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Abstract
Organ fibrosis and architectural remodeling can se-
verely disrupt tissue function, often with fatal conse-
quences. Fibrosis is the end result of chronic inflamma-
tory reactions induced by a variety of stimuli, and the 
key cellular mediator of fibrosis comprises the myofi-
broblasts which, when activated, serve as the primary 
collagen-producing cells. Complex links exist between 
fibrosis, regeneration and carcinogenesis, and the 
concept that all organs contain common tissue fibrosis 
pathways that could be potential therapeutic targets 
is an attractive one. Because of the major impact of 
fibrosis on human health there is an unmet need for 
safe and effective therapies that directly target fibrosis. 
Halofuginone inhibits tissue fibrosis and regeneration, 
and thereby affects the development of tumors in vari-
ous tissues along the gastrointestinal tract. The high 
efficacy of halofuginone in reducing the fibrosis that af-
fects tumor growth and tissue regeneration is probably 
due to its dual role in inhibiting the signaling pathway 
of transforming growth factor β, on the one hand, and 
inhibiting the development of Th17 cells, on the other 
hand. At present halofuginone is being evaluated in a 
clinical trial for other fibrotic indication, and any clinical 
success in that trial would allow the use of halofugi-
none, also for all other fibrotic indications, including 
those of the gastrointestinal tract.
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Core tip: Fibrosis is a pathological process associated 
with excessive deposition of extracellular matrix that 
leads to destruction of organ architecture and function. 
Fibrosis contributes enormously to deaths worldwide, 
thus therapies are of a great need. The concept of 
common fibrosis pathways that could be therapeutic 
targets in all organs is an attractive one. Halofuginone 
is a novel anti-fibrotic therapy that inhibits tissue fibro-
sis, regeneration, and development of tumors in tissues 
along the gastrointestinal tract. At present halofuginone 
is being evaluated in a clinical trial for another fibrotic 
indication, and any clinical success there would allow 
its use for all other fibrotic indications. 
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INTRODUCTION
The synthesis and turnover of  the extracellular matrix 
(ECM) is essential for normal tissue organization and 
function, both during development and adaptive homeo-
stasis and also in the tissue remodeling that occurs after 
injury. As a result of  the dysregulation of  ECM synthesis 
caused by acute or chronic injury a pathological scarring 
process-fibrosis-occurs; it leads to destruction of  organ 
architecture and impairment of  organ function and, if  
highly progressive, the process of  fibrosis eventually 
leads to organ malfunction and death. Fibrosis plays a 
role in the progression of  many chronic diseases, tissue 
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regeneration and tumor growth and although it follows 
similar pathways in divers organs and exhibits similar 
histomorphology in all of  them, each organ has unique 
fibrotic features[1]. The myofibroblasts, which are respon-
sible for the major increase in matrix synthesis in fibrosis, 
are unique mesenchymal cells with properties inherent in 
both muscle and non-muscle cells, and their cytoskeletal 
protein expression and contractile properties distinguish 
them from other cell types[2]. The myofibroblasts may 
derive from resident fibroblasts, from the circulating fi-
broblast population, from a vascular bed, or from hemo-
poietic progenitor or stromal cells derived from the bone 
marrow and from epithelial-mesenchymal transitions 
(EMTs). It is important to note that the myofibroblasts 
are heterogeneous populations of  cells[3], probably hav-
ing differing origins, expressing differing sets of  genes, 
and possibly having differing functions. Fibrosis, in most 
cases, is associated with inflammation, and the inflamma-
tory cells are the main source of  the tumor growth factor 
(TGF) β that is one of  the leading candidates for eliciting 
overproduction of  ECM proteins in various fibrotic con-
ditions and in the tumor stroma. TGFβ meets the criteria 
for being a major participant in fibroblast activation: it is 
present in the affected tissues, it induces profibrotic cel-
lular and transcriptional responses, and it induces EMT 
during cancer progression[4]. Following binding of  TGFβ 
to its receptor, signaling to the nucleus occurs predomi-
nantly by phosphorylation of  cytoplasmatic mediators of  
the Smad family. 

A high proportion of  all deaths in the developed 
world are attributed to chronic fibroproliferative diseases, 
therefore, the demand for safe and effective antifibrotic 
drugs is on the rise. However, in spite of  its vast impact 
on human health, there are currently no approved treat-
ments that directly target fibrosis.

HALOFUGINONE
For centuries in China the roots and leaves of  Dichroa 
febrifuga Lour. were used against malarial fever, and out of  
600 plants tested for their antimalarial effects, D. febrifuga 
was found to yield one of  the most effective extracts. 
An active alkaloid named febrifugine, with the molecu-
lar formula C16H21O3N3, was isolated, but its high anti-
malarial activity was accompanied by a gastrointestinal 
toxicity, therefore it was used as a lead compound in the 
synthesis of  active molecules with lower toxicity. It has 
been demonstrated that most febrifugine analogs bear-
ing a modified or unmodified 4-quinazolinone moiety 
are active, but analogs produced through modification 
of  the side chain attached to the N3 position of  the 
4-quinazolinone ring have proved to be ineffective. Fur-
thermore, a synthetically prepared racemic febrifugine 
was reported to be only about half  as effective as natural 
febrifugine. These results suggested that the 4-quinazo-
linone moiety, the nitrogen atom of  the piperidine ring, 
and the hydroxyl group are necessary for the antimalarial 
activity, and that the absolute configuration of  these 

functional groups plays an important role[5]. Halofugi-
none hydrobromide,7-bromo-6-chloro-3-[3-(3-hy-
droxy-2-piperidinyl)-2-oxopropyl]-4(3H)-quinazolinone, 
one of  the febrifugine analogs, is an FDA-approved feed 
additive for prevention of  coccidiosis in poultry (For 
reviews see[6-8]). At first, halofuginone was identified as 
an inhibitor of  collagen synthesis, and the observation 
that it inhibited collagen a1(I) gene expression paved the 
way for the use of  halofuginone as an anti-fibrotic drug. 
At present, halofuginone is being evaluated in a Phase 1b 
FDA-approved clinical trial for Duchenne muscular dys-
trophy, in which fibrosis is the main complication.

HALOFUGINONE MODE OF ACTION
The most studied mode of  action, and probably the 
canonical one, is inhibition of  Smad3 phosphorylation 
downstream of  the TGFβ signaling pathway[9]. In most 
animal models of  fibrosis, regardless of  tissue type, 
halofuginone had a minimal effect on the ECM protein 
contents in the non-fibrotic control animals, whereas 
it exhibited a profound inhibitory effect in the fibrotic 
organs. These results suggest that there was differing 
regulation, on the one hand, of  the housekeeping expres-
sion - usually low level - of  ECM genes and, on the other 
hand, of  the TGFβ-driven over-expression induced by 
the fibrogenic stimulus, which is usually an aggressive 
and rapid process. Halofuginone was found to inhibit the 
collagen synthesis that was activated by TGFβ in human 
skin fibroblasts and by activated fibroblasts derived from 
scleroderma and from cGvHD patients[10]. It also inhib-
ited both Smad3 phosphorylation and collagen synthesis 
in TGFβ-activated tight-skin (Tsk+)-mouse fibroblasts[11], 
in the mdx mouse model of  muscular dystrophy[12], but 
not in control cells[10,13]. In various fibrotic models no ef-
fect of  halofuginone was observed on the expression of  
the TGFβ receptors gene or on TGFβ levels[12-14] -a find-
ing that supports the hypothesis that the halofuginone 
target is downstream in the TGFβ pathway. In chemi-
cally induced liver fibrosis halofuginone affected TGFβ-
regulated genes through inhibition of  Smad3 phos-
phorylation of  activated hepatic stellate cells (HSCs)[15]. 
Halofuginone inhibited TGFβ-dependent Smad3 phos-
phorylation and elevated the expression of  the inhibitory 
Smad7 in a variety of  cell types, such as fibroblasts, he-
patic and pancreatic stellate cells (PSCs), tumor cells and 
myoblasts[14-17]. The inhibition of  Smad3 phosphorylation 
was due, at least in part, to halofuginone-dependent acti-
vation of  Akt MAPK/ERK and p38 MAPK phosphory-
lation[16] (Figure 1). 

An additional mechanism suggested for the halofugi-
none-dependent inhibition of  fibrosis involves selec-
tive prevention of  the development of  Th17 cells, by 
activation of  the amino acid starvation response[18,19]. 
Halofuginone treatment reduced the severity and in-
cidence of  autoimmune encephalomyelitis associated 
with Th17 cells that are characterized by production of  
interleukin-17 (IL-17), which promotes fibrosis by both 
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exacerbating the upstream inflammatory response and 
regulating the downstream activation of  fibroblasts. The 
mechanism by which halofuginone and other febrifugine 
analogs inhibit the amino acid starvation response is by 
binding to glutamyl-prolyl-tRNA synthetase and inhib-
iting prolyl-tRNA synthetase activity[20], by simultane-
ously occupying two different substrate binding sites 
on prolyl-transfer RNA synthetase[21]. Only the 2R,3S 
isomer of  halofuginone, which matches the absolute 
configuration of  febrifugine, exhibits biological activity. 
Thus, halofuginone could potentially be used to address 
any autoimmune or inflammatory disease associated with 

Th17 cells. It should be noted that TGFβ is required for 
facilitation of  differentiation of  the inflammatory Th17 
cell subset[22,23], which suggests the existence of  a link 
between the TGFβ signaling pathway and the amino 
acid starvation response. The interactions among fibro-
blasts, macrophages, and CD4 T cells likely play general 
and critical roles in initiating, perpetuating, and resolving 
fibrosis. Together, these findings identify the IL-1β-IL-
17A-TGF-β1 cytokine axis as an important pathway in 
inflammation-driven fibrosis.

Various organs of  the gastrointestinal tract are af-
fected by fibrosis, in suffering many and varied insults, 
and all of  these organs could benefit immensely from an 
antifibrotic therapy (Table 1).

ESOPHAGUS
Esophageal strictures are a major clinical problem, with 
a high degree of  morbidity[24]. They are caused by post-
traumatic fibrosis after surgical interventions, ingestion 
of  corrosive materials, endoscopic mucosectomy (EEM), 
and radiotherapy or combined chemo-radio-therapy 
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Figure 1  Halofuginone mode of action. Two pathways have been suggested for the biological activity of halofuginone which may be connected. In fibrosis and in 
cancer (left side) the tumor growth factor (TGF) b derived from the inflammatory cells binds to the constitutively active type Ⅱ TGFβ receptor kinase that trans-phos-
phorylates the type Ⅰ receptor. Activated type Ⅰ receptor kinase then phosphorylates Smads 2/3, which subsequently recruit Smad4. The activated Smads 2/3 Smad4 
complex then translocates to the nucleus where it regulates specific gene expression. The TGFb -dependent gene expression causes quiescent fibroblasts differentia-
tion to myofibroblasts, which are responsible for the major increase in matrix synthesis in fibrosis and in tumor stroma which impedes normal function. Halofuginone 
inhibited TGFβ-dependent Smad3 phosphorylation, causes reduction in fibroblasts differentiation, reduction in the levels of extracellular matrix (ECM) proteins and in-
hibition of fibrosis and tumor growth. Recently, a second mechanism has been suggested for the halofuginone- dependent inhibition of autoimmune diseases which in-
volves selective prevention of the development of Th17 cells by activating the amino acid starvation response (AAR) - the amino acid starvation response (right side). 
Naïve CD4+ T cells differentiate into diverse effector and regulatory subsets to coordinate immunity to pathogens while establishing peripheral tolerance. Besides TH1 
and TH2 effector subsets, naïve T cells can differentiate into proinflammatory T helper 17 (TH17) cells. These cells are key regulators of autoimmune inflammation. The 
mechanism by which halofuginone inhibits the AAR is by binding to glutamyl-prolyl-tRNA synthetase (EPRS) and inhibiting prolyl-tRNA synthetase activity (ProRS) 
causing intracellular accumulation of uncharged tRNA and mimicking reduced cellular proline availability. AAR activation selectively inhibits TH17 differentiation. Thus, 
halofuginone could potentially be used to address any autoimmune or inflammatory disease associated with Th17 cells. It should be noted (middle) that TGFβ is re-
quired for facilitation of differentiation of the inflammatory Th17 cell subset which suggests the existence of a link between the TGFβ and AAR pathways.  

Table 1  Summary of halofuginone's actions in the gastrointestinal 
tract

Fibrosis Resolution 
of fibrosis 

Strictures 
formation

Regeneration Tumor 
development

Esophagus ↓ ↓
Small intestine ↓ ↓
Liver ↓ ↑ ↑ ↓
Pancreas ↓ ↓
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phosphorylation downstream of  the TGFβ signaling, 
resulting in inhibition of  an array of  TGFβ-dependent 
and SC-specific genes[15], and reduction of  the number of  
activated HSCs and PSCs[14,49]. Halofuginone also affected 
the cross-talk between the hepatocytes and the SCs by 
up-regulating the synthesis and secretion of  insulin-like 
growth factor binding protein-1 (IGFBP-1), which inhib-
its SC migration[50]. 

Moreover, halofuginone caused resolution of  estab-
lished liver fibrosis[49], similarly to its actions that were 
observed in skin of  Tsk mice[11], in muscles of  mice with 
muscular dystrophy[52], and in a chronic graft-versus-
host cGvHD patient[53,54]. This was probably due to up-
regulation of  the collagen degradation pathway by inhibi-
tion of  the tissue inhibitors of  matrix metalloproteinase 
2 (TIMP2), and activation of  matrix metalloproteinases 
activities[55].

LIVER REGENERATION 
Hepatic regeneration leads to restoration of  remnant 
hepatic parenchyma after partial hepatectomy. Liver re-
generation is an essential component of  the reparative 
process that follows liver injury and surgical resection, 
and in its absence, morbidity and mortality rates are of-
ten increased[56,57]. Post-hepatectomy liver insufficiency is 
one of  the most serious problems associated with liver 
surgery, especially in the cirrhotic liver, which has less 
function reserve than the normal one[58]. In the cirrhotic 
liver the rate and extent of  regeneration are retarded and 
diminished after partial hepatectomy, and the resulting 
dysfunction and insufficient regeneration often make the 
patients vulnerable to postoperative liver failure, which 
frequently leads to multiple organ failure. As hepatocel-
lular carcinoma (HCC) is often seen in cirrhotic livers, 
the degree of  liver cirrhosis limits the safe extent of  
hepatic resection[59,60]. The extensive resection needed to 
prevent recurrence of  malignant tumors is questionable 
in light of  the resulting impaired regenerative capacity, 
and morbidity and mortality rates after hepatectomy are 
enhanced in these patients[61]. Moreover, liver transplanta-
tion in patients with cirrhosis results in a very low sur-
vival benefit, and may not represent the optimal use of  
scarce, donated liver organs[62]. Thus, the need to improve 
liver regeneration in HCC-associated liver fibrosis is of  
great importance. Various attempts to improve regenera-
tion in cirrhotic livers were made by using granulocyte-
macrophage colony-stimulating factor (GM-CSF)[63], he-
patocyte growth factor[64], cardiotrophin-1 (CT-1)[65], and 
human growth hormone[66]. Blockade of  angiotensin-1 
receptors by lostran increased hepatic blood flow and 
reduced HSC activation and liver fibrosis, but interfered 
with hepatocyte proliferation after partial hepatectomy 
in cirrhotic livers[67]. On the other hand, addition of  
low concentrations of  halofuginone to the diet prior to 
and following partial hepatectomy in rats did not inhibit 
normal liver regeneration, as indicated by the number of  
proliferating cells and restored liver mass. When given to 

for head and neck cancer[25,26]. Halofuginone treatment 
caused an increase in esophageal patency, reduction in 
esophageal wall thickness, and increased survival in rats 
with caustic-dependent esophageal stricture[27,28], reduced 
esophageal fibrosis and collagen synthesis after head 
and neck radiation[29], and decreased stricture formation 
in pigs after endoscopic mucosectomy[30]. Similar results 
were observed in urethral[31], abdominal[32,33], uterine horn 
stricture[34], and subglottic stenosis in a canine model[35]. 

LIVER AND PANCREAS FIBROSIS
Liver and pancreas fibrosis, triggered by chronic tissue 
damage with a wide variety of  etiologies, constitute a 
major cause of  morbidity and mortality worldwide. The 
fibrosis is characterized by an accumulation of  ECM 
and it results in formation of  a fibrotic scar that even-
tually alters the cellular and functional balance of  the 
liver[36]. Moreover, the excessive ECM provides a pivotal 
microenvironment for tumor development, both in the 
liver[37,38] and in the pancreas[39]. The interactions of  vari-
ous cell populations, some residing within the liver and 
the pancreas and some recruited from the bone marrow, 
are required for the tissue fibrinogenesis. A key role in 
fibrogenesis is played by myofibroblasts, which produce 
ECM proteins and coordinate the “wound healing” re-
sponse[36,40,41]. HSC and pancreatic stellate cells (PSC) are 
classically considered to be a major source of  myofibro-
blasts[40,42,43], but other cell types have been hypothesized 
to contribute to the expansion of  the myofibroblast 
population observed during injury; they include portal 
myofibroblasts and cells recruited from the bone mar-
row[40]. It is believed that the involvement of  various 
populations of  fibrogenic cells is dependent on the etiol-
ogy of  the damage and the resulting development of  dis-
tinct spatial patterns of  fibrosis[44]. The activation of  the 
HSC involves the initiatory or pre-inflammatory stage, 
which results from early changes in gene expression that 
are caused by paracrine stimuli from damaged resident 
liver and pancreas cells, and the perpetuation stage, which 
is caused by maintenance of  these stimuli by autocrine 
and paracrine stimuli. In both the liver and the pancreas 
TGFβ and platelet-derived growth factor (PDGF) have 
been considered to be the key fibrogenic and proliferative 
stimuli to SC[45,46] - a hypothesis that raises the possibility 
of  a common mechanism and clear targets[47]. 

Three rat models, dimethylnitrosamine (DMN), thio-
acetamide (TAA), and concanavalin A (ConA)-induced 
liver fibrosis/cirrhosis, and a mouse model of  cerulein-
dependent pancreas fibrosis were used to evaluate the 
efficacy of  halofuginone in preventing hepatic and pan-
creaticfibrosis[14,48-51]. Halofuginone, independently of  
the route of  administration, prevented the increase in 
collagen a1(Ⅰ) gene expression and collagen content 
in all models, and prevented the decrease in liver weight, 
reduced plasma alkaline phosphatase activity and reduced 
the mortality rate, all of  which are characteristic of  tis-
sue fibrosis/cirrhosis. Halofuginone inhibited Smad3 
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rats with established fibrosis, halofuginone caused signifi-
cant reductions in αSMA, TIMP-2, collagen type Ⅰ gene 
expression and collagen deposition. Such animals exhib-
ited improved capacity for regeneration, suggesting the 
possible beneficial use of  halofuginone before and during 
fibrotic/cirrhotic liver regeneration[68]. Heparan sulfate 
proteoglycans (HSPGs) are major components of  the 
ECM, and cleavage of  HSPGs influenced normal and 
pathological processes[69]. Heparanase, an endoglycosidase 
capable of  cleavage of  heparan sulfate is not expressed 
in the mature healthy liver, but is expressed following 
partial hepatectomy during the early stages of  fibrosis[70]. 
Heparanase enhanced liver regeneration, probably by 
inducing proliferation of  hepatocytes[71]. Elevated expres-
sion of  heparanase mRNA in hepatic SCs, together with 
improved capacity to regenerate following partial hepa-
tectomy was observed after halofuginone treatment[72]. 

Regulation of  the expression of  the early genes of  
regeneration, such as tyrosine phosphatase (PRL-1) and 
IGFBP-1, is part of  the mode of  action of  halofuginone 
in improving cirrhotic liver regeneration[50,73]. PRL-1 gene 
expression was rapidly induced in a liver remnant that 
was undergoing regeneration after partial hepatectomy 
and was mediated by zinc-finger transcription factor 
early growth response-1 (Egr-1)[74,75]. The involvement of  
PRL-1 in cell proliferation is due to stimulation of  pro-
gression of  hepatocytes from G1 into S phase in a cyclin-
kinase-dependent manner[76]. Furthermore, the cellular 
localization of  PRL-1 is also associated with its role in 
cell-cycle regulation[77]. In culture, halofuginone increased 
PRL-1 expression in primary rat hepatocytes and in he-
patocellular carcinoma (HCC) cell lines[73]. The halofugi-
none-dependent increase in PRL-1 gene expression was 
correlated with an increase in the Egr-1 expression and 
inversely correlated with the inhibition of  cell prolifera-
tion. Halofuginone also affected the PRL-1 sub-cellular 
localization that was cell-cycle-dependent. In addition, 
halofuginone augmented PRL-1 and IGFBP-1 expression 
in the remnant liver after partial hepatectomy. 

CANCER
In many types of  tumor a clear association is observed 
between tissue fibrosis and increased risk of  tumor de-
velopment. The fibrosis disrupts the normal cell-cell and 
cell-ECM interactions and thus leads to further loss of  
control over cell growth. Furthermore, there is increasing 
awareness that signals provided by the stroma can induce 
genetic alterations that trigger tumor formation and can 
stimulate tumor growth. For example, the leading risk 
factor for HCC is cirrhosis of  the liver, and its associated 
inflammation, regeneration and fibrosis[37,78,79]. Alcohol 
and aflatoxins are well-recognized non-viral exogenous 
agents, associated with the pathogenesis of  HCC and 
fibrosis. Accordingly, the risk of  HCC increased in paral-
lel with progression of  hepatic fibrosis[80], and approxi-
mately 80% of  HCCs were developed in macro-nodular 
cirrhosis. Even after successful resection, the remnant 

cirrhotic liver frequently develops new HCC lesions, seri-
ously impairing long-term survival[81]. Also, patients with 
pancreatic fibrosis as a consequence of  chronic pancre-
atitis have a substantially increased risk of  developing 
pancreatic cancer[82,83]. Such increased cancer risk was 
observed in patients with pancreatitis that started early 
in life, which suggests that the duration of  exposure to 
the fibrotic stimulus is a major factor[84]. Taken together, 
these results suggest that stroma cells and the ECM com-
ponents provide the pivotal microenvironment for tumor 
development and, therefore, represent potential new 
therapy targets. 

Halofuginone reduced tumor growth and mortality in 
xenograph mice implanted with human hepatoma cells[85]. 
In chemically induced liver-fibrotic rats that developed 
HCC and spontaneously metastasized to the lungs, 
halofuginone reduced the number of  liver tumors and 
the percentage of  the lung surface infiltrated by metasta-
sis[86]. More tumors developed in mouse fibrotic pancreas 
than in normal pancreas, and prevention of  tissue fibrosis 
by halofuginone greatly reduced tumor development[87,88]. 

Halofuginone-dependent reduction in growth occurred 
also in other tumors, such as prostate cancer, von Hippel-
Lindau pheochromocytoma, Wilm’s tumor and glioma, in 
all cases in association with ECM reduction[89-92]. The im-
portant role of  halofuginone in myofibroblast activation 
and tumor formation was demonstrated by implanting 
tumor cells together with myofibroblasts: tumor numbers 
increased significantly when the myofibroblasts were 
derived from fibrotic pancreas, but were almost nowhere 
to be found if  the donor mice had been treated with 
halofuginone. Halofuginone, by inhibiting Smad3 phos-
phorylation, specifically affected stroma cells that ex-
pressed both contractile and collagen biosynthesis genes 
- characteristics of  activated myofibroblasts. As with 
other tumors[93], in pancreatic xenografts, combination 
of  treatments with halofuginone, which inhibits stroma 
cell infiltration, causes apoptosis of  myofibroblasts and 
inhibits Smad3 phosphorylation, together with chemo-
therapy, which increases tumor-cell apoptosis without 
affecting Smad3 phosphorylation, was more efficacious 
than either treatment alone[88]. Taken together these find-
ings emphasize that ECM production by activated PSCs/
myofibroblasts is essential for tumor establishment and 
growth. Thus, inhibition of  activation of  these cells is a 
viable means of  reducing pancreatic tumor development.

CONCLUSION
Thanks to the histomorphological similarities that are 
common to fibrosis in all organs, the concept of  com-
mon tissue fibrosis pathways that could be potential 
therapeutic targets in all organs is an attractive one. 
Therapeutics that simultaneously target important inflam-
matory mediators and profibrotic cytokines will probably 
emerge as the most successful way to treat this highly 
complex and difficult-to-manage pathology[94]. Thus, if  
halofuginone were to be found successful in a clinical 
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trial addressed to a specific fibrotic indication, it might be 
considered as an antifibrotic therapy for all other indica-
tions as well. The therapeutic potential of  halofuginone, 
originally intended for use as an anti-malarial drug, but 
which was eventually used as a veterinary drug against 
coccidiosis, was revealed by serendipity. The high efficacy 
of  halofuginone in reducing fibrosis, which affects tumor 
growth and tissue regeneration in various tissues, springs 
from its dual role in inhibiting the TGFβ signaling, on 
the one hand, and inhibiting the development of  Th17 
cells, on the other hand. Halofuginone did not result 
from any drug discovery program, and its structure was 
not designed specifically for inhibition of  TGFβ signal-
ing. Thus, a specifically designed combinatory chemistry 
approach, using halofuginone structure in an oriented 
drug discovery scheme, together with development of  
biological assays, might lead to a much needed new arse-
nal of  drugs that would be more specific with respect to 
various steps in recruitment, activation and function of  
myofibroblasts, that would be better tolerated by patients, 
and that would exhibit enhanced efficacy. 
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