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Abstract
Background Immune checkpoint inhibitors (ICI) have dramatically improved the life expectancy of patients with 
metastatic melanoma. However, about half of the patient population still present resistance to these treatments. We 
have previously shown Notch1 contributes to a non-inflamed TME in melanoma that reduces the response to ICI. 
Here, we addressed the therapeutic effects of a novel anti-Notch1 neutralizing antibody we produced, alone and in 
combination with immune checkpoint inhibition in melanoma models.

Methods Anti-Notch1 was designed to interfere with ligand binding. Mice were immunized with a peptide 
encompassing EGF-like repeats 11–15 of human Notch1, the minimal required region that allows ligand binding 
and Notch1 activation. Positive clones were expanded and tested for neutralizing capabilities. Anti-Notch1-NIC was 
used to determine whether anti-Notch1 was able to reduce Notch1 cleavage; while anti-SNAP23 and BCAT2 were 
used as downstream Notch1 and Notch2 targets, respectively. K457 human melanoma cells and the YUMM2.1 and 
1.7 syngeneic mouse melanoma cells were used. Cell death after anti-Notch1 treatment was determined by trypan 
blue staining and compared to the effects of the gamma-secretase inhibitor DBZ. 10 mg/kg anti-Notch1 was used 
for in vivo tumor growth of YUMM2.1 and 1.7 cells. Tumors were measured and processed for flow cytometry using 
antibodies against major immune cell populations.

Results Anti-Notch1 selectively inhibited Notch1 but not Notch2; caused significant melanoma cell death in vitro 
but did not affect normal melanocytes. In vivo, it delayed tumor growth without evident signs of gastro-intestinal 
toxicities; and importantly promoted an inflamed TME by increasing the cytotoxic CD8+ T cells while reducing the 
tolerogenic Tregs and MDSCs, resulting in enhanced efficacy of anti-PD-1.
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Introduction
Immune checkpoint inhibitor (ICI) therapy has revolu-
tionized the treatment of metastatic melanoma patients. 
Recent data from the CheckMate-067 phase III trial 
reported overall survivals (OS) of 57% in the combination 
ipilimumab/nivolumab, 43% in nivolumab monother-
apy, and 25% ipilimumab monotherapy at 6.5 years [1]. 
However, resistance to ICI therapies is relatively com-
mon, with 55% of melanoma patients presenting innate 
resistance to anti-PD-1; 40% to anti-PD-1/anti-CTLA-4 
combination; and 25% patients developing resistance to 
anti-PD-1 within two years of treatment [2].

Response to ICIs can be dictated by both tumor 
intrinsic factors as well as those associated with the 
tumor microenvironment (TME). Several tumor intrin-
sic oncogenic pathways have been shown to mediate T 
cell exclusion. For example, melanomas with increased 
WNT/β-catenin activation lacked tumor-infiltrating T 
cells, mimicking the non-inflamed phenotype leading to 
resistance to ICI and adoptive T cell transfer [3, 4]. Also, 
loss of the tumor suppressor PTEN in metastatic mela-
noma correlates with decreased intratumoral T cell infil-
tration and reduced responsiveness to PD-1 inhibitor 
therapy [5]. In mouse models, PI3K inhibition improved 
the efficacy of ICI [5].

Regarding the TME, responses to immunotherapy 
preferentially occur in tumors with a preexisting antitu-
mor T cell response. Typically, these tumors present high 
CD8+ T cells and contain proinflammatory cytokines that 
provide a more favorable environment for T cell activa-
tion and expansion, i.e. an IFNγ signature, high IL-12, 
IL-23, IL-1β, TNF-α, IL-2. Such tumors are define as T 
cell inflamed as opposed to non-inflamed tumors which 
lack expression of IFNγ and CD8+ T cell signatures and 
generally express cytokines associated with immune sup-
pression or tolerance (e.g. IL-10, TGFβ); and can contain 
high levels of immunosuppressive cells (i.e. regulatory 
T cells – Tregs, and myeloid-derived suppressor cells - 
MDSCs) [6]. Finally, tumor associated B cells promote 
intra-melanoma inflammation that favors response to 
ICIs [7]. Therefore, a baseline inflamed tumor microen-
vironment correlates with responsiveness to checkpoint 
blockade, while the non-inflamed phenotype correlates 
with treatment resistance [8].

We have previously shown that Notch1-expressing 
melanomas are characterized by an immune-suppressed, 
non-inflamed tumor microenvironment enriched in 
Tregs, MDSCs and immunosuppressive cytokines [9].

Notch1 is an evolutionarily conserved signaling cas-
cade with critical roles in the maintenance of melanocyte 

stem and precursor cell homeostasis [10]. However, 
Notch1 signaling is reactivated in several cancers includ-
ing melanoma. We and others have shown that over 60% 
of melanomas, irrespective of driver mutation status 
(BRAF, RAS) express active Notch1, and that Notch1 is 
associated with poorer outcome and progression. Finally, 
Notch1 has been shown to be required for tumor intrin-
sic functions such as growth and metastasis [11–16].

Our previous work demonstrated that RNAi-mediated 
Notch1 inhibition promoted an inflamed TME by reduc-
ing immunosuppressive cytokines and factors (e.g., IL10, 
TGFβ, ARG1), immunosuppressive cells (MDSCs and 
Tregs); and by increasing IFNγ and CD8+ T cells in the 
melanoma TME. These changes resulted in a reduced 
Tregs/CD8 ratio and better responses to ICIs [9].

Pan-Notch inhibitors such as γ-secretase inhibitors 
(GSIs), have been tested in several preclinical models 
of cancer, including melanoma [11, 16, 17]; as well as 
employed in clinical trials [17]. However, despite anti-
tumor activity in the preclinical setting, no significantly 
improved outcomes have been observed in patients 
treated with GSI alone or in combination with stan-
dard of care [17]. One caveat might have been the lack 
of immunogenic models to study the role of GSIs on the 
immune TME. For example, maintenance of Notch2 
function is needed to ensure the cytotoxic activity of 
CD8+ T cells. Loss of Notch2 in CD8+ T cells (but not 
of Notch1), has been shown to promote tumor growth 
in mice [18]; and blockade of nuclear translocation of 
Notch2 intracellular domain (NIC), the active form of 
Notch, inhibits the cytotoxic efficacy of CD8+ T cells 
on hepatocellular carcinoma [19]. Finally, the toxicity of 
GSIs can also be a limitation. Blockade of both Notch1 
and 2, which are required for the maintenance of stem 
cells in the intestinal crypts [20–22], causes GI toxici-
ties requiring careful assessment of therapeutic regimens 
and careful monitoring of patients; and certain GSIs may 
promote non-melanoma skin cancer [23]. Thus, selec-
tive inhibition of Notch1 may be preferable to pan-Notch 
inhibition.

Here we show that inhibition of Notch1 by a novel, 
selective neutralizing monoclonal antibody (anti-N1) 
developed in our laboratory, delays melanoma growth; 
promotes an inflamed TME which enhances the efficacy 
of anti-PD1; and is devoid of the side effects observed 
with GSI. Anti-N1 could represent a novel addition to the 
immunotherapy repertoire for melanoma.

Conclusions Anti-Notch1 safely exerts anti-melanoma effects and improves immune checkpoint inhibitor efficacy. 
Thus, anti-Notch1 could represent a novel addition to the immunotherapy repertoire for melanoma.
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Materials and methods
Cell lines, tissue specimens and reagents
Melanoma cells used in this study were: human K457, 
A375, SKMel2, MeWo and WM-266-4 (a gift from 
Dr Marianne Broome Powell, Stanford University) 
[16, 24]; mouse YUMM2.1 (BRAFV600E/WT; PTEN-
/-; CDKN2+/-; BCATloxex3/WT) and YUMM1.7 
(BRAFV600E/WT; PTEN-/-; CDKN2-/-) (a gift from Dr. 
Marcus Bosenberg) [25, 26]. Cells were maintained in 
DMEM (Dulbecco’s modified Eagle’s medium) supple-
mented with 10% fetal calf serum, 1% glutamine and 1% 
penicillin–streptomycin (Pen/Strep).

Chart review to identify melanoma samples from 
immunotherapy responders and non-responders was 
done on de-identified melanoma tissues obtained from 
the Sylvester Comprehensive Cancer Center Biobank at 
the University of Miami (IRB# MOD00041812).

DBZ (dibenzazepine) was purchased from Selleck 
Chemicals (Houston, TX, USA). InVivoPlus anti-mouse 
PD-1 (CD279) and inVivoPlus rat IgG2a isotype control 
were purchased from BioXCell (Lebanon, NH) and used 
at 100 µg per dose per mouse.

Antibody generation
A GST-tagged peptide encompassing EGF-like repeats 
11–15 of human Notch1 was generated using pGEX 
in E.coli. Prior to immunization, GST was removed by 
thrombin digestion. Female Balb/c mice (8–10 weeks 
old) were used for immunization. A 1:1 volume of 
Freud’s Adjuvant (Sigma) with antigen was injected I.P. 
on day 0, 10 and 20. Ag8.653 myeloma cells, maintained 
in complete RPMI, were used for fusion. Splenocytes 
and myeloma cells were fused using PEG in HAT media 
(RPMI with 20% FBS, HAT or HT(1: 500); Pen/Strep and 
Gentamicin). Six positive clones were identified by indi-
rect ELISA. Clone 1B6 was chosen and expanded. Anti-
body was produced by the ascites method and purified 
using Melon Gel (Thermo Fisher Scientific) as per manu-
facturer’s instructions.

Western blot analysis
Cells (1 × 106) were plated in complete media contain-
ing vehicle (DMSO) and/or IgG, DBZ (10 µM) and 
anti-Notch1 (25  µg/ml), and collected 48–72  h after 
treatment. Total protein was extracted with urea lysis 
buffer (9 M urea, 75 µM Tris-HCl, pH 7.5, and 100 µM 
2-mercaptoethanol). 40–50  µg protein per sample was 
separated by 8–10% SDS-PAGE and transferred onto 
PVDF membranes. Anti cleaved-Notch1 (Val1744) was 
from Cell Signaling Technology (Beverly, MA); anti 
SNAP23 andBCAT2 were from Proteintech (Rosemont, 
IL 60018, USA). Loading was normalized with anti–b-
actin, GAPDH, or a-tubulin (Santa Cruz Biotechnology, 
Dallas, TX).

Cell survival
Cell survival/death was calculated by counting cells (T20 
cell counter, Biorad) using trypan blue, after three days 
incubation with the indicated reagents. Colony assays 
were performed by seeding 1000 cells per well (6-well 
plate). Cells were left to adhere for 24  h, then reagents 
were added. After 10 days incubation, colonies were 
stained with crystal violet and scored using GelCount 
(Oxford Optronix).

Melanoma spheroids 
K457 cells (200  µl, 25,000/ml) were added to a 96-well 
plate coated with 1.5% agar (Difco, Sparks, MD). Cells 
were incubated for 3 days to allow formation of spheroids. 
Spheroids were harvested and implanted into collagen I/
complete media gels containing the indicated reagents. 
After 3 days of incubation, spheroids were washed in 
phosphate buffer saline and stained with calcein-AM 
and propidium iodide (Molecular Probes, Eugene, OR) 
for 1 h according to the manufacturer’s instructions. Pic-
tures were taken using a Keyence inverted fluorescence 
microscope.

In vivo tumor growth
YUMM2.1 and YUMM1.7 cells (5 × 105) were inocu-
lated subcutaneously in the dorsal flanks of 8-week-old 
C57BL/6 male mice (Charles River) for a total of ten 
tumors per experimental group. Mice were treated with 
IgG (10 mg/Kg), anti-N1 (10 mg/Kg), anti-PD1 (100 µg/
mouse [27] or DBZ (10umol/mouse), delivered every 
other day or delivered three consecutive days followed 
by four days holiday period, for DBZ [16]. Tumors were 
measured at least twice weekly with a caliper and tumor 
volumes calculated as (w2 × l) × 0.52, in which w and l 
represent width and length, respectively [11].

Flow cytometry
Tumors were harvested at the end time point and were 
dissociated using collagenase (Sigma), DNase (Sigma) 
and trypsin (Gibco). Red blood cells were removed from 
cell suspension with ACK Lysis buffer (Thermo Fisher 
Scientific). Cells were counted and an equal number of 
cells were incubated prior to flow cytometry with the 
following antibodies: CD45, CD3, CD69, CD25, CD11b, 
Ly6C, Ly6G (Biolegend) and CD8, CD4, FOXP3 (BD Bio-
sciences). Live/Dead Blue dye (Thermo Fisher Scientific) 
was employed to exclude dead cells from flow cytom-
etry analysis. Data was acquired using Aurora (Cytek) 
flow cytometer and analyzed using the FlowJo (TreeStar) 
software.

Preparation of tumor-infiltrating lymphocytes (TILs)
YUMM2.1 melanoma tumors (n = 5) were treated for 
14 days with either IgG or anti-N1 (10  mg/Kg, every 
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other day). Tumors were then excised, weighed, minced 
into 1–2 mm pieces, and incubated at 37 °C with gentle 
shaking in RPMI-CM containing 1  mg/mL Collagenase 
(Sigma cat. #C5138) for 20  min. Single cell suspensions 
were obtained using gentle-MACS C Tubes (Miltenyi 
Biotec, cat. #130096334) and the gentle MACS Dis-
sociator. Single cell suspensions were washed 1× with 
RPMI- CM to remove Collagenase. Cell pellets were 
resuspended with 2  ml ACK lysis buffer for 3  min in a 
37 °C water bath, then washed 1× with HBSS. Cell pellets 
were resuspended in 10 mL RPMI-CM, passed through 
a 70  μm filter, counted, and prepared for CD45 enrich-
ment. Mouse CD45 microbeads (Miltenyi Biotec, cat. 
#130-052-301), LS columns (Miltenyi Biotec, cat. #130-
042-401), and a quadroMACS Separator (Miltenyi Bio-
tec, cat. #130-091-051) were used per manufacturer’s 
recommendations to isolate CD45-expressing immune 
cells from the TME for functional assays.

Generation of bone marrow-derived dendritic cells
Femur bones were collected from C57/Bl6 mice, muscle 
tissue removed, and bones sterilized in a petri dish con-
taining 70% ethanol. The bones were then washed with 
PBS and then crushed in cold 1× HBSS via a pestle and 
collected by centrifugation (1200  rpm, 5  min, 4  °C). 
Cell pellets were resuspended in 2 mL ACK lysing buf-
fer, incubated for 2 min, and washed with HBSS. The cell 
pellets were resuspended in 5 mL of RPMI-CM and fil-
tered through a 70  μm cell strainer. Bone marrow cells 
(10 × 106) were cultured in 10 mL RPMI-CM containing 
20 ng/mL recombinant mouse GM-CSF (rmGM-CSF, 
PeproTech, Cat. No. 315–03) using 100 × 15 mm culture 
dishes (VWR, Cat. No. 25 384–342) at 37 °C in a humidi-
fied atmosphere at 5% CO 2. On day 3, an additional 10 
mL of RPM1-CM containing 20 ng/mL rmGM-CSF was 
added to each plate. On days 6 and 8, 50% of the media 
was removed from each plate and any non-adherent cells 
were collected by centrifugation, pellets resuspended in 
10 ml RPMI-CM containing 20 ng/mL rmGM- CSF and 
added back to the corresponding culture dish. To mature 
the DCs, on day 10, non-adherent cells from each cul-
ture plate were again harvested, centrifuged, and pellets 
resuspended in 10  ml RPMI-CM containing 10 ng/ml 
rmGM- CSF and 1 µg/ml LPS (lipopolysaccharides from 
Escherichia coli O55:B5, Millipore Sigma, cat. No. L2880) 
and re-plated in a new 100 × 15 mm culture dish. On day 
11, 10 ml RPMI- CM was added to each dish. On day 12, 
adherent bone marrow- derived DCs (BMDCs) were col-
lected using a cell scraper, frozen in 90% FBS and 10% 
dimethyl sulfoxide (DMSO) and stored at − 150  °C until 
used in vitro.

Ex vivo assay
TILs were isolated from control and treated tumors, 
were stimulated with PMA and ionomycin and co-
cultured with APCs (10:1 effector to APC) and naïve 
melanoma cells (5:1 effector to melanoma cells) in the 
presence or absence of anti-N1 for 12  h. Trypan blue 
staining was employed to determine the cytotoxicity of 
isolated TILs. IFNγ and GrzB expression in co-cultures 
were assessed using Mouse ELISpot Development Mod-
ule (R&D Systems). CD8+ T cells were analyzed through 
flow cytometry to evaluate the expression of effector and 
degranulation molecules via intracellular cytokine stain-
ing of IL-2, TNFα, IFNγ, and GrzB (Biolegend) and extra-
cellular CD107a (Biolegend) staining.

CD107 degranulation assay
Cells were incubated for 4  h with GolgiStop (BD Bio-
sciences) to inhibit protein transport. Next, cells were 
stained with CD45, CD8, CD3, CD107a, and CD11c 
(Biolegend) surface markers. Following surface stain-
ing, cells were fixed and permeabilized using Cytofix/
Cytoperm (BD Biosciences). Then, intracellular staining 
of IL-2, TNFα, IFNγ, and GrzB (Biolegend) cytokines was 
performed in presence of permeabilization buffer (BD 
Biosciences). Quantification of all markers and cytokines 
was performed by flow cytometry.

Enzyme-linked immunospot assay
ELISpot assays were performed following manufac-
turer’s protocols using the Mouse IFNγ and GranzymeB 
Enzyme-Linked ImmunoSpot (ELISpot) sets (BD Biosci-
ences). In brief, serial dilutions of lymphoid cells from 
cultures or TILs were cultured in RPMI-CM with or 
without AH1 tumor antigen peptide (2 µg/mL; ChiScien-
tific, sequence: SPSYVYHQF) and 10-fold lower numbers 
of BMDCs in anti-IFNγ or GrzB coated 96-well ELISpot 
plates (Millipore Sigma) for 19–24 h at 37 °C in 5% CO2. 
Secretion of IFNγ and GrzB was detected using biotinyl-
ated anti-IFN-γ or anti-GrzB (BD Biosciences) followed 
by the addition of Streptavidin-HRP (1:100, BD Biosci-
ences) and AEC Chromogen/Substrate (BD Biosciences). 
ELISpots were visualized using Immuno-Spot S6 Univer-
sal and quantified using Immuno-Spot V.7.0.30.4 Ana-
lyzer Professional DC software.

Immunohistochemistry
Immunohistochemistry was performed on formalin-fixed 
paraffin-embedded (FFPE) tissue after Tris-based buf-
fer (pH 9.0) retrieval using Antigen Unmasking Solution 
(Vector Labs). Sections were incubated with blocking 
buffer for 1  h at room temperature (Vector Labs), fol-
lowed by primary antibody incubation overnight at 4 °C, 
then incubated for 30 min with ImmPRESS (Peroxidase) 
Polymer Reagent (Vector Labs). ImmPACT DAB (Vector 
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Labs) was used as chromogen and slides were imaged 
and recorded using a Keyence microscope.

HES1 IHC staining was quantified using the Fiji 
(ImageJ) software as described by Crowe and Yue [28]. 
Briefly, deconvolution was applied to the IHC images to 
separate DAB (3,3’-diaminobenzidine) signal from other 
staining components. Next, the DAB intensity threshold 
was set up to distinguish between positive DAB stain-
ing and background. Positive control images were used 
to ensure specificity. Then, DAB signal was quantified as 
mean grey value within defined regions of interest.

Statistical methods
Data were statistically analyzed using the Student t test 
for comparisons between two groups and the Mul-
tiple Student’s t test when comparing multiple groups 
in GraphPad Prism 10.0. The results were expressed as 
mean ± standard error. A P value < 0.05 was considered 
statistically significant.

Results
Notch1 pathway correlates with a non-inflamed gene 
signature in melanoma and is preferentially elevated in 
non-responder patients
We have previously shown that Notch1 expressing mel-
anomas are characterized by an immune-suppressed, 
non-inflamed tumor microenvironment enriched in 
Tregs, MDSCs and immunosuppressive cytokines [9]. 
To support these experimental data of a role of Notch1 
in promoting a non-inflamed TME, we interrogated in 
silico data from the melanoma TCGA (n = 474), and com-
pared the T cell inflamed gene signature from Spranger 
et al. [3], with a Notch signature. Figure  1A shows that 
higher expression of Notch1 and of the Notch target 
genes HEY1, HEY2 and HEYL and HES1 associates pref-
erentially with non-inflamed melanomas, whereas lower 
Notch1 and Notch target genes associates with inflamed 
melanomas. To further support this observation, the 
potential correlation between Notch1 and immune infil-
trates was investigated using TIMER 2.0 (Tumor IMmune 
Estimation Resource), which integrates six state-of-the-
art algorithms, including TIMER, xCell, MCP-counter, 
CIBERSORT, EPIC and quanTIseq for deconvolution 
(reviewed in [29]). The heat map, showing only mela-
noma samples (total, metastatic and primary), shows that 
Notch1 inversely correlates with CD8+ T cells, while it 
positively correlates with Tregs and MDSCs (Fig. 1B). A 
complete heat map depicting all TCGA tumors and rep-
resentative correlation analyses of Notch1 and immune 
infiltrates in melanoma is shown in Suppl. Figure 1.

These data further support the notion that Notch1 
signaling upregulation promotes a non-inflamed TME, 
which is likely to be less responsive to ICIs. To address 
the correlation between ICI response and Notch 

signaling activation, publicly available RNAseq data sets 
of melanoma patients that either did or did not respond 
to ICIs were interrogated. We found that the expression 
of the Notch1 downstream targets HEY1, HEY2, HEYL 
and HES1, are significantly higher in non-responders 
(NR) than in responders (R) among patients that under-
went anti-PD-1 treatment [30–32] (Fig. 1C-E). To further 
support the in-silico data, tumor sections obtained from 
melanoma patients that underwent anti-PD-1 and anti-
CTLA-4 treatment at UM Medical Campus-Sylvester 
Comprehensive Cancer Center, were immuno-stained 
with anti-HES1 (Fig.  1Fb, d). Notably, HES1 staining 
intensity, evaluated by quantifying the optical density 
of the nuclear staining, was significantly higher in non-
responders than in responders. MelanA positivity con-
firm the samples are melanoma (Fig. 1Fa, c).

Overall, these data support a critical role of Notch1 
signaling in melanoma response to ICI and may poten-
tially represent a predictor of ICI response in melanoma 
patients.

A novel anti-Notch1 monoclonal antibody inhibits Notch1 
activation without affecting Notch2
Pan-Notch inhibitors, such as γ-secretase inhibitors 
(GSIs), have been extensively studied in preclinical mod-
els of cancer driven by elevated Notch signaling [17]. 
However, apart from brain tumors, they showed no sig-
nificant benefit in clinical trials for several cancer types 
[17]. Additionally, GSIs are non-selective, inhibiting all 
Notch receptors. Particularly, inhibition of both Notch1 
and Notch2 is responsible of GI toxicities observed 
in both animal models and patients, while Notch2 is 
required by CD8+ T cells for their anti-tumor cytotoxic-
ity [18, 19]. Finally, our previous work supported the spe-
cific role of Notch1 in promoting a tolerogenic TME [9].

Therefore, to block Notch1 selectively without affect-
ing other Notch receptors, predominantly Notch2, we 
designed an anti-Notch1 (anti-N1) neutralizing anti-
body that interferes with ligand binding. The binding 
of the ligand is required to expose the S2 site to prote-
ase (TACE) cleavage, a step that must occur in order to 
allow cleavage by γ-secretase, which releases the intracel-
lular domain, the active form of Notch1 [33]. The anti-
body was produced using a peptide spanning EGF-like 
repeats 11–15 (Fig. 2A) to include the minimal required 
region that allows ligand binding and Notch1 activa-
tion [34]. Alignment of this region with the minimal 
EGF-like repeats ligand binding region of Notch2 (EGF-
like repeats 1–15 [34]) revealed 64% similarity (blast.
ncbi.nlm.nih.gov), indicating reduced probability of 
cross reactivity with Notch2. Notch1 activation after 
treatment with anti-N1 was tested with anti-cleaved 
Notch1-Val1744 (Cell Signaling), which recognizes 
the γ-secretase cleaved NIC. anti-N1 reduced active 
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(cleaved) Notch1 in a dose-dependent manner (Fig. 2B). 
The GSI dibenzazepine (DBZ) was used as positive con-
trol and showed reduced Notch1-NIC, as expected. To 
assess Notch1 and Notch2 activity, we used SNAP23 
and BCAT2, two downstream targets of Notch1 and 2, 
respectively, that we identified by a microarray analysis 
of human melanoma cells in which each Notch receptor 
was inhibited by a specific shRNA (Fig. 2C, D). We have 
previously identified SNAP23 (Synaptosome Associated 
Protein 23) as a regulator of CCL5 secretion downstream 
of Notch1 [9]. BCAT2 (Branched Chain Amino Acid 
Transaminase 2) was identified as a Notch/RBPJ pre-
dicted target  (   h t  t p :  / / a m  p .  p h a r m . m s s m . e d u / H a r m o n i z o m 

e / r e s o u r c e /     TRANSFAC) [35, 36]. SNAP23 and BCAT2 
are exclusively controlled by Notch1 and 2, respectively, 
as shown by RNAi inhibition of either receptor (Fig. 2E). 
Importantly, anti-N1 inhibited only SNAP23 but not 
BCAT2, indicating antibody selectivity (Fig. 2F).

To further support the selective targeting of Notch1, 
we compared our monoclonal antibody (MAb) to bront-
ictuzumab (BRON), a first-in-human tested blocking 
Mab against Notch1. Surprisingly, however, BRON not 
only failed to block Notch1 in melanoma cells, but also 
failed to affect cell survival (Suppl. Figure  2). BRON 
was designed to recognize the Negative Regulatory 
Region (NRR) of Notch1, which is the region where 

Fig. 1 Notch1 signaling inversely associates with the inflamed status of melanomas and response to anti-PD1 therapy. (A) T-cell inflamed gene signature 
derived from Spranger et al. (3), compared to Notch1 and Notch target genes HEY1, HEY2, HEYL. The expression of Notch1 and the Notch1 downstream 
genes inversely correlates with inflamed and non-inflamed tumors (TCGA melanoma data set  h t t  p s : /  / t c  g a  . x e  n a h u  b s .  n e  t / d o w n l o a d / T C G A . S K C M . s a m p l 
e M a p / H i S e q V 2 . g z     ) . Notch pathway genes are highlighted in red. n = 474. (B) Timer2.0 immune infiltration in TCGA melanoma tumors in correlation with 
Notch1 gene expression. Spearman’s correlation, p < 0.05. Significant correlation is in bold color, non-significant is crossed. (C) HEY1 and HEYL expression 
is higher in patients that progressed on anti-PD-1 therapy in the GEO data set GSE78220. (D) HEY2 and HES1 expression is higher in patients that did not 
respond to anti-PD-1 therapy in the GEO data set GSE78220. (E) HEY1 expression is higher in patients that progressed on anti-PD-1 therapy (GEO data 
set GSE91061). (F) FFPE sections from the Sylvester biobank corresponding to anti-PD-1 and or anti-CTLA-4 or combination treated patients, that either 
responded or progressed. Immuno-staining: (a, c): anti-melanA; (b, d): anti-HES1; (c) negative control. Scale bar: 100 μm. Responders (R): partial and com-
plete response; SD: stable disease; Non-responders (NR): progressive disease

 

http://amp.pharm.mssm.edu/Harmonizome/resource/
http://amp.pharm.mssm.edu/Harmonizome/resource/
https://tcga.xenahubs.net/download/TCGA.SKCM.sampleMap/HiSeqV2.gz
https://tcga.xenahubs.net/download/TCGA.SKCM.sampleMap/HiSeqV2.gz
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gain-of-function mutations have been reported in 50% 
of T cell acute lymphoblastic leukemia (T-ALL). These 
mutations disengage the heterodimerization domain 
(HD) leading to ligand-independent receptor activa-
tion [37]. BRON was indeed effective against T-ALL 
cells derived from patients [38], however, had limited 
anti-tumor efficacy in a phase 1 clinical trial for patients 
with different cancer types, with only 6 out of 36 patients 
assessed showing partial response and stable disease 
[39]. It is possible that in a cell system relying on ligand 
binding for Notch1 activation, a neutralizing antibody 
blocking the ligand binding domain (LBD) may be more 
effective. Indeed, studies comparing LBD and NRR 
Notch1 antibodies showed the NRRs were incomplete 
antagonists [40].

Anti-N1 exert cytotoxic activity
We and others have previously shown that Notch1 inhi-
bition delays tumor growth and promotes cell death [11, 
13, 14, 16]. Therefore, we tested the cytotoxic abilities of 
the antibody in culture. A three-day treatment with anti-
N1 induced 75%, 80% and 55% cell death in the K457 
(human) and the YUMM1.7 and YUMM2.1 (mouse) 
melanoma lines, respectively (Fig.  3A-D), but did not 
affect either human or mouse melanocytes, which 
express low or undetectable Notch1 levels compared to 
melanoma cells. This indicates potential Notch1 addic-
tion of melanoma. Additional human melanoma cell lines 
(A375, SKMel2 and MeWo), demonstrated 80%, 40% 
and 60% cell death respectively, upon anti-N1 treatment 

(Suppl. Figure 3). Though the response varies among cell 
lines, possibly due to the level of Notch1 expression and 
therefore dependency on the signaling pathway, these 
data indicate inhibiting Notch1 promotes melanoma cell 
death. DBZ showed a significant killing effect on both 
melanoma cells and slightly on melanocytes, suggesting 
potential toxicity to normal cells. Indeed, treatment of 
normal human fibroblast and HaCaT with DBZ and anti-
N1, revealed that while DBZ was cytotoxic, especially in 
fibroblasts, anti-N1 did not affect survival of either cell 
type (Suppl. Figure 4).

To further support the cytotoxic activity of the anti-
body against melanoma, we performed a clonogenic 
assay and found that the antibody reduced the number 
of viable colonies by 80% (Fig. 3E). Finally, to mimic the 
3D structure of the tumor, K457 melanoma cells were 
grown into spheroids as previously shown [16], and then 
treated with anti-N1. After three days in culture, Calcein 
AM and Propidium iodide were added to detect alive and 
dead cells, respectively. Pixel intensity was used as indi-
rect quantification of alive (green) and dead (red) cells 
and showed a 4-fold reduction in alive cells, and a cor-
respondent 4-fold increase in dead cells (Fig. 3F, G) in the 
anti-N1 treated groups.

Overall, these data indicate anti-N1 is cytotoxic against 
melanoma cells, but safe for normal cells, supporting the 
selectivity and anti-cancer activity of anti-N1.

Fig. 2 Anti-N1 selectively inhibits Notch1. (A) EGF-like repeats 11–15 and 1–15 of Notch1 and 2. (B) K457 melanoma cells treated for 72 h with DBZ (5 μm) 
and 3 doses of anti-N1. C, D) Microarray analysis of WM266-4 cells expressing shGFP or shRNAs against each Notch receptor. Notch1 (C) and Notch2 (D) 
only modulated genes. SNAP23 and BCAT2 are shown. E) Total Notch1, Notch2, SNAP23 and BCAT2 expression in K457 cells expressing shNotch1 or 
shNotch2. F) Cleaved Notch1, SNAP23 and BCAT2 in K457 cells treated with IgG control or anti-N1 (25ug/ml) for 72 h
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Anti-N1 exert anti-tumor activity in vivo
To thoroughly test the anti-tumor activity of anti-N1, 
the mouse syngeneic melanoma lines YUMM2.1, which 
respond to ICI, and YUMM1.7, which is instead resis-
tant [25, 26], were inoculated subcutaneously in C57Bl/6 
mice, which retain an intact immune system, allowing 
analysis of Notch1 blockade on the TME. Once tumors in 
all mice reached approximately 100-150mm3 in volume, 
measured with a caliper, the animals were divided into 2 
groups: control (IgG, 10 mg/Kg) and anti-N1 (10 mg/Kg). 
Both IgG and anti-N1 were delivered intraperitoneally 
every other day. This regimen led to a significant delay 
in tumor growth in both lines (Fig.  4A, and Suppl. Fig-
ure 5 A), and importantly, altered the TME. We observed 

reduced monocytic MDSCs (CD11b+; Ly6Chi; ly6G−) and 
Tregs (CD4+/FoxP3+/CD25hi); and increased CD4+ and 
CD8+ T cells, resulting in a significant decrease of the 
Tregs/CD8 ratio (Fig. 4B and Suppl. Figure 5B). Polymor-
phonuclear MDSCs did not change (not shown). These 
data recapitulate our previous observations in which 
Notch1 was inhibited via RNAi [9]. The gating strategy is 
shown in suppl. Figure 6. Of note, while anti-N1 did not 
affect the GI tract (Fig. 4C, D), as shown by maintenance 
of weight throughout the experiment and similar levels of 
proliferating cells in the intestinal crypts in both controls 
and anti-N1 treated animals, DBZ treated mice demon-
strated a significantly reduced weight after a two week 
treatment, and a significantly reduced number of Ki67 

Fig. 3 Anti-N1 causes melanoma cell death. (A) Notch1 expression in human (HMELS) melanocytes versus K457 melanoma cells, treated with IgG/DMSO, 
DBZ (10 μm) or anti-N1 (25ug/ml) for three days. (B) % cell death of the cells in A, measured by trypan blue. (C) Notch1 expression in mouse (MMELS) 
melanocytes versus YUMM2.1 and YUMM1.7 mouse melanoma cells, treated with IgG/DMSO, DBZ (10 μm) or anti-N1 (25ug/ml) for three days. (D) % cell 
death of the cells in C, measured by trypan blue. (E) Clonogenic assay of K457 cells treated with IgG or anti-Notch1 (25ug/ml). Colonies were counted 
after 10 days from seeding. F, G) 3D Spheroids were grown in collagen type I, then treated with IgG or anti-N1 (25ug/ml) for three days. Calcein AM and 
propidium iodide were added and green (alive) and red (dead) cells were assessed by quantifying the pixel intensity of each well. A minimum of 100 
spheroids were counted. Data are the mean of three independent experiments each performed in triplicate. Scale bars: 100 μm

 



Page 9 of 14Freitas de et al. Journal of Experimental & Clinical Cancer Research          (2024) 43:295 

positive cells in the crypts, supporting a more targeted 
inhibition of Notch1 as a safer choice to avoid GI side 
effects which are common with GSIs (Suppl. Figure 7).

Additionally, even though DBZ (10umol/Kg) delivered 
I.P. for three days followed by four days holiday period 
[16], did reduce tumor growth (Suppl. Figure  8  A), it 
caused overall immunosuppression in the TME of mel-
anomas. We observed depletion of MDSCs and Tregs 
(Suppl. Figure 8B, C), but also of CD4+ and CD8+ T cells 
(Suppl. Figure  8D, E), in the TME and in the spleen. 
The Tregs/CD8 ratio in the TME did not change as we 
observed in tumors depleted of Notch1 only (Suppl. 

Figure  8I), likely because both the Tregs and the CD8+ 
populations were depleted simultaneously.

Together, these data indicate anti-N1 is selective and 
non-toxic to normal cells; it does not affect the GI tract; 
and it delivers anti-tumor activity without the immu-
nosuppressive property of GSIs, thus supporting its 
use as a safer anti-melanoma approach than pan-Notch 
inhibition.

Anti-N1 favors CD8 + T cell cytotoxicity and anti-tumor 
activity
Given the increase in CD8+ T cells in the TME, we sought 
to investigate whether the anti-tumor effect observed in 

Fig. 4 Anti-N1 delays tumor growth and promotes an inflamed TME: (A) Growth rates of YUMM2.1 tumors treated with IgG or anti-N1 (10 mg/Kg) every 
other day. Data are the mean ± SEM, of two experiments performed independently, each containing 10 tumors per group. (B) % M-MDSCs (CD11b+; 
Ly6Chi; ly6G− = monocytic), Tregs (CD4+/FoxP3+), CD4+ T cells, CD8+ T cells, in the TME of YUMM2.1 tumors from the mice treated in A. The Tregs/CD8 
ratio was calculated by dividing the absolute number of CD4+/FoxP3+ and CD8+ T cells in tumors. Absolute numbers were obtained by normalizing the 
number of cells detected by flow cytometry to the tumor mass. (C) Mouse weight at time 0 and at the end time point of 15 days. No significant differ-
ences were observed among groups (IgG vs. aN1) and between groups at time 0 and end time point (p > 0.05). (D) H&E and Ki67 staining of sections of 
intestines from the mice in A, collected at the end time point. Left: representative pictures; right: quantification of pixel intensity of Ki67 staining. n = 10. 
Scale bar: 100 μm
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mice treated with anti-N1 was due to increased cytotox-
icity of these effector cells. First, CD8+ T cells, obtained 
from naïve C57Bl/6 spleens, were stimulated with PMA/
ionomycin in vitro then treated with either DBZ or anti-
N1. Interestingly, both DBZ and anti-N1 increased CD8+ 
T cell proliferation (% Ki67+ cells), however, while DBZ 
decreased active CD8+ T cells (% CD44+/CD69+ cells), 
anti-N1 did not. No changes in the expression of PD-1 
were observed with either DBZ or anti-N1, however, the 
antibody increased the frequency of CD107a+ degranu-
lated cells as well as CD107-IFNγ and CD107-TNFα 
positive cells (Fig.  5A, B). Granzyme B positivity was 
unchanged by anti-N1 but significantly diminished by 
DBZ (ELISpot assay, Fig.  5C). Of note anti-N1 reduced 

Notch1 activity in stimulated CD8+ T cells, as shown 
by lower levels of both activated Notch1 (NIC) and of 
SNAP23; but it did not affect BCAT2, a selective target of 
Notch2, indicating Notch2 is likely active in CD8+ T cells 
(Fig. 5D). These data support that the selective blockade 
of Notch1 in CD8+ T cells increases their cytotoxic abil-
ity, which is likely to exert anti-tumor activity.

To test this notion ex vivo, TILs (tumor infiltrating lym-
phocytes – CD45+) were extracted from YUMM2.1 mel-
anoma tumors (n = 5) that were treated for 14 days with 
either IgG or anti-N1 (10 mg/Kg, every other day). TILs 
were then cultured overnight in the presence of anti-N1 
or control IgG, and the production of IFNγ and granzyme 
B assessed by ELISpot. Both were significantly produced 

Fig. 5 Anti-N1 promotes CD8+ T cytotoxicity. A, B) Flow cytometry for markers of cell growth (Ki67), activity (CD44/CD69), exhaustion (PD-1), degranula-
tion (CD107a), IFNγ and TNFα in CD8+ T cells unstimulated or stimulated with PMA (50ng/ml) + ionomycin (500ng/ml) for 4 h in vitro. C) Granzyme B+ 
CD8 T cells treated as in A-B. Dots were counted by ELISpot. D) Expression of active Notch1 (NIC), the Notch1 selective target SNAP23 and the Notch2 
selective target BCAT2 in CD8+ T cells. Data are the mean of 3 independent experiments. E, F) IFNγ and GZB ELISpot data from treated tumors. Data are 
the mean of two independent experiments each containing 5 tumors. P values were calculated by the Student’s t test. G) Naïve YUMM2.1 melanoma cells 
were co-cultured with TILs extracted from YUMM2.1 tumors treated with IgG or anti-N1, and APCs at a 5:1 ratio, then treated with 10ug/ml anti-N1 for an 
additional 12 h. Cells were then harvested for flow cytometry. Data are the % of alive cells in the anti-N1 group normalized to control (IgG), which was set 
at 1 for all treatments. Data are the mean of three independent experiments. Combo = melanoma + TILs + APCs
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by TILs from mice treated with anti-N1 (Fig.  5E, F and 
Suppl. Figure  9), indicating these cells are likely cyto-
toxic. We therefore tested the anti-tumor activity of TILs 
ex vivo. TILs extracted from YUMM2.1 tumors treated 
as above, were cultured with APCs and naïve YUMM2.1 
melanoma cells, then anti-N1 was added for 12 h. At this 
concentration (10ug/ml) and duration, the antibody does 
not kill melanoma cells directly (direct cell death is sig-
nificant only after 96 h at this concentration, or 72 h at 
25ug/ml – Fig.  3), however, aided TILs mediated mela-
noma cell death, as shown by a 40% reduction in viable 
melanoma cells in the co-culture, compared to TILs 
extracted from IgG treated tumors (Fig.  5G, Suppl. Fig-
ure 10 - data are normalized to IgG treated cells, set at 1 
as reference).

Overall, these data support the selective inhibition of 
Notch1 to both bypass the gastrointestinal side effects 
and global immunosuppression associated with pan-
Notch inhibition and most importantly, to maintain an 
anti-tumor CD8+ T cell population needed to kill the 
tumor cells.

Anti-Notch1 boosts anti-PD-1 treatment
In view of the anti-tumor activity of anti-N1, its ability 
to stimulate an inflamed TME with increased cytotoxic 
CD8+ T cells, and its safety, we sought to determine 
whether anti-N1 could boost the anti-tumor effects of 
anti-PD-1. YUMM2.1 were chosen as model system as 
they are sensitive to both anti-PD-1 [26] and anti-N1. 
Tumors were allowed to grow to approximately 100-
150mm3, and animals were then divided into four groups 
of treatment, containing mice with comparable tumor 
volumes: IgG control (10  mg/Kg); anti-N1 (10  mg/Kg); 
anti-PD-1 (100  µg/mouse [27]); combo (aN1 + a-PD-1), 
delivered I.P. every other day. Both a-N1 and a-PD-1 
exerted anti-tumor activity, with the combination further 
delaying tumor growth (Fig. 6A). A significant separation 
in the growth curves of the combination therapy com-
pared to either monotherapy, was apparent at day 22 post 
inoculation (Fig. 6B), which falls into the second week of 
treatment, and continued until the end time point (day 
32), when animals were euthanized, and tumors collected 
for flow cytometry. Analysis of the TME revealed a trend 
in CD4+ cells increase in the monotherapy, albeit not 
significant (p = 0.07), however, the combination therapy 
boosted the percentage of CD4+ T cells in the TME. A 
significant increase in CD8+ T cells was observed in all 
treatment groups, however, given that the Tregs popula-
tion was significantly inhibited in both monotherapies, 
and more so in the combination, the resultant Tregs/CD8 
ratio was significantly reduced in all treatment groups, 
especially in the combination.

Notably, DBZ, while exerting a slight anti-tumor activ-
ity in YUMM2.1, it did not boost the anti-tumor activity 
of anti-PD-1 (Suppl. Figure 11).

Overall, these data demonstrate that selective inhi-
bition of Notch1 exerts anti-melanoma therapy with 
immunomodulatory activity that boosts ICI treatment 
with anti-PD-1.

Discussion
Although immunotherapy with combination anti-PD-1 
and anti-CTLA-4 delivers durable responses in mela-
noma patients, half of the patient population demon-
strates resistance, either intrinsically or acquired. Several 
mechanisms of resistance have been identified. High 
expression of PD-L1 and 2 for example, counteracts 
CD8+ T cell activation and tumoricidal function. Mela-
nomas can also selectively attract immune inhibitory 
cells such as Tregs and MDSCs; or show low antigen pre-
sentation and recognition due to low mutational burden 
and loss of MHC class I. Melanoma may also present 
insufficient mature dendritic cells (DCs) in the TME that 
can limit the generation of potent T cell responses; and 
have mutations such as in the JAK/STAT pathway that 
decrease IFNγ signaling sensitivity (reviewed in [41, 42]). 
We propose elevated Notch1 signaling activity is also a 
mechanism of resistance to melanoma immunotherapy.

We show that elevated Notch1 and Notch canoni-
cal target genes, which act as readout of Notch activity, 
are associated with a non-inflamed TME, and that ele-
vated expression of Notch activity associates with non-
responders to ICIs. Selective Notch1 inhibition with a 
novel neutralizing monoclonal antibody developed in our 
laboratory not only exerts anti-tumor activity as a mono-
therapy, but importantly, boosts the therapeutic effects of 
anti-PD-1. Mechanistically, we find inhibition of Notch1 
increases CD8+ T cell degranulation and IFNγ and Gran-
zyme B production both in vitro and in vivo, leading to 
melanoma cell killing.

These data support previous findings from our group of 
a role of Notch1 in promoting a non-inflamed melanoma 
TME [9], and, importantly, provide a novel translational 
means to selectively target Notch1 in melanoma. This 
is quite important because by inhibiting Notch1 only, 
Notch2 is left unaffected and able to maintain GI homeo-
stasis, as well as the cytotoxic properties of CD8+ T cells. 
This cannot be achieved with GSIs. Indeed, we show that 
the use of the GSI dibenzazepine (DBZ) in a syngeneic 
melanoma model results in the reduction of both pro-
tumorigenic (Tregs, MDSCs) and anti-tumorigenic cells 
(CD4+ and CD8+ T cells), essentially leading to overall 
immunosuppression; and requires staggered delivery of 
the drug, with a three-day treatment followed by a four-
day holiday period to allow the animals to regain weight, 
as previously demonstrated [16], which may negatively 
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affect the GSI anti-tumor properties. On the other hand, 
anti-N1 was safe, allowing mice to maintain and even 
slightly gain weight over time, and demonstrating normal 
intestines, indicating lack of GI toxicities. Importantly, 
anti-N1 promoted CD8+ T cells cytotoxicity. Even in the 
combination therapy anti-N1/anti-PD1, animals main-
tained and gained weight over time (not shown), again 
suggesting lack of GI side effects. This is important as ICI 
combination therapies such as anti-PD-1/anti-CTLA-4, 
while it leads to prolonged survival in melanoma patients 
[1], are often accompanied by severe immunogenic 
adverse events, mostly to the GI tract, skin, liver, lungs, 

that can interrupt or even suspend the therapy, if not 
manageable [43].

In summary, we show anti-N1 is well tolerated in mice 
harboring melanoma tumors; it does not cause GI-associ-
ated side effects alone or in combination with anti-PD-1; 
and importantly, exerts significant anti-tumor activity 
as monotherapy, partly by increasing tumor CD8+ T cell 
cytotoxicity, explaining why anti-N1 boosts anti-PD-1 
therapy. Future studies will investigate the potential of 
anti-N1 in combination with other ICIs and the possible 
immunogenic adverse events and will further define the 
anti-tumor mechanisms of anti-N1. In conclusion, we 

Fig. 6 Anti-N1 boosts anti-PD-1 treatment. (A) Tumor growth of YUMM2.1 cells inoculated s.c. into C57BL/6 mice. Treatment with IgG control (10 mg/Kg), 
anti-N1 (10 mg/Kg) or anti PD-1 (100ug/mouse) started at day 11 post inoculation, when tumors reached an average volume of 100-150mm3. The Y axis, 
representing tumor growth, has been sectioned into three lines to better show the separation in growth among treatments and between treatments 
and control. (B) Student’s t test for each time point. n.s.= not significant. (C) % of CD4+ T cells, CD8 + T cells, and Tregs in the TME of each treatment group. 
(D) Tregs/CD8 ratio. N = 20 per group. This experiment was performed twice, and data combined, with n = 10 per group, per experiment. Significance was 
calculated by the Student’s t test
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propose selective Notch1 inhibition with our anti-N1 
antibody as a novel, effective anti-melanoma therapy, 
particularly in combination with immunotherapy.
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