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To investigate the basic mechanisms of granuloma

Jormation, in vitro granulomas were induced by
culturing murine spleen cells in the presence of arti-
ficial microparticles. Large granulomas developed
around dextran beads. The lesions were inducible
by spleen cells from eitber normal mice or athymic
nude mice. Minimal inflammation was produced
around latex beads. The bistologic features and
time kinetics of granulomas in vitro were well cor-
related with granulomas in vivo. Culture superna-
tants of dextran induced granulomas contained
bigh levels of interleukin-1 (IL-1) activity but not
interleukin-2 (IL-2) or interleukin-4 (IL-4) activ-
ity. IL-1 activity was correlated with granuloma
size. Additionally, granulomas were produced by
culturing spleen cells in the presence of agarose
beads coupled to recombinant IL- 1 or recombinant
tumor necrosis factor-a (TNF-a). Granulomatous
lesions also were induced by macrophage-enriched
Dpopulations in the presence of monokine-coupled
beads. Adberent macropbages, but not nonadber-
ent cells, were required for induction of granulo-
mas in vitro. In contrast, very small lesions were
seen when spleen cells or adberent cells were cul-
tured in the presence of beads coupled to recombi.-
nant IL-2 or recombinant interferon-y (IFN-v).
These results suggest that macrophages and mono-
kines such as IL-1 and TNF-a play an essential role
in granuloma formation in vitro. (Am J Pathol
1989, 134:1189-1199)

Granulomas are focal, predominantly mononuclear tissue
inflammations evoked by persistent irritants."? Granulo-
matous inflammation is associated with many significant
human diseases including tuberculosis, leprosy, sarcoid-
osis, schistosomiasis, berylliosis, and zirconium granulo-
mas. Little information is available currently concerning
the mechanism of granuloma formation. In view of the pre-
dominant participation of macrophages in granulomas, it
is reasonable to assume that macrophages and their
products may be involved in the development of granulo-
matous inflammation. Monokines such as interleukin-1 (IL-
1) and tumor necrosis factor-a (TNF-a) are produced pri-
marily by monocytes/macrophages and these are known
to be responsible for inflammatory and immunologic
events.®® In fact, our recent studies have shown that IL-1
plays a role in the initiation and development of experi-
mental pulmonary granulomas in mice.”"'°

To clarify the fundamental mechanism of granuloma
formation, in vitro granulomas were induced by culturing
immunocompetent cells with artificial microparticles. The
present report gives evidence that in vitro granulomas are
inducible by culturing murine spleen cells in the presence
of artificial microparticles. The kinetics of the lesions was
well correlated with monokine activity in the culture super-
natants. Additionally, in vitro granulomas were produced
by culturing spleen cells in the presence of agarose
beads coupled to monokines (IL-1 or TNF-a), but not T
cell-derived lymphokines (interleukin-2 [IL-2] or interferon-
v [IFN-v]). Macrophages were necessary for granuloma
formation induced by dextran beads and monokine-cou-
pled beads. These results suggest that macrophages and
monokines such as IL-1 and TNF-« play a critical role in
granuloma formation in vitro.
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Figure 1. Granulomatous reactions of spleen cells to dextran beads in vitro. Multiple spleen cells are bound to beads. Spleen cells
were obtained from Balb/c (A), C57BL/6(B), C3H/He (C), and athymic nude mice (D). The lesions are shown 3 days after the culture
(X 150). The granulomatous reactions induced by dextran beads are composed predominantly of macrophages with fewer neutro-

Dphils and lymphocytes.

Materials and Method's
Mice

Female Balb/c (H-2%), C57BL/6 (H-2°), C3H/He (H-2*) and
congenitally athymic Balb/c nude (nu/nu) mice were pur-
chased from Charles River Japan, Tokyo. All mice were
used at 6 to 9 weeks of age.

Culture Medium

Cells were cultured in RPMI 1640 supplemented with L-
glutamine (2 mM), gentamycin (50 ug/ml, GIBCO, Grand
Island, NY), 2-mercaptoethanol (5 X 10~° M), and 10%
heat-inactivated fetal bovine serum (GIBCO). This me-
dium will be referred to as complete culture medium.

Induction of Granulomas In Vitro

Spleen cells were cultured in complete culture medium
in the presence of artificial microparticles (70 to 100 u in

diameter) such as dextran beads (Sephadex G-50; Phar-
macia Fine Chemicals, Piscataway, NJ), polystyrene
beads (latex; Polysciences Inc., Warrington, PA) or cyto-
kine-coupled cyanogen-bromide activated agarose
beads (Sepharose 4B; Pharmacia Fine Chemicals). In cer-
tain experiments, artificial beads were incubated with thy-
mocytes instead of spleen cells. Dextran and polystyrene
beads were sterilized by autoclaving. Cytokine-coupled
agarose beads were sterilized by incubating for 30 min-
utes at room temperature with 1% formaldehyde in phos-
phate-buffered saline (PBS) and extensively washed with
sterile PBS."" The final culture contained 3 X 10° cells and
3 X 10° beads in 1.5 ml. The cells were cultured at 37 C
in 5% CO, . This dose had been shown previously to result
in optimal responses. Cell-to-bead interactions were clas-
sified according to the methods described previously'2:
1, no reaction; 2, 1 or more cells adhering to the bead; 3,
1 or more cells demonstrating the morphologic changes
of blast formation either in the immediate vicinity of or di-
rectly adhering to the bead, accompanied by a circumo-
val mononuclear cell migration; 4, 1 adherent layer of cells
surrounding the entire bead associated with increased
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Figure 2. Scanning electron micrographs of dextran-induced granulomas in vitro. Representative lesions seen 1 (A, X3000) and 3
(B, X2000) days after the culture of Balb/c mouse spleen cells in the presence of dextran beads. Macrophages attached to the bead

surface are the predominant cell type.

mononuclear cell migration; 5, multiple layers of adherent
cells about the bead, accompanied by mononuclear cell
migration. Beads 70 to 100 u in diameter were selected
for measurement. One hundred determinations were
made for each culture well and each experimental group
was studied in triplicate. Determinations were made using
an inverted phase-contrast microscope (IMT-2, Olympus
Co., Ltd., Tokyo, Japan). After classification, each bead
reaction received the accompanying numerical score.
The mean reaction for each experimental group was de-
termined by multiplying the number of cell-to-bead reac-
tions assigned to each of five categories by the number
of that particular classification and then summing the total.
The results are expressed as the resultant mean value of
the triplicate and has been called the granuloma in-
dex (Gl).

Electron Microscopy
At successive intervals after the addition of spleen cells

and after the initiation of granuloma formation, the cultures
were fixed in situ in 2.5% phosphate-buffered glutaralde-

hyde. They were postfixed in 2% OsO,, dehydrated, and
embedded in the epoxy resin. After polymerization, the
thin plastic sheet was removed from the dish. The cultures
were fixed as described above, dehydrated successively
to absolute ethanol, coated with Au/Pd, and examined in
an S700 scanning electron microscope (Hitachi Co., Ltd.,
Tokyo, Japan) operated at 20 kV.

Cell Separation

Spleen cells (2 X 107 cells) were incubated on a plastic
petri dish at 37 C for 2 hours in 5% CO,. The nonadherent
cells were poured off and the residual nonadherent cells
were removed by washing with warm complete culture
medium. Approximately 6 X 10° adherent cells/dish re-
mained (30% yield). Purity of adherent cell preparations
was more than 95% macrophages, examined by nonspe-
cific esterase staining.'

Cytokines

Recombinant human IL-18, with a specific activity of 2
X 107 U/mg, was provided by Dr. Y. Hirai, Immunological
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Figure 3. Kinetics of in vitto granuloma formation. Balb/c
mouse spleen cells were cultured in the presence of dextran
(®) or latex beads (O). Spleen cells from CS7BL/6 mice were
cultured in the presence of dextran (A) or latex beads (A).
C3H/He mouse spleen cells were cultured in the presence of
dextran (R) or latex beads (O). Spleen cells from atl?rmic
nude mice were cultured in the presence of dextran () or
latex beads (). Data represent the mean Gl + SEM from eight
independent experiments of three mice per each condition.
Statistic differences (*) relative to cellular reactions induced
by latex beads (P < 0.02).

Products and Development, Otsuka Pharmaceutical Co.,
Ltd., Tokushima, Japan.'* Recombinant human TNF-«
with a specific activity of 2 X 107 U/mg was supplied by
Asahi Chemical Industry, Co., Ltd., Tokyo, Japan.' Re-
combinant human IL-2 (specific activity, 1 X 107 U/mg)
and recombinant murine IFN-y (specific activity, 1 X 107
U/mg) were gifts from Shionogi Pharmaceutical Co., Ltd.,
Osaka, Japan.'®'” Recombinant cytokines were coupled
to agarose beads (Pharmacia Fine Chemicals), and the
residual active groups were blocked by 1 M of ethanol-
amine (Wako Chemical, Tokyo, Japan) as described pre-
viously.” '8 Similarly, agarose beads coupled to unre-
lated protein, bovine serum albumin (BSA; Sigma, St.
Louis, MO), and plain beads were activated, ethanol-
amine-plugged, and formaldehyde sterilized. Approxi-
mately 70 to 80% of cytokine activities were bound to the
beads examined by bioassays. Thus, 100 to 300 U of
cytokine activity (IL-1, TNF-a, IL-2, or IFN-y) were bound
to 3 X 10® agarose beads.

Bioassays for Cytokine Activities

Cell-free culture supernatants were collected at various
intervals after incubation and were assayed for cytokine
activities. The thymocyte proliferation activity of IL-1 was
determined by its capacity to stimulate Balb/c mouse thy-
mocytes in the presence of phytohemagglutinin (PHA,;
Difco Laboratories, Detroit, MI), as described.™ IL-2 activ-
ity was assayed by its ability to stimulate proliferation of
the IL-2-dependent cell line (CTLL-2).% The CTLL-2 was
provided by Dr. Kendall A. Smith. Proliferation was deter-
mined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltet-
razolium bromide (MTT; Sigma) colorimetric assay.?' In all
assays, a unit of activity was defined as the amount of
materials per milliliter producing a half maximal response.

(%) Day 1
%
7
%
%
%
4 5
Day 3
80|
70}
60|
50}
40}
30}
ilin |
0] 3
0 1 2 3 4 5
Day 7
oia
3 4 5

Classification

Figure 4. Morphologic classification of in vitro granuloma for-
mation after 1, 3, and 7 days of culture. The bistograms illus-
trate the distribution of reactions expressed as a percentage of
the total for category at 1, 3, and 7 days of culture. The batched
bars (B) represent the reactions of Balb/c mouse spleen cells
to dextran beads, and open bars (O) represent the reactions
of cells to latex beads. The distributions shown bere are repre-
sentative of data from six experiments.



Data Analysis

Statistical analysis of data with respect to controls was
performed using the Student's t-test; P values less than
0.05 were considered significant.

Results
Demonstration of Granulomas In Vitro

Experiments were first performed to assess the ability of
spleen cell cultures to respond to artificial microparticles
in vitro. In vitro granulomas were developed when spleen
cells from Balb/c (H-27), C57BL/6 (H-2°), C3H/He (H-2%)
or athymic nude (H-2%) mice were cultured with dextran
beads (Figure 1A-D). Granulomas induced by dextran
beads were conspicuous by day 1, reached maximum
size (Gl, 2.7 to 3.5) by day 3, and then gradually de-
creased in size thereafter. The lesions were composed
predominantly of macrophages with fewer neutrophils.
No proliferation of cells was observed in granuloma-gen-
erating cultures using by MTT colorimetric assay. In con-
trast, the inflammatory reactions induced by latex beads
were considerably smaller and were composed of macro-
phages. Scanning electron micrographs of day 3 granulo-
mas induced by dextran beads showed numerous
pseudopodia extending from the surface of macro-
phages into the dextran bead material and macrophages
bound tightly the beads (Figure 2A, B). Spleen cells from
all strains of mice examined in this study produced granu-
lomas in vitro when cells were cultured with dextran
beads but not with latex beads. A summary of the time
course of murine granuloma formation in vitro of each
strain is shown in Figure 3. A more precise evaluation of
these reactions is shown in Figure 4. The data are ex-
pressed in percentages of cellular responses in each clas-
sification. After 3 days of culture, there was a significant
increase in the number of cellular reactions to dextran
beads but not to latex beads. By day 7, the responses
decreased gradually. The response to artificial micropar-
ticles (dextran and latex beads), histologic characteris-
tics, and kinetics of granulomas in vitro shown in the pres-
ent study correlated well with granuloma formation in
vivo,”8:10

Requirement of Macrophages for Induction of
Granulomas In Vitro

In view of the predominant participation of macrophages
in granulomas in vivo™®'° and in vitro, as described
above, we examined cellular requirements for induction
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Figure 5. IL-1 activity in culture supernatants of spleen cell
granulomas in vitro. Balb/c mouse spleen cells were cultured
in the presence of dextran (@) or latex beads (O). Spleen cells
Jfrom C57BL/G mice were cultured in the presence of dextran
(A) or latex beads (A). C3H/He mouse spleen cells were cul-
tured in the presence of dextran () or latex beads (Q). Spleen
cells from athymic nude mice were cultured in the presence of
dextran () or latex beads (O ). Data represent the mean IL-1
activity (U/ml) £ SEM from eight independent experiments of
three mice per each condition. Statistic differences (*) relative
to IL-1 activities induced by latex beads (P < 0.02).

of the lesions. Adherent cells from either Balb/c or
athymic nude mice were necessary for induction of granu-
loma formation by dextran beads. Dextran bead-induced
granulomas with adherent cells were prominent by day
1, reached peak intensity (Gl, 2.7 to 3.0) by day 3, and
gradually declined in size thereafter. The histologic fea-

Table 1. Lack of CTLL Proliferation Activity in
Granuloma Culture Supernatants*

CTLL proliferation activity (U/ml)

Samples

from Day 1 Day 3 Day 7
Balb/c <0.2 <0.2 <0.2
C57BL/6 <0.2 <0.2 <0.2
C3H/He <0.2 <0.2 <0.2
nu/nu <0.2 <0.2 <0.2

* Data represent the mean CTLL proliferation activity (U/ml) + SEM of
triplicate samples from five independent experiments. Murine spleen cells
were cultured in the presence of dextran beads. Standard error of the
mean was less than 5%. IL-2 and IL-4 activities were assayed by using
CTLL cells. Recombinant human IL-2 and IL-4 (100 U/ml) were employed
as positive controls of the assay.
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Figure 6. Granuloma formation in vitro by recombinant cytokine-coupled beads. A, B: Representative lesions seen in 3 days after
culture of Balb/c mouse spleen cells in the presence of agarose beads coupled to eitber IL-1 (A) or TNF-o (B). Large granulomas are
observed, and the cellular components are mainly macrophages (X 150). C, D: Cellular reactions seen 3 days after culture of spleen
cells in the presence of agarose beads coupled to either IL-2 (C) or IFN-y (D). E, F: Cellular reactions seen in 3 days after culture of
spleen cells in the presence of BSA-coupled (E) or plain agarose beads (F). The beads (C to F) are surrounded by a mild infiltrate of
macrophages but are not attached to the bead surface.

tures and time-kinetics of the granulomas were similar to Cytokine Activity in Granuloma Culture

those induced by whole spleen cells (data not shown). Supernatants

Adherent cell populations consisted of more than 95%

macrophages examined by nonspecific esterase stain- We also examined cytokine activity in the culture superna-
ing, suggesting that macrophages are responsible for in- tants, because it has been reported that cytokines play
duction of granulomas in vitro. In contrast, neither nonad- an important role in induction of murine granulomas in
herent cells nor thymocytes could induce granulomas in vivo.791022-24 )| .1 gactivity in granuloma supernatants of

vitro. spleen cell cultures in the presence of dextran beads was



detectable within 1 day and reached peak activity by 3
days after the culture. A decrease in IL-1 activity was ob-
served 7 days after the culture (Figure 5); however, very
little IL-1 activity was found in the supernatants of spleen
cell cultures in the presence of latex beads. The temporal
profile of IL-1 activity in the supernatants was aimost iden-
tical to the profile of granuloma development in vitro (Fig-
ure 3). Granuloma-derived IL-1 activity was observed in
coculture supernatants of dextran beads and spleen cells
from all strains of mice used in this study.

Thymocyte proliferation assay with suboptimal con-
centration of PHA reflects several interleukin activities (IL-
1, IL-2, and IL-4) in the samples®®*-?” and CTLL cells could
respond to IL-4%’ as well as IL-2.25 We therefore examined
IL-2 and IL-4 activities using CTLL proliferation assay to
clarify the nature of thymocyte proliferative response in
the standard IL-1 assay described above. As shown in
Table 1, no CTLL proliferation activity was detected in the
granuloma culture supernatants that had thymocyte prolif-
erative activity. Thus, neither IL-2 nor IL-4 activity was de-
tected in the supernatants. The result that no IL-2 or IL-4
activity was detected by bioassay could not preclude the
possibility of presence of antigenic materials in the sam-
ples. Further examination of lymphokines using an immu-
nochemical method such as Western blot is required to
confirm the results.

Our failure to detect both IL-2 ahd IL-4 could be due
either to a relative inability of granuloma cells to produce
these lymphokines or the presence of inhibitory factors
that interfere with the expression of IL-2 and/or IL-4 activ-
ity. We therefore examined the ability of the supernatants
to neutralize or inhibit the proliferative activity of recombi-
nant IL-2 and IL-4. No significant neutralizing activity
against IL-2 and IL-4 was detected in the supernatants
(data not shown). The results suggest that the activity was
in fact due to IL-1. Furthermore, IL-1 activity was found in
culture supernatants of dextran beads with adherent cells
(macrophages) but not with nonadherent cells (data not
shown). The kinetics was similar to that of in vitro granulo-
mas induced in the adherent cell culture in the presence
of dextran beads. Again, these supernatants did not con-
tain any detectable IL-2 and IL-4 activity measured by
CTLL cell proliferation assay (data not shown).

Induction of Granulomas In Vitro by
Recombinant Monokine-Coupled Bead's

The result that macrophages and their mediators are in-
volved in granuloma formation in vitro prompted us to ex-
amine the possibility of induction of granulomas by re-
combinant cytokine-coupled beads. Because cytokines
(IL-1, TNF-a, and IL-2) are active across species
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Figure 7. Kinetics of granuloma formation in vitro by cytokine-
coupled agarose beads. Spleen cells from Balb/c mice were
cultured in the presence of recombinant IL-1-coupled (®), re-
combinant TNF-a-coupled (®), recombinant IL-2-coupled
(a), recombinant IFN-y-coupled (M), BSA-coupled (®), or
plain agarose beads (X). Data represent the mean GI + SEM
from four independent experiments of three mice per each
condition. Significant difference (*) when compared with le-
sions induced by IL-2-coupled, IFN-y-coupled, BSA-coupled, or
plain beads (P < 0.02).

line, 25228 we used recombinant IL-1, TNF-a, and IL-2 of
human origin. Because the activity of IFN-v is restricted
by species,?® we used recombinant murine IFN-y in this
experiment. As shown in Figure 6A and B, granulomas
were able to induce granulomas by agarose beads cou-
pled to monokines such as IL-1 and TNF-«. In vitro granu-
lomas generated by spleen cells in the presence of re-
combinant IL-1 or TNF-a coupled agarose beads were
prominent by day 1, reached peak intensity (Gl, 2.7 to
3.0) by day 3, and gradually declined in size thereafter. A
summary of the time-course of in vitro granuloma forma-
tion by spleen cells in the presence of cytokine-coupled
beads is shown in Figure 7. The histologic features and
time-kinetics of the granulomas were similar to dextran
bead-induced lesions (Figures 1 to 3). Also, the distribu-
tion of agarose beads coupled to granulomatogenic cy-
tokines, including IL-1 and TNF-a with various degrees
of cellular reactions, was similar to that of dextran beads
(Figure 4). Beads coupled to T lymphokines such as IL-2
and IFN-y were unable to induce granulomas (Figure 6C,
D). No significant granulomas in vitro were generated in
the presence of plain agarose beads or BSA-coupled
beads (Figure 6E, F). It is consistent with previous results
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Figure 8. Granuloma formation in vitro by adberent macrophages and monokine-coupled beads. A, B: Representative lesions seen
3 days after the culture of adberent macrophages in the presence of agarose beads coupled to either IL-1 (A) or TNFa (B). Large
granulomas are observed (X 150). C, D: Cellular reactions seen 3 days after culture of adberent cells in the presence of agarose
beads coupled to either IL-2 (C) or IFN-~y (D). The beads (C and D) are surrounded by a very mild infiltrate of cells (X 150).

using in vivo systems that agarose beads themselves are
inert.”° The kinetics and histology of the lesions were
similar to those induced by beads coupled to T lympho-
kines (Figures 6C-D and 7). The distribution of cellular
reactions by plain agarose beads or beads coupled to
unrelated protein (BSA) or T lymphokines such as IL-2 and
IFN-y was analogous to that of latex beads. Thus, it is
unlikely that IL-2 and IFN-y are inhibiting macrophage re-
sponsiveness. These results show that T lymphokines
such as IL-2 and IFN-y had little effect on both induction
and suppression of granulomas and agarose beads
themselves had no granulomatogenic activity. We used
the cytokine concentration (100 to 300 U/3 X 10° beads
in culture) that was equivalent to activity produced in vitro
by the dextran system. We performed experiments by in-
creasing concentration of cytokines on beads. The re-
sults showed that prominent granulomas were seen in the
presence of beads coupled to monokines but not T lym-
phokines. Large granulomas were observed when adher-
ent macrophages were cultured in the presence of aga-
rose beads coupled to either IL-1 or TNF-a (Figure 8A,
B). The histology and kinetics of the lesions produced by

culturing macrophages in the presence of monokine-cou-
pled beads were similar to those of the lesions induced
by culturing spleen cells with dextran beads or monokine-
coupled beads. Minimal lesions were induced in the cul-
tures of adherent macrophages with plain beads or beads
coupled to IL-2 or IFN-y (Figure 8C, D). Also, very mild
reactions were seen in the culture of nonadherent cells
with beads coupled to monokines or T lymphokines. A
summary of the time-course of in vitro granuloma forma-
tion by macrophages and cytokine-coupled beads is
shown in Figure 9.

Discussion

The present study demonstrated that granulomas can be
generated in in vitro systems by culturing spleen cells
from various strain of mice with artificial microparticles.
Generally, granuloma-inducing agents persist in the tis-
sues because they are insoluble or poorly degradable.'?
In these experiments, we used dextran or agarose beads
as the nidi for the lesions. We have reported previously



that dextran-induced granulomas in mice are foreign-
body type lesions, because the lesion was inducible in
normal, athymic nude, and immunologic dextran-nonre-
sponder (CBA/N) mice. Additionally, the granuloma re-
sponse of mice to dextran beads was not enhanced by
pre-immunization with the beads.® The histologic features
and kinetics of in vitro granulomas were consistent with
in vivo lesions.”®'° The culture supernatants contained
monokine activity in association with granuloma forma-
tion. Furthermore, agarose beads coupled to recombi-
nant monokines such as IL-1 and TNF-«, but not T cell-
derived lymphokines (IL-2 and IFN-v), were able to induce
granulomas in vitro. Macrophages were necessary for the
development of in vitro granulomas by dextran beads and
by monokine-coupled beads. These results suggest that
macrophages and monokines such as IL-1 and TNF-«
play an essential role in the development of granulomas.

Granuloma formation is the expression of a series of
complex inflammatory events. In recent years, much at-
tention has been focused on the role of cytokines in the
initiation and maintenance of murine granuloma formation
in vivo."'022.2 Also, it has been reported that cytokines
may participate in the cascade of events leading to granu-
loma formation of human sarcoidosis.>*-* In both hyper-
sensitivity and foreign-body pulmonary granuloma
models in mice, IL-1, but not IL-2, was detected in the
lesions in association with activity and size of granulo-
mas.”'" We have reported that IL-1 can initiate the induc-
tion of granulomas in mice.® Taken together with the re-
sults of in vitro studies described in this paper, macro-
phages and monokines participate in the basic
mechanisms of granulomatous inflammation. Histopatho-
logically, the bulk of granulomas both in vivo and in vitro
is composed of macrophages and their derivatives. The
lesions induced by macrophage-enriched populations
showed similar kinetics of granuloma formation by whole
spleen cells. Thus, macrophages and monokines were
required for both development and regulation of granulo-
matous lesions. In addition, the time-kinetics of in vitro
granulomas appears to correlate well with that of in vivo
lesions.””" These results suggest that the in vitro granu-
loma model is a powerful tool for investigating the basic
mechanism of development and regulation of granuloma-
tous diseases.

Macrophages and monocytes secrete a wide range of
biologically active mediators in response to inflammatory
stimuli.® Some of these products, such as IL-1 and TNF-
«a, are well known, although the role of monokines in the
pathogenesis of granulomatous inflammation remains un-
known. Monokines have multiple effects on cells involved
in inflammation.3-52836 Furthermore, IL-1 and TNF-a share
multiple biologic activities. The combined effects of these
two distinct monokines is often greater than either one
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Figure 9. Kinetics of granuloma formation in vitto by macro-
Dhages with monokine-coupled agarose beads. Splenic macro-
Dbhages from Balb/c mice were cultured in the presence of
beads coupled to recombinant IL-1 (®) or recombinant TNF-
a (®). Adberent cells were cultured in the presence of beads
coupled to IL-2 (O) or IFN+y (). Data represent the mean GI
+ SEM from three independent experiments of three mice per
each condition. Statistic difference (*) relative to lesions in-
duced by adberent cells in the presence of T lymphokine-cou-
pled beads (P < 0.02).

alone. This synergism of IL-1 and TNF-a has been ob-
served in inflammatory responses.>#2 Monokines re-
leased from activated monocytes and macrophages in
turn stimulate monocytes and macrophages. Such a
mechanism of cell-monokine interaction provides for a
powerful amplification circuit in the initial phase of the in-
flammatory response.®*?® In view of the predominant par-
ticipation of macrophages in experimental granulomas in
vivo’'® and in vitro, it is reasonable to assume that
chemotactic activity and inflammatory signals of mono-
kines®-52528 are responsible for the initiation and/or devel-
opment of granulomas. Thus, formation of granulomas re-
quires interactions between macrophages and mono-
kines.

Alternatively, T lymphocytes and T cell-derived lym-
phokines including IL-2 and IFN-y could not produce ex-
perimental granulomas in vitro. Taken together with our
previous results that lack of IL-2 activity in murine granulo-
mas”*'® and in vivo lesions that we were able to induce
in athymic nude mice and in dextran nonresponder mice



1198 Shikamaetal
AJP June 1989, Vol. 134, No. 6

(CBA/N),2 these data may prove that T lymphocytes and
T lymphokines have a small role in foreign-body granu-
loma formation both in vivo®'® and in vitro, as described
in this paper. Certain T lymphokines, including migration
inhibition factor and macrophage chemotactic factor as
well as monokines, play important roles in granuloma for-
mation, however, especially in hypersensitive-type le-
sions.”91222-24 Fyrther study is necessary to confirm the
possibility.

The results described in this paper provide novel evi-
dence for the ability of macrophages and monokines (in-
cluding IL-1 and TNF-«, but not T-lymphokines) to induce
murine granulomas in vitro. Thus, macrophages and
monokines play an essential role in the development of
granulomatous inflammation. This model of granuloma-
tous inflammation in vitro may be a useful tool for investi-
gating not only the mechanisms of granuloma formation
but also the role of cytokines.

References

1. Adams DO: The granulomatous inflammatory response. Am
J Pathol 1976, 84:164-191

2. Boros DL: Granulomatous inflammation. Prog Allergy 1978,
24:184-243

3. Dinarello CA, Mier JW: Lymphokines. N Engl J Med 1987,
317:940-945

4. Dinarello CA: Biology of interleukin 1. FASEB J 1988, 2:108-
115

5. Le J, Vilcek J: Tumor necrosis factor and interleukin 1: Cy-
tokines with multiple overlapping biological activities. Lab In-
vest 1987, 56:234-248

6. Beutler B, Cerami A: Cachectin: More than a tumor necrosis
factor. N Engl J Med 1987, 316:379-385

7. Kobayashi K, Allred C, Cohen S, Yoshida T: Role of interleu-
kin 1 in experimental granuloma formation in mice. J Immu-
nol 1985, 134:358-364

8. Alired C, Kobayashi K, Yoshida T: Anergy-like immunosup-
pression in mice bearing pulmonary foreign-body granulo-
matous inflammation. Am J Pathol 1985, 121:466-473

9. Kobayashi K, Allred C, Castriotta R, Yoshida T: Strain varia-
tion of Bacillus Calmette Guerin-induced pulmonary granu-
loma formation is correlated with anergy and the local pro-
duction of migration inhibition factor and interleukin 1. Am J
Pathol 1985, 119:223-235

10. Kasahara K, Kobayashi K, Shikama Y, Yoneya |, Soejima K,
Ide H, Takahashi T: Direct evidence for granuloma-inducing
activity of interleukin-1: Induction of experimental pulmonary
granuloma formation in mice by interleukin-1-coupled
beads. Am J Pathol 1988, 130:629-638
11. Ghetie V, Mota G, Sjoquist J: Separation of cells by affinity

chromatography on SpA-Sepharose 6B. J Immunol Methods
1978, 21:133-141

12.

13.

14,

15.

16.

17.

18.

19.

21.

22.

23.

24.

25.

27.

Doughty BL, Philips SM: Delayed hypersensitivity granu-
loma formation around Schistosoma mansoni eggs in vitro:
1. Definition of the model. J Immunol 1982, 128:30-36
Kumagai K, Itoh K, Hinuma S, Tada M: Pretreatment of plas-
tic petri dishes with fetal calf serum: A simple method for
macrophage isolation. J Immunol Methods 1979, 29:17-25
March CL, Mosley B, Larsen A, Ceretti DP, Braedt G, Price
V, Gillis S, Henny CS, Kronheim SR, Grabstein K, Conlon PJ,
Hopp TP, Cosman D: Cloning, sequence and expression
of two distinct human interleukin 1 complementary DNAs.
Nature 1985, 315:641-647

Shirai T, Yamaguchi H, Ito H, Todd CW, Wallace RB: Cloning
and expression in Escherichia coli of the gene for human
tumour necrosis factor. Nature 1985, 313:803-806
Taniguchi T, Matsui H, Fujita T, Takaoka C, Kashima N, Yo-
shimoto R, Hamuro J: Structure and expression of a cloned
cDNA for human interleukin 2. Nature 1983, 302:305-310
Suzuki R, Suzuki S, Igarashi M, Kumagai K: Induction of inter-
leukin 3 but not interleukin 2 or interferon production in the
syngeneic mixed lymphocyte reaction. J Immunol 1986,
137:1564-1572

Kobayashi K, Allred C, Yoshida T: Mechanisms of sup-
pressed cell-mediated immunity and impaired antigen-in-
duced interleukin 2 production in granuloma-bearing mice.
J Immunol 1985, 135:2996-3003

Oppenheim JJ, Shneyour A, Kook Al: Enhancement of DNA
synthesis and cyclic AMP content mouse thymocytes by
mediator(s) derived from adherent cells. J Immunol 1976,
116:1466-1472

. Gillis S, Ferm MM, Ou W, Smith KA: T cell growth factor:

Parameters of production and a quantitative microassay for
activity. J Immunol 1978, 120:2027-2032

Mosmann T: Rapid colorimetric assay for cellular growth and
survival: Application to proliferation and cytotoxicity assays.
J Immunol Methods 1983, 65:55-63

Yoshida T: Role of lymphokines in the induction and mainte-
nance of the granuloma, Basic and Clinical Aspects of Gran-
ulomatous Diseases. Edited by DL Boros, T Yoshida. New
York, Elsevier North Holland, Inc., 1980, pp 81-94

Boros DL, Carrick L: The artificial granuloma: II. Induction of
pulmonary granuloma formation by exogenous, circulating
and localized granuloma-derived lymphokines, Biochemical
Characterization of Lymphokines. Edited by AL DeWeck, F
Kristensen, M Landy. New York, Academic Press, 1980, pp
599-605

Elliot DE, Righthand VF, Boros DL: Characterization of regu-
latory (interferon-a/B8) and accessory (LAF/IL-1) monokine
activities from liver granuloma macrophages of Schisto-
soma mansoni-infected mice. J Immunol 1987, 138:2653-
2662

Oppenheim JJ, Kovacs EJ, Matsushima K, Durum SK: There
is more than one interleukin 1. Immunol Today 1986, 7:45-
56

. Smith KA, Ruscetti FW: T cell growth factor and the culture

of cloned functional T cells. Adv Immunol 1981, 31:137-175
Sideras P, Noma T, Honjo T: Structure and function of inter-
leukin 4 and 5. Immunol Rev 1988, 102:189-202



28.

29.

31.

32.

Tavernier J, Fransen L, Marmenout A, Heyden J, Mueller R,
Ruysschaert M-R, Vliet A, Bauden R, Fiers W: Isolation and
expression of the genes coding for mouse and human tumor
necrosis factor (TNF) and biological properties of recombi-
nant TNF. Lymphokines 1987, 13:181-198

Lengyel P: Biochemistry of interferons and their actions. Ann
Rev Biochem 1982, 51:251-282

. Hunninghake GW: Release of interleukin-1 by alveolar mac-

rophages of patients with active pulmonary sarcoidosis. Am
Rev Resp Dis 1984, 129:569-572

Chilosi M, Menestrina F, Capelli P, Montagna L, Lestani M,
Pizzolo G, Cipriani A, Agostini C, Trentin L, Zambello R,
Semenzato G: Immunohistochemical analysis of sarcoid
granulomas. Evaluation of Ki67* and interleukin-1* cells. Am
J Pathol 1988, 131:191-198

Hancock WW, Kobzik L, Colby AJ, O’Hara CJ, Cooper AG,
Godleski JJ: Detection of lymphokines and lymphokine re-
ceptors in pulmonary sarcoidosis. Am J Pathol 1986, 123:
1-8

. Bachwich PR, Lynch JP, Larrick J,-Spengler M, Kunkel SL:

Tumor necrosis factor production by human sarcoid alveolar
macrophages. Am J Pathol 1986, 125:421-425

Cytokines and Granulomas /n Vitro 1199
AJP June 1989, Vol. 134, No. 6

34. Pinkston P, Bitterman PB, Crystal RG: Spontaneous release
of interleukin-2 by lung T-lymphocytes in active pulmonary
sarcoidosis. N Engl J Med 1983, 308:793-800

35. Robinson BWS, McLemore TL, Crystal RG: Gamma inter-
feron is spontaneously released by alveolar macrophages
and lung T lymphocytes in patients with pulmonary sarcoido-
sis. J Clin Invest 1985, 75:1488-1495

36. Nathan CF: Secretory products of macrophages. J Clin In-
vest 1987, 79:319-326

Acknowledgment

The authors thank to Dr. Kendall A. Smith for providing CTLL
cells, Dr. Takeshi Yoshida for helpful suggestions, and Ms. Hi-
roko T. Takeuchi for her excellent technical assistance. They also
thank Dr. Yoshikatsu Hirai, Inmunological Products and Devel-
opment, Otsuka Pharmaceutical Co., Ltd. for providing recombi-
nant human IL-183, Asahi Chemical Co., Ltd. for providing recom-
binant human TNF-«, and Shionogi Pharmaceutical Co., Ltd. for
supplying recombinant human IL-2 and recombinant murine
IFN-y.



