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Abstract

Cancer cachexia is a devastating, multifactorial wasting syndrome that significantly contributes to
cancer-related mortality and drastically reduces patient quality of life. While numerous
inflammatory cytokines drive this pathology, clinical trials targeting most of these factors have
historically yielded limited success. Recently, growth differentiation factor 15 (GDF15) and its
hindbrain-restricted receptor, glial cell-derived neurotrophic factor (GDNF) family receptor alpha-
like (GFRAL), have emerged as critical mediators of cachexia, driving tissue wasting through both
appetite suppression and active metabolic reprogramming. This review synthesizes the molecular
biology, structural characteristics, and stress-induced regulatory mechanisms of the GDF15-
GFRAL axis. We highlight paradigm-shifting preclinical findings—including our discovery that
tumor-derived GDF15 dictates wasting in S7TK/I/LKBI-mutant non-small cell lung cancer
(NSCLC) cachexia. Furthermore, we evaluate the promising landscape of GDFI15-GFRAL
targeted therapeutics currently advancing through clinical trials. Finally, we propose that
identifying early genetic biomarkers, such as STK/I/LKBI mutations, is crucial for deploying
these targeted interventions during the prodromal stages of cachexia, ultimately expanding the

therapeutic window and improving patient survival.
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Introduction

Cancer cachexia is a multifactorial wasting syndrome defined by unintentional body weight loss
(greater than 5% over six months, or a body mass index under 20 kg/m? coupled with greater than
2% weight loss), primarily driven by the progressive depletion of skeletal muscle and/or adipose
tissue. This devastating syndrome affects up to 80% of patients with advanced malignancies,
accounts for at least 22% of all cancer-related mortality, and is strongly associated with reduced
overall survival and diminished quality of life (Warren 1932; Argiles et al. 2018). Importantly,
cachexia is not merely a late-stage consequence of tumor progression. Recent evidence indicates
that significant weight loss can commence months prior to the formal diagnosis of malignancies,
such as pancreatic cancer and non-small cell lung cancer (NSCLC) (Babic et al. 2023; Gilmore et

al. 2025).

The pathophysiology of cancer cachexia is primarily driven by secreted factors that induce
chronic inflammation, profound metabolic dysregulation, and suppressed appetite. Elevated levels
of these mediators have been detected in both preclinical animal models and clinical cohorts,
originating from the tumor, the host tissues, or a combination of both. Extensively studied cachexia
factors include the interleukin-6 (IL-6) family of cytokines (IL-6, IL-8, IL-1p, leukemia inhibitory
factor/LIF), transforming growth factor-beta (TGF-B) superfamily proteins (TGF-B, GDF15,
myostatin/GDF8, Activins, bone morphogenetic proteins/BMPs), tumor necrosis factor-alpha
(TNF-0), parathyroid hormone-related protein (PTHrP), insulin-like growth factor-binding
proteins (IGFBPs), and glucocorticoids (Ferrer et al. 2023; Hiillwegen et al. 2025). While these
factors have been the subjects of numerous clinical trials over the past decades, the majority of

targeted interventions have failed to completely reverse cachexia (Argiles et al. 2023), with the



notable exception of therapeutics directed against GDF15 (Groarke et al. 2024). In this review, we
synthesize the current literature on the multifaceted role of GDF15 in cancer cachexia and provide
a comprehensive overview of emerging therapeutic strategies targeting the GDF15 signaling

pathway.

Molecular Biology of GDF15

Originally identified as macrophage inhibitory cytokine 1 (MIC-1), GDF15 is a divergent member
of the TGF- superfamily (Bootcov et al. 1997). The transcription of GDF15 is primarily induced
by cellular stress, tissue injury, and metabolic deficiencies, which activate convergent pathways
governed by stress-response transcription factors, such as activating transcription factor 4-C/EBP
homologous protein (ATF4-CHOP), p53, and early growth response transcription factor (EGR1)
(Wang et al. 2021). p53 activation transcriptionally upregulates GDF15 through direct binding to
a p53 response element in its promoter, resulting in GDF15 secretion in a human NSCLC cell line
(Kannan ef al. 2000; Tan et al. 2000). Similarly, EGR-1 binds the GDF15 promoter to transactivate
its expression in a human colorectal carcinoma cell line (Baek ef al. 2004). Beyond p53- and
EGR1-mediated regulation, the integrated stress response (ISR)-ATF4-CHOP axis represents the
most extensively characterized pathway driving GDF15 expression. Upon ISR activation,
phosphorylation of the alpha subunit of eukaryotic translation initiation factor 2 (eIF2a) promotes
ATF4 nuclear translocation, where it partners with CHOP to transactivate GDF15 transcription
(Lockhart et al. 2020; Wang et al. 2021). Our group recently demonstrated that this pathway
potently regulates GDF15 in cachexia driven by human NSCLC harboring loss-of-function
mutations in serine/threonine kinase 11/liver kinase B1 (STK71/LKB1) (Figure 1) (Yu et al. 2026).

Notably, the reconstitution of wild-type STK/1/LKBI in these mutated tumors decreases elF2a



phosphorylation, subsequently blunting the expression of both ATF4 and GDF15. However,
GDF 15 transcription is not exclusively reliant on the ATF4 pathway in this system. The ablation
of ATF4 does not completely abolish GDF15 mRNA levels; this strongly suggests the existence
of parallel regulatory mechanisms, either as part of the ISR (e.g., via ATF3) (Lee ef al. 2010) or
independent of it (Figure 1). AMP-activated protein kinase (AMPK), a central regulator of
mitochondrial function, also modulates GDF15 expression. Pharmacological activation of AMPK
increases GDF15 levels, an effect that is markedly attenuated in AMPK B17~ or CHOP™ mice
(Townsend et al. 2021). Because STK11/LKBI is the principal upstream kinase driving AMPK
phosphorylation and activation, its loss would be predicted to impair this axis and, in turn, reduce
GDF15 production. Paradoxically, however, GDF15 is upregulated in S7TK//LKBI-mutant
NSCLC patient-derived xenografts (PDXs). This discrepancy may reflect several non-mutually
exclusive possibilities: AMPK activation independent of STKI11/LKBI1, for instance via
calcium/calmodulin-dependent protein kinase kinase 2 (CaMKK?2) (Steinberg and Hardie 2023),
which could sustain downstream GDF15 induction despite loss of the canonical kinase; a context-
dependent uncoupling of AMPK’s regulatory influence on GDF15 from its phosphorylation status;
tissue-specific regulatory divergence; or mechanistic differences between human and murine
model systems. Furthermore, while CREB was also reported as a transcriptional regulator of
GDF15 in pancreatic cancer (Kalli et al. 2019; Shi et al. 2026), when we silenced it in
STK11/LKBI-mutated NSCLC cells, we did not observe obvious change in the protein level of

GDF15 (unpublished data).
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Figure 1 Proposed mechanisms of STK/1/LKBI-driven GDF15 production and cancer cachexia.

STK11/LKBI is a critical tumor suppressor and "master kinase" governing cellular energy metabolism. Its canonical functions

are:

1. Forms a heterotrimeric complex with STRAD (STE20-related kinase adaptor) and MO25 (mouse protein 25) to activate

AMPK and its 12 related kinases.

2. Consequence of loss-of-function mutations (in NSCLC): Abrogates this signaling network, inducing the integrated stress

response (ISR) and driving robust GDF15 production.

3.  Downstream effect: Elevated tumor-derived GDF15 triggers severe systemic cachexia, marked by suppressed food

intake, adipose tissue wasting, and skeletal muscle atrophy.

Proposed mechanisms of GDF15 amplification following STK11/LKBI1 loss:

1. Transcriptional upregulation — mediated by the ISR and/or possibly parallel STK11/LKB1-dependent pathways.

2. Enhanced protein maturation/processing — driven by the STK11/LKB1-ISR-ATF4 axis via factors not yet characterized.

3. Open question — Whether STK11/LKB1 mutations also regulate the secretion kinetics of mature GDF15 remains to be

investigated.

AMPK paradox: CaMKK2 may compensate for STK11/LKB1 loss by directly phosphorylating and activating AMPK, sustaining

its activity through an LKB1-independent pathway.

pGDF15, pro-GDF15; mGDF15, mature GDF15.



Biologically, GDF15 functions as a ~ 25 kDa circulating homodimer synthesized as a 308-
amino acid pre-pro-peptide, consisting of a signal peptide (residues 1-29), a pro-peptide (residues
30-196), and a C-terminal mature peptide (residues197-308) (Bootcov et al. 1997). The signal
peptide dictates intracellular trafficking, mediating transport into the endoplasmic reticulum (ER)
prior to cleavage. Subsequently, the pro-peptide acts as a quality control determinant, directing
improperly folded pro-GDF15 monomers toward proteasomal degradation (Bauskin ef al. 2000).
Proteolytic maturation occurs at an > RXXR!'?® motif located between the pro-peptide and mature
sequence, which is recognized and cleaved by enzymes such as proprotein convertase
subtilisin/kexin (PCSK) family members or matrix metalloproteinase-26 (MMP-26), either
intracellularly or within the extracellular matrix (Bauskin ez al. 2005; Li et al. 2014; Li et al. 2018).
The precise regulatory mechanisms governing GDF15 cleavage remain underexplored. We
recently discovered that ATF4 knockout decreases intracellular mature GDF15 levels in
STK11/LKBI1-mutated NSCLC cells (Yu et al. 2026), which suggests that ATF4 participates in
regulating the processing/maturation of GDF15 through unknown mechanisms in the cell (Figure
1). This implies that the loss of function of STK11/LKBI1 may synergistically amplify GDF15
production by concurrently upregulating its transcription and post-translational processing through
ISR or parallel pathways. Determining whether STK11/LKBI1 actively regulates the secretion of
mature GDF15 will require overexpressing the mature peptide in STK/1/LKBI-mutated NSCLC

cells.

Structurally, the mature GDF15 peptide harbors nine cysteine residues; eight participate in
intra-chain disulfide bonds to stabilize the monomer, while the remaining cysteine (the sixth in the

sequence) forms an inter-chain disulfide bridge with a corresponding cysteine on another pro-



GDF15 molecule within the ER, thus yielding the functional homodimer (Bootcov ef al. 1997;
Lockhart et al. 2020). Crystallographic analyses reveal that the three-dimensional structure of
GDF15 features a unique adaptation of the classical TGF- superfamily fold, dominated by two
antiparallel B-sheets extending from a central core. The N-termini of the paired GDF15 monomers
are fully exposed and similarly oriented, whereas the C-terminus of one monomer packs against a
hydrophobic patch on its counterpart, with the terminal Isoleucine®® buried and sterically
constrained by a disulfide bond between Cysteine®” and Cysteine*** (Xiong et al. 2017).
Furthermore, Cysteine®!! is critical for GDF15 secretion (Hsu et al. 2017; Fejzo et al. 2022; Fejzo
et al. 2024), as individuals harboring a C211G variant exhibit undetectable circulating GDF15.
Interestingly, individuals genetically deficient in GDF15 remain healthy and fertile (Gurtan et al.
2024), indicating that the cytokine may be largely dispensable under basal, non-stressed
physiological conditions. Once secreted, GDF15 has an estimated circulating half-life of three
hours in both mice and non-human primates (Xiong et al. 2017), though the specific mechanisms

dictating its clearance require further elucidation.

GDF15-GFRAL Signaling Pathway

Recent large-scale population studies establishing normative serum GDF15 ranges indicate that
median GDF15 concentrations in healthy young adults (under 30 years) are approximately 537
pg/mL, which progressively climb with advancing age to 2,152 pg/mL in those aged 80 and older
(Welsh et al. 2022). Physiologically, significantly elevated GDF15 originating from the
feto-placental unit is intimately linked to the maternal risk of nausea and vomiting during
pregnancy (Fejzo et al. 2024). Furthermore, extensive plasma proteome profiling across diverse

healthy and diseased adult cohorts has highlighted GDF15 as a paramount clinical biomarker. It



emerged as the top predictive protein for 200 distinct pathologies and the top diagnostic protein
for 40 diseases (Deng et al. 2025). In the context of oncology, GDF15 levels can surge ten-fold or
more in advanced cancer patients compared to healthy controls, strongly correlating with the onset
and severity of cancer cachexia (Johnen et al. 2007; Lerner et al. 2015; Al-Sawaf et al. 2023;
Abdelgalel ef al. 2025; Hiillwegen et al. 2025; Levi et al. 2025). Notably, the feto-placental unit
and tumors face an analogous immunological challenge — surviving as antigenically distinct
tissue within a host capable of mounting a destructive immune response — and both appear to
exploit GDF15 toward this end, with each context also marked by corresponding changes in
feeding behavior. The placenta is the highest physiological source of GDF15, and reduced first-
trimester levels have been linked to miscarriage, supporting a long-standing hypothesis that
GDF15 helps protect the semi-allogeneic fetus from maternal immune attack (Wischhusen et al.
2020; Abd and Abd Ali 2026). Tumor-derived GDF15 achieves an analogous outcome by
suppressing T-cell recruitment via the LFA-1/ICAM-1 axis, shielding malignant tissue from
immune destruction and promoting progression (Bruzzese et al. 2014; Haake et al. 2023). The role
of GDF15 in metabolic-related diseases, including obesity, diabetes, and cardiovascular disease,
has been extensively reviewed elsewhere (Adela and Banerjee 2015; Wang et al. 2021; Iglesias et

al. 2023; Sigvardsen et al. 2025).

Historically, host-derived GDF15 was presumed to be the primary driver of GDF15-
associated wasting, particularly during platinum-based chemotherapy (Hsu et al. 2017; Breen et
al. 2020). Clinical data from the TRACERx study confirmed elevated serum GDF15 levels in
cachectic NSCLC patients relative to non-cachexia counterparts (Al-Sawaf et al. 2023).

Interestingly, this study found no significant association between tumor GDF15 gene expression



or copy-number alterations and systemic serum GDF15 levels, indirectly suggesting that
circulating GDF15 might predominantly originate from the host. We recently established robust
GDF15-induced cancer cachexia models through the engraftment of human GDF15-producing,
patient-derived STK/1/LKBI-mutant NSCLC cell lines into immunodeficient mice. By utilizing
CRISPR/Cas9 to selectively silence tumor cell-derived GDF15, we observed that these NSCLC
lines lost the ability to induce cachexia, proving that the tumor cells themselves — not the host —
are the critical cellular source of GDF15 in these specific models (Yu et al. 2026). The TRACERx
findings raise the possibility of additional host-derived GDF15 sources, potentially from immune
cells, that could not be assessed in the immunodeficient model. Therefore, further investigations
utilizing immunocompetent mice and single cell studies are necessary to fully dissect the complex

interplay between host and tumor GDF15 in STK/ I/LKBI-mutant NSCLC cancers.

Following its discovery, GDF15 was attributed a versatile array of biological functions. It
should be noted that some early conflicting findings regarding its functional pleiotropy may have
stemmed from TGF-f§ contamination in commercially available recombinant GDF135 preparations
(Olsen et al. 2017). Nevertheless, the indispensable role of GDF15 in driving cancer cachexia has
been unequivocally validated through both antibody-mediated neutralization and genetic silencing
approaches (Johnen et al. 2007; Kim-Muller et al. 2023; Groarke et al. 2024; Yu et al. 2026),
which have been comprehensively documented in several excellent reviews (Baek and Eling 2019;
Lockhart et al. 2020; Wang et al. 2021; Ferrer et al. 2023; Breit and Tsai 2025; Sigvardsen ef al.

2025).

Early mechanistic studies demonstrated that the administration of recombinant GDF15

activates c-Fos expression in the area postrema (AP) of the brainstem, implicating this neural

10



nucleus in mediating GDF15-induced anorexia and subsequent cachexia (Johnen et al. 2007).
However, the specific receptor for GDF15 remained elusive until 2017, when four independent
research groups utilized orphan ligand-receptor capture technologies and cDNA library screening
to identify GFRAL as the bona fide, high-affinity receptor for GDF15 (Emmerson ef al. 2017; Hsu
et al. 2017; Mullican et al. 2017; Yang et al. 2017). The physiological relevance of this discovery
was profound: GFRAL knockout mice proved completely refractory to both exogenous GDF15
administration and chemotherapy-induced GDF15 surges, failing to exhibit characteristic anorexia,
weight loss, or brainstem signaling activation even at supraphysiological doses. Consequently,
these knockout animals are fully protected against wasting in GDF15-overexpressing tumor
models, establishing GFRAL as the exclusive metabolic receptor mediating the catabolic effects

of this cytokine.

Initial characterizations indicated that GFRAL expression is strictly anatomically restricted
to the hindbrain's AP and the nucleus tractus solitarius (NTS)—regions uniquely positioned
outside a complete blood-brain barrier. While some immunohistochemical studies have reported
GFRAL detection in various cancer and peripheral tissues (Laurens et al. 2020; Zhao et al. 2020;
Buchholz et al. 2021; Fichtner et al. 2024), recent highly specific murine in situ hybridization
studies failed to detect Gfral mRNA outside the AP/NTS (Hes et al. 2025). Notably, these
hybridization models were limited to healthy subjects; thus, further investigations during disease
states are necessary to provide a comprehensive understanding. It has been postulated that an
alternative splice variant of GFRAL lacking the transmembrane domain might be secreted into
circulation (Li ef al. 2005) that may cross-react with peripheral immunohistochemical probes.

Although GFRAL expression is generally considered restricted to the hindbrain, recurring reports

11



of peripheral expression highlight the need for tissue-specific knockout studies to definitively

resolve this discrepancy.

Structurally, in contrast to other GDNF family receptors that are typically
glycosylphosphatidylinositol (GPI)-anchored, GFRAL is a single-pass type I transmembrane
protein. The binding of a GDF15 homodimer to a GFRAL homodimer induces the recruitment of
the transmembrane co-receptor rearranged during transfection (RET), culminating in a
heterohexameric complex assembled in a strict 2:2:2 stoichiometry (Figure 2) (Hsu ef al. 2017; Li
et al. 2019). The formation of this complex triggers the trans-autophosphorylation of specific

1062

intracellular tyrosine residues on RET, primarily Tyrosine ™, effectively igniting the downstream

signaling cascade (Hsu et al. 2017; Mullican ef al. 2017; Yang et al. 2017).
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Figure 2 The GDF15-GFRAL-RET signaling axis and downstream mechanisms of cancer
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1. Receptor complex assembly: Circulating GDF15 (green) reaches the area postrema (AP) and nucleus tractus solitarius
(NTS) within the brainstem, where it binds a GFRAL homodimer (orange) at the plasma membrane, recruiting the co-
receptor RET (blue) to form a heterohexameric signaling complex. This triggers RET trans-autophosphorylation and
initiates an intracellular signaling cascade.

2. Peripheral wasting: Downstream signaling drives both muscle atrophy and adipose wasting. In muscle, GDF15-GFRAL
signaling upregulates sarcolipin (S/n), promoting a futile calcium cycle that increases energy expenditure, alongside
induction of E3 ubiquitin ligase Fbxo32 (Atrogin-1) and Trim63 (MuRF1), which drive protein degradation.

3. Neuroendocrine counter-regulation: GDF15-GFRAL-RET signaling in the brainstem suppresses food intake, while fat
wasting lowers leptin levels, reducing leptin's appetite-suppressive signaling in the hypothalamus, which may

counterbalance GDF15-driven food intake decrease.

The GDF15-GFRAL Axis: Mechanisms of Cancer Cachexia

Initially, the GDF15-GFRAL axis was viewed simply as a hindbrain-restricted signaling loop that
drives body weight loss primarily through appetite suppression. However, recent advances have
significantly broadened this paradigm, revealing that GDF15 drives cachexia through a
coordinated, multipronged pathology encompassing food intake-dependent mechanisms and food

intake-independent pathways, and complex neuroendocrine counter-regulations.

Food intake-dependent mechanisms (anorexia and visceral malaise): The profound
suppression of caloric intake remains a central, devastating pillar of GDF15-induced cachexia
(Emmerson et al. 2017; Hsu et al. 2017; Mullican et al. 2017; Yang et al. 2017; Groarke et al.
2024). Importantly, GDF15-GFRAL signaling does not merely induce normal postprandial satiety;
rather, it triggers an aversive feeding response. Preclinical models demonstrate that elevated
GDF15 induces conditioned taste aversion and visceral illness behaviors. In non-human primates
and clinical populations, this pathway is intimately linked to the emetic neurocircuitry (Breen et

al. 2020; Engstrom Ruud et al. 2024). This mirrors its physiological role in driving hyperemesis

13



gravidarum during pregnancy (Fejzo et al. 2024). Mechanistically, while the area postrema (AP)
acts as the primary sensory node for receiving this circulating signal, mapping of the downstream
architecture has identified brain-derived neurotrophic factor (BDNF)-expressing neurons in the
medial NTS (mNTS) as an obligatory convergence hub for processing this GDF15-mediated
anorexia (Figure 2) (Feetham et al. 2024). Ultimately, this centrally mediated malaise effectively
abolishes the patient's hedonic and homeostatic drives to eat, driving a severe, intractable negative

energy balance.

Food intake-independent mechanisms (systemic energy expenditure): Despite the consistent
finding that acute administration of recombinant GDF15 causes decreased food intake and body
weight loss, emphasizing anorexia as the sole driver of wasting drastically oversimplifies the
pathology. In fact, a vast body of clinical and experimental evidence highlights non-anorexia
mechanisms during chronic diseases and pathological states. Clinically, Garcia and colleagues
observed that serum GDF15 is significantly elevated in cancer patients (36% are lung cancer) with
weight loss compared to weight-stable cancer patients and healthy controls; however, the cachectic
cohort exhibited no significant differences in food intake as judged by appetite scores (Lerner et
al. 2015). This clinical disconnect is mirrored in preclinical oncology. For instance, mice bearing
GDF15-dependent HT1080 tumors undergo severe cachexia without significant decreases in food
intake compared to non-tumor-bearing controls. Furthermore, while the administration of a
GFRAL neutralizing antibody rescued adipose and muscle wasting in these animals, it did not alter
their feeding behavior (Suriben ef al. 2020). Similarly, we observed no significant food intake

differences in mice bearing STK11/LKBI-mutant NSCLC patient-derived xenografts (PDXs)

14



when compared to mice bearing GDF15-silenced tumors or those treated with a GDFI15

neutralizing antibody (Yu et al. 2026).

Mechanistically, this food intake-independent weight loss is largely driven by a pathological
surge in skeletal muscle energy expenditure. In models of metabolic dysfunction-associated
steatohepatitis (MASH), recombinant GDF15 induces weight loss where reduced food intake
accounts for only half of the body weight reduction, as proven by pair-fed cohorts (Wang et al.
2023). Further investigations revealed that GDF15 administration induces massive muscle energy
expenditure through the upregulation of muscle sarcolipin (S/n). We recently validated this axis in
STK11/LKBI1-mutant NSCLC cachexia, observing that expression of S/n and established protein
degradation markers (Fbxo32 and Trim63) negatively correlates with body weight. STK71/LKB1-
mutant NSCLC tumor-bearing mice exhibited significantly higher S/n mRNA levels in both the
gastrocnemius and soleus muscles compared to controls; critically, silencing tumor GDFI15
abrogated this S/n induction (Figure 2) (Yu et al. 2026). Consistent with this, the
PolgD257A/D257A mouse model of primary mitochondrial myopathy — which harbors an
elevated mitochondrial DNA mutation rate leading to defective mitochondrial proteins and
consequent loss of muscle mass, strength, and exercise capacity — phenocopies key metabolic and
muscle wasting features of this pathway. The mice show elevated GDF15, and antibody-mediated
GDF15 neutralization rescues the wasting phenotype, concordant with reduced S/n expression in
gastrocnemius muscle (Flaherty ef al. 2025). Furthermore, acute activation of GFRAL-expressing
neurons precipitates a hypometabolic, torpor-like state characterized by hypothermia and a rapid
hepatic shift toward ketogenesis and lipid oxidation (Engstrom Ruud et al. 2024). Collectively,

these findings underscore that GDF15-mediated cachexia is an active, maladaptive metabolic

15



reprogramming rather than passive starvation. Definitively confirming S/n-mediated energy
expenditure as the primary effector of this wasting will warrant future studies utilizing muscle-

specific Sin silencing.

Neuroendocrine counter-regulation (the leptin compensatory axis): Beyond direct energy
expenditure, secondary neuroendocrine feedback loops likely obscure the acute anorexic effects
of GDF15 during chronic disease, explaining the inconsistent feeding behaviors observed across
prolonged cachexia studies. Food intake is tightly regulated by a variety of non-GDF15 hormonal
signals, with leptin being a paramount regulator of long-term energy balance (Woods et al. 2000;
Bruning and Fenselau 2023). We previously reported that tumor-secreted cachexia factors, such
as leukemia inhibitory factor (LIF), cause significant adipose loss and anorexia (Arora et al. 2018;
Gandhi et al. 2022). However, wild-type mice administered LIF experience only a transient state
of hypophagia that rapidly returns to normophagia. This behavioral recovery is driven by a
compensatory plunge in circulating leptin secondary to the initial adipose depletion. In leptin-
deficient (ob/ob) or leptin receptor-deficient (db/db) mice, this counterbalance is absent, leading

to perpetual hypophagia (Arora et al. 2018).

We have now observed a parallel compensatory axis in GDF15-driven cachexia. Mice bearing
subcutaneous and orthotopic STK/1/LKBI-mutant NSCLC tumors exhibited a severe cachectic
phenotype accompanied by a significant decrease in serum leptin levels compared to non-tumor-
bearing mice. When GDF15 was genetically silenced or pharmacologically neutralized, the
cachexia phenotype was rescued, and serum leptin levels were restored (Yu et al. 2026). These

data consistently suggest that the progressive drop in leptin serves as a potent counterbalance to

16



the anorexic signals induced by cancer cachexia factors (Figure 2). Ultimately, this compensatory
rescue of appetite masks the initial GDF15-driven hypophagia, driving the "normophagic wasting"
frequently observed in the clinic. To fully dissect the interplay between GDF15 and this
neuroendocrine feedback loop, future investigations employing ob/ob and db/db cachexia models

are highly warranted.

GDF15-GFRAL Axis as a Therapeutic Target for Cancer Cachexia and Advanced Cancer
The clinical translation of targeting the GDF15-GFRAL axis represents a watershed moment in
supportive oncology, catalyzing a paradigm shift from non-specific nutritional supplementation to

the precise molecular targeting of the cachectic drive. Decades of preclinical promise have now

culminated in definitive human proof-of-concept: the phase 2 PROACC-1 trial (NCT05546476)

evaluating ponsegromab, Pfizer’s GDF15 neutralizing antibody, demonstrated robust, dose-
dependent weight gain and functional improvement in patients with non-small cell lung, pancreatic,
and colorectal cancers exhibiting elevated circulating GDF15 (>1500 pg/mL) (Groarke ef al. 2024).
It is important to note, however, that circulating GDF15 sequestered by ponsegromab can
accumulate to extraordinarily high levels that may eventually overwhelm the antibody’s binding
capacity (Crawford et al. 2024), suggesting that prolonged treatment regimens might necessitate

progressive dosage escalation.

Alternatively, directly targeting the GFRAL receptor offers distinct theoretical
pharmacokinetic advantages. NGM120, a first-in-class anti-GFRAL antibody, successfully
promoted gains in body weight and lean mass in both preclinical models and advanced solid tumor

patients during a phase 1/2 trial (NCT04068896) (Suriben et al. 2020; Jain ef al. 2021), paving the
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way for an ongoing phase 2 trial (NCT07033026) specifically in cachectic colorectal cancer

patients. Furthermore, as our molecular understanding of cancer cachexia deepens, it is
increasingly apparent that the syndrome is rarely driven by a solitary cytokine. Consequently, a

clinical trial (NCT06898255) investigating GFS202A, a novel bispecific antibody engineered to

simultaneously target GDF15 and IL-6, has been initiated for advanced solid tumor patients
presenting with pre-cachexia or cachexia. The rationale for this dual targeting is strongly supported
by recent findings demonstrating that IL-6 can penetrate the brainstem AP to activate local neurons
and induce a cachexia phenotype, with brain-restricted IL-6 neutralization sufficient to attenuate
this wasting (Sun et al. 2024). Separately, cachexia-associated apathy and effort-sensitivity arise
from a brainstem-to-basal ganglia circuit that senses IL-6 and suppresses mesolimbic dopamine,
and targeting this circuit—via anti-IL-6 treatment, brainstem ablation, or dopamine restoration—
reversed these behavioral symptoms (Zhu et al. 2025). Together, these findings establish the
brainstem as a convergence point for IL-6-driven physical wasting and behavioral/affective
symptoms, paralleling the mechanistic depth described above for GDF15-GFRAL signaling and

reinforcing the rationale for the bispecific GDF15/IL-6 targeting strategy.

Beyond its established role as a metabolic driver of cachexia, GDF15 also functions as a potent
immunosuppressor by inhibiting the leukocyte function-associated antigen (LFA-1)/intercellular
adhesion molecule (ICAM)-1 axis in T cells and T cell migration into tumor tissue, facilitating
tumor progression (Haake ef al. 2023). Blocking GDF15 has been shown to rejuvenate tumor
immune cell infiltration and augment the efficacy of immune checkpoint blockade therapy across
multiple malignancies (Wischhusen et al. 2021; Haake et al. 2023; Hong et al. 2023). Leveraging

this dual mechanism, CatalYm’s visugromab is currently under investigation in the GDFATHER
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trial (NCTO04725474), pioneering a "dual-benefit" clinical paradigm. This approach has

demonstrated that GDF15 neutralization can re-sensitize refractory tumors to anti-PD-1 or anti-
PD-L1 therapies while concurrently mitigating cachectic weight loss (Melero et al. 2025).
Similarly, combining the anti-GFRAL antibody NGM120 with standard chemotherapy

(NCT04068896) yielded encouraging disease control rates in advanced pancreatic cancers

(Hendifar et al. 2022). Building on these successes, the pivotal Phase 2b/3 trial (NCT06989437)

evaluating ponsegromab in combination with chemotherapy for metastatic pancreatic ductal
adenocarcinoma (PDAC) will critically assess whether reversing cachexia directly translates into

enhanced chemotherapy tolerance and improved overall survival. AVEO’s V-380 (NCT05865535)

is employing comparable strategies in metastatic cancer patients presenting with elevated GDF15
levels. Unlike historical cachexia therapies that primarily tried to supplement more nutrients,
GDF15-GFRAL inhibitors appear to fundamentally reset the pathological catabolic state while
simultaneously lifting local immune suppression, presenting a highly plausible, multipronged

therapeutic strategy.

While GDF15-GFRAL inhibitors are proving to be highly effective therapeutic tools, current
clinical trials predominantly enroll patients with advanced-stage cancers or exceptionally high
circulating GDF15 (>1500 pg/mL), inherently restricting access for early-stage patients.
Compellingly, our recent data demonstrated that both patient-derived and engineered murine
STK11/LKBI-mutant NSCLC cells, which secrete similar or only slightly elevated levels of
GDF15 compared to control wild-type cells, are still fully capable of driving profound cachexia in
vivo. Importantly, both tumor genetic silencing and antibody-mediated neutralization of GDF15

in these models successfully rescued the cachectic phenotype (Yu et al. 2026). These findings
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strongly advocate for expanding the clinical application of GDF15-GFRAL inhibitors to NSCLC
cachexia patients irrespective of absolute systemic GDF15 thresholds, utilizing STK1/LKB]1 loss-
of-function mutations as an actionable early diagnostic biomarker. To fully realize this
personalized medicine approach, future translational studies must systematically define the
specific oncogenic mutations and transcriptional networks that pathologically upregulate GDF15
across diverse tumor types, thereby identifying robust genetic biomarkers that enable earlier, more

effective clinical interventions.

Conclusion and Perspective

The clinical recognition of cachexia dates back to ancient Greece, where Hippocrates aptly
described it as a severe wasting condition where “the flesh is consumed and becomes water”.
Despite this millennia-old clinical awareness, there are currently no globally approved targeted
therapies specifically for this syndrome. This glaring therapeutic void stems historically from
viewing cachexia merely as a terminal, inevitable complication of advanced malignancy, a

perspective that severely underestimated its active, destructive role in patient mortality.

Fortunately, clinical paradigms are shifting. Recent epidemiological data highlight
unintentional weight loss as a potent harbinger of undiagnosed malignancies, noting that
individuals presenting with unexplained weight loss have a significantly higher incidence of
subsequent cancer diagnoses or more advanced diseases at cancer diagnosis (Nicholson et al. 2022;
Wang et al. 2024; Gilmore et al. 2026). In fact, the metabolic prodrome of cachexia can commence
up to 12 months prior to a formal clinical cancer diagnosis (Gilmore ef al. 2025). Long before

measurable morphological or functional decline is evident, tumor-derived factors initiate a cascade
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of metabolic alterations and inflammation that inexorably drive skeletal muscle and adipose
catabolism. Consequently, the identification of these early tumor-derived cachexia factors and
metabolic signatures provides a critical, untapped window for early oncological diagnosis and
intervention. Detecting cachexia in its latent, prodromal state empowers clinicians to deploy
targeted therapies before patients enter the unmanageable, refractory stage, effectively widening
the therapeutic window for definitive anti-cancer treatment. Therefore, the rigorous clinical
monitoring of body weight trajectories and the validation of early detection biomarkers for

cachexia remain paramount.

Inhibitors targeting the GDF15-GFRAL axis represent the first truly promising, targeted
intervention for cancer cachexia, while their strategic combination with first-line chemotherapy or
immune checkpoint inhibitors offers a synergistic approach to comprehensive cancer care.
However, because current clinical evaluation is heavily focused on advanced-stage disease with
significant GDF15 elevations, the discovery of highly sensitive, early predictive biomarkers
represents the field’s most urgent unmet need. Our recent discovery positioning tumor-derived
GDFI15 as an indispensable mediator and prime therapeutic target in S7K/I/LKBI-mutant
NSCLC-associated cachexia — regardless of circulating GDF15 concentrations (Yu ef al. 2026),
provides a compelling blueprint for such biomarker-driven stratification. Whether oncologists can
successfully expand the application of GDF15-GFRAL axis inhibitors to the approximately 15%

of NSCLC patients harboring STK 7 1/LKB1 mutants awaits validation in prospective clinical trials.

However, it is crucial to recognize that GDF15 may not be the exclusive driver of

STK11/LKBI-mutant NSCLC-associated cachexia. Our lab and others have observed significant
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elevations of IL-6 family cytokines in both S7TK/1/LKBI-mutant NSCLC PDX and genetically
engineered Stk 1/LkbI-mutant mouse models, and pharmacological inhibition of the downstream
JAK/STAT pathway using ruxolitinib or pacritinib has demonstrated protective effects against fat
mass loss (Iyengar et al. 2023; Dantas ef al. 2025). Whether the IL-6 family cytokine and GDF15
pathways interact cooperatively or operate independently warrants further investigation.
Ultimately, identifying comprehensive multi-omic signatures will be equally critical to stratify
patients whose cachexia is driven by multiple overlapping factors, ensuring they are directed
toward the most appropriate alternative or combinatorial therapeutic strategies. Collectively, these
inspiring molecular insights should catalyze intensive preclinical efforts to identify specific genetic
alterations and dysregulated signaling nodes that uncouple the GDF15-GFRAL axis in cancer,
transforming these molecular signatures into the next generation of early, predictive biomarkers

for cachexia intervention.

22



Acknowledgement

We used Google Gemini and Claude to increase the readability of the manuscript.

This work was supported by grants from the Burroughs Wellcome Fund Career Awards for
Medical Scientists (1019692, REI); American Cancer Society Grant (133889-RSG-19-195-01-
TBE, REI); Cancer Prevention and Research Institute of Texas (RP230140 (REI/PI); and National
Institutes of Health grants (1IROICA266900 (REI/PI), IRO1DK 128166 (REI/PI), IP30DK 127984

(REI), P30CA 142543 (REI), and PSOCA070907 (REL).

Compliance with Ethics Guidelines

Conlflict of interest
All authors acknowledge no conflicts of interest related to this work except REI who maintains
collaborative cancer cachexia research projects with Pfizer Inc., Incyte and NGM

Biopharmaceuticals.

Human and animal rights and informed consent

This article does not contain any studies with human or animal subjects performed by any of the

authors.

23



References

Abd FN, Abd Ali RA (2026) “Clinical and diagnostic value of GDF-15 and B-hCG in first trimester
pregnancy with threatened miscarriage and the short-term impact of hormonal support: a
prospective study”. Middle East Fertility Society Journal 31(1):36

Abdelgalel R, Subramaniam S, Gaur T, Mountain V, Jin B, Cho H, Lebedinsky C (2025) Abstract
B032: Cancer cachexia marker, Growth Differentiation Factor 15 (GDF-15), serum level

mapping in real world samples from patients with pancreatic (PANC) or colorectal cancer
(CRC). Molecular Cancer Therapeutics 24(10_Supplement):B032—-B032

Adela R, Banerjee SK (2015) GDF-15 as a Target and Biomarker for Diabetes and Cardiovascular
Diseases: A Translational Prospective. J Diabetes Res 2015(490842)

Al-Sawaf O, Weiss J, Skrzypski M, Lam JM, Karasaki T, Zambrana F, Kidd AC, Frankell AM,
Watkins TBK, Martinez-Ruiz C, Puttick C, Black JRM, Huebner A, Bakir MA, Sokac M,
Collins S, Veeriah S, Magno N, Naceur-Lombardelli C, Prymas P, Toncheva A, Ward S,
Jayanth N, Salgado R, Bridge CP, Christiani DC, Mak RH, Bay C, Rosenthal M, Sattar N,
Welsh P, Liu Y, Perrimon N, Popuri K, Beg MF, McGranahan N, Hackshaw A, Breen DM,
O'Rahilly S, Birkbak NJ, Aerts H, Consortium TR, Jamal-Hanjani M, Swanton C (2023) Body
composition and lung cancer-associated cachexia in TRACERx. Nat Med 29(4):846—-858

Argiles JM, Lopez-Soriano FJ, Stemmler B, Busquets S (2023) Cancer-associated cachexia -
understanding the tumour macroenvironment and microenvironment to improve management.
Nat Rev Clin Oncol 20(4):250-264

Argiles JM, Stemmler B, Lopez-Soriano FJ, Busquets S (2018) Inter-tissue communication in
cancer cachexia. Nat Rev Endocrinol 15(1):9-20

Arora GK, Gupta A, Narayanan S, Guo T, Iyengar P, Infante RE (2018) Cachexia-associated
adipose loss induced by tumor-secreted leukemia inhibitory factor is counterbalanced by
decreased leptin. JCI Insight 3(14)

Babic A, Rosenthal MH, Sundaresan TK, Khalaf N, Lee V, Brais LK, Loftus M, Caplan L,
Denning S, Gurung A, Harrod J, Schawkat K, Yuan C, Wang QL, Lee AA, Biller LH,
Yurgelun MB, Ng K, Nowak JA, Aguirre AJ, Bhatia SN, Vander Heiden MG, Van Den Eeden
SK, Caan BJ, Wolpin BM (2023) Adipose tissue and skeletal muscle wasting precede clinical
diagnosis of pancreatic cancer. Nat Commun 14(1):4317

Baek SJ, Eling T (2019) Growth differentiation factor 15 (GDF15): A survival protein with
therapeutic potential in metabolic diseases. Pharmacol Ther 198(46—58

Baek SJ, Kim JS, Nixon JB, DiAugustine RP, Eling TE (2004) Expression of NAG-1, a
transforming growth factor-beta superfamily member, by troglitazone requires the early
growth response gene EGR-1. J Biol Chem 279(8):6883—-6892

Bauskin AR, Brown DA, Junankar S, Rasiah KK, Eggleton S, Hunter M, Liu T, Smith D, Kuffner
T, Pankhurst GJ, Johnen H, Russell PJ, Barret W, Stricker PD, Grygiel JJ, Kench JG, Henshall

24



SM, Sutherland RL, Breit SN (2005) The propeptide mediates formation of stromal stores of
PROMIC-1: role in determining prostate cancer outcome. Cancer Res 65(6):2330-2336

Bauskin AR, Zhang HP, Fairlie WD, He XY, Russell PK, Moore AG, Brown DA, Stanley KK,
Breit SN (2000) The propeptide of macrophage inhibitory cytokine (MIC-1), a TGF-beta
superfamily member, acts as a quality control determinant for correctly folded MIC-1. Embo
j 19(10):2212-2220

Bootcov MR, Bauskin AR, Valenzuela SM, Moore AG, Bansal M, He XY, Zhang HP, Donnellan
M, Mahler S, Pryor K, Walsh BJ, Nicholson RC, Fairlie WD, Por SB, Robbins JM, Breit SN
(1997) MIC-1, a novel macrophage inhibitory cytokine, is a divergent member of the TGF-
beta superfamily. Proc Natl Acad Sci U S A 94(21):11514-11519

Breen DM, Kim H, Bennett D, Calle RA, Collins S, Esquejo RM, He T, Joaquim S, Joyce A,
Lambert M, Lin L, Pettersen B, Qiao S, Rossulek M, Weber G, Wu Z, Zhang BB, Birnbaum
MJ (2020) GDF-15 Neutralization Alleviates Platinum-Based Chemotherapy-Induced Emesis,
Anorexia, and Weight Loss in Mice and Nonhuman Primates. Cell Metab 32(6):938-950 €936

Breit SN, Tsai VW (2025) Metabolic Messenger: growth differentiation factor 15. Nat Metab
7(9):1732—-1744

Bruning JC, Fenselau H (2023) Integrative neurocircuits that control metabolism and food intake.
Science 381(6665):eabl7398

Bruzzese F, Hagglof C, Leone A, Sjoberg E, Roca MS, Kiflemariam S, Sjoblom T, Hammarsten
P, Egevad L, Bergh A, Ostman A, Budillon A, Augsten M (2014) Local and systemic
protumorigenic effects of cancer-associated fibroblast-derived GDF15. Cancer Res
74(13):3408-3417

Buchholz K, Antosik P, Grzanka D, Gagat M, Smolinska M, Grzanka A, Gzil A, Kasperska A,
Klimaszewska-Wisniewska A (2021) Expression of the Body-Weight Signaling Players:
GDF15, GFRAL and RET and their clinical relevance in Gastric Cancer. J Cancer
12(15):4698-4709

Crawford J, Calle RA, Collins SM, Weng Y, Lubaczewski SL, Buckeridge C, Wang EQ,
Harrington MA, Tarachandani A, Rossulek MI, Revkin JH (2024) A Phase Ib First-In-Patient
Study Assessing the Safety, Tolerability, Pharmacokinetics, and Pharmacodynamics of
Ponsegromab in Participants with Cancer and Cachexia. Clin Cancer Res 30(3):489-497

Dantas E, Murthy A, Kim J, Ahmed T, Ahmed M, Perrier T, Ramsamooj S, Nathoo I, Kniess
Debarba L, Lima Queiroz A, Li S, Ersoy B, Ferrer M, Goldstein I, Gao J, Lam T, Nagler M,
Malbari M, Altorki N, Cararo Lopes E, Gomez Jenkins M, Das T, Jamal-Hanjani M, White E,
Janowitz T, Goncalves MD (2025) JAK1/2 Inhibition Delays Cachexia and Improves Survival
through Increased Food Intake. bioRxiv, 10.1101/2025.10.21.683287

Deng YT, YouJ,He Y, Zhang Y, Li HY, Wu XR, Cheng JY, Guo Y, Long ZW, Chen YL, Li ZY,
Yang L, Zhang YR, Chen SD, Ge YJ, Huang YY, Shi LM, Dong Q, Mao Y, Feng JF, Cheng

25



W, Yu JT (2025) Atlas of the plasma proteome in health and disease in 53,026 adults. Cell
188(1):253-271.e257

Emmerson PJ, Wang F, Du Y, Liu Q, Pickard RT, Gonciarz MD, Coskun T, Hamang MJ, Sindelar
DK, Ballman KK, Foltz LA, Muppidi A, Alsina-Fernandez J, Barnard GC, Tang JX, Liu X,
Mao X, Siegel R, Sloan JH, Mitchell PJ, Zhang BB, Gimeno RE, Shan B, Wu X (2017) The
metabolic effects of GDF15 are mediated by the orphan receptor GFRAL. Nat Med
23(10):1215-1219

Engstrom Ruud L, Font-Girones F, Zajdel J, Kern L, Teixidor-Deulofeu J, Manneras-Holm L,
Carreras A, Becattini B, Bjorefeldt A, Hanse E, Fenselau H, Solinas G, Briining JC,
Wunderlich TF, Bickhed F, Ruud J (2024) Activation of GFRAL(+) neurons induces
hypothermia and glucoregulatory responses associated with nausea and torpor. Cell Rep
43(4):113960

Feetham CH, Collabolletta V, Worth AA, Shoop R, Groom S, Harding C, Boutagouga Boudjadja
M, Coskun T, Emmerson PJ, D'Agostino G, Luckman SM (2024) Brainstem BDNF neurons
are downstream of GFRAL/GLPIR signalling. Nat Commun 15(1):10749

Fejzo M, Rocha N, Cimino I, Lockhart SM, Petry CJ, Kay RG, Burling K, Barker P, George AL,
Yasara N, Premawardhena A, Gong S, Cook E, Rimmington D, Rainbow K, Withers DJ,
Cortessis V, Mullin PM, MacGibbon KW, Jin E, Kam A, Campbell A, Polasek O, Tzoneva
G, Gribble FM, Yeo GSH, Lam BYH, Saudek V, Hughes IA, Ong KK, Perry JRB, Sutton
Cole A, Baumgarten M, Welsh P, Sattar N, Smith GCS, Charnock-Jones DS, Coll AP, Meek
CL, Mettananda S, Hayward C, Mancuso N, O'Rahilly S (2024) GDF15 linked to maternal
risk of nausea and vomiting during pregnancy. Nature 625(7996):760-767

Fejzo MS, MacGibbon KW, First O, Quan C, Mullin PM (2022) Whole-exome sequencing
uncovers new variants in GDFI15 associated with hyperemesis gravidarum. Bjog
129(11):1845-1852

Ferrer M, Anthony TG, Ayres JS, Biffi G, Brown JC, Caan BJ, Cespedes Feliciano EM, Coll AP,
Dunne RF, Goncalves MD, Grethlein J, Heymstield SB, Hui S, Jamal-Hanjani M, Lam JM,
Lewis DY, McCandlish D, Mustian KM, O'Rahilly S, Perrimon N, White EP, Janowitz T
(2023) Cachexia: A systemic consequence of progressive, unresolved disease. Cell
186(9):1824—1845

Fichtner K, Kalwa H, Lin MM, Gong Y, Miiglitz A, Kluge M, Kriigel U (2024) GFRAL Is Widely
Distributed in the Brain and Peripheral Tissues of Mice. Nutrients 16(5)

Flaherty SE, 3rd, Song L, Albuquerque B, Rinaldi A, Piper M, Shanthappa DH, Chen X, Stansfield
J, Asano S, Pashos E, Ross TT, Jagarlapudi S, Sheikh A, Zhang B, Wu Z (2025) GDF15
Neutralization Ameliorates Muscle Atrophy and Exercise Intolerance in a Mouse Model of
Mitochondrial Myopathy. J Cachexia Sarcopenia Muscle 16(1):e13715

Gandhi AY, Yu J, Gupta A, Guo T, Iyengar P, Infante RE (2022) Cytokine-Mediated STAT3
Transcription Supports ATGL/CGI-58-Dependent Adipocyte Lipolysis in Cancer Cachexia.
Front Oncol 12(841758

26



Gilmore LA, Dunsky EY, Miller AJ, Alvarez CM, Olaechea S, Gilmore BW, Ahn C, Iyengar P,
Infante RE (2026) Undetected Weight Loss Associates With Upstaging in Cancer Patients. J
Cachexia Sarcopenia Muscle 17(2):¢70266

Gilmore LA, Willmann J, Olaechea S, Gilmore BW, Dee EC, Rao M, Gannavarapu BS,
Venkateswaran S, Alvarez CM, Ahn C, de Ruysscher DKM, Shah UA, Iyengar NM, Gomez
DR, Infante R, Iyengar P (2025) Prevalence and Development of Cachexia Before and After
Diagnosis of Non-small Cell Lung Cancer. Am J Clin Oncol 48(9):470-476

Groarke JD, Crawford J, Collins SM, Lubaczewski S, Roeland EJ, Naito T, Hendifar AE, Fallon
M, Takayama K, Asmis T (2024) Ponsegromab for the treatment of cancer cachexia. New
England Journal of Medicine 391(24):2291-2303

Gurtan AM, Khalid S, Koch C, Khan MZ, Lamarche LB, Splawski I, Dolan E, Carrion AM, Zessis
R, Clement ME, Chen Z, Lindsley LD, Chiu YH, Streeper RS, Denning DP, Goldfine AB,
Doyon B, Abbasi A, Harrow JL, Tsunoyama K, Asaumi M, Kou I, Shuldiner AR, Rodriguez-
Flores JL, Rasheed A, Jahanzaib M, Mian MR, Liagat MB, Raza SS, Sultana R, Jalal A, Saced
MH, Abbas S, Memon FR, Ishag M, Dominy JE, Saleheen D (2024) Identification and
characterization of human GDF15 knockouts. Nat Metab 6(10):1913-1921

Haake M, Haack B, Schifer T, Harter PN, Mattavelli G, Eiring P, Vashist N, Wedekink F, Genssler
S, Fischer B, Dahlhoff J, Mokhtari F, Kuzkina A, Welters MJP, Benz TM, Sorger L, Thiemann
V, Almanzar G, Selle M, Thein K, Spath J, Gonzalez MC, Reitinger C, Ipsen-Escobedo A,
Wistuba-Hamprecht K, Eichler K, Filipski K, Zeiner PS, Beschorner R, Goedemans R,
Gogolla FH, Hackl H, Rooswinkel RW, Thiem A, Roche PR, Joshi H, Piihringer D, Wockel
A, Diessner JE, Riidiger M, Leo E, Cheng PF, Levesque MP, Goebeler M, Sauer M,
Nimmerjahn F, Schuberth-Wagner C, von Felten S, Mittelbronn M, Mehling M, Beilhack A,
van der Burg SH, Riedel A, Weide B, Dummer R, Wischhusen J (2023) Tumor-derived GDF-
15 blocks LFA-1 dependent T cell recruitment and suppresses responses to anti-PD-1
treatment. Nature Communications 14(1):4253

Hendifar A, Dotan E, Weinberg B, Kim E, Hosein P, Luo J, Zha J, DePaoli A, Hanes V,
Tranmuchowski C (2022) Abstract PR006: initial results of a cohort of advanced pancreatic
cancer patients in a phase 1b Study of NGM120, a first-in-class anti-GDNF Family Receptor
Alpha Like (GFRAL) antibody. Cancer Research 82(22 Supplement):PR006—PR006

Hes C, Gui LT, Bay A, Alvarez F, Katz P, Paul T, Bozadjieva-Kramer N, Seeley RJ, Piccirillo CA,
Sabatini PV (2025) GDNF family receptor alpha-like (GFRAL) expression is restricted to the
caudal brainstem. Mol Metab 91(102070

Hong G, Sun P, Chung C, Park D, Lee SI, Kim N, Lee SE, Lee JE, Kang YE, Kang DH (2023)
Plasma GDF15 levels associated with circulating immune cells predict the efficacy of PD-
1/PD-L1 inhibitor treatment and prognosis in patients with advanced non-small cell lung
cancer. J Cancer Res Clin Oncol 149(1):159-171

HsuJY, Crawley S, Chen M, Ayupova DA, Lindhout DA, Higbee J, Kutach A, Joo W, Gao Z, Fu

D, To C, Mondal K, Li B, Kekatpure A, Wang M, Laird T, Horner G, Chan J, McEntee M,
Lopez M, Lakshminarasimhan D, White A, Wang SP, Yao J, Yie J, Matern H, Solloway M,

27



Haldankar R, Parsons T, Tang J, Shen WD, Alice Chen Y, Tian H, Allan BB (2017) Non-
homeostatic body weight regulation through a brainstem-restricted receptor for GDF15.
Nature 550(7675):255-259

Hiillwegen M, Kleinert M, von Haehling S, Fischer A (2025) GDF15: from biomarker to target in
cancer cachexia. Trends Cancer 11(11):1093-1105

Iglesias P, Silvestre RA, Diez JJ (2023) Growth differentiation factor 15 (GDF-15) in
endocrinology. Endocrine 81(3):419-431

Iyengar P, Gandhi AY, Granados J, Guo T, Gupta A, Yu J, Llano EM, Zhang F, Gao A, Kandathil
A, Williams D, Gao B, Girard L, Malladi VS, Shelton JM, Evers BM, Hannan R, Ahn C,
Minna JD, Infante RE (2023) Tumor loss-of-function mutations in STK11/LKB1 induce
cachexia. JCI Insight 8(8)

Jain R, Kim EJ, Lenz HJ, Messersmith WA, Picozzi VJ, Beg MS, Weinberg BA, Mahalingam D,
Tran-Muchowski C, Yuan N, Lichtman J, Chen C, McDonald L, DePaoli A, Zha J, Hendifar
AE (2021) 550P Initial results of a phase Ia/Ib study of NGM 120, a first-in-class anti-GDNF
family receptor alpha like (GFRAL) antibody in patients (pts) with advanced solid tumors.
Annals of Oncology 32(S610-S611

Johnen H, Lin S, Kuffner T, Brown DA, Tsai VW, Bauskin AR, Wu L, Pankhurst G, Jiang L,
Junankar S, Hunter M, Fairlie WD, Lee NJ, Enriquez RF, Baldock PA, Corey E, Apple FS,
Murakami MM, Lin EJ, Wang C, During MJ, Sainsbury A, Herzog H, Breit SN (2007) Tumor-
induced anorexia and weight loss are mediated by the TGF-beta superfamily cytokine MIC-1.
Nat Med 13(11):1333-1340

Kalli M, Minia A, Pliaka V, Fotis C, Alexopoulos LG, Stylianopoulos T (2019) Solid stress-
induced migration is mediated by GDF15 through Akt pathway activation in pancreatic cancer
cells. Scientific Reports 9(1):978

Kannan K, Amariglio N, Rechavi G, Givol D (2000) Profile of gene expression regulated by
induced p53: connection to the TGF-beta family. FEBS Lett 470(1):77-82

Kim-Muller JY, Song L, LaCarubba Paulhus B, Pashos E, Li X, Rinaldi A, Joaquim S, Stansfield
JC, Zhang J, Robertson A, Pang J, Opsahl A, Boucher M, Breen D, Hales K, Sheikh A, Wu
Z, Zhang BB (2023) GDF15 neutralization restores muscle function and physical performance
in a mouse model of cancer cachexia. Cell Rep 42(1):111947

Laurens C, Parmar A, Murphy E, Carper D, Lair B, Maes P, Vion J, Boulet N, Fontaine C, Marqués
M, Larrouy D, Harant I, Thalamas C, Montastier E, Caspar-Bauguil S, Bourlier V, Tavernier
G, Grolleau JL, Bouloumi¢ A, Langin D, Viguerie N, Bertile F, Blanc S, de Glisezinski I,
O'Gorman D, Moro C (2020) Growth and differentiation factor 15 is secreted by skeletal
muscle during exercise and promotes lipolysis in humans. JCI Insight 5(6)

Lee SH, Krisanapun C, Baek SJ (2010) NSAID-activated gene-1 as a molecular target for
capsaicin-induced apoptosis through a novel molecular mechanism involving GSK3beta,
C/EBPbeta and ATF3. Carcinogenesis 31(4):719-728

28



Lerner L, Hayes TG, Tao N, Krieger B, Feng B, Wu Z, Nicoletti R, Chiu M1, Gyuris J, Garcia J]M
(2015) Plasma growth differentiation factor 15 is associated with weight loss and mortality in
cancer patients. J Cachexia Sarcopenia Muscle 6(4):317-324

Levi A, Placencio VR, Geller T, Ebia M, Nissen N, Osipov A, Gong J, Lieu HD, Hendifar AE
(2025) Growth Differentiation Factor 15 Serum Levels in Pancreatic Cancer. JCO Oncology
Advances, 10.1200/0a-25-000392):¢2500039

LiJ, Shang G, Chen YJ, Brautigam CA, Liou J, Zhang X, Bai XC (2019) Cryo-EM analyses reveal
the common mechanism and diversification in the activation of RET by different ligands. Elife
8(

LiJJ, Liu J, Lupino K, Liu X, Zhang L, Pei L (2018) Growth Differentiation Factor 15 Maturation
Requires Proteolytic Cleavage by PCSK3, -5, and -6. Mol Cell Biol 38(21)

Li S, Wang Y, Cao B, Wu Y, Ji L, Li YX, Liu M, Zhao Y, Qiao J, Wang H, Wang H, Han C,
Wang YL (2014) Maturation of growth differentiation factor 15 in human placental
trophoblast cells depends on the interaction with Matrix Metalloproteinase-26. J Clin
Endocrinol Metab 99(11):E2277-2287

Li Z, Wang B, Wu X, Cheng SY, Paraoan L, Zhou J (2005) Identification, expression and
functional characterization of the GRAL gene. J Neurochem 95(2):361-376

Lockhart SM, Saudek V, O'Rahilly S (2020) GDF15: A Hormone Conveying Somatic Distress to
the Brain. Endocr Rev 41(4)

Melero I, de Miguel Luken M, de Velasco G, Garralda E, Martin-Liberal J, Joerger M, Alonso G,
Goebeler M-E, Schuler M, Koénig D, Dummer R, Reig M, Rodriguez Ruiz M-E, Calvo E,
Esteban-Villarrubia J, Oberoi A, Sabat P, Soto-Castillo JJ, Koster K-L, Saavedra O, Sayehli
C, Gromke T, Laubli H, Ramelyte E, Fortuny M, Landa-Magdalena A, Moreno I, Torres-
Jiménez J, Hernando-Calvo A, Hess D, Racca F, Richly H, Schmitt AM, Eggenschwiler C,
Sanduzzi-Zamparelli M, Vilalta-Lacarra A, Trojan J, Koch C, Galle PR, Foerster F,
Trajanoski Z, Hackl H, Gogolla F, Koll FJ, Wild P, Chun FKH, Reis H, Lloyd P, Machacek
M, Gajewski TF, Fridman WH, Eggermont AMM, Bargou R, Schoniger S, Riischoff J,
Tereshchenko A, Zink C, da Silva A, Lichtenegger FS, Akdemir J, Riidiger M, L’Huillier P,
Dutta A, Haake M, Auckenthaler A, Gjorgjioska A, Rossler B, Hermann F, Liebig M,
Reichhardt D, Schuberth-Wagner C, Wischhusen J, Fettes P, Auer M, Klar K, Leo E (2025)
Neutralizing GDF-15 can overcome anti-PD-1 and anti-PD-L1 resistance in solid tumours.
Nature 637(8048):1218—-1227

Mullican SE, Lin-Schmidt X, Chin C-N, Chavez JA, Furman JL, Armstrong AA, Beck SC, South
V], Dinh TQ, Cash-Mason TD, Cavanaugh CR, Nelson S, Huang C, Hunter MJ, Rangwala
SM (2017) GFRAL is the receptor for GDF15 and the ligand promotes weight loss in mice
and nonhuman primates. Nature Medicine 23(10):1150-1157

Nicholson BD, Thompson MJ, Hobbs FDR, Nguyen M, McLellan J, Green B, Chubak J, Oke JL
(2022) Measured weight loss as a precursor to cancer diagnosis: retrospective cohort analysis
of 43 302 primary care patients. J Cachexia Sarcopenia Muscle 13(5):2492-2503

29



Olsen OE, Skjervik A, Sterdal BF, Sundan A, Holien T (2017) TGF-B contamination of purified
recombinant GDF15. PLoS One 12(11):¢0187349

Shi X, Arreola AX, Zhou Z, Yang J, Liu M, Cai Y, Ren Y, Yuan H, Chen Q, Chen X, Yang X,
Meng Y, Wang J, Luo W, Rudolph MC, Varshney R, Fung K-M, Xu C, Chen WR, Bronze
MS, Zheng L, Li Y-P, Houchen CW, Zhang Y, Li M (2026) Tumor-immune-neural circuit
disrupts energy homeostasis in cancer cachexia. Cancer Cell, 10.1016/j.ccell.2026.01.014

Sigvardsen CM, Richter MM, Engelbeen S, Kleinert M, Richter EA (2025) GDFI15 is still a
mystery hormone. Trends Endocrinol Metab 36(6):591-601

Steinberg GR, Hardie DG (2023) New insights into activation and function of the AMPK. Nat Rev
Mol Cell Biol 24(4):255-272

Sun Q, van de Lisdonk D, Ferrer M, Gegenhuber B, Wu M, Park Y, Tuveson DA, Tollkuhn J,
Janowitz T, Li B (2024) Area postrema neurons mediate interleukin-6 function in cancer
cachexia. Nature Communications 15(1):4682

Suriben R, Chen M, Higbee J, Oeffinger J, Ventura R, Li B, Mondal K, Gao Z, Ayupova D, Taskar
P, Li D, Starck SR, Chen HH, McEntee M, Katewa SD, Phung V, Wang M, Kekatpure A,
Lakshminarasimhan D, White A, Olland A, Haldankar R, Solloway MJ, Hsu JY, Wang Y,
Tang J, Lindhout DA, Allan BB (2020) Antibody-mediated inhibition of GDF15-GFRAL
activity reverses cancer cachexia in mice. Nat Med 26(8):1264-1270

Tan M, Wang Y, Guan K, Sun Y (2000) PTGF-beta, a type beta transforming growth factor (TGF-
beta) superfamily member, is a p53 target gene that inhibits tumor cell growth via TGF-beta
signaling pathway. Proc Natl Acad Sci U S A 97(1):109-114

Townsend LK, Weber AJ, Day EA, Shamshoum H, Shaw SJ, Perry CGR, Kemp BE, Steinberg
GR, Wright DC (2021) AMPK mediates energetic stress-induced liver GDF15. Faseb j
35(1):e21218

Wang D, Day EA, Townsend LK, Djordjevic D, Jorgensen SB, Steinberg GR (2021) GDFI15:
emerging biology and therapeutic applications for obesity and cardiometabolic disease. Nat
Rev Endocrinol 17(10):592-607

Wang D, Townsend LK, DesOrmeaux GJ, Frangos SM, Batchuluun B, Dumont L, Kuhre RE,
Ahmadi E, Hu S, Rebalka IA, Gautam J, Jabile MJT, Pileggi CA, Rehal S, Desjardins EM,
Tsakiridis EE, Lally JSV, Juracic ES, Tupling AR, Gerstein HC, Paré G, Tsakiridis T, Harper
ME, Hawke TJ, Speakman JR, Blondin DP, Holloway GP, Jargensen SB, Steinberg GR (2023)
GDF15 promotes weight loss by enhancing energy expenditure in muscle. Nature
619(7968):143-150

Wang Q-L, Babic A, Rosenthal MH, Lee AA, Zhang Y, Zhang X, Song M, Rezende LFM, Lee
DH, Biller L, Ng K, Giannakis M, Chan AT, Meyerhardt JA, Fuchs CS, Eliassen AH, Birmann
BM, Stampfer MJ, Giovannucci EL, Kraft P, Nowak JA, Yuan C, Wolpin BM (2024) Cancer
Diagnoses After Recent Weight Loss. JAMA 331(4):318-328

30



Warren S (1932) THE IMMEDIATE CAUSES OF DEATH IN CANCER. The American Journal
of the Medical Sciences 184(610—615

Welsh P, Kimenai DM, Marioni RE, Hayward C, Campbell A, Porteous D, Mills NL, O'Rahilly S,
Sattar N (2022) Reference ranges for GDF-15, and risk factors associated with GDF-15, in a
large general population cohort. Clin Chem Lab Med 60(11):1820-1829

Wischhusen J, Haake M, Vashist N, GenBler S, Wistuba-Hamprecht K, Harter P, Martens A,
Mittelbronn M, Levesque MP, Dummer R, Weide B, Welters MJ, Burg SHvd, Ruediger M,
Leo E, Nimmerjahn F, Schuberth-Wagner C (2021) Tumor-derived GDF-15 to suppress t-
lymphocyte recruitment to the tumor microenvironment resulting in resistance to ANTI-PD-
1 treatment. Journal of Clinical Oncology 39(15 suppl):e14532—e14532

Wischhusen J, Melero I, Fridman WH (2020) Growth/Differentiation Factor-15 (GDF-15): From
Biomarker to Novel Targetable Immune Checkpoint. Front Immunol 11(951

Woods SC, Schwartz MW, Baskin DG, Seeley RJ (2000) Food intake and the regulation of body
weight. Annu Rev Psychol 51(255-277

Xiong Y, Walker K, Min X, Hale C, Tran T, Komorowski R, Yang J, Davda J, Nuanmanee N,
Kemp D, Wang X, Liu H, Miller S, Lee KJ, Wang Z, Véniant MM (2017) Long-acting MIC-
1/GDF15 molecules to treat obesity: Evidence from mice to monkeys. Sci Transl Med 9(412)

Yang L, Chang CC, Sun Z, Madsen D, Zhu H, Padkjer SB, Wu X, Huang T, Hultman K, Paulsen
SJ, Wang J, Bugge A, Frantzen JB, Nergaard P, Jeppesen JF, Yang Z, Secher A, Chen H, Li
X, John LM, Shan B, He Z, Gao X, Su J, Hansen KT, Yang W, Jargensen SB (2017) GFRAL
1s the receptor for GDF15 and is required for the anti-obesity effects of the ligand. Nat Med
23(10):1158-1166

YuJ, Guo T, Gupta A, Llano EM, Salisbury T, Wajahat N, Zhao D, Slater S, Deng Q, Akbay EA,
Rothermel BA, Shelton JM, Evers BM, Wu Z, Tzameli I, Pashos E, Kim J, Minna JD, Iyengar
P, Infante RE (2026) Cancer cachexia in STK11/LKBI-mutated non-small cell lung cancer is
dependent on tumor-secreted GDF15. Nat Commun, 10.1038/s41467-026-68702-y

Zhao Z, Zhang J, Yin L, Yang J, Zheng Y, Zhang M, Ni B, Wang H (2020) Upregulated GDF-15
expression facilitates pancreatic ductal adenocarcinoma progression through orphan receptor
GFRAL. Aging (Albany NY) 12(22):22564-22581

Zhu XA, Starosta S, Ferrer M, Hou J, Chevy Q, Lucantonio F, Munoz-Castaneda R, Zhang F,
Zang K, Zhao X, Fiocchi FR, Bergstrom M, Siebels AA, Upin T, Wulf M, Evans S, Kravitz
AV, Osten P, Janowitz T, Pignatelli M, Kepecs A (2025) A neuroimmune circuit mediates
cancer cachexia-associated apathy. Science 388(6743):eadm8857

31



