
INFECTION AND IMMUNITY, Nov. 1975, p. 958-963
Copyright © 1975 American Society for Microbiology

Vol. 12, No. 5
Printed in USA.

Defense Mechanisms Against Bovine Herpesvirus:
Relationship of Virus-Host Cell Events to Susceptibility to

Antibody-Complement Cell Lysis
LORNE A. BABIUK, RICHARD C. WARDLEY, AND BARRY T. ROUSE*

Department of Veterinary Microbiology, Western College of Veterinary Medicine, University of
Saskatchewan, Saskatoon, Canada

Received for publication 30 June 1975

The interaction of infectious bovine rhinotracheitis virus and susceptible host
cells was examined to determine whether an infected cell could be destroyed by
humoral immune mechanisms before or after the transmission of virus to
susceptible adjacent cells. Viral antigens were detectable on cell membranes at 6
h postinfection, but cells were not susceptible to antibody-complement lysis until
10 h postinfection. Intracellular infectious virus was also detectable at 10 h
postinfection, and transmission to adjacent cells by the intracellular route began
at this time. Extracellular virus was not detectable until 12 to 13 h postinfection.
By the continual addition of antibody and complement, virus dissemination
could be reduced more than 50-fold. These results support the hypothesis that
the humoral immune mechanism may be involved in the recovery from herpesvi-
rus infections.

Most herpesvirus infections are characterized
by recurrent infections, with the virus persist-
ing in the body almost indefinitely. In infec-
tious bovine rhinotracheitis (IBR) infection of
cattle, usually there is only a single episode of
symptomatic infection; nevertheless, the virus
does persist and can be reactivated (4, 15, 16).
One of the goals in the study of herpesvirus
immunology is to delineate the mechanism of
recovery from infection, and in this regard
many components of both specific and nonspe-
cific immunity have been investigated. The bal-
ance of evidence would seem to point to cell-
mediated immunity as being of principal impor-
tance for the recovery from herpesviruses (1, 2,
8). However, it seems highly unlikely that cell-
mediated immunity is of decisive importance,
at least in herpes simplex virus, since in vitro
parameters of cell-mediated immunity are usu-
ally detectable only in those individuals subject
to recurrent herpesvirus infection and levels of
cell-mediated immunity do not seem to change
regularly prior to recurrent disease (9, 13, 14,
17). The levels of neutralizing antibody show a
similar pattern (3). Such observations may call
into question the role of any component of spe-
cific immunity in the recovery from herpesvirus
infections.

In the present communication we have ana-
lyzed the interaction between IBR virus and
susceptible host cells to determine whether an
infected cell can be destroyed by humoral im-
mune mechanisms before or after virus is dis-
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seminated to susceptible adjacent cells. Subse-
quent communications will examine this ques-
tion with respect to other components of the
immune response.

MATERIALS AND METHODS

Cells and virus. Madin Darby bovine kidney
(MDBK) or Georgia bovine kidney cells were cul-
tured in Eagle minimal essential medium (MEM)
containing 10% fetal calf serum. Each liter was sup-
plemented with 2 mmol of glutamine (Gibco, no.
503), 50 mg of gentamycin (Schering Diagnostics),
and 2.5 g of sodium bicarbonate. During assays, the
medium used contained 4% fetal calf serum.

Strain P8-2 of IBR virus was prepared in MDBK
cells as previously described (10).
Time course of virus production. MDBK cells

were grown to confluency in 60-mm plastic petri
dishes (Falcon Plastics), the medium was removed,
and the cells were infected with 0.5 ml of IBR virus
at a multiplicity of infection of 1. After absorption at
37 C for 60 min, the monolayers were washed twice
in Puck solution G and fresh medium was added. At
intervals postinfection (PI), the culture fluids were
removed and the amount of extracellular virus was
quantitated by plaquing in microtiter plates with
an antibody overlay (11). To measure the quantity of
intracellular virus, cells were removed from the
washed monolayers with a rubber policeman and
then were subjected to three freeze-thaw cycles prior
to titration.

Antisera and complement. Young adult steers
were immunized intramuscularly at monthly inter-
vals with 109 plaque-forming units of IBR virus. The
first injection was emulsified in Freund complete
adjuvant (Difco Laboratories). These animals were
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repeatedly bled after the second and third injection.
The neutralization titers were determined by prepar-
ing serial dilutions of the serum and reacting 0.5 ml
with 0.5 ml of virus (102 plaque-forming units). Se-
rum-virus mixtures were added to four 7-mm wells
in a microtiter plate (Falcon Plastics, no. 3040) con-
taining MDBK cells. After adsorption for 1 h, the
unadsorbed virus was removed and fresh medium
was added. The serum neutralization index was com-
puted by the Karber method (6). In all assays de-
scribed subsequently in which antiserum was used,
four neutralizing units of anti-IBR serum was em-
ployed.

Rabbit complement (Nutritional Biochemicals
Corp., lot no. 6282) was used at a dilution of 1:20 in
cytotoxicity and plaque inhibition assays.

Plaque inhibition by antibody and complement.
Quadruplicate monolayers of confluent MDBK cells
(Falcon Plastics, no. 3040) were infected with vary-
ing concentrations (10 to 15,000 plaque-forming
units) ofIBR virus. At 6 h PI, the culture fluids were
removed and replaced with MEM containing anti-
body alone, antibody plus complement, or comple-
ment alone. In experiments in which fresh comple-
ment was added every 2 h, the above procedure was
repeated for 20 h at 2-h intervals. After a further 48
h of incubation, the monolayers were fixed, stained,
and examined for viral plaques (11).

Infectious center assay. MDBK cells grown in
35-mm plastic petri dishes were infected with IBR at
a multiplicity of infection of 0.001 to 0.005. After a 1-
h adsorption period, monolayers were washed twice
with Puck solution G and overlaid with MEM plus
4% fetal calf serum. Then 2 h later, the culture
fluids were removed and replaced with MEM con-
taining anti-IBR serum. At various times thereaf-
ter, the monolayers were treated with trypsin and
washed, and the cells were resuspended in 5 ml of
MEM containing anti-IBR serum. Fourfold dilutions
of these cells were made in MEM-anti-IBR, and 1
ml of each dilution was added to confluent MDBK
cells in 16-mm wells of a microtiter plate (Linbro
Plastics, no. 16-24-TC). The cells were allowed to
settle without disturbance for 3 days after which the
monolayers were fixed and stained, and the viral
plaques were enumerated (12).

In experiments designed to test the inhibition of
spread by antibody and complement, fresh MEM
containing antisera and complement was added ev-
ery 2 h, prior to the infectious center assay.

Antibody-complement lysis of infected cells.
MDBK or Georgia bovine kidney cells were grown to
confluency in microtiter plates (Falcon Plastics, no.
3040). Each well was labeled with 2 uCi of Na251
CrO4 (New England Nuclear Corp., Dorval, P.Q.)
and simultaneously was infected with 1 plaque-form-
ing unit of IBR virus per virus (0.1 ml). After 90 min
of labeling and infection, the monolayers were
washed three times before fresh MEM was added. At
appropriate times PI, the medium was removed and
the monolayers were incubated for 1 h at 37 C with
anti-IBR antibody, antibody and complement, or
complement alone. The amount of radioactivity re-
leased into the medium was compared to that re-
leased by controls. Total releasable chromium was

determined by adding five successive portions of
distilled water to microtiter wells containing labeled
cells. These portions were then pooled and centri-
fuged, and the amount of radioactivity in the super-
natant was taken as the total releasable 5'Cr. Spe-
cific release (SR) was calculated by the following
formula:

release by Ab + C

SR = - release by control x 100
total releasable 5"Cr

- release by control

where Ab represents antibody and C represents com-
plement.

Immunofluorescence. MDBK cells (107 cells/ml)
were infected in suspension at a multiplicity of infec-
tion of 5 in a volume of 2 ml. After 90 min, the cells
were washed and suspended at a concentration of 5
x 105 cells /ml in Spinner culture MEM plus 10%
fetal calf serum. At various times, a sample of the
suspension culture was removed, washed, and sus-
pended in 250 j.l of anti-IBR serum. After reaction at
4 C for 30 min, the cells were washed three times
and suspended in 200 jl of a 1:20 dilution of fluores-
cein-labeled goat anti-bovine immunoglobulin G an-
tisera (Cappel). After reaction at 4 C for 30 min, the
cells were washed three times and suspended in 10%
glycerol-saline. Fluorescent microscopy was per-
formed with a Carl Zeiss Ultraphot III microscope
using incident light from an Osram HBO 200 lamp
with a BG 3 exciter filter in combination with a
permanent BG 38 filter and a 50/44 barrier filter.
These filters gave a peak excitation intensity of 320
to 400 nm.

RESULTS
Appearance of virus-induced membrane

antigens, production of infectious virus, and
spread to adjacent cells. To determine how
soon after infection new virus-specific mem-
brane antigens appeared, cells were infected
with a multiplicity of infection of 5 and, at
appropriate times thereafter, cells were as-
sayed to determine the percentage of cells with
membrane fluorescence. A few fluorescent cells
were observed as early as 4 h PI, and the per-
centage increased rapidly to include 100% ofthe
cells by 7 h PI (Fig. 1).

Infectious intracellular virus was not detecta-
ble until approximately 9 h PI, but such virus
was not released extracellularly until 2 to 3 h
later (11 to 13 h PI, Fig. 2). Thus, in the experi-
mental systems employed, virus-specific mem-
brane antigens were detectable at least 3 h
before the production of infectious intracellular
virus and 5 h prior to the release of extracellu-
lar infectious virus.
Having established the time at which extra-

cellular virus first appeared, we designed a sub-
sequent experiment to determine the time
when virus could spread to adjacent uninfected
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FIG. 1. Time of appearance of IBR virus-specific
membrane antigens. MDBK cells were infected and
cultured in suspension. At various times PI portions
were removed, and the cells were assayed for the
presence of virus-specific antigens by the indirect
immunofluorescence technique. At least 250 cells
were enumerated at each time.
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cells. Cell monolayers were infected at a multi-
plicity of infection of 0.005 and then were over-
laid with MEM containing anti-IBR serum to
prevent secondary infection by extracellular vi-
rus. This procedure, however, would not pre-
vent secondary infection by virus spreading di-
rectly between adjoined cells. At various times
PI, the cells were treated with trypsin and the
number of infected cells was determined by the
infectious center assay. These experiments
showed that virus dissemination began at ap-
proximately 10 h (i.e., 1 to 3 h before the appear-
ance of extracellular virus) and gradually in-
creased thereafter (Fig. 3).

Cytotoxicity of antibody and complement
against IBR-infected cells. The data in Fig. 4
indicate that specific 51Cr release from IBR-
infected cells began at approximately 10 h PI
and increased until a plateau was reached at 14
h PI. The release of 51Cr from infected monolay-
ers overlaid with a medium containing either
antibody or complement was not elevated over
that released by the medium alone. The percent-
age of specific 5'Cr released by two different
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FIG. 2. Time course ofintracellular and extracellularIBR virus production. MDBK cells were infected at a

multiplicity ofinfection of1. At various times PI, the culture fluids were removed and titrated for extracellular
virus (0, 0) and intracellular virus (®, x) after subjecting the cells to three freeze-thaw cycles. The results of
two separate experiments are illustrated. PFU, Plaque-forming units.
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FIG. 3. Spread of IBR virus to adjacent cells. Confluent cultures of MDBK cells were infected at a
multiplicity of infection of 0.001 to 0.005 and overlaid with four neutralizing units of anti-IBR serum. At
various times the cells were removed, diluted in MEM containing anti-IBR serum, and replated onto fresh
MDBK cell monolayers to determine the number of infected cells. The three curves represent three separate
exsperiments.

60 ,~ IBR-susceptible cell lines was compared, and it
/ ~~~was found that, although Georgia bovine kid-
/ ~~~ney cells were much more susceptible to anti-

so /body-complement lysis (60% specific lysis at 14
/ ~~~h)as compared with MDBK cells (30% specific
l ~~~lysis), the time when both cell lines became

40 susceptible to antibody-complement lysis was
S / ~~~~~~~~~~~~essentiallyidentical (10 h) (Fig. 4).
< / ~~~~~~~~~Prevention of virus spread by antibody
30 /...and complement. The previous experiments
z ,,j/ ~~~~~~~~~hadindicated that cells become susceptible to
Q / / ~~~~~~~~~antibody-complement-mediated lysis at about

X 20- . the same time infectious virus appeared intra-
z x/ ~~~~~~~~~~cellularly and was capable of spreading to adja-
Q / v' ~~~~~~~~~centcells. These observations suggested that
z10-/./ ~~~~~~antibody and complement may serve to reduce

// ~~~~~~~orprevent virus dissemination by killing in-
g ~~~~~~~~~fectedcells before viral spread. To evaluate this

,, I I I I I concept two separate types of experiments were
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FIG. 4. Immune lysis of virus-infected cells. Vi-
rus-infected and 5'Cr-labeled cells were incubated for
1 h in the presence ofantibody and complement, and

the amount of specific 5'Cr released was determined
for MDBK cells (a) and Georgia bovine kidney cells
(x).
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MDBK monolayers with known concentrations
of IBR virus (15 to 15,000 plaque-forming units)
and to measure the ability of each infectious
unit to produce visible plaques in the continual
presence of antibody alone, antibody plus com-
plement, or complement alone. The addition of
fresh antibody and complement every 2 h
greatly reduced the number of visible plaques
in comparison with cultures incubated in the
presence of antibody or complement alone (Ta-
ble 1). Whereas the continual addition of anti-
body and complement every 2 h greatly reduced
virus cytopathology, the addition of antibody
and complement only once at the start of the
experiment had little or no effect on plaque
numbers (Table 1).

In the second series of experiments, infec-
tious center assays were used to determine
whether antibody and complement could pre-
vent the spread of IBR virus to adjacent cells. In
cultures with antibody alone, 8 and 28 times
more cells had become infected by 16 and 22 h
PI, respectively, as compared with the number
of cells infected originally (Table 2). In contrast,

TABLE 1. Effect of antibody (Ab) and complement
(C) on plaque-forming ability ofIBR virus in MDBK

cell rnonolayers

Effect of treatment
Input
virus C. Ab Ab + C, Ab + C,

Ab Xlb 2 he

15 -10% Lysis 2.5d 6.5 1.2
150 -50% Lysis TNCe TNC 3.7

1,500 CU CL CL 16.2
15,000 CL CL CL TNC

a C (25 ,ul) was added every 2 h beginning 6 h PI.
b C (25 ,ul) was added x 1 at 6 h PI.
e C (25 ,A) was added every 2 h in fresh medium.
d Plaque numbers given are the average of quad-

ruplicate cultures.
e TNC, Too numerous to count.
f CL, Complete lysis.

TABLE 2. Effect of antibody (Ab) and complement
(C) on spread ofIBR virus in MDBK cells

Time Infected cells (no.)
after
infec- Ca Ab Ab + C, Ab + C,

tion (h) xlb 2 he

7 980 1,040 ND 1,029
16 NDd 8,320 ND 600
22 140,800 28,160 11,520 200
a C (25 ,A) was added at 6 h PI.
C (25 ,A) was added once at 6 h PI.
C (25 IL) was added every 2 h in fresh medium.

d ND, Not done.

there was a decrease in the number of infected
cells both at 16 and 22 h PI in those cultures in
which fresh antibody and complement were
added every 2 h. However, if antibody and com-
plement were added only once, at 7 h PI, in-
fected-cell numbers increased compared with
the number originally infected although this
increase was slightly less than was seen in
control cultures with antibody alone. In cul-
tures receiving only complement, the increase
in the number of infected cells at 22 h PI was
most marked, presumably as a result of second-
ary infections caused by extracellular virus re-
leased from the originally infected cells.

DISCUSSION
The principal aim of the present communica-

tion was to examine the kinetics of IBR virus-
host cell interactions to determine whether hu-
moral immune mechanisms could destroy vi-
rus-infected cells prior to virus dissemination,
thereby being of importance in the virus recov-
ery process. It is well known that antibody can
neutralize extracellular virus but, because such
neutralizing antibody cannot enter viable cells,
antibody alone has been assumed to play little
or no role in the recovery from viruses that can
be transmitted directly between contiguous
cells (2, 7, 8, 11, 14). Although virus-specific
antigens were detectable on the cell surface by
indirect immunofluorescence as early as 6 h PI,
these cells did not become susceptible to im-
mune lysis by antibody and complement until
approximately 4 h later. The reason for this
discrepancy is not known, but it could be that
virus determinants were sparsely distributed so
that the cytotoxic immunoglobulin G molecules
used (the sera were from hyperimmunized ani-
mals) were unable to form doublets and, conse-
quently, fix complement. Alternative explana-
tions could be either that there were qualitative
differences between early and late membrane
antigens or that the indirect immunofluores-
cence technique was more sensitive than was
the antibody-complement lysis. The importance
of density and type of antigenic determinants in
relation to destruction by antibody and comple-
ment or cell-mediated immunity has been
poorly defined with viral antigens and is cer-
tainly worthy of further investigation.
Although antibody- and complement-me-

diated cell destruction did not occur until 10 h
PI, such a mechanism may, nevertheless, be of
some importance in the recovery process. Thus,
although intracellular infectious virus was pres-
ent at this time, such virus was not released
extracellularly until 2 h later; transmission to
contiguous cells via the intracellular route be-

INFECT. IMMUN.
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gan at around 10 h. These observations sup-
ported the concept that, if both antibody and
complement were present from 6 to 7 h on-
wards, then virus dissemination would be lim-
ited or curtailed. By means of an infectious
center assay, this was shown to the the case.
Thus, if antibody and complement were contin-
ually added, virus dissemination was reduced
more than 50-fold. It was necessary, however,
to continually add fresh complement because if
antibody and complement were added only
once, such as had been done by Lodmell et al.
(7), then the reduction of transmission was
barely detectable. Presumably one reason pre-
vious workers failed to demonstrate a reduction
of viral spread by antibody and complement
was because the latter reagent had become inac-
tivated by the time it could have been involved
in infected-cell destruction. Because the contin-
ual addition of complement more closely mim-
ics the in vivo situation, we suggest that anti-
body-complement lysis may be an important
mechanism in limiting the spread by herpesvi-
ruses.
Although our studies demonstrate that hu-

moral immunity is important in the virus recov-
ery process, this does not mean that it is the
only process involved. Indeed, studies by others
as well as by ourselves have also inferred an
important role for cell-mediated immunity
mechanisms (5, 7, 9, 11, 12, 14). Presumably, in
vivo many components could interact to cause
recovery from acute disease. Studies are needed
to define how the various components interact
and to decide which components can destroy
virus-infected cells prior to the transmission of
virus to contiguous cells.
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