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Fibroblasts sense and respond to contextual cues to support tissue structure
and function. In cancer, they engage a dysregulated wound-healing response

that profoundly shapes tumor composition and progression. Efforts to
therapeutically target these cancer-associated fibroblasts (CAFs) have

been complicated by their heterogeneity and plasticity. However, recent
advances, particularly in single-cell and spatial technologies, have greatly
improved the understanding of the phenotypic consequences of distinct
CAF states and functions. Here we review the current understanding of CAFs
as heterogeneous, instructive regulators of tumor microenvironments
across anatomic sites and highlight key challenges for the future.

Fibroblasts are ubiquitous stromal cells and serve as key regulators
of tissue architecture, extracellular matrix (ECM) composition and
homeostasis'?. In response to stress, inflammation and danger sig-
nals, fibroblasts become activated, undergoing transcriptional and
functional rewiring that contributes to tissue remodeling and disease
progression®™. In cancer, fibroblasts in these activated states are col-
lectively referred to as cancer-associated fibroblasts (CAFs)° 5.

Initially classified into two main subsets (inflammatory CAFs
(iCAFs) that expressinflammatory cytokines and interact withimmune
cellsand myofibroblastic CAFs (myCAFs) that express a-smooth mus-
cle actin (a-SMA) and modulate the ECM)®’, recent advances have
revealed a much broader spectrum of CAF phenotypes. Interactions
between CAFs and a wide variety of immune cell types, including
T cells'*?, macrophages™", myeloid-derived suppressor cells™¢,
dendritic cells""® and natural killer cells*°, were reported, and these
interactions were not limited to one subset of CAFs, nor were they
only pro-tumorigenic?. Animal models and lineage tracing studies
have also uncovered substantial heterogeneity in the cellular origins
of CAFs**? in the tumor microenvironment (TME) of multiple types
of cancer. These models have provided insights into how CAF identity
and function are shaped by developmental history, spatial localization
and environmental cues.

The phenotypic heterogeneity in the stroma is inflicted not by
genetic mutations and chromosomal aberrations® but by transcrip-
tional and epigenetic rewiring®, shaped by cues from the mutated can-
cer cells and from the TME, including cytokines, metabolic gradients,

mechanical stress and immune interactions. Consequently, the stromal
landscape is dynamic and plastic, changing with disease progression
and anatomic localization.

In this Review, we highlight recent insights into CAFs enabled by
single-cell and spatial transcriptomic technologies, as well as functional
datafrom lineage tracing and perturbation studies in mouse models.
We explore CAF heterogeneity across three interconnected levels:
their localization within distinct niches of the TME, their dynamic
phenotypic states and functional roles across the tumor ecosystem and
their adaptation to changesin the broader tumor macroenvironment
over time. Through this layered lens, we examine how these advances
arereshaping our understanding of CAF biology and informing emerg-
ing strategies to selectively target or reprogram CAFs for therapeutic
benefitin solid tumors.

CAFsindifferent tumor niches

Across carcinomas, tumors are spatially heterogeneous. As they grow
and progress, distinct niches emerge as environmental habitats within
the broader tumor ecosystem. These habitats are shaped by unique
combinations of cellular composition, nutrient availability, immune
infiltration and mechanical stress* .

Unlike cancer cells that display genetic heterogeneity?®, TME
cells, in particular CAFs, are largely genetically stable?. Instead, their
plasticity is governed by transcriptional and epigenetic programs
that respond to dynamic and spatially varied cues in the evolving
tumor ecosystem.
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A major challenge in studying CAF interactions within the TME
isthe absence of specific, uniform markers for the many CAF pheno-
types revealed by single-cell RNA-sequencing (scRNA-seq) studies.
Typically, CAF subsets are defined by combining negative selection
markers (for example, EPCAM and CD45) with broadly expressed
positive markers (for example, a-SMA and fibroblast activating pro-
tein (FAP)) and subset-specific genes (for example, ECM proteins
for myCAFs and cytokines for iCAFs). Although scRNA-seq helped
uncover CAF diversity, it lacks spatial resolution for direct interroga-
tion of cell-cellinteractions. To bridge this gap, ligand-receptor infer-
encetoolssuchas CellChat?’ and CELLphoneDB*° are used; however,
spatial validation remains essential. Until recently, most spatial meth-
ods were low-plex, limiting the ability to profile specific CAF subsets
and their interactions. Recent advances, including ultra-high-plex
platformssuch as Phenocycler®, MACSima*>, MERSCOPE* and Visium
HD*, now enable detailed, single-cell-level spatial maps. These tech-
nologies illuminate how distinct CAF subsets form, which cells they
engage with and the signaling circuits operating within specific tumor
niches (Table1).

Several recent studies undertook cross-organ harmonization of
CAF markers®*~? and integrated spatial methods to define where CAF
subsets reside within the TME. Although each paper usesits own taxo-
nomy, common marker sets and niche placements recur. Integrating
multiple tumors, organs and disease statesin human tissues also identi-
fies organ- or state-specific fibroblast/CAF subsets that may be missed
insingle-tumor analyses. Across cancers, four recurrent niches emerge:
(1) cancer cell-adjacent (Fig. 1a), (2) tumor periphery/perivascular
(Fig.1b), (3) tertiary lymphoid structures (TLSs) (Fig. 1c), and (4) peri-
neural (Fig.1d). Each nicheis occupied (and primarily defined) by char-
acteristic CAF programs and prominent ligand-receptor interactions.

(1) Cancercell-adjacent: myCAFs (ECM-secreting CAFs) were found
to be the most common CAF subtype immediately adjacent to
cancer cells across different cancer types******? and express col-
lagens (I/11/1V), TGF pathway components (TGFf3 and THBSI1)
and matrix metalloproteinases (MMP1and MMP11). This niche is
associated withimmune exclusion/suppression, reflected by M2-
like SPP1*macrophages®***and exhausted/suppressive T cells®**.
Reportedsignalingvaries,butrecurrentthemesincludegalectin-3/
galectin-9asT cellsuppressors***, CXCL12inimmune exclusion®
and TGF3/SPP1in macrophage M2-like activation. Enrichment of
this niche is consistently linked to worse prognosis and poor
immune checkpoint blockade response.

(2) Tumor periphery/perivascular: iCAFs appear predominantly at
thetumor periphery****, often adjacent to myeloid cells or endo-
thelial cells or near vascular structures. iCAF definitions are broad
but generally refer to CAF populations enriched for complement,
cytokine and chemokine expression, such as interleukin-6 (IL-6),
IL-11 and C3. Their spatial proximity to vessels aligns with roles
in angiogenesis, immune modulation and chemoattraction®*,
Their enrichment is both associated with prolonged survival and
poorsurvivaldepending on the specificsignaling®?**°. These pan-
cancer spatial analysis findings align with previous mechanistic
in vivo studies showing that iCAFs can directly induce expansion
ofregulatory T (T,,) cells***' and impede cytotoxic T cell activity*
via IL-6 secretion and indirectly lead to immunosuppression by
enhancing macrophage infiltration®, inducing a myeloid sup-
pressive cell phenotype** and more.

(3) TLSs: antigen-presenting CAFs (apCAFs) were historically diffi-
culttoresolve with conventional multipleximmunofluorescence
duetosignal overlap of major histocompatibility complex class I
with professional antigen-presenting cells. Lineage tracing® and
single-cell-resolution spatial multiomics*** analyses have ena-
bled more robust identification of this relatively small CAF sub-
population, its interactions and its niche. Several studies show

that enrichment of apCAFs colocalized with TLSs correlates with
bettersurvivalandresponsetoimmunecheckpointinhibitors**.
This response was shown to be mediated by induction of pro-
inflammatory cytokines in CD4"* T cells or macrophages that in
turn enhance cytotoxic T cell activation.

(4) Perineural niches: TME-neural interactions in non-central ner-
voussystemtumorsareanemergentresearcharea.Giventechnical
limitations,humanneuronsareoftenunderrepresentedinscRNA-
seq or spatial transcriptomics data, and most in-depth studies
areperformedinmice. Inexperimental mouse models, including
pancreatic ductal adenocarcinoma (PDAC), neurons are repro-
grammed by cancer cells to interact withimmune cells and CAFs,
and often the removal of cancer-associated neurons is beneficial
andimprovestreatmentresponse**~2, Cancercellsinduceincrea-
sed innervation by reprogramming of neurons within the tumor,
leading to neurofilament medium upregulation, which is associ-
ated with chronic tissue damage and axonal guidance®®. Retro-
grade tracing of tissue- or tumor-innervating neurons to their
respectiveganglia,followedbyscRNA-seqoftheseneurons,aswell
as of the innervated tissues, showed fibroblasts or CAFs as the
top inferred partner of neurons for heterocellular signaling.

Understanding the signaling circuits defining each tumor niche,
the specific cells that inhabit it and their consequences for thera-
peutic response lies at the core of CAF research and brings us closer
to leveraging CAFs and their associated signaling pathways in a
therapeutic setting.

CAF states and functions across the tumor
ecosystem

Withinand beyond these defined spatial niches, CAFs in primary TMEs
display heterogeneity intheir markers, origins and functions, but recur-
rent traits occur across tissue sites®>** (Fig. 2). Importantly, CAFs are
highly dynamic and capable of context-dependent interconversion
between cell states. For instance, ECM-remodeling myCAFs can be
converted into proinflammatory iCAFs and vice versa on the basis of
changing microenvironmental or niche factors®*°. Diverse CAF subsets
have varying nonoverlapping functions, such as likeimmunosuppres-
sionand ECM remodeling, and these functions are broadly categorized
astumor promoting or tumor restraining®°”**; however, the underlying
cause of CAF functional heterogeneity needs to be better character-
ized”. Inthis section, we discuss three framings of CAF heterogeneity,
as well as key determinants of heterogeneous CAF states at the level
of the primary TME.

Transcriptional CAF heterogeneity

A pioneering study in PDAC identified iCAFs and myCAFs as two tran-
scriptionally distinct CAF subtypes, as described earlier”*°. These sub-
types have since been robustly identified in other cancer types® **.
For instance, three transcriptionally distinct subtypes of CAFs were
identified in breast cancer® and termed steady-state-like, mecha-
noresponsive and immunomodulatory CAFs. Mechanoresponsive
andimmunomodulatory CAFs are similar to myCAFs and iCAFs, respec-
tively, whereas steady-state-like CAFs express universal fibroblast
markersPI16 and DPT®, suggesting that they may representaprogenitor-
like population of fibroblasts.

Several subsequently identified CAF transcriptional subtypes
suggest additional functions (Fig. 2a). In PDAC, one such transcrip-
tional subtype was found to express high levels of major histocom-
patibility complex (MHC) class Il genes (H2-Aa, H2AB1 and CD74) and
was thus termed apCAFs®’. apCAFs have been also identified in other
cancer types, including breast, lung and gastric cancer*****°, The
transcriptional profile of apCAFs was reflective of a mesothelial ori-
gin, atleastin PDAC*. Transcriptomic analysis of breast cancer tissue
froman MMTV-PyMT mouse model revealed the presence of aunique
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Table 1| Summary of CAF subtypes parsed by niches and drivers of heterogeneity

Tumor niche Ligand (sender cell) Receptor (target cell) Celltypesinvolved Functional Survival/outcome Source
consequence correlation
(1) Cancercell - COL1A1, COL4A1, FN1 Integrins (ITGA1, ITGB1, Tumor cell, myCAF  ECM remodeling, myCAFs (ECM rich) 33,36,38
adjacent (myCAF) ITGA2) on tumor cells tumor stiffness, correlate with worse
immune exclusion,  survival, immune
increased tumor exclusion
invasion
THBS1 CDA47 (tumor/immune) Tumor cells, Immune evasion Contributes to 133
immune cells by suppressing immunosuppression,
phagocytosis Worse prognosis
TGFB TGFBR1 Tumor cells, CAFs, EMT induction, Related to immune 33,38
(tumor, CAF, immune) immune myofibroblast exclusion, worse survival
differentiation,
immune evasion
FGF2 FGFR1 Endothelium, Angiogenesis, Proangiogenic, linked to 33
(endothelial tumor) tumor tumor proliferation ~ worse prognosis
(2) Periphery/ CXCL12 CXCR4, ACKR3 Immune cells, Myeloid and T iCAF gene signature 33,35,36
perivascular (iCAF) (immune, endothelial) endothelial cells cell recruitment, correlates with immuno-
immuno- suppression; paradoxically
suppression, some respond better
vessel maturation to immune checkpoint
blockade
IL-6, LIF, OSM IL-6R, LIFR Immune cells Drives macrophage  Predictive of immuno- 35
(immune cells) polarization, therapy response
immunosuppression  but promotes
immunosuppression
CSF1, IL-34 CSF1R (macrophages) Macrophages M2 macrophage M2 polarization linked to 35
polarization, tumor progression
immune evasion
LGALS1 PTPRC (CD45, T cells) T cells Induces T cell Immune evasion, worse 35!
exhaustion and prognosis
apoptosis
CCL2, CCL8 CCR2, CCR4 Teeg cells, Recruitment Immunosuppressive 36
(T4 cells, monocytes) monocytes of immuno- microenvironment
suppressive cells
ANXA1 FPR1 (neutrophils) Neutrophils Neutrophil Supports immuno- 33
recruitment, suppressive niche
vascular
remodeling
VEGFA, VEGFB, VEGFC FLT1, KDR, NRP1 Endothelial cells Angiogenesis Angiogenic CAFs linkedto 35,39
(endothelial) induction worse prognosis
FN1, laminins (LAMB1, Integrins ECM CAFs, ECM deposition ECM rich, linked with 35,38
LAMCI1), collagens (ITGAS6, ITGB1, ITGA1) endothelial cells stabilizes vessels immune evasion and
(COL1A1, COL6A1) and niches poor outcomes
ANGPTL4, ANGPT2 CDHS5, integrins Endothelial cells Controls vascular vCAFs contribute to tumor 38
permeability and progression
angiogenesis
JAG1 NOTCH1, NOTCH4 Endothelial cells Angiogenic Supports vascular niche 38
sprouting
regulation
(3) TLSs (apCAF) CCL19, CCL21 CCR7 (T cells, B cells) T cells, B cells Immune cell apCAF signature 33,39
recruitment and correlates with
TLS formation improved survival and
better immunotherapy
response
HLA-DR, CD74 CD4" T cell antigen CD4* T cells Antigen Promotes adaptive 33,36
receptor (helper T cells) presentation, Tcell  immunity
activation
JAG1 NOTCH2 (B cells) Bcells B cell support, Supports TLS function 33
plasma cell
homeostasis
LGALS9 CD47 (immune Tcells Immune inhibition Immunosuppressive 33
checkpoint) checkpoint molecule
expression
AXL IL-15RA (T cells) Tcells T cell survival and Supports TLS and 33
homeostasis adaptive immune
responses
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Table 1(continued) | Summary of CAF subtypes parsed by niches and drivers of heterogeneity

Tumor niche Ligand (sender cell) Receptor (target cell) Celltypesinvolved Functional Survival/outcome Source
consequence correlation
(4) Perineural IL-1a (Schwann cells) IL-1R1 (CAFs) Schwann cells, Induces iCAF Nerve-associated iCAFs 52
(neuron-CAF) niche CAFs phenotype potentiate tumor
progression
MDK (Schwann cells) ALK, LRP1 (tumor cells) Schwann cells, Promotes cancer Schwann cell proximity 52
tumor cells proliferation and predicts poor outcome
migration
CXCL5 (Schwann cells) CXCR2 (tumor cells) Schwann cells, Promotes EMT, Associated with 50
tumor cells invasion aggressiveness
CCL2 (Schwann cells) CCR2 (macrophages) Schwann cells, M2 macrophage Immunosuppression 50
macrophages polarization microenvironment
CXCL12 (Schwann cells) CXCR4 (immune cells) Schwann cells, M2 macrophage Pro-tumoral 50
immune cells polarization and immunosuppression
immunosuppression
IL-1B (monocytes) IL-1R1 (enteric glia) Monocytes, enteric  Drive enteric glia Modulates stromal- 49
glia to pro-tumorigenic  immune niche in colon
phenotype cancer
IL-6 (enteric glia) IL-6R (monocytes/ Enteric glia, Drives pro-tumor Supports 49
macrophages) monocytes macrophage tumor-promoting immune
differentiation niche
SLPI (tumor cells) Sensory nociceptor Tumor cells, Activates Promotes 51
neuron Sensory neurons nociceptors leading immunosuppression via
to neurogenic CGRP release
inflammation
CGRP (nociceptor RAMP1(CD8' T cells) Sensory neurons, Induces CD8" Tcell Enhances tumor growth 51
neurons) CD8' Tcells exhaustion and via immunosuppression

immune evasion

subpopulation of CAFs characterized by the expression of angiogenic
factors’®, which were termed vascular CAFs (vCAFs). This study also
identified three other CAF populations termed matrix CAFs (mCAFs),
cycling CAFs (cCAFs) and developmental CAFs, and all subsets except
cCAFs were found to be spatially and functionally distinct’®. vCAFs
and mCAFs were subsequently also identified in cervical squamous
cell carcinoma”’.

Complementary CAF subtypes have been identified with immu-
nomodulatory potential. Two recent studies documented CAFs in
breast and pancreatic cancer with senescence-associated gene signa-
tures, and these senescent CAFs functionally mediated immunosup-
pression in both organs but with tissue-specific impacts on immune
contexture’®’?, Other examples include metabolic CAFs (meCAFs)
and reticular-like CAFs (rCAFs). First identified in human PDAC tis-
sue as showing high expression of metabolism-related genes such as
PLA2G2A and CRABP2 (ref. 73), meCAFs were also found in colorectal
cancer and were linked to immunosuppressive functions’. rCAFs are
arare subset found in human breast cancer and express lymphoid
reticular fibroblast markers such as CCL21 and CCLI9 (ref. 37). Future
studies will hopefully elucidate the mechanistic drivers of these CAF
states and their functional importance in cancer.

Cell-of-origin-based CAF heterogeneity

Various cell types give rise to CAFs in response to tumor-derived cues
asestablished throughinvitro experiments, bone marrow transplanta-
tion, intravital imaging and fate mapping studies in mice”>””’, Line-
age tracing models are particularly valuable in this context. However,
important caveats of this method are the need for cell-type-restricted
markersto lineage trace specific cell populations and the challenge of
validating such findings in human cancer evolution.

Although other cell types have CAF-forming potential, perhaps
the most documented cellular origins for CAFs are tissue-resident
fibroblasts (TRFs)*”, mural cells such as pericytes®*”*””% and meso-
thelial cells**** (Fig. 2b). TRFs are mesenchymal cells with homeo-
static functions during quiescence and wound healing and repair

functions during injury and inflammation’®. In response to paracrine
cues from the tumor, TRFs are activated to form CAFs. Subpopula-
tions of resident fibroblastic cells can be found within the same tis-
sue, each with distinct CAF-forming potential per lineage tracing. For
example, both lipid-storing stellate cells and periductal fibroblasts
give rise to CAFs during formation of intrahepatic cholangiocarci-
noma, with notable differences in transcriptional profiles across cel-
lular origins®>#, Similarly, stellate cells and resident fibroblasts that
express GLI1 give rise to CAFs in PDAC*”°, unlike HOXB6-expressing
TRFs. This may indicate a noncanonical role for these fibroblasts in
wound healing and regeneration. Similarly, Cre-based lineage tracing
revealed that En1" dermal fibroblasts, unlike Enl” fibroblasts, are the
primary source of fibrosis inamodel of cutaneous melanoma®'. Other
mesoderm-derived cell types, such as endothelial cells®, mesenchymal
stem cells”*¥**and adipocytes®’, may give rise to CAFs viaactivation or
transdifferentiation. Some lineage-associated transcriptional profiles
and functions have been documented, such as for stellate cell-derived
CAFsinliver tumors®, and the extent to which distinct mesenchymal
origins translate to origin-specific versus shared CAF functions remains
under investigation.

Mural cells surrounding blood vessels, such as pericytes, and
mesothelial cells lining organs and body cavities also give rise to dis-
tinct populations of CAFs. Human PDGF-BB staining and lineage trac-
ing in NG2-CreERT2 mice showed that pericytes transdifferentiate
into CAFs in multiple cancer types”. Two recent studies described
tumor-associated pericytes as defined subpopulationsinthe TME, with
some transcriptional and functional features of CAFs**®>, A pan-cancer
scRNA-seq and spatial transcriptomics analysis identified two pop-
ulations of tumor-associated pericytes, inferred to originate from
FABP4-expressing pericyte progenitors across tissues. One of these
populations, fibrogenic pericytes, expressed ECM components and
remodeling enzymes, whereas the other, vascular pericytes, expressed
angiogenic factors and components of interleukin signaling®. An
independent study used computational and experimental approaches
across four cancer types (breast, pancreas, ovary and prostate) and
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Fig. 1| Defined CAF niches within heterogeneous TMEs. Within TMEs, recurrent heterocellular niches have been identified across organ sites, with consistent CAF
states found in these spatially defined niches. These include cancer cell-adjacent regions (a), tumor periphery or the perivascular space (b), TLSs (c) and perineural

niches (d).

found two conserved cancer-associated pericyte states with CAF-like
features. Theseincluded matriPer, associated with the matrisome and
wound-healing processes, and musclePer, enriched in contractility
pathways®. CAFs canalso originate from mesothelial cells, marked by
expression of genes such as Wt1and Msin. Lineage tracing mesothelial
cellsusing Wt1-CreERT2 in an orthotopic model of PDAC revealed that
they give rise to CAFs expressing CD74 and MHC class I, as well as
otherimmunomodulatory molecules®. Functionally, these MHC class
lI-expressing apCAFs promoted tumor growth by promoting T, cell
differentiation and animmunosuppressive TME. As apCAFs are found
in multiple tissue sites, mesothelial cells may play broad roles in CAF
biology or may be organ-specific contributors toimmunomodulatory
CAF populations. Indeed, mesothelial cells lining the peritoneal cavity
are thought to be major contributors to CAFsin peritoneal metastases®
and give rise to CAFs in primary ovarian cancer®, yet similarities and
differences among mesothelial cell-derived CAFs across organ sites
remain to beinvestigatedin depth.

In addition to these tissue-resident CAF sources, various bone
marrow transplantation studies in humans and mice have shown that
bone marrow-derived cells can migrate to different tumor sites and give
rise to CAFs™??, For instance, sex mismatched bone marrow trans-
plantationinindividual cases of invasive breast cancer, hepatocellular
carcinomaand squamous cell carcinomarevealed the presence of CAFs
with chimeric genetic material, indicative of recipient bone marrow
origin. These cells were found to have increased a-SMA expression”.
Similarly, allogenic bone marrow transplantation of green fluorescent
protein-positive (GFP") cells in KPC mice revealed that PDAC CAFs are
partially derived from bone marrow-derived hematopoietic cells and
promote invasion of cancer cells”.

Cellular marker-based heterogeneity

CAFs are most often categorized on the basis of marker expression,
although underlying functions associated with these markers may
shift with tumor progression or therapy. a-SMA-expressing CAFs are

broadly considered myCAFs’, associated with TGF signalingand ECM
remodeling, yet this category includes diverse subsets. For example,
leucine-rich repeat containing 15-positive (LRRC15") myCAFsregulate
immunosuppression and response toimmune checkpoint blockadein
PDAC!***, whereas epidermal growth factor receptor-positive (EGFR*)
myCAFs promote metastasisin PDAC®>and are also found inbreast and
lung cancer. FAP* CAFs represent another myCAF subset’ but have also
been classified as iCAFs across cancer types’*®, driving metastatic
spread and immunosuppression’®”, including via T cell suppression
in humanbreast cancer”™’. a-SMA is also expressed by pericytes, sug-
gesting a potential pericyte origin for some myCAFs”. In addition to
FAP expression, iCAF subsets can also be associated with the expres-
sion of lymphocyte antigen 6 complex locus C1 (ref. 69), IL-6 (ref. 67)
or clusterin (Clu)'°° depending on tissue context. MHC class Il molecules
at the surface of apCAFs reflect theirimmunomodulatory functions
inthe TME. Although not strictly aligned with aniCAF or apCAF identity,
a defined population of PDAC CAFs expresses the synaptic protein
NetG1 on the cell surface and promotes both immunosuppression
and the metabolic needs of neighboring PDAC cells'”". Although CAFs
are often defined in part by the lack of markers of other cellular com-
partments of the TME, some CAFs express markers of other meso-
derm lineages. For example, endoglin (CD105), typically associated
with endothelial cells, distinguishes two CAF populations in several
solid tumor types. In PDAC, CD105" CAFs were found to be tumor
supportive, whereas CD105 CAFs restrain PDAC growth through
adaptive immunity*.

Inaddition to cellular markers that define specific CAF subpopula-
tions, some pan-CAF markers are useful in cell sorting or validation of
fibroblast purity. However, there is some heterogeneity in the expres-
sion of these markers onthe basis of tumor type and context. For exam-
ple, podoplanin (PDPN) is generally considered a broad CAF marker,
and, although it does mark most CAFsin multiple cancer types® 9%,
it only marks certain subsets of CAFs in breast cancer and squamous
cell carcinoma. In breast cancer, iCAFs and myCAFs, but not apCAFs,
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Fig. 2| CAF heterogeneity in the primary TME. CAFs may be classified

by transcriptional state (a), cellular markers (b) and cell of origin (c).
Transcriptionally distinct CAFs include myCAFs, mCAFs, mechanoresponsive
CAFs (MR CAFs), steady-state-like CAFs (SSL CAFs), iCAFs, immunomodulatory
CAFs (IM CAFs), rCAFs, meCAFs, apCAFs, senescent CAFs (senCAFs),
developmental CAFs (dCAFs), vCAFs and cCAFs. CAFs express cellular markers

such as PDPN, PDGFRa, thymus cell antigen-1(CD90), FAP, endoglin (CD105),
EGFR, LRRC1S5, a-SMA, neprilysin (CD10), G-protein-coupled receptor 77 (GPR77),
MHC class I, lymphocyte antigen 6 complex locus C1 (Ly6C) and Clu. Cell types
that form CAFs are TRFs, stellate cells, pericytes, mesothelial cells, endothelial
cells, adipocytes, mesenchymal stem cells (MSCs) and bone marrow-derived
macrophages (BMDMs).

express PDPN, and PDPN expressionis linked with worse overall prog-
nosis®. PDPN marks the reticular subset of dermal fibroblasts linked
totumor invasionand epithelial-to-mesenchymal transition (EMT) in
squamous cell carcinoma'* and lymphatic endothelial cells in angio-
sarcomas'®. CD90, encoded by Thyl, is not fibroblast specific but
is pervasively expressed by CAFs in several tumor tissues, including
pancreas, breast and soft tissue sarcomas***'°¢, and may be useful
for CAF isolation across organsites. Similarly, platelet-derived growth
factor receptor-a (PDGFRa) is often used as a pan-CAF marker?>¢¢7%1%7,
butithasalsobeen cited as aniCAF marker® and is expressed by quies-
cent TRFsinvarious organs®®. Another such marker is SI00A4 or FSP1,
whichis expressed mostly by CAFs®’ but also by immune cells, healthy
fibroblasts and even certain cancer cells'®*™"°, Finally, single-cell fate
mapping work revealed that the universal fibroblast markers PI16 and
COL15A1, which are expressed by nearly all PDGFRa" fibroblasts in
healthy tissues isolated from different organs, show heterogeneous
levels of expression when fibroblasts transition to CAFs®®. However, it
isimportant tonote that this study assessed the transcriptional profiles
of fibroblasts and CAFs and thus cannot be compared to other studies
that measure protein expression. Overall, CAF heterogeneity based
on cellular markers is highly context dependent and variable but also
conserved across cancers, to a certain extent (Fig. 2c).

Drivers of CAF heterogeneity and plasticity

Although targeting specific tumor-supportive CAF functions may be a
productive route to stroma-targeted cancer therapies, to fully explore
the potential of targeting CAFs in cancer, one must understand the
mechanisms that drive CAF heterogeneity and plasticity (Table1).

Drivers of CAF plasticity in the immediate TME

Recent efforts have identified mutational status, subtype-specific
paracrine cues and metabolic states that program heterogeneous CAF
phenotypes and/or enable their plasticity in the dynamic TME. A link
between mutational status and CAF heterogeneity has been particularly
well-established in breast cancer, inwhich, compared to BRCA-wild-type
tumors, BRCA-mutant tumors harbor many fewer PDPN" CAFs, a CAF
populationidentified ina mouse model of triple-negative breast can-
cer to have putative immunosuppressive function®. In PDAC, BRCA
mutations in cancer cells were associated with an expansion of Clu*
iCAFs compared to the BRCA-wild-type context'°°. This was medi-
ated by activation of transcription factor heat shock factor 1 (HSF1)
inthe stroma of BRCA-mutant tumors. Given the pervasive stress and
HSF1-associated transcriptional signatures observed across human
cancers®, these results warrant further investigation into the link
between BRCA status and stromal heterogeneity. Subtypes or can-
cer cell states and mutational status have been further linked to CAF
states in PDAC. Several studies that incorporated preclinical models
and spatial analyses of clinical samples show a broad association of
the basal-like subtype of PDAC with myCAFs, which are often found
indirect proximity of basal-like PDAC cells, suggesting that these two
cell states may mutually regulate one another™"* PDAC specimens
alsorevealed alink between p53 status and CAF heterogeneity: CAF
states differ in the context of TP53-mutant (R172H in mice) versus
TP53-null somatic mutations in the epithelial compartment®', In the
TP53-mutant setting, CAFs take onatranscriptional profilerichin spe-
cificmatrix components, such as perlecan, which promote metastasis
and chemoresistance.
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Niche factors, including secreted molecules and nutrient levels,
intersect with genetic features to drive CAF heterogeneity and plas-
ticity. For example, TGFf signaling has been implicated in myCAF
programming whereasIL-1signaling drives iCAF states***°, and in vitro
studies revealed that cultured CAFs canreadily transition betweeniCAF
and myCAF states depending on TGF( and IL-1signaling intensity***°,
implicating signaling gradients as key regulators of CAF plasticity.
These same paracrine cues also program apCAF formation from a
mesothelial origin®, underscoring the relevance of both signaling
gradients and stromal lineage heterogeneity in establishing CAF com-
plexity. Studies of metabolic states of tumor tissues, which exhibit
clear heterogeneity across the microenvironments of solid tumors,
implicate nutrient and oxygen levels as major drivers of CAF plastic-
ity. Several studies have demonstrated a causal role for hypoxia and
downstream HIF-2a activity to the iCAF state*">, with hypoxic tumor
niches showing a greater proportion of iCAFs out of total CAFs than
relatively well-perfused regions. Furthermore, the combination of
glutamine deprivation and nutrient scavenging via macropinocyto-
sis enforces the myCAF state, while metabolic stress resulting from
macropinocytosis inhibition drives myCAF-to-iCAF transitions and
reduced immunosuppression'®. Finally, the oxidative stress response
is preferentially activated iniCAFs versus myCAFs and in the musclePer
versus matriPer subset of cancer-associated pericytes®’. These results
suggest that the metabolic heterogeneity across the TME may support
spatial heterogeneity in CAF subtypes and may enable CAF plasticity
as metabolite abundance changes during tumor evolution. Overall,
these established links from gradients of paracrine cues and metabo-
lites to CAF heterogeneity and plasticity provide a mechanistic basis
for intratumoral and intertumoral CAF heterogeneity within a given
anatomic site.

Drivers of CAF plasticity in the metastatic TME

Similar to the primary TME, distant metastatic organs also possess a
niche encompassing acomplexinterplay of various cell types'’, includ-
ing CAFs. CAFsin these metastatic niches have asimilar range of func-
tions as their primary tumor counterparts, promoting ECM remodeling,
inflammation, immunosuppression, angiogenesis, tumor proliferation,
migration and EMT phenotypes"®'?, Despite these similarities, it is
fairly well understood that within anindividual organism, CAFsin the
primary and metastatic microenvironments are functionally distinct'*.
These differences can be attributed to anatomic region-specific cell
of origin'® and exposure to various tumor-secreted cues"®'?', As dis-
cussed previously, different quiescent cell populations are capable of
forming CAFsineach organwithlineage-restricted functionsin tumor
progressi0n23,45,7b,77,89,90,126'

Additionally, during and after the metastatic cascade, tumors
secrete unique cues (distinct from those secreted in early tumor
stages) that drive the activation of CAFs and other nonmalignant
cells at the metastatic site, contributing to the divergent functions
of CAFs observed between primary and metastatic tumors'*'?, For
instance, CAFs from liver, bone, lung and skin metastases of individu-
als with breast cancer, termed mCAFs, were found to have a more
pro-tumorigenic effect on triple-negative breast cancer cell lines than
CAFs isolated from primary tumor sites"®. mCAFs were also found
to promote breast cancer growth and metastasis when coimplanted
with MDA-MB-436 cells in the mammary fat pad of nude mice com-
pared to CAFs isolated from primary tumor sites"®. Another study
that explored the differencesin CAFs from primary breast cancer and
brain metastases found that metastatic site CAFs produced higher
amounts of CXCL12 and CXCL16 than primary tumor CAFs, which
resulted in more potent tumor cell migration'?, Similarly, CAFs in
colorectal cancer liver metastases promote increased angiogen-
esis compared to their counterparts in primary colorectal cancer
through upregulation of ECM-remodeling genes'’. A recent study
that explored the primary PDAC TME and liver-metastatic TME found

increased expression of genes associated with inflammation, angi-
ogenesis, metabolism and ECM signaling in liver-metastatic CAFs
compared to primary PDAC CAFs, resultingin animmunosuppressive
metastatic microenvironment'°,

Furthermore, thereis growing evidence that CAF precursorsatthe
metastatic site can be exposed to systemic cues such as extracellular
vesicles from the tumor before dissemination from the primary site,
driving the formation of atumor-permissive, premetastatic niche'*"',
Exosomes derived fromalung-trophicbreast cancer cell line are taken
up by fibroblasts in the lung, promoting premetastatic niche forma-
tion'”’. Likewise, ITGBL-1-rich extracellular vesicles derived from pri-
mary colorectal tumorsincrease the expression of pro-tumor factors
suchasIL-6, TGF and CXCL12in CAFsinliver and lung metastaticsites
compared tonormal extracellular vesicle-treated mice, indicatingarole
in establishing a premetastatic niche' (Table 1). In addition to affect-
ing CAFs at distant metastatic sites, secreted factors from primary or
disseminated tumor cells can also affect the host as a whole',

Finally, thereis some evidence suggesting that CAFs can circulate
systemically, indicating that CAFs from the primary site may dissemi-
nate and metastasize with cancer cells”°"*%, One study engrafted red
fluorescent protein® (RFP*) lung adenocarcinoma cells subcutane-
ously into mice with GFP* skin and found metastatic colonies in the
lung containing both GFP and RFP expression'. Furthermore, usinga
microfilter capture process, FAP-and a-SMA-coexpressing CAFs have
beenidentified in the peripheral blood of individuals with metastatic
breast cancer™. This marks an added source of CAF heterogeneity in
the metastatic microenvironment.

Systemic drivers of CAF heterogeneity and plasticity

In addition to tumor-derived cues, both primary and metastatic, it is
increasingly clear that systemic features of the host, such as aging,
obesity and cancer-associated cachexia, profoundly influence fibro-
blast behavior both before and during tumor progression. In aged
hosts, fibroblasts exhibit hallmarks of cellular senescence, including
increased SASP activity, altered ECM production and chronic inflam-
mation. In melanoma, aged dermal fibroblasts have been shown to
promote tumor progression via secretion of sFRP2, which reduces
melanoma cell differentiation and enhances resistance to oxidative
stress™. In PDAC, aged fibroblasts secrete different factors than young
fibroblasts, including increased growth/differentiation factor 15, which
promotes cancer™*. Finally, two recent studies identified a subset of
senescent myCAFsinmouse models and inthe clinic, which limit natural
killer cell cytotoxicity and promote immunosuppressive macrophage
functionsinturndriving tumor growthinbreast cancer and PDAC**”2,

Similarly, obesity alters the metabolic and inflammatory landscape
ofthe host, influencing both resident fibroblasts and the evolving CAF
population. Histopathological analysis of breast tissue from women
with obesity versus women who are lean revealed an enrichment in
myofibroblasts and stiffness-promoting ECM components even in
cancer-free tissue, and mouse models showed that these myofibro-
blasts most likely arise from adipose stem cells'®. In a different study,
ahigh-fatdietled to the transition of colonic mesenchymal stem cells
into CAFs, which displayed increased energy metabolism and pro-
moted tumorigenic properties in colon organoids™®.

In the setting of cancer-associated cachexia, particularly in
PDAC, colon cancer and hepatocellular carcinoma, CAFs have been
proposed to act as both local effectors and systemic amplifiers of
catabolic signaling. CAFs contribute to the cachectic phenotype by
enhancing ECM production, leading to fibrosis and desmoplasia, and
bysecreting IL-6 and other cytokines that act both locally and on distant
tissues, including skeletal muscle and adipose depots, perpetuating
systemic wasting'”.

Overall, various factors regulate CAF heterogeneity between pri-
mary and metastatic microenvironments, and, although the primary
TMEs of many cancers are extensively studied, more emphasis must
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Fig. 3 | Fibroblast interactions that promote resistance to anticancer
therapies. Across multiple tumor types, including breast, lung and pancreatic
tumors, fibroblasts functionally interact with cancer cells and theimmune
microenvironment to impact adaptation and resistance to therapy. Relevant
mechanismsinclude paracrine activation of the therapy-targeted pathway

and may be active in the untreated CAF state or acquired during the evolving
response to therapy; R, resistance; ICB, immune checkpoint blockade; RIT,
radioimmunotherapy; TKI, tyrosine kinase inhibitor; EGFRi, EGFR inhibitor;
KRASi, KRAS inhibitor; HH, Hedgehog; MEKi, MEK inhibitor; PI3Ki, PI3K inhibitor.

be given to studies that assess the metastatic microenvironment or
compare primary and metastatic sites. Leveraging single-cell and
spatial transcriptomic and proteomic technologies to characterize
various metastatic microenvironments and systemic or host-driven
processes is important to further our understanding of late-stage
disease and therapy.

CAFs and therapy
Inthis section, we will discuss the influence of CAFs on therapy response
and resistance and their targeting.

Roles and responses of CAFs under therapy

Innate and acquired drug resistance present major barriers to success-
ful treatment of individuals with cancer. After much focus on cancer
cell-autonomous mechanisms of therapy resistance, a series of dis-
coveries over the last 15 years has implicated CAFs as key mediators
of resistance to anticancer therapies (Fig. 3). Although relevant CAF
populations and molecular mechanisms vary across tumor sites and
therapeutic modalities, the links between CAF function and therapy
resistance generally relate to their evolutionarily conserved roles in
wound healing, mediated by production of secreted factors that pro-
mote epithelial cellgrowth or suppression ofimmune responses. Pio-
neering work demonstrated a critical role for mechanisms only found
invivo in resistance to anticancer therapy®®, but the cellular media-
torslong remained unknown. Coculture experiments later implicated
breast CAFsinresistance of cancer cells to tamoxifen™’, together with
paracrineinduction of MEK and AKT signaling and increased resistance
to MEK and PI3K inhibitors. Soon after, experiments in lung cancer
xenografts implicated hepatocyte growth factor (HGF)-producing
CAFs in resistance to tyrosine kinase inhibitors, specifically EGFR

inhibitors™°. These studies motivated efforts to incorporate stromal

cells in drug screening. Two such screening efforts, which combined
diverse sources of fibroblasts with cancer cell lines from multiple tissue
sites, illustrated broad CAF-induced chemoresistance in cancer cells
from solid tumors and hematologic malignancies*'*>. Chemoresist-
anceis associated with secretion of HGF and with paracrine induction
of gene signatures associated with poor outcomes, including RAS,
AKT, NF-kB and HIF-1a signatures. More recently, in triple-negative
breast cancer, production of Hedgehog ligands by cancer cells pro-
moted achemoresistant niche driven by CAF production of collagens
and growth factors such as FGF5, motivating aclinical trial that tested
combination treatment with docetaxel chemotherapy and inhibition
of the Hedgehog/Smoothened pathway'*. Similarly, analysis of CAF
signatures amongindividuals with non-small cell lung cancer revealed
astrong association between targeted therapy resistance and a CAF
subtype that expresses high levels of HGF and FGF7 (ref. 144). These
studies fostered further efforts to understand mechanisms by which
CAFs modulate innate and acquired resistance to cancer treatments,
as potential targets for combination therapy.

Accumulating evidence shows that CAFs change in response
to radiation therapy and in turn promote radiotherapy resistance.
For example, radiotherapy induces the expression of PAI-1 by cancer
cells and subsequent changes in the CAF secretome that limit the
abscopal effect, a clinically desirable but rare effect involving tumor
shrinkage beyond the irradiated field'. In human PDAC, comparing
treatment-naive tumorsto those receiving neoadjuvant chemotherapy
and radiotherapy uncovered treatment-enriched CAF signatures,
including therapy-induced IL-6 expression by CAFs that function-
ally promoted chemoresistance in ex vivo CAF-tumoroid coculture
studies™***, These spatial transcriptomic analyses further identified
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pervasive changes in ligand-receptor pairs in response to treat-
ment, potentially implicating diverse mechanisms of tumor-stroma
cross-talk in adaptation and resistance to therapy.

Defined CAF subtypes have also been implicated in resist-
ance to cytotoxic chemotherapy. CAFs expressing CD10 and
G-protein-coupled receptor 77 promoted chemoresistance in cocul-
ture and patient-derived xenograft studies by the secretion of factors,
including IL-6 and IL-8, that promoted a cancer stem cell-like niche,
leading to poor prognosis for individuals with chemoresistant breast
and lung cancers'®. This CAF state was driven by complement and
NF-kB signaling, pointing to potential targets for combination therapy.
Anindependentstudy in breast cancer identified a TSPAN8-expressing
senescence-like CAF subset that secretes IL-6 and IL-8 to promote chem-
oresistance and correlateswith chemoresistance and poor prognosis'®.
These CAF populations may be present in some tumors before treat-
ment or may represent an adaptive population that arises or expands
during the course of treatment resistance.

CAFs and CAF subtypes function via defined, secreted factors
to promote resistance to targeted therapies across anatomic sites.
Although hormone-sensitive prostate cancer harbors a substantial pop-
ulation of iCAFs, androgen deprivation therapy induces a switch from
iCAFs to SPP1-expressing myCAFs"°. This stromal phenotype switching
fostersresistance to anti-androgens via paracrine SPP1-ERK signaling,
illustrating a specific feature of tumor-stroma coevolutionimplicated
in treatment resistance. In PDAC, mechanosignaling downstream of
FAK leads to the production of FGF1 and paracrine hyperactivation
of RAS-MAPK signaling in cancer cells, promoting resistance to both
cytotoxic and MAPK pathway-targeted therapies™"*2. Combination
treatment with chemotherapy and inhibitors of FAK and MAPK signal-
ing led to tumor regressions and prolonged survival in PDAC mouse
models. A role for CAFsin acquired resistance to the suite of recently
available KRAS inhibitors warrants investigation, particularly in light of
evidencein preclinical models that specific CAF-derived factors such
as NRGI can stimulate survival pathways that enable bypass of KRAS
signaling™. These studies linking CAF state markers to mechanistic
mediators of treatment resistance highlight specific opportunities to
test combination therapeutic strategies and motivate similar studies
in other tumor types.

Consistent with theirimmunosuppressive roles in inflammation
and cancer, activated fibroblasts also limit efficacy of immunothera-
pies. This occurs via cross-talk to both cancer cells and neighbor-
ing immune cells. TGF promotes immunosuppression in multiple
solid tumors, and dual inhibition of TGF and PD-1 or PD-L1 showed
anti-tumor responses superior to those of single-agent treatment in
preclinical models of several solid tumors, including lung, colorectal
and ovarian cancer>**'°°, However, translating these results to the
clinic successfully remains a challenge. With that said, the consistent
association between TGFf3 signaling and resistance toimmunotherapy,
aswellas the anatomically conserved emergence of interferon-licensed
and potentially immunomodulatory CAF states in response to TGF[3
inhibition'*°, motivates further mechanistic study to identify addi-
tional, functionally relevant targets. For example, arecent clinical trial
testingimmune checkpointblockadeinindividuals with clear cell renal
cell carcinoma identified the TGFf-driven myCAF state associated
with primary resistance to immunotherapy'®’. These myCAFs also
strongly correlated with mesenchymal-like cancer cells, suggesting
arole for these myCAFs in the epithelial-to-mesenchymal cancer cell
state gradientassociated withimmunotherapy resistance. Consistent
with this notion, defined clusters of FAP* CAFs characterized by ECM
signatures and TGF[ signaling associate withimmunotherapy resist-
ance in human breast cancer'**,

Inaddition to these adaptive mechanisms, CAFs have the potential
torestrictimmunotherapy efficacy from the start, potentially by spa-
tial restriction of T cells from cancer cell-adjacent regions. Single-cell
and spatial transcriptomics of treatment-naive basal cell carcinoma

samples from the clinicidentified a peritumoral niche harboring CAFs
with anactivin Asignature associated with local exclusion of T cellsand
resistance to immune checkpoint blockade'®. IL-17-secreting CAFsin
the skin also restrict T cell infiltration into the TME and resistance to
anti-PD-L1treatment’®*. Furthermore, a TGFB-dependent CAF popula-
tion marked by LRRC15 associated with T cell exclusion and immune
checkpoint blockade resistance across tumor sites, and its targeting
fostered immunotherapy efficacy in mouse PDAC'***, Suggesting this
can be harnessed pharmacologically, treatment of mouse PDAC with
combined inhibition of MEK and STAT3 reprogrammed CAFs from the
LRRC15" myCAF state to a less differentiated phenotype'®. This CAF
plasticity is associated with macrophage remodeling, as well as with
potent anti-tumor responses to PD-1blockade.

Importantly, CAFs may promote adaptive resistance to cancer
therapies not only via CAF-intrinsic mechanisms but also by promot-
ing plasticity among neighboring cancer cells, as was inferred from a
recent study of human small cell lung cancer'®®. Similar results were
observed from alarge-scale screening effort wherein CAFs promoted
plasticity and chemoprotectionamong patient-derived organoids from
colorectal cancer specimens'®. Increasing attention to the dynamics
ofthe TME during the course of therapy may yield new treatments that
restrict plasticity of both tumor and stroma.

Targeting CAFs

The genomic similarity between CAFs and normal fibroblasts and their
remarkable heterogeneity and plasticity make selective targeting dif-
ficult without inducing toxicity. Early efforts to broadly deplete CAFs
have proven unsuccessful**'*°, More nuanced approaches have shown
greater promise (targeting IL-6 in xSMA" CAFs but not in FAP* CAFs
improved gemcitabine efficacy”, and adding recombinant PEGPH20A
to degrade hyaluronic acid in the ECM improved treatment response
to anti-PD-1and FAK inhibitor combination in PDAC mouse models”?).
These findings suggest that selective targeting of pathogenic CAF sub-
sets may offer a more effective path toward stromal-directed cancer
treatment. Such selectivity could be guided by distinct functional
roles (for example, ECM production), unique surface markers (for
example, LRRCI15 (ref. 53)) or spatial localization (for example, CAFs
restricted to metastatic sites). Specificity may also be achieved through
rational combination therapies, such as pairing PARP inhibitors for
BRCA-mutated cancer cells with compounds targeting iCAFs, which
have been associated with BRCA-mutated tumors'®,

Alongside the quest for specificity, defining broad markers across
organs could expand the therapeutic repertoire. As highlighted in this
Review, many CAF subsets, markers and functions are conserved across
tumor types and anatomical sites. Therefore, targeting pan-cancer
CAF populations represents a promising strategy for developing more
widely applicable, stroma-directed cancer therapies.

Concluding remarks

Powered by single-cell and spatial technologies, alongside sophisti-
cated mouse models and three-dimensional culture systems, our under-
standing of CAF heterogeneity has greatly expanded. Although much of
the earlier work focused on CAFs within primary tumors, revealing their
diverse states, functions and interactions, these tools have broadened
our view to include the tumor macroenvironment and the systemic
factors that shape both primary and metastatic TMEs.

Recent advances in spatial profiling technologies have unlocked
newinsightsinto theinvivo organization of CAFs and their interactions
with neighboring cells. To mechanistically dissect these interactions
and screenfor waysto perturb them, itisimportantto develop sophis-
ticated and tractable in vitro models, including coculture systems,
organoids and engineered microenvironments that can faithfully
recapitulate the spatial, mechanical and immunological complexity
of the native TME. These three-dimensional models are particularly
promising for studying how distinct CAF populations interact with
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other tumor components and could serve as powerful tools for func-
tional analysis and drug screening. This is not a trivial task; the genomic
stability, low proliferative capacity and plasticity of CAFs make them
challenging to study in vitro.

This Review has focused mainly on carcinomas, with some ref-
erence to melanoma, in which CAFs are well studied. However, the
principles of fibroblast biology extend beyond epithelial tumors. In
sarcomas, fibroblast-like mesenchymal cells are the malignant com-
partment, blurring the line between stromaand cancer'”’. Meanwhile, in
hematologic malignancies such aslymphomas and leukemias, stromal
fibroblastsinlymphoid organs and bone marrow contribute substan-
tially to tumor survival,immune evasion and therapeutic resistance'’>.
These contexts underscore the broader relevance of fibroblast plastic-
ity and highlight the need to study CAF-like populations across diverse
tumor ecosystems.

Understanding CAF heterogeneity was crucial; identifying unify-
ing principles and functional archetypes is essential to translate find-
ingsinto clinically actionable strategies. Aswe move toward integrating
high-resolution spatial datawith functional models and systemic con-
text, the fieldis well positioned to translate foundational insights into
strategies that selectively modulate CAF function. Doing so will require
both nuanced understanding of CAF diversity and a focus on shared,
targetable features that transcend tumor type or anatomical location.

References

1. Zou, A.E., Kongthong, S., Mueller, A. A. & Brenner, M. B. Fibroblasts
in immune responses, inflammatory diseases and therapeutic
implications. Nat. Rev. Rheumatol. 21, 336-354 (2025).

2. Tomasek, J. J., Gabbiani, G., Hinz, B., Chaponnier, C. & Brown, R. A.
Myofibroblasts and mechano-regulation of connective tissue
remodelling. Nat. Rev. Mol. Cell Biol. 3, 349-363 (2002).

3. Buechler, M. B. & Turley, S. J. A short field guide to fibroblast
function in immunity. Semin. Immunol. 35, 48-58 (2018).

4. Smillie, C. S. et al. Intra- and inter-cellular rewiring of the human
colon during ulcerative colitis. Cell 178, 714-730 (2019).

5. Farbehi, N. et al. Single-cell expression profiling reveals dynamic
flux of cardiac stromal, vascular and immune cells in health and
injury. eLife 8, 43882 (2019).

6. Sahai, E. et al. A framework for advancing our understanding
of cancer-associated fibroblasts. Nat. Rev. Cancer 20, 174-186
(2020).

7. Hanahan, D. & Coussens, L. M. Accessories to the crime: functions
of cells recruited to the tumor microenvironment. Cancer Cell 21,
309-322 (2012).

8. Kalluri, R. The biology and function of fibroblasts in cancer.

Nat. Rev. Cancer 16, 582-598 (2016).

9. Ohlund, D. et al. Distinct populations of inflammatory fibroblasts
and myofibroblasts in pancreatic cancer. J. Exp. Med. 214,
579-596 (2017).

10. Krishnamurty, A. T. et al. LRRC15" myofibroblasts dictate the
stromal setpoint to suppress tumour immunity. Nature 611,
148-154 (2022).

1. Lakins, M. A., Ghorani, E., Munir, H., Martins, C. P. & Shields, J. D.
Cancer-associated fibroblasts induce antigen-specific deletion of
CD8' T cells to protect tumour cells. Nat. Commun. 9, 948 (2018).

12. Mariathasan, S. et al. TGF[3 attenuates tumour response to PD-L1
blockade by contributing to exclusion of T cells. Nature 554,
544-548 (2018).

13. Chen, S. et al. Cancer-associated fibroblast-induced M2-polarized
macrophages promote hepatocellular carcinoma progression via
the plasminogen activator inhibitor-1 pathway. Int. J. Oncol. 59, 59
(2021).

14. Mayer, S. et al. The tumor microenvironment shows a hierarchy of
cell-cell interactions dominated by fibroblasts. Nat. Commun. 14,
5810 (2023).

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Ershaid, N. et al. NLRP3 inflammasome in fibroblasts links tissue
damage with inflammation in breast cancer progression and
metastasis. Nat. Commun. 10, 4375 (2019).

Xiang, H. et al. Cancer-associated fibroblasts promote
immunosuppression by inducing ROS-generating monocytic
MDSCs in lung squamous cell carcinoma. Cancer Immunol. Res.
8, 436-450 (2020).

Walch-Rlckheim, B. et al. Cervical cancer-instructed stromal
fibroblasts enhance IL-23 expression in dendritic cells to support
expansion of T,17 cells. Cancer Res. 79, 1573-1586 (2019).
Weculek, S. K. et al. Dendritic cells in cancer immunology and
immunotherapy. Nat. Rev. Immunol. 20, 7-24 (2020).
Ben-Shmuel, A. et al. Cancer-associated fibroblasts serve as
decoys to suppress NK cell anticancer cytotoxicity in breast
cancer. Cancer Discov. 15, 1247-1269 (2025).

Ye, J. et al. Senescent CAFs mediate immunosuppression and
drive breast cancer progression. Cancer Discov. 14,1302-1323
(2024).

Arpinati, L. & Scherz-Shouval, R. From gatekeepers to providers:
regulation of immune functions by cancer-associated fibroblasts.
Trends Cancer 9, 421-443 (2023).

Hutton, C. et al. Single-cell analysis defines a pancreatic
fibroblast lineage that supports anti-tumor immunity. Cancer Cell
39, 1227-1244 (2021).

Helms, E. J. et al. Mesenchymal lineage heterogeneity underlies
nonredundant functions of pancreatic cancer-associated
fibroblasts. Cancer Discov. 12, 484-501(2022).

Qiu, W. et al. No evidence of clonal somatic genetic alterations
in cancer-associated fibroblasts from human breast and ovarian
carcinomas. Nat. Genet. 40, 650-655 (2008).

Gavish, A. et al. Hallmarks of transcriptional intratumour
heterogeneity across a thousand tumours. Nature 618, 598-606
(2023).

Black, J. R. M. & McGranahan, N. Genetic and non-genetic clonal
diversity in cancer evolution. Nat. Rev. Cancer 21, 379-392
(2021).

Li, Z., Seehawer, M. & Polyak, K. Untangling the web of
intratumour heterogeneity. Nat. Cell Biol. 24, 1192-1201(2022).
McGranahan, N. & Swanton, C. Clonal heterogeneity and tumor
evolution: past, present, and the future. Cell 168, 613-628 (2017).
Jin, S. et al. Inference and analysis of cell-cell communication
using CellChat. Nat. Commun. 12,1088 (2021).

Troulé, K. et al. CellPhoneDB v5: inferring cell-cell
communication from single-cell multiomics data. Nat. Protoc. 20,
3412-3440 (2025).

Surwase, S. S. et al. Highly multiplexed immunofluorescence
PhenoCycler panel for murine formalin-fixed paraffin-embedded
tissues yields insight into tumor microenvironment
immunoengineering. Lab. Invest. 105, 102165 (2025).

Agorku, D. J., Bosio, A., Alves, F., Strobel, P. & Hardt, O. Colorectal
cancer-associated fibroblasts inhibit effector T cells via NECTIN2
signaling. Cancer Lett. 595, 216985 (2024).

Liu, Y. et al. Conserved spatial subtypes and cellular
neighborhoods of cancer-associated fibroblasts revealed by
single-cell spatial multi-omics. Cancer Cell 43, 905-924

(2025).

Oliveira, M. F. et al. High-definition spatial transcriptomic profiling
of immune cell populations in colorectal cancer. Nat. Genet. 57,
1512-1523 (2025).

Ma, C. et al. Pan-cancer spatially resolved single-cell analysis
reveals the crosstalk between cancer-associated fibroblasts and
tumor microenvironment. Mol. Cancer 22,170 (2023).

Gao, Y. et al. Cross-tissue human fibroblast atlas reveals
myofibroblast subtypes with distinct roles in immune modulation.
Cancer Cell 42,1764-1783 (2024).

Nature Cancer


http://www.nature.com/natcancer

Review article

https://doi.org/10.1038/s43018-026-01146-x

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Cords, L. et al. Cancer-associated fibroblast classification in
single-cell and spatial proteomics data. Nat. Commun. 14, 4294
(2023).

Du, Y. et al. Integration of pan-cancer single-cell and spatial
transcriptomics reveals stromal cell features and therapeutic
targets in tumor microenvironment. Cancer Res. 84,192-210
(2024).

Jenkins, B. H. et al. Single cell and spatial analysis of immune-hot
and immune-cold tumours identifies fibroblast subtypes
associated with distinct immunological niches and positive
immunotherapy response. Mol. Cancer 24, 3 (2025).

Kato, T. et al. Cancer-associated fibroblasts affect intratumoral
CD8" and FoxP3* T cells via IL-6 in the tumor microenvironment.
Clin. Cancer Res. 24, 4820-4833 (2018).

Hu, G. et al. An IL-6-adenosine positive feedback loop between
CD73" y&Tregs and CAFs promotes tumor progression in human
breast cancer. Cancer Immunol. Res. 8, 1273-1286 (2020).
Kitamura, F. et al. Cancer-associated fibroblasts reuse
cancer-derived lactate to maintain a fibrotic and
immunosuppressive microenvironment in pancreatic cancer. JC/
Insight 8, 163022 (2023).

Erez, N., Truitt, M., Olson, P., Arron, S. T. & Hanahan, D.
Cancer-associated fibroblasts are activated in incipient
neoplasia to orchestrate tumor-promoting inflammation in an
NF-kB-dependent manner. Cancer Cell 17, 135-147 (2010).

Cao, M. et al. PPY-induced iCAFs cultivate an immunosuppressive
microenvironment in pancreatic cancer. Adv. Sci. 12, €2413432
(2025).

Huang, H. et al. Mesothelial cell-derived antigen-presenting
cancer-associated fibroblasts induce expansion of regulatory

T cells in pancreatic cancer. Cancer Cell 40, 656-673 (2022).
Song, J. et al. Antigen-presenting cancer associated fibroblasts
enhance antitumor immunity and predict immunotherapy
response. Nat. Commun. 16, 2175 (2025).

Chen, X. et al. Single-cell resolution spatial analysis of
antigen-presenting cancer-associated fibroblast niches. Cancer
Cell 43, 2224-2240 (2025).

Thiel, V. et al. Characterization of single neurons reprogrammed
by pancreatic cancer. Nature 640, 1042-1051 (2025).

van Baarle, L. et al. IL-1R signaling drives enteric glia-macrophage
interactions in colorectal cancer. Nat. Commun. 15, 6079 (2024).
Zhou, Y., Li, J., Han, B., Zhong, R. & Zhong, H. Schwann cells
promote lung cancer proliferation by promoting the M2
polarization of macrophages. Cell. Immunol. 357, 104211 (2020).
Balood, M. et al. Nociceptor neurons affect cancer
immunosurveillance. Nature 611, 405-412 (2022).

Xue, M. et al. Schwann cells regulate tumor cells and
cancer-associated fibroblasts in the pancreatic ductal
adenocarcinoma microenvironment. Nat. Commun. 14, 3742
(2023).

Dominguez, C. X. et al. Single-cell RNA sequencing reveals
stromal evolution into LRRC15" myofibroblasts as a determinant
of patient response to cancer immunotherapy. Cancer Discov. 10,
232-253 (2020).

Carpenter, E. S. et al. Analysis of donor pancreata defines

the transcriptomic signature and microenvironment of early
neoplastic lesions. Cancer Discov. 13, 1324-1345 (2023).

Hosein, A. N. et al. Cellular heterogeneity during mouse
pancreatic ductal adenocarcinoma progression at single-cell
resolution. JCI Insight 5, 129212 (2019).

Chhabra, Y. & Weeraratna, A. T. Fibroblasts in cancer: unity in
heterogeneity. Cell 186, 1580-1609 (2023).

Helms, E., Onate, M. K. & Sherman, M. H. Fibroblast heterogeneity
in the pancreatic tumor microenvironment. Cancer Discov. 10,
648-656 (2020).

58.

50.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

77.

78.

Neuzillet, C. et al. Inter- and intra-tumoural heterogeneity in
cancer-associated fibroblasts of human pancreatic ductal
adenocarcinoma. J. Pathol. 248, 51-65 (2019).

Carpenter, E. S. et al. Pancreatic cancer-associated fibroblasts:
where do we go from here? Cancer Res. 84, 3505-3508

(2024).

Biffi, G. et al. IL1-induced JAK/STAT signaling is antagonized

by TGF[ to shape CAF heterogeneity in pancreatic ductal
adenocarcinoma. Cancer Discov. 9, 282-301 (2019).

Izar, B. et al. A single-cell landscape of high-grade serous ovarian
cancer. Nat. Med. 26, 1271-1279 (2020).

Zhang, M. et al. Single-cell transcriptomic architecture

and intercellular crosstalk of human intrahepatic
cholangiocarcinoma. J. Hepatol. 73, 1118-1130 (2020).

Sebastian, A. et al. Single-cell transcriptomic analysis of
tumor-derived fibroblasts and normal tissue-resident fibroblasts
reveals fibroblast heterogeneity in breast cancer. Cancers 12,
1307 (2020).

Yang, W., Zhang, S., Li, T., Zhou, Z. & Pan, J. Single-cell analysis
reveals that cancer-associated fibroblasts stimulate oral
squamous cell carcinoma invasion via the TGF-3/Smad pathway.
Acta Biochim. Biophys. 55, 262-273 (2022).

Foster, D. S. et al. Multiomic analysis reveals conservation of
cancer-associated fibroblast phenotypes across species and
tissue of origin. Cancer Cell 40, 1392-1406 (2022).

Buechler, M. B. et al. Cross-tissue organization of the fibroblast
lineage. Nature 593, 575-579 (2021).

Elyada, E. et al. Cross-species single-cell analysis of

pancreatic ductal adenocarcinoma reveals antigen-presenting
cancer-associated fibroblasts. Cancer Discov. 9, 1102-1123 (2019).
Kerdidani, D. et al. Lung tumor MHCIl immunity depends on in situ
antigen presentation by fibroblasts. J. Exp. Med. 219, e20210815.
(2022).

Friedman, G. et al. Cancer-associated fibroblast compositions
change with breast cancer progression linking the ratio of
S100A4" and PDPN* CAFs to clinical outcome. Nat. Cancer 1,
692-708 (2020).

Bartoschek, M. et al. Spatially and functionally distinct subclasses
of breast cancer-associated fibroblasts revealed by single cell
RNA sequencing. Nat. Commun. 9, 5150 (2018).

Liu, C. et al. Single-cell dissection of cellular and molecular
features underlying human cervical squamous cell carcinoma
initiation and progression. Sci. Adv. 9, eadd8977 (2023).

Belle, J. I. et al. Senescence defines a distinct subset of
myofibroblasts that orchestrates immunosuppression in
pancreatic cancer. Cancer Discov. 14, 1324-1355 (2024).

Wang, Y. et al. Single-cell analysis of pancreatic ductal
adenocarcinoma identifies a novel fibroblast subtype associated
with poor prognosis but better immunotherapy response. Cell
Discov. 7, 36 (2021).

Wu, C. et al. Metabolic-suppressed cancer-associated fibroblasts
limit the immune environment and survival in colorectal cancer
with liver metastasis. Front. Pharmacol. 14, 1212420 (2023).
Iwamoto, C. et al. Bone marrow-derived macrophages converted
into cancer-associated fibroblast-like cells promote pancreatic
cancer progression. Cancer Lett. 512, 15-27 (2021).

Weber, C. E. et al. Osteopontin mediates an MZF1-
TGF-B1-dependent transformation of mesenchymal stem cells
into cancer-associated fibroblasts in breast cancer. Oncogene 34,
4821-4833 (2015).

Hosaka, K. et al. Pericyte-fibroblast transition promotes tumor
growth and metastasis. Proc. Natl Acad. Sci. USA 113, E5618-
E5627 (2016).

Biffi, G. & Tuveson, D. A. Diversity and biology of
cancer-associated fibroblasts. Physiol. Rev. 101, 147-176 (2021).

Nature Cancer


http://www.nature.com/natcancer

Review article

https://doi.org/10.1038/s43018-026-01146-x

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

80.

90.

91.

92.

93.

94.

95.

96.

97.

Garcia, P. E. et al. Differential contribution of pancreatic fibroblast
subsets to the pancreatic cancer stroma. Cell. Mol. Gastroenterol.
Hepatol. 10, 581-599 (2020).

Affo, S. et al. Promotion of cholangiocarcinoma growth by diverse
cancer-associated fibroblast subpopulations. Cancer Cell 39,
866-882 (2021).

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

Wang, S.-S. et al. Periductal fibroblasts participate in liver
homeostasis, fibrosis, and tumorigenesis. J. Exp. Med. 222,
20232123 (2025).

Lior, C. et al. Mapping the tumor stress network reveals dynamic
shifts in the stromal oxidative stress response. Cell Rep. 43,
114236 (2024).

Sandoval, P. et al. Carcinoma-associated fibroblasts derive from
mesothelial cells via mesothelial-to-mesenchymal transition in
peritoneal metastasis. J. Pathol. 231, 517-531(2013).
Tomero-Sanz, H. et al. Detection of carcinoma-associated
fibroblasts derived from mesothelial cells via
mesothelial-to-mesenchymal transition in primary ovarian
carcinomas. Cancers 16, 2697 (2024).

Zeisberg, E. M., Potenta, S., Xie, L., Zeisberg, M. & Kalluri, R.
Discovery of endothelial to mesenchymal transition as a source
for carcinoma-associated fibroblasts. Cancer Res. 67,
10123-10128 (2007).

Saito, K. et al. Stromal mesenchymal stem cells facilitate
pancreatic cancer progression by regulating specific secretory
molecules through mutual cellular interaction. J. Cancer 9,
2916-2929 (2018).

Barcellos-de-Souza, P. et al. Mesenchymal stem cells are
recruited and activated into carcinoma-associated fibroblasts by
prostate cancer microenvironment-derived TGF-f31. Stem Cells
34, 2536-2547 (2016).

Bochet, L. et al. Adipocyte-derived fibroblasts promote tumor
progression and contribute to the desmoplastic reaction in breast
cancer. Cancer Res. 73, 5657-5668 (2013).

Kurashige, M. et al. Origin of cancer-associated fibroblasts

and tumor-associated macrophages in humans after sex-
mismatched bone marrow transplantation. Commun. Biol. 1, 131
(2018).

Worthley, D. L. et al. Human gastrointestinal neoplasia-
associated myofibroblasts can develop from bone
marrow-derived cells following allogeneic stem cell
transplantation. Stem Cells 27, 1463-1468 (2009).

Mucciolo, G. et al. EGFR-activated myofibroblasts promote
metastasis of pancreatic cancer. Cancer Cell 42,101-118

(2024).

Lee, H. O. et al. FAP-overexpressing fibroblasts produce an
extracellular matrix that enhances invasive velocity and
directionality of pancreatic cancer cells. BMC Cancer 11, 245
(20M).

Cumming, J. et al. Dissecting FAP" cell diversity in pancreatic
cancer uncovers an interferon-response subtype of
cancer-associated fibroblasts with tumor-restraining properties.
Cancer Res. 85, 2388-2411(2025).

Croizer, H. et al. Deciphering the spatial landscape and plasticity
of immunosuppressive fibroblasts in breast cancer. Nat. Commun.
15, 2806 (2024).

Xiao, Z. et al. Desmoplastic stroma restricts T cell extravasation
and mediates immune exclusion and immunosuppression in solid
tumors. Nat. Commun. 14, 5110 (2023).

Yang, X. et al. FAP promotes immunosuppression by
cancer-associated fibroblasts in the tumor microenvironment via
STAT3-CCL2 signaling. Cancer Res. 76, 4124-4135 (2016).

98. Cremasco, V. et al. FAP delineates heterogeneous and
functionally divergent stromal cells in immune-excluded breast
tumors. Cancer Immunol. Res. 6, 1472-1485 (2018).

99. Costa, A. et al. Fibroblast heterogeneity and immunosuppressive
environment in human breast cancer. Cancer Cell 33, 463-479
(2018).

100. Shaashua, L. et al. BRCA mutational status shapes the stromal
microenvironment of pancreatic cancer linking clusterin
expression in cancer associated fibroblasts with HSF1 signaling.
Nat. Commun. 13, 6513 (2022).

101. Francescone, R. et al. Netrin G1 promotes pancreatic
tumorigenesis through cancer-associated fibroblast-driven
nutritional support and immunosuppression. Cancer Discov. 11,
446-479 (2021).

102. Han, C., Liu, T. & Yin, R. Biomarkers for cancer-associated
fibroblasts. Biomark. Res. 8, 64 (2020).

103. Tsukamoto, S. et al. Podoplanin expression in early-stage
colorectal cancer-associated fibroblasts and its utility as a
diagnostic marker for colorectal lesions. Cells 13, 1682
(2024).

104. Hogervorst, M., Rietveld, M., de Gruijl, F. & El Ghalbzouri, A. A
shift from papillary to reticular fibroblasts enables tumour-stroma
interaction and invasion. Br. J. Cancer 118, 1089-1097 (2018).

105. Breiteneder-Geleff, S. et al. Podoplanin—a specific marker for
lymphatic endothelium expressed in angiosarcoma. Verh. Dtsch.
Ges. Pathol. 83, 270-275 (1999).

106. Broz, M. T. et al. Metabolic targeting of cancer associated
fibroblasts overcomes T-cell exclusion and chemoresistance in
soft-tissue sarcomas. Nat. Commun. 15, 2498 (2024).

107. Han, L. et al. The splanchnic mesenchyme is the tissue of origin
for pancreatic fibroblasts during homeostasis and tumorigenesis.
Nat. Commun. 14,1 (2023).

108. Paulsson, J. et al. Prognostic significance of stromal
platelet-derived growth factor (3-receptor expression in human
breast cancer. Am. J. Pathol. 175, 334-341(2009).

109. Micke, P. & Ostman, A. Tumour-stroma interaction:
cancer-associated fibroblasts as novel targets in anti-cancer
therapy? Lung Cancer 45, S163-5175 (2004).

10. McAndrews, K. M. et al. Identification of functional heterogeneity
of carcinoma-associated fibroblasts with distinct IL-6-mediated
therapy resistance in pancreatic cancer. Cancer Discov. 12,
1580-1597 (2022).

1M1. Pei, G. et al. Spatial mapping of transcriptomic plasticity in
metastatic pancreatic cancer. Nature 642, 212-221(2025).

12. Veghini, L. et al. Differential activity of MAPK signalling defines
fibroblast subtypes in pancreatic cancer. Nat. Commun. 15, 10534
(2024).

113. Vennin, C. et al. CAF hierarchy driven by pancreatic cancer
cell p53-status creates a pro-metastatic and chemoresistant
environment via perlecan. Nat. Commun. 10, 3637
(2019).

14. Schworer, S. et al. Hypoxia potentiates the inflammatory
fibroblast phenotype promoted by pancreatic cancer cell-derived
cytokines. Cancer Res. 83, 1596-1610 (2023).

15. Garcia Garcia, C. J. et al. Stromal HIF2 regulates immune
suppression in the pancreatic cancer microenvironment.
Gastroenterology 162, 2018-2031(2022).

116. Zhang, Y. et al. Macropinocytosis maintains CAF subtype identity
under metabolic stress in pancreatic cancer. Cancer Cell 43,
1677-1696 (2025).

17. Erez, N. Location, location: understanding the metastatic
microenvironment. Mol. Oncol. 17, 1695-1698 (2023).

118. Gui, Y. et al. Metastatic breast carcinoma-associated fibroblasts
have enhanced protumorigenic properties related to increased
IGF2 expression. Clin. Cancer Res. 25, 7229-7242 (2019).

Nature Cancer


http://www.nature.com/natcancer

Review article

https://doi.org/10.1038/s43018-026-01146-x

9.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Shen, Y. et al. Reduction of liver metastasis stiffness improves
response to bevacizumab in metastatic colorectal cancer. Cancer
Cell 37, 800-817 (2020).

Steele, N. G. et al. Primary and metastatic cellular landscapes in
human pancreatic cancer. iScience 28, 113012 (2025).

Castano, Z. et al. Stromal EGF and IGF-I together modulate
plasticity of disseminated triple-negative breast tumors. Cancer
Discov. 3, 922-935 (2013).

Ji, Q. et al. Primary tumors release ITGBL1-rich extracellular
vesicles to promote distal metastatic tumor growth through
fibroblast-niche formation. Nat. Commun. 11, 1211 (2020).

Chung, B. et al. Human brain metastatic stroma attracts breast
cancer cells via chemokines CXCL16 and CXCL12. npj Breast
Cancer 3, 6 (2017).

Cheng, P. S. W., Zaccaria, M. & Biffi, G. Functional heterogeneity of
fibroblasts in primary tumors and metastases. Trends Cancer 11,
135-153 (2025).

Raz, Y. et al. Bone marrow-derived fibroblasts are a functionally
distinct stromal cell population in breast cancer. J. Exp. Med. 215,
3075-3093 (2018).

Mederacke, I. et al. Fate tracing reveals hepatic stellate cells

as dominant contributors to liver fibrosis independent of its
aetiology. Nat. Commun. 4, 2823 (2013).

Wang, Z. et al. Metastasis-associated fibroblasts: an emerging
target for metastatic cancer. Biomark. Res. 9, 47 (2021).

de Visser, K. E. & Joyce, J. A. The evolving tumor
microenvironment: from cancer initiation to metastatic
outgrowth. Cancer Cell M1, 374-403 (2023).

Hoshino, A. et al. Tumour exosome integrins determine
organotropic metastasis. Nature 527, 329-335 (2015).

Ao, Z. et al. Identification of cancer-associated fibroblasts in
circulating blood from patients with metastatic breast cancer.
Cancer Res. 75, 4681-4687 (2015).

Wintzell, M., Hjerpe, E., Avall Lundqvist, E. & Shoshan, M. Protein
markers of cancer-associated fibroblasts and tumor-initiating
cells reveal subpopulations in freshly isolated ovarian cancer
ascites. BMC Cancer 12, 359 (2012).

Duda, D. G. et al. Malignant cells facilitate lung metastasis by
bringing their own soil. Proc. Natl Acad. Sci. USA 107, 21677-21682
(2010).

Kaur, A. et al. Corrigendum: sFRP2 in the aged microenvironment
drives melanoma metastasis and therapy resistance. Nature 537,
254 (2016).

Zabransky, D. J. et al. Fibroblasts in the aged pancreas drive
pancreatic cancer progression. Cancer Res. 84, 1221-1236
(2024).

Seo, B. R. et al. Obesity-dependent changes in interstitial ECM
mechanics promote breast tumorigenesis. Sci. Transl. Med. 7,
301ra130 (2015).

Kim, T.-Y. et al. A high-fat diet activates the BAs-FXR axis and
triggers cancer-associated fibroblast properties in the colon. Cell.
Mol. Gastroenterol. Hepatol. 13, 1141-1159 (2022).

Chen, G. et al. Bridging the tumor microenvironment: the

pivotal role of cancer-associated fibroblasts in tumor cachexia
development. Mol. Cancer 24,194 (2025).

Teicher, B. A. et al. Tumor resistance to alkylating agents
conferred by mechanisms operative only in vivo. Science 247,
1457-1461(1990).

Shekhar, M. P. V., Santner, S., Carolin, K. A. & Tait, L. Direct
involvement of breast tumor fibroblasts in the modulation

of tamoxifen sensitivity. Am. J. Pathol. 170, 1546-1560

(2007).

Wang, W. et al. Crosstalk to stromal fibroblasts induces resistance
of lung cancer to epidermal growth factor receptor tyrosine
kinase inhibitors. Clin. Cancer Res. 15, 6630-6638 (2009).

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

McMillin, D. W. et al. Tumor cell-specific bioluminescence
platform to identify stroma-induced changes to anticancer drug
activity. Nat. Med. 16, 483-489 (2010).

Straussman, R. et al. Tumour micro-environment elicits innate
resistance to RAF inhibitors through HGF secretion. Nature 487,
500-504 (2012).

Cazet, A. S. et al. Targeting stromal remodeling and cancer stem
cell plasticity overcomes chemoresistance in triple negative
breast cancer. Nat. Commun. 9, 2897 (2018).

Hu, H. et al. Three subtypes of lung cancer fibroblasts define
distinct therapeutic paradigms. Cancer Cell 39, 1531-1547 (2021).
Zhang, Y.-P. et al. PAI-1-driven SFRP2"" cancer-associated
fibroblasts hijack the abscopal effect of radioimmunotherapy.
Cancer Cell 43, 856-874 (2025).

Hwang, W. L. et al. Single-nucleus and spatial transcriptome profiling
of pancreatic cancer identifies multicellular dynamics associated
with neoadjuvant treatment. Nat. Genet. 54, 1178-1191 (2022).
Shiau, C. et al. Spatially resolved analysis of pancreatic

cancer identifies therapy-associated remodeling of the tumor
microenvironment. Nat. Genet. 56, 2466-2478 (2024).

Su, S. et al. CD10*GPR77* cancer-associated fibroblasts promote
cancer formation and chemoresistance by sustaining cancer
stemness. Cell 172, 841-856 (2018).

Fan, G. et al. TSPAN8* myofibroblastic cancer-associated
fibroblasts promote chemoresistance in patients with breast
cancer. Sci. Transl. Med. 16, eadj5705 (2024).

Wang, H. et al. Antiandrogen treatment induces stromal cell
reprogramming to promote castration resistance in prostate
cancer. Cancer Cell 41,1345-1362 (2023).

Liu, X. et al. Stromal reprogramming overcomes resistance to
RAS-MAPK inhibition to improve pancreas cancer responses to
cytotoxic and immune therapy. Sci. Transl. Med. 16, eado2402
(2024).

Bhattacharyya, S. et al. Acidic fibroblast growth factor underlies
microenvironmental regulation of MYC in pancreatic cancer. J.
Exp. Med. 217, €20191805 (2020).

Han, J. et al. Stromal-derived NRG1 enables oncogenic KRAS
bypass in pancreas cancer. Genes Dev. 37, 818-828 (2023).

Lan, Y. et al. Colocalized targeting of TGF- and PD-L1 by
bintrafusp alfa elicits distinct antitumor responses. J. Immunother.
Cancer 10, e004122 (2022).

Lan, Y. et al. Enhanced preclinical antitumor activity of M7824, a
bifunctional fusion protein simultaneously targeting PD-L1and
TGF-3. Sci. Transl. Med. 10, eaan5488 (2018).

Strauss, J. et al. Phase | trial of M7824 (MSBO011359C), a
bifunctional fusion protein targeting PD-L1and TGF[(3, in advanced
solid tumors. Clin. Cancer Res. 24, 1287-1295 (2018).

Paz-Ares, L. et al. Bintrafusp alfa, a bifunctional fusion protein
targeting TGF-3 and PD-L1, in second-line treatment of patients
with NSCLC: results from an expansion cohort of a phase 1trial. J.
Thorac. Oncol. 15, 1210-1222 (2020).

Lan, Y. et al. Simultaneous targeting of TGF-3/PD-L1synergizes
with radiotherapy by reprogramming the tumor microenvironment
to overcome immune evasion. Cancer Cell 39, 1388-1403 (2021).
Kment, J. et al. Blockade of TGF-3 and PD-L1 by bintrafusp alfa
promotes survival in preclinical ovarian cancer models by
promoting T effector and NK cell responses. Br. J. Cancer 130,
2003-2015 (2024).

Grauel, A. L. et al. TGF3-blockade uncovers stromal

plasticity in tumors by revealing the existence of a subset of
interferon-licensed fibroblasts. Nat. Commun. 11, 6315 (2020).
Davidson, G. et al. Mesenchymal-like tumor cells and
myofibroblastic cancer-associated fibroblasts are associated with
progression and immunotherapy response of clear cell renal cell
carcinoma. Cancer Res. 83, 2952-2969 (2023).

Nature Cancer


http://www.nature.com/natcancer

Review article

https://doi.org/10.1038/s43018-026-01146-x

162.

163.

164.

165.

166.

167.

168.

169.

170.

7.

172.

Kieffer, Y. et al. Single-cell analysis reveals fibroblast clusters
linked to immunotherapy resistance in cancer. Cancer Discov. 10,
1330-1351(2020).

Pich-Bavastro, C. et al. Activin A-mediated polarization of
cancer-associated fibroblasts and macrophages confers
resistance to checkpoint immunotherapy in skin cancer. Clin.
Cancer Res. 29, 3498-3513 (2023).

Chen, X. et al. IL-17-induced HIF1a drives resistance to anti-PD-L1
via fibroblast-mediated immune exclusion. J. Exp. Med. 219,
20210693 (2022).

Datta, J. et al. Combined MEK and STAT3 inhibition uncovers
stromal plasticity by enriching for cancer-associated
fibroblasts with mesenchymal stem cell-like features to
overcome immunotherapy resistance in pancreatic cancer.
Gastroenterology 163, 1593-1612 (2022).

Desai, P. et al. Microenvironment shapes small-cell lung cancer
neuroendocrine states and presents therapeutic opportunities.
Cell Rep. Med. 5, 101610 (2024).

Ramos Zapatero, M. et al. Trellis tree-based analysis reveals
stromal regulation of patient-derived organoid drug responses.
Cell 186, 5606-5619 (2023).

Rhim, A. D. et al. Stromal elements act to restrain, rather than
support, pancreatic ductal adenocarcinoma. Cancer Cell 25,
735-747 (2014).

Ozdemir, B. C. et al. Depletion of carcinoma-associated
fibroblasts and fibrosis induces immunosuppression and
accelerates pancreas cancer with reduced survival. Cancer Cell
25, 719-734 (2014).

Blair, A. B. et al. Dual stromal targeting sensitizes pancreatic
adenocarcinoma for anti-programmed cell death protein 1
therapy. Gastroenterology 163, 1267-1280 (2022).

Kannan, S., Lock, I., Ozenberger, B. B. & Jones, K. B. Genetic
drivers and cells of origin in sarcomagenesis. J. Pathol. 254,
474-493 (2021).

Ding, Z. et al. Cancer-associated fibroblasts in hematologic
malignancies: elucidating roles and spotlighting therapeutic
targets. Front. Oncol. 13, 1193978 (2023).

Acknowledgements

We thank members of the laboratories of R.S.-S. and M.H.S. for
thoughtful discussions related to this work. R.S.-S. is incumbent of The
Robert and Yadelle Sklare Professorial Chair in Biochemistry. This work
was supported by European Research Council grant 101043300 (to
R.S.-S.) and US National Institutes of Health grants RO1 CA250917 and
P30 CA0O08748 (to M.H.S.).

Author contributions
All authors contributed to the conceptualization, writing and editing of
the manuscript and to the generation of display items.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to
Ruth Scherz-Shouval or Mara H. Sherman.

Peer review information Nature Cancer thanks the anonymous
reviewers for their contribution to the peer review of this work.

Reprints and permissions information is available at
www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with
regard to jurisdictional claims in published maps and institutional
affiliations.

Springer Nature or its licensor (e.g. a society or other partner)

holds exclusive rights to this article under a publishing agreement
with the author(s) or other rightsholder(s); author self-archiving

of the accepted manuscript version of this article is solely governed
by the terms of such publishing agreement and applicable

law.

© Springer Nature America, Inc 2026

Nature Cancer


http://www.nature.com/natcancer
http://www.nature.com/reprints

	Heterogeneity and plasticity of cancer-associated fibroblasts

	CAFs in different tumor niches

	CAF states and functions across the tumor ecosystem

	Transcriptional CAF heterogeneity

	Cell-of-origin-based CAF heterogeneity

	Cellular marker-based heterogeneity


	Drivers of CAF heterogeneity and plasticity

	Drivers of CAF plasticity in the immediate TME

	Drivers of CAF plasticity in the metastatic TME

	Systemic drivers of CAF heterogeneity and plasticity


	CAFs and therapy

	Roles and responses of CAFs under therapy

	Targeting CAFs


	Concluding remarks

	Acknowledgements

	Fig. 1 Defined CAF niches within heterogeneous TMEs.
	Fig. 2 CAF heterogeneity in the primary TME.
	Fig. 3 Fibroblast interactions that promote resistance to anticancer therapies.
	Table 1 Summary of CAF subtypes parsed by niches and drivers of heterogeneity.




