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Intravenous injection of interferon-y inhibits the proliferation of
Listeria monocytogenes in the liver but not in the spleen and

peritoneal cavity
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SUMMARY

In the present study the effects of intravenous administration of recombinant interferon-y (IFN-y) on
both the proliferation of Listeria monocytogenes in the liver and spleen of mice and the listericidal
activity of their peritoneal macrophages were investigated. A single intravenous injection of 1 x 106 U
or three injections of 2 x 105 U recombinant IFN-y (rIFN-y) induced optimal activation of resident
and exudate peritoneal macrophages, as judged by their ability to inhibit the intracellular
proliferation of Toxoplasma gondii and their enhanced release of H202 and NO2-. The rate of
intracellular killing of L. monocytogenes by the rIFN-y-activated resident and exudate macrophages
was not higher than that by resident macrophages. Addition of 10 ng lipopolysaccharides (LPS) to
the rIFN-y also did not enhance the bactericidal activity of the activated peritoneal macrophages.
The decrease in the number of L. monocytogenes in the peritoneal cavity of mice that had received an
i.p. injection of I x 104 U rIFN-y was similar to that in control mice. Intravenous administration of
I x 105 rIFN-y activated cells in the liver, as indicated by the increased expression of Ta antigen, and
reduced the rate of proliferation of L. monocytogenes in the liver relative to that in control mice when
0-1 LD50 or I LD50 L. monocytogenes were injected. However, when 10 LD50 L. monocytogenes were
administered there was no effect on their proliferation. The number of L. monocytogenes found
initially in the spleen of rIFN-y-treated mice was 20-30% of that in the spleen ofcontrol mice, but the
rate of proliferation of L. monocytogenes was not reduced. These divergent results for the
proliferation of L. monocytogenes in the liver, spleen and peritoneal cavity indicate that cells other
than macrophages and/or as yet unknown local factors play an important role in the listericidal
activity.

INTRODUCTION

Activated macrophages are considered to be the primary
effector cells in the host defence against infections with intracel-
lular pathogens such as Toxoplasma gondii, Listeria monocyto-
genes and Mycobacteria spp. ' Peritoneal macrophages activated
during an infection of mice with bacillus Calmette-Guerin
(BCG) followed by an i.p. injection of mycobacterial antigen
(PPD) or with L. monocytogenes kill L. monocytogenes faster
than normal resident macrophages.3' Macrophages become
activated in response to cytokines and there is abundant
evidence that interferon-y (IFN-y) is the main cytokine
involved.4'5 Since the identification of IFN-y as a macrophage-
activating factor, much effort has gone into identification of its
in vivo and in vitro effects on the immune response. Most of the
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studies that focused on the activation of macrophages by this
cytokine were performed in vitro6'7 after injection, e.g. into the
peritoneal cavity,7 or by injecting neutralizing antibodies
against IFN-y.4 Murine macrophages activated by recombinant
IFN-y (rIFN-y) in vivo or in vitro inhibit the intracellular
proliferation of various protozoa, display an enhanced ability to
secrete reactive oxygen intermediates (ROI) and reactive nitro-
gen intermediates (RNI) and become tumoricidal after a second
stimulus, for example endotoxin.A-'4 Nevertheless, the impor-
tance of the role played by IFN-y in the resistance to infections
with various facultative intracellular bacteria is still not clear
and the findings are contradictory. It has been reported that
intravenous (i.v.) injection of rTFN-y decreases the number of L.
monocytogenes in the spleen and liver of mice,1516 but in a
previous study we found no effect of rIFN-y on the proliferation
of L. monocytogenes in these organs.7 Moreover, macrophages
activated in vitro with rIFN-y do not exhibit enhanced listerici-
dal activity6 and similar results were found after an i.p. injection
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of rIFN-y.7 It is possible that these contradictory results are due
to differences in the dose of injected rIFN-y or the number of
bacteria used to infect the mice. During an infection ofmice with
L. monocytogenes bacteria proliferate in the liver and spleen and
IFN-y enters the circulation.'7 Circulating IFN-y is probably
involved in the activation ofmacrophages at distant sites, e.g. in
the peritoneal cavity. These considerations prompted us to
investigate the effects of i.v. injections of rIFN-y on the
proliferation of L. monocytogenes in the liver, spleen and
peritoneal cavity of mice, on the activation of macrophages in
the liver and peritoneal cavity, and on the listericidal activity of
peritoneal macrophages. The aim of the study was to compare
the listericidal activity of activated macrophages in vivo and in
vitro.

MATERIALS AND METHODS

Animals
Specific pathogen-free female CBA/J mice weighing 20-30 g
were purchased from IFFA Credo (Saint Germaine-sur-
L'Abersle, France). Sterilized food and tap water were given ad
libitum.

Micro-organisms
Virulent L. monocytogenes (strain EGD) [LD50 5 x 103 colony-
forming units (CFU) for CBA/J mice] were stored in tryptose
phosphate broth (TPB) (Oxoid Ltd, Basingstoke, U.K.) supple-
mented with 10% (v/v) DMSO at - 70°. Samples of the frozen
stock were cultured for 18 hr at 370 in TPB. Bacteria were
collected by centrifugation (10 min, 1500 g), washed twice with
phosphate-buffered saline (pH 7-4) (PBS) and suspended at
appropriate bacterial concentrations in Hanks' balanced salt
solution supplemented with 0-1% gelatin (gelatin-HBSS) or in
saline. The virulence of L. monocytogenes was maintained by
repeated passage through mice.

The virulent RH strain of Toxoplasma gondii was main-
tained by biweekly intraperitoneal (i.p.) passage through CBA
mice. Two or three days after i.p. injection, the protozoa were
collected by peritoneal lavage, as described previously.3 The
toxoplasma were then counted in a haemocytometer and
suspended at a concentration of 1 x 106/ml in RPMI-1640
medium (Flow Laboratories, Rockville, MD) containing 10%
heat-inactivated (30 min, 560) foetal bovine serum (Flow
Laboratories, Irvine, U.K.), 100 U/ml penicillin, and 50 ,ug/ml
streptomycin, hereafter referred to as medium.

Macrophages
Peritoneal macrophages were harvested with 2 ml ice-cold PBS
containing 50 U/ml heparin, as described previously.'8 In all
experiments resident peritoneal macrophages were used unless
stated otherwise. Exudate peritoneal macrophages were
obtained from mice injected i.p. with 10% proteose pepton 3
days before cell harvesting. This composition of the cell
suspension was determined by analysis of cytospin prepara-
tions. The peroxidase reactivity of the cells was determined as
described previously.'9 Suspensions of cells from normal mice
contained less than 5% peroxidase-positive macrophages and
from mice injected i.p. with proteose pepton approximately 20%
peroxidase-positive macrophages; i.v. injection of rIFN-y did
not change these percentages. All suspensions used contained
less than 5% granulocytes.

Interferon-y
Recombinant rat IFN-y (rIFN-y) was produced in Chinese
hamster ovary (CHO) cells. The cytokine was stored in
lyophilized form at 40 and diluted in pyrogen-free saline
immediately before i.v. or i.p. injection. All reagents contained
less than 0 08 ng LPS/ml, as determined with the Limulus lysate
assay. In some experiments phenol-extracted lipopolysacchar-
ide (LPS) from S. typhimurium (Sigma, St Louis, MO) was
added to rIFN-y.

Assessment of macrophage activation
Intracellular proliferation ofToxoplasma gondii. Peritoneal

macrophages were infected with T. gondii as described pre-
viously.3 In short, macrophages were suspended in medium at a
concentration of I x 106/ml, and 2 ml were plated onto 35-mm
plastic culture dishes (Falcon, Lincoln Park, NJ) containing
three 12-mm round glass coverslips. After 2 hr at 37° in 7 5%
C02, non-adherent cells were removed by washing. After
addition of 1-2 ml medium containing 1 x 106 toxoplasma/ml,
the cells were incubated for 30 min at 37° in 7-5% CO2. After
washing to remove non-ingested toxoplasmas, the cells on one
coverslip were fixed and then stained with Giemsa for determi-
nation of the percentage infected macrophages at 0 hr. The
experimental conditions were chosen such that 35% of the
macrophages were infected. Fresh medium was added to the
other coverslips which were incubated for another 18 hr at 37° in
7 5% CO2 before fixation and staining with Giemsa; the number
of toxoplasma/100 macrophages was then determined micro-
scopically. If the percentage infected macrophages at 18 hr had
increased by more than 7%, the results were discarded. The
results of the assay were expressed as the fold increase, i.e. the
ratio of the number of toxoplasma/100 macrophages after 18 hr
of incubation to the number oftoxoplasma/ 100 macrophages at
0 hr.

Measurement of H202 and NO2- release by peritoneal
macrophages. The release ofhydrogen peroxide by macrophages
during stimulation with 100 ng/ml phorbol myristate acetate
(PMA; Consolidated Midland, Brewster, NY) was measured
according to the horseradish peroxidase-mediated H202-depen-
dent oxidation of homovanillic acid.20

The amount ofNO2- present in the culture supernatant after
an incubation period for macrophages of 24 hr in vitro served as
a measure for the amount of generated RNI by the cells and was
determine using Griess reagent.'3

Intracellular killing of Listeria monocytogenes
The intracellular killing of bacteria was assessed after in vitro
phagocytosis of preopsonized L. monocytogenes, as previously
described.3 A suspension containing 5 x 106 macrophages and
5 x 106 preopsonized bacteria/ml was incubated for 20 min at
370 and 4 rpm. After phagocytosis, the suspension was centri-
fuged at 1 10 g for 4 min and the cells were washed three times
with ice-cold gelatin-HBSS to remove extracellular bacteria.
Macrophages containing bacteria were then resuspended at the
original concentration in gelatin-HBSS containing 10% (v/v)
inactivated rabbit antiserum. At various intervals, 50-,ul samples
were taken and the macrophages lysed by addition to 450 ul
water containing 001% (v/v) bovine serum albumin (BSA)
under vigorous mixing. Serial 10-fold dilutions were plated onto
blood-agar plates and the number of viable bacteria was
determined microbiologically. Colony counts were used to
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calculate the number of bacteria. At the end of the assay the
viability of the macrophages, as indicated by trypan-blue
exclusion, exceeded 90%.

The rate constant for intracellular killing (Kk), which is a

measure of the intracellular killing of bacteria, was calculated
according to the equation: Kk = [In N(t= 0)- ln N(t)]/t, in which
N(t) is the number of viable bacteria at time t (min) and N(t = 0)
the number of viable bacteria at the beginning of the assay.2

In vivo killing ofListeria monocytogenes in the peritoneal cavity
Mice received an i.p. injection of 1 x 104 U rIFN-y 18 hr before
an i.p. injection of I x 107 L. monocytogenes. To determine the
decrease in the total number of L. monocytogenes, i.e. both
intracellular and extracellular bacteria, the mice were killed and
the peritoneal cells were harvested under standard conditions
using exactly 2 ml cold PBS with 50 U heparin. A 500-pl sample
of this peritoneal fluid was added to 4-5 ml water containing
0 01% (w/v) BSA; after vigorous mixing the number of micro-
organisms was determined microbiologically.

Proliferation of Listeria monocytogenes in liver and spleen
Mice received an i.v. injection of rIFN-y 18 hr before an i.v.
injection of L. monocytogenes. At various times during the
infection several animals were killed and the liver and spleen
were isolated and homogenized in 2 ml saline in a tissue
homogenizer (type X-1020; Ystral GmbH, D6ttingen, Ger-
many). Serial 10-fold dilutions of the organ suspensions were

plated onto blood-agar plates and colonies were counted after
18-24 hr ofincubation at 37°. Colony counts yielded the CFU of
L. monocytogenes/organ.

Detection of Ia antigen in the liver
Mice received a single i.v. injection of I x 105 U rIFN-y 18 hr
before an i.v. injection of L. monocytogenes. At various times
during the infection mice were killed, the livers were removed
and snap-frozen in melting isopentane (Merck, Darmstadt,
Germany) in a plastic-capped syringe in liquid nitrogen, and 5-
pm thick cryostat sections were cut and fixed in 0 5% glutaralde-
hyde. After rinsing with saline Ia antigen expression was

determined using the monoclonal antibody ERTR- I (a gift from
Dr P. J. M. Leenen, Dept. of Cell Biology, Erasmus University,

Rotterdam, The Netherlands,2' as described previously.22 The
number of Ia antigen positive cells/mm2 tissue section was

determined microscopically.

Analysis of data
Results are expressed as the mean + SD of at least three
independent experiments unless otherwise indicated. The
Mann-Whitney U-test and Kruskall-Wallis analysis were used
to compare the characteristics of activation and the rate

constants of intracellular killing. Comparison of the prolifera-
tion of bacteria in the organs was achieved with multiple
regression analysis. For all analyses the level of significance was
set at 0 05.

RESULTS

Assessment of the optimal dose of i.v. injected rIFN-y

The proliferation of T. gondii in peritoneal macrophages
harvested 24 hr after i.v. injection of I x 106 U rIFN-y was

significantly (P < 0 01) less than in resident macrophages (Table
1). Maximum inhibition of protozoal proliferation by the
macrophages was observed 24 hr after injection of rIFN-y; the
macrophages subsequently became deactivated, complete deac-
tivation occurred after 36 hr. Injection of mice with a lower dose
of rIFN-y, i.e. 2 x I05 rIFN-y alone or together with 10 ng LPS,
did not affect the in vitro intracellular proliferation of T. gondii
in the macrophages (Table 1).

Twenty-four hours after an i.v. injection of I x 106 U rIFN-y,
peritoneal macrophages showed a fourfold increase in the
release of H202 relative to the amount released by resident
macrophages (Table 1); a fourfold increase in H202 release was
also found for rIFN-y-activated exudate peritoneal macro-

phages (data not shown). Macrophages from mice that received
a single i.v. injection of 2 x 105 U rIFN-y alone or together with
10 ng LPS did not release more H202 than resident macrophages
(Table 1).

Since rIFN-y is cleared from the circulation rapidly,23 we

investigated whether repeated injections of rIFN-y would give
better activation of peritoneal macrophages, which in turn

could lead to enhanced listericidal activity (see below). Mice that

Table 1. Effect ofa single i.v. injection of rIFN-y on the intracellular proliferation of T. gondii, the release of H202, and the rate constant
for intracellular killing of L. monocytogenes by murine peritoneal macrophagest

Intracellular proliferation of Rate constant for intracellular killing
T. gondiil H202 release§ of L. monocytogenes in vitro¶

Treatment (fold increase) (nmol) (Kk/min)

Saline 6-6+ 1-4 0 40+0 01 0-036+0 007
I x 106 U rIFN-y 17 +0-9* 1-90+0-65* 0039+0-015
2 x 105 U rIFN-y 7-8+0 5 0 50±0 20 ND
2x 105 UrIFN-yplus IOngLPS 57+1-1 050+009 ND

t Mice received an i.v. injection of rIFN-y 24 hr before harvesting of the peritoneal macrophages.
I Values are the mean +SD of four experiments as the fold increase in the number of T. gondii/100 macrophages after an 18-hr

infection period.
§ Values are the mean + SD of four experiments and are expressed as nmol H202 released by 1 x 106 macrophages during 1 hr.
T Values are the mean + SD of rate constants for intracellular killing of L. monocytogenes determined at 1 5-min intervals during the

first 30 min of intracellular killing (n = 5).
* Value is significantly (P < 0 05) different relative to the respective value for the saline-treated mice.
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Figure 1. Characteristics of mouse peritoneal macrophages from rIFN-
y-treated and control mice. Mice received three consecutive i.v.
injections of 2 x 105 U rIFN-y alone or together with 10 ng LPS 24, 21
and 18 hr before harvesting of the peritoneal macrophages; control mice
received saline. The intracellular proliferation of T. gondii (a), the
release of H202 (b) and NO2 - (c), and the rate constant for intracellular
killing of L. monocytogenes (d) by these macrophages was assessed.
Each bar. represents the mean + SD of at least three experiments. ND,
not done. *P < 0.05.

received repeated doses of 1 x 106 U rIFN-y died soon after the
second injection. Lower successive doses, i.e. 2 x 105 U rIFN-y
given i.v. 24, 21 and 18 hr before harvesting activated the
peritoneal macrophages to a similar degree as a single i.v.
injection of 1 x 106 U rIFN-y as judged by their ability to inhibit
the intracellular proliferation of T. gondii (Fig. la, Table 1).
Three successive i.v. injections of 2 x 105 U rIFN-y and 10 ng of
LPS also resulted in inhibition of the intracellular proliferation
of T. gondii in the macrophages, but the effect was slightly less
than after three injections of only rIFN-y (Fig. la).

The release ofH202 by macrophages from mice that received
three successive i.v. injections of rIFN-y was significantly
(P < 0-01) higher than that by macrophages from control mice
(Fig. I b) and similar to that found after a single i.v. injection of
1 x 106 U rIFN-y (Table 1). Addition of 10 ng LPS to rIFN-y
resulted in a small but significant (P<0-05) increase in the
release of H202 relative to three injections of only rIFN-y (Fig.
I b). Three i.v. injections of 10 ng LPS alone did not activate the
macrophages either to inhibit the intracellular proliferation of
T. gondii or to release more H202 (data not shown).

The release of NO2- by macrophages from mice that
received three i.v. injections of rIFN-y was significantly
(P <005) enhanced relative to that by macrophages from
control mice (Fig. lc).

Proliferation of Listeria monocytogenes in the liver and spleen of
rIFN-y-treated and normal mice

The rate constant for the proliferation of L. monocytogenes in
the liver and spleen of mice that received a single injection of
I X 106 U rIFN-y followed by 10 LD50 ofthe bacteria was similar

to that found for control mice during the first 48 hr of infection
(data not shown); the same was also found after two i.v.
injections of 5 x 104 U rIFN-y.7 Similar results were found after
an i.v. injection of 1 x 105 U rIFN-y and 10 LD50 L. monocyto-
genes (Fig. 2a, Table 2); both rIFN-y-treated and control mice
died around Day 3 of infection. The rate constants for the
proliferation of L. monocytogenes in the liver of mice that
received an i.v. injection of 1 x 105 U rIFN-y and 0-1 LD50 or 1

LD50 L. monocytogenes were significantly (P < 0 05) lower than
the rate constants for bacterial proliferation in the liver of
control mice (Fig. 2b, c, Table 2).

Twenty-four hours after injection of 0-1 or 1 LD50 L.
monocytogenes the number of bacteria recovered from the
spleen of rIFN-y-treated mice was 20-30% of that found in the
spleen of control mice (Fig. 2b, c), but the rate constants for the
proliferation of L. monocytogenes in the spleen of rIFN-y-
treated and control mice from Days 1 to 3 of infection were
similar (Table 2).

In another experiment, mice received an i.v. injection of
1 x 105 U rIFN-y 18 hr before i.v. injection of two LD50 L.
monocytogenes. On Day 7 of infection all control mice that had
not received rIFN-y died, whereas all mice that had received
rIFN-y were still alive at the last day of the experiment, i.e. Day
12 of infection.

Expression of Ia antigen in the liver

On Days 1, 2 and 5 of infection with L. monocytogenes
significantly (P<005) more cells that exhibited marked ex-
pression of Ta antigen were present in the livers of rIFN-y-
treated mice than in control mice (Fig. 3). Moreover, during the
infection more inflammatory foci containing cells that exhibited
marked expression of Ta antigen developed in the liver of rIFN-
y-treated mice than in the liver ofcontrol mice (data not shown).

Intracellular killing of Listeria monocytogenes by rIFN-y-acti-
vated peritoneal macrophages

To investigate whether the decrease in the proliferation of L.
monocytogenes in the livers of rIFN-y-treated mice could be due
to enhanced intracellular killing of the bacteria by activated
macrophages in this organ, we investigated the in vitro intracel-
lular killing of L. monocytogenes by peritoneal macrophages
activated by a single i.v. injection of 1 x 106 U rIFN-y or three
injections of 2 x 105 U rIFN-y. After in vitro phagocytosis at a

bacteria-to-cell ratio of 1: 1, the number of viable L. monocyto-
genes in macrophages from mice collected after a single i.v.
injection of 1 x 106 U rIFN-y [1-5(± 0-72) x 106/5 x 106 macro-

phages] was similar to that in macrophages from control mice
[1-7(± 0-84) x 106/5 x 106 macrophages].

In rIFN-y-activated macrophages and macrophages from
control mice the course of intracellular killing was biphasic: the
number of L. monocytogenes decreased linearly during the first
30 nmin and remained constant or increased slightly during the
next 30 min (data not shown). During both intervals the changes
in the numbers of viable intracellular L. monocytogenes in
macrophages from rIFN-y-treated and control mice were

comparable (P> 0 1) with similar rate constants for intracellu-
lar killing (Table 1). The rate constants for the intracellular
killing of L. monocytogenes by rIFN-y-activated exudate macro-
phages (Kk/min = 0 046) and control exudate macrophages (Kk/
min= 0 050) were similar (P> 0 1) as well.
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Figure 2. Course of the number of viable L. monocytogenes in the liver (upper panel) and the spleen (lower panel) of rIFN-y-treated (0)
and control (0) mice during the first 3 days of infection. The treated mice received 1 x 105 U rIFN-y i.v. and the controls received saline
i.v. Eighteen hours later all animals were injected with 5 x I04 viable L. monocytogenes (a), 5 x 103 viable L. monocytogenes (b) or 5 x 102
viable L. monocytogenes (c) i.v. Values are the means + SD for four to five mice.

Table 2. Rate constant for proliferation of L. monocytogenes in the liver and spleen of control and
rIFN-y-treated micet

Rate constant for proliferation:

Injected bacteria/
Organ mouse LD50 Control mice (/hr) rIFN-y-treated mice (/hr)

Liver 5 x 104 10 0-0-7+0-006 0-088+0-010
5 x 103 1 0-064+0 011 0.016+0.003*
5x 102 0.1 0032+0014 -0010+0007§

Spleen 5 x 104 10 0-089±+0003 0 087±+0008
5 x 103 1 0-041 +0-006 0-041 +0 008
5 x 102 0-1 0 036+0 008 0-033 +0-006

t Mice received a single i.v. injection of 1 x 105 U rIFN-y or saline and 18 hr later an i.v. injection of
L. monocytogenes.

$ The numbers ofbacteria in the liver and spleen were determined 3,24 and 48 hr after i.v. injection of
10 LD50 L. monocytogenes, and 24, 48 and 72 hr after i.v. injection of 1 LD50 and 0 1 LD50
L. monocytogenes. At each time-point the liver and spleen of four to five mice were investigated; values
represent the mean + SD.

* Rate constant for proliferation is significantly (P < 0 01) decreased relative to that for control mice.
§ Negative value indicates a decrease in the number of bacteria.
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genes. Mice received an i.v. injection of 1 x 105 U rIFN-y 18 hr before an
i.v. injection of 1 LD50 L. monocytogenes. The number of cells markedly
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Figure 4. Total number of L. monocytogenes in the peritoneal cavity of
rIFN-y-treated (-) and control mice (0). Mice received an i.p. injection
of I x I10 U rIFN-y or saline and 24 hr later an i.p. injection of 1 x 107
viable L. monocytogenes. The total number of bacteria, i.e. ingested and
non-ingested, in the peritoneal cavity was determined 5, 30 and 120 min
after injection of the bacteria. Each bar represents the mean + SD for
four mice.

When the mice received three successive i.v. injections of
2 x 105 U rIFN-y alone or together with 10 ng LPS, the rate
constants for the intracellular killing of L. monocytogenes for
rIFN-y-activated and control macrophages were similar as well
(Fig. Id). Intravenous injection of 10 ng LPS alone had no effect
on the rate constants for intracellular killing (data not shown).
During continuous phagocytosis,24 rIFN-y-activated macro-

phages also did not kill L. monocytogenes faster than control
macrophages when the bacteria-to-cell ratios were 10: 1, 1: 1 and
1:10 (data not shown).

To investigate the role of rIFN-y-activated macrophages in
the killing of L. monocytogenes in vivo, mice received an i.p.
injection of the bacteria 18 hr after an i.p. injection of 1 x 104 U

rIFN-y, at which time the peritoneal macrophages were acti-
vated as judged by their toxoplasmastatic activity and enhanced
release of H202 (data not shown).'7 The total numbers of viable
L. monocytogenes, i.e. ingested and non-ingested bacteria,
recovered 5, 30 and 120 min after an i.p. injection of the bacteria
were almost similar (P> 005) for rIFN-y-treated mice and
control mice (Fig. 4). Thirty minutes after injection of the
bacteria 8-4+4 0% of the cell population from the peritoneal
cavity consisted of peroxidase-positive cells, i.e, exudate macro-
phages and granulocytes; at 120 min the majority of the cells in
the peritoneal cavity (61-7+ 9-1%) was peroxidase-positive,
being mainly granulocytes. The cell composition in the perito-
neal cavity of rIFN-y-treated was similar to that in control mice
at all time-points.

DISCUSSION

New observations of this study are that i.v. administration of
high doses ofrIFN-y leads to inhibition ofthe proliferation ofL.
monocytogenes in the liver but not the spleen of infected mice
and that this effect is dependent on the number of injected
bacteria. Furthermore, our results demonstrate that this inhibi-
tion of bacterial proliferation is most likely not due to enhanced
intracellular killing by rIFN-y-activated macrophages in the
liver since activated peritoneal macrophages from rIFN-y-
treated mice do not exhibit enhanced listericidal activity in vivo
and in vitro.

Earlier studies on the effect of rIFN-y administration on

infections with L. monocytogenes focused on proliferation of
this organism in the spleen'6 or the number ofbacteria recovered
from the organs at one specific time-point during the infection,
e.g. on Day 2.'5 In the present study the effect of i.v. rIFN-y on

the proliferation of L. monocytogenes in the liver and spleen
during a 72-hr period was studied. After injection of0 1 LD50 or

1 LD50 L. monocytogenes the rate of proliferation of the bacteria
in the liver ofrIFN-y-treated mice was lower than that in control
mice; however rIFN-y alone is not sufficient to protect mice
against infections with very high numbers of L. monocytogenes,
since proliferation of the bacteria in the liver of mice that were

given 10 LDm L. monocytogenes was the same in rIFN-y-treated
and control animals, and in both groups all mice died. The
proliferation of L. monocytogenes in the spleen of rIFN-y-
treated mice was not reduced, irrespective of the number of
bacteria injected, although the number of L. monocytogenes
recovered at the start ofthe experiment from the spleen ofrIFN-
y-treated mice that received 0-1 LD50 or 1 LD50 L. monocyto-

genes was 20-30% ofthat found in the spleen ofcontrol mice. As
yet, we cannot explain why rIFN-y affects the proliferation of L.
monocytogenes in the liver but not in the spleen. It might be that
these divergent effects of rIFN-y are due to differences in the cell
composition of the organs.

Activation of resident or exudate peritoneal macrophages
was demonstrated by their ability to inhibit the intracellular
proliferation of T. gondii and release enhanced amounts of ROI
and RNI, as measured by the enhanced amounts of H202 and
NO2- respectively, relative to normal resident or exudate
macrophages. Despite the release of these microbicidal agents
by the activated peritoneal macrophages the listericidal activity
of these macrophages in vitro and in vivo was not enhanced. It is
possible that activated peritoneal macrophages are not repre-

sentative of a study on the enhanced bactericidal activity of
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activated macrophages in organs such as the liver or spleen.
However, in earlier studies we demonstrated that inhibition of
the proliferation of L. monocytogenes in the liver of L.
monocytogenes-activated and BCG-activated mice correlates
with an enhanced listericidal activity of their peritoneal macro-
phages.2'3 Another possibility is that the duration of the
intracellular killing assay, i.e. 60 min, was not long enough to
allow observation of the differences between rIFN-y-activated
and resident macrophages. However, during the first 1-3 hr of
the assay no differences in the intracellular killing of L.
monocytogenes by rIFN-y-activated and control macrophages
was observed.72526 After longer incubation periods, surface-
adherent macrophages inhibited the intracellular proliferation
of L. monocytogenes whereas the bacteria proliferated in control
macrophages.26 It is not known, however, whether effects on the
bactericidal activity ofisolated macrophages observed in in vitro
studies lasting longer than a few hours are representative of the
in vivo situation. Together, these results indicate that the
intracellular killing of L. monocytogenes by macrophages
consists of two phases. During the initial phase the rate for
intracellular killing of the bacteria is similar for rIFN-y-
activated and control macrophages; during the second phase the
intracellular proliferation of the bacteria is inhibited in rIFN-y-
activated macrophages but not in control macrophages.

The contradictory findings on the effect of rIFN-y on the
proliferation of L. monocytogenes in the liver and on the
listericidal activity of activated peritoneal macrophages are
difficult to explain. In vivo, during an inflammatory response, an
influx of granulocytes and monocytes might contribute to the
elimination of infecting micro-organisms from the liver.27'28
However morphological studies did not reveal increased
numbers of granulocytes and exudate macrophages, i.e. mono-
cyte-derived cells, in the liver of rIFN-y-treated L. monocyto-
genes-infected mice relative to that in control mice infected with
L. monocytogenes (J. A. M. Langermans, M. E. B. van der
Hulst, P. H. Nibbering and R. van Furth in preparation).
Moreover, at a time that granulocytes dominated during a
Listeria infection of the peritoneal cavity no difference in the
decrease in number of bacteria was found between rIFN-y-
treated and control mice. During the Listeria infection, more
cells exhibited marked expression of Ia antigen in the liver of
rIFN-y-treated mice than in control mice. After injection of
rIFN-y Ia-antigen expression by peritoneal macrophages is also
increased.'3 Since in the liver and peritoneal cavity of rIFN-y-
treated mice activation ofmacrophages occurred, the difference
in elimination of L. monocytogenes from the two sites cannot be
explained by a difference in macrophage activation. Probably
other types of cell are involved in the elimination of L.
monocytogenes from the liver.

The current view on the pathogenesis of L. monocytogenes
infections of the liver might explain the divergent courses of the
number of bacteria in control and rIFN-y-treated mice. In the
liver of control mice L. monocytogenes are first ingested by
macrophages and become localized in phagolysosomes; from
there the bacteria escape into the cytoplasm of these cells.26
Next, L. monocytogenes spread from cell to cell, invade the
hepatocytes and multiply, resulting in an increase in the number
of bacteria in the liver.26'29'30 During this period granulocytes
migrate to the site of inflammation and lyse infected hepato-
cytes, thus inducing necrosis and release of the intracellular
bacteria.28 Next, phagocytes migrate to these necrotic lesions

and ingest and kill the bacteria, which leads to inhibition of the
proliferation of L. monocytogenes in the liver.27'28 The number of
bacteria decreases after full development of the cellular immu-
nity. In rIFN-y-treated mice L. monocytogenes are also ingested
by macrophages in the liver, but activation of these cells by
rIFN-y-inhibits the escape of L. monocytogenes from the
phagolysosomes,26 although a number of bacteria might still
invade the hepatocytes. Thus, the bacteria in the macrophages
remain exposed to their bactericidal action, which leads to a
decrease in the total number of L. monocytogenes in the liver.
The mechanisms involved in the killing of L. monocytogenes by
the macrophages are not clear since the enhanced generation of
ROI and RNI by these cells did not result in increased
listericidal activity. It may be that the killing of L. monocyto-
genes by macrophages is mediated by oxygen-independent
microbicidal mechanisms. In addition, rIFN-y-activated
Kupffer cells release factors that activate hepatocytes to gener-
ate RNI.3' Such activated hepatocytes have been demonstrated
to inhibit the intracellular proliferation of Plasmodium berg-
hei.32 It is feasible that comparable mechanisms inhibit the
proliferation of L. monocytogenes in these activated hepato-
cytes. Recently, it has been demonstrated that after challenge of
Listeria-immunized mice with a lethal number of L. monocyto-
genes and subsequent isolation of the liver cells after various
intervals, the bacteria are eliminated faster from the hepatocytes
of immune mice than of non-immune mice.33 Thus, an indirect
effect of stimulation with rIFN-y is the activation of hepatocytes
by factors released by activated macrophages. However, when
the number of L. monocytogenes injected into rIFN-y-treated
mice is very large, both the activated macrophages and hepato-
cytes cannot cope with the bacteria and the number of L.
monocytogenes in the liver increases.
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