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Bovine peripheral blood lymphocytes (PBL) obtained from infectious bovine
rhinotracheitis (IBR) virus- and tuberculin-immunized animals produced large
quantities of interferon within 24 h of in vitro stimulation by IBR and purified
protein derivative antigens. Separation of PBL into populations enriched in T
lymphocytes or B lymphocytes suggested that the T lymphocyte provided the
antigen-specific step for immune interferon production. A 2- to 10-fold increase
in interferon occurred when lymphocytes were combined with autologous macro-
phages. Although macrophages, even if treated with antilymphocyte serum to
remove any contaminating lymphocytes, could produce some interferon, the
augmented interferon produced by macrophage-lymphocyte cultures was not
due to an additive effect of interferon from macrophages and lymphocytes.
Direct physical contact between macrophages and lymphocytes was required for
the production of enhanced levels of interferon. Antigen-antibody complexes of
irradiated virus-infected cells in the presence of antibody were as efficient or
better at stimulating interferon than was free antigen. Because IBR virus was
inhibited by interferon levels stimulated in cultures by IBR antigen, it was
suggested that the local production of interferon by immune cells might play a
similar role in curtailing virus dissemination in vivo, thus leading to recovery
from disease.

If one could define the full spectrum of host
defense mechanisms against herpesviruses,
their mode of action, and the interplay between
them, it might be possible to explain why some
individuals are subject to frequent recrudescent
herpes whereas others remain asymptomatic.
The roles of antibody (1, 3, 24), direct T cell
cytotoxicity (34, 42), antibody-dependent cyto-
toxicity (23, 32, 34, 39), and cell-mediated inhi-
bition ofvirus cytopathology (19, 30, 31), as well
as the role of various lymphokines (25, 26, 50),
have been investigated, but their exact func-
tion in controlling disease is not known. Much
of the data with regard to these parameters is
negative; i.e., levels of neutralizing antibody
(3, 24), antibody-complement cytotoxicity (25),
antibody-dependent cytotoxicity (34), T cell cy-
totoxicity (34), and lymphocyte transformation
(25, 35, 41) do not appear related to the occur-
rence of recrudescence.

Recently a form of interferon was reported,
the induction ofwhich occurred on an immune-
specific basis (9, 10, 12, 48). This immune inter-
feron is distinguishable from "classical" inter-

feron not only by its mode of induction and
probable cells of origin, but also by biochemical
and immunochemical characteristics (12, 48,
51). Merigan and his colleagues have examined
the induction requirements for immune inter-
feron from immune human leukocytes exposed
to herpes simplex virus antigen (25, 47). The
cell providing the antigen-specific step ap-
peared to be a T lymphocyte, but macrophages
were required for optimum interferon produc-
tion. This work could imply that the local
release of immune interferon is an important
mechanism of controlling the extent of herpes-
virus lesions. However, it was not shown
whether the amounts of interferon released
were protective against herpes simplex virus.

In the present communication, we have ex-
amined the question of immune interferon pro-
duction by bovine herpesvirus-stimulated im-
mune bovine leukocytes. This system has cer-
tain advantages in that large cell samples can
be repeatedly collected, experimental infections
are possible, and, most important, the system
uses components almost exclusively of bovine
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origin. We demonstrate the kinetics of inter-
feron production and the cell types involved
and, in addition, evaluate the activity of inter-
feron produced against the virus that stimu-
lated its production. Our results are discussed
in terms of the possible role of immune inter-
feron in controlling herpesvirus infections in
vivo.

MATERIALS AND METHODS
Animals and immunization. Young female bo-

vines were immunized once intranasally and then
intramuscularly on three separate occasions at
monthly intervals with 109 plaque-forming units
(PFU) of infectious bovine rhinotracheitis (IBR) vi-
rus. On two occasions, the intramuscularly injected
virus was emulsified in Freund adjuvant containing
10 mg of mycobacterium tuberculosis H37-RA per ml
(Difco). These animals were used to obtain both
mammary gland macrophages and peripheral blood
lymphocytes in all experiments described subse-
quently. Normal animals were housed separately to
prevent possible cross-infection with IBR virus.

Viruses and antigens. Strain P8-2 of IBR virus
was prepared as previously described (24). Briefly,
confluent Georgia bovine kidney (GBK) cells were
grown to confluency in petri dishes (150 mm) and
infected with 0.6 ml of IBR virus (approximately 0.1
to 0.5 PFU/cell). Virus was allowed to adsorb at 37 C
for 90 min before the addition of fresh culture me-
dium. After 2 days in culture, all the cells showed
virus cytopathology and approximately 90% were
detached. The cells remaining attached were re-
moved into the culture fluids by vigorous pipetting.
All the cells and the culture fluids were subjected to
two freeze-thaw cycles. Cellular debris was removed
by centrifugation at 1,000 x g for 10 min. The virus
was then pelleted by centrifugation at 40,000 x g at
4 C for 1 h. The virus pellet was resuspended in a
minimal amount of Puck solution F (PS), and 0.5-ml
samples were layered onto a 12-ml gradient of 10 to
30% (wt/wt) sucrose in PS. The gradients were cen-
trifuged at 35,000 x g at 4 C for 40 min. Fractions
were collected by puncturing the bottom of the tube
and assayed for infectivity. The fractions containing
the most infectivity were pooled and repelleted at
40,000 x g for 1 h at 4 C. This constituted purified
virus antigen (equivalent to 108 PFU/ml). It was
inactivated by exposure to ultraviolet irradiation as
described previously (29). To obtain infected irradi-
ated cellular antigens, confluent GBK cells were
infected with 1 PFU of IBR virus per cell. Twenty-
four hours later, the supernatant fluids were re-
moved and the monolayers were irradiated for 5 min
at a distance of 12 cm from two General Electric
G875 ultraviolet lamps. The cells were then removed
from the monolayer with the aid of a rubber police-
man and resuspended in PS. Control uninfected cell
cultures were treated in a similar manner.

In experiments requiring antigen-antibody com-
plexes, IBR virus or virus-infected cells were treated
for 1 h at 37 C with 50 neutralizing units of heat-
inactivated bovine anti-IBR antiserum.

Vesicular stomatitis virus (VSV Indiana strain)
was cultured and titrated in GBK cells.

Purified protein derivative (PPD) was obtained
from Connaught Laboratories, Willowdale, Ontario,
as a sterile solution of 4 mg/ml.

Cells. GBK cells were cultured in Eagle minimal
essential medium (MEM). Each liter was supple-
mented with 2 mmol of glutamine, 10 ml of nones-
sential amino acids (GIBCO no. 114), 50 mg of gen-
tamicin, and 2.5 g of sodium bicarbonate. For
growth, the medium contained 10% fetal calf serum
(FCS) and, during interferon assays, 5% FCS. Mon-
olayers for interferon assays were prepared by seed-
ing 50 x 103 cells into each of the 96 wells of a Falcon
plastic tissue culture plate (no. 3040). Monolayers
were confluent within 24 h and were used at this
time for interferon assays. All cultures were incu-
bated at 37 C in a humidified CO2 (5%) atmosphere.

Preparation of lymphocytes. Blood from normal
and immune animals was collected by venipuncture
into a syringe containing preservative-free heparin
(5 IU per ml of blood collected). The buffy coat was
obtained after centrifugation at 800 x g for 20 min at
4 C, and these cells were diluted in PS. These leuko-
cyte-rich cultures were layered onto a 3-ml volume
of Ficoll-Hypaque (density at 25 C, 1.077 g/cm3) (Fi-
coll-Pharmacia; Hypaque-Winthrope) in a round-
bottom centrifuge tube (13 by 120 mm). After cen-
trifugation at 400 x g (at the interface) for 20 min at
25 C, the lymphocyte-enriched cells were collected
from the interface. These cells were washed once in
PS, and the few erythrocytes were lysed with 0.83%
ammonium chloride (5 min at 37 C) and then
washed twice more in PS before enumeration. These
cells were called peripheral blood leukocytes (PBL)
and consisted of 98 to 99% mononuclear cells and the
rest polymorphonuclear leukocytes. The PBL were
further processed as described previously (30) to re-
move adherent cells by passage over glass wool and
to obtain T and B lymphocyte-enriched cell subpopu-
lations by the nylon wool technique of Julius et al.
(17). The nylon wool (Leuko Pak, Fenwal Laborato-
ries, Maston Grove, Ill.) was washed for several
days in many changes of double-distilled water and
then dried, carded, and packed to the 7- or 8-ml
mark of a 12-ml plastic disposable syringe. The en-
tire assembly was sterilized by autoclaving. Glass
wool columns were prepared in a similar fashion.
Several volumes of warm (37 C) PS containing 5%
fresh autologous plasma (AP) were passed through
the columns. The air pockets present in the column
were removed with the aid of a sterile Pasteur pi-
pette, and the columns were sealed with sterile par-
afilm and allowed to equilibrate for 45 to 60 min at
37 C. Bovine PBL were suspended in PS + 5% AP at
a cell concentration of 50 x 106/ml. Three milliliters
of this cell suspension was applied to a glass wool
column (equipped with a 23-gauge needle) and
slowly allowed to percolate into the column. After
all the cells entered, the column was once again
sealed and incubated at 37 C for 45 to 60 min. The
cells were eluted with 25 to 30 ml of PS + 5% AP,
and these constituted glass wool-purified (GWP)
cells. The GWP cells were resuspended at a concen-
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tration of 50 x 106/ml in PS + 5% AP, and 2 ml was
applied to a nylon wool column. The cells were
washed into the column with 1 ml of PS + 5% AP.
The column was sealed and incubated at 37 C for 45
to 60 min. After incubation, the cells were eluted
with 25 ml of PS + 5% AP. Most of the cells that
would elute did so in the first 10 ml. These effluent
cells were referred to as the T cell-rich subpopula-
tion. Previously we showed that this subpopulation
contains between 0.8 and 2.0% immunoglobulin-
bearing cells and responds well to T cell mitogens
but poorly to lipopolysaccharide (LPS) (30).
The cells that did not elute were called the B cell-

rich subpopulation. These cells were recovered by
placing the nylon wool in a small beaker, adding 5
ml ofPS + 5% AP, and teasing the nylon wool with a
sterile 5-ml pipette. The nylon wool was then
packed, and the supernatant fluids containing the
adherent cells were harvested. This procedure was
repeated a second time. These cells consist of be-
tween 25 and 42% immunoglobulin-bearing cells and
respond well to LPS and poorly to T cell mitogens
(30).
The cells obtained by these procedures were in-

variably >98% viable as determined by trypan blue
dye exclusion.

Preparation of macrophage cultures. Bovine
mammary macrophages were obtained by infusing 5
ml of PS containing 1% (wt/vol) LPS of Escherichia
coli 0128 B12 (Difco) into each teat canal as de-
scribed previously (48). Six hours later, the teat
canal was flushed to remove polymorphs by infusing
an additional 15 ml of PS followed by milking out
the fluids. Four days later, 15 ml of PS was once
again injected into each teat canal. The udder was
massaged and the cells were milked out. Each
quarter yielded approximately 50 x 106 cells. The
cells were washed three times in ice-cold PS, enu-
merated, and diluted in MEM + 15% FCS to the
correct cell concentration. One milliliter of the cell
suspension was seeded into each of the 24 wells of a
Linbro plastic tissue culture plate (no. 16-24-TC).
After a 6-h adsorption period at 37 C, the nonadher-
ent cells consisting predominantly of lymphocytes
and polymorphs were removed by washing the cul-
tures twice with 2 ml of PS, after which fresh MEM
+ 10% FCS was added. Three days later the cultures
were once again washed and used for the production
of interferon (see below). To insure the complete
removal of all lymphocytes from the macrophage
cultures, in some experiments the cells adhering
after 3 days in culture were treated for 1 h at 37 C
with fresh bovine complement and rabbit anti-bo-
vine lymphocyte serum (ALS) (final concentration,
1/60 ALS and 1/40 complement). The monolayers
were then washed (three times) with fresh medium
before their use in the production of interferon.

Production of interferon by macrophage-lym-
phocyte cultures. Established bovine mammary
macrophage cultures were washed, and 3 x 10" lym-
phocytes (PBL, GWP, or T or B cell-enriched sub-
populations) in 1 ml of RPMI 1640 + 10% FCS were
added to each culture. Simultaneously, ultraviolet-
irradiated IBR virus (equivalent to 5 x 106 PFU/

culture) or PPD (12.5 /Ag/culture) was added. Con-
trol cultures contained macrophages + lympho-
cytes, macrophages + antigen, or lymphocytes +
antigen (in the absence of macrophages). Cultures
were incubated at 37 C in a humidified CO2 (5%)
incubator for 3 days, after which time the culture
fluids were gently aspirated, centrifuged to remove
any contaminating cells, and stored frozen at -70 C
until titrated to determine the levels of interferon.

Interferon assays. Interferon was assayed by de-
termining its ability to inhibit the plaque formation
by VSV in GBK cell cultures. Confluent GBK cells
were exposed to twofold dilutions of interferon sam-
ples diluted in MEM + 5% FCS. After 24 h, the
interferon samples were aspirated and the monolay-
ers were infected with VSV. After a 2-h absorption
period, virus was removed and the monolayers were
overlaid with MEM containing 1% methylcellulose
(23) for a further 24 h. The methylcellulose over-
lay was removed by vigorously inverting the
plate. The monolayers were washed with saline,
fixed, and stained with 1% gentian violet in 70%
ethanol. Excess dye was removed by washing in
distilled water, the plates were dried, and interferon
was quantitated by recording the dilution of inter-
feron that was capable of inhibiting plaque by 50%
over that of controls. Thus, 1 unit of interferon
inhibited VSV plaque formation by 50%. All sam-
ples from any one series of experiments, done in
quadruplicate or six replicates, were titrated at one
time to reduce variability within the assay. An in-
terferon standard was included to compare repro-
ducibility from day to day. The results are expressed
as geometric mean units.

Parabiotic chambers. In experiments designed to
physically separate macrophages from lymphocytes,
the macrophages were cultured in Linbro plates (no.
16-24-TC) as described previously. Plastic cylinders
(12-mm diameter) containing a 0.4-gm membrane
(Nucleopore no. 40 CPR 047 00, General Electric,
Pleasanton, Calif.) on one side were then inserted
into the wells containing macrophages. The distance
between the Nucleopore membrane and the macro-
phages was 2 mm. Lymphocytes were then placed
into the upper part of the chamber. Stimulating
antigen was included on either the side of the
macrophage, the side of the lymphocytes, or both.
ALS. Preparation of ALS has been described pre-

viously (33). Briefly, rabbits were immunized subcu-
taneously at 2-week intervals with 108 macrophage-
depleted PBL. One week after a third injection of
PBL enriched in T cells, by nylon wool separation
(24), animals were bled. Sera were heat inactivated
at 56 C for 30 min, and each 1 ml of serum was
adsorbed twice with 5 x 107 cultured adherent bo-
vine mammary cells (consisting of >98% macro-
phages). Sera were frozen until used. The cytotoxic-
ity titer of the ALS was 1:160 against lymphocytes
and 1:10 against macrophages as determined by the
microcytotoxicity test (43), using fresh bovine serum
as a source of complement. The ALS was used at a
final concentration of 1/60 and complement at 1/40.

Blastogenesis of macrophage-lymphocyte cul-
tures. Combination lymphocyte-macrophage cul-
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tures (described above) were stimulated with 50 ILI
of antigen (approximately 5 x 106 PFU of IBR and
12.5 ,ug of PPD). Twenty-four hours before termina-
tion of cultures, they were pulsed with 1 ,uCi of
[methyl-3H]thymidine (specific activity, 5 Ci/mmol;
Amersham/Searle, Oakville, Ontario). At the end of
the experiment, the cells were precipitated with 10%
ice-cold trichloroacetic acid and further processed as
described previously (29).

Preparation of Fc rosetting cells. Sheep erythro-
cytes (RBC), free of leukocytes, were washed three
times with PS and a 5% suspension mixed with a
subagglutinating amount of rabbit anti-sheep RBC
serum (1:900 final dilution). After incubation at 37 C
for 60 min with frequent gentle agitation, cells were
washed three times and made into a 1% suspension.
Equal volumes of treated sheep cells and lympho-
cytes (3 x 106/ml) were mixed, centrifuged at 200 x g
for 5 min, and left for 10 min at room temperature.
The cells containing rosettes were gently resus-
pended and applied to a Ficoll-Hypaque gradient
(conditions as described above). After centrifuga-
tion, the pellet containing rosetting cells was
treated with 0.83% NH4Cl to lyse RBC. The lympho-
cytes were washed three times and then used in the
interferon assays. These short incubation periods
detect only very few erythrocyte rosettes, and these
latter rosettes are extremely fragile (14).

RESULTS
Interferon production by lymphocyte-mac-

rophage cultures stimulated by antigen.
Whereas in the absence of specific antigen nei-
ther PBL, macrophages, nor combination cul-
tures produced interferon (<4 units/ml), in the
presence of antigen (IBR or PPD) detectable
interferon production occurred with all three
types of cultures (Fig. 1). Levels from PBL-
macrophage combination cultures were always
higher, varying from 2- to 10-fold between ex-
periments, than from cultures of PBL alone.
Antigen-stimulated immune PBL invariably
gave detectable interferon (>16 units), but lev-
els from stimulated macrophages from the
same animals were minimal or undetectable
(<8 units). Interferon production from antigen-
stimulated PBL depleted of adherent cells, by
glass wool filtration, was less (two- to fourfold)
than from stimulated unfractionated PBL (Fig.
2B). Combination or individual cultures ofPBL
and macrophages from nonimmunized animals
failed to produce interferon upon antigen stim-
ulation, indicating that the interferon detected
above was of immune origin. Not shown in Fig.
1 are the results ofexperiments in which alloge-
neic combinations of immune lymphocytes and
normal macrophages were investigated for an-
tigen-induced interferon production. These re-
sults were irregular, with some interferon
(mean, 7 units) always being produced in the
absence of antigen. However, interferon levels
after antigen stimulation were higher than in
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FIG. 1. Interferon production by immune lympho-
cytes and macrophages. Cultures were prepared, as
described in the text, containing 1 x 1 0` macrophages
and 3 x 106 PBL. These were maintained in the
presence of IBR virus (equivalent to 5 x 106 PFU/
culture) or PPD (12.5 ,uglculture) antigens, or in the
absence ofantigen, for 3 days. One unit of interferon
was capable of inhibiting VSV plaque formation by
50%. The results are expressed as the mean ofquad-
ruplicate determinations.
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FIG. 2. Interferon production by PBL and cell

subpopulations. Various cell separation techniques
(see text) were used to obtain PBL (U), GWP (2),
T cell-enriched (0) or B cell-enriched (N) subpopu-
lktions of cells. (A) 3 x 10" lymphocytes were added
to established cultures of macrophages (1 x 10 5
cellslculture). (B) 3 x 106 lymphocytes in the absence
of macrophages. All cultures were stimulated with
5 x 106 PFU equivalents of ultraviolet-inactivated
IBR virus and harvested 72 h later. Interferon pro-
duction by I x 105 macrophages in the presence of
IBR antigen is shown in the upper panel (-).

cultures without antigen (four- to eightfold) but
less than antigen-stimulated autologous combi-
nations by two- to eightfold. Combinations of
normal lymphocytes and "immune" macro-
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phages gave variable and low levels (average, 4
units) of interferon both in the presence or ab-
sence of antigen. The influence of antigen dose
on immune interferon production is shown in
Table 1. Both PPD- and IBR-stimulated lym-
phocytes produced more interferon with in-
creasing concentration of antigen. Above a cer-

tain concentration of antigen (PPD, 25 ,ug/ml;
IBR, 5 x 106 PFU/ml), the rate of increase per

unit of antigen declined.
In Fig. 2 are the results of experiments de-

signed to investigate the nature of the cell type
producing the interferon. Antigen-stimulated
enriched T cell subpopulations always gave

higher levels of interferon than either PBL- or

B cell-enriched populations. This was true both
in the presence (Fig. 2A) and absence (Fig. 2B)
of autologous macrophages. Because the B cell-
enriched subpopulation still contained many T
cells (about 40% of the T cells found in PBL as
measured by the E rosette technique), it is pos-

sible that the interferon produced by these cells
was also of T cell origin. A further enrichment
ofB cells was achieved by isolating Fc receptor-
bearing cells by forning Fc rosettes with anti-
body-coated RBC followed by isolation of roset-
ting cells by Ficoll-Hypaque flotation. Under
the conditions usecl, only very few cells formed
direct E rosettes, and they were very unstable
(14). Upon antigen stimulation, these B cell-
enriched subpopulations produced threefold
less interferon than did nylon-adherent cells
(Table 2), further supporting the notion that
the origin of antigen-induced interferon was
the T cell.
The results shown in Fig. 1 and 2 indicate

that whereas T cells are needed for antigen-

TABLE 1. Effect of antigen concentration on

interferon titers produced by macrophage-lymphocyte
culturea

Units of
Inter- inter-

Antigen Concn feron ti- feron/
ter unit of

antigen
PPD 0.5 ug 4

2.5 Ag 9 3.6b
5.0 Ag 24 4.8
25,g 52 2.1
50 g 66 1.32
100 Mg 62 0.62

IBR 2 x 105 PFU equivalents <4
5 x 105 PFU equivalents 11 22c
106 PFU equivalents 37 37
5 x 106 PFU equivalents 78 15.6
107 PFU equivalents 94 9.4
2 x 107 PFU equivalents 116 5.8

aCultures contained 106 mammary macrophages and 3 x

106 PBL. Cultures were harvested 3 days post-stimulation.
bUnits of interferon per microgram of PPD.
e Units of interferon per 106 PFU equivalents of ultravi-

olet-irradiated virus.
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TABLE 2. Interferon production by subpopulations of
peripheral blood lymphocytes

Cell type
Antigen Adher- Fc bear-

Effluenta ent6 ineg
IBR (5 x 10c PFU) 64 14 <4
PPD (12.5 ,ug) 16 7 NDd

a Cells present in the effluent after nylon wool
separation.

b Cells adhering to the nylon wool column.
c Adherent cells further purified to remove non-

Fc-bearing cells (see text).
d ND, Not done.

induced interferon production, macrophages
are required to amplify the response. Non-
macrophage cells would not suffice for this
amplification -neither combinations of T cells
with autologous fibroblasts nor with heterolo-
gous GBK cells gave enhanced interferon levels
as compared with stimulated T cells alone (data
not shown).

Influence of number of macrophages and
lymphocytes on immune interferon produc-
tion. The observation that antigen-stimulated
glass wool-depleted PBL gave less interferon
than unfractionated cells prompted experi-
ments to quantitate the mononuclear phago-
cyte requirement for optimum interferon pro-
duction. As few as 104 autologous mammary
macrophages (0.3%) augmented the response of
3 x 106 T cells (Fig. 3). Maximum augmenta-
tion occurred with 106 macrophages (highest
number tested). Macrophages alone at concen-
trations of 5 x 105 or greater also produced
interferon upon antigen stimulation. This ef-
fect was not entirely due to residual contami-
nating T cells since removal of these cells by
treatment with ALS and complement reduced,
but did not abolish, interferon production (Ta-
ble 3). That induction was not caused by con-
taminating endotoxin in the antigen prepara-
tions was indicated by experiments showing
that antigen-stimulated macrophages from
nonimmunized animals did not produce inter-
feron (Table 3). Our results indicate, therefore,
that some macrophages may be specifically
"armed" (26) and that these cells respond to
antigen and produce interferon.
To determine the number of immune lym-

phocytes required to produce 1 unit of inter-
feron, various numbers of lymphocytes were
added to cultures containing a fixed number of
autologous macrophages (105/culture). As few
as 105 T lymphocytes produced detectable
amounts of interferon, and optimum production
occurred with 3 x 106 cells per culture (Fig. 4).
An approximate calculation revealed that over
the T cell concentration of 105 to 3 x 106 cells
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of interferon. Presumably, at high cell densities
lymphocyte death was occurring because of de-
pletion ofnutrients and possibly release of toxic
products. Those cultures were invariably more
acid than cultures containing 3 x 106 or fewer
lymphocytes.

Kinetics of interferon production. In anti-
gen-stimulated immune combination cultures
containing optimum numbers of lymphocytes
and autologous macrophages, interferon pro-
duction was first detectable as early as 8 h and
peak levels were attained between 24 and 48 h
of culture (Fig. 5). The pattern of response was
similar for PBL except that levels of interferon

Number of mocrophoges

FIG. 3. Effect of varying the number of macro-
phages on interferon production by lymphocyte-mac-
rophage cultures. Combination cultures contained 3
x 106 T cell-enriched lymphocytes. The results of two
experiments are shown. The response of T cells with
macrophages (x x and x--x) is compared
with the response of macrophage alone (O and 0).
Interferon levels were determined 72 h after the addi-
tion of antigen. The solid block shows interferon
levels produced by T cells in the absence of macro-
phages.

TABLE 3. Effect ofantilymphocyte serum (ALS) and
complement (C) on interferon production by bovine

mammary marcophagesa

Stimulant (no. Immune macrophages Normalmacro-of macro- mco

phages) ALS6 ALS + Con- phagesofhmages ALS' ALcc trol (control)
IBRd

(5 x 105) 3.5e 3.5 4 3
(1 x 106) 28.5 18 32 5
(5 x 106) 50 36 57 9

PPDf
(5 x 105) 3 3.5 3 3.5
(1 x 106) 18 9 14 4
(5 x 106) 36 18 36 8.5

a Bovine mammary macrophages were cultured
for 3 days, at the cell numbers indicated, before
being treated with the respective reagents.

b Treatment was for 1 h at 37 C. ALS was used at a
final dilution of 1/60.

c Treatment for 1 h at 37 C. Fresh bovine serum
was used as a source of complement. Complement
treatment alone had no effect on interferon produc-
tion.

d Stimulated with approximately 5 x 106 PFU of
IBR virus.

e Units of interferon; geometric mean of six repli-
cates.

f Stimulated with 12.5 ,ug of PPD.

per culture, it took 0.5 x 104 to 2 x 104 cells to
produce 1 unit of interferon (Fig. 4). At 107 T
cells per culture, a substantial increase in the
number of cells was required to produce 1 unit

Number of lymphocytes

FIG. 4. Effect of varying the number of lympho-
cytes on interferon production by macrophage-lym-
phocyte cultures. Various numbers ofPBL (x) or T
cell-enriched subpopulation (0) were added to a con-
stant number (1 x 105) of autologous macrophages.
The cultures were harvested 72 h after the addition of
5 x 106 PFU equivalents of ultraviolet-irradiated
IBR virus. Control cultures (O) contained 1 x 105
macrophages. The number of lymphocytes required
to produce 1 unit of interferon at various lymphocyte
concentrations is indicated by the histogram (ri).
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FIG. 5. Kinetics of interferon production in mac-

rophage-lymphocyte cultures. Cultures containing 1

x 105 macrophages plus 3 x 106 T cell-enriched
lymphocytes (x) or3 x 106PBL (0) were stimulated
with 5 x 106 PFU equivalents of ultraviolet-irradi-
ated IBR virus. At various times, post-stimulated
duplicate cultures were harvested and the amount of
interferon was quantitated. The amount of interferon
produced by macrophage cultures in the presence of
antigen (0) is shown.
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were always lower and were not detectable un-

til 12 h after stimulation. That the interferon
produced by 24 to 48 h was remarkably stable
was evidenced by the observation that peak
interferon levels were maintained in cultures
kept for 7 days (data not shown). The kinetics of
immune interferon production was examined in
several animals. Although the levels varied,
the kinetics of production did not.

Relationship between blastogenesis and in-
terferon production. To determine whether
there was a direct relationship between anti-
gen-induced proliferation and interferon pro-
duction, PBL and syngeneic macrophages were

stimulated with both a viral antigen (BR) and
a nonviral antigen (PPD). Although the lym-
phocytes were capable of producing interferon
as well as undergoing blastogenesis in response
to both antigens, the quantity of interferon pro-
duced was not related to the degree ofprolifera-
tion (Table 4). Thus, high quantities of inter-
feron were produced in response to BR antigen
even though only moderate proliferative re-
sponses were occurring. Whereas peak inter-
feron production occurred at 24 to 48 h of cul-
ture, peak proliferation occurred at 4 to 5 days.
The proliferative response to PPD was greater
than to IBR, but PPD was a poorer stimulant of
interferon production.
Requirement for physical contact between

lymphocytes and macrophages for enhanced
interferon production. The results thus far in-
dicate that T lymphocytes produce interferon
but that the response is enhanced by the pres-
ence of macrophages. Enhancement occurred
with numbers of macrophages that alone failed
to produce interferon on antigen stimulation.
Macrophages could enhance the response in
several ways, which include: (i) optimizing an-
tigen presentation (27); (ii) releasing processed

antigen or soluble factors to trigger cells (28); or
(iii) improving the culture conditions such as

also occurs by adding 5 x 10-5 M 2-mercapto-
ethanol (2ME) to cultures (31, 32). To differen-
tiate possibility (i) from (ii) and (iii), three
types of experiments were performed. In the
first approach, the effect of adding culture
fluids from autologous antigen-stimulated or

unstimulated macrophages to PBL was investi-
gated. This approach did not lead to enhanced
interferon production (Table 5). The addition of
5 x 10-5 M 2ME also failed to consistently
enhance interferon production by antigen-stim-
ulated PBL. Finally, if macrophages were
physically separated from lymphocytes by Nu-
cleopore membranes (0.4-,um pore size), aug-

mentation of interferon production did not oc-

cur (Fig. 6). Taken together, these approaches
would tend to discount the role of macrophages
as supplying a soluble augmenting factor or

improving culture conditions but support the

TABLE 5. Interferon production by lymphocytes
cultured in the presence or absence of macrophage

supernatants

Interferon titer

Culture fluid additives Unstimu- Stimulated
lated lym- lympho-
phocytes cytes0

Control MEMb <4 32
Control supernatantc <4 28.5
Stimulated supernatantd +4 36
2ME (5 x 10-5 M) +4 32

a 12.5 ,ug ofPPD per ml was added to the cultures.
b 20% MEM added to lymphocyte cultures.
c 20% culture fluids obtained from 5 x 105 macro-

phages cultured for 3 days in MEM.
d 20% culture fluids obtained from 5 x 105 macro-

phages stimulated by PPD (12.5 ,ug/ml) for 3 days.

TABLE 4. Stimulation of immune lymphocyte-macrophage cultures by IBR virus and PPD antigensa
Stimulation on day:

1 2 3 4 5
Antigen

Counts/ Counts/ Counts/ Counts/ Counts/
min IP min IF min IF min IF min IF

(x 10-3) (x 10-3) (x 10-3) (X 10-3) (X 10-3)

IBRc 7.4 98 7.5 132 18.5 128 45.4 NDd 88.4 102
PPIY 9.4 32 11.8 42 45.4 36 160 ND 158.1 28
- 9.8 <4 5.2 <4 6.5 <4 8.6 ND 4.7 <4

a Cultures contained 5 x 105 mammary macrophages and 3 x 106 PBL. Antigens were added at the
initiation of culture. Interferon titers were measured on one set of quadruplicate cultures at the times shown,
and the proliferative response was measured on a second set of cultures. To measure proliferation, cultures
were pulsed with [3H]thymidine for 18 h and terminated at the times shown.

b Interferon titer of quadruplicate determinations.
c 106 PFU/culture.
dND, Not done.
e 12.5 ,ug/culture.
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FIG. 6. Requirement for physical contact between
macrophages and lymphocytes for the maximum in-
terferon response. 3 x 106 T cell-enriched lympho-
cytes were cultured with IBR virus while in contact
with 1 x 105 macrophages (E) or separated by Nu-
cleopore membranes containing antigen on both sides
of the Nucleopore membrane (U) or only on the side
of the lymphocytes (E). The quantity of interferon
produced by I x 10 macrophages after stimulation
with antigen was minimal (a).

possibility that they are involved in a process
requiring cell contact such as antigen presenta-
tion.

Interferon production by virus-infected
cells and antigen-antibody complexes. In vivo,
persons with recrudescent herpes have anti-
viral antibody (3, 24), so one would expect to
find virus antigen-antibody complexes (7). In
addition, virus membrane antigens are found
on the surface of cells before the appearance of
infectious virus or intercellular viral dissemi-
nation (1, 19). If such cells with membrane
antigen could stimulate an early interferon re-
sponse, then this could result in the protection
of uninfected cells.
Experiments were, therefore, designed to de-

termine whether antigen-antibody complexes
and virus-infected cells could stimulate inter-
feron production. The results indicate that anti-
gen-antibody complexes are as efficient as free
antigen in stimulating interferon (Table 6).
Furthermore, infected ultraviolet-irradiated
cells were better interferon stimulators than
was free antigen or antigen-antibody com-

plexes. This was the case both in the presence

and absence of antibody (Table 6). It remains to
be determined whether the enhanced inter-
feron production by infected irradiated cells
was because of higher antigen concentration or

whether the effect was attributable to optimal
presentation of antigen to responder lympho-
cytes.

Interferon production did not occur in the
following control combinations: nonimmune
lymphocyte-macrophage cultures stimulated by
antigen-antibody complexes or infected irradi-
ated cells; and immune lymphocyte-macro-

phage cultures stimulated by antibody alone or
uninfected irradiated cells.

Inhibition of virus replication by immune
interferon. If the interferon produced by im-
mune lymphocytes upon antigen stimulation is
to be an effective defense mechanism, the virus
inducing it must be susceptible to inhibition by
interferon. The effect of interferon on a single
cycle of replication of the inducing IBR virus
and of VSV is shown in Table 7. Although IBR
virus was slightly less sensitive to immune in-
terferon than was VSV, there was a slight re-
duction (27%) in virus yield even from cells
pretreated with interferon for only 6 h. The
percentage reduction of IBR virus yield in-
creased to 86% when cells were pretreated for
24 h. The most marked reductions of IBR virus
yields (99.9%) were evident in cultures pre-
treated for 24 h followed by the addition of a
fresh source of immune interferon for the dura-
tion of the replication cycle.

DISCUSSION
We have demonstrated that lymphocytes

from herpesvirus-immune animals, upon stim-

TABLE 6. Interferon production by immune PBL in
response to purified IBR antigen or irradiated IBR-
infected cells in the presence or absence of anti-IBR

antibody

Interferon titee
Stimulating antigen

Expt lb Expt 2 Expt 3

IBR 50 64 64
IBR-antibody com- 64 64 72

plex"
Infected cellsd 256 256 NDe
Infected cells + anti- 228 203 ND
body

Uninfected cellsf 3.0 2.5 ND
Antibody 3.0 3.5 ND

a Mean titer per milliliter of quadruplicate cul-
tures. Not shown are controls where nonimmunized
lymphocyte-macrophage cultures were stimulated
with infected irradiated cells or antigen-antibody
complexes. These cultures did not produce detecta-
ble interferon.

bDifferent preparations of IBR antigen were used
in each of the three separate experiments. The same
animals were used in each of the three experiments.

" IBR virus was reacted for 1 h at 37 C with 50
neutralizing units of anti-IBR antisera. This con-
centration of antiserum neutralized an equivalent
amount of live virus.

d GBK cells were infected with 1 PFU/cell.
Twenty hours later the cells were irradiated for 5
min by two General Electric G875 ultraviolet bulbs
at a distance of 12 cm. 104 irradiated infected cells
were added per culture.

e ND, Not done.
f 104 uninfected irradiated cells were added per

culture.
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TABLE 7. Effect of bovine lymphocyte interferon on single-cycle extracellular virus yields ofIBR and VSV

IBR VSV
Treatment

PFU/ml % Reduction PFU/ml % Reduction

No interferon 2.2 x 105 5 x 106
Interferon, 6 ha 1.6 x 105 27 2 x 106 60
Interferon, 24 hb 3 x 104 86.4 3 x 104 99.4
Interferon, 6 h + 20 he 8.5 x 102 61.4 3.5 x 105 93
Interferon, 24 h + 20 hd 2.1 x 102 99.9 7.5 x 103 99.9

a GBK monolayers treated for 6 h with 64 units ofbovine lymphocyte interferon as determined by the VSV
plaque reduction assay. Interferon was removed and cells were infected with 0.5 PFU of virus per cell.
Cultures were harvested 20 h later.

b Same as a except that cells were treated with interferon for 24 h before infection.
c Same asa except that after virus adsorption, interferon-containing medium was added for a further 20 h.
d Same as b except that after virus adsorption, interferon-containing medium was added for a further 20

h.

ulation with specific viral antigen, produce in-
terferon of sufficient magnitude to be inhibitory
to virus replication in vitro. These results are
consistent with the hypothesis that immune
interferon production may speed recovery from
viral disease by limiting viral spread in vivo.
Whereas immune PBL, isolated by Ficoll-Hy-
paque flotation, produced interferon upon
either IBR or PPD antigen stimulation, en-
hanced production occurred if additional autol-
ogous macrophages were included in cultures.
Macrophages alone failed to produce interferon
at numbers sufficient to enhance the PBL re-
sponse, although at high cell concentrations
some interferon was produced by antigen-stim-
ulated macrophages. The macrophage require-
ment for maximum antigen-induced interferon
production was also evidenced by experiments
showing that PBL depleted of adherent cells by
glass wool filtration produced scant interferon.
Our results are in accordance with those of
Rasmussen et al. (25), who similarly showed
that immune interferon production by human
lymphocytes was optimized by the presence of
macrophages.
The cell type providing the antigen-specific

step was presumably a T cell. Thus cell subpop-
ulations enriched in T cells by the nylon col-
umn technique of Julius et al. (17) produced
more interferon than did the T cell-depleted
nylon-adherent subpopulation. On further de-
pletion of T cells from the latter population,
even lower quantities of interferon were pro-
duced. Taken together, these findings support
those of Valle et al. (47), with herpes simplex-
induced interferon production from human
lymphocytes, that T cells provide the antigen-
specific step for immune interferon production.
However, because purified T cells still contain
some cells of the mononuclear phagocytic series
(about 1%) and their response was enhanced by
adding extra macrophages, our results cannot
be taken to affirm that interferon was actually

produced by T cells. If T cells were producing
interferon, then presumably a subset distinct
from those undergoing antigen-induced blasto-
genesis was concerned. Thus, the interferon
response occurred early (by 8 h) and peaked
between 24 and 48 h, whereas blastogenic re-
sponses were barely detectable at 24 h and
peaked 4 to 5 days after antigen stimulation.
Moreover, the observation that the same popu-
lation ofT cells proliferated more in response to
PPD than to IBR antigen, yet the reverse was
true with respect to interferon stimulation, also
suggests subset differences between T cells
measured by the two assays. However, it is
possible that the early higher interferon re-
sponse of IBR-stimulated cells was sufficient to
suppress the later proliferative responses of the
same cells, since immune interferon is known
to be immunosuppressive (2). Solution to the
question of whether different T cell subsets are
involved in antigen-induced blastogenesis and
interferon production must await refinements
in cell separation technology.
Macrophages are required for both interferon

production and antigen-induced blastogenesis
(6, 25, 45), but how such cells function in these
responses has yet to be clarified. The results of
our present investigation suggest that the mac-
rophage provides a function requiring cell con-
tact rather than a "viability-promoting func-
tion" such as can be mimicked by the addition
of 2ME to cultures (4, 22, 40). We showed that
the addition of neither macrophage-conditioned
media nor 5 x 10-5 M 2ME to lymphocyte
cultures led to an elevation of induced inter-
feron levels. Even the physical separation of
macrophages from lymphocytes by Nucleopore
membranes prevented macrophage enhance-
ment. Either macrophages could be functioning
as accessory cells presenting antigen to respon-
sive T cells in an optimum configuration, or
they could be the actual cells producing inter-
feron on instruction by T cells. If the latter in-
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terpretation is correct, the factor must only
react over short distances, since we should
have noticed enhanced interferon production
in the membrane-separated cultures. It is
also possible that both mechanisms occur,
with some macrophages being required for the
initial antigen processing and presentation and
the same cells later producing interferon on
stimulation by T cells. That macrophages can
function in antigen processing and presentation
is a well-known phenomenon in immunology
(5, 13, 27, 45, 46). In many cases this function of
macrophages occurs to the maximal degree
only if macrophages and responder cells share
the same genotype (27, 28, 38). This was shown
to be the case in the present investigation for
antigen-induced interferon production. Alloge-
neic macrophages were severalfold less effec-
tive than were autologous cells at enhancing
the antigen-induced interferon response of T
lymphocytes. At present our results do not per-
mit us to distinguish between the several hy-
potheses that have been put forth to explain the
restricting effect that histoincompatibility has
on cell interactions (18, 27, 37, 52). However, for
two reasons we do not favor the hypothesis of
Zinkernagel and Doherty (52) to explain the
restricting effect of histocompatibility on T cell
antiviral cytotoxicity. They suggest that T cells
recognize not just the viral antigen but also a
virus-induced change in histocompatibility an-
tigens of the target cell. In the system we de-
scribe, not only does the time seem short for
such a change to occur (8 h), but also one would
perhaps not expect an inactivated virus to in-
duce such changes. We are currently further
examining the Zinkernagel-Doherty hypothesis
by comparing the interferon responses to in-
fected macrophage and non-macrophage-stimu-
lating cells of varying histocompatibility and
antigen density.
Optimum antigen presentation could be the

explanation for why allogeneic virus-infected
bovine kidney cells stimulated higher levels of
interferon from T cells than did free antigen.
Virus-free allogeneic cells did not have a simi-
lar effect. An alternative explanation, that the
effect occurred because infected cells provided
more antigen, was not supported by dose re-
sponse data that indicated a plateau effect as
free antigen was increased beyond a certain
level. Experiments are underway using carrier
cells of varying surface antigen concentration
to try and distinguish between the effects of
antigen dose and antigen presentation.
Our finding that immune PBL can produce

interferon upon antigen stimulation has impli-
cations for the interpretation of previous in vi-

tro observations on anti-herpesvirus immunity.
Thus recently we demonstrated that virus cyto-
pathology in vitro could be inhibited by im-
mune T cells (30, 31). The mechanism of inhibi-
tion was not established, but we had disre-
garded a role for interferon mainly on the basis
of the reports that herpesviruses were both poor
inducers of interferon and insensitive to its ef-
fects (15, 36, 44). However, these notions were
generated from observations with classical in-
terferon, not immune interferon. These two in-
terferons can be distinguished biochemically
and immunochemically, as well as by differ-
ences in the means of induction (9, 10, 12, 47,
48, 51). It is possible that IBR virus may differ
in susceptibility to the two species of interferon;
we are currently investigating this possibility.
Certainly IBR viral replication was inhibitable
by immune interferon. Moreover, inhibitory
concentrations were generated and maintained
in antigen-stimulated lymphocyte cultures for
up to 7 days. An additional reason for disre-
garding interferon as being responsible for lym-
phocyte-mediated inhibition of virus cytopath-
ology was the observation that in order to dem-
onstrate inhibition, it was mandatory to leave
the immune lymphocytes in continuous contact
with virus-infected cells. Removal of immune
lymphocytes from virus-infected cells results in
a rapid development of virus cytopathology
(31). Similar effects were noted by Lodmell et al.
(19). Furthermore, inhibition did not occur in
cultures pretreated with immune cells together
with inactivated viral antigen if the cells were
removed before virus infection. Since one would
normally expect interferon-treated cells to re-
main refractory to virus infection for a consid-
erable length of time, we felt that suppression
could not be due to interferon. However, in the
present study we observed that inhibition of
IBR replication was far greater if interferon
was maintained during the entire replication
cycle than if the culture were pretreated with
interferon and then removed before virus infec-
tion (the usual regimen to demonstrate inter-
feron). Thus the demonstration of reliable in-
terferon-mediated inhibition of IBR virus repli-
cation required the continuous presence of in-
terferon. These observations would imply that
interferon may have been responsible for the
immune lymphocyte-mediated suppression of
virus replication observed previously (31) and
may also explain the claim that IBR virus is
resistant to the effects of interferon (44). The
leukocyte-mediated inhibition of herpes sim-
plex replication described by Lodmell et al. (19)
was also shown to be at least in part mediated
by interferon (20).
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The major problem with all anti-herpesvirus-
immune parameters is that they fail to totally
eliminate the virus from infected individuals.
Persistent virus, on reactivation from the la-
tent state, can give rise to recrudescent disease
(8, 21). Presumably, although immune inter-
feron also does not lead to complete "cure," it
might enhance the recovery process in vitro.
Because individuals subject to recrudescence
have high levels of circulating antibody (3, 24,
25), maybe recovery is delayed in these individ-
uals because such antibody could block viral
antigen from stimulating sufficient interferon.
However, this was shown not to be the case
since interferon stimulation by either antigen-
antibody complexes or virus-infected cells in
the presence of antibody was equal to or even
better than stimulation by free antigen. If im-
mune interferon plays an important role in con-
trolling the extent of recrudescent disease after
virus reactivation, one reason why some per-
sons suffer frequent recrudescence could be that
there is a subtle defect in immune interferon
production. Rasmussen et al. (25) have related
inducible interferon levels to the appearance of
a further recrudescence, but their work did not
clarify whether a defect in immune interferon
production was present during clinical disease.
It would be instructive to compare individuals
of varying herpes history not only for the
amount ofimmune interferon generated during
various stages of disease, but also to relate the
time and extent of interferon stimulation to the
virus-host cell events. This type of in vitro
study has been used to assess the potential
importance of other immune parameters in IBR
virus immunity (50), as well as in herpes sim-
plex (19). If deficiencies in interferon produc-
tion are found in those subject to frequent
herpes, it may be possible to select vaccination
protocols that would qualitatively change a per-
son's immune status such that the T cell subset
producing interferon is sufficiently expanded to
control herpes diseases.

In conclusion, we propose that immune inter-
feron may play an important role in limiting
spread of herpesvirus, thus speeding recovery
from recrudescent disease. The possible se-
quence of events after virus reactivation could
be a localization of recirculating T lymphocytes
in the region of virus replication. Subsets of
these T cells, upon reaction with antigen, anti-
gen-antibody complexes, or virus-infected cells,
would release some interferon, whereas others
would generate chemotactic factors capable of
attracting macrophages. The arrival of these
latter cells in the lesion would considerably
enhance the interferon response. In individuals

not subject to disease recrudescence, these
early responses may be sufficient to limit the
extent of the disease such that clinical signs do
not become apparent. Maybe in those subject to
recrudescence, the early responses are insuffi-
cient to control herpes dissemination and clini-
cal signs develop. Further work is needed both
to evaluate the above working model and to
describe the relationship and interplay of the
immune interferon defense mechanism with
other parameters of host anti-herpesvirus im-
munity.
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