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When rabbit peritoneal exudate cells were incubated for 24 and 48 h with
phytohemagglutinin-activated lymphocytes or their culture supernatants, two
times as many cells remained adherent to culture slides as in the controls. More
spreading cells were found among the adherent cells in the stimulatea cultures.
Eighty percent of spreading cells that were induced by supernatants were
negative or faintly positive for B-galactosidase. On the other hand, half of the
spreading cells induced by activated lymphocytes were positive (1+ to 4+) for g-
galactosidase. Enhanced reduction of nitroblue tetrazolium was found in the
spreading cells that were stimulated by either phytohemagglutinin-activated
lymphocytes and their supernatants. Under similar conditions, unstimulated
peritoneal cells showed less marked activation. These findings show that macro-
phages can appear morphologically activated and yet not be enzymatically
activated by lymphokines. Possible mechanisms of direct interaction of acti-
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vated lymphocytes and macrophages are discussed.

Macrophages, entering from the bloodstream
into dermal BCG lesions or tuberculin reactions
of tuberculin-positive rabbits, develop in-
creased B-galactosidase activity. Immunologi-
cal activation of macrophages, as monitored by
their B-galactosidase activity in vivo, was
clearly associated with the presence of delayed
hypersensitivity (1, 2, 9).

It is thought that macrophage activation is
induced mainly by lymphokines, released by
antigen-stimulated lymphocytes. In fact, there
are many reports that lymphokines affect mac-
rophages and cause their morphological and
functional alterations (18, 20, 26). Whether
lymphokines directly induce elevation in the
hydrolytic enzyme activity of macrophages is
not certain. According to some reports, lympho-
kines do not affect the activity of macrophage
hydrolytic enzymes (19; H. G. Remold and A.
Mednis, Fed. Proc., p. 753, 1972).

This report shows that lymphokines from
phytohemagglutinin (PHA)-activated lympho-
cytes do not affect the level of the hydrolytic
enzyme p-galactosidase in macrophages and
that intact PHA-activated lymphocytes do af-
fect it. In other words, lymphokines and acti-
vated lymphocytes had different effects on the
activation of macrophages in vitro.

MATERIALS AND METHODS

Animals. Female New Zealand white rabbits,
weighing 2 to 3 kg, were used in all experiments.

Culture media. RPMI 1640 medium (GIBCO,
Grand Island, N.Y.) supplemented with 1% L-gluta-
mine (200 mM) and 10% fetal calf serum, heat-inac-
tivated for 30 min at 56 C, was used for all experi-
ments. Penicillin (100 U/ml) and streptomycin (100
png/ml) were added.

Harvest of macrophages. Animals were exsan-
guinated by severing the carotid artery with a sharp
blade. Peritoneal cells (PC) were harvested from
normal rabbits with 200 ml of heparinized (5 U/ml)
Hanks balanced salt solution (HBSS). Peritoneal
exudate cells (PEC) were obtained 4 days after the
intraperitoneal injection of 100 ml of 0.4% glycogen
in saline. The two types of peritoneal cells were
washed three times with HBSS and resuspended in
culture medium. PC contained 80% macrophages,
15% lymphocytes, and 5% polymorphonuclear leuko-
cytes. PEC contained 88% macrophages, 3% lympho-
cytes, and 9% polymorphonuclear leukocytes.

Preparation of macrophage monolayers. For
macrophage cultures, the cells, at a concentration of
1.0 x 10%/chamber, were allowed to settle on four
chamber tissue culture slides (Lab-Tek Products,
Westmont, I11.). Two hours after incubation at 37 C
in 5% CO, and 95% humidified air, the chambers
were washed five times with HBSS to remove non-
adherent cells, and fresh culture medium was
added.

Harvest of lymph node cells. After the macro-
phages were harvested, mesenteric lymph nodes
were obtained. The capsular membrane of lymph
nodes was gently removed with a corneal plantation
pincette, and the cells were obtained by shaking the
nodes in cold HBSS. The cells were passed through a
stainless-steel screen (30 mesh) to remove tissue
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fragments, washed three times in cold HBSS, and
resuspended in culture medium. Ninety-two percent
of the cells were lymphocytes, 87 to 92% of which
were viable by trypan blue exclusion.

Preparation of PHA-activated lymphocytes and
their culture supernatants. Lymph node lympho-
cytes were incubated in the presence or absence of 6
ul of PHA-P per ml (Difco Laboratories, Detroit,
Mich.) in plastic tubes (no. 2001, Falcon Plastics,
Los Angeles, Calif.). Viable lymphocytes, 107, were
suspended in 5 ml of culture medium. After incuba-
tion for 18 h at 37 C in 5% CO, and 95% humified air,
the culture tubes were centrifuged at 200 x g for 5
min. Supernatants were discarded, and the sedi-
ments were washed three times with culture me-
dium to remove the free PHA-P. After another incu-
bation for 24 h, the culture tubes were centrifuged at
200 x g for 10 min. The supernatants were used as a
source of lymphokines after centrifugation at 1,500
x g for 30 min. The sediments were washed twice,
and used as a source of activated lymphocytes. The
cells in this stage were 90% viable by trypan blue
exclusion. An aliquot of the lymphocyte preparation
was cultured for an additional 54 h, during which
time 60% of the cells became blastoid.

Measurement of cellular adherence. Two meth-
ods were used to count the number of adherent cells
at 24 and 48 h after incubation. One was to count
with a hemacytometer the macrophages released by
shaking the culture slides. The other was to count
the number of macrophages remaining adherent
around the center of the culture slide in 60 micro-
scope fields at 1,000x magnification (143 mm?). The
population of adherent cells was confirmed to consist
mostly of macrophages, as judged by phagocytic ca-
pacity of polystyrene latex particles.

Morphological classification. Macrophages were
classified by morphological criteria as rounded cells,
spindle cells, and spreading cells. Cells in the first
two classifications were considered to be nonacti-
vated macrophages, and cells in the last classifica-
tion were considered to be activated macrophages.

Staining of B-galactosidase. The culture slides
were fixed for 4 min in cold, buffered 1.25% gluta-
raldehyde, rinsed in saline, and incubated 18 h
in Pearson indolyl substrate for B-galactosidase
(5-bromo-4-chloro-3-indolyl- 8-p-galactoside, Cyclo
Chemical Division of Travenol Laboratories, Inc.,
Los Angeles, Calif.) as previously reported (28).

NBT reduction by macrophages. One milliliter of
nitro blue tetrazolium (NBT) solution (1 part of
0.3% NBT in saline, 1 part of 0.1 M phosphate
buffer solution [pH 7.35]), which had been sterilized
through a 0.45-um membrane filter (Millipore
Corp.) was added to the chamber slides, and the
preparations were incubated at 37 C for 20 min. The
culture slides were fixed for 4 min in 1.25% glutaral-
dehyde and were counterstained with hematoxylin.
The cells containing clumped formazan were desig-
nated 2+ positive cells, and the cells with 15 or more
formazan granules were designated 1+ positive
cells.

Assay for MIF. The whole-culture supernatants
were assayed for magrophage inhibitory factor
(MIF) activity by a modification of the method of
David et al. (10). PEC from normal rabbits were
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induced by mineral oil. The cells were washed in
HBSS and suspended to 10% by volume in culture
medium. Capillary tubes were filled with the cell
suspension and centrifuged. The tubes were cut just
below the cell/fluid interface, and the portion con-
taining the cells was placed in Lab-Tek chambers.
They were incubated at 37 C for 36 h, and the area of
migration was projected and measured by planime-
try. The percentage of migration inhibition was esti-
mated by the formula: 100 — ([average area of migra-
tion with culture supernatant]/[average area of mi-
gration without culture supernatant]) x 100. Migra-
tion was considered to be inhibited and MIF to be
present when the inhibition was more than 20% of
the corresponding control culture.

Statistical method. Standard error of the means

V(X - X)¥/n(n - 1)] and P values were calculated
using the Student ¢ method.

RESULTS

Effect of activated lymphocytes and their
supernatants on PEC and PC adherence.
More adherent cells were observed when PEC
and PC were incubated with activated lympho-
cytes or their supernatants than control lym-
phocytes or their supernatants at 24 and 48 h
(Table 1).

Average numbers of adherent PEC per unit
area of chamber slides cultured with activated
lymphocytes or their supernatants were twice
those of controls (P < 0.009 and P < 0.006,
respectively).

These differences were also confirmed by
counting the nonadherent cells, which were
99% viable as determined by the exclusion of
trypan blue dye and by ingestion of polystyrene
latex particles (unpublished observations).
Control chambers contained twice the number
of non-adherent cells than chambers treated
with activated lymphocytes and their superna-
tants (P < 0.015and P < 0.009, respectively).

These effects were also observed with PC, but
the differences were not as significant. Acti-
vated lymphocytes and their supernatants had
similar effects on the adherence of PEC and PC.

Morphological alterations of PEC and PC.
After incubation with activated lymphocytes or
their supernatants, PEC showed remarkable
morphological alterations at 24 and 48 h (Table
1). The cells were much larger and contained
abundant cytoplasm and irregular membranes.
Many phase-dense granules and vacuoles were
seen (Fig. 1 and 2). These morphological char-
acteristics were similar to those seen in acti-
vated macrophages described by Mackaness
(16) and Dannenberg (8).

The morphological alterations induced by ac-
tivated lymphocytes and their supernatants
were similar. Neither preparation induced
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TaBLE 1. Numbers of PEC attached to the culture slides and morphological changes after incubation with
activated lymphocytes or lymphokines"

Adherent PEC per unit Rounded and spindle

Spreading cells

. Incuba- area cells
Stlmula':zi 2;‘ladyeedrto PEC tion time — —
(h) P values values values
Total no. (avs. b) No (avs. b) No (avs. b)
(a) Activated lymphocytes 1,195 + 103 537 + 73 658 + 98
(b) Normal lymphocytes 24 792 =73 0009 57 ig 0462 o451 qp 0.003
(a) Activated lymphocytes 890 + 67 412 =+ 71 478 + 37
(b) Normal lymphocytes 48 588 + 38 0.004 329 = 25  0-157 259 = 35 0003
(a) Lymphokines 1,079 = 54 551 + 130 528 = 60
(b) Control supernatants 2 664 + 84 0.028 437+ 35 0214 227 + 50 0-005
(a) Lymphokines 1,029 = 31 449 * 54 580 + 95
(b) Control supernatants 48 483 =72 0006 309143 0.039 gyl 4g  0.005
“ Four identical experiments were carried out.
e . il

Fic. 1. A monolayer of PEC incubated for 48 h with whole-culture supernatants from PHA-activated
lymphocytes. Many of the spreading cells are negative or faintly stained for B-galactosidase. Ten of the cells
(small arrow) staining more than 1+ for B-galactosidase are seen in this photograph. Only one of them shows
spreading (large arrow). (5-Bromo-4-chloro-3-indolyl-8-D-galactosidase, hematoxylin and eosin; x2,500).

much alteration after 3, 6, and 12 h of incuba-
tion.

Both activated lymphocytes and their super-
natants affected one of the morphological fea-
tures of PC in vitro. The morphological altera-
tions in PC, however, were not as pronounced
as those in PEC.

B-Galactosidase activity of PEC and PC.
The most interesting results were the differ-

ences in the effects of activated lymphocytes
and their supernatants on the B-galactosidase
activity of spreading cells. Macrophages (PEC
and PC) treated with supernatants did not
show increased B-galactosidase activity at 24
and 48 h in spite of remarkable alterations in
their morphology (Fig. 1 and 3). On the other
hand, macrophages treated with activated lym-
phocytes did show increased 8-galactosidase ac-
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F1c. 2. A monolayer of PEC incubated with PHA-activated lymphocytes for 24 k. In contrast with Fig. 1,
most of the spreading cells are stained 1 + to 3 + for B-galactosidase. A typical 3+ cell is marked with a small
arrow, and a typical negative cell is marked with a large arrow. (5-Bromo-4-chloro-3-indolyl-B-D-galactosid-
ase, hematoxylin and eosin; x2,500).
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F1c. 3. Number of spreading cells per unit area
(143 mm?) that were 2+ to 4+ positive for p-galacto-
sidase after incubation with activated lymphocytes or
their whole-culture supernatants.
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tivity at 24 and 48 h (P < 0.007 and P < 0.016,
respectively) (Fig. 2 and 3). Twenty-four-hour
incubation with activated lymphocytes showed
the greatest effect (Fig. 3). :

The percentages of 1+ and 2+ to 4+ B-galac-
tosidase-positive cells among the spreading
cells induced by activated lymphocytes were
30% and 24, respectively, compared with 17 and
6% for lymphocyte supernatants. The total
numbers of 2+ to 4+ B-galactosidase-positive
cells per unit area in the cultures treated with
activated lymphocytes were four times those
found in cultures treated with supernatants at
24 and 48 h (P < 0.009 and P < 0.022, respec-
tively). B-Galactosidase activity in rounded and
spindle cells that were incubated with activated
lymphocytes or their supernatants was similar
to that of the controls.

NBT reduction by PEC. About 30% of the
spreading cells induced by activated lympho-
cytes or their supernatants were weakly posi-
tive for NBT reduction, compared with less
than 9% of the rounded and spindle cells. The
few spreading cells found in the control macro-
phage monolayers treated with normal lympho-
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cytes or their supernatants were also positive
for NBT reduction to the same degree (Fig. 4).
In other words, NBT reduction of PEC was
correlated with the spreading of macrophages,
regardless of the stimulus that caused this
spreading. In PEC, the amount of 8-galactosid-
ase activity was not correlated with the amount
of NBT reduction.

Effect of incubation time. Activated lym-
phocytes may release different mediators when
their incubation was prolonged. Therefore, the
supernatants from 48-h cultures of activated
lymphocytes were evaluated. The results, how-
ever, were the same as with supernatants from
24-h cultures. MIF was present in the superna-
tants from 24- and 48-h cultures of activated
lymphocytes. Inhibition of migration averaged
40 to 50%. Tenfold-diluted supernatants that
had little effect on the morphology of macro-
phage monolayers did not produce migration
inhibition. The control supernatants from nor-
mal lymphocytes did not inhibit the migration
of macrophages. Activated lymphocytes used
immediately after incubation with PHA-P for

%
201

! LY LK
10 ¢

B
Total cell

B d

prrh
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18 h produced effects similar to activated lym-
phocytes used at 24 h after removal of the PHA-
P.

DISCUSSION

Both activated lymphocytes and their whole-
culture supernatants increased the adherence
of PEC and PC to glass and caused morphologi-
cal alterations to a similar degree. However, in
PEC and PC showing these alterations, in-
creased B-galactosidase activity was induced
only by activated lymphocytes, and never by
their supernatants. Macrophages activated by
sensitized lymphocytes (incubated with anti-
gen) are probably more effective in killing bac-
teria than macrophages activated by some of
the lymphokines, in some instances (14, 29, 30),
because the level of B-galactosidase in macro-
phages can be used as a measure of the ability
of macrophages to destroy the tubercle bacillus,
as reported previously (2, 3, 9).

The whole-culture supernatants obtained
from PHA-activated lymphocytes in this exper-
iment contained lymphokines, including MIF

Percentage of rounded and spindle cells that were positive with
NBT test (4 positive cell : 53

.+ positive cell : 1)

1/2

%
50+

40
30-
201
101

Total cell

F1G. 4. Reduction of NBT in activated and nonactivated macrophages. C, Normal lymphocytes; L,

activated lymphocytes.

22

Intensities of -galactosidase

Percentage of spreading cells that were positive with NBT test
(+ positive cell : B ; + positive cell : 4)

—
E

A

Intensities of 3-galactosidase
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and, presumably, macrophage-activating fac-
tors. The increased adherence and morphologi-
cal alterations of PEC and PC after incubation
with the supernatants resembled those found
by Mooney and Waksman (18). They incubated
rabbit PEC for 24 to 48 h with unfractionated
supernatants from antigen-stimulated lymph
node cells.

From the findings presented here, it appears
that lymphokines were not the main factors
increasing the B-galactosidase activity of mac-
rophages, unless unstable mediators are in-
volved. If not via lymphokines, the question
arises as to how activated lymphocytes caused
the increased B-galactosidase activity of macro-
phages.

A strong possibility is a direct membrane
interaction between activated lymphocytes and
macrophages. In our experiments, the culture
slides were shaken for counting nonadherent
cells and were rinsed with saline to remove
floating cells before fixation with glutaralde-
hyde. Therefore, we did not constantly observe
the findings of lymphocyte-macrophage inter-
action. Direct membrane interaction by means
of uropods has been demonstrated in several
experimental systems using the methods of
electron microscopy (15, 27) and time-lapse
phase-contrast cinemicrography (24, 25). This
evidence suggests that stimulatory materials of
activated lymphocytes may be acquired by mac-
rophages through this mechanism.

The bactericidal activity of neutrophils is
known to be closely associated with oxidative
process of the cells; i.e., oxygen-dependent anti-
microbial systems, in the presence or abscence
of myeloperoxidase, play an important role in
the destruction of certain microorganisms (13).
On the other hand, macrophages are activated
by lymphokines and shown higher consumption
of oxygen and hexose monophosphate oxidation
in the culture (20, 21). Therefore, it is of inter-
est to investigate whether the macrophages in
this study are activated or not in respect of
oxidative metabolism.

NBT tests were performed to observe indi-
rectly the activities of oxidative metabolism in
each cell level. About one-third of the morpho-
logically activated PEC that were stimulated
by activated lymphocytes or lymphokines were
positive for the NBT test, as compared with less
than 10% of the nonactivated PEC (Fig. 4).
Little is known about the mechanisms of reduc-
tion of NBT in macrophages. In neutrophils,
associated with NBT reduction is a general in-
crease in oxidative metabolism, characterized
by increases in oxygen consumption (4), hexose
monophosphate shunt activity (4, 23), and pro-
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duction of hydrogen peroxide (5, 23) and the
superoxide anion (6, 7).

Whether or not the mechanisms of NBT re-
duction similar to those found in neutrophils
exist in macrophages is not clear. But NBT
reduction may reflect the enhanced oxidative
metabolism of macrophages, since spreading
cells were more positive for the NBT test than
rounded or spindle cells. If so, the macrophages
activated by lymphokines (or activated lympho-
cytes) may kill certain bacilli through the proc-
ess of oxygen-dependent antimicrobial systems.
The amount of NBT reduction in activated PEC
was weak, though, in contrast with cultured
alveolar macrophages or neutrophils (unpub-
lished observations). This phenomenon may be
related to the evidence that the macrophages
activated by lymphokines exhibit enhanced
bacteriostasis (11, 12, 22). Further work is re-
quired to show whether there are differences
between the antimicrobial systems in the mac-
rophages that were activated by sensitized lym-
phocytes and those found in the macrophages
activated by lymphokines, because no correla-
tion between the amounts of NBT reduction
and B-galactosidase activity was found in acti-
vated macrophages.
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