
Single-cell transcriptome analysis of patient-derived organoids captures 
inter- and intratumor heterogeneity and uncovers targetable pathways in 
high grade serous ovarian cancer

Marco Pieraccioli a,b,1, Alessandra Ciucci a,b,1, Christian Corti b, Roberta Mastrantonio c ,  
Eleonora Kristina Scarpone b, Eleonora Cesari b, Alessia Piermattei d, Angelo Minucci e,f,  
Andrea Urbani f,g, Floriana Camarda c,h , Anna Fagotti c,h, Luca Tamagnone c,i,  
Giovanni Scambia c,h, Camilla Nero c,h,*, Claudio Sette a,b,**

a Department of Neuroscience, Section of Human Anatomy, Catholic University of the Sacred Heart, Rome 00168, Italy
b GSTeP Organoids Research Core Facility, IRCCS Fondazione Policlinico A. Gemelli, Rome 00168, Italy
c Department of Life Sciences and Public Health, Catholic University of the Sacred Heart, Rome 00168, Italy
d Gynecopathology and Breast Pathology Unit, Department of Women, Children and Public Health Sciences, Fondazione Policlinico A. Gemelli IRCCS, Rome 00168, Italy
e Departmental Unit of Molecular and Genomic Diagnostics, GSTeP Genomics Core Facility, Fondazione Policlinico A. Gemelli IRCCS, Rome 00168, Italy
f Clinical Chemistry, Biochemistry and Molecular Biology Operations (UOC), Fondazione Policlinico A. Gemelli IRCCS, Rome 00168, Italy
g Department of Basic Biotechnological Sciences, Intensive Care and Perioperative Clinics Research, Catholic University of the Sacred Heart, Università Cattolica del Sacro 
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A B S T R A C T

Aim: High grade serous ovarian cancer (HGSOC) is the most aggressive subtype of ovarian cancer. HGSOC is 
characterized by high inter- and intra-tumoral heterogeneity, which contributes to chemotherapy resistance. 
Patient-derived organoids (PDOs) are valuable preclinical models to elucidate the biology of human cancers and 
to test their response to treatments. This study aims at characterizing the cellular heterogeneity of PDOs and to 
uncover vulnerabilities of chemotherapy resistant HGSOC.
Methods: Single-cell transcriptomics of PDOs developed from biopsies of platinum-resistant and platinum- 
sensitive HGSOC. Chemotherapeutic treatments of HGSOC PDOs and of ascitic-derived ovarian cancer cells 
and immunohistochemistry analyses of tissues from independent HGSOC patients.
Results: HGSOC PDOs comprise subclusters of cells exhibiting different transcriptional states and patient-specific 
signatures. Proliferative and non-proliferative subclusters co-exist in PDOs and their relative proportion is altered 
by chemotherapy. Proliferative cell sub-populations exhibit expression of cell cycle and DNA damage response 
related genes, whereas non-proliferative sub-populations display inflammatory signatures. Furthermore, sensi
tivity to platinum-based treatments was inversely correlated with oxidative phosphorylation (OXHPOS) in PDOs, 
indicating a metabolic switch associated with chemoresistance. Accordingly, platinum-resistant PDOs and ascitic 
HGSOC cells show higher sensitivity to OXHPOS inhibition. We found that neoadjuvant chemotherapy (NACT) 
directly up-regulates oncogenic and metabolic pathways that are involved in development of recurrence, such as 
the MYC and OXPHOS genes. NACT also induces the expression of major histocompatibility complex type II 
(MHC-II) molecules. Immunohistochemistry confirmed MHC-II up-regulation in post-NACT biopsies, indicating 
that tumour cells mount a general antigen-presenting response upon chemotherapy, associated with recruitment 
of infiltrating immune cells.
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Conclusion: PDOs maintain the inter- and intra-tumoral cellular heterogeneity of HGSOC. Chemotherapy targets 
proliferative cell subclusters, sparing non-proliferative ones. Dependency on OXPHOS represents an actionable 
vulnerability in PDOs, which can be exploited to hijack chemoresistance. Sequential chemotherapy and immu
notherapy may also improve clinical response of HGSOC patients.

Introduction

High grade serous ovarian cancer (HGSOC) is the most lethal form of 
ovarian cancer, accounting for 70 % of diagnosed cases (Vaughan et al., 
2011; Veneziani et al., 2023). Presentation of disease at advanced and 
metastatic stages contributes to its poor prognosis. Complete cytore
ductive surgery, followed by platinum-based chemotherapy and main
tenance therapy with inhibitors of poly (ADP-ribose) polymerase 
(PARPi) and/or vascular endothelial growth factor (VEGFi), represents 
the most curative treatment for HGSOC patients. Nevertheless, most 
tumors relapse with aggressive phenotypes, leading to a 5-year survival 
rate < 50 % (Lheureux et al., 2019b; Vaughan et al., 2011). In this 
dismal scenario, the identification of molecular aberrations driving the 
onset and progression of HGSOC in the last decades has revolutionized 
the clinical approach to this cancer. HGSOC is characterized by almost 
ubiquitous mutations in the TP53 gene, high genome instability (GI) and 
frequent homologous recombination deficiency (HRD). A HRD pheno
type is observed in ~50 % of HGSOC patients and arises from mutations 
in genes encoding for proteins involved in DNA repair by HR, such as 
BRCA1 and BRCA2, and/or in the DNA damage response (DDR) pathway 
(Cancer Genome Atlas Research, 2011; Veneziani et al., 2023). Together 
with TP53 inactivation, mutations in HR/DDR genes confer high sensi
tivity of HGSOC to DNA damaging agents or to drugs that interfere with 
DNA repair mechanisms, such as the PARPi (Vergote et al., 2022b). 
Coherently, presence of HRD-associated mutations predicts improved 
prognosis in HGSOC (Macintyre et al., 2018; Norquist et al., 2018). 
CCNE1 amplification is another frequent genomic alteration in HGSOC, 
detected in ~20 % of patients. Deregulated expression of cyclin E1 leads 
to unscheduled DNA replication and GI, while conferring reduced 
sensitivity to DNA-damaging agents (Gorski et al., 2020) and an 
immunologically inert phenotype (Vazquez-Garcia et al., 2022). 
Notably, BRCA1 mutations and CCNE1 amplification are mutually 
exclusive, as their concomitant alteration causes synthetic lethality 
(Etemadmoghadam et al., 2013). However, while these genetic hall
marks are clinically relevant and guide treatment decisions, most 
HGSOC cases present with intra-patient genetic and phenotypic het
erogeneity (Lheureux et al., 2019a; Lheureux et al., 2019b; Veneziani 
et al., 2023), which is likely due to the early functional inactivation of 
TP53 and the consequent GI-driven progressive evolutionary divergence 
(Macintyre et al., 2018). Genetic heterogeneity contributes to the se
lection or evolution of chemoresistant clones during therapy and to 
disease recurrence.

Single-cell transcriptome analysis of HGSOC primary lesions, ascites 
and metastases from multiple anatomical sites has revealed the exis
tence of clusters of tumor cells enriched for specific biological processes, 
including inflammatory, TGFβ and hypoxia signalling pathways 
(Vazquez-Garcia et al., 2022). Clusters enriched in immune system 
response signatures were specifically increased in HRD tumors. More
over, these clusters also featured the up-regulation of major histocom
patibility complex (MHC) I and II genes and were associated with a 
specific immune infiltrate phenotype (Vazquez-Garcia et al., 2022). 
While intra-patient heterogeneity is likely associated to the mutational 
status of tumor cells (McPherson et al., 2025), other studies also indi
cated the existence of non-genetic drivers of phenotypic diversity in 
HGSOC cells (Hu et al., 2020). Together, these findings suggest that 
elucidation of tumor cell subtypes may reveal specific features of 
co-existing HGSOC cells and uncover new targetable vulnerabilities for 
this cancer.

Patient-derived organoids (PDOs) have emerged as powerful 

preclinical models that capture the genomic and phenotypic features of 
tumors (Kim et al., 2025), including HGSOC (Lohmussaar et al., 2020; 
Nero et al., 2021). PDOs recapitulate the response of the original tumors 
to therapeutic treatments, thus representing valuable avatars for testing 
new treatments (Kim et al., 2025). Herein, we have characterized 
HGSOC PDOs from tumor biopsies of patients who resulted sensitive or 
resistant to platinum-based chemotherapy, including two lines derived 
from biopsies taken before and after neoadjuvant chemotherapy (NACT) 
of the same patient. Our data indicate that HGSOC PDOs maintain the 
cellular heterogeneity that characterizes tumor cell subclusters in vivo. 
We also provide evidence that platinum-based chemotherapy represents 
a driving force for the selection of specific transcriptional states in 
HGSOC cells, including up-regulation of MHC-II molecules. Lastly, we 
found that platinum-resistant HGSOC cells are characterized by an 
oxidative phosphorylation (OXPHOS) signature, and that this metabolic 
dependency can be exploited to selectively kill chemoresistant cells.

Results

HGSOC PDOs comprise cells with distinct transcriptional states

Intratumoral heterogeneity is a hallmark of HGSOC, which impacts 
on the response to therapies and disease recurrence in patients 
(Veneziani et al., 2023). To investigate whether heterogeneity in tran
scriptional states also characterizes HGSOC PDOs, we selected samples 
from eight patients who exhibited different responses to platinum-based 
chemotherapy (Fig. 1A, Table S1). Five of these patients (HGSOC-33, 
HGSOC-85, HGSOC-108, HGSOC-117 and HGSOC-121) positively 
responded to chemotherapy (recurrence after >10 months), whereas 
three of them (HGSOC-24, HGSOC-36 and HGSOC-122) recurred within 
6 months and were clinically classified as platinum-resistant (Table S1). 
PDO lines were developed from either diagnostic laparoscopic biopsies 
(LPS) or primary debulking surgery (PDS) biopsy (Table S1). For patient 
HGSOC-33, who underwent interval debulking surgery (IDS) after the 
first three cycles of platinum-based NACT, we were also able to develop 
a PDO line (PDO-33.2) from the IDS (Table S1), thus allowing analysis of 
tumor evolution during chemotherapy. Genomic analyses showed that 
the post-NACT PDO-33.2 maintained all mutations present in the 
pre-NACT PDO-33.3 and its corresponding parental tumor tissue, except 
for a non-synonymous mutation in the PIK3R3 gene. In addition, 
PDO-33.2 also featured de novo mutations in the FGF6, FGF23, FGFR1, 
MDM2 and ZNF703 genes (Fig. S1A). Morphological analysis of the 
established PDO lines showed the irregular shape and variable 
morphology (Fig. S1B,C) that was previously reported for HGSOC PDOs 
(Kopper et al., 2019). Sensitivity to carboplatin of the nine PDO lines 
ranged from 2.8 μM to 45 μM (Fig. 1D), thus featuring the heterogeneous 
response observed in HGSOC treatment. Interestingly, the post-NACT 
PDO-33.2 displayed a slightly higher (~1.3-fold) IC50 than PDO-33.3 
established from the chemotherapy naïve biopsy of the same patient 
(Fig. 1D).

To explore the cellular heterogeneity of HGSOC PDOs and its po
tential role in driving chemotherapeutic resistance, we carried out 
whole transcriptome single-cell RNA sequencing (scRNA-seq) analyses 
from the nine PDO lines (Fig. S1D). After standard quality filtering (see 
Methods), a total of 29735 single cells were retained for analysis 
(Fig. 1E). Unsupervised graph-based clustering and visualization via t- 
distributed Stochastic Neighbor Embedding (t-SNE) analyses showed 
that most cells from each PDO clustered together, indicating patient- 
specific transcriptional signatures (Fig. 1E). As expected for epithelial- 
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derived PDOs, gene expression profiles confirmed the epithelial identity 
of all cells (Fig. S1E). Expression of epithelial cancer cell markers 
(EPCAM, KRT8, KRT18) and of well-established positive (PAX8, WT1, 
MUC16) and negative (KRT20) diagnostic markers for HGSOC 
confirmed that all cells belong to malignant epithelial cells (Fig. S1F). 
Furthermore, except for PDO-117.3, we identified intra-patient hetero
geneity in HGSOC PDOs, with each line comprising either two or three 
separate clusters (Fig. 1F). Identification of the top 10 genes that mostly 
characterized each cluster showed high similarities in gene expression 
between clusters of the same PDO, which were clearly separated from 
those of the other PDOs (Fig. S2A,B; Table S2A). These observations 
indicate that PDOs in culture retain the inter-tumoral and intra-tumoral 
cellular heterogeneity of HGSOC, suggesting that analyses of PDO 
clusters may reveal transcriptional states that characterize the complex 
phenotype of this cancer.

Proliferative and non-proliferative cells co-exist in cultured HGSOC PDOs

Computational analyses of cluster-associated gene expression sig
natures highlighted the cancer hallmarks that are featured by each cell 
cluster of the nine HGSOC PDOs (Fig. 2A). Interestingly, hallmarks of 
cell proliferation, such as G2/M checkpoint, E2F targets and mitotic 
spindle, were selectively enriched only in one or two (PDO-108.3) of the 
clusters of each PDO line (Fig. 2A). This observation suggests the co- 
existence of proliferative (clusters 3, 4, 7, 8, 12, 15, 16, 18, 19) and 
non-proliferative (clusters 0, 1, 2, 5, 6, 9, 10, 11, 13, 14, 17) sub- 
populations of cells in each PDO. Coherently, “proliferative” clusters 
exhibit a highly significant enrichment in mitotic hallmarks (Fig. 2B, 
Fig. S3A) and express markers of the G1-S transition (E2F1), S (CCNE2) 
and G2-M phases (CCNA2 and CCNB1) of the cell cycle (Fig. 2C,D and 
Fig. S3B). T-SNE clustering of these mitotic genes clearly separated the 
proliferative and non-proliferative cells in each PDO and allowed visu
alization of cells in different phases of the cell cycle within the prolif
erative clusters (Fig. 2E).

Fig. 1. PDOs retain patient-specific response to chemotherapy and genomic features of the original tumor. Scheme of the study workflow. (A) PDOs were subjected 
to: i) genomic profiling using the TruSight Oncology 500 panel, ii) single-cell transcriptomic analysis with the BD Rhapsody system, iii) drug screening in 96-well 
plates using CellTiter-Glo luminescent assay to assess viability after 5-day treatment. (B) scRNAseq analysis revealed transcriptional cluster signatures, which were 
compared to ascitic derived ovarian cancer spheroids (ADOCS). Ascitic fluid samples were processed to isolate tumor cells and generate ADOCS and spheroid cells 
were tested for sensitivity to cisplatin and Gboxin using the IncuCyte SX5 live-cell imaging system. (C) Expression of MHC-II proteins, identified in PDOs after NACT, 
was validated by immunohistochemistry on matched FFPE tumor tissues collected pre- and post-NACT from biopsies of 24 HGSOC patients. (D) Cytotoxic effects of 
Carboplatin on the indicated PDO lines. PDO cells were exposed to various concentrations of the drugs for 5 days and viability was evaluated by Cell Titer Glo 3D 
assay. IC50 values were determined from fitting curves using GraphPad Prism. Data in the graph are shown as the means ± SD from 3 independent experiments. (E) t- 
SNE showing clustering by PDO samples of PDOs as in B and additional five PDOs single cells (n = 29735) analyzed by scRNA-seq. (F) t-SNE embeddings showing the 
20 distinct clusters identified from single cell analyses in the nine PDO analyzed in E.
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Fig. 2. Proliferative cells are a subpopulation of HGSOC PDOs featuring the expression of cell-cycle and DDR genes. (A) Heatmap showing the enrichment score of 
MSigDB hallmarks gene sets for each cluster identified from single-cell transcriptomic analyses. In red are highlighted hallmarks associated with a proliferative state 
and DNA damage repair. (B) Enrichment plot of E2F TARGETS, G2M CHECKPOINT and MITOTIC SPINDLE GSEA hallmarks. Enrichment score (ES), normalized 
enrichment score (NES) and adjusted P-value are shown. (C) t-SNE embeddings of cell distribution in G1, S, G2/M cell cycle phase measured using ccSeurat. (D) 
Violin plots showing average expression levels of E2F1, CCNE2, CCNA2 and CCNB1 genes in the indicated clusters of each PDO analyzed. (E) t-SNE embeddings of 
E2F1, CCNE2, CCNA2 and CCNB1 gene expression. (F) Pie chart showing percentages and numbers of genes whose expression is significantly enriched in proliferative 
(pink) or non-proliferative (light blue) clusters. (G) Gene ontology analyses of the biological processes significantly affected by upregulated genes in proliferative 
clusters. (H) t-SNE embeddings of BRCA1, RAD51, CHEK1 and FANCI gene expression.
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To gain a more comprehensive understanding of the transcriptomic 
signatures of HGSOC PDOs, we then searched for differentially 
expressed genes (DEGs; fold change >1.5; p-adj<0.05) between the 
proliferative and non-proliferative clusters (Fig. 2F, Supplementary 
Table S2B). Consistent with the GSEA results (Fig. 2A,B and Fig. S3A), 
the genes upregulated in proliferative clusters were enriched in terms 

related to cell cycle (Fig. 2G, Fig. S3C). Furthermore, these clusters were 
significantly enriched for genes associated with DNA repair and the DDR 
(Fig. 2G), key processes triggered by platinum-based chemotherapy and 
whose alteration affects HGSOC prognosis and therapeutic strategies 
(Vanacker et al., 2021; Vergote et al., 2022a). This differential expres
sion was confirmed by t-SNE clustering, showing that DDR genes were 

Fig. 3. Non-proliferative cell clusters feature the expression of inflammatory and O-glycan biosynthesis genes. (A, B) Gene ontology analyses of the biological 
processes (A) and REACTOME pathways (B) significantly enriched among the upregulated genes in non-proliferative clusters of HGSOC PDOs. (C) t-SNE embeddings 
of IFIT1, IFIT3 and GBP2 gene expression. (D) t-SNE embeddings of CXCL8 gene expression. (E, F) t-SNE embeddings of MUC1 (E) and MUC4 (F) gene expression (left 
panel) and violin plots showing average expression levels of MUC1 (E) and MUC4 (F) in non-proliferative clusters respect to proliferative clusters (right panel). P- 
values were calculated by the Wilcoxon rank-sum test. (G) Kaplan–Meier curves comparing the overall survival of patients with high (red) or low (blue) expression of 
MUC4 transcripts. P-value was calculated by the Logrank test. (H) Schematic representation of the timeline for ex-vivo chemotherapeutic treatment procedures. After 
seeding, PDOs were treated with IC30 concentration of carboplatin for 3 days followed by recovery for 4 days. This treatment schedule was repeated for 4 weeks. At 
the end, analysis of gene expression was evaluated by qPCR. (I, J) Bar graphs reporting the qPCR analyses of the MUC1 and MUC4 (I) or the CCNA2 and CCNB1 (J) 
transcripts relative to TBP in PDO-33.3 and PDO-85.1 treated or not with carboplatin, according to the timeline reported in H. Data represent the means ± SD from 3 
independent experiments (unpaired t test).
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expressed by proliferating (S and G2/M phases of the cycle), whereas 
they were clearly downregulated in non-proliferative cell clusters 
(Fig. 2H and Fig. S3D). Together, these analyses indicate that clusters of 
proliferative and non-proliferative cells co-exist in cultured HGSOC 
PDOs and that only the fraction of cells engaged in cell cycle progression 
is characterized by high expression of DDR genes.

Non-proliferative clusters of HGSOC PDOs feature inflammatory and O- 
glycan biosynthesis signatures

The non-proliferative clusters of HGSOC PDOs were significantly 
enriched in cancer hallmarks related inflammation (TNF-α signalling 
and IFN response) and hypoxia (Fig. S3A). These pathways were pre
viously shown to characterize specific subpopulations of tumor cells 
from primary and metastatic sites (Vazquez-Garcia et al., 2022). How
ever, the fold enrichment and statistical robustness of these pathways in 
non-proliferative clusters was limited (Fig. S3A). Likewise, t-SNE rep
resentation showed that TNFα pathway genes do not clearly separate 
proliferative and non-proliferative cells (Fig. S4A). The hypoxia signa
ture was also not strongly upregulated in non-proliferative clusters. 
Indeed, while non-proliferative clusters 2, 5, 6, 9 and 14 showed a high 
hypoxic score, expression of hypoxia-related genes was also high in the 
proliferative clusters 7, 15 and 19 (Fig. S4B-E).

Analyses of biological processes and pathways enriched in the non- 
proliferative clusters retrieved defense against viruses and the type I 
IFN (IFNα/β) pathway (Fig. 3A,B). Nevertheless, t-SNE representation of 
genes in these pathways showed that they were strongly expressed only 
by some PDOs (PDO-33.3 and PDO-108.3), thus not representing a 
general feature of non-proliferative clusters (Fig. 3C). Likewise, CXCL8 
(encoding for interleukin 8) was not a strong marker of these clusters 
(Fig. 3D). Another pathway enriched in the non-proliferative clusters 
was O-glycan biosynthesis (Fig. 3B). Genes within this pathway, like 
MUC1, are being exploited as surface anchors to specifically deliver 
anticancer drugs in ovarian cancer (Basnet et al., 2024) and as circu
lating biomarker for detection of HGSOC in patients (Cooper et al., 
2024). MUC1 expression was higher, albeit not exclusive, in cells of the 
non-proliferative clusters with respect to the proliferative ones for each 
of the PDOs analyzed (Fig. 3E). Another interesting gene in this category 
is MUC4, which was recently reported to be highly expressed in the 
S100A9-positive (S100A9+) subpopulation of cells present in both pri
mary and metastatic HGSOC lesions and associated with poor overall 
survival in patients (Xu et al., 2024). We found that expression of MUC4 
is more restricted than that of MUC1 within the non-proliferative clus
ters (Fig. 3F), suggesting that it may mark a specific subpopulation of 
quiescent cells. Notably, high MUC4 expression is significantly associ
ated with worse prognosis in ovarian cancer patients (Fig. 3G), whereas 
that of MUC1 or other genes in the O-glycan biosynthetic pathway and 
enriched in non-proliferative clusters of HGSOC PDOs is not (Fig. S4F).

Since platinum-based chemotherapy preferentially targets cells un
dergoing cell cycle progression, we asked whether it caused a propor
tional increase in the fraction of non-proliferative clusters. To test this 
hypothesis, we mimicked chemotherapeutic treatments by exposing 
PDOs to cycles of a sub-optimal dose (IC30) of carboplatin (3 days) fol
lowed by recovery (4 days) for four consecutive weeks (Fig. 3H). 
Analysis by quantitative real time PCR (qPCR) indicated the upregula
tion of both MUC1 and MUC4 genes in PDO-33.3 and PDO-85.1 (Fig. 3I), 
which was paralleled by a significant reduction in the expression of 
markers of the proliferative clusters, such as CCNA2 and CCNB1 
(Fig. 3J). These data suggest that only a fraction of HGSOC PDO cells is 
susceptible to inhibition of biological processes and pathways (i.e. cell 
cycle and DNA repair) that are targeted by chemotherapy, potentially 
leading to enrichment of non-proliferative clusters in tumors exposed to 
prolonged treatments. However, expression of MUC1 and MUC4 in non- 
proliferating HGSOC cells could be exploited in combination therapies 
with canonical chemotherapy.

Platinum resistant HGSOC are characterized by an OXPHOS signature

To investigate whether platinum resistance was associated with a 
specific transcriptional state in HGSOC PDOs, we compared the signa
tures of two platinum-sensitive (PDO-33.3, PDO-108.3) and two 
platinum-resistant (PDO-24.3, PDO-36.3) lines. GSEA of cancer hall
marks showed that platinum-sensitive PDOs are enriched in genes 
associated with mitotic, hypoxia and inflammatory pathways (Fig. 4A). 
On the other hand, the only signature enriched in the clusters of 
platinum-resistant PDOs was oxidative phosphorylation (OXPHOS) 
(Fig. 4A). The OXPHOS signature was enriched in both proliferative and 
non-proliferative clusters of platinum-resistant PDOs (Fig. S5A,B), sug
gesting that the metabolic switch to OXPHOS is a general feature that 
accompany chemoresistance in these tumors. Coherently, gene ontology 
(GO) analysis of the DEGs significantly upregulated in platinum- 
resistant PDOs retrieved all terms related to the mitochondrial respira
tory chain (Fig. S5C,D). Likewise, the OXPHOS signature comprising all 
genes belonging to the five complexes (I to V) of the respiratory chain 
was significantly enriched in the platinum-resistant (PDO-24.3 and 
PDO-36.3) organoids (Fig. 4B,C). To validate these observations on an 
independent cohort, we analyzed single-cell transcriptomic data from a 
study that compared HGSOC samples taken before and after NACT 
(Zhang et al., 2022). Analysis of tumor epithelial cells from the 
pre-NACT samples of patients that resulted either sensitive or resistant 
to carboplatin-based chemotherapy confirmed the specific enrichment 
in the OXPHOS hallmark in platinum-resistant tumors (Fig. S5E-G). 
Moreover, the score of the OXPHOS signature was also significantly 
higher in platinum-resistant tumors with respect to platinum sensitive 
ones (Fig. S5H,I).

To directly test these computational results, we focused on the 
complex I NDUFA3 and the complex V ATP5F1E genes, which were 
significantly upregulated in platinum-resistant PDOs (Fig. 4D). Analyses 
by qPCR confirmed the higher expression of these genes in platinum- 
resistant PDO-24.3 with respect to platinum-sensitive PDO-33.3 
(Fig. 4E). A similar up-regulation was also observed for other genes 
involved in the mitochondrial respiratory chain (Fig. S5J,K). More 
importantly, PDO-24.3 exhibited increased sensitivity to treatment with 
the complex V inhibitor Gboxin (Fig. 4F), resulting in higher represen
tation of small size organoids upon treatment with the drug (Fig. 4G,H). 
Lastly, analysis of all nine PDOs in our cohort confirmed that the 
OXPHOS score was inversely associated with sensitivity to carboplatin 
in these preclinical models (Fig. 4I, Fig. S5L).

The above-described findings suggest that HGSOC chemoresistance 
is associated with a metabolic switch in the glycolytic pathway. To 
orthogonally validate these observations, we isolated HGSOC cell 
spheroids developed from liquid biopsies of the ascitic fluid taken from 
seven chemo-naïve patients (Fig. 1B, Fig. 5A). Five of these primary 
tumor cell lines resulted highly sensitive to platinum treatment, which 
caused 70–80 % growth inhibition (Fig. 5B), whereas two of them were 
insensitive to the drug (Fig. 5C). Strikingly, platinum-sensitive ascitic 
cell lines resulted either insensitive to Gboxin (lines 312, 320 and 321) 
or grew better upon OXPHOS inhibition (lines 281 and 310; Fig. 5B). By 
contrast, growth of the two platinum-resistant ascitic cell lines was 
significantly reduced in the presence of Gboxin (Fig. 5C). Furthermore, 
representative OXPHOS genes were significantly more expressed in 
platinum insensitive ascitic cells (Fig. 5D). Collectively, these data 
support the notion that the metabolic switch to OXPHOS is a feature of 
platinum-resistant HGSOC, which in turn generates higher vulnerability 
to inhibitors of the mitochondrial respiratory chain.

NACT induces the expression of MYC and MHC-II genes in HGSOC

Next, we asked whether chemotherapy induced adaptive changes in 
the transcriptome of HGSOC cells. Comparison of the single-cell datasets 
of post-NACT PDO-33.2 and its parental pre-NACT PDO-33.3 identified 
616 DEGs, with most of them (74 %) being upregulated in the post- 
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NACT PDO-33.2 (Fig. 6A). GSEA showed that the OXPHOS hallmark is 
induced in the PDO developed after chemotherapy (Fig. 6B). Coherently, 
we observed a mild but significant increase in the score of the OXPHOS 
signature in the post-NACT PDO-33.2 (Fig. S6A) and in tumor cells of 
samples collected after NACT from an independent cohort (Fig. S6B,C). 
GSEA also identified MYC targets as an enriched cancer hallmark in the 
post-NACT PDO-33.2 (Fig. 6B). Moreover, query of the ChEA and 
ENCODE databases confirmed a highly significant enrichment for MYC 
targets among the up-regulated genes (Fig. S6D). MYC itself was upre
gulated in PDO-33.2 (Fig. S6E,F), which is likely responsible for the 
consequent induction of its target genes. Since high MYC expression is 
associated with worse prognosis in ovarian cancer patients (Cesari et al., 
2023; Shen et al., 2022), our analyses suggest that NACT induces 
adaptive changes in HGSOC cells through the upregulation of genes 

(MYC and its targets) and metabolic pathways (OXPHOS) that support 
their viability upon genotoxic stress and may be crucial for development 
of recurrence.

Interestingly, genes of the major complex of histocompatibility type 
II (MHC-II) were also significantly enriched in the post-NACT PDO-33.2 
(Fig. 6C, Supplementary Table S2C). MHC-II molecules are involved in 
antigen presentation by professional antigen presenting cells (APCs) 
(Klein and Petrozziello, 2025) and can also be expressed by some 
epithelial tumor cells (Liu et al., 2025). Notably, previous data reported 
the expression of the MHC-II molecules HLA-DMB and HLA-DR in a 
subset of HGSOC that displayed increased immune cell infiltration and 
improved prognosis (Callahan et al., 2008). The HLA-DRA, HLA-DRB1 
and HLA-DPA1 genes were among the top-ranking DEGs in PDO-33.2 
cells (Supplementary Table S2C), whereas they were detected at lower 

Fig. 4. Metabolic switch to OXPHOS is a feature of chemoresistance in HGSOC. (A) Volcano plot showing Qval output from SCPA plotted against MSigDB hallmarks 
gene sets measured as mean hallmark change in the comparison between chemo-resistant and chemo-sensitive PDOs. Blue points show significant hallmarks with no 
enrichment, and coloured points show significant hallmarks that also show enrichment. (B) t-SNE embeddings showing the OXPHOS score in the indicated chemo- 
resistant (purple) and chemo-sensitive (green) PDOs. (C) Box plots showing the distribution of OXPHOS score in the indicated chemo-resistant (purple) and chemo- 
sensitive (green) PDOs. Whiskers indicate 1.5 interquartile range, black lines represent median of values. P-values were calculated by the Wilcoxon rank-sum test. (D) 
t-SNE embeddings of NUDFA3 and ATP5F1E gene expression. (E) Bar graphs of the qPCR analyses for the expression of the NUDFA3 and ATP5F1E transcripts relative 
to L34 in chemo-resistant PDO-24.3 and chemo-sensitive PDO-33.3. Data represent the means ± SD from 3 independent experiments (unpaired t test). (F) Cytotoxic 
effect of the complex V inhibitor Gboxin in PDO-24.3 and PDO-33.3. PDOs were treated with the indicated concentrations of Gboxin for 5 days. Living cells were 
measured using Cell Titer Glo 3D assay and IC50 values were determined from fitting curves using GraphPad Prism. (G) Representative brightfield images of the 
indicated PDOs plated in 96-well plate and treated with 1 µM Gboxin for 5 days (scale bar 200 μm). Insets show a magnified image with small size PDOs indicated by 
black arrows. (H) Bar graph reporting the fold change relative to quantification of small size PDOs in Gboxin-treated samples. Data in the graph represent the means 
± SD from 3 independent experiments (unpaired t test). (I) Correlation between OXPHOS score and carboplatin IC50 in the indicated PDOs. The r value, R2 value and 
P value were determined by Pearson correlation analysis.
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levels by only a minority of cells in PDO-33.3 (Fig. 6D). Expression of 
CIITA, which encodes for the transcriptional activator of MHC-II genes, 
was also upregulated in PDO-33.2 (Fig. 6D and Fig. S6G). Furthermore, 
analysis of pre- and post-NACT HGSOC cells from a separate cohort 
(Zhang et al., 2022) also showed up-regulation of MHC-II genes after 
chemotherapy (Fig. 6E-G; Fig. S6H-J). Importantly, up-regulation of 
MHC-II genes was also observed in the pre-NACT PDO-33.3 and the 
PDO-85.1 after four weeks of treatment with cycles of carboplatin 
ex-vivo (Fig. 6H,I), indicating that it represents a direct response of 
HGSOC cells to chemotherapy.

To validate these findings at the protein level, we analyzed speci
mens from a cohort of HGSOC patients (n = 24) undergoing IDS after 
NACT (Fig. 1C). Strikingly, immunohistochemistry analysis with a pan- 
HLA-DR antibody showed a marked up-regulation of MHC-II molecules 
in most patients (Fig. 6J,K), indicating that single-cell transcriptomic 
analysis of HGSOC PDOs is also predictive of tumor response in vivo. 
Moreover, this response was associated with increased immune cell 
recruitment in post-NACT HGSOC tissues (Fig. 6L,M). Lastly, we also 
found a significant correlation between HLA-DR expression and CD3+

immune cell infiltration in naïve HGSOC samples (Fig. 6N,O), suggestive 
of a causal relationship between the two events.

Discussion

HGSOC is characterized by high molecular and cellular heteroge
neity, which negatively affects the response to treatments (Veneziani 
et al., 2023). To further investigate this feature of HGSOC, we developed 
PDO lines from biopsies of patients who did or did not experience a 
positive response (PFI>6 months) to platinum-based chemotherapy. 
Although some patients were also treated with Bevacizumab as main
tenance treatment, this drug did not affect the PFI nor the platinum free 
survival (PFS) in HGSOC patients (Burger et al., 2011; Perren et al., 
2011), suggesting that it unlikely represents a confounding effect for the 
platinum response. Patient HGSOC-33 underwent NACT followed by IDS 
and we were also able to develop a PDO from the post-NACT biopsy. As 
previously observed by single-cell sequencing of primary HGSOC bi
opsies (Vazquez-Garcia et al., 2022), PDO cells showed transcriptome 
signatures that are highly patient specific. However, we were also able 
to identify two or three subclusters of cells in eight of the nine PDOs used 
in this study. Thus, PDOs comprise cells exhibiting significantly different 
transcriptional states, indicating that intra-tumor cell heterogeneity is 
also maintained in these organoid cultures. PDOs comprised clusters of 
proliferating and non-proliferating cells. Importantly, ex-vivo mimicking 
of platinum-based regimen caused an altered balance between these two 
subpopulations, with enrichment in markers of the non-proliferative 

Fig. 5. Platinum resistant ascitic tumor cells are sensitive to oxidative phosphorylation inhibition. (A) Scheme of the procedure for ADOCS isolation and subsequent 
treatments. (B, C) Effects of Gboxin on the indicated platinum-sensitive (B) and platinum-resistant (C) ADOCS lines. Dissociated ADOCS cells were exposed to 
Cisplatin (25 µM) and Gboxin (0.3, 1, 3.3 µM) for 3 days and analyzed using the IncuCyte SX5 Live-content imaging system. The confluence (area) of adherent cells 
was measured, and results are expressed as percent of control. Data in the graph represent the means ± SD analyzed by one-way analysis of variance (ANOVA). (D) 
Bar graphs of qPCR analyses of the expression of NDUFA3, ATP5F1E and COX6B1 transcripts relative to L34 in the indicated ADOCS lines and groups. P values were 
determined by unpaired t test.
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clusters. A similar depletion in mitotic genes was previously observed by 
bulk RNA sequencing of formalin fixed paraffin embedded (FFPE) 
samples collected from patients before and after chemotherapy 
(Javellana et al., 2022), supporting the clinical reliability of our 
PDO-based model. Our results are also in line with the previously re
ported plasticity of the transcriptional state of HGSOC cells, which were 
shown to change molecular phenotype under the pressure of chemo
therapy (Arend et al., 2018; Javellana et al., 2022). Notably, DDR genes 
were mainly expressed in the proliferative clusters of our cohort of 
PDOs. Thus, since chemotherapy for HGSOC is based on disruption of 
DNA integrity by carboplatin and of the mitotic spindle by paclitaxel, it 
is conceivable that only the subgroup of cells undergoing cell cycle 
progression is susceptible to treatments. In this scenario, we propose 
that genes enriched in the non-proliferative clusters identified by our 
study, such as MUC1 and MUC4, may represent valuable markers of 
treatment response and of the presence of surviving cells that are not 
targeted by platinum-based chemotherapy. Notably, MUC1 acts as a 
tumor-associated antigen and is expressed in 70 %–90 % of ovarian 
cancers (Lan et al., 2022). Recently, this transmembrane glycoprotein 
was exploited to specifically deliver an oncolytic virus to patient-derived 
ovarian cancer xenografts, causing tumor remission (Basnet et al., 
2024). Hence, our findings suggest that markers of non-proliferative 
cellular subclusters could be exploited to develop treatments that also 
target the non-dividing HGSOC cells present in the bulk of tumor.

OXPHOS was the only hallmark upregulated in the intrinsically 
chemotherapy-resistant tumors (HGSOC-24 and HGSOC-36). We vali
dated this observation in an independent cohort of HGSOC samples that 
were previously analyzed by single-cell RNA sequencing (Zhang et al., 
2022), supporting the reliability of our analysis. The OXPHOS signature 
of PDOs and primary HGSOC tumors was inversely correlated with the 
sensitivity to carboplatin, suggesting that it represents a reliable marker 
of chemotherapy outcome. Of note, the OXPHOS signature was upre
gulated in both proliferative and non-proliferative clusters of 
platinum-resistant PDOs. Thus, this metabolic route could represent a 
valuable therapeutic target for chemoresistant HGSOC. In support of this 
hypothesis, proliferation of both platinum-resistant PDOs and primary 
HGSOC cells isolated from ascites were significantly more sensitive to 
the OXPHOS inhibitor Gboxin than platinum-sensitive ones. Coherently, 
platinum-resistant ovarian cancer cell lines were recently shown to 
develop an addiction to OXPHOS (Ponton-Almodovar et al., 2025; 
Udumula et al., 2024). Furthermore, it was proposed that mesenchymal 
stem cells associated to the tumor were capable to donate mitochondria 
to ovarian cancer cells, thus promoting the OXPHOS metabolic route, 
tumor cell heterogeneity and resistance to chemotherapy (Frisbie et al., 
2024). Together, these results highlight OXPHOS as a metabolic 
vulnerability that could be targeted in platinum-resistant HGSOC.

Recent analyses of primary HGSOC specimens collected before and 
after chemotherapy from the same patients showed that treatments 
mainly induce transcriptome changes in the tumor, whereas genomic 

mutations did not show consistent patterns (Javellana et al., 2022). Our 
analyses of the transcriptome of pre- and post-NACT PDOs generated 
from the same patient (HGSOC-33) showed the 
chemotherapy-associated induction of OXPHOS genes. Furthermore, we 
validated the upregulation of the OXPHOS signature also in post-NACT 
tumor cells from an independent cohort of HGSOC patients (Zhang et al., 
2022). Beside OXPHOS, the post-NACT PDO-33.2 also featured the 
upregulation of MYC and MYC target genes. The oncogene MYC is 
frequently amplified or overexpressed in HGSOC and its high expression 
predicts poor prognosis (Cesari et al., 2023; Shen et al., 2022). This 
observation further supports the reliability of our PDO platform for 
prediction of phenotypic features of HGSOC. In this regard, we also 
found a strong and highly selective up-regulation of MHC-II molecules in 
the post-NACT PDO-33.2 and in post-NACT tumor samples. Recent data 
suggest that reduced expression of MHC-II genes in HGSOC exhibiting 
whole-genome duplication is associated with worse clinical outcome in 
HGSOC, possibly by enabling immune escape (Burdett et al., 2024). On 
the other hand, up-regulation of specific MHC-II molecules in tumor 
cells was associated with higher immune cell infiltration and better 
prognosis in HGSOC patients (Callahan et al., 2008). Accordingly, 
increased tumor-infiltrating cytotoxic CD8+ T cells is associated with 
favorable prognosis in HGSOC (Ovarian Tumor Tissue Analysis et al., 
2017) and other tumors (Liu et al., 2025). We found that MHC-II 
expression was associated with increased immune cell recruitment in 
the tumor and that both HLA-DR and immune cell infiltration were 
significantly increased in primary tissue of patients exposed to NACT. 
Nevertheless, since another study showed that MHC-II upregulation 
promoted the recruitment T regulatory cells in the tumor and immune 
evasion in HRD ovarian cancers (Luo et al., 2024), the phenotypic fea
tures of the infiltrating immune cells should be assessed carefully.

The generally improved clinical outcome associated with up- 
regulation of MHC-II molecules by tumor cells was proposed to be 
related with a stronger anti-tumor immune reaction triggered by tumor 
antigen presentation. In support of this hypothesis, MHC-II expression 
was positively correlated with anti-PD-1 immunotherapy response in 
multiple cancer types (Liu et al., 2025). Since clinical trials with im
munotherapies were largely unsuccessful in HGSOC (Kandalaft et al., 
2022), the possibility to convert immunologically cold HGSOC into 
immune-responsive tumors by enhancing the expression of MHC-II 
molecules is clinically attractive. Herein, we found that the 
up-regulation of MHC-II molecules in post-NACT PDO-33.2 was a direct 
effect of chemotherapy, as it could be recapitulated ex-vivo by 
mimicking a platinum-based regimen on PDOs derived from chemo
therapy-naïve tumors. Interestingly, carboplatin induced the expression 
of classical MHC-II molecules normally expressed by professional APCs 
(HLA-DRA/HLA-DRB), as well as of broader (HLA-DP/HLA-DQ) and 
non-classical (HLA-DM/HLA-DO) MHC-II molecules. These results 
indicate that tumor cells mount a general antigen-presenting response 
upon chemotherapeutic treatment. More importantly, we also observed 

Fig. 6. NACT induces the expression of MYC and MHC-II genes in HGSOC. (A) Pie chart showing the genes whose expression is either up- (red) or down-regulated 
(green) in post-NACT PDO-33.2 respect to pre-NACT PDO-33.3. (B) Volcano plot showing Qval output from SCPA plotted against MSigDB hallmarks gene sets 
measured as mean hallmark change when comparing post-NACT PDO-33.2 to pre-NACT PDO-33.3. Blue dots show significant hallmarks with no enrichment; 
coloured dots show significant hallmarks that also show enrichment. (C) Gene Ontology analyses of the molecular functions significantly affected among the 
upregulated genes in post-NACT PDO-33.2. (D) t-SNE embeddings of HLA-DRA, HLA-DRB1, HLA-DPA1 and CIITA gene expression. (E) t-SNE showing clustering by 
patient sample of HGSOC epithelial cells (n = 8805) analyzed by scRNA-seq from GSE165897 dataset. (F) t-SNE representation as in B annotated with colours 
corresponding to pre-NACT (cyan) and post-NACT (pink) samples. (G) Violin plots showing average expression levels of HLA-DRA, HLA-DRB1 and HLA-DPA1 
transcripts in pre-NACT (cyan) and post-NACT (pink) samples. P-values were calculated by the Wilcoxon rank-sum test. (H, I) Bar graphs showing the qPCR analyses 
of the expression of HLA-DRA (H) and HLA-DPA1 (I) transcripts relative to TBP in the indicated PDOs treated as in Fig. 3I. Data in the graph represent the means ± SD 
from 3 independent experiments (unpaired t test). (J) Representative IHC of HLA-DR in matched pre-NACT and post-NACT tissues from two representative patients 
with HGSOC. Scale bar: 50 µm. (K) Immunoreactivity score (IRS) measured from IHC analyses of HLA-DR as in (J) in matched pre-NACT and post-NACT from 24 
patients with HGSOC (paired t test). (L) Representative sections of CD3 immunohistochemistry in pre- and post-NACT specimens from two patients affected by 
HGSOC. Magnification 20 × . (M) Lymphocytes density evaluated from IHC staining in matched pre-NACT and post-NACT from 14 patients with HGSOC (paired t 
test). (N) Representative pictures for clinical samples of untreated HGSOC showing low (upper panels) and high (lower panels) immunohistochemical staining of CD3 
and HLA-DR. Magnification 20 × . (O) The Pearson rank correlation between HLA-DR IRS and CD3+ cells density (cells/HPF) in samples from untreated HGSOC 
patients (n = 17, P = 0.042).
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a marked and highly significant up-regulation of HLA-DR molecules in a 
validation cohort of post-NACT biopsies with respect to matched 
pre-NACT biopsies. Given the positive correlation between MHC-II 
expression in tumor cells and clinical response to immunotherapies 
(Liu et al., 2025), our findings may pave the ground for evaluation of 
sequential regimens including immune checkpoint inhibitors after 
initial cycles of platinum-based chemotherapy.

Materials and methods

Patient-derived organoids

We enrolled 100 HGSOC patients in the study over a 5-year period. In 
total, we developed 35 PDO lines (overall success rate of 35 %). 23 PDO 
lines could only be maintained for few passages (3− 8) and with limited 
expansion, thus they were not considered suitable for this study. Of the 
12 long-term PDO lines, 9 were employed for the subsequent analyses. 
PDOs were generated from HGSOC biopsies as described (Cesari et al., 
2023). Tissues placed in 60 mm Petri dishes containing 
AdDF+ ++ culture medium (Advanced DMEM/F12 containing 1x Glu
tamax, 10 mM HEPES and antibiotics) were minced by surgical blades 
into small fragments and digested in 10 ml AdDF+ ++ supplemented 
with 5 µM RHO/ROCK pathway inhibitor (Y-27632, Tocris) containing 
2 mg/ml Collagenase IV (ThermoFisher Scientific) on an orbital shaker 
at 37 ◦C for 1 h, as previously described (Cesari et al., 2023). Cells were 
embedded in BME (Cultrex growth factor reduced BME type 2, Trevigen) 
on ice and 40 µl drops of BME cell suspension were allowed to solidify to 
a pre-warmed 24 well suspension culture plates (Greiner) and then 
placed at 37◦C in humidified air containing 5 % CO2. Organoid culture 
medium was AdDF+ ++ culture medium supplemented with EGF 
(100 ng/ml), A83–01 (0.5 μM), B27 (1X) and N2 (1X) supplement, 
Y-27632 (9 µM), Nicotinamide (1 mM) and Primocin. Organoids were 
passaged every 1–4 weeks by incubation with Cultrex Organoid Har
vesting Solution for 45 min at 4 ◦C to digest the BME as described (Cesari 
et al., 2023). Genomic analysis of PDOs and original tumors were carried 
out using the TruSight Oncology (TSO) 500 by Next Generation 
Sequencing technology (Illumina Inc.).

Single-cell sequencing and data processing

Single-cell sequencing was performed on 9 PDOs, and the clinical 
information is given in Fig. 1D and Supplementary Table S3. Single-cell 
analyses were performed with the microwell-based Rhapsody Single- 
Cell Analysis System (#633701, BD). PDOs were enzymatically disso
ciated into a single cell suspension using Triple Express (Gibco) at 37◦C 
and labelled with sample tags using the Human Single-Cell Multiplexing 
Kit (#633781, BD). mRNA library and the SampleTag library were 
prepared using the Rhapsody Cartridge kit (#633733, #664887, BD), 
the Rhapsody Whole Transcriptome Assay Analysis Amplification Kit 
(#633801, BD), diluted to 4 nM and multiplexed for paired-end 
sequencing on an Illumina NovaSeq6000 (Illumina). FASTQ files with 
raw sequencing reads were processed with the standard BD Rhapsody 
Whole Transcriptome Assay Analysis Pipeline on Seven Bridges 
(https://www.sevenbridges.com), which included filtering by reads 
quality, annotating reads, annotating molecules, determining putative 
cells, and generating single-cell expression matrix. We excluded cells 
with < 1500 detectable genes, > 120,000 unique molecular identifiers, 
> 45 % mitochondrial transcripts, and > 30 % ribosomal transcripts 
following the Seurat pipeline (v4.3.0). Both multiplets and undeter
mined cells were excluded from analysis. Expression data was normal
ized to the total expression, multiplied by a scaling factor of 10,000, and 
log-transformed. Cell types were annotated by using a combination of 
the built-in reference datasets of known cell types of SingleR package 
(v1.6.21), by validation with well-known HGSOC markers (Croft et al., 
2024; Hao et al., 2021a; Santoro et al., 2025) and by querying the 
CellMarker 2.0 database for ovary-cancer cells. The top 2000 highly 

variable genes based on the variance stabilizing transformation function 
FindVariableFeatures within Seurat were selected for canonical correla
tion analysis as an initial dimensional reduction. The dimensionality of 
the scaled data matrix was further reduced to project the cells in 
two-dimensional space using principal component analysis, and the top 
30 principal components were included in a t-SNE dimensionality 
reduction. The resulting principal components were also used as a basis 
for partitioning the dataset into clusters using a shared nearest neighbor 
(SNN) modularity graph and a resolution of 0.5. Top 10 markers from 
each cluster were selected to create the heatmap and violin plots. Cell 
cycle assignment was performed using the CellCycleScoring function in 
Seurat (ccSeurat) and by calling cc.genes.updated.2019 dataset of G2/M 
and S phase well-known markers (Hao et al., 2021b). Gene set enrich
ment analysis (GSEA) heatmap for each cluster was performed with the 
enrichIt function of escape R package (v1.9.0) using the 50 hallmark 
gene sets in the MSigDB databases and single-cell GSEA method.

Differential gene expression between clusters was analyzed with the 
FindMarkers function in Seurat (min.pct=0.25, min.diff.pct=0.25) and 
p-value was calculated using the Wilcoxon rank-sum test with Bonfer
roni correction. Genes with p-value≤ 0.05 and fold change≥ 1.5 were 
considered and used for GSEA, Gene Ontology (GO) and REACTOME 
enrichment analysis using the enrichR R package (v3.2). Comparisons 
for differential enrichment of hallmark gene sets between clusters were 
performed using the compare_pathways function within SCPA R package 
(v1.6.0). Quantification and scoring of single cell metabolic pathway 
gene sets were performed using scMetabolism R package (v0.2.1). Data 
were processed by using ggplot2 (v3.5.0), dittoSeq (v1.4.4), ggpubr 
(v0.4.0), ggsignif (v0.6.3), ComplexHeatmap (v2.8.0), RColorBrewer 
(v1.1–2) and cowplot (v1.1.1). For scRNA-seq data of a total of 22 
matched pre- and post-NACT HGSOC tissue specimens (GSE165897 - 
(Zhang et al., 2022)) the Seurat package was used to exclude cell with 
< 500 detectable genes, < 500 unique molecular identifiers and > 12 % 
mitochondrial transcripts, integrate data and subset for epithelial cells. 
Subsequent differential gene expression and pathway analyses were 
performed as describe above.

RNA extraction and PCR analysis

Total RNA was extracted using RNA Mini Kit (Geneaid) and 1 μg of 
RNA was retro-transcribed with oligo-dT oligonucleotides, using M-MLV 
reverse transcriptase (Promega). 20 ng of cDNA was used as template for 
PCR (GoTaq, Promega). Quantitative real-time PCRs (qPCR) were per
formed using LightCycler 480 SYBR Green I Master and the LightCycler 
480 System (Roche), according to the manufacturer’s instructions. 
Control reactions omitting M-MLV reverse transcriptase were also car
ried out. PCR oligonucleotides are listed in Table S3.

Cell viability assay

Dissociated PDOs were resuspended in 2 % BME/growth medium 
and seeded in 100 µl volume on BME pre-coated 96-well plates. After 
24 h, the cells were treated with the indicated drugs for 5 days and 
viability was determined by CellTiter-Glo® Luminescent Cell Viability 
Assay (Promega) using a microplate reader (Spark, Tecan). Assays were 
performed on re-formed organoids of small volumes, which reflect the 
response of a 3D tumor structure. Cytotoxicity was determined relative 
to the control cells exposed to vehicle and analyzed using GraphPad 
Prism 9 (GraphPad Software). Drug dose-response curves were visual
ized using linear regression analysis (setting: log(inhibitor) versus 
normalized response). Half-maximal inhibitory concentration (IC50) 
values were determined from fitting curves. PDOs were classified as 
small, medium or large based on their diameter measured manually with 
ImageJ software.
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Immunohistochemistry analysis

Within the institutional Histopathology Biobank, 24 matched pairs of 
tumor tissue specimens collected before and after NACT were selected. 
Histological sections (5 µm) of paraffin-embedded tissues were stained 
with primary monoclonal mouse anti-human HLA-DP, DQ, DR antibody 
(Clone CR3/43, F081701–2, DAKO/AGILENT) and monoclonal rabbit 
anti-CD3 (clone 2GV6, ROCHE Ventana Diagnostic) antibody. The im
munostaining was performed on the Bond III automated immunostainer 
(Leica Microsystems). Appropriate positive and negative controls were 
included. The selected antibodies are well-established in the diagnostic 
routine laboratory; signals were clearly visible and captured by ordinary 
light AxioPhot microscope (Zeiss).

The status of antigen expression was semi-quantitatively evaluated 
by two investigators in blind. Regarding HLA-DR staining, an immu
nohistochemical score (IRS, 0–9) was calculated by multiplying the two 
factors obtained following categorization of the percentage of stained 
cells (1 =1–30 %; 2 =31–60 %; 3 =61–100 %) and the intensity of 
staining (1 =weak staining; 2 =moderate staining; 3 =strong staining).

Intratumoral lymphocytes were defined as those in direct contact 
with tumour cells or within the tumour itself. Lymphocyte densities 
were assessed by counting the number of intratumoral CD3 positive cells 
that were present in regions with highest densities, hotspots. Four 
400 × high-power fields (HPFs) (×400 objective magnification, high- 
power field area= 0.24 mm2) were evaluated and the lymphocytes 
density was then expressed as mean number of CD3 + cells per HPF 
(CD3/HPF).

Isolation and analysis of ascitic cells

Ascitic fluid was centrifugated and the pellet washed by PBS; after 
centrifugation the pellet was resuspended in Red Blood Cell Lysis Buffer 
(Roche) and incubated for 10 min to reduce the blood cell contamina
tion. Cells were centrifugated and the pellet resuspended in OCMI me
dium (Ovarian Cancer Modified Ince Medium) supplemented with 
10 ng/ml EGF, 20 µg/ml insuline, 500 ng/ml hydrocorstisone, 25 ng/ml 
colera toxin, 5 % FBS, 2 mM Glutamine, and Penicillin–Streptomycin 
(Ince et al., 2015). Ascitic derived ovarian cancer spheroids (ADOCS) 
were isolated by culturing for 3 days under restrictive conditions, in 
Ultra Low Attachment Plates (Corning). Dissociated cancer cells were 
then seeded in 96-well plate in adhesion condition and were treated with 
25 µM Cisplatin and Gboxin (0.3, 1, 3.3 µM) for 3 days; plates were 
incubated into IncuCyte SX5 Live-content imaging system at 37 ◦C with 
5 % CO2. Three wells (nine fields/well) for each condition were ana
lysed by measuring the confluence of adherent cells. Cell-covered area at 
each time point was normalized to the starting value in the same well 
after seeding (T0).

Statistical analyses

Cell proliferation data were analyzed by one-way analysis of vari
ance (ANOVA), using Tukey's multiple comparison test to determine if 
significant differences existed between groups. qPCR and PDO size data 
were evaluated by the two-tailed unpaired Student’s t-test. All data are 
reported as mean ± SD (n ≥ 3) and statistical analyses were performed 
using the GraphPad Prism10 Software.
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