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Roles of Tumor Necrosis Factor-a and Transforming
Growth Factor-• in Regulating Intercellular Adhesion

Molecule-1 Expression on Murine Peritoneal
Macrophages Infected with M. leprae 1

Toshiaki Shimizu, Win Win Maw, and Haruaki Tomioka'

Adhesion molecules expressed on im-
munocompetent cells play important roles
in cellular interactions for the development
of immunological responses ( ,4). Intercellu-
lar adhesion molecule-1 (ICAM-1) plays a
role in lymphocyte trafficking by allowing
ICAM-1-bearing endothelial cells to inter-
act with leukocyte function-associated anti-
gen-1 (LFA-1) on lymphocytes, and thereby
facilitate the migration of lymphocytes to
sites of inflammation along endothelial
cells ("). Moreover, the interaction of LFA-
1 with ICAM-1 is criticai for effective cel-
lular interactions of T cells with antigen-
presenting cells, including macrophages
(M(I s), and the consequent activation of
resting T cells (12. 'S ''). Indeed. ICAM-1
augments T-cell proliferation and is pivotal
in recall antigen responses of T cells to pu-
rified protein derivative of Mvcobacteriun(
tuberculosis ( 3"). Moreover, a recent study
of Lopez Ramirez, et al. (") showed that
the ICAM-1 expression on THP-1 human
monocyte-derived cell line was potently in-
creased by stimulation with M. tuberculo-
sis. In addition, the ia vivo study by Sulli-
van, et al. (") concerning M. leprae infec-
tion revealed that granulomas from both
tuberculoid leprosy and lepromatous lep-
rosy displayed ICAM-1 expression. This
implies that ICAM-1 plays important roles
in enhancing the immune and inflammatory
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responses to M. leprae. Therefore, it is of
interest to know the profiles of ICAM-1 ex-
pression by M(1)s after stimulation with Al.
leprae. In the present study, we found that
ICAM-1 expression on murine peritoneal
M(s was increased during days 1 to 3 af-
ter stimulation with M. leprae because of
autocrine upregulation by tumor necrosis
factor-alpha (TNF-a). The ICAM-1 ex-
pression thereafter gradually decreased, re-
turning to the normal levei by day 7 due to
the downregulating effect of transforming
growth factor-beta (TGF-(3) derived from
M. /eprae-stimulated Mis themselves.

MATERIALS AND METHODS
Organisms. M. leprae were purified

from the liver of an infected armadillo
(#825) obtained from G. P. Walsh, Armed
Forces Institute of Pathology, Washington,
DC, U.S.A., by Percoll gradient centrifuga-
tion according to the method of Draper
(IMMLEP protocol 1/79) with slight modi-
fications (21 ). This M. leprae strain 825 con-
tained 30% of living cells on the basis of
fluorescein diacetate and ethidium bromide
(FDA/EB) staining and 10" of the organ-
isms contained 7.4 pmoles of ATP, indicat-
ing good viability of the bacterial prepara-
tion. In some experiments, M. leprae organ-
isms were collected and purified from
infected foot pads of BALB/c nude mice, as
previously reported Cl. When 10` of these
nude mouse M. leprae (strain Thai-53)
were inoculated in the 7H 12B medium of
the BACTEC 460 Tuberculosis System and
cultured according to Franzblau ("), the
growth index (GI) value increased from O to
122 and 267 at day 4 and day 11, respec-
tively, indicating good viability of this bac-
terial preparation. When BALB/c rude
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mice were infected with 10' of M. leprae
Thai-53 into the hind foot pad, the organ-
isms steadily grew at the sites of infection,
reaching bacterial loads larger than 10'
bacilli per foot pad within 1 year after in-
fection (data not shown). This also indi-
cates good viability of the bacterial prepara-
tion used.

Mice. Seven- to ten-week-old, male
BALB/c mice purchased from Japan Clea
Co., Osaka, Japan, were used.

Special agents for Md) culture. Re-
combinant mouse TNF-a, ultrapure natural
human TGF-(31 and mouse anti-human
TGF43 monoclonal antibody (mAb) (also
specific to mouse TGF-(3) were purchased
from Genzyme Co., Cambridge, Massa-
chusetts, U.S.A. Rat anti-mouse TNF-a
mAb was obtained from Pharmingen Co.,
San Diego, California, U.S.A. One unit of
TNF-a is defined as the amount required to
mediate half-maximal cytotoxicity of L929
cells. All of these agents contained no
preservative, such as sodium azide, and
were found to be essentially free from LPS
contamination by the Limulus J Single Test
(Wako Pure Chemical Industry Co., Osaka,
Japan).

Medium. Medium RPMI 1640 (Nissui
Pharmaceutical Co., Tokyo, Japan) supple-
mented with 25 mM HEPES, 2 mM gluta-
mine, and 5% heat-inactivated fetal bovine
serum (FBS) (M. A. Bioproducts, Walk-
ersville, Maryland, U.S.A.) was used for
cell culture unless otherwise specified. The
medium and FBS used were found to be
free from LPS contamination by the Limu-
lus J Single Test.

Peritoneal Meos. Peritoneal exudate
cells (PECs) were collected with Hanks'
balanced salt solution (HBSS) containing
2% FBS from mice given an intraperitoneal
injection of 1 ml of peptone-starch 4 days
before harvest. After washing with 2%
FBS-HBSS by centrifugation at 200 x g x 5
min, the PECs were suspended in a small
volume of the culture medium. Ten ml each
of PEC suspension in 5% FBS-RPMI 1640
at the cell density of 5 x 10"/ml was poured
onto a 90-mm cell culture plate (Corning
Glass Works Co., Corning, New York,
U.S.A.) which was overlaid with 14-mm
plastic sheets (about 20 sheets) (Wako Pure
Chemical Industry Co., Osaka, Japan). Af-
ter a 2-hr incubation at 37°C in a CO, incu-

bator (5% CO 3 -95% humidified air), the re-
sultant sheets were removed, thoroughly
rinsed with 2% FBS-HBSS, and immersed
finto 1 ml of culture medium in a 16-mm
cell culture well (24-wells; Corning). This
method gave more than 90% pure M(I) cul-
tures, with potent pinocytic ability for neu-
tral red and phagocytic activity for latex
beads.

Microscopic counting for ICAM-1-
positive M 1 s. M(I) monolayer cultures on
the plastic sheets were cultured in 1.0 ml of
5% FBS-RPMI 1640 in 16-mm culture
wells (Corning) in the presence or absence
of 1 x 10 7/ml of M. leprae or latex beads
(3.0-pm diameter; Sigma Chemical Co., St.
Louis, Missouri, U.S.A.) at 37°C in a CO,
incubator for up to 14 days. At intervals, the-
M(I) monolayer cultures were removed,
washed with phosphate buffered saline
(PBS) containing 02% bovine serum albu-
min (BSA), fixed with 1% paraformalde-
hyde, incubated in 1% BSA-PBS at room
temperature for 30 min, and then reacted
with rat anti-mouse ICAM-1 mAb (Seika-
gaku Corp., Tokyo, Japan) for 1 hr. After
rinsing with 0.1% BSA-PBS, the M 1 s were
reacted with alkaline phosphatase-conju-
gated anti-rat Ig mAb (Seikagaku) for 1 hr
and then washed with 0.1% BSA-PBS.
Color development was achieved by using
NBT-BCIP substrate (nitroblue tetra-
zolium/5'-bromo-4-chloro-3-indolylphos-
phate) and the proportion of blue-stained
M(I)s (ICAM-1-positive cells) was enumer-
ated by microscopic counting ('a).

Cytokine measurement. The 1-, 3- or
7-day culture fluids of M I s with or without
M. leprae infection were measured for
TNF-a and TGF-f3 concentrations as previ-
ously described. Briefly, Immulon 4 plates
(Dynatech Laboratories, Chantilly, Vir-
ginia, U.S.A.) were coated with a capture
Ab for each cytokine using rat anti-mouse
TNF-a mAb (Pharmingen) and mouse anti-
human TGF-(3 mAb (also specific to mouse
TGF-(3) (Genzyme). Biotinylated rat anti-
mouse TNF-a mAb (Pharmingen) and
chicken anti-human TGF-(3 mAb (R & D
System, Inc., Minneapolis, Minnesota,
U.S.A.) were used as the detecting Abs. Af-
ter binding of alkaline phosphatase-conju-
gated streptavidin (Life Technologies Co.,
Gaithersburg, Maryland, U.S.A.) in the case
of TNF-a assay and alkaline phosphatase-
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FIG. I. Profiles of ICAM-I expression by h1. lep-
rae 825-infected M(I)s during cultivation in medium
with or without addition of exogenous "INF-a. =
Uninfected M(I)s were cultured in lhe absence of TNF-a;

= M. leprae-infected M ( I)ti were cultured in lhe ab-
sence of "INF-a;ell = M. /eprae-infected M(Ds were
cultured in the presence of TNF-a added at 500
units/1111 on day 0. Each bar indicates mean ± S.E.M.
(N = 2).

conjugated rabbit anti-chicken/turkey IgG
Ab (Zymed Laboratories Inc., San Fran-
cisco, California, U.S.A.) in the case of
TGF-(3 assay, color development was
achieved using p-nitrophenyl phosphate
tablets (Sigma) as the substrate. Capture Ab
and detecting Ab for each cytokine had dif-
ferent epitope specificities from each other.
The present ELISA method was capable of
measuring the active form TGF-(3 in Md)
culture fluids in a specific fashion.

RESULTS
ICAM-1 expression on M. leprae-in-

fected MOs during cultivation. M shown
in Figure 1, when MDs were infected with
M. leprae at day O (hatched bars), the
ICAM-1 expression of cultured Mis, in
terms of increase in the ratio of ICAM-1-
positive Mdas measured by the microscopic
method, rapidly increased reaching the
peak in the early phase (during day 1 to day
3) of cultivation and thereafter decreased,
returning to the normal levei by day 7. A
lower increase in the ICAM-1 expression
was also noted for uninfected (unstimu-
lated) MDs in the same period of time
(open bars). In this experiment, residual
numbers of attached MDs on a plastic cul-
ture sheet during cultivation after M. lep-

Etc. 2. Effeels of exogenous TNF-a on ICAM-1
expression by uninfected M(I)s during eultivalion.
M(Ds were cullivaled in the presence (III) or absence
( 1) of TNF-a which was added at 500 units/1111 on
days 0, 2, and 6 during eultivatioa. Each bar indicates
mean ± S.E.M. (N = 3). * Significnlly larger than
value of M(Ds cultured in absence of TNF-a (p <0.05;
Student's t test).

rae-infection (hatched bars) were changed
as follows when the day O value was fixed
as 100% (N = 5): day 1, 97.6 ± 5.5%; day 3,
91.0 ± 7.1%; day 7, 78.9 ± 6.9%. This indi-
cates that the reduction of ICAM-1 expres-
sion in the middle phase (day 7) of M(13 cul-
tivation after M. /eprae-infection was not
due to M. /eprae-mediated cytotoxicity.
Figure 1 also shows that the addition of
TNF-a at the concentration of 500 units/ml
overcame the middle phase (day 7) down-
regulation of the ICAM-1 expression
(shaded bar), indicating that ICAM-1
downregulation in the middle phase was
due in pari to a defect of TNF-a. In this
context, separate experiments showed that
TNF-a, a crucial ICAM-1 upregulating cy-
tokine ("• 2") displayed its ICAM- I upregu-
lating effect on MOos as follows.

First, as shown in Figure 2, a marked in-
crease in the ICAM-1 expression was also
observed for uninfected McDs, when treated
with exogenous TNF-a (500 units/ml),
which was added on days 0, 2, and 6, in the
early phase of cultivation (days 1 to 3) but
not in the middle phase (day 7). Thus, in the
case of uninfected M(s, exogenous TNF-a
could increase only their early phase
ICAM-1 expression, differing from the case
of M. /eprae-infected McDs (Fig. 1). Sec-
ond, as shown in Figure 3, the addition of
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Fio. 3. Gffects of anti-TNF-a Ah on ICAM-I ex-
pression hy Al. lepra(' 'fhai-53-infected M(I)s. 1 1 =
Uninfected M(Os were cultured in the ahsence of anti-
'INI -a Ah; r I = A/. /ryrue-infected M(I)s were cul-
ture(' in the ahsence of anti "I'NI -u Ah; • = M. lrp-
rue-infectetl M(I)s were cultured in the presence of
anti-]'NF-u Ah which was added at 10 Ltg/ml to the
culture mediam on days (1. 2, and 6 during cultivation.
Gach har indicates ntean ± S.G.M. (N = 3). ' Signifi-
cantly smaller than the value of M(I)s cultured in the
ahsence of anti-TNF-a Ah (p <0.05; Student's t test).

anti-TNF-u Ah (10 ic/m1) caused the re-
duction of the ICAM-1 expression by M.
/eprae-infected M(I)s and Chis effect was
most marked at day 3, confirnting that M(1)-
derived endogenous TNF-a plays the most
important role in the early phase (around
day 3) increase in the ICAM-1 expression
by M. /eprae-infected M(1)s.

The above lindings indicate central roles
of TNF-a in ICAM-1 upregulation of M.

/eprae-infected M(I)s. However, as indi-
cated in The Table only small amounts of
TNF-a were released from M. (eprae-in-
fected M(I)s isto the culture medium during
cultivation periods for up to 7 days. It thus
appears that the majority of the TNF-a
molecules were produced by M. !eprae-in-
fected M(I)s in a membrane-bound form,
molecular weight (MW) of 26 kD, but not
in a released forni (MW of 17 kD) (' `). This
membrane-bound form of TNF-a seems to
play a crucial role in the ICAM-1 upregula-
tion of M. /eprae-infected M(I)s.

Another important finding in Figure 1 is
that TNF-a failcd to overcome the late
phase (day 14) downregulation of ICAM-1
expression. This phenomenon may be ex-
plained as follows. First, ICAM-1 reduction
in the Iate phase seems to be due in part to
nutrient deticiency in the M(I) culture
medium, as previously demonstrated for M.
aviam complex-infected M(Is ("'). Second,
it is plausible that, in the middle-to-Iate
phase of cultivation, M. /eprae-infected
NI(1)s produced certain factors possessing
an ICAM-1 downregulatory activity, as de-
scribed below.

Role of. TGF-(3 in the middle-to-late
phase downregulation ot' ICAi 1-1 ex-
pression by M. !eprae-infected M(I)s.
M(I)s stimulated with mycobacterial organ-
isms produce TGF-(3, an immunosuppres-
sive and M(l)-deactivating cytokine ( 4 . ").
We previously found that the in litro TGF-P
production by murine peritoneal M(I)s was
initiated after day 3 and continued for up to

ao

Ti II': T,v)I.t.. Produ tion of "I'NF-a anel TGF-fl by M. leprae-in/ceted MO.r durint., culti-
vation in the presence or al)selu e ef anti-TNF-a or curti-TGF j Ah."

MÕs infected with ,l/. lepra(' Thai-53 were cultured ia mediam with or without addition of indicated anti-cytokine
Abs. Teu µ g each of anti "FNF-a or anti TGF-L$ Ah was a^ltdded to the cabine mediam (1.0 nil) on days O. 2, and 6. At
intervals, eulture fluids sere measured for "INF-a and TFG-13 eoneentrations hy ELISA.

'' The mean±SF.N1.(N=3).
Lower than the detectahle limit for TNF-a (I O pJnil) or TGF-13(IO pg/ml).
Significantly I:uger than the value of uninfeeted Mós (p <0.005; Student's t test).
ND = Not deternrined.

'•"^larger than the value of AI. /eprae-infected Mms cultured in the absence of anti-cytokine Ah
(' p <0.(105; p <0.05: Student's t test).
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FIG. 4. Eifeets of anti-TGF-13 Ah on ICAM-1 cx-
pression hy M. leprae 825-infected M(Ds. E = Unin-
fected Md)s were cultured in the absence of anti-TCF13
Ah; 0= M. Ieprue-infected Mct)s were cultured in the
absence of alui-TU:-1S Ah; • = M. /eproc-infected
M(hs were cultured in the presentes of anui-TGF-l) Ah
which was added at 30 pg/ml to the culture medium on
days 0, 3, and 6 during cultivation. Each har indicates
mean ± S.E.M. (N = 3). " Signiticantly larger lima value
of Mis cultured in absence aí anti-TGF-(3 Ah (p <0.05;
Studcnt's t test).

at least day 14 when the MeDs were infected
with M. aviam complex ( " '). As indicated in
The Table, significam leveis of TGF-(3 were
produced into the culture medium by Mis
regardless of M. leprae infection. However,
it was also found that Al. leprae-infected
Mus produced significantly larger amounts
of TGF-(3 than did uninfected M(I)s. No-
tably, anti-TNF-a Ab enhanced the TGF-(3
production by M. leprae-infected Mis. In a
separate experiment, the addition of 20
µg/ml of anti-TGF-(3 Ab caused an 82 ± 2%
reduction of TGF-f3 accumulation isto cul-
ture fluids of M. leprae-infected MEI?s on
day 3.

In addition to these findings, it has also
been reported that TGF-P displayed down-
regulatory effects on the interferon-gamma
(IFN-y)-induced ICAM-1 expression by rat
microglia cells, which are cells of M(1) lin-
eage ("). It is thus likely that TGF-Í3 also
plays some active role in ICAM-1 down-
regulation observed in the case of M. lep-
rae-infected Mis. As shown in Figure 4,
anti-TGF-(3 Ab significantly blocked the
middle phase (day 7) downregulation of
ICAM-1 expression by Mis infected with
M. leprae. In this case, anti-TGF-(3 Ab was

FIG. 5. Effects of anti-TGF43 Ah on ICAM-1 cx-
pression hy Mis stimulated with heat (121°C, 15
min)-killed M. leprae 825. ^ = ICAM-1 expression
hy normal McDs hefore stimulation with heat-killed M.
leprae; 111. leprae-stimulated Md)s were cultured
in the absence of anti-TGF-13 Ah; • = M. Ieprae-
stintulated M4)s were cultured in the presence of anti-
TGF-13 Ab which was added at 30 pg/ml to culture
medium on days 0, 3, and 6 during eultivation. Each
har indicates mean ± S.E.M. (N = 4). '"' Signiticantly
larger lima value of McDs cultured in absence of anti-
TGF-13 Ah (p <0.05; Student's t test).

added at 30 pg/mI on days 0, 3, and 6. In
separate experiments, anti-TGF-(3 Ab at 30
µg/ml was found to neutralize 12 ng/ml of
TGF-(3, which is much larger than the
amounts of TGF-(3 produced by M. leprae-
infected M 1 s (The Table).

Figure 5 shows the effects of anti-TGF-(3
Ab on the ICAM-1 expression by M(bs
stimulated with heat-killed (121°C, 15 min)
M. leprae. In this case, anti-TGF-(3 Ab sim-
ilarly blocked the middle phase (day 7)
downregulation of ICAM-1, thereby indi-
cating that profiles of ICAM-1 expression
in Mis stimulated due to infection with liv-
ing M. leprae organisms were essentially
the same as those in M(1 s stimulated with
heat-killed M. leprae.

Effects of addition of TNF-a or anti-
TGF-(3 Ah on ICAM-1 expression by la-
tex beads-phagocytosing Mcbs. In order
to know whether or not TNF-a-mediated
upregulation and TGF-(3-mediated down-
regulation of Md) ICAM-1 expression ob-
served in Figures 1, 4, and 5 was specifi-
cally caused by M. leprae infection, we ex-
amined the effects of the addition of TNF-a
and anti-TGF-P Ab on the ICAM-1 expres-
sion by Mis stimulated by phagocytosis of
latex beads. For this purpose, McDs were
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Fic. 6. Profiles of ICAM-1 expression hy latex
heads-phagocytizing M(hs during cultivation. 1 1 =
Day 0: ICAM-1 expression by normal M<0s bcforc la-
tex phagocytosis. Days 1, 3, 7: ICAM-1 expression hy
control McUs without phagocytizing latex particles af-
ter cultivation in medium without addition; = la-
tex beads-phagocytizing MNs cultured in mediam
without addition; I. and 

[]
 = latex beads-phago-

cytizing M(I)s cultured in presence of cithcr TNF-a( me) or anti-TGF-13 Ah (1;t j). TNF-a and anti-TGF-
(3 Ah added to culturc medium at 500 units/mi and 10

respcctively, on days 0, 2, 6 during cultivation.
Each bar indicates mean ± S.E.M. (N = 3). * Signili-
cantly largcr than the valuc of control M(I)s (p ,0.05;
Student's 1 test).

cultured with 3-pm latex beads which are
known to be taken up by MDs through
phagocytosis. As shown in Figure 6, the
ICAM-1 expression by latex beads phago-
cytizing MDs did not reduce so markedly at
day 7 as in the case of M. leprae-infected
Mis (Figs. 1, 3, and 4). Moreover, neither
TNF-a nor anti-TGF-(3 Ab significantly af-
fected the ICAM-1 expression by latex
beads phagocytizing Mis.

DISCUSSION
The present study indicated that stimula-

tion of murine peritoneal M(I)s  with M. lep-
rae caused an upregulallon of ICAM-1 ex-
pression by the M(I)s in the early phase
(days 1 to 3) of cultivation. However, the
ICAM-1 expression thereafter rapidly de-
creased, and returned to the normal levei
by day 7. This profile of change in M^
ICAM-1 expression during the course of
cultivation seems to be peculiar to M. lep-
rae-infected McIs, since such marked de-
crease in the ICAM-1 expression at day 7
was not observed for M(I)s stimulated due
to phagocytosis of latex beads (Fig. 6). The
middle phase (day 7) downregulation of

ICAM-1 expression appeared to be due in
pari to a defect of M(I)-derived TNF-a hav-
ing upregulating effects on M(I) ICAM-1
expression ( 14 ''"), since supplementary ad-
dition of TNF-a prevented the middle (day
7) phase reduction of ICAM-1 expression
(Fig. 1).

This concept is supported by the follow-
ing findings obtained in separate experi-
menta. First, exogenous TNF-a increased
the ICAM-1 expression on uninfected M(I)s
(Fig. 2). Second, anti-TNF-a Ab abolished
the M. leprae infection-induced increase in
Mttt expression of TNF-a in the early phase
(day 3) of cultivation (Fig. 3). However, un-
der the present experimental condition, we
detected only low leveis of TNF-a released
from M. leprae-infected M(Ds roto the cul-
ture medium (The Table). This may mean
the individual M. leprae-infected MDs pro-
duced TNF-a mainly in a membrane-bound
form with a MW of 26 kD but not in a re-
leasing form with a MW of 17 kD ( 13 27),
and that such membrane-bound TNF-a
molecules transfer their stimulatory signals
to other M(I)s through cell-to-cell contact.
Alternatively, it is also possible that MO-
derived endogenous TNF-a could induce
the ICAM-1 upregulation of M. leprae-in-
fected Mc1s even at very low concentra-
tions.

It appears that an immunoregulatory cy-
tokine, TGF-(3 ( 31 ) also plays an important
role in the ICAM-1 downregulation of the
M(I)s, since anti-TGF-(3 Ab overcame the
middle phase (day 7) downregulation of
the ICAM-1 expression by M(I)s infected
or stimulated with M. leprae (Figs. 4 and
5). In this context, anti-TGF-(3 Ab failed to
increase the TNF-a released by M. leprae-
infected MDs (The Table). Therefore,
TGF-[3-mediated downregulation of Md)
ICAM-1 expression is not attributable to
the reduction of M(1 TNF-a-producing
ability due to TGF43 action. Moreover, al-
though a significam levei of the TGF-(3 pro-
duction by M. leprae-infected MOS was ob-
served at day 3, ICAM-1 downregulation
was not observed at this time point (The
Table versus Figs. 1 and 4). This suggests
that TGF-(3 could not effectively suppress
the ICAM-1 expression by M(I)s which
were actively producing ICAM-1 upregu-
lating factors, including TNF-a. Moreover,
it seems that M(1) factors other than TGF43
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also contribute to the middle-to-late phase
downregulation of the ICAM-1 expression.
For instance, the antiinflammatory cytokine
interleukin I() (IL-10) (`- ' ") and, also,
prostaglandin E, may play some roles in the
ICAM-1 downregulation. Indeed, our re-
cent study on M. ariwn complex-infected
M(Ds revealed that the middle (day 7) to
late (day 14) phase ICAM-1 expression by
M. ariunt complex-infected M(1)s is po-
tently suppressed by these M(1) factors in an
autocrine fashion (Tomioka, et al.: manu-
script submitted). Thus, it is of interest to
examine the participation of these and other
unknown ICAM-1 downregulating factors
in the late-phase reduction of Mc1 ICAM-1
expression, with special reference to their
collaborating effects.

It is somewhat enignlatic to note that
both exogenous TNF-a and anti-TGF-í3
Abs fully overcame the middle phase (day
7) downregulation of ICAM- I expression
on M. /eprae-infected MdDs (Figs. 1 and 4).
Although the precise reason for this situa-
tion is unknown, it may be explained as
follows. First, it is thought that by receiv-
ing high leveis of activating signals of
TNF-a Meps might become resistant to
ICAM-1 expression downregulatòry ef-
fects of TGF43. If this was the case, the ad-
dition of exogenous TNF-a in excess
amounts might cause the effective recovery
of M(I) ICAM-1 expression in the middle
phase (day 7) by protecting M. leprae-in-
fected MDs from TGF-f3-mediated ICAM-1
downregulating effects despite the fact that
significantly high amounts of TGF43 were
produced and released by the M 1 s finto the
culture medium at the same time point. Sec-
ond, it is also thought that TNF-a-mediated
activating signals suppress TGF-(3 produc-
ing ability of M. /eprae-infected MeDs, since
anti-TNF-a Ab was found to decrease Mcp
TGF-(3 production (The Table). Therefore,
TNF-a treatment of M. /eprae-infected
MeDs might antagonize TGF43-mediated
ICAM-1 downregulation by reducing the
production of Md) TGF-(3, causing a recov-
ery of MD ICAM-1 expression.

Notably, the profiles of ICAM- I expres-
sion in MeDs stimulated with living Al. lep-
rae organisms were essentially the same as
those in Mis stimulated with heat-killed
bacilli (Figs. 4 and 5). This indicates that
heat-stable components of M. leprae play

roles not only ias the early-phase upregula-
tion ICAM- 1 expression but also in the
middle-to-Iate phase downregulation of
ICAM-1 expression. First, lipoarabino-
niannan (LAM) is une of lhe major candi-
dates for the ICAM-1-modulating compo-
nents of M. leprae, since mycobacterial
LAM is capahle of upregulating M(I
ICAM-1 expression (' '). It lias been re-
ported that arahinosylated LAM of M. tu-
berc alosi.c induces Md> production of pra-
inllammatory cytokines, including TNF-a
and IL- 1 ( 1 ' which are lhe major me-
diators of ICAM-I upregu lation ( 11 14 ").
Nevertheless, ias the present study, M. iep-
rae-infected Md)s did not produce de-
tectable amounts of TNF-a in the culture
medium (The Table). In this context,
Adams, et al. ( 1 ) reported that LAM from
M. leprae having niannose capping did not
induce TNF-a production by M(I)s, as in
the case of mannosylated LAM from viru-
lent M. íuberculosis Erdman strain
(LAM A ) (`'). However, they also found
that mannosylated LAM A could trigger
M(I) antimicrobial activity and elevated
leveis of Md> nitric oxide production, and
that this triggering capacity of LAM
was abrogated by an anti-TNF-a Ab, inc^t -
cating that TNF-a is involved in the induc-
tion of Md> activation by LAM I  . No-
tably, LAM did so without miucing
elevated leveis of TNF-a in the supernatant
medium. As discussed above, it thus ap-
pears that the LAM of M. leprae triggered
Mchs to produce TNF-a in a membrane-
bound forni (MW = 26 kD) ("), and such
membrane-bound TNF-a molecules trans-
ferred their stiniulatory signals from one
M(I) to another Mch through cell-to-cell
contact. Indeed, it lias been demonstrated
that activated M(I)s could kill a TNF-a-
sensitive tumor cell line in the absence of
any demonstrable TNF-a in the culture su-
pernatants and this killing was attributed to
the presence of cell surface-associated
TNF-a ("). In addition, segments of M. lep-
rae cell-wall skeleton, such as mycolyl-ara-
binogalactan-peptidoglycan complex, pro-
tein-peptidoglycan complex, and muramyl
dipeptide, may play roles in the upregula-
tion of ICAM-1 expression by M. leprae-
infected MclDs since these substances are
known to trigger elevated production of
TNF-a (').
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Second, mycobacterial LAM also in-
duces Iv1(1) production of immunoregulatory
cytokines, including TGF-f3 and IL-10 ( 7 . 21
which have ICAM-1 downregulating func-
tions ( 23 . 32), suggesting the roles of LAM in
the ICAM-1 downregulation of M. leprae-
infected Mis in the middle-to-late phase of
cultivation. In addition, it is also likely that
other cellular components, such as heat-sta-
ble proteins, play roles in the ICAM-1 mod-
ulation since purified protein derivative
(PPD) of M. tuberculosis is reported to up-
regulate MO production of TNF-a, IL-1,
and, moreover, TGF-f3 (I". 2 ` ) ).

Moncada, et al. ( 17 ) reported that the epi-
dermis of leprosy patients with inflamma-
tory skin diseases exhibited an increased
ICAM-1 expression. They also found a lack
of ICAM-1 expression in the epidermis, es-
pecially karatinocytes (cells with Mc13-like
functions), of lepromatous patients. It is of
interest to know whether or not the defec-
tive expression of ICAM-1 in the lesionai
epidermis of lepromatous leprosy patients
is mediated by TGF-(3. In this context, we
previously found sequential increase of tis-
sue leveis of TNF-a, IL-10 and TGF-(3 in
spleens during the course of M. arriam com-
plex infection in mice ("). That is, the in-
crease in the TNF-a levei was observed
around week 2 after infection, followed by
an elevated levei of IL-10 during weeks 2 to
4, and the increase of TGF-f3 levei was sub-
sequently observed after week 4 for at least
up to week 8. Further studies are currently
underway to examine the roles of ICAM-1
downregulating cytokines, including TGF-(3
and IL-10 as mediators of defective ICAM-
1 expression in skin lesions of lepromatous
leprosy patients.

SUMMARY
Profiles of intercellular adhesion mole-

cule-1 (ICAM-1) expression on murine
peritoneal macrophages (Mcl)s) infected
with Mvcobacterium leprae during cultiva-
tion were examined with special reference
to the regulatory effects of tumor necrosis
factor-alpha (TNF-a) and transforming
growth factor-beta (TGF43). When Mis
were infected with M. leprae or stimulated
with heat-killed M. leprae at day 0, their
ICAM-1 expression, measured in terms of
the ratio of Mis positively stained with
anti-ICAM-1 antibody (Ab), rapidly in-

creased, peaking during days 1 to 3 and
thereafter fell, returning to the normal levei
by day 7. The addition of TNF-a or anti-
TGF-(3 Ab inhibited the middle phase (day
7) downregulation of ICAM-1 expres-
sion, although the late-phase (day 14)
downregulation of ICAM-1 was not pre-
vented by them. M. leprae-infected Mis
released small amounts of TNF-a and sig-
nificant amounts of TGF-f3 roto the culture
medium. This may indicate that M. leprae-
infected Mis produced the majority of
TNF-a in a membrane-bound form. Alter-
natively, endogenous TNF-a might upregu-
late M(I) ICAM-1 expression even at very
low concentrations. In any case, these find-
ings indicate the central roles of TNF-a and
TGF (3 in the early phase upregulation and
the middle-to-late phase downregulation,
respectively, of ICAM-1 expression by M.
/eprae-infected M1s.

RESUMEN
Se examinei el efecto regulatorio dcl factor de

necrosis minorai alfa (TNFa) y del factor de crec-
imiento transformante beta (TGF(3) sobre la expresión
de la molécula de adhesión intercelular ICAM- I en
macrófagos peritoneales murinos infectados con My-
cobac ter ium leprae.

Los macrófagos infectados con Al. leprae o estim-
ulados cons M. lepras muerto por calor en el dia O,
mostraron un rápido incrmeneto en la expresión de
ICAM-1 que fue máxima entre los dias 1-3 y luego
decayó, retornando a su nivel normal havia el dia 7. La
adición de TNFa o de un anticuerpo anti-TGF-(3 in-
hibió la fase media (día 7) de la expresión de ICAM-1
pero no modificó la fase tardia (día 14). Los macrófa-
gos infectados con M. leprae liberaron pequefias canti-
dades de TNFa y cantidades significativas de TGF-(3
en el medio de cultivo. Esto puede indicar que los
macrófagos infectados por M. leprae produjeron la
mayor parte dei TNFa en una forma unida a mem-
branas.

Alternativamente, el TNFa endógeno podría regu-
lar la expresión de ICAM-1 aun a muy hajas concen-
traciones. En cualquier caso, estos hallazgos indican
que el TNF-a y el TGF-f3 participar en la regulación
de la expresión de ICAM en ias fases temprana y
tardia, respectivamente, de la infección por M. leprae.

RÉSUMÉ
On a examiné le mode d'expression des molécules

d'adhésion intercellulaire de type 1 (ICAM-l) chez
dez macrophages (M I s) infectés iu nitro par Mv-
cubacterium leprae, en tenant compte en particulier de
la regulation d'expression exercée par le tumor necro-
sis factor-alpha (TNF-a) et le transforming growth
factor-beta (TGF-(3).
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Lorsquc des MdDs étaient infectés par M. /eprae ou
hien siumilés par des Al. leprae tuécs par Ia ch a leur,
I'expression dc ICAM-1, mcsuréc en termo de propor-
tion de Mis marquês par des anticorps (Ac) anti-
ICAM-1, augntcntait rlpidement, présentait un pio en-
tre le premicr et Ic troisiêmc jour après I'infcclion et
diminuait cnsuitc, pour rcjoindre Ic nivcau basal d'cx-
pression vcrs lc scptièmc jour. L'addition de TNF-a ou
d'anticorps anti-TGF-¡3 inhibait la phasc intcrmédiairc
(scptièmc jour) dc rctour au nivcau basal d'cxpression
d'ICAM-1 par les M4rs. Cependant, le rctour tardif
(quatorzièmc jour) au nivcau dc base d'cxpression de
ICAM-1 n'a pu ctrc prévenu par ces moléculas. Les
Mchs infectés par M. leprae ont relargués dans le mi-
licu dc cultue unc pctitc quantité dc TNF-a et unc
quantité plus importante dc TGF-13.

Cola pourrait suggérer que soit les M(1)s infectés
par M. leprae produiraient la majorité de Ieur TNF-a
dans une forme assossiée aux membranas, sois que lc
TNF-a endogènc pourrait stinuller l'expression de
ICAM-1 même à três pctitc conccntration chcz les
macrophages. En tout état de cause, ces trouvai1les
suggèrent un rôlc central de TNF-a et dc TGF-f3, dans la
st1nwlation précoce et dans le rctour au nivcau basal en
phasc moycnnc et tardive, respectivement, de I'cxpres-
sion de ICAM-1 par les McDs infectés par M. leprae.
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