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Antibody can influence the fate of bacteria in vivo by lysis or opsonisation. 
The former mechanism is of unknown significance. Opsonins, however, are 
important whenever the parasite can resist ingestion but is susceptible to 
inactivation within the phagocytes. Some organisms, however, can multiply 
within cells. The antibody response to such organisms is often at variance with 
the degree of resistance developed against them (1, 2). This has been taken as 
evidence for the existence of an alternative, non-humoral form of acquired 
resistance. I t  is widely held that the alternative mechanism is mediated by 
cells; but this view has not been wholly acceptable (2, 3), and the immuno- 
logical basis for it has never been explained. Tuberculosis and brucellosis are 
two infections in which a cellular component has been claimed to play a role in 
acquired resistance, but they are ill-suited to an experimental approach to the 
problem. For one thing the immune state is not particularly efficient in either 
of them. But this is perhaps of less importance than the technical problems 
encountered in working with the tubercle bacillus, and the fact that virulent 
strains of Brucella are susceptible both to opsonisation (4) and to lysis by 
complement in the presence of specific antibody (5). Unless antibody can be 
excluded as a factor in acquired resistance, difficulties arise in attempting to 
assign significance to non-humoral factors even though they may represent the 
major component of the host's defense mechanism. 

A series of studies has been undertaken to analyse the mechanism of acquired 
resistance to a facultative intracellular parasite, and the immunological proc- 
esses upon which it is based. I t  was realised at the outset that this would be 
possible only if the combination of host and parasite was chosen so that tech- 
nical problems were minimised, and the immune state were efficient enough to 
make its demonstration possible in vitro. 

The present series of investigations deal with the pathogenesis of listeriosis in 
mice. The course of the investigation was dictated by several considerations: 
that non-humoral immunity could express itself in a pure form only against a 
true facultative intracellular parasite; that the mouse develops a true acquired 
resistance to Lisleria (6); and that resistance to Lisleria monocytogenes is not 
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m e d i a t e d  b y  h u m o r a l  f a c t o r s  (7).  E a c h  of t h e s e  q u e s t i o n s  will  b e  d e a l t  w i t h  in 

t u r n .  

Materials and Methods 

Mice.--An out-bred strain of mice was used (Walter and Eliza Hall Institute, Melbourne). 
In individual experiments the animals were of one sex and of comparable age (7 to 8 weeks) 
and weight. A balanced diet was fed in cubed form; it contained no antibiotic additives. 

TEXT-FIG. 1. Fountain used for washing monolayer cultures. The flow of saline from a 
reservoir is controlled by the pinch-cock (right). An inverted culture chamber is shown in 
position over the nozzle; the latter projects into the cavity of the chamber to within 1 ram. 
of its floor. 

Listeria monocytogenesl.--The original strain (serotype I) was obtained from the National 
Collection of Type Cultures (NCTC 7973), London. I t  was grown either in brain-heart in- 
fusion broth (BHI), or maintained at high virulence by serial passage in mice or in macro- 
phage cultures in vitro. It  remained in a smooth phase throughout. 

1 I am indebted to Dr. N. F. Stanley, University of Western Australia, Perth, for supply- 
ing the original culture of L. monocytogenes; and to Dr. M. L. Gray, Montana State Col- 
lege, Bozeman, for determining its serotype. 
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Mouse Macrophage Cultures.--Macrophages were obtained from the free ceils of the peri- 
toneal cavity (8). A volume of 0.25 ml of the peritoneal washings was transferred to a simple 
slide cell (9) (Text-fig. 1). The chamber was completely enveloped, except for its floor, by a 
water-repellant coating of paraffin wax. The cultures were incubated in Petri dishes at 37°C 
in a moist atmosphere containing 5 per cent COs. When macrophages had become adherent, 
loose cells (mostly lymphocytes) were removed by copious washing over the fountain illus- 
trated in Text-fig. 1. Medium consisting of 20 per cent calf serum in Hanks'  BSS was re- 
newed. After 24 hours the cultures consisted of a complete monolayer of macrophages free 
from contaminating cells of other types, and numbering approximately 106 per chamber. At 
this stage they were ready for use. 

Parasitisa~ion of Macrophages.--Bacterial suspensions were prepared from the outgrowth 
of infected macrophage cultures or from a 16 hour culture in BHI medium. The latter was 
centrifuged and resuspended in BSS containing 1 per cent calf serum. Suspensions were dis- 
persed for 5 seconds in a Mullard-M.S.E. magneto-strictive ultrasonicator, and adjusted to an 
appropriate concentration by dilution in culture medium. Each culture was flushed with 100 
ml saline, and 0.2 ml of bacterial suspension added. After 1 to 2 hours' incubation the cultures 
were again washed with 200 to 400 ml. of saline to remove tmingested organisms. 

Enumeration of Bacteria and Plaques.--The number of ingested bacteria was estimated in 
cultures stained with May-Grunwald-Giemsa. Counts were made on two transits through the 
center of the culture area using a planachromatic oil-immersion objective and a magnification 
of 400. Approximately 8000 cells (8 per cent of the total), were surveyed. The total bacterial 
count was computed from the sample count. In counting plaques the whole culture area was 
scanned with an apochromatic objective at a magnification of 200. 

Mouse Passage of L. monocylogenes and Determination of its LD~0.--Groups of 10 mice were 
infected by the intraperitoneal or intravenous injection of 0.2 ml of serial half-log dilutions of 
a sonicated suspension of L. monocytogenes prepared from an appropriate source. The LD~0 
was calculated by the method of Reed and Muench (10). The organism was recovered from the 
spleen of a moribund mouse of the group receiving a minimal lethal dose. After 16 hours 
growth in BIII  it was used to infect a further series of mice. 

Bacterial Enumeration in Spleen and Liver.--Organs were removed aseptically to homo- 
geniser tubes containing 5.0 ml of B i l l  medium. They were dispersed for 1 minute with a 
motorised teflon pestle, and were then serially diluted and plated on well dried BHI-agar in 
quadrant plates. Colony counts were made after incubation for 24 hours. 

Bacterial Agglu~ination.--Serum was serially diluted in saline. A washed suspension of 
formalinized Listeria was added to a final concentration of 109 bacteria per ml. The tubes were 
incubated for 1 hour at 37°C, and stood for 24 hours at  4°C. The end-point was determined 
from the pattern of the deposit and from the presence or absence of microscopic aggregates 
after resuspension. Slide agglutinations were performed on negative sera by mixing them with 
an equal volume of the antigen under a sealed coverslip. The preparations were incubated and 
observed by phase-contrast microscopy. 

Delayed Hypersensitivity in the Foot-Pad.--Antigens which would elicit a delayed reaction 
in the foot-pad of sensitised mice were obtained from culture filtrates of L. monocytogenes. 
The organism was grown in a protein-free medium prepared by dialysing a concentrated 
solution of BHI  medium against distilled water. The dialysate was sterilised by autoclaving 
or by Seitz filtration. A bulk culture, seeded with organisms grown in the same medium, was 
incubated with continuous aeration for 24 hours. The bacteria were removed by centrifuging 
and filtering through sintered glass. The filtrate was injected in a volume of 50 ~1 into the 
right hind foot-pad. The injection site was inspected after 6 to 8 hours to exclude an imme- 
diate reaction, and after 24 hours the thickness of each hind foot was measured to 0.1 mm 
with dial-gauge calipers. 

lmmunlsation.---Mice were iniected intravenously with a sublethal dose of Listeria or 
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with multiple doses of a dead vaccine containing l0 g bacteria/ml.  A number  of inact ivat ing 
agents  were used to prepare vaccines. These were injected by various routes twice weekly for 
4 to 8 weeks. The  animals were bled from the tail (under negative pressure) 6 to 10 days after 
the  last  injection. Serum was separated and used immediately.  

Histological Examlnations.--Tissues for microscopic studies were fixed in mercuric chloride- 
formalin saline fixative. Paraffin sections were stained with hematoxyl in  and eosin, and by 
Gram's  method.  

T A B L E  I 

Numbers of Macrophage-Adapted Listeria Present Initially and the Numbers of Plaques Arising 
after 24 Hours in Duplicate Macrophage Monolayers Prepared from 4 Normal Mice 

Liaeria counted in Estimated total Total plaques Percentage yield 
Mouse sample area Listeria per culture per culture of plaques 

1 24 300 287 95.6  
2 24 300 289 96.3 
3 22 275 267 97.1 
4 28 350 352 100.5 

T A B L E  II  

Estimated LDso at Each Passage of L. monocytogenes in Mice Infected by the Intraperltoneal Route 

Strain tested LD~o 

Wild s train . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
1st passage s train . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
2nd passage strain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
3rd passage strain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
4th passage strain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

6 .0  X 107 
3 .2  X 106 
2 .5  X 105 
3.5  X 105 
2 .8  X lO s 

RESULTS 

I. The Intracellular Growth of Listeria monocytogenes 

The capacity of the original strain of L. monocytogenes to survive within the 
phagocytes of its natural host (11) was first examined in suspensions of rabbit 
polymorphonuclear leucocytes and macrophages, using methods which have 
previously been described (12, 13). I t  was found that the organism was readily 
ingested in the presence of normal serum, but that it survived poorly in both 
types of phagocyte. In particular it was noted that 90 per cent of the ingested 
bacteria were destroyed promptly upon ingestion by rabbit macrophages. 

I t  seemed impossible to proceed unless the organism could be obtained in a 
form capable of surviving more successfully within cells. An attempt was 
therefore made to raise its virulence by animal passage (11) and by adapting 
it to grow in macrophage cultures in vitro. A culture of the parent (wild) 
strain of Listeria was used to initiate a series of mouse passages in vivo, and to 
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infect mouse macrophage cultures in vitro. The la t te r  procedure will be de- 
scribed first. 

Plaque Formation in Macrophage Monolayers.--When a monolayer  of mouse 
macrophages was exposed to a highly dispersed suspension of Listeria at  an 
appropr ia te  concentrat ion the cells became discretely infected, each infected 
cell being separa ted  from the next  b y  uninfected cells (Fig. 1). Organisms cap- 
able of mul t ip ly ing within cells gave rise to clearly circumscribed plaques within 
the monolayer.  I f  the cultures were undis turbed  the plaques became larger, 
bu t  remained discrete. They  could be counted. The  ear ly infectious center 

TABLE I I I  

Comparison of Plaque-Forming Eff~ien~y and Mouse Virulence of Wild, Mouse-Passaged, and 
Mtwrophage-Adapted Strains of L. monocytogenes 

Strain of L. monocytogenes 

Bacteria per ml Wild Mouse-passaged Macrophage-adapted 
medium* 

Percentage Percentage Plaques Percentage Plaques per Plaques per 
infected r infected, infected 

macrophages culture culture cultUre macrophages macrophages 

106 18.0 4 21.0 Confluent 16.0 Confluent 
10 6 2.1 1 2.3 Confluent 1.8 Confluent 
104 0 .2  0 0 .2  56 0.1 68 

LD60~; 7 .2  )< 107 6.2  )< 105 5.3  X 10 5 

* Figures refer to concentration of bacteria used to infect monolayers of mouse 
macrophages. 

LD60 for intraperitoneal route of inoculation. 

shown in Fig. 2 consists of a single cell (pyknofic  nucleus) which has died, 
passing its content  of bacter ia  to two or three surrounding cells. Older plaques 
(Fig. 3) were surrounded b y  a corona of cells moving towards  the infectious 
center,  leaving the ad jacent  area denuded of cells. 

Adaptation of L. monocytogenes to Growth within Mouse Macropkages.-- 

Monolayers were infected with the wild strain of Listeria at a concentration of i0 s per ml. 
of medium. A representative culture was found to contain 15 per cent infected cells, and a 
total population of approximately 1.5 X 10' bacteria per culture. No change was observed in 
these cultures during the first 2 days. On the 3rd day, however, 2 or 3 plaques had arisen in 
each of three cultures. Twenty-four hours later, one culture was gently irrigated to dislodge 
infected cells adhering loosely in the center of the plaques. This material was dispersed by 
sonication and used at a concentration of 104 bacteria per ml to infect fresh monolayers. 
These cultures contained 0.1 per cent infected cells, and plaques appeared in them at the end 
of 24 hours of incubation. They numbered 69, 71, and 72 in three replicate cultures. Thus, 
after a single passage, the plaqulng efficiency had risen to 70 per cent from its original level of 
0.02 per cent. 
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Following a further 12 serial passages in macrophages the plaque-forming 
efficiency was again tested in duplicate  monolayers prepared from 4 normal  
mice. The  results, as shown in Table I, indicate tha t  the plaquing efficiency 
was now almost  100 per cent, and did not  va ry  significantly in cultures pre- 
pared from different mice. The rela t ively constant  relat ionship between the 
number  of s tainable organisms in a monolayer  and the number  of plaques 
arising from them indicates tha t  a plaque is the produc t  of bacter ia l  mult i -  
pl icat ion ini t ia ted within a single cell. 

Enhancement of Virulence by Mouse Passage.--The LDs0 of the organism 
recovered from a minimal ly  infected mouse a t  each successive passage is shown 

TABLE IV 

Total Viable Counts in Livers and Spleens at Intervals after Intravenous Injection of Wild and 
Derived Strains of L. monocytogenes 

Hours after injection 

Strain and inoculum 1 2 4 

~acrophage- 
adapted (2.0 X 
10 5 ) 

Mouse-passaged 
(1.1 X 10 5) 

gCild (1.7 X 10 5) 

Spleen Liver 

1 .4X 104" 7.1 X 10 4 

1 .6X 104 2.9 X 104 

3 .2X  l0 s 5 .8X l0 s 

Spleen Liver 

1 .9X 10 4 6 .2X 104 

Spleen Liver 

1 .6X 104 7.1 X 104 

1.1 X 10 4 2.6 X 10 4 1.2 X 104 1.4 X 10 4 

4 .9X  10 s 3 .1X  10 2 1 .9X 10 2 1 .8X 10 2 

* Means of four mice per group, 

in Table  I I .  I t  will be seen tha t  virulence rose 200-fold in a single step during 
the first passage, bu t  not  during subsequent  passages. The  LDs0 for the organ- 
ism recovered after  the 5th passage was found to be 1.0 X 10 5 by  the intra-  
venous route of injection. 

Comparison of the Virulence and Plaque-Forming EffLciency of Wild and 
Derived Strains of L. monocytogenes.--The wild strain,  and the two strains 
derived from macrophage cultures and b y  animal  passage, were next  com- 
pared with respect  to their virulence for mice, and their abi l i ty  to form plaques 
in monolayers of mouse macrophages.  Each strain was grown for 16 hours in 
B H I  medium, and used to prepare  decimal dilutions for injection into groups 
of mice and to infect monolayers of mouse macrophages.  The results, set  out  in 
Table  I I I ,  show tha t  the derived strains were comparab ly  enhanced in viru- 
lence and equally efficient a t  producing plaques in monolayers of mouse macro-  
phages. If  these characterist ics of the derived strains are related (i.e. if 
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virulence is dependent upon intracellular survival) it follows that a difference 
between the initial survival rates of the wild and derived strains should 
be demonstrable in vivo. 
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Tv.xT-FIo. 2. Viable bacterial counts in the peritoneal washings of mice injected with wild 

(O) and macrophage-adapted (e)  strains of L. monocylogenes. - - - ,  total count; . . . . . . .  , 
extracellular count. 

Inilial Survival Rates of Wild and Derived Strains of L. monocytogenes in the 
Spleens and Livers of Normal M/ce.--The ability of the wild, mouse-passaged 
and macrophage-adapted strains of L. monocytogenes to survive in the tissues 
was determined by  estimating the bacterial populations in spleen and liver at 
intervals after their intravenous injection into normal mice. The results, set 
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out in Table IV, show a difference between wild and derived strains which is 
consistent with the view that  the latter were better able to survive within cells 
I t  was possible, however, tha t  the wild strain was more rapidly ingested and 
for this reason survived poorly in comparison with the other strains. This 
possibility was tested by examining their relative rates of uptake and inactiva- 
tion by  the free phagocytes within the peritoneal cavi ty of normal mice. 

The Fate of Wild and Macrophage-Adapted Strains of Listeria in the Peri- 
toneal Cavity.- 

Comparable numbers of the wild and macrophage-adapted organisms were injected into 
the peritoneal cavity of normal mice. At intervals one mouse was killed from each group and 
the peritoneal cavity was washed out with 2.0 ml of BSS containing 5 i.u. of heparin per ml. 
The washings were divided into 2 parts. One part was centrifuged (500 RP~) to deposit cells 
and ingested bacteria, the other was disrupted by sonication for 20 seconds to free ingested 
bacteria. The superuatant of the first sample and the disrupted second sample were then 
serially diluted and plated on BHI-agar. The deposit of the first sample was smeared and 
stained. 

The rates of ingestion and inactivation of the wild and macrophage-adapted 
strains of Listeria by the phagocytic cells of the peritoneal cavity of normal 
mice axe depicted in Text-fig. 2. This shows that  the rate of uptake was slightly 
higher in the case of the wild strain, but  the difference could not  explain the 
enormous difference in survival rates. This was confirmed in the stained smears 
which showed comparable numbers of ingested organisms at each time interval. 
The adapted organisms retained their staining properties throughout the 
period of observation, whereas the wild strain organisms became empty shells 
with prominent septa within a short period. 

H. The Growth Cycle of Listeria monocytogenes in Vivo 

When a microbial pathogen is susceptible to ingestion by  phagocytes in the 
presence of normal serum it will be found, after intravenous injection, in 
organs rich in the elements of the reficulo-endothelial system. I t  becomes 
possible, then, to s tudy the interaction of host and parasite in the relatively 
precise terms of population dynamics, a method successfully applied in experi- 
mental tuberculosis by  Dubos (2), and his coworkers. The method, which is 
equally applicable to Listeria, is the best means of assessing parasite behaviour 
and the response of the host. 

The Growth of Listeria in Spleen and Livers.- 

It was shown that approximately 90 per cent of an intravenous inoculum of virulent Lis- 
teria could be recovered from the livers and spleens of mice 10 minutes after injection. The 
subsequent fate of these organisms was observed by quantitative bacterial counts made on 
the spleens and livers of mice sacrificed at intervals during the course of infection. Two groups 
of animals were injected with an estimated dose of 1.0 LD60, and were used to determine the 
immediate and long term survival rates in liver and spleen. The other two groups received 
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doses of 0.1 and 10 LDs0, respectively, in order to examine the effect of dose on the growth 
curve of Listetia in rivo. In each experiment 4 mice were killed at each time interval, and 
quantitative cultures were performed on the spleens or spleens and livers of individual mice. 

Table V shows that 84 per cent of the bacterial inoculum was recovered from 
the liver and spleen 10 minutes after injection. The viable counts declined to a 
virtual minimum of 50 per cent at the end of 2 hours. Whether the initial re- 
duction in number is due to death or to migration is unknown. The subsequent 
fate of the bacterial populations surviving in spleen and liver at the end of 4 
hours is shown in the growth curves of the experiment recorded in Text-Fig. 3. 
In both organs the bacterial populations underwent a log-linear increase for the 
first 3 days of infection. The straight lines fitted to the data for the first 72 
hours of growth have slopes corresponding to generation times of 4.8 hours in 

TABLE V 
Total Numbers of Viable Listeria Found in the Spleens and Livers of Mice at Intervals Following 

the Intravenous Injection of 1.1 × 10 s Virulent Listeria 

I Spleen Liver 

Mouse Time after injection Time after injection 

] 10 rain. ] 10 rain. 1 hr. 2 hrs. 4 hrs. 

] ~ W [ e a n  . . . . . . .  

A=SD . . . . . . . .  

i l l .  

2.3* 
1.8 
2.9 
2.0 

2.2 
0.4 

1 hr. 

0.6 
1.5 
1.4 
2.6 

1.5 
0.8 

/ 
2hrs. I 4hrs. 

I 0.8 i 1.4 
1 . 0  0.9 
1 . 0  1 .5  
1.6 1.3 

1.1 1.3 
0.6 0.3 

6.0 8.4 
8.2 2.5 
7.4 5.6 
6.9 2.2 

7.1 4.7 
0.9 2.9 

5.9 
4.7 
3.2 
3.7 

4.4 
1.2 

6.5 
4.5 
1.5 
0.8 

3.9 
2.2 

* Figures multiplied by 104 give absolute organ count. 

the spleen, and 5.1 hours in the liver. The growth rate in the liver is usually 
somewhat slower than this. If these represent intracellular generation times 
for Listeria growing in vivo, they are substantially longer than those com- 
monly observed in static cultures in artificial media in vitro, where the genera- 
tion time is approximately 1 hour at 37°C. A constant growth rate during the 
first 72 hours has been a consistent feature of many growth curves obtained on 
other occasions. The microscopical appearances suggest that no significant 
bacterial death occurs during this period. Beyond this point, however, bac- 
terial growth ceases and a rapid inactivation ensues. The data used in Text- 
fig. 3 includes counts made on mice which would have died (50 per cent lethal 
dose). Four of 12 mice alive on day 5 actually died on days 6 and 7. They were 
excluded from the experiment. The wide standard deviations shown on days 
6 and 10 reflect the unstable balance between host and parasite at this dose 
level. Text-fig. 4 shows the more incisive antibacterial response observed at a 
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TExT-FIG. 3. Mean numbers of viable Listeria recovered from the spleens • - -  • 
and livers O ..... O of normal mice at intervals following the intravenous injection of a 
50 per cent lethal dose of virulent L~teria. The standard deviations of the means are shown 
for spleen counts only. The degree of variation in liver counts was somewhat less. 

lower dose (0.1 LDs0) and the absence of survivors at  a higher dose (10.0 LDs0). 
I t  also indicates that  the initial growth rate is independent  of dosage over a 

wide range. 
Reinfection of Convalescent M/ce. - -The form of the growth curve of Listeria 

in the spleen and liver of normal mice indicates that  the mouse is not  nat ively 
resistant. However, the fact that  growth ceases and bacterial inact ivat ion 
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occurs is not proof that the host has developed a true acquired resistance in 
the immunological sense. Growth could cease within the focal lesions for reasons 
unconnected with immunological processes. The fate of a challenge inoculum of 
organisms was therefore studied in the tissues of convalescent mice. 

The survivors of a primary infection (0.5 LDs0) were challenged intra- 
venously on the 19th day with a lethal intravenous dose estimated to contain 
10 LDs0's (the actual inoculum was 8.9 X 106 = 9 LD60). The behaviour of 
the challenge inoculum in the spleens and livers of the convalescent mice and 
a group of controls is shown in Text-fig. 5. The challenge organism failed to 
grow in the tissues of the convalescent mice, but survived long enough to per- 
mit an almost quantitative recovery of the inoculum 4 hours after injection. 
I t  is not remotely possible that the bacteria introduced at challenge would 
have entered preferentially those areas in the liver affected by the primary 
infection, though in the case of the spleen this is a possibility. I t  is apparent, 
therefore, that the antibacterial mechanism developed during the primary 
infection is widely distributed, retains its bactericidal nature, and persists for 
at least 10 days after the bacteria of the primary infection have been eliminated. 

The Histological Response in Liver and Spleen in Relation to the Growth Cycle 
of Listeria in Vivo.--The growth cycle of L. monocytogenes in vivo has been seen 
to consist of two phases: a phase of logarithmic growth, and a phase of bacterial 
inactivation. The transition between them could show histological features 
which would help in explaining the mechanism of the antibacterial response 
of the host. 

Mice were injected intravenously with 5.6 X 10 ~ (0.5 LDs0) living Lis~da. A mouse was 
killed at daffy intervals, and the spleen and liver were removed. The spleen was weighed be- 
fore and after removing part of it for fixation. The remainder was cultured, the viable count 
being corrected to the original spleen weight. 

The counts obtained on successive days were: 4.0 X 104, 5.1 X 106, 6.6 X 106, 
8.2 X 10 ~, 8.0 X 107, 6.9 X 106, and 4.3 X 104. The growth curve thus took 
the form shown in Text-fig. 3. The histological features corresponding to these 
bacterial counts were as follows: 

At 4 hours the tissues appeared normal, and organisms could not be found in 
Gram-stained sections. 

At 24 twurs (Fig. 4) discrete lesions were readily found in the liver, but with 
greater difficulty in the more complex structure of the spleen. In the liver 
microscopic accumulations of cells were found distributed at random in and 
beyond a liver sinusoid. Each consisted of a loose cluster of admixed neutro- 
phils and mononuclear phagocytes, among which the former predominated. 
Occasionally, as in the lesion illustrated, a small number of Listeria were found, 
confined to a small sector of the focus, and apparently within mononuclear 
cells. Here and at all stages the bacteria were few in proportion to the number 
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of cells present. It may be assumed that each focus represented the response 
evoked by the lodgement and multiplication of a single organism. From its 
estimated growth rate the lesion at 24 hours would contain 8 to 16 bacteria. 
Microscopic appearances were consistent with this prediction. 

A similar response was found in the spleen, but for obvious anatomical 
r easons  t h e  les ion was  less c o m p a c t .  
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TExT-FIG. 4. The mean numbers of viable Listeria recovered on successive days from 

the spleens of mice given intravenous injections of virulent Listeria in doses of 0.1 LDs0 
(O -O), and 10 LDs0 ( 0  0 ) .  All mice receiving 10 LDs0's died on the 3rd day. 

TExT-FIG. 5. Viable Listeria in spleens (O) and livers (O) of normal ( ) and 19-day 
convalescent ( ......... ) mice injected intravenously with 10 LDs0 of virulent Listeria. Each 
point represents the mean count in 4 mice. 
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At 48 hours (Fig. 5) the lesions were larger, with a central core of neutrophits 
surrounded by several layers of mononuclear phagocytes. The bacteria, now 
more numerous, were located at the periphery in association with the latter. 
There were virtually no organisms in the center of the lesion. Presumably 
neutrophils migrating to the center had caused the displacement of parasitised 
macrophages to the periphery. 

At 3 days the lesions differed only in being larger, and in containing at the 
center neutrophils with pyknotic nuclei and a great deal of nuclear debris. 
Healthy macrophages had continued to accumulate at the periphery and were 
proceeding to invade the center of the lesion. In some lesions the dead neutro- 
phils had been completely removed by them. The organisms, now quite numer- 
ous, continued their association with mononuclear cells at the periphery 
(Fig. 6). 

By the 4th day (Fig. 7), the accumulation of macrophages had become quite 
massive. Mitotic figures were numerous among them. The dying granulocytes 
seen on the 3rd day had largely disappeared, so that the lesions consisted 
almost solely of healthy mononuclear cells which had assumed something of 
the appearance of epithelioid ceils. In Gram-stained sections the bacteria 
appeared even more numerous despite a fall in the viable count. I t  was apparent 
from their morphology, however, that they were undergoing a change. In some 
areas the Listeria were bacillary in form and strongly Gram-positive. In others 
they were cocco-bacillary and had lost most of their staining affinity. This 
appearance suggested that the interval between the 3rd and 4th day corre- 
sponded to a period of concomitant growth and death of bacteria. 

On the 5th and 6th days much of the spleen had been replaced by large tracts 
of epithelioid macrophages. Mitotic figures were still numerous. In the liver 
the lesions were more condensed and appeared to be dispersing. The bacterial 
content of the spleen had dropped to perhaps 1 per cent of the number present 
on the previous day, and well stained organisms were difficult to find. A massive 
destruction of bacteria had occurred in situ; this was evident both culturally 
and morphologically. But there was no corresponding change in the character 
of the lesion to account for this. During the period of bacterial inactivation the 
lesions consisted of loosely associated, healthy mononuclear phagocytes--the 
cells with which the organism had been associated throughout. 

Histological Response to Reinfectlon.--An attempt was made to examine 
the histological response to reinfection in the spleen and liver. The architecture 
of the spleen was so abnormal at the time of challenge, that the trivial cellular 
response to reinfection could not be distinguished. 

In the less complex structure of the liver events were more easily followed. 
At 24 hours the lesions of reinfection in 2-week convalescent mice consisted 
almost exclusively of mononuclear phagocytes (Fig. 8), comprising a small 
intrasinusoidal knot. Bacteria could not be found in them. The acute inflamma- 
tory reaction of the primary lesion was completely suppressed. By 48 hours the 
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T~xT-Fm. 6. Mean growth and survival curves of Listerla in spleens of normal mice and 
mice reinfeeted at varying intervals after a primary infection. The curves are numbered for 
the time in weeks between primary and challenge infection. Control curve gives growth in 
non4mmunised mice injected with the same dose of Listeria. 

lesions were smaller and more compact  despite the presence of mitot ic  figures 
(Fig. 9). They  had  almost  disappeared by  72 hours. 

I I L  The Immunological Response to Listeria monocytogenes 

by G. B. Mackaness, M.B., and V. P. Ackerman, M.B. 

A number  of studies were made in the hope of establishing the immuno- 
logical na ture  of the acquired resistance of mice to Listeria monocytogenes. 

The Duration of Acquired Resistance.-- 

A large  n u m b e r  of ma le  mice  of s imi la r  age  was  d iv ided  in to  groups .  A t  in t e rva l s  over  a 
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period of 3 months the mice of one group were given an intravenous immunising dose equiva- 
lent to 0.1 LDs0. At the end of 13 weeks all mice, including unimmunised controls, were chal- 
lenged with an intravenous dose of 1.0 LD~0. Viable counts were performed at dally intervals on 
4 mice from each group. 

The  growth curves of a challenge inoculum given at  vary ing  intervals  after  
a p r imary  infection appear  in Text-fig. 6. They  show a consistent  pat tern .  
Dur ing  the first 2 weeks of convalescence the challenging organism was inacti-  
va ted  wi thout  a pre l iminary  growth phase.  This  capac i ty  for immedia te  inacti-  
va t ion  was still  evident  on the 19th day  in a previous experiment  (Text-fig. 5). 
In  animals  challenged on the 4th and subsequent  weeks, the organisms under- 
went  a foreshortened period of free growth. This became more pro t rac ted  as 

TABLE VI 
A gglutinin Titers Found in Serum from Mice Immunised with Formal-Killed Vaccine, and Mice 

Surviving Primary and Reinfecting Doses of L. monocytogenes 

Agglufinin fiter . . . .  

Normal mice 

Source of serum 

Primary Reinfection mfecfion 
(1.0 LD~o) (100 LD60) 

- -  1:62 

Formal vaccim 

1:1000 

* - - ,  signifies the absence of tube and slide agglutination at serum dilutions of 1:10 and 
1:2, respectively. 

the interval  between p r imary  infection and challenge lengthened. Even  a t  
13 weeks, however, the ant ibacter ia l  response in convalescent mice appeared  
earlier than in control  mice. 

The Antibody Response and the Role of Hum, oral Factors in Acquired Re- 
sistance to Listeria.-- 

Pooled serum was obtained from mice surviving at 10 days after an intravenous dose of 
1.0 LDs0; from similar mice 6 days after an intravenous or intraperitoneal challenge dose of 
100 LD60; from mice injected repeatedly with a formal-killed vaccine; and from normal 
controls. 

The  agglut inin t i ters found in these sera are set out  in Table  VI. 
The  same four serum pools were used to determine whether  humoral  factors 

are involved in the mechanism of acquired resistance. 

Passive Serum Transfer . -  

The three immune sera were tested separately. Recipient mice were injected intravenously 
with 0.4 ml of normal or immune serum, and were challenged 24 hours later with 1.0 LD~o 
living Listeria injected intravenously. The uptake of the organism and its subsequent growth 
in the spleen is shown in Text-fig. 7. 
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The immune sera produced no discernible effect on the growth pattern of 
the organism. 

Presensitisation of Listeria.-- 

A washed suspension of Lister~a was added to an  equal volume of normal  or immune  serum 
(bacterial concentration = 1.0 X 10T/ml). A viable count was performed, and the  mixtures 
were stood for 16 hours  at  4°C. They  were then  sonicated for 5 seconds, and a second viable 
count was made. The  numbers  of viable organisms had increased slightly. The  sensitised 
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TEXT FIG. 7. Mean  growth curves of Listeria in the  spleens of mice infused with normal  
serum • • or immune  serum • . . . . . . . . .  • 24 hours  prior to challenge. A, serum from 
mice immunised with formalized vaccine; B, acute phase convalescent serum; C, serum from 
immune  mice surviving challenge with 100 LD~0's of virulent Listeria. 

organisms were injected intravenously into normal  mice in an  est imated dose of 1.0 X 10 t 
bacteria. 

The data of Text-fig. 8 show no significant differences between the growth 
curves for bacteria treated with normal or immune serum. 

Development of Delayed-Type ttypersensitivity.--Delayed type hypersensi- 
tivity appears to be a feature of the immunological response to intracellular 
parasites in general. I t  was looked for in Listeria-infected mice. 

When a culture filtrate of L. monocytogenes was injected into the foot-pad of 
mice recovering from a primary infection, a well marked tuberculin-type reac- 
tion was observed. I t  commenced after 6 to 8 hours and did not reach a maxi- 
mum for 24 hours or more. When tested at 2 weeks, convalescent mice showed 
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increases in foot-pad thickness ranging as high as 140 per cent. The reaction 
site at 24 hours fulfilled another of the criteria for hypersensitivity reactions of 
delayed type by showing a predominantly mononuclear cell infiltration (14). 
No response occurred in normal mice. 
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TExT-FIG. 8. Mean growth curves of Listeria in the spleens of mice injected with L. mono- 
cytogenes sensitised with normal serum • • or immune serum C) O prior to 
injection. A, Listeria sensitised with agglutinating serum from mice immunised with formalized 
vaccine; B, Listeria treated with 10-day convalescent serum. 

The Development of Hypersensitivity in Relation to the Antibacterial Response.- 
Text-fig. 9 shows the mean number of viable Listeria found in the spleens of 
mice on each successive day of a primary infection which resulted from an 
intravenous dose of 0.5 LDs0. I t  also shows the mean percentage increase in 
foot-pad thickness produced in the same mice by the injection of 50 tA of 
culture filtrate. Account should be taken of the inevitable delay of 24 hours 
between the injection of the culture filtrate and the reading of the hyper- 
sensitivity reaction. Even this lack of precision does not obscure the fact that 
the host's antibacterial response and the emergence of hypersensitivity are 
essentially coincident events. 
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TExT-FIG. 9. Mean spleen counts of 4 normal mice on successive days after infection with 
a sublethal dose of L. monocytogenes. Histogram shows the corresponding percentage increase 
in foot-pad thickness produced by culture filtrate injected 24 hours previously. 

IV. Macrophage Activity in Acquired Resistance to Listeria monocytogenes 

The foregoing studies have shown that Listeria monocytogenes is rapidly in- 
gested in the tissues of normal mice and becomes sequestered mainly in the 
reticulo-endothelial organs of the body. Here, despite an acute inflammatory 
reaction, it multiplies at a constant rate for a period of 3 days. Growth then 
ceases and bacterial inactivation begins in lesions composed predominantly of 
mononuclear phagocytes. On reinfection, these cells alone respond, and in them 
the organism fails to multiply. Since it was not possible to demonstrate anti- 
bacterial properties in the serum of immunised mice, it seemed possible that 
the host's mononuclear phagocytes would display antibacterial activity. The 
method of plaque formation in macrophage monolayers was again applied in 
order to test this possibility. 

When macrophages from the peritoneal cavity of convalescent mice were 
examined, they were found to have undergone marked changes affecting their 
behaviour and morphology. These occurred whether the infection was initiated 
by intraperitoneal or intravenous inoculation. The cells behaved so abnormally 
in the early stages of a peritoneal infection that they could not be used to pre- 
pare monolayers. By the 7th or 8th day, however, they had returned suffi- 
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ciently toward normal to allow tests to be made of their response to living 
Listeria. At this time the host was solidly immune to reinfection and the peri- 
toneal cavi ty was again sterile. I t  was found that  virtually every cell in mono- 
layers prepared from such mice was capable of inactivating ingested Listeria. 

For most  present purposes the aim has been to challenge less than 1 per cent of 
the cells of a monolayer, and so avoid the risk of producing confluent plaques, 
The precaution was unnecessary, however, when challenging the cells of 
recently immunised mice. This is illustrated in the following experiment. 

TABLE VII 
Pl~ue Production in Listeria-Infected Monolayers of Macrophages from Normal and Immune 

Mice, 8 Days after a Sublethal Peritoneal Infection 

Mouse N'o. of LisIeria Estimated No. of Percentage of 
in sample area Listeria/culture plaques/culture Lis~ria yielding plaques 

Normal 

17 
12 
19 
9 

23 
23 

425 
300 
475 
225 
575 
575 

373 
256 
406 
226 
511 
570 

88.2 
85.3 
85.5 

100.4 
88.9 
99.1 

Mean percentage yield of plaques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  91.2 

Immune 

223 
219 
285 
281 
262 
292 

5575 
5480 
7125 
7025 
6550 
7300 

125 
75 
0 

148 
51 
0 

2.2 
1.4 
0. 
2.1 
0.8 
0. 

Mean percentage yield of plaques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  O. 9 

Duplicate monolayers were prepared from 6 normal and 6 immune mice 8 days after peri- 
toneal infection with 105 living L/stor/a. The cultures were washed over the fountain twice in 
24 hours with 200 ml of sterile saline, and were then infected with bacterial suspensions con- 
taining 1 X 10 6 and 2 X 10 6 Listeria per ml for normal and immune cultures, respectively. 
They were then treated as in previous experiments. 

The plaque yields are shown in Table VII .  M a n y  of the immune macro- 
phages were heavily parasitised (Fig. 10), whereas the normal cells were all 
singly infected. The level of infection in the immune cultures was too high to 
reveal the true percentage of Listeria-resistant cells, for it will be seen later tha t  
plaques are wholly absent from more lightly infected monolayers prepared from 
mice recently recovered from a peritoneal infection. 

I t  was apparent  from the same experiment tha t  the antibacterial activity of 
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the immune cells was more than a simple inhibition of growth. Counts revealed 

that  in some cultures more than half of the stainable bacteria disappeared from 
cells during the 24 hour period of incubation (Fig. 11). This stands in contrast 

to the average plaquing efficiency of 91 per cent in the monolayers of normal 

TABLE VIII 

Plaque Yidds and Bacterial Content of Listeria in Infected Monolayers Taken from the Peritoneal 
Cavity at Intervals after a Primary Intravenous Injection of L. monocytogenes 

Days  af ter  infection 

• ~ Mouse 

1 2 3 4 5 7 11 

Normal 
1 213/235' 378/425 332/365 434/510 474/500 407/435 433/485 
2 303/310 403/420 356/395 514/515 458/490 510/605 483/490 
3 357/380 359/395 397/405 446/485 510/485 - -  462/46C 

Average yield, 
per c en t . . .  

1 
Infected 2 

3 

94 92 93 92 92 92 96 

260/310 342/385 390/415 237/475 130/650 52/540 51/51C 
284/285 387/425 433/425 446/525 144/720 36/440 38/48C 
357/325 356/405 364/410 224/535 85/565 - -  49/56C 

Average yield, 
per c en t . . .  98 89 95 59 18 9 9 

Normal 
1 356/355 410/425 - -  250/275 321/365 398/425 
2 335/365 350/365 - -  252/250 468/480 368/365 
3 392/410 400/425 - -  278/300  519/520 479/475 
4 409/425 505/510 - -  302/325  496/530 430/455 

Average yield, 
per cen t . . .  96 99 - -  95 95 98 

1 
Infected 2 

3 
4 

406/425 290/295 --$ 0/300 0/420 0/520 
378/385 436/455 - -  0/355 0/595 0/395 
418/415 435/450 - -  2/355 0/515 0/500 
394/390 484/505 - -  0/285 0/465 0/565 

Average yield, 
per cent . . . .  99 94 - -  0.6 0.3 0 

Mean viable 
spleen count 2 .0X1062.9X 10 c2.4X 107 2 .1X 1081.1X 10~ - -  I 

Number of plaques/Initial number of bacteria per culture. 
Macrophages from infected mice were contaminated with Listeria at the time of re- 

covery from the peritoneal cavity. Confluent growth occurred in all of them. 
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cells (Fig. 12). I t  is possible tha t  the relatively infrequent plaques which arose 
in immune cultures took origin from the small percentage of cells which had 
ingested large numbers of bacteria at  the outset and were toxically damaged 
by  them. 

The Evolution of Cellular Resistance.--The time course for the development of 
antibacterial properties by  the peritoneal macrophages of infected mice was 
studied in animals immunised by  the intravenous route. 

TABLE IX 
Tke Persistence of L~teria-Red, stant Cdls after Peritoneal Infeagon 

Days after infection 
Mice 

7 10 14 18 21 

1 150/168" 170/178 612/615 622/640 270/285 
Normal 2 167/179 158/164 640/645 584/620 195/205 

3 184/172 146/162 561/606 532/540 221/215 

Mean percentage 
plaque yield . . . . .  96 94 97 97 98 

1 0/210 0/190 0/460 120/605 150/245 
Immtmised 2 0/195 0/186 0/455 142/750 138/260 

3 0/225 0/178 2/510 105/565 139/185 

Mean percentage 
plaque yield . . . . .  0 0 0.1 19 67 

* Number of plaques/Number of infecting Listeria per culture. The percentage yields for 
individual mice are not given. 

In two experiments the doses used were 5.0 X I0' and 6.5 X 104. In the latter the infection 
became generalised and the peritoneal cavity was contaminated at one stage of the infection, 
At daffy intervals duplicate monolayers were prepared from 3 or 4 infected mice and an equal 
number of normal control mice. The cells were challenged in the usual way after 24 hours in 
culture. In one experiment viable counts were also performed on the donor mice so that a time 
could be fixed for the onset of the antibacterial response in the spleen, 

The results set out  in Table V I I I  show that  resistant cells first appeared in 
the peritoneal cavi ty  on the 4th day  of infection. The mean spleen counts in 
the infected mice of Experiment 2 (Table VI I I )  also fell on the 4th day as in 
previous experiments. I t  will be noted that  in these animals, which showed a 
contaminated peritoneal cavi ty on the 3rd day, a higher proportion of resistant 
cells appeared than in animals in which the peritoneal cavi ty remained sterile. 

The Persistence of Resistant Cells in Vivo.--It  was seen earlier (Text-figs. 5, 6) 
that  a challenge inoculum of virulent Listeria is inactivated in the tissues of 
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recently convalescent mice without evidence of a preliminary growth phase. 
Later in convalescence this faculty is lost, and the host must reacquire it. 
Since the inactivation of Listeria appears to be the function of modified macro- 
phages, it was of interest to determine whether the free cells of the peritoneal 
cavity lose their antibacterial properties after a similar interval of time. As all 
the macrophages of the peritoneal cavity become resistant to Listeria in the 
course of a peritoneal infection this route was chosen for immunisation even 
though the cells were unsuitable for the preparation of monolayers until after 
the end of the 1st week. 

From the 7th to the 21st day after a primary peritoneal infection (0.2 LD~0), duplicate 
monolayer cultures were prepared from the free peritoneal cells of 3 normal and 3 immunised 
mice, and were challenged in the usual way. 

T A B L E  X 

The Persistence of Listeria-Resistant Properties in Macrophages Maintained in Vitro 

Percentage yield of plaques 

Mouse Normal Immune 

24 hrs. 72 hrs. 24 hrs. 72 hrs. 

1 89 96 10 8 
2 99 84 8 I1 
3 100 89 9 8 

The results in Table I X  show that for 2 weeks the cells were all resistant. 
By the 3rd week, however, the number of resistant cells was greatly reduced. 
I t  would thus appear that the loss of the inactivating mechanism from the 
spleen (Text-fig. 6) is closely correlated with the loss of Listeria-resistant cells 
from the tissues. 

lmmunisation with Dead Listeria.--Listeria inactivated in a variety of ways 
and injected by different routes have failed to protect mice against a lethal 
challenge, to influence the growth curve of Listeria in the spleen, or to induce 
delayed type hypersensitivity (15). Formalinized Listeria were equally without 
effect in promoting a population of Listeria-resistant macrophages. 

Macrophage cultures were prepared from mice at daily intervals following 
the intraperitoneal injection of 10 l° bacterial bodies. Plaque yields could not 
be computed for the first 3 days owing to the presence of dead bacteria. On 
days 4, 5, 6, and 8, however, the percentage yields of plaques were: 97, 93, 95, 
and 96. Almost identical yields were obtained in cultures from untreated mice 
challenged at the same time. 
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The Persistence o.[ Cellular Resistance in Vitro.-- 

A series of cultures was prepared from normal and intravenously immunised mice. Half of 
them were challenged after 24 hours in culture. The rest were washed twice daily, and were 
then challenged on the 3rd day. The plaque yields found at 24 and 72 hours are set out in 
Table X. 

The level of resistance in immune cells remained unchanged. 

GEI~mRAL DISCUSSION 

When considering the pathogenesis of Listeria infection in mice we must 
choose between the possibility that disease results solely from the multipli- 
cation of the few organisms which escape ingestion or predominantly from 
organisms capable of multiplying within ceils. I t  was found that less than 
0.02 per cent of an attenuated strain of Listeria could produce plaques in 
monolayers of mouse macrophages; they were inactivated by peritoneal macro- 
phages in v/z,o; and disappeared in large numbers from the spleen and liver after 
intravenous injection. On the other hand, organisms selected for their capacity 
to kill mice in minimal numbers, or to survive and grow in macrophages in 
vitro, were of enhanced virulence, and survived well in the spleen and liver and 
in macrophages in the peritoneal cavity in vivo. On this evidence it would 
appear that the pathogenicity of L. monocytogenes for mice rests mainly upon a 
faculty to parasitise cells. 

I t  is interesting to compare these observations with the experience of Murray 
(16), who found that the virulence of L. monocytogenes was raised only if a 
minimal lethal dose of organisms was used for passage. With higher doses the 
virulence tended to fall. This could be explained by supposing that many of the 
organisms in a large inoculum were free to multiply in an extracellular phase 
where no opportunity exists for adaptation to intracellular conditions, or for 
selection of mutants with the capacity to survive within cells. I t  is significant 
that in the present study virtually all of the increase in virulence achieved by 
in vivo passage or in macrophages in vitro, occurred in a single step. Presumably 
the procedures used had merely separated organisms which could multiply in 
ceils from those which could not. 

The growth pattern of Listeria in vivo results from certain inherent properties 
in the organism itself, and from the nature of the host's response to it. Each of 
these parameters of the host-parasite relationship can be examined in animals 
infected with sublethal doses of the organism. Initially the parasite population 
increases in the spleen and liver at a constant, but relatively slow rate. If 
growth is occurring for the most part within cells, it would seem that nutritional 
conditions there must be suboptimal; unless of course the bacterial population 
is subject to concomitant growth and death. As there was no microscopical evi- 
dence of this it is reasonable to conclude that the tissues of normal mice, and 
their mononuclear phagocytes in particular, are not inherently able to prevent 
a progressive increase in bacterial numbers. In the course of a primary Listeria 
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infection, however, an antibacterial mechanism appears. I t  does so at a rate 
which corresponds exactly with the rate of development of delayed type hyper- 
sensitivity to Listeria antigens. I t  would appear inevitable that as soon as the 
hypersensitive state is called into being the lesions would be the seat of a focal 
reaction in response to their high content of antigens. Yet nothing was seen 
morphologically at this time---apart from an accelerated mitotic activity and 
the destruction of bacteria. I t  is clear from this, and from the fact that the acute 
inflammatory reaction of the primary infection did not prevent bacterial 
growth, that the antibacterial mechanism does not result from an intensification 
of inflammatory processes brought about by hypersensitivity. 

I t  is even more significant that the tissues of recently convalescent mice were 
able to inactivate injected organisms in the absence of morphological evidence 
of an acute inflammatory response. This would seem to indicate that in resistant 
tissues, either the organism is influenced by a humoral factor before it enters 
cells, or the cells themselves differ from those of normal mice. Evidence for the 
existence of a circulating humoral factor with antibacterial properties was not 
forthcoming. The cells of convalescent mice, on the other hand, were found to 
be significantly altered. 

The evidence linking the antibacterial mechanism of acquired resistance with 
the development of Listeria-resistant properties in host macrophages may be 
simply stated: At the onset of the antibacterial response the organism dis- 
appears, culturally and morphologically, from lesions composed almost ex- 
clusively of rapidly mitosing mononuclear phagocytes. Macrophages with Lis- 
teria-resistant properties make their first appearance in the peritoneal cavity at 
a time which coincides with the establishment of the antibacterial mechanism 
in the spleen and liver and they persist there for as long as the inactivating 
mechanism remains intact in the liver and spleen. Finally, cells with anti- 
Listeria activity retain this property for at least 3 days in vitro, despite repeated 
and copious washing. The last fact, when taken in conjunction with the failure 
to demonstrate protective properties in the serum of manifestly resistant mice, 
is a clear indication that the resistance of the host depends upon certain in- 
trinsic properties of the host macrophages themselves. 

A highly significant correlation was observed between the time of onset of the 
antibacterial mechanism in spleen and liver, and the development of delayed 
type hypersensitivity (Text-fig. 9). The appearance of hypersensitivity on the 
4th day of infection shows that at this time the host has become immunologi- 
cally reactive. This suggests that both the antibacterial mechanism and the 
hypersensitive state are the consequence of a single immunological event. I t  
would even appear possible that acquired resistance to Listeria is directly de- 
pendent upon the hypersensitive state. Unpublished evidence supports this 
view by showing that the host's capacity to produce an accelerated response to 
reinfection (Text-fig. 6), is conterminous with its capacity to react allergically 
to Listeria culture filtrate. 
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This raises the question of how resistant macrophages, which are the basis of 
acquired resistance, arise. They could be either normal, preexisting cells which 
have become modified in some unknown way, or represent an entirely new popu- 
lation of cells sui generis. There was a conspicuous mitotic activity beginning on 
the 4th day in primary lesions, and within 24 hours in the lesions of reinfection. 
Moreover, it has been found that Listeria culture filtrate will induce intense 
mitotic activity in the peritoneal macrophages of hypersensitive mice, but not 
of normal mice (17). These observations point to the possibility that the re- 
sistant cells, or their progenitors, belong to a distinct cell population of specifi- 
cally sensitized cells which respond mitotically to Listeria antigens. The progeny 
would be presumed to possess Listeria-resistant properties. A process of this 
sort would fit with current concepts concerning the origin of antibody producing 
plasmacytes (18). 

This analysis of acquired resistance to Listeria takes no account of the speci- 
ficity of the immunological processes involved, a subject which will be dealt with 
in a future publication. 

SUMMARY 

The mouse was found to be natively susceptible to Lis~ria monocytog~;. Its 
susceptibility was attributed to the capacity of the organism to survive and 
multiplying in host macrophages. During the first 3 days of a primary infection 
the bacterial populations of spleen and liver were found to increase at a constant 
rate. On the 4th day of infection the host became hypersensitive to L~steria 
antigens and at the same time bacterial growth ceased. A rapid inactivation of 
the organism ensued. 

Convalescent mice were resistant to challenge, but  no protective factor could 
be found in their serum. Histological evidence suggested that acquired resistance 
was the result of a change occurring in the host's mononuclear phagocytes. 
When challenged in vitro, the macrophages of convalescent mice were found to 
resist infection with Listeria monocytogenes. Listeria-resistant cells appeared 
during the course of infection at a time which corresponded with the develop- 
ment of the antibacterial mechanism in the spleen. They persisted for as long as 
the antibacterial mechanism remained intact in this organ. 

This period of absolute resistance to Listeria lasted about 3 weeks. Thereafter, 
the host remained hypersensitive but unable to inactivate a challenge inoculum 
of Listeria. However, it remained capable of producing an accelerated response 
to reinfection. This was thought to depend upon an ability to generate a new 
population of resistant cells from a residuum of specifically sensitized macro- 
phages or macrophage precursors still surviving in the tissues as a result of the 
immunological activation which occurred during the primary infection. 
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EXPLANATION OF PLATES 

PLAXE 48 
FIG. 1. A field from a 24-hour monolayer of mouse macrophages which had been 

exposed to a suspension of L. monocytogenes and was fixed immediately after washing. 
I t  contains one singly infected cell, May-Grunwald-Giemsa. X 370. 

FIo. 2. Early plaque formation in a culture of normal macrophages 18 hours after 
infection. The focus consists of a single infected macrophage which has died (pyknotic 
nucleus) and passed its content of bacteria to 2 or 3 surrounding cells, May-Grun- 
wald-Giemsa. X 1850. 
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PLATE 49 
FIG. 3. fl discrete plaque in a monolayer of normal mouse macrophages. The cells 

at the periphery are oriented radially as they migrate towards the infectious center. 
Living culture, 36 hours after infection. X 560. 
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[)LATE 50 
The cellular response to L. monocytogenes in the spleen and liver of mice infected 

with a sublethal dose of organisms by intravenous inoculation. The viable counts 
found in the spleens of these mice oll successive days of the infection are give11 it~ the 
text. 

FIG. 4. A liver lesion at 24 hours. The focus consists of a loose aggregation of phago- 
cytic cells in which polymorphonuclear leucocytes predominate. A small number o1 
Listeria are present in one part  of the focus. Gram stain. X 720. 

FIG. 5. A liver lesion at 48 hours. The Listeria can be seen as small rods and cocco 
bacilli in association with the mononuclear phagocytes (many out of focus) which 
surround the core of polymorphonuclear leucocytes. Gram stain. X 720. 

FIG. 6. A field from the periphery of a liver lesion at 3 days. I t  consists almost 
exclusively of large mononuclear phagocytes. Four or five Listeri~ can be seen at the 
center, Gram stain. X 1350. 

F1G. 7. A typical field in the splenic pulp at 4 days. There are few cells other lhan 
epithelioid macrophages present. Mitoses are numerous (a me~aphase nucleus is 
located in the center of the field). Hematoxylin and eosin. X 720. 
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PLATE 51 
FIo. 8. Reactive focus in the liver of a 14 clay convalescent mouse challenged intra- 

venously 24 hours previously with virulent Listeria. The lesion consists almos! ex- 
clusively of mononuclear phagocytes. Hematoxylin and eosin. X 1000. 

FIG. 9. A liver focus, similar to that of Fig. 8, 48 hours after challenge. The cells 
are exclusively mononuclear. One mitotic figure is seen oi1 the upper right margin of 
the lesion. Hematoxylin and eosin. X 1000. 
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PLATE 52 
F~OS. 10 to 12 are from the experiment recorded in "Fable VII (see test). 
Fi6. I0. Field from a monolayer of macrophages from an immunised mouse to show 

the heavy initial parasitisation with L. monocytogenes. May-Grunwald-Giemsa. 
X 450. 

FIG. 11. Field from the duplicate monolayer of Fig. 10 after incubation for 26 
hours. No plaques were present, half of the organisms ha(] disappeared and those that 
remained stained poorly. May-Grunwald-Giemsa. X 1850. 
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PLATE 53 
FIG. 12. Low power view of a monolayer of lightly infected normal macrophages to 

show the presence of infectious centers after 26 hours of incubation. Five plaques are 
visible; the smaller aggregations are due to foreign bodies. May-Grunwald-Giemsa. 

X 280. 



THE JOURNAL OF EXPERIMENTAL MEDICINE VOL. 116 PLATE 53 

(Mackaness:  Cellular resistance to infection) 


