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This paper deals with the intracellular multiplication of mycobacteria in
peritoneal macrophages from mice and rats immunized with tubercle bacilli or
pretreated with Triton WR 1339. If unstimulated macrophages were used,
almost unrestricted multiplication of mycobacteria was observed in macro-
phages from both vaccinated and pretreated hosts after infection of the cells in
vitro. Only when the infection of the cells was performed in the peritoneal cavity
of vaccinated hosts did the macrophages display a high degree of inhibition. This
striking difference in the behavior of macrophages infected in vitro and in vivo is
explained by the local inflammation caused by the intraperitoneal infection,
which leads to an influx of T-cell mediators. When macrophages from hosts pre-
treated with Triton WR 1339 were used, inhibition of the multiplication of myco-
bacteria within cells infected in vitro or in vivo was very slight, though this com-
pound displayed a marked protective effect in the host. Addition of streptomycin
to the culture medium caused a strong inhibition of intracellular mycobacteria
even in small concentrations; there was no difference between normal and “im-
mune” macrophages. When rats were infected with virulent tubercle bacilli,
they were initially fully susceptible to the infection but showed rapid onset of a

strong immune response.

For studies of host-parasite interactions, peri-
toneal macrophages in culture were interacted
with Mpycobacteria, Salmonellae, Listeriae,
Pasteurellae, viruses, fungi, protozoa, and tu-
mor cells (for review, see reference 68). Espe-
cially the macrophage-tubercle bacillus interac-
tions with respect to resistance to tuberculosis
have been studied extensively by many investi-
gators (1, 3, 11, 13, 16, 27, 33, 42, 45-48, 50, 54—
56, 62-64, 69, 74).

Most frequently macrophages from the perito-
neal cavity of mice have been used in these
experiments, although alveolar macrophages
differ from peritoneal macrophages by their
higher content of lysosomal enzymes and their
higher degree of activation (14, 57-59) and
therefore appear to be more suitable for such
studies.

The aim of the experiments reported here
was to investigate the behavior of peritoneal
macrophages of mice and rats in vitro and in
vivo towards an experimental infection with
mycobacteria in relation to acquired cellular
immunity or resistance of the host.

For this purpose, mice and rats were immu-
nized and reinfected with mycobacteria; in
other experiments animals were treated with
Triton WR 1339 in order to enhance resistance
to infection. Cultured peritoneal macrophages,
both from immunized and pretreated mice and

rats, were infected with mycobacteria under
different experimental conditions. The intracel-
lular multiplication of bacteria as well as cellu-
lar morphology were used to assess the degree
of acquired immunity or resistance.

MATERIALS AND METHODS

Animals. Outbred mice of the specific pathogen-
free strain HOE NMRK( (SPF 71) or female rats
respectively of the specific pathogen-free strain
SPRKTf (SPF 71) were used.

Mycobacteria.  Mycobacterium  tuberculosis
strains H37Rv and H37Ra, Mycobacterium bovis
strains Ravenel and BCG, and Mycobacterium smeg-
matis were maintained by serial passage in vitro.

Preparation of mycobacterial suspensions. For
infection of cell culture, mycobacterial suspensions
from fluid Dubos medium were washed repeatedly
and the bacterial cultures were dispersed until the
supernatant contained mainly single acid-fast ba-
cilli. This was used for infection.

Mycobacterial enumeration in infected ani-
mals. Groups of three to four randomly selected
mice or rats were killed, and the spleens were re-
moved aseptically and homogenized in 10 ml of ster-
ile saline. Suitable dilutions were plated on PH XII
agar; after 4 to 5 weeks, colonies were counted as
previously described (75).

Vaccination. Mice and rats were vaccinated intra-
venously; the macrophages of these animals were
considered “immune” macrophages.

Treatment. Triton WR 1339 was used.
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Assessment of immunity of the immunized
host. Both vaccinated and control mice and rats
were infected by intravenous injection of 107 viable
cells from either strain H37Rv or Ravenel. The effect
of this immunization was evaluated by recording
survival times and viable counts from the spleens in
both groups.

Culture media. Medium TC 199 containing 10%
fetal calf serum (FCS) was used for the cultivation of
uninfected control cells and for the infection of mac-
rophages in vitro. The culture medium for macro-
phages of mice consisted of NCTC 109 (40%), beef
embryo extract (10%), Hanks balanced salt solution
(27%) FCS (10%), liver fraction (10%), glutamine
solution 5% (3%), and penicillin (10 pug/ml of me-
dium). The medium for rat cells contained 37% FCS
instead of 10%, and only TC 199 was used.

Preparation of macrophage cultures. In gen-
eral, we used Chang’s procedure for the collection of
peritoneal cells (7). For uninfected control cells and
for the infection of macrophages in vitro, unstimu-
lated peritoneal cavities of 5 to 10 mice were lavaged
with 2.5 ml of Hanks solution and subsequently with
medium TC 199 containing 10% FCS. In rats, 5 ml
was used. Heparin was added at a concentration of 4
U/ml (mice) or 8 U/ml (rats) to the lavage. Gener-
ally, we obtained 3 to 6 ml of cell suspension contain-
ing approximately 10° to 3 x 10° macrophage/ml.
Pooled suspensions from several animals were used
for preparing the cultures. The pH of the medium
was adjusted to 7.2 (mice) and 7.5 to 7.6 (rats). For
cultivation of the macrophages, 0.5 ml of cell suspen-
sion and 0.5 ml of medium were mixed, and the
mixtures were placed in Leighton tubes (16 by 150
mm; Bellco Glass, Inc., Vineland, N.Y.).

The cultures were kept in a normal atmosphere at
37 C. In the case of mouse macrophages, the superna-
tant fluid was replaced by fresh medium 2 to 3 h
after implanting the culture. After 24 h, the cultures
were infected and streptomycin was added (experi-
ments 1-4, 13-17, 19). In rat macrophage cultures,
the medium was replaced after 3 to 4 days. Where
indicated, the cultures were infected at this time
and streptomycin was added. Subsequently, the me-
dium was replaced either every 2 days (mice) or once
a week (rats). Glassware was carefully washed in
acid and water; for cleaning of the cover slips an ap-
paratus for continuous watering was designed which
proved advantageous (unpublished data).

Infection of macrophages in vitro. After 24 h
(mice) or 3 to 4 days (rats) in culture, the cells were
infected, each Leighton tube receiving an inoculum
of about 10° mycobacteria.

Infection of macrophages in vive. A 0.2-ml
amount of a suspension containing 2 x 10" to 5 x 107
mycobacteria/ml was injected intraperitoneally. In
some experiments, macrophages were harvested
after 2 h as described above. Measurement of intra-
cellular mycobacterial multiplication was per-
formed as indicated above.

In other experiments, macrophages were har-
vested 2, 4, 24, and 48 h after infection of the donor
animals. After transplanting the cell population to
Leighton tubes as indicated above, macrophages
were allowed to adhere, and the cover slips were
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removed and stained 2 h afterwards. In most experi-
ments three to five mice were used for each given
time point.

Measurement of intracellular mycobacterial
multiplication and macrophage morphology. Two
hours after infection and 24, 48 h, and up to several
days thereafter, two to three randomly selected
cover slips were removed and stained by a combined
Ziehl-Nielsen and hematoxylin method. The follow-
ing were scored: (i) number of infected cells; and (ii)
number of intracellular mycobacteria per 100 in-
fected macrophages. For these purposes, the data of
two to three cover slips removed at the same time
were averaged. More than 20 intracellular mycobac-
teria was defined as a “cord.” Using this procedure,
it was possible to follow the trend of the bacterial
population. The number of macrophages in infected
cultures which represents the cell destruction by
multiplying mycobacteria was estimated at the end
of each experiment, as was the morphology of indi-
vidual cells.

RESULTS

Multiplication of M. tuberculosis in unin-
fected normal macrophages of mice. Within
2 h after implantation, virtually all macro-
phages had spread. Macrophages could be
maintained in cell cultures in good condition up
to at least 7 weeks (longest observation period
used). During this observation period, there was
a noticeable increase in size. Between 84 and
92% of the cells were mononucleated; 6 to 12.5%
had two nuclei and 0.8 to 1.0% had three nuclei;
less than 1% had four or more nuclei. Mitoses
could not be observed.

Multiplication of M. tuberculosis in in-
fected normal macrophages of mice. Apatho-
genic mycobacteria (M. smegmatis) did not
multiply intracellularly; the attenuated H37Ra
strain multiplied initially after infection but
did not lead to cell destruction. Infection with
the virulent strain, H37Rv, resulted in rapid
multiplication and caused destruction of most
infected cells within several days.

Inhibition of intracellular multiplication
(H37Rv) in normal macrophages of mice by
streptomycin. Concentration of 1.0 ug of strep-
tomycin per ml in the medium did not cause
significant inhibition of intracellular multipli-
cation; concentrations of 3.0 ug/ml caused
slight, concentrations of 6.0 pg/ml moderate,
and concentrations of 10.0 wpg/ml and more
marked inhibition of mycobacteria within the
cells. The observation periods in these experi-
ments were up to 9 days.

Infection of immune macrophages of mice
in vitro. The results of these experiments are
shown in Table 1. It is obvious that the macro-
phages from immunized and nonimmunized do-
nors did not differ significantly with regard to
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inhibition of intracellular mycobacteria. Nei-
ther was there a real difference in the percent-
age of infected cells in the number of phagocy-
tized bacteria at any given time. However,
there was a slight difference in the morphology
of infected cells in favor of the immune macro-
phages, and a longer survival of macrophages
from immunized mice in comparison to the con-
trols was seen (Fig. 1). In all these experiments,
streptomycin had been added to the cultures in
various concentrations (experiments 7 and 20:
20 upg/ml; experiment 4, 5 ug/ml). A typical
example is shown in Fig. 1.

Because of these unexpected findings, immu-
nization of the donor was tested in a control
experiment (Fig. 2). Inmunization with strain
H37Rv led to a significant prolongation of sur-
vival times of donor animals and a decrease of
growth curves of acid-fast bacteria in the
spleens of the host under the same conditions
where we could not demonstrate a clear-cut
difference in the bacteriostatic effect of unstim-
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ulated peritoneal macrophages.

In a separate experiment, the influence of
streptomycin on infection rate and multiplica-
tion of phagocytized mycobacteria within nor-
mal and immune macrophages was investi-
gated (Table 2). Addition to the culture medium
of this antibiotic at a concentration of 5 ug/ml
restricted the intracellular multiplication of my-
cobacteria with increase of time, but to a simi-
lar degree in both normal and immune macro-
phages.

Infection of immune macrophages of mice
in vive. In striking contrast to the results of
infecting immune macrophages in vitro are the
results of infection in vivo. Table 3 shows the
results of two experiments in which pooled peri-
toneal washings of normal and immunized mice
were infected in vivo. At any given time the
percentage of infected cells in the control group
was higher than in the macrophages of immu-
nized animals. When the results were evalu-
ated in individual animals, the mean percent-

TABLE 1. Infection of immune macrophages in vitro (mice)

Exp

Percentage of infected cells (no. of H37Rv cells/100 infected cells)

no Macrophages®
' 2 h® 24h 48 h 144 h 192 h
1 I 20 (5.14)° 30 (3.57) 51 (4.03) 59 (5.25)
C 28 (7.21) 34 (4.20) 44 (5.77) 70 (9.18)
2 I 16.5 (8.98) 46 (6.11) 48.6 (9.17)
C 7.0 (2.0 44 (4.93) 415 (7.56)
4 I 5.5 (16.19) 28 (17.62) 52.5 (14.44) 54 (19.03)
C 3.5 (15.24) 19.5 (9.31) 38 (7.43) 44.5 (17.62)

eI, Immune; C, control.
® Time after infection.
“ Numbers in parentheses are means.

100 PER CENT INF MACROPHAGES

100 /

Fi1c. 1. Intracellular multiplication of strain H37Rv in macrophages of normal mice. Symbols: O, 1
bacterium/cell; W, 2 bacterialcell; B, 3 to 4 bacteria/cell; 8, 5 to 8 bacterialcell; B, 9 to 16 bacteria/cell; B,

cords. I, Immune; C, controls.
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Fi1c. 2. Survival rates of mice infected with, 10° H 37Rv and reinfected with 10° M. bovis Ravenel, and
growth curves of acid-fast bacteria in the spleens of these mice. Controls (only infection with Ravenel),
triangles; infection with H37Rv and reinfections with Ravenel, circles; infection with H37Rv, no reinfection,
squares. Open symbols are survival rates; closed symbols are growth rates.

TABLE 2. Influence of streptomycin on infection rate and mean number of intracellular H37Rv cells within
normal and immune macrophages (mice)

Percentage of infected cells

Expt Macrophages Streptomycin (no. of H37Rv cells/100 infected cells)
no. (pug/ml)
2 he 24 h 48 h 144 h
3 Immune 5 5 (17.87)° 22 (13.61) 32.5 (17.09) 42 (15.99)
4 Immune 0 5.5 (16.19) 28 (17.62) 52.5 (14.44) 54 (19.03)
3 Normal 5 1.5 22 (6.59) 29 (12.83) 32 (11.35)
4 Normal 0 3.5 (15.24) 19.5 (9.31) 38 (7.43) 44.5 (17.62)

% Time after infection.
® Numbers in parentheses are means.

TaBLE 3. Infection of immune macrophages in vivo (mice)

Percentage of infected pooled cells in peritoneal exudates

Exp Macrophages®
no- 18 he 20 h 24 h 48h 72h 144 h
9 I 28 <1 <1
C 24 7 8
10 I 5 0 7 5
C 10 1.5 10 18

e [, Immune; C, control.
® Time after withdrawal of peritoneal fluid.

ages of infected cells in the controls were still carried away by the bloodstream.

higher than in immunized cells (Table 4). It is Cellular composition of the cell population
characteristic of this type of experiment that in the mouse peritoneal cavity. Analysis of
the number of infected cells decreases with in-  cells in the uninfected peritoneal cavity of HOE
crease of time, presumably because bacteria are NMRKf mice showed macrophages to be the
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TABLE 4. Infection of immune macrophages in vivo (mice)

Expt No. of

Percentage of infected cells®

no. animals Macrophages®
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¢ I, Immune; C, control.
® Mean + standard deviation.
¢ Time after infection.

? Difference between I and C statistically significant (P < 0.05).

predominant cell (~60%); the rest of the cell
population consisted mainly of lymphocytes. If
mice were infected intraperitoneally, depend-
ing on the size of the inoculum and the time
after infection, large variations in the counts of
macrophages and lymphocytes were found, the
ratio of these two cell types being in most cases
inverted. Additionally, granulocytes were
found in varying numbers.

Growth curves of H37Rv in spleens of nor-
mal rats. Rats were infected with strain Rave-
nel. The bacterial growth curves from spleens
(Fig. 3) showed an initial increase followed by a
significant decrease in the numbers of viable
units, indicating an initial susceptibility of rats
to the infection with virulent tubercle bacilli.
Obviously, there is a rapid emergence of ac-
quired immunity that prevents rats from suc-
cumbing to the tuberculous infection. This is in
sharp contrast to the immunological behavior
of mice in which infection with a virulent strain
in a high infecting dose leads to unchecked
multiplication and ultimately to death.

Uninfected normal rat macrophages. For
the cultivation of peritoneal macrophages from
rats, results were distinctly improved when the
pH of the medium was adjusted to 7.5 to 7.6.
Under these conditions, the macrophages read-
ily adhered to the cover slip but retained their
rounded form for a longer period. Spreading
occurred only after 2 to 3 days, during which
time the medium was not replaced. Rat perito-
neal macrophages have a larger diameter than
those of mice; they survive in culture in good
condition for several weeks.

Infected normal rat macrophages. Infec-
tion with strain H37Rv led to intracellular mul-
tiplication and eventually caused destruction of
many infected cells. However, in most experi-
ments, intracellular multiplication was slower
and the percentage of infected cells lower when
compared with corresponding observations in
mice.

Infection of immune macrophages or rats

-]

LOG NUMBER OF VIABLE UNITS

s + T T T T T
1 £y 0 15 20 2% 30 35 DAYS

Fic. 3. Growth curve of H37Rv in the spleens of
rats. Inoculum: 10® intravenously.

in vitro. As in mice (above and Table 1), no
significant differences could be found between
percentages of infected macrophages and num-
bers of H37Rv bacteria per 100 infected cells of
normal and immunized animals (Table 5).

Infection of immune macrophages of rats
in vivo. The results of Table 6 clearly demon-
strate significant differences in the percentages
of infected macrophages of normal and immu-
nized rats being in good agreement with the
corresponding experiments in mice (above and
Table 4).

Survival rates and growth curves of
H37Rv in spleens of mice pretreated with
Triton WR 1339. Figure 4 shows the results of
a typical experiment; the survivial rates demon-
strate good prophylactic effects of Triton WR
1339.

Infection of Triton-treated macrophages
in vitro (mice). In none of the six separate
experiments carried out was there a significant
difference between controls and macrophages
from Triton-treated donors (Table 7).

Infection of macrophages from Triton-
treated donors in vivo (mice). With this type
of infection, an influence of the above treat-
ment with Triton WR 1339 on the intracellular
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TABLE 5. Infection of immune macrophages in vitro (rats)

Percentage of infected macrophages

F;]?;t Macrophages® (no. of H37Rv cells/100 infected cells)
2 h® 24 h 48 h 144 h
5 I 1(13.3) 11 (14.2) 10 (15.1) 6 (8.8)
C 2(12.1) 11 (12.1) 10 (17.2) 17 (14.1)
6 I 22 (7.4) 44 (8.4) 85 (13.2)
C 28 (7.6) 33 (9.1 71 (12.5)
7 I 2 4 17 (3.0)
C 1 3 18 (4.3)
2~ See Table 1.
TABLE 6. Infection of immune macrophages in vivo (rats; experiment 8)
No. of , Percentage of infected cells®
animals Macrophages
2 h" 24 h 48 h 72 h
5 I 0.02 = 0.04¢ 1.3 = 2.6 0.1 = 0.22¢ 0.3 + 0.28¢
5 C 11.8 =738 4.2 + 40 2.4 = 248 1.2 = 1.10

@4 See Table 4.
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F1G. 4. Survival rates from mice pretreated with Triton. Symbols:

——
60 80 DAYS

—————— , Triton (5 x 500 mglkg sub-

cutaneously); @00 0®®®, Triton (10 X 500 mglkg subcutaneously); wmmmmm, controls. Infection: M. bovis

(Ravenel); infection dose: 10° intravenously.

multiplication of strain H37Rv could not be
observed (Table 8).

Infection of Triton-treated macrophages
in vitro and in vive (rats). In both types of
experiments, no inhibitory effect of pretreat-
ment with Triton WR 1339 could be demon-
strated (Tables 9 and 10).

DISCUSSION

It was the main purpose of these investiga-
tions to compare the intracellular multiplica-
tion of mycobacteria in peritoneal macrophages
from hosts immunized with mycobacteria and
from hosts pretreated with Triton WR 1339.
These experiments should reveal whether mac-
rophages in tissue culture are a simple tool for
testing immunizing procedures that provoke ac-

quired cellular immunity or substances that
enhance cellular resistance in the host. Further-
more, these experiments should disclose which
experimental conditions are most suitable to
demonstrate such effects.

In a previous publication (74), it was found
that neither immunization with mycobacteria
nor pretreatment with Triton WR 1339 led to a
significant activation of unstimulated perito-
neal macrophages of mice and rats. In these
experiments, slightly better effects in rats than
mice were observed. In another series of experi-
ments, these earlier observations were reinves-
tigated; the experimental conditions were modi-
fied. The multiplication of strain H37Rv was
tested in normal and immune macrophages
from mice and rats. Under different test condi-
tions, completely different and even contradic-
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tory results were obtained. If unstimulated peri-
toneal macrophages from both species were in-
fected in vitro, tubercle bacilli multiplied in
immune macrophages almost as rapidly as in
those from control animals. However, in some
experiments, the macrophages from immu-
nized animals displayed less destruction at the
end of the experiment than those from nonim-
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munized mice and rats (74). Control experi-
ments with mice demonstrated that immuniza-
tion brought about a significant prolongation of
survival times of donor animals and less multi-
plication of the challenge infection in spleens of
mice when compared with nonimmunized ani-
mals. In these tests experimental conditions

_were used, that were similar to those used in

TaBLE 7. Infection of Triton-treated macrophages in vitro (mice)

Expt

Percentage of infected cells (no. of H37Rv cells/100 infected cells)

no Macrophages®
: 2 h® 24 h 48 h 72 h 144 h
13 T 44 (4.6)" 60 (6.1) 70 (8.4)
C 20 (3.0) 56 (4.8) —d
14 T 10 (3.8) 12 (5.3)
C 12 (4.9) 10 (4.8)
15 T 30 (4.3) 55 (4.5) 55 (5.4) 70 (7.5) 85 (10.0)
C 24 (3.8) 50 (3.5) 60 (5.8) 66 (7.6) 50 (12.3)
16 T 50 (4.1) 65 (4.4) 54 (5.8) 69 (7.4)
C 40  (3.9) 61 (5.5) 75 (6.1) 73 (7.6)
17 T 3.8 (11.3) 9 (15.9) 21 (13.0) 19.5 (12.3)
C 4 (12.5) 8 (8.5) 25 (6.3) 29 (5.1)
18 T 25 (3.36) 39 (3.99) 45 (4.02) 60 (8.2)
C 15 (3.7 43 (3.28) 46 (3.81) 67 (14.3)
“ T, Triton treated; C, control.
® Time after infection.
“ Numbers in parentheses are means.
4 —, Macrophages destroyed.
TABLE 8. Infection of Triton-treated macrophages in vivo (mice)
Expt No. of Macrophages* Percentage of infected cells®
no. animals 2 hr 24 h 48 h 72 h
20 10 T 7.48 + 8.5 14.8 = 9.0 10.36 = 10.0
10 C 15.46 * 4.3 13.6 = 8.5 9.8 = 9.1
21 5 T 8.0 + 6.3 12.8 = 10.1 13.3 = 8.6 113 = 7.8
5 C 8.2 x 6.1 11.0 = 11.4 106 = 7.5 6.3 = 7.1
22 5 T 9.6 = 4.0
5 C 6.2+ 53
23 5 T 14.4 = 93
5 C 17.1 = 11.0
24 5 T 156 = 7.4 24+ 35 54 *6.3
5 C 11.6 = 10.9 9.6 + 6.8 11.0 =+ 6.9
25 5 T 10.2 = 4.2 23.0 = 4.6 19.6 = 10.5 23.8 + 5.3
5 C 6.4 = 5.8 15.0 = 7.6 20.4 = 9.7 9.6 = 8.2

« T, Triton treated; C, control.
® Mean *+ standard deviation.
“ Time after infection.

TABLE 9. Infection of Triton-treated macrophages in vitro (rats; experiment 19)

Percentage of infected cells (no. of H37Rv cells/100 infected macrophages)

Macrophages®
2 h® 24 h 48 h 144 h
T 9 (13.0) 8 (13.5) 23 (16.9)
C 2(12.1) 11 (12.1) 10 (17.2) 17 (14.1)

4~ See Table 1.
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TaBLE 10. Infection of Triton-treated macrophages in vivo (rats)

Expt No. of

Percentage of infected cells®

. Macrophages®
no.  animals 3hr 24 h 48h 72 h
26 5 T 19.7 = 17.0 7.3 £+ 54 7.8 x 4.0 7.6 = 6.2
5 C 18.8 + 13.2 1.4 19 3.3 3.1 1.8 £ 23
27 5 T 21.2 = 23.4 0.2 + 0.6¢ 3.3 £ 0.7 3.7 +3.7
5 C 18.2 + 17.6 4.7 + 3.6 29 +26 4.7 = 2.1

4~ See Table 8.

@ Difference between T and C significantly different (P < 0.05).

the experiments with macrophages infected in
tissue cultures.

If growth curves from the spleens of infected,
nonimmunized rats were made, it could be
shown that rats initially were fully susceptible
to an infection with tubercle bacilli. However,
rapid onset of an immune response could be
observed which entailed a significant decrease
of the number of viable units in the spleen after
a short time. These observations agree with the
findings of Lefford et al. (40) and Wagner (74)
and Kief (34). It has been previously shown that
rats, after intravenous injection of human,
bovine, and avian tubercle bacilli, develop tu-
berculous lesions in all the viscera except the
kidney, although the infected animals did not
show clinical symptoms of the disease. He could
demonstrate that at first there is multiplication
of tubercle bacilli in the organs, but after differ-
ent times, dependent on strain and organism,
destruction of the bacilli starts in the different
organs. In these animals a slight, atypical tu-
berculin sensitivity developed.

Macrophages of mice and rats differ in that in
cells from nonimmunized rats, multiplication of
strain H37Rv is slower than in macrophages
from mice.

The findings regarding the almost unre-
stricted multiplication of mycobacteria in un-
stimulated, immune macrophages of mice
agree with the observations of Patterson and
Youmans (63). These authors found that the
rate of multiplication was the same within nor-
mal and immune macrophages. The only effect
that could be observed in these experiments in
favor of the immune macrophages was a better
morphology at the end of the experiment.

In some of our experiments streptomycin was
added to the culture medium in varying concen-
trations. In agreement with previous authors
(8, 63), we found that this antibiotic exerts sig-
nificant inhibition of intracellular mycobacte-
ria even in small concentrations, provided that
the observation period is long enough. It could
be demonstrated that streptomycin permeates
into the cells until an intracellular concentra-

tion three to four times that in the medium is
reached (4). Streptomycin is concentrated
within lysosomes (6, 17, 18, 72); its slow action
on intracellular mycobacteria can induce erro-
neous interpretations. In a critical approach to
the technique, Hart (29) dealt with the prob-
lems that arise when streptomycin is added to
macrophages in culture. If slow-growing orga-
nisms are used, extracellular growth can be
controlled without this antibiotic, which agrees
with our own observations.

Patterson and Youmans (63) came to the con-
clusion that “the intracellular mycobacterio-
static effect of streptomycin was more pro-
nounced when the peritoneal cells used were
obtained from immunized mice than when they
were obtained from nonimmunized mice.” In
our own experiments such an effect was not
demonstrable. It can be ruled out that the
slight inhibitory effect of immune macrophages
infected in vitro as demonstrated by a better
morphology of these cells at the end of the
observation period is due to an effect of this
antibiotic.

When mice and rats were infected intraperito-
neally, the macrophages after transferral to the
test tubes behaved entirely differently from
cells infected in vitro. Those obtained from im-
munized animals displayed a high degree of
inhibition compared with the controls. This ef-
fect could be measured if both techniques were
used: evaluation of pooled exudates and that of
individual exudates. Analogous results were ob-
tained with mice and rats.

The explanation of this striking difference
must take into'account the fact that the experi-
ments with infection in vitro were performed
with unstimulated peritoneal macrophages. In-
vestigations on the local nature of immunity in
tuberculosis by Dannenberg (11) and Dannen-
berg et al. (12, 15) could demonstrate that mac-
rophages enter tuberculous lesions from the
bloodstream. Initially, they are in a relatively
unactivated state; gradually they become acti-
vated and acquire the power to destroy tubercle
bacilli. According to these and other authors,
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the cellular immunity in tuberculosis is mainly
local in nature. If there exists a more extensive
infection, a systemic immunity results but the
macrophages far from the site of infection are
activated only to a low degree. Unstimulated
peritoneal macrophages may be regarded as
end cells (20). Thus, an intravenous immuniza-
tion has very little chance of activation of these
cells.

This situation is fundamentally altered when
a local inflammation is produced. The number
of mononuclear phagocytes is being increased
at the site of inflammation due to the influx of
monocytes (22, 70). When tubercle bacilli are
injected into the peritoneal cavity, a severe lo-
cal inflammation is produced that results in a
change of the cell picture; the number of lym-
phocytes increases, and granulocytes are ob-
served.

Macrophage activation in vivo has been
shown to be a result of lymphocyte-mediated
immunological processes (36, 43, 44, 49-52).
The mediators are specifically sensitized, repli-
cating, short-lived, thymus-derived lympho-
cytes, i.e., T-cell mediators. This class of lym-
phocytes confers adoptive immunity to tubercu-
losis in rats (39). Recently, it could be demon-
strated that thymus-dependent lymphoid cells
transfer immunity in syngeneic mice. The adop-
tive immunity in recipient mice was measured
in terms of the inhibition of growth of mycobac-
teria in the liver and spleen after intravenous
injection (38). In this context, the findings of
Patterson and Youmans (62) must be men-
tioned, which showed that splenic lymphocytes
from mice immunized with viable attenuated
mycobacterial cells (H37Ra) are capable of
bringing about inhibition of multiplication of
virulent tubercle bacilli (H37Rv) within normal
peritoneal macrophages of mice in tissue cul-
ture. Koster et al. (35-37) and McGregor et al.
(44) have shown that thymus-derived lympho-
cytes preferentially emigrate into peritoneal ex-
udates that have been induced experimentally.
Catanzaro et al. (5, 6) described the properties
of the resident lymphocytes of the “normal”
uninflamed peritoneal cavity. These normal
peritoneal lymphocytes were B-cell rich and T-
cell poor. Only less than 5% of the peritoneal
exudate lymphocytes contained surface immu-
noglobulin, whereas approximately 50% of the
normal peritoneal lymphocytes had surface im-
munoglobulin. Thus, there is conversion to a B-
cell-poor and T-cell-rich population after an ex-
perimental inflammation of the peritoneal cav-
ity.

In experiments with mice infected with Liste-
ria monocytogenes, North and Spitalny (61)
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found an accumulation of immunity-mediating
T-cells in casein-induced peritoneal exudates.
In view of these findings, it appears that macro-
phages in the unstimulated peritoneal cavity
are not, or not sufficiently, activated in order to
inhibit intracellular multiplication even if the
host is vaccinated with a potent vaccine. Only
when a local inflammation is set, permitting an
influx of T-cells, does activation of macro-
phages ensue.

In the experiments described in this paper,
the addition of lymphocytes from immune ani-
mals to cultures of their macrophages was not
done as in studies describing a quantitative in
vitro model of cellular immunity in the guinea
pig (66, 67), but the findings of Patterson and
Youmans (62) and those of Lefford (38) make it
highly probable that T-lymphocytes are respon-
sible for the activation of the macrophages.

The role of peritoneal macrophages after a
prophylactic dose of Triton WR 1339 remains
unclear. This nonionic detergent is a lysosomo-
tropic agent thoroughly studied because of its
applicaton in the isolation of hepatic lysosomes
(71). Cornforth et al. (9, 10) described the antitu-
berculous effects of Triton WR 1339 and of re-
lated nonionic, surface-active preparations. All
these substances, even when displaying a high
degree of activity in vivo, were practically with-
out tuberculostatic activity in vitro. Thus, it
was assumed that Triton WR 1339 exerted its
action indirectly, through host mediation. It
could be shown that these surfactants can enter
macrophages in the living host (41). The inhibi-
tion of multiplication of tubercle bacilli within
cells which were harvested from animals that
had been treated previously with Triton WR
1339 was demonstrated in an early publication
(46), but growth of tubercle bacilli in macro-
phages was unaffected if Triton WR 1339 was
added to the tissue culture. It was suspected
that this failure was due to the low concentra-
tion of the compound tolerated in the culture,
and other surfactants were investigated under
similar conditions. Macrocyclon, a compound
that also belongs to the group of nonionic sur-
face-active polyoxyethylene ethers, when added
to the culture medium immediately after infec-
tion markedly inhibited the multiplication of
strain H37Rv within macrophages (28).

In our experiments described above and else-
where (27), Triton WR 1339, when applied to
the host (mice), displayed a marked protective
effect as demonstrated by prolongation of sur-
vival times and decrease of the number of via-
ble bacteria in spleen homogenates. In contrast
to these findings, neither after infecting macro-
phages in vitro nor in vivo was there a signifi-
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cant difference in the intracellular multiplica-
tion of cells harvested from untreated controls
or from pretreated hosts. This is a puzzling
observation which is not easily explained. In
spleen homogenates the number of bacilli de-
creases after a sufficient dose of Triton WR
1339, and it must be assumed that mycobac-
teria in these homogenates stem to a large part
from crushed macrophages. The pharmakoki-
netics of Triton WR 1339 were not investigated
in the experiments described above. Thus, it
can not be ruled out that Triton is only ingested
by macrophages of the liver and the spleen and
not by the monocytes in the blood stream. Thus
the question remains unanswered why perito-
neal macrophages, after infection of the perito-
neal cavity, are not or not sufficiently activated
to bring about an inhibition of the growth of
intracellular mycobacteria, though it must be
assumed that a major part of these exudate
macrophages entered from the blood stream
and cannot be considered cells without suffi-
cient contact with Triton WR 1339 or its possi-
ble metabolites.

As mentioned above, the experiments de-
scribed here should reveal whether peritoneal
macrophages in tissue culture are a simple tool
for measuring cellular immunity or acquired
resistance to infections provoked by chemical
substances. It could be demonstrated that un-
stimulated peritoneal macrophages are not a
true sample of the macrophages handling the
bacteria in the lungs, liver, and spleen. For
establishing a relevant in vitro model, it seems
necessary to infect the donor of the macro-
phages intraperitoneally, which brings about
an influx of monocytes from the. bloodstream
and T-lymphocytes. Under these experimental
conditions, the tissue culture system with mac-
rophages from the peritoneal cavity can indi-
cate the cell-mediated immunity brought about
by an immunization of the host despite the fact
that sufficient immune lymphocytes are not
present in the culture system. In contrast to
these observations, this in vitro system could
not be used to measure the degree of acquired
resistance caused by the prior treatment with
Triton WR 1339.
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