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Netrin-1blockade inhibits tumour growth
and EMT features in endometrial cancer
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Netrin-1is upregulated in cancers as a protumoural mechanism’. Here we describe
netrin-1upregulation in a majority of human endometrial carcinomas (ECs) and
demonstrate that netrin-1blockade, using an anti-netrin-1antibody (NP137), is
effective in reduction of tumour progression in an EC mouse model. We next
examined the efficacy of NP137, as a first-in-class single agent, in a Phase I trial
comprising 14 patients with advanced EC. As best response we observed 8 stable
disease (8 out 0f 14, 57.1%) and 1 objective response as RECIST v.1.1 (partial response,
loutof14 (7.1%), 51.16% reduction in target lesions at 6 weeks and up to 54.65%
reduction during the following 6 months). To evaluate the NP137 mechanism of
action, mouse tumour gene profiling was performed, and we observed, in addition to
cell deathinduction, that NP137 inhibited epithelial-to-mesenchymal transition
(EMT). By performing bulk RNA sequencing (RNA-seq), spatial transcriptomics and
single-cell RNA-seq on paired pre- and on-treatment biopsies from patients with EC
from the NP137 trial, we noted a net reduction in tumour EMT. This was associated
with changes inimmune infiltrate and increased interactions between cancer cells and
the tumour microenvironment. Given the importance of EMT in resistance to current
standards of care?, we show in the EC mouse model that a combination of NP137 with
carboplatin-paclitaxel outperformed carboplatin-paclitaxel alone. Our results
identify netrin-1blockade as a clinical strategy triggering both tumour debulking and
EMT inhibition, thus potentially alleviating resistance to standard treatments.

Netrin-1is an embryonic, secreted, laminin-related glycoprotein that  totrigger cancer cell death and induce tumour growth inhibition">"12,

playskey rolesin neuronal navigation, angiogenesisand cell survival**.  Based on these findings, a monoclonal antibody (mAb) neutraliz-
Netrin-1, which is expressed mainly during embryonic development, ingnetrin-1and blocking the netrin-1-UNCS5B interaction, dubbed
hasbeenshown tobe re-expressed by both cancer cellsand thetumour  NP137, was developed® and underwent preliminary safety and efficacy
microenvironmentinalarge proportion of humanneoplasms'’. Specifi- ~ assessment in patients with advanced solid tumours in a Phase 1 trial
cally this has been shown to occur ininflammation-associated colorec-  (NCT02977195). Owing to some objective responses observedin gynae-
tal cancer®’, metastatic breast cancer®, lung cancer’, neuroblastoma’®,  cological cases during the dose-escalation phase, the extension phase
lymphoma' and melanoma'®. In preclinical models mimicking these  of the trial was enriched in patients carrying endometrial tumours. A
diseases, interference between netrin-land itsreceptors was sufficient  specific cohort has also been established, with mandatory biopsies
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Fig.1|Netrin-1blockadeinhibitsendometrialadenocarcinomaprogression
inpreclinical models. a, Diagram showing the experimental strategy used to
induce Pten deletioninto CAG-CreERT2" Pten f/f mice using tamoxifeninjection
and either treatment with NP137 or control. Mice were euthanized if they
experienced breathing difficulties. b, Relative messenger RNA expression

of netrin-1as defined by RT-qPCR in the endometrium of CreERT2”" animals
(n=12) andin tumoursinduced following Pten deletion (tamoxifeninjection) in
CreERT2"" Ptenf/fmiceintraperitoneally treated with NP137 (10 mgkg™) (n=12)
andincontrol (n =5). Barsare mean * s.e.m.; datanormalized to HPRT gene; Cp,
crossing point.***P<0.001 CreERT2"" versus CreERT27" and *P=0.0284 NP137
versus control by Mann-Whitney two-sided test. ¢, Representative netrin-11HC

before and after treatment, for translational research. Preliminary
data from this trial were disclosed at the 2019 ESMO meeting™, but the
trialis still ongoing, with patients continuing toreceive treatment, and
results will be fully reported after final analysis. In this article we report
translational data generated in parallel with the Phase 1study including
patients with endometrial cancer and provide a series of preclinical
and biopsy data demonstrating that NP137 not only reduces tumour
cellnumber butalso triggersinhibition of epithelial-to-mesenchymal
transition (EMT) features, which ultimately increases tumour sensitiv-
ity to chemotherapy.

Netrin-1and endometrial adenocarcinomas

We analysed netrin-1expression by quantitative PCR with reverse tran-
scription (RT-qPCR) in a cohort of 72 human endometrial tumours
(Supplementary Table 1a). As shown in Extended Data Fig. 1a, netrin-1
issignificantly upregulated inendometrial adenocarcinoma (EC) with-
outspecific changein grades or subtypes (Extended DataFig.1b,c). Its
mainreceptor, UNC5B, was also found to be expressed more in tumour
tissues than in normal endometrium (Extended Data Fig. 1a-c) while
DCC, another netrin-1receptor, is expressed neither in normal endo-
metrium nor endometrial cancer. Netrin-1(and UNC5B) positivity was
monitored in most endometrial tumours by immunohistochemistry
(IHC) (Extended Data Fig. 1d).

We thus moved to a preclinical model recapitulating the develop-
ment of EC, using the genetically engineered, temporally controlled
Pten f/f-deleted mouse model (namely, the tamoxifen-inducible
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Netrin-1 mRNA
(Cp relative to HPRT)

Tumour complexity

analysis of EC in CreERT2"" Pten f/f mouse following 6 weeks of tamoxifen
injection. Scale bar,100 um.d, Kaplan-Meier curvesindicating percentage
survival for normal mice (CreERT27, red, n=8), Pten-deleted mice treated with
NP137 (green, n=14) and control (blue, n=11). **P < 0.01 by Mantel-Cox test.

e, Quantification by pathologists of endometrial lesions, presented by tumour
complexity (progressively darker colour from hyperplasia through mild, then
moderate, endometrial intraepithelial neoplasiato adenocarcinoma) between
control mice (n=12) and those treated with NP137 mAb (n =16).***P<0.001 by
chi-squared testand Fisher’s two-sided exact test. f, Representative images of
H&E staining of uterus from mice killed at week 6 of tamoxifeninjection, those
treated with NP137 and control. Scale bar, 50 pm.

CAG-CreERT" promoter), which has been shown to develop ECinsitu
rapidly, as well as thyroid hyperplasia® (Fig. 1a). We thus treated control
and Pten-deleted mice for 3-4 weeks with NP137 (10 mg kg™, three
times per week) and analysed netrin-1expression and tumour progres-
sion.AsshowninFig.1b,c, netrin-1was upregulated in mouse tumours
following deletion of Pten, and this upregulation was decreased
following NP137 treatment. Of interest, NP137 was associated with
decreased development of endometrial tumours (Extended Data
Fig. 2a) and increased survival (Fig. 1d; note that there was no exten-
sion of the study after 7 weeks following Pten deletion because most
mice showed breathing difficulties or other ailments due to develop-
ment of thyroid tumours). Pathologists observed a decreased num-
ber of cancer cells following NP137 treatment (Fig. 1e) and healthier
endometrial tissue (Fig. 1f). Similarly, antitumour activity was also
observed in the thyroids of mice treated with NP137 (Extended Data
Fig.2b-e). These results indicate that targeting netrin-1in EC inhibits
tumour progression.

Objective response in a patient with EC

Based on previous results suggesting that netrin-1blockade is a via-
ble therapeutic strategy in cancer, a netrin-1-blocking antibody was
developed for clinical use® and is undergoing Phase I/l evaluation.
We extracted efficacy data for 14 patients with EC from the ongoing
Phase 1study (Supplementary Table 1b,c). In this study, NP137 was
administered once every 2 weeks (Q2W) as monotherapy until clinical/
radiological progression. As shown in Fig. 2a and Extended Data
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Fig.2|Clinical responsein patients with EC following NP137 treatment.
a-c,Fourteen patients (medianage, 68.3 years (44.7-80.6); ECOG performance
status 0,n=5; ECOG performancestatus 1, n = 9) who had advanced or metastatic
stage IVEC and were previously treated with amedian of three (2.0-6.0)
systemic treatment lines before inclusion were treated with NP137 (14 mg kg™,
n=11patientsor20 mg kg™, n =3 patients) with amedian of 5.5 injections
(2.0-17.0).a, Each bar represents one patient. Best responses to treatment are
presented based oninvestigator review (accordingto protocol). Filled stars,
radiological progression as per RECIST v.1.1; hollow stars, clinical progression
asperinvestigator assessment; red arrowheads, partial response according to
RECISTv.1.1;green arrowheads, stable disease according to RECIST v.1.1; red

circles, death.b, Graph presenting the size evolution of target lesions (sum of
two liver target lesions) from patient no. 02-004 treated intravenously with

14 mg kg™ NP137 Q2W. Tumour response was assessed as partial response (PR)
at6 weeksandthenat3, 6 and 9 months; -30% reductionintarget lesionssize
compared to baseline indicates partial response according toRECIST v.1.1.
Adottedlineshowingthe20%increaseintargetlesions size compared to

the nadir (minimum lesions size upon NP137 treatment) is also indicated.

¢, Abdominal transversal scans presenting liver metastasis at baseline, C3D1
(postcycle 3) and C6D1 (post cycle 6) from patient no. 02-004. Red arrowheads
indicate lesions of interest.

Nature | www.nature.com | 3



Article

a b Control
4_ } P
9 *
[o]
o 34 ™
(s}
@
8
8 24 o @
©
[&]
el
(9]
z 11 o e
[0}
S | =
o—T—T—
C\‘kO\ Q\(g\
& <
c d e
1.5 7 80 Mes. 1.2
* o *k
3
<5 ° 2F 60 % 0.6
ZQ 1.0 82 ° ©
I c = o
=) ) Sa ° Q
32 £2 40 %9 2 07
[
3¢ ° Ze z
& q 057 g8
) © o &E 20 -06- g%
Sl :
g w2
o-——1— o——— Epith. -1.2 ——1—

NP137

Control

Epithelial

Fig.3|Netrin-1blockade triggers apoptosisand EMT inhibitionina
preclinical mouse model. a, Quantification of cell death using cleaved
caspase-3IHCin control (n=8) and NP137 (n =13)-treated tumours of
CreERT2" Ptenf/fmice. Bars are mean s.e.m.;*P=0.0389 by Mann-Whitney
two-sided test. b, Representative images of cleaved caspase-3 staining of a.
Scalebar,100 pm. ¢, Relative mRNA expression of EpCAM epithelial marker by
RT-qPCRinmouse tumours, control (n =5) and NP137 (n=9).Bars are

mean +s.e.m., datanormalized to HPRT gene; *P = 0.032 by Mann-Whitney
two-sided test.d, Percentage of EpCAM high-expressing cells in control

Table 1a, no dose-limiting toxicity was observed and more than half of
the patients (8 out of 14) had disease control (stable disease) as best
response (best overall response, stable disease, 57.1%). In addition, a
74-year-old female patient with advanced EC had a RECIST1.1-defined
partial response (patient no. 02-004; Supplementary Table 1b). The
original diagnosis for this patient showed an endometrioid origin, a
microsatellite stable phenotype, and expression of CK7, PAX8 and oes-
trogenreceptors but no expression of CK20 or progesterone receptor.
Before administration of NP137 she had received multiple therapeutic
attempts, including adjuvant radiotherapy and carboplatin-paclitaxel
followed by lurbinectedin as first-line treatment for metastatic
disease, and a second attempt with carboplatin-paclitaxel, but
had progression of liver metastases despite these therapeutics.
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Mesenchymal

tumours (n=4) versus NP137-treated (n=7) as assessed by IHC. Bars are

mean ts.e.m.;**P=0.0061by Mann-Whitney two-sided test.e, EMT score
(mouse orthologues of epithelial (epith.) or mesenchymal (mes.) signature
fromref.20) analysis derived from RNA-seq data, between control (n=3) and
NP137 (n=3)-treated mice.Barsare mean + s.e.m.; *P= 0.05 by Mann-Whitney
one-sided test. f, Heatmap derived from RNA-seq data showing expression of
EMT genes; control (n =3) and NP137 (n = 3). Note that epithelial genes were
upregulated under NP137-treated condition whereas mesenchymal genes were
downregulated.

A positron emission tomography-computed tomography (PET-CT)
scan, performed at inclusion, confirmed intense uptake of fluoro-
deoxyglucose (before C1D1). She received 14 mg kg intravenous
NP137 Q2W and underwent a PET-CT scan at 6 weeks (that is, post
cycle 3 0of NP137), showing partial response according to RECIST v.1.1
with a 51% reduction in target liver lesions (Fig. 2b,c and Extended
Data Table 1b). Partial response was confirmed on PET-CT scan at
3 months (Fig. 2c) and then again at 6 months, when size reduction
of target lesions reached 55% (Extended Data Table 1b). This patient
eventually experienced disease progression after 17 cycles of NP137
and went on to receive additional therapy, including letrozole A,
immunotherapy and tamoxifen, without experiencing additional
objective response.
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Fig.4|NP137 treatmentinhibits EMT in patients with EC. a, Diagram
showing EMT score calculated with Mak’s signature? from RNA-seq of
biopsies before (C1D1) and following two cycles of NP137 (C3D1) treatment
(n=12).Boxplots represent mean (25th-75th), whiskers range from minimum
to maximum values and paired samples are identified on single-value
representation; *P=0.0161by two-sided t-test. b, Swimmer plots showing
individual evolution of EMT score for each patient; AEMT isthe EMT score at
C3D1minus thatat C1D1; AEMT < 0 means evolution towards epithelial
phenotype (green) and >0 towards mesenchymal (red). ¢, Percentage of EpCAM
high-expressing cellsin C1D1versus C3D1 biopsy samples asidentified by IHC;
*P=0.0313 by Wilcoxon two-sided test (n = 6 patients). Boxplots represent
mean (25th-75th), whiskers range from minimum to maximum values and
paired samples areidentified onsingle-valuerepresentation.d, Representative
IHC of EpCAM in tumours in C1D1and C3D1 for patient nos. 01-030, 01-035 and
01-040.Scalebar, 50 pm. e, Representative images of pancytokeratin (PanKRT)
andvimentin (VIM) expression (colocalization of pancytokeratin (green) and
vimentin (red) in the merged picture, right) in primary endometrial
adenocarcinoma from patient no. 01-040 before and after NP137 treatment.
Scalebars, 50 pm. Quantifications were performed on the full slides and similar
results were observed for patient nos. 01-030 and 01-034. f, Analysis of tumour
cell compartmentin patient nos. 01-034 and 01-039 by Visium spatial gene
expression. Violin plot of EMT UCell normalized enrichment score (NES) from
tumoural histologically selected Visium spot between cells of C1D1and C3D1
biopsy. ***P < 0.01by Mann-Whitney two-sided test.

Netrin-1blockade inhibits tumour EMT

Togaininsightinto the underlying mechanisms that link netrin-1block-
adetotumour growthinhibition we first analysed, based onthe hypoth-
esized mode of action of netrin-1blockade, whether tumour growth
inhibition was associated with tumour cell death in Pten f/f tumours
treated with NP137. Asshownin Fig.3a,b, NP137 increased cancer apopto-
sisas measured by IHC onactive caspase-3. We next performed RNA-seq
of Ptenf/f mouse tumours treated with NP137 versus untreated. Among
the pathways/genes modulated following NP137 administration, we
noted a decrease in EMT-related genes following treatment. Several
invitro studies have suggested the involvement of netrin-1in EMT®™",
oftenassociated with the PI3K/AKT pathway, whichis frequently altered
in endometrial cancer'®. We then investigated whether NP137 might
impact tumour EMT in the Pten f/f mouse model. We first assessed
EpCAM epithelial marker expression in control versus NP137-treated
tumours, and observed a statistically significant increase of this epithe-
lial marker in NP137-treated tumours (Fig. 3¢,d). To gainamore general
view of tumour gene expression we then utilized acommonly used
pancancer EMT signature® that can be employed to determine EMT
score?. We observed that treatment with NP137 decreased EMT score
(Fig.3e), associated with decreased expression of mesenchymal genes
andincreased expression of epithelial genes (Fig. 3f). These preclinical
datasupportthe view that netrin-1blockade has a dual action on tumour
cells: triggering of cancer cell death and inhibition of EMT features,
rendering overall NP137-treated tumours more epithelial.

We next determined whether the inhibition of EMT features observed
in the preclinical models also occurs in patients treated with NP137.
In the NP137 Phase 1 trial, among patients with EC described above,
paired biopsies were collected atinclusion (C1D1) and after 1 month of
treatment with the anti-netrin-1compound (thatis, just before the third
infusion of NP137 (C3D1)). Bulk RNA-seq was successfully performed
on12 paired pre-and on-treatment biopsies (Supplementary Table 1b)
and, asshowninFig.4a,b, twoinjections of NP137 were found sufficient
totrigger asignificant decrease in the pancancer EMT score described
above, indicating an overall more epithelial phenotype of the tumourin
patients after 1 month of treatment with NP137. The shift toward amore
epithelial phenotype was confirmed by increased EpCAM IHC staining
intumour samples from patients treated with NP137 (Fig. 4c,d). We also
observed a decrease in the proportion of tumour cells coexpressing
pancytokeratin and vimentin (Fig. 4e).

Of interest, when analysing changesin EMT score between baseline
and on-treatment biopsies we observed that samples from patients who
had disease progression as their best response on NP137 (progressive
disease at first evaluation at 6 weeks) failed to show variation in EMT
score. Conversely, there was a statistically significant decrease in EMT
scoreinsamples from patients who had disease control (at least stable
disease at 6 weeks; Extended Data Fig. 3a).

Todemonstrate more formally that the bulk change in EMT score seen
with NP137 treatment in patients was occurring specifically in cancer
cells,asafirstapproach we used the 10x Visium spatial gene expression
system compatible with formalin-fixed, paraffin-embedded (FFPE)
tissues. Two pairs of C1D1/C3D1 FFPE sections from two patients with
ECwereanalysed (Extended DataFig.3b,c) and spatial gene expression
profiling was performed in pathologist-selected regions of interest
where only cancer cells could be identified by haematoxylin and eosin
(H&E) staining. In both cases, EMT score was strongly decreased at
C3D1 compared with C1D1 (Fig. 4f). Thus in patients, after 1 month of
treatment with NP137, remaining cancer cells showed decreased EMT
features compared with their pretreatment status.

To extend these studies to the single-cell level we performed
3’ single-cell RNA-seq (10x Genomics Next GEM 3’ kit) directly on
freshbiopsies obtained atinclusion (C1D1, 9,216 cells) in the NP137 trial
and after 1 month of treatment (C3D1, 7,159 cells) from a patient with
advanced EC (patient no. 01-040; Supplementary Table 1b and Fig. 5a).

Nature | www.nature.com | 5
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Fig.5|Single-cellRNA-seqanalysis pre and post biopsy of a patient with EC.
a, lllustration of patient no. 01-040 with two lung metastasis biopsies—one
before treatment (C1D1), and one after two cycles of NP137 treatment (C3D1).

b, Uniform manifold approximation and projection (UMAP) plot 0of 16,375 cells
from two lung metastasis biopsies (left) or before treatment with 9,216 cells
(C1D1, middle) and after treatment with 7,159 cells (C3D1, right), coloured by
their four major cell types. c, Composition of major cell typesin C1D1and C3D1
biopsies. Left, total cellnumbersin each condition; right, proportion of cellsin
each sample (note that cancer cellnumber decreased markedly after

Unsupervised clustering showed the presence of different cell popula-
tions including tumour cells (expressing EpCAM, PGR and TFF3—all
markers of ECs?),immune cells (marked by CD45 (PTPRC) expression),
cancer-associated fibroblasts (CAFs, marked by aSMA (ACTA2)) and
endothelial cells (PECAMI positive) (Fig. 5Sb and Extended DataFig.4a,b).

Treatment with NP137 led to a statistically significant decrease in
the tumour cell compartment (Fig. 5b,c and Extended Data Fig. 4b).
The proportion of tumour cells following anti-netrin-1treatment was
3.19 times lower after two cycles of NP137 (Extended Data Fig. 4b).
Of interest, in addition to the net decrease in cancer cells we noted
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treatment). Colour codingasinb.d, Violin plot of EMT UCell enrichment score
between cells of C1D1and C3D1 biopsy (two-sided Wilcoxon test, P<2.107'¢).

e, UMAP plot of subclustered cancer cells from the whole integrated dataset
(C1D1+C3D1).f,UMAP plot of subclustered cancer cells before and after
treatment. g, Composition of cancer cell clusters in C1D1and C3D1biopsies.
Left, cellnumbers; right, proportion of cellsin each sample (note that cancer
cellnumber decreased markedly after treatment). h, Density plot of EMT UCell
enrichmentscore showing clusters2/3 with strong EMT enrichment (note that
cluster 2 decreased after treatment (g, right)).

a statistically significant decrease in EMT score in the whole tumour
compartment, indicating an overall more epithelial phenotype asso-
ciated with NP137 treatment (Fig. 5d). We also performed unbiased
differential expression and pathway analysis only in tumour cells
(Extended Data Table 2). Remarkably, EMT was the most significant
term, with downregulation following exposure to NP137 (Extended
Data Table 2). Of interest, while following NP137 treatment, most of
the subcompartments of tumour cells decreased in a similar way and
we noted that tumour cluster 2, which had the strongest decrease, also
showed a high EMT score (Fig. 5e-h; note that clusters 5-7, with high
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Fig. 6| Immunological changes observed from single-cell RNA-seq analysis
pre and postbiopsy of apatient withendometrialadenocarcinoma.

a, UMAP plots of subclustered immune cells from the whole integrated dataset
(C1D1+C3D1) for patient no. 01-040, illustrating the composition of major
immune cell clustersin C1D1/C3D1biopsies (left) or separately for C1ID1and
C3D1 (right). b, Number (left) and proportion (right) ofimmune cell typesin
eachsample.c, Left, UMAP plot of subclustered lymphocyte/NK cells from
thewholeintegrated dataset (C1D1and C3D1). T regulatory cells (T,.,,) were
determined accordingto the markers shownin Extended DataFig. 5b. Middle,
right,composition of T/NK cell clustersin C1D1and C3D1biopsies; cellnumber
(middle) and proportion of cellsineach sample (right). Note that cytotoxic

EMT score, were not detectable following NP137 treatment but we
cannot exclude the possibility that they were not captured, because
these clusters already had very few cells at C1D1).

The change occurring in the tumoural compartment was also associ-
ated withachangein stromal cells (Figs. 5b,cand 6 and Extended Data
Figs. 4c—f, 5and 6a). Of note, NP137 treatment clearly appeared to
have animpact onimmune cells (Fig. 6a,b and Extended Data Fig. 5a).
More specifically, following NP137 treatment we noted an increase
inlymphocytes endowed with cytotoxic functions (CD8" T cells and
natural killer (NK) cells; Fig. 6¢c and Extended Data Fig. 5b). A similar
increasein CD8" cells was also noted in Pten f/f mice treated with NP137
(Extended Data Fig. 5¢,d). Of interest, following NP137 treatment we
noted both in the single-cell analysis from patient no. 01-40 and in
the spatial transcriptomic data from patient nos. 01-034 and 01-039
anincrease in both the number and strength of interaction between
T cells and tumour cells (Fig. 6d,e). In particular, single-cell RNA-seq
data showed an increase in the number and strength of interactions
between CD8' T cellsand tumour cells (Fig. 6d). A decrease in M2 mac-
rophages was detected (Extended Data Fig. 5e,f), together with an
increase in major histocompatibility class I/Il antigen presentation

CD8' T cellnumberincreased after treatment whereas that of CD4" cells
decreased. d, CellChat analysis of single-cell assay in patient no. 01-040,
showing the differential (C3D1/C1D1) number of interactions (left) and
strength of interactions (right) between tumour cellsand lymphocytes (top)
and between tumour cellsand APCs (bottom). e, CellChat analysis of Visium
assay on patient nos. 01-034 (top) and 01-039 (bottom), showing the
differential (C3D1/C1D1) number of interactions (left) and strength of
interactions (right) between tumour cells and stromal cells. Line colours
indicate higher numbers or strengthinteractionsin C3D1 (red) and C1D1 (blue).
Segmentsize is proportional to the difference in the number or strength of
interactions between C3D1and C1D1.

(Extended Data Fig. 6a,b). NP137 treatment is associated with more
efficient antigen-presenting cells (APCs) because we observed a clear
switch from monocytes in C1D1 to dendritic cells in C3D1 interacting
with cancer cells (Fig. 6d,e and Extended Data Fig. 6b).

NP137 inhibits chemotherapy resistance

Because of alarge body of literature describing EMT as a major cause
of chemotherapy resistance**? and because our data suggest that
targeting of netrin-1inhibits EMT, we assessed whether the addition
of NP137 to carboplatin-paclitaxel (carbotaxol), the standard-of-care
chemotherapy used in clinical settings in endometrial cancer, might
enhance the efficacy of carbotaxol alone in the Pten f/f mouse model
of endometrial adenocarcinoma. As shown in Extended Data Fig. 7,
NP137/carbotaxol treatment proved superior to carbotaxol alone,
leading to complete responses in mice. Altogether, these preclinical
and clinical data demonstrate that a clinical-stage drug both induces
tumour cell debulking and triggers a general inhibition of EMT features,
which offers the possibility of alleviating resistance to conventional
therapies.
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Discussion

We provide here documentation of a clinical activity of netrin-1titra-
tion using NP137 as monotherapy. Whereas the interest in targeting
netrin-1in the cancer field is relatively recent®, this report indicates
thattargeting netrin-1inendometrial cancer may be effective. Inaddi-
tionto the generation of aseries of data, including analysis of ahuman
cohort and preclinical experiments in mice, we have confirmed a key
mechanistic role for netrin-1in endometrial cancer resistance and
progression. We also report a partial response detected in a patient
with EC receiving an anti-netrin-1 mAb. This partial response in a
human patient, together with decrease in tumour cell counts in mice
and marked decrease in tumour cells observed in single-cell RNA-seq
analysis of a patient treated with NP137, further support the initial view
ofthe mode of action of the netrin-1 mAb as aninducer of tumour cell
death’®, Indeed, netrin-1was previously considered to be an embryonic
secreted molecule re-expressed in cancer settings to promote tumour
cellsurvival*®, NP137, by blocking netrin-1, is theorized as unleashing the
pro-deathactivity of netrin-1receptor as observedin various preclinical
models" ™, In patients with EC or preclinical models of EC treated with
NP137,thisis expected to be translated into a decrease in tumour cells.

However, we have shown here that, not only does NP137 induce tumour
celldeath, butitalso appearstoimpact tumour EMT. Only afew previous
studies have suggested that netrin-1may beimplicated in EMT, and these
showed only in vitro data'®", thus only weakly supportive of a major
regulatory effect of netrin-1on EMTZ. Tumour EMT, inwhich tumour cells
lose their epithelial characteristics and acquire mesenchymal features,
appearstobeakey driver of tumour heterogeneity and has been associ-
ated with different steps in tumourigenesis such as tumour initiation,
progression, metastasis and, more recently, resistance to chemotherapy
orimmunotherapy® Whereas great progress in the understanding of the
role and mechanisms by which EMT regulates these different tumour
functions has been achieved, there is still virtually no pharmacological
intervention that allows the clinician to alleviate EMT in tumours. Itis
also fair to say that, to date, because there are no clinical-stage drugs
impacting only on EMT features, there is no clinical demonstration that
EMT s clinicallyimportant. Here we demonstrate, using both preclinical
models and pre- and on-treatment biopsies from patients with EC, that
systemic treatment with NP137led to a decrease in tumour EMT features.
Thisinhibition of EMT featuresis associated with an overall more epithe-
lial phenotype. Given the extreme complexity of tumour heterogeneity,
we have not yet demonstrated whether the effect of N137 on tumour
EMT is mediated by a direct effect of netrin-1blockade on cancer cells or
whether this effectis duetoanindirect effect triggered by changesin the
tumour microenvironment. It is likely that these effects are combined,
because we have shown using single-cell analysis that changes in EMT
features are associated with changes inthe tumour microenvironment.
Although further confirmation is required, we observed a decrease in
cancer-associated fibroblasts, which usually serve as primary source of
EMT-inducing molecules®, and a decrease in protumourigenic M2-like
macrophages, which also contribute to EMT by multiple mechanisms?.
Moreover, we observed anincreasein lymphocytes endowed with cyto-
toxicfunctionsandanincreaseinboththe numberand strength ofinter-
actions between immune cells and tumour cells associated with more
highly efficient APCs. Together this supports the view that NP137, possibly
byimpacting on EMT, enhances tumourimmune response. Whatever the
mechanism, because thereis anincreasingliterature describing EMT as
amajor player in resistance to chemotherapy and immune checkpoint
inhibitors*?®, the observation that treatment with NP137 inhibits features
oftumour EMT argues for the clinical assessment of combinations of the
anti-netrin-1mAb with conventional therapies to interfere with tumour
progression. This is currently investigated in the Phase 2 GYNET trial
(NCT04652076) assessing the safety and efficacy of combining NP137
with carboplatin-paclitaxel and/or pembrolizumab (anti-PD1 mAb) in
patients with endometrial or cervical cancer.
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Methods

Genetically modified mouse model and NP137 administration
Floxed homozygous Pten (C;129S4-PtentmlHwu/J, hereafter called
Ptenf/f) Cre:ER (B6.Cg-Tg(CAG-CRE/Esr1* 5Amc/J) mice were obtained
from the Jackson Laboratory. Cre:ER"" Pten f/f mice were bred in a
mixed background (C57BL6; 12954) by crossing Pten f/f and Cre:ER*"
mice. To obtain mice carrying both Pten floxed alleles (Pten f/f) and
asingle Cre:ER (Cre:ER*"), Cre:ER"" Pten f/* mice were backcrossed
with Pten f/f mice. To induce deletion of floxed alleles, tamoxifen
(Sigma-Aldrich) was dissolved in100% ethanol at 100 mg ml ™. Tamox-
ifen solution was emulsified in corn oil (Sigma-Aldrich) at 10 mg mi™
by vortexing. Toinduce Pten deletion, adult mice (4-5 weeks old) were
givenasingleintraperitonealinjection of 0.5 mg of tamoxifen emulsion
(30-35 ug mg ' body weight). Three weeks after tamoxifen injection,
mice were treated viaintraperitoneal injection of 100 pl of NP137, or its
isotypic control NPOO1diluted in PBS, at 10 mg kg * every 2 days. Animal
careand housing werein accordance with institutional European guide-
lines from the CEEA local Ethical committee of Lleida University con-
cerning Pten mouse experiments. General behaviour and weight were
monitored three times per week and animals were killed in the event
of strong alteration or weight loss under 20%. All mice were always
killed before terminal tumour progression, and endometrial tissues
were analysed blind by a pathologist.

RT-qPCR

Endometrial samples collected in the Biomedical Research insti-
tute of Lerida (Spain) were frozen and sent to the Cancer Research
Center of Lyon (France) indryice. Samples were cryoground to obtain
tumour powder, which was processed for total RNA extraction using
the Nucleospin RNA Plus kit (Machery-Nagel) according to the manu-
facturer’s instructions. Expression of mMRNA was measured using a
NanoDrop1000 (Themo Scientific). RNA was retrotranscribed using
the T100 ThermoCycler (Bio-Rad) and the iScript cDNA Synthesis Kit
(Bio-Rad) according to the manufacturer’sinstructions. RT-qPCR was
performed using LC480 qPCR (Roche) and OneGreen Fast qPCR Premix
(Ozyme) according to the manufacturers’ instructions.

Bulk RNA-seq

Patient analysis: patient microbiopsy RNA was extracted with the RNA
easy FFPEKkit (Qiagen). The RNA-seq library was produced from100 ng
of RNA with the lllumina TruSeq Exomekit (RNA Library Prep for Enrich-
ment & TruSeq RNA Enrichment) according to the manufacturer’s
instructions and then sequenced with an Illumina NovaSeq 6000.
FASTQ files were then processed with STAR (v.2.7.10a). Briefly, FASTQ
files were mapped to the human reference genome (gencode.v.27) and
aligned reads were converted for counting with STAR. The quality of
FASTQ files was also checked, by FATSQC (v.0.11.9). RNA-seq analy-
sis was performed with R (v.4.0.3) and the DESeq2 package (v.1.30.1).
log,-Transformed transcripts per million were calculated, and we per-
formed EMT score calculation as previously described®.

Murine endometrial cancer model: tumours were collected,
snap-frozen and cryoground. RNA was extracted with a standard kit
(Macherey-Nagel). The RNA-seq library was produced from RNA with
lllumina TruSeq Stranded Total RNA Library Prep Human/Mouse/Rat,
according to the manufacturer’sinstructions, thensequenced with Illu-
minaNOVASeq. FASTQ files were processed as described above, except
for the reference genome which was Mus_musculus.GRCm38 (GENE-
CODE release 25). Analysis was done with DESeq2 (v.1.30.1) and ggplot
(v.3.1.3) packages in R (v.4.0.3). EMT scoring and heatmaps were done
withlog,fragments per kilobase exon per million mapped reads values.

Single-cell RNA-seq
Endometrial metastasis biopsies were dissociated for single-cell
RNA-seq using the Tumor Dissociation kit by Miltenyi Biotec

(no.130-095-929). Briefly, the biopsy was placed in RPMI medium in
aPetri dish onice and cut into small pieces (2-4 mm) after removal
of necrotic tissue. Pieces were then infused with the RPMI/enzyme
mix (Miltenyi Biotec), transferred to a gentleMACS C tube containing
RPMI/enzyme mix, attached to the sleeve of the gentleMACS Octo Dis-
sociator and run using the programme 37_h-TDK1. After completion
ofthe programme the cells were spun down at 300g for 7 minat 4 °C,
resuspendedin RPMI, passed through a 70 um strainer and centrifuga-
tion wasrepeated. The cell pellet was treated with 500 pl of ACK solu-
tionfor 5 minatroom temperature and lysis then stopped with 5 ml of
RPMI/10% FBS. After centrifugation, cells were resuspended in 100 pl
of RPMI. The number of live cells was determined with a Luna-FL Dual
fluorescence cell counter (Logos Biosystems) to obtain an expected cell
recovery population of10,000 cells per channel, loaded ona10x G chip
and run on the Chromium Controller system (10x Genomics) accord-
ing tomanufacturer’sinstructions. Single-cell RNA-seq libraries were
generated with the Chromium Single Cell 3’v.3.1kit (10x Genomics, no.
PN-1000121) and sequenced on the NovaSeq 6000 platform (Illumina)
to obtain around 50,000 reads per cell.

Except when specifically mentioned, all analyses were performed
with R/Bioconductor packages, R v.4.2.2 (2022-11-10r83330) (https://
cran.r-project.org/; http://www.bioconductor.org/) inaLinux environ-
ment (x86_64-pc-linux-gnu (64-bit)).

Filtered barcoded matrices from single-cell RNA-seq data were
imported into R using the Seurat package (v.4.1.1). Doublets were
detected with DoubletFinder (v.2.0.3) and filtered out, together with
cellsshowing alow number of features (nFeature_RNA < 500) or ahigh
percentage of mitochondrial genes (above 25%). Seurat functions were
used for normalization (SCTransform), merging, dimensional reduction
and clustering. Initial cell type identification was based on consensus
from several automated cell annotation packages (SciBet’v.1.0, SingleR
v.1.10.0 and scType (https://github.com/lanevskiAleksandr/sc-type/
blob/master/README.md)). T cell subtypes were visually inspected
and manually curated after further annotation with ProjecTILs (v.3.0.3)
and the pythonimplementation of CellTypist (v.1.3.0). EMT signature
scores were calculated by three methods (Seurat’s AddModuleScore
function, UCell (v.2.2.0) and AUCell (v.1.18.1)) and using two different
gene lists (MsigDb Hallmark EMT pathway and the PanCancer EMT
signature?®). Pathway enrichment analyses were performed with the
‘escape’ package (v.1.6.0). Additional visualizations were based on
functions from Nebulosa(v.1.6.0), Scillus (v.0.5.0) and ggplot2 (v.3.3.6).

Spatial RNA-seq matrices and images wereimported into Rusing the
Load10X_Spatial function of the Seurat package. For each sample, only
those spots with more than 1,000 features were kept for downstream
preprocessing, including SCTransform normalization, dimensional
reductionand clustering. Most analyses were performed independently
foreach sample (without merging or integration). Two strategies were
used for cell type annotation: label transfer following integration of
the single-cell RNA-seq data described above, and manual annotation
using known markers for major cell types.

Inference of cell-cell communication was done with CellChat
(v.1.6.0), for both single-cell and spatial RNA-seq data.

Histology and IHC analysis
Cre:ER"" Pten f/f mice were euthanized by cervical dislocation after
3 weeks of NP137 treatment. Endometrial samples were collected and
formalin fixed overnight at 4 °C. Tumours were paraffin embedded
for further histologic analysis. Paraffin blocks were sectioned at 3 pm
anddried for1hat 65 °Cbefore the pretreatment procedures of depar-
affinization, rehydration and epitope retrieval in the pretreatment
module at 95 °C for 20 minin 50x Tris/EDTA buffer. Before staining of
sections, endogenous peroxidase was blocked. Representative images
were taken with a Leica DMD108 microscope.
Immunohistochemistry was performed on an automated immu-
nostainer (Ventana discoveryXT, Roche) using the rabbit Omni map
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DAB Kit. Sections were incubated with specific antibodies targeting
EpCAM (no. ab71916, abcam), cleaved caspase-3 (no. 9661, Cell Sign-
aling Technologies), netrin-1 (no. CPA2389, Cohesion Biosciences),
Unc5B (no. 138518, Cell Signaling Technologies) and CD8 (no. 4SM15,
eBioscience). Staining was by anti-rabbit horseradish peroxidase, visu-
alized with 3,3’-diaminobenzidine as a chromogenic substrate and
counterstained with Gill's haematoxylin. Histological quantifications
were performed with Halo software (Indica Labs).

Multiplex IHC

Sequential chromogenic multiplex IHC for vimentin/pancytokeratin
(panCK), as previously described, was performed on tumour sections
from patients included in the NP137 clinical trial and that were col-
lected at C1D1 and C3D1. Dewaxed 4-pm-thick, paraffin-embedded
tissue sections were subjected to two successive steps of IHC on a
Ventana discovery XT platform (Ventana, Roche Diagnostics) using
the REDMap and DABMap detection systems according to the manu-
facturer’s recommendations. In afirst step for vimentin expression,
slides were incubated with mouse monoclonal anti-human vimentin
for1h (mouse, clone V9, Leica, no. NCL-L-VIM-V9, dilution 1:100) and
incubated with rabbit monoclonal anti-mouse secondary antibody
for 20 min (clone M1gG51-4, abcam, no. 125913, dilution 1:750). The
slides were then incubated with biotinylated anti-rabbit secondary
antibody for 24 min (Vector Laboratories, dilution 1:200) followed
by the addition of the streptavidin-alkaline phosphatase complex.
Immunostaining was detected by incubation with naphthol and Fast
red. Tissue sections were counterstained with Gill’s haematoxylin,
dehydrated and mounted. Whole histological slides were digitized at
x20 magnification usingaHamamatsu 2.0 HT scanner. After removal
of coverslips, slides were incubated in 100% ethanol until complete
erasure of red colour. Inasecond step, to show panCK expression, the
slides were incubated with mouse monoclonal anti-panCK antibody
for1h(mouse, clone CKAEIAE3, Dako Belgium, no. M351529-2, dilution
1:150) and then with rabbit monoclonal anti-mouse secondary antibody
for 20 min. The slides were then incubated with biotinylated anti-rabbit
secondary antibody for 28 min (Vector Laboratories, dilution 1:200)
followed by the addition of streptavidin-alkaline phosphatase. PanCK
immunostaining was detected by incubation with naphthol and Fast
red. The [HC slides were counterstained with Gill’s haematoxylin, dehy-
drated, mounted and again digitized. Image processing and analysis
for Hynrid EMT score computation were performed using Visiomorph
DP 2018.4 to determine vimentin and panCK co-expression in each
tissue slide. Briefly, each pair of vimentin- and panCK-labelled vir-
tual slides, which were acquired from the same tissue section, was
subjected to image registration. Vimentin- and panCK-positive areas
were automatically detected in the aligned virtual slides to evidence
their co-expressionintumour cells. This co-expression was evaluated
on whole slides at x10 magnification to take into account potential
imperfections. Manual corrections were carried out to exclude irrel-
evant sample parts, such as necrosis. Cell nuclei negative for both
markers were also excluded, to focus only on cytoplasmic areas where
colocalization could occur.

Spatial transcriptomics using Visium FFPE technology
FFPE tissue sections were placed on Visium slides and prepared
according to the 10x Genomics protocols. After H&E staining, imag-
ing and de-crosslinking steps, tissue sections were incubated with
human-specific probes targeting 17,943 genes (10x Genomics, Visium
Human Transcriptome Probe Set v.1.0). Probes hybridized on mRNA
were captured on Visium slides and a gene xpression library pre-
pared following the provided protocol and sequenced on an lllumina
NovaSeq 6000 with 50,000 reads per spot targeted sequencing depth.
For each FFPE section, FASTQ files and histology images were pro-
cessed using 10x Space Ranger v.2.0 to obtain the gene expression
matrix associated with each spot.

Seurat v.4 (https://satijalab.org/seurat/) in R 4.1 was used to per-
form the analysis. Briefly, filtered matrices were loaded, merged per
patient and spots with fewer than1,000 detected genes were removed.
Following SCTransform normalization we subset the tumoural spot
according to pathologist spot identification then calculated the EMT
gene set enrichmentscore (escape R package) with the UCell method.

NP137 clinical trial
NP137 is afirst-in-human Phase I trial with a dose-escalation part fol-
lowed by extension cohorts (NCT02977195) conducted in adult patients
with advanced or metastatic solid tumours. The dose-escalation part
was initiated using an accelerated dose titration with one patient per
dose level until the occurrence of a grade 2 or higher drug-related
adverse event. Following occurrence of agrade 2 NP137-related adverse
event, patients were enrolled in a slower dose-escalation design with at
least three patients per dose level using amodified continual reassess-
ment method. Additional patients were enrolled in three biomarker
cohorts, at dose levels that had been declared safe, and underwent
paired biopsies for pharmacodynamics purposes. In the dose-escalation
part, 19 patients were enrolled in seven dose levels (1-20 mg kg, intra-
venous, Q2W). No dose-limiting toxicities were observed and 11 (58%)
patients had infusion-related reactions of grade 12 severity, all at doses
of 4 mg kg and above'. Based on available data, 14 mg kg Q2W was
selected as the recommended Phase 2 dose. Two extension cohorts
were opened, including one in patients with hormone receptor-positive
EC (enrolment closed in October 2021).

The trial was conducted according to Good Clinical Practice guide-
lines, the Declaration of Helsinki and relevant French and European
laws and directives. All patients provided written informed consent.

Statistical analysis

Statistical analyses were performed on Prism (GraphPad Software). In
thefigurelegends, n denotes the total number of replicates. All statisti-
cal tests were two-sided. For mouse experiments, statistical methods
were not used to predetermine necessary sample size but sample size
was chosenbased on pilot experiments applying appropriate statisti-
cal tests that could return significant results. Survival curves were
analysed using the log-rank (Mantel-Cox) test. Population ratios were
analysed by chi-squared tests. qPCR expression, caspase-3 IHC and thy-
roid weights were compared by Mann-Whitney test. For datainvolving
patients, gene expressions and EMT scores were compared by t-test.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The raw RNA-seq, single-cell RNA-seq and spatial transcriptomic
sequencing data of this study have been deposited in Gene Expression
Omnibus with accession no. GSE225691. For version control, sharing
and reproducibility, all bioinformatic code related to the single-cell
analysis is retained in a GitHub repository (https://github.com/
hernandezvargash/NP137_single.cell). Source data are provided with
this paper.
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Extended DataFig.1|Netrin-1and UNC5B are up-regulated inhuman
endometrium adenocarcinoma. a, b, ¢, Relative mRNA expression of netrin-1
(left) and UNCSB (right) in patients with endometrial carcinoma (n =73)
compared to unpaired normal tissue (n = 8) (a) global expression (*** P< 0.001
by T-test one-sided) (b) expression reported to grades: Gradel+2n =38, Grade 3
n=26,(**P=0.002and*P=0.038, respectively normal vs grade1-2and grade 3
forNtnland p <0.001and**p=0.004 for Unc5B by T-test one-sided) (c)
expressionreported to types: Endometrioid n = 51, UPSC+CCCn =12 (UPSC:

Uterine papillary serous carcinoma, CCC: Clear cell carcinoma) (** p=0.002
and*p=0.097,respectively normal vsendometrioid and UPSC+CCC for Ntnl
and ***p <0.001for Unc5B by T-test one-sided), defined by qRT-PCR (Bars are
meanvalues mean +s.e.m., dataare normalized to TBP, PPIA and GUSB genes).
d, Representative netrin-land UNC5B immunohistochemistry analysis of an
endometrioid carcinoma (grade1). 2x magnification field (bottomright). Scale
bar (represented by aline, 100 um).
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Extended DataFig.2|Netrin-1blockadeimpacts tumor growthinapreclinical

—~ 200
o oo
£ DY
E 150 KR
=y -
g 100 °® o
2 ¢ &
£ w7
£
[ 0
N Q& A
vt &N
«©

CreERT2 -/-

Control

NP137

mouse model. a, Percentage of mice treated with control (n =12) or NP137

(n=16), showing hyperplasia or Adenocarcinoma (ADK) of the endometrium.
*** P<(0.001by Chi-square test and Fischer’s exact test. b, Quantification of the
thyroid weightin CreERT2-/-mice (n =10) or after Pten deletion (Tamoxifen
injection) in CreERT2+/-x Pten f/f mice treated with control (n=13) or NP137
(n=11). Barsare mean values mean +s.e.m., *** P< 0.001against CreERT2-/-;

d e *k%k
<+ 100
N
& o 80
o) [}
o £ 60+
[
S 404
[+
_ X 204
2
A
& &
S
Thyroid

NP137

Em Severe Hyperplasia
= Mild Hyperplasia

## p=0.015NP137 against control by Mann-Whitney two-sided. ¢, Representative
images of the thyroids in panel b. d, Representative images of H&E staining of
thyroid from mice sacrificed in weeks 5-6 after tamoxifeninjection. Scale bar
represented by aline, (100 pm) similar observations have been done on the full
cohort. e, Percentage of mice showing mild or severe hyperplasia of the thyroid
inmice treated (n=16) or not with NP137 (n =12).*** P< 0.001 by Chi-square test
and Fischer’s exact test.



Article

a
PD SD
4 4
O\. O\:
o 27 2
8 Se
ﬁ ” 0-@
=
w o 24 o—*
o—e
4 4
o I I o )
N N N N
& P &P

Extended DataFig. 3 | Pre/postbiopsies analysis by bulk RNAseqor Visium
Spatial Gene Expression. a. Diagram showing EMT-score calculated with the
Mak’s signature® as in Fig. 4a. Patients are segregated in PD (progressionat 6
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benefit determined upon centralized review.*P=0.0023; by T-Test two-sided.
b, ¢, H&E-stained tissue from C1D1(left panel) and C3D1 (right panel) with EMT
score enrichment on Visium tumoral spot by UCell method.
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Extended DataFig. 6 |NP137 treatmentimpacts tumor cell communication
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interaction (upper panel) from the single cell RNA seq analysis (patient 01-040)
by CellChat packages and (lower panel) the significant genes were ranked
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Extended Data Table 1| Clinical data for 14 patients with endometrium carcinoma enrolled in NP137 trial

a b

Best overall response rate, PD :5 (35.7%) Size (mm)

N (%) SD : 8 (57.1%) : Baseline | 6 months
PR:1(7.1%) Measurable L!ver - Segment 3 32 18
CR:0 ; ¢ Liver - Segment 1 54 21

Iezri%is Total size 86 39
Median PFS, months 17 Target lesion response / -54,65%
9 -
[95% C1 [10-28] e bl Other lesions <10 mm Present sD
. measurable Hepatic micronodules
Median OS, months 8.2 lesions
[95% CI| [4.2-22.0] Overall response PR

a, Median progression-free survival (mPFS) and overall survival (mOS) are presented with their 95% confidence interval (95% Cl). Best overall response is also presented. N: number of patients.
b, Table resuming target lesion size evolution and non-target lesions from baseline to 6 months of patient no. 02.004. PR indicates partial response, SD indicates stable disease as per RECIST
V1.1. PR was identified both by investigator review and by centralized review.



Article

Extended Data Table 2 | Hallmark pathway analysis extracted from scRNAseq from patient 01-040

pathway T.statistic p.value FDR median.C1D1 |[median.C3D1

HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION 15,08621283 7,7691E-49 3,88455E-47 2859,902814 2557,333021
HALLMARK_KRAS_SIGNALING_UP 10,89278853 7,14057E-27 3,49888E-25 1964,753409 1794,200713
HALLMARK_INFLAMMATORY _RESPONSE 10,86867076 9,87281E-27 4,73895E-25 1748,2871 1514,957989
HALLMARK_ALLOGRAFT_REJECTION 7,727578737 1,79802E-14 8,4507E-13 1988,78895 1846,142848
HALLMARK_TNFA_SIGNALING VIA NFKB 7,261371738 5,64195E-13 2,5953E-11 4660,642594 4176,946452
HALLMARK_ANGIOGENESIS 6,444807669 1,50205E-10 6,75921E-09 2234,136723 2027,01566
HALLMARK_MYC TARGETS V2 -5,762236091 1,00073E-08 4,40322E-07 2435,810357 2918,108381
HALLMARK_MITOTIC_SPINDLE -5,691385213 1,49558E-08 6,43098E-07 1967,153804 2686,27385
HALLMARK_PANCREAS BETA CELLS 3,908516549 9,64992E-05 0,004052967 417,0240287 316,1166428
HALLMARK_HYPOXIA 3,68650822 0,000234468 0,009613172 3491,409812 3428,984276
HALLMARK_BILE_ACID_METABOLISM -3,665707628 0,000254695 0,01018782 1829,33146 1961,188447
HALLMARK_COAGULATION 3,335588755 0,000869041 0,033892592 1912,342637 1928,992864
HALLMARK_HEME_METABOLISM -3,148627486 0,00167075 0,063488493 3238,711742 3721,44776
HALLMARK_INTERFERON_ALPHA_ RESPONSE -3,049864557 0,002327889 0,086131899 3283,54901 3399,451987
HALLMARK_G2M_CHECKPOINT -2,895796658 0,003831532 0,137935156 2416,049593 2915,670354
HALLMARK_APICAL_JUNCTION -2,7458895 0,006101202 0,213542077 1388,743328 1722,439069
HALLMARK_KRAS_SIGNALING DN 2,560282242 0,01055679 0,358930856 -680,7552326 -743,5768364
HALLMARK_PROTEIN_SECRETION -2,559256895 0,010584129 0,358930856 5640,040155 6385,182383
HALLMARK_PI3K_AKT _MTOR_SIGNALING -2,501366309 0,012469304 0,399017725 4085,874566 4583,800494
HALLMARK_APICAL_SURFACE 2,176379847 0,029671998 0,91983194 407,1181967 342,6951173
HALLMARK_IL2_STAT5_SIGNALING 2,138112955 0,032646389 0,979391673 3210,59177 3238,777366
HALLMARK_DNA_REPAIR -2,011303269 0,044466347 1 3609,740607 4182,659808
HALLMARK_NOTCH_SIGNALING -1,983413577 0,047494329 1 4615,924184 4735,280098
HALLMARK_E2F TARGETS -1,861119401 0,062907858 1 2075,635658 2485,895883
HALLMARK_PEROXISOME -1,817000553 0,069403277 1 3830,402183 4120,63062
HALLMARK_WNT BETA_CATENIN_SIGNALING -1,79657145 0,072589624 1 2495,438483 2678,364175
HALLMARK_HEDGEHOG_SIGNALING -1,763951214 0,077927896 1 624,2516919 874,6034634
HALLMARK_ESTROGEN_RESPONSE_LATE 1,599309062 0,109939184 1 2778,941336 2955,905109
HALLMARK_MYC_TARGETS V1 -1,489702157 0,136504994 1 8104,536916 8660,058067
HALLMARK_COMPLEMENT 1,487900137 0,1369674 1 2819,288032 2858,325699
HALLMARK_UV_RESPONSE_DN 1,437041114 0,150891191 1 3963,290338 4062,005117
HALLMARK_CHOLESTEROL_HOMEOSTASIS 1,36964528 0,170985619 1 4164,265273 4241,65484
HALLMARK_UNFOLDED PROTEIN_RESPONSE -1,27101671 0,203912824 1 5554,678569 5975,614936
HALLMARK_ADIPOGENESIS -1,196030358 0,231866591 1 4444,980124 4787,913311
HALLMARK_UV_RESPONSE_UP -1,130703414 0,258348119 1 3885,115301 4208,768301
HALLMARK_XENOBIOTIC_METABOLISM 1,092745793 0,274668132 1 2698,064155 2839,495429
HALLMARK_P53 PATHWAY -1,049052977 0,294310361 1 3513,341061 3869,132798
HALLMARK_IL6_JAK_STAT3 SIGNALING 1,048127475 0,294730604 1 1592,320532 1657,30633
HALLMARK_FATTY_ACID_METABOLISM -0,892365818 0,372333035 1 4214,532636 4498,848537
HALLMARK_INTERFERON_GAMMA RESPONSE -0,744997223 0,456382113 1 2485,390169 2570,751791
HALLMARK_TGF BETA SIGNALING 0,655666664 0,512130741 1 4499,397448 4706,518817
HALLMARK_ANDROGEN_RESPONSE -0,595282072 0,551736373 1 4940,313557 5249,51218
HALLMARK_APOPTOSIS 0,557575735 0,577209601 1 4378,02934 4634,20245
HALLMARK_GLYCOLYSIS 0,506499357 0,61257711 1 3717,259012 3914,032958
HALLMARK_ESTROGEN_RESPONSE_EARLY 0,44574339 0,655840074 1 2326,192775 2490,176471
HALLMARK_REACTIVE_OXYGEN_SPECIES_PATHWAY -0,421770238 0,673250846 1 4398,035752 4741,20996
HALLMARK_SPERMATOGENESIS -0,413693015 0,679151806 1 977,4039552 999,3609945
HALLMARK_MYOGENESIS 0,384453151 0,700690142 1 689,0137412 806,2674031
HALLMARK_OXIDATIVE_PHOSPHORYLATION 0,303810274 0,761313569 1 7776,322168 8210,789505
HALLMARK_MTORC1_SIGNALING -0,256105086 0,797902561 1 5385,150948 5751,43224

Table presenting a gene set enrichment between C3D1and C1D1 tumoral cluster cell for all the hallmark gene sets. - Note that HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION is the

strongest enriched pathway (two-sided student test).
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
X A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX X [ XX OO

XI A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  NA

Data analysis For the RNAseq, we used a classical pipeline, alignment and mapping with the STAR software (v2.5.2b), the analysis was performed with the
DeSEQ2 package (ver 1.30.1) with the R software (ver4.0.3).
Concerning the single cell RNAseq analysis Spatial transcrriptomic, we used a classical pipeline, CellRanger (ver6.1.1) or Space Ranger v2.0 to
generate the counting matrices and performed the analysis with Seurat(ver4.1.1) on R sofware (Ver4.2.0). During the analysis, we used
DoubletFinder (ver2.0.3), severals annotations packages (SciBet v.1.0, SingleR v.1.10.0, scType, ProjecTILs ver.3.0.3, CellTypist v.1.3.0), UCell
ver2.2.0, AUCell v.1.18.1, escape package v.1.6.0, Nebulosa ver.1.6.0, Scillus'ver0.5.0, ggplot2 v.3.3.6. For cell communication , we used
cellchat v.1.6.0.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability
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- For clinical datasets or third party data, please ensure that the statement adheres to our policy

We are currently in the process of depositing the data on the GEOdataset. We do not have an accession number yet.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size In the dose escalation part: it was planned to enroll a maximum of 30 patients in 7 dose level (DL) cohorts and a maximum of 24 patients in
biological cohort starting at DL4. In each extension cohorts, it was planned to enroll 14 patients.
No sample size calculation were performed in the preclinical part of the study. Sample sizes were determined according to the standards of
publication in the respective models of prclinical research. Concerening clinical data, sample size directly belonged to patient inclusions and
sample availability.

Data exclusions  No data exclusion had to be done.

Replication No troubles in experiment replication have to be declared. All the replicates are included in the manuscript.

Randomization  Randomization was performed for all animal experiments. In PTEN mouse experiments, mice were randomly attributed to the differents
groups of treatment without specific criterias. In xenograft experiments, around 100mm3 of tumor volume, mice were allocated to the

different groups by minimizing the difference in mean volume and SEM.

Blinding Pathological samples analysis were conducted in blind for tumor complexity assesment or cleaved caspase-3 IHC quantifications.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
X| Antibodies [JI[] chip-seq
Eukaryotic cell lines |:| |:| Flow cytometry
Palaeontology and archaeology |:| |:| MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data

O0oo00Oooos
XXX KX

Dual use research of concern

Antibodies

Antibodies used anti-Unc5B, used for IHC, clone D9M72, Cell Signaling Technologies, ref.#13851S, batch 1.
anti-Ntn1, used for IHC, Cohesion Biosciences, ref #CPA2389.
anti-Cleaved Caspase 3, used for IHC, Cell Signaling Technologies, ref #9661, batch 45.
anti-EpCam, used for IHC, Abcam, ref.#ab71916, batch GR3266477-1.

Validation Every antibodies used are validated for species and applications on manufacturer's website.

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) Ishikawa cell line is from ECACC, authentification 99040201.
ARK1 and ARK2 cell lines were obtained from Alessendro Satin (Yale University), authetification USPC-ARK1 and USPC-ARK2.

Authentication Non of the cell lines have been authentificated after being purchased or acquired.

Mycoplasma contamination Cell lines are regularly tested for mycoplasma contamination. No contaminations were observed over the experimental
period.
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Commonly misidentified lines  To our knowledge, no commonly misidentified cell lines were used in this study.
(See ICLAC register)

Palaeontology and Archaeology

Specimen provenance Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the
issuing authority, the date of issue, and any identifying information). Permits should encompass collection and, where applicable,

export.

Specimen deposition Indicate where the specimens have been deposited to permit free access by other researchers.

Dating methods If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), where
they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new dates are
provided.

|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.
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Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals For PTEN experiments, mice were C57b6 injected with tamoxifen at weeks old and maintained in facility for 6-7 additionnal weeks
before being sacrificied. For xenograft experiments, 7 weeks old BalbC Nude mice were injected with Ishikawa cell line and sacrificied
1 month later.

Wild animals The study did not involve wild animals.
Field-collected samples  No fied-collected samples were used in this paper.
Ethics oversight Animal care and housing were in accordance with institutional European guidelines as put forth by the CECCAP local Ethical

Committee (CLB_2014_012) for xenograft experiments and the CEEA local Ethical committee of Lleida University concerning PTEN
mouse experiments.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants

Policy information about studies involving human research participants

Population characteristics Clinical trial : Main eligibility criteria were : adult patients suffering from histologically confirmed locally advanced /
metastatic: i) Dose escalation cohorts and biological cohorts : solid tumors of any histological types, ii) extension cohort 1:
endometrium or cervix carcinoma and iii) extension 2: endometrial carcinoma and who positively expressed Hormone
Receptors (with a positivity threshold value > 10%); with documented disease progression after at least one prior line of
treatment in the metastatic/advanced setting; RECIST V1.1 evaluable disease, for extension cohorts: at least one lesion with a
diameter >10 mm, visible by medical imaging and accessible to percutaneous sampling, signed inform consent, willingness to
use adequate contraception method.

Recruitment The recruitement is closed. In the dose escalation part : 42 patients were enrolled (n=19 patients were enrolled in 7 dose
level cohorts + 23 in biological collection cohorts). In each extension cohort : 14 patients were enrolled.
Patients were enrolled in 3 comprehensive cancer center in France (Centre Léon, Bérard, IUCT-Oncopole Toulouse and
Insittut de Canérologie de I'Ouest).

Ethics oversight The protocol, its amendment and Inform consent form were approved by an Ethic commiteee (Comité de Protection des
Personnes SUD-EST IV). The clinical trial NP137 was conducted in accordance with the principles laid down by the 18th World
Clinical trial : Medical Assembly (Helsinki, 1964) and all applicable amendments laid down by the World Medical Assemblies
and the ICH guidelines E6 (R2) for Good Clinical Practice (GCP). This Clinical Trial was onducted in compliance with the French
and European laws and regulations in force, including GPDR.

For the cohort of 72 human endometrial tumors : All experiments were performed in accordance with relevant guidelines
and regulations.Research involving these human samples must have been performed in accordance with the WMA
Declaration of Helsinki.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration
Study protocol

Data collection

Outcomes

Dual use research

nical studies

ClinicalTrials.gov Identifier:NCT02977195

A summary of the protocol is available at https://clinicaltrials.gov/ct2/show/NCT02977195?term=NP137&draw=2&rank=1

Clinical data were collected into dedicated eCRF (ENNOV Clinical) and fully monitored on site for all enrolled patients. Database lock

for dose escalation and biological cohorts was done on 16/07/2019 and for extension 01 on 25 March 2020. Extension 02 is not yet
analysed (database lock planned by June 2021)

PRIMARY OUTCOME

- Dose escalation part : Dose limiting toxicities over the first 28d of treatment.

- Extension Part: Objective response rate after 3 months (ORR3m) defined as the rate of patients with CR or PR as per RECIST 1.1
after 3 months of treatment.

SECONDARY OUTCOMES: Safety graded according to NCI-CTCAE, Version 4.03; Overall response Rate (ORR) according to RECIST V1.1;
duration of response, progression-free survival; NP137 pharmacokinetic parameters ( Cmax ; tmax ; AUCt ; AUCeo and t%); PFS2/PFS1
(for expansion part only) defined as the ratio of the PFS of the current treatment (PFS2) versus the PFS of previous treatment before
inclusion (PFS1); Tumor Growth Kinetics by comparing post-treatment scans with at least 2 pre-treatment scans.
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Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:
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Experiments of concern

|:| Crops and/or livestock

|:| Any other significant area

Does the work involve any of these experiments of concern:

render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents

Enhance the virulence of a pathogen or render a nonpathogen virulent
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Data deposition
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Data access links

nd final processed data have been deposited in a public database such as GEO.

eposited or provided access to graph files (e.g. BED files) for the called peaks.

For "Initial submission" or "Revised version" documents, provide reviewer access links. For your "Final submission" document,

May remain private before publication. | provide a link to the deposited data.
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Genome browser session Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to

(e.g. UCSC) enable peer review. Write "no longer applicable" for "Final submission" documents. >
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Replicates Describe the experimental replicates, specifying number, type and replicate agreement. i
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Sequencing depth Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and o
whether they were paired- or single-end. —
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Antibodies Describe the antibodies used for the ChIP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and lot _8
number. =
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Peak calling parameters | Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files wn
used. %
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Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment. oY
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Software Describe the software used to collect and analyze the ChiP-seq data. For custom code that has been deposited into a community

repository, provide accession details.

Flow Cytometry

Plots

Confirm that:
|:| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|:| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|:| All plots are contour plots with outliers or pseudocolor plots.

|:| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.

Instrument Identify the instrument used for data collection, specifying make and model number.

Software Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a
community repository, provide accession details.

Cell population abundance Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the
samples and how it was determined.

Gating strategy Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell

population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

|:| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type Indicate task or resting state; event-related or block design.

Design specifications Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

Behavioral performance measures State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used
to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across
subjects).




Acquisition

Imaging type(s) Specify: functional, structural, diffusion, perfusion.
Field strength Specify in Tesla
Sequence & imaging parameters Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,

slice thickness, orientation and TE/TR/flip angle.

Area of acquisition State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

Diffusion MRI [ ] used [ ] Not used

Preprocessing

Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).

Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether
ANOVA or factorial designs were used.

Specify type of analysis: [ | Whole brain [ | ROI-based [ ] Both

Statistic type for inference Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.
(See Eklund et al. 2016)

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).

Models & analysis

n/a | Involved in the study
|:| |:| Functional and/or effective connectivity

|:| |:| Graph analysis

|:| |:| Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.qg. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.
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