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TGF-β regulates many aspects of cellular performance relevant to tissue morphogenesis and homeostasis. Postnatal
perturbation of TGF-β signaling contributes to the pathogenesis of many disease states, as recently exemplified through
the study of Marfan syndrome (MFS), including aortic aneurysm and skeletal muscle myopathy. Heterogeneity in the
regulation and consequences of TGF-β signaling, amplified in the context of disease, has engendered confusion and
controversy regarding its utility as a therapeutic target. Three studies recently published in the JCI, including one in this
issue, underscore the complexity of this subject. Heydemann and colleagues implicate dimorphic variation in latent TGF-
β–binding protein 4 (LTBP4), a regulator of TGF-β bioavailability and activation, as a modifier of muscular dystrophy in γ-
sarcoglycan–deficient mice. In contrast to experience with ascending aortic aneurysm in MFS, Wang and colleagues
show that systemic abrogation of TGF-β signaling worsens (rather than attenuates) Ang II–induced abdominal aortic
aneurysm progression in mice. Tieu and colleagues define alterations in the regulation of vascular inflammation in the
pathogenesis of Ang II–induced aneurysm and dissection in mice, which may help shed some light on this apparent
paradox.
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TGF-b	regulates	many	aspects	of	cellular	performance	relevant	to	tissue	
morphogenesis	and	homeostasis.	Postnatal	perturbation	of	TGF-b	signaling	
contributes	to	the	pathogenesis	of	many	disease	states,	as	recently	exempli-
fied	through	the	study	of	Marfan	syndrome	(MFS),	including	aortic	aneu-
rysm	and	skeletal	muscle	myopathy.	Heterogeneity	in	the	regulation	and	
consequences	of	TGF-b	signaling,	amplified	in	the	context	of	disease,	has	
engendered	confusion	and	controversy	regarding	its	utility	as	a	therapeu-
tic	target.	Three	studies	recently	published	in	the	JCI,	including	one	in	this	
issue,	underscore	the	complexity	of	this	subject.	Heydemann	and	colleagues	
implicate	dimorphic	variation	in	latent	TGF-b–binding	protein	4	(LTBP4),	
a	regulator	of	TGF-b	bioavailability	and	activation,	as	a	modifier	of	mus-
cular	dystrophy	in	g-sarcoglycan–deficient	mice.	In	contrast	to	experience	
with	ascending	aortic	aneurysm	in	MFS,	Wang	and	colleagues	show	that	
systemic	abrogation	of	TGF-b	signaling	worsens	(rather	than	attenuates)	
Ang	II–induced	abdominal	aortic	aneurysm	progression	in	mice.	Tieu	and	
colleagues	define	alterations	in	the	regulation	of	vascular	inflammation	in	
the	pathogenesis	of	Ang	II–induced	aneurysm	and	dissection	in	mice,	which	
may	help	shed	some	light	on	this	apparent	paradox.
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Historically, perturbation (largely enhance-
ment) of TGF-b signaling has been strongly  
implicated in the pathogenesis of diverse 
disease states, prominently including the 
initiation and progression of cancer and 
tissue fibrosis. Despite decades of inten-
sive study in these contexts, the net effects 

of TGF-b signaling in disease pathogenesis 
and, perhaps more importantly, the incor-
poration of its antagonism into therapeu-
tic strategies, remain controversial. This is 
nicely illustrated by the so-called TGF-b  
cancer  paradox.  In  brief,  TGF-b  plays 
a  prominent  role  in  the  suppression  of 
tumorigenesis through induction of cell-
cycle arrest and apoptosis and maintenance 
of cellular differentiation, as evidenced by 
the frequent biallelic loss of genes encod-
ing TGF-b receptors or intracellular media-

tors of signaling in multiple tumor types 
(for example, see ref. 1). Attenuation or 
loss of tumor responsiveness can induce 
upregulation  of  TGF-b  ligand  expres-
sion, resulting in excessive stimulation of 
the signaling-intact neighboring stroma 
(reviewed  in ref. 2). Attributable conse-
quences include impairment of tumor sur-
veillance through inhibition of adaptive 
immunity, acceleration of tumor growth 
through  enhancement  of  angiogenesis, 
and  induction  of  tumor  invasion  and 
metastasis through stimulation of innate 
immunity  (including  mast  cell,  mono-
cyte, and macrophage chemotaxis), com-
promising of endothelial boundaries, and 
promotion of epithelial- or endothelial-
mesenchymal  transition  (EpMT [ref. 2] 
and EnMT [ref. 3], respectively; collectively 
EMT). Amplification of TGF-b signaling 
can occur due to enhanced TGF-b ligand 
expression (e.g., by recruited mast cells or 
macrophages) or activation (e.g., by MMPs 
or  simple  fibrosis-dependent  enhance-
ment  of  shear  stress  within  the  tumor 
microenvironment;  ref.  4).  Additional 
TGF-b–related paradoxes are evident. For 
example, TGF-b can either induce or sup-
press  angiogenesis  depending  upon  its 
concentration  and  repertoire  of  TGF-b 
receptors and accessory proteins (2).
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TGF-β in Marfan syndrome and 
related disorders
Insights gained while studying Marfan syn-
drome (MFS), a systemic connective tissue 
disorder caused by deficiency of the micro-
fibrillar protein fibrillin-1, highlighted the 
potential role of TGF-b in the pathogenesis 
of  many  additional  disease  phenotypes. 
Manifestations include ocular lens disloca-
tion, a strong predisposition for aortic root 
enlargement and dissection, skeletal over-
growth, pulmonary emphysema, myxoma-
tous valve disease, and skeletal muscle hypo-
plasia and myopathy (reviewed in ref. 5).  
In contrast to early pathogenetic models in 
which tissue weakness alone was invoked, a 
fibrillin-1–deficient mouse model showed 
evidence for enhanced TGF-b signaling in 
most affected tissues. The fibrillins interact 
directly with the latent TGF-b–binding pro-
tein (LTBP) component of the large latent 
complex (LLC) of TGF-b that includes the 
mature cytokine, a dimer of its processed 
N-terminal  propeptide  termed  latency-
associated peptide (LAP), and one of three 
LTBP isoforms (LTBP-1, -3, or -4). Current 
theory posits that microfibrils composed of 
fibrillin-1 sequester the LLC upon its secre-
tion and limit accessibility to or the effi-
ciency of activators of TGF-b. In this view, 
fibrillin-1 deficiency would result in failed 
matrix sequestration and hence promiscu-
ous activation of and signaling by TGF-b. 
Importantly,  many  critical  phenotypes 
could be attenuated or prevented in Mar-
fan mouse models by systemic delivery of 
pan-specific TGF-b–neutralizing antibody 
(TGFbNAb),  including  developmental 
emphysema (6), myxomatous degeneration 
of the mitral valve (7), aortic root aneu-
rysm (8), and skeletal myopathy (9). The 
apparent mechanism of rescue varied by 
tissue type. TGF-b antagonism attenuated 
apoptosis of septal progenitors in the lung 
but enhanced apoptosis and suppressed 
cellular proliferation in the mitral valve. 
Improvement  in  skeletal  muscle  mass, 
architecture, and function correlated with 
decreased muscle fibrosis and enhanced 
regeneration after induced injury. Impor-
tantly, these protective effects were mim-
icked by treatment of Marfan mice with 
losartan, an FDA-approved Ang II type 1 
receptor  (AT1R) blocker  (ARB) that can 
limit TGF-b signaling through suppression 
of expression of TGF-b ligands, receptors, 
and activators such as thrombospondin-1  
and  MMPs.  Indeed,  losartan-induced 
phenotypic  improvement  in  each  tissue 
correlated with direct in vivo evidence for 

TGF-b antagonism in Marfan mice (8, 9). 
Apparent  protection  against  aneurysm 
progression by losartan was also seen in a 
small observational cohort of children with 
severe MFS (10), supporting the launch of 
a multicenter clinical trial (11).

Experience with other patient cohorts 
and experimental systems has engendered 
both confidence and ambiguity regarding 
the role of TGF-b in the pathogenesis of 
aortic aneurysm. Meaningful evidence for 
increased TGF-b signaling in the vessel wall 
has been observed in patients and/or mice 
with  recessive  cutis  laxa  with  aneurysm 
(caused  by  deficiency  of  fibulin-4)  (12), 
arterial  tortuosity  syndrome  (deficiency 
of GLUT10) (13), and bicuspid aortic valve 
with aneurysm (etiology largely unknown) 
(14). Perhaps most convincingly, primary 
heterozygous  mutations  in  the  TGF-b 
receptor  subunits  (ALK5 or TbR2) were 
found to underlie Loeys-Dietz syndrome 
(LDS) and other Marfan-like phenotypes 
that show a strong predisposition for aneu-
rysms and dissections throughout the arte-
rial tree, prominently including the aortic 
root (15–17). Nearly all the mutations are 
missense substitutions within the kinase 
domain of either receptor subunit. While 
this mutational repertoire argues against a 
haploinsufficiency mechanism, it is nota-
ble that recombinant expression of mutant 
receptors in cells naive for the correspond-
ing  receptor  subtype  failed  to  support  
TGF-b signaling (17). However, by mecha-
nisms that remain to be elucidated, patient 
vascular  tissue  obtained  at  surgery  or 
autopsy has consistently shown increased 
TGF-b  signaling  (nuclear  accumulation 
of  phospho-Smad2/3  [pSmad-2/3]  and 
increased  output  of  TGF-b–responsive 
genes) (15, 16, 18). The paradox is widened 
by the observation that several LDS phe-
notypes  (e.g.,  craniosynostosis and cleft 
palate) have been associated with TGF-b 
deficiency states in mice (discussed in ref. 
16). Furthermore, lineage-specific ablation 
of  TGF-b  signaling  in  vascular  smooth 
muscle cells resulted in alterations in vas-
cular morphogenesis  in mice,  including 
impaired elastogenesis and vessel widen-
ing (19). While interesting, the relevance of 
these results to postnatal presentations of 
aneurysm is difficult to assess due to asso-
ciated cardiovascular malformations and 
early prenatal mortality.

TGF-β and muscular dystrophy
Based  upon  observations  made  in  Mar-
fan mouse models, it was postulated that 

TGF-b might contribute to failed compen-
sation in Duchenne muscular dystrophy 
(DMD), which is caused by a deficiency of 
the muscle structural protein dystrophin 
and characterized by muscle fiber fragil-
ity. Boys with DMD initially do well while 
their pace of muscle regeneration matches 
that of destruction. Later in childhood they 
show a rapid clinical decline that correlates 
with increased fibrosis and waning regen-
erative capacity, events plausibly mediated 
by TGF-b. The mdx mouse model of DMD 
shows sustained elevation of TGF-b signal-
ing in muscle, and postnatal treatment with 
either TGFbNAb or losartan limited injury-
induced fibrosis and maintained muscle 
regeneration, architecture, and  function 
(9). There was no corresponding decrease 
in creatine kinase  levels, suggesting that 
therapy did not address fiber fragility, but 
rather specifically enhanced repair.

In a recent issue of the JCI, Heydemann 
and colleagues used an unbiased mapping 
approach to identify genetic modifiers of 
the muscle phenotype  in g-sarcoglycan–
deficient  (Sgcg-deficient) mice, a model 
of limb girdle muscular dystrophy type 2C 
(20). Targeted disruption of Sgcg resulted 
in more severe disease in the DBA/2J (D2) 
strain  when  compared  with  the  129T2/
SvEmsJ strain (129 strain) using markers 
of membrane leak and fibrosis as outcome 
measures. Remarkably, it was shown that 
the variation modifying both phenotypes 
localized to a single locus on chromosome 7  
that  harbors  the  genes  encoding  both 
TGF-b1 and LTBP4, among many others. 
While no sequence variation was observed 
in Tgfb1, there was an insertion/deletion 
(indel) dimorphism in the coding sequence 
of Ltbp4 resulting in the loss of 12 amino 
acids in the predisposed (D2) form of the 
protein within a domain that is cleaved by 
selected activators of TGF-b. Fibroblasts 
derived from D2 mice showed an increased 
ratio of cleaved to uncleaved LTBP4 when 
exposed to either pancreatin or plasmin, as 
compared with the 129 strain, as did a D2 
recombinant LTBP4 peptide encompass-
ing the indel. D2 fibroblasts (with or with-
out Sgcg targeting) also showed increased 
phosphorylation of Smad2 when treated 
with recombinant TGF-b compared with 
the 129 strain, and there was evidence for 
increased nuclear accumulation of pSmad2 
within the muscle  fibers of D2–Sgcg-tar-
geted mice when compared with mutant 
129  animals.  While  these  findings  are 
provocative, a number of limitations pre-
clude definitive conclusion that variation 
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in LTBP4 or TGF-b signaling govern phe-
notypic modification in this mouse model. 
First, while the ratio of cleaved to uncleaved 
LTBP4 was increased in the D2 strain, the 
amount of cleaved LTBP4 varied widely 
within a given background and did not dif-
fer between strains. The amount of TGF-b 
signaling should correlate with the amount 
of cleaved LTBP4 and not the ratio. Sec-
ond, there was little if any cleaved LTBP4 
in either D2 or 129 fibroblasts that were 
not treated with exogenous enzyme, and 
no difference between the strains. Given 
that TGF-b  secretion, matrix  sequestra-
tion, and activation occurs in culture (with 
physiologic activators), this suggests that 
the predisposition for cleavage  imposed 
by the LTBP4 deletion is modest, at best. 
Third, the higher level of pSmad2 in D2 
cells treated with TGF-b is hard to interpret 
despite the use of a recombinant form that 
is associated with LAP (small latent com-
plex [SLC]). There is no evidence that the 
exogenous SLC interacts with matrix-incor-
porated  LTBP4  in  culture  (most  TGF-b  
is secreted from the cell in the context of 
the LLC, with the LTBP-LAP interaction 
established intracellularly). Furthermore, 
the  SLC  can  be  directly  activated  with-
out ever associating with LTBPs by many 
physiologic activators, including throm-
bospondin-1 and plasmin. Without know-
ing the molar ratio of LTBP4 and SLC in 
this experiment, or that they interact, it is 
impossible  to know whether LTBP4 has 
anything to do with this result. Finally, the 
increased nuclear localization of pSmad2 
in  D2–Sgcg-targeted  muscle  was  largely 
restricted to newly regenerated fibers with 
central nucleation. This raises the question 
of whether high TGF-b signaling is caus-
ing  injury  or  simply  a  marker  of  recent 
injury  in  this  model.  Additional  experi-
ments might include correlation of severe 
disease  with  the  deleted  Ltbp4  allele  in 
other backgrounds and the use of genetic 
and/or pharmacologic strategies to deter-
mine whether TGF-b antagonism levels the 
playing field between D2 and 129 g-sarco-
glycan–deficient mice. Given that valida-
tion of the conclusions of this high-quality 
study would both consolidate and extend 
current thinking regarding the potential 
utility of TGF-b antagonists in myopathic 
states, it is certainly worth the effort.

TGF-β and models  
of abdominal aortic aneurysm
Abdominal  aortic  aneurysm  (AAA)  is  a 
major cause of morbidity and mortality. 

Late lesions are characterized by intense 
matrix degradation in the setting of severe 
inflammation.  While  there  is  a  famil-
ial predisposition, the relevant genes are 
unknown,  and  mouse  models  typically 
involve  mechanical  or  chemical  injury. 
Infusion  of  Ang  II  is  known  to  induce 
inflammatory aneurysms and dissections 
of  the  suprarenal  abdominal  aorta  and 
ascending aorta in mice, with reduced fre-
quency and severity in the latter. Disease 
is greatly accentuated  in Ang II–infused 
Apoe–/– mice via a poorly understood mech-
anism that appears to be independent of 
atherosclerosis or hypertension (21). In this 
issue of the JCI, Wang and colleagues show 
that treatment of normocholesterolemic 
C57BL/6 mice with TGFbNAb breaks their 
resistance to Ang II–induced AAA and dis-
section, with both a greater frequency and 
severity of  lesions and accelerated death 
(22). Relative (but not complete) improve-
ment in incidence, severity, and/or survival 
was seen after manipulations focused on 
modulation of either the adaptive or innate 
immune response, including depletion or 
functional impairment of T cells, B cells, or 
monocytes and silencing of MMP12 (mac-
rophage elastase) expression. On this basis, 
the authors caution against extrapolating 
treatment strategies for MFS to other pre-
sentations of aneurysm. While inherently 
true, independent of findings in this study, 
can this recommendation be refined? The 
lesions observed in TGFbNAb-treated and 
Ang II–infused C57BL/6 mice were similar 
to those  in other Ang II  infusion–based 
rodent models, including an intense infil-
tration of macrophages and lymphocytes 
that begins in the adventitia and elastolysis 
(albeit focal and patchy) within the media. 
Remarkably, inflammation and aneurysm 
formation are observed within days of infu-
sion, with death due to dissection occurring 
within days to a few weeks. On this basis, 
it  seems  reasonable  to  hypothesize  that 
antagonists of TGF-b, a known potent anti-
inflammatory cytokine, should be particu-
larly avoided in hyperacute inflammatory 
aneurysms (although a human correlate to 
this presentation is difficult to imagine). 
Even this may need to be qualified. While 
Wang and colleagues concede that another 
study failed to see worsening of aneurysms 
in TGFbNAb-treated Ang II–infused mice, 
they do not comment upon the fact that 
this study found that TGFbNAb afforded 
significant protection from Ang II–induced 
inflammatory aneurysms after Cxcl10 tar-
geting — an event that accentuated aneu-

rysm incidence and severity and death (23). 
It should also be noted that ARBs or silenc-
ing of expression of AT1R have been defin-
itively shown to prevent Ang II–induced 
aneurysm in rodent models (24–28). If such 
manipulations attenuate TGF-b signaling 
in these models as in MFS (which remains 
to be demonstrated), then this would sug-
gest that TGF-b antagonism is only non-
productive in the setting of (artificially?) 
intense stimulation of AT1R.

In another recent issue of the JCI, Tieu 
and  colleagues  reveal  a  mechanism  by 
which Ang II induces aortic aneurysms in 
mice (29). The model involved Ang II infu-
sion  into  aged  C57BL/6J  mice  (without 
TGFbNAb treatment). Previous work had 
shown increased expression and a patho-
genetic role for monocyte chemoattractant 
protein–1  (MCP-1),  its  receptor  (CCR2), 
and IL-6 in Ang II–induced vascular inflam-
mation and aneurysm progression (refer-
ences  in ref. 29).  It was also known that 
IL-6 expression was dependent, at least in 
part, on CCR2 signaling (30). Tieu and col-
leagues show that Ang II infusion induces 
the  adventitial  accumulation  of  CCR2+ 
macrophages, with specific enrichment of 
activated macrophages at sites of dissec-
tion. CCR2-null animals showed reduced 
accumulation of macrophages,  IL-6 and 
MCP-1 expression, and incidence of dis-
section in response to Ang II; the latter two 
effects were also observed in IL-6–null mice. 
Interestingly, Ang II induced the recruit-
ment of infused CCR2+/+ monocytes to both 
the ascending and suprarenal descending 
aorta in CCR2-null animals. This resulted 
in increased expression of IL-6 and MCP-1 
and increased dissection (when compared 
with  infusion  of  CCR2–/–  monocytes). 
While these data demonstrate that IL-6 and 
MCP-1 contribute to Ang II–induced aneu-
rysm and that recruited CCR2+ monocytes 
themselves  serve  to  amplify  the  inflam-
matory cascade, perhaps the most novel 
aspect of this study was the demonstration 
that coculture of monocytes with adventi-
tial fibroblasts resulted in their enhanced 
expression  of  IL-6  and  IL-6–dependent 
macrophage  differentiation/enhanced 
MCP-1 expression; this required an unspec-
ified paracrine factor. Notably, while CCR2 
or IL-6 silencing prevented early dissection, 
this did not prevent later dissection with 
chronic Ang II infusion. It is also notable 
that while human aneurysm tissue showed 
increased IL-6 expression in the adventitia, 
this was restricted to zones of dissection. 
These data suggest that while the described 
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IL-6/MCP-1 amplification loop contributes 
to the predisposition for Ang II–induced 
aneurysm and dissection in mice, it is not 
required and may either be a marker of dis-
section-induced  inflammation or have a 
restricted role late in disease in people.

While Tieu and colleagues (29) do not 
speculate upon the nature of the fibro-
blast-derived paracrine factor that stimu-
lates monocyte cytokine expression and 
macrophage  differentiation,  it  is  inter-
esting to speculate that TGF-b may play 
a role. Indeed, TGF-b is known to induce 
IL-6 and/or MCP-1 expression  in many 
cell types, including fibroblasts and vas-
cular smooth muscle cells (31–35) and to 
induce innate immune responses, includ-
ing  monocyte  recruitment  and  macro-
phage differentiation. These events can 
stimulate myofibroblast formation from 
fibroblasts or endothelial cells (EnMT), 
which  in  turn  may  amplify  the  process 
through  secretion  of  TGF-b,  MMPs,  or 
even MCP-1 (36, 37) in some tissues. Fur-
thermore,  the combination of  IL-6 and 
TGF-b can induce the production of Th17 
cells from either naive CD4+ T helper cells 
or Tregs, an event that induces an extreme 
proinflammatory environment (38).

Perspective
Taken together, the studies discussed in 
this commentary highlight the complex 
and context-dependent roles of TGF-b in 
disease. From a therapeutic standpoint, it 
seems essential to define critical events in 
disease pathogenesis, both upstream and 
downstream of TGF-b,  in order to avoid 
getting lost in the noise. This may best be 
accomplished  using  genetically  defined 
animal models that closely replicate the 
disease  mechanism  and  the  physiologic 
complexity of the human condition. It also 
seems essential to recognize that the role 
of  TGF-b  may  vary  during  the  dynamic 
transition from predisposition to terminal 
events, as nicely exemplified by the TGF-b 
cancer paradox. While current data sup-
port the conclusion that TGF-b contrib-
utes to aneurysm progression in MFS, it is 
possible that reduced TGF-b signaling con-
tributes to predisposition (given that fibril-
lins are also needed to concentrate TGF-b 
superfamily members and support signal-
ing at sites of intended function) or that 
enhanced signaling is protective in the set-
ting of late inflammation or during wound 
healing  after  dissection.  This  potential 
pathogenetic sequence is even more intui-
tive for LDS. The studies by Wang et al. (22) 

and Tieu et al. (29) both emphasize events 
in the adventitia during aneurysm forma-
tion, in contrast to the historical focus on 
the media prompted by the near-uniform 
finding of elastolysis in this compartment. 
Has this been a distraction? The old obser-
vation  of  maintenance  of  wall  integrity 
after endarterectomy (in essence, stripping 
of the entire media) and the relatively new 
observation that fibulin-5–deficient mice 
and people do not get aneurysms despite 
failed elastogenesis and generalized medial 
disorganization (39–41) should provoke a 
challenge to long-held assumptions and 
focus  attention  on  the  adventitia.  The 
study by Heydemann and colleagues (20) 
highlights the need for consideration of 
individual variation in the development of 
pathogenetic models or in the design and 
interpretation of clinical trials. It should 
also be noted that the TGF-b family (and 
superfamily)  comprises  cytokines  with 
diverse and often opposing functions. A 
colleague told me recently that the number 
of times the word “context” is used while 
discussing TGF-b is inversely proportional 
to the speaker’s understanding. If this is 
true, I profess my ignorance.
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