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INTRODUCTION

Myxofibrosarcoma

Soft tissue sarcomas (STS) are a heterogeneous group of rare malignancies of mesenchymal origin,
with an estimated incidence of approximately 4—5 cases per 100,000 persons per year in Western
countries [1]. In Europe, data from the RARECARE project have confirmed the rarity of these tumors,
highlighting substantial heterogeneity in terms of age distribution, anatomical site, and histological
subtype [2]. STS comprise more than 70 distinct histological subtypes, characterized by different
biological behaviors and therapeutic responses [1].

Within this group, myxofibrosarcoma (MFS) and undifferentiated pleomorphic sarcoma (UPS)
represent biologically and clinically related entities, sharing high genomic heterogeneity and an
aggressive clinical behavior [3]. Histologically, MFS is characterized by a myxoid stroma,
pleomorphic neoplastic cells, and a distinctive infiltrative growth pattern along fascial planes.
Historically included within the spectrum of malignant fibrous histiocytoma, MFS has been
progressively recognized as a distinct entity in the WHO classifications of soft tissue tumors [1,4].
From an epidemiological standpoint, MFS accounts for a minority of STS cases but is relatively
frequent in the elderly population, with a peak incidence between the sixth and eighth decades of life
and a slight male predominance [4,5]. The most common primary site is the extremities, particularly
the lower limbs. Clinically, MFS often present as a slowly growing, minimally symptomatic mass
[4,5].

A hallmark feature of MFS is its marked propensity for local recurrence, which is attributed to
microscopic infiltrative growth that extends beyond the macroscopically apparent tumor margins [5].
Radiologic—pathologic studies have demonstrated that this subclinical extension correlates with
specific magnetic resonance imaging findings, such as the so-called “tail sign” [6,7]. Histologically,
MFS displays a broad morphological spectrum, ranging from low-grade to high-grade lesions.
Typical features include a multinodular growth pattern, abundant myxoid extracellular matrix,
elongated curvilinear blood vessels, and spindle-shaped or stellate tumor cells with variable degrees
of nuclear atypia [5].

Low-grade MFS is characterized by low cellularity and mild cytological atypia. In contrast,
intermediate- and high-grade tumors demonstrate progressively increased cellular density, marked
pleomorphism, brisk mitotic activity, and areas of tumor necrosis [5]. High-grade MFS may closely
resemble UPS, making the identification of residual myxoid stroma a key element for differential
diagnosis [3,5].

Several histopathological parameters have been shown to carry prognostic significance. A higher

proportion of myxoid stroma has been associated with more favorable outcomes, whereas increased



angiogenesis and higher microvessel density correlate with an elevated risk of metastatic spread and
poorer prognosis [5].

The management of patients with locally advanced MFS should be centralized in referral sarcoma
centers and conducted within a dedicated multidisciplinary team [8]. Appropriate preoperative
assessment includes magnetic resonance imaging of the primary tumor site and chest computed
tomography for distant staging [9].

Surgery represents the cornerstone of treatment for localized and locally advanced disease [ 10]. In
MEFS, the goal is to achieve a complete resection with microscopically negative margins (R0), which
often requires a wide surgical approach because of the tumor’s propensity for microscopic spread
beyond apparent boundaries [11]. Adequate local control has been shown to directly impact overall
survival in patients with extremity STS [12,13].

Radiotherapy plays a key role in improving local control in patients at high risk of recurrence [11,14].
It may be delivered in the neoadjuvant or adjuvant setting according to established principles for
extremity STS [14].

The role of chemotherapy in locally advanced MFS remains selective. Disease-specific studies have
demonstrated activity of anthracycline- and ifosfamide-based regimens in advanced MFS [15]. In
addition, randomized trials in high-risk STS populations support the use of neoadjuvant
chemotherapy in selected cases [16]. More recently, a randomized clinical trial showed a benefit from
the addition of pembrolizumab to radiotherapy and surgery in the neoadjuvant setting of high-risk
extremity STS [17,18].

The management of metastatic MFS generally follows principles established for advanced STS [9].
Doxorubicin-based chemotherapy remains the standard first-line treatment, with the possible addition
of ifosfamide in patients with good performance status [19].

After failure of first-line therapy, pazopanib represents a treatment option for patients with pretreated
non-adipocytic STS [20].

In recent years, immunotherapy has generated increasing interest in the treatment of MFS.
Translational studies have demonstrated that the MFS tumor microenvironment is immunologically
active, providing a biological rationale for the use of PD-1/PD-L1 inhibitors [17]. Phase II clinical

studies have shown some activity of immunotherapy in selected STS subgroups [21,22].



Genetic alterations in myxofibrosarcoma: the central role of TP53

MES is one of the STS characterized by the highest degree of genomic instability. Its molecular
landscape comprises a complex combination of single-nucleotide variants (SNVs), copy number
alterations (CNAs), and profound structural chromosomal abnormalities [8]. Histological progression
of MFS is associated with a progressive increase in cytogenetic alterations, supporting a multistep
model of tumor evolution; accordingly, triploid and tetraploid chromosomal profiles are frequently
observed in high-grade lesions [23].

Comparative genomic hybridization (CGH) studies have identified recurrent patterns of
chromosomal gains and losses in MFS, including gains of 19p and 19q, losses of 1q, 2q, 3p, 4q, 10q,
11q, and 13q, as well as high-level amplifications involving chromosome 1, 5p, and 20q [24].
Additional analyses documented gains of 7p21-22, 7q21-22, 7q31-35, 9922, 12p13-pter, 12q15-21,
17922-23, and the X chromosome, together with losses affecting, among others, regions 7pl12,
10p13-14, 11p11-14, 13q14-34, and 2122 [8,25]. In this context, polysomy of chromosome 7 has
been associated with MET overexpression, which correlates with deep tumor location, higher
histological grade, and more advanced disease stage [6,26]. More recent molecular profiling studies
have confirmed activation of the HGF/MET signaling axis in a subset of MFS cases [27].

Although the overall mutational burden of MFS is relatively low compared with other solid tumors,
targeted analyses have revealed a high frequency of TP53 alterations. Using a cancer hotspot mutation
panel, Heitzer et al. identified TP53 mutations in 44% of cases, whereas variants in other genes, such
as CDKNIA, FGFR3, PTEN, and RB1, were rare (approximately 1%) [28]. In the same study, low-
coverage whole-genome sequencing confirmed the presence of numerous CNAs affecting known
cancer driver genes, including 7P53, RBI, and CDKN2A, and further demonstrated increased
genomic complexity in high-grade tumor areas compared with low-grade regions within the same
tumor [28].

The central importance of TP53 in MFS has been further corroborated by whole-exome sequencing
(WES) studies. In a cohort of 41 paired tumor—normal samples, 127 recurrently mutated genes were
identified; however, TP53 was the only gene significantly associated with MFS [29]. In this study,
TP53 mutations were detected in 22% of cases, followed by alterations in NTRK I and NFI (7% each),
as well as in genes not previously linked to MFS, such as ATRX (10%) and TET2 (7%) [2915]. When
SNVs, CNAs, and gene fusions were considered jointly, TP53 emerged as the most frequently altered
gene, together with key regulators of the G1/S cell cycle transition, including CDKN24, CDKN2B,
CCND1, and RBI1 [29].

A subsequent expanded analysis of 116 cases confirmed the presence of driver alterations in TP53 in

46% of MFS, followed by alterations in RBI (18%), CDKN2A4 (16%), CDKN2B (16%), NF1 (11%),



and NTRK1 (9%), reinforcing the hypothesis that dysregulation of the p53 pathway and cell cycle
control represents a cornerstone event in MFS development [29].

By integrating their findings with TCGA datasets, Takeuchi et al. analyzed a total of 102 MFS
samples, confirming a high frequency of alterations in 7P53 (24.5%), RB1 (22.5%), ATRX (14.7%),
and NF'1 (8.9%), along with the identification of several novel candidate driver genes [19]. Beyond
the well-characterized focal amplifications and copy number losses, recurrent alterations were
detected in genes involved in structural and transcriptional regulation, suggesting additional layers of
genomic complexity in MFS [30].

More recently, an integrated immunohistochemical and genetic analysis of primary MFS cases
demonstrated that high-grade tumors are significantly associated with MET positivity and,
importantly, that the combined presence of TP53 SNVs and CNAs represents an independent risk
factor for poorer 5-year event-free survival [31]. In this series, TP53 alterations were identified in
86.4% of cases, underscoring the dominant role of p53 in driving the biological aggressiveness of
MES [31].

Beyond its classical cell-autonomous functions—including cell cycle arrest, apoptosis, senescence,
and regulation of the DNA damage response—p53 also plays a fundamental role in modulating the
tumor microenvironment (TME). Specifically, pS3 inhibits angiogenesis, limits the activity of
regulatory T cells and myeloid-derived suppressor cells, promotes the expression of major
histocompatibility complex class I molecules, enhances the secretion of pro-inflammatory cytokines,
and downregulates PD-L1 expression, thereby facilitating cytotoxic T lymphocyte and natural killer
cell activity [32,33]. In addition, p53 contributes to macrophage polarization toward an antitumoral
M1 phenotype [32,33].

In MFS, however, the relationship between TP53 status and immunological features of the TME
remains poorly defined. Chen et al., analyzing a cohort of 254 sarcoma patients, including 25 cases
of MFS, found no significant correlation between TP53 mutations and global immune scores [34].
This finding may reflect methodological limitations, as TP53 mutations are highly heterogeneous
from a functional standpoint and may result in loss of function, dominant-negative effects, or gain-
of-function oncogenic activities [35].

Considering these observations, a more comprehensive functional characterization of the p53
alteration landscape in MFS, integrated with detailed analysis of the tumor microenvironment, may
provide novel insights into disease progression and therapeutic response. Indeed, studies in other
solid tumors have demonstrated that specific TP53 mutational patterns are associated with distinct
prognostic outcomes and immune infiltration profiles [36,37]. Therefore, TP53 emerges as a potential
prognostic biomarker and a promising therapeutic target in myxofibrosarcoma, further emphasizing

the value of molecular profiling in this highly complex malignancy.



The Extracellular Matrix in Myxofibrosarcoma

Among myxoid soft tissue tumors, myxofibrosarcoma (MFS) displays a distinctive stromal
architecture that is central to its histopathological identity and biological behavior. The myxoid
extracellular matrix (ECM) is a dynamic and bioactive compartment that actively regulates tumor
proliferation, migration, invasion, and interactions with surrounding tissues.

MEFS is characterized by an ECM enriched in glycosaminoglycans (GAGs), proteoglycans, and
associated signaling molecules. Hyaluronic acid (HA) is the predominant GAG, accompanied by
sulfated GAGs such as chondroitin and keratan sulfate, accounting for the gelatinous appearance of
the tumor [38,39]. Proteoglycans including versican, aggrecan, and decorin interact with HA to form
large hydrated aggregates that regulate ECM organization, growth factor availability, and tissue
mechanics. Variability in ECM composition among tumors may contribute to differences in clinical
behavior and recurrence risk [39].

HA accumulation generates a highly hydrated, gel-like matrix that increases interstitial fluid pressure
and solid stress, leading to vascular compression, reduced perfusion, hypoxia, and impaired drug
delivery. These biomechanical effects promote resistance to chemotherapy and radiotherapy [40,41].
Beyond its physical properties, HA actively signals through receptors such as CD44 and RHAMM,
activating pathways involved in proliferation, migration, epithelial-to-mesenchymal transition,
inflammation, and resistance to apoptosis [41].

In MFS, abundant HA contributes to the characteristic hypocellularity and wide interstitial spaces,
facilitating infiltrative growth along fascial planes [38]. HA is dynamically remodeled through
regulated synthesis and degradation, and its biological effects depend on molecular weight: high-
molecular-weight HA mainly provides structural support, whereas fragmented HA promotes pro-
tumorigenic signaling and invasion [42,43].

The HA-CD44 axis represents a major signaling hub in MFS, activating pathways such as Ras—
MAPK, PI3K—-AKT, and Src, and correlating with local recurrence and poor prognosis [44,45]. HA
also interacts with RHAMM to promote focal adhesion signaling and directional migration,
mechanisms well documented in fibrosarcoma and likely relevant to MFS [42,46].

Although HA dominates the myxoid matrix, fibrillar collagens, particularly types I and III, are
variably present and tend to increase with tumor grade. These fibers remain loosely organized within
the hydrated ECM, preserving permissiveness to cell migration, while basement membrane
components are sparse or discontinuous, consistent with infiltrative behavior [38-40,47].

Overall, the ECM of MFS exemplifies dynamic reciprocity between tumor cells and stroma, with
reciprocal regulation of signaling, matrix composition, and growth factor availability [48]. From a
clinical perspective, qualitative features of the ECM—such as HA turnover, receptor expression, and

molecular weight distribution—may better predict tumor behavior than ECM abundance alone.



Targeting HA metabolism or HA-receptor interactions therefore represents a promising therapeutic

avenue in MFS [39,45].

Myxofibrosarcoma tumor microenvironment

The TME of MFS plays a critical role in tumor progression and response to immunotherapy through
complex interactions between malignant cells and immune components, including dendritic cells,
tumor-infiltrating lymphocytes, and macrophages [49].

Although a comprehensive characterization of the MFS TME is still lacking, recent studies have
revealed marked heterogeneity in immune infiltration patterns, enabling the identification of distinct
immunological subtypes with prognostic and predictive relevance. Integrated clinical and genomic
analyses have classified MFS samples into three immune clusters: 1) predominant infiltration of CD4*
T cells, activated NK cells, monocytes, and M2 macrophages; ii) enrichment of B cells, resting NK
cells, and MO macrophages; iii) an immune-inflamed TME with high levels of CD8* T cells, follicular
helper T cells, yo T cells, and M1 macrophages. Cluster ii1) was associated with increased sensitivity
to immunotherapy [50].

Dendritic cells are professional antigen-presenting cells that initiate and regulate adaptive immune
responses by activating T lymphocytes [51]. Within the MFS microenvironment, dendritic cells—
often present in an immature state—appear to contribute to antigen presentation and have been
associated with improved disease-free survival, irrespective of tumor grade [52].

Tumor-infiltrating lymphocytes encompass both effector and immunosuppressive populations.
Infiltrating T cells, expressing immune checkpoint molecules such as TIM-3 and LAG-3, have been
identified in a significant proportion of MFS cases, hypothesizing a role for these molecules in
immune evasion and T-cell exhaustion; this is a dynamic process driven by chronic antigen
stimulation and sustained inflammatory signaling, resulting in impaired cytotoxic function and
reduced proliferative capacity [22,49].

Regulatory T cells (Tregs), by suppressing effector T-cell responses and promoting tumor immune
tolerance, have been linked to an increased risk of local recurrence, suggesting a key role in immune
evasion mechanisms [53,54].

Tregs exert immunosuppressive effects through checkpoint molecule expression, including CTLA-4,
PD-1, and LAG-3, downregulation of costimulatory molecules on dendritic cells, and secretion of
immunosuppressive cytokines such as TGF-f, which further enhances Treg function and inhibits
antigen-presenting cell activation [55,56].

Consistently, high expression of immune checkpoint molecules, including PD-1, PD-L1, TIM-3, and
LAG-3, has been reported in a substantial proportion of MFS cases, indicating a strongly

immunoregulatory TME that may nonetheless be amenable to immune checkpoint blockade [57-61].



The presence of pre-existing CD8" T cells and PD-1* T cells within the TME has been associated
with improved responses to PD-1 inhibitors such as pembrolizumab [22,61-63].

Finally, tumor-associated macrophages constitute a major component of the MFS TME, with a
predominance of M2-like, anti-inflammatory phenotypes that promote immunosuppression and
tumor progression, while computational analyses suggest enrichment of immunosuppressive myeloid
populations, including putative myeloid-derived suppressor cells, although direct studies in MFS
remain lacking [50,59,61,64].

Overall, the MFS TME is characterized by a highly immunosuppressive milieu, supporting the
rationale for combinatorial therapeutic strategies targeting Tregs, M2 macrophages, and other

suppressive immune components to enhance immunotherapy efficacy in this disease.



AIM OF THE STUDY

MES represents a paradigmatic example of the challenges of sarcoma research, as it combines
pronounced biological heterogeneity, the absence of defining genetic drivers, limited experimental
models, and a strong dependence on the TME. Studies on MFS are further constrained by the small
number of patients, reflecting the rarity of the disease, and by the advanced age of affected
individuals, who are frequently ineligible for surgery due to health-related exclusions. In this context,
a deeper characterization of the immunological features of MFS, together with the development of
robust preclinical models in which different therapeutic strategies can be evaluated, is critically
needed to improve biological understanding and guide the design of more effective treatments.
Although MFS lacks recurrent targetable oncogenic alterations, TP53 is frequently altered and has
been linked to tumor progression and genomic instability, yet its functional impact remains poorly
understood. In the present project, we performed an in-depth characterization of patient-derived
specimens, focusing on the TME, T cell exhaustion, and immunosuppressive populations, and
investigated the functional consequences of TP53 alterations. We also developed representative 2D
and 3D patient-derived models, characterized primary cell lines, and evaluated their response to
pharmacological agents. Collectively, this work establishes a platform of preclinical MFS models to
support the rational development of biology-driven therapeutic strategies, including drug

combinations.



MATERIALS AND METHODS

Patients’ enrollment and sample collection

Surgical interventions and sample collections were performed at IRCCS Ospedale Policlinico San
Martino by the sarcoma surgery and/or radiology team. All diagnoses were reviewed and confirmed
by an expert sarcoma pathology of our hospital. Targeted RNA sequencing using the FUSIONPlex™
Sarcoma v2 Panel (ArcherDx) identified sarcoma-associated gene fusions involving: ALK, BCOR,
BRAF, CAMTAI1, CCNB3, CIC, CSF1, CTNNBI, EGFR, EPC1, ERG, ESR1, ETV1, ETV4, ETVS,
ETV6, EWSRI1, FGFR1, FGFR2, FGFR3, FOS, FOSB, FOXO1, FUS, GLI1, HMGA2, JAZF1,
MBTDI1, MDM2, MEAF6, MET, MGEAS, MKL2, MYOD1, NCOA1, NCOA2, NCOA3, NR4A3,
NTRKI1, NTRK2, NTRK3, NUTMI, PAX3, PDGFB, PDGFRA, PHF1, PLAG1, PRKCA, PRKCB,
PRKCD, RAFI1, RET, ROS1, SS18, STAT6, TAF15, TCF12, TFE3, TFG, USP6, VGLL2, YAPI,
YWHAE), and was applied to all patient-derived samples.

Primary cell line development

Surgical samples were minced with a scalpel to obtain 2x3mm fragments; some fragments were
frozen for future experiments, while the rest were incubated stirring for 3 hrs with 5 mg/ml
Collagenase I (Sigma) in HBSS (Gibco) at 37°C to digest matrix and free tumor and immune cells.
After matrix digestion, cells were washed with complete Dulbecco’s modified Eagle’s medium
(DMEM), isolated from the aggregates using 100-um sterile filters (Corning, Merck Life Science srl,
Milan, Italy) and seeded in standard monolayer cultures. MFS cells grow quite slowly in the first
passages, but growth speeds up after some divisions. Cells were frozen at every passage. After the
10™ passage, we consider the cells spontaneously immortalized.

To increase the number of primary cell lines, two additional cell lines (S148 and S11) were kindly
provided by our collaborator Dr. A. De Vita (IRCCS Istituto Romagnolo Per Lo Studio Dei Tumori
(IRST) "Dino Amadori").

All MFS cell lines grow in a complete DMEM medium (10% FBS, 1% Pen/Strep, 2% glutamine, 1%
HEPES, and 1% NEAA) at 37°C in a 5% CO2 atmosphere.

Cell treatment and flow cytometry analysis

Primary MFS cell lines were harvested, washed with PBS1x, and stained with fluorescently labeled
antibodies against HLA-class I (W6.32), HLA-class II (D1.12), CD105, FAP, and PD-L1 (BD
Biosciences). Human interferon-gamma (IFN-y, 100 ng/mL) was administered for 72 h to MFS cell

lines to induce HLA-class I, -class II, and PD-L1 expression. Surface expression was analyzed by



flow cytometry (BD Symphony A3), and data were processed using FlowJo v10. Untreated cells

served as controls.

Drug testing

Doxorubicin hydrochloride (Sigma-Aldrich, Saint Lous, MO, USA) was dissolved in water at a
concentration of 25 mM, and stored in aliquots at -80°c. Palifosfamide (MedChemExpress,
Sollentuna, Sweden), was dissolved in DMSO at a concentration of 180.98 mM, and stored in aliquots
at -80°c.

Primary cell lines (7000 cells/well) were seeded in 96-well plates, and the next day treated with
different concentrations of palifosfamide (100 mM-1mM) or doxorubicin (0.5-100 mM). Cell
proliferation was assessed by CellTiter 96® AQueous One Solution (Promega) following
manufacturer instructions after 72 hours and 7 days. ICso (Half Maximal Inhibitory Concentration),
the concentration of a drug at which the response or activity is reduced by 50% compared to a control
without the drug, was assessed after 7days treatment, using Prism 9.4 (GraphPad Software, San

Diego, CA, USA).

Western Blot

Primary cell lines (500000 cells in a T25 flask) were irradiated (10 Gy; IBL 437 C irradiator (CIS Bio
International, Saclay, France)) to generate DNA damage, which is one of the strongest and most
reproducible stimuli for the p53 pathway. After irradiation, flasks were kept in an incubator, and cells
were lysated after 2, 4, and 8 hours of culture. Total proteins were extracted using cOmplete Lysis-M
buffer (Roche, Mannheim, Germany) containing protease inhibitors (Roche) and phosphatase
inhibitors (Roche) from untreated and irradiated cell lines. Protein lysates were separated by NuPage
4-12% Bis-Tris Gel (Invitrogen) under reducing conditions. Western blotting was performed
according to standard techniques, rabbit anti-p53 (DO-1) (Santa Cruz Biotechnology, Dallas, TX,
USA), mouse anti-p21 (Abcam, Cambridge, UK), rabbit anti-mouse/human -tubulin-HRP (Abcam),
and secondary antibody anti-rabbit-HRP (Agilent) and anti-mouse-HRP (Dako Denmark, Glostrup,
Denmark). Immunoreactive proteins were detected by ECL Prime (GE Healthcare) and a
chemiluminescence gel documentation and analysis system (MINI HD, UVITEC, Cambridge, UK).
Densitometric analysis was performed by calculating the ratio of the volume occupied by TP53 or

p21 to that of the B-tubulin housekeeping band.

RNA extraction, PCR analysis, and Functional Assay of Separated Alleles in Yeast
RNA was extracted from the cells’ pellets (RNeasy Kit Qiagen). cDNA synthesis was performed
starting from 0.5 ug of RNA (Biotechrabbit cDNA synthesis kit). The following primers were used



for PCR amplification of human P53 coding sequence (Pfu Polymerase, Biotechrabbit; template
cDNA 25ng/ul: 25 ng; annealing primers 55°C, 30 cycles): P3 (forward 5’-
ATTTGATGCTGTCCCCGGACGATATTGAAC) and P4 (reverse 5-
CCTTTTTGGACTTCAGGTGGCTGGAGTG-3’) (nt 125-1122> codon 42-374: 1000 bp fragment)
or P53 ATG forward (5’-ATGGAGGAGCCGCAGTCAGATCCTAGCGTC) and P53 _STOP reverse
(5’-TCAGTCTGAGTCAGGCCCTTCTGTCTTGAA-3’) (nt 1-1179> codon 1-393: 1200 bp
fragment).

The Functional Assay of Separated Alleles in Yeast (FASAY) technique is used to study the TP53
functional status. The assay exploits homologous recombination between the terminal ends of 1) a
PCR product (e.g., P53 human coding sequence) and ii) a yeast expression vector that is specifically
digested; then, in yeast a plasmid expressing the P53 coding sequence is reconstituted. The haploid
S. cerevisiae ylG397 strain (MATa ade2-1 leu2-3,112 trpl-1 his3-11,15 canl-100, ura3-1 URA3
3xRGC::pCYCI1::ADE2) is exploited to define the P53 function status. For our analysis, we used the
pRDI22 plasmid (LEU2, leucine selection, and ADH]1 constitutive expression of P53) that lacks the
central sequence coding for the entire p53 DNA-binding domain (Ishioka et al., 1993); the plasmid
(1-2 ug) was digested with HindIII-Stul restriction enzymes (New England Biolabs, NEB). The
HindIII-Stul-digested pRDI22 plasmid also contains two regions homologous to the terminal regions
of the P53 PCR products obtained using P3 and P4 primers. After co-transfection of unpurified PCR
products (5 ul) and HindIII-Stul—digested pRDI22 (50 ng) in yIG397, a p53 expression vector having
the promoter region derived from pRDI-22 (ADH1) and the core region of the p53 open reading
frame derived from P3/P4 PCR product of cell lines (codon 42-374), was reconstituted. When cells
express a P53 (i.e., wild type) that functions as a transcription factor in yeast, the ADE2 gene is
expressed with consequent formation of white normal-sized colonies; conversely, cells containing a
mutant P53 protein grow as small red colonies due to the accumulation of a colored intermediate in
the adenine biosynthetic pathway. The functional status of TP53 gene is therefore defined by the
percentage of red colonies over the total number of white and red colonies. The colonies were counted
after 3 days of growth at 30°C. When analyzing the TP53 status of a cell line, the presence of a wild-
type P53 is expected to generate 85-100% white colonies, while the presence of a not functional TP53
mutation at a heterozygous state results in approximately 50% small red colonies; conversely, the

presence of homozygous TP53 mutation (s) results in 100% small red colonies.

Sanger sequencing for TP53

Purified PCR products (PCR purification kit, Qiagen) were checked by Sanger sequencing (BMR
Genomics, Padova) using two internal primers P5 (forward 5’-TggCCATCTACAAgCAgTCA-3’, nt
479> codon 160), and P6 reverse 5’-gggCACCACCACACTATgTC-3’, nt 638>codon 213).



Tridimensional (3D) growth of primary MFS cells

Collagen-based scaffolds, gently donated by IRCCS Istituto Romagnolo Per Lo Studio Dei Tumori
(IRST) "Dino Amadori", were sterilized by incubating with 70% ethanol for 25 minutes, at room
temperature, then washed with sterile PBS1x or media for 10 minutes, twice. PBS was aspirated
thoroughly to minimize residual liquid, and scaffolds were left under the biosafety cabinet to air-dry.
They were then transferred to agarose-coated 6-well plates (1%) to prevent cell diffusion and
adhesion to the well surface. Approximately 2 x 10° cells were seeded per scaffold in a minimal
volume of medium (10-15 pL) to reduce cell loss by diffusion. After 1-2 hours in the incubator, 5
mL of complete medium is added, and cells are cultured for up to 7 days, depending on the cell line
and experiment. The scaffolds were collected and formalin-fixed paraffin-embedded for pathological
assessment. Hematoxylin and eosin staining to assess cellular morphology, nuclear atypia, and

extracellular matrix deposition.

Multicolor Flow Cytometry Characterization of the Myxofibrosarcoma Tumor
Microenvironment

Minced fragments were placed into the GentleMACS C tube in RPMI 1640 medium complete
containing enzyme H and A (Miltenyi biotech), put on GentleMACS Octo Dissociator with Heaters,
using 37C_h TDK 3 program. After one hour of incubation, the tube was retrieved, and its contents
were transferred into a new 50-ml Falcon tube. A brief centrifugation was performed (1600 rpm for
1 minute), and the pellet was resuspended in 20 ml of RPMI medium. The cell suspension was filtered
through a 100-um mesh and centrifuged at 300 x g for 7 minutes. Red blood cell lysis with
Ammonium chloride was performed if the cell pellet was red.

The cells (5 x 10°-2 x 10°) per FACS tube were washed with Miltenyi buffer (1x PBS, 2 mM EDTA,
and 0.5% BSA), centrifuged at 1600 rpm for 5 minutes. Live/Dead (L/D) reagent was then added to
label dead cells and incubated for 10 minutes at room temperature. Then, cells were washed and
incubated for 15 minutes, room temperature, with an antibody mix staining surface markers. To
perform intranuclear and intracellular staining, surface-stained cells were washed, fixed, and
permeabilized with Fix/Perm Buffer Set (Biolegend, Amsterdam, The Netherlands) according to the
manufacturer’s instructions in the dark with specific antibodies (Table 1), purchased from BD
Biosciences.

After 40 minutes of incubation on ice or at 4 °C, the fluorescence was washed, and samples were
analyzed by a BD Symphony A3 flow cytometer (BD Biosciences) using FlowJo software v10
(Ashland, USA).



Lymphoid Panel Myeloid Panel

Antibodies Fluorocrome Antibodies Fluorocrome

Surface antibodies

Fixiable Viabilty Stain FVS4040 UV Fixiable Viabilty Stain FVS4040 UV
(L/D) (L/D)
CD45RA BV510 CD16 BV510
CD3 BV786 CD163 BV786
CD25 BB515 CDIIB BB515
TIM3 BB700 CD33 BB700
GITR BV605 CD123 BV605
CD16 BUV615 CD14 BUV615
CD56 RB780 CDIIC RB780
CD39 BUVS05 HLA-DR BUVS05
CDS PE-Cy7 CD3 PE-Cy7
LAG3 APCR700 CDS80 APCR700
CD127 BUV737 CD19 BUV737
CCR7 BV711 CDI15 BV711
CD279 (PD-1) RYG586 CD66B RYG586
CD4 APCH7 CD206 APCH7
CD28 RB670 CD45 BUV395
CD19 PECY5
CD45 BUV395

Intracytoplasmic antibodies
CTLA4 BVv421 CD68 BV711
Foxp3 AlexaFluor647

Table 1: Antibodies and fluorochromes used to detect immune cell populations in MFS TME.

Isolation of Plasma from Whole Blood
Blood samples in EDTA-coated tubes were centrifuged at 1,500 x rpm for 10 minutes at room
temperature. Following centrifugation, the clear plasma layer at the top of the tube was carefully

aspirated without disturbing the buffy coat or red blood cell layer, and stored at -80 °C.



ELLA

Plasma levels of soluble (s)PD-L1, sLAG-3, sTIM-3, and sCTLA-4 were measured using a custom
multiplex cartridge on the Ella automated microfluidic platform (Bio-Techne, Minneapolis, MN,
USA). IFN- y levels were also assessed using the Simple Plex Human I[FN-y (3rd Gen) cartridge, also
on the Ella platform. For all analyses, we used 50 uL of the diluted plasma samples (1:2 dilution with
the provided diluent). sPD-L1, sLAG-3, sTIM-3, sCTLA-4, and IFN-y concentrations (pg/mL) were

calculated using the manufacturer-calibrated standard curve and analyzed with Ella software.

Statistical analysis
All comparisons between control and treatment groups, or between healthy donors and MFS subjects,
were evaluated using a two-tailed t-test. P values < 0.05 were considered statistically significant.

Statistical analyses were performed using Prism 9.4 (GraphPad Software, San Diego, CA, USA).

Generative Al statement
Al-based tools were used for language refinement. The content was reviewed, edited, and finalized

by the author, who takes full responsibility for the accuracy and originality of the work.



RESULTS

Patients’ characteristics

Over the three years of the PhD program, we have collected surgical specimens and plasma from 7
patients (pts) arrived at IRCCS Ospedale Policlinico San Martino-Genova and diagnosed with MFS
between 2023 and 2025 (Progetto MultiGenTR CER 534/2020).

The median age at biopsy/surgical intervention was 66 years (range: 53-93), and four patients
(57.1%) were male. The most common tumor site was the leg (4/7, 57.1%), followed by the chest
wall (2/7, 28.6%) and the pelvis (1/7, 14.3%). Most tumors were high grade (G3, 6/7, 85.7%), while
one case was graded as G2. Biopsies were obtained from the primary tumor in three patients (42.9%),
from local relapse in three patients (42.9%), and from metastatic lesions in one patient (14.3%).
Apart from surgery, three patients (42.9%) did not receive any other therapy, whereas two patients
received chemotherapy and two received radiotherapy prior to specimen collection. (Table 2)

Tumor samples were analyzed by NGS Archer™ FUSIONPlex™ Sarcoma v2 (Integrated DNA
Technologies, Inc.) for the presence of major mutations. No mutation or gene fusions were detected

in those patients by NGS Archer™ FUSIONPlex™ Sarcoma v2.



Characteristic

Value

Number of patients

7

Age, years Median 66 (range 53-93)
Sex

Male 4 (57.1%)

Female 3 (42.9%)
Tumor site

Leg 4 (57.1%)

Chest wall 2 (28.6%)

Pelvis 1 (14.3%)
Tumor grade

G2 1 (14.3%)

G3 6 (85.7%)
Site of biopsy

Primary tumor 3 (42.9%)

Local relapse 3 (42.9%)

Metastasis 1 (14.3%)
Pre-treatment

None 3 (42.9%)

Chemotherapy 2 (28.6%)

Radiotherapy 2 (28.6%)

Table 2: Patients’ characteristics




Establishment of primary cell lines and in vitro characterization

Fresh surgical specimens or biopsies were immediately transported to the laboratory, mechanically
minced into small fragments, and incubated for 3 hours at 37°C in agitation in a solution of HBSS
containing 5 mg/ml collagenase 1. The single cell suspension was seeded onto monolayer plates. After
the 10" passage, cells seem to modestly enhance proliferation. Cells grow in adherence to the flask
and show a spindle-shaped, fibroblast-like morphology like MFS cells within the tumor. So far, we
have generated three stable primary cell lines: MFS001, MFS002, and MFS003 (Figure 1).

MFS001 MFS002 MFS003

-, )

Figure 1: Representative images of MFS primary cell lines after spontaneous immortalization, captured using

an inverted microscope (5X magnification), showing their morphological features.

The culture was maintained for 30 passages, and the morphology did not change significantly over
time; cells showed abundant cytoplasm and prominent nuclei. MFS001 and MFS002 primary cell
lines, seeded at 5,000—10,000 cells per well in 96-well plates, were monitored by the CellTiter 96®
AQueous One Solution assay to evaluate cell proliferation. As shown in Figure 2, all cell lines display
an increase in OD over time, indicating cell growth or increased metabolic activity, although with
distinct kinetic profiles. Indeed, MFS001 shows a progressive increase from baseline to 168 h, with
a clear rise at 72 h and a further, albeit moderate, increase at 168 h; MFS002 exhibits the most
pronounced growth, with a significant increase already at 72 h and a further rise at 168 h, reaching
the highest OD values among the analyzed cell lines; MFS003 displays a more moderate increase,
peaking at 72 h and followed by a trend toward stabilization or a slight decrease at 168 h, suggesting
slower growth or adaptive changes over time. These data highlight functional heterogeneity among
MFS-derived cell lines, with MFS002 displaying a higher proliferative capacity, whereas MFS003
show more limited long-term growth. This heterogeneity is consistent with the known biological
variability of MFS and underscores the importance of using multiple representative models to

investigate tumor behavior and therapeutic responses.
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Figure 2: Proliferation assay of MFS001, MFS002, and MFS003 growing in adherence. Data are expressed

as mean and standard deviation

To characterize MFS primary cell lines, we checked by flow cytometry the surface expression of
different molecules: HLA class I/II, immune checkpoint ligand PD-L1, mesenchymal CD105, and
stromal marker FAP. HLA class I molecules are essential for presenting endogenous tumor antigens
to CD8* cytotoxic T lymphocytes; their quantitative or qualitative loss represents a key mechanism
of tumor immune evasion in cancer [65]. PD-L1, an immune checkpoint ligand to PD-1, was detected
in approximately 18 % of MFS cases, confirming that MFS can express the immune checkpoint
ligand, and that expression varies by subtype [17,66]. CD105 (Endoglin) is expressed in human
sarcoma cell lines and is associated with enhanced proliferative capacity compared to carcinoma cells
[67,68]. Fibroblast activation protein (FAP), a membrane-bound serine protease predominantly
expressed in cancer-associated fibroblasts, is highly expressed in the stromal compartments of soft
tissue and bone sarcomas [69].

As shown in Table 3, primary cell lines show similarities to human fibroblasts, particularly in the
expression of CD105 and FAP. PD-L1, is expressed only in MFS001 and MFS002 cell lines and is
absent in MFS003. Conversely, all MFS cell lines tested express high HLA-class I, but not HLA-
class II. Treatment with human interferon (IFN)-y upregulated the expression of HLA class I and, to
a lesser extent, HLA class II, but did not induce PD-L1 expression in primary MFS cell lines. These
results indicate that primary MFS cell lines retain a fibroblastic phenotype while maintaining strong
HLA class [-mediated antigen presentation potential. The limited basal expression of PD-L1 and
absence of HLA class II suggest a relatively low intrinsic immunosuppressive profile, which can be
partially modulated by IFN-y. Collectively, these findings highlight the immunophenotypic

characteristics of MFS cells and their potential responsiveness to immune stimuli.



Primary Cell line CD105 FAP HLA-class 1 HLA-classII  PD-L1

MFS001 73.2 93.9 49.7 2 12.9
MFS002 42.7 88.9 11.5 3.5 12.9
MFS003 80 76.6 32 0 0
Human Fibroblasts  84.2 86.5 42.7 3.9 7.5

Table 3: Percentages of MFS primary cell lines and human fibroblasts positive for CD105, FAP, HLA-class I
and -class II, and PD-L1

Characterization of the TME

We analyzed the composition of the TME by flow cytometry on fresh tumor samples using two
multiparametric panels specific for lymphoid and myeloid cell populations. These panels, previously
validated on peripheral blood mononuclear cells and human tumor samples, enabled comprehensive
identification of all selected immune populations through a detailed gating strategy. Tumor cell
suspensions stained with different fluorochrome-conjugated antibodies were analyzed using a BD
Symphony A3 flow cytometer. The gating strategy used to identify lymphoid and myeloid populations
is based on a series of sequential plots (Figure 3). The initial dot plot allows evaluation of overall data
quality by visualizing all acquired cells in the sample, and a region containing lymphoid- and
myeloid-sized cells is selected based on forward scatter (FSC) and side scatter (SSC) parameters.
Within this population, CD45" live/dead-negative (L/D") cells are identified to exclude debris, dead
cells, and non-hematopoietic components. The next two gating steps are dedicated to the selection of
single-cell events, discriminating singlets from doublets within the CD45* L/D~ population. Doublets
consist of two physically adjacent cells that pass almost simultaneously through the laser
interrogation point and are incorrectly recorded as a single event. The singlet gate defined using FSC-
Area (FSC-A), which reflects overall cell size, and FSC-Height (FSC-H), which reflects the peak
scattering signal, allows exclusion of these artifactual events, ensuring that only properly acquired
single cells are included in the analysis. Among live, single CD45" cells, the first distinction identifies
the major lymphoid populations: CD19" B cells and CD3* T cells. Within the T-cell compartment,
CD3* cells are further subdivided into helper T cells (CD4") and cytotoxic T cells (CD8"). For both
subsets, the maturation status discriminated against three main functional subsets based on the
combined expression of CCR7 and CD45RA: naive, central memory, and effector memory T cells.
Specifically, Naive T cells represent mature lymphocytes that have not yet encountered their specific
antigen. CD4" T central memory cells are long-lived and highly proliferative, capable of recirculating
between blood and lymphoid organs to mount responses upon repeated antigen exposure. CD4*

Teffector memory cells are poised for rapid effector responses, producing cytokines such as IL-2 and



IFN-y. CD8* T central memory cells exhibit high proliferative capacity and contribute to long-term
immunological memory. CD8* T effector memory cells rapidly exert effector functions by producing
cytotoxic mediators, including IFN-y, TNF-a, granzymes, and perforin. Tregs are identified as
CD127- CD25" FoxP3", representing a specialized subset of CD4* T lymphocytes that maintain
immune homeostasis by suppressing excessive or autoreactive immune responses, which play a key
role in suppressing effector T-cell responses and promoting tumor immune tolerance [53]. Immune
checkpoint receptor expression on T cells, together with their maturation status, allowed the
identification of exhausted T-cell populations, which exhibit impaired cytotoxic function and are
unable to efficiently eliminate tumor cells. From the CD45*CD3 CD19" population, NK cells were
identified as CD45'CD3 CD56" cells. NK cell subsets were further defined based on CD16
expression, distinguishing CD56"#"CD16~ cytokine-producing NK cells and CD56%™CD16* highly
cytotoxic NK cells. From the CD45°CD3"CD19 population, the myeloid compartment was
identified. Within this population, macrophages were identified as HLA-DR*CD68* cells and further
subdivided into Ml-like (CD206 CD1637) and M2-like (CD206°CDI163*) subsets. MIl-like
macrophages exhibit pro-inflammatory and antitumoral activity through the production of cytokines
such as TNF-a and IL-12 and by promoting T-cell activation, whereas M2-like macrophages display
immunosuppressive and pro-tumoral functions, contributing to tissue remodeling, angiogenesis, and
inhibition of adaptive immune responses [70]. Monocytes (HLA-DR*CD14") act as precursors of
macrophages and dendritic cells and participate in innate immune responses through phagocytosis
and cytokine production, which contribute to inflammatory regulation and cellular recruitment within
the TME [71]. Dendritic cells (HLA-DR*CD14") are professional antigen-presenting cells that initiate
and regulate adaptive immune responses by activating T lymphocytes [51]. From the HLA-
DR CD14" population, myeloid-derived suppressor cells (MDSCs) were identified as CD33*CD11b*
cells. These cells exert potent immunosuppressive activity by inhibiting T-cell proliferation and
function. Granulocytic MDSCs (PMN-MDSCs; CD15*CD14") suppress immune responses mainly
through the production of reactive oxygen species, whereas monocytic MDSCs (M-MDSCs;
CD15CD14"%) mediate suppression via arginase-1, nitric oxide, and immunosuppressive cytokines,
and are known to inhibit T- and NK-cell function, interfere with antigen presentation, and contribute

to primary and acquired resistance to immune checkpoint inhibitors [72].
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Figure 3: Representative flow cytometric analysis of TME immune cells acquired on a BD FACSymphony A3
and analyzed using FlowJo v10. A: Cells were first gated based on forward and side scatter to exclude debris.
Single, live (LD") CD45" cells were then identified for downstream analysis. Within the CD45" population, B
cells (CD19%) and T cells (CD3*) were analyzed, and T cells were further subdivided into CD4* and CD8*
subsets. T cell maturation was assessed using CCR7 and CD45RA expression. Mature T cells expressing
immune checkpoint receptors LAG-3, TIM-3, CTLA-4, and PD-1 are identified. Regulatory T cells (Tregs)
were identified within the CD4* subset as CD127~ CD25* FoxP3". Natural killer (NK) cells were identified as
CD3~ CD19 and further subdivided into CD56"bright CD16~ and CD56"dim CD16* subsets. B: From CD3~
CD19" gating, we identified: macrophages as HLA-DR" CD68" cells and further subdivided into M1-like
(CD206~ CD1637) and M2-like (CD206" CD163") subsets, monocytes (HLA-DR* CD14") and dendritic cells
(HLA-DR* CD14"). From HLA-DR~ CD14" cells, myeloid-derived suppressor cells (MDSCs) were identified
as CD33* CD11b* and further subdivided into granulocytic (PMN-MDSC, CD15* CD14") and monocytic (M-
MDSC, CD15~ CD14") subsets.



Of the seven patients enrolled in the study, complete TME analyses were successfully performed for
three patients (MFS001, MFS002, and MFS007). For patient MFS003, only a biopsy was available,
which did not provide sufficient material for analysis. Similarly, tissue samples from patient MFS004
and MFS005 were limited, preventing complete TME characterization; however, they allowed the
identification of T-cell populations and immune checkpoint receptor expression. For patient MFS006,
only the myeloid panel could be applied, as very few CD45" cells were detected. Limited tissue
availability therefore represented the main constraint in this study.

Results demonstrated a TME containing a variable proportion of living, infiltrating CD45* cells,
ranging from 13.3% in MFS007 to 87.4% in MFS005 (Table 4). The only exception was MFS006,
which showed only 4.05% of living CD45* cells. T cells and their subsets were clearly detectable in
most MFS specimens. Immune checkpoint receptors were expressed on both CD4* and CD8" T cells,
with PD-1 being the most highly expressed receptor, showing relatively consistent levels across
different tumor specimens.

T-cell maturation was analyzed in detail only in MFS001, MFS002, and MFS007. While MFS001
showed an almost equal distribution of CD4* central and effector memory cells over CD3+ cells, in
MFS002 and MFS007, the CD4" compartment was predominantly effector memory. A large
proportion of both central and effector memory CD4" T cells expressed PD-1, and in MFS002 and
MFS007, also TIM-3, suggesting the presence of a functionally exhausted T-cell population within
the TME. Particularly, in MFS007, a large proportion of both central and effector memory CD4* T
cells also expressed CTLA-4, indicating a highly exhausted phenotype.

Regarding the CD8* T-cell compartment, the three tumors contained high proportions of effector
memory CD8" T cells within the CD3* population, with most cells co-expressing PD-1 and TIM-3
(MFS001) or CTLA-4 (MFS002 and MFS007), indicative of an exhausted phenotype.

Among CD4* T cells, Tregs were detected at 11.4-24.3% in tumors, with MFS007 showing the
highest percentage. These findings reveal a markedly immunosuppressive TME, characterized by a
high frequency of Tregs and CD8* T cells with an exhausted phenotype, exhibiting elevated
expression of immune checkpoint molecules.

Myeloid cells were successfully assessed in samples from patients MFS001, MFS006, and MFS007.
Our analysis revealed variable proportions of dendritic cells, ranging from 1.38% to 5.8% of the
CD45* population. Monocytes and macrophages were predominantly detected in MFS006 and
MFS007. Among tumor-associated macrophages, M1-like subsets were more abundant in MFS001
and MFS006, whereas MFS007 was characterized by a predominance of M2-like macrophages,
further underlying the immunosuppressive, exhausted TME of this patient.

Finally, myeloid-derived suppressor cells (MDSCs) within the CD45* population were detectable in
all three tumors, with higher frequencies observed by MFS007. Among MDSC subsets, monocytic



MDSCs represented the predominant population. Overall, these findings further support the presence
of a strongly immunosuppressive myeloid compartment, especially in MFS007, potentially

contributing to impaired antitumor immune responses within the TME.



MFS001 | MFS002 | MFS004 | MFS005 | MFS006 | MFS007
CD45+ 52.3 21 50.3 87 .4 4 .05 13.3
Lymphocytes
T 84 3 85 .2 38.5 86 61
B 11.6 0.37 0,17
NK 1,4 6,53 40.5 1.89 8,32
T cells
CD4+ 51.8 34 .6 64.4 49 .6 54,5
CD4+ TIM-3 1.83 52.3 93 .2 0.16 45,5
CD4+ CTLA-4 12.7 4.72 1.13 27,7
CD4+ LAG-3 0.16 10 .8 1.57 1.05 10
CD4+ PD-1 61.1 93 .2 98 .8 88 .3 93,6
CD8+ 26 .4 55 .8 26.5 36 .7 27,1
CD8+ TIM-3 28 .3 86 .3 89 .2 0.11 15,5
CD8+ CTLA-4 5.28 9 .81 0.33 40,8
CD8+ LAG-3 1.21 12.8 0.64 0.65 3,74
CD8+ PD-1 77 4 96 .8 86 92 .7 83,5
CD4+ T cell maturation
Naive 12.3 0.7 0,34
Central Memory | 43 .5 12 4 4,16
Central Memory | 1 .57 39 4 65,6
TIM-3
Central Memory | 9 .48 18 .7 30,5
CTLA-4
Central Memory | 0 .4 11.3 36,5
LAG-3
Central Memory | 58 .9 90 .9 80,4
PD-1
Effector Memory | 43 .1 86 95
Effector Memory | 5.55 56 .7 45
TIM-3
Effector Memory | 20 .8 3.61 27,8
CTLA-4
Effector Memory | 1 .38 17 .3 6,96

LAG-3




Effector Memory | 79 .5 95 .6 94,9
PD-1

CD8+ T cell maturation

Naive 5.57 0.29 0,41
Central Memory 3.76 0 .87 2,98
Central Memory | 19 .6 85.2 31,7
TIM-3

Central Memory | 14 .2 94 .1 77,2
CTLA-4

Central Memory | 4 .06 68 21,8
LAG-3

Central Memory | 60 .4 83 .4 88,1
PD-1

Effector Memory | 82 .9 81 4 84,8
Effector Memory | 30 .3 91 .3 76,3
TIM-3

Effector Memory | 6 .73 8.01 38,4
CTLA-4

Effector Memory | 3 .16 339 4,03
LAG-3

Effector Memory | 83 .5 97 .5 88,3
PD-1

Myeloid cells

Monocytes 0.13 9.89 18
Dendritic cells 1.38 5.8 3.17
Macrophages 0.48 3.8 17.2
TAM- M1 86 .1 37.9 12
TAM-M2 1.21 21.8 69 .7
Immune suppressive cells

T-reg 11 4 17 .86 243
MDSC 0.43 1.89 7.8
PMN-MDSC 3.19 6.11 0.36
M-MDSC 22.6 34 71.9

Table 4: TME: Percentages of immune cell populations identified in each MFS tumor specimen. Lymphocytes
are expressed as a proportion of CD457 cells; CD4* and CD8" T cells and their maturation subsets are expressed
as a proportion of CD3" T cells; myeloid cells and MDSC are expressed as a proportion of CD45" cells; Treg

cells are expressed as a proportion of CD4+ cells.



Analysis of soluble plasma markers

To provide complementary information about systemic immune activation, immune dysfunction, and
tumor—host interactions, we performed ELISA, using the Ella automated microfluidic platform to
detect IFN-y and soluble immune checkpoint receptors in the plasma of MFS patients. Plasma
samples were obtained from peripheral blood collected at the time of surgical intervention or
diagnostic biopsy. IFN-y is a key cytokine produced primarily by activated T cells and NK cells and
plays a central role in anti-tumor immunity [73]. We observed significantly higher amounts of [FN-y
in MFS patients compared to healthy controls, possibly reflecting chronic immune activation, which
can contribute to immune exhaustion (Figure 4A). This occurs when cells secrete IFN-y but fail to
mount effective cytotoxic responses, contributing to persistent systemic levels. Indeed, discrete
amounts of soluble immune checkpoints were detected in plasma from MFS patients, with LAG-3
and TIM-3 being the most abundant (Figure 4B). This data further corroborates the possibility of
endogenous immune activation, chronic T-cell activation, induction of checkpoint expression, and

shedding [74].
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Figure 4: Bar graphs showing A: IFN-y levels in healthy donors and MFS patients, and B: soluble immune
checkpoints: sPD-L1, sCTLA-4, sLAG-3, and sTIM-3 levels in MFS patients. Results are expressed as mean
by standard deviation. *p<0.05



Analysis of TP53 mutational and functional status

MFS primary cell lines show TP53 alteration

Since patient MFS003 had a history of multiple cancers, he was referred to the genetics department,
where he was diagnosed with Li-Fraumeni syndrome, a hereditary cancer-predisposition disorder
caused by a pathogenic mutation in the TP53 gene. Genomic alterations affecting TP53 represent the
most frequent molecular abnormalities observed in Li-Fraumeni syndrome [17]. Based on this
evidence, we assessed the basal protein levels of p53 in total primary MFS cell lysates. As shown in
Figure 5, Western blotting revealed high p53 expression across all cell lines analyzed, with the highest
levels observed in MFS003 and S148 primary cells. The MFS002 cell line displayed a molecular
weight lower than the canonical 53 Kda of p53, consistent with the expression of a p53 isoform. S11
primary cell line showed no p53 expression. We also analyzed p21 protein expression in all MFS
samples. P21 is a cyclin-dependent kinase inhibitor that plays a key role in cell cycle regulation; it is
a major downstream effector of p53 [75]. In our western blotting analysis, we also detected high
constitutive levels of p21. Under normal conditions, p53 protein levels are low due to rapid
degradation, and constitutive p53 expression may be suggestive of alterations of p5S3 functionality,
potentially a missense mutation in the TP53 gene [76,77]; constitutive p21 expression may reflect

active p53 signaling, or pS3-independent p21 regulation [78].
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Figure 5: Western blotting analysis showing p53, p21, and B-tubulin protein expression in MFS primary cell

lines

To assess the TP53 status in MFS cell lines, we took advantage of functional analysis of separated
alleles in yeast (FASAY) (Figure 6) that exploits homologous recombination in the S. Cerevisiae
yIG397 strain to generate a plasmid expressing the entire p53 coding sequence deriving from the
MES primary cell line (see Materials and Methods); the yIG397 strain at the genomic level harbors
the ADE2 reporter gene, involved in adenine biosynthetic pathway under the control of a p53-

responsive element. When cells express a p53 (i.e., wild-type) that functions as a transcription factor



in yeast, the ADE2 gene is expressed with consequent formation of white normal-sized colonies (see
details in Materials and Methods); conversely, cells containing a mutant P53 protein grow as small
red colonies due to the accumulation of a colored intermediate in the adenine biosynthetic pathway.
The functional status of the TP53 gene is therefore defined by the percentage of red colonies over the
total number of white and red colonies. Consequently, when analyzing the TP53 status of a cell line,
the presence of wild-type p53 is expected to yield 85-100% white colonies. In contrast, a non-
functional TP53 mutation in the heterozygous state typically results in approximately 50% small red

colonies, whereas homozygous TP53 mutations lead to 100% small red colonies.

YEAST ASSAY: THE NORMAL ASSAY I

TUMOR
RNA EXTRACTION
RT-PCR WITH p53 PRIMERS

TRANSFORMATION OF THE PCR PRODUCT IN YEAST

Figure 6: Schematic representation of the workflow of the functional analysis of separated alleles in yeast

(FASAY).

RNA extracted from MFS primary cell lines was reverse-transcribed, and P53 was amplified by PCR.
Among all the cell lines tested, S11 did not show the specific P53 PCR product (Figure 7), confirming
the absence of P53 also at mRNA level, and suggesting a deletion of TP53 gene, supported by western

blotting analysis results.
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Figure 7: P53-specific PCR products separated in 1% agarose gel stained with SYBR Safe, showing, from left
to right: S11, S148, MFS001, MFS002, MFS003, positive, negative control, and molecular weight marker
(VI Roche).

The results of the FASAY demonstrated the presence of a wild-type TP53 gene in MFS001 (14%)
and MFS002 (10%) cell lines; conversely, TP53 mutation (s) are present at heterozygous and
homozygous states in MFS003 (68%) and S148 (100%) cell lines, respectively (Table 5).

Cell line Red colonies/total p53 functional status
MFS001 14% Wild-type

MFS002 10% Wild-type

MFS003 68% Mutated/Hypofunctional
S148 100% Mutated/not functional

Table 5: FASAY results showing percentages of red colonies and identifying p53 functional status

P53 PCR products were analyzed at the molecular level by Sanger sequencing, confirming the
presence of a wild-type TP53 gene in MFS001 and MFS002 cell lines, and identifying mutations in
the MFS003 (heterozygous R213Q) and in the S148 cell line (homozygous R280K) (Figure 8).
Sanger sequencing highlighted the presence of P53 codon 72 polymorphisms (Table 6). In conclusion,
out of 5 primary cell lines derived from MFS patients, 3 (3/6, 60%) showed an alteration of the TP53

gene, confirming the previously reported alteration frequency in MFS tumors.
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Figure 8: Sanger sequencing showing the heterozygous mutation R213Q in MFS003 and the homozygous
R280K mutation in S148 primary MFS cell lines.

Cell line P53 status Codon 72 polymorphism
MFS001 Wild-type P72P/P72R

MFS002 Wild-type P72R

MFS003 R213Q (heterozygous) | P72R

S148 R280K (homozygous) | P72R

Table 6: P53 status and codon72 polymorphism in MFS primary cell lines

Assessment of pS3 Pathway Activation in MFS Cell Lines Following Irradiation

To evaluate p53 and p53—target proteins’ functionality, cells were exposed to irradiation. We selected

the cell cycle arrest CDKN2A/p21 protein as the major p53-target protein, induced in response to

DNA damage, where it promotes cell cycle arrest (at the G1/S checkpoint) for DNA repair or

activation of senescence and apoptosis pathways [79]. Plated cells were irradiated with 10 Gy and

returned to the incubator; cell lysates were collected at 2, 4, and 8 hrs post-irradiation. Two cell lines,

representative of wild-type and heterozygous mutant TP53 (wild-type/R213Q), were selected:

MFS002 and MFS003. Western blot analysis showed generally high levels of p53 and p21 proteins

in both untreated cell lines, likely reflecting a partial cell-cycle arrest consistent with the reduced

proliferation rate of the cells. Interestingly, the MFS002 cell line showed the presence at the basal

level of a distinct p53 isoform from the canonical 53 KDa protein. Moreover, p53 (i.e., 53 Kda

variant) and p21 proteins were clearly up-regulated as early as 2 hours after irradiation in MFS003;




this induction, but to a lesser extent, was also present in MFS002 (Figure 9). Concurrently, the level
of the distinct p53 isoform in MFS002 cell line appeared largely unaffected by the treatment. All
together, these results suggested an appreciable activation of the p53 pathway only in MFS003 cells,
despite the presence of the heterozygous R213Q TP53 mutation; conversely, the weak induction of
p53 and p21 proteins in the MFS002 cell line, along with the presence of a different p53 isoform,

might indicate the presence of an altered p53 pathway that needs further investigation.

A

P53 isoform = = SN . W — . €53
[P —
T D21
-“--“ B-Tubulina
hrs after10GY - 2 4 8 - 2 4 8
B MFS002 MFS003
'9 120 130
g 100 9 100
< 80 ":E 80
E o
_g 60 é 60
i 40 _g 40
N 2
Q20 ~ 20
N
0 o o
hrs after10GY - 2 4 8 - 2 4 8 - 2 4 8 - 2 4 8
MFS002 MFS003 MFS002 MFS003

Figure 9: Western blot and densitometric analyses of MFS001 and MFSO003 cell lysates from control (un-
irradiated) and irradiated cells kept in culture for 2, 4, and 8 hours after irradiation. A: The thick arrow indicates
p53 protein, while the thin arrow p53 isoform. B: Densitometric analysis: Histograms show the quantification

of band intensity expressed as a percentage p53 over -tubulin (left) and p21 over B-tubulin (right)

Sensitivity to chemotherapeutic agents in 2D culture

The sensitivity of primary MFS cell lines to chemotherapeutic agents commonly used in clinical
practice was investigated using cell viability assays in 2D monolayer cultures. Primary MFS cells
were seeded at a density ranging from 5,000 to 10,000 cells per well, depending on the growth
characteristics of each cell line. Cultures were therefore treated with increasing concentrations of
doxorubicin or palifosfamide and incubated for a total of 7 days. Cell proliferation was then evaluated
using the CellTiter 96® AQueous One Solution assay. In an initial experimental phase, experiments
performed with clinical drug formulations revealed resistance to ifosfamide and only limited
sensitivity to doxorubicin. For this reason, subsequent analyses were carried out using purified active

compounds to more accurately assess drug-specific effects. Under these conditions, all tested MFS



cell lines exhibited a clear dose-dependent decrease in cell viability after 7 days of treatment with

both doxorubicin and palifosfamide (Figure 10).
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Figure 10: Cell viability, evaluated at ODaoonm, using CellTiter 96® AQueous One Solution for MFS001
MFS002, MFS003, S11, and S148 in response to different dosages of Doxorubicin and Palifosfamide. Data

are expressed as mean and standard deviation.



ICso values were calculated by normalizing the data to untreated control cells. They indicated a higher
sensitivity to doxorubicin, with inhibitory concentrations in the sub pM range, whereas higher pM
concentrations of palifosfamide were required to achieve a comparable reduction in cell viability
(Figure 11, Table 7). Although some variability in drug response was observed among the different
MES cell lines, these results confirm the cytotoxic activity of both chemotherapeutic agents in vitro

and highlight differences in chemosensitivity across primary tumor-derived cells.
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Figure 11: ICso values (uM) were determined based on cell proliferation in 96-well plates of MFS cells grown
in monolayer, in the presence or absence of doxorubicin and palifosfamide after 1 week of treatment. Data are

expressed as mean and standard deviation.

DOXORUBICIN PALIFOSFAMIDE
IC50 (nM) IC50 (nM)

Cell line Mean +SD Mean + SD

MFS 001 0.33 +£0.035 53.2+£222

MFS 002 0.18+0.113 65 +23.7

MFS 003 1.65 +0.007 81.7+244

S11 0.32 +0.091 333+2.5

S148 0.44 55.3

Table 7: ICso concentrations (uM) of doxorubicin and palifosfamide were determined for each cell line grown

as a monolayer and treated for 7 days. Values are expressed as mean and standard deviation (SD).

Three-dimensional cultures on collagen scaffolds

To compare the morphology of the primary culture with that of the patient’s tissue, we seeded the
cells on a 3D collagen-based scaffold, which provides a more faithful representation of cell population
morphology than monolayer surfaces. Two million primary cells were seeded at the center of a

collagen-based scaffold kindly provided by our collaborator Dr. Alessandro De Vita (IRCCS Istituto



Romagnolo per lo Studio dei Tumori (IRST) “Dino Amadori”). Cells were left to penetrate the
scaffold in an incubator for at least 2 hrs. The cell-loaded scaffold was then filled with culture medium
and kept in culture in an incubator for 7 days. At the end of the incubation, the scaffolds were
formalin-fixed and embedded in paraffin. Our collaborator Dr. Giorgia Arcovito (Hospital Pathology
Unit, IRCCS Ospedale Policlinico San Martino), analyzed the slides and found a general
morphological resemblance to MFS. MFS001 consisted of discohesive cells characterized by
abundant cytoplasm with intracytoplasmic mucin vacuoles; nuclei showed marked atypia, size
variability, hyperchromasia, and prominent nucleoli. Overall, the cells were evaluated as neoplastic
and mucin-producing. MFS002 consisted of cells that were partly discohesive and partly showed
solid growth, with abundant cytoplasm containing intracytoplasmic mucin vacuoles. Marked nuclear
atypia was also present, with the same features listed above. In addition, pleomorphic multinucleated
elements were observed (typical of high-grade MFS). MFS003 showed disorganized solid growth;
myxoid differentiation was barely recognizable or absent, and the appearance was more consistent
with that of an UPS. The cells had abundant eosinophilic cytoplasm, spindle-to-epithelioid
morphology, and highly atypical nuclei with the usual features (Figure 12).

MES cells grown on collagen-based scaffolds showed morphological characteristics consistent with
pathological analysis of original tumor specimens.

These results show that collagen-based scaffolds provide a more faithful representation of cell
population morphology than monolayer surfaces, as the incorporation of extracellular matrix
components better mimics tumor architecture, and open up new avenues for future preclinical studies

aimed at investigating therapeutic responses in more physiologically relevant models.
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Figure 12: Hematoxylin and Eosin staining of MFS patient-derived primary culture. Some of the morphologic
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features of the tissue of origin are maintained, i.e., abundant cytoplasm with intracytoplasmic mucin vacuoles,

and nuclear atypia (magnification 20x and 40x).



DISCUSSION

MEFS exemplifies the intrinsic complexity of soft tissue sarcomas, combining marked biological
heterogeneity, infiltrative growth, and limited therapeutic options. Despite its recognition as a distinct
pathological entity, the clinical management of MFS continues to rely on treatment strategies
developed for broader STS populations, reflecting the absence of validated histology-specific
therapies [5]. While surgery with wide margins and radiotherapy remain the cornerstone of treatment
for localized disease, systemic options for advanced or recurrent MFS are limited and only modestly
effective. Anthracycline-based chemotherapy remains the standard of care, yet response rates are
variable and frequently short-lived. This situation highlights a persistent and clinically relevant unmet
need for improved biological understanding and for the development of more effective, personalized
treatment strategies.

A major obstacle in MFS research is the scarcity of representative experimental models. The rarity of
the disease, the advanced age of many patients, and the strong influence of the TME and ECM limit
the availability and translational relevance of conventional in vitro systems. Increasing evidence
suggests that traditional 2D cell culture models fail to capture essential features of sarcoma biology,
including spatial organization, mechanical constraints, and complex cell-cell and cell-matrix
interactions. In response to these limitations, recent international recommendations emphasize the
importance of patient-derived three-dimensional (3D) sarcoma models as more faithful tools for
biological investigation and therapeutic testing [9]. The present PhD project was therefore conceived
to establish and characterize such models for MFS integrating molecular, immunological, and
functional analyses. Although the patients’ cohort analyzed in this study is numerically limited, its
clinical characteristics are largely consistent with those reported in the literature. Patients were
predominantly older adults, tumors most frequently arose in the extremities, and local recurrence
represented a common clinical event [57]. These features align with classical clinicopathological
descriptions of MFS and support the representativeness of the biological material used. Importantly,
several samples were derived from relapsed or metastatic lesions, which may reflect more aggressive
disease biology and therapy-resistant phenotypes.

Nevertheless, data from this small cohort should be interpreted as hypothesis-generating, providing a
foundation for future investigations in larger, multicenter cohorts. The rarity of MFS and the practical
challenges associated with fresh tissue collection underscore the importance of collaborative efforts
and shared model platforms to advance the field.

A major finding of this study is the presence of a substantial immune infiltrate within MFS tumors,
coupled with evidence of functional immune suppression. In previous reports, PD-L1 expression in
MEFS has been described in approximately 18% of cases, with considerable variability across cohorts

and methodological approaches [21]. In our limited series, PD-L1 positivity by flow cytometry was



detected in two out of three primary cell lines, suggesting that immune checkpoint engagement may
be more frequent in selected subsets of MFS than previously appreciated.

Multiparametric flow cytometry revealed that the MFS TME contains abundant CD4* and CD8* T
lymphocytes, with a predominance of mature populations. Notably, both CD4+ and CD8" T cells
largely displayed an effector memory phenotype, indicative of ongoing (or attempted) immune
activation or responses against cancer, prior to antigen exposure. These findings argue against
immune ignorance and instead suggest that MFS tumors are capable of eliciting an adaptive immune
response. However, the high expression of inhibitory receptors such as PD-1, TIM-3, and LAG-3 on
these T cells strongly indicates a state of functional exhaustion. The analysis of plasma biomarkers
provided complementary insights into the systemic immune status of MFS patients. Elevated levels
of interferon-y (IFN-y) were detected, consistent with ongoing immune activation. IFN-y plays a
central role in anti-tumor immunity by promoting antigen presentation and immune cell recruitment;
however, chronic IFN-y signaling can paradoxically contribute to immune dysfunction by inducing
immune checkpoint expression and adaptive resistance mechanisms [35].

The presence of soluble immune checkpoint molecules in plasma further supports the concept of
chronic immune activation accompanied by inhibitory feedback, a scenario that may ultimately result
in immune exhaustion rather than tumor eradication. Together, tissue-based and systemic findings
converge on a model in which MFS is characterized by an immune response that is initiated but not
effectively executed, providing a strong rationale for therapeutic strategies aimed at reinvigorating
exhausted immune cells.

T-cell exhaustion is a dynamic process driven by chronic antigen stimulation and sustained
inflammatory signaling, resulting in impaired cytotoxic function and reduced proliferative capacity
[22]. The co-expression of multiple inhibitory receptors observed in our samples is particularly
relevant, as it has been associated with deeper exhaustion states and limited responsiveness to single-
agent immune checkpoint blockade in other tumor types [49]. This observation raises important
questions regarding the optimal immunotherapeutic strategy in MFS and suggests that combination
approaches, targeting multiple inhibitory pathways or additional immunosuppressive mechanisms,
may be required to restore effective anti-tumor immunity.

A critical prerequisite for successful T-cell-mediated tumor control is intact antigen presentation. In
our models, HLA class I expression was consistently preserved, supporting the capacity of tumor
cells to present antigens to CD8" T cells. This finding is particularly relevant given that loss of antigen
presentation machinery represents a well-established mechanism of immune escape and resistance to
immunotherapy [18]. The preservation of HLA class I, therefore, strengthens the biological rationale
for immunotherapeutic interventions in MFS.

Another aspect that may interfere with immune cell-mediated tumor control is the presence of



immunosuppressive cell populations [53]. Indeed, our study shows that among CD4" T cells, a
discrete proportion consists of Tregs endowed with immunosuppressive activity, which limits
effective T-cell responses. Moreover, within the CD45" compartment, MDSCs and M2-polarized
TAM are present, further inhibiting antitumor immunity. Altogether, our study demonstrates not only
the presence of an exhausted T-cell compartment, but also an overall immunosuppressed TME. At the
molecular level, MFS is defined by extensive genomic instability and frequent disruption of cell-
cycle regulatory pathways. Among these, TP53 alterations represent one of the most recurrent and
biologically significant events, with large sequencing studies reporting alterations in up to
approximately half of MFS cases [80]. In line with these observations, TP53 alterations were
identified in the majority of patient-derived models generated in this study, including both
heterozygous and homozygous mutations.

Under normal conditions, p53 protein levels are tightly regulated and maintained at low levels
through rapid degradation mediated primarily by the MDM2 ubiquitin—proteasome pathway [81].
Consequently, constitutive pS3 accumulation, as observed in several of our models, is often indicative
of missense TP53 mutations that stabilize the protein and may confer dominant-negative or gain-of-
function properties [82]. The frequent detection of high basal levels of p21 further reflects
dysregulation of cell-cycle checkpoints, although p21 expression alone cannot be interpreted as
definitive evidence of intact p53 transcriptional activity due to its p53-independent regulation [83].
Functional assays following irradiation revealed substantial heterogeneity in p53 pathway activation
across models. Interestingly, MFS003 cells, despite harboring a heterozygous TP53 mutation
(R213Q), exhibited appreciable induction of p5S3 and p21 in response to DNA damage, suggesting
partial preservation of p53 functionality. In contrast, the wild-type TP53 primary cell line MFS002
displayed weak induction and expressed a distinct p53 isoform, indicating non-canonical p53
regulation. These findings underscore the importance of functional characterization beyond
mutational status, as different TP53 alterations can lead to diverse biological outcomes, including
loss-of-function, dominant-negative effects, or oncogenic gain-of-function activities [82].

From a conceptual perspective, p53 dysfunction may contribute not only to uncontrolled proliferation
but also to altered responses to stress, senescence, and immune modulation. Emerging evidence
suggests that p53 can influence the composition and function of the TME, including immune cell
recruitment and polarization [84]. Although these aspects were not directly addressed in the present
study, they represent important avenues for future investigation.

The p53 pathway also plays a central role in mediating cellular responses to DNA-damaging agents
such as doxorubicin and ifosfamide. Experimental studies have shown that restoration of wild-type
p53 function can enhance sensitivity to anthracyclines in sarcoma models, whereas TP53 alterations

may contribute to chemoresistance and poor clinical outcomes [40]. In our study, 2D drug testing



confirmed a degree of sensitivity of MFS models to doxorubicin and palifosfamide, supporting the
intrinsic cytotoxic activity of these agents except for the MFS003 cells, harboring a heterozygous
TP53 mutation, which proved to be more chemoresistant. However, it is increasingly recognized that
2D monolayer cultures provide an oversimplified representation of tumor biology and often fail to
predict in vivo therapeutic responses. This limitation is particularly relevant for MFS, where tumor
behavior is strongly influenced by ECM composition, mechanical properties, and spatial
organization. These considerations highlight the need for more physiologically relevant models to
accurately assess therapeutic efficacy.

To address these limitations, we implemented collagen-based 3D scaffold cultures, which allowed
tumor cells to grow in a spatially organized environment more closely resembling native tissue
architecture. Importantly, cells cultured in these scaffolds retained morphological features
characteristic of their tumors of origin, as assessed by expert pathological evaluation. These findings
are consistent with previous reports demonstrating that 3D sarcoma models better recapitulate in vivo
morphology and treatment response than 2D systems [2,85].

Beyond morphological fidelity, scaffold-based models may offer a powerful platform to study tumor—
ECM interactions, including invasion, matrix remodeling, and treatment-induced changes in ECM
composition. These aspects are particularly relevant in MFS, which is defined histologically and
biologically by its abundant myxoid matrix.

In conclusion, this PhD work addresses a significant gap in MFS research by establishing a
comprehensive patient-derived preclinical platform that integrates tumor-intrinsic molecular features,
immune contexture, and ECM architecture. The results demonstrate that MFS frequently exhibits an
immune-infiltrated but functionally exhausted TME, preserved antigen presentation capacity,
frequent yet heterogeneous TP53 alterations, and partial sensitivity to standard chemotherapeutic
agents. Importantly, this work highlights the limitations of conventional 2D models and underscores
the added value of 3D systems for studying MFS biology and therapeutic response.

Taken together, these findings provide a strong conceptual framework for future studies aimed at
developing rational combination therapies targeting immune checkpoints, cell-cycle dysregulation,
and the extracellular matrix. By leveraging clinically relevant 3D models, such approaches may
ultimately contribute to improved, more personalized treatment strategies for patients with

myxofibrosarcoma.



FUTURE PERSPECTIVES

Future studies will include an expanded collection of tumor samples to strengthen the robustness and
representativeness of our results. In particular, we will further study TME exhaustion and immune
suppression in order to find new actionable targets (either cellular or soluble) to be exploited in
combination therapies for future clinical trials.

TP53's role in MFS deserves further investigations to demonstrate that TP53 alterations may
contribute to chemoresistance and poor clinical outcomes and try to correlate it to immune
suppression and exhaustion in TME. Moreover, the presence of a distinct p53 isoform different from
the canonical 53-kDa protein warrants further studies to (i) evaluate the frequency of this finding and
(11) assess the functional impact of this isoform on p53 activity.

We provided proof of principle that collagen-based scaffolds are suitable for 3D culture and offer a
more faithful representation of cell population morphology than monolayer surfaces, thereby opening
new avenues for future preclinical studies aimed at investigating therapeutic responses in more
physiologically relevant models. ECM-targeting strategies have not yet been systematically explored
in MFS; we will cover this gap by investigating it in our preclinical models. Indeed, the 3D cultures
developed in this project are particularly well suited to quantify ECM deposition, evaluate hyaluronan
content, and test ECM-modulating approaches, alone or in combination with chemotherapy.

Finally, organotypic cultures generated from tumor fragments or cell suspensions derived from
original tumor specimens will be pursued to evaluate different therapeutic approaches, including
strategies aimed at enhancing immune cell infiltration and function while reducing

immunosuppressive populations, potentially synergizing with immune checkpoint blockade.
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