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Abstract

We have previously shown that Notchl plays a critical role in modulating melanoma tumor cell
growth and survival. Here we show that Notchl also contributes to an immune-suppressive tumor
microenvironment (TME). Notch1 inhibition reduces immune suppressive cells (i.e. MDSCs and
Tregs) while allowing the recruitment of functional CD8(+) T cells, leading to a decrease in the
Tregs/CD8(+) ratio, a key parameter in assessing positive responses to immune-checkpoint
inhibitors. Inhibition of Notch1 improves the antitumor activity of nivolumab and ipilimumab,
particularly when given in combination. Mechanistically, tumor-associated Notchl regulates the
expression of several chemokines involved in MDSCs and Tregs recruitment. Among them, CCL5,
IL6 and IL8, or MIP2 in mouse, were consistently reduced by Notchl depletion in several human
and mouse melanoma cell lines. Notch1 controls the transcription of 1L8 and IL6; and the
secretion of CCL5 likely by inhibiting the expression of SNAP23, a member of the SNARES
family of proteins involved in cell exocytosis. Inhibition of SNAP23 decreases CCL5 secretion
similarly to Notchl inhibition. Hence, targeting Notch1 would affect both melanoma intrinsic
growth/survival properties, and provide an immune-responsive TME, thus improving immune
therapy efficacy.
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Introduction

Notch proteins are single-pass trans-membrane receptors involved in embryogenesis and self
renewal in adult tissues, but are often re-activated in several cancers. Notch1, one of the four
members of the Notch family, has been associated with a number of malignancies, including
prostate, lung, ovarian and renal cancers and T-cell acute lymphoblastic leukemia (T-ALL)
where it is found frequently mutated(1-6],

Notchl plays crucial roles in the maintenance of melanocyte stem and precursor cell
homeostasisl’]. Lack of Notch1 in the melanocytic lineage results in premature hair graying
in the mouse caused by loss of melanoblasts in the embryo and premature differentiation of
melanocyte stem cells in the adult mousel”]. In mature melanocytes, Notch1 expression is
reduced; however, melanomas show increased expression and activity of Notchl compared
to normal melanocytes!8: 91, Our previous work demonstrated that Notch is elevated in up to
60% of melanomas and that Notchl depletion in melanoma cells causes cell death and
inhibits proliferation, leading to reduced melanoma growth. Accordingly, forced expression
of active Notch1 (NIC) transforms primary human melanocytes in vitro and confers
metastatic properties to primary melanoma cells[8-131, overall underpinning a critical role of
Notchl signaling in controlling several aspects of melanoma tumorigenesis.

A role of cancer associated Notch in modulating the immune component of the tumor
microenvironment has started to emerge. For example, inhibition of Notch signaling by a y-
secretase inhibitor decreased tumor burden in a mouse model of head and neck squamous
cell carcinoma, and importantly was associated with decreases in myeloid-derived
suppressor cells (MDSCs), tumour-associated macrophages (TAMSs) and regulatory T cells
(Tregs), as well as immune checkpoint molecules (PD1, CTLA4, TIM3 and LAG3) in the
tumorl4l. Similarly, in a murine model of melanoma, reduced tumor Notch1 resulted in
reduced infiltration of immune suppressive cells (e.g. Tregs, MDSCs) and an increase in
cytotoxic T cells [13],

MDSCs are a heterogeneous population of cells that are defined by their myeloid origin,
immature state and ability to potently suppress T cell responses. Therefore, high numbers of
tumor-infiltrating MDSCs are often associated with higher tumor burden and metastatic
disease, leading to poor survival in cancer patients[16l. In melanoma, circulating MDSCs
have a negative impact on survival and inversely correlate with the presence of functional
antigen-specific T cells(7]. Also, patients with higher circulating MDSCs respond less to
immunetherapies such as ipilimumab (anti CTLA4)[18] and nivolumab (anti PD1)[19]. Tregs,
in particular peripheral Tregs, are induced from naive CD4(+)T cells and are defined by the
expression of the Forkhead Box P3 (FoxP3) transcription factor[20l. They also contribute to
an immune suppressive TME. It has been shown that an accumulation of FoxP3+ Tregs and,
in particular, a higher abundance of Tregs over CD8(+)T cells within tumor tissue is
associated with worse prognosis in several cancers including melanomal20: 211,

Given the promise of immune checkpoint inhibitor therapies in improving the life
expectancy of patients22 231t is important to understand the underlying mechanisms of
resistance toward these treatments. Here we show that Notch1 controls the types of immune
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cells that infiltrate melanoma tumors. Notchl depletion results in a decrease in MDSCs and
Tregs and an increase in functional cytotoxic effector T cells (CD8), leading to an overall
decrease in the Tregs/CD8 ratio. Importantly, Notchl inhibition significantly improves the
anti tumor effects of nivolumab (anti-PD1) and ipilimumab (anti-CTLA4). Mechanistically,
we propose that melanoma cell expression of Notchl controls the expression and secretion
of several chemokines involved in MDSCs and Tregs recruitment to the tumor site. Thus,
inhibiting Notchl can improve the effectiveness of checkpoint inhibitors, while
simultaneously affecting the growth and survival of cancer cells.

Materials and methods

Cell lines, mice, and tumor models

Human melanoma cell lines WM266-4, K457, SKMel2, S2842, MeWo, FEMX, and mouse
lines B16F10, YummZ1.1 were purchased from ATCC or were kindly provided by Dr.
Marianne Powell (Stanford University) and Dr. Marcus Bosenberg (Yale University). Cells
were cultured in DMEM supplemented with 10% fetal bovine serum, 100U/ml penicillin
and 100ug/ml streptomycin at 37 °C in a 5% CO, atmosphere.

Eight-weeks old female C57BL/6 mice were purchased from The Jackson Laboratory and
maintained under pathogen free conditions. 1.5x10% B16F10 cells or 1x108 YUMMZ1.1 cells
expressing shGFP or shNotch1 were subcutaneously injected into the flanks of 5 mice for a
total of 10 tumors per group per experimental repeat. At least two experimental repeats were
performed. Tumor size was measured by caliper every 3 days using the formula: (LxXW2/2).
Tumors and spleens were harvested at day 17 and day 25 for shGFP expressing B16F10
tumors and Yumm1.1 tumors, respectively and at day 21 and day 29 for shNotchl
expressing B16F10 tumors and Yumm1.1 tumors, respectively. For the treatment with
immune checkpoints ipilimumab (anti-CTLA4, BioXcell, West Lebanon, NH) and
nivolumab (anti-PD1, BioXcell, West Lebanon, NH), B16F10 cells expressing either shGFP
or shNotch1 were inoculated subcutaneously into the flank of 8 weeks old C57BL/6 mice.
At day 8 post-inoculation, i.e. when tumors in all animals were approximately 150-200
mm3, mice carrying either shGFP or shNotch1 expressing tumors, were divided into four
groups of treatments: isotype 1gG (Ctrl) anti-PD1 (200 pg/dose), anti-CTLA4 (200 pg/dose)
or a combination of anti-PD1 and anti-CTLA4, given by intraperitoneal injection every other
day for the duration of the experiment, as previously reported in [24: 251 Tumors were
measured as indicated above and tumors and spleen were collected at the end time point for
flow cytometry analysis.

shRNA, and antibodies for Western Blotting

TRCNO0000003359 shNotchl was used against human Notch1 as previously

described[® 9131, TRCN0000025935 (1) and TRCN0000025895 (2) shNotch1 were used for
mouse Notchl knockdown. The shRNAs used for SNAP23 knockdown were:
TRCNO0000218715 (1), TRCN0000229795 (2), TRCN0000144789 (3) (Sigma). Antibodies
used for WB were: anti-Notch1 (C20, Santa Cruz Biotechnology), anti-a-Tubulin (DM1A,
Sigma), anti-SNAP23 (ab3340, Abcam) and anti-SNAP23 (D-11, Santa Cruz
Biotechnology).
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Flow cytometry analysis

Spleens were dissociated mechanically into single cell suspensions by 40um strainers in ice-
cold 2% FBS HBSS buffer. Tumors were digested with collagenase D dissociation buffer,
and single cell suspensions were collected from discontinuous percoll gradients as described
previously[?6]. Dead cells discrimination was performed by Viobility 405/452 Fixable Dye
(Miltenyi Biotec). Cell surface antigens were probed by incubating cells at 4°C for 30
minutes. Intracellular staining of Foxp3 was done using the fixation/Permeabilization buffer
according to the manufactured recommendations (Miltenyi Biotec). The antibodies used for
flow cytometry were: anti-CD11b-PE (M1/70), anti-Ly6C-FITC (HK1.4), anti-Ly6G-APC
(1A8), anti-CD8-APC (53.6.7), anti-CD4-FITC (GK1.5), anti-CD69-PE (H1.2F3)
(BioLegend) and MACS Treg detection kit (Miltenyi Biotec). Cells were analyzed with
Attune NXT flow cytometer and followed by flow-Jo software analysis. MDSCs were
phenotyped as CD11b* Ly6G~ Ly6CNi (Mono-MDSCs) and CD11b* Ly6G* Ly6C!® (PMN-
MDSCs). Treg cells were phenotyped as CD4*Foxp3*.

MDSCs migration assay

MDSCs were isolated from spleens of tumor free C57BL/6 mice by sorting Gr1+-APC/
CD11b+-FITC cells. Purity was determined by FACS to be at 90% (Suppl. Fig. 1). 500pl
2x10% MDSCs were plated into 24-transwell inserts, and 750 ul conditioned media from
B16F10 cells expressing either shGFP or shNotchl were added to the bottom chambers.
After 5 hours’ incubation, the numbers of cells in insert and bottom chambers were counted.

Quantitiative RT-PCR

Total RNA was isolated by High Pure RNA Isolation Kit (Roche) from cultured cells or
tumor cell suspensions, and synthesis to cDNA by iScript™ cDNA Synthesis Kit (Biorad).
Primers used are listed in Suppl. Table 1.

Chemokines C-arrays and ELISA assays

2 %108 cells expressing either sShnGFP or shNotch1 were seeded in 10 cm plates with 10%
FBS DMEM complete media, and cultured for one day. Cells were then washed three times
with PBS before addition of serum free media. After three days in culture, supernatants were
collected and the volumes were adjusted by total protein amount in cell lysates. Chemokines
were quantified as pg/ug total protein in whole cell lysates. C-arrays and ELISA assays were
performed according to manufacturer’s instructions. Human Cytokine Array C5, Mouse
Cytokine Array C3, Human IL-8 ELISA Kit (ELH-1L8-1), Human RANTES (CCL5)
ELISA Kit (ELH-RANTES-1), Mouse RANTES ELISA Kit (ELM-RANTES-1), Human
IL-6 ELISA Kit (ELH-1L6-1), Mouse IL-6 ELISA Kit (ELM-IL6-1), Mouse MIP-2 ELISA
Kit (ELM-MIP2-1) were all from Raybiotech.

Results

Notch1 affects myeloid derived suppressor cells (MDSCs).

We have previously shown that Notchl plays a critical role in human melanoma tumor
growthl8l. Similarly, inoculation of two syngeneic murine melanoma cell lines B16F10 and
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Yumm1.1[27] into immune competent C57BL/6 mice showed that depletion of Notch1 (fig.
1A) is sufficient to delay tumor growth also in an immune competent context (Fig. 1B). Of
note, active Notchl (Notch1-NICD) appears to be mostly nuclear in both cell lines (Suppl.
Fig. 2). The levels of Notch2, which has been shown to have redundant functions with
Notchl, were undetected in Yumm1.1 and were unchanged in B16F10 cells depleted of
Notchl. Hence, we have excluded that the effects observed could have been in part due to
Notch2. To specifically address the question as to whether the expression of Notchl in
melanoma tumors may influence the immune component of the tumor microenvironment,
we measured the presence of several immune cells in both B16F10 and Yumm1.1 tumors.
The analysis was done in tumors of comparable sizes, i.e. at 17 and 25 days for shGFP
expressing tumors, and at 21 and 29 days for the shNotchl expressing tumors, respectively
(Fig. 1B). Of note, Notchl did not affect the expression of PDL1 (not shown), which is
overexpressed in several tumors including melanoma, and contributes to cancer immune
escapel28],

A higher percentage of MDSCs in melanoma tumors has been shown to be associated with
lower patient survival and lower response to immune checkpoint inhibitors[17-191. Hence, we
first assessed whether Notch1 could affect MDSCs in the TME. We detected both the
monocytic (Mo) (CD11b+Ly6ChiLy6G-) and polymorphonuclear (PMN) (CD11b
+Ly6C!°Ly6G+) MDSC populations (Suppl. Fig. 3) in the TME and found that Notch1
inhibition associated with a decrease in the number of Mo-MDSCs, while the PMN
population did not change (fig. 1C). This is intriguing, as it has been shown that tumor
associated Mo-MDSCs have a more potent suppressive activity than PMN-MDSCs[29],
Importantly, tumor expression of Notchl did not appear to influence MDSCs in peripheral
organs such as the spleen in either tumor type (Fig. 1D), indicating a local effect on the
tumor microenvironment.

MDSCs use several mechanisms to induce immunosuppression, including the production of
arginase 1 (Argl) and inducible nitric oxide synthase (iNOS), leading to CD4(+) and
CD8(+) T-cell inhibition[3%]; recruitment of Tregs by elevated production of IL-10 and
TGFb; and are able to inhibit the migration of CD8(+)T cells to the TME[29. Interestingly,
inhibition of Notchl caused a significant reduction of mediators such as ARG1, 1L10 and
TGFB in the tumor milieu (Fig. 1E), suggesting inhibition of Notch1l in the tumor could
stimulate the recruitment of cytotoxic T cells while inhibiting that of inhibitory Tregs.

Tumor associated Notchl affects CD8(+) T cells, Tregs and the Tregs/CD8 ratio.

Given the decrease in factors associated with CD4(+) and CD8(+) T cell inhibition, we
sought to determine whether Notch1 inhibition affected these cell populations. Interestingly,
we found that in tumors expressing shNotch1, the number of CD8(+) T cells, normalized by
tumor mass, was 50% and 30% higher than in shGFP expressing tumors in B16F10 and
Yummal.1, respectively (Fig. 2A, B, Suppl. Fig. 4). These CD8(+) T cells were active, as
demonstrated by an increase in CD69 positivity (Fig. 2C), a marker of CD8 activation[31: 321,
However, no significant differences were observed in the CD4(+) population in the TME
(Fig. 2A, B) and in both cell types in the spleen (not shown).
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A decrease in IL10 and TGFp in the TME led us to hypothesize that inhibition of Notchl
could affect the abundance of regulatory T cells (Tregs) as well. Tregs were detected by
sorting Foxp3™* cells among the CD4(+) T cell population. Indeed, knock down of Notch1l in
both B16F10 and YummZ1.1 tumors led to a decrease in the number of regulatory T cells
detected in the TME (fig. 2D, E). Again, no change was observed in Tregs in the spleens
(not shown), reiterating a potential role of tumor associated Notchl in recruiting immune
cells to the tumor microenvironment.

Studies have shown that a higher abundance of Tregs over CD8(+)T effector cells within
tumor tissue is associated with worse prognosis in several cancers including

melanomal??. 211, The decrease in Tregs associated with an increase in the number of
CD8(+) T cells, resulted in a consequent significant reduction in the Tregs/CD8 ratio (Fig.
2F). Together, the data suggest Notchl promotes an immune suppressive TME by recruiting
MDSCs and Tregs and by decreasing the overall number of cytotoxic T cells at the tumor
site. Given that responses to immune checkpoints inhibitors have been associated to an
increase in the CD8 population over Tregs[33], inhibition of Notch1 can potentially improve
the efficacy of immune therapies by tipping the scale toward a more immune responsive
TME.

Notch1 inhibition improves tumor responses to immune checkpoint inhibitors.

To test whether inhibiting Notch1 in the tumor would improve the efficacy of immune
checkpoint inhibitors (ICIs), B16F10 cells expressing either shGFP or shNotchl1 were
inoculated subcutaneously into the flank of C57BL/6 mice. Yumm1.1 derived tumors were
previously shown to be unresponsive to anti-PD1 therapy and were therefore excluded from
this analysist34]. Mice were then treated as describe in material and methods. Tumors from
cells expressing shNotchl grew slower as expected; and, importantly, where further
suppressed by the IClIs treatments with respect to the shGFP group, averaging a 26, 36 and
40% reduced tumor growth over shGFP, at days 11, 14 and 17 of treatment with the
combination therapy (Fig. 3A, B). Analysis of immune cells in the tumors at the end time
point confirmed that inhibition of Notch1l leads to an increase in functional (CD69 positive)
CD8(+) T cells, as well as the combination anti-PD1/anti-CTLAA4 (fig. 3C, D). The number
of functional CD8(+) T cells was even greater when the combination treatment was
associated with Notch1 inhibition, reiterating the notion that ablation of Notch1 signaling
can improve responses to ICls. With the exception of the combination therapy, ICIs did not
affect the tumor associated Treg population (Suppl. Fig. 4B); however, Notchl inhibition did
reduce this cell type population, confirming our previous results. Importantly, likely, as a
consequence of an increase in CD8(+) T cells due to both Notchl inhibition and ICI
treatment, and a Notch1 dependent decrease in Tregs, we observed an overall decrease in the
Tregs/CD8 ratio, particularly in tumors that were treated with both inhibitors and that also
expressed shNotchl (Fig. 3E). As for MDSCs, we observed a reduction of both the
monocytic and polymorphonuclear MDSCs in the tumor particularly with ipilimumab (anti-
CTLA4) (Suppl. Fig. 5A). Again, Notchl inhibition reduced tumor associated Mo-MDSCs
as previously shown. Interestingly, both antibodies, particularly when given in combination,
led to a reduction of MDSCs and Tregs and a concomitant increase of both the CD4(+) and
CD8(+) T cell populations in the spleens (Suppl. Fig. 6), suggesting a systemic affect of the
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inhibitors. Interestingly, melanoma patients treated with ipilimumab (anti-CTLA4) a similar
systemic effect was observed[35].

Together, these findings suggest that associating inhibition of Notch1 to immune checkpoint
inhibitor treatment could significantly improve the efficacy of the latter.

Tumor associated Notchl controls the expression and secretion of chemokines.

The observation that tumor associated Notchl did not influence MDSCs (and other cells) in
peripheral organs such as the spleen, suggests that Notchl may promote an immune
suppressive tumor microenvironment by recruiting immune suppressive cells such as
MDSCs to the TME. To test this possibility, we isolated MDSCs from the spleens of
C57BL/6 mice and stimulated them with conditioned media from B16F10 expressing either
shGFP or shNotchl. A 30% reduction in migration was observed in cells stimulated with
shNotchl conditioned media (Fig.4A). These data imply Notchl modulates the recruitment
of MDSCs to the TME via alterations in the secretion of chemo-attractants.

MDSC are actively recruited to primary and metastatic tumor sites by several chemokines
produced by the tumor. CCL2, CCL5, IL6 and IL8, are among the main chemokines
implicated in MDSC migration to tumors[29: 30. 36-39] Tg determine whether Notch1
controlled the production of chemokines, we knocked down Notchl in six human melanoma
cell lines encompassing common oncogenic drivers: WM266-4, K457 (mutated BRAF);
SKMel2, S2842 (mutated RAS), and MeWo, FEMX (WT, WT) (Fig. 4B) and used condition
media from shGFP and shNotch1 cells to hybridized a chemokine array containing 80
chemokines (Fig. 4C). Several chemokines implicated in MDSCs expansion, activation and
infiltration into tumors were shown to be decreased in the media of cells depleted of Notchl.
However only IL6, IL8 and CCL5 were consistently inhibited in all six cell lines. A similar
array was conducted in B16F10 and Yumm21.1 conditioned media (Suppl. Fig. 7A). IL6,
CCL5 and the IL8 mouse homologue MIP2 were inhibited by Notchl knock down in both
mouse cell lines and in tumor homogenates (Suppl. Fig. 7B).

To further corroborate the observation from the array, we conducted ELISA assays (Fig.
4D). These confirmed the reduced secretion of IL6, IL8 and CCL5 in media of cells depleted
of Notchl but not of the other Notch receptors. Additionally, while Notchl modulated IL6
and IL8 at the transcriptional level, it did not affect the transcription of CCL5 (Fig. 4E),
suggesting Notchl may control its secretion.

The secretion of CCL5 involves the fusion of vescicles and/or granules loaded with the
chemokine with the plasma membrane through the interaction of specific SNARES (soluble
N-ethylmaleimide—sensitive factor attachment protein [ SNAA] receptors). SNARES include
vesicle-associated membrane proteins (VAMPS) on the granules, and syntaxins and SNAP23
on the plasma membrane. Once in contact they form a complex allowing the fusion and
consequent release of the chemokines“%l. Interestingly, inhibition of Notch1, but not that of
the other Notch receptors, reduced the expression of SNAP23 (Fig. 5A, B, C). Additionally,
SNAP23 inhibition (Fig. 5D) resulted in diminished secretion of CCL5 and IL-8, though no
effects were seen on the secretion of IL-6 (Fig. 5E). These data indicate Notchl regulates
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both the expression and secretion of these chemokines by modulating the expression of the
fusion/secretion machinery.

Discussion

Here we show that tumor associated Notch1 not only affects melanoma growth and survival
properties, as we have previously shownl® 9131 but it also contributes to an immune
suppressive tumor microenvironment, by promoting the expression and secretion of key
chemokines involved in the recruitment of MDSCs and Tregs. Inhibition of Notchl results in
a decrease of MDSCs and Tregs and an increase in active CD8(+) T cells. Since the presence
of tumor-infiltrating CD8(+) T cells generally correlates with a favorable prognosis[41-43]
and improved responses to immune checkpoint inhibitor therapies[44], inhibiting Notch1 in
conjunction with immune checkpoint inhibitors could improve their efficacy. Indeed,
inhibition of Notch1 resulted in an improve response to anti-PD1 and anti-CTLA4 therapies,
particularly when given in combination.

Immune checkpoints inhibitors targeting CTLA4, PD1 and PDL1 have shown significant
clinical benefits particularly in melanoma. 20% of melanoma patients treated with anti
CTLA4 show evidence of continued durable disease control or even response 5-10 years
after starting therapy. 33% patients respond to anti PD1 therapy, with 70-80% patients
maintaining the response from the initial treatment. Combination immunotherapy has
recently shown up to 58% response in metastatic patients, however it is still early to
determine whether combination therapy provides superior survival benefits than
monotherapy[4]. These partial, albeit significant, responses can be ascribed to intrinsic and
acquired resistance to these therapies. Indeed, approximately one fourth to one third of
patients with metastatic melanoma will relapse over time, despite receiving continued
therapy[46]. Several mechanisms of resistance have been identified, both intrinsic to the
tumor and associated to the tumor microenvironment. The most relevant intrinsic
mechanisms include the absence of antigenic proteins, for example due to mutations in HLA
factors; or genetic T cell exclusion, e.g. by expression of PDL1[23.45]. TME associated
mechanisms include the absence of antigenic T cells, and the accumulation of suppressor

cells such as myeloid-derived suppressor cells (MDSCs) and regulatory T cells (Tregs)
[23, 45]

Our data indicate Notch1 favors the recruitment of MDSCs and Tregs via modulation of the
expression and secretion of several chemokines. Inhibition of Notchl leads to the reduction
of MDSCs and Tregs populations infiltrating the tumor and a consequent increase in the
number of activated CD8(+) T cells, hence producing a more immune responsive TME.
Importantly, when inhibition of Notchl was complemented to immune checkpoint
inhibitors, we observed a further enhancement of activated CD8(+) T cells, particularly in
the combination therapy, and a consequent further reduction of the Treg/CD8 ratio observed
with Notch1 knock down alone or ICls only. In support of a role of Notch signaling in
modulating the immune component of the TME, a recent report showed that inhibition of
Jagged1-induced Notch signaling by a Jaggedl neutralizing antibody reduced MDSCs and
increased CD8(+) T cells infiltrating tumors overall leading to decreased tumor burden in
micel47]. Additionally, our findings are in line with a recent work by Yang et aA*®! in which
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reduced tumor associated Notchl in B16 melanomas resulted in reduced infiltration of
immune suppressive cells (e.g. Tregs, MDSCs) and an increase in cytotoxic T cells.

Hence, combination therapy involving Notchl inhibition and immune checkpoint inhibitors
(IClIs) would likely potentiate the efficacy of immunomodulators. Indeed, our data would
point in that direction as we observe a significant improvement of anti-tumor effects of both
nivolumab (anti-PD1) and ipilimumab (anti-CTLA4), especially when given in combination.
In support of our approach, other studies have already shown the efficacy of combining
immune checkpoint inhibitors (ICIs) with other therapies. For example, combination of anti-
PD1 with BRAF and MEK inhibitors improves the antitumor activity of the ICI and of the
targeted therapies alone[48l. Additionally, there is growing evidence of synergistic
combinations with immunostimulatory agents, such as the agonistic anti-CD137 (4-1BB) or
anti-CD134 (0X40), that can potentiate CD8+ T-cell activation[4°]. Blockade of Notch1l
would therefore have several advantages: i) it would affect cancer cells directly by inhibiting
their growth and survival; ii) it would decrease the infiltration of immune suppressive cells;
iii) and increase that of cytotoxic CD8(+) T cells.

Yet, caution should be considered when inhibiting Notch signaling. It has been shown that
Notchl and Notch2 act redundantly in controlling CD8(+) T cell priming and effector T cell
differentiation[®0: 511, Hence, a better approach should target Notch1 specifically by for
example a neutralizing antibody, in order to maintain Notch2 function and therefore ensure
inhibition of immune suppressive cell populations and maintenance of functional effector T
cells. Together, novel approaches targeting tumor-associated cancer drivers and TME
modulators hold promise to improve overall patient outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Melanoma associated Notchl induces an immune suppressive Tumor
Microenvironment by recruiting MDSCs and Tregs to the tumor.

MDSCs and Tregs recruitment depends on the secretion of several
chemokines whose expression and/or secretion is controlled by tumor
associated Notch1.

Inhibition of melanoma associated Notch1 results in a decrease in immune
suppressive cells and an increase in cytotoxic effector T cells overall
improving the efficacy of immune checkpoint inhibitors (ICIs).

Hence, targeting Notchl in conjunction with ICls holds the promise of
improving overall patient outcomes.

Cancer Lett. Author manuscript; available in PMC 2020 April 27.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Qiu et al.

2000 ~

Page 14

A e N e B T 3000 1B16F10 Yumm1.1
Q s O =z 2500 {-e=shGFP —-shGFP
1500 -
% 1 2 %% £ 2000 |- shNotch -B-shNotcht
N1g od B8 | |09 'S 1500 - 1000 o
1000 -
Tub g 500 - 500
O- TUD | o e e | | g E 0 (**p<0.01) 0 (5 **p<0.001)
B16F10 Yumm1.1 0 8 111417 21 0 7 141720232529
days days
C B16F10 Yumm1.1 D B16F10 Yumm1.1
517 14 _
™ WshGFP mshGFP ns. c 10 WshGFP ° |mshGFP
g 4 {EshN1 :#lshN‘I g 6 ns. mshN1 ; m<hN
S - i S
= 3 psooos 8l p=0002 @2 ° i ns.
n 2 NI » 4 3
(8] 3 Q
(/)] 1A 2 » 2 2
(a] 1 a 1
= 0 - [ - E 0 0
X Mono PMN Mono PMN X Mono PMN Mono PMN
E 1000 1 BshGFP 14 7 B shGFP 1.4 B shGF
BshN1 12 EshN1 12 EshN1
800 1 c £
= 8 1 "6‘ 11
% 600 1 p<0.05 @ 0.8 1 8 0.8
o @ =
= 400 - S 06 1 @D 0.6 T
) p=0.01 ¥ 041 % 0.4
Eé 200 1 = 02 A = 02 4
0 - 0 0 -

B16F10 Yumm1.1

B16F10 Yumm1.1

B16F10 Yumm1.1

Figure 1. Inhibition of Notch1 inhibits melanoma growth and affects the tumor

microenvironment.

A) Expression of mouse specific shNotchl in B16F10 (left) and Yumm1.1 (right). shN1 #1
was used for the in vivo growth. B) Tumor growth of B16F10 and YummZ1.1 mouse
melanoma cells. C) % MDSCs (CD11b+; Ly6CN: ly6G~ = monocytic; and CD11b+;
Ly6C!; Ly6G* = polymorphonuclear) in B16F10 and YummZ1.1 tumors expressing shGFP
or shNotchl (n=20). D) %MDSCs in spleen of mice bearing B16F10 and Yumm1.1 tumors
expressing shGFP or shNotchl (n=20). E) Arginase-1, IL10 and TGFp expression detected
by quantitative PCR in B16F10 and Yumm1.1 tumor lysates, normalized to B-actin.
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Figure 2. Notch1 affects CD8(+) T cells and Tregs in the TME.
A-B) Absolute number of CD4(+) and CD8(+) T cells in B16F10 (A) and Yumm1.1 (B)

tumors (*p=0.01; **p=0.02, n=20). C) % of CD69 positive CD8(+) T cells (***p<0.01,
n=20). D, E). Absolute number of Tregs (CD4+/Foxp3+) cells in Yumm1.1 (A) and B16F10
(B) tumors originated from cells expressnig either shGFP or shNotchl. n=20. F) Tregs/CD8
ratio in the TME. The 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. Values are the avarage between two
experimental repeats.
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Figure 3: Notchl inhibition improves the efficacy of immune checkpoint inhibitors.
A) growth rates of B16F10 cells expressing either shGFP or shNotch1 treated with anti PD1,

anti-CTLA4 or a combination of the two (n=10 per group). B) statistical analysis of growth
difference between groups at all time points. C) Absolute number of CD8(+) T cells in the

tumors in A. D) % of CD69 positive CD8(+) T cells. E) Tregs/CD8 ratio in the tumors in A.
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The 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. Values are the avarage between two

experimental repeats.
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Figure 4: Notchl affects MDSCs recruitment by regulating the expression and secretion of
chemokines.

A) In vitro migration of MDSCs stimulated with serum free condition media of B16F10
cells expressing shGFP or shNotchl. B) Notchl mRNA levels in all cells expressing
shNotchl. Values are normalized to shGFP for each cell line. C) Protein levels of
chemokines associated with MDSCs function, secreted in media of the cells in B expressing
shGFP and shNotch1. The values are the ratio between shNotchl and shGFP (setat 1 —
dotted line). Serum free Media was collected after three days incubation and volumes
normalized to adjust for cell number differences, evaluated as the total protein content of cell
lysates. D) ELISAs for IL-8, IL-6 and CCL5. Conditioned media from WM266-4 cells
depleted of all Notch receptors was used. Treatment was done as in C and chemokine
content reported as pg/ug total protein in lysates as a relative measure of cell density. E)
MRNA levels of the three chemokines in WM266-4 cells expressing sShRNAs against all
Notch receptors. Values are the ratio between Notch mRNA and p-actin mRNA, used as
loading control. F) Notch mRNA levels in WM266-4 cells expressing all Notch shRNAs.
All experiments were run in triplicate and values are the mean of three independent
experiments.
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Figure 5. Notch1l controls the expression of SNAP23.

A) mRNA expression levels of several components of the SNARES (soluble A-
ethylmaleimide—sensitive factor attachment protein [ SMAF] receptors) family of membrane
fusion proteins in WM266-4 cells depleted of Notchl. B) mRNA expression of SNAP23 in
cells depleted of all Notch receptors, normalized to p-actin. C) SNAP23 protein expression
in several human melanoma cell lines expressing shGFP or shNotchl. D) SNAP23 shRNA
knock down levels. E) ELISAs for IL-8, IL-6 and CCL5. Conditioned media from
WM266-4 cells depleted of SNAP23 was used. ShSNAP23/2 was used in the experiment.
Treatment was done as in fig. 3C and chemokine content reported as pg/ug total protein in
lysates as a relative measure of cell density. *,**p<0.01. Values are the mean of three

independent experiments run in triplicate.
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