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Abstract
Despite the high prevalence of liver disease globally, there are currently no
approved anti-fibrotic therapies to treat patients with liver fibrosis. A major goal
in anti-fibrotic therapy is the development of drug delivery systems that allow
direct targeting of the major pro-scarring cell populations within the liver
(hepatic myofibroblasts) whilst not perturbing the homeostatic functions of other
mesenchymal cell types present within both the liver and other organ systems.
In this review we will outline some of the recent advances in our understanding
of myofibroblast biology, discussing both the origin of myofibroblasts and
possible myofibroblast fates during hepatic fibrosis progression and resolution.
We will then discuss the various strategies currently being employed to
increase the precision with which we deliver potential anti-fibrotic therapies to
patients with liver fibrosis.
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Introduction
Liver disease is an increasing cause of morbidity and mortality  
worldwide. Recent data show that approximately 29 million  
people in the European Union suffer from a chronic liver  
condition1. Regardless of aetiology, all chronic liver diseases, if left 
untreated, can result in hepatic fibrosis and eventually cirrhosis. 
This accumulation of extracellular matrix (ECM) in response to 
repetitive injury is part of a basic wound healing process; however, 
if left unchecked, increasingly severe fibrosis results in disordered 
tissue architecture and ultimately organ failure. Currently, there are 
no European Medicines Agency (EMEA)- or US Food and Drug 
Administration (FDA)-approved anti-fibrotic therapies available to 
treat patients with liver fibrosis. It is therefore imperative that we 
continue to gain a better understanding of the mechanisms driving 
hepatic fibrosis in order to facilitate and accelerate the development 
of new rational, highly targeted therapies.

Over the past 30 years, there has been a significant increase in 
our understanding of the cellular and molecular mechanisms driv-
ing liver fibrosis. It is universally accepted that myofibroblasts 
are the primary source of ECM proteins during hepatic fibrosis. 
Furthermore, rapid evolution in transgenic mouse technology has 
allowed the origin of the hepatic myofibroblast to be extensively 
investigated, with the resident hepatic stellate cell (HSC) consid-
ered to be a major source2,3. Hepatic fibrosis is also now recog-
nised as a dynamic and potentially reversible process4,5. The highly 
successful antiviral therapies for hepatitis B and C have further  
highlighted fibrosis reversibility and the potential regenerative 
capacity of the human liver4. This review will highlight some of 

the most recent advances in our understanding of hepatic fibrosis 
and how basic science research in this area is beginning to drive  
translation towards novel targeted therapies.

Myofibroblasts: major therapeutic targets in liver 
fibrosis
Myofibroblasts are a key source of pathologic ECM in multiple 
organs and disease states, and the liver is no exception2,6. As a 
result, a considerable amount of research has focused on trying to 
delineate the origin of myofibroblasts in hepatic fibrosis, as well 
as deciphering the key signalling pathways responsible for myofi-
broblast activation, deactivation, and elimination in a bid to identify 
potential anti-fibrotic therapeutic targets.

During hepatic fibrosis, a number of different cellular popula-
tions may contribute to the myofibroblast pool. These include 
HSCs, portal fibroblasts (PFs), mesothelial cells, and bone  
marrow-derived mesenchymal cells and fibrocytes7–10 (Figure 1). 
Activation of HSCs to matrix-secreting myofibroblasts is a key 
process in the development of hepatic scar tissue. Recent studies 
have suggested that HSCs are the dominant mesenchymal con-
tributor to the myofibroblast pool independent of the aetiology 
of liver disease7. Using lecithin-retinol acyltransferase (Lrat)-Cre 
mice (labels 99% of HSCs), Mederacke and colleagues found that 
HSCs contribute significantly to the myofibroblast pool in models 
of toxic, cholestatic, and fatty liver disease7. Interestingly, in stud-
ies of cholestatic liver injury, a distinct population of PF-like cells 
that may have a specialised function in periportal liver fibrosis 
were identified7.

Figure 1. Possible origins and fates of hepatic myofibroblasts.
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The identification and contribution of PFs to the hepatic  
myofibroblast pool remains less clear and is an area of active 
study. Given their periportal location, it is plausible that PFs may 
be major contributors to the myofibroblast pool associated with 
periportal fibrosis, and a number of studies have suggested that 
PFs are a major source of myofibroblasts during early cholestatic 
injury8,11,12. Iwaisako et al. report that PFs contribute to >70% of  
myofibroblasts at the onset of biliary injury8. This work and other 
studies will serve as a useful platform for the identification of 
PF-specific markers, facilitating the development of transgenic  
systems for lineage tracing and in-depth interrogation of PF function 
in a broad range of mouse models of liver disease. In addition, the 
generation of tools such as flow cytometry antibodies should allow  
cell-specific sorting of PFs from fibrotic human liver tissue.

More recently, a third resident mesenchymal population in the 
liver has attracted interest as a potential source of myofibroblasts.  
Li et al. found that following liver injury, mesothelial cells can 
give rise to HSCs and myofibroblasts via mesothelial to mesen-
chymal transition, termed MMT9. Fate tracing studies using induc-
ible Wilms Tumour 1 Cre mice (labels 14.5% of mesothelial cells) 
revealed that during fibrosis a number of HSCs and myofibroblasts 
near the  liver surface derive from this subset of mesothelial cells9.

In addition to studies aimed at identifying the origin of hepatic 
myofibroblasts and myofibroblast activation mechanisms13,14, recent 
work has also focused on the pathways involved in myofibroblast 
deactivation and elimination. Possible fates of hepatic myofibrob-
lasts include apoptosis, senescence, and reprogramming to a deac-
tivated state (Figure 1)15–18. Recent data examining reprogramming 
of hepatic myofibroblasts found that 40–50% of myofibroblasts 
escape apoptosis and revert to a quiescent-like state, downregulat-
ing fibrotic genes15,16. Interestingly, both studies highlighted that 
reverted HSCs were distinct from quiescent HSCs and were primed, 
with higher responsiveness to further fibrogenic stimuli compared 
to quiescent HSCs15,16. The possibility of targeting and promoting 
myofibroblast reversion is an exciting prospect, as it could allow 
treatment of liver fibrosis with potentially minimal disruption to 
mesenchymal cell-regulated homeostasis and normal tissue repair.

Drug targeting in the context of hepatic fibrosis
Of prime importance in the development of effective treatments for 
liver fibrosis, and indeed any form of organ fibrosis, is the ability 
to specifically target the diseased organ and pro-scarring effector 
cells. Therefore, over the past few years an increasing amount of 
research within the fibrosis arena has been aimed at the develop-
ment of organ- and/or cell-specific therapy for hepatic fibrosis.

There is a long history of drug targeting to the liver, which has 
focused primarily on the targeting of drugs to hepatocytes. 
Methods include attachment of ursodeoxycholic acid (almost 
exclusively metabolised by hepatocytes) and asialoglycoprotein  
receptor-mediated targeting (primarily expressed on hepatocytes 
and minimally on extra-hepatic cells)19,20. Coupling of a nitric  
oxide- releasing derivative to ursodeoxycholic acid allows for tar-
geted release within the liver but does not specifically target the 
cells primarily responsible for increased portal pressure19. Other 
approaches have involved the use of small lipid-like nanoparticles, 

which are preferentially taken up by the liver. Lipid-like nano-
particles have been used successfully to deliver small interfering  
RNA (siRNA) against the procollagen α1 (I) gene in the liver, ulti-
mately leading to a decrease in collagen deposition21. Again, this 
method is not effector cell specific, as the nanoparticles are engulfed 
more by Kupffer cells than HSCs21. Therefore, a major goal in tai-
lored anti-fibrotic therapy involves the discovery of organ-specific 
and cell-specific myofibroblast markers, which would allow tar-
geted delivery of anti-fibrotic therapies to the major pro-scarring  
cell population in the diseased organ.

Recently, there have been significant advances in identifying tar-
getable markers on HSCs. Ideally, a marker would be upregulated 
only upon activation of HSCs to the myofibroblast phenotype. One 
marker that has been extensively studied in this context is platelet-
derived growth factor receptor β (PDGFRβ). During hepatic fibro-
genesis, HSCs transdifferentiate to myofibroblasts and upregulate 
PDGFRβ expression, making it an attractive candidate to allow  
preferential targeting of mesenchymal scar-forming cells13. Har-
nessing PDGFRβ as a potential means of delivering anti-fibrotic 
treatments directly to the pool of scar-forming cells may allow a 
much more refined and targeted approach to the treatment of liver 
fibrosis. It must, however, also be considered that PDGFRβ is a 
broad marker of mesenchymal cells, encompassing pericytes, vas-
cular smooth muscle cells, and resident fibroblasts in multiple 
organs. Therefore, the fibrosis research community must strive hard 
to discover myofibroblast markers and therapeutic targets that are 
unique to each different organ and disease state. A recent elegant 
study further defined which of the mesenchymal cellular popu-
lations may be responsible for myofibroblast formation and scar 
formation. Kramann et al. studied Gli1-positive cells in multiple 
models of organ fibrosis and found that these cells are a subset 
of perivascular cells committed to the myofibroblast lineage after 
injury22. These perivascular and peribiliary Gli1-positive cells con-
stitute only a small fraction of the PDGFRβ-positive cells in the 
liver but contribute to ~39% of interstitial α-smooth muscle anti-
body (α-SMA)-positive cells in liver fibrosis22. Furthermore, Gli1-
positive cells have a key role in fibrosis of other organs. Ablation 
of these cells reduced fibrosis by 50% in kidney and heart injury  
models22. An informatics-based approach has also been used to 
identify uniquely expressed HSC genes23. Included in the genes 
identified was protocadherin 7, which is a very promising candidate 
marker for HSC tracking, targeting, and isolation. Interestingly,  
the study also demonstrated that increased expression of HSC sig-
nature genes in patients is predictive of clinical outcomes, includ-
ing decompensation, progression of Child–Pugh class, and over-
all survival. Combining these predictions with clinical factors led 
to more accurate predictions than using clinical factors alone23. 
Ideally, anti-fibrotic therapies of the future will target the most  
pro-fibrotic subpopulations of the mesenchymal lineages and it is 
likely that identifying ‘pro-scarring’ subpopulations will become a 
major focus of fibrosis research in the coming years.

Current drug delivery approaches for hepatic fibrosis
A number of different drug delivery approaches have been reported 
to specifically target HSCs, such as viral vectors, liposomes, 
and protein-based strategies (Table 1). The first documented  
carrier to selectively target HSCs, mannose 6-phosphate modified  
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albumin, was initially described over 16 years ago24. Characterisa-
tion of this carrier revealed preferential binding to activated HSCs 
and receptor-mediated endocytosis, making it an attractive option 
for drug delivery25. A number of studies have utilised this system to  
successfully target kinase inhibitors, receptor blockers, and lipo-
somes to animal and human HSCs26–28. Targeted delivery of Rho-
kinase inhibitors using this system reduced collagen deposition and 
lowered portal hypertension during liver fibrosis without causing 
the severe hypotension associated with systemic inhibition26,29. Also, 
short-term treatment with angiotensin type 1 receptor blockers was 
reported to be more efficacious in inhibiting advanced fibrosis when 
targeted using this carrier27. Although promising, the translational 
potential of the mannose 6-phosphate modified albumin system 
may be limited by the complex processes required to synthesise 
these proteins, making them potentially less feasible for clinical 
consideration30. Furthermore, long-term delivery of oligonucle-
otides using a mannose 6-phosphate bovine serum albumin (BSA) 
carrier has been associated with potential immune reactions owing 
to the high molecular weight of BSA31. This led to the replacement 
of BSA with a co-polymer that negates the immunogenic response31. 

There are reports that mannose 6-phosphate carriers are not  
completely HSC specific28,32. Given the negative charge associated 
with the mannose 6-phosphate carrier, it has been suggested that 
they could also be a target for scavenger receptors such as those 
found on Kupffer cells and endothelial cells28.

Another approach to HSC-specific drug delivery has involved the 
coupling of peptide-modified proteins designed to recognise spe-
cific receptors on the target cells. These are generally considered 
easier to produce and to be less immunogenic, making them a more 
attractive drug targeting option30. However, poor systemic stability 
associated with peptide-modified proteins is a potential hurdle that 
needs to be addressed30. Initial studies successfully modified human 
serum albumin with multiple amino acid sequence Arg-Gly-Asp  
(RGD)-containing cyclic peptides to target collagen type VI  
receptor-expressing HSCs33. Peptides containing RGD attach-
ment sites that recognise collagen type VI receptor have since been  
successfully used in liver fibrosis models to deliver interferon-
α1b-loaded liposomes to HSCs, with limited extra-hepatic uptake.  
Furthermore, targeted delivery of interferon-α1b significantly  

Table 1. Current drug targeting approaches in hepatic fibrosis.

                Target                              Carrier +/- agent delivered

M6P-IGF2R M6P-HSA (used to deliver Rho-kinase inhibitor [Y26732], 
angiotensin type 1 receptor blocker [losartan])24,26,27,29

M6P-BSA24,25

M6P-HSA liposomes28

M6P-HPMA (used to deliver triplex forming oligonucleotides)31

M6P (used to deliver IL-10)32

Collagen type VI R pCVI-HSA33

cRGD-SSL (used to deliver IFN-α1b)34

PDGFRβ PPB-HSA35

BiPPB (used to deliver IFNγ peptidomimetic)36

PPB (used to deliver IFNγ)37

PDGFR-recognising peptide adenovirus42

Vitamin A storing cells Vitamin A liposomes (used to deliver siRNA)38

Synaptophysin R Single chain antibody (termed C1–3) (used to deliver 
gliotoxin)40,41

p75 neurotrophin R p75NTRp-adenovirus (used to deliver transcription factors)43

NGFp–vector particles44

Myofibroblasts Adeno-associated virus vectors (used to deliver transcription 
factors)45

Abbreviations: BiPPB, bicyclic peptide that recognises the PDGFRβ; BSA, bovine serum 
albumin; cRGD, cyclic peptide containing Arg-Gly-Asp; IFN, interferon; IGF2R, insulin-
like growth factor 2 receptor; IL, interleukin; HPMA, N-(2-hydroxypropyl) methacrylamide 
copolymer; HSA, human serum albumin; M6P, mannose 6-phosphate; NGFp, nerve growth 
factor peptide; pCVI, cyclic peptide that recognizes the collagen type VI receptor; PDGFRβ, 
platelet-derived growth factor receptor β; PPB, cyclic peptide that recognises the PDGFRβ; 
p75NTRp, p75 neurotrophin receptor peptide; R, receptor; siRNA, small interfering RNA; SSL, 
sterically stable liposomes.
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reduced liver fibrosis compared to non-targeted treatment34.  
HSCs have also been successfully targeted through the generation 
of PDGFRβ-recognising peptides35. As the amino acid sequences 
responsible for receptor binding are identical in rats and humans, 
this newly designed carrier may also have translational poten-
tial35. This carrier has been used to deliver interferon-γ signalling  
peptide, resulting in marked inhibition of both early and established 
hepatic fibrosis without exhibiting any off-target effects36,37. Since 
its initial development, alterations to the PDGFRβ-recognising 
peptide delivery molecule have been made. Bansal and colleagues 
demonstrated that by switching from monocyclic binding peptides 
to bicyclic peptides, a more fitted interaction with the dimeric 
PDGFRβ is possible. This also reduced carrier size and complex-
ity, making it potentially more feasible for clinical administration36. 
Furthermore, addition of a PEG linker was used to prolong plasma 
half-life and stability as well as provide conformational flexibility  
for appropriate interaction with PDGFRβ36.

A further approach to specific targeting of HSCs involves cou-
pling liposomes to vitamin A, which is actively taken up by quies-
cent and activated HSCs38. Sato et al. reported that siRNA-loaded  
liposomes could be targeted to HSCs using this approach and  
inhibited collagen deposition by myofibroblasts38. Additionally, 
they report that activated HSCs, which reduce their vitamin A con-
tent during the activation process, take up vitamin A as effectively 
as resting HSCs38,39. A monoclonal human single-chain antibody 
fragment has also been generated that targets human HSCs via 
binding to the synaptophysin receptor40. Follow-up studies revealed 
that the antibody specifically targets liver myofibroblasts, and not  
monocytes/macrophages during fibrosis, and was successfully 
used as a drug carrier41. While the results are promising, there are a 
number of potential limitations associated with a monoclonal anti-
body drug carrier approach, including half-life, payload, and endo-
cytotic potential30.

Research has now also started to focus on the targeted delivery of 
therapeutic genes by adenovirus using the peptide-modified pro-
tein approach. Development of a fusion protein with affinity to 
adenovirus and PDGF peptide increased adenovirus gene trans-
fer in isolated HSCs, whilst reducing tropism for hepatocytes42. 
A more recent study has coupled adenovirus with a peptide show-
ing affinity to the p75 neurotrophin receptor, which is present on 
HSCs and myofibroblasts43,44. Using this construct, the authors were 
able to show that in vivo expression of certain transcription factors  
enabled the re-programming of myofibroblasts to hepatocyte-like 
cells in fibrotic mouse livers and reduced liver fibrosis43. Targeted 
delivery of transcription factors to myofibroblasts has also been 
achieved using adeno-associated virus vectors, which preferentially 
transduce myofibroblasts to generate hepatocytes that replicate 
function and proliferation of primary hepatocytes, and reduces liver  
fibrosis45. The ability to specifically target scar-producing cells 
within the liver and reprogramme them to become cells with a posi-
tive functional benefit has massive therapeutic potential.

Conclusion and future challenges
Recent advances in our basic understanding of hepatic myofi-
broblast biology have uncovered numerous potential therapeutic 
targets. Although it is likely that HSCs are a major contributor to 
the myofibroblast population, it is important that we continue to 
delve into the pool of cells giving rise to hepatic myofibroblasts, 
as further increasing our knowledge of the cellular and molecular 
mechanisms driving both hepatic fibrosis evolution and resolution 
will undoubtedly allow us to increase the potency and precision 
of new anti-fibrotic therapies. It also has to be borne in mind that 
most of the data regarding hepatic myofibroblast biology have been 
derived from pre-clinical animal models and there continues to be 
a significant lack of human data in this area. In the coming years, 
driven by the huge advances in ‘omics’ technologies, we should 
harness these powerful new methodologies to study human fibrotic 
liver tissue directly, to greatly increase our understanding of the 
cellular and molecular mechanisms driving human liver fibrosis, 
across the various aetiologies and stages of human chronic liver 
disease. The data accrued from these types of human studies can 
then be used to inform, guide, and focus our pre-clinical studies 
and increase the precision with which we can identify relevant, 
new anti-fibrotic therapeutic targets. Furthermore, given the het-
erogeneity of the myofibroblast response to different forms of liver 
injury, it is likely that future therapies will need to be tailored in 
a disease-specific manner. In the coming years, the identification 
of specific pro-scarring subpopulations within the liver’s mesen-
chymal cellular populations will hopefully facilitate and accelerate 
the discovery of effective, targeted anti-fibrotic therapies with the 
ultimate goal being the identification of specific markers that allow 
subpopulation-specific drug delivery to the scar-producing cells 
within the liver, with minimal effects on normal organ homeostasis. 
We are not there yet with regard to this degree of fidelity in treat-
ing patients with liver fibrosis; however, identification of organ-
specific myofibroblast markers has the potential to open up a new  
era in precision medicine for liver fibrosis.

Abbreviations
BSA, bovine serum albumin; ECM, extracellular matrix; 
EMEA, European Medicines Agency; FDA, US Food and Drug 
Administration; HSC, hepatic stellate cell; Lrat, lecithin-retinol  
acyltransferase; MMT, mesothelial to mesenchymal transi-
tion; PDGFRβ, platelet-derived growth factor receptor β; PF,  
portal  fibroblast; RGD, Arg-Gly-Asp; siRNA, small interfering 
RNA.

Competing interests
The authors declare that they have no competing interests.

Grant information
The authors acknowledge the support of CORE/Children’s Liver 
Disease Foundation and the Wellcome Trust.

Page 6 of 9

F1000Research 2016, 5(F1000 Faculty Rev):1749 Last updated: 19 JUL 2016



References F1000 recommended

1.	 Blachier M, Leleu H, Peck-Radosavljevic M, et al.: The burden of liver disease 
in Europe: a review of available epidemiological data. J Hepatol. 2013; 58(3): 
593–608.  
PubMed Abstract | Publisher Full Text 

2.	 Hinz B, Phan SH, Thannickal VJ, et al.: The myofibroblast: one function, multiple 
origins. Am J Pathol. 2007; 170(6): 1807–16.  
PubMed Abstract | Publisher Full Text | Free Full Text 

3.	 Iwaisako K, Brenner DA, Kisseleva T: What’s new in liver fibrosis? The origin of 
myofibroblasts in liver fibrosis. J Gastroenterol Hepatol. 2012; 27(Suppl 2):  
65–8. 
PubMed Abstract | Publisher Full Text | Free Full Text 

4.	 Ellis EL, Mann DA: Clinical evidence for the regression of liver fibrosis.  
J Hepatol. 2012; 56(5): 1171–80.  
PubMed Abstract | Publisher Full Text 

5.	 Ramachandran P, Iredale JP, Fallowfield JA: Resolution of liver fibrosis: basic 
mechanisms and clinical relevance. Semin Liver Dis. 2015; 35(2): 119–31. 
PubMed Abstract | Publisher Full Text 

6.	 Hinz B, Phan SH, Thannickal VJ, et al.: Recent developments in myofibroblast 
biology: paradigms for connective tissue remodeling. Am J Pathol. 2012; 180(4): 
1340–55.  
PubMed Abstract | Publisher Full Text | Free Full Text 

7.	  Mederacke I, Hsu CC, Troeger JS, et al.: Fate tracing reveals hepatic stellate 
cells as dominant contributors to liver fibrosis independent of its aetiology. 
Nat Commun. 2013; 4: 2823.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

8.	  Iwaisako K, Jiang C, Zhang M, et al.: Origin of myofibroblasts in the fibrotic 
liver in mice. Proc Natl Acad Sci U S A. 2014; 111(32): E3297–305.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

9.	  Li Y, Wang J, Asahina K: Mesothelial cells give rise to hepatic stellate cells 
and myofibroblasts via mesothelial-mesenchymal transition in liver injury. Proc 
Natl Acad Sci U S A. 2013; 110(6): 2324–9.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

10.	  Kisseleva T, Uchinami H, Feirt N, et al.: Bone marrow-derived fibrocytes 
participate in pathogenesis of liver fibrosis. J Hepatol. 2006; 45(3): 429–38. 
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

11.	 Kinnman N, Housset C: Peribiliary myofibroblasts in biliary type liver fibrosis. 
Front Biosci. 2002; 7: d496–503.  
PubMed Abstract | Publisher Full Text 

12.	 Wells RG: The portal fibroblast: not just a poor man’s stellate cell. 
Gastroenterology. 2014; 147(1): 41–7.  
PubMed Abstract | Publisher Full Text | Free Full Text 

13.	  Henderson NC, Arnold TD, Katamura Y, et al.: Targeting of αv integrin 
identifies a core molecular pathway that regulates fibrosis in several organs. 
Nat Med. 2013; 19(12): 1617–24.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

14.	  Seki E, de Minicis S, Osterreicher CH, et al.: TLR4 enhances TGF-beta 
signaling and hepatic fibrosis. Nat Med. 2007; 13(11): 1324–32.  
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

15.	  Kisseleva T, Cong M, Paik Y, et al.: Myofibroblasts revert to an inactive 
phenotype during regression of liver fibrosis. Proc Natl Acad Sci U S A. 2012; 
109(24): 9448–53.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

16.	  Troeger JS, Mederacke I, Gwak GY, et al.: Deactivation of hepatic stellate 
cells during liver fibrosis resolution in mice. Gastroenterology. 2012; 143(4): 
1073–83.e22.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

17.	 Iredale JP, Benyon RC, Pickering J, et al.: Mechanisms of spontaneous 
resolution of rat liver fibrosis. Hepatic stellate cell apoptosis and reduced 
hepatic expression of metalloproteinase inhibitors. J Clin Invest. 1998; 102(3): 
538–49.  
PubMed Abstract | Publisher Full Text | Free Full Text 

18.	  Krizhanovsky V, Yon M, Dickins RA, et al.: Senescence of activated stellate 
cells limits liver fibrosis. Cell. 2008; 134(4): 657–67.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

19.	 Fiorucci S, Antonelli E, Morelli O, et al.: NCX-1000, a NO-releasing derivative of 
ursodeoxycholic acid, selectively delivers NO to the liver and protects against 
development of portal hypertension. Proc Natl Acad Sci U S A. 2001; 98(15): 
8897–902.  
PubMed Abstract | Publisher Full Text | Free Full Text 

20.	 D'Souza AA, Devarajan PV: Asialoglycoprotein receptor mediated hepatocyte 
targeting - strategies and applications. J Control Release. 2015; 203:  
126–39. 
PubMed Abstract | Publisher Full Text 

21.	 Jiménez Calvente C, Sehgal A, Popov Y, et al.: Specific hepatic delivery of 
procollagen α1(I) small interfering RNA in lipid-like nanoparticles resolves liver 
fibrosis. Hepatology. 2015; 62(4): 1285–97.  
PubMed Abstract | Publisher Full Text | Free Full Text 

22.	  Kramann R, Schneider RK, DiRocco DP, et al.: Perivascular Gli1+ progenitors 
are key contributors to injury-induced organ fibrosis. Cell Stem Cell. 2015; 
16(1): 51–66.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

23.	  Zhang DY, Goossens N, Guo J, et al.: A hepatic stellate cell gene expression 
signature associated with outcomes in hepatitis C cirrhosis and hepatocellular 
carcinoma after curative resection. Gut. 2015; pii: gutjnl-2015-309655.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

24.	 Beljaars L, Molema G, Weert B, et al.: Albumin modified with mannose 6-
phosphate: A potential carrier for selective delivery of antifibrotic drugs to rat 
and human hepatic stellate cells. Hepatology. 1999; 29(5): 1486–93.  
PubMed Abstract | Publisher Full Text 

25.	 Beljaars L, Olinga P, Molema G, et al.: Characteristics of the hepatic stellate cell-
selective carrier mannose 6-phosphate modified albumin (M6P28-HSA). Liver. 
2001; 21(5): 320–8.  
PubMed Abstract | Publisher Full Text 

26.	 Klein S, van Beuge MM, Granzow M, et al.: HSC-specific inhibition of Rho-kinase 
reduces portal pressure in cirrhotic rats without major systemic effects.  
J Hepatol. 2012; 57(6): 1220–7.  
PubMed Abstract | Publisher Full Text 

27.	  Moreno M, Gonzalo T, Kok RJ, et al.: Reduction of advanced liver fibrosis 
by short-term targeted delivery of an angiotensin receptor blocker to hepatic 
stellate cells in rats. Hepatology. 2010; 51(3): 942–52.  
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

28.	 Adrian JE, Poelstra K, Scherphof GL, et al.: Interaction of targeted liposomes 
with primary cultured hepatic stellate cells: Involvement of multiple receptor 
systems. J Hepatol. 2006; 44(3): 560–7.  
PubMed Abstract | Publisher Full Text 

29.	 van Beuge MM, Prakash J, Lacombe M, et al.: Reduction of fibrogenesis by 
selective delivery of a Rho kinase inhibitor to hepatic stellate cells in mice.  
J Pharmacol Exp Ther. 2011; 337(3): 628–35.  
PubMed Abstract | Publisher Full Text 

30.	 Poelstra K, Beljaars L, Melgert BN: Cell-specific delivery of biologicals: 
problems, pitfalls and possibilities of antifibrotic compounds in the liver. Drug 
Discov Today. 2013; 18(23–24): 1237–42.  
PubMed Abstract | Publisher Full Text 

31.	 Yang N, Singh S, Mahato RI: Targeted TFO delivery to hepatic stellate cells.  
J Control Release. 2011; 155(2): 326–30.  
PubMed Abstract | Publisher Full Text | Free Full Text 

32.	 Rachmawati H, Reker-Smit C, Lub-de Hooge MN, et al.: Chemical modification 
of interleukin-10 with mannose 6-phosphate groups yields a liver-selective 
cytokine. Drug Metab Dispos. 2007; 35(5): 814–21.  
PubMed Abstract | Publisher Full Text 

33.	 Beljaars L, Molema G, Schuppan D, et al.: Successful targeting to rat hepatic 
stellate cells using albumin modified with cyclic peptides that recognize the 
collagen type VI receptor. J Biol Chem. 2000; 275(17): 12743–51.  
PubMed Abstract | Publisher Full Text 

34.	 Du SL, Pan H, Lu WY, et al.: Cyclic Arg-Gly-Asp peptide-labeled liposomes for 
targeting drug therapy of hepatic fibrosis in rats. J Pharmacol Exp Ther. 2007; 
322(2): 560–8.  
PubMed Abstract | Publisher Full Text 

35.	 Beljaars L, Weert B, Geerts A, et al.: The preferential homing of a platelet derived 
growth factor receptor-recognizing macromolecule to fibroblast-like cells in 
fibrotic tissue. Biochem Pharmacol. 2003; 66(7): 1307–17.  
PubMed Abstract | Publisher Full Text 

36.	 Bansal R, Prakash J, De Ruiter M, et al.: Interferon gamma peptidomimetic 
targeted to hepatic stellate cells ameliorates acute and chronic liver fibrosis in 
vivo. J Control Release. 2014; 179: 18–24.  
PubMed Abstract | Publisher Full Text 

37.	  Bansal R, Prakash J, Post E, et al.: Novel engineered targeted interferon-
gamma blocks hepatic fibrogenesis in mice. Hepatology. 2011; 54(2): 586–96.  
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

38.	  Sato Y, Murase K, Kato J, et al.: Resolution of liver cirrhosis using vitamin A-
coupled liposomes to deliver siRNA against a collagen-specific chaperone. Nat 
Biotechnol. 2008; 26(4): 431–42.  
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

39.	 Friedman SL, Wei S, Blaner WS: Retinol release by activated rat hepatic 
lipocytes: regulation by Kupffer cell-conditioned medium and PDGF.  
Am J Physiol. 1993; 264(5 Pt 1): G947–52.  
PubMed Abstract 

40.	 Elrick LJ, Leel V, Blaylock MG, et al.: Generation of a monoclonal human single 
chain antibody fragment to hepatic stellate cells--a potential mechanism for 
targeting liver anti-fibrotic therapeutics. J Hepatol. 2005; 42(6): 888–96. 
PubMed Abstract | Publisher Full Text 

41.	  Douglass A, Wallace K, Parr R, et al.: Antibody-targeted myofibroblast 
apoptosis reduces fibrosis during sustained liver injury. J Hepatol. 2008; 49(1): 
88–98.  
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

Page 7 of 9

F1000Research 2016, 5(F1000 Faculty Rev):1749 Last updated: 19 JUL 2016

http://www.ncbi.nlm.nih.gov/pubmed/23419824
http://dx.doi.org/10.1016/j.jhep.2012.12.005
http://www.ncbi.nlm.nih.gov/pubmed/17525249
http://dx.doi.org/10.2353/ajpath.2007.070112
http://www.ncbi.nlm.nih.gov/pmc/articles/1899462
http://www.ncbi.nlm.nih.gov/pubmed/22320919
http://dx.doi.org/10.1111/j.1440-1746.2011.07002.x
http://www.ncbi.nlm.nih.gov/pmc/articles/4841268
http://www.ncbi.nlm.nih.gov/pubmed/22245903
http://dx.doi.org/10.1016/j.jhep.2011.09.024
http://www.ncbi.nlm.nih.gov/pubmed/25974898
http://dx.doi.org/10.1055/s-0035-1550057
http://www.ncbi.nlm.nih.gov/pubmed/22387320
http://dx.doi.org/10.1016/j.ajpath.2012.02.004
http://www.ncbi.nlm.nih.gov/pmc/articles/3640252
http://f1000.com/prime/718184561
http://www.ncbi.nlm.nih.gov/pubmed/24264436
http://dx.doi.org/10.1038/ncomms3823
http://www.ncbi.nlm.nih.gov/pmc/articles/4059406
http://f1000.com/prime/718184561
http://f1000.com/prime/718512115
http://www.ncbi.nlm.nih.gov/pubmed/25074909
http://dx.doi.org/10.1073/pnas.1400062111
http://www.ncbi.nlm.nih.gov/pmc/articles/4136601
http://f1000.com/prime/718512115
http://f1000.com/prime/717973200
http://www.ncbi.nlm.nih.gov/pubmed/23345421
http://dx.doi.org/10.1073/pnas.1214136110
http://www.ncbi.nlm.nih.gov/pmc/articles/3568296
http://f1000.com/prime/717973200
http://f1000.com/prime/1040854
http://www.ncbi.nlm.nih.gov/pubmed/16846660
http://dx.doi.org/10.1016/j.jhep.2006.04.014
http://f1000.com/prime/1040854
http://www.ncbi.nlm.nih.gov/pubmed/11815289
http://dx.doi.org/10.2741/kinnman
http://www.ncbi.nlm.nih.gov/pubmed/24814904
http://dx.doi.org/10.1053/j.gastro.2014.05.001
http://www.ncbi.nlm.nih.gov/pmc/articles/4090086
http://f1000.com/prime/718173326
http://www.ncbi.nlm.nih.gov/pubmed/24216753
http://dx.doi.org/10.1038/nm.3282
http://www.ncbi.nlm.nih.gov/pmc/articles/3855865
http://f1000.com/prime/718173326
http://f1000.com/prime/1095994
http://www.ncbi.nlm.nih.gov/pubmed/17952090
http://dx.doi.org/10.1038/nm1663
http://f1000.com/prime/1095994
http://f1000.com/prime/717956361
http://www.ncbi.nlm.nih.gov/pubmed/22566629
http://dx.doi.org/10.1073/pnas.1201840109
http://www.ncbi.nlm.nih.gov/pmc/articles/3386114
http://f1000.com/prime/717956361
http://f1000.com/prime/717952935
http://www.ncbi.nlm.nih.gov/pubmed/22750464
http://dx.doi.org/10.1053/j.gastro.2012.06.036
http://www.ncbi.nlm.nih.gov/pmc/articles/3848328
http://f1000.com/prime/717952935
http://www.ncbi.nlm.nih.gov/pubmed/9691091
http://dx.doi.org/10.1172/JCI1018
http://www.ncbi.nlm.nih.gov/pmc/articles/508915
http://f1000.com/prime/1120667
http://www.ncbi.nlm.nih.gov/pubmed/18724938
http://dx.doi.org/10.1016/j.cell.2008.06.049
http://www.ncbi.nlm.nih.gov/pmc/articles/3073300
http://f1000.com/prime/1120667
http://www.ncbi.nlm.nih.gov/pubmed/11447266
http://dx.doi.org/10.1073/pnas.151136298
http://www.ncbi.nlm.nih.gov/pmc/articles/37532
http://www.ncbi.nlm.nih.gov/pubmed/25701309
http://dx.doi.org/10.1016/j.jconrel.2015.02.022
http://www.ncbi.nlm.nih.gov/pubmed/26096209
http://dx.doi.org/10.1002/hep.27936
http://www.ncbi.nlm.nih.gov/pmc/articles/4589454
http://f1000.com/prime/725255234
http://www.ncbi.nlm.nih.gov/pubmed/25465115
http://dx.doi.org/10.1016/j.stem.2014.11.004
http://www.ncbi.nlm.nih.gov/pmc/articles/4289444
http://f1000.com/prime/725255234
http://f1000.com/prime/725536384
http://www.ncbi.nlm.nih.gov/pubmed/26045137
http://dx.doi.org/10.1136/gutjnl-2015-309655
http://www.ncbi.nlm.nih.gov/pmc/articles/4848165
http://f1000.com/prime/725536384
http://www.ncbi.nlm.nih.gov/pubmed/10216133
http://dx.doi.org/10.1002/hep.510290526
http://www.ncbi.nlm.nih.gov/pubmed/11589768
http://dx.doi.org/10.1034/j.1600-0676.2001.210504.x
http://www.ncbi.nlm.nih.gov/pubmed/22878469
http://dx.doi.org/10.1016/j.jhep.2012.07.033
http://f1000.com/prime/2478961
http://www.ncbi.nlm.nih.gov/pubmed/20044807
http://dx.doi.org/10.1002/hep.23419
http://f1000.com/prime/2478961
http://www.ncbi.nlm.nih.gov/pubmed/16368158
http://dx.doi.org/10.1016/j.jhep.2005.08.027
http://www.ncbi.nlm.nih.gov/pubmed/21383021
http://dx.doi.org/10.1124/jpet.111.179143
http://www.ncbi.nlm.nih.gov/pubmed/23732178
http://dx.doi.org/10.1016/j.drudis.2013.05.013
http://www.ncbi.nlm.nih.gov/pubmed/21763370
http://dx.doi.org/10.1016/j.jconrel.2011.06.037
http://www.ncbi.nlm.nih.gov/pmc/articles/3347642
http://www.ncbi.nlm.nih.gov/pubmed/17312017
http://dx.doi.org/10.1124/dmd.106.013490
http://www.ncbi.nlm.nih.gov/pubmed/10777570
http://dx.doi.org/10.1074/jbc.275.17.12743
http://www.ncbi.nlm.nih.gov/pubmed/17510318
http://dx.doi.org/10.1124/jpet.107.122481
http://www.ncbi.nlm.nih.gov/pubmed/14505810
http://dx.doi.org/10.1016/S0006-2952(03)00445-3
http://www.ncbi.nlm.nih.gov/pubmed/24491909
http://dx.doi.org/10.1016/j.jconrel.2014.01.022
http://f1000.com/prime/718874825
http://www.ncbi.nlm.nih.gov/pubmed/21538439
http://dx.doi.org/10.1002/hep.24395
http://f1000.com/prime/718874825
http://f1000.com/prime/1108115
http://www.ncbi.nlm.nih.gov/pubmed/18376398
http://dx.doi.org/10.1038/nbt1396
http://f1000.com/prime/1108115
http://www.ncbi.nlm.nih.gov/pubmed/8498521
http://www.ncbi.nlm.nih.gov/pubmed/15885360
http://dx.doi.org/10.1016/j.jhep.2005.01.028
http://f1000.com/prime/1108180
http://www.ncbi.nlm.nih.gov/pubmed/18394744
http://dx.doi.org/10.1016/j.jhep.2008.01.032
http://f1000.com/prime/1108180


42.	 Schoemaker MH, Rots MG, Beljaars L, et al.: PDGF-receptor beta-targeted 
adenovirus redirects gene transfer from hepatocytes to activated stellate 
cells. Mol Pharm. 2008; 5(3): 399–406.  
PubMed Abstract | Publisher Full Text 

43.	  Song G, Pacher M, Balakrishnan A, et al.: Direct Reprogramming of Hepatic 
Myofibroblasts into Hepatocytes In Vivo Attenuates Liver Fibrosis.  
Cell Stem Cell. 2016; 18(6): 797–808.  
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

44.	  Reetz J, Genz B, Meier C, et al.: Development of Adenoviral Delivery Systems 
to Target Hepatic Stellate Cells In Vivo. PLoS One. 2013; 8(6):  
e67091. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000  Recommendation 

45.	  Rezvani M, Español-Suñer R, Malato Y, et al.: In Vivo Hepatic Reprogramming 
of Myofibroblasts with AAV Vectors as a Therapeutic Strategy for Liver Fibrosis. 
Cell Stem Cell. 2016; 18(6): 809–16.  
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

Page 8 of 9

F1000Research 2016, 5(F1000 Faculty Rev):1749 Last updated: 19 JUL 2016

http://www.ncbi.nlm.nih.gov/pubmed/18217712
http://dx.doi.org/10.1021/mp700118p
http://f1000.com/prime/726180716
http://www.ncbi.nlm.nih.gov/pubmed/26923201
http://dx.doi.org/10.1016/j.stem.2016.01.010
http://f1000.com/prime/726180716
http://f1000.com/prime/718032905
http://www.ncbi.nlm.nih.gov/pubmed/23825626
http://dx.doi.org/10.1371/journal.pone.0067091
http://www.ncbi.nlm.nih.gov/pmc/articles/3688967
http://f1000.com/prime/718032905
http://f1000.com/prime/726397307
http://www.ncbi.nlm.nih.gov/pubmed/27257763
http://dx.doi.org/10.1016/j.stem.2016.05.005
http://f1000.com/prime/726397307


F1000Research

3

2

1

Open Peer Review

   Current Referee Status:

Editorial Note on the Review Process
 are commissioned from members of the prestigious  and are edited as aF1000 Faculty Reviews F1000 Faculty

service to readers. In order to make these reviews as comprehensive and accessible as possible, the referees
provide input before publication and only the final, revised version is published. The referees who approved the
final version are listed with their names and affiliations but without their reports on earlier versions (any comments
will already have been addressed in the published version).

The referees who approved this article are:
Version 1

, Division of Liver Diseases, Department of Medicine, Icahn School of Medicine at MountScott L Friedman
Sinai, New York, NY, USA

 No competing interests were disclosed.Competing Interests:

, Department of Medicine III, University Hospital RWTH Aachen, Aachen, GermanyFrank Tacke
 No competing interests were disclosed.Competing Interests:

, Department of Surgery, University of California San Diego, La Jolla, CA, USATatiana Kisseleva
 No competing interests were disclosed.Competing Interests:

Page 9 of 9

F1000Research 2016, 5(F1000 Faculty Rev):1749 Last updated: 19 JUL 2016

http://f1000research.com/channels/f1000-faculty-reviews/about-this-channel
http://f1000.com/prime/thefaculty

