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Transcriptomic and immunohistochemical approaches identify HLA-G as a predictive biomarker of gestational choriocarcinoma resistance to monochemotherapy
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Introduction

Gestational trophoblastic neoplasia (GTN) are epithelial proliferations developed from placental trophoblast [START_REF] Hui | Gestational trophoblastic neoplasms[END_REF]. Although the majority of patients can be cured when treated according to international standards, some of patients experience relapses and poor survivals, especially those with histology of choriocarcinoma or with disseminated diseases, mainly due to chemoresistance [START_REF] Bolze | Mortality rate of gestational trophoblastic neoplasia with a FIGO score of ≥13[END_REF][START_REF] Strohl | Postmolar choriocarcinoma: An independent risk factor for chemotherapy resistance in low-risk gestational trophoblastic neoplasia[END_REF]. Except for rare GTN types such as placental site trophoblastic tumors and epithelioid trophoblastic tumors, which should be treated with surgical excision, the reference treatment for GTN is chemotherapy [START_REF] Seckl | Gestational trophoblastic disease[END_REF][START_REF] Ngan | Update on the diagnosis and management of gestational trophoblastic disease[END_REF]. The choice of chemotherapy regimen is based on the FIGO (Fédération Internationale de Gynécologie Obstétrique) score, which is calculated with clinical, biological and radiological data. A score ≤6 indicates a low-risk of resistance to monochemotherapy, i.e. methotrexate or actinomycin D [START_REF] Ngan | Update on the diagnosis and management of gestational trophoblastic disease[END_REF], while those with a score ≥7 are treated with polychemotherapy, the most described being EMA-CO (etoposide, methotrexate, actinomycin-D, cyclophosphamide and vincristine) [START_REF] Seckl | Gestational trophoblastic disease[END_REF][START_REF] Ngan | Update on the diagnosis and management of gestational trophoblastic disease[END_REF][START_REF] Lurain | Gestational trophoblastic disease II: classification and management of gestational trophoblastic neoplasia[END_REF].

Nevertheless, among low-risk patients, the incidence of resistance to methotrexate is still 22.5-50% [START_REF] Chalouhi | Methotrexate for 2000 FIGO low-risk gestational trophoblastic neoplasia patients: efficacy and toxicity[END_REF][START_REF] Growdon | Evaluating methotrexate treatment in patients with low-risk postmolar gestational trophoblastic neoplasia[END_REF][START_REF] Taylor | A retrospective study to evaluate single agent methotrexate treatment in low risk gestational choriocarcinoma in the United Kingdom[END_REF][START_REF] Matsui | Relapse rate of patients with low-risk gestational trophoblastic tumor initially treated with singleagent chemotherapy[END_REF]. Moreover, long-term adverse effects observed with these regimens are significant, with increased risks of oral carcinomas, melanoma, meningioma, leukemia and early menopause after EMA-CO for example [START_REF] Savage | Effects of singleagent and combination chemotherapy for gestational trophoblastic tumors on risks of second malignancy and early menopause[END_REF].

In the context of innate tolerance of trophoblast tissues and ubiquitous expression of immune check-points, such as PD-L1 in GTN tissue samples, the effectiveness of PD-L1 blockade with avelumab in patients resistant to methotrexate or EMA-CO is being assessed in an ongoing phase II trial (NCT03135769) [START_REF] Bolze | PD-L1 Expression in Premalignant and Malignant Trophoblasts From Gestational Trophoblastic Diseases Is Ubiquitous and Independent of Clinical Outcomes[END_REF][START_REF] Veras | PD-L1 Expression in Human Placentas and Gestational Trophoblastic Diseases[END_REF]. The preliminary results suggested that up to 50% patients experienced disease remissions and hCG normalizations after resistance to methotrexate, with only few minor side effects, while the remaining patients had resistances to avelumab [START_REF] Boissel | Retargeting NK-92 cells by means of CD19-and CD20-specific chimeric antigen receptors compares favorably with antibody-dependent cellular cytotoxicity[END_REF]. It raises the question of the deleterious role of first-line chemotherapy that could potentially lead to a depletion of the cellular anti-tumor immune response. Thus, it would be relevant to predict post molar malignant transformation early, as well as the risk of resistance to chemotherapy, in order to offer immunotherapy as a first-line treatment as way of improving survival while avoiding additional unnecessary chemotoxicity. So far, no predictive biomarkers of post molar choriocarcinoma transformation or chemoresistance have been identified.

Using a transcriptional approach on tissue samples, the present study aimed at identifying predictive biomarkers of malignant transformation of hydatidiform moles, and of choriocarcinoma chemosensitivity to mono or polychemotherapy regimens.

Material and methods

• Patients and samples Patients were registered in the French Reference Center for Trophoblastic Diseases, while the study (NCT03488901) was approved by the local ethical committee. Each histological diagnosis was confirmed by two referent pathologists from the Center.

Samples were retrieved from the French Biobank for the study of Trophoblastic Diseases (CRB-HCL Hospices Civils de Lyon) [START_REF] Bolze | Elaboration of a national biobank for the study of gestational trophoblastic diseases[END_REF].

Low-risk gestational choriocarcinoma patients (FIGO≤6) were treated with monochemotherapy (methotrexate or actinomycin D), and high-risk patients (FIGO≥7 or resistance to monochemotherapy) were treated with polychemotherapy regimens (EMA-CO or EMA-EP) between 2005 and 2017 (Table 1). Chemosensitivity was defined as hCG (human chorionic gonadotropin) normalization during chemotherapy including two consolidation cycles. Chemoresistance was defined as a plateau (≤10% changes) in serum hCG concentrations, on at least four consecutive weekly measurements over 3 weeks, or a rise >10% on three consecutive weekly measurements over 2 weeks [START_REF] Mcneish | Low-Risk Persistent Gestational Trophoblastic Disease: Outcome After Initial Treatment With Low-Dose Methotrexate and Folinic Acid From 1992 to 2000[END_REF].

We compared the transcriptional profiles of complete hydatidiform moles subsequently transformed into choriocarcinoma after curettage (n=14) to those with post-curettage hCG normalization (n=20).

To identify predictive biomarkers of chemoresistance to mono and polychemotherapy in gestational choriocarcinoma, we compared the transcriptional profiles of choriocarcinoma resistant to monochemotherapy (n= 34 samples) with those sensitive to monochemotherapy (n=9) (Table 2), assuming that polychemoresistant choriocarcinoma were also resistant to monochemotherapy.

To identify predictive biomarkers of resistance to polychemotherapy, we compared the transcriptional profiles of choriocarcinomas resistant to polychemotherapy (n=20), with those of choriocarcinomas sensitive to polychemotherapy (n=15) (Table 1). All patients registered in the French Center database were checked for available choriocarcinoma tissue sample. We selected for analysis all samples with sufficient amount of tissue to perform RNA extraction.

• RNA extraction Macrodissection excluded peritumoral and necrotic tissue for choriocarcinoma samples and endometrium for hydatidiform mole samples. RNAs were extracted from Formalin Fixed Paraffin Embedded (FFPE) samples. Two to six 5-µm slides were used. Slides were first dewaxed with two baths of D-Limonene (2min) and a bath of Absolut Ethanol (2min), and RNA extraction was then performed using High Pure FFPET RNA Isolation Kit (Roche, Switzerland, #06483852001).

• Gene expression

Gene expression analysis was conducted on the NanoString nCounter gene expression platform (NanoString Technologies). A mixed code set consisting of a 730-gene panel (PanCancer Pathway) related to 13 cancer-associated canonical pathways including: MAPK, STAT, PI3K, RAS, Cell Cycle, Apoptosis, Hedgehog, Wnt, DNA Damage Control, Transcriptional Regulation, Chromatin Modification, and TGF-ẞ, and a custom 30-gene panel (Supplementary table 1) selected among a T cell-inflamed gene expression profile described by Ayers et al. [START_REF] Ayers | IFN-γrelated mRNA profile predicts clinical response to PD-1 blockade[END_REF] and trophoblast tolerance genes was used. Depending on concentrations, hybridization with Human PanCancer Progression probes (Nanostring Technologies, USA, #XT-CSO-PROG1-12) was performed using 78 ng to 200ng RNA, according to manufacturer instructions. After a 17-20h-incubation at 65°C, samples were processed on a Nanostring nCounter FLEX platform. Raw counts for individual digital molecular barcodes were normalized on 6 positive internal controls and 40 housekeeping genes using nSolver 4.0 analysis software (Nanostring Technologies, USA). The background was estimated from blank wells and six negative internal controls and removed from raw counts.

• Generation of normalized data Each sample was analyzed in a separate multiplexed reaction including each, 8 negative probes and 6 serial concentrations of positive control probes. Negative control analysis was performed to determine the background for each sample.

Data was imported into nSolver analysis software (version 4.0, Nanostring technologies) for quality checking and normalization of the data. A first step of normalization using the internal positive controls permitted correction of potential source of variation associated with the technical workflow. We calculated for each sample the geometric mean of the positive probe counts. A scaling factor for a sample was a ratio of the geometric mean of the sample, and the average across all geometric means. For each sample, we divided all gene counts by the corresponding scaling factor. Finally, to normalize for differences in RNA input we used the same method as in the positive control normalization, except that geometric means were calculated over 40 housekeeping genes (Supplementary Table ). Results are expressed in fold change induction.

Normalized counts were analyzed according to post molar malignant transformation and chemoresistance profile. Expression of every single gene within the categories was compared by t-test using nSolver 4.0 software. P-value and false-discovery rate adjusted p-value (Benjamini-Hochberg) were computed. We identified differentially expressed genes with a low stringency FDR, i.e. FDR-adjusted p-value ≤ 0.25.

• Gene pathway analysis Differentially expressed genes with low stringency (FRD<0.25) were analyzed for enrichment of pathways using Ingenuity Pathway Analysis (IPA) software (Qiagen, Redwood City, CA).

• Immunohistochemistry

Blocks sections of 4 μm were simultaneously cut, mounted, dried at 37 °C for 12 h and deparaffinizated with xylene and rehydrated through graded ethanol treatment.

Primary antibodies against p57 (57P06, 1:400, mAb, ThermoScientific), HLA-G (clone 4H84, 1:50, mAb recognizing all HLA-G isoforms, Abcam), and ERBB2 (4B5, 1:100, mAb recognizing HER2 antigen, Ventana, Roche) were used. The visualization system used was the BenchMark XT (Ventana Roche) with heatinduced epitope retrieval (CC1 solution, Ventana, Roche) and the UltraView DAB detection kit (Ventana, Roche).

Immunohistochemical staining was evaluated by one referent pathologist (FA) who was blinded to the patient outcome, on an entire tissue section (6 to 7 cm2) at 100x magnification using a semi-quantitative scoring system for each trophoblastic subtype, i.e. cytotrophoblast, intermediate trophoblast and syncytiotrophoblast, distinguished according to morphological criteria. Cytotrophoblast was characterized by mononucleate cells with uniform and round nuclei, resembling the villous cytotrophoblast in chorionic villi, while intermediate trophoblast was characterized by large pleomorphic hyperchromatic nuclei and abundant amphophilic cytoplasm, resembling the trophoblastic cells in the implantation site. The h-score score was obtained after the multiplication of intensity score (0-4) and the percentage of stained cells (0, 1 for 0-10%, 2 for 11-50% and 3 for ≥50%).

Results

Differentially expressed gene profiles according to post molar malignant transformation, and resistance to mono or polychemotherapy

The comparison of transcriptional profiles of moles with transformation into choriocarcinoma with those associated with post curettage hCG normalization revealed only 5 differentially expressed genes with an extremely low FDR stringency (FDR different than 1) (Table 3A). CDKN1C, a maternally expressed gene coding the protein p57 KIP2 , was the most dysregulated genes (2.74-fold, FDR=0.51) in moles transformed into choriocarcinomas. Since p57 KIP2 staining is routinely used in daily pathology practice to distinguish partial and complete moles and despite an FDR >>0.05, the expression of p57 KIP2 in the complete hydatidiform mole samples of this study was localized and quantified using immunohistochemistry. Quite unsurprisingly, semi-quantitative assessments of p57 KIP2 showed no significant difference in terms of h-score between moles further transformed into choriocarcinoma and those with remission. The expression pattern of p57 KIP2 was restricted to the nuclei of intermediate trophoblast, without any staining of villous mesenchyme, cyto or syncytiotrophoblast.

To identify predictive biomarkers of resistance to monochemotherapy in gestational choriocarcinomas, we compared the transcriptional profiles of 34 samples of choriocarcinomas resistant to monochemotherapy with those of 9 samples sensitive to monochemotherapy. Nineteen genes were differentially expressed between these two groups with a low stringency FDR (FDR <0.25) (Table 3B). Four genes were differentially expressed between these two groups with high stringency FDRs 14 (FDR<0.05): HLA-G (-9.19-fold), IL1R2 (-4.95-fold), and COL27A1 (-3.65-fold) were under expressed, while THEM4 was slightly over expressed (1.55-fold) in chemoresistant choriocarcinomas. GLI3 was under expressed (-1.59-fold) with an FDR of 0.05 in chemoresistant choriocarcinomas.

To identify predictive biomarkers of resistance to polychemotherapy in gestational choriocarcinoma, we compared the transcriptional profiles of 20 samples of choriocarcinomas resistant to polychemotherapy with those of 15 samples sensitive to polychemotherapy. Only 12 genes were differentially expressed with low stringency FDRs (FDR<0.25) between these two groups (Table 3C). The most differentially expressed genes with FDRs <0.1 were SOS2 (-1,61-fold), ERBB2 (-2,44-fold), ITGA6 (1,79-fold), LIFR (-2,47-fold), and GADD45G (-2,75-fold). Overall, 4 differentially expressed genes were shared between choriocarcinomas resistant to mono and polychemotherapy: COL27A1, SOS2, IL2RB, and ITGA6.

Protein expression assessment of the most differentially expressed genes

We identified HLA-G as the most differentially expressed gene in choriocarcinomas resistant to monochemotherapy. In polychemotherapy resistant choriocarcinomas, ERBB2 was one of the highly differentially expressed gene, also known to be involved in breast cancer tumorogenesis. As a consequence, HLA-G and ERBB2 protein expressions were assessed on FFPE tissue samples.

The expression of HLA-G protein was semi-quantified and localized using immunohistochemical staining in the 43 choriocarcinoma samples selected for prediction of chemoresistance to single agent regimen. HLA-G protein was detected in all trophoblast subtypes of choriocarcinoma, mainly in intermediate trophoblast (IT) and cytotrophoblast (CT), and weaker in syncytiotrophoblast (ST) (Figure 1A).

Expression pattern was homogeneous among samples and characterized by staining in the cytoplasm and at the cytoplasmic membrane. The HLA-G total h-score, i.e. the addition of IT, CT and ST h-scores, was significantly lower in monochemotherapy resistant compared to sensitive choriocarcinomas (p=0.03). In the CT of monochemotherapy resistant choriocarcinomas, the h-score was lower than in sensitive CT (p=0.02) (Figure 1B).

In the 35 choriocarcinoma samples selected for chemoresistance prediction to polychemotherapy, ERBB2 protein expression was semi-quantified and localized using immunohistochemistry. ERBB2 was detected on the cytoplasmic membrane of all trophoblast subtypes (Figure 1C). The ST h-score was significantly lower in choriocarcinomas resistant than in those sensitive to polychemotherapy (p=0.03) but this difference was not statistically significant for IT, CT or total h-score (Figure 1D).

Gene network analysis

The differentially expressed genes were analyzed with IPA, according to resistance status of choriocarcinomas to mono or polychemotherapy. To maintain a diversity compatible with a comprehensive approach of involved mechanisms, a low stringency FDR threshold (FDR<0.25) was used. We studied the predicted biological functions affected by these differentially expressed genes and their predicted upstream regulators.

The five main biological functions predicted to be affected in resistance to mono and polychemotherapy are presented in Figure 2A. Despite a wide oncogenesis-focused studied gene panel, the functions mainly involved were immunological homeostasis and leukopoiesis in chemoresistant choriocarcinomas. Leukopoiesis and cell migration functions were shared in choriocarcinomas resistant to mono or polychemotherapy. The other functions were mainly related to T cell differentiation in choriocarcinomas resistant to monochemotherapy, and cell proliferation in choriocarcinomas resistant to polychemotherapy.

The gene expression profiles identified IFN ᵞ, IL2, TNF and IL4 as predicted upstream regulators of resistance to chemotherapy, IFN ᵞ on an activated status, and IL2, TNF and IL4 on an inhibition status (Figure 2B). The gene expression profiles of choriocarcinomas resistant to polychemotherapy were associated with 4 main upstream regulators: IL2, TNF, beta-estradiol and TP53, each of them on an inhibition status (Figure 2B). Comparative analyses suggest that resistances to mono and polychemotherapy would be mainly associated with an inhibition status of upstream regulators. IL2 and TNF are shared predicted upstream regulators of resistance to mono and polychemotherapy, both regulated on inhibition status, while INF ᵞ is the only predicted active upstream regulator.

Discussion

Regarding post molar malignant transformation, the present study could not identify any gene expression differences in between those becoming choriocarcinoma and those normalizing after curettage, despite a large number of samples (34 samples), a wide gene panel (770 genes), and an homogeneous definition of post molar malignant transformation, i.e. the pathological diagnosis of post molar choriocarcinoma.

Of note, we conducted a parallel study using a few qualified samples (2 FFPE paired tissue samples, placental controls GEO GSE6573, GSE9984, GSE12767) and GeneChip™ Human Genome U133 Plus 2.0 Array (analysis of about 47,000 transcripts) with consistent outcomes. No predictive value was found with 45 identified candidate genes (Supplementary Table 2) regarding post molar malignant transformation on fresh frozen hydatidiform mole samples (16 paired tissue samples) (Supplementary Figure ). Note however that our best candidate gene was the MALAT1 (identified by a dozen probesets) non-coding RNA described in lung, liver, breast and colon cancer, and seemingly involved in the control of cell proliferation [START_REF] Huarte | The emerging role of lncRNAs in cancer[END_REF]. The lack of significant identification of differentially expressed genes with regard to tumor transformation can be interpreted by the imprecision of the biological definition of the post molar malignant transformation, as by a marked interindividual variability. Altogether, we can conclude that the interindividual variability in transcriptional profile is remarkably high in hydatidiform mole tissue samples.

Nevertheless, despite this high variability, we were able to identify a low number of differentially expressed genes was found in choriocarcinomas associated with resistance to mono or polychemotherapy compared to those associated with chemosensitive tumors. Four genes were associated with resistance to monochemotherapy with FDRs <0.05, and to polychemotherapy with FDRs ≤0.08.

Three of these genes, HLA-G, IL1R2 and THEM4, were specific of the resistance to monochemotherapy, while two of them, ERBB2 and LIFR, appeared specific of the polychemotherapy resistance.

In addition to our study, few transcriptomic approaches have been described in the literature to attempt to answer the question of predicting chemoresistance in trophoblastic tumors. The Wnt / ß-catenin and PI3K / AKT / mTOR oncogenesis pathways are activated in methotrexate-resistant choriocarcinoma and colorectal cancer lines, related to the overexpression of the long noncoding RNA H19 [START_REF] Wu | H19 mediates methotrexate resistance in colorectal cancer through activating Wnt/β-catenin pathway[END_REF][START_REF] Yu | Long noncoding RNA H19 promotes chemotherapy resistance in choriocarcinoma cells[END_REF].

Despite the exhaustive presence of the genes of these two pathways in the panel of genes studied, we did not observe any activation of these genes. Note however that the THEM4 and PDGFA genes overexpressed in the methotrexate resistance condition are associated with the PI3K / AKT pathway, and that the SFRP2 gene overexpressed under the resistance to polychemotherapy condition is associated with the Wnt / ß-catenin pathway.

Among the differentially expressed genes, the expression pattern of the HLA-G protein which was significantly reduced in choriocarcinomas resistant to monochemotherapy is of interest. HLA-G is suspected to be involved in inhibition of cytotoxicity [START_REF] Rouas-Freiss | The alpha1 domain of HLA-G1 and HLA-G2 inhibits cytotoxicity induced by natural killer cells: is HLA-G the public ligand for natural killer cell inhibitory receptors[END_REF], chemotaxis [START_REF] Morandi | Soluble HLA-G dampens CD94/NKG2A expression and function and differentially modulates chemotaxis and cytokine and chemokine secretion in CD56bright and CD56dim NK cells[END_REF], or interferon gamma (IFN ᵞ) regulation [START_REF] Favier | ILT2/HLA-G interaction impairs NK-cell functions through the inhibition of the late but not the early events of the NK-cell activating synapse[END_REF]. In gestational trophoblastic diseases, the expression of HLA-G has been described in intermediate trophoblast of gestational choriocarcinomas [START_REF] Singer | HLA-G immunoreactivity is specific for intermediate trophoblast in gestational trophoblastic disease and can serve as a useful marker in differential diagnosis[END_REF][START_REF] Mao | Immunohistochemistry of choriocarcinoma: an aid in differential diagnosis and in elucidating pathogenesis[END_REF], and in extra-villous trophoblast and decidual macrophages of hydatidiform moles [START_REF] Basta | The immunohistochemical analysis of RCAS1, HLA-G, and B7H4-positive macrophages in partial and complete hydatidiform mole in both applied therapeutic surgery and surgery followed by chemotherapy[END_REF][START_REF] Rabreau | HLA-G expression in trophoblast cells is independent of embryonic development[END_REF]. The current observation of HLA-G expression in trophoblast subtypes other than intermediate trophoblast, i.e. cytotrophoblast and syncytiotrophoblast, has never reported before.

This observation suggests that the potential role of the sustained expression of HLA-G protein as a predictive biomarker of chemosensitivity in gestational choriocarcinoma has never been investigated. In line with our observations, it was recently proposed that the non-response to anti PD-1 treatment (pembrolizumab) was associated with a loss of HLA-G expression in choriocarcinoma trophoblast [START_REF] Seckl | Pembrolizumab induces long term complete remission of chemotherapy resistant gestational trophoblastic neoplasia[END_REF].

Beyond variations of HLA-G localization, quantitative changes of HLA-G were shown in different tumor types. HLA-G expression was reported in many solid cancers [START_REF] Rouas-Freiss | The dual role of HLA-G in cancer[END_REF] such as esophageal, liver and colorectal cancers [START_REF] Yie | Expression of HLA-G is associated with prognosis in esophageal squamous cell carcinoma[END_REF][START_REF] Cai | Human leukocyte antigen-G protein expression is an unfavorable prognostic predictor of hepatocellular carcinoma following curative resection[END_REF], and high proportions (>55%) of tumor cells expressing HLA-G were associated with worse overall survivals, although the involved mechanisms remained unclear [START_REF] Zhang | Predictive value of different proportion of lesion HLA-G expression in colorectal cancer[END_REF]. In ovarian carcinoma, only two studies were published, and they are concordant with our observations. Rutten at al. showed that the overall survival of patients with high grade ovarian carcinoma was improved when tissue HLA-G mRNA level was increased compared to normal expression level [START_REF] Rutten | HLA-G expression is an independent predictor for improved survival in high grade ovarian carcinomas[END_REF]. In line with our observation,

Davidson et al. reported that the presence of HLA-G-positive tumor cells in malignant

effusions of ovarian carcinoma, when measured by immunohistochemistry with the same 4H84 monoclonal antibody used in the present study, obtained prior to the institution of chemotherapy correlated with better overall survival. This correlation with an improved survival might be related to preferential chemosensitivity of HLA-Gexpressing cells [START_REF] Davidson | HLA-G expression in effusions is a possible marker of tumor susceptibility to chemotherapy in ovarian carcinoma[END_REF]. In summary, opposed prognostics are reported according to the observed HLA-G form (intracytoplasmic, membranous, free soluble or in micro-vesicle) [START_REF] König | The prognostic impact of soluble and vesicular HLA-G and its relationship to circulating tumor cells in neoadjuvant treated breast cancer patients[END_REF]. Therefore, further immunohistochemistry studies should distinguish the biomarker value of these different HLA-G forms in choriocarcinoma. The HLA-G staining results of the present study might then be completed with dedicated monoclonal antibody such as 5A6G7, which specifically recognizes the soluble form of HLA-G to define whether both membrane-bound and soluble HLA-G or either one are down-regulated in chemoresistant choriocarcinomas [START_REF] Morandi | Recent Advances in Our Understanding of HLA-G Biology: Lessons from a Wide Spectrum of Human Diseases[END_REF]. Beyond the function of HLA-G in the chemoresistance of choriocarcinoma, its regulation mechanisms also remain to be elucidated. Of note, we report a minor reduction of GLI3 expression, a signal transducer of the Hedgehog pathway, by monochemoresistant choriocarcinomas, while Deschaseaux et al. previously demonstrated that HLA-G down regulation during the maturation of osteoblast was due to the binding of GLI3 to the GLI binding element within the HLA-G promoter [START_REF] Deschaseaux | Regulation and function of immunosuppressive molecule human leukocyte antigen G5 in human bone tissue[END_REF]. Further investigations to elucidate the interaction between HLA-G and GLI3 in the context of cancer are then required.

Concerning predicted upstream regulators to the transcriptional profile observed in monochemotherapy resistant choriocarcinomas, it is interesting to consider that it may be related to an activated state of IFN ᵞ in the intra or peri-tumoral area. It should be noted that the CREB3L4 and HIST1H3G genes expressed in the methotrexate resistance condition are associated with the type 1 interferon signaling pathway. Consistently with a more tolerogenic environment, an in vitro study showed that the treatment of JEG-3 choriocarcinoma cell line by IFN ᵞ favored the differentiation of CD4 + HLA-G + T cells. However, JEG-3 exposition to IFN ᵞ led to an increased expression of HLA-G, while in our study, an activated upstream IFN ᵞ was predicted to be associated with a downregulated HLA-G expression on choriocarcinoma trophoblast [START_REF] Melsted | The choriocarcinoma cell line JEG-3 upregulates regulatory T cell phenotypes and modulates pro-inflammatory cytokines through HLA-G[END_REF]. Interestingly, Elias et al. showed that methotrexate resistant JEG-3 choriocarcinoma cell lines exhibited upregulation of another interferon type response signature, i.e. type I interferon. Moreover naïve JEG-3, exposure to recombinant IFNA2 partially protected JEG-3 from the effects of methotrexate [START_REF] Elias | Type I interferons modulate methotrexate resistance in gestational trophoblastic neoplasia[END_REF].

Concerning polychemotherapy resistance, we identified four genes shared with monochemotherapy resistant choriocarcinomas: COL27A1, IL2RB, ITGA6, and SOS2. Cell proliferation and migration are the main altered biological functions associated with resistance to polychemotherapy, the latter being also associated with resistance to monochemotherapy. Among predicted upstream regulators to the observed transcriptional profile, the down regulation of IL2 and TNF is also shared with choriocarcinomas resistant to monochemotherapy.

We investigated protein expression and immunostaining intensity of ERBB2, one of the most differentially expressed, but we were not able to associate any change with resistance to polychemotherapy. ERBB2 is a member of the human epidermal growth factor receptor family, and regulates the proliferation and differentiation of various tumor cells [START_REF] Olayioye | The ErbB signaling network: receptor heterodimerization in development and cancer[END_REF]. Overexpression of ERBB2 defines an aggressive subtype of breast cancers [START_REF] Slamon | Use of chemotherapy plus a monoclonal antibody against HER2 for metastatic breast cancer that overexpresses HER2[END_REF]. ERBB2 gene amplification has also been evidenced in normal differentiated HLA-G+ trophoblast, thereby suggesting that copy number alterations represent a normal feature of developmental processes [START_REF] Meinhardt | ERBB2 gene amplification increases during the transition of proximal EGFR(+) to distal HLA-G(+) first trimester cell column trophoblasts[END_REF]. The expression of ERBB2 was reported in hydatidiform moles with contradictory conclusions on its predictive value for post molar malignant transformation [START_REF] Yang | The relationship between expression of cras, c-erbB-2, nm23, and p53 gene products and development of trophoblastic tumor and their predictive significance for the malignant transformation of complete hydatidiform mole[END_REF][START_REF] Cameron | Expression of c-erb B-2 oncogene product in persistent gestational trophoblastic disease[END_REF][START_REF] Hasanzadeh | Immunohistochemical expression of the proliferative marker Ki67 in hydatidiform moles and its diagnostic value in the progression to gestational trophoblastic neoplasia[END_REF][START_REF] Yazaki-Sun | Correlation of c-erbB-2 oncogene and p53 tumor suppressor gene with malignant transformation of hydatidiform mole[END_REF]. Moreover, two studies reported a high variability in ERBB2 immunostaining intensity in gestational choriocarcinoma, but no correlation to chemoresistance was found [START_REF] Yang | The relationship between expression of cras, c-erbB-2, nm23, and p53 gene products and development of trophoblastic tumor and their predictive significance for the malignant transformation of complete hydatidiform mole[END_REF][START_REF] Fulop | c-myc, c-erbB-2, cfms and bcl-2 oncoproteins. Expression in normal placenta, partial and complete mole, and choriocarcinoma[END_REF].

To conclude, this transcriptomic study did not reveal any predictive factors of post molar malignant transformation into choriocarcinoma but identified reduced HLA-G expression at both mRNA and protein levels as a potential predictive biomarker of monochemotherapy resistance of gestational choriocarcinomas. This assumption should be confirmed on a distinct prospective cohort, as a way of identifying patients with monochemotherapy resistance early. Such a parameter could be integrated in decision algorithms, currently based on FIGO score. We envision that upfront treatment might be personalized in patients with decreased HLA-G expression with innovative treatments, such as immunotherapy alone or in combo with methotrexate.

It would increase treatment efficacy and reduce useless exposition to toxic polychemotherapy. To simplify HLA-G expression assessment, avoiding uterine biopsies, further research on soluble or circulating forms of HLA-G, i.e. on exosomes or circulating trophoblastic cells, might represent promising future diagnostic methods. Table 1. Gestational choriocarcinoma-treated patients' characteristics n, number; EMA-CO, etoposide, methotrexate, actinomycin D, cyclophosphamide and vincristine; EMA-EP, etoposide, methotrexate, actinomycin D, etoposide and cisplatin; range, min-max; y, year; hCG, human chorionic gonadotropin; IU/L, international units per liter; FIGO, Fédération 

Tables

  FIGO stage I: disease is confined to the uterus, stage II: disease extends to the genital tract, stage III: disease is spread to lungs with or without extension to the genital tract, and stage IV occupies all other metastatic sites including liver, kidney, spleen, and brain. *1 patient was cured by actinomycin D after first-line methotrexate failure.
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 2 Choriocarcinoma samples used for transcriptomic profile comparisons

first-line monochemotherapy polychemotherapy (EMA-CO or EMA-EP)

  

		monochemoresistant	monochemosensitive	polychemoresistant	polychemosensitive
	n	14	9	18	14
	mean age (range), y	36.4 (26.5-54.7)	37 (25.5-50.8)	33.7 (19.6-45.2)	35.2 (22.4-54.7)
	median hCG (range), IU/L	28,875 (233-201,938)	14,422 (739-143,693)	61,670 (233-349,646)	109,135 (1,900-859,233)
	initial FIGO score				
	median (range)	5 (1-8)	3 (0-5)	8.5 (3-17)	8 (1-12)
	0-4	6	8	2	3
	5-6	7	1	4	3
	7-12	1	0	6	8
	≥13	0	0	6	0
	initial FIGO stage				
	I	12	6	7	9
	II	0	2		
	III	2	1	8	4
	IV	0	0	3	1
	index pregnancy				
	delivery	5	0	10	5
	abortion or ectopic pregnancy	3	0	5	3
	hydatidiform mole	5	9	3	4
	not determined	1	0	0	2
	Interval from index pregnancy				
	<4months	8	6	9	6
	4-6 months	3	3	1	5
	7-12 months	2	0	3	2
	>12 months	1	0	5	1
	median n of chemotherapy lines (range)	3 (2-6)	1 (1-2)*	3 (1-6)	1 (1-4)
	median n of courses of monochemotherapy (range)	4 (3-8)	6 (3-9)	4.5 (4-8)	4 (4-5)
	median n of courses of the first polychemotherapy (range)	5 (3-9)	0	6 (3-12)	6 (3-9)
	death (%), n	1 (7)	0	10 (55)	0
	Mean follow-up (range), month	49.7 (19.1-102.3)	17.06 (12.8-33.1)	30.9 (7.4-102.3)	34.2 (19.1-97.2)

Table 1 .

 1 Gestational choriocarcinoma-treated patients' characteristics n, number; EMA-CO, etoposide, methotrexate, actinomycin D, cyclophosphamide and vincristine; EMA-EP, etoposide, methotrexate, actinomycin D, etoposide and cisplatin; range, min-max; y, year; hCG, human chorionic gonadotropin; IU/L, international units per liter; FIGO, Fédération Internationale des Gynécologues et Obstétriciens; FIGO stage I: disease is confined to the uterus, stage II: disease extends to the genital tract, stage III: disease is spread to lungs with or without extension to the genital tract, and stage IV occupies all other metastatic sites including liver, kidney, spleen, and brain.

*1 patient was cured by actinomycin D after first-line methotrexate failure.

Table 2 .

 2 Choriocarcinoma samples used for transcriptomic profile comparisons a including 2 patients with 2 biopsies on distinct metastatic sites

		Resistant	Sensitive
	Monochemotherapy (n)	34 choriocarcinoma	9 choriocarcinoma
		14 patients resistant to upfront monochemotherapy	9 patients sensitive to upfront monochemotherapy
		18 patients resistant to upfront polychemotherapy a	
	Polychemotherapy (n)	20 choriocarcinoma	15 choriocarcinoma

b including 1 patient with 2 biopsies on distinct metastatic sites

Table 3 .

 3 Differentially expressed genes according to extremely (<0.1) and low (<0.25) stringency false discovery rate (FDR) adjusted p-value thresholds.A-14 complete hydatidiform moles with subsequent malignant transformation in choriocarcinoma were compared with 20 complete hydatidiform moles which were followed by hCG normalization without chemotherapy.

	B-34 monochemoresistant were compared with 9 monochemosensitive
	choriocarcinoma samples
	C-20 polychemoresistant were compared with 15 polychemosensitive
	choriocarcinoma samples

patients resistant to upfront polychemotherapy a
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