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The permissiveness of rabbit monocytes and macrophages for herpes simplex
virus was examined. Peripheral blood monocytes, alveolar macrophages, and
peritoneal exudate macrophages were studied for their ability to replicate herpes
simplex virus strains RE and KOS. Results indicated different degrees of
interaction with virus depending on the macrophage type. Only peritoneal exudate
macrophages showed evidence of virus replication. Productive infection was
limited, with only a small number of cells (0.02%) yielding infectious virus. Higher
numbers of cells appeared to be abortively infected. Approximately 40% ex-
pressed antigens, whereas virtually all were killed by exposure to virus. Coreless
particles were seen by electron microscopy in about one-third. Alveolar macro-
phages were also killed by virus and showed evidence of virus adsorption, but
showed no indication of productive or abortive infection. Monocytes neither
adsorbed nor replicated virus, and viability was unaffected. Results suggest that
differences in degrees of cellular maturation or differentiation, or both, account
for the spectrum of interactions seen between herpes simplex virus and rabbit
macrophages.

Macrophages play a significant role in the
establishment and spread of several viral dis-
eases, including infections caused by herpes
simplex virus (reviewed in 13, 17, 30). The
ability of macrophages to permit virus replica-
tion has emerged as an in vitro correlate of the
increased severity of herpetic disease in young
mice (7, 9, 15, 16, 32). Efforts to expand studies
of macrophage permissiveness to adult animals
and to humans, however, have sometimes yield-
ed contradictory results (3, 11, 12, 25). The
ability of macrophages to replicate HSV appears
to be critically affected by experimental condi-
tions, including the strain of mouse used, strain
of virus tested, multiplicity of virus used to
infect, and the level of differentiation of the
macrophage itself (3, 11, 12, 21, 25, 29).
Laboratory animals other than the mouse

have received little attention regarding HSV-
macrophage interactions. Although the mouse
has provided a good system for macrophage
studies, work has been limited to peritoneal cells
because of the difficulty in obtaining macro-
phages from other sources. Another model used
to study herpetic disease, particularly disease of
the eye, is the New Zealand white rabbit. The
rabbit offers three readily available sources of
macrophages: blood (peripheral blood mono-
cytes); lung (alveolar macrophages); and perito-
neum (peritoneal exudate macrophages). Use of
these cells allows a comparative study of macro-

phages from the same animal at various levels of
differentiation (4, 19, 30). The purpose of this
study was to determine the extent of permissive-
ness of each cell type for infection with HSV.

MATERIALS AND METHODS
Abbreviadons. The following abbreviations are

used: HSV, herpes simplex virus; PBM, peripheral
blood monocytes; AM, alveolar macrophages; PEM,
peritoneal exudate macrophages; MOI, multiplicity of
infection; HBSS, Hanks balanced salt solution without
calcium or magnesium.

Virus. The KOS and RE strains of HSV type 1 were
used. KOS, originally isolated from a case of herpes
labialis, is a common laboratory strain (22) and was
used by us previously in a study of the permissiveness
of human leukocytes for HSV type 1 (21). The RE
strain, isolated from a human corneal lesion, has been
used extensively in studies of herpetic eye disease in
rabbits (8). Both stocks were prepared from superna-
tant fluids from infected Vero cells. Monolayers were
infected at an MOI of 0.1, and supernatants were
harvested after 2 to 3 days at 34°C, when almost total
cytopathic effect was evident. Fluids were clarified by
centrifugation, and the titers were determined on Vero
cell monolayers (28).
For viability experiments, virus was inactivated by

either heat or UV light. Heat inactivation was accom-
plished by incubation of virus in a water bath at 56°C
for 1 h. Virus was UV inactivated by exposure to a
germicidal light (GE 15T8) for 30 min at a distance of 6
cm.

Animals. Adult New Zealand white rabbits weighing
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2 to 3 kg were used. All were negative for serum
antibody to HSV, as determined by plaque neutraliza-
tion.
Macrophages. PBM were obtained by centrifugation

of blood on Ficoll-Hypaque gradients (21). Briefly,
animals were anesthetized by intravenous inection of
50 mg of sodium pentabarbitol and exsanguinated by
cardiac puncture. Blood was mixed 5:1 with acid-
citrate-dextrose to prevent coagulation and was dilut-
ed 1:4 with HBSS. The resulting mixture was centri-
fuged on a barrier gradient of Ficoll-Hypaque for 45
min at 500 x g. Mononuclear cells remaining at the
interface were aspirated and washed three times in
HBSS. Cells (2 x 105 to 4 x 10'/cm2) were incubated
in plastic culture dishes at 370C in 5% CO2 for 2 h in
RPMI 1640 medium supplemented with 10%1o fetal calf
serum, penicillin (100 U/ml), streptomycin (100
,a.g/ml), and 1% glutamine (2 mM). Nonadherent cells
were removed by washing with HBSS, and adherent
cells were reincubated overnight in RPMI 1640 medi-
um at 370C in 5% CO2. Adherent cells were >95%
monocytes, as determined by morphology of Wright-
stained cells and a-naphthyl acetate esterase activity
(kit no. 90-Al, Sigma Chemical Co., St. Louis, Mo.).
PBM were >98% viable, as determined by trypan blue
exclusion.
AM were obtained by lavage of excised lungs by the

method of Myrvik et al. (18). After overnight incuba-
tion in RPMI 1640 medium as described above, >98%
of the adherent cells were macrophages, and virtually
all were viable (>98%).
PEM were elicited by intraperitoneal injection of 35

ml of sterile paraffin oil 72 h before harvest. Cells were
lavaged from the peritoneal cavity by infusion of 400
ml of cold HBSS through a midline incision. After
three cycles of centrifugation to remove oil, cells were
incubated in RPMI 1640 medium overnight. Adherent
populations contained >98% macrophages and were
essentially all viable (>98%).

Virus repllc4tion. All cells were plated to achieve an
adherent population of approximately 5 x 10' cells in 1
ml of RPMI 1640 medium in 16-mm (approximately 2
cm2) wells of a 24-well plastic plate. Virus was diluted
in medium to achieve MOIs of approximately 100, 10,
1, and 0.1. Virus suspensions were added to wells in
0.3-ml amounts, and adsorption was allowed to pro-
ceed for 2 h at 37°C in 5% CO2. Unadsorbed virus was
removed by washing three times with 1 ml of HBSS,
and fresh RPMI 1640 medium was added. Cells and
fluids from triplicate wells were harvested at designat-
ed times postinfection and stored at -700C. Plaque
titrations were done with the use ofVero cell monolay-
ers (28).

Infectious center assay. Cells were seeded in 24-well
plates and incubated in the presence of virus as
described above. After 2 h, unadsorbed virus was
neutralized by treatment for 30 min with a 1:10 dilution
of HSV antiserum produced in rabbits (27). Monolay-
ers were washed to remove unreacted antibody, and
cells were gently scraped from the wells with the edge
of a siliconized rubber slab (Rodheim-Reiss, Inc.,
Belle Mead, N.J.). After counting and viability deter-
minations, cells from triplicate wells were seeded onto
Vero cell monolayers in RPMI 1640 medium contain-
ing 0.9%o agarose. Plaques were counted at 3 days,
after a second overlay of agarose containing neutral
red (28).

Electron microscopy. Approximately 107 cells were
allowed to adhere to 60-mm (21-cm2) plastic culture
dishes and exposed to virus as described above. At 24
h postinfection, cells were washed with Tyrode's
solution, pH 7.2, fixed in 1% glutaraldehyde, scraped
from the dish, and pelleted by centrifugation (cells
already detached were decanted, then washed and
fixed after pelleting). Cell pellets were then postfixed
in osmium tetroxide, dehydrated in an ethanol series,
and embedded in epoxy resin (Araldite) according to
standard procedures. Thin sections were stained with
uranyl acetate and lead citrate, pH 7.0, and were
examined in a Philips 201 electron microscope.

Immunofluor-escence. Cells were plated and exposed
to virus as described above in 24-well plates. At 6, 24,
and 48 h, medium was removed and adherent cells
were washed three times with phosphate-buffered sa-
line, pH 7.0. Cells were scraped from the wells,
counted, and applied to a glass microscope slide by
centrifugation, by means of a Shandon Cytospin
(Shandon Southern Instruments, Inc., Sewickley,
Pa.). Slides were air dried, fixed for 10 min in cold
(-20C) acetone, and drained dry. Staining was done
with a 1:10 dilution of fluorescein-conjugated rabbit
anti-HSV type 1, Maclntyre stain (Flow Laboratories,
Inc., McLean, Va.).

Virus adsorption. After 24 h of incubation, medium
was removed and virus was added to the wells at 5 x
103 PFU in 50 ,ul. At 15, 30, and 60 min, 1 ml ofRPMI
1640 medium was added to the wells, and the superna-
tants were aspirated and pooled. After centrifugation
to remove any cells that had detached, titers of fluids
were determined in Vero cell monolayers to determine
the amount of unadsorbed virus (28).

RESULTS
Virus replication curves. In initial experi-

ments, macrophages were examined for replica-
tion of both virus strains KOS and RE. An MOI
of 10 was used, based on previous work (3, 5,
21). Although Vero cells used as permissive
controls showed increases in virus titer of ap-
proximately 2 logs, the macrophages examined
showed no evidence of productive infection
(Figure 1A and B).
To determine whether the MOI of virus used

might have masked low levels of virus produc-
tion or caused generation of defective interfering
particles (24), we used a range of MOIs. Neither
AM nor PBM showed rises in titer at MOIs of
100, 10, 1, or 0.1 with either virus strain. PEM
also showed no increases in titer at MOIs of 100
or 10. Slight increases in yield, however, were
seen when PEM were exposed to MOIs of 1 or
0.1 (Fig. 2).

Infectious center assay. Because production of
infectious virus by macrophages appeared to be
low or absent when a direct assay of virus
replication was used, the more sensitive indirect
technique of infectious center production was
used. By this method, alveolar cells and mono-
cytes were still negative for virus production.
Experiments with PEM, however, showed that
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FIG. 1. Replication of HSV type 1 strains KOS (A) and RE (B) in rabbit macrophages. Cells were infected at
an MOI of 10 PFU/celi. Symbols: *-*, PEM; *-U, AM; A-, PBM; *-0 Vero control; U--U virus
inactivation control.

about 0.02% of the cells exposed to virus pro-
duced infectious particles (Table 1). Results
were consistent at all four MOIs tested and with
both virus strains.

Electron microscopy. To determine whether
abortive replication occurred in macrophages,
we examined cells by transmission electron mi-
croscopy. Whereas AM and PBM were negative
for intranuclear virus particles, about 34% of the
PEM were positive (Table 1). The particles seen
generally lacked the central dense cores of com-
plete virions, a characteristic indicative of abor-
tive infection (3, 29).

Production of viral antigen. Fluorescent-anti-
body experiments were done to determine
whether abortive infection could have resulted
in production of viral antigen without evidence
of virion formation observable by electron mi-
croscopy. By 6 h, approximately 38% of the
peritoneal cells were fluorescent compared with
uninfected controls (Table 1). Cells tested at 24
and 48 h showed evidence of extensive degener-
ation and could not be interpreted. Both AM and
PBM were negative for fluorescence.

Viability of cells exposed to virus. Viability
studies were done to determine whether abor-
tive infection ofPEM resulted in cell death. AM
and PBM were also examined to determine
whether killing occurred in the absence of repli-
cation.
To minimize manipulations that might further

damage fragile infected cells (1), we developed a
technique for examining adherent cells without
removal from the wells. Macrophages were ex-
posed to virus for 2 h, and unadsorbed virus was

removed by washing three times. A micrometer
(10 by 10 mm) was inserted into the eyepiece of
an inverted microscope (American Optical
Corp., Buffalo, N.Y.) and aligned with marks
made on each well bottom. An area 10 mm
square was counted at a magnification of 100x
(approximately 1,000 cells), and the plate was
reincubated. Preliminary experiments indicated
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FIG. 2. Replication of HSV type 1 strain RE in

PEM at four MOIs. Symbols: 0-4, 100 PFU/cell;
O0-, 10 PFU/cell; A-A, 1 PFU/cell; A-A, 0.1
PFU/cell; *U-, virus inactivation control.
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TABLE 1. Percentage of PEM showing evidence of
infection with HSV

Evidence of No. of Reactive
infection rabbits cells (%MY

Viral antigen
(immunofluorescence) 4 38 ± 2

Virus particles (elec-
tron microscopy) 5 34 ± 8

Infectious virus (infec-
tious center assay) 5 0.02 ± .002

a Values represent mean ± standard error x 100.

that virtually all adherent cells were viable im-
mediately after virus exposure. At 48 h, the
same areas of the wells were recounted. Results
of previous viability determinations showed that
detached cells were dead, whereas the cells
remaining adherent were still viable (data not
shown). The number of adherent cells remaining
at 48 h was therefore a function of viability and
provided the basis for the viability assays.
Both PEM and AM showed some degree of

virus-induced death. The cytocidal effect was
dose dependent and was exerted by infectious
and not inactivated virus. Some killing was
detectable by 6 h after exposure to virus, with
maximal death by 48 hr. PBM were unaffected
by exposure to any MOI (Table 2).

Virus adsorption. Adsorption of HSV to the
macrophages was studied to determine whether
the failure of virus to exert an effect on mono-
cytes was due to inability of these cells to adsorb
virus. Figure 3 shows that, by 60 min, both PEM
and AM adsorbed about 40% of the initial inocu-
lum, and Vero control cells adsorbed more than
50%. Monocytes, however, adsorbed less than
10%, a value consistent with the nonspecific
adsorption seen in wells containing no cells.

DISCUSSION
The data presented suggest that, in the New

Zealand white rabbit, macrophage differentia-
tion is the factor determining permissiveness for
HSV. Based on previous reports, the three
macrophage types used in our study probably
represent various stages of maturation or differ-
entiation, or both.
Each stage has been shown to differ in mor-

phology, enzyme content and localization,
phagocytic and metabolic properties (4, 19), and
cytotoxic activities (A. M. Sheppard and J. W.
Smith, manuscript submitted). Blood monocytes
of the rabbit, like those of other species, appear
to represent a cell of maturity intermediate be-
tween monocytic bone marrow cells and those
macrophages found in tissues. PEM, on the
other hand, are derived directly from blood
monocytes, but possess a greater degree of
functional activity than do PBM. AM appear
also to derive from monocytes, but demonstrate
unique oxidative functions consistent with their
site of localization and have greater enzymatic
properties than do PEM (4, 19, 30).
Of the three cells, PEM demonstrated the

most extensive interaction with HSV. An in-
crease in virus titer was observable only at low
virus input multiplicities, with higher MOIs
masking virus produced by a small number of
productively infected cells. The apparent de-
creases in yield seen at high MOIs appeared not
to be the result of generation of defective inter-
fering virus particles since numbers of infectious
centers were similar at all MOIs. Results were
similar with both strains ofHSV, suggesting that
the findings were properties of the cells and not
due to virulence factors associated with a partic-
ular virus strain. Since it is virtually impossible
to obtain preparations of macrophages with
100% purity, a contaminating permissive cell
type could have been responsible for the small
number of productively infected cells. Although
complete virions were seen by electron micros-
copy in cells appearing to be PEM, the possibili-
ty of contamination cannot be ruled out.

Replication of HSV within PEM could not
completely account for the degree of cell death
seen in viability experiments. Cell death was
dose dependent and was mediated only by infec-
tious virus. A similar "toxic" effect on macro-
phages has been reported to occur after expo-
sure to vaccinia virus (26). Much like HSV-
mediated killing, the cell death seen with
vaccinia virus occurred early after exposure to a
high MOI, even in the absence of viral replica-
tion. Release of internal virus proteins into the
cell cytoplasm with subsequent alteration of
membrane permeability has been suggested as a
mechanism of cell killing by vaccinia virus (26).

TABLE 2. Percent viability of infected ceilsa

Cell Virus input multiplicity Inactivated
type 100 10 1.0 0.1 0 virus

PEM 4.2 ± 0.8 8.4 ± 1.2 43 ± 1.9 57 ± 3 95 ± 0.5 93 ± 1.5
AM 22 ± 2 48 ± 1.4 92 ± 0.8 94 ± 0.5 93 ± 0.5 94 ± 0.3
PBM 96 0.4 95 ± 0.3 96 0.3 97 ± 0.8 95 ± 0.2 94 ± 0.6

a Values represent mean ± standard effor x 100. Cells were examined at 48 h postinfection.
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FIG. 3. Adsorption of HSV type 1 strain RE by

rabbit macrophages. Values represent the percentage
of the original inoculum in the supernatant fluid.
Symbols: v-4, PEM; *-U, AM; A-A, PBM;
*--@, Vero cell control.

Our data showed that at least three levels of
interaction occurred between HSV and PEM.
These findings are not too surprising in view of
the heterogeneity of the oil-induced population
in the rabbit. At least five subpopulations of
PEM have been identified by gradient separation
and found to differ in morphology, antigen bind-
ing, and number and activity of Fc receptors (10,
23, 31). Although the reason for the heterogene-
ity of elicited peritoneal macrophages is not
known, the most plausible explanation appears
to be differences in cellular maturation or differ-
entiation, or both, within the PEM population
(10, 31).
AM showed less extensive interaction with

HSV than did PEM. Up to 80% ofAM could be
killed by exposure to a high MOI of virus,
possibly by a mechanism similar to that respon-
sible for the death ofPEM. The failure ofAM to
support replication of HSV indicates species
differences in the permissiveness of lung macro-
phages, since human AM produce small
amounts of infectious virus (5, 15).

Monocytes, the least differentiated cells ex-
amined, showed no detectable interaction with
HSV. The data suggest that rabbit PBM differ
from human monocytes, which show abortive
replication of HSV (3, 21).
The concept that macrophage differentiation

may be critical to permissiveness of viral repli-
cation appears to extend to other viruses and
animal systems. Whereas oil-elicited PEM from
normal rabbits have been shown to support

productive replication of vaccinia virus, PEM
from animals immunized with vaccinia virus
showed only abortive replication (2, 14). Re-
striction was attributed to macrophage activa-
tion resulting from infection, with the character-
istic cellular differentiation occurring during the
activation process (20).
Use of different mouse strains and HSV

strains by various workers has resulted in re-
ports ofboth permissive and abortive replication
in mouse peritoneal cells (9, 12, 25, 29). The
work of Lopez and Dudas (12), however, indi-
cated that the apparent variations have resulted
more from differences in methods used to obtain
the cells than from genetic- or virus strain-related
factors. Within a given mouse strain, elicited
peritoneal cells were found to differ from resi-
dent cells, whereas freshly isolated cells differed
from cultured cells. Human monocytes have
been similarly shown to change in permissive-
ness for HSV when cultured (3, 11, 21). Cultured
PBM are known to develop properties much like
those of cells obtained from human peritoneal
effusions (6).
The data obtained with the New Zealand

white rabbit extend findings obtained from ex-
amination of cells from mice and humans. Mac-
rophages, a heterogeneous group of cells dis-
playing wide variation in morphology and
function, exhibit heterogeneity in their interac-
tions with HSV. The key molecular mecha-
nism(s) governing the ability of these cells to
replicate virus remains to be elucidated, but
appears to relate to the level of their differentia-
tion.
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