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M Check for updates

Fibrosis can affect any organ and is responsible for up to 45% of all deaths in the
industrialized world. It has long been thought to be relentlessly progressive and
irreversible, but both preclinical models and clinical trials in various organ systems
have shown that fibrosis is a highly dynamic process. This has clear implications for

therapeuticinterventions that are designed to capitalize on thisinherent plasticity.
However, despite substantial progress in our understanding of the pathobiology of
fibrosis, a translational gap remains between the identification of putative antifibrotic
targets and conversion of this knowledge into effective treatments in humans. Here
we discuss the transformative experimental strategies that are being leveraged to
dissect the key cellular and molecular mechanisms that regulate fibrosis, and the
translational approaches that are enabling the emergence of precision
medicine-based therapies for patients with fibrosis.

Fibrosis is not a disease but rather an outcome of the tissue repair
response that becomes dysregulated following many types of tissue
injury, most notably during chronicinflammatory disorders. The for-
mation of fibrotic tissue, which is defined by the excessive accumula-
tion of extracellular matrix (ECM) components such as collagen and
fibronectin, isin fact anormal and important phase of tissue repair in
all organs. When tissues are injured, local tissue fibroblasts become
activated and increase their contractility, secretion of inflamma-
tory mediators, and synthesis of ECM components; together, these
changes initiate the wound healing response. When damage is minor
or non-repetitive, wound healing is efficient, resulting in only a tran-
sientincrease in the deposition of ECM components and facilitating
the restoration of functional tissue architecture. However, when the
injuryisrepetitive or severe, ECM components continue toaccumulate,
which canlead todisruption of tissue architecture, organ dysfunction
and ultimately organ failure. Notably, studies of tissue repairinembry-
onic and fetal mice and human fetal surgery have shown that before
the onset of the wound inflammatory response, immature tissues are
capable of scarless healing, suggesting that inflammation might be
a cause of fibrosis'. However, in adult mammalian tissue, ageing, the
response to invading microorganisms, and the changing character of
the inflammatory response over time influence whether wound heal-
ing responses lead to progressive fibrosis or end in efficient repair.
Genetics is also important; specific mutations and rare variants that
are associated with fibrosis have revealed antifibrotic targets and core
pathways that might be druggable. The genesinvolved include MUC5B
in pulmonary fibrosis*, MYH7in cardiac fibrosis®, and DMDin Duchenne
muscular dystrophy-associated skeletal muscle fibrosis*. Such genetic
alterations suggest the involvement of non-fibroblast cell types that act
upstream of mesenchymal cell activation. These findings emphasize
the importance of multicellular interactions in the pathogenesis of
fibrosis. In this review, we provide an update on recent research into
the mechanisms of fibrosis and discuss how thisinformation is enabling
the development of antifibrotic treatments.

Single-cell genomics of fibrosis

Single-cell multi-omics approaches are transforming our understand-
ing of disease pathogenesis across medicine, making it possible to study
cell populationsin health and disease at unprecedented resolution. This
‘resolution revolution’ allows the powerful unbiased exploration of cell
states and types at single-cell level, resulting in unexpected insights
into tissue biology and disease mechanisms (Fig. 1).

These cutting-edge single-cell approaches have already been avidly
adopted by the fibrosis research community to deepen our understand-
ing of the complex, multicellular interplay that drives lung fibrosis®.
Mesenchymal cells are the key source of pathological ECM deposition
duringlungfibrosis, which ultimately leads to architectural disruption
and reduced lung function. Spatial transcriptional maps of the mouse
lung mesenchyme have been generated by combining single-cell RNA
sequencing (scRNA-seq) and signalling lineage reporters®. Each mesen-
chymallineage demonstrated adistinct spatial address and transcrip-
tome, in turn conferring distinct fibrotic niche regulatory functions
across these mesenchymal subpopulations. Examples include mes-
enchymal cells in the alveolar niche that express Pdgfra and respond
to Wnt signalling, and are critical for the growth and self-renewal of
alveolar epithelial cells. By contrast, Axin2" myofibrogenic progenitor
cells preferentially generated pathologically deleterious myofibro-
blasts after lung injury®. Further studies using the mouse model of
bleomycin-induced lunginjury have also identified lung mesenchymal
cell heterogeneity in both healthy and fibrotic mouse lungs’™’.

The analysis of more than 70,000 cells of multiple lineages from
eight lung explants from patients with pulmonary fibrosis (of varying
aetiologies) and eight lung samples from healthy donors'®identified a
distinct population of pro-fibrotic alveolar macrophages, which had
previously been characterized inmice®", in the samples from patients
with fibrosis. This study and others'®" have suggested that alveolar
type 2 (AT2) cells, which secrete pulmonary surfactant and serve as
alveolar stem cells, have a pathological role. These results identified
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Fig.1|Deconvolving fibrosis using multi-modal single-cell approaches.
Cutting-edge single-cell approaches are transforming our understanding of
the complex cellular and molecular mechanisms that regulate fibrosis and
makingitpossible to assess the transcriptome, genome, epigenome and
proteomeatasingle-celllevel, inaddition to spatial profiling. Furthermore,
combined readouts from the same single cell are now possible (for example,
the simultaneous profiling of transcriptome and chromatin accessibilty), and

adistinct population of AT2 cells in fibrotic lungs™ and established a
direct mechanistic link between elevated TGFf signalling induced by
mechanical tension caused by impaired alveolar regeneration, and
progressive lung fibrosis. Decreasing the mechanical tension on alveoli
couldbeatherapeutic approach for treating progressive lung fibrosis'.
Astudy that profiled 312,928 lung cells from 32 patients with idiopathic
pulmonary fibrosis (IPF), 18 patients with chronic obstructive pulmo-
nary disease (COPD) and 29 healthy control individuals identified a
population of aberrant basaloid epithelial cells located at the edge
of myofibroblast foci that were enriched in the lungs of patients with
IPF*. Within the vascular endothelial cell compartment, samples from
patients with IPF contained an expanded cell population that was tran-
scriptomically identical to vascular endothelial cells that are normally
restricted to the bronchial circulation. Furthermore, diffusion map and
pseudotemporal trajectory analyses (computational techniques used
in single-cell transcriptomics to determine the pattern of a dynamic
process experienced by cells, and then to arrange cells according to
their progression through the process) made it possible to infer the
origins of activated myofibroblasts in IPF*,

scRNA-seq has also been used to comprehensively profile the cellular
and molecular landscape in liver homeostasis and regeneration’ 8,
Since their discovery as major collagen-producing cells in the liver',
hepatic stellate cells (HSCs) have been considered ahomogenous popu-
lation, withequal potential to transition to the activated, myofibroblast
phenotype. However, scRNA-seq has shown that mouse HSCs can be
dividedinto functional zones, allowing high-resolutionidentification
ofthe critical pathogenic collagen-producing cellsin livers with centri-
lobular injury?. Pseudotemporal trajectory and RNA velocity, another
computational approach that predicts the future state of individual
cells on atimescale, demonstrated that central vein-associated HSCs
are the dominant source of pathogenic collagen-producing cells fol-
lowing centrilobular liver injury?. Furthermore, the use of scRNA-seq
to interrogate retinol-positive myofibroblasts isolated from fibrotic
mouse livers has also shown that liver myofibroblasts are heterogene-
ous and functionally diverse?.
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integration of these multi-modal single-cell omics readouts has allowed

ever more powerful, comprehensive assessments of cell state, ontogeny,
phenotype and function during human fibrotic disease. The new biological
insights gained from these integrated approaches should enable the
identification of novel and tractable therapeutic targets to treat patients with a
broadrange of fibrotic diseases.

The profiling of more than100,000 humanlliver cells yielded molecu-
lar definitions for non-parenchymal cell types that are found in the
healthy and cirrhotic human liver and identified a scar-associated sub-
population of macrophages that express triggering receptor expressed
on amyeloid cell-2 (TREM2) and CD9, which expands in liver fibrosis,
differentiates from circulating monocytes and is pro-fibrogenic®.
Endothelial cell subpopulations that express disease-associated atypi-
calchemokinereceptor-1(ACKR1) and plasmalemma vesicle-associated
protein (PLVAP), which are topographically restricted to the fibrotic
niche and enhance the transmigration of leucocytes, were also
defined. Multi-lineage modelling®?* of ligand-receptor interac-
tions among the scar-associated macrophages, endothelial cells and
PDGFRa" collagen-producing mesenchymal cells revealed that several
pro-fibrogenic pathways were active in scars, including TNF recep-
tor superfamily (TNFRSF) 12A, PDGFR and NOTCH signalling, which
provides a conceptual framework for the discovery of rational thera-
peutic targets in cirrhotic livers®2. Macrophages associated with liver
injury in mice show substantial overlap of marker genes with human
scar-associated macrophages, including the expression of TREM2 and
CD9inbothspecies?. Unbiased cross-species mapping of scRNA-seq
data using canonical correlation analysis (CCA)* confirmed that
mouse and human scar-associated macrophages represent corollary
populations. This shows that scRNA-seq approaches can be useful for
defining ‘core’ fibrotic injury-induced populations and therapeutic
targets across species, thereby increasing precision in the interroga-
tion of putative targets across the translational pipeline, from pre-
clinical rodent models to human liver primary cell or organoid-based
systems. Although the treatment of liver fibrosis has met with dis-
appointing failures over the past few years®, including late-stage
readouts for Elafibranor, a dual PPARa/8 agonist (NCT02704403),
and Selonsertib, an ASK1 inhibitor (NCT03053050), clinical studies
of Ocaliva (obetacholic acid; NCT03836937), Cenicriviroc (CCR2/5
dualantagonist; NCT03028740), Aramchol (a fatty acid bileacid con-
jugate; NCT04104321), MGL-3196 (liver-directed, thyroid hormone
receptor (THR) B-selective agonist; NCT03900429), granulocyte



colony-stimulating factor (GCSF; NCT03911037), and a combination
study of diacylglycerol O-acyltransferase-2 (DGAT2) and acetyl-CoA
carboxylase (ACC) inhibitors (NCT04321031) have shown promise and
areundergoing further testing. Inaddition, omics and genetic analyses
arebeginning to better inform patient selection and stratification, and
itis hoped that this will facilitate improved outcomes.

In the gastrointestinal tract?, a single-cell census of the human
colonic mesenchyme revealed four subsets of fibroblasts in addition
to pericytes and myofibroblasts, and identified afibroblast subpopula-
tion proximal to the colonic crypt niche that expressed SOX6, F3 (also
known as CD142), and WNT genes, which are essential for colonic epi-
thelial stem cell function. In colitis, this niche became dysregulated; an
activated mesenchymal population emerged that expressed TNFSF14,
genes associated with fibroblastic reticular cells, /L33, and lysyl oxi-
dase (LOX). These cells led to impaired epithelial proliferation and
maturation, thus illustrating how the colonic mesenchyme remodels
to drive inflammation and barrier dysfunctionininflammatory bowel
disease (IBD).

In the context of arthritis, deletion of fibroblasts expressing fibro-
blast activation protein-a (FAPa) suppressed inflammation and
bone erosion in mouse models of resolving and persistent arthritis.
Single-cell RNA-seq identified two anatomically distinct fibroblast
subsets within the FAPa* population: FAPa" thymus cell antigen (THY1)*
immune ‘effector’ fibroblasts in the synovial sub-lining, and FAPa'THY1
‘destructive’ fibroblasts restricted to the synovial lining layer. Adoptive
transfer of FAPa'THY1 fibroblasts into the joint selectively mediated
bone and cartilage damage with little effect oninflammation, whereas
transfer of FAPa* THY1 fibroblasts resulted in amore severe and persis-
tentinflammatory arthritis, with minimal effect onbone and cartilage.
The discovery of these anatomically discrete, functionally distinct
subsets of fibroblasts with non-overlapping functions has important
implications for the rational design of therapies aimed at precisely
modulating inflammation, fibrosis and tissue repair®,

Single-cellRNA-seqstudies arealsobeginningtoshed newlightonthe
mechanisms that regulate kidney injury and fibrosis® . For example,
recent work using single-nucleus RNA-seq in amouse model of acute
kidney injury identified a distinct pro-inflammatory and pro-fibrotic
proximal tubule cell state that fails to repair. Deconvolution of bulk
RNA-seq data sets showed that this failed-repair proximal tubule cell
(FR-PTC) state canbe detected in other models of kidney injury, and that
itincreases during ageinginratkidney and over time in humankidney
allografts®. Furthermore, arecent study has used scRNA-seq to profile
the transcriptomes of proximal and non-proximal tubule cellsin healthy
and fibrotic humankidneys, enabling mapping of all matrix-producing
cellsathighresolution. Thisrevealed distinct subpopulations of peri-
cytes and fibroblasts as the major cellular sources of scar-forming
myofibroblasts during human kidney fibrosis. Genetic fate-tracing,
time-course scRNA-seq and assay for transposase-accessible chro-
matin (ATAC)-seq experiments in mice, and spatial transcriptomics
in human kidney fibrosis, were then used to functionally interrogate
these findings, identifying Nkd2 as a myofibroblast-specific target in
human kidney fibrosis®’. Recent studies in which scRNA-seq has been
used to investigate mechanisms of fibrosis in various organ systems
aresummarized in Supplementary Table 1.

Fibroblast heterogeneity and plasticity

Functional fibroblast heterogeneity

Increasingly sophisticated experimental approaches have revealed
substantial diversity and functional heterogeneity within the fibroblast
population during organ fibrosis??%%*35, A combination of fate mapping
and liveimaging showed that a specialized subset of fibroblasts, fascia
fibroblasts, rise to the surface of the skin after wounding®®. These fascia
fibroblasts gather their surrounding ECM (including blood vessels, mac-
rophages and peripheral nerves) to form the provisional matrix, and

ablation of these fibroblasts inhibits matrix homing into wounds and
leads to defective scars. Notably, the placement of animpermeable film
beneath the skin (preventing upward migration of fascia fibroblasts)
led to chronic open wounds. Thus, the fascia contains a specialized
prefabricated kit of sentry fibroblasts, which are embedded within a
movable sealant. Whether similar fibroblast subpopulations exist in
otherorgans and use analogous mechanisms to promote wound healing
remainsto be determined. Thereis also substantial functional diversity
among myofibroblasts during skininjury and ageing®. Lineage tracing
and flow cytometry identified distinct subsets of wound bed myofibro-
blasts, including CD26-expressing adipocyte precursors and a CD29"e"
subpopulation. Wound beds in aged mice or in bleomycin-induced
fibrotic mouse skinshowed adecreaseinadipocyte precursorsand an
increase in CD29"e" cells compared to young healthy mice, suggesting
thatthe fibrotic microenvironmentaalters the composition and function
of myofibroblasts. Senesecence, a state in which cells cease to divide,
alsoinfluences the fate and function of fibroblasts. However, whether
fibroblast senescence plays a benefical or detrimental role in inflam-
mation, tissue repair or fibrosis remains unclear, and its effects may
vary in different tissues and types of disease®®**°. Some studies have
suggested that senescent fibroblasts become resistant to apoptosis,
thereby sustaining inflammation and fibrosis through their produc-
tion of inflammatory cytokines, immune modulators, growth factors
and proteases. Consequently, senotherapeutic and senolytic drugs
have emerged as potential new treatments for fibrosis and related
ageing-associated diseases®*.

Recent studies haveimplicated arange of mesenchymal progenitor
cells (MPCs) in the initiation and propagation of fibrosis***. In particu-
lar, two studies, focusing on populations of MPCs expressing HIC1,
PDGFRa and LY6Ainthe heartand skeletal muscle, have demonstrated
ahierarchy of MPCs, diversity in the pathophysiological roles of their
progeny, and how fate determination of MPCsis context dependent***,
Conditional genetic inactivation of Hicl in mice led to activation and
expansion of MPCs in both heart and skeletal muscle, demonstrating
that HIC1is required for maintaining MPC quiescence. Inthe heart, HIC1
deficiency (in PDGFRa-expressing cells) led to activation of MPCs and
accumulation of cardiac fibroadipogenic progenitor cells, with epicar-
dial thickening, interstitial fibrosis and fibrofatty depositions resulting
in pathological features that are pathognomonic of arrhythmogenic
cardiomyopathy®. However, although inactivation of Hicl in skeletal
muscle also resulted inamarked expansion of PDGFRa*LY6A" cells dur-
ing homeostasis, this did notincrease skeletal muscle fibrosis and had
no substantial effect on skeletal muscle regeneration**, highlighting
the diverse pathophysiological roles of these cellsin different organs.

Fibrosis, secondary to age-associated chronic low-grade inflamma-
tion, is increasingly recognized as an important cause of morbidity
and mortality. Increasing age is adriver of functional heterogeneityin
fibroblasts, with ‘old’ fibroblasts demonstrating variability in their abil-
ity to reprogram and heal wounds*¢. Old mice showed varying wound
healing rates in vivo, and scRNA-seq identified distinct subpopula-
tions of fibroblasts with differing cytokine expression profiles in the
wounds of old mice with slow versus fast healing rates. Thisincreased
variability in wound healing with increasing age may reflect distinct
stochastic ageing trajectories between individuals, which will need
to be considered when designing personalized antifibrotic therapies
for the elderly population®.

Fibroblast targeting and reprogramming

Fibroblasts, as well as displaying substantial functional heterogene-
ity, are capable of remarkable plasticity and phenotype switching
during the progression and regression of fibrosis***”#8, For example,
the transcription factor PU.1 (also known as SPI1) has a major role in
fibroblast polarization and fibrogenesis*. PU.1 both polarizes resting
fibroblasts and repolarizes ECM-degrading inflammatory fibroblasts
to an ECM-producing fibrotic phenotype. Furthermore, inactivation
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Fig.2|Functional heterogeneity and plasticity of fibroblasts. Fibroblast
populations show substantial functional heterogeneity and plasticity during
fibrosis. In the context of arthritis, scRNA-seq combined with adoptive

transfer experiments has been used toidentify two anatomically distinct
fibroblast subsets withinthe FAPa* population: FAPa" thymus cell antigen (THY1)*
immune ‘effector’ fibroblastslocated in the synovial sub-lining, and FAPa'THY1
‘destructive’ fibroblasts that arerestricted to the synovial lining layer. Studies of
MPC populations (HICI'PDGFRa’LY6A") in heart and skeletal muscle have
demonstrated ahierarchy of MPCs, diversity in the pathophysiological roles of
their progeny, and how fate determination of MPCs s tissue-dependent.

of PU.1 enabled fibrotic fibroblasts to be reprogrammed into resting
fibroblasts, leading to the regression of fibrosis*. There is also remark-
able inter-lineage plasticity between myofibroblasts and other cell
types during fibrosis. During cutaneous wound healing in mice, adi-
pocytes wereregenerated from myofibroblasts. This reprogramming
required neogenic hair follicles, which triggered bone morphogenetic
protein (BMP) signalling and the activation of adipocyte transcrip-
tion factors that are expressed during development®®. Furthermore,
adipocytes were generated from human keloid fibroblasts when
treated with BMP in vitro, or when placed with human hair follicles®.
Viral vector-mediated expression of specific transcription factors in
liver myofibroblasts has been used to reprogram myofibroblastsinto
hepatocyte-like cells in fibrotic mouse livers, thereby reducing liver
fibrosis and increasing liver function®-2, The ability to selectively tar-
get scar-producing myofibroblasts during fibrosis and to reprogram
these cells into other lineages that support organ function opens up
exciting new avenues for antifibrotic and pro-regenerative therapies.

Together, these studies highlight the profound diversity, functional
heterogeneity and plasticity of fibroblasts during fibrosis, both within
and between organs (Fig. 2). More precise delineation of fibroblast
heterogeneity and phenotype in different disease settings should
facilitate the design of rational, highly targeted antifibrotic therapies,
ultimately allowing the specificinhibition, ablation, or reprogramming
of pathological fibroblast subpopulations while preserving essential,
homeostatic fibroblast function. For example, adoptive transfer into
mice of CD8" T cells expressing a chimaeric antigen receptor against FAP
led to the selective ablation of pathogenic fibroblasts and a substantial
decrease in cardiac fibrosis following injury>. Boosting natural killer
(NK) cell responses by blocking the NK cell receptor NKG2A has also
been proposed as a mechanism to eliminate senescent fibroblasts in
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Fibroblasts are also capable of remarkable plasticity and phenotype switching
duringthe progressionand regression of fibrosis. Myofibroblasts canreverttoa
quiescentstate inthe absence of ongoinginjury, or undergo full lineage switching
withadipocytes (as observed during cutaneous wound healingin mice).
Furthermore, genetic and pharmacological inactivation of the transcription
factor PU.1canreprogram fibrotic fibroblastsinto resting fibroblasts, resulting in
theregression of fibrosisinseveral organs. Finally, viral vector-mediated
expression of specific transcription factorsin myofibroblastsintheliverhasbeen
used toreprogram myofibroblastsinto hepatocyte-like cellsin fibrotic mouse
livers, thereby reducingliver fibrosis and increasing liver function.

skin, Finally, one of the first trials to explore fibroblast cellular therapy
was a phase 2 study that used allogeneic human dermal fibroblasts to
remodel contracted scars (NCT01564407; Supplementary Table 2).

The dynamic matrisome

During wound healing, the ECM s critical for mechanically stabilizing
injured tissue,immobilizing growth factors and acting as a scaffold for
the migration of fibroblasts, immune cells and endothelial cells into
areas of tissue injury and repair®. As such, the ECM s increasingly appre-
ciated as a highly dynamic entity that caninfluence the progressionand
resolution of fibrosis via a range of mechanisms. The fibrotic matrix
directly promotes myofibroblast activation through mechanotransduc-
tion pathways, which convert mechanical signals (changesin stiffness)
into biochemical responses. For example, in a pig model of incisional
skinwounding, mechanical loading of wounds upregulated the expres-
sion of genes associated with fibrosis, whereas mechanical offloading
ofthese wounds reversed this effect®. The increased mechanical strain
within the stiffened matrix also provides a direct mechanism for the
conversion of latent TGFpB1 into its active form*. Finally, through the
actions of matrix metalloproteinases (MMPs) and tissue inhibitors of
metalloproteinases (TIMPs), myofibroblasts continuously regulate
matrix deposition and turnover®*°, Advances in mass spectrometry,
proteomics, and spatial proteomics®® should greatly accelerate our
understanding of how changes within the matrisome itself maintain
tissue fibrogenesis independently of inflammatory signals.

Metabolic regulation of mesenchymal cells

It is now apparent that cells involved in the progression and resolu-
tion of fibrosis are metabolically ‘reprogrammed’ to perform distinct
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Fig.3|Metabolomicreprogramming of activated fibroblasts. Pro-fibrotic
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TGFpB1.Pyruvatealso feeds the tricarboxylic acid (TCA) cycle after conversion
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functions during tissue repair. The effects of metabolism have been
explored extensively in the context of non-alcoholic steatohepatitis
(NASH)-driven fibrosis, inwhich dysregulated hepatic lipid metabolism
servesasakey driver of liver injury and cirrhosis®.. As discussed earlier,
fibroblasts are the key source of ECM deposition during fibrosis. Hence,
metabolic alterations of local tissue mesenchymal cells may offer future
therapeutic avenues thatinclude the major carbohydrate, amino acid
and lipid metabolism pathways (Fig. 3).

Following tissue injury, mesenchymal cells undergo profound meta-
bolic changesto facilitate energy-consuming cellular functions such as
proliferation and protein synthesis®. In fibroblasts, aerobic glycolysis
isincreased by upregulating rate-limiting glycolytic enzymes®. As
well as providing arapid energy-generating mechanism compared to
oxidative phosphorylation, glycolysis produces by-products such as
lactate that regulate fibrosis. Areductionin extracellular pH, combined
with anincrease in lactic acid, promotes myofibroblast differentia-
tion by activating TGFf1, and lactate itself may serve as an additional
source of energy for mesenchymal cells®***. Activation of fibroblasts
increases key glycolytic enzymes, such as hexokinase 2 and lactate
dehydrogenase®, whichin turnincrease cell proliferation® and collagen
synthesis®®. During enhanced glycolysis, increased amounts of pyruvate
are converted into acetyl-CoA in the mitochondrial matrix® before
entering the citric acid cycle. This yields intermediate metabolites,
such as succinate, which promote fibrosis®’. Disregulated glycolysis
has been implicated in experimental models of lung, liver and kidney
fibrosis, and inhibition of glycolysis reduces ECM accumulation®7°,
During fibrogenesis, mesenchymal cells also exploit changesinamino
acid metabolism through glutaminolytic reprogramming. Glutami-
nolysis and levels of the key enzyme glutaminase are increased in
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toanincreasein a-SMA, collagen production and cell proliferation.
Glutaminase activity isincreased, and this converts glutamate to glutamine,
whichis converted into a-ketoglutarate (a-KG) via the TCA cycle; this decreases
apoptosisand enhances collagen stabilization. LDH, lactate hydrogenase;

P, phosphate.

TGFp1-stimulated fibroblasts™. This leads to enhanced conversion
of glutamine to glutamate, which confers resistance to apoptosis’
and promotes the stabilization of collagen” via mTOR signalling.
Invivo, the inhibition of glutaminase 1 ameliorates bleomycin- and
TGFpl-induced pulmonary fibrosis’. Changes in fatty acid oxidation
have also beenlinked to fibrogenesis. Intracellular fatty acid oxidation
is downregulated in tubulointerstitial fibrosis in mice and humans,
and itsrestoration protects against fibrosis™. It has been reported that
glycolysis is upregulated to compensate for reduced fatty acid oxida-
tionduringkidney injury, which could resultinenhanced progression
to fibrosis”™ (Fig. 3).

Key metabolic pathways such as increased glycolysis, upregulation
of glutaminolysis and enhanced fatty acid oxidation are emerging as
important drivers of fibroblast activation. No drugs that target these
metabolic pathways have yet reached the clinic as antifibrotic thera-
pies. However, drugs with known safety profiles that target metabolic
pathways have been approved or arein clinical trials for the treatment
of cancer, fuelling hope that in the future they could also be used to
treat fibrotic diseases™.

Macrophage-mediated regulation of fibrosis

Inflammatory monocytes and tissue-resident macrophages are key
regulators of tissue fibrosis, playing important roles in the initiation,
maintenance and resolution of tissue injury’ %, Furthermore, mono-
cytesand macrophages can undergo remarkable functional plasticity,
displaying diverse phenotypes during wound healing that depend on
multiple cues including the environmental niche’*® and the tempo-
ral stage of tissue injury and repair®®2 Tissue macrophages are also
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important producers of T cell- and fibroblast-recruiting chemokines,
which orchestrate the development of the fibrotic niche®,

Functional heterogeneity of monocytes and macrophages
Several studies have identified subpopulations of monocytes
that can regulate fibrosis and tissue remodelling®*7*%*%_ For
example, a population of atypical monocytes characterized by
carcinoembryonic antigen-related adhesion molecule-1 (CEACAM1*
MSRI'LY6C F4/80 MACI* monocytes)®*, which have been termed
segregated-nucleus-containing atypical monocytes (SatMs) and share
granulocyte characteristics, have akey role in lung fibrogenesis. SatMs
are regulated by CCAAT/enhancer binding protein 3 (C/EBPf3), and
Cebpb deficiency leads to a complete lack of SatMs. Bleomycin-induced
fibrosis, but not inflammation, was inhibited in chimaeric mice with
Cebpb™~ haematopoietic cells, and adoptive transfer of SatMs into
Cebpb™~ mice resulted in fibrosis. Notably, SatMs are derived from
Ly6C FceRI" granulocyte/macrophage progenitors, but not from mac-
rophage/dendritic cell progenitors. Single-cell RNA-seq approaches
were used to investigate macrophage heterogeneity and functionin
the context of lung fibrosis. Although the main tissue-resident mac-
rophage populations have beenintensively studied, muchlessis known
abouttherole ofinterstitial macrophagesin fibrosis. Twoindependent
subpopulations ofinterstitial macrophages that are conserved across
lung, fat, heart, and dermis have been identified: LYVE1°MHCII"CX-
3CR1" (LYVEI°MHCII") and LYVEI"MHCIICX3CR1" (LYVEI"MHCII')
monocyte-derived interstitial macrophages. Inamouse model ofinduc-
ible macrophage depletion (Slco2b1"¥°™), the absence of LYVE1"MH-
ClI®interstitial macrophages exacerbates experimental lung fibrosis,
thereby showing that two independent populations of interstitial
macrophages coexist across tissues with conserved niche-dependent
functional programs”. In addition, a pathological subgroup of tran-
sitional macrophages is required for the fibrotic response to injury
in bleomycin-induced lung fibrosis. A computational approach that
allows scRNA-seq datato be annotated by reference to bulk transcrip-
tomes (SingleR) enabled macrophage subclustering and uncovered a
disease-associated subpopulation withatransitional gene expression
profile that is intermediate between monocyte-derived and alveolar
macrophages. These CX3CR1'SIGLECF" transitional macrophageslocal-
ized to the fibrotic niche and were pro-fibroticin vivo. Thisappears to
be relevant to human disease, because human orthologues of genes
expressed by these transitional macrophages were upregulated in
samples from patients with IPF5,

Researchinto the regulatory roles of monocytes and macrophages
during tissue injury and repair has largely focused on blood-derived
monocytesand macrophages. However, thereis emerging evidence that
resident cavity macrophages are also key contributors to fibrosis and
tissue remodelling. For example, areservoir of mature F4/80"GATA6"
peritoneal cavity macrophagesrapidly invades the liver via direct (avas-
cular) recruitment across the mesotheliumin response to sterile liver
injury®s. These recruited macrophages dismantle necrotic cell nuclei,
releasing DNA and forming a cover across the site of injury®s. Similarly,
following myocardial infarctionin mice, GATA6" macrophages in mouse
pericardial fluidinvade the epicardium and lose GATA6 expression but
maintain antifibrotic properties, and loss of this macrophage popula-
tion enhances interstitial fibrosis after an ischaemic injury. GATA6"
macrophages are also found in human pericardial fluid, suggesting that
thisimmune cardioprotectiverole for the pericardial tissue compart-
ment may be relevant in human disease®.

Macrophage and fibroblast cross-talk

Irrespective of how monocytes and macrophages are recruited into
areas of tissue injury, pro-fibrotic macrophages commonly coordinate
scar formation through a range of interactions with fibroblasts®, which
are the main cellular source of pathological ECM deposition during
fibrosis?**”%°"%3 For example, macrophage-derived amphiregulin
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has recently been shownto induce the differentiation of mesenchymal
stromal cells into myofibroblasts viaintegrin-aV-mediated activation
of TGFB®*. Previous work has shown that proximity is crucial to allow
cross-talk between macrophages and contractile fibroblasts***%; how-
ever, until recently it remained unclear how proximity between these
two cell typesis established. Inan elegant study, contracting fibroblasts
were shown to generate deformation fieldsin fibrillar collagen matrix
that provided far-reaching physical cues to macrophages®. Within
the collagen deformation fields created by fibroblasts or actuated
microneedles, macrophages migrated towards the source of the force
from distances of several hundred micrometres, and the presence
of a dynamic force source within the matrix was required to initiate
and direct macrophage migration. Notably, and counter to traditional
views onhow macrophages migrate within fibrotic tissues, the authors
proposed that macrophages mechanosense the velocity of local dis-
placements of their substrate, allowing contractile fibroblasts to attract
macrophages over distances that exceed the range of chemotactic
gradients®,

Integrin-mediated activation of TGFp

Secreted TGF[3 is amajor pro-fibrogenic cytokine, and therefore poten-
tially represents an attractive antifibrotic target. Sustained systemic
inhibition of TGF31, however, has undesired effectsincluding cardiac
valve problems, and TGFB1-knockout mice develop systemic autoim-
munity®®. This is relevant to all mucosal surfaces, especially the intes-
tine, where TGFBlactivity is believed to control tissue homeostasis®,
Inaddition, pan-TGFf1blockade has been found to induce carcinogene-
sis, perhaps owing to the role of TGFf1as an anti-proliferative mediator
for most epithelial cell types. Some clinical trials using antibody-based
pan-TGFp blockade (for example, Fresolimumab) or TGFf31 blockade
(forexample, Metelimumab) were terminated because of dose-limiting
adverse events. Thus, strategies to avoid these deleterious effects could
involve choosing the correct magnitude or duration of inhibition,
co-administering anti-inflammatory therapies, or inhibiting TGF31
atspecificsitesinthetissue by blockingintegrins and other mediators
that locally activate latent TGF[31.

The pericellular fibrotic matrix is a remarkably dynamic environ-
ment that exerts profound influences on cell behaviour, and many of
the key cell-cell and cell-matrix interactions that regulate fibrosis
are mediated by members of the integrin family (noncovalent a—3
heterodimers with18 different a-subunits and 8 3-subunits, result-
ing in 24 known members in humans)®’. Importantly, integrins can
mediate the translation of spatially fixed extracellular signals into a
wide variety of changes in cell behaviour, including alterations in cell
adhesion, migration, proliferation, differentiation and apoptosis®°.
Ofkeyrelevancetofibrosis, integrins can also potentiate signals from
soluble pro-fibrogenic growth factors such as TGFf1. Nearly all TGF31
is secreted and bound to the ECM in a latent form, and therefore the
majority of the regulation of TGF function during fibrosis depends
onsite-specific regulation of TGF activation, rather thanits synthesis
or secretion',

The most intensively studied mechanism for activation of TGFf1is
the interaction of the TGFp1 latent complex with the av-containing
subset of integrins. Specifically, the integrins avf1, avf3, avp5, avp36
and avf8 have allbeen shown to bind to an N-terminal fragment of the
TGFB1gene product called the latency associated peptide (LAP), which
forms a noncovalent complex with the active cytokine, preventing
latent TGF from binding to its cognate receptors and inducing bio-
logical effects'®°*, When a mechanical force is applied to the latent
complex by contraction of avf6integrin-expressing cells, the resultant
conformational change leads to the release of active TGF 1'% '”, Nota-
bly, arecent study has shown that in contrast to this avf36-mediated
mechanism of TGF activation, avp8-dependentactivation of TGFf3 can
occur independently of actin-cytoskeletal force and does not require



the release of mature TGFB'%, further highlighting the complexity of
av integrin-mediated TGF( activation.

There are now abundant preclinical dataacross a range of fibrotic dis-
ease models demonstrating critical regulatoryroles for av-containing
integrins expressed on various different cell lineages. Mice lacking the
avféintegrinare protected inmouse models of lung, kidney and biliary
fibrosis'®°"!, This protectionis secondary tolocalinhibition of TGFp,
and antibody-mediated inhibition of av6-mediated TGF1activation
decreased lung fibrosis in preclinical models™>"*, TGFB1 activation by
the avB8integrinrepresents a further potential therapeutic target™*,
Conditional depletion of avf38 integrin in lung fibroblasts inhibited
experimental airway fibrosis™, and, in mice genetically engineered to
replace the mouse 38 subunit with its human orthologue, a blocking
antibody against human av8blocked TGFB1activation and protected
againstallergic airway inflammation and remodelling induced by ciga-
rette smoke™. Furthermore, depletion of the av integrin subunit on
mesenchymal cells also inhibited fibrosis in models of liver, lung and
kidney fibrosis'”. The depletion of av integrins on hepatic myofibro-
blasts in Pdgfrb-Cre mice protected the mice against hepatic fibrosis,
whereas global loss of 33, 35 or 36 integrins, or conditional loss of 38
integrinsin myofibroblasts, did not; this highlights the context depend-
ency of the regulation of fibrosis in different organs by the various
av-containing integrins. Pharmacological blockade of av-containing
integrins by a small-molecule inhibitor (CWHM 12) attenuated both
liver and lung fibrosis, even when fibrosis was already established".
Tissue fibroblasts can express four av-containing integrins—avf1,
avp3, avBSand avf38.Selective small-molecule inhibitors of av1 have
beenused toinvestigate the role of this integrin, with studies demon-
strating that avf1blockade has an antifibrotic effectin models of lung
and liver fibrosis'%

Given the abundance of preclinical data, this remains a very active
area of research and development in the fibrosis field, with multiple
small-molecule and antibody-based approaches undergoing assess-
mentin clinical trials, including inhibitors designed to selectively tar-
get multiple av-containing integrins simultaneously. This includes
phase 2 trials of inhibitors of av36 (NCT01371305), avf1 and av36
(NCT04072315), and avf1, av3 and av36 (NCT03949530), all in pul-
monary fibrosis (Supplementary Table 2). Patient safety will be an
important considerationin these trials, as Biogen recently terminated
their trial of a selective anti-avf36 antibody in patients with IPF owing
to safety concerns.

Cytokine-mediated regulation of fibrosis

Other than TGFf, several additional cytokines that are secreted
from multiple cellular sources have been identified as triggers of
fibrosis"®. The pro-inflammatory cytokine interleukin 17A (IL-17A)
caninduce fibrosis in different organ systems, including the lung,
liver, kidney, heart and skin™7%, In a study of bleomycin-induced
pulmonary fibrosis, IL-17A produced by y§ and CD4" T cells induced
lung inflammation, neutrophil recruitment, and production of
TGFB'*. Neutrophils and mast cells are also important sources of
IL-17A™, Experiments with mice lacking IL-17A or its receptor IL-17RA,
as well as therapeutic studies using IL-17A-neutralizing antibodies,
confirmed that IL-17A signalling is involved in fibrosis in multiple
tissues'20122126-128 Ag well as promoting TGF production'?, IL-17A
increases and stabilizes the expression of TGFBRII on fibroblasts,
thereby enhancing their sensitivity to TGFB*. The T, 17-associated
cytokine IL-22 similarly enhances TGF signalling in fibroblasts'>.
TGFBinturninduces the expression of IL-17A when produced concur-
rently with the pro-inflammatory cytokines IL-1, IL-6, or TNF2030.31
suggesting that afeed-forward mechanism thatinvolves acute-phase
cytokines, IL-17A, and TGFf is responsible for the development of
fibrosis following acute injury"®?°32 (Fig. 4); IL-17A exhibits similar
activity in animal studies and human cells™>",
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Fig.4|Divergentcytokine pathways drive fibrosis. The innate acute-phase
pro-inflammatory cytokinesIL-1,IL-6, and TNF, together with TGF3, which are
produced by macrophages, tissue fibroblasts, and other local cell populations,
promote the development of IL-17-secreting cells. IL-17A potentiates neutrophil
responses that contribute totissue injury through the production of reactive
oxygen species (ROS), whileincreasing the expression of TGFB receptors on
fibroblasts and thereby facilitating the production of ECM in response to TGFf.
TGFBisakeydriver of fibrosis thatis produced and activated locally through
integrin-mediated mechanisms. Asecond and distinct cytokine-mediated
pathway that can promote fibrosisindependently of TGFf is the type 2
cytokineaxis. Here, the alarmin cytokines IL-25, IL-35, and thymic stromal
lymphopoietin (TSLP), secreted by epithelial cells and other damaged tissues,
drive the expansionand activation of type 2 innate lymphoid cells (ILC2s) that
secretelarge amounts of IL-5and IL-13. IL-5in turn drives the recruitment and
activation of local tissue eosinophils, which provide an additional source of
type 2 cytokines and other pro-fibrotic mediators. IL-13, whichis derived from
eosinophils, CD4" type 2 T helper (T,;2) cells, and ILC2s, exhibits potent
pro-fibrotic activity thatisindependent of TGFf. Finally, the cytokine IL-11,
whichis produced by activated myofibroblasts, stimulates ECM production by
myofibroblastsinresponse to multiple pro-fibrotic mediators, including TGF3
and type 2 cytokines.

Caspase 1, the NOD, LRR and pyrin domain-containing (NLRP) 3
inflammasome, and NFkB were identified as important upstream
activators of the IL-17A-TGFp axis™. The mechanisms responsible
for the sustained activation of NFkB and NLRP3 inflammasome signal-
ling remain unclear, although commensal microorganism stimula-
tion of Toll-like receptors on myeloid cells and tissue fibroblasts has
been hypothesized to be an important activating mechanism, with
the resulting pro-inflammatory cytokine and chemokine production
exacerbating inflammation and the progression of fibrosis*>"*¢, Of
note, stimulation of TLR4 or NFkB in hepatic stellate cells enhances
TGFp signalling by directly downregulating the TGF pseudoreceptor
BMP and the activin membrane-bound inhibitor Bambi®®. A related
study showed that sustained activation of the NLRP3 inflammasome
is associated with increased chemokine expression, recruitment of
neutrophils and macrophages, and persistent production of IL-17A
and TNF™., Thus, activation of the pro-fibrotic TGF signalling pathway
is driven by several collaborating mechanisms, with IL-17A having a
prominentrole.

Whereas the TGF3 superfamily of ligands are well-known driv-
ers of fibrosis', the type 2-associated cytokines IL-4 and IL-13 have
also emerged as distinct but important inducers of fibrosis. Here,
the fibrotic response is associated with predominant infiltration of
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eosinophils and M2-like macrophages, rather than the neutrophil and
Ml1-like monocyte/macrophage phenotype that characterizes the IL-1-
IL-17A-TGFp axis™®. Also, instead of acute-phase cytokines serving as
co-inducers, the alarmin cytokines thymic stromal lymphopoietin,
IL-25, and IL-33 function as key initiators of type 2-dependent fibro-
sis by triggering the production of IL-4 and IL-13 in innate lymphoid
cells, T cells, eosinophils, and other type 2-associated leukocytes™ 42,
AlthoughIL-13 caninduce and activate TGF[ in macrophages'?, it may
promote fibrosis independently of TGF'**in part by directly targeting
stromal and parenchymal cells, including epithelial populations and
collagen-producing myofibroblasts'. Mice deficientinIL-13,IL-4R, or
IL-13Rp1, as well as animals treated with neutralizing antibodies to IL-13
or IL-4R, show reduced fibrosis after many types of tissue injury™¢%,
confirming that type 2 cytokine signallingis critical in the progression
of fibrosis (Fig. 4).

The mechanisms that dictate whether the IL-1-1L-17A-TGFf axis or
the type 2 cytokine response dominates as the key driver of fibrosis
remain unclear, although the type of cellular damage or duration of
the injury are likely to be important. For example, studies with the
commonly used ‘single hit’ bleomycin model of pulmonary fibrosis
revealed a prominent role for the IL-1-1L-17A-TGF axis but little to
no contribution for type 2 cytokines, despite substantial upregula-
tion of IL-4 and IL-13 in the lungs. Nevertheless, a modified version
of this model in which bleomycin was injected intradermally rather
thanintratracheally over several weeks uncovered a substantial role for
IL-4R signalling in the development of pulmonary fibrosis™. Different
stimuli or types of injuries that lead to the preferential production of
alarmin cytokines versus the activation of NF-kB and inflammasome
signalling are also likely to have key roles. For example, integrin recep-
torsthatinteract with the ECM preferentially activate TGF signalling
andthe production of IL-17A while antagonizing the production of type
2 cytokines™. Consistent with these observations, several studies have
revealed substantial cross-regulation between IL-17A and IL-13"2%*% with
marked upregulation of the opposing pathway when one mechanism
was targeted therapeutically***52154155 Consequently, a successful
antifibrotic strategy may need to target the dominant mechanism or
reduce both pathways simultaneously. IL-11,amember of the IL-6/gp130
cytokine family, may be a promising target, as it was recently shown
tointegrate pro-fibrotic signals emanating from both pathways'¢ 8,

Not surprisingly, given the robust preclinical data, inhibitors of IL-13
alone (NCT01266135, NCT00987545, NCT00581997, NCT01872689
and NCT01629667) or a combination of IL-4 and IL-13 inhibitors
(NCT02921971 and NCT01529853) have been tested in phase 2 trials
for pulmonary fibrosis, skin keloids, and systemic sclerosis. Although
the results so far have been mostly negative or mixed, Romilkimab
(SAR156597), a bi-specific antibody against IL-4 and IL-13, did have a
significant effect on modified Rodnan skin score in a 24-week study
of diffuse cutaneous systemic sclerosis (NCT02921971). Adalimumab,
anantibody against TNF, is also being tested in Dupuytren’s disease, a
complex fibroproliferative disease of the hand (NCT03180957). Addi-
tional cytokine, chemokine or growth factor inhibitors in develop-
ment for fibrosisin phasellorIll trials areinhibitors of CCR2 and CCR5
(NCT02217475,NCT03028740, NCT03059446 and NCT02330549)
for liver fibrosis and NASH, an inhibitor of IL-1 (NCT01538719) for sys-
temicsclerosis, aninhibitor of IL-6 (NCT02453256) for scleroderma, an
inhibitor of CCL2 (NCT00786201) for pulmonary fibrosis, and follistatin
(anactivin antagonist) for Beckers muscular dystrophy (NCT 01519349)
(Supplementary Table 2).

Contribution of the microbiome to fibrosis

Most human-associated microorganisms are found in the gut, and
during homeostasis these microbial populations are essential for main-
taining gut health. However, when the balance between healthy and
pathogenic microorganisms shifts towards pathogenic subsets, disease
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can ensue. Inflammatory bowel disease (Crohn’s disease or ulcera-
tive colitis) represents a prototypical pathology in which dysbiosis is
thoughttobe akey driver of disease pathogenesis, with evidence that
thereisastronglink between the microbiota and the development of
fibrosis. For example, patients with Crohn’s disease carrying variants
of the NOD2 gene, which encodes an intracellular pattern recogni-
tionreceptor, are atincreased risk of stricture formation, whichis the
major manifestation of intestinal fibrosis™’. Furthermore, serologic
antimicrobial antibodies are common in patients with Crohn’s disease
and are associated with and predictive of intestinal strictures'*%'*,
and almost all mouse models of intestinal fibrosis are influenced by
the microbiota'®. For instance, global deletion of the bacterial signal-
ling adaptor molecule MyD88'®* reduced intestinal fibrosis inamouse
model of Salmonella-induced colitis**. Microbiota-driven intestinal
fibrosis may be mediated by induction of the IL-33 receptor ST2 on epi-
thelial cells' or by the pro-fibrotic action of TL1A™. On a cellular level,
TLR2 or TLR4 ligands induce secretion of cytokines and chemokines
from cultured intestinal myofibroblasts'’. Interestingly, although
humanintestinal mesenchymal cells express multiple TLRsand NLRs,
onestudy found thata pro-fibrogenic phenotype was triggered exclu-
sively by flagellin, a broad activator of innate and adaptive immunity
andaTLRSligand. Thisoccurredina TGFB1-independent manner and
via post-transcriptional regulation'®®, The role of myofibroblasts in
directly sensing pathogen-associated molecular patterns inintestinal
fibrosis has been confirmed in vivo, as selective deletion of MyD88 in
cellsexpressing a-smooth muscle actin (a-SMA) ameliorated intestinal
fibrosis'®,

Dysbiosis in the gut also influences liver fibrosis. Translocation
of bacteria and their products across the intestinal barrier owing
to intestinal barrier disruption is common in patients with chronic
liver disease. Increased levels of the microorganism-derived ligand
lipopolysaccaride (LPS) in the portal vein or translocation of whole
bacteriaortheir productstothe liver activatesinflammation that leads
to fibrosis'. Blocking TLR4 signalling in mice or reducing hepatic
exposure tointestinal microorganisms by reducing microbial load with
antibiotics ameliorates experimental liver fibrosis™. HSCs express
all known human TLRs and respond to TLR4 ligands™*"”°, which also
downregulate a TGFf1 decoy receptor and thereby sensitize HSCs to
the action of TGF1*°. A comparable mechanism has been described
in pancreatic fibrosis in rats'”’. TLR4 signalling includes an additional
signalling adaptor, called TRIF (also known as TICAMI). Deletion of TRIF
inamouse model of diet-induced NASH reduced hepatic steatosis but
increased hepatic fibrosis, and Trif”~ HSCs expressed higher levels of
CXCL1and C-C motif chemokine ligandsin response to LPS, highlight-
ing a potential mechanism for this unexpected effect'’?. Conversely,
distinct gut microbiota may be hepatoprotective inliver fibrosis. ECM
depositionintheliver was higher in germ-free mice thanin convention-
ally housed mice', and MyD88- and TRIF-deficient mice showed the
same effect. In the kidney, pericytes (a myofibroblast precursor) acti-
vate a TLR2-TLR4-MyD88-dependent pro-inflammatory programin
response to tissue injury™. The downstream kinase IRAK4 controls the
conversion of pericytes into myofibroblasts in vitro, and pharmaco-
logical inhibition of MyD88 signalling with an IRAK4 inhibitor reduced
fibrosis by attenuating tissue injury in vivo. Global TLR4 knockout'”
and a small-molecule inhibitor of MyD88 ameliorate renal fibrosis in
mice'. In human systemic sclerosis, TLR4 and its co-receptors lym-
phocyte antigen 96 (MD2) and CD14 are overexpressed in lesional skin
and chronic dermal LPS exposure leads to overexpression of TGF[3
signature genes'”’.

Several TLRs are promiscuous and can also sense damage-associated
molecular patterns, lipids or ECM. For example, in lung fibrosis TLR4
and the glycosaminoglycan hyaluronan areimportant for type 2 alveo-
lar epithelial cell renewal, which limits lung injury and fibrosis"®. Nota-
bly, TLR4 was protectiveinthe lung, as opposed toits pathogenic effect
ingutand liver fibrosis'®*'*’, Nasal polyposis is a disease characterized



by remodelling of the sinonasal mucosa. Short single-stranded DNA
molecules (CpG oligonucleotides) can activate fibroblasts derived
from patients with nasal polyposis via TLR9 stimulation, providing
an additional example whereby multiple pattern recognition recep-
tors, activated by distinct ligands, can contribute to aberrant wound
healing and fibrosis.

The pathophysiological relevance of TLR4 in inflammation has led
to clinical trials of a TLR4 inhibitor for treating rheumatoid arthri-
tis (NCT03241108). Furthermore, pentraxin 2 (PTX2), also known as
serum amyloid protein 2, has demonstrated anti-inflammatory and
antifibrotic properties in multiple preclinical fibrosis models'*'®° and
recombinant PTX2 (PRM-151) has entered phase Il trials for pulmonary
fibrosis and myelofibrosis (NCT02550873; NCT01981850; Supple-
mentary Table 2).

Future directions

Fibrosisisamajor global healthcare burden. Consequently, the discov-
ery of key therapeutic targets with high relevance to human fibrotic
disease and the subsequent development of effective antifibrotic thera-
piesdirected against these targets continues to be aresearch priority.
The only two drugs that have been approved in several countries so
far for the treatment of a fibrotic disease are nintedanib and pirfeni-
done, both for patients with IPF®!, Nintedanib also recently received
approvals for the treatment of systemic sclerosis-associated interstitial
lung disease and progressive fibrosing interstitial lung diseases. Thus,
drug development in this important field remains limited, has been
restricted to only one organ system, and continues to progress slowly.
Single-cellgenomics methodologies have already yielded new discover-
iesthat would previously have been unattainable. This field continues
toevolverapidly, and emerging technologies are now able to measure
multiple omic readouts (genomes, epigenomes, transcriptomes and
proteomes) insingle cells' '8 Spatially resolved molecular profiling
is expanding our understanding of how these populations interact
in situ’™ ¥, The convergence and integration of these multi-modal
single-cell technologies?*%8, alongside global initiatives such as the
Human Cell Atlas'®, represent an extraordinary opportunity to decode
the cellular and molecular mechanisms of fibrosis at unprecedented
resolution, which should in turn help to drive a new era of precision
medicineinthetreatment of fibrotic disease. Novel therapeutics devel-
oped for one fibrotic disorder may be applicable to a wide range of
fibrotic diseases because of the shared pathways across organs that
are uncovered by this work. Drug repositioning efforts may also be
assisted by these studies™°.

Despite impressive progress over the past few years in our under-
standing of the pathogenesis of fibrosis, multiple challenges need to
be overcome to translate this information into effective antifibrotic
therapies (Fig. 5). Prognostic animal models and ex vivo primary human
tissue culture systems need to be developed that allow better trans-
lation of novel mechanisms from the bench to the bedside. Patient
heterogeneity, together with the fact that fibrosis progressionis typi-
cally slow, makes the selection of patients for clinical trials difficult®.
Hence, accurate and validated predictors of fibrotic disease progres-
sion are needed to stratify patients into high-risk populations before
theirinclusionintrials. Infact, groups of human fibrotic diseases may
be subdivided on amechanistic basis using analysis of tissue samples.
Subsets of patients could then be targeted with personalized antifi-
brotic therapies. Work in this area should be aresearch priority. At
present, trialend-points are highly variable and often lack the sensitivity
needed to predict favourable responses over a short period of time,
which necessitates the inclusion of large numbers of patients in clinical
trials. Consequently, end-points for fibrosis clinical trials continue to
evolve and may require a more global approach involving scientists,
industry leaders, patients and regulatory partners, as shown for liver
fibrosis and intestinal fibrosis''*2, Ideally, non-invasive end-points
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Fig.5|Challenges and solutionsin the translation of antifibrotic
mechanismsinto drugs. Thered boxes onthe left describe some of the major
challengesinthe development of antifibrotic drugs that have been described
inthis Review, with the arrows pointing to potential solutionsin the blue boxes.

thatbetter correlate with clinically meaningful outcomes are needed.
Recentresearchinthefield hasbeenfueled by the discovery of robust
biomarkers and cutting-edge imaging modalities such as PET imaging
of collagen and molecular imaging of fibrosis'*****, which allows fast,
non-invasive, and whole-organ-quantitative and longitudinal readouts
of drugefficacy in antifibrotic clinical trials. Furthermore, combining
molecular imaging of fibrosis'®® with cutting-edge omic approaches,
such as single-cell genomics'®#*, could markedly improve patient
diagnostics, staging, prognostication, stratification and cohortenrich-
ment, whichwould in turn optimize clinical trial design and maximize
the number of trials that could be run quickly and efficiently®*', Inno-
vative approaches to trial design are being developed that allow the
incorporation of adaptive strategies and the use of ‘bucket’ trials that
include patients with different types of fibrosis, as well as the inclusion
of ‘real-world’ evidence into the regulatory approval process.

Similar to the major advances seen in cancer therapy and the suc-
cessful treatment of HIV and viral hepatitis, it is likely that we will see
increasing numbers of clinical trials testing combinations of drugs to
treatfibrosis, as fibrosis isincreasingly recognized as a highly complex
disorder, with multiple mechanisms collaborating to drive disease
progression. These antifibrotic drug cocktails will probably target a
variety of orthogonal mechanisms, including a range of receptors,
signalling pathways, and cell types that have been shown to function
ascoredrivers of fibrosisin multiple disease states. These multifaceted
approaches should pave the way towards the delivery of effective anti-
fibrotic therapiesin the future.

Online content

Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability are available at https://doi.org/10.1038/s41586-020-2938-9.

1. Eming, S. A., Martin, P. & Tomic-Canic, M. Wound repair and regeneration: mechanisms,
signaling, and translation. Sci. Transl. Med. 6, 265sr6 (2014).

2. Allen, R. J. et al. Genetic variants associated with susceptibility to idiopathic pulmonary
fibrosis in people of European ancestry: a genome-wide association study. Lancet Respir.
Med. 5, 869-880 (2017).

3. Kim, H.Y.etal. Genotype-related clinical characteristics and myocardial fibrosis and their
association with prognosis in hypertrophic cardiomyopathy. J. Clin. Med. 9, E1671 (2020).

Nature | Vol 587 | 26 November 2020 | 563


https://doi.org/10.1038/s41586-020-2938-9

Review

4.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Young, C. N. J. et al. Total absence of dystrophin expression exacerbates ectopic
myofiber calcification and fibrosis and alters macrophage infiltration patterns. Am. J.
Pathol. 190, 190-205 (2020).

Schiller, H. B. et al. The Human Lung Cell Atlas: a high-resolution reference map of the
human lung in health and disease. Am. J. Respir. Cell Mol. Biol. 61, 31-41(2019).

Zepp, J. A. et al. Distinct mesenchymal lineages and niches promote epithelial
self-renewal and myofibrogenesis in the lung. Cell 170, 1134-1148 (2017).

Xie, T. et al. Single-cell deconvolution of fibroblast heterogeneity in mouse pulmonary
fibrosis. Cell Rep. 22, 3625-3640 (2018).

Peyser, R. et al. Defining the activated fibroblast population in lung fibrosis using
single-cell sequencing. Am. J. Respir. Cell Mol. Biol. 61, 74-85 (2019).

Tsukui, T. et al. Collagen-producing lung cell atlas identifies multiple subsets with distinct
localization and relevance to fibrosis. Nat. Commun. 11, 1920 (2020).

Reyfman, P. A. et al. Single-cell transcriptomic analysis of human lung provides insights
into the pathobiology of pulmonary fibrosis. Am. J. Respir. Crit. Care Med. 199, 1517-1536
(2019).

Misharin, A. V. et al. Monocyte-derived alveolar macrophages drive lung fibrosis and
persist in the lung over the life span. J. Exp. Med. 214, 2387-2404 (2017).

Xu, Y. et al. Single-cell RNA sequencing identifies diverse roles of epithelial cells in
idiopathic pulmonary fibrosis. JCI Insight 1, e90558 (2016).

Wu, H. et al. Progressive pulmonary fibrosis is caused by elevated mechanical tension on
alveolar stem cells. Cell 180, 107-121 (2020).

Adams, T. S. et al. Single cell RNA-seq reveals ectopic and aberrant lung resident cell
populations in idiopathic pulmonary fibrosis. Sci. Adv. 6, eaba1983 (2019).

Halpern, K. B. et al. Single-cell spatial reconstruction reveals global division of labour in
the mammalian liver. Nature 542, 352-356 (2017).

MacParland, S. A. et al. Single cell RNA sequencing of human liver reveals distinct
intrahepatic macrophage populations. Nat. Commun. 9, 4383 (2018).

Aizarani, N. et al. A human liver cell atlas reveals heterogeneity and epithelial progenitors.
Nature 572, 199-204 (2019).

Halpern, K. B. et al. Paired-cell sequencing enables spatial gene expression mapping of
liver endothelial cells. Nat. Biotechnol. 36, 962-970 (2018).

Friedman, S. L., Roll, F. J., Boyles, J. & Bissell, D. M. Hepatic lipocytes: the principal
collagen-producing cells of normal rat liver. Proc. Natl Acad. Sci. USA 82, 8681-8685
(1985).

Dobie, R. et al. Single-cell transcriptomics uncovers zonation of function in the
mesenchyme during liver fibrosis. Cell Rep. 29, 1832-1847 (2019).

Krenkel, O., Hundertmark, J., Ritz, T. P., Weiskirchen, R. & Tacke, F. Single cell RNA
sequencing identifies subsets of hepatic stellate cells and myofibroblasts in liver fibrosis.
Cells 8, E503 (2019).

Ramachandran, P. et al. Resolving the fibrotic niche of human liver cirrhosis at single-cell
level. Nature 575, 512-518 (2019).

This study dissected unanticipated aspects of the cellular and molecular basis of
human liver fibrosis at a single-cell level, providing a framework for the discovery of
rational therapeutic targets in liver cirrhosis.

Vento-Tormo, R. et al. Single-cell reconstruction of the early maternal-fetal interface in
humans. Nature 563, 347-353 (2018).

Efremova, M. & Teichmann, S. A. Computational methods for single-cell omics across
modalities. Nat. Methods 17, 14-17 (2020).

Butler, A., Hoffman, P., Smibert, P., Papalexi, E. & Satija, R. Integrating single-cell
transcriptomic data across different conditions, technologies, and species.

Nat. Biotechnol. 36, 411-420 (2018).

Ratziu, V. & Friedman, S. L. Why do so many NASH trials fail? Gastroenterology
https://doi.org/10.1053/j.gastro.2020.05.046 (2020).

Kinchen, J. et al. Structural remodeling of the human colonic mesenchyme in
inflammatory bowel disease. Cell 175, 372-386 (2018).

Croft, A. P. et al. Distinct fibroblast subsets drive inflammation and damage in arthritis.
Nature 570, 246-251(2019).

This study uncovered anatomically discrete, functionally distinct subsets of fibroblasts
in the context of arthritis.

Kirita, Y., Wu, H., Uchimura, K., Wilson, P. C. & Humphreys, B. D. Cell profiling of mouse
acute kidney injury reveals conserved cellular responses to injury. Proc. Natl Acad. Sci.
USA 117,15874-15883 (2020).

Kuppe, C. et al. Decoding myofibroblast origins in human kidney fibrosis. Nature

(in the press, 2020).

Der, E. et al. Tubular cell and keratinocyte single-cell transcriptomics applied to lupus
nephritis reveal type | IFN and fibrosis relevant pathways. Nat. Immunol. 20, 915-927
(2019).

Driskell, R. R. et al. Distinct fibroblast lineages determine dermal architecture in skin
development and repair. Nature 504, 277-281(2013).

Rinkevich, Y. et al. Skin fibrosis. Identification and isolation of a dermal lineage with
intrinsic fibrogenic potential. Science 348, aaa2151(2015).

Guerrero-Juarez, C. F. et al. Single-cell analysis reveals fibroblast heterogeneity and
myeloid-derived adipocyte progenitors in murine skin wounds. Nat. Commun. 10, 650
(2019).

Bergmeier, V. et al. Identification of a myofibroblast-specific expression signature in skin
wounds. Matrix Biol. 65, 59-74 (2018).

Correa-Gallegos, D. et al. Patch repair of deep wounds by mobilized fascia. Nature 576,
287-292 (2019).

This work identified a specialized subset of fibroblasts, fascia fibroblasts, which
gather the surrounding ECM and then rise to the surface of the skin after
wounding.

Shook, B. A. et al. Myofibroblast proliferation and heterogeneity are supported by
macrophages during skin repair. Science 362, eaar2971(2018).

Montero-Melendez, T. et al. Therapeutic senescence via GPCR activation in

synovial fibroblasts facilitates resolution of arthritis. Nat. Commun. 11, 745

(2020).

564 | Nature | Vol 587 | 26 November 2020

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

Schafer, M. J., Haak, A. J., Tschumperlin, D. J. & LeBrasseur, N. K. Targeting senescent cells
in fibrosis: pathology, paradox, and practical considerations. Curr. Rheumatol. Rep. 20, 3
(2018).

Amor, C. et al. Senolytic CAR T cells reverse senescence-associated pathologies. Nature
583, 127-132 (2020).

Hickson, L. J. et al. Senolytics decrease senescent cells in humans: preliminary report
from a clinical trial of Dasatinib plus Quercetin in individuals with diabetic kidney disease.
EBioMedicine 47, 446-456 (2019).

Schneider, R. K. et al. Gli1* mesenchymal stromal cells are a key driver of bone marrow
fibrosis and an important cellular therapeutic target. Cell Stem Cell 23, 308-309 (2018).
ELAgha, E. et al. Two-way conversion between lipogenic and myogenic fibroblastic
phenotypes marks the progression and resolution of lung fibrosis. Cell Stem Cell 20,
261-273 (2017).

Scott, R. W., Arostegui, M., Schweitzer, R., Rossi, F. M. V. & Underhill, T. M. Hic1 defines
quiescent mesenchymal progenitor subpopulations with distinct functions and fates in
skeletal muscle regeneration. Cell Stem Cell 25, 797-813 (2019).

Soliman, H. et al. Pathogenic potential of Hicl-expressing cardiac stromal progenitors.
Cell Stem Cell 26, 459-461(2020).

Mahmoudi, S. et al. Heterogeneity in old fibroblasts is linked to variability in
reprogramming and wound healing. Nature 574, 553-558 (2019).

Kisseleva, T. et al. Myofibroblasts revert to an inactive phenotype during regression of
liver fibrosis. Proc. Natl Acad. Sci. USA 109, 9448-9453 (2012).

Troeger, J. S. et al. Deactivation of hepatic stellate cells during liver fibrosis resolution in
mice. Gastroenterology 143, 1073-1083 (2012).

Wohlfahrt, T. et al. PU.1 controls fibroblast polarization and tissue fibrosis. Nature 566,
344-349 (2019).

Plikus, M. V. et al. Regeneration of fat cells from myofibroblasts during wound healing.
Science 355, 748-752 (2017).

Song, G. et al. Direct reprogramming of hepatic myofibroblasts into hepatocytes in vivo
attenuates liver fibrosis. Cell Stem Cell 18, 797-808 (2016).

Rezvani, M. et al. In vivo hepatic reprogramming of myofibroblasts with AAV vectors as a
therapeutic strategy for liver fibrosis. Cell Stem Cell 18, 809-816 (2016).

Aghajanian, H. et al. Targeting cardiac fibrosis with engineered T cells. Nature 573,
430-433 (2019).

Pereira, B. I. et al. Senescent cells evade immune clearance via HLA-E-mediated NK and
CD8' T cell inhibition. Nat. Commun. 10, 2387 (2019).

Pakshir, P. & Hinz, B. The big five in fibrosis: macrophages, myofibroblasts, matrix,
mechanics, and miscommunication. Matrix Biol. 68-69, 81-93 (2018).

Januszyk, M. et al. Mechanical offloading of incisional wounds is associated with
transcriptional downregulation of inflammatory pathways in a large animal model.
Organogenesis 10, 186-193 (2014).

Froese, A. R. et al. Stretch-induced activation of transforming growth factor-31in
pulmonary fibrosis. Am. J. Respir. Crit. Care Med. 194, 84-96 (2016).

Lindsey, M. L., lyer, R. P., Jung, M., DeLeon-Pennell, K. Y. & Ma, Y. Matrix metalloproteinases
as input and output signals for post-myocardial infarction remodeling. J. Mol. Cell.
Cardiol. 91, 134-140 (2016).

Craig, V. J., Zhang, L., Hagood, J. S. & Owen, C. A. Matrix metalloproteinases as
therapeutic targets for idiopathic pulmonary fibrosis. Am. J. Respir. Cell Mol. Biol. 53,
585-600 (2015).

Lundberg, E. & Borner, G. H. H. Spatial proteomics: a powerful discovery tool for cell
biology. Nat. Rev. Mol. Cell Biol. 20, 285-302 (2019).

Schwabe, R. F., Tabas, . & Pajvani, U. B. Mechanisms of fibrosis development in
nonalcoholic steatohepatitis. Gastroenterology 158, 1913-1928 (2020).

Xie, N. et al. Glycolytic reprogramming in myofibroblast differentiation and lung fibrosis.
Am. J. Respir. Crit. Care Med. 192, 1462-1474 (2015).

Faubert, B. et al. Lactate metabolism in human lung tumors. Cell 171, 358-371(2017).
Kottmann, R. M. et al. Lactic acid is elevated in idiopathic pulmonary fibrosis and induces
myofibroblast differentiation via pH-dependent activation of transforming growth
factor-. Am. J. Respir. Crit. Care Med. 186, 740-751(2012).

Liu, G. & Summer, R. Cellular metabolism in lung health and disease. Annu. Rev. Physiol.
81, 403-428 (2019).

Nigdelioglu, R. et al. Transforming growth factor (TGF)-3 promotes de novo serine
synthesis for collagen production. J. Biol. Chem. 291, 27239-27251(2016).

Park, S.Y., Le, C. T, Sung, K. Y., Choi, D. H. & Cho, E. H. Succinate induces hepatic
fibrogenesis by promoting activation, proliferation, and migration, and inhibiting
apoptosis of hepatic stellate cells. Biochem. Biophys. Res. Commun. 496, 673-678
(2018).

Lian, N. et al. Curcumin regulates cell fate and metabolism by inhibiting hedgehog
signaling in hepatic stellate cells. Lab. Invest. 95, 790-803 (2015).

Ding, H. et al. Inhibiting aerobic glycolysis suppresses renal interstitial fibroblast
activation and renal fibrosis. Am. J. Physiol. Renal Physiol. 313, F561-F575 (2017).

Wei, Q. et al. Glycolysis inhibitors suppress renal interstitial fibrosis via divergent effects
on fibroblasts and tubular cells. Am. J. Physiol. Renal Physiol. 316, F1162-F1172 (2019).
Ge, J. et al. Glutaminolysis promotes collagen translation and stability via
a-ketoglutarate-mediated mTOR activation and proline hydroxylation. Am. J. Respir. Cell
Mol. Biol. 58, 378-390 (2018).

Bai, L. et al. Glutaminolysis epigenetically regulates antiapoptotic gene expression in
idiopathic pulmonary fibrosis fibroblasts. Am. J. Respir. Cell Mol. Biol. 60, 49-57 (2019).
Cui, H. et al. Inhibition of glutaminase 1 attenuates experimental pulmonary fibrosis.
Am. J. Respir. Cell Mol. Biol. 61, 492-500 (2019).

Kang, H. M. et al. Defective fatty acid oxidation in renal tubular epithelial cells has a key
role in kidney fibrosis development. Nat. Med. 21, 37-46 (2015).

This study elegantly links abnormal fatty acid oxidation to fibrogenesis.

Luengo, A., Gui, D. Y. & Vander Heiden, M. G. Targeting metabolism for cancer therapy.
Cell Chem. Biol. 24,1161-1180 (2017).

Wynn, T. A. & Vannella, K. M. Macrophages in tissue repair, regeneration, and fibrosis.
Immunity 44, 450-462 (2016).


https://doi.org/10.1053/j.gastro.2020.05.046
https://doi.org/10.1053/j.gastro.2020.05.046

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.
93.

94.

95.

96.

97.

98.

99.

100.

101

102.

108.

104.

105.
106.

107.

108.

109.

10.

m.

12

13.

14.

15.

6.

n7.

Vannella, K. M. & Wynn, T. A. Mechanisms of organ injury and repair by macrophages.
Annu. Rev. Physiol. 79, 593-617 (2017).

Krenkel, O. & Tacke, F. Liver macrophages in tissue homeostasis and disease. Nat. Rev.
Immunol.17, 306-321(2017).

Chakarov, S. et al. Two distinct interstitial macrophage populations coexist across tissues
in specific subtissular niches. Science 363, eaau0964 (2019).

Guilliams, M., Thierry, G. R., Bonnardel, J. & Bajenoff, M. Establishment and maintenance
of the macrophage niche. Immunity 52, 434-451(2020).

Lavine, K. J. et al. Distinct macrophage lineages contribute to disparate patterns of
cardiac recovery and remodeling in the neonatal and adult heart. Proc. Natl Acad. Sci.
USA 1M, 16029-16034 (2014).

Duffield, J. S. et al. Selective depletion of macrophages reveals distinct, opposing roles
during liver injury and repair. J. Clin. Invest. 115, 56-65 (2005).

Borthwick, L. A. et al. Macrophages are critical to the maintenance of IL-13-dependent
lung inflammation and fibrosis. Mucosal Immunol. 9, 38-55 (2016).

Satoh, T. et al. Identification of an atypical monocyte and committed progenitor involved
in fibrosis. Nature 541, 96-101(2017).

Bajpai, G. et al. The human heart contains distinct macrophage subsets with divergent
origins and functions. Nat. Med. 24, 1234-1245 (2018).

Aran, D. et al. Reference-based analysis of lung single-cell sequencing reveals a
transitional profibrotic macrophage. Nat. Immunol. 20, 163-172 (2019).

Dick, S. A. et al. Self-renewing resident cardiac macrophages limit adverse remodeling
following myocardial infarction. Nat. Immunol. 20, 29-39 (2019).

Wang, J. & Kubes, P. A reservoir of mature cavity macrophages that can rapidly invade
visceral organs to affect tissue repair. Cell 165, 668-678 (2016).

Deniset, J. F. et al. Gata6" pericardial cavity macrophages relocate to the injured heart
and prevent cardiac fibrosis. Immunity 51, 131-140 (2019).

Adler, M. et al. Principles of cell circuits for tissue repair and fibrosis. iScience 23, 100841
(2020).

Henderson, N. C. et al. Galectin-3 expression and secretion links macrophages to the
promotion of renal fibrosis. Am. J. Pathol. 172, 288-298 (2008).

Zhou, X. et al. Circuit design features of a stable two-cell system. Cell 172, 744-757 (2018).
Lodyga, M. et al. Cadherin-11-mediated adhesion of macrophages to myofibroblasts
establishes a profibrotic niche of active TGF. Sci. Signal. 12, eaao3469 (2019).

Minutti, C. M. et al. A macrophage-pericyte axis directs tissue restoration via
amphiregulin-induced transforming growth factor beta activation. Immunity 50, 645-654
(2019).

Pakshir, P. et al. Dynamic fibroblast contractions attract remote macrophages in fibrillar
collagen matrix. Nat. Commun. 10, 1850 (2019).

Diebold, R. J. et al. Early-onset multifocal inflammation in the transforming growth factor
beta 1-null mouse is lymphocyte mediated. Proc. Natl Acad. Sci. USA 92, 12215-12219
(1995).

McEntee, C. P., Gunaltay, S. & Travis, M. A. Regulation of barrier immunity and
homeostasis by integrin-mediated transforming growth factor 8 activation. Immunology
160, 139-148 (2020).

Kelly, A. et al. Human monocytes and macrophages regulate immune tolerance via
integrin avB8-mediated TGF activation. J. Exp. Med. 215, 2725-2736 (2018).

Barczyk, M., Carracedo, S. & Gullberg, D. Integrins. Cell Tissue Res. 339, 269-280
(2010).

Hynes, R. O. Integrins: bidirectional, allosteric signaling machines. Cell 110, 673-687
(2002).

Robertson, I. B. & Rifkin, D. B. Regulation of the bioavailability of TGF( and TGF3-related
proteins. Cold Spring Harb. Perspect. Biol. 8, 2021907 (2016).

Reed, N. I. et al. The av1integrin plays a critical in vivo role in tissue fibrosis. Sci. Transl.
Med. 7, 288ra79 (2015).

Munger, J. S. et al. A mechanism for regulating pulmonary inflammation and fibrosis: the
integrin avB6 binds and activates latent TGF1. Cell 96, 319-328 (1999).

Wipff, P. J., Rifkin, D. B., Meister, J. J. & Hinz, B. Myofibroblast contraction activates latent
TGFPB1 from the extracellular matrix. J. Cell Biol. 179, 1311-1323 (2007).

Shi, M. et al. Latent TGFf structure and activation. Nature 474, 343-349 (2011).

Dong, X. et al. Force interacts with macromolecular structure in activation of TGF@.
Nature 542, 55-59 (2017).

Dong, X., Hudson, N. E., Lu, C. & Springer, T. A. Structural determinants of integrin
B-subunit specificity for latent TGFB. Nat. Struct. Mol. Biol. 21,1091-1096 (2014).
Campbell, M. G. et al. Cryo-EM reveals integrin-mediated TGF( activation without release
from latent TGFB. Cell 180, 490-501(2020).

Hahm, K. et al. av36 integrin regulates renal fibrosis and inflammation in Alport mouse.
Am. J. Pathol. 170, 110-125 (2007).

Wang, B. et al. Role of av36 integrin in acute biliary fibrosis. Hepatology 46, 1404-1412
(2007).

Peng, Z. W. et al. Integrin avf36 critically regulates hepatic progenitor cell function and
promotes ductular reaction, fibrosis, and tumorigenesis. Hepatology 63, 217-232
(2016).

Horan, G. S. et al. Partial inhibition of integrin av36 prevents pulmonary fibrosis without
exacerbating inflammation. Am. J. Respir. Crit. Care Med. 177, 56-65 (2008).

Puthawala, K. et al. Inhibition of integrin av36, an activator of latent transforming growth
factor-3, prevents radiation-induced lung fibrosis. Am. J. Respir. Crit. Care Med. 177,
82-90 (2008).

Araya, J. et al. Squamous metaplasia amplifies pathologic epithelial-mesenchymal
interactions in COPD patients. J. Clin. Invest. 117, 3551-3562 (2007).

Kitamura, H. et al. Mouse and human lung fibroblasts regulate dendritic cell trafficking,
airway inflammation, and fibrosis through integrin av38-mediated activation of TGFf3.

J. Clin. Invest. 121, 2863-2875 (2011).

Minagawa, S. et al. Selective targeting of TGF3 activation to treat fibroinflammatory
airway disease. Sci. Transl. Med. 6, 241ra79 (2014).

Henderson, N. C. et al. Targeting of av integrin identifies a core molecular pathway that
regulates fibrosis in several organs. Nat. Med. 19, 16171624 (2013).

8.

9.

120.

121

122.

1283.

124.

125.

126.

127.

128.

129.

130.

131

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151

152.

153.

154.

155.

Barron, L. & Wynn, T. A. Fibrosis is regulated by Th2 and Th17 responses and by dynamic
interactions between fibroblasts and macrophages. Am. J. Physiol. Gastrointest. Liver
Physiol. 300, G723-G728 (2011).

Park, M. J. et al. IL-1-IL-17 signaling axis contributes to fibrosis and inflammation in two
different murine models of systemic sclerosis. Front. Immunol. 9, 1611 (2018).

Wilson, M. S. et al. Bleomycin and IL-1B-mediated pulmonary fibrosis is IL-17A dependent.
J. Exp. Med. 207, 535-552 (2010).

Wang, B. Z. et al. Interleukin-17A antagonist attenuates radiation-induced lung injuries in
mice. Exp. Lung Res. 40, 77-85 (2014).

Meng, F. et al. Interleukin-17 signaling in inflammatory, Kupffer cells, and hepatic stellate
cells exacerbates liver fibrosis in mice. Gastroenterology 143, 765-776 (2012).

Sun, B. et al. Role of interleukin 17 in TGFB signaling-mediated renal interstitial fibrosis.
Cytokine 106, 80-88 (2018).

Feng, W. et al. IL-17 induces myocardial fibrosis and enhances RANKL/OPG and MMP/
TIMP signaling in isoproterenol-induced heart failure. Exp. Mol. Pathol. 87, 212-218
(2009).

Fabre, T. et al. Type 3 cytokines IL-17A and IL-22 drive TGFB-dependent liver fibrosis.

Sci. Immunol. 3, eaar7754 (2018).

Tan, Z. et al. IL-17A plays a critical role in the pathogenesis of liver fibrosis through hepatic
stellate cell activation. J. Immunol. 191, 1835-1844 (2013).

Zhang, S. et al. Neutralization of interleukin-17 attenuates cholestatic liver fibrosis in mice.
Scand. J. Immunol. 83,102-108 (2016).

Zhang, X. W. et al. Antagonism of interleukin-17A ameliorates experimental hepatic
fibrosis by restoring the IL-10/STAT3-suppressed autophagy in hepatocytes. Oncotarget
8,9922-9934 (2017).

Fabre, T., Kared, H., Friedman, S. L. & Shoukry, N. H. IL-17A enhances the expression of
profibrotic genes through upregulation of the TGFf3 receptor on hepatic stellate cellsina
JNK-dependent manner. J. Inmunol. 193, 3925-3933 (2014).

Oh, K. et al. Epithelial transglutaminase 2 is needed for T cell interleukin-17 production
and subsequent pulmonary inflammation and fibrosis in bleomycin-treated mice.

J. Exp. Med. 208, 1707-1719 (2011).

Wree, A. et al. NLRP3 inflammasome driven liver injury and fibrosis: roles of IL-17 and TNF
in mice. Hepatology 67, 736-749 (2018).

Gasse, P. et al. IL-1 and IL-23 mediate early IL-17A production in pulmonary inflammation
leading to late fibrosis. PLoS One 6, €23185 (2011).

Lemmers, A. et al. The interleukin-17 pathway is involved in human alcoholic liver disease.
Hepatology 49, 646-657 (2009).

Macek Jilkova, Z. et al. Progression of fibrosis in patients with chronic viral hepatitis is
associated with IL-17* neutrophils. Liver Int. 36, 1116-1124 (2016).

Yang, D. et al. Dysregulated lung commensal bacteria drive interleukin-17b production to
promote pulmonary fibrosis through their outer membrane vesicles. Immunity 50,
692-706 (2019).

Seki, E. et al. TLR4 enhances TGF signaling and hepatic fibrosis. Nat. Med. 13, 1324-1332
(2007).

de Kretser, D. M. et al. Serum activin A and B levels predict outcome in patients with acute
respiratory failure: a prospective cohort study. Crit. Care 17, R263 (2013).

Gieseck, R. L., lll, Wilson, M. S. & Wynn, T. A. Type 2 immunity in tissue repair and fibrosis.
Nat. Rev. Immunol. 18, 62-76 (2018).

Hams, E. et al. IL-25 and type 2 innate lymphoid cells induce pulmonary fibrosis. Proc.
Natl Acad. Sci. USA 111, 367-372 (2014).

Jessup, H. K. et al. Intradermal administration of thymic stromal lymphopoietin induces a
T cell- and eosinophil-dependent systemic Th2 inflammatory response. J. Immunol. 181,
4311-4319 (2008).

McHedlidze, T. et al. Interleukin-33-dependent innate lymphoid cells mediate hepatic
fibrosis. Immunity 39, 357-371 (2013).

Vannella, K. M. et al. Combinatorial targeting of TSLP, IL-25, and IL-33 in type 2
cytokine-driven inflammation and fibrosis. Sci. Transl. Med. 8, 337ra65 (2016).

Lee, C. G. et al. Interleukin-13 induces tissue fibrosis by selectively stimulating and
activating transforming growth factor ;. J. Exp. Med. 194, 809-821(2001).

Kaviratne, M. et al. IL-13 activates a mechanism of tissue fibrosis that is completely TGF3
independent. J. Immunol. 173, 4020-4029 (2004).

Gieseck, R. L. lll et al. Interleukin-13 activates distinct cellular pathways leading to
ductular reaction, steatosis, and fibrosis. Immunity 45, 145-158 (2016).

Hart, K. M. et al. Type 2 immunity is protective in metabolic disease but exacerbates
NAFLD collaboratively with TGF. Sci. Transl. Med. 9, eaal3694 (2017).

This study identified opposing roles for type 2 immunity in metabolic syndrome and
liver fibrosis in an experimental model of NASH.

Chiaramonte, M. G., Donaldson, D. D., Cheever, A. W. & Wynn, T. A. An IL-13 inhibitor
blocks the development of hepatic fibrosis during a T-helper type 2-dominated
inflammatory response. J. Clin. Invest. 104, 777-785 (1999).

Xue, J. et al. Alternatively activated macrophages promote pancreatic fibrosis in chronic
pancreatitis. Nat. Commun. 6, 7158 (2015).

Liu, L. et al. CD4* T lymphocytes, especially Th2 cells, contribute to the progress of renal
fibrosis. Am. J. Nephrol. 36, 386-396 (2012).

Chung, S. |. et al. IL-13 is a therapeutic target in radiation lung injury. Sci. Rep. 6, 39714
(2016).

Singh, B., Kasam, R. K., Sontake, V., Wynn, T. A. & Madala, S. K. Repetitive intradermal
bleomycin injections evoke T-helper cell 2 cytokine-driven pulmonary fibrosis. Am. J.
Physiol. Lung Cell. Mol. Physiol. 313, L796-L806 (2017).

Sciurba, J. C. et al. Fibroblast-specific integrin-alpha V differentially regulates type 17 and
type 2 driven inflammation and fibrosis. J. Pathol. 248, 16-29 (2019).

Wang, M. et al. Cross-talk between T2 and T;17 pathways in patients with chronic
rhinosinusitis with nasal polyps. J. Allergy Clin. Imnmunol. 144, 1254-1264 (2019).

Choy, D. F. et al. T;2 and T,17 inflammatory pathways are reciprocally regulated in
asthma. Sci. Transl. Med. 7, 301ra129 (2015).

Ramalingam, T. R. et al. Enhanced protection from fibrosis and inflammation in the
combined absence of IL-13 and IFN-y. J. Pathol. 239, 344-354 (2016).

Nature | Vol 587 | 26 November 2020 | 565



Review

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

7.

172.

173.

174.

175.

176.

177.

178.

179.

Tang, W. et al. Targeted expression of IL-11in the murine airway causes lymphocytic
inflammation, bronchial remodeling, and airways obstruction. J. Clin. Invest. 98,
2845-2853 (1996).

This paper identified autocrine IL-11-IL-11R signaling in fibroblasts as a key mechanism
driving cardiovascular fibrosis in response to a variety of stimuli.

Schafer, S. et al. IL-11is a crucial determinant of cardiovascular fibrosis. Nature 552,
110-115 (2017).

Ng, B. et al. Interleukin-11is a therapeutic target in idiopathic pulmonary fibrosis.

Sci. Transl. Med. 11, eaaw1237 (2019).

Abreu, M. T. et al. Mutations in NOD2 are associated with fibrostenosing disease in
patients with Crohn's disease. Gastroenterology 123, 679-688 (2002).

Rieder, F. et al. Association of the novel serologic anti-glycan antibodies anti-laminarin
and anti-chitin with complicated Crohn’s disease behavior. Inflamm. Bowel Dis. 16,
263-274 (2010).

Rieder, F. et al. Serum anti-glycan antibodies predict complicated Crohn’s disease
behavior: a cohort study. Inflamm. Bowel Dis. 16, 1367-1375 (2010).

Rieder, F., Kessler, S., Sans, M. & Fiocchi, C. Animal models of intestinal fibrosis: new tools
for the understanding of pathogenesis and therapy of human disease. Am. J. Physiol.
Gastrointest. Liver Physiol. 303, G786-G801(2012).

Moresco, E. M., LaVine, D. & Beutler, B. Toll-like receptors. Curr. Biol. 21, R488-R493
(2011).

Mansson, L. E. et al. MyD88 signaling promotes both mucosal homeostatic and fibrotic
responses during Salmonella-induced colitis. Am. J. Physiol. Gastrointest. Liver Physiol.
303, G311-G323 (2012).

Imai, J. et al. Flagellin-mediated activation of IL-33-ST2 signaling by a pathobiont
promotes intestinal fibrosis. Mucosal Immunol. 12, 632-643 (2019).

Jacob, N. et al. Inflammation-independent TL1A-mediated intestinal fibrosis is dependent
on the gut microbiome. Mucosal Immunol. 11, 1466-1476 (2018).

Otte, J. M., Rosenberg, |. M. & Podolsky, D. K. Intestinal myofibroblasts in innate immune
responses of the intestine. Gastroenterology 124, 1866-1878 (2003).

Zhao, S. et al. Selective deletion of MyD88 signaling in a-SMA positive cells ameliorates
experimental intestinal fibrosis via post-transcriptional regulation. Mucosal Immunol. 13,
665-678 (2020).

This study highlights a selective mechanism by which bacteria activate myofibroblasts
through flagellin.

Chan, C. C. et al. Prognostic value of plasma endotoxin levels in patients with cirrhosis.
Scand. J. Gastroenterol. 32, 942-946 (1997).

Seki, E. & Brenner, D. A. Toll-like receptors and adaptor molecules in liver disease: update.
Hepatology 48, 322-335 (2008).

Sun, L. et al. Lipopolysaccharide enhances TGF31 signalling pathway and rat pancreatic
fibrosis. J. Cell. Mol. Med. 22, 2346-2356 (2018).

Yang, L. et al. TRIF differentially regulates hepatic steatosis and inflammation/fibrosis in
mice. Cell. Mol. Gastroenterol. Hepatol. 3, 469-483 (2017).

Mazagova, M. et al. Commensal microbiota is hepatoprotective and prevents liver fibrosis
in mice. FASEB J. 29, 1043-1055 (2015).

Leaf, I. A. et al. Pericyte MyD88 and IRAK4 control inflammatory and fibrotic responses to
tissue injury. J. Clin. Invest. 127, 321-334 (2017).

Jialal, I., Major, A. M. & Devaraj, S. Global Toll-like receptor 4 knockout results in
decreased renal inflammation, fibrosis and podocytopathy. J. Diabetes Complications 28,
755-761(2014).

Liu, J. H. et al. A novel inhibitor of homodimerization targeting MyD88 ameliorates renal
interstitial fibrosis by counteracting TGFB1-induced EMT in vivo and in vitro. Kidney Blood
Press. Res. 43,1677-1687 (2018).

Stifano, G. et al. Chronic Toll-like receptor 4 stimulation in skin induces inflammation,
macrophage activation, transforming growth factor beta signature gene expression, and
fibrosis. Arthritis Res. Ther. 16, R136 (2014).

Liang, J. et al. Hyaluronan and TLR4 promote surfactant-protein-C-positive alveolar
progenitor cell renewal and prevent severe pulmonary fibrosis in mice. Nat. Med. 22,
1285-1293 (2016).

This work discovered an anti-fibrotic mechanism for hyaluronan in pulmonary fibrosis,
revealing a novel function for TLR4.

Pilling, D. et al. Reduction of bleomycin-induced pulmonary fibrosis by serum amyloid P.
J. Immunol. 179, 4035-4044 (2007).

566 | Nature | Vol 587 | 26 November 2020

180. Nakagawa, N. et al. Pentraxin-2 suppresses c-Jun/AP-1signaling to inhibit progressive
fibrotic disease. JCI Insight 1, 87446 (2016).

181. Rogliani, P., Calzetta, L., Cavalli, F., Matera, M. G. & Cazzola, M. Pirfenidone, nintedanib
and N-acetylcysteine for the treatment of idiopathic pulmonary fibrosis: a systematic
review and meta-analysis. Pulm. Pharmacol. Ther. 40, 95-103 (2016).

Cao, J. et al. Joint profiling of chromatin accessibility and gene expression in thousands
of single cells. Science 361, 1380-1385 (2018).

Peterson, V. M. et al. Multiplexed quantification of proteins and transcripts in single cells.
Nat. Biotechnol. 35, 936-939 (2017).

Stoeckius, M. et al. Simultaneous epitope and transcriptome measurement in single
cells. Nat. Methods 14, 865-868 (2017).

Rodriques, S. G. et al. Slide-seq: a scalable technology for measuring genome-wide
expression at high spatial resolution. Science 363, 1463-1467 (2019).

Vickovic, S. et al. High-definition spatial transcriptomics for in situ tissue profiling.

Nat. Methods 16, 987-990 (2019).

Eng, C. L. et al. Transcriptome-scale super-resolved imaging in tissues by RNA seqFISH+.
Nature 568, 235-239 (2019).

Stuart, T. et al. Comprehensive integration of single-cell data. Cell 177, 1888-1902 (2019).
Regev, A. et al. The Human Cell Atlas. eLife 6, e27041 (2017).

Dudley, J. T. et al. Computational repositioning of the anticonvulsant topiramate for
inflammatory bowel disease. Sci. Transl. Med. 3, 96ra76 (2011).

191. Torok, N. J., Dranoff, J. A., Schuppan, D. & Friedman, S. L. Strategies and endpoints of
antifibrotic drug trials: summary and recommendations from the AASLD Emerging Trends
Conference, Chicago, June 2014. Hepatology 62, 627-634 (2015).

Rieder, F. et al. An expert consensus to standardise definitions, diagnosis and treatment
targets for anti-fibrotic stricture therapies in Crohn’s disease. Aliment. Pharmacol. Ther.
48, 347-357 (2018).

Montesi, S. B., Désogeére, P., Fuchs, B. C. & Caravan, P. Molecular imaging of fibrosis:
recent advances and future directions. J. Clin. Invest. 129, 24-33 (2019).

Montesi, S. B. et al. Type | collagen-targeted positron emission tomography imaging in
idiopathic pulmonary fibrosis: first-in-human studies. Am. J. Respir. Crit. Care Med. 200,
258-261(2019).

182.
183.
184.
185.
186.
187.

188.
189.
190.

192.

193.

194.

Acknowledgements N.C.H. is supported by a Wellcome Trust Senior Research Fellowship in
Clinical Science (ref. 219542/7/19/Z), the Medical Research Council, a Chan Zuckerberg
Initiative Seed Network Grant, the British Heart Foundation and Tenovus Scotland. F.R. is
supported by grants from the National Institutes of Health (T32DK083251, P30DK097948 Pilot,
KO8DK110415 and RO1DK123233), the Crohn’s and Colitis Foundation, the Cleveland Clinic, the
Rainin Foundation and the Helmsley Charitable Trust through the Stenosis Therapy and
Anti-Fibrotic Research (STAR) Consortium.

Author contributions N.C.H., F.R. and T.A.W contributed equally to the writing and editing of all
aspects of this review.

Competing interests N.C.H. has received research funding from AbbVie, Pfizer, Gilead and
Galecto, and is an advisor or consultant for Galecto, Indalo Therapeutics, Pliant Therapeutics,
GSK and Boehringer-Ingelheim. F.R. is an advisor or consultant for AbbVie, Allergan, BMS,
Boehringer-Ingelheim, Celgene, Falk Pharma, Gilead, Genentech, Gossamer, GSK, Receptos,
Thetis, UCB, Samsung, Koutif, Pliant Therapeutics, Metacrine, Takeda, Theravance, Pfizer,
Agomab, Helmsley, RedX and Roche. T.AW. is employed by Pfizer.

Additional information

Supplementary information is available for this paper at https://doi.org/10.1038/s41586-020-
2938-9.

Correspondence and requests for materials should be addressed to TAW.

Peer review information Nature thanks Christopher Buckley and the other, anonymous,
reviewer(s) for their contribution to the peer review of this work.

Reprints and permissions information is available at http://www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

© Springer Nature Limited 2020


https://doi.org/10.1038/s41586-020-2938-9
https://doi.org/10.1038/s41586-020-2938-9
http://www.nature.com/reprints

	Fibrosis: from mechanisms to medicines

	Single-cell genomics of fibrosis

	Fibroblast heterogeneity and plasticity

	Functional fibroblast heterogeneity

	Fibroblast targeting and reprogramming

	The dynamic matrisome


	Metabolic regulation of mesenchymal cells

	Macrophage-mediated regulation of fibrosis

	Functional heterogeneity of monocytes and macrophages

	Macrophage and fibroblast cross-talk


	Integrin-mediated activation of TGFβ

	Cytokine-mediated regulation of fibrosis

	Contribution of the microbiome to fibrosis

	Future directions

	Online content

	Acknowledgements
	Fig. 1 Deconvolving fibrosis using multi-modal single-cell approaches.
	﻿Fig. 2 Functional heterogeneity and plasticity of fibroblasts.
	﻿Fig. 3 Metabolomic reprogramming of activated fibroblasts.
	﻿Fig. 4 Divergent cytokine pathways drive fibrosis.
	﻿Fig. 5 Challenges and solutions in the translation of antifibrotic mechanisms into drugs.




