
with 20 ug choleratoxin B subunit (Sigma) as an adjuvant.>3
Both neutralization and cellular assays were performed at least 2
weeks following the second immunization. Mock immunized
animals were given adjuvant with D17 cell supernatant concen-
trated identical to gpl containing cell supernatant.

Proliferative assay

Freshly isolated PBMC diluted in RPMI-1640 were added to
round bottom 96-well plates (2 x 10° cells/well) with the appro-
priate antigens. When conducting viral assays, UV-inactivated
BHV-1 (15 cm, 10 min) was added at an MOI of 10, while
recombinant supernatants were supplemented to a concentra-
tion of 25% (v/v). Antigens assayed in six replicate samples at a
final well volume of 200 ul, were incubated for 6 days at 37°. One
microCurie of [*H]thymidine was included for the final 6 hr at
which time the cultures were harvested onto glass filters, then
counted by scintillation spectrophotometry. Data were
expressed as the mean counts per minute +standard deviation
and differences between samples were assessed using the
independent Student’s z-test.

Virus neutralization

Assays were performed in duplicate using 96-well flat-bottom
microtitre plates. Twofold serial dilutions of heat-inactivated
bovine serum (56°, 30 min) were incubated at 37° with 100
TCIDs of BHV-1 in the presence of guinea-pig complement.
After 1 hr, 2x10* MDBK cells were added per well and
incubated an additional 4 days at 37°. Serum titres were
determined as the highest dilution at which 50% microscopic
cytopathic effect (CPE) was observed.

RESULTS

Radioimmunoprecipitation

Transfected D17 and MDBK cells appeared as distinct plaques
after 10-20 days under G418 selective pressure, at which time
the cells were cloned.? Clones were analysed by slot-blot and
ELISA2 to establish that both specific mRNA and the recombi-
nant glycoprotein product were present. To analyse the fidelity
of recombinant gene products as compared to the native viral
glycoprotein, radioimmunoprecipitation, SDS-PAGE and
autoradiography were performed. As shown in Fig. 2, recombi-
nant gpl precipitated with specific monoclonal antibody from
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Figure 2. SDS-PAGE analysis of viral and recombinant BHV-1 gpl
from D17 (1-3) and MDBK (4-6) cells. Radiolabelled lysates from cells
or tissue culture supernatants were precipated with a monoclonal
antibody specific for BHV-1 gpl, followed by separation under reducing
conditions on a 10% gel. The migration positions of protein molecular
weight markers are indicated. The nomenclature gla, gIb and glc
represent the 130,000 MW native and 74,000 and 54,000 MW subunits
of gl as previously reported.®® Truncated (trunc.) proteins are also
identified.

D17 or MDBK cell lines was similar in migration to gpl
precipated from virally infected cells. BHV-1 gpl is a 130,000
MW glycoprotein gla that is post-translationally cleaved to
yield 74,000 gIb and 54,000 glc MW products joined by a
disulphide bond.® Bands representing partially glycosylated
precursors of each migrate slightly lower than the mature

_ proteins.” With recombinant gpl harvested from tissue culture

supernatants, peptides of 110,000, 74,000 and 33,000 MW were
visualized. The 110,000 MW band represented a truncated,
disulphide-linked protein, while the 74,000 and 33,000 MW
bands are reduced versions of the larger product. The 74,000
MW peptide, not being affected by the truncation event,
migrates identically to the native gene product, while the 33,000
MW peptide, normally containing the transmembrane and
cytoplasmic domains of the native protein, migrates 21,000 MW
lower than the 54,000 MW native gene product. This is exactly
as would be predicted by the removal of 190 carboxy-terminal
amino acids without affecting native glycosylation. Recombi-
nant gpl precipitated from both transfected cell lines had
identical migration patterns to the secreted gene product, in
addition to partially glycosylated precursors being evident. The
conclusion that glycosylation was not affected by the truncation
event is further substantiated using the deglycosylating enzymes
endoglylcosidase F and N-glycosidase F. Observed migration
patterns when using this procedure are as predicted by the
amino acid sequences. The band slightly greater than 97.000
MW is a cellular gene product that is non-specifically precipi-
tated by this procedure.

Lymphocyte responses to recombinant proteins

Having established that herpes viral glycoprotein was seereted
by both D17 and MDBK cell lincs, we next wanted to determine
whether bovine lymphocytes specific for native viral antigen
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Figure 3. T-lymphocyte proliferation to proteins produced by plasmid
transfected cells. BHV-1 specific bovine lymphocytes were cultured at
2:5x 10* cells/well with 25% (v/v) culture supernatants harvested on
each of 4 successive days from recombinant MDBK (O) or D17 (@) cell
lines. Proliferation was measured on Day 3 by [*H]thymidine incorpora-
tion, and the data expressed as mean c.p.m.+SD. Specific antigen
concentration is indicated in ug. Medium (*); BHV-1 (+).
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Figure 4. Peripheral blood mononuclear cell proliferation to recombi-
nant cell supernatants or BHV-1. Freshly isolated PBMC were cultured
at 2 x 10° cells/well with 25% (v/v) Day 4 culture supernatants from
recombinant D17 cells or UV-inactivated BHV-1. Proliferation was
measured on Day 6 as described in Fig. 3.

could recognize and respond to the recombinant products
harvested from cell supernatants. This was determined by
assaying the supernatant from (1 x 10%) transfected cells for the
presence of specific glycoprotein using a CD4+ T-lymphocyte
line specific for BHV-1.2* As shown in Fig. 3, proliferation
against the supernatants increased dramatically from Days 1-4
as anticipated due to the accumulation of secreted glycoprotein
in the recombinant cell supernatants. Proliferation against
supernatants from transfected D17 cells was always signifi-
cantly higher than proliferation against transfected MDBK
supernatants. This result could be reconciled using a gpl specific
ELISA?? to demonstrate that 10-fold more gpl (0-31 ug/ml
versus 0-03 ug/ml in Day 4 supernatants) was contained within
the recombinant D17 cell supernatants as compared to the
recombinant MDBK cell supernatants. Control samples were
either supernatants collected from the D17 cell line transfected
with pZN lacking a cDNA insert or UV-inactivated BHV-1 as
described in Materials and Methods.

To demonstrate that lymphocytes from animals immunized
with a killed virus vaccine could respond in vitro to the
recombinant protein product, we cultured freshly isolated
PBMC with Day 4 culture supernatants from transfected D17
cells. Animals that proliferate to UV-inactivated BHV-1 also
proliferate to the recombinant gpl (Fig. 4). Though the
magnitude of the observed response in some animals was
significantly lower to the recombinant gpl as compared to the
virus response, this result would be expected due to the limited
lymphocyte repertoire responding to a single protein as com-
pared to multiple proteins in the later case.

Secreted BHV-1 gpl as an immunogen

To ascertain the immunogenicity of recombinant gpl in vivo, we
immunized calves intramuscularly with 17 ug of recombinant
gpl followed 14 days later by an additional 100 ul of recombi-
nant protein administered intranasally. Control calves were
mock immunized using D17 cell supernatant treated identically
to gpl containing recombinant cell supernatant. At least 14 days
after the second immunization, PBMC and blood serum were
collected to evaluate antigen-specific lymphocyte proliferation
and BHV-1 neutralization antibody from the immunized ani-
mals. As shown in Table 1, those animals immunized with
recombinant protein (animals 1 and 2) had significantly greater
lymphocyte proliferation (P<0-001) to gpl as compared to
medium controls. Lymphocyte proliferation to gpl from mock
immunized animals (3 and 4) was not significantly different from
medium controls (P> 0-3). Comparable proliferative responses
were observed using BHV-1 as an antigen in these assays.
Additionally, BHV-1 serum neutralization titres from gpl
immunized animals were much greater than those obtained
from mock immunized animals (Table 1), and comparable with
the 1:8-1:256 titre observed following immunization of calves
using a killed virus vaccine (data not shown). Therefore, it
appears from these data that a truncated form of BHV-1 gpl can
successfully serve as an immunogen when administered to cattle.

DISCUSSION

In this report, we describe the production of a recombinant,
secreted version of BHV-1 gpl synthesized by cells from two
different species transfected with the eucaryotic expression
vector, pZipNeo SVXI1. This protein could be recognized by
both fresh and cultured T lymphocytes from animals previously
immunized using a BHV-1 killed virus vaccine. Additionally,
the recombinant protein engendered both antibody and T-
lymphocyte responses in cattle. These results will be important
in the future assessment of this protein as a genetically
engineered vaccine candidate.

Given that cell membrane and secreted proteins must
proceed through a specific intracellular pathway to reach their
destination, it is clear from our data that recombinant gpl
compartmentalization is not affected. This is supported by the
fact that glycosylation of the secreted gpl is not altered. Others
in the past have used similar strategies to construct recombinant
protein that are secreted into the extracellular environment by
removing predicted hydrophobic sequences thought to be
involved in membrane anchoring.?°35-3" Indeed, the only differ-
ence between secreted and membrane-anchored proteins
appears to be the presence or absence of a hydrophobic
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Table 1. PBM proliferation and virus neutralization capacity of animals immunized with recombinant
BHV-1 gpI*

Proliferation

BHV-1 serum neutralization titre

Animal Treatmentt Medium  Recombinant gpl Pre-immunization Post-immunization
1 Recombinant gpl 8210+1395 67,720+2198 <l1:2 <1:8

2 Recombinant gpl 547441910 68,969 + 10,696 <l1:2 1:32

3 Medium 6763 +893 6388+ 3117 <1:2 <1:2

4 Medium 9087+3581 21,644 +11,695 <1:2 <1:2

* PBM cell proliferation was performed and evaluated as described in Fig. 4. Virus neutralization titres
were determined as described in Materials and Methods.
+ Animals were immunized both intramuscularly and intranasally with recombinant gpl or D17 cell

supernatants as described in Materials and Methods.

anchoring domain. Natural proteins in which both a secreted
and membrane-anchored version exists exploit this concept.
Immunoglobulin molecules that serve as antigen receptors in
immature and memory B cells, are later secreted into the
extracellular environment upon B-lymphocyte differentiation
into plasma cells. This is accomplished by differential splicing of
the same mRNA molecule to remove sequences necessary for
encoding the hydrophobic transmembrane domain in the later
case.38‘39

We have undertaken the study of BHV-1 envelope glycopro-
teins in T-lymphocyte immunity based on previous studies using
analogous proteins from HSV.'%!# With this virus, glycopro-
teins gpB, gpC and gpD were shown to elicit T-lymphocyte
recognition and activation in both human and murine models.
Additionally, immunization with recombinant gpB or gpD,? or
adoptive transfer or immune T lymphocytes® could protect
mice from lethal challenge with live virus. In earler reports, our
laboratory has established a potential role for BHV-1 envelope
glycoproteins,® T lymphocytes* and natural killer (NK) cells®!
in the bovine immune response to this virus. Further, others
have reported a role for these same glycoproteins in the
protection of animals from disease following immuniza-
tiOﬂ.9‘21‘22

Prior to developing subunit vaccines effective at controlling
primary herpes viral infections, understanding viral antigens
that stimulate immune responsiveness is essential. Included is
the development of antigen sources free of superfluous viral
proteins in sufficient quantity for immunological study. Glyco-
proteins purified by affinity chromatography from virus-
infected cell lysates, in addition to being labour intensive, have
the potential of being contaminated by minute quantities of
other viral proteins which have unknown consequences in
immunization studies. This dilemma is resolved using recombi-
nant cell lines that produce a single viral protein. Secreted gpl
synthesized by our recombinant cell lines can provide milli-
grams of this viral antigen with relative ease. Therefore, we are
now in the process of undertaking extensive studies on the use of
this antigen as an immunogen. Insight into the success of these
studies was recently provided by the demonstration that cattle
immunized with native gpl were protected from primary viral
infection upon BHV-1 challenge.’

Although these studies demonstrate that BHV-1 gpl can be
readily obtained and has great potential as a subunit vaccine

candidate, further studies are needed to clarify the immunogeni-
city of this and other BHV-1 proteins.*> Though questions on
the protective capacity of recombinant gpl are presently being
addressed in our laboratory, these data are an important first
effort to address the immunogenicity of recombinant gpl that is
a prerequisite to the success of these trials. Future definition of
how immune and viral components interact could prove
invaluable in understanding disease progression and abrogating
primary herpes viral infections.
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