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When interacting with sensitized lymphocytes stimulated by antigen, macro-
phages undergo a number of metabolic and functional changes, generally
referred to as “activation”.! One distinct feature of activated macrophages is
their enhanced capacity to restrict the growth of, or destroy ingested micro-
organisms (2, 3). In particular, it has recently been shown that under certain
conditions, activated macrophages may display considerable cytotoxic activity
in vitro towards certain protozoan parasites (4-7).

Leishmania parasites are obligate intracellular protozoa which may infect
various species of vertebrate hosts, and display a predilection for cells of the
mononuclear phagocyte system (8). Preliminary experiments from this labora-
tory indicated that Leishmania enriettii, a parasite of the guinea pig, was
readily endocytosed by mouse peritoneal macrophages in vitro, in which it
would reside essentially unharmed unless an activating stimulus induced the
cells to destroy the micro-organism (4, 9, 10). Killing of L. enriettii in mouse
macrophages thus constitutes a convenient model system with which to study
the mechanisms of activation. The present report describes the effect of
cocultivation with lymphocytes stimulated by allogeneic cells, and by the T-cell
mitogen concanavalin A (Con A),% on the capacity of mouse macrophages to
destroy ingested L. enriettii. Results of studies on the effects of soluble factors
released by such stimulated lymphocytes will be presented in separate articles.

Materials and Methods

Chemicals, Reagents, and Media. Chemicals were purchased as follows: a-methyl-mannoside
(a-MM) from Sigma Chemical Co., St Louis, Mo.; Con A from Pharmacia, Uppsala, Sweden.

* Supported by grant 1 R01 AI 131 26-01 from the National Institutes of Health, and by grants
from the World Health Organization.

! As pointed out by Allison and Davies (1), the indiscriminate use of this term has led to
semantic confusion. In this report, the meaning of the term “activation” will be restricted to that
of an enhanced capacity to destroy microorganisms.

t Abbreviations used in this paper: a-MM, a-methyl-mannoside; a-MTLA, anti-mouse thymus
lymphocyte antigen; Con A, concanavalin A; DS, Dulbecco’s medium supplemented with 10%
fetal calf serum; MLC, mixed lymphocyte culture; PBS, phosphate-buffered saline; SDS, sodium
dodecyl sulphate.
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Anti-mouse thymus lymphocyte antigen (a«-MTLA) antiserum was a gift from Professor C. Bron,
Institute of Biochemistry, Switzerland. This heterologous antiserum is specific for mouse thymus-
derived lymphocytes and has been fully characterized (11). Media and sera came from Gibco Bio-
Cult Ltd., Paisley, Scotland, and supplementary amino acids and vitamins from Fluka A. G.,
Buchs, Switzerland. Triple distilled, pyrogen-frae water was used for all solutions.

Culture Conditions. Dulbecco’s medium supplemented with 10% fetal calf serum (DS) was
used for the culture of peritoneal macrophages; media for lymphocyte cultures were supplemented
(enriched DS) with L-arginine (final concentration: 200 mg/liter), L-asparagine (36 mg/liter), folic
acid (10 mg/liter), and L-glutamine (800 mg/liter). Cultures were performed in 35-mm Falcon
plastic dishes containing 12 mm diameter round glass cover slips, or in 16 x 60 mm flat-bottom
glass tubes, and maintained at 37°C in an atmosphere of §% CQ, in air.

Macrophage Cultures. 2- to 5-mo-old male C57BL/6 mice were injected intraperitoneally with
3 ml of a sterile suspension of 2% starch in phosphate-buffered saline (PBS) prepared with
pyrogen-free water. The exudate cells were collected 3 days later in Dulbecco’s medium containing
0.5 U/ml of heparin, washed once by centrifugation, and resuspended in DS to a concentration of
1 x 10° nucleated cells/ml. 2-ml vol of the suspension were distributed in 35-mm dishes containing
four round glass cover slips, and/or 0.2 ml in flat-bottom tubes. The vessels were incubated at
37°C for 2-4 h before adding parasites.

Infection of Macrophage Cultures. L. enriettii parasites were prepared as described elsewhere
(12), and suspended in DS to a final concentration of 7-14 x 10° amastigotes/ml. 1-ml vol were
added to macrophages in Petri dishes, and/or 0.1 in tubes, thus providing a ratio of three and one-
half to seven parasites per peritoneal cell in the incubation mixture. The infected cultures were
then incubated for 24 h at 37°C to allow phagocytosis of the added parasites.

Activation of Macrophages. Lymphocyte suspensions were prepared by homogenization of
spleen fragments from appropriate mouse strains in loose-fitting Ten-Broeck glass grinders,
followed by centrifugation at 300 g for 5 min. The pellet was suspended in DS and cell clumps and
debris were allowed to settle at unit gravity for 15 min in the cold. The supernatant cells were
then centrifuged as above and resuspended in enriched DS at appropriate concentrations. 24 h
after infection with L. enriettii, macrophage cultures were carefully washed free from peritoneal
lymphocytes and nonphagocytosed parasites. Spleen cells (either syngeneic with the macro-
phages, or in the form of mixed cultures), as well as reagents, were then added to the infected
macrophages as follows. For mixed cultures, increasing numbers (usually 1.25-20 x 10° cells/35
mm dish) of C57BL/6 lymphocytes, and constant numbers (usually 10 x 10%/dish) of irradiated
(1,000 rads) allogeneic (DBA/2) or control (C57BL/6) cells were added to the cultures in a final vol
of 4 ml of enriched medium per dish. When experiments were done in tubes, !/10th vol and cell
numbers were used. Activation induced by mitogens was obtained in 3-ml (dishes) or 0.3-ml
(tubes) vol, using the number of syngeneic lymphocytes and the concentrations of mitogens
specified in the text. Controls consisted of infected macrophages incubated with identical numbers
of lymphocytes in absence of mitogens, or with mitogens in the absence of spleen cells.

Measurement of Parasite and Macrophage Destruction. Killing of intracellular L. enriettii in
activated cells was followed in two ways: (a) by microscopic examination: cover slip cultures were
fixed in 2% glutaraldehyde in PBS and stained with May-Griinwald-Giemsa. The number of
parasites in 100 macrophages was then determined under x 400 magnification by counting micro-
organisms in 300-400 cells in five fields chosen at random on each cover slip.

Counts of macrophages were performed in parallel to assess the toxicity of stimulated
lymphocytes for these cells. Dead macrophages could easily be distinguished after staining, on
the basis of their pyknotic nucleus and their pale, acidophil, disintegrating cytoplasm. (b) To
measure more precisely parasite killing in activated macrophages, infected cells were lysed with
sodium dodecyl sulphate (SDS), following a technique described in detail elsewhere (13). Briefly,
tube cultures were washed to remove nonadherent cells; 0.5 ml of a 0.05% solution of SDS in
Dulbecco’s medium supplemented with 7.5% fetal calf serum was added to each tube followed by
stirring for 60 s on Vortex mixer. This procedure has been shown to provoke the rupture of
macrophages and to allow the release of unharmed intracellular leishmaniae. 2 ml of DS medium
was then added and the tubes centrifuged at 1,500 g for 10 min. 2 ml of supernate was removed
with an automatic pipette fitted with a sterile tip, and replaced by 2 ml of parasite growth
medium (12). After 3 days of growth at room temperature, live motile forms of the parasite
(promastigotes) were immobilized with formalin and counted in a hemocytometer. Control
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experiments (13) indicated that the number of promastigotes counted after 3 days of growth was
directly proportional to the number of living intracellular amastigotes originally present inside
macrophages in the infected culture.

Standard deviations were calculated from the results of three to five dehermmatlons, signifi-
cance was computed by using Student’s ¢ test.

Measurement of DNA Synthesis. To measure the stimulation of DNA synthesis induced by
mitogens, 0.5 x 10° spleen cells were cultured in flat-bottom tubes in a total vol of 0.3 ml of
enriched DS medium containing appropriate concentrations of Con A. After 48 h of incubation at
37°C, 0.5 uCi of methyl-[*H]thymidine (0.1 ml) was distributed to each tube, and incubation was
resumed. 24 h later, the cells were collected by suction on glass-fiber filters, washed twice with
cold 5% trichloroacetic acid, and processed for scintillation counting.

Treatment with Anti-MTLA Antiserum. 30 million spleen cells were incubated in 1 ml of a
1:10 dilution of rabbit anti-mouse MTLA antiserum for 10 min at 37°C; rat complement was then
added, and the suspensions were further incubated for 20 min. The number of viable cells was
determined by dye exclusion after anti-MTLA antiserum treatment; it was found not to differ
considerably from control preparations incubated without complement or with complement in the
presence of normal rabbit serum. Cell concentrations in treated and control preparations were
adjusted to the same value before addition to macrophage cultures.

Results

Phagocytosis of L. enriettii by Mouse Macrophages. Addition of 2.0 x 10°
starch-induced nucleated peritoneal cells to 35-mm Petri dishes resulted in the
attachment of 1.12-1.46 x 10° cells (five experiments), of which over 98% were
phagocytic, as determined by their capacity to ingest L. enriettii (a parasite
which does not actively penetrate cells). These cells will be hereafter referred to
as macrophages.

24 h after infection of such cultures by addition of 7.0-14.0 X 10° leishmania
amastigotes, the number of intracellular micro-organisms determined on
stained preparations was comprised of between 19 and 44% of the input (five
experiments), resulting in an infection ratio of between one and four parasites
per macrophage. The rest of the amastigotes could be recovered from the super-
natant fluids of the infected cultures, suggesting that neither destruction nor
multiplication occurred intra- or extracellularly during this period.

After washing to remove nonphagocytosed amastigotes, and in the absence of
activating stimulus, intracellular parasite numbers remained essentially un-
changed for 72-96 h, at which time the experiments were terminated (controls,
Fig. 3). In experiments (not reported) where cultures of parasitized macrophages
were maintained for longer periods, the number of intracellular micro-organ-
isms was seen to decrease slowly with time; live intracellular amastigotes could
nevertheless be observed for as long as 10 days after phagocytosis.

Macrophage Activation by Mixed Lymphocyte Cultures (MLCs)

EFFECT OF INCREASING CONCENTRATIONS OF RESPONDING SPLEEN
cELLS. Incubation of leishmania-infected macrophages in presence of MLCs
resulted in rapid morphological disappearance of the intracellular micro-or-
ganisms (Fig. 1A-D). To determine the best conditions for this effect, tube
cultures of infected C57BL/6 macrophages were exposed to mixtures consisting
of increasing numbers of syngeneic spleen cells and constant numbers of
irradiated allogeneic or syngeneic cells. Parasite destruction was assessed after
96 h of incubation by lysis of macrophages with SDS followed by culture of the
released amastigotes.
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Fic. 1. Light microscope observations of parasite destruction in mouse macrophages
activated by MLC. Giemsa stain. Linear magnification: x 750. 1A: L. enriettii-infected
C57BL mouse peritoneal macrophages, before activation. Notice elongated parasites (P) in
a clear vacuole. Inset: higher magnification of a parasitized macrophage, showing parasite
nucleus (N) and kinetoplast (K). 1 B: Same culture as in Fig. 1A, after 48 h of exposure to
a MLC consisting of a mixture 5 x 10° C57BL spleen cells and 10 x 10° stimulator DBA/2
spleen cells per 35 mm Petri dish. Notice rounding of parasites (arrows), an early sign of
macrophage activation in this system. 1C: Same culture as in Fig. 1B, after 96 h of
exposure to MLC. All intracellular parasites have been killed and digested. 1D: Control
culture of L. enriettii-infected macrophages, exposed to 5 x 10° C57BL spleen cells and 10
x 10¢ irradiated syngeneic (C57BL) spleen cells for 96 h. Essentially no damage has been
done to the intracellular parasites.

As shown in Fig. 2, parasite destruction was seen to increase with increasing
numbers of responding lymphocytes in the MLC, until complete disappearance
of the micro-organisms from infected macrophages was observed in cultures
exposed to the highest number of responding lymphocytes (Figs. 1C and 2). A
slight decrease in parasite numbers could also be observed in control macro-
phages incubated with high ratios of syngeneic spleen cells (Fig. 2). However,
this reduction was not significant.

TIME-COURSE OF PARASITE KILLING IN MACROPHAGES COCULTIVATED WITH
MLcs. When parasite destruction was followed microscopically, no detectable
effects were observed for up to 24 h after addition of MLCs to infected
macrophage cultures. Changes in parasite morphology became evident after 48-
72 h (Fig. 1B); parasite destruction then progressed rapidly, until complete
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Fic. 2. Activation of macrophages by MLCs. Macrophage cultures originating from 2 x
10® C57BL peritoneal cells per tube were infected with L. enriettii, then activated by
incubation with increasing numbers of syngeneic spleen cells exposed to a constant number
(10%) of irradiated DBA/2 cells (C57BL/ L, DBA/2) or to 10° irradiated syngeneic cells in
controls (C57BL/ Ly C57BL). The number of live intracellular parasites was determined in
each preparation after 96 h of incubation, by using the SDS technique.

disappearance of the micro-organisms was observed after 96 h of incubation
(Figs. 1C and 3 A).

To determine more precisely the kinetics of parasite killing in macrophages
activated by MLCs, the fate of intracellular leishmaniae was monitored by SDS
lysis of infected cells followed by culture of the released amastigotes. As shown
in Fig. 3 B, intracellular parasite killing occured abruptly between 48 and 72 h
after exposure of macrophages to MLCs, at a time when no reduction in parasite
numbers could be observed in stained preparations (Fig. 3 A). This suggested
that death of the micro-organisms was not followed by their immediate
morphological disappearance from the macrophages.

In six experiments, the number of parasites in macrophages incubated for 96
h with MLCs consisting of 5 x 10° responding and 10 x 10° stimulator cells per
35 mm dish, was consistently found to be reduced to zero. After the same period,
intracellular parasites in control preparations (macrophages incubated with
identical numbers of syngeneic spleen cells) averaged 87-127% of the starting
population. No evidence of toxicity of test or control lymphocyte preparations
for macrophages could be observed microscopically at any time within this
period.

Macrophage Activation by Con A-Stimulated Lymphocytes

EFFECT OF LECTIN CONCENTRATION ON MACROPHAGE ACTIVATION. Incubation
of infected macrophages with syngeneic lymphocytes and Con A resulted in
intracellular parasite destruction (Fig. 4). Maximum activation was observed
by using 1-5 ug/ml of Con A in the incubation mixtures (Fig. 5 A). A marked
decrease in parasite killing was observed at concentrations in excess of 10 ug/
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Fi1c. 3. Time-course of parasite killing in macrophages activated by MLCs. Macrophage
cultures originating from 2 x 10° C57BL peritoneal cells per tube (respectively, 2 x 10° per
35 mm dish) were infected with L. enriettii, then exposed to MLCs containing 5 x 10°
(respectively, 5 x 10%) syngeneic responding and 10° (respectively, 107) irradiated allogeneic
DBA/2 stimulator spleen cells (§——®) or 10° irradiated syngeneic cells (O- - -O) in
controls. 3 A: Intracellular parasite numbers recorded microscopically on stained prepara-
tions (dishes). 3 B: Survival of intracellular parasites determined by SDS release from tube
cultures.

Parasites surviving [ x107%)

ml. That this effect might be attributed to the toxicity of Con A for lymphocytes
was suggested by the fact that both stimulation of DNA synthesis and cell
survival were considerably depressed at the highest concentrations tested (Fig.
5B).

In the absence of lymphocytes, incubation of infected macrophages with 5 ug/
ml of Con A had no effect on the survival of intracellular parasites (Fig. 4D and
Fig. 8); nor were lymphocytes capable of inducing macrophages to destroy
leishmaniae in the absence of Con A (Fig. 5 A).

To determine the lymphocyte concentrations best able to induce intracellular
killing in the presence of Con A, parasitized macrophages were incubated with
various numbers of syngeneic spleen cells and 5 ug/ml of lectin. As judged from
SDS release of live parasites, optimum activation after 48 h was obtained in
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Fic. 4. Light microscope observations of parasite destruction in mouse macrophages
activated by Con A-stimulated spleen cells. Giemsa stain. Linear magnification: x 750. 4 A:
L. enriettii-infected C57BL macrophages, before activation. 4 B: Same culture as in Fig. 4 A,
after 72 h of exposure to 1.25 x 10° syngeneic spleen cells per 35 mm Petri dish, in presence
of 5 ug/ml of Con A. All parasites have been digested. 4C: Same culture as in Fig. 4 A,
after 72 h of exposure to 20 x 10° spleen cells per 35 mm Petri dish, in presence of 5 ug/ml
of Con A. Notice the presence of elongated parasites, indicating lack of activation, and the
poor condition of some of the macrophages (arrows). 4 D: Same culture as in Fig. 4 A, after
72 h of incubation with 5 ug/ml of Con A, in the absence of added spleen cells. Con A alone
does not activate macrophages in this system.

preparations containing 1.25-10.0 x 10® lymphocytes per tube culture (Fig. 6).
Interestingly, increasing spleen cell concentration up to 2 x 10° per tube
(respectively, 2 x 107 per dish) resulted in a significant reduction of macrophage
activation compared to maximum activation obtained with lower cell numbers
(Table I, Figs. 6 and 4C).

Macrophage activation by lymphocytes incubated with 5 ug/ml of Con A
could be abolished almost completely by addition of 0.05 M a-MM to the culture
media (Fig. 7). At this concentration, the glycoside displayed no toxicity
towards either lymphocytes or macrophages.

CYTOTOXICITY OF CON A-STIMULATED SPLEEN CELLS FOR MACROPHAGES. As
shown in Fig. 6, incubation with high numbers of Con A-stimulated spleen cells
also resulted in a toxic effect for macrophages, demonstrable already after 48 h
by the decreased number of living phagocytes attached to the coverslips.
Interestingly, maximum toxicity for macrophages occured at lymphocyte con-
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Fig. 5. Activation of macrophages by spleen cells stimulated by Con A. 5 A: Macrophage
cultures originating from 2 x 10° C57BL peritoneal cells per dish were infected with L.
enriettii, then activated by incubation with 5 x 10° syngeneic spleen cells in presence of
increasing concentrations of Con A. Parasite destruction was determined microscopically
after 48 h of activation. Mean of five determinations, + SD. 5 B: Thymidine uptake and
viability of spleen cell suspensions incubated with the same concentrations of Con A as in
Fig. 5 A. Mean of three determinations, + SD.

centrations (2 x 10%tube) for which parasite destruction was incomplete.
Conversely, parasite killing was highest in cultures containing 1.25-5.0 x 10°
stimulated lymphocytes, where no evidence of toxicity for macrophages could be
seen for up to 72 h (Fig. 8). In these preparations, however, a reduction of the
number of phagocytes was nevertheless observed as incubation was prolonged
further, compared to macrophages in the starting population and to control
cultures incubated with identical numbers of nonstimulated spleen cells (Table
ID.

TIME-COURSE OF PARASITE DESTRUCTION IN MACROPHAGES EXPOSED TO CON A-
STIMULATED LYMPHOCYTES. Parasite killing in macrophages incubated with
Con A-stimulated lymphocytes was monitored by SDS lysis of infected cells
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TabLE I
Inhibitory Effect of High Ratios of Con A-Stimulated Lymphocytes on Macrophage
Activation
Con A-stimulated Live intracellular parasites per culture at 48 h (10~ + SD)
lymphocytes per
culture (x 10-%) Exp. 1 Exp. 2 Exp. 3
0 296.5 + 79.0 1,060.0 = 145.0 1,066.0 + 82.0
1.25 226.5 £ 17.5 126.0 =+ 40.0 36.6 + 16.0
5.0 0 133+ 4.5 82 6.2
10.0 16.5 + 3.0 70,0+ 6.0 14.0 =+ 22.0
20.0 75.0 + 40.0 353.0 + 76.0 412.0 + 114.0
P 0.01 > P >0.001 0.01 > P > 0.001 0.01 > P > 0.001

Macrophage cultures originating from 2 x 10° peritoneal cells were infected with L. enriettii, then
activated by incubation with various numbers of syngeneic spleen cells in presence of 5 ug per ml
of Con A. Parasite destruction was determined by using the SDS technique after 48 h of
activation. Mean and SD calculated from the results of triplicate cultures. Values of P computed
for differences between cultures exposed to 5 x 10° and to 20 x 10° spleen cells.

ConA24

Parasites surviving {x10°) 0=—0
—_ ~N
AL 1
\o_.g "”—’
’f
T T T
~ r o
Macrophages per culture {x10 ‘) me——e

0 §\_§/§ Lo

73

(4 T T T T T T T
0 0312 0625 1.5 25 5.0 100 200
Spleen cells per culture (x1075)

Fic. 6. Macrophage activation by increasing concentrations of Con A-stimulated spleen
cells. Macrophage cultures originating from 2 x 10® peritoneal cells per tube were infected
with L. enriettii, then incubated with increasing numbers of syngeneic spleen cells in the
presence of 5 ug/ml of Con A. Parasite destruction was determined by the SDS method
after 48 h of incubation. The numbers of live macrophages was determined in each
preparation by microscope counts of stained cultures incubated in parallel and under the
same conditions.

after different periods of activation; a representative experiment is shown in
Fig. 8. In three experiments, with 5 x 10° spleen cells per tube and 5 ug/ml of
Con A, no decrease in parasite counts could be detected after 15 h; killing there-
after progressed rapidly, to reach completion within 30-40 h of activation.
Within this period, no toxicity for macrophages could be detected on morpholog-
ical examination of parallel cultures using identical macrophage/lymphocyte
ratios (Fig. 8 and Table II).
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Fic. 7. Effect of -MM on macrophage activation induced by Con A. Tube cultures of
macrophages originating from 2 x 10° peritoneal cells were infected with L. enriettii, then
activated by incubation with 1-5 x 10° syngeneic spleen cells in the presence of 5 ug/ml of
Con A and of 50 mM «-MM. Parasite destruction was determined by the SDS method after
48 h of incubation.

TaBLE II
Cytotoxic Effect of Con A-Stimulated Lymphocytes for Macrophage Cultures
Lympho- Macrophages (x 1075) per tube culture + SD after
cytes per Con A
tube 5 ug/ml
(x 10-%) 24h 48 h 72h 96 h
- — 1.41 = 0.10 1.48 =+ 0.10 1.55 + 0.24 1.30 £ 0.15
10 — 1.43 = 0.08 1.58 + 0.18 1.54 £ 0.15 1.48 = 0.16
1.25 + 1.30 = 0.11 1.44 + 0.13 1.31 + 0.13* 0.99 + 0.23
5.0 + 1.28 + 0.14 1.35 + 0.06* 1.19 + 0.12 0.62 + 0.13
10.0 + 1.24 + 0.06 1.28 + 0.13* 1.24 + 0.16 0.65 + 0.22

Tube cultures originating from 2 x 10° peritoneal cells were infected with L. enriettii, then
activated by incubation with various numbers of syngeneic spleen lymphocytes in the presence
of 5 ug/ml of Con A. The numbers of macrophages attached to the bottom of the vessels were
determined by microscope counts of the stained preparations after increasing periods of
incubation.

* Time of complete intracellular parasite destruction as determined under the microscope.

INHIBITION OF ACTIVATION BY ANTI-THYMOCYTE ANTISERUM. To show that
macrophage activation by Con A-stimulated spleen cells was due to an effect of
the lectin on thymus-derived lymphocytes, C57BL/6 spleen cells were treated
with a rabbit antiserum specific for a-MTLA, in the presence or absence or rat
complement, or with normal rabbit serum and complement as control. Lympho-
cyte concentrations in the various preparations were then adjusted to the same
value, and incubated with parasitized macrophages in the presence of Con A. In
two experiments, o-MTLA treatment in the presence of complement resulted in
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Fic. 8. Time-course of parasite destruction in macrophages activated by Con A-stimu-
lated spleen cells. Tube cultures of macrophages originating from 2 x 10° peritoneal cells
were infected with L. enriettii, then activated by incubation with 5 x 10% syngeneic spleen
cells in the presence of 5 ug/ml of Con A. Surviving parasites were determined by the SDS
method. @———®: numbers of intracellular parasites in macrophages exposed to Con-A
stimulated spleen cells. B- - -W: numbers of live macrophages in parallel cultures
incubated under the same conditions, as determined microscopically on stained prepara-
tions. Controls: parasite numbers in macrophage cultures incubated without spleen cells
nor Con A (O), with spleen cells only (A) and with Con A only (A).

TasLE III
Effect of Anti-MTLA Antiserum Treatment on the Capacity of Spleen Cells to Activate
Macrophages in the Presence of Con A

Live intracellular parasites per culture at 48 h

-3
Treatment of lymphocytes Con !r&nl()s nel (x 107, = SD)
Exp. 1 Exp. 2
None - 183.7 = 37.0 220.0 + 29.2
None + 0.00 0.00
Anti-MTLA + C + 124.0 + 38.2 231.3 + 48.9
Normal serum + C + 1656+ 15 ND

Macrophage cultures originating from 2 x 10° peritoneal cells were infected with L. enriettii, then
activated by incubation with 5 ug per ml of Con A in the presence of 5 x 10° syngeneic spleen cells
treated with anti-MTLA or normal rabbit serum with or without complement. Parasite destruc-
tion was determined from triplicate cultures by using the SDS technique after 48 h of incubation.

a major or total loss of the capacity of the cells to activate macrophages when
stimulated by Con A (Table III).

Discussion
Activated macrophages are characterized by an increased capacity to kill and
digest intracellular micro-organisms, which can be observed in vitro using a
variety of microbes as targets (2, 6, 7, 10, 14-16). In particular, inhibition of the
multiplication of Listeria monocytogenes has been often utilized as an index of
macrophage activation. However, such bacteria present a number of disadvan-
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tages: they multiply rapidly both intra- and extracellularly, leading to macro-
phage disruption, and the addition of antibiotics to control extracellular growth
renders interpretation of the results difficult (17). The use of intracellular
parasites, such as leishmaniae, to monitor macrophage activation, is an
interesting alternative. L. enriettii is insensitive to the antibiotics commonly
used in tissue culture. It is readily endocytosed by mouse macrophages in vitro;
it is not destroyed by nonactivated cells, nor does it destroy them, within the
time period of the experiment. However, activation of host macrophages leads
to rapid intracellular killing and digestion of the micro-organism.

Activation was obtained in vitro by exposure of macrophages to mixtures
consisting of syngeneic responding and irradiated, allogeneic stimulator spleen
cells. No parasite destruction was observed in control preparations containing
syngeneic lymphocytes alone, indicating that activation resulted from the
stimulatory effect of allogeneic cells. A similar situation appears to exist in
vivo, where macrophage activation occurs as a result of graft-versus-host
reactions (18).

The choice of the test system proved to be critical for the precise measurement
of the kinetics of parasite killing in activated cells. A comparison of the two
systems used (Materials and Methods) indicated that SDS lysis of macrophages,
followed by counts of the live (motile) parasites in culture, allowed an earlier
detection of macrophage activation than simple microscopic examination of
stained cultures. Thus, parasite death was not followed by their immediate
morphological disappearance from the macrophages. Alternatively, parasite
inactivation may be a gradual process, a step of which is the inhibition of the
capacity of amastigotes to transform to motile promastigotes in culture.

Con A-stimulated spleen cells induced strong macrophage activation. How-
ever, a decrease in intracellular parasite killing was regularly observed at high
lymphocyte: macrophage ratios (Table I). Failure of the macrophages to become
fully activated when incubated wit large numbers of lymphocytes may reflect a
suppressor activity developing in cultures of Con A-stimulated spleen cells
under crowded conditions (19). Alternatively, activation may occur only within
a certain range of concentrations of the activating lymphokine, above which
macrophages are adversely affected and fail to become activated.

Concomitantly with decreased activation, macrophage monolayers exposed to
high concentrations of Con A-stimulated lymphocytes were partially destroyed
within 48 h. This toxic effect was perhaps related to a nonspecific lectin-induced
cytotoxic activity of the added lymphocytes (20), or to the release by activated
macrophages themselves of cytolytic substances (21).

When activated by lower numbers of Con A-stimulated spleen cells, macro-
phages were affected at a later time and to a smaller extent, and remained
intact for more than 24 h after parasite destruction, indicating that disappear-
ance of the micro-organisms was not due to impaired survival of the host cells.
In addition, macrophages activated by MLCs were not observed to lose viability
for up to 96 h. Absence of toxicity may be related to the weaker activation ob-
tained under these conditions compared to activation induced by Con A-stimu-
lated lymphocytes, as parasite destruction occurred at a later time and re-
quired higher lymphocyte ratios to reach completion.
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A considerable decrease in intracellular parasite killing was also observed
when macrophages and lymphocytes were incubated with Con A at concentra-
tions above 10 ug/ml. Con A has been shown to inhibit phagosome-lysosome
fusion, due to its interaction with membrane receptors (22). However, concen-
trations of the lectin required to demonstrate this effect are well above those for
which decreased activation was noted in our system. Within our test conditions,
increasing concentrations of Con A led to increased toxicity for lymphocytes and
decreased thymidine uptake, a phenomenon also noted by others (23), presum-
ably resulting in a diminished capacity of the spleen cells to activate macro-
phages in this system.

a-MM inhibited the capacity of lymphocytes to activate macrophages when
incubated with Con A. This glycoside interferes with binding of the lectin to cell
surfaces, thus preventing lymphocyte stimulation (24). Although Con A also
binds to macrophages (22), it is unlikely that inhibition of activation by o-MM
was due to decreased binding of the lectin to macrophages, as Con A alone has
no macrophage-activating properties in the present system. Neither did «-MM
prevent interaction of macrophages with a soluble activating factor released by
spleen cells, as supernates of Con A-stimulated lymphocytes could activate
macrophages even in presence of this sugar derivative.?

Macrophage activation in vitro can be shown to depend on the release by
stimulated spleen cells of soluble factor(s) (lymphokines) inducing rapid intra-
cellular parasite killing when added to macrophage cultures free from lympho-
cytes.? Different cell types may be involved in the production of these sub-
stances. Macrophage activation in vivo is a T-cell-dependent phenomenon (25),
which occurs as result of cell-mediated responses to living and non-living
antigens. In accordance, activation was inhibited in this study by treatment of
the responding spleen cells with anti-MTLA antiserum and complement before
stimulation by Con A. However, experiments described here do not rule out the
possibility that part of the activating effect occurred through the agency of B
cells present concomitantly in the incubation mixtures. Spleen cells from
thymo-deficient animals, when stimulated by endotoxin, could promote parasite
destruction comparable to that induced by normal spleen cells interacting with
T-cell stimulants.? This suggests that macrophage activating substance(s) can
be produced by B lymphocytes, in addition to chemotactic factor (26), colony-
stimulating factor (27), and migration-inhibitory factor (28).

Summary

When cultures of normal mouse peritoneal macrophages were infected with
the intracellular protozoan parasite Leishmania enriettii, the micro-organism
was found to survive intracellularly for several days, apparently without
multiplication. However, exposure of infected macrophages to certain stimuli
led to rapid parasite killing and digestion, providing a sensitive assay with
which the mechanisms of macrophage activation can be studied.

Microbicidal activity was induced by incubation of macrophages with synge-
neic spleen lymphocytes, which were stimulated either by allogeneic cells in

3 Y. Buchmiiller and J. Mauél. Manuscript in preparation.
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mixed lymphocyte culture (MLC) or by the plant lectin concanavalin A (Con
A). Cocultivation with MLCs led to parasite killing within 48-72 h, whereas
exposure of infected cells to Con A-stimulated lymphocytes resulted in substan-
tial destruction of the micro-organism within less than 24 h, an effect which
was dependent on the presence of thymus-derived lymphocytes and was in-
hibited by a-methyl-mannoside.

Incubation with Con A-stimulated lymphocytes also led to lysis of part of the
macrophage monolayer. However, parasite killing did not result from decreased
macrophage survival, as destruction of the micro-organism was highest under
culture conditions which were the least detrimental to the phagocytes. Con-
versely, excess numbers of Con A-stimulated lymphocytes were less efficient at
inducing macrophage activation and displayed marked toxicity to the macro-
phage monolayer.

When spleen cells were stimulated by Con A at concentrations above 10 ug/
ml, a decrease was noted in the capacity of macrophages to destroy the parasite,
probably reflecting a toxicity of the lectin for lymphocytes resulting in impaired
activating capacity.

Received for publication 10 January 1978.

References

1. Allison, A. C., and P. Davies. 1974. Mononuclear phagocyte activation in some
pathological processes. In Activation of Macrophages. W. J. Wagner and H. Hahn,
editors. Excerpta Medica, Amsterdam and American Elsevier Publishing Co., Inc.,
New York. 141-156.

2. Mackaness, G. B. 1962. Cellular resistance to infection. J. Exp. Med. 116:381.

3. David, J. R. 1975. A brief review of macrophage activation by lymphocyte mediators.
In The Phagocytic Cell in Host Resistance. J. A. Bellanti and D. H. Dayton, editors.
Raven Press, New York. 143.

4. Mauel, J., R. Behin, Biroum-Noerjasin, and B. Holle. 1975. Studies on protective
cell-mediated mechanisms in experimental leishmania infections. In Mononuclear
Phagocytes in Immunity, Infection and Pathology. R. van Furth, editor. Blackwell
Scientific Publications, Oxford. 663-673.

5. Jones, T. C., L. Len, and J. G. Hirsch. 1975. Assessment in vitro of immunity against
Toxoplasma Gondii. J. Exp. Med. 141:466.

6. Remington, J. S., J. L. Kraehenbuhl, and J. W. Mendenhall. 1972. A role for
activated macrophages in resistance to infection with toxoplasma. Infect. Immun.
6:829.

7. Kress, Y., H. Tanowitz, B. Bloom, and M. Wittner. 1977. Trypanosoma cruzi:
infection of normal and activated mouse macrophages. Exp. Parasitol. 41:385.

8. Preston, P. M., and D. C. Dumonde. 1976. Immunology of clinical and experimental
leishmaniasis. In Immunology of Parasitic Infections. S. Cohen and E. Sadun,
editors. Blackwell Scientific Publications Ltd., Oxford, England. 167-202.

9. Mauel, J., Biroum-Noerjasin, and D. S. Rowe. 1975. Mechanisms of protective
immunity in experimental cutaneous leishmaniasis of the guinea-pig, II. Selective
destruction of different leishmania species in activated guinea-pig and mouse
macrophages. Clin. Exp. Immunol. 20:351.

10. Mauel, J., Biroum-Noerjasin, and R. Behin. 1974. Killing of intracellular parasites
as a measure of macrophage activation. In Activation of Macrophages. W. J. Wagner
and H. Hahn, editors. Workshop Conferences Hoechst, II. Excerpta Medica, Amster-
dam. 260-266.



11.

12

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

JACQUES MAUEL, YOLANDE BUCHMULLER, AND REZA BEHIN 407

Bron, C., and D. Sauser. 1973. Heterologous antiserum to mouse thymus-derived
Iymphocytes. JJ. Immunol. 110:384.

Mauel, J., R. Behin, Biroum-Noerjasin, and D. S. Rowe. 1975. Mechanisms of
protective immunity in experimental cutaneous leishmaniasis of the guinea-pig, I.
Lack of effects of immune lymphocytes and of activated macrophages. Clin. Exp.
Immunol. 20:339.

Mauel, J. R. Behin, and Biroum-Noerjasin. 1973. Quantitative release of live
microorganisms from infected macrophages by sodium dodecyl-sulphate. Nat. New
Biol. 244:93.

Simon, H. B., and J. N. Sheagren. 1971. Cellular immunity in vitro. I. Immunologi-
cally mediated enhancement of macrophage bactericidal capacity. J. Exp. Med.
133:1377.

Blanden, R. V., G. B. Mackaness, and F. M. Collins. 1966. Mechanisms of acquired
resistance in mouse typhoid. J. Exp. Med. 124:585.

Godal, T., R. J. W. Rees, and J. O. Lamvik. 1971. Lymphocyte-mediated modifica-
tions of blood-derived macrophage function in vitro: inhibition of growth of intracel-
lular mycobacteria with lymphokines. Clin. Exp. Immunol. 8:625.

D’Arcy Hart, P. 1974. Critical approach to the technique of assessment of antibacte-
rial effects of activated mouse peritoneal macrophages. In Activation of Macro-
phages. W. J. Wagner and H. Hahn, editors. Workshop Conferences Hoechst, 1I.
Excerpta Medica, Amsterdam. American Elsevier Publishing Co. Inc., New York.
131-137.

Blanden, R. V. 1969. Increased antibacterial resistance and immunodepression
during graft-versus-host reactions in mice. Transplantation (Baltimore). 7:484.
Green, S. S., and R. Wistar. 1976. Characterization of lymphocyte inhibition by
supernatants of crowded lymphocytoblasts. J. Immunol. 117:1429.

Holm, G., and P. Perlmann. 1967. Quantitative studies on phytohemagglutinin-
induced cytotoxicity by human lymphocytes against homologous cells in tissue
culture. Immunology. 12:525.

Ferluga, J., H. U. Schorlemmer, L. C. Baptista, and A. C. Allison. 1976. Cytolytic
effects of the complement cleavage product, C3a. Br. J. Cancer. 34:626.

Edelson, P. J., and Z. A. Cohn. 1974. Effects of Concanavalin A on mouse peritoneal
macrophages. I. Stimulation of endocytic activity and inhibition of phagolysosome
formation. J. Exp. Med. 140:1364.

Gunther, G. R., J. L. Wang, 1. Yahara, B. A. Cunningham, and G. M. Edelman.
1973. Concanavalin A derivatives with altered biological activities. Proc. Natl.
Acad. Sci. U.S.A. 70:1012.

Novogrodsky, A., and E. Katchalski. 1971. Lymphocyte transformation induced by
Concanavalin A and its reversion by methyl-a-D-mannopyranoside. Biochim. Bio-
phys. Acta. 228:579.

Lane, F. C., and E. R. Unanue. 1972. Requirement of thymus (T) lymphocytes for
resistance to Listeriosis. J. Exp. Med. 135:1104.

Wahl, S. M., G. M. Iverson, and J. J. Oppenheim. 1974. Induction of guinea-pig B
cell lymphokine synthesis by mitogenic and non-mitogenic signals to Fe, Ig and C3
receptors. J. Exp. Med. 140:1631.

Parker, J. W., and D. Metcalf. 1974. Production of colony-stimulating factor in
mitogen-stimulated lymphocyte cultures. J. Immunol. 112:502.

Rocklin, R. E., R. P. MacDermott, L. Chess, S. F. Schlossman, and J. R. David.
1974. Studies on mediator production by highly purified human T and B lymphocytes.
J. Exp. Med. 140:1303.



