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In the mouse system, acquired resistance to Listeria monocytogenes can only
be demonstrated after immunization with viable microorganisms. A successful
state of immunity cannot be elicited with formalin-killed organisms or bacterial
cell-derived products. Viable, serologically cross-reactive organisms (not mouse
pathogenic) do not induce a state of immunity as measured by acquired resist-
ance. The duration of immunity, once established, is dose independent, and the
absolute interval of its existence is not extended by secondary challenge with
large numbers of viable organisms. The decline of immunity in actively immu-
nized animals is not altered by antigenic challenge with formalin-killed cells or
cell products. This indicates that the cellular requirements for the development
of host resistance are similar for induction as well as maintenance. In vitro
measurements of cellular immunity by migration inhibition indicate that forma-
lin-killed organisms as well as cell products were recognized by actively sensi-
tized lymphocytes obtained from immune animals.

Acquired resistance in mice to infection with
the facultative intracellular parasite Listeria
monocytogenes is mediated by immunologically
committed lymphocytes that function in the ac-
tivation of macrophages essential for the
expression of immunity (3-5, 7). That resist-
ance to L. monocytogenes is not dependent on
humoral antibodies is established by the fact
that neither passive transfer ofimmune serum
nor production ofhigh-titer circulating antibod-
ies induced by killed vaccines protects an ani-
mal against infection by L. monocytogenes (6).

After an immunizing infection in mice with
viable L. monocytogenes, two immunologically
distinct but important events are generated: a
short-lived state of immunity essential for the
rapid removal of the infecting microorganism
from affected tissues and a long-term cellular
immunity enabling the host to more efficiently
defend against a secondary infection (10, 11).
The cells important in the establishment of
acquired resistance in mice to L. monocyto-
genes are thymus-derived lymphocytes (3, 13,
14).

Stimulation of immunologically committed
lymphocytes is generated in the spleen 2 days
postinfection; peak production is reached by
day 6 and then declines rapidly after apparent
removal of infecting microorganisms from af-
fected tissue (9). Thus, although immunity in
the Listeria system is apparently cell mediated,
the control of this response limits its expression
to a short time interval.

This report investigates two aspects associ-
ated with immunity in mice to L. monocyto-
genes: first, the decay rate of acquired immu-
nity to L. monocytogenes; and secondly, an ex-
amination of various antigen preparations as to
their effectiveness in inducing acquired resist-
ance in mice. Throughout these investigations,
viable cells, formalin-treated cells, or cell-de-
rived products of two serologically cross-reac-
tive strains of L. monocytogenes were em-
ployed.

MATERIALS AND METHODS
Animals. In all studies, 6- to 8-week-old Swiss-

Webster mice of either sex were obtained from a
colony maintained by the Department of Bacteriol
ogy and Public Health, Washington State Univer-
sity. Animals were housed under standard condi-
tions and offered feed and water ad libitum.

Cultures and maintenance. L. monocytogenes
strain 10403, serotype 1 (obtained from M. L. Gray,
Montana State University), has been maintained in
a virulent state by repeated passage in mice and has
a mean lethal dose (LD5) of approximately 1.5 x
104. L. monocytogenes strain 19113, serotype 3 (ob-
tained from American Type Culture Collection), was
maintained on brain heart infusion (Difco) semisolid
agar at 4°C. The cultures were periodically checked
for purity and transferred at monthly intervals to
freshly prepared media. L. monocytogenes strain
10403 is pathogenic for mice, whereas the serologi-
cally cross-reactive strain 19113 is not. These strains
ofL. monocytogenes were employed for use either as
killed or viable immunogens.
LD50 determination. Swiss-Webster mice were
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injected intravenously with 4.5 x 103 to 4.5 x 108
viable Listeria. Groups of 10 mice, between the ages
of 4 to 6 weeks and of both sexes, were inoculated
with each bacterial concentration suspended in 1%
peptone water. The mice were observed for 1 week,
and the LD50 was determined by the method of Reed
and Muench (16).

Immunization. Suspensions for immunization or
challenge were prepared from log-phase cultures
grown at 370C in brain heart infusion broth while on
a rotary shaker. Mice were infected with a log-phase
culture in brain heart infusion broth, which was
diluted in 1% peptone water to contain the desired
number of bacteria in 0.1 ml of inoculum. Adminis-
tration of approximately 4.5 x 103 bacteria was used
for primary immunization, whereas the intravenous
injection of either 1 LD30 or 5 LD50 was used for the
secondary injection. The dose used to challenge the
various populations of mice was approximately 1.5
x 105. All injections were administered intrave-
nously.

Antigen preparation. Whole-cell antigen was pre-
pared by inoculating a 2-liter Erlenmeyer flask con-
taining 1 liter of brain heart infusion broth with 10
ml of an 18-h broth culture of L. monocytogenes
serotypes 1 and 3 and grown at 370C. After a 24-h
incubation on a rotary shaker at 370C, formalin was
added to a final concentration of 0.6% and allowed to
react at room temperature for 72 h. This formalin-
treated preparation was then tested for any residual
viability. The cells were then centrifuged and
washed twice with sterile phosphate-buffered saline
and resuspended in a final volume of 20 ml of sterile
phosphate-buffered saline. After being checked for
bacterial sterility, the antigens were stored at 40C
in sterile vaccine bottles. The suspension used for
injection contained approximately 3 x 109 bacterial
cells ml.

Soluble antigen was prepared from culture fil-
trates of L. monocytogenes. Protein-free medium
was prepared by dialysis of a 10 x concentrated solu-
tion of Trypticase soy broth (Difco) against 10 vol-
umes of distilled water for 24 h. The dialysate was
then autoclaved and seeded with 10 ml of inoculum
from an 18-h broth culture ofL. monocytogenes sero-
type 1 or 3. This was incubated at 370C for 72 h.
Bacteria were removed by centrifugation at 7,000 x
g for 30 min. The supernatant material was filtered
through a 0.45-ILm membrane filter (Millipore
Corp.) to yield the broth antigen. The soluble anti-
gen preparations were then concentrated with nega-
tive-pressure dialysis using the Prodicon apparatus
(Bio Molecular Dynamics). The protein concentra-
tion of the broth antigen was determined using the
method of Groves et al. (2). The soluble antigen
preparations were placed in sterile vials and stored
at -20°C. The same batch of broth antigen was used
throughout the investigation.
Macrophage migration inhibition. The capillary

tube method for determination of migration inhibi-
tion factor was employed (1). Each chamber was
filled with RPMI 1640 supplemented with 15% fil-
tered normal mouse serum and antigen when indi-
cated. Whole-cell antigens were added at a concen-
tration of 9 x 106 cells/ml. The soluble antigen prep-

aration was added at a concentration of 10 uig/ml.
The chambers were incubated at 370C in 5% CO2 for
24 h. After this period of incubation, the migration
patterns were traced, and the fan size was quanti-
tated by use of a polar planimeter.

RESULTS
Development of acquired resistance in nor-

mal Swiss-Webster mice. To confirm that im-
munity to L. monocytogenes strain 10403 devel-
ops after primary infection, a population of
mice was injected intravenously with approxi-
mately 4.5 x 103 (0.3 LD5,,) bacteria. These mice
were subsequently challenged at weekly inter-
vals with approximately 1.5 x 10O (10 LDa)
bacteria to determine the percent survival. Im-
munity to L. monocytogenes strain 10403 began
to decline after 2 weeks, and by the fifth week
immunity was no longer evident (Fig. 1).

Effectiveness of alternative methods of an-
tigenic exposure in establishing anti-Listeria
immunity. To determine whether alternative
methods of antigenic exposure affect the pri-
mary acquisition of anti-Listeria immunity,
formalin-treatedL. monocytogenes strain 10403
and viable L. monocytogenes strain 19113 were
employed as immunogens. Groups of 10 mice
each were injected intravenously with either of
the two antigen preparations. Mice in each
tested group received either 3 x 108 organisms/
ml of formalin-treated L. monocytogenes strain
10403 or 4.5 x 108 organisms/ml of viable L.
monocytogenes strain 19113. The immuniza-
tions continued weekly for 3 weeks. Ten days
after the final injection, each group was chal-
lenged with 10 LD, ofL. monocytogenes strain
10403 or assayed for the existence of cell-me-
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FIG. 1. Survival of mice that had received a pri-
mary immunization of4.5 x 103 (0.3 LD50) viable L.
monocytogenes strain 10403 or a secondary immuni-
zation ofeither 1 LD50 or 5 LD50 1 week after primary
immunization. All grouped mice were subsequently
challenged intravenously with 10 LD50 ofL. monocy-
togenes strain 10403 to determine population levels of
acquired immunity. Each tested group consisted of
10 mice.
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diated immunity by macrophage migration in-
hibition. All mice in each tested group suc-
cumbed after challenge, and the in vitro corre-
late of cell-mediated immunity, macrophage
migration inhibition, was negative. Thirty
days after the final injection with the two afore-
mentioned antigenic preparations, additional
groups were treated in an identical fashion.
Data obtained from this experiment indicated
that neither antigen preparation was effective
in inducing immunity to L. monocytogenes
strain 10403, suggesting that only viable L.
monocytogenes strain 10403 is capable of estab-
lishing acquired resistance in mice (data not
shown).

Influence of antigenic dose on the longevity
of anti-Listeria immunity. Having established
that anti-Listeria immunity develops after a
primary injection of viable L. monocytogenes
strain 10403, consideration was focused on the
longevity of anti-Listeria immunity and
whether the decay of this response could be
altered. To ascertain the importance of anti-
genic dose on the longevity of immunity to L.
monocytogenes, a large population of mice was
grouped according to the dose of antigen they
were to receive. Initially, all mice received a
sublethal dose of antigen, which was approxi-
mately 4.5 x 103 (0.3 LDIO) bacteria. One week
later, one group of mice received 1 LDw of
strain 10403, whereas the other group of mice
received 5 LD,. The degree of anti-Listeria
immunity established in these mice was moni-
tored in vivo by weekly challenge of a 10-ani-
mal sample from both groups with 10 LD, and
in vitro by employing the macrophage migra-
tion inhibition technique. By the third week
after challenge with either 1 LD. or 5 LDw,
immunity to strain 10403 had begun to dimin-
ish, and by the seventh week, both groups were
no longer protected (Fig. 1). It is evident that
the duration ofimmunity was dose independent
and that the absolute interval of its existence
was not extended by secondary challenge with
large numbers of viable organisms. We have
extended these observations to include second-
ary injection with 10 LDw, which failed to alter
the kinetics of the immune response.
The data obtained from macrophage migra-

tion inhibition, using both formalin-treated
cells and L. monocytogenes product as antigen,
are presented in Fig. 2. Although inhibition of
migration was achieved in some groups, there
was a great deal of variation observed from
week to week. Thus, only animals that were
exposed to viable 10403 organisms successfully
resisted challenge, and only animals exposed to
viable 10403 organisms developed positive mi-
gration inhibition responses. Antigens in the
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FIG. 2. Migration inhibition ofperitoneal exudate
cells when challenged with either 10 pg ofL. monocy-
togenes product (LMP) or 3 x 10fi whole cells derived
from L. monocytogenes strain 10403. Peritoneal exu-
date cells were obtained from mice that received a
secondary injection of5 LD50 1 week after a primary
immunization with approximately 4.5 x 103 (0.3
LD5) viable L. monocytogenes strain 10403. Indi-
cated values represent the mean + standard devia-
tion of separate migration inhibition experiments.
Each tested group consisted of 10 mice.

form ofwhole cells orL. monocytogenes product
could elicit lymphokine production in assays of
sensitized animals, although these same prepa-
rations could not inititate the development of a
sensitive population of lymphocytes in vivo.

Effectiveness of various immunogens in
maintenance of acquired resistance. This ex-
periment was designed to determine whether
the immunogen used in establishing acquired
resistance after primary immunization was
also essential in achieving protection at a time
when the survival ofthe animal population had
approached 50% or whether other closely re-
lated immunogens would function in maintain-
ing a state of specific resistance. Mice were
immunized with approximately 4.5 x 103 viable
L. monocytogenes strain 10403, and groups de-
rived from the immune population were chal-
lenged at weekly intervals with 10 LD, of L.
monocytogenes strain 10403 until such time
that survival approached 50% of the challenged
sample groups. At this point, the remaining
population of immune mice was divided into
groups of 30 mice each, and groups received a
secondary intravenous injection of either a sub-
lethal dose of viable L. monocytogenes strain
10403, 9 x 108 formalin-treated L. monocyto-
genes strain 10403, 6 x 108 viable L. monocyto-
genes strain 19113, or saline. Only mice that
received a second sublethal dose of L. monocy-
togenes strain 10403 survived after challenge
with 10 LDw of L. monocytogenes strain 10403
(Fig. 3), indicating that the decline of immu-
nity in actively immunized animals was not
altered by antigenic challenge with fonnalin-
treated 10403 cells, cell products, or viable
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FIG. 3. Effectiveness of various
maintaining acquired resistance in
mary immunization with approxim
(0.3 LD50) viable L. nonocytogenes s

The arrow indicates approximately
the mouse population after primar
and the time at which the remaining
secondary intravenous injection ofei
dose (0.3 LD50) of viable L. mono,
10403 (A); 9 x 108 formalin-treate
genes strain 10403 (0); 6 x 108 vial
genes strain 19113 (0); or saline (O
challenged intravenously at weekly i
LD50 of L. monocytogenes strain 104

19113. These results imply tha
requirements for the developmE
sistance are similar for inducti
maintenance.

DISCUSSION
Acquired resistance to L.

strain 10403 develops in mice a
intravenous injection of 4.5 x

bacteria. By challenging these r

intervals with 10 LD!,,, it was f
immunity persists for several v

These results seem to correlate N

of Mackaness (4), who establishe
infection the bacterial populatio
the spleen and liver during the f
that, on day 4 postinfection, the r
hypersensitive to Listeria antige
of bacteria ceases. This period 4
sistance to Listeria was found
weeks; however, after this time I
mal remains hypersensitive to L
able to resist a challenge dose o

genes.
In an effort to explore the F

other antigenic preparations m
in establishing immunity to Lists
malin-treated L. monocytogenes
viable L. monocytogenes strain 1
Neither of these two immunogen

in the development of acquired resistance to L.
monocytogenes. Although these strains are se-
rologically cross-reactive, the antigens shared
between these two strains are obviously not
those important in establishing immunity to L.
monocytogenes. This might suggest that viable
L. monocytogenes strain 10403 possesses or pro-
duces material lacking in the nonpathogenic
cross-reactive strain that may be unique to the
establishment of acquired resistance. Thus, in
the methodology employed, formalin treatment
or disruption destroys the protective antigen.

5 6 7 Several investigators have fractionated L.
monocytogens in an effort to isolate those fac-

immunogens in tors important in the establishment of acquired
mice after pri- immunity, but to date the chemical makeup of
ately 4.5 x 103 these substances is not apparent (15, 17, 18).
;train 10403 (a). North, in his investigations of the cellular
50% survival of response of mice to infection with Listeria, has
y immunization determined that the various parameters associ-
mice received a ated with anti-Listeria immunity peak on

"ther: a sublethal about day 6 postinfection and that shortly after
cdyL.oenescytron this time period the response begins to decay,
ble L. monocyto- suggesting that immunity to infection with L.
)). All mice were monocytogenes is short-lived (9). The develop-
intervals with 10 ment of antibacterial immunity is established
103. at a rate that corresponds to the appearance of

delayed-type hypersensitivity to listerial anti-
gens. The uncertainty of the relationship be-

lt the cellular tween these two phenomena is still an area of
ant of host re- considerable interest, and it has been suggested
ion as well as that antimicrobial cellular immunity may oc-

cur as a phenomenon independent of delayed
hypersensitivity (12). Our report has ap-
proached the problem of longevity by determin-

monocytogenes ing whether the immune response established
fter a primary in mice to L. monocytogenes can be augmented
103 (0.3 LD;5) by increasing the antigenic dose after primary
mice at weekly immunization. As can be seen from the data
Found that this presented in Fig. 1, regardless of the antigenic
weeks (Fig. 1). dose received in the second injection, the tem-
well with those poral existence of acquired immunity in these
3d that after an groups of mice was indistinguishable.
)n increases in Macrophage migration inhibition, as an in
Irst 3 days and vitro assay, was used throughout this investi-
mouse becomes gation to observe the degree of correlation be-
-ns and growth tween in vivo and in vitro assays in ascertain-
of absolute re- ing cell-mediated immunity to infection with L.
to last for 3 monocytogenes. In general, our observations

period, the ani- would indicate that ifmigration inhibition is an
,isteria but un- in vitro correlate of developed hypersensitivity,
of L. monocyto- then the appearance and disappearance of anti-

Listeria immunity coincide with positive and
possibility that negative migration inhibition determinations.
ay be effective The importance of sensitizing immunogen in
eria, either for- maintaining resistance to lethal challenge with
strain 10403 or L. monocytogenes strain 10403 in mice that had
.9113 was used. previously been immunized with a sublethal
is was effective dose of L. monocytogenes strain 10403 was in-
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vestigated. Both homologous and cross-reactive
antigens were administered intravenously
after the initial decline of the immune re-
sponse. Data presented in Fig. 3 show the re-
sponse ofthese mice after the intravenous injec-
tion of various immunogens, and it is signifi-
cant to note that only those rmice that received a
secondary intravenous inijection of viable L.
monocytogenes strain 10403 were effective in
maintaining acquired resistance. Apparently,
the cell-mediated response has certain unique
requirements, since recall of specific immune
maintenance cannot be achieved by either an
intravenous injection of formalin-treated ho-
mologous antigen or with a viable cross-reac-
tive nonpathogenic strain. In a similar fashion,
the initial host-parasite reaction that occurs
when viable organisms are introduced in vivo
may importantly predict the immune response
that is eventually generated. The require-
ments, therefore, for a successful anti-Listeria
immune response would appear to be similar
for both the primary and secondary event in
cell-mediated immunity and would seem to in-
volve a necessary parasitic event that only oc-
curs after host interaction with virulent strains
of this bacterium.
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