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Trehalose 6,6*-dimycolate (TDM) plays important roles in the development of granulomatous inflammation
during infection with Mycobacterium spp., Rhodococcus spp., etc. To reveal the augmenting effect of TDM on
vascular endothelial growth factor (VEGF) production and neovascularization, we investigated murine gran-
ulomatous tissue air pouches induced by Rhodococcus sp. strain 4306 TDM dissolved in Freund’s incomplete
adjuvant (FIA), comparing them to pouches treated with FIA alone. Histologically, granulomatous tissue and
new vessel formation, which reached a maximum at day 7, was greatly enhanced by treatment with TDM. At
day 1, VEGF-positive neutrophils accumulated in the pouch wall with frequency of 95% of total infiltrating
cells, adhering to TDM-containing micelles. By day 3, granulomatous tissue and new vessels started to develop,
and VEGF-positive macrophages appeared in a small number and gradually increased in number thereafter.
The pouch contents of VEGF, interleukin-1b, tumor necrosis factor alpha, and transforming growth factor b
were significantly elevated in TDM-treated pouches, with peaks at days 1, 0.5, 1, and 3, respectively, compared
to those of control pouches, while that of basic fibroblast growth factor showed no significant increase.
Treatment with anti-VEGF antibody inhibited TDM-induced granulomatous tissue formation and neovascu-
larization, and administration of recombinant VEGF into pouches treated with FIA alone induced neovascu-
larization comparable to that in the TDM-treated pouches. Incubation of neutrophils and macrophages on
TDM-coated plastic dishes increased the VEGF release. The present results indicate that TDM augments
VEGF production by neutrophils and macrophages and induces neovascularization in the granulomatous
tissue.

Trehalose 6,69-dimycolate (TDM), or cord factor, is a bio-
logically active, cell wall component characteristic of mycolic
acid-containing bacteria such as Mycobacterium, Tsukamurella,
Gordona, Rhodococcus, Nocardia, and Corynebacterium spp.
and plays a central role in pathogenesis during infection. It has
immunomodulating functions such as granuloma-forming ac-
tivity (14, 35), antitumor function (25, 27), and augmentation
effect on nonspecific immunity to microbial infection (29).
These functions are mediated by various proinflammatory cy-
tokines or mediators such as interleukin-1 (IL-1) (36), IL-12
(28), gamma interferon (IFN-g) (12, 28), granulocyte-mac-
rophage colony stimulating factor (36), hydrogen peroxide
(20), and nitric oxide (12) secreted by activated macrophages.

Infection with these bacteria is pathologically characterized
by chronic granulomatous inflammation, which develops based
on delayed-type hypersensitivity and accompanying host tissue
damage (32). In general, chronic inflammatory diseases involve
angiogenesis as a mechanism of repair on inflammation-asso-
ciated tissue injury (13). Vascular endothelial growth factor
(VEGF), a cytokine produced by various types of cells such as
vascular endothelial cells (26) and macrophages (24), induces
vascular endothelial cell proliferation (7), monocyte migration

(6), and increased vascular permeability (16), thus contributing
to the development of chronic inflammation. However, in-
volvement of VEGF in the pathogenesis of mycolic acid-con-
taining bacteria is not well understood.

For the study of angiogenesis during wound repair, murine
chronic granulomatous tissue air pouches induced by Freund’s
complete adjuvant (FCA), which includes killed Mycobacte-
rium tuberculosis, have been used as an experimental model
(17) in which several cytokines such as platelet-derived growth
factor, epidermal growth factor, IL-1b, and tumor necrosis
factor alpha (TNF-a) are implicated in the development of
granulomatous tissue (1). It has been recently demonstrated
that VEGF is involved in neovascularization in the pouch wall
(2).

In the present study, to reveal the inducing function of TDM
in neovascularization we injected purified TDM dissolved in
Freund’s incomplete adjuvant (FIA) instead of FCA into the
air pouch and investigated angiogenesis and VEGF production
in the pouch wall. To identify the cell type responsible for
VEGF production, we performed immunohistochemical stain-
ing of pouch walls and conducted a biochemical assay of the
culture medium of TDM-activated neutrophils and macro-
phages. We mainly used here TDM purified from Rhodococcus
sp. strain 4306 rather than TDM from M. tuberculosis because
the former TDM has much shorter mycolic acids (C34 to C38)
than the latter (C74 to C86) and is therefore expected to show
less toxicity, which would be of great advantage in its pharma-
cological use.
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MATERIALS AND METHODS

Animals. Male specific-pathogen-free ICR mice, 6 weeks old, were purchased
from SLC (Shizuoka, Japan). They were fed standard chow pellets and water ad
libitum. Experiments were performed in accordance with the standard guidelines
for animal experiments of the Osaka City University Medical School.

Preparation of mycolates. Several subclasses of mycolates were prepared from
Rhodococcus sp. strain 4306 as follows. To obtain TDM, trehalose monomycolate
(TMM), and glucose mycolate (GM), bacteria were grown with shaking in a
medium containing 1% glucose, 0.5% yeast extract, and 0.5% polypepton for 2
to 4 days at 37°C. For mannose mycolate (MM) and fructose mycolate (FM),
Rhodococcus sp. strain 4306 was grown in a medium containing 1% mannose and
fructose, respectively, instead of glucose (37). M. tuberculosis Aoyama B was
grown in Sauton medium for 5 weeks at 37°C. Lipids were extracted from
harvested cells with chloroform-methanol (2:1 [vol/vol]). Each mycolate was
purified by developing the lipids on a thin-layer plate of silica gel (Analtech, Inc.,
Newark, Del.) with chloroform-methanol-acetone-acetic acid (90:10:6:1 [vol/vol/
vol/vol]) and subsequently with chloroform-methanol (2:1 [vol/vol]). This proce-
dure was repeated until a single spot was obtained. Purified TDM was analyzed
by thin-layer chromatography and gas chromatography-mass spectrometry and
revealed to contain C34–38 a-mycolic acids in Rhodococcus sp. strain 4306 and
C74–86 a-, methoxy- and keto-mycolic acids in M. tuberculosis.

Treatment of mice. For induction of an air pouch, mice were injected with 3 ml
of air into the dorsal subcutaneous tissue. Twenty-four hours later, a 0.5-ml
portion of 300 mg of mycolates in FIA (Difco Laboratories, Detroit, Mich.) or
FIA alone as a control was emulsified with saline (1:1 [vol/vol]) to form an
oil-in-water emulsion and injected into the air pouch. At 1, 3, 5, 7, 14, 21, and 28
days after injection, mice were sacrificed by an overdose of ether anesthesia. The
pouch was taken out, and the wet weight of the pouch walls was measured. Some
mice were subjected to an intraperitoneal injection of 20 mg of goat anti-mouse
VEGF antibody (R&D Systems, Minneapolis, Minn.) or 20 mg of goat immu-
noglobulin G (IgG; Southern Biotechnology Associates, Birmingham, United
Kingdom) as a control 1 day before the pouch formation. In some FIA-alone-
injected pouches, 0.1 or 1 mg of recombinant mouse VEGF (R&D Systems) was
injected soon after FIA injection.

Histology. The pouch was fixed in 10% formalin. Paraffin sections were stained
with hematoxylin and eosin (H&E). For immunohistochemistry, samples were
fixed in a periodate–lysine–3% paraformaldehyde solution overnight at 4°C.
Cryosections were cut with a cryostat (Bright Instruments, Huntington, United
Kingdom) and immediately air dried. After treatment with 0.05% Triton X-100
in phosphate-buffered saline (PBS), endogenous peroxidase activity was blocked
by incubating sections in methanol containing 0.03% hydrogen peroxide for 20
min at room temperature. After washing the mixture with PBS, sections were
treated with normal swine serum (Dako, Glostrup, Denmark) for 30 min at room
temperature to block nonspecific reactions. Sections were incubated with rabbit
anti-human VEGF (V3) antibody (1:100; IBL, Fujioka, Japan), which has been
demonstrated to form an immunopositive band of 23 kDa (i.e., the molecular
mass of the VEGF monomer) (9), overnight at 4°C. For the negative control, the
antibody was absorbed by the synthetic VEGF peptide (IBL). After a washing
with PBS, they were incubated with biotinylated swine anti-rabbit IgG antibody
(Dako) for 40 min at room temperature, followed by incubation with avidin-
biotin peroxidase complex (Vector Laboratories, Peterborough, United King-
dom) for 20 min at room temperature. Immunoreactions were visualized by
treating the sections with 0.25 mg of 3,39-diaminobenzidine tetrahydrochloride
per ml in 0.05 M Tris-buffered saline (pH 7.4) in the presence of 0.003%
hydrogen peroxide for 3 to 5 min. Counterstaining for nuclei was done with
hematoxylin.

For electron microscopy, samples were fixed in 1% Karnovsky’s solution over-
night at 4°C. They were then postfixed in 1% OsO4 in 0.1 M phosphate buffer
(pH 7.4), dehydrated in an ethanol series, and embedded in Polybed (Poly-
sciences, Inc., Warrington, Pa.). Semithin sections were stained with toluidine
blue and observed by light microscopy. Thin sections were stained with uranyl
acetate and lead citrate and observed under a 1200EX-II electron microscope
(JEOL, Tokyo, Japan) at 100 kV.

Enumeration of infiltrating cells. Numbers of neutrophils and macrophages
infiltrating in the pouch wall were counted in toluidine blue-stained sections
prepared 1 and 3 days after TDM injection. Five animals were used for each time
point. Neutrophils were identified by their lobulated nuclei and dense cytoplasm,
and macrophages were identified by their kidney-shaped nuclei and large, pale
cytoplasm-bearing projections. Cells were counted at a magnification of 31,000.
Five microscopic fields (0.07 mm2) were examined. The percentages of neutro-
phils and macrophages versus total infiltrating cells were then calculated.

Carmine dye vascular cast. At 7 days after TDM or FIA-alone injection,
animals were subjected to the intravenous (i.v.) injection of 1 ml of carmine
solution (10% carmine red in 5% gelatin solution), which was warmed to 37°C.
The pouch wall was refrigerated to solidify the gelatin and form a vascular cast.
Samples were fixed in 10% formalin, dehydrated in ethanol, and cleared in
methyl benzoate for 2 weeks.

Measurement of cytokine contents in the pouch wall. The pouch was taken out
at 12 h, 1 day, 3 days, 7 days, and 14 days after TDM or FIA-alone injection. By
a modification of the method of Appleton et al. (2), samples were homogenized
in 0.05% Tween 20 in PBS and centrifuged at 20,000 3 g for 10 min. The

supernatant was analyzed by using murine enzyme-linked immunosorbent assay
(ELISA) kits for IL-1b (Genzyme, Cambridge, Mass.), TNF-a (Genzyme), trans-
forming growth factor-beta (TGF-b; Genzyme), and VEGF (R&D Systems).
Basic fibroblast growth factor (bFGF) was measured by a sandwich ELISA assay
by using a monoclonal antibody against bFGF (Upstate Biotechnology, Lake
Placid, N.Y.).

Isolation and culture of neutrophils and macrophages. Neutrophils were
prepared according to the method of Watt et al. (33). Briefly, after two consec-
utive intraperitoneal injections of 2 ml of 3% sodium caseinate, peritoneal
exudate cells were harvested. Diluted isotonic Percoll was prepared by mixing 9
ml of Percoll (Amersham Pharmacia Biotech, Uppsala, Sweden) with 1 ml of 0.2
M phosphate buffer (pH 7.3) containing 1.49 M NaCl and 1 ml of PBS, and then
5 3 107 peritoneal exudate cells per ml of PBS were mixed with 8 ml of diluted
isotonic Percoll. Neutrophils were purified by the centrifugation of a continuous
density gradient of Percoll at 60,000 3 g for 20 min. After washing, they were
suspended in RPMI 1640 containing 5% fetal bovine serum, 100 U of penicillin
per ml, and 100 mg of streptomycin per liter at a concentration of 5 3 106

cells/500 ml. Viability was 98%, as determined by a trypan blue exclusion test.
Neutrophils were identified by their nuclear shape in Giemsa staining, and the
purity was 96%.

Macrophages were prepared from the peritoneal exudate cells harvested 4
days after intraperitoneal injection of 2 ml of 10% proteose peptone. Cells were
centrifuged at 500 3 g for 10 min, washed twice, and suspended in RPMI 1640
containing 5% fetal bovine serum, 100 U of penicillin per ml, and 100 mg of
streptomycin per ml at a concentration of 106 cells/500 ml. The viability was 97%
and the purity was 85% as evaluated by a trypan blue exclusion test and the
morphology in Giemsa-stained specimens, respectively.

Measurement of cytokine production in culture. TDM-coated plates were
prepared as previously reported (23). Namely, TDM was dissolved in isopropa-
nol, and quantities of 0.01, 0.1, 1, and 10 mg were dispersed into 24-well culture
plates. The suspension was allowed to dry in a sterile atmosphere overnight.
Noncoated plates were used as controls. Neutrophils (5 3 106 cells) and mac-
rophages (106 cells) were then plated in culture plates and incubated for 3, 6, 24,
or 48 h. The supernatants were collected and stored at 280°C. Released cyto-
kines in the supernatants were measured by ELISA kits for VEGF (R&D
Systems), IL-1b (Genzyme), and TNF-a (Genzyme).

Toxicities of TDM. The in vivo toxicity of TDM was measured by the decrease
in body weight after i.v. injection of 300 mg of TDM in the form of water-in-oil-
in-water (w/o/w) micelles (14). In vitro toxicity was assessed by measuring the
growth inhibition of cultured macrophages. Macrophages were harvested as
described above and cultured on a 24-well culture plate coated with 0.001, 0.01,
0.1, 1, 10, 100, or 1,000 mg of TDM. At 24 h after incubation, viable cells were
measured with the MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide) assay, and the 50% inhibitory concentration (IC50) of cell proliferation
was calculated.

Statistics. Data were expressed as mean values 6 the standard deviation (SD)
or standard error of the mean (SEM). Significant difference was evaluated
according to an unpaired Student’s t test.

RESULTS

TDM enhances granulomatous tissue formation in the
pouch wall. The extent of granulomatous tissue formation was
evaluated by the wet weight of pouch walls. While the pouches
treated with FIA alone slightly increased in weight to 0.330 6
0.078 g at day 3 and maintained similar levels until day 28,
those treated with TDM from Rhodococcus sp. strain 4306
went up considerably, reaching a peak (0.803 6 0.076 g) at day
7, and then decreased to nearly the control level (0.080 6 0.014
g) at day 28 (Fig. 1). The values and kinetics for M. tuberculosis
TDM-treated pouches were comparable (0.753 6 0.085 g at
day 7 and 0.124 6 0.046 g at day 28) to those of Rhodococcus
sp. strain 4306 TDM-treated ones.

Granulomatous tissue development in the pouch wall, as
revealed by histological analysis, paralleled the increase in
pouch weight described above (Fig. 2). The pouch wall con-
sisted of the necrotic tissue facing the cavity and the surround-
ing granulomatous tissue, both of which included micelles
within them (Fig. 2B, C, F, and G). TDM-treated pouches
exhibited thicker granulomatous tissue than control (FIA-
alone-treated) ones at day 7 and more prompt healing at day
28, as indicated by a smaller pouch weight (Fig. 1) and less
fluid in the cavity (data not shown).

Other mycolates also exhibited granulomatogenic activity
that was not so high as that of TDM, as represented by the
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increase in pouch weight; TMM significantly increased the
pouch weight, while with GM and MM there was a slight but
not significant increase and FM showed only a slight effect
(Fig. 3). Histologically, granulomatous tissue formation and
neovascularization were prominent in the pouch walls with an
increased weight (data not shown).

TDM enhances neovascularization in the pouch wall. At day
1, neither granulomatous tissue nor neovascularization was
induced in the connective tissue area between the necrotic
tissue and a dermal muscular layer in TDM-treated pouches
(Fig. 4A). More than 95% of the inflammatory cells infiltrating
into the necrotic tissue were neutrophils, as identified by their
lobulated nuclei. As seen electron microscopically, they phago-

cytosed many small oil droplets or closely adhered to large
droplets (Fig. 5A). They were also found in the connective
tissue (Fig. 4A). At day 3, granulomatous tissue, which was
characterized by myofibroblastic cells, appeared in the connec-
tive tissue, and new vessels began to invade there from the
muscular layer in TDM-treated pouches (Fig. 4B), while they
were not detected in FIA-alone-treated pouches (data not
shown). Although macrophages appeared in a small number,
neutrophils were still predominant both in the necrotic tissue
and in the granulomatous tissue (Fig. 4B): neutrophils were
92%, and monocytes/macrophages were 8%. Many neutrophils

FIG. 1. Time course of the wet weight of pouch walls from control (E) and
Rhodococcus sp. strain 4306 TDM-treated (F) mice after injection of either FIA
alone or 300 mg of TDM in FIA, respectively. Data represent the means 6 the
SD (n 5 three to five mice). p, P , 0.01; pp, P , 0.05 (versus control).

FIG. 2. Time course of the histology of pouch walls from control (upper panels) and Rhodococcus sp. strain 4306 TDM-treated (lower panels) mice at 3, 7, 14, and
28 days after injection of either FIA alone or 300 mg of TDM in FIA, respectively. While control pouches showed no appreciable increase in the thickness of
granulomatous tissue (as indicated by arrowed bars) during experimental periods, TDM-treated pouches significantly increased in thickness at day 7 and then decreased
at day 14. Various sizes of oil droplets (arrowheads) were localized in the necrotic tissue and granulomatous tissue. M, dermal muscular layer; N, necrotic tissue. Images
were H&E stained. Bar, 200 mm.

FIG. 3. Comparison of granulomatogenic activity among various mycolates
from Rhodococcus sp. strain 4306 as evaluated by the wet weight of pouch walls
at 7 days after injection. FIA alone (control) or 300 mg of Rhodococcus sp. strain
4306 TDM, TMM, GM, MM, or FM was injected into the pouch cavity. Data
represent the means 6 the SD (n 5 three to five mice). p, P , 0.01; pp, P , 0.05
(versus control).
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surrounded the oil droplets in the granulomatous tissue (Fig.
4B and 5C), and macrophages intermingling in the neutrophil
infiltrate also phagocytosed the oil droplets (Fig. 5B). New
vessels which entered the granulomatous tissue were associ-
ated with the neutrophil infiltrate (Fig. 4E and 5D). Endothe-
lial cell mitosis was common in new vessels (Fig. 4F). At day 7,
granulomatous tissue continued to develop, and new vessels
extended deeper into the granulomatous tissue (Fig. 4C). In
the control pouches, on the other hand, both neutrophil infil-
tration and neovascularization were not prominent (Fig. 4D).
Carmine dye vascular cast prepared at day 7 clearly demon-
strated that neovascularization was more prominent in the
TDM-treated pouches (Fig. 6).

Contents of VEGF and other cytokines in the pouch wall.
The contents of proinflammatory cytokines in the pouch wall
were measured at various time intervals after TDM or FIA-
alone injection (Fig. 7). In TDM-treated pouches, the amount
of VEGF strikingly increased 1 day after injection and then
decreased by day 7, showing significantly larger values than
those for control pouches during this time period. IL-1b and
TNF-a showed kinetics similar to those of VEGF, exhibiting a
peak at days 0.5 and 1, respectively, and maintained signifi-
cantly higher levels than the controls by day 14. On the other

hand, TGF-b showed significantly higher levels than the con-
trols after day 3, and bFGF showed no significant increase at
any time points compared to the control pouches.

Localization of VEGF in the pouch wall. Immunohistochem-
istry demonstrated that infiltrating cells in the necrotic tissue
and granulomatous tissue in TDM-treated pouches exhibited
intense staining for VEGF at day 1 (Fig. 8A and B). They were
morphologically identified as neutrophils by their round cell
contour and their lobulated nuclei (Fig. 8C). At day 3, VEGF-
positive neutrophils were associated with the neovasculature in
the granulomatous tissue (Fig. 8D). A small number of VEGF-
positive macrophages were also found among the neutrophil
infiltrate (Fig. 8D, inset).

Suppression of TDM-induced granulomatous tissue for-
mation and neovascularization by treatment with anti-VEGF
antibody. To demonstrate the involvement of VEGF in gran-
ulomatous tissue formation and neovascularization in TDM-
treated pouches, we injected anti-VEGF antibody intraperito-
neally 1 day before TDM injection. Compared to IgG injection
as a control, anti-VEGF antibody injection significantly de-
creased the weight of the pouches (Fig. 9). Consistent with
these data, histological analysis demonstrated a decrease in the
thickness of pouch wall and a lower frequency of new vessels in

FIG. 4. Neovascularization in the granulomatous tissue in Rhodococcus sp. strain 4306 TDM-treated pouches at days 1 (A), 3 (B, E, and F), and 7 (C) and in
FIA-alone-treated pouches at day 7 (D). In TDM-treated pouches, new vessels (large arrows) started to elongate from the muscular layer into the granulomatous tissue
at day 3 (B) and deeply extended into the tissue at day 7 (C). Both necrotic tissue and granulomatous tissue were infiltrated by many neutrophils (small arrows), which
were aggregated around the oil droplets (arrowheads) in some places. In FIA-alone-treated pouches, on the other hand, the extension of new vessels (large arrows)
into the connective tissue was only slight, and the number of infiltrating neutrophils was much smaller at day 7 (D). Neovascular endothelial cells with a mitotic figure
(double arrows) were seen, being associated with a prominent neutrophil infiltrate (small arrows) (E and F). Toluidine blue staining was used. E, endothelial cells; M, muscular
layer. (A to D) Bar, 50 mm. (E and F) Bar, 20 mm.
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anti-VEGF antibody-treated mice compared to IgG-treated
mice (see Fig. 11A and B).

Induction of granulomatous tissue development and neovas-
cularization in the pouch wall by administration of VEGF into
FIA-alone-treated pouches. To demonstrate whether exoge-
nous VEGF can induce granulomatous tissue development
and neovascularization as seen with TDM treatment, we in-
jected 0.1 or 1 mg of VEGF into FIA-alone-treated pouches.
The pouch weight increased to significantly higher values with
1 mg of VEGF (Fig. 10). Histologically, granulomatous tissue
increased in thickness and neovascularization was more prom-
inent (Fig. 11D) than in the pouches without VEGF adminis-
tration (Fig. 11C).

TDM stimulates in vitro production of VEGF and other
cytokines by neutrophils and macrophages. With incubation

on Rhodococcus sp. strain 4306 TDM-coated plastic dishes,
both neutrophils and macrophages produced significantly
larger amounts of VEGF than those incubated on noncoated
dishes at between 6 and 48 h (Fig. 12). There was dose depen-
dency at between 0.01 and 1 mg of TDM per well, although 10
mg of TDM induced less VEGF production than did 1 mg. M.
tuberculosis TDM also augmented VEGF production by mac-
rophages but failed to stimulate the production by neutrophils
(Fig. 12). Neutrophils incubated with 1 or 10 mg of Rhodococ-
cus sp. strain 4306 TDM also produced significantly larger
amounts of TNF-a after 6 h, a result similar to that with VEGF
(Fig. 13). IL-1b production was also raised by treatment with
Rhodococcus sp. strain 4306 TDM, but a significant difference
was not obtained (Fig. 13).

FIG. 5. Electron micrographs of infiltrating cells in the pouch wall treated with Rhodococcus sp. strain 4306 TDM at 1 (A) or 3 (B to D) days after injection. At
day 1, the necrotic tissue facing the pouch cavity (asterisks) contained many neutrophils (arrows). (A) Neutrophils were attached to the oil droplets and phagocytosed
small droplets. (B) At day 3, a few macrophages (thick arrows), which phagocytosed the oil droplets, joined the neutrophil infiltrate (arrows) in the necrotic tissue. (C)
In the granulomatous tissue, neutrophils accumulated around the oil droplets. (D) Beneath the muscular layer, new vessels extended, being accompanied by neutrophil
infiltrate (arrows). E, endothelial cells; P, pericytes; O, oil droplets; M, muscular layer. Bar, 5 mm.
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In vivo and in vitro toxicities of TDM. In vivo toxicity was
evaluated by measuring the decrease of body weight. When
Rhodococcus sp. strain 4306 TDM was injected i.v., mice
showed a steady increase in body weight until day 7, although
to a smaller degree than with mice treated with w/o/w micelles
alone. In contrast, mice treated with M. tuberculosis TDM
continuously decreased in body weight (Fig. 14).

The in vitro toxicity was represented by the IC50 of macro-

phages after 24 h of incubation with TDM. The IC50 for
Rhodococcus sp. strain 4306 TDM was 25 mg and that for M.
tuberculosis TDM was 0.6 mg.

DISCUSSION

It is known that TDM exerts a wide variety of biological
functions, such as granulomatogenic and antitumor effects, by
inducing the secretion of various cytokines or mediators from
activated macrophages. The present study has demonstrated
that TDM also enhances the production of VEGF and thereby
promotes angiogenesis in the granulomatous tissue.

By treatment with TDM, new vessels started to grow in the
pouch wall at day 3 concurrently with granulomatous tissue
formation. Preceding this event, the VEGF content in the
pouch wall remarkably increased by day 1, and many VEGF-
positive cells accumulated in the lesion, suggesting an inducing
role for VEGF in angiogenesis during TDM-elicited granulo-
matous inflammation. This interpretation was supported by the
results that treatment with anti-VEGF antibody suppressed
TDM-induced granulomatous tissue formation and neovascu-
larization and, moreover, that administration of recombinant
VEGF induced these two events in FIA-alone-treated pouches.

Neutrophils are considered to be the major source of VEGF
in the pouch wall at day 1 because they were positively stained
for VEGF and exceeded 95% of infiltrating cells. The capacity
of neutrophils for producing VEGF has been demonstrated
both in vivo (30) and in vitro (11, 34). In the pouch wall,
neutrophils adhered to and phagocytosed TDM-dissolved oil
droplets. When incubated on the surface of coated TDM,
neutrophils secreted large amounts of VEGF into the culture
medium, indicating that TDM directly acts on neutrophils and
induces VEGF release. Macrophages are also assumed to
function as the source of VEGF from their positive staining for
VEGF and in vitro VEGF production by the stimuli of TDM.
Their contribution in the very early phase of granulomatous
tissue formation seems to be low, however, because their pro-
portion to total infiltrating leukocytes at days 1 to 3 was too
small to account for a prominent increase in VEGF during this
time period. Macrophages increased in number after day 3 and
should be engaged in VEGF production in the later phases of
inflammation.

Recently, an initiating role of neutrophils in granulomatous
inflammation during mycobacterial infection has been pro-
posed because they are among the first cells to arrive at the site
of mycobacterial infection (4), are able to kill mycobacterial
bacilli (5, 15), and produce chemokines for monocyte migra-

FIG. 6. Vascular development in the wall of FIA-alone-treated (A) and Rhodococcus sp. strain 4306 TDM-treated (B) pouches at 7 days, as demonstrated by
carmine dye vascular casts. Neovascularization is prominent in the latter pouches. Bar, 1 mm.

FIG. 7. Time course of the contents of various cytokines in the pouch wall
treated with FIA alone (E) and Rhodococcus sp. strain 4306 TDM (F). The value
was expressed as the content per pouch. Data represent the means 6 the SD
(n 5 three to five mice). p, P , 0.01; pp, P , 0.05 versus control.
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tion (15). The present finding that neovascularization is en-
hanced by TDM-activated neutrophils via VEGF secretion
provides a new insight into the contribution of neutrophils in
the progression of diseases during the infection of mycolic
acid-containing bacteria.

Other angiogenic cytokines, such as TGF-b and TNF-a (10),
were also generated in TDM-treated pouches, a finding con-
sistent with the previous result with FCA-treated pouches (1)
(bFGF was also elevated in TDM-treated pouches but was not
significantly higher than the controls). TNF-a, which peaked at
day 1, was possibly secreted by neutrophils because these cells
predominantly were distributed in the pouch wall at this time
point and are reported to produce TNF-a (8, 21, 31). In con-
trast, TGF-b levels increased after day 3, suggesting its role in
the later phase of inflammation. Although these cytokines may

also participate in angiogenesis in the pouch wall, the essential
role of VEGF is clearly demonstrated by the present experi-
ments with anti-VEGF antibody and recombinant VEGF.

Because VEGF increases vascular permeability (16) and
enhances monocyte migration (6), this cytokine is considered
to be central to the acute-phase inflammatory response to
injury (34). Consistent with this view, neutrophils activated by
TNF-a release VEGF (11, 34) and other tissue elements, such
as cardiac myocytes, synovial fibroblasts, and piliosebaceous
cells, also express VEGF, being stimulated by proinflammatory
cytokines such as IL-1b (19, 22), TNF-a (3), and TGF-b (3). In
the present study, incubation with TDM induced neutrophil
activation, as indicated by TNF-a and IL-1b generation. The
VEGF release seen here might also be a representative feature
of TDM-induced activation of neutrophils. Whether IL-1b and
TNF-a secreted by activated neutrophils further act on them-
selves and enhance VEGF production remains unclear be-
cause such a positive feedback mechanism has not been eluci-
dated for VEGF.

FIG. 8. Immunohistochemistry for VEGF of the pouch wall treated with Rhodococcus sp. strain 4306 TDM at days 1 (A to C) and 3 (D). At day 1, VEGF-positive
neutrophils (small arrows) distributed in the necrotic tissue and granulomatous tissue (indicated by arrowed bar). They were abundant in the area facing the pouch
cavity (A) and oil droplets (B). (C) A higher magnification of the area indicated by a thick arrow in panel B revealed that infiltrating cells had the lobulated nuclei
(arrowheads) indicative of neutrophils. At 3 days, new vessels (arrows) extended into the granulomatous tissue, where VEGF-positive cells (small arrows) were
abundant. At a higher magnification, most of the VEGF-positive cells were seen to have a small, round shape with the lobulated nuclei indicative of neutrophils (upper
inset); a few positive cells were larger and had the kidney-shaped nuclei indicative of macrophages (lower inset). M, muscular layer; N, necrotic tissue; O, oil droplets.
(A and B) Bar, 20 mm. (C) Bar, 5 mm. (D) Bar, 20 mm. (Insets) Bar, 5 mm.

FIG. 9. Suppression of the Rhodococcus sp. strain 4306 TDM-induced in-
crease in pouch weight by treatment with anti-VEGF antibody. Anti-VEGF
antibody or goat IgG as a control was intraperitoneally injected 1 day before
pouch formation, and the pouch weight as an index of granulomatous tissue
formation was measured at day 7. Data represent the means 6 the SD (n 5 three
mice). p, P , 0.05 versus TDM or TDM plus goat IgG.

FIG. 10. Increase in pouch weight caused by administration of exogenous
VEGF into FIA-alone-treated pouches. Recombinant VEGF was injected im-
mediately after FIA injection, and the pouch weight was measured at day 7. Data
represent the means 6 the SD (n 5 three mice). p, P , 0.05 versus control.
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TDM has toxicities and biological activities, both of which
are closely related to the acyl number and structure of the
mycolic acid moiety (37). In this study, TDM from Rhodococcus
sp. strain 4306, which has much shorter carbon chain length of
mycolic acids than that from M. tuberculosis, exhibited lower tox-

icities both in vivo and in vitro. Although mycobacterial TDM
similarly induced VEGF production in vitro, the amount was less
than that produced by Rhodococcus sp. strain 4306 TDM, pre-
sumably due to the higher toxicities to cells, indicating that it may
be superior to M. tuberculosis TDM for pharmacological use.

FIG. 11. Histology of TDM-treated pouch walls at 7 days after intraperitoneal injection of 20 mg of goat IgG (A) or 20 mg of anti-VEGF antibody (B) and histology
of FIA-alone-treated pouch walls at 7 days without (C) or with (D) 1 mg of recombinant VEGF injected into the pouch cavity. (A and B) Many new vessels (arrows)
filled with erythrocytes extend from the dermal muscular layer in TDM-treated pouches treated with IgG (A), while they decrease in number with treatment with
anti-VEGF antibody (B). (C and D) Administration of recombinant VEGF into the pouch cavity induces new vessels (arrows) in the granulomatous tissue of
FIA-alone-treated pouches. H&E staining was used. M, muscular layer; N, necrotic tissue facing on the pouch cavity. (A to D) Bar, 50 mm.

FIG. 12. VEGF production by neutrophils (A) and macrophages (B) after incubation on noncoated (h) dishes or Rhodococcus sp. strain 4306 TDM (R)- or M.
tuberculosis TDM (M)-coated dishes in doses of 0.01 ( ), 0.1 (o), 1 (

���
���
���), or 10 (■) mg. Data represent the means 6 the SEM (n 5 3). p, P , 0.01; †, P , 0.05 (versus

incubation on noncoated dishes).
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It is reported that there was a difference in the granuloma-
forming activity of mycolates by their sugar moieties; namely,
TDM and GM from Rhodococcus ruber (formerly termed No-
cardia rubra) had high activity, while its MM and FM showed
low activity (36). We found here a similar difference in gran-
ulomatous tissue-forming activity among mycolates, from low
(FM) to high (TMM and TDM).

In conclusion, TDM enhances VEGF production by acti-

vated neutrophils and macrophages and thereby contributes to
the development of granulomatous inflammation.
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