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Abstract

Cancer-associated fibroblasts (CAFs) are key components of the tumor microenvironment that drive tumor growth, survival and therapeu-
tic resistance. Although CAFs have long been viewed as a single stromal population, accumulating evidence indicates that they occupy
diverse metabolic states shaped by local nutrients and tumor-derived signals. Recent studies across cancer types have described several
recurring metabolic programs. In this review, we summarize five dominant CAF metabolic states as a functional, context-dependent
framework: glycolytic, oxidative, fatty acid—oxidizing, lipid-rich, and amino acid-remodeling. These states reflect how CAFs adapt
to local metabolic conditions. Collectively, CAF metabolic programs are linked to tumor support and immunosuppressive features,
highlighting stromal metabolism as a potential therapeutic vulnerability.
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1. Introduction

Tumors are complex ecosystems in which cancer cells,
stromal cells and immune cells compete for nutrients while
also engaging in metabolic cooperation [1,2]. Metabolic
reprogramming is a hallmark of cancer and supports the
biosynthetic and energetic demands of rapid proliferation
[3]. Nearly a century ago, Otto Warburg reported that many
tumor cells preferentially rely on glycolysis even in the
presence of oxygen, a phenomenon termed the “Warburg
effect” [4]. This shift can supply metabolic intermediates
required for tumor growth and division.

However, cancer metabolism is not confined to malig-
nant cells. Stromal populations within the tumor microenvi-
ronment (TME) also undergo metabolic changes to support
tumor progression [5]. Among them, cancer-associated fi-
broblasts (CAFs) are abundant and highly versatile. Rather
than serving only structural roles, CAFs actively shape the
metabolic landscape of tumors [6].

Recent studies show that CAFs occupy multiple
metabolic states rather than a single uniform phenotype
[7,8]. In response to local nutrient availability and tumor-
derived cues, CAFs can adopt glycolytic, oxidative, fatty
acid—oxidizing, lipid-rich or amino acid-remodeling states.
These specialized programs enable CAFs to supply metabo-
lites, modulate immune activity and remodel the extracellu-
lar matrix (ECM). In this review, we synthesize recent work
on CAF metabolic diversity and discuss its implications for
tumor progression and immune evasion.

2. CAFs and Glucose Metabolism

As a primary source of energy, glucose metabolism
represents a central axis of CAF metabolic reprogramming
[9]. In the following sections, we discuss how CAFs repro-
gram glycolysis and oxidative phosphorylation (OXPHOS)
to support tumor—stroma metabolic coupling.

2.1 Metabolic Phenotypes of CAFs: Glycolysis Versus
OXPHOS

CAFs arise from several stromal origins, including
resident normal fibroblasts (NFs), mesenchymal stem cells
and pericytes, contributing to marked phenotypic and func-
tional heterogeneity [10]. Metabolic reprogramming of
CAFs is especially evident in glucose utilization, which is
closely linked to tumor progression.

Under hypoxic conditions, perivascular CAFs adapt
to metabolic stress by increasing glycolytic activity, which
can help maintain redox balance and energy production
[11-13]. This pattern reflects a Warburg-like phenotype
and is commonly used to define the glycolytic CAF (gly-
CAF) state (Association/Inference). In pancreatic duc-
tal adenocarcinoma (PDAC), single-cell RNA sequencing
identified a CAF subset with high expression of glycolytic
genes, whereas neighboring tumor cells show greater re-
liance on OXPHOS [14].

However, not all CAFs adopt a glycolytic pheno-
type. Metabolic heterogeneity exists across tumor types
and within individual lesions. In contrast to glyCAFs, CAF
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Fig. 1. Metabolic and signaling mechanisms of CAF-associated glucose reprogramming and tumor—stroma coupling. (a) Overview
of CAF glucose metabolic states. Glycolytic CAFs (glyCAFs) show increased glycolysis and lactate export, and are associated with
chemokines such as CXCL16 and CCL2. Oxidative CAFs show high OXPHOS programs and are associated with factors including IL-6,
IL-8, CXCL14 and HGF. These states correlate with tumor-supportive, immune-modulatory and extracellular-matrix (ECM) remodeling
features. (b) Regulatory nodes linked to glycolytic activation in CAFs. Increased GLUT1 and MCT4 are associated with enhanced glu-
cose uptake and lactate export. Integrin-related pathways (e.g., ITGB2-mTOR) are linked to HIF-1« activation. Reduced IDH3« is also
associated with increased HIF-1« stability. HIF-1a upregulates glycolytic genes including HK2, LDHA and PDKI. PKM2 functions
as a glycolytic enzyme and a transcriptional regulator; circABCC4 and TGF-f signaling have been reported to increase PKM2 nuclear
localization and glycolytic gene expression. (c¢) Lactate-associated functional outputs of glyCAFs. Lactate fuels tumor OXPHOS and
activates pathways such as TGF-31/p38 and PGC-1a/ERRa. Lactate is also associated with histone lactylation and acetylation. These
processes correlate with neural invasion, ECM synthesis and lipid metabolic rewiring. (d) CAF-derived paracrine signals associated
with increased tumor glycolysis. CAF-secreted factors (e.g., CTHRCI, IL-6, CXCL10 and CCL5) and exosomal IncRNAs (e.g., ANRIL)
are linked to activation of HIF-1«, B-catenin and c-Myc signaling in tumor cells and increased glycolytic programs. Arrows indicate
activation/association or metabolite flow; blunt-ended lines indicate inhibition. Red upward arrows denote increased expression/activity;
“P” denotes phosphorylation; Ac and La denote histone acetylation and lactylation, respectively. Dashed boxes group related processes.
Created in BioRender. Tu, W. (2026) https://BioRender.com/xyk4twf. CAFs, cancer-associated fibroblasts; OXPHOS, oxidative phos-
phorylation; HGF, hepatocyte growth factor; ECM, extracellular matrix.

subsets with an OXPHOS phenotype have been supported
by functional assays across PDAC, prostate cancer, OSCC,
and BCa (bladder cancer), showing high spare respiratory
capacity and increased ATP production (Mechanistic) [15—
18].

Despite their oxidative metabolism, these CAFs still
support tumor progression (Fig. la) (Mechanistic). In
some contexts, upregulation of pyruvate carboxylase allows
tumor-derived lactate to support nonessential amino-acid
synthesis. These metabolites can then support CAF col-
lagen production [17]. The accumulation of dense ECM

may further exacerbates hypoxia and dampen immune acti-
vation [19]. In addition, oxidative CAFs release paracrine
cytokines that influence both cancer and immune com-
partments. Among these factors, IL-8 is associated with
increased PD-L1 expression in tumor cells and immune-
evasive features [20]. IL-6 is linked to reduced T-cell and
NK-cell cytotoxicity and dampened antitumor immunity
[15]. Furthermore, hepatocyte growth factor (HGF) se-
creted by oxidative CAFs activates MET-dependent signal-
ing in cancer cells, promoting tumor growth and therapeutic
resistance [21].
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Table 1. Functional and context-dependent framework of CAF metabolic states.

States Dominant pathway engagement Key molecular markers Environmental context Primary functional output
Glycolytic Glycolysis GLUT1, MCT4, HIF-la, Hypoxia, high glucose de- Aerobic glycolysis and lac-
glycolytic enzyme (PKM2, mand tate export
HK2, LDHA, PDK1)
Oxidative Oxidative phosphorylation Elevated mitochondrial res- Lactate-rich or oxygenated Collagen synthesis, ECM
piration, high spare respira- niches remodeling
tory capacity
FAO Fatty-acid oxidation Fatty-acid uptake and mi- Low-glucose conditions Energy conservation, CAF
tochondrial [3-oxidation activation
enzymes (CD36, ACSL,
CPTI1A, CPTIC)
Lipid-rich Lipogenesis Lipogenesis enzymes Oncogenic signaling or Lipid metabolite provision-
(ACLY, FASN, SCDl1), growth-factor stimulation ing, angiogenesis

AA-remodeling Amino-acid metabolism

Lipid droplet accumulation
Glutamine,
tryptophan metabolic  en-
zymes (GLS, GS, ASNS,
PYCR1, NNMT, CD73,

arginine  and

Amino acid scarcity, me-
chanical stiffness

Nutrient shuttling, immune

suppression

TDO2, ARG1/2)

ACLY, ATP citrate lyase; ACSL, acyl-CoA synthetase long-chain family; ARG1/2, arginase 1/2; ASNS, asparagine synthetase; CPT1A/C,
carnitine palmitoyltransferase 1A/1C; FASN, fatty acid synthase; GLS, glutaminase; GS, glutamine synthetase; HIF-1c, hypoxia-inducible
factor 1 alpha; LDHA, lactate dehydrogenase A; MCT4, monocarboxylate transporter 4; NNMT, nicotinamide N-methyltransferase; PDK1,
pyruvate dehydrogenase kinase 1; PKM2, pyruvate kinase M2; PYCR1, pyrroline-5-carboxylate reductase 1; SCD1, stearoyl-CoA desaturase

1; TDO2, tryptophan 2,3-dioxygenase.

Glycolytic and oxidative CAF states are metaboli-
cally coupled with tumor cells. At the same time, CAF
metabolism remains highly flexible and adjusts to the lo-
cal microenvironment [22]. These features suggest that
CAF glucose metabolism may exist along a continuum from
highly glycolytic to predominantly oxidative states. Mi-
croenvironmental cues often determine where CAFs fall
along this axis. Hypoxia and nutrient deprivation tend to
push CAFs toward a glycolytic state [23]. This metabolic
plasticity highlights the need for context-specific analyses
of CAF metabolism across different tumor settings (Ta-
ble 1).

2.2 Core Mechanistic Drivers: Integration of HIF-1a,
TGF-p and PKM?2

Mechanistically, glyCAF-associated features are sup-
ported by multiple regulatory pathways (Fig. 1b) (Mech-
anistic). CAFs upregulate GLUT1 to increase glucose up-
take and MCT4 to facilitate lactate efflux [24,25]. A central
node in this reprogramming is HIF-1« stabilization. Hy-
poxia is a primary trigger, and autophagy—-mTOR signal-
ing can further reinforce HIF-1« activity. In bladder can-
cer, PDGFR-3/Cavl-induced autophagy activates mTOR
and has been linked to increased HIF-1a stability [26].
Once stabilized, HIF-1a upregulates glycolytic enzymes
such as HK2 and LDHA [27]. In OSCC, ITGB2-mediated
PI3K/Akt signaling has also been reported to support this
axis [28].
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This network also intersects with PKM2 signaling.
TGF-£ signaling and tumor-derived exosomal cargos (e.g.,
circular RNAs) have been shown to increase PKM2 nu-
clear translocation [29,30]. Nuclear PKM2 acts as a tran-
scriptional co-activator and cooperates with HIF-1« to in-
crease glycolytic gene expression. This interaction can be
enhanced by circABCC4 and KPNA2 in CAFs [31]. Loss
of TGF-SRII or uptake of tumor-derived exosomal PKM2
increases PKM2 nuclear accumulation [32,33].

In parallel, TGF-5 signaling can enhance glycoly-
sis through Src SH3—dependent pathways and by reduc-
ing IDH3«a expression [34]. Reduced IDH3a lowers
a-ketoglutarate, which can limit PHD-mediated HIF-1«
degradation [34]. Together, these pathways indicate that
glycolytic activation in CAFs is shaped by coordinated in-
puts from hypoxia-responsive signaling and growth-factor
pathways.

2.3 Lactate Delivery From glyCAFs to Tumor Cells

Glycolytic CAFs are a major source of extracellu-
lar lactate. Tumor cells can import lactate and use it
to support mitochondrial OXPHOS, creating a directional
metabolic flow from the stroma to the tumor [35]. 3C-
glucose isotope tracing together with mechanistic experi-
ments supports stromal-to-tumor lactate utilization, show-
ing that CAF-derived lactate is taken up by tumor cells and
fuels the TCA cycle (Mechanistic/Flux-supported) [36,37].

Once considered a simple by-product of glycolysis,
lactate is now recognized as both a metabolic substrate
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and a paracrine signal (Fig. 1¢). Tumor cells take up lac-
tate mainly through MCT1, which can reinforce stromal—
tumor metabolic coupling [38]. Across tumor types, CAF-
derived lactate has been linked to activation of multiple
oncogenic pathways (Mechanistic). In ovarian cancer, it
promotes tumor-cell proliferation and migration through
TGF-51/p38/MMP2/MMP9 signaling [24]. In colorectal
cancer (CRC), it stabilizes NF-xB and HIF-1«, thus en-
hancing invasive behavior [39]. In triple-negative breast
cancer (TNBC), it activates the PGC-1a/ERR« axis, thus
facilitating metastasis [40].

Lactate also contributes to epigenetic and metabolic
remodeling in tumor cells. In PDAC, CAF-derived lactate
induces histone lactylation. This modification increases
the expression of neural invasion—related genes such as
LI1CAM and SLITI and promotes perineural invasion [41].
In prostate cancer, lactate uptake expands the acetyl-CoA
pool and increases histone acetylation. This change upreg-
ulates lipid-metabolism genes such as PLIN2 and reshapes
fatty-acid, which may enhance tumor invasiveness [42].
Histone acetylation also increases chromatin accessibility
at ECM- related loci [43].

2.4 Spatial Metabolic Heterogeneity: Niche-Dependent
Reprogramming

Recent pan-cancer spatial multi-omics studies indi-
cate that CAF metabolic states are spatially patterned. This
niche-level organization is referred to as spatial metabolic
heterogeneity [44]. In oral squamous cell carcinoma
(OSCCQ), fibroblasts within glycolytic niches show a HIF-
la—CXCL12-associated program that correlates with regu-
latory T-cell recruitment and localized immunosuppressive
clusters [45].

In  hepatocellular carcinoma (HCC), spatial
metabolomics further delineated a tumor—-immune—
stromal interface enriched in lactate-producing CAFs [46].
In this region, elevated lactate is associated with CCL2-
dependent recruitment of tumor-associated macrophages
(TAMs) and has been linked to M2-like polarization
[46,47]. CXCLI16 has also been implicated in reduced
CD8* T-cell presence in the tumor core [48]. Collec-
tively, these observations support that spatially confined
glyCAF-like niches can coincide with stromal barrier
features and immunosuppressive contexture (Fig. la)
(Association/Inference).

Translational Implications: These findings suggest
that lactate transport and glycolysis-linked signaling in
CAF-rich niches may represent actionable vulnerabilities
[35]. MCTI1/MCT4 blockade (e.g., AZD3965) offers a
strategy to disrupt stromal-tumor coupling. High stromal
MCT#4 expression may serve as a stratification marker to en-
rich for responders [25]. In tumors with lactate-rich niches
accompanied by immunosuppressive features, these obser-
vations support evaluating metabolic inhibitors in combina-
tion with immunotherapy.

2.5 Effects of CAF-Derived Paracrine Signals on Tumor
Glucose Metabolism

Beyond direct metabolite exchange, CAF-derived
paracrine signals form networks that couple stromal and tu-
mor metabolism. Through soluble factors and extracellular
vesicles (EVs), CAFs engage multiple signaling pathways
that influence tumor glycolysis and OXPHOS (Fig. 1d).

Among these signals, glycolysis-amplifying feedback
loops are well characterized. In bladder cancer, CAF-
secreted CXCL14 binds CCR7 on tumor cells and activates
STAT3, leading to upregulation of HK2 and LDHA and in-
creased glycolysis. The resulting rise in lactate promotes
NF-to-CAF conversion and sustained CXCL14 production,
which can strengthen chemoresistance [49]. In lung can-
cer, CTHRC1+ CAFs stimulate TGF-3/Smad3 signaling in
tumor cells, shifting metabolism toward increased glycoly-
sis and lactate output. Accumulated lactate induces histone
lactylation in CAFs and upregulates CTHRC1, reinforcing
a glycolytic and EGFR-TKI-resistant phenotype [50].

Additional CAF-derived mediators, including IL-6,
CSF3, WNT5a, and CRMP2, act on tumor cells and activate
regulators such as HIF-1«, #-catenin, PGM1 and PGM2L1,
supporting high glycolytic flux under hypoxic or nutrient-
limited conditions [51-54]. In some settings, CAF-derived
lysyl oxidase (LOX) can also enhance OXPHOS in tumor
cells and confers metabolic resilience during therapeutic
stress [55].

In addition to soluble cytokines, CAF-derived EVs
deliver metabolites, enzymes and noncoding RNAs that
further shape tumor-cell metabolism. For example, ex-
osomal IncRNAs such as ANRIL, LINC01711, and NNT-
ASI have been reported to stabilize HIF-1a or suppress
glycolysis-inhibitory genes including DDIT4 and TXNIP
[56-58]. These changes amplify glycolytic signaling and
help maintain cancer—stroma metabolic coupling.

3. CAFs and Lipid Metabolism
Reprogramming

Lipid metabolism is another major axis of CAF
metabolic plasticity that supports tumor growth and sur-
vival [59]. Evidence across tumor types shows that CAFs
undergo lipid metabolic reprogramming. This reprogram-
ming gives rise to two major lipid-related CAF phenotypes:
fatty acid—oxidizing (FAO) CAFs, which rely on FAO to
meet their energy demands, and lipid-rich CAFs, which ac-
cumulate and mobilize lipids to support tumor cells.

3.1 CAFs Display Distinct Modes of Fatty Acid Oxidation
and Lipid Storage

To limit competition with cancer cells for nutrients,
some CAFs shift their energy reliance from glycolysis to
FAO, thereby maintaining metabolic balance and support-
ing tumor progression (Fig. 2a) (Mechanistic). For exam-
ple, in HCC, CAFs express higher levels of the fatty-acid
transporter CD36 than adjacent NFs. Blocking CD36 re-
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Fig. 2. CAF-driven lipid metabolic programs and immune contexture. (a) Fatty-acid uptake and S-oxidation in CAFs. CD36-high
CAFs show increased uptake of extracellular fatty acids and conversion into acyl-CoA (FA—CoA) via ACSL. FA—CoA is transported
into mitochondria and is linked to CPT1A-dependent S-oxidation. (b) De novo fatty-acid synthesis and lipid-droplet formation in CAFs.
Citrate from the TCA cycle is converted to acetyl-CoA by ACLY, followed by FASN- and SCD1-associated steps that generate mo-
nounsaturated FAs and lipid-droplet accumulation. These stored lipids may serve as energy reserves and substrates for membrane and
signaling-lipid synthesis. (c) Induction and immune associations of lipid-metabolic CAF states. Tumor-derived signals (e.g., BMP2,
BMP4, WNT5B) are associated with lipid-rich CAF states. Lipid-reprogrammed CAFs have been reported to secrete cytokines includ-
ing MIF, IL-6, and TNFSF14, which are linked to increased MDSC recruitment, TAM M2-like polarization, and elevated Treg activity,
consistent with an immunosuppressive microenvironment. Arrows indicate activation/association or metabolite flow. Red upward ar-
rows denote increased expression/activity. Created in BioRender. Tu, W. (2026) https://BioRender.com/12Ixym1. FA, fatty acid; TAM,

tumor-associated macrophage; MDSC, myeloid-derived suppressor cell; Treg, regulatory T cell.

duces CAF proliferation, migration and activation markers
such as a-SMA and FAP [60]. In CRC, CAFs upregulate
the rate-limiting FAO enzyme CPT1A under low-glucose
conditions. This switch from glycolysis to FAO has been re-
ported to increases cancer cell migration and invasion [61].

In contrast to FAO CAFs, lipid-rich CAFs accumulate
lipid droplets (LDs) (Fig. 2b). These LDs function as an
intracellular lipid reservoir. The stored lipids can be mo-
bilized through lipolysis or lipophagy and exported from
CAFs to tumor cells [7] (Mechanistic/Flux-supported).
Lipid-rich CAFs arise through tumor-driven metabolic re-
programming and the accumulated mobilized lipids support
the secretion of pro-tumorigenic factors (Fig. 2¢) (Mecha-
nistic). In KRAS-mutant CRC, tumor-derived BMP4 and
WNTS5B have been shown to drive the formation of lipid-
rich CAFs that release VEGFA, HGF and other media-
tors to promote angiogenesis and tumor progression [62].
In SETD2-deficient PDAC, tumor-derived BMP2 induces
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lipid-laden CAFs with increased ABCA8a expression [63].
Lipids transferred from these CAFs increase acetyl-CoA in
tumor cells and enhance H3K27 acetylation, which is asso-
ciated with increased BMP2 production and a positive feed-
back loop [63].

A related circuit operates during pre-metastatic niche
formation in CRC. Tumor-derived exosomal HSPC111 ac-
tivates ACLY in hepatic fibroblasts, raising acetyl-CoA
and H3K27 acetylation and inducing CXCL5 expression.
CXCL5-CXCR?2 signaling then promotes HSPCI111 re-
lease from tumor cells, thereby reinforcing liver metas-
tasis [64]. In OSCC, CAFs also upregulate ACLY to
support de novo fatty-acid synthesis and ECM production
[65]. In LUAD and PDAC, CAFs can activate lipid-storage
programs through SCD1 and FASN, generating lipid-rich
CAFs that support tumor metabolism and growth [7,66].

Beyond LD-associated lipid storage, CAFs also se-
crete soluble lipid mediators that can directly support tumor
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survival. (Table 1) CAF-derived lysophosphatidylcholines
(LPCs) are taken up by tumor cells to replenish membrane
phosphatidylcholines and relieve ER stress or they are con-
verted by autotaxin (ATX) into lysophosphatidic acid (LPA)
to promote proliferation [67,68].

3.2 CAF Lipid Metabolism and Immune Modulation

Beyond fueling tumor growth and invasion, CAF lipid
metabolism also shapes the immune landscape of the TME
(Fig. 2c). A FAO CAF subset with high CPT1C expression
is enriched in immunosuppressive tumors and promotes im-
mune suppression through a FAO-IL-6-M2 macrophage
axis [69]. Other lipid-metabolic CAF states, which are
not defined by FAO or lipid accumulation, also modu-
late immune responses. In steatotic liver disease—related
HCC, lipid metabolic reprogramming strengthens CAF—
Treg interactions through the TNFSF14-TNFRSF14 axis
[70]. This shift is associated with reduced CD8™" T-cell
activity and increased Treg frequency. It also correlates
with diminished responsiveness to immunotherapy [70]. In
HCC, CAFs expressing multiple lipid-related genes secrete
MIF to recruit MDSCs via CD74, consistent with an im-
munosuppressive niche [71]. Lipid metabolism in CAFs
can also create conditions that favor antitumor immunity. In
CRC, exogenous ketone supplementation suppresses KLF5
in CAFs and lowers their secretion of CXCL12. This re-
duction in CXCL12 limits the recruitment of immunosup-
pressive cells and improves responses to anti—PD-1 therapy
[72]. Collectively, these studies illustrate the immunologic
plasticity of CAF lipid metabolism and point to metabolic
interventions as a potential strategy to improve antitumor
immunity.

Translational Implications: Lipid-related CAF pro-
grams point to several potentially druggable nodes, includ-
ing fatty-acid uptake (e.g., CD36) and lipogenesis path-
ways (e.g., ACLY/FASN) [60,66]. Patients may be strat-
ified by stromal lipid accumulation and CD36-high CAF
signatures, ideally using spatial profiling to capture lipid-
rich niches. These features provide a rationale to combine
lipid-targeting strategies together with immunotherapy.

3.3 CAF-Secreted Programs That Rewire Tumor Lipid
Metabolism

CAFs reprogram tumor-cell lipid metabolism through
secreted factors and extracellular vesicles. In ALK-
rearranged LUAD, CAF-derived HGF and neuregulin 1
(NRG1) activate AKT signaling in tumor cells, increas-
ing de novo lipogenesis and reducing in ways that support
survival and therapy resistance [73]. In aged melanoma,
elevated IGFBP2 expression in CAFs similarly engages
PI3K/AKT signaling, enhancing fatty-acid biosynthesis
and driving a more invasive phenotype [74]. CAF-derived
exosomes carrying miR-454-3p further protect tumor cells
by suppressing ferroptosis [75]. In addition, CD10™ CAFs
remodel lipid metabolism in cancer stem cells by degrad-
ing osteogenic growth peptide (OGP), an inhibitor of SCDI1.

Loss of OGP can increase SCD1-driven lipid desaturation,
raising unsaturated lipid content, stemness and chemoresis-
tance [76].

In summary, lipid metabolism forms a major axis of
CAF function, integrating FAO, lipid-rich and secretory
programs that shape tumor behavior and immune responses.
Having discussed lipid-based interactions, we next summa-
rize how CAFs remodel amino acid and nucleotide path-
ways to shape both nutrient flow and immunity.

4. Metabolic-Immune Coupling Through
Amino Acid and Nucleotide Pathways

Beyond glucose and lipid pathways, amino acid
metabolism represents another major axis through which
CAFs influence the tumor ecosystem [77]. Amino acid—
remodeling (AA-remodeling) CAFs can preserve their own
viability and help tumor cells adapt to amino-acid scarcity,
while also shaping the immune landscape by modulating the
availability of key amino acids required for effective anti-
tumor immunity [78]. (Table 1)

This section focuses on metabolites that are nutri-
ents and immune signals. To navigate these complex
networks, we organize this chapter into three functional
streams: (1) Nutrient Provision, focusing on how the
glutamate—glutamine shuttle supports tumor mitochondrial
metabolism (Section 4.1); (2) ECM Support, examining
how aspartate and proline rewiring supports matrix synthe-
sis and stiffening (Section 4.2); and (3) Immunometabolic
Axes, highlighting how nucleotide (adenosine) and amino
acid metabolites function as signaling molecules to shape
the TME (Section 4.3).

4.1 Glutamate—Glutamine Metabolism as the Central Axis

A central feature of CAF metabolic reprogramming
is their shift toward glutamine anabolism. Compared with
NFs, CAFs upregulate glutamine synthetase (GS), allow-
ing them to survive nutrient stress and secrete glutamine
into the TME (Fig. 3a) [79] (Mechanistic/Flux-supported).
The glutamine released by CAFs fuels tumor cells. In col-
orectal cancer ovarian metastases (0CRC), an RBP1+ my-
CAF subset expresses high levels of GS and converts glu-
tamate into glutamine, which supports metastatic growth
[80]. The NetG1-NGLI1 axis reinforces physical contact
between CAFs and tumor cells and may increase the effi-
ciency of nutrient transfer [81]. NetG1™ CAFs release high
levels of glutamine through GS and the vesicular transporter
VGLUTI. Tumor-cell NGL1 helps maintain macropinocy-
tosis, which supports uptake of these metabolites [81].

Amino-acid transporters also shape this glutamate—
glutamine shuttle. SLC1A1 brings extracellular glutamate
into CAFs, where GS converts it to glutamine [82]. Glu-
tamine is then exported through SLC7AS and taken up
by tumor cells, supporting metabolic coupling [83]. Con-
versely, tumor-derived lactate and glutamate can further
stimulate glutamine synthesis in CAFs, forming a recip-
rocal nutrient-exchange loop that sustains both stromal
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Fig. 3. Amino acid and nucleotide remodeling in CAFs and immune contexture. (a) Amino-acid remodeling centered on the
glutamate—glutamine axis. CAFs can engage GS or GLS, depending on local nutrient conditions. Downstream, glutamate can be routed
into several non-essential amino-acid pathways. These include aspartate/asparagine (AST/GOT, ASNS) and proline (PYCR1), which are
linked to tumor support and ECM production. (b) Nicotinamide metabolism and stromal epigenetic coupling. CAF-associated NNMT
converts NAM to MNAM while consuming SAM and generating SAH, consistent with reduced methyl-donor availability. In paral-
lel, NAMPT-dependent conversion of NAM to NMN in tumor and myeloid compartments supports NAD™ regeneration. The relative
balance of NMN and MNAM is associated with NAD™ availability, CD8" T-cell cytotoxicity and CAF activation programs. (c) Im-
munometabolic axes linked to adenosine, kynurenine and arginine pathways. CAF-associated CD73 converts AMP to adenosine, which
signals through A2 A/A2B receptors and is linked to reduced CTL/NK activity. TDO2-mediated tryptophan catabolism generates kynure-
nine, which can activate AhR signaling and is associated with impaired DC function. ARG1/2-mediated arginine catabolism depletes
arginine and generates ornithine-related metabolites, which are linked to TAM polarization and Treg expansion. Arrows indicate pathway
direction; blunt-ended lines indicate inhibition. Red upward arrows denote increased expression/activity; blue downward arrows denote
decreased expression/activity. Created in BioRender. Tu, W. (2026) https://BioRender.com/bvyjahf. AA, Amino acid; CTL, cytotoxic
T lymphocyte; NK, natural killer cell; DC, dendritic cell.

and tumor metabolism [79]. Tumor cytokines can fur- 4.2 Aspartate, Asparagine, and Proline Metabolism
ther reinforce this coupling by inducing CAF expression  Supporting Matrix Synthesis
of LINC01614 [83]. This IncRNA can be packaged into

exosomes and transferrefi to tumor cells. In recipieqt tu- that support tumor anabolism and ECM production (Fig. 3a)
mor cells, LINCO1614 binds ANXA2 and p65 to activate (Mechanistic/Flux-supported). In BCa, a senescence-like

NF-xB and 1ncrease expression of §. LCS&_U a}nd SLC7_A_5 TSPANS™ myCAF subset upregulates glutaminase (GLS)
[83]. Perturbations of this metabolic circuit can elicit
compensatory responses. Pharmacologic inhibition of glu-
tamine utilization paradoxically activates YAP signaling
through reduced cAMP/PKA-dependent LATS phosphory-
lation, driving CTGF expression and excessive ECM depo-
sition by neighboring CAFs [84].

CAFs also rewire the metabolism of other amino acids

to expand the intracellular glutamate pool and increases
PYCRI1 to drive proline synthesis. The enhanced glutamate
supply also feeds aspartate-generating transamination path-
ways, supporting cancer stemness and therapy resistance
[86]. Transporters involved in these pathways are also up-
regulated in CAFs. SLC1A3 facilitates aspartate transport,
Glutamate—glutamine metabolism also influences im- ~ while SLC38A2 enhances asparagine transport, supporting
mune regulation within the TME. NetG1* CAFs secrete  amino-acid availability for stromal and tumor metabolic de-
IL-15, which suppresses NK-cell activation and cytotox- mands [87-89].
icity [81]. GS-high CAFs additionally release glutamine
that is taken up by TAMs. This glutamine supports oxida-
tive metabolism in TAMs and promotes their M2-like polar-
ization, consistent with an immunosuppressive and tumor-
promoting milieu [85].

Stromal PYCRI1 elevation promotes collagen produc-
tion and ECM deposition, whereas its silencing reduces ma-
trix formation and tumor growth by altering PDH-derived
acetyl-CoA and glutamine-derived proline flux [90]. In
prostate cancer, loss of p62 stabilizes activating transcrip-
Together, these findings highlight the glutamate—  tion factor 4 (ATF4), which induces asparagine synthetase

glutamine axis as an important metabolic and immunoreg- (ASNS) to increase asparagine production, buffer glu-
ulatory hub that coordinates nutrient exchange, stromal ac- tamine deprivation and support tumor proliferation [91].
tivation and immune suppression within the TME. CAF-specific ATF4 deficiency disrupts COLIA1 expres-
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sion and glycine/proline enrichment, and impaired angio-
genesis and collagen maturation [92].

Increased matrix stiffness activates mechanotransduc-
tion in CAFs and tumor cells. Under stiff conditions,
CAFs show accelerated glutamine metabolism and in-
creased aspartate export, as supported by isotope tracing
(Mechanistic/Flux-supported) [78]. Tumor cells use stro-
mal aspartate to support proliferation and release glutamate
in return, which may alter CAF redox balance and further
promotes ECM remodeling [78]. Together, these spatially
coordinated amino-acid fluxes increased collagen produc-
tion and tumor progression within the TME.

4.3 Nucleotide- and Amino Acid—Linked Immunometabolic
Pathways

Crosstalk within the nicotinamide-NAD™ network
shapes immune regulation (Fig. 3b) (Mechanistic). In
CAFs, NNMT converts nicotinamide (NAM) into MNAM,
consuming SAM and reducing NAD™ availability. By con-
trast, NAMPT in tumor cells and myeloid cells regenerates
NAD™ through the salvage pathway [93]. This balance
affects CD8T T-cell activity: elevated NNMT/MNAM is
linked to reduced cytotoxicity, whereas exosomal NAMPT
can partially restore NAD™ levels and CD8™ function [94].
Beyond immunoregulation, high NNMT disrupts vitamin
Bs metabolism and alters histone methylation—acetylation
balance, supporting CAF activation and fibrogenic pro-
grams [95].

Extracellular adenosine metabolism constitutes a key
immunometabolic pathway in CAFs (Fig. 3¢). As the dom-
inant stromal source of CD73—an ecto-5’-nucleotidase that
converts AMP to adenosine—CAFs drive local adenosine
accumulation in the tumor microenvironment [96]. Ele-
vated adenosine signals through AsA and A3B receptors
on immune and stromal cells. This signaling is linked to
reduced cytotoxic T- and NK-cell activity, increased Treg
expansion, and impaired dendritic-cell activation, and it
also correlates with pro-angiogenic and pro-fibrotic fea-
tures [97,98].

Tryptophan 2,3-dioxygenase (TDO2) converts trypto-
phan into kynurenine, generating a metabolically activated,
pro-tumorigenic CAF state while promoting immune tol-
erance (Fig. 3¢) [99]. Kynurenine can be exported from
CAFs, potentially through transporters such as SLC7AS
and act on neighboring immune cells [100]. By activating
the aryl hydrocarbon receptor (AhR), extracellular kynure-
nine has been reported to suppress dendritic-cell differenti-
ation and function [99].

Arginine metabolism represents another immunoreg-
ulatory circuit that links stromal metabolism to T-cell
suppression and matrix remodeling (Fig. 3c). Arginase-
expressing CAFs (ARG1/2) convert L-arginine into or-
nithine and urea, depleting arginine in the TME and thereby
suppressing effector T-cell activity [101].  Ornithine-
derived metabolites, including proline and polyamines,
support CAF proliferation, collagen biosynthesis and im-

mune evasion [102,103]. In ovarian and pancreatic cancers,
ARG™ CAFs are associated with dense collagen deposition,
immunosuppressive microenvironments and poor progno-
sis [104].

Translational Implications: Pharmacological inhibi-
tion of glutaminase (GLS) [86,90], arginase (ARG1) [101,
104], and CD73 [96,98] limit tumor anabolism and restores
cytotoxic T-cell function. These pathways support evaluat-
ing metabolic interventions in combination with anti—PD-
1/PD-L1 therapy [94,97].

4.4 Macropinocytosis in CAFs: Nutrient Scavenging and
Phenotype Maintenance

In addition to enzymatic amino-acid synthesis, CAFs
obtain nutrients through macropinocytosis, an endocytic
process that engulfs extracellular proteins and fluid [105].
This pathway is particularly relevant in nutrient-poor tu-
mors such as PDAC. It can act as a survival strategy
and support stromal-tumor metabolic cooperation. Un-
der glutamine deprivation, elevated cytosolic Ca?* ac-
tivates CaMKK2-AMPK signaling in CAFs, which in-
creases macropinocytic activity [106].

Macropinocytosis also contributes to CAF pheno-
typic stability. Under glutamine-limited conditions, ac-
tive macropinocytosis prevents myofibroblastic CAFs (my-
CAFs) from converting into inflammatory CAFs (iCAFs),
helping preserve the myCAF phenotype and constrain IL-
6—driven inflammation [107]. When macropinocytosis is
inhibited, myCAFs shift into iCAFs and this change is as-
sociated with a more inflammatory stroma and increased
T-cell infiltration.

Collectively, these pathways reveal a multi-layered
stromal amino-acid network that coordinates metabolic and
immune remodeling. Through integrated control of adeno-
sine, kynurenine, nicotinamide and arginine metabolism,
CAFs establish an immunosuppressive and fibrotic niche
that supports tumor persistence and resistance to therapy
[108].

4.5 Key Takeaways

1. The glutamate—glutamine axis is a central route for
stromal nutrient exchange and can couple to immune regu-
lation.

2. Aspartate, asparagine and proline pathways sup-
port ECM synthesis and can be reinforced by mechanical
stiffness.

3. NAD™, adenosine, kynurenine and arginine
metabolism connect stromal metabolism to T-cell suppres-
sion and fibrotic remodeling.

4. Metabolic circuits in CAFs are plastic and can trig-
ger compensatory responses when a single node is inhib-
ited.

5. Translational Implications:  Collectively,
AA/nucleotide remodeling highlights druggable nodes
including GLS, CD73/AsA signaling and ARGI1/2.
Stratification may leverage stromal GS/GLS balance,
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CD73-high stroma or arginine-depleted/adenosine-rich
niches, which could help prioritize rational combinations
with immune checkpoint blockade.

5. Integration With Existing CAF
Classification Systems

Standard CAF classifications use surface markers and
secreted factors to define myCAF, iCAF and apCAF. How-
ever, their metabolic features are still not well defined. With
the study dominated by correlative analyses, we summa-
rize the subtype-linked metabolic signatures as a practical
framework.

5.1 iCAFs and Multi-Metabolic Biases

The inflammatory iCAF phenotype shows broad
metabolic activity. The iCAF state is defined by a promi-
nent inflammatory program. These CAFs show increased
glycolytic activity probably associated with cytokine pro-
duction [109]. However, OXPHOS CAF states can also dis-
play cytokine and inflammatory readouts, indicating that a
high-secretory phenotype is not unique to a single metabolic
mode [15,20]. iCAFs also use lipid and FAO pathways
[109]. For example, lipid accumulation is linked to the re-
lease of factors like VEGFA and HGF [62]. Additionally,
CPT1A- or CPT1C-associated FAO has been linked to an
immunosuppressive environment [61,69].

5.2 myCAF's and Oxidative/Anabolic Patterns

The myCAF phenotype focuses on contraction and
matrix remodeling. These roles often rely on OXPHOS and
the TCA cycle [109]. myCAFs also engage in amino-acid
remodeling. For instance, proline synthesis via PYCR1 and
glutamine flux from GS are linked to collagen production
[90]. Within this group, the senescent TSPAN8™ myCAF
subset shows an AA-remodeling program that contribute to
nutrient support for tumor cells [86].

5.3 Moderate Metabolic Activity in apCAFs

apCAFs show moderate metabolic activity compared
to the iCAF and myCAF groups [110]. apCAFs focus on
antigen presentation and immune regulation. Their specific
energy requirements are currently less defined.

Metabolic rewiring is not only a feature of CAF biol-
ogy but can also accompany switching between canonical
CAF subtypes (e.g., myCAF and iCAF) [107]. This plastic-
ity underscores that metabolic states and CAF identity are
coupled to microenvironmental constraints.

6. Translational and Therapeutic Strategies

Advances in understanding CAF-tumor metabolic
crosstalk have revealed several stromal vulnerabilities with
translational potential. Because CAFs and tumor cells rely
on overlapping metabolic enzymes, interventions targeting
CAF metabolism can also affect tumor-cell metabolism.
This dual effect can be leveraged therapeutically: modulat-
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ing CAF metabolism not only limits tumor growth but also
reshapes the microenvironment [21,48]. Below, we group
strategies by targetable metabolic nodes.

6.1 FAP-Targeted Strategies for CAFs

The most clinically advanced CAF-targeted approach
is the use of FAP inhibitors for imaging and potential ther-
apy. FAP is selectively overexpressed in CAFs and radiola-
beled FAP inhibitors (e.g., °® Ga-FAPI-46) have shown high
tumor-to-background ratios in PET imaging [111]. How-
ever, the clinical translation of CAF-targeted metabolic
therapies remains at an early stage, with most evidence de-
rived from biomarker studies, imaging trials and retrospec-
tive analyses rather than large-scale interventional clinical
trials [112—-115].

Many FAP-targeted therapeutics, including ADCs, ra-
dioligands and antibody-photosensitizer conjugates, aim to
eliminate FAP-positive CAFs. Several agents have already
entered phase I studies. For example, the anti-FAP ADC
OMTX705 shows efficient uptake by FAP-positive CAFs,
cytotoxic activity and immune-contexture changes in pre-
clinical models [116]. FXX489 is a FAP-targeted radioli-
gand with high tumor selectivity and retention, and it is now
being evaluated across multiple solid tumors.

However, these depletion approaches overlook CAF
heterogeneity: some CAF subtypes are linked to poor prog-
nosis and therapy resistance, whereas others may be neu-
tral or even protective. FAP-targeted nanomedicine offers
away to modulate CAF metabolism rather than eliminate all
CAFs. The FAP-C NPs system uses a FAP single-chain an-
tibody fragment for active targeting and its payloads (such
as the vitamin D analog calcipotriol) activate the vitamin
D receptor in CAFs, shifting activated CAFs toward a qui-
escent state and reducing their pro-tumorigenic signaling
[117].

6.2 Inhibiting CAF-Tumor Lactate Transport

Since CAF-derived lactate supports tumor metabolism
and weakens antitumor immunity, blocking the lactate shut-
tle is an attractive therapeutic strategy. In the CAF—tumor
lactate shuttle, monocarboxylate transporters (MCTs) serve
as key regulators. MCT1, mainly expressed in tumor cells,
supports lactate uptake, while MCT4, enriched in glyCAFs,
enables lactate export [118,119]. Together, their comple-
mentary distribution forms a lactate-recycling loop whose
disruption may weaken CAF-tumor metabolic coupling
[120].

AZD3965, a selective MCT1 inhibitor, shows preclin-
ical activity across multiple tumor models by limiting lac-
tate uptake in cancer cells [121,122]. In a phase I trial
(NCT01791595), AZD3965 showed manageable safety and
clear target engagement, but the small cohort (approxi-
mately 40 patients) prevented firm conclusions on efficacy
[123].


https://www.imrpress.com

oI

Ss3id NI

Table 2. Representative clinical trials of CAF-associated metabolic interventions.

Metabolic Agent Tumor type(s) Phase Trial identifier =~ Combination strategy  Status Results Ref Primary CAF-related ra-
pathway tionale
Glucose  AZD3965 (MCT1 PRAD (Prostatic adenocarcinoma), | NCTO01791595 - Completed Among 30 evaluable patients, 9 had sta- [123] CAF-driven nutrient shut-
inhibitor) BRCA (Breast carcinoma) and DL- ble disease (SD), 18 had progressive dis- tling: Targets the CAF-
BCL (Diffuse large B cell lymphoma) ease (PD), and 3 experienced early pro- tumor lactate shuttle.
gression. The median time to progres-
sion for the 24 assessable patients was
57 days.
metformin MSS CRC 11 NCTO03800602 Nivolumab (anti-PD-1 Completed Among 18 evaluable patients, 2 [129] Dampening CAF acti-
antibody) achieved RECIST v1.1 SD; the remain- vation: Lowers a-SMA
ing patients met criteria for PD. The and glycolysis-linked pro-
median OS and PFS were 5.2 months grams to reduce stromal
(95% CI, 3.2-11.7) and 2.3 months support.
(95% CI, 1.7-2.3). In the intent-to-treat
cohort (n = 24), OS and PFS were
5.2 months (95% ClI, 3.2-8.4) and 2.2
months (95% CI, 1.7-2.3).
SCLC (Small cell lung cancer) 11 NCT03994744  Pembrolizumab (anti- Recruiting -
PD-1 antibody)
SKCM (Skin cutaneous melanoma) | NCTO03311308 Pembrolizumab Recruiting -
NSCLC (Non-small cell lung cancer) 11 NCT02115464 Chemoradiotherapy Terminated The addition of metformin did not im- [130]
prove, and may even have reduced, the
efficacy of chemoradiotherapy (CRT),
with higher toxicity observed.
Lipid TVB-2640 (FASN Advanced KRAS-mutant NSCLC, II NCT03808558, Chemotherapy Active, not re- Among 76 patients receiving monother- [131] CAF lipid reprogramming:
inhibitor) BRCA and OV (Ovarian carcinoma) NCT03179904 cruiting apy, complete or partial responses (CR Limits lipogenesis-linked
or PR) were observed. In combination stromal support and lipid-
with paclitaxel, the PR rate was 11%. rich CAF programs.
High Grade Astrocytoma 1I NCT03032484 Bevacizumab Active, not re- Among 25 patients, the objective re- [132]

cruiting

sponse rate (ORR) for the combination
therapy was 56%, including CR 17%
and PR 39%. The 6-month progression-
free survival (PFS6) was 31.4%, sig-
nificantly higher than historical beva-
cizumab monotherapy (16%). The 6-
month overall survival (OS6) was 68%,
with no significant difference versus his-

torical control.



https://www.imrpress.com

ssa.d NI 62

I1

Table 2. Continued.

Metabolic Agent Tumor type(s) Phase Trial identifier =~ Combination strategy Status Results Ref Primary CAF-related ratio-
pathway nale
HER?2 positive BRCA 11 NCTO03179904 Trastuzumab  (anti- Active, not re- -
HER-2 antibody) cruiting
+ chemother-
apy/endocrinotherapy
MTI-301 (SCD1 Solid Cancers I NCT06911008 - Not yet recruit- -
inhibitor) ing
I0A-289 (ATX in- PRCA /I’ NCT05586516 Chemotherapy Active, not re- - Stromal remodeling: Blocks
hibitor) cruiting CAF-derived ATX/LPA pro-
duction involved in fibrosis.
Glutamine CB-839 (GLS! in- ccRCC (Clear cell renal cell carci- I/l NCT02771626 Nivolumab Terminated The ORR was 24% in 25 ICI-naive pa- [133] CAF metabolic invasion:
hibitor) noma), SKCM and NSCLC tients with ccRCC, 5.9% in 17 patients Targets GLS1-linked CAF
with ccRCC after ICL, 0% in 9 patients motility and coordinated
with ccRCC after other prior ICI, 5.4% in tumor invasion.
37 patients with melanoma after ICI, and
0% in 19 patients with NSCLC after ICI.
Arginine INCBO001158 Solid cancers /I NCT02903914 Pembrolizumab Completed The highest response rate was observed in [134] Stromal nutrient depletion:
(ARG inhibitor) the ICI-naive combination therapy group Counteracts stromal arginine
with HNSCC (n = 26), with an ORR of depletion to support T-cell
19.2% (4 PR; 1 CR) function.
OATD-02 advanced metastatic CRC, OV, I NCTO05759923 / Recruiting - Stromal nutrient depletion:
(ARG1/ARG2 RCC and PDAC Targets ARG1/2-linked argi-
inhibitor) nine depletion in CAF-rich
niches.
Adenosine Oleclumab (CD73 CRC, PDAC and NSCLC I NCT02503774  Durvalumab (anti-PD- Completed In the CRC cohort, the ORR was ap- [135] CAF-enriched expression:
inhibitor) L1 antibody) proximately 2.4% (1 CR); PDAC, ap- CAFs are a major stromal

proximately 4.8% (1 CR and 1 PR);
and in NSCLC, approximately 9.5% (4
PRs). The PFS6 rates were approxi-
mately 5.4%, 13.2%, and 16.0%, respec-
tively.

TNBC il

NCT03616886

Durvalumab + Active, not re-

chemotherapy cruiting

Among 127 evaluable patients, ORR was
comparable between groups (63.5% vs
64.1%). Median PFS was 5.9 vs 7.0
months. Oleclumab combined with dur-
valumab + chemotherapy did not improve
24-week clinical benefit rate (CBR) or
PFS.

[136]

of CD73-driven

adenosine signaling.

source
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Table 2. Continued.

Metabolic Agent Tumor type(s) Phase Trial identifier =~ Combination strategy Status Results Ref Primary CAF-related ratio-
pathway nale
Luminal B BRCA 1I NCTO03875573 Durvalumab + SBRT Active, not recruiting Pathologic response, based on residual [137]
cancer burden (RCB), was assessed in
6 patients: 2 RCB-0 (pathologic com-
plete response [pCR]),2 RCB-1, 1 RCB-
2,and 1 RCB-3.
SARC (Sarcoma) 1I NCT04668300 Durvalumab Active, not recruiting -
Quemliclustat PDAC I NCT04104672 Zimberelimab (anti-PD-1 an- Active, not recruiting Over 120 patients, median OS was 15.7 [138]

(CD73 inhibitor)

tibody) + chemotherapy

months, compared with 9.8 months in
a synthetic control arm, representing a
37% reduction in risk of death (HR ~
0.63; 95% CI, 0.47-0.85). Median PFS
was 6.3 months, and ORR was approxi-
mately 39% (95% CI, 28-48%).
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However, growing evidence indicates that MCT4 ex-
pression may influence the response to MCT1 inhibition.
Since MCT4 preserves lactate export and sustains the CAF
side of the shuttle, increased MCT4 could lessen the effect
of MCT1 blockade [124]. In line with this idea, blocking
both MCT1 and MCT4 has been reported to produce a more
durable metabolic disruption in preclinical models [124].

In addition, tumors with a high MCT1-to-MCT4 ratio
have shown better responses in vitro , but transporter ex-
pression varies widely across tumor regions, possibly mir-
roring differences in CAF abundance, making biomarker
development challenging and clear predictors of MCT1 in-
hibitor response are still lacking [123]. Integrating trans-
porter expression with stromal composition in patient sam-
ples will be essential for identifying tumor that may respond
to lactate-transport inhibition.

6.3 Targeting Glycolytic and Energy-Regulatory Pathways

Beyond lactate transport, additional steps in glycoly-
sis have been examined as therapeutic targets. CAFs rely on
glucose uptake and inhibiting transporters such as GLUT1
can reduce their glycolytic activity and limit stromal sup-
port [48]. However, glucose transport is broadly shared
across cell types and compensatory changes in other GLUT
isoforms may restrict the feasibility of selective inhibition,
keeping most efforts at the preclinical stage [125,126].

Lactate dehydrogenase (LDH), particularly LDHA,
has also been investigated as a means to curb glycolytic
flux in both tumor cells and CAFs. LDHA blockade can
lessen local immunosuppression and improve antitumor re-
sponses in experimental models, but clinical evidence re-
mains limited [127,128]. Although direct glycolytic targets
remain limited, broader metabolic regulators that influence
CAF activation and energy usage have shown translational
potential.

Metformin, a mitochondrial complex I inhibitor orig-
inally used as an antidiabetic drug, has also been shown to
modulate tumor metabolism. In preclinical models, met-
formin enhances the activity of immunotherapy and other
systemic treatments, and several clinical trials are evaluat-
ing its use in combination therapy (Table 2, Ref. [123,129—
138]) [139,140]. In the stroma, metformin disrupts CAF—
tumor metabolic coupling by reducing CAF activation. For
example, metformin reduces the secretion of pro-tumor me-
diators, including TGF-8 and SASP factors [141-144]. It
also lowers a-smooth muscle actin (a-SMA) and key gly-
colytic enzymes in CAFs, thereby reducing their contractil-
ity and metabolic support for tumor growth [145].

Given shared targets and compensatory metabolic
shifts in CAFs, single-pathway inhibition may be insuf-
ficient to restrain their tumor-supportive functions [6,42].
Accordingly, multi-pathway approaches will be necessary
to suppress CAF-associated tumor progression.

CAF-focused metabolic interventions show potential,
but their effectiveness may depend on overcoming shared
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metabolic targets and compensatory pathways within CAF
subsets. Therapeutic approaches that combine lactate-
transport inhibition, glycolytic modulation, and agents that
dampen CAF activation may provide greater benefit, par-
ticularly when guided by stromal metabolic profiling.

6.4 Lipid-Targeted Strategies in CAF-Driven
Microenvironment Remodelling

The metabolic flexibility of CAFs allows them to shift
toward lipid-based metabolism when glycolytic or oxida-
tive pathways are inhibited. This adaptability has drawn
attention to lipid metabolism as a shared metabolic vulner-
ability in both CAFs and tumor cells.

Inhibition of FASN (TVB 264) or SCD1 (MTI-301)
suppresses de novo fatty-acid synthesis and membrane
biogenesis, potentially limiting the emergence of both
fatty-acid—oxidizing and lipid-rich CAF subsets [146,147].
Early clinical studies of the FASN inhibitor TVB-2640
have shown signs of activity across several tumor types.
In KRAS-mutant NSCLC, BRCA and OV, TVB-2640
monotherapy showed clinical activity in a subset of pa-
tients, while combination therapy with paclitaxel produced
higher response rates (details in Table 2; NCT(03808558,
NCT03179904) [131]. In high-grade astrocytoma, the
addition of bevacizumab similarly enhanced therapeutic
outcomes compared with historical monotherapy controls
(NCT03032484) [132]. These findings suggest that FASN
inhibition may be more effective in combination settings.

Beyond lipogenesis, CAFs also export soluble lipid
mediators. CAF-derived LPCs are converted by ATX into
LPA, forming a key stromal lipid—signaling pathway that
promotes fibrosis and tumor proliferation [67,68]. Inhibit-
ing this axis can reduce CAF-derived LPA signaling and
fibrosis. Its therapeutic effect is strengthened when com-
bined with agents that block fatty-acid uptake or transport,
such as CD36 or FABP antagonists, which further limit
lipid fueling and suppress tumor growth [65,68]. In addi-
tion, in CAF-rich tumors such as PDAC, combining lipid-
targeted agents with anti-fibrotic therapy, TGF-/ modula-
tors, or immune checkpoint inhibitors can decompress the
stroma, improving drug delivery and immune-cell infiltra-
tion [67,148]. ATX inhibition has entered clinical testing.
IOA-289, a selective ATX inhibitor, is being evaluated in
combination with chemotherapy in a phase I/1I trial for ad-
vanced prostate cancer (NCT05586516, Table 2). Although
ATX is not CAF-specific, its role in stromal LPA production
provides a rationale for targeting this pathway clinically.

Lipid-targeted interventions show promise, but shared
and compensatory lipid pathways in CAFs and tumor cells
limit the effectiveness of single agents. Combination ap-
proaches may therefore be more likely to achieve meaning-
ful therapeutic benefit.
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6.5 Targeting Amino Acid and Nucleotide Metabolism in
CAFs

Amino-acid exchange between CAFs and tumor cells
is emerging as a promising therapeutic target. By modu-
lating amino acid flux and influencing immune function,
these pathways provide opportunities to reprogram both
metabolism and immunity within the TME.

6.5.1 Glutamine Metabolism

The reliance of both tumor cells and stromal com-
ponents on glutamine has motivated clinical evaluation of
GLS inhibitors. CAFs not only upregulate GS to supply
glutamine to tumor cells under nutrient stress, but also in-
crease GLS1 activity to sustain their own migration and in-
vasion [79]. In preclinical models, glutamine deprivation
or GLS1 inhibition reduces CAF motility and disrupts their
coordinated invasion with cancer cells [149]. Clinically,
the GLSI inhibitor telaglenastat (CB-839) has been evalu-
ated in patients with advanced cancers (Table 2). Although
clinical activity has been modest, these studies suggest that
glutamine metabolism is a tractable therapeutic target and
support continued evaluation of GLS inhibition in rational
combination strategies [133].

6.5.2 Arginine Metabolism

Arginine depletion within the TME, driven in part
by stromal and myeloid ARG1/ARG2 activity, contributes
to impaired T-cell function and immune suppression [150,
151]. This has led to the development of arginase in-
hibitors aimed at restoring intratumoral arginine availabil-
ity. INCBO001158, a selective ARGI inhibitor, has been
evaluated in combination with immune checkpoint block-
ade. In a phase I/II study of solid tumors (NCT02903914),
combining INCB001158 with pembrolizumab showed the
highest activity in PD-1/PD-L1-naive head and neck squa-
mous cell carcinoma (ORR 19.2%; including one complete
response), whereas activity in previously treated cohorts
was limited.

To more comprehensively counteract stromal arginine
depletion, OATD-02, a dual ARG1/ARG?2 inhibitor, is now
under evaluation in a phase I study for solid malignan-
cies (NCT05759923). Preclinical data indicate that dual
arginase inhibition increases local arginine availability, re-
duces polyamine accumulation, and promotes a more im-
munostimulatory microenvironment [152].

6.5.3 CD73 and Adenosine Signaling

Across multiple tumor types, CAFs constitute the pre-
dominant CD73-high stromal population [153,154]. As
CAFs are a major source of extracellular adenosine, CD73
blockade can diminish CAF-driven adenosine signaling and
thereby relieve immune suppression [153].

Clinical development has centered on using CD73 in-
hibitors in combination with immunotherapy. Oleclumab
has been evaluated with durvalumab across colorectal can-
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cer, pancreatic cancer, NSCLC, TNBC and Luminal B
breast cancer, reflecting a combination-based development
path (Table 2). Across these studies, oleclumab showed
limited activity as a single agent. When combined with PD-
L1 blockade, with or without additional chemotherapy or
radiotherapy, oleclumab produced variable immunomodu-
latory effects, although overall antitumor efficacy remained
limited [135—137]. Quemliclustat (AB680) has shown sim-
ilarly limited activity. By contrast, etrumadenant—a dual
AsA/A5B antagonist acting downstream of CD73—has
produced more encouraging results (NCT04660812), with
improved outcomes when combined with immunotherapy
and anti-angiogenic therapy in metastatic CRC.

Amino-acid and adenosine-pathway therapies show
immunomodulatory potential but have demonstrated lim-
ited efficacy as monotherapies. As CAFs are key contribu-
tors to these metabolic circuits, their role in shaping thera-
peutic responses warrants greater attention.

7. Outstanding Controversies and
Bidirectional Effects

7.1 Cancer-Type and Microenvironment Dependency of
Metabolic Programs

A key question is whether CAF metabolic rewiring
represents a universal stromal response or a cancer-type—
specific adaptation. In desmoplastic and hypovascular tu-
mors such as PDAC, glycolytic CAFs are frequently ob-
served. These cells adapt to hypoxia and can provide lactate
and alanine to tumor cells [78]. In contrast, in ovarian can-
cer, prostate cancer and melanoma, CAF subsets have been
reported to rely more on oxidative phosphorylation or fatty
acid oxidation [16—18]. However, these differences cannot
be explained by tumor type alone. Spatial position, oxy-
gen availability and nutrient distribution also shape CAF
metabolic states. Within the same tumor, distinct CAF sub-
sets may exhibit either glycolytic or oxidative phenotypes
depending on local conditions [14,155]. This spatial hetero-
geneity is increasingly revealed by single-cell and spatial
transcriptomic studies. Therefore, CAF metabolism should
be viewed as cancer-type biased but microenvironment reg-
ulated. It reflects an adaptive response to local ecological
pressures rather than a fixed lineage program.

7.2 Bidirectional Effects of Stromal Targeting

Targeting CAFs can produce opposite outcomes de-
pending on context. In PDAC models, depletion of -
SMAT fibroblasts accelerated tumor progression and in-
creased immunosuppression [156,157]. Loss of CAF-
derived type I collagen enhanced tumor dissemination in
fibrotic niches [158]. Metabolic interventions may also
have unintended effects. Systemic inhibition of shared
metabolic pathways, including MCT1 or glycolysis, may
impair CD8% T-cell activation and effector function [159].

As aresult, therapeutic efforts should shift from CAF
depletion toward more selective approaches. The goal is
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to reprogram tumor-promoting stromal functions and mini-
mize damage to tumor-restraining fibroblasts and systemic
immunity.

7.3 Reconciling Discordant Findings Across Platforms

Disagreement across studies often reflects how CAFs
are defined. Early work used single markers such as a-
SMA, which can blur functional differences within CAFs.
By contrast, multiplexed imaging and single-cell profil-
ing resolve multiple CAF phenotypes with different im-
mune and metabolic associations [112]. Sampling strategy
is another source of inconsistency. Spatial transcriptomics
shows that CAF metabolic programs can differ across tumor
regions [160]. Analyses that average signals across bulk tis-
sue may produce unstable conclusions across cohorts.

Moreover, model systems influence outcomes. Stan-
dard 2D cultures provide abundant nutrients and oxygen
and do not mimic the metabolic microenvironment of hu-
man tumors [161]. Findings from such systems should be
validated in physiologically relevant models, including 3D
cultures, organoids or in vivo settings.

Therefore, reconciling discordant findings require
more precise CAF subclassification, spatially resolved
analysis and validation across multiply model systems.
These approaches can help distinguish biological hetero-
geneity from methodological artifacts.

8. Discussion

This review highlights that CAFs act as metabolically
active stromal components that influence nutrient availabil-
ity and modulate cancer cell behavior. Glycolytic CAFs
show increased aerobic glycolysis and lactate exchange
with neighboring cancer cells, which contribute to tumor
metabolic adaptation. Fatty-acid—oxidizing CAFs show in-
creased fatty-acid uptake and 3-oxidation to meet their own
energy demands. This shift may reduce local glucose con-
sumption by CAFs and potentially increase glucose avail-
ability for tumor cells. In contrast, lipid-rich CAFs supply
lipid metabolite that tumor cells can use for biosynthesis
and metabolic adaptation. CAFs that remodel amino-acid
metabolism can either increase the availability of metabo-
lites such as glutamine to sustain tumor anabolism or re-
duce amino acids such as arginine, thereby affecting local
immune function. Taken together, these metabolic adapta-
tions are associated with a microenvironment that facilitates
tumor growth and weakens antitumor immune surveillance.

A primary challenge in targeting CAF metabolism
is their intrinsic plasticity [162]. While our classifica-
tion delineates dominant functional states, these identities
are not static. For instance, glucose limitation potentially
triggers compensatory transitions toward fatty acid oxida-
tion or amino acid catabolism, sustaining CAF viability
and their pro-tumorigenic roles [60,163]. This context-
dependent adaptability suggests that durable therapeutic
efficacy likely requires combinatorial strategies targeting

&% IMR Press

multiple nodes of this plastic network rather than isolated
pathways [48,164].

8.1 Limitations and Challenges

Despite the translational potential of stromal
metabolic interventions, several challenges remain. Speci-
ficity is a core limitation: many metabolic enzymes are
shared by fibroblasts, immune cells and epithelial cells,
making on-target effects difficult to confine to CAFs.
Metabolic redundancy further complicates targeting, as
CAF programs can shift when one pathway is blocked. Fi-
nally, inter-patient and intra-tumor heterogeneity limits the
generalizability of one metabolic vulnerability. Together,
these findings support biomarker-guided stratification and
monitoring, for example using FAP-targeted PET to assess
CAF abundance and spatial distribution [111].

8.2 Future Directions: Toward Precision Intervention

Future work should focus on state-informed inter-
vention of CAFs. CAF-oriented imaging may support
patient selection and on-treatment monitoring. Beyond
68Ga-FAPI-46 PET for CAF abundance, tracers linked to
lactate transport or lipid uptake could help capture spa-
tial metabolic activity in vivo. Besides, metabolic-state
biomarkers derived from single-cell and spatial profiling
may enable stratification, particularly when linked to out-
comes and immune contexture. Spatially guided deliv-
ery strategies, including FAP-targeted nanoparticles and
microenvironment-activated prodrugs, could improve lo-
cal exposure while reducing systemic toxicity from shared
metabolic targets.

9. Conclusions

CAFs are key components of the tumor metabolic
landscape. Through rewiring of glucose, lipid and amino
acid metabolism, CAFs support cancer cell growth and in-
vasion while concurrently reshaping the ECM and sup-
pressing antitumor immunity. These integrated metabolic
adaptations enable tumors to persist under both nutri-
ent limitation and immune pressure. Therefore, CAF-
directed metabolic therapies, particularly when combined
with immunotherapy, may hold promise for achieving more
durable and selective reprogramming of the tumor microen-
vironment.
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