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Attachment and Penetration of Canine Herpesvirus 1 in Non-Permissive Cells

Kazuo NAKAMICHI, Kentaro OHARA, Yasunobu MATSUMOTO and Haruki OTSUKA*

Department of Global Animal Resource Science, Graduate School of Agricultural and Life Sciences, The University of Tokyo, 1-1-1
Yayoi, Bunkyo-ku, Tokyo 113-8657, Japan

(Received 16 February 2000/ Accepted 26 May 2000)

ABSTRACT. Canine herpesvirus | (CHV-1) has a relatively narrow host cell range when compared to other alphaherpesviruses. The early
events of CHV-I infection in a permissive Madin-Darby canine kidney (MDCK) and non-permissive cell lines. In order to quantify
attachment and penetration, were investigated quantitative competitive PCR (QCPCR) method was established for quantitation of CHV-
1 DNA. In all non-permissive cells tested, no significant decrease in viral attachment was observed. When CHV-1 was treated with
heparin, viral attachment to MDCK cells was reduced by 25% of the input CHV-1 attached to MDCK cells even in the presence of 50
pg /ml heparin. However, the attachment of CHV-1 to non-permissive cells was severely impaired by heparin treatment. In permissive
MDCK cells, about 80% of attached CHV-1 penetrated into cells. However, only 4-10 % of CHV-1 attached to non-permissive cells
penetrated into cells. Our data indicated that CHV-1, like other herpesviruses, attached to permissive MDCK cells through two mech-
anisms: the first one is through the interaction mediated by heparan sulfate (HS) on the cell surface and the second involves unidentified
viral component and the cellular receptor. In contrast, the non-permissive celis lacked the cellular receptor for the second attachment

mechanism and the defect in viral penetration into non-permissive cell might be related to the lack of the cellular receptor.
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Canine herpesvirus 1 (CHV-1) is a member of the alpha-
herpesvirus subfamily [23] and causes a fetal hemorrhagic
disease in puppies less than 2 weeks of age and upper respi-
ratory tract infections in adult dogs [4]. CHV-1 has a rela-
tively narrow host cell range in vivo and in vitro when
compared to some other members of alphaherpesvirus such
as herpes simplex virus (HSV) and pseudorabies virus
(PrV). HSV and PrV can grow in many tissue culture cell
lines derived from diverse vertebrate species while CHV-1
can grow only in canine derived cells, such as Madin-Darby
canine kidney (MDCK) cells, and most of the cell lines are
non-permissive to CHV-1. In several alphaherpesviruses,
the attachment and penetration stages have been shown to
be major determinants of host cell specificity [20, 27, 28].
Recently, quantitative competitive polymerase chain reac-
tion (QCPCR) analysis of the early events in bovine herpes-
virus 1 (BHV-1) infection has suggested that virus
attachment and penetration were reduced in hamster lung
(HmLu-1) cells, which are semi-permissive to this virus
[19]. In this study, we have analyzed the attachment and
penetration of CHV-1 in several tissue culture cells by using
QCPCR to see whether the attachment and penetration char-
acteristics of CHV-1 might determine the permissive and
non-permissive nature of the cells.

MATERIALS AND METHODS

Virus and cells: MDCK, MDBK (Madin-Darby bovine
kidney), RK13 (rabbit kidney), CPK (porcine kidney) and

* CORRESPONDENCE T0: OT1sUKa, H., Department of Global Animal
Resource Science, Graduate School of Agricultural and Life
Sciences, The University of Tokyo, 1-1-1 Yayoi, Bunkyo-ku,
Tokyo 113-8657, Japan.

J. Vet. Med. Sci. 62(9): 965-970, 2000

HmLu-1 cells were cultivated in Eagle’s minimum essential
medium (EMEM, Nissui, Japan) supplemented with 7.5%
fetal calf serum (FCS) and 60 pg/m! of kanamycin. The
DFD-6 strain of CHV-1 has been described previously [18].

One-step growth analysis: Cells in 12-well culture dishes
were infected with CHV-1 at a multiplicity of infection
(MOI) of 1 (1 PFU / cell). After incubation period for 2 hr
at 37°C, cells were treated with low-pH solution for 2 min to
inactivate any remaining extracellular virus [30], washed
with PBS twice and overlaid with prewarmed medium. At
different times after infection, cells and supernatants were
harvested, and progeny virus was titrated on MDCK cells.

Rapid-cycle PCR and QCPCR: For amplification of
CHV-1 DNA, rapid-cycle PCR was performed according to
the method described previously [6]. Oligonucleotide prim-
ers termed ORF2F (5' ATATTCCCCTCGAAGATGTG 3)
and ORF2R (5' CCAAGGGTAACACATAAACA 3') were
used to amplify the 106-bp sequence located in the ORF2
gene. The amplification reactions were in glass capillary
tubes (Idaho Technology, Idaho, U.S.A.) and were per-
formed in a total volume of 10 ! containing 0.5 U of Tagq
DNA polymerase (Sigma), 0.5 uM each primer, 20 mM
Tris-HC1 (pH 8.4), 50 mM KCl, 2.5 ug of bovine serum
albumin, 2% sucrose, 0.1 mM cresol red, 0.2 mM each
dNTP, 5.5 mM MgCl,, and approximately 100 ng of each
DNA extract. PCR was carried out in an air thermocycler
(the Rapidcycler, Idaho Technology) with the following
program: one cycle of 15 sec at 96°C; 30 cycles each con-
sisting of 0 sec at 94°C, 0 sec at 42°C, and 15 sec at 72°C;
and a final extension step of 45 sec at 72°C.

For QCPCR assay [19], the internal control (IC) was gen-
erated by PCR using the above conditions except that pCT-
KdIEH/RV-G was used as template and that primers ORF2F
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Fig. 1. Examples of QCPCR analysis. A pair of primers termed
ORF2F and ORF2R was used to amplify CHV-1 DNA in the
presence of competitor plasmid pO2RG DNA ranging from 1
x 10° (lane 1) to 244 (lane 6) copies at a 4-fold dilution
series. Arrow V indicates the 106-bp PCR products from
amplified viral DNA fragment, and arrow C indicates the
158-bp products from the amplified competitor DNA.

and ORF2R were replaced by primers O2RGF (5' ATAT-
TCCCCTCGAA GATGTGATGGTTCCGCAAGCTCTT
3") and O2RGR (5' CCAAGGGTAACAC ATAAACA-
GATGTATATCGATCGGGCT 3"). The construction of
pCTKJIEH/RV-G plasmid containing cDNA of the entire
rabies virus (RV) G protein gene was described elsewhere
[34]. O2RGF and O2RGR primers were designed to contain
the sequence of RV G protein gene at the 3' ends of ORF2F
and ORF2R, respectively. The 158-bp DNA fragment, gen-
erated by using O2RGF and O2RGR primers, was re-ampli-
fied by ORF2F and ORF2R primers and cloned into TA
cloning vector plasmid pCR2.1 by using Original TA clon-
ing Kit (Invitrogen), according to the manufacture’s instruc-
tion. Resulting plasmid, designated here as pO2RG, was
subjected to QCPCR assay. QCPCR assay was carried out
by using primer pairs, ORF2F and ORF2R, in the same con-
dition as described above except that the competitor plasmid
pO2RG, ranging from 1 X 10° to 244 copies at a 4-fold dilu-
tion series, was added to each reaction mixture (Fig. 1.).
Each reaction product was separated on a 1.5% agarose gel
in Tris-borate-EDTA (89 mM Tris base, 89 mM boric acid,
2 mM EDTA-2Na [pH 8.0]) (TBE) buffer and the amount of
viral DNA was determined from the point of equivalence of
the IC and target products as described in our previous
report [19].

Attachment assay: Cell monolayers in 12-well culture
plates were infected with CHV-1 at an MOI of 1 (1 PFU/
cell). After 2-hr incubation period at 4°C, cells were
washed with PBS three times, and total DNA (viral and cel-
lular DNA) was extracted with DNAZOL reagent (Gibco
BRL) according to the manufacture’s protocol. DNA pel-
lets were dried and dissolved in 60 w/ of HEPES buffer (6.8
mM NaOH, 15 mM HEPES). Viral DNA in each extract
was quantified by QCPCR.

Heparin inhibition assay: Approximately 400 PFU of
CHV-1 were incubated for 30 min at 37°C with soluble hep-
arin, ranging from 50 ug to 0.78 ug/m/ at a 2-fold dilution
series. MDCK cells in 48-well culture dishes were infected
with heparin-treated virus, and incubated for 2 hr at 37°C.
Then, the cells were overlaid with EMEM containing 0.5%
(w/v) methylcellulose (MC, Sigma) and 5% FCS, and fur-
ther incubated at 37°C. After 2 days, cells were fixed and
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Fig. 2. One-step growth kinetics of CHV-1. MDCK, MDBK, RK13,
CPK and HmLu-1 cells were infected with CHV-1 at an MOI of 1
(1 PFU/cell) for 2 hr. After low-pH inactivation of extracellular
virions, the infected cells were overlaid with prewarmed medium.
At time points indicated, progeny virus in supernatants was
titrated on MDCK cells. Mean values and standard deviations
from results of two independent experiments are shown.

stained with crystal violet, and plaques were counted as
described previously [2]. For heparin inhibition on viral
attachment, CHV-1 was incubated for 30 min at 37°C with
soluble heparin (1, 5, 10, 50 ug/m/). Then, the cells were
incubated with heparin-treated virus for 2 hr at 4°C. Total
DNA was extracted and subjected to QCPCR as described
above. Genome copy number of cell-associated CHV-1 in
the absence of heparin was defined as 100% binding.
Neutralization assay: Approximately 400 PFU of CHV-

1 were incubated with the heat-inactivated mouse poly-
clonal antisera against CHV-1 glycoprotein C (gC) (VgC2,
VgC3), gB (VgB2, VgB3), or gD (VgD2, VgD3) [33] for 1
hr at 37°C. Then MDCK cells in 48-well plates were inoc-
ulated with the assay solution for 37°C. After 2-hr incuba-
tion, the inoculum was then removed, and the infected cells
were overlaid with MC medium. After 2 days, plaques were
counted. For neutralization in the presence of heparin, virus
was incubated with 50 ug/m/ of heparin for 30 min at 37°C
before antisera treatment.

Penetration assay: Cells were incubated with CHV-1 for
2 hr at 4°C, washed with PBS and overlaid with prewarmed
medium containing 400 ug/m/ phosphonoacetic acid (PAA)
to prevent the replication of viral DNA. Afier incubation
period at 37°C for 4 hr, cells were treated with trypsin solu-
tion to remove extracellular virions attached to cell surface
[19]. Then total DNA was extracted as described above and
subjected to QCPCR.

RESULTS

One-step growth of CHV-1: Growth of CHV-1 in differ-



ATTACHMENT AND PENETRATION OF CHV-1 967

100 -
90
80
70
60
50 -
40
30 r
20 -
10 -

Percent of attachment

MDCK MDBK CPK  HmLu-1

RK13

Fig. 3. Attachment of CHV-1 to non-permissive cells. Cell mono-
layers were incubated with CHV-1 at an MOI of 1 (1 PFU / cell)
for 2 hr on ice. The cells were lysed, and total DNA was
extracted. The amount of CHV-1 DNA in each extract was quan-
tified by QCPCR, and the number of viral DNA per cell was cal-
culated. Relative copy number of CHV-1 compared to MDCK
cells are indicated. Values represent averages of triplicate sam-
ples.

ent cell types was examined. MDCK, MDBK, RK 13, CPK,
and HmLu-1 cells were infected with CHV-1 at an MOI of
1 (1 PFU/cell). At different times postinfection, progeny
virus was plaque titrated on MDCK cells. As shown in Fig.
2, the growth of CHV-1 was observed in MDCK cells. In
contrast, no infectious progeny was detected in MDBK,
RK13, CPK, and HmLu-1 cells, suggesting that these cells
are non-permissive to CHV-1 infection.

Viral attachment of CHV-1 to non-permissive cells: We
next analyzed the attachment of CHV-1 to these non-per-
missive cells. Cells were incubated with CHV-1 for 2 hr on
ice. Then, total (cellular and viral) DNA was extracted, and
viral DNA was quantified by using QCPCR. As shown in
Fig. 3, significant reduction in CHV-1 attachment to non-
permissive cells tested here was not observed. Therefore, it
is unlikely that the inability to attach to cells is the cause of
non-permissiveness in MDBK, RK13, CPK and HmLu-1
cells.

Effect of heparin on infectivity and attachment of CHV-1:
In order to determine the role of cellular heparan sulfate
(HS) for infectivity and attachment of CHV-1, we assessed
the inhibition effect by heparin. CHV-1 was treated with
various concentrations of heparin for 30 min, and subjected
to plaque assay. As shown in Fig. 4 A, 25 ug/m/ of heparin
reduced the number of plaques formed by CHV-1 on
MDCK monolayers by about 75% and further increasing the
concentration of heparin up to 50 ug/m/ did not result in
stronger inhibition. Therefore, it would appear that approx-
imately 25% of plaque formation was not mediated by cel-
lular HS.

Effect of heparin on the attachment of CHV-1 to permis-
sive and non-permissive cells was examined. CHV-1 was
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Fig. 4. Heparin inhibition on infectivity and attachment of CHV-1.
(A) MDCK cells were infected with CHV-1 treated with serial
concentrations of heparin and overlaid with MC medium. After 2
days, the number of plaques was counted. Plaque number in the
absence of heparin was defined as 100%. Data are averages of
three independent experiments. Vertical lines represent standard
deviations. (B) MDCK, MDBK, RK 13, CPK, and HmLu-1 cells
were incubated with heparin-treated CHV-1 for 2 hr at 4°C. Cells
were washed, and total DNA was extracted. The amount of viral
DNA in each extract was quantified by using QCPCR method.
Values are percentages of viral attachment compared to an
untreated control. Data are averages of triplicate samples, and
vertical lines indicate standard deviations.

treated with heparin and incubated with permissive MDCK
and several non-permissive cell types for 2 hr on ice. Then
CHV-1 attached to cells was quantified by measuring viral
DNA by QCPCR (Fig. 4B). In MDCK cells, the heparin
treatment reduced the CHV-1 attachment to the same extent
as plaque formation, and approximately 25% of viral attach-
ment was not blocked by the addition of 50 ug/m/ heparin
suggesting that CHV-1 can attach to MDCK cells by an
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Fig. 5. Neutralization assay. (A) CHV-1 was incubated with the heat-
inactivated mouse polyclonal antisera against CHV-1 gC (VgC2,
VgC3), gB (VgB2, VgB3), or gD (VgD2, VgD3) for 1 hr at 37°C
and subjected to titer determination on MDCK cells. (B) CHV-1
was pretreated with heparin (50 pg/m/) and subjected to neutral-
ization assay. Values are percentages of plaque number compared
to an antiserum-untreated control. Data are averages of triplicate
samples, and vertical lines indicate standard deviations.

interaction, which is independent of cellular HS. On the
other hand, in non-permissive cells more than 95% of virus
attachment was impaired by the treatment of 50 ug/m/ of
heparin.

Sensitivity of heparin-treated CHV-1 to anti-gC, gB, and
gD antibodies: The interaction between MDCK cells and
gC, gB and gD of CHV-1, which are known to be involved
in viral attachment and penetration, was investigated by
viral neutralization assay using antisera against these major
glycoproteins. As shown in Fig. 5 A, each antiserum against
gC, gB, and gD neutralized CHV-1 infectivity on MDCK
cells in the absence of heparin. In the experiments shown in
Fig. 5 B, CHV-1 was treated with 50 ug/m/ of heparin
before neutralization by antisera. The heparin treatment
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Fig. 6. Penetration of CHV-1 into non-permissive cells. Cells were
incubated with CHV-1 at an MOI of 1 (1 PFU/cell) for 2 hr on ice,
washed, overlaid with prewarmed medium containing PAA and
further incubated at 37°C. At 4 hr after temperature shift, cells
were treated with trypsin and washed with PBS. Viral DNA in
each DNA extract was quantified by using QCPCR. The percent-
age of genome copies of CHV-1 surviving the trypsin treatment
was calculated with reference to the values for virus attachment for
2 hr at 4°C and is shown as percent penetration. Values represent
averages of triplicate samples, while the vertical lines indicate the
standard deviation.

reduced the infectivity of CHV-1 by 75% as demonstrated
inFig. 4 A. tis seen that the antisera against CHV-1 gC did
not reduce the infectivity of heparin-treated CHV-1 further
down. In contrast, antisera, which recognize CHV-1 gD and
gB, neutralized the infectivity of CHV-1 treated with hep-
arin,

Reduced penetration of CHV-1 into non-permissive cells:
Viral penetration of CHV-1 into permissive MDCK and
several non-permissive cells was analyzed by using QCPCR
method. Cells were incubated with CHV-1 for 2 hr on ice.
Thereafier, cells were washed with PBS and overlaid with
prewarmed medium and incubation was continued at 37°C.
In order to prevent the replication of viral DNA, PAA was
included in medium. At 4 hr afier temperature shift, cells
were trypsinized to remove extracellular virions. Then, total
(cellular and viral) DNA was extracted, and viral DNA was
quantified by using QCPCR. As shown in Fig. 6, in permis-
sive MDCK cells, approximately 80% of attached CHV-1
could penetrate into cells. In contrast, penetration into non-
permissive cells was greatly impaired and only a small por-
tion (1-6 %) of attached virions could penetrate into cells.

DISCUSSION

Infection of alphaherpesviruses involves virus attachment
to the cell surface membrane followed by viral penetration
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and entry of the nucleocapsid into the cytoplasm [26]. In
HSV, BHV-1, and PrV, initial attachment of free virions to
target cells is mediated by interaction between gC and HS
proteoglycans in the cell membrane [7, 16, 21]. This inter-
action is sensitive to competition by exogenous heparin, a
structural analog of HS. HS-binding activity has also been
shown for gB of HSV-1 [8], PrV [24, 25], and BHV-1 [3,
12]. A secondary interaction involves binding of gD to non-
HS receptors and leads to a more stable attachment [10, 11,
13, 14, 22, 27]. At present, several cellular proteins have
been reported as candidates for gD receptors required for
HSV stable attachment and entry. These include a 62-kDa
protein identified by anti-idiotype antibody to gD [9] and
herpes virus entry mediator [S, 17, 31, 32]. Subsequently,
fusion between the virion envelope and the cell membrane
occurs. This penetration step requires presence of gB, gD,
gH, and gL [12, 15, 26].

In this study, we demonstrated that CHV-1 attached to the
surface of non-permissive MDBK, RK 13, CPK, and HmLu-
1 cells (Fig. 3) and this attachment was almost totally inhib-
ited by exogenous heparin (Fig. 4 B). On the other hand,
CHV-1 attached to permissive MDCK cells at a slightly
higher level than that to non-permissive cells, and about
25% of CHV-1 remained to be attached to MDCK cells even
in the presence of high concentration of heparin. When hep-
arin-treated CHV-1 was incubated with anti-CHV-1 gB or
gD antiserum, viral infectivity was further reduced. How-
ever, anti-CHV-1 gC antiserum did not neutralize heparin-
treated CHV-1 (Fig. 5 B). These results suggested that
CHV-1, like HSV and other herpesviruses, attached to per-
missive MDCK cells through two mechanisms: the one is
through the interaction between gC and HS and the other
involves the unidentified cellular receptor and the viral com-
ponents other than gC. When gC-HS interaction was inhib-
ited by heparin, CHV-1 was able to attach to permissive
MDCK cells via the second mechanism. In the presence of
heparin, gC is not involved in the attachment, and therefore
anti-gC serum has no effect. The fact that anti-CHV-1 gB
and gD antibodies reduced the infectivity of heparin treated
CHV-1 would support the gD and gB are involved in the
second attachment mechanism. It would appear that CHV-
1 attached to non-permissive cells only through the heparin
sensitive mechanism. It might be possible that these non-
permissive cells lacked the cell surface receptor(s) for CHV-
1 gD and/or gB. We observed here that the penetration of
CHV-1 into non-permissive cells was severely impaired
when compared to permissive MDCK cells (Fig. 6). This
defective penetration of CHV-1 into non-permissive cells
might be explained by the absence of CHV-1 gD and/or gB
receptor(s) required for viral penetration.
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