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Introduction

Inflammatory, immune, and tissue repair responses protect us
against a hostile and dangerous environment. However, these
responses sometimes fail, mistarget, or overshoot and harm
what they were meant to protect. For example, prostaglandins
are important proinflammatory mediators that can also cause
unwanted, painful reactions. As a result, we spend a part of our
lives taking aspirin and other inhibitors of prostaglandin syn-
thesis. The theme we would like to develop in this review is
that, while a growing body of evidence implicates transforming
growth factor-8 (TGF-B)! as a cytokine vital to tissue repair, it
also is one whose excessive action may be responsible for the
tissue damage caused by scarring in many serious diseases. We
propose that the pathological consequences of the action of
TGF-8 be termed the “dark side” of tissue repair. Inhibitors of
TGF-8 may be important future drugs in controlling this con-
dition.

TGF-8: basic biology

TGF-B, a multifunctional cytokine, plays an important role in
embryonal development and in regulating repair and regenera-
tion following tissue injury (1-3). It consists of a family of three
isoforms, TGF-B1, 2, and 3, that are structurally and function-
ally closely related to one another. The TGF-gs are members of
a superfamily of cytokines that includes other regulators of
differentiation and tissue repair such as activin, Miillerian in-
hibitory substance, and bone morphogenetic proteins (4). In
their active form, all of these substances are dimers of a 12-kD
polypeptide that arises from a larger precursor through proteo-
lytic processing.

Multiple events involving TGF-3 take place in tissue repair
after injury. Platelets contain high concentrations of TGF-8
and upon degranulation at a site of injury release TGF-g into
the surrounding tissue (5). TGF-8 then initiates a complex se-
quence of events that promotes healing including: chemoat-
traction of monocytes and leukocytes (6-8); induction of an-
giogenesis (9); and control of the production of cytokines and
other inflammatory mediators (10-12).
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Two additional features of the TGF-8 response in injury
may be the most important for the topic of this review: autoin-
duction of TGF-g8 production (13) and induction by TGF-8 of
increased deposition of extracellular matrix (9, 14, 15). TGF-8
stimulates the synthesis of individual matrix components in-
cluding fibronectin, in particular one of its variant forms, as
well as tenascin, collagens, and proteoglycans (9, 16-20). It
simultaneously blocks matrix degradation by decreasing the
synthesis of proteases and increasing the levels of protease in-
hibitors (21, 22). TGF-8 increases the expression of integrins
and changes their relative proportions on the surface of cells in
a manner that could facilitate adhesion to matrix (23). All these
events can be beneficial in tissue repair. However, the dark side
to the TGF-B effects is that the TGF-B-induced deposition of
extracellular matrix at a site of tissue injury can lead to scarring
and fibrosis. Furthermore, the ability of TGF-8 to induce its
own production may be the key to development of the scarring
and fibrosis into chronic, progressive conditions that will in
time obliterate the tissue structure.

TGF-8 in kidney disease

Studies in a model of acute mesangial proliferative glomerulo-
nephritis induced by injecting rats with antithymocyte serum
show that production of TGF-3 underlies the accumulation of
glomerular extracellular matrix in this disease. The injured glo-
meruli express more TGF-3 mRNA, synthesize more TGF-3
protein, and produce many-fold more fibronectin and proteo-
glycans than do normal glomeruli (24). Simultaneous with in-
creased matrix production is a striking decrease in plasmino-
gen activator activity and a parallel increase in production and
deposition of plasminogen activator inhibitor-1 in the nephri-
tic glomeruli (Tomooka, S., W. A. Border, B. C. Marshall, and
N. A. Noble, manuscript submitted for publication). The plas-
minogen/plasmin system is thought to play an important role
in the normal degradation and turnover of matrix (25, 26).
Thus both increased production and decreased removal are
equally likely to contribute to the accumulation of pathological
matrix in the disease. Fig. 1 illustrates the induction of TGF-31
mRNA in the glomeruli of the nephritic kidney.

Injection of an antiserum capable of neutralizing the activ-
ity of TGF-8 into the nephritic rats suppresses the production
of matrix components by the glomeruli and prevents the
buildup of mesangial matrix (27). Two of the proteoglycans
induced by TGF-g in the glomerulonephritis model, decorin
and biglycan, are inhibitors of TGF-3 (28); their elevated ex-
pression under the influence of TGF-8 may be not only a re-
flection of increased extracellular matrix production, but also a
response to limit further activity of TGF-8. We have taken
advantage of the ability of decorin to suppress TGF-3 activity
and have found that injections of decorin can also suppress the
glomerulonephritic disease in the rats (Border, W. A., N. A.
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Figure 1. In situ hybridization of rat glomeruli with a TGF-81 antisense probe. Bright- and dark-field micrographs of a normal glomerulus (4 and
B) and a nephritic glomerulus (C and D). TGF-81 probe provided by Dr. H. L. Moses, Vanderbilt University.
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Figure 1 (Continued)
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Noble, T. Yamamoto, Y. Yamaguchi, M. D. Pierschbacher, J.
Harper, and E. Ruoslahti, manuscript submitted for publica-
tion). The antibody and decorin results establish a causal rela-
tionship between accumulation of pathological matrix in mes-
angial proliferative glomerulonephritis and elevated produc-
tion of TGF-g. Elevated expression of TGF-3 has also been
reported in crescentic glomerulonephritis induced by injecting
antibody against antigens of the glomerular basement mem-
brane (29). TGF-8 elaborated as a consequence of the antibody
injury in the glomerulus correlates with the previously demon-
strated increase in the expression of collagen mRNA and pro-
tein in the interstitium of the kidney and the development of
severe renal fibrosis (30).

Quite recently, we have found that TGF-8 may also be im-
portant in diabetic nephropathy (Yamamoto, T., T. Naka-
mura, N. A. Noble, E. Ruoslahti, and W. A. Border, manu-
script submitted for publication). Elevated levels of TGF-3
mRNA were observed in glomeruli of rats made diabetic by the
administration of streptozotocin, a chemical that produces in-
sulin deficiency. The rats develop kidney disease that resembles
human diabetic nephropathy (31, 32). The levels of TGF-8
mRNA increased with time after onset of diabetes and were
highest in diabetic rats that did not receive insulin. Immunohis-
tochemical staining showed that there was also an increased
expression of TGF-8 protein in the diabetic kidneys. More-
over, elevated levels of fibronectin, tenascin, and proteogly-
cans, which are among the extracellular matrix components
typically produced under the influence of TGF-g, provided a
strong indication of increased TGF-8 activity in these kidneys.
The relevance of these findings to human diabetes was con-
firmed by the demonstration of much elevated amounts of
TGF-B protein in the glomeruli of patients with diabetic ne-
phropathy. Glomeruli from normal kidneys or from other non-
progressive kidney disorders were negative for TGF-S. Thus,
TGF-8 may play an important role in the development of le-
sions in diabetic nephropathy, which is one of the most impor-
tant diabetic complications that occurs despite insulin treat-
ment.

Renal interstitial fibrosis occurs in all patients with progres-
sive glomerular disease and is an excellent predictor of kidney
failure (33). The link between glomerular injury and interstitial
fibrosis may be TGF-3, which, when released from the glomer-
ulus, induces its own production and matrix formation in the
renal interstitium. This pattern of fibrosis is prominent in the
severe renal fibrosis that occurs in transplant patients treated
with cyclosporin (34); the possible role of TGF-g in this condi-
tion merits further study. Because of its intricate architecture
and filtration function, the kidney may be particularly suscepti-
ble to the consequences of matrix accumulation and, therefore,
may be a prime organ to be affected by elevated TGF-8. How-
ever, an increasing body of evidence implicates TGF-gin analo-
gous pathologies of other organs.

TGF-B in fibrotic diseases of other organs

The role of excessive TGF-g activity in disease was first demon-
strated at a causal level in the mesangial injury rat glomerulone-
phritis model discussed above. More recent studies have estab-
lished a similar causal connection between experimental tissue
scarring and TGF-8 expression in the skin (35) and the central
nervous system (Logan, A., A. M. Gonzalez, S. A. Frautschy,
M. B. Sporn, M. Berry, and A. Baird, manuscript submitted for
publication). Moreover, there is strong correlative evidence to
suggest that TGF-g overproduction is a problem in lung fibro-
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sis, liver cirrhosis, cardiac fibrosis after infarction, scarring and
fibrosis in disorders of the eye and skin, and in the formation of
postoperative intraabdominal adhesions. Arterial restenosis
after angioplasty, hypertensive vasculopathy, and myelofibro-
sis are other conditions in which TGF-8 may be important.

Broekelman et al. (36) found strongly elevated TGF-£ ex-
pression in human lungs with idiopathic fibrosis. The increased
TGF-B production was localized to the same sites where the
abnormal extracellular matrix accumulation occurred in the
alveolar walls. Bleomycin-induced pulmonary fibrosis is also
associated with increased TGF-g gene expression (37). A simi-
lar increase of TGF-8 expression has been observed in human
patients with liver cirrhosis (38), in mice with hepatic fibrosis
(39), and in the rat heart after infarction (40). In humans, prolif-
erative vitreoretinopathy of the eye is also associated with ele-
vated TGF-3 levels (41) as are various fibrotic skin diseases
including systemic sclerosis (42, 43) and eosinophilia-myalgia
syndrome (44). Recently, intraperitoneal administration of
TGF-B to rats was shown to markedly increase the formation of
postoperative adhesions (45).

The role of TGF-8 in scarring is particularly interesting. It is
well known that fetal skin heals without scarring and that only
after birth does the healing of a wound generate a scar. Whitby
and Ferguson (46) have recently found a correlation between
the lack of scarring in fetal skin and the greatly reduced or
absence of a TGF-g response to wounding of the skin in ro-
dents. The fetal skin wounds displayed detectable TGF-8 only
in the blood platelets that had aggregated at the wound site,
whereas no TGF-8 could be detected in the tissue surrounding
the wound. In marked contrast, the tissue surrounding a
wound in neonatal and older skin was TGF-8 positive.

In ~ 30-40% of all angioplasty procedures performed for
atherosclerotic obstructions of the coronary arteries, the artery
will show evidence of restenosis after several weeks and half of
these patients will redevelop symptoms (47, 48). The tissue that
causes the restenosis consists of ingrowing smooth muscle cells
and their extracellular matrix (49). Majesky et al. (50), studying
a balloon catheterization model in which an arterial wall is
denuded of endothelial cells in a process that resembles the
procedure performed on human patients, found a strong eleva-
tion of TGF-8 in the treated vessel. Since TGF-£ is strongly
chemotactic for many types of cells including smooth muscle
cells, and since TGF-8 stimulates matrix production, this result
strongly suggests TGF-g involvement in the restenosis process.
There is rapid expression of TGF-8, but not other cytokines, in
the aortas of rats after the onset of salt-induced hypertension
(51). TGF-8 is a potent inducer of endothelin (52). This rela-
tionship of TGF-8 and endothelin may be important (53) in a
number of vascular pathologies, including hypertensive
changes. Moreover, increased platelet TGF-8 content has been
associated with myelofibrosis, leading to the hypothesis that
increased release of TGF-8 from megakaryoblasts may under-
lie the progressive fibrosis in this disease (54). Finally, increased
expression of TGF-g in injured tissue is thought to predispose
the cells in the injured site to oncogenesis through a tumor
promoter activity of TGF-g (55, 56).

TGF-B as an immunosuppressant

TGF-B is a potent immunosuppressing agent in vivo. Both cel-
lular and humoral immune responses are affected (2). These
immunosuppressive activities are likely to underlie the benefi-
cial effects of systemic administration of TGF-g in experimen-
tal arthritis and autoimmune disease models (57, 58). (How-
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Figure 2. A schematic representation of the role TGF-8 is believed to play in the repair of tissue injury and in the conversion of the repair process

into a chronic fibrotic disease.

ever, when given intraarticularly, TGF-8 produces a strong in-
flammatory reaction [59]). Another interesting effect of TGF-8
is its ability to switch B cells from IgG to IgA production (60).
In the most common form of human glomerulonephritis, IgA
nephropathy (61), patients show a reversal of the normal bal-
ance of IgG versus IgA secretion by plasma cells (62). A recent
study reported the presence of anti-mesangial cell autoantibod-
ies in the serum of patients with IgA nephropathy (63). This
finding is intriguing because the experimental model of glomer-
ulonephritis discussed above in which elevated TGF-8 expres-
sion has been demonstrated is induced by injection of antibod-
ies reactive with the mesangial cells. The possibility that TGF-8
is somehow involved in human IgA nephropathy is worthy of
additional study.

An important situation involving the immunosuppressive
activity of TGF-8 may be AIDS. Kekow et al. (64, 65) have
found elevated expression of TGF-g8 in lymphocytes isolated
from the blood of AIDS patients. These authors suggest that the
excess TGF-8 may contribute to the systemic immunosuppres-
sion. Such a mechanism could explain the puzzling fact that
the immunosuppression in AIDS is general and yet relatively
few lymphocytes are infected by HIV. Interestingly, AIDS pa-
tients are also susceptible to a kidney disorder termed HIV-as-
sociated nephropathy in which glomerulosclerosis develops
(66). In mice made transgenic for HIV there was noted a pro-
gressive buildup of glomerular extracellular matrix (67). TGF-

B could provide the missing link between the infection, sys-
temic immunosuppression, and the glomerulosclerosis.

Why is TGF-B often harmful?

TGF-8 promotes wound healing. In a more primitive setting
than today’s world, quick wound healing responses, character-
ized by exuberant matrix formation and deposition, may have
been all important and the possibility of deleterious side effects
from such responses a tolerable price to pay. The importance of
mounting a quick and effective TGF-8 response upon injury
may account for the unusual feature of TGF-8 regulation that
TGF-8 can induce its own production by target cells (13, 68,
69). This feature may be responsible for the potential harm of
TGF-B. Thus, positive feedback may be a mechanism whereby
a TGF-g elevation can become chronic, creating a vicious cir-
cle (Fig. 2).

Prospects for TGF-B-suppressing treatments

The complex regulation of TGF-8 production and activity
offers a number of targets for TGF-8 suppression. TGF-8 is
produced as an inactive precursor protein that is converted to
the mature, active form by protease cleavage (1-3). In a test
tube, TGF-£ is commonly activated by acid treatment. Plas-
min has been suggested as a protease that activates TGF-8 phys-
iologically (70), but more than one protease may be needed for
effective activation (71). The activation peptide cleaved from
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the TGF-8 precursor and certain other proteins, including tis-
sue proteoglycans, can inhibit TGF-8 activity, presumably by
competing with the receptors for the binding of TGF-3 (28,
72-74). Soluble forms of the receptors (75-77) may also inhibit
TGF-8 activity by the same mechanism, but this has not yet
been proven.

Members of the steroid receptor superfamily can regulate
the TGF-g gene at the level of the gene expression (78). Curi-
ously, a protein-restricted diet can completely suppress TGF-8
gene expression in rat glomerulonephritis induced by injuring
the mesangial cells (79). The molecular mechanism of this di-
etary effect is unknown, but it appears to offer one explanation
for the alleged beneficial effect of low protein diet on the pro-
gression of various kidney diseases.

TGF-g activity has been successfully suppressed in vivo in
the kidney (27), in the skin (35), and in central nervous system
injury (Logan, A., A. M. Gonzalez, S. A. Frautschy, M. B.
Sporn, M. Berry, and A. Baird, manuscript submitted for pub-
lication), by administering anti-TGF-8 antibodies capable of
preventing the binding of TGF-g to its receptors. In each case,
blocking the action of TGF-g8 dramatically decreased the exces-
sive deposition of extracellular matrix, but did not interfere
with normal healing of the tissue. For example the dermal
wounds treated with anti-TGF-3 contained substantially less
collagen, did not manifest a scar, but did possess the same
tensile strength as the control wounds. Such studies are now
being extended to the other conditions with suspected TGF-8
involvement, and the use of TGF-g inhibitors more suitable for
therapeutic use than antibodies is being explored. Such com-
pounds are likely to become important therapeutics in the
treatment of the diseases caused by the dark side of TGF-g.

Acknowledgments

We thank Drs. Eva Engvall and Nancy Noble for comments on the
manuscript and Diane Miller for expert technical assistance.

The original work by the authors and the preparation of this manu-
script were supported by grants DK43609 to W. A. Border from the
National Institute of Diabetes and Digestive and Kidney Diseases—De-
partment of Health and Human Services, DHHS and grants CA42507,
CA28896, and Cancer Center Support Grant CA30199 to E. Ruoslahti
from the National Cancer Institute.

Editor’s note: The authors have disclosed to the Editor their interest
in a company engaged in the development of TGF-8 antagonists.

References

1. Sporn, M. B, and A. B. Roberts. 1990. TGF-3: problems and prospects.
Cell Regul. 1:875-882.

2. Roberts, A. B., and M. B. Sporn. 1989. In The Handbook of Experimental *

Pharmacology. Peptide Growth Factors and Their Receptors. M. B. Sporn and
A. B. Roberts, editors. Springer-Verlag, Heidelberg. 419-472.

3. Barnard, J. A., R. M. Lyons, and H. L. Moses. 1990. The cell biology of
transforming growth factor 8. Biochim. Biophys. Acta. 1032:79-87.

4. Vale, W., A. Hsueh, C. Rivier, and J. Yu. 1990. The inhibin/activin family
of hormones and growth factors. In Handbook of Experimental Pharmacology.
Peptide Growth Factors and Their Receptors. M. B. Sporn and A. B. Roberts,
editors. Springer-Verlag, Heidelberg. 211-248.

5. Assoian, R. K., and M. B. Sporn. 1986. Type 8 transforming growth factor
in human platelets: release during platelet degranulation and action on vascular
smooth muscle cells. J. Cell Biol. 102:1217-1223.

6. Wahl, S. M., D. A. Hunt, L. M. Wakefield, N. McCartney-Francis, L. M.
Wahl, A. B. Roberts, and M. B. Sporn. 1987. Transforming growth factor type 8
induces monocyte chemotaxis and growth factor production. Proc. Natl. Acad.
Sci. USA. 84:5788-5792.

7.Gold, L. 1, T. C. Lee, J. Reibman, R. Cronstien, and G. Weissmann. 1990.
TGF-B selectively induces neutrophil chemotaxis. J. Cell. Biochem. Suppl.
14C:294.

6 W. A. Border and E. Ruoslahti

8. Postlethwaite, A. E., J. Keski-Oja, H. L. Moses, and A. H. Kang. 1987.
Stimulation of the chemotactic migration of human fibroblasts by transforming
growth factor 8. J. Exp. Med. 165:251-256.

9. Roberts, A. B., M. B. Sporn, R. K. Assoian, J. M. Smith, N. S. Roche, L. M.
Wakefield, U. I. Heine, L. A. Liotta, V. Falanga, J. H. Kehrl, and A. S. Fauci.
1986. Transforming growth factor type B: rapid induction of fibrosis and angio-
genesis in vivo and stimulation of collagen formation in vitro. Proc. Natl. Acad.
Sci. USA. 83:4167-4171.

10. Kehrl, J. H., L. M. Wakefield, A. B. Roberts, S. Jakowlew, M. Alvarez-
Mon, R. Derynck, M. B. Sporn, and A. S. Fauci. 1986. Production of transform-
ing growth factor 8 by human T lymphocytes and its potential role in the regula-
tion of T cell growth. J. Exp. Med. 163:1037-1050.

11. Ristow, H.-J. 1986. BSC-1 growth inhibitor/type 8 transforming growth
factor is a strong inhibitor of thymocyte proliferation. Proc. Natl. Acad. Sci. USA.
83:5531-5533.

12. Tsunawaki, S., M. Sporn, A. Ding, and C. Nathan. 1988. Deactivation of
macrophages by transforming growth factor-g. Nature (Lond.). 334:260-262.

13.Kim, S.-J., K.-T. Jeang, A. B. Glick, M. B. Sporn, and A. B. Roberts. 1989.
Promoter sequences of the human transforming growth factor-81 gene responsive
to transforming growth factor-81 autoinduction. J. Biol. Chem. 264:7041-7045.

14. Sporn, M. B, A. B. Roberts, J. H. Shull, J. M. Smith, and J. M. Ward.
1983. Polypeptide transforming growth factors isolated from bovine sources and
used for wound healing in vivo. Science (Wash. DC). 219:1329-1330.

15. Massagué, J. 1987. The TGF-B family of growth and differentiation fac-
tors. Cell. 49:437-438.

16. Balza, E., L. Borsi, G. Allemanni, and L. Zardi. 1988. Transforming
growth factor g3 regulates the levels of different fibronectin isoforms in normal
human cultured fibroblasts. FEBS (Fed. Eur. Biochem. Soc.) Lett. 228:42-44.

17. Wang, A., D. S. Cohen, E. Palmer, and D. Sheppard. 1991. Polarized
regulation of fibronectin secretion and alternative splicing by transforming
growth factor 8. J. Biol. Chem. 266:15598-15601.

18. Ignotz, R. A., and J. Massagué. 1986. Transforming growth factor-g stimu-
lates the expression of fibronectin and collagen and their incorporation into the
extracellular matrix. J. Biol. Chem. 261:4337-4345.

19. Bassols, A., and J. Massagué. 1988. Transforming growth factor 8 regu-
lates the expression and structure of extracellular matrix chondroitin/dermatan
sulfate proteoglycans. J. Biol. Chem. 263:3039-3045.

20. Pearson, C. A., D. Pearson, S. Shibahara, J. Hofsteenge, and R. Chiquet-
Ehrismann. 1988. Tenascin: cDNA cloning and induction by TGF-8. EMBO
(Eur. Mol. Biol. Organ.) J. 7:2977-2981.

21. Edwards, D. R., G. Murphy, J. J. Reynolds, S. E. Whitham, A. J. P.
Docherty, P. Angel, and J. K. Heath. 1987. Transforming growth factor beta
modulates the expression of collagenase and metalloproteinase inhibitor. EMBO
(Eur. Mol. Biol. Organ.) J. 6:1899-1904.

22. Laiho, M., O. Saksela, and J. Keski-Oja. 1987. Transforming growth
factor-B induction of type-1 plasminogen activator inhibitor. J. Biol. Chem.
262:17467-17474.

23. Ignotz, R. A., and J. Massagué. 1987. Cell adhesion protein receptors as
targets for transforming growth factor-g8 action. Cell. 51:189-197.

24. Okuda, S., L. R. Languino, E. Ruoslahti, and W. A. Border. 1990. Ele-
vated expression of transforming growth factor-g and proteoglycan production in
experimental glomerulonephritis. Possible role in expansion of the mesangial
extracellular matrix. J. Clin. Invest. 86:453-462.

25. Vassalli, J.-D., A.-P. Sappino, and D. Belin. 1991. The plasminogen acti-
vator/plasmin system. J. Clin. Invest. 88:1067-1072.

26. Pollidnen, J., K. Hedman, L. S. Nielsen, K. Dane, and A. Vaheri. 1988.
Ultrastructural localization of plasma membrane-associated urokinase-type plas-
minogen activator at focal contacts. J. Cell Biol. 106:87-95.

27. Border, W. A., S. Okuda, L. R. Languino, M. B. Sporn, and E. Ruoslahti.
1990. Suppression of experimental glomerulonephritis by antiserum against
transforming growth factor 81. Nature (Lond.). 346:371-374.

28. Yamaguchi, Y., D. M. Mann, and E. Ruoslahti. 1990. Negative regulation
of transforming growth factor-8 by the proteoglycan decorin. Nature (Lond.).
346:281-284.

29. Coimbra, T., R. Wiggins, J. W. Noh, S. Merritt, and S. H. Phan. 1991.
Transforming growth factor-8 production in anti-glomerular basement mem-
brane disease in the rabbit. Am. J. Pathol. 138:223-234.

30. Downer, G., S. H. Phan, and R. C. Wiggins. 1988. Analysis of renal
fibrosis in a rabbit model of crescentic nephritis. J. Clin. Invest. 84:998-1006.

31. Velasquez, M. T., P. L. Kimmel, and O. E. Michaelis IV. 1990. Animal
models of spontaneous diabetic kidney disease. FASEB (Fed. Am. Soc. Exp.
Biol) J. 4:2850-2859.

32. Mauer, S. M., M. W. Steffes, E. N. Ellis, D. E. R. Sutherland, D. M.
Brown, and F. C. Goetz. 1984. Structural-functional relationships in diabetic
nephropathy. J. Clin. Invest. 74:1143-1155.

33. Bohle, A., S. Mackensen-Haen, and H. v.Gise. 1987. Significance of tubu-
lointerstitial changes in the renal cortex for the excretory function and concentra-
tion ability of the kidney: a morphometric contribution. Am. J. Nephrol. 7:421-
430.

34. Myers, B. D, J. Ross, L. Newton, J. Luetscher, and M. Perlroth. 1984.
Cyclosporine-associated chronic nephropathy. N. Engl. J. Med. 311:699-705.



35. Shah, M., D. M. Foreman, and W. J. Ferguson. 1992. Control of scarring
in adult wounds by neutralizing antibody to transforming growth factor 8. Lan-
cet. 339:213-214.

36. Broekelmann, T. J., A. H. Limper, T. V. Colby, and J. A. McDonald.
1991. Transforming growth factor B, is present at sites of extracellular matrix
gene expression in human pulmonary fibrosis. Proc. Natl. Acad. Sci. USA.
88:6642-6646.

37. Raghow, R., P. Irish, and A. H. Kang. 1989. Coordinate regulation of
transforming growth factor 8 gene expression and cell proliferation in hamster
lungs undergoing bleomycin-induced pulmonary fibrosis. J. Clin. Invest.
84:1836-1842.

38. Castilla, A., J. Prieto, and N. Fausto. 1991. Transforming growth factors
B1 and «a in chronic liver disease. N. Engl. J. Med. 324:933-940.

39. Czaja, M. J., F. R. Weiner, K. C. Flanders, M.-A. Giambrone, R. Wind, L.
Biempica, and M. A. Zern. 1989. In vitro and in vivo association of transforming
growth factor-g1 with hepatic fibrosis. J. Cell Biol. 108:2477-2482.

40. Thompson, N. L., F. Bazoberry, E. H. Speir, W. Casscells, V. J. Ferrans,
K. C. Flanders, P. Kondaiah, A. G. Geiser, and M. B. Sporn. 1988. Transforming
growth factor beta-1 in acute myocardial infarction in rats. Growth Factors. 1:91-
99.

41. Connor, T. J., Jr., A. B. Roberts, M. B. Sporn, D. Danielpour, L. L. Dart,
R. G. Michels, S. de Bustros, C. Enger, H. Kato, M. Lansing, et al. 1989. Correla-
tion of fibrosis and transforming growth factor-g type 2 levels in the eye. J. Clin.
Invest. 83:1661-1666.

42. Gruschwitz, M., P. U. Miiller, N. Sepp, E. Hofer, A. Fontana, and G.
Wick. 1990. Transcription and expression of transforming growth factor type
beta in the skin of progressive systemic sclerosis: a mediator of fibrosis? J. Invest.
Dermatol. 94:197-203.

43. Kulozik, M., A. Hogg, B. Lankat-Buttgereit, and T. Krieg. 1990. Co-loca-
lization of transforming growth factor 82 with a1(I) procollagen mRNA in tissue
sections of patients with systemic sclerosis. J. Clin. Invest. 86:917-922.

44, Peltonen, J., J. Varga, S. Sollberg, J. Uitto, and S. A. Jimenez. 1991.
Elevated expression of the genes for transforming growth factor-8, and type VI
collagen in diffuse fascitis associated with the eosinophilia-myalgia syndrome. J.
Invest. Dermatol. 96:20-25.

45. Williams, R. S., A. M. Rossi, N. Chegini, and G. Schultz. 1992. Effect of
transforming growth factor 8 on postoperative adhesion formation and intact
peritoneum. J. Surg. Res. 52:65-70.

46. Whitby, D. J., and M. W.J. Ferguson. 1991. Immunohistochemical local-
ization of growth factors in fetal wound healing. Dev. Biol. 147:207-215.

47. Hermans, W. R. M., B. J. Rensing, B. H. Strauss, and P. W. Serruys. 1991.
Prevention of restenosis after percutaneous transluminal coronary angioplasty:
the search for a “‘magic bullet”. Am. Heart J. 122:171-187.

48. MacDonald, R. G., M. A. Henderson, J. W. Hirshfeld, Jr., S. H. Goldberg,
T. Bass, G. Vetrovec, M. Cowley, A. Taussig, H. Whitworth, J. R. Margolis, et al.
1990. Patient-related variables and restenosis after percutaneous transluminal
coronary angioplasty. A report from the M-HEART group. Am. J. Cardiol.
66:926-931.

49. Nobuyoshi, M., T. Kimura, H. Ohishi, H. Horiuchi, H. Nosaka, N. Ha-
masaki, H. Yokoi, and K. Kim. 1991. Restenosis after percutaneous transluminal
coronary agioplasty: pathologic observations in 20 patients. J. Am. Coll. Cardiol.
17:433-439.

50. Majesky, M. W., V. Lindner, D. R. Twardzik, S. M. Schwartz, and M. A.
Reidy. 1991. Production of transforming growth factor 8, during repair of arterial
injury. J. Clin. Invest. 88:904-910.

51. Sarzani, R., P. Brecher, and A. V. Chobanian. 1989. Growth factor expres-
sion in aorta of normotensive and hypertensive rats. J. Clin. Invest. 83:1404-
1408.

52. Kurihara, H., M. Yoshizumi, T. Sugiyama, F. Takaku, M. Yanagisawa, T.
Masaki, M. Hamaoki, H. Kato, and Y. Yazaki. 1989. Transforming growth fac-
tor-g stimulates the expression of endothelin mRNA by vascular endothelial
cells. Biochem. Biophys. Res. Commun. 159:1435~1440.

53. Brown, M. R., J. Vaughan, L. L. Jimenez, W. Vale, and A. Baird. 1991.
Transforming growth factor-g: role in mediating serum-induced endothelin pro-
duction by vascular endothelial cells. Endocrinology. 129:2355-2360.

54. Terui, T., Y. Niitsu, K. Mahara, Y. Fujisaki, Y. Urushizaki, Y. Mogi, Y.
Kohgo, N. Watanabe, M. Ogura, and H. Saito. 1990. The production of trans-
forming growth factor-8 in acute megakaryoblastic leukemia and its possible
implications in myelofibrosis. Blood. 75:1540-1548.

55. Sieweke, M. H., N. L. Thompson, M. B. Sporn, and M. J. Bissell. 1990.
Mediation of wound-related Rous sarcoma virus tumorigenesis by TGF-g.
Science (Wash. DC). 248:1656-1660.

56. Akhurst, R. J., F. Fee, and A. Balmain. 1988. Localized production of
TGF-8 mRNA in tumour promoter-stimulated mouse epidermis. Nature
(Lond.). 331:363-365.

57. Brandes, M. E., J. B. Allen, Y. Ogawa, and S. M. Wahl. 1991. Transform-

ing growth factor 81 suppresses acute and chronic arthritis in experimental ani-
mals. J. Clin. Invest. 87:1108-1113.

58. Kuruvilla, A. P., R. Shah, G. M. Hochwald, H. D. Liggitt, M. A. Palla-
dino, and G. J. Thorbecke. 1991. Protective effect of transforming growth factor
B, on experimental autoimmune diseases in mice. Proc. Natl. Acad. Sci. USA.
88:2918-2921.

59. Allen, J. B,, C. L. Manthey, A. R. Hand, K. Ohura, L. Ellingsworth, and
S. M. Wahl. 1990. Rapid onset synovial inflammation and hyperplasia induced
by transforming growth factor 3. J. Exp. Med. 171:231-247.

60. van Vlasselaer, P., J. Punnonen, and J. E. de Vries. 1992. Transforming
growth factor-g directs IgA switching in human B cells. J. Immunol. 148:2062-
2067.

61. Rodicio, J. L. 1984. Idiopathic IgA nephropathy. Kidney Int. 25:719-729.

62. Bene, M. C., G. Faure, B. Hurault deLigny, M. Kessler, and J. Duheille.
1983. Immunoglobulin A nephropathy. Quantitative immunohistomorpho-
metry of the tonsillar plasma cells evidences an inversion of the immunoglobulin
A versus immunoglobulin G secreting cell balance. J. Clin. Invest. 71:1342-1347.

63. O’Donoghue, D., A. Darwell, and F. W. Ballardie. 1991. Mesangial cell
autoantigen in immunoglobulin A nephropathy and Henoch-Schonlein purpura.
J. Clin. Invest. 88:1521-1530.

64. Kekow, J., W. Wachmann, J. A. McCutchan, W. L. Gross, M. Zachariah,
D. A. Carson, and M. Lotz. 1991. Transforming growth factor-g and suppression
of humoral immune responses in HIV infection. J. Clin. Invest. 87:1010-1016.

65. Kekow, J., W. Wachsman, J. A. McCutchan, M. Cronin, D. A. Carson,
and M. Lotz. 1990. Transforming growth factor 8 and noncytophatic mecha-
nisms of immunodeficiency in human immunodeficiency virus infection. Proc.
Natl. Acad. Sci. USA. 87:8321-8325.

66. Sreepada, T. K., E. J. Filippone, A. D. Nicastri, S. H. Landesman, E.
Frank, C. D. Chen, and E. A. Friedman. 1984. Associated focal and segmental
glomerulosclerosis in the acquired immunodeficiency syndrome. N. Engl. J.
Med. 310:619-673.

67.Kopp, J. B, M. E. Klotman, S. H. Adler, L. A. Bruggeman, P. Dickie, N. J.
Marinos, M. Eckhaus, J. L. Bryant, and A. L. Notkins. 1992. Progressive glomeru-
losclerosis and enhanced renal accumulation of basement membrane compo-
nents in mice transgenic for human immunodeficiency virus type 1 genes. Proc.
Natl. Acad. Sci. USA. 89:1577-1581.

68. Lafyatis, R., F. Denhez, T. Williams, M. Sporn, and A. Roberts. 1991.
Sequence specific protein binding to and activation of the TGF-33 promoter
through a repeated TCCC motif. Nucleic Acids Res. 19:6419-6425.

69. Van Obberghen-Schilling, E., N. S. Roche, K. C. Flanders, M. B. Sporn,
and A. B. Roberts. 1988. Transforming growth factor 1 positively regulates its
own expression in normal and transformed cells. J. Biol. Chem. 263:7741-7746.

70. Lyons, R. M., and H. L. Moses. 1990. Transforming growth factors and
the regulation of cell proliferation. Eur. J. Biochem. 187:467-473.

71. Huber, D., J. Philipp, and A. Fontana. 1992. Protease inhibitors interfere
with the transforming growth factor-8-dependent but not the transforming
growth factor-B-independent pathway of tumor cell-mediated immunosuppres-
sion. J. Immunol. 148:277-284.

72. Gentry, L. E., N. R. Webb, G. J. Lim, A. M. Brunner, J. E. Ranchalis,
D. R. Twardzik, M. N. Lioubin, H. Marquardt, and A. F. Purchio. 1987. Type 1
transforming growth factor beta: amplified expression and secretion of mature
and precursor polypeptides in Chinese hamster ovary cells. Mol. Cell. Biol.
7:3418-3427.

73. Wakefield, L. M., D. M. Smith, S. Broz, M. Jackson, A. D. Levinson, and
M. B. Sporn. 1989. Recombinant TGF-81 is synthesized as a two component
latent complex that shares some structural features with the native platelet latent
TGF-81 complex. Growth Factors. 1:203-218.

74. Gentry, L. E., and B. W. Nash. 1990. The pro domain of pre-pro-trans-
forming growth factor beta-1 when independently expressed is a functional bind-
ing protein for the mature growth factor. Biochemistry. 29:6851-6857.

75. Lopez-Casillas, F., S. Cheifetz, J. Doody, J. L. Andres, W. S. Lane, and J.
Massagué. 1991. Structure and expression of the membrane proteoglycan betag-
lycan, a component of the TGF-g receptor system. Cell. 67:785-795.

76. Wang, X.-F., H. Y. Lin, E. Ng-Eaton, J. Downward, H. F. Lodish, and
R. A. Weinberg. 1991. Expression cloning and characterization of the TGF-8
type III receptor. Cell. 67:797-805.

77. Lin, H. Y., X.-F. Wang, E. Ng-Eaton, R. A. Weinberg, and H. F. Lodish.
1992. Expression cloning of the TGF-3 type II receptor, a functional transmem-
brane serine/threonine kinase. Cell. 68:775-785.

78. Wakefield, L., S.-J. Kim, A. Glick, T. Winokur, A. Colletta, and M.
Sporn. 1990. Regulation of transforming growth factor-g subtypes by members of
the steroid hormone superfamily. J. Cell Sci. Suppl. 13:139-148.

79. Okuda, S., T. Nakamura, T. Yamamoto, E. Ruoslahti, and W. A. Border.
1991. Dietary protein restriction rapidly reduces transforming growth factor g1
expression in experimental glomerulonephritis. Proc. Natl. Acad. Sci. USA.
88:9765-9769.

Transforming Growth Factor-8 and Disease 7



