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Enhanced Elimination of Listeria monocytogenes at the Site
of Delayed Footpad Reaction
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The protective activity against a challenge infection with Listeria monocyto-
genes was investigated at the site ofa delayed footpad reaction in mice immunized
with viable or killed listeria. Delayed footpad reactivity was induced only in mice
immunized with viable bacteria. Rapid and marked elimination of challenge
bacteria was observed only at the site of reaction in mice immunized with viable
bacteria but not in mice immunized with killed bacteria. Macrophage migration
inhibitory activity was observed equally in both groups of mice. These results
suggest that the delayed footpad reaction contributes directly to the elimination
of bacteria irrespective of marcrophage migration inhibitory activity.

It is well known that resistance against Liste-
ria monocytogenes, one of the facultative intra-
cellular bacteria, is mediated by cellular immu-
nity but not by humoral immunity (10, 15).
Resistance to listeria infection is partly depend-
ent on nonimmune macrophages at an early
stage of infection, but complete elimination of
bacteria is brought about only by acquired cel-
lular resistance (ACR), which depends on im-
munologically activated macrophages (3, 17).
This kind of immune resistance seems to be
induced more readily by infection with viable
bacteria than by immunization with killed bac-
teria (6, 24). Delayed hypersensitivity (DH) also
develops in animals infected with viable bacteria
(6, 18) and has been reviewed in reference to
ACR. DH'and ACR are said to have a close
correlation with each other from the fact that
these two immunological phenomena appear co-

incidentally in bacterial infection, and protective
immunity cannot be adequately expressed in the
absence of DH (11, 13). However, it is contro-
versial whether DH has a direct role in ACR or

not.
The delayed footpad reaction is one of the

assay methods for DH in animals immunized
not only with bacteria but also with heterologous
erythrocytes (9) or protein antigens (16). It is
evident that the delayed footpad reaction is a

cell-mediated immunological phenomenon, but
its biological significance is not fully elucidated.
To clarify the contribution of DH to ACR, it is
necessary to know whether the protective activ-
ity is actually enhanced at the site of a delayed
reaction or not.

In the present study, bacterial challenge was

made at the site of a delayed footpad reaction in
mice immunized with L. monocytogenes, and

the correlation was examined between the level
of reaction and the degree of bacterial elimina-
tion.

MATERIALS AND METHODS
Animals. Female mice of an outbred ddY strain

were obtained from the Breeding Unit ofExperimental
Animals, Kyushu University. Six- to eight-week-old
mice were used for the experiments. Each experimen-
tal group consisted of five to six mice, and the same
protocols were repeated two or three times.

Microorganism. L. monocytogenes, strain EGD,
was used in all experiments. The bacteria were grown
in tryptic soy broth (Difco Laboratories, Detroit
Mich.) at 370C for 20 h, washed repeatedly, suspended
in phosphate-buffered saline, and stored at -70'C.
Killed bacteria were prepared by adding Formalin to
the viable bacterial suspensions followed by repeated
washings. The concentration of killed bacteria was
adjusted by the use of a photoelectric colorimeter.

Immunization. Mice were immunized intrave-
nously with 2 X 103 viable bacteria or subcutaneously
with 4 x 108 killed bacteria in Freund complete adju-
vant (FCA).

Assessment of delayed footpad reaction. The
thickness of the left hind footpad was measured with
a dial-gauge caliper 24 h after injecting an eliciting
dose of 108 killed bacteria in 0.05 ml of phosphate-
buffered saline. The thickness ofthe right hind footpad
was measured 24 h after injecting the same volume of
phosphate-buffered saline as a control. The difference
in footpad thickness was expressed in 0.1-mm units.
Reactions were recorded against the day when eliciting
injection was done.

Determination of bacterial growth at the site
of delayed reaction. An eliciting antigen was in-
jected into the left hind footpad, and 106 viable bac-
teria suspended in 0.05 ml ofphosphate-buffered saline
were inoculated into bilateral footpads 24 h after the
elicitation. The whole mass of the challenged foot was
removed and homogenized in 20 ml of phosphate-
buffered saline with a Waring blender (Nihon Seiki,
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Co., Tokyo, Japan). The homogenized specimens were
diluted serially 10-fold with phosphate-buffered saline,
and 0.1 ml of each dilution was spread on nutrient
agar containing 0.3% (wt/vol) glucose. Numbers of
viable bacteria were estimated by colony-forming units
(CFU) and expressed in logo CFU after incubation for
20 h at 370C.
Macrophage migration inhibition test. Perito-

neal exudate cells were harvested from 8 mice 72 h
after an intraperitoneal injection of 2 ml of sterile
liquid paraffin. Pooled peritoneal exudate cells were
washed and suspended at a concentration of 2 x 107
cells per ml in RPMI 1640 medium supplemented with
10 % fetal calf serum. The cells were then loaded into
capillary tubes, packed by centrifugation, and incu-
bated at 370C for 20 h in the medium with or without
sonicated listeria antigen. The amount of sonicated
antigen was equivalent to almost 108 CFU/ml, and
this dose of antigen exerted only negligible inhibition
on the migration of normal peritoneal exudate cells.
The areas of migration were measured and expressed
as percent migration by the formula described else-
where (23).

RESULTS
Delayed footpad reactivity of mice after

immunization with viable or killed L mon-
ocytogenes. Mice were immunized with viable
bacteria or killed bacteria in FCA, and their
delayed footpad reactions were measured at var-
ious days after immunization. In mice immu-
nized with this nonlethal dose of viable bacteria,
the numbers of bacteria in the body reached
around 106 to 107 for several days as we have
reported (17), so a larger dose was employed in
immunization with killed bacteria to equate
roughly the dose of immunogen. In mice immu-
nized with viable bacteria, positive delayed re-
actions were not detected before day 5, but
strong reactions of over 12 U were found on day
6 (Fig. 1). Maximal reactions as much as 15 to
20 U were observed on day 9. The degree of
delayed footpad reaction decreased to some ex-
tent after 9 days, but positive reactions were
detectable over a period of 28 days in this group
of mice. The reaction showed a peak at 24 h and
diminished at 48 h after elicitation at all times
of testing. In mice immunized with killed bac-
teria, on the other hand, significant levels of
reaction were not observed, even though FCA
was used for immunization.

Elimination ofchallenged bacteria at the
site of delayed reaction. To know whether a
positive delayed footpad reaction itself could
contribute to protection against bacterial infec-
tion, the growth of bacteria at the site of a
delayed reaction was measured. Delayed reac-
tions were elicited in the left hind footpad of
mice at 8 and 18 days after immunization. The
reaction was measured 24 h later, and the chal-
lenge infection was given into both nonelicited
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and antigen-elicited footpads. Counts of viable
bacteria in both footpads were determined 24 h
after the challenge. An eliciting injection into
normal mice did not modify the growth of the
challenge bacteria (Table 1). In mice immunized
with viable bacteria 8 or 18 days before, an
enhanced elimination of bacteria was observed
in antigen-elicited footpads which showed
marked swelling. The difference of bacterial
counts was highly significant between the elic-
ited and the nonelicited footpads in this group
of mice. On the other hand, such an enhanced
elimination of bacteria was not detected in the
elicited footpad of mice immunized with killed
bacteria in FCA, which showed an insignificant
level of delayed reactivity.
The macrophage migration inhibition

test. The macrophage migration inhibition test,
one of the in vitro assays for DH, was carried
out with peritoneal exudate cells obtained from
mice immunized with viable or killed bacteria in
FCA. Peritoneal macrophages from nonimmu-
nized mice migrated equally in the presence and
absence of antigen. When peritoneal exudate
cells obtained on day 8 were examined, the mac-
rophages showed a tendency to overmigrate, and
positive inhibition ofmigration was not observed
in the presence of antigen (Table 2). Ten days
after immunization, migration inhibitory activ-
ity became positive not only in mice immunized
with viable bacteria but also in mice immunized
with killed bacteria in FCA. The migration in-
hibition test on days 17 and 24 also gave positive
results in both groups of mice. These results
indicated a dissociated development of delayed
footpad reactivity and macrophage migration
inhibitory activity.

DISCUSSION
The delayed footpad reaction was introduced

by Gray and Jennings (4) to measure tuberculin
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FIG. 1. Time course ofdelayed footpad reaction in
mice after immunization with L. monocytogenes.
Mice were immunized intravenously with 2 x 103
viable bacteria (0) or subcutaneously with 4 x 108
killed bacteria in FCA (-). The bar in the right lower
corner indicates the range of reaction in nonimmu-
nized mice. One unit represents 0.1 mm.
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TABLE 1. Enhanced elimination of L. monocytogenes at the site of delayed footpad reaction
Delayed footpad Bacterial count in Bacterial count in Logio differ-

Immunization reaction nonelicited foot- antigen-elicited ence (A) -

(x 0.1 mmn) pad (A) footpad (B) (B)

None 2.9 ± 0.4 6.50 ± 0.21 6.68 ± 0.12 -0.18
Viable L. monocytogenes, intravenous

injection
Day 8 15.8 ± 5.6 5.28 ± 0.53 2.93 ± 0.49 +2.35a
Day 18 9.3 ± 2.7 5.82 ± 0.52 3.29 ± 0.48 +2.53a

Killed L. monocytogenes, subcutaneous
injection with FCA

Day 8 3.8 ± 1.3 6.11 ± 0.20 5.55 ± 0.48 +.6
Day 18 4.1 ± 1.4 6.30 ± 0.32 5.97 ± 0.40 03b
aP < 0.005.
b Not significant.

TABLE 2. Macrophage migration inhibition test in
mice immunized with viabke or killed L.

monocytogenes

Time % Migration of peritoneal exudate celis
after i*- obtained from:
mna- Mice immu- Mice inu Nonimmu-

tion nized with nized with nized control
(days) v-m k-Lm/FCAb mice

8 122.0 114.7 100.0
10 72.6 70.8 100.0
17 58.1 68.9 100.0
24 75.5 61.8 100.0

a vLm, Viable L. monocytogenes.b k-Lm/FCA, Killed L. monocytogenes with FCA.

sensitivity in mice and has been regarded as a
reaction similar to the delayed skin reaction of
guinea pigs. The development of delayed foot-
pad reactivity is reported in infections with My-
cobacterium tuberculosis (20), Mycobacterium
lepraemurium (1), Salmonella typhimurium
(21) and L. monocytogenes (6, 18). All of these
bacteria usually survive within macrophages and
resist the protection of infected hosts. ACR, the
most powerful mechanism of protection, devel-
ops in association with DH in the course of
active infection with such kinds of intracellularly
parasitic bacteria. From the results obtained
either in vivo (12, 14) or in vitro (8, 22), it is
believed in general that sensitized lymphocytes
release some kind of lymphokine after specific
stimulation by bacterial antigens, and that the
lymphokine alters the activity of nonimue
macrophages to kil the invading microorga-

nssnonspecifically. In spite of the general
acceptance of this interpretation concerning the
mechanism of ACR, the contribution of DH to
ACR is unclear. It has been suggested that mac-
rophage migration inhibitory factor which is de-
tected in vitro by the migration inhibition test
and its allied factors contribute to ACR by im-

mobilization or activation of macrophages (2).
The delayed footpad reaction is an in vivo phe-
nomenon, and there has been no evidence to
show the direct contribution of this reaction to
ACR.

In the present study, a typical form of delayed
reaction, as revealed by a delayed onset of
marked footpad swelling, was elicited only in the
group imnzdwith viable L. monocytogenes.
The reaction appeared on day 6 after infection
and lasted thereafter. The growth of challenge
bacteria was markedly inhibited, and a rapid
elimination of bacteria was observed at the site
of a delayed footpad reaction on days 8 and 18.
The enhancement of elimination on day 8 was
almost the same in degree as that on day 18,
whereas positive activity was not observed be-
fore day 10 in the macrophage migration inhi-
bition test. In mice imunzd with killed bac-
teria in FCA, delayed footpad reactivity was not
induced, and the degree of bacterial elimination
at the reaction site was not significant. Delayed
footpad reactivity and ACR were not induced by
imunztion of mice with heat-killed listeria

(24) or nonvirulent L-forms of listeria, (6), re-
gardless of the use of FCA. It is interesting in
our result that only macrophage migration in-
hibitory factor activity was observed in mice
imnzdwith killed listeria in FCA. Dissoci-

ated development of delayed footpad reactivity
and macrophage migration inhibitory factor ac-
tivity was revealed. Ohmichi et al (19) showed a
dissociation of delayed footpad reactivity and
macrophage migration inhibitory factor activity
by the use of various methods of immunization
with sheep erythrocytes. In experiments with
thoracic duct lymphocytes obtained from Myo-
bacterium bovis BOG-infected rats, it was shown
that the course of macrophage migration inhib-
itory factor activity differed from that of DH as
measured by the radiometric ear assay (7). It
seems that lymphocytes which mediate delayed
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footpad reaction or delayed ear reaction are
somewhat different from those which mediate
macrophage migration inhibition.
The enhanced elimination of bacteria at the

reaction site clearly demonstrated the direct
contribution of delayed footpad reactivity to re-
sistance. Delayed footpad reactivity seems to
have a decisive role in protection. However, the
idea that the delayed footpad reaction and ACR
are mediated exactly by the same T cells was
not supported by direct evidence. A report was
presented showing that the T cells involved in
protection against listeria and delayed footpad
reaction to homologous antigen are of the same
Ly 123+ phenotype (5). This report may support
the idea mentioned above. The mechanism of
bacterial elimination at the reaction site is not
clear at a time when macrophage migration in-
hibitory factor activity is undetectable. This en-
hanced elimination may be attributable to the
function of accumulated macrophages at the
reaction site.
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