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The mobilization and functional characteristics of polymorphonuclear leuko-
cytes (PMNs) at the site of an inflammatory stimulus were studied during acute
cytomegalovirus infection in guinea pigs. Weanling Hartley strain guinea pigs
were inoculated subcutaneously with approximately 106 50% tissue culture
infective doses of virulent salivary gland-passaged guinea pig cytomegalovirus.
The virus was uniformly present in bone marrow, buffy coat, and casein-elicited
peritoneal exudate cells 5 to 7 days after the inoculation. The mean numbers of
circulating PMNs in the animals were 2,862/,ul in uninfected controls and 880/,u in
infected animals. The total peritoneal PMNs recovered 14 h after casein injection
were 491 x 106 and 237 x 106 in control and infected animals, respectively. The
number of 50% tissue culture infective doses of guinea pig cytomegalovirus per
106 purified peritoneal PMNs was 102-17. Neutrophil 02 consumption was similar
in infected and control animals in response to either stimulation by a neutrophil
activator, phorbol myristate acetate, or phagocytosis of Staphylococcus aureus.
However, the maximal rate of H202 release and the percent killing of S. aureus by
peritoneal exudate cells from infected animals were significantly reduced com-
pared with uninfected controls during acute infection. Granulocytopenia, a
decreased mobilization of PMNs to the site of the inflammatory stimulus, a
diminished cellular release of H202 in response to a bacterial stimulus, and a
modest reduction in bacterial killing were demonstrated during experimental
acute cytomegalovirus infection. Such reductions in granulocyte number and
function at inflammatory sites during this type of infection could alter antimicrobi-
al defenses.

Human cytomegalovirus (CMV) infections
cause significant morbidity and mortality among
renal, cardiac, and bone marrow transplant re-
cipients (6, 10, 15-17, 22). In particular, morbid-
ity is heightened by the development of superin-
fections with bacterial, fungal, or parasitic
pathogens during primary CMV infection in
these patients (16, 17).
CMV infections in experimental animal mod-

els enhance macrophage chemiluminescence but
impair lymphocyte responsiveness and increase
susceptibility to bacterial and fungal superinfec-
tion (8, 14, 24). CMV has been isolated from
both human and guinea pig granulocytes during
acute infections (7, 18). In addition, acute CMV
mononucleosis has been associated with leuko-
penia both in humans and in the guinea pig
CMV (GPCMV) model (7, 22). Nonetheless,
Rinaldo et al. (19) did not find any associated
defects in the function of polymorphonuclear
leukocytes (PMNs) taken from three patients
with mononucleosis during acute human CMV
infection.

GPCMV infection closely simulates several
aspects of human disease. Acute viremia, trans-
placental CMV transmission, fetal infection,
chronic viruria, blood transmission, and protec-
tion by vaccination have been examined in this
animal model (2-4, 11). We recently investigated
CMV-induced mononucleosis in guinea pigs dur-
ing acute GPCMV infection (7). Viremia, mar-
row infection, and hematological changes com-
parable to those seen in human infection occur
acutely and resolve approximately 1 month after
virus inoculation. This model appears to be
useful for further investigation of phagocytic cell
function during acute CMV infection.
The purpose of this study was to investigate

both the distribution and the effects of GPCMV
in bone marrow, circulating neutrophils, and
peritoneal exudate cells during acute GPCMV
mononucleosis when viremia and granulocyto-
penia are present.
We attempted to determine whether acute

viremic CMV infection itself was associated
with as yet undefined defects in the mobilization
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and function of neutrophils. Alterations in the
formation of peritoneal exudate, in the release of
H202 by neutrophils, and in the microbicidal
activity of this phagocytic cell population are
described in this study. Results should prove to
be applicable to understanding the conse-
quences of acute CMV infections and the immu-
nosuppressive regimens required for the mainte-
nance of organ transplant recipients.

MATERIALS AND METHODS
Virus strain and animal inoculation. The prototype

strain of GPCMV (no. 22122; American Type Culture
Collection, Rockville, Md.) was used. The preparation
and subcutaneous inoculation of virulent salivary
gland-passaged GPCMV suspension (GPCMV-SG)
were described previously (3). Infectivity titers ranged
from 5.5 to 6.6 log 50% tissue culture infective doses
(TCID50) per ml at passage level 15 in guinea pigs.
Experimental animals received 1 ml of stock virus
suspension; age- and sex-matched control animals
received 1 ml of uninfected salivary gland suspensions
subcutaneously.
Male and female weanling Hartley strain guinea pigs

(1 to 2 months old) were purchased from Camm
Research Institute, Wayne, N.J., and tested before
virus inoculation for viremia and neutralizing antibod-
ies to GPCMV to identify any previously infected
animals. Sterile 12% neutral sodium caseinate (20 ml;
Eastman P 914, Eastman Kodak Co., Rochester,
N.Y.) was inoculated intraperitoneally into each ani-
mal 14 to 16 h before sacrifice on days 3, 5, 7, 14, 21,
and 28.
Sampling of blood, tissues, and peritoneal exudate for

virus recovery. Preparation of guinea pig embryo
monolayer cell cultures, sampling of cardiac blood and
bone marrow, inoculation of cell cultures, and identifi-
cation of virus isolates by neutralization tests were
described previously (2, 3). Peritoneal exudates were
removed at sacrifice under sterile conditions, and the
peritoneum was washed with Hanks balanced salt
solution. Exudate cells were removed from the perito-
neal supernatant by centrifugation. In some experi-
ments the exudate suspension was centrifuged on a
Ficoll-Hypaque gradient at 400 x g for 30 min at 4°C to
yield a granulocyte-enriched pellet. This neutrophil
fraction was then washed in phosphate-buffered sa-
line, and cells were counted. Infectivity titers were
determined by serial 10-fold dilutions, and cells were
cocultivated with guinea pig embryo monolayer cul-
tures. Hematocrits, leukocyte counts, differential
counts, and bone marrow smears were performed by
standard techniques described previously (7).

Oxddative function of peritoneal exudate cells. For
functional studies, exudate cells were washed in modi-
fied Hanks solution, contaminating erythrocytes were
removed by hypotonic lysis (20), and cells were resus-
pended in Hanks balanced salt solution and counted.
Oxygen uptake by caspin-elicited peritoneal cells was
measured with a Clark oxygen electrode as described
previously (21). Cells at a final concentration of 5 x
106 PMNs/ml were stimulated either with phorbol
myristate acetate (PMA) at a final concentration of 100
ng/ml or with a maximal phagocytic stimulus. PMA is
a strong stimulant of neutrophil function which is

independent of phagocytic events (5). The phagocytic
stimulus was provided by heat-killed Staphylococcus
aureus, which was preopsonized in normal guinea pig
serum and added to neutrophils at a final bacterium-to-
PMN ratio of 500:1.
Hydrogen peroxide release from exudate cells was

measured by the scopoletin-horseradish peroxidase
technique (20). Cells at a final concentration of 2.5 x
106 PMNs/ml were stimulated as described above, and
H202 release was measured as the loss offluorescence
of reduced scopoletin.
Phagocytosis and bacterial killing by peritoneal exu-

date cells. Phagocytic uptake of radiolabeled bacteria
was performed as previously described (9). Heat-killed
S. aureus grown in mixed "C-amino acids was added
to 2.5 x 106 PMNs/ml in a final bacterium-to-PMN
ratio of 500:1 in the presence of normal guinea pig
serum as an opsonin. These conditions were chosen to
correspond to the maximal stimulus used for oxidative
studies. Additionally, phagocytosis was evaluated us-
ing live, radiolabeled S. aureus 502A preopsonized
with normal guinea pig serum, with 2.5 x 106 PMNs/
ml at a final bacterium-to-PMN ratio of 10:1, to
correspond to the conditions used to assess bactericid-
al activity. Binding of bacteria to neutrophils (phago-
cytosis plus adherence) after 20 min of incubation was
determined by the association of radioactive counts
with the neutrophil pellet after washing and expressed
as the percentage of counts present in the initial
bacterial inoculum.

Bacterial killing of S. aureus 502A was performed
with staphylococci in the log phase of growth, preop-
sonized in normal guinea pig serum, and mixed with
2.5 x 106 PMNs/ml at a final bacterium-to-PMN ratio
of 10:1 for optimal bactericidal activity. After 20 min
of incubation, surviving bacteria were quantitated by a
pour plate technique described previously (9). Percent
killing was calculated as 100 minus the percentage of
the initial bacterial inoculum surviving. Statistical
comparisons were performed for paired data with the
signed rank test or the paired t test when samples were
sufficiently large.

RESULTS
Acute CMV infection. Acute guinea pig infec-

tion with virulent GPCMV-SG consistently
caused viremia in animals 5 to 7 days after virus
inoculation (Table 1). During this time, virus
was also isolated from buffy coat of infected
animals, from bone marrow, and from elicited
peritoneal cells, but it was not recovered from
the cell-free supernatants of peritoneal exu-
dates. CMV was generally not recovered from
any of these sites in 11 additional animals sacri-
ficed on day 3 or from days 14 to 28 after virus
inoculation. Even in animals sacrificed 5 to 7
days after virus inoculation, relatively few cells
in peritoneal exudate were infected: 2.25 loe
TCID50 of GPCMV per 106 cells were recovered
from the unseparated population of peritoneal
exudate cells, and 2.17 log TCID50 of GPCMV
per 106 cells were recovered from the purified
PMN fraction (Table 1).

Effects of CMV infection on neutrophil counts.
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TABLE 1. Recovery of GPCMV from Hartley strain guinea pigs during acute GPCMV-SG infectiona

No. of animals from which GPCMV Log TCID5V of

Material No. was isolated cellsb
Animal group inoculated inoculated AllBone Buffy Peritoneal Peritoneal dat Exudate

marrow coat cells supernatant exulase PMNs

Controls Uninfected 32 0 0 0 0 0 0
salivary gland

CMV infected GPCMV-SG 38 35 36 35 0 2.25 2.17

a All animals tested S to 7 days after inoculation of uninfected salivary gland or GPCMV-SG.
b Mean values for 14 animals in each group.

The effects of acute CMV infection on bone
marrow, peripheral blood, and peritoneal exu-
date are shown in Table 2. Infected animals were
leukopenic on days 5 to 7 of infection, with a
pronounced decrease in the percentage of circu-
lating PMNs resulting in significant granulocyto-
penia. Mean circulating PMN counts in CMV-
infected animals were approximately 30% of
mean counts from matched control animals (880
versus 2,863 PMNs/,ul, P < 0.005). CMV-infect-
ed guinea pigs had lower mean hematocrits (42.3
versus 46.3, P < 0.005) and lower myeloid/
erythroid ratios in bone marrows (0.89 versus
1.77, P < 0.005) when compared with uninfected
controls. However, the decrease in the myeloid/
erythroid ratio appeared to be largely attribut-
able to a relative increase in the erythroid series.
Concomitant with viremia and granulocyto-

penia, there was a decrease in the total number
of neutrophils mobilized into the peritoneum of
CMV-infected animals in response to the casein
inflammatory stimulus (Table 2). The mean total
number of leukocytes mobilized was approxi-
mately haff that of uninfected controls (287 x
106 versus 549 x 106, P < 0.005), with a slightly
lower percentage of neutrophils present. Hence,
there was a greater than 50% reduction in total
neutrophils mobilized into the inflammatory ex-
udate in acutely CMV-infected guinea pigs when
compared with controls (237 x 106 versus 491 x
106, P < 0.005).

Neutrophil function in CMV-infected animals.
Oxygen consumption by normal neutrophils in-
creases after phagocytosis of opsonized staphy-
lococci, or after exposure to PMA, the action of
which is independent of phagocytosis. Peritone-
al neutrophils from CMV-infected guinea pigs
and from control animals did not differ in their
02 consumption in response to either of these
stimuli (Table 3).
The release of H202 after neutrophil activa-

tion by PMA was equivalent in CMV-infected
and uninfected control exudate cells (Fig. 1A).
However, H202 release after maximal phagocyt-
ic stimulation with opsonized staphylococci was
significantly decreased in the cells from infected
animals (Fig. 1B). This did not appear to be a
consequence of decreased phagocytic uptake,
since binding of opsonized staphylococci to exu-
date cells under similar conditions (a 500:1 bac-
terium-to-PMN ratio) was not altered in cells
from infected animals (Table 3).

Since H202 is an important bactericidal prod-
uct of neutrophils, we measured their bactericid-
al activity against preopsonized S. aureus 502A
at a bacterium-to-PMN ratio of 10:1. The bacte-
ricidal activity of neutrophils from CMV-infect-
ed exudate was slightly but significantly dimin-
ished compared with matched control exudate
neutrophils (Fig. 1C). Neutrophil uptake of bac-
teria measured simultaneously at the 10:1 ratio
of bacterium-to-PMN was, however, similar to

TABLE 2. Effects of acute GPCMV infection on bone marrow, peripheral blood, and peritoneal exudate
formationa
Peripheral blood Peritoneal exudate

Bone marrow
Animal group (myeloidlerythroid Leuocte % Total % TotalAmtio) Hematocrit per ocl PMNs PMNs/Al leukocytes PMNs PMNs

(millions) (millions)

Controls 1.77 46.3 5,562 47.6 2,862 549 88.5 491
CMV infected" 0.89 42.3 3,423 26.9 880 287 84.3 237

a Mean values for 21 to 37 animals, tested 5 to 7 days after inoculation of uninfected salivary gland or GPCMV-
SG.

b P < 0.005 compared with matched control animals for all parameters listed.
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TABLE 3. Effects of acute GPCMV infection on bacterial binding and maximal rate of oxygen consumption
by peritoneal exudate cellsa

02 consumption (nmol/min)b % Binding'
Animal group PMA Staphylococci Staphylococci Staphylococci

(500:1) (500:1) (10:1)

Controls 17.8 ± 1.5 (6) 16.5 ± 1.7 (6) 38.8 ± 3.6 (16) 62.9 ± 2.1 (8)
CMV infected 14.8 ± 1.4 (6) 14.3 ± 1.6 (6) 39.4 ± 3.2 (23) 57.7 ± 2.2 (7)

a All animals tested 5 to 7 days after inoculation of uninfected salivary gland or GPCMV-SG. Mean ± standard
error of (n) animals.

b Maximal rate of 02 consumption by 5 x 106 PMNs after stimulation by PMA or preopsonized staphylococci
(see text).

c Percentage of opsonized radiolabeled bacteria bound to cells after 20 min of incubation with 2.5 x 106 PMNs/
ml at the bacterium-to-PMN ratios noted.

that of cells from control animals (Table 3),
indicating that the small difference in bactericid-
al activity was not attributable to a difference in
phagocytosis.

DISCUSSION
The effects of acute CMV infection on human

neutrophil functions are, as yet, not well under-
stood. Although several viruses are known to
depress neutrophil chemotaxis or bactericidal
ability in vitro or in vivo (1, 23), there is no
direct evidence of such effects occurring in
human CMV infections. CMV can be cultured
from the neutrophil fraction of human blood
during acute infection, which suggests the op-
portunity for modification of neutrophil function
by CMV (18). Rinaldo et al. (19) examined
peripheral blood neutrophils from three patients
with acute CMV infections but found no signifi-
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cant alterations in phagocytosis, chemotaxis, or
the reduction of Nitro Blue Tetrazolium dye (a
measure of oxidative function). Mice acutely
infected with murine CMV demonstrate in-
creased mortality rates during bacterial and fun-
gal infections in which PMN host defense is of
considerable importance (8).
GPCMV infection allows a detailed examina-

tion of PMN function during acute CMV mono-
nucleosis, using age- and sex-matched control
animals to assess virus distribution, quantitation
in various cell populations, and minimization of
the effects of technical variations in functional
studies. Using this model, Griffith et al. (7)
demonstrated leukopenia during the period of
acute viremia occurring in acute GPCMV mono-
nucleosis. The present study demonstrated that
GPCMV was present in bone marrow, circulat-
ing blood cells, and peritoneal exudate neutro-
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FIG. 1. (A) Maximal rate of H202 release from 2.5 x 106 peritoneal exudate PMNs per ml after neutrophil
activation with PMA. There was no difference between cells from control and infected animals. (B) Maximal rate
of H202 release from 2.5 x 106 peritoneal exudate PMNs per ml after phagocytosis of heat-killed, preopsonized
staphylococci. H202 release from cells of CMV-infected guinea pigs is diminished in comparison with the release
from cells of uninfected controls (0.46 versus 0.65, P < 0.005). (C) Bactericidal activity of peritoneal exudate
cells against preopsonized staphylococci. Percent bacteria killed by cells from CMV-infected animals is
decreased in comparison with uninfected controls (59.0 versus 66.9, P < 0.005).
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phils during this viremic phase. This virus was
cell associated and could not be cultivated from
cell-free exudate supernatant. After the separa-
tion of peritoneal cells, GPCMV was isolated
from PMN-enriched fractions, although low vi-
rus titers indicated that only a small proportion
of cells in peritoneal exudate contained infec-
tious virus.
During this period of viremia, when virus was

present in bone marrow and circulating PMNs,
we attempted to determine whether acute CMV
infection altered PMN function. Infected ani-
mals showed pronounced granulocytopenia and
a significant depression of their exudative re-

sponse to intraperitoneal casein. The PMNs
from these exudates showed normal phagocytic
uptake after a maximal bacterial challenge (a
500:1 bacterium-to-cell ratio), but a decreased
release of H202 when given the same challenge.
The normal response to PMA, an agent which is
thought to act directly on the neutrophil surface
membrane, indicated that PMN oxidative capac-
ity remained intact and suggests a possible de-
'fect in the coupling of phagocytosis to post-
phagocytic oxidative events.
The functional importance of this decreased

H202 release may be reflected in the small but
consistent decrease in bacterial killing by CMV-
infected exudate neutrophils, despite their nor-
mal binding of labeled bacteria under assay
conditions. This observation supports the post-
phagocytic nature of these altered events. De-
fective intracellular killing of S. aureus by alveo-
lar macrophages has been described during
Sendai virus pneumonia by Jakab and Green
(12), and appears to correlate with a defect in
phagosome-lysosome fusion after the ingestion
of organisms (13). The mechanism of this effect
remains unclear, and it is not evident whether
such a defect could cause a normal metabolic
burst of oxygen consumption but a decrease in
H202 release. Other mechanisms may also be
involved since a dissociation of phagocytosis
from oxidative metabolic events has been de-
scribed after the removal of PMN surface sialic
acid with neuramini4ase, an enzyme which can
be virus associated (25).
The present study, therefore, demonstrates

that granulocytopenia was accompanied by a
moderate decrease in the peritoneal exudate
response to an inflammatory stimulus, intraperi-
toneal casein, during acute GPCMV mononucle-
osis. Neutrophils from these exudates demon-
strated a consistently diminished release of
H202 in response to a bacterial phagocytic stim-
ulus and a moderate decrease in bactericidal
ability. These effects are clearly associated with
acute CMV infection despite the fact that only a
small proportion of cells present in the inflam-
matory exudate of CMV-infected animals con-

tained virus in vivo. Whether these alterations
associated with acute CMV infection are impor-
tant in reducing defenses against bacteria is not
known. However, GPCMV infection is suitable
for such an investigation, as well as for an
examination of the possible potentiating role of
immunosuppressive therapy.
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