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The results of this study to dissect the nature of the acquired immune response to infection with Listeria
monocytogenes in mice with targetted gene disruptions show that successful resolution of disease requires the
essential presence of a3 T cells and the capacity to elaborate gamma interferon. In the absence of either of
these entities, mice experience increasingly severe hepatitis and tissue necrosis and die within a few days. The
data from this study support the hypothesis that the protective process is the efficient replacement of
neutrophils in lesions by longer-lived mononuclear phagocytes; a3-T-cell-knockout mice died from progressive
infection before neutrophil replacement could occur, whereas in y8-T-cell-knockout mice this replacement
process in the liver has previously been shown to be much slower. In the present study we attribute this delay
to reduced production of the macrophage-attracting chemokine MCP-1 in the y8-T-cell-knockout animals.
These data further support the hypothesis that y& T cells are important in controlling the inflammatory
process rather than being essential to the expression of protection.

Listeria monocytogenes is an intracellular bacterial parasite
that, in addition to infecting host macrophages, can colonize
liver hepatocytes and other parenchymal cells. As a result, the
infected host faces both the problem of dealing with a very
rapidly growing pathogen and the problem of sterilizing the
infected tissues.

There is a general consensus that the very early innate re-
sponse to infection is mediated by neutrophils (13-16, 47)
although at this time NK cells may also play a role (2-5). In the
liver, bacilli are released from parenchymal cells and hepato-
cytes by lysis by neutrophils and macrophages, with the latter
cells becoming activated to a bactericidal state by gamma in-
terferon (IFN-v) production.

These events are followed by the rapid generation (within 2
to 3 days) of acquired immunity (44). Although several early
reports pointed to a role by class II-restricted Lyt.2™ T cells
(30, 32-37, 51), evidence slowly accumulated in favor of the
concept that CD8 (Lyt.2") T cells in fact played the primary
role in resolution of the infection (1, 7, 11, 12, 18, 19, 27, 38, 40,
41, 46). Subsequently, more recent reports have demonstrated
that other aB-T-cell-negative populations (NK and y8 T cells)
could also contribute to some extent to resistance to the infec-
tion, presumably reflecting their ability to secrete IFN-y (2-6,
8, 23, 26, 39, 50). Whereas some have argued that this repre-
sents a form of compensatory immunity (46), others have pro-
posed that interactions between yd T cells and NK cells com-
prise a complex regulatory network, preceding and perhaps
influencing or controlling the proliferation of T cells mediating
the ap-T-cell response (31, 39, 42).

We have approached this question in a new manner by
comparing the course of listeriosis in mice with gene disrup-
tions (KO). The results of the study show that IFN-secreting
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afy T cells are essential to disease resolution, a process that
relies on the efficient replacement of an early neutrophil re-
sponse that if allowed to proceed resulted in increasingly se-
vere hepatitis and tissue necrosis, with a mononuclear phago-
cyte influx that mediated sterilization and prevented further
tissue damage. T cells bearing yd receptors appear to contrib-
ute to this mechanism by production (or induction) of the
macrophage chemokine MCP-1, which enhances this replace-
ment process.

MATERIALS AND METHODS

Experimental infections. Homozygous female mice with targetted gene dis-
ruption of the B chain of the T-cell receptor (af KO), the & chain (y8 KO), or
the gene encoding IFN-vy as well as control C57BL/6 mice were purchased from
Jackson Laboratories (Bar Harbor, Maine) and used when 8 weeks of age. They
were infected intravenously via a lateral tail vein with 2 X 10° L. monocytogenes
EGD organisms. The course of the infection was monitored against time by
plating serial dilutions of individual whole-organ homogenates on tryptic soy
agar and counting bacterial colony formation after 24 h of incubation at 37°C in
humidified air.

Histology. Tissues were fixed in 2% paraformaldehyde, routinely sectioned,
and stained with hematoxylin and eosin. Sections were read by an experienced
veterinary pathologist without prior knowledge of treatment groups.

Reverse transcription-PCR for cytokine expression in vivo. Infected tissues
were excised, placed in Ultraspec (Cinna/Biotecx, Friendswood, Tex.), and ho-
mogenized, and RNA was extracted as described previously (17). One micro-
gram of total RNA was reverse transcribed, diluted, and subjected to PCR
expansion of cytokine-specific cDNA. The amount of cytokine-related product
was determined by the exposure of blotted cDNA PCR product to a fluorescein-
tagged target protein sequence-specific probe. The fluorescein was detected by
using the enhanced chemiluminescence kit (ECL; Amersham, Arlington
Heights, II1.), which produces a light signal that can be detected on film. The
number of cycles which generate a log-linear relationship between the signal on
film and the dilution of the sample was determined empirically, and data were
expressed as the mean pixel value for four samples from four separate mice.

RESULTS

Course of Listeria infection in gene-disrupted mice. After
intravenous infection, L. monocytogenes grew progressively in
the spleens and livers of control animals for 2 to 4 days, after
which time the infection was rapidly cleared, with no remaining
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FIG. 1. Course of L. monocytogenes infection in control and KO mice. Data
are expressed as mean values (n = 4); standard errors of the means did not
exceed 0.35. ND, no bacterial colonies detected; *, no survivors after day 4. O,
IFN-KO mice; m, y3-KO mice; @, o-KO mice; [J, controls.

bacteria detected on day 8 (the results of a representative
experiment are shown in Fig. 1). In y3-KO mice, no differences
were seen in the bacterial load up to day 4, but after this time
the infection resolved more slowly compared to that in controls
(this was particularly evident in the liver; in one experiment it
took 23 days before this organ was devoid of detectable viable
bacteria).

Mice lacking the ability to produce IFN showed no evidence
of control of the infection, and there were no survivors after
day 4. A similar event occurred in af3-KO mice, despite some
evidence of slowing of the infection in the spleens of these
animals.

Histologic appearance of liver tissues. The histologic data
obtained for liver samples are summarized in Table 1. In con-
trol mice, mild hepatitis seen over the first 2 days increased in
severity by day 4, with lesions containing mixtures of macro-
phages and smaller numbers of neutrophils (Fig. 2). On day 8
small foci of necrosis were still observed, but otherwise the
inflammation was decreased. Some neutrophils could still be
found, but the infiltrate consisted predominantly of macro-
phages.

The early cellular response in af-KO mice was similar to
that in controls, but these animals showed signs of increasingly
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severe necrotizing hepatitis and died after day 4. In these
animals neutrophil infiltration was substantially increased com-
pared with that in controls. A similar pattern was seen in
IFN-KO mice, with an increased neutrophil infiltration and
increasingly severe necrosis.

In v3-KO mice the pattern was very similar to that in con-
trols, with mild hepatitis and only scattered small foci of ne-
crosis, but with fewer macrophages evident on day 4 (Fig. 2).
The only major difference between these mice and control
animals was a more-mixed inflammation, consisting of both
macrophages and neutrophils, in the liver on and after day 8, as
previously observed (26).

Cytokine or chemokine message expression in livers of in-
fected mice. All four groups of mice produced equivalent
amounts of interleukin 12 (IL-12) in infected tissues (data for
the liver are shown in Fig. 3) and, with the exception of the
IFN-KO mice, all produced IFN as would be expected. Tumor
necrosis factor (TNF) message was seen in controls and y3-KO
mice for the first 2 days, but much lower levels were seen in
aB-KO and IFN-KO mice.

Given the histology results, which indicated a higher neu-
trophilic response in the af-KO and IFN-KO mice leading to
hepatitic necrosis and death of these animals, we examined the
early chemokine response in each group. The generation of
macrophage inflammatory protein (MIP) signals in the a-KO
and IFN-KO mice was substantially elevated compared to that
in vy3-KO and control mice for the first 4 days, consistent with
the sustained neutrophilia (Fig. 4).

Perhaps the most interesting finding, however, was data re-
lating to production of the macrophage chemoattractant che-
mokine MCP-1. Production of this chemokine was very high in
aB-KO mice and increased substantially in controls and
IFN-KO mice. On the other hand, only very low levels of
message were observed in the y8-KO mice (P < 0.005; af-KO
mice versus y3-KO mice).

DISCUSSION

The results of this study show that mice that are capable of
recruiting blood-borne monocytes into sites of infectious in-
flammation in a timely manner so as to clear and replace
shorter-lived polymorphonuclear phagocytes are thus able to
curtail the overwise increasing hepatic necrosis and survive an
acute L. monocytogenes infection. In animals unable to express
this mechanism, an acute necrotic hepatitis proceeds unabated
and kills the animal in a few days.

The use of mice with gene disruptions in this study clearly
showed that o3 T cells, but not yd T cells, were essential to this

TABLE 1. Histologic appearance of liver tissues

Results on day postinfection indicated

Mouse
group 1 2 4 8
Controls No lesions Mild hepatitis, mononuclear Moderate hepatitis, with macrophages Moderate hepatitis, with small
cells without necrosis and fewer neutrophils foci of necrosis present
af KO No lesions No lesions Moderate necrotizing hepatitis with —
neutrophils
vd KO No lesions Mild hepatitis, with small Mild hepatitis, predominantly mixed Moderate hepatitis, with small
foci of necrosis macrophages and lymphocytes foci of necrosis
IFN KO No lesions Hepatic necrosis without Moderate hepatitis, with increased —

inflammation

neutrophils and necrosis

4 —. NO survivors.



2286 DITIRRO ET AL.

INFECT. IMMUN.

FIG. 2. Hematoxylin-and-eosin staining of liver sections from infected mice 4 days after inoculation with an immunizing dose of L. monocytogenes. (A) Control
mouse. Macrophages predominate, with lymphocytes and scattered neutrophils also present. (B) a-KO mouse. A large area of severe hepatic necrosis is evident, with
a rim of degenerate neutrophils present (right side). (C) y3-KO mouse. A small focus of infection can be seen in this section, which contains lymphocytes and
macrophages. (D) IFN-KO mouse. An area of necrosis is surrounded by a large number of inflammatory cells, most of which are neutrophils. Bars, 100 pm.

process, as was the ability to secrete the cytokine IFN-y. In
mice lacking o3 T cells, necrosis in the liver increased progres-
sively, with the animals dying within 4 to 5 days. An identical
pattern was seen for IFN-KO mice, thus illustrating that this
molecule is essential to the correct expression of antimicrobial
immunity. In contrast, in mice lacking yd T cells, bacterial
clearance was a little slower in the spleens and livers, with
pyogranulomatous lesions occurring in the latter organ taking
longer to resolve, as previously noted by other laboratories (26,
42). These data therefore indicate that y& T cells play an
important role in the inflammatory process in listeriosis but are
not essential to animal survival.

The results are consistent with the following hypothesis. The
rapidly growing infection generates local tissue damage and
results in prostaglandin and vasoactive amine production, trig-
gering a rapid influx of neutrophils. These cells play a protec-
tive role (13-16, 47), but they are also short-lived; hence, their
accumulation in the liver induces a mild-to-moderate hepatitis
causing increasing local necrosis. Lysis of hepatocytes by neu-
trophils, macrophages, or incoming CD8 T cells will collec-
tively contribute to this necrosis for the first few days of the
infection (14-16, 28, 48).

The data are consistent with the hypothesis that the success-
ful eventual resolution of the infection depends upon the re-

placement of this early inflammatory response by a second
wave of inflammatory macrophages which destroy remaining
bacilli and prevent dissemination. In mice lacking a3 T cells
this event does not occur, and so neutrophil influx and necrosis
continue, and the animals die soon after, most likely from
acute hepatitis. In animals lacking v& T cells, bacterial clear-
ance from the liver is slower, more neutrophils are seen in
lesions (26), and the infection is resolved more slowly. Based
on these findings, it seems that both aff and v8 T cells in
normal animals contribute to control of the inflammatory pro-
cess.

In normal («B-T-cell-positive) mice, macrophages activated
by IFN secrete TNF, which can stimulate local tissue cells to
produce a wide spectrum of chemokines (45), including the
macrophage chemoattractant B chemokine MCP-1. The cur-
rent results however tend to suggest that y3 T cells are either
a primary source or a primary inducer of this material in that
v8-KO mice produced considerably smaller amounts of
mRNA encoding this molecule for the first 4 days of the in-
fection. The data clearly show that much less MCP-1 is pro-
duced in y8-KO mice, and therefore it is reasonable to hypoth-
esize that this is the reason why macrophages replace
neutrophils in lesions in these mice more slowly. In ap-KO
mice, MCP-1 message was still seen due to the continued
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FIG. 3. Generation of mRNA message encoding key cytokines in the livers of infected mice (n = 4).

presence of yd T cells, and in fact, the elevated levels of this
chemokine seen early compared to that in normal, infected
mice may suggest some degree of control of y3-T-cell MCP-1
production by a3 T cells. In the absence of these latter cells
however, the animal clearly cannot control the progressively
growing infection and hence dies from acute hepatitis before
neutrophil replacement with macrophages can begin to take
place. As further evidence for the hypothesis, we have found
expression of MCP-1 mRNA message in y3-T-cell-cloned cell
lines (43).

The data also imply that the putative recruitment of mono-
cytes into lesions by MCP-1 takes days to develop. There was
only a sparse influx of these cells in af-KO mice by day 4,
despite the strong MCP-1 message in these mice, at which
point the liver necrosis was moderate to severe. Presumably,
the continued presence of neutrophils at this time was in re-
sponse to both the infection and the tissue damage caused by
the increasing necrosis.

This model is completely consistent with models for other
infectious diseases, such as tuberculosis, in which the lungs of
v8-KO infected mice develop pyogranulomatous lesions con-
taining significant numbers of neutrophils (21), and influenza,
in which the influx of y& T cells occurs in parallel with the
inflammatory response (9, 10). In those models, as in this one,
there was no hard evidence that y& T cells are essential to
protection. As a result, instead, these data seem collectively to
point to a “traffic cop” role for yd T cells, in which they
promote the influx of macrophages and reduce neutrophil in-
flux. The most simple explanation is that this response is di-
rectly due to MCP-1 production, which attracts macrophages
which in turn physically prevent further neutrophil influx into
the site. Other more subtle possibilities are that factors re-
leased by v T cells influence blood vessel adhesion molecules
that reduce neutrophil traffic or somehow dampen local tissue
damage that would otherwise attract these neutrophils. In the
absence of yd T cells, other local tissue cells produce MCP-1,
but as observed, granulomatous foci are initially smaller and
the infection takes longer to fully resolve.

Others, however, have proposed much-more-complicated
mechanisms to explain the acquired response to L. monocyto-
genes. Mombaerts et al. (42) have presented data to indicate
that both a3-KO and v3-KO mice are fully capable of control-

ling and resolving L. monocytogenes infections, whereas Ladel
et al. (39) have suggested that a-KO mice are initially even
more resistant to infection than normal control mice, contrary
to our own observation of rapidly fatal infection in ap-KO
animals. In addition, the latter study (39) also showed that
neutralization of IFN-y by infusion of monoclonal antibody for
the first few days only marginally influenced resolution of dis-
ease in both y8-KO and «f-KO mice; again, in the present
study, the infection was rapidly fatal in IFN-KO mice. Several
other investigators (20, 49, 54, 55) have reached conclusions
similar to ours.

It has been proposed (31, 39, 42) that successful resolution
of listeriosis involves early interactions between yd T cells and
NK cells and that this regulatory function of yd T cells then
extends to the emerging ap-T-cell population, in an antipro-
liferative manner. (We have y8-KO mice in our breeding col-
ony that are over 18 months old and have shown no evidence
of lymphoproliferative disease, contrary to the idea that y& T
cells “control” the ap-T-cell response [31].) In addition, it has
been proposed (53) that the aB-T-cell population is in fact the
cause of the necrotic lesions in y8-KO mice, despite the facts
that these lesions eventually resolve in such animals and that
such lesions develop in of3-KO mice. While such mechanisms
may exist, the similar numbers of bacteria in both controls and
v3-KO mice in the first few days, as well as an apparently
normal cytokine response and a mild inflammatory response,
strongly support the hypothesis that such mechanisms are mi-
nor and not essential. Furthermore, there is direct photo-
graphic evidence that the influx of cells into liver lesions in
these first days is one of neutrophils (13); lymphocytes are few
and scattered, and large granulocytic lymphocytes (NK like)
are rarely seen (295).

In this regard, there is some evidence (2-5, 22, 39), with one
exception (52), that the presence of NK cells may be necessary
for resistance to listeriosis, specifically as an “innate” source of
IFN, as revealed by experiments in which IFN activation of
macrophages can occur in the absence of T cells (4). In addi-
tion, however, production of this cytokine by NK cells is then
believed to stimulate infected macrophages to begin to pro-
duce IL-12 (29, 53). It will be clear, however, that the results of
the current study are not in keeping with this latter hypothesis,
in that mRNA encoding IL-12 increased for the first 4 days of
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FIG. 4. Generation of mRNA message encoding neutrophil attractant che-
mokines (MIP family) and the macrophage attractant chemokine MCP-1 in the
livers of infected mice (n = 4) (P < 0.005; «B-KO mice versus y3-KO mice).

the infection in similar manners in both controls and IFN-KO
mice. This finding strongly suggests that IFN is therefore not
essential to subsequent IL-12 production.

In addition, NK cells that also express the CD4 molecule and
which secrete IL-4 have recently been suggested as the under-
lying inducers of MCP-1 production very early during L. mono-
cytogenes infection (24). In the current study however, message
for MCP-1 increased more slowly, and if driven by an IL-4-
secreting NK* CD4" population, should have been equally
represented in the y8-KO mice. This was not the case, al-
though the data cannot discount the possibility that NK cells
are needed to drive MCP-1 production by yd T cells. Infection
of IL-4-KO mice should help resolve the importance of this
mechanism.

That is not to say, however, that results obtained with gene-
disrupted mice should not also be interpreted with caution. It
is apparent that compensatory mechanisms certainly occur in
KO mice, and many of these animals have been derived from
backcrosses with other mouse strains that may influence their
susceptibility. Finally, the failure of others to observe the mor-
tality seen in certain KO mice in the current study may reflect
their use of an inoculum of bacteria that may have been much
less virulent than that used here.

Having said that, our data support the hypothesis that it is a
response by IFN-y-secreting a3 T cells that is critical to host
survival to listeriosis and that this mechanism, in addition to
activation of infected macrophages, has as an essential com-
ponent the efficient replacement of the early neutrophil re-
sponse by a mononuclear cell influx, preventing an otherwise
fatal progression of tissue damage, continued neutrophil infil-
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tration and degeneration, and hepatic necrosis. The data sup-
port the concept that yd T cells play an important role in this
process by producing chemokines that enhance this replace-
ment process.
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