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It is reported that some bacteria or bacterial components cause thymic atrophy via the apoptotic process.
The present study demonstrated for the first time in vivo induction of apoptosis in the mouse thymus by
mycobacterial cord factor (CF) (trehalose 6,6*-dimycolate). When 300 mg of purified CF from Mycobacterium
tuberculosis was intravenously administered to BALB/c mice in the form of water-in-oil-in-water (w/o/w)
emulsion, thymic atrophy and pulmonary granulomas were induced with a peak on day 7, whereas, in the form
of liposomes, CF induced thymic atrophy on days 14 to 21 in parallel with the development of hepatic
granulomas. Thymic atrophy resulted from the depletion of cortical lymphocytes via apoptosis as revealed by
DNA fragmentation and karyorrhectic changes. In contrast, mycobacterial sulfatide (2,3,6,6*-tetraacyl treha-
lose 2*-sulfate) caused neither thymic atrophy nor granuloma formation. Compared to lipopolysaccharide-
induced thymocyte apoptosis, CF (w/o/w)-induced thymocyte apoptosis developed more slowly, reached a
maximum later, and lasted longer but was less intense. Although serum tumor necrosis factor alpha (TNF-a)
levels in CF-treated mice were not significantly elevated, administration of anti-TNF-a antibody almost
completely inhibited thymic atrophy and granuloma formation. Serum corticosterone levels were only slightly
elevated by CF administration. The present results indicate that mycobacterial CF induces thymic atrophy via
apoptosis, which is closely linked with granuloma formation.

It has been reported that various kinds of stimuli, such as
glucocorticoids (22), anti-CD3 antibody (18), tumor necrosis
factor alpha (TNF-a) (8), and irradiation (17) induce apopto-
sis, or programmed cell death, of thymocytes in vitro. Recently,
the effects of bacteria or bacterial components on thymocytes
have been examined with respect to the relationship of bacte-
rial infection to T-cell response. Lipopolysaccharide (LPS) is
the well-known bacterial substance which induces a loss in
weight of the thymus and a decrease in the number of thymic
lymphocytes (3, 16). It has been demonstrated that LPS-in-
duced thymic atrophy is attributed to the apoptosis of thymo-
cytes in the cortex and may be mediated by TNF-a and corti-
costerone (15, 25).
Wang et al. (21) observed that intraperitoneal (i.p.) injection

of live gram-negative bacteria, such as Escherichia coli, Pseudo-
monas aeruginosa, and Klebsiella pneumoniae, induced thymo-
cyte apoptosis not only in C3H/HeN mice, which are LPS
responders, but also in C3H/HeJ mice, which are LPS nonre-
sponders, while LPS induced thymocyte apoptosis only in LPS
responder mice, suggesting that components of gram-negative
bacteria other than LPS might be able to cause thymocyte
apoptosis. They further demonstrated that gram-positive bac-
teria, such as Streptococcus pneumoniae, also induced in vivo
thymocyte apoptosis, the kinetics of which was different from
that of gram-negative bacterium-induced thymocyte apoptosis.
Peptidoglycan, an elementary cell wall component of all bac-
teria, is therefore assumed to be involved in this phenomenon
(21). In addition to the cell wall constituents, exotoxins like
staphylococcal enterotoxin B induce in vivo apoptosis of thy-
mocytes (13).

Mycolic acid-containing glycolipids such as cord factor (CF)
(trehalose 6,69-dimycolate [TDM]) and trehalose trimycolate
(20), as well as sulfatide (SL) (2,3,6,69-tetraacyl trehalose 29-
sulfate), are virulent factors characteristic of acid-fast bacteria.
Mycoloyl glycolipids exert various biological effects, including
adjuvant activity and granuloma formation (9, 14, 24), via the
activation of macrophages, natural killer (NK) cells, or extra-
thymic T cells (19). It is reported that cytokines, such as TNF
(10, 11) and gamma interferon (IFN-g) (2), are involved in the
development of pulmonary or hepatic granulomas induced by
acid-fast bacteria or purified mycoloyl glycolipids. On the other
hand, SL contributes to the progress of tuberculosis by sup-
pressing phagosome-lysosome fusion in phagocytic cells (7). In
the present study, we compared the inducing roles of CF and
SL in the development of thymic atrophy or granulomas in
mice and reported for the first time that in vivo administration
of mycobacterial CF induces marked thymic atrophy via the
apoptotic process, whereas SL induces neither thymic atrophy
nor granuloma formation.

MATERIALS AND METHODS

Mice.Male specific-pathogen-free BALB/c mice, 5 weeks old, were purchased
from SLC (Shizuoka, Japan). Experiments were performed in accordance with
the standard guidelines for animal experiments of the Osaka City University
Medical School.
Preparation of CF and SL. Mycobacterium tuberculosis AOYAMA-B was

cultivated in Sauton medium for 5 to 6 weeks at 378C. The bacterial cells were
autoclaved at 1218C for 30 min and harvested. Lipids were serially extracted with
chloroform-methanol (4:1 [vol/vol]), chloroform-methanol (3:1 [vol/vol]), and
chloroform-methanol (2:1 [vol/vol]). Purification of CF and SL was performed by
developing the lipids on a thin-layer plate of silica gel with chloroform-methanol-
acetone-acetic acid (90:10:6:1 [vol/vol/vol/vol]) and subsequently with chloro-
form-methanol-water (90:10:1 [vol/vol/vol]). This purification procedure was re-
peated until a single spot of each glycolipid was ultimately obtained on a thin-
layer plate.
Preparation of w/o/w emulsion and liposomes. Purified CF or SL was emul-

sified with 0.2% Tween 80 and 3.2% Freund’s incomplete adjuvant (Difco Lab-
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oratories, Detroit, Mich.) in 0.1 M phosphate-buffered saline (PBS) to form a
water-in-oil-in-water (w/o/w) emulsion (23). As controls, w/o/w micelles without
CF or SL were used. For the preparation of liposomes, mixtures of CF, dipalmi-
toyl phosphatidylcholine, and dicetyl phosphate (Sigma, St. Louis, Mo.) (1:9:0.1
[mol/mol/mol]) were dissolved in chloroform. They were evaporated and dried
overnight. After PBS was added, the suspension was sonicated for 4 min at 608C.
For controls, glycolipid-free liposomes were prepared.
LPS. LPS extracted from Salmonella enteritidis by the phenol-water method

was purchased from Difco Laboratories.
Administration of CF, SL, or LPS.Mice were intravenously (i.v.) injected with

a single dose (300 mg per animal) of either CF in the form of a w/o/w emulsion
[CF (w/o/w)] (19), SL in the form of a w/o/w emulsion [SL (w/o/w)], or CF in the
form of liposomes [CF (liposome)]. They were sacrificed at different time points
after injection. Some mice were subjected to i.p. administration of 100 mg of LPS.
Treatment of mice with anti-mouse TNF-a MAb. Mouse anti-mouse TNF-a

monoclonal antibody (MAb) was prepared from the ascitic fluid in CD-1 nude
mice injected with hybridoma MP6-XT3, a kind gift from Hiromi Fujiwara,
Osaka University, Osaka, Japan. Mice were subjected to i.p. administration of
250 mg of anti-TNF-aMAb at 0, 24, and 48 h after i.v. injection of 300 mg of CF
(w/o/w), and they were sacrificed at 65 h.
Organ index. Animals were anesthetized with ether, and their abdomens were

opened. The blood was obtained via the inferior vena cava. Lungs, liver, spleen,
and thymus were taken out and weighed. Thymus weight was measured by using
a balance with an accuracy to 0.0001 g. In order to represent the degree of
granuloma formation in each organ, the organ index was calculated as organ
weight (in grams)/body weight (in grams) 3 100.
Quantitation of serum TNF-a and corticosterone. At various intervals, serum

was collected from each individual mouse and stored at2808C until quantitated.
For the bioassay of TNF-a, serially diluted sera were added to 43 104 L929 cells
that had been incubated in microtiter plates for 5 h in a humidified atmosphere
at 378C with 5% CO2. Plates were incubated in the presence of 1 mg of actino-
mycin D/ml for 20 h under the same conditions and then were stained with crystal
violet. After the plates were washed with PBS, the dye was extracted with 0.1 M
KH2PO4-ethanol (1:1 [vol/vol]). The optical absorbance of the solution at 550 nm
was measured with a microplate reader. Serum corticosterone was measured
with a radioimmunoassay kit (rat corticosterone [125I] assay system; Amersham
Life Science, Little Chalfont, Buckinghamshire, United Kingdom).
Histological examination. Organs taken out were fixed in 10% formalin, de-

hydrated, and embedded in paraffin. Sections were stained with hematoxylin and
eosin (H-E). For electron microscopy, thymuses were fixed in 1% Karnovsky
solution overnight at 48C. They were cut into small blocks, postfixed in 1% OsO4
in 0.1 M phosphate buffer (pH 7.4), dehydrated in ethanol series, and embedded
in polybed (Polysciences Inc., Warrington, Pa.). Semithin sections (0.5 mm thick)
were cut, stained with toluidine blue, and observed by light microscopy. Thin
sections were stained with saturated uranyl acetate and lead citrate and were
observed under a JEM 1200EX electron microscope (JEOL, Tokyo, Japan) at
100 kV.
For the morphometry of apoptotic cells in the thymus, three to six mice were

used for each group. We observed toluidine blue-stained sections at a magnifi-
cation of 31,000 and counted the number of apoptotic thymocytes in five visual
fields of the thymic cortex per animal. The density of apoptotic cells was ex-
pressed as the number of apoptotic cells per square millimeter of the cortex area.

DNA extraction and DNA electrophoresis. The thymocyte suspension (107

cells/ml in PBS) was centrifuged at 250 3 g for 15 min. The pellet obtained was
resuspended in lysing buffer (20 mM EDTA, 0.2% Triton X-100, 10 mM Tris-
HCl [pH 8.0]). After centrifugation at 14,000 3 g for 10 min at 48C, the super-
natant, which contained fragmented soluble DNA, was collected, incubated with
0.5 M EDTA and heat-treated RNase for 15 min at 378C, and subsequently
incubated with 10% sodium dodecyl sulfate for 10 min at 558C. DNA was
extracted from the supernatant with phenol-chloroform, precipitated by the
addition of isopropanol containing 3 M sodium acetate (pH 5.2), and kept
overnight at 2208C. After centrifugation at 14,000 3 g for 10 min, it was
suspended in 20 ml of a solution containing 10 mM Tris-HCl (pH 8.0) and 1 mM
EDTA. Electrophoresis was performed at 100 V with 1.5% agarose gels in TAE
buffer (40 mM Tris-HCl, 40 mM acetic acid, 1 mM EDTA [pH 8.0]). After
electrophoresis, the gel was stained with ethidium bromide (1 mg/ml) and visu-
alized with UV light.
Statistical analysis. The results were analyzed according to the unpaired

Student t test. Data were expressed as mean values 6 standard deviations (SD)
or standard errors.

RESULTS

Induction of thymic atrophy and granuloma formation by
CF. By i.v. administration of CF (w/o/w), the lung index began
to increase on day 2, reaching a maximum on day 7, and then
gradually decreased until day 21 (Fig. 1). Liver and spleen
indices showed a slight increase on day 7, continued to go up
by day 21 (Fig. 1), and then declined on day 28 (data not
shown). Histological examination of H-E-stained sections re-
vealed that organ indices were well correlated with the degree
of granuloma formation (data not shown). The thymus index
began to decrease on day 2, reached the lowest level on day 7,
and returned to the value of w/o/w control mice on day 21 (Fig.
1). In contrast to CF (w/o/w), SL (w/o/w) induced neither
granuloma formation nor thymic atrophy (Fig. 1). Administra-
tion of w/o/w emulsion alone did not cause any significant
changes in organ indices.
On the other hand, when CF (liposome) was administered,

there was no increase in the lung index throughout the exper-
imental periods, whereas liver and spleen indices exhibited
conspicuous increases on days 14 and 21 (Fig. 2). The thymus
index remained unchanged until day 7 and then was signifi-
cantly decreased on days 14 and 21 (Fig. 2).
By i.p. injection of LPS, thymus weight decreased. The ki-

netics and degree of thymic atrophy in LPS-treated mice were
similar to those observed in CF (w/o/w)-treated mice, although
the thymus weight loss on day 1 was much larger in LPS-

FIG. 1. Kinetics of organ indices after i.v. administration of 300 mg of CF
(w/o/w) (F) or of SL (w/o/w) (h). As a control, w/o/w micelles alone were
injected i.v. (E). Data represent mean values 6 SD for three to four mice per
group. p, P, 0.01 versus w/o/w micelles alone; pp, P, 0.05 versus w/o/w micelles
alone.

FIG. 2. Kinetics of organ indices after i.v. administration of 300 mg of CF
(liposome) (F). As a control, liposomes alone were injected i.v. (E). Data
represent mean values 6 SD for three to four mice per group. p, P , 0.01 versus
liposomes alone; pp, P , 0.05 versus liposomes alone.
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treated mice than that observed in CF (w/o/w)-treated mice
(Fig. 3). LPS treatment did not induce massive granulomas in
the lung, liver, and spleen.
Induction of thymocyte apoptosis by CF or LPS. To inves-

tigate the mechanism of thymic atrophy by CF and reasons for
the difference in the kinetics of thymic atrophy among CF
(w/o/w)-, CF (liposome)-, and LPS-treated mice, we examined
histopathological changes in thymuses. In H-E-stained sec-
tions, cortical thymocytes began to decrease 6 h after LPS
injection. The boundary between the cortex and medulla be-
came obscure at 18 h and was diminished at 24 h (Fig. 4). The
thymic cortex remained lost until day 7 but reappeared on day

14. On the other hand, CF (w/o/w)-treated mice exhibited the
normal features of the thymic cortex at 18 h. The cortex was
then profoundly decreased at 36 h and had entirely disap-
peared by 65 h (Fig. 4). When CF (liposome) was adminis-
tered, the thymic cortex showed no changes in volume until day
7 but was completely diminished on day 14 and partially re-
covered on day 21 (Fig. 4).
We next examined the morphology and frequency of apo-

ptotic thymocytes in the cortex at a higher magnification. By
LPS injection, many thymocytes underwent apoptosis diffusely
in the cortical area at 12 h, showing pyknotic and karyorrhectic
changes (Fig. 5). Pyknotic foci were still extensive at 18 h and
then were decreased in number at 24 h (Fig. 5 and Table 1). On
the other hand, in CF (w/o/w)-treated mice, pyknotic thymo-
cytes were sparse in the cortex at 18 h, were increased in
number at 24 h, and reached a maximum at 36 to 48 h, al-
though the frequency of apoptotic thymocytes in CF (w/o/w)-
treated thymus at 36 to 48 h was less than that observed in
LPS-treated thymus at 12 to 18 h (Fig. 5 and Table 1). They
gradually decreased thereafter (Table 1). On the other
hand, we could not detect the increase of apoptotic thymo-
cytes on days 2, 4, 7, 14, and 21 in CF (liposome)-treated
thymuses.
As observed by electron microscopy, the morphology of thy-

mocyte apoptosis was similar in LPS- and CF (w/o/w)-treated
thymuses (Fig. 6a and b). Thymocytes with condensed nuclear
chromatin were phagocytosed by macrophages, which were
distributed in the thymic cortex, particularly around the blood
vessels (Fig. 6c). The nuclei of apoptotic thymocytes were
fragmented into the debris and scattered in the cytoplasm of

FIG. 3. (Left panel) Kinetics of thymus weight after i.v. administration of 300
mg of CF (w/o/w) (F) or w/o/w micelles alone (E). (Right panel) Kinetics of
thymus weight after i.p. administration of 100 mg of LPS (F) or saline (E). Data
represent mean values 6 SD for three to five mice per group. p, P , 0.01 versus
w/o/w micelles alone or saline; pp, P , 0.05 versus w/o/w micelles alone or
saline.

FIG. 4. Low-power light micrographs of thymuses at various intervals after i.p. administration of 100 mg of LPS (top panels), i.v. administration of 300 mg of CF
(w/o/w) (middle panels), or i.v. administration of 300 mg of CF (liposome) (bottom panels). In LPS-treated mice, depletion of cortical lymphocytes (asterisks) begins
at 12 h and is almost completed at 18 h, whereas in CF (w/o/w)-treated mice, the thymic cortex is still obvious at 24 h and is partially diminished at 36 h. In both
cases, the thymic cortex is completely lost at 1 week (w) postinjection, followed by recovery to the normal state at 2 weeks, as indicated by asterisks. In CF
(liposome)-treated mice, the thymic cortex (asterisks) shows no change at 1 week, disappears at 2 weeks, and is reconstructed at 3 weeks. H-E stain was used.
Bar 5 100 mm.
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macrophages. Some macrophages contained many lipid drop-
lets in the cytoplasm (Fig. 6c).
By electrophoresis, DNA extracted from CF (w/o/w)-treated

thymocytes showed fragmentation in ladder form, although the
bands were less intense than those obtained from LPS-chal-
lenged thymocytes (Fig. 7).
Involvement of TNF-a and corticosterone in CF-induced

thymic atrophy. Serum TNF-a levels were significantly in-
creased at 1 and 2 h after LPS injection, whereas no elevation
of TNF-a was detected in the sera of CF (w/o/w)-treated mice
at any time between 1 and 36 h after injection (Fig. 8). Control
mice treated with w/o/w micelles alone or saline did not show
any elevation of TNF-a at any time point (data not shown).
Administration of anti-mouse TNF-a MAb, however, almost
completely inhibited thymic atrophy and pulmonary granu-
loma formation 3 days after CF (w/o/w) injection (Table 2).
Increases in the number of apoptotic thymocytes and loss of
the thymic cortex were not found in anti-TNF-a MAb-treated
mice on day 3 (data not shown).
Serum corticosterone levels were profoundly elevated at 2 to

6 h after LPS injection, while CF (w/o/w)-treated mice showed
only a slight elevation of corticosterone at 1 to 6 h, compared
to w/o/w micelle-treated mice (Fig. 9). In CF (liposome)-
treated mice, we could not detect elevation of serum corticos-
terone on days 2, 4, and 7, prior to the thymic atrophy observed
on day 14 (Fig. 9).

DISCUSSION

The present study has revealed that mycobacterial CF has a
potential for the induction of thymic atrophy via the apoptotic
process. Light and electron microscopic analyses demonstrated
typical features of apoptotic thymocytes in the cortex area of
CF-treated thymus as reported for LPS- or E. coli-induced

thymic atrophy (4, 21). The localization of apoptotic foci
around the blood vessels seen here is also observed in LPS-
treated thymuses (4).
Thymic atrophy induced by CF was closely related to gran-

uloma formation. The kinetic study demonstrated that the time
of maximal thymic atrophy coincided exactly with that of the
peak of granuloma formation. When CF (w/o/w) was admin-
istered via the tail vein, micelles were trapped in the alveolar
capillaries, as revealed by electron microscopy (data not
shown), and developed pulmonary granulomas with a peak on
day 7, accompanied by marked thymic atrophy. On the other
hand, CF (liposome), which is much smaller in size than mi-
celles and passes through the alveolar capillaries, did not in-

FIG. 5. High-power light micrographs of thymuses at various intervals after i.p. administration of 100 mg of LPS (upper panels) or i.v. administration of 300 mg of
CF (w/o/w) (lower panels). In LPS-treated mice, foci of apoptotic lymphocytes (arrows) are increased in the thymic cortex 12 h after injection. They become more
evident at 18 h and are decreased at 24 h. In CF (w/o/w)-treated mice, the frequency of apoptotic lymphocytes (arrows) is increased at 24 h and persists at a high level
at 48 h. Toluidine blue stain was used. Bar 5 20 mm.

TABLE 1. Density of apoptotic thymocytes in the cortex areas
of thymuses after CF (w/o/w) or LPS injectiona

Time after
injection

No. of apoptotic thymocytes/mm2 (mean 6 SD)
after injection with:

w/o/w micelles alone CF (w/o/w) LPS

0 h 574 6 96 574 6 96 574 6 96
12 h NTb NT 5,451 6 180
18 h NT 856 6 64 6,670 6 614
24 h 752 6 52 1,083 6 85 1,184 6 274
36 h NT 1,459 6 212 NT
48 h 836 6 51 1,451 6 212 950 6 59
65 h NT 1,211 6 83 NT
4 dc 791 6 38 902 6 26 877 6 70
7 d 641 6 64 911 6 36 854 6 85
14 d 574 6 96 695 6 72 NT

aMice were subjected to i.v. administration of 300 mg of CF (w/o/w) or i.p.
administration of 100 mg of LPS. Three to six mice were used for each group.
b NT, not tested.
c d, days.
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duce pulmonary granulomas but did induce prominent hepatic
granulomas observed on days 14 and 21, with marked thymic
involution at these time points. Experiments using different
doses of CF or different analogs of mycoloyl glycolipids, such
as trehalose trimycolate from Gordona aurantiaca (20), have
demonstrated that there is a good correlation between the
degree of thymic atrophy and the extent of granuloma forma-
tion (data not shown). Furthermore, mycobacterial SL, which
did not induce granuloma formation, did not cause thymic
atrophy. Both CF and SL contain trehalose as a carbohydrate
moiety, so the different biological effects of these two sub-
stances observed here must be derived from the difference in
the fatty acid moieties; mycobacterial CF contains C76–86 my-
colic acids with a long alkyl branched chain at the a position,
while SL has shorter-chain (C38–42) phthioceranic acids. My-
colic acids occupy a larger part of the host cell membrane than
phthioceranic acids do and thereby cause more profound per-
turbation of the membrane.
Thymic atrophy was invariably induced independently of the

kinds of organs in which granulomas were formed; namely, it
was seen during CF (liposome)-induced hepatic granuloma
formation as well as during CF (w/o/w)-induced pulmonary
granuloma formation. In either case, loss of the thymic cortex
was transient and cortical lymphocytes were restored within a
week after the peak of thymic atrophy. In CF (w/o/w)-treated
mice, pulmonary granuloma formation was followed by hepatic
and splenic granulomas, although the latter did not prolong the
thymic atrophy induced by the former, suggesting that granu-
loma formation may not affect the process of cortical resto-
ration, which includes the entry of thymocyte precursors
into thymuses and the subcapsular proliferation of thymo-
blasts.
Although thymic atrophy was maximum on day 7 both in CF

(w/o/w)- and LPS-treated mice, the onset of thymic atrophy in
the former was apparently behind that in the latter. The time
period and duration of the augmented thymocyte apoptosis
were also different, i.e., 12 to 24 h in LPS-treated mice and 24

to 65 h in CF (w/o/w)-treated mice. Our present results, to-
gether with the previous studies by others (13, 21), indicate
that the kinetics of thymocyte apoptosis is characteristic to
each bacterial component.
It has been considered that TNF-amay play a central role in

the in vivo induction of thymocyte apoptosis by LPS (15), E.
coli (21), or S. pneumoniae (21) in light of the facts that the
serum TNF-a level is elevated 1 h, 1 h, or 6 to 9 h, respectively,
after injections and that anti-TNF-a MAb treatment sup-
presses the induction of thymocyte apoptosis by these sub-
stances. It has also been demonstrated that TNF-a directly acts
on thymocytes and induces apoptosis in vitro (8). In the
present study, administration of anti-TNF-a MAb prevented
mice from developing CF (w/o/w)-induced thymic atrophy, in-
dicating the involvement of TNF-a. However, no significant
amount of TNF-a was detected in the sera of CF (w/o/w)-
treated mice; this finding is consistent with our previous data

FIG. 6. Electron micrographs of the thymic cortex 18 h after i.p. injection of 100 mg of LPS (a) or 36 h after i.v. injection of 300 mg of CF (w/o/w) (b and c).
Macrophages (M) which have phagocytosed many apoptotic lymphocytes are found among intact cortical lymphocytes. (c) A macrophage which ingests several
apoptotic lymphocytes (arrowheads) is located near the blood vessel (V). It contains many lipid droplets (arrows) in the cytoplasm. (a and b) Bars 5 5 mm. (c) Bar 5
2 mm.

FIG. 7. DNA fragmentation of LPS-treated or CF (w/o/w)-treated mice.
DNA was extracted from the thymocytes and electrophoresed in agarose gel.
Lane 1, molecular-size marker of HaeIII-digested fX174 RF DNA, in kilobases;
lane 2, mice treated with w/o/w micelles alone at 24 h; lane 3, mice treated
with 300 mg of CF (w/o/w) at 24 h; lane 4, mice treated with 100 mg of LPS
at 24 h.
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showing that mycoloyl glycolipids do not induce TNF-a pro-
duction even after multiple injections but show TNF-priming
activity (14). There is a report that TNF-a is synthesized locally
inMycobacterium bovis BCG-induced granulomas and contrib-
utes to the development of granulomas in an autocrine or
paracrine manner (11). In this study, CF (w/o/w)-induced pul-
monary granuloma formation was significantly suppressed by
anti-TNF-aMAb. These data suggest that CF (w/o/w)-induced
thymic atrophy is not the result of direct action of serum
TNF-a on thymocytes but occurs in association with TNF-a-
dependent growth of granulomas and that anti-TNF-a MAb
may inhibit thymic atrophy by interfering with granuloma for-
mation.
Possible mediators which affect thymocytes during CF-in-

duced granuloma formation are essentially unknown. However,
several cytokines or substances released from macrophages,
i.e., interleukin-1 (IL-1) (12), TNF-b (12), granulocyte-mac-
rophage colony-stimulating factor (6), and nitric oxide (NO)
(5), have been reported to induce thymocyte apoptosis, and
we have observed increased mRNA expression for IL-1, induc-
ible NO synthase, TNF, and IFN-g in the lung 1 day after CF
(w/o/w) administration (15a). Corticosterone is also reported
to participate in LPS-induced thymocyte apoptosis (15, 25). In
the present study, corticosterone levels were elevated slightly
in the sera of CF (w/o/w)-treated mice. Abo et al. (1) reported
that E. coli-induced thymic atrophy may result from the inac-
tivation of intrathymic T cells that occurs reciprocally under
the condition of extrathymic T-cell activation induced by bac-
terial stimulation. We have also observed in CF (w/o/w)-treat-
ed mice that NK cells and extrathymic T cells (CD31/2 IL-
2Rb1 and gd T cells) increase in pulmonary granulomas,

while thymus-derived T cells (CD31 IL-2Rb2 cells) de-
crease (19).

ACKNOWLEDGMENTS

We express sincere thanks to Hiroko Tsutsui, Section of Immunol-
ogy, Toneyama Institute, Osaka City University, and to Kenichi P.
Takahashi, Department of Anatomy and Physiology, Osaka Prefec-
tural College of Health Science, for their valuable comments on this
work.

REFERENCES

1. Abo, T., A. Kusumi, S. Seki, T. Ohteki, K. Sugiura, T. Masuda, H. Rikiishi,
T. Iiai, and K. Kumagai. 1992. Activation of extrathymic T cells in the liver
and reciprocal inactivation of intrathymic T cells by bacterial stimulation.
Cell. Immunol. 142:125–136.

2. Asano, M., A. Nakane, and T. Minagawa. 1993. Endogenous gamma inter-
feron is essential in granuloma formation induced by glycolipid-containing
mycolic acid in mice. Infect. Immun. 61:2872–2878.

3. Baroni, C. D., L. Ruco, G. Soravito De Franceschi, S. Uccini, L. Adorini, and
G. Doria. 1976. Biological effects of Escherichia coli lipopolysaccharide
(LPS) in vivo. I. Selection in the mouse thymus of killer and helper cells.
Immunology 31:217–224.

4. Fehsel, K., K. D. Kroncke, H. Kolb, and V. Kolb-Bachofen. 1994. In situ
nick-translation detects focal apoptosis in thymuses of glucocorticoid- and
lipopolysaccharide-treated mice. J. Histochem. Cytochem. 42:613–619.

5. Fehsel, K., K. D. Kroncke, K. L. Meyer, H. Huber, V. Wahn, and V. Kolb-
Bachofen. 1995. Nitric oxide induces apoptosis in mouse thymocytes. J. Im-
munol. 155:2858–2865.

6. Fu, Y., R. D. Paul, Y. Wang, and D. M. Lopez. 1989. Thymic involution and
thymocyte phenotypic alterations induced by murine mammary adenocarci-
nomas. J. Immunol. 143:4300–4307.

7. Goren, M. B., P. D. Hart, M. R. Young, and J. A. Armstrong. 1976. Preven-
tion of phagosome-lysosome fusion in cultured macrophages by sulfatides of
Mycobacterium tuberculosis. Proc. Natl. Acad. Sci. USA 73:2510–2514.

8. Hernandez-Caselles, T., and O. Stutuman. 1993. Immune functions of tumor
necrosis factor. I. Tumor necrosis factor induces apoptosis of mouse thymo-
cytes and can also stimulate or inhibit IL-6-induced proliferation depending
on the concentration of mitogenic costimulation. J. Immunol. 151:3999–
4012.

9. Kaneda, K., Y. Sumi, F. Kurano, Y. Kato, and I. Yano. 1986. Granuloma
formation and hemopoiesis induced by C36–48-mycolic acid-containing gly-
colipids from Nocardia rubra. Infect. Immun. 54:869–875.

10. Kasahara, K., K. Kobayashi, Y. Shikama, I. Yoneya, S. Kaga, M. Hashimoto,
T. Odagiri, K. Soejima, H. Ide, T. Takahashi, and T. Yoshida. 1989. The role
of monokines in granuloma formation in mice. The ability of interleukin 1
and tumor necrosis factor-a to induce lung granulomas. Clin. Immunol.
Immunopathol. 51:419–425.

11. Kindler, V., A-P. Sappino, G. E. Grau, P.-F. Piguet, and P. Vassalli. 1989.
The inducing role of tumor necrosis factor in the development of bactericidal

FIG. 8. Time course of the serum TNF-a level after i.p. administration of 100
mg of LPS (F) or i.v. administration of 300 mg of CF (w/o/w) (h) or saline (E).
Data represent mean values 6 standard errors for three mice.

FIG. 9. Time course of the serum corticosterone level after i.v. administra-
tion of 300 mg of CF (w/o/w), i.v. administration of 300 mg of CF (liposome), or
i.p. administration of 100 mg of LPS (all shown by F). As controls, w/o/w micelles
alone (E) or liposomes alone (E) were injected i.v. Data represent mean val-
ues 6 standard errors for three to four mice per group.

TABLE 2. Effect of anti-TNF-a MAb on CF (w/o/w)-induced
thymic atrophy and pulmonary granuloma formation

65 h after CF injectiona

Substance(s) injected
Wt (mean 6 SD) of:

Body (g) Thymus (mg) Lung (g)

w/o/w micelles alone 22.21 6 1.25 46.2 6 9.2 0.13 6 0.01
CF (w/o/w) 15.05 6 0.52*b 24.1 6 1.5* 0.27 6 0.02*
CF (w/o/w) 1 anti-TNF-a
MAb

20.85 6 0.36 43.2 6 3.8 0.17 6 0.00

aMice were subjected to i.v. administration of 300 mg of CF (w/o/w) or w/o/w
micelles alone. Anti-TNF-a MAb was administered i.p. at a dose of 250 mg at 0,
24, and 48 h after CF injection. Three mice were used for each group.
b *, P , 0.01 versus w/o/w micelles alone.

1798 OZEKI ET AL. INFECT. IMMUN.



granulomas during BCG infection. Cell 56:731–740.
12. Kusumi, A., T. Abo, T. Masuda, K. Sugiura, S. Seki, T. Ohteki, R. Okuyama,

and K. Kumagai. 1992. Lymphotoxin activates hepatic T cells and simulta-
neously induces profound thymic atrophy. Immunology 77:177–184.

13. Lin, Y. S., H. Y. Lei, T. L. K. Low, C. L. Shen, L. J. Chou, and M. S. Jan.
1992. In vivo induction of apoptosis in immature thymocytes by staphylococ-
cal enterotoxin B. J. Immunol. 149:1156–1163.

14. Natsuhara, Y., S. Oka, K. Kaneda, Y. Kato, and I. Yano. 1990. Parallel
antitumor, granuloma-forming and tumor-necrosis-factor-priming activities
of mycoloyl glycolipids from Nocardia rubra that differ in carbohydrate moi-
ety: structure-activity relationships. Cancer Immunol. Immunother. 31:99–
106.

15. Norimatsu, M., T. Ono, A. Aoki, K. Ohishi, and Y. Tamura. 1995. In-vivo
induction of apoptosis in murine lymphocytes by bacterial lipopolysaccha-
rides. J. Med. Microbiol. 43:251–257.

15a.Oka, S., et al. Unpublished data.
16. Rowlands, D. T., Jr., H. N. Claman, and P. D. Kind. 1965. The effect of

endotoxin on the thymus of young mice. Am. J. Pathol. 46:165–171.
17. Skalka, M., J. Matyasova, and M. Cejkova. 1976. DNA in chromatin of

irradiated lymphoid tissues degrades in vivo into regular fragments. FEBS
Lett. 72:271–274.

18. Smith, C. A., G. T. Williams, R. Kingston, E. J. Jenkinson, and J. J. T. Owen.
1989. Antibodies to CD3/T-cell receptor complex induce death by apoptosis
in immature T cells in thymic cultures. Nature 337:181–184.

19. Tabata, A., K. Kaneda, H. Watanabe, T. Abo, and I. Yano. 1996. Kinetics of
organ-associated natural killer cells and intermediate CD3 cells during pul-
monary and hepatic granulomatous inflammation induced by mycobacterial
cord factor. Microbiol. Immunol. 40:651–658.

20. Tomiyasu, I., J. Yoshinaga, F. Kurano, Y. Kato, K. Kaneda, S. Imaizumi,
and I. Yano. 1986. Occurrence of a novel glycolipid, ‘trehalose 2,3,69-trimy-
colate,’ in a psychrophilic, acid-fast bacterium, Rhodococcus aurantiacus
(Gordona aurantiaca). FEBS Lett. 203:239–242.

21. Wang, S.-D., K.-J. Huang, Y.-S. Lin, and H.-Y. Lei. 1994. Sepsis-induced
apoptosis of the thymocytes in mice. J. Immunol. 152:5014–5021.

22. Wyllie, A. H. 1980. Glucocorticoid-induced thymocyte apoptosis is associated
with endogenous endonuclease activation. Nature 284:555–556.

23. Yamamoto, K., M. Kakinuma, K. Kato, H. Okuyama, and I. Azuma. 1980.
Relationship of anti-tuberculous protection to lung granuloma produced by
intravenous injection of synthetic 6-O-mycoloyl-N-acetylmuramyl-L-alanyl-D-
isoglutamine with or without specific antigens. Immunology 40:557–564.

24. Yano, I., I. Tomiyasu, S. Kitabatake, and K. Kaneda. 1984. Granuloma
forming activity of mycolic acid-containing glycolipids in Nocardia and re-
lated taxa. Acta Leprologica 2:341–349.

25. Zhang, Y.-H., K. Takahashi, G.-Z. Jiang, M. Kawai, M. Fukuda, and T.
Yokochi. 1993. In vivo induction of apoptosis (programmed cell death) in
mouse thymus by administration of lipopolysaccharide. Infect. Immun. 61:
5044–5048.

Editor: R. E. McCallum

VOL. 65, 1997 THYMOCYTE APOPTOSIS BY MYCOBACTERIAL CORD FACTOR 1799


