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Abstract

Myeloid-derived suppressor cells (MDSCs) are a major obstacle to promising forms of cancer
immunotherapy, but tools to broadly limit their immunoregulatory effects remain lacking. In this
study, we assessed the therapeutic effect of the humanized anti-Jagged1/2 blocking antibody
CTX014 on MDSC-mediated T cell suppression in tumor-bearing mice. CTX014 decreased tumor
growth, impacted the accumulation and tolerogenic activity of MDSCs in tumors, and inhibited the
expression of immunosuppressive factors arginase | and iNOS. Consequently, anti-Jagged therapy
overcame tumor-induced T cell tolerance, increased the infiltration of reactive CD8* T-cells into
tumors, and enhanced the efficacy of T cell-based immunotherapy. Depletion of MDSC-like cells
restored tumor growth in mice treated with anti-Jagged, whereas co-injection of MDSC-like cells
from anti-Jagged-treated mice with cancer cells delayed tumor growth. Jagged1/2 was induced in
MDSCs by tumor-derived factors via NFkB-p65 signaling, and conditional deletion of NFkB-p65
blocked MDSC function. Collectively, our results offer a preclinical proof of concept for the use of
anti-Jagged1/2 to reprogram MDSC-mediated T cell suppression in tumors, with implications to
broadly improve the efficacy of cancer therapy.
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Introduction

The coordinated activity of the innate and adaptive arms of the immune system is essential
to protect individuals against cancer. However, established tumors create a highly
tolerogenic microenvironment that blocks the development of protective immunity (1).
Myeloid-derived suppressor cells (MDSCs) are primary components of the
immunosuppressive tumor milieu, and are emerging as a major obstacle in the successful
development of promising cancer treatments (2). Therapeutic inhibition of the
immunosuppressive effects induced by MDSCs in cancer patients treated with
chemotherapy, radiotherapy, or immunotherapy regimens is thought to be a highly promising
strategy with potentially significant clinical impact. However, current approaches to
clinically inhibit MDSCs are limited to multi-tyrosine kinase inhibitors or myelosuppressive
agents that are only partially effective and cause rebounds in MDSC numbers as the bone
marrow recovers (3,4). Therefore, new therapeutic strategies to block MDSCs in cancer
patients are needed. Numerous monoclonal antibody (mAb)-based therapies have shown
promising efficacy as cancer therapeutics through the direct targeting of tumor antigens or
tolerogenic molecules on immune cells (5,6). Although several mAb-based approaches have
been developed to directly target exhausted or immunosuppressed T-cells in cancer patients,
there are limited mAb-based therapies that could effectively inhibit MDSCs (7).

The Notch family of receptors regulate a highly conserved pathway that controls the
development, differentiation, survival, and function of many cell types, including immune
cells (8). Mammals have four Notch receptors (Notchl through 4) that are bound by five
ligands of the Jagged (Jaggedl and Jagged?2) and the Delta-like (DLL1, DLL3, and DLL4)
families (9). Binding of Notch receptors to the Jagged or DLL membrane ligands induces a
two-step proteolytic activation leading to the intracellular release and nuclear translocation
of the Notch intracellular active domain (NICD). Once there, NICD binds to the
recombination signal-binding protein-Jx (RBP-Jx) and recruits a mastermind-like
(MAML1-3) co-activator, promoting the transcription of multiple genes (10). In addition,
NICD triggers a number of non-canonical responses (11,12). Binding of the Notch receptors
on CD8* T-cells to DLL ligands on antigen-presenting cells induces anti-tumor cytotoxic
responses (13-15), whereas binding of Notch to Jagged members resulted in suppressive
signals (16). The mechanism for this opposite effect remains unclear with possible
explanations, including different kinetics of Notch activation or selectivity of DLL and
Jagged ligands for Notch receptors. Although the effects of Notch signaling in innate and
adaptive immune responses are the focus of active research, the mechanisms leading to the
expression of Jagged molecules in tumors and the potential effect of their blockade as a
cancer therapy remain largely unknown.

In this study, we aimed to test the anti-tumor effects of CTX014, a humanized 1gG1
blocking antibody that recognizes human and mouse Jagged1 and 2. Our results show that
anti-Jagged therapy triggered anti-tumor T-cell responses through the induction of
potentially immunogenic MDSC-like cells (MDSC-LC) (17). Additional findings
demonstrate the role of NFxB-p65 in the upregulation of Jagged1-2 ligands in tumor-
associated MDSCs. Thus, results identify a promising therapeutic tool to potentially block
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MDSCs in tumors, thereby addressing a major obstacle in the development of successful
therapies against cancer.

Material and Methods

Cell lines and treatment of mice

Antibodies

3LL Lewis lung carcinoma, MCA-38 colon carcinoma, EL-4 thymoma, B16-F10
melanoma, and ovalbumin-expressing EL-4 (EG-7) cells (American Type Culture
Collection, Manassas, VVA) were injected s.c. into mice, as described (18). Tumor cell lines
were authenticated on May 2016 and validated to be mycoplasma-free using an ATCC
detection kit in June 2016. All experiments were conducted with cells within 6 passages.
C57BL/6 mice (6 to 8-wk-old female) were purchased from Harlan-Envigo (Indianapolis,
IN). OT-1 and recombination activating gene 1 null (Rag) mice were obtained from the
Jackson Laboratories (Bar Harbor, ME). Previously reported NFxB-p651o%/flox mice (19)
were crossed with Lysozyme Cre* (LysM-Cre) mice. Tumor-bearing mice were treated i.p.
with non-toxic concentrations of the anti-Jagged antibody (CTX-014, Cytomx, 5 mg/kg,
every 3 days) or isotype 1gG control (BioXcell, 5 mg/kg) starting on day 6 post-tumor
injection and throughout the experiment. To deplete CD8* T-cells or MDSC-LC, 3LL-
bearing mice were pre-treated 1 day before the anti-Jagged injection with 400 pg anti-CD8
(clone 53.6.72, BioXcell) or 250 pg anti-Gr-1 (clone RB6-8C5, BioXcell), respectively.
Maintenance i.p. doses of depleting antibodies were given every 3t day until tumor
endpoint. In MDSCs co-injection studies, 1x108 tumor-MDSCs from 3LL-bearing mice
treated with anti-Jagged or isotype control were co-injected s.c. with 1x108 3LL cells.
Tumor volume was measured using calipers and calculated using the formula [(small
diameter)? x (large diameter) x 0.5]. Experiments using mice were approved by the Augusta
University-IACUC, following the recommended guidelines.

Purified antibodies against arginase I (clone19), iNOS (54/iNOS), gp91P°X (53/gp91), and
fluorochrome-conjugated antibodies against CD8 (53-6.7), CD11b (M1/70), CD44 (IM7),
CD45.1 (A20), CD45.2 (104), CD49f (GoH3), CD69 (H1.2F3), Gr-1 (RB6-8C5), XCR1
(ZET), CD103 (2E7), IFNy (XMG1.2) and Ki-67 (16A8) were obtained from Becton
Dickinson (San Jose, CA) or Biolegend (San Diego, CA). Antibodies against B-actin
(AC-74) and vinculin (V284) were from Sigma-Aldrich (St. Louis, MO) and anti-p84
(5E10) from Abcam (Cambridge, MA). Polyclonal antibodies against NFxB-p65 (D14E1)
and Jagged1 (28H8) were obtained from Cell Signaling Technologies (Beverly, MA), while
anti-Jagged?2 (H-143) was from Santa Cruz Biotechnologies.

Western Blot

Cell lysates were electrophoresed in 8% Tris-Glycine gels, transferred to PVDF membranes,
and immunoblotted with the corresponding primary antibodies. Membrane-bound immune
complexes were detected using ECL in a Chemi-Doc imaging system (Bio-Rad).
Densitometry of NFxB-p65 normalized to nuclear p84 was calculated using the Bio-Rad
Image-Lab software.
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Cell isolation and suppression assays

Tumors digested with DNAse and Liberase (Roche, Branchburg, NJ) were used to isolate
different cellular populations by flow cytometry. 3LL cancer cells were recovered by sorting
the CD45"89 CD49f* cells, whereas tumor-infiltrating myeloid cells were isolated based on
the expression of CD45" CD11b™. For functional assays, MDSCs from tumors or spleens of
tumor-bearing mice or immature myeloid cells (iMCs) from spleens of mice without tumors
were harvested using magnetic beads, as described (18,20). Purity for each population
ranged from 90-99%, as detected by flow cytometry. Isolated MDSCs were co-cultured for
72 hours with anti-CD3/CD28-activated T-cells labeled with CFSE and T-cell proliferation
or IFNy expression monitored by flow cytometry (14). Splenic-MDSCs were cultured for 48
hours with GM-CSF (20 ng/mL) and 30% 3LL-tumor explants (TES) (21) in the presence of
anti-Jagged antibody (2 pg/ml).

Adoptive Cellular Therapy

For adoptive T-cell transfer (ACT) therapy, CD45.2* mice were injected s.c. with EG-7 cells
and started receiving the anti-Jagged or control treatments 6 days post-tumor injection. One
day later, mice received ACT with 1x108 negatively sorted CD45.1* CD8* OT-1 cells that
were pre-activated for 48 hours with SIINFEKL (14). Ten days later, spleens and tumors
were tested for the presence of the transferred CD45.2"%9 CD45.1* CD8* OT-1 cells and for
the expression of IFN-y. For Elispot assays, spleens were collected 10 days after OT-1
transfer and activated with 2 pg/ml SIINFEKL for 24 hours before measuring IFNy
production.

H&E staining and Immunofluorescence

Formalin-fixed-paraffin-embedded tissue sections were stained with hematoxylin & eosin
(H&E) for histology. For immunofluorescence, de-paraffinization and antigen retrieval were
completed and sections blocked in 2% donkey serum and incubated overnight with rat anti-
mouse CD8 (53-6.7, Novus Biologicals) or double labeled with mouse anti-pan-cytokeratin
(C-11, Thermo) and rabbit anti-mouse cleaved caspase 3 (5A1E, Cell Signaling
Technologies), followed by washing in PBS and incubation in donkey anti-rat or anti-mouse/
rabbit 1gG Alexa Fluor® 488/647 (Thermo Fisher Scientific). Next, sections were washed in
PBS, mounted in aqueous mounting media with DAPI (Thermo-Fisher), and visualized in a
Zeiss-LSM-780 Upright-Confocal microscope.

Chromatin Immunoprecipitation

Chromatin immunoprecipitation (ChIP) assays were done using SimpleChip kit (Cell
Signaling Technologies), following the vendor’s recommendations. Briefly, digested and
cross-linked chromatin was prepared from 4x10° tumor-MDSCs or splenic-MDSCs treated
or not with TES for 48 hours, followed by immunoprecipitation with antibodies against
NFxB-p65, Histone H3, or rabbit 1gG (Cell Signaling Technologies). Eluted and purified
DNA was analyzed by qPCR with pre-validated ChIP primers targeting the Jagged1 or
Jagged2 promoters, purchased from Qiagen. Primers against RPL30 promoter were used as
housekeeping gene control.
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Quantitative RT-PCR

Total RNA was isolated from cells using TRIzol (Life Technologies). Reverse transcription
was performed using the Bio-Rad iScript-cDNA synthesis kit. Quantitative-PCR was
achieved on an Applied Biosystems thermocycler using Bio-Rad SYBR green supermix with
pre-validated primers targeting mouse Jaggedl, Jagged2, Notchl, Notch2, or Hesl
(QuantiTect, Qiagen). Fold change expression was calculated comparing the RNA values
from experimental samples relative to the endogenous Actin control (forward,
TGTGATGGTGGGAATGGGTCAGAA,; reverse TGTGGTGCCAGATCTTCTCCATGT),
compared to the results obtained from a pooled sample. Thus, fold change =2 A(ACT) where

ACT=CT (target)=C (actin); and A(ACT)=ACt (targety~ACT (control, pool of all samples)-

Statistical Analysis

Statistical analyses were performed in GraphPad Prism. Significance tests were conducted at
a 5% significance level. Experimental differences between endpoints were assessed by
ANOVA, whereas means comparisons were carried out with the Tukey procedure or the
Dunnet procedure for comparisons with controls.

Results

Anti-tumor effects of anti-Jagged therapy

We aimed to determine the therapeutic effects of the anti-Jagged antibody in several s.c.
tumor models, including 3LL, EL-4, MCA-38, and B16. Mice were treated starting on day 6
post-tumor injection and continued to be injected every 3 days throughout the experiment. A
significant delay in tumor growth was found in all the tested cancer models after treatment
with the anti-Jagged antibody, compared to untreated mice or animals injected with the same
dose of an isotype control (Fig. 1A). Also, evaluation of tumor morphology by H&E
indicated that tumors from anti-Jagged-treated mice show coagulative necrosis and moderate
edema, surrounded by a mild inflammatory infiltrate (Fig. 1B, left), which correlated with
the co-expression of tumor cell marker, cytokeratin, and cell death marker, cleaved caspase 3
(Fig. 1B, right); and a similar distribution of vascular CD31* cells (Suppl. Fig. 1). Thus,
anti-Jagged therapy induced anti-tumor effects and cancer cell death 7 vivo independently
of changes in tumor vascularization.

In order to identify potential populations targeted by the anti-Jagged therapy, we first
measured the expression of Jaggedl and 2 in tumors cultured /n vitro and those collected
from mice. A higher expression of Jaggedl and 2 was detected in the s.c. tumors obtained
from mice, compared to the cancer cells cultured /n vitro (Fig. 1C). Consistent with these
data, the anti-Jagged antibody failed to induce cytotoxicity against cultured 3LL cells (Fig.
1D). Next, we measured the expression of Jaggedl and 2 in sorted cells representing the two
most abundant populations in 3LL tumors, the 3LL cancer cells (CD45"9 CD49f*) and
myeloid cells (CD45* CD11b*) (Suppl. Fig. 2). The elevated levels of Jaggedl and 2 in
tumors were distributed among the cancer cells and myeloid cells (Fig. 1E-F), suggesting
the potential recognition of both cellular populations by anti-Jagged.
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Anti-Jagged therapy impacted the accumulation and function of tumor-MDSCs

Because MDSCs (CD11b* Gr-1*) were one of the major cellular subsets expressing Jagged
ligands in tumors (14), we tested the effect of the anti-Jagged therapy on the accumulation
and function of MDSCs. Surprisingly, we found an elevated frequency of CD11b* Gr-1*
cells in tumors from mice treated with anti-Jagged, compared to control mice, while similar
percentages of these cells were noted in the spleen (Fig. 2A). Moreover, tumor-linked
CD11b* Gr-1* cells from anti-Jagged-treated 3LL-bearing mice had a lower ability to block
CFSE-based T-cell proliferation or IFN-y production, compared to MDSCs from control
mice (Fig. 2B-C), suggesting an increase in MDSC-LC populations (17). The low
tolerogenic activity of MDSC-LC from anti-Jagged-treated mice correlated with a lower
expression of MDSC-suppressive mediators, iNOS and arginase | and decreased levels of the
antibody targets, Jagged1 and 2 (Fig. 2D). Interestingly, MDSC-LC from anti-Jagged-treated
mice showed slight higher levels of MDSC-regulator, gp91Ph%, and similar proportions of
Annexin V* (Fig. 2D-E), suggesting that anti-Jagged differentially modulates MDSC-
regulatory pathways, without inducing apoptosis. Next, we aimed to determine the role of
MDSC-LC in the anti-tumor effects induced by anti-Jagged. As such, we depleted MDSC-
LC in tumor-bearing mice treated with anti-Jagged using an anti-Gr-1 antibody (Suppl. Fig.
3), or co-injected MDSC-LC from anti-Jagged-treated mice with 3LL tumors. Results show
that elimination of MDSC-LC restored tumor growth in mice treated with anti-Jagged (Fig.
2F), whereas co-injection of 3LL cells with MDSC-LC from anti-Jagged-treated mice, but
not isotype-treated, resulted in delayed tumor growth (Fig. 2G). Taken together, data suggest
that treatment of tumor-bearing mice with anti-Jagged induces the accumulation of
potentially anti-tumor MDSC-LC.

Impaired MDSC activity in anti-Jagged-treated mice could be a secondary result of direct
anti-tumor effects since smaller tumors may have less MDSC-stimulatory factors. To rule
out this, splenic-MDSCs from 3LL-bearing mice were cultured with TES for 48 hours in the
presence of anti-Jagged antibody, after which they were co-cultured with CFSE-labeled
activated T-cells. A decreased ability to block T-cell proliferation was noted in the anti-
Jagged-treated MDSCs, compared to control MDSCs, which correlated with lower levels of
arginase I and iNOS (Fig. 2H-I), suggesting a direct inhibitory effect of the anti-Jagged
antibody on tumor-exposed MDSCs.

Anti-Jagged therapy induces anti-tumor effects through CD8* T-cell responses

The expansion of MDSCs in tumors is a key driver in the inhibition of protective anti-tumor
T-cell immunity. Thus, we tested the role of CD8* T-cells in the anti-tumor effects induced
by anti-Jagged. Although CD8" T-cells in tumors did not express Jagged1 or 2 (data not
shown), we found that treatment of 3LL-bearing mice with anti-Jagged increased the
accumulation of CD8* T-cells in tumors (Fig. 3A). Interestingly, anti-Jagged also elevated
the proliferation and paradoxically enhanced Notch1 signaling of tumor-CD8* T-cells, as
suggested by the increased expression of replication marker, Ki-67 (Fig. 3B), and the higher
levels of Notchl and Notch target gene, Hes1, but not Notch2 (Fig. 3C), respectively.
Moreover, elimination of CD8* T-cells partially restored tumor growth in 3LL-bearing mice
treated with anti-Jagged (Fig. 3D), confirming the key role of CD8" T-cells in the anti-tumor
effects induced by anti-Jagged. Next, we determined the functional interaction between the

Cancer Res. Author manuscript; available in PMC 2018 October 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sierra et al.

Page 7

anti-Jagged-induced MDSC-LC and CD8* T-cells. Depletion of MDSC-LC prevented the
anti-Jagged-induced expansion of IFN-y-expressing and antigen-experienced and activated
(CD44* CD69™) CD8* T-cells in tumors (Fig. 3E-G), suggesting that the anti-Jagged-
induced MDSC-LC promoted anti-tumor CD8* T-cell reactivity.

The expansion of immunogenic CD11c* MHC-II* CD103* XCR1™ cells has been correlated
with development of protective anti-tumor T-cell immunity (22). An elevated abundance of
this cellular subset was noted in 3LL-bearing mice treated with the anti-Jagged therapy (Fig.
3H). However, CD11c* MHC-1I* CD103* XCR1* cells failed to develop from MDSCs
cultured with anti-Jagged, and MDSC-LC were not found in gated immunogenic cells from
anti-Jagged-treated mice (Suppl. Fig. 4A-B), indicating the independent nature of these
populations in mice receiving anti-Jagged.

Anti-Jagged therapy overcomes tumor-induced tolerance and increases the effect of T-cell-
based immunotherapy

To address the effect of the anti-Jagged therapy in tumor-induced CD8* T-cell tolerance, we
used an ACT model against the experimental tumor-antigen ovalbumin (OVA), in which
activated anti-OVA,57_264 (SIINFEKL) transgenic CD45.1% OT-1 cells were transferred into
mice bearing OVA-expressing EG-7 tumors. Anti-Jagged therapy started 6 days after the
EG-7 injection, and one day later, the mice were transferred with SIINFEKL-pre-activated
CD45.1* CD8* OT-1 cells. A higher anti-tumor effect was observed in mice treated with
anti-Jagged plus ACT, compared to those receiving anti-Jagged or ACT single treatments or
untreated controls (Fig. 4A). Accordingly, EG-7-bearing mice treated with anti-Jagged plus
ACT had a higher frequency of IFNy-expressing CD45.1* CD8" OT-1 cells in the tumor
(Fig. 4B), elevated frequency of clones producing IFNy upon ex vivo activation of
splenocytes with SIINFEKL (Fig. 4C), and increased yield of the transferred CD45.1* OT-1
cells in the tumor and spleen (Fig. 4D-E). A similar effect was found after ACT with non-
activated OT-1 cells (Suppl. Fig. 5A—-C). Thus, results show the potential benefit of the anti-
Jagged therapy as a strategy to overcome tumor-induced T-cell tolerance and as an approach
to increase the efficacy of T-cell-based immunotherapy.

During our experiments, we noticed that some of the mice treated with the combination of
anti-Jagged and ACT completely rejected the EG-7 tumors. Thus, we studied the potential
development of protective memory against the initial tumor. EG-7 cells failed to re-grow in
mice previously treated with anti-Jagged plus ACT that had rejected the initial tumor, while
they grew at the usual rate in naive mice (Fig. 5A-B). Moreover, a partial protection against
3LL tumors was also noted in mice initially treated with anti-Jagged and ACT therapy that
had rejected the EG-7 cells (Fig. 5A-B). Thus, combination of anti-Jagged and ACT
induced the development of protective immune memory responses against tumors.

Next, we aimed to determine whether the anti-tumor effect induced after anti-Jagged plus
ACT therapy was specifically mediated through the transferred T-cells. To test this, ACT
alone or anti-Jagged plus ACT therapy were administered to T-cells-deficient Rag mice.
Similar to the findings noted in wild type mice, a significant anti-tumor effect was found
after combination of anti-Jagged and ACT, compared to ACT alone or no treatment controls
(Fig. 5C), which correlated with a higher frequency of the transferred CD45.1* CD8* OT-1
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cells in the tumor (Fig. 5D). Thus, the transferred T-cells mediated the anti-tumor effects
induced by anti-Jagged plus ACT.

Tumors induce Jagged ligands in MDSCs through NFxB-p65

We aimed to investigate the role of the tumors in the upregulation of Jaggedl and 2 in
MDSCs. Increased levels of Jaggedl and 2 were noted in tumor-infiltrating MDSCs,
compared to splenic-MDSCs from tumor-bearing mice or iMCs from animals without
tumors (Fig. 6A, Suppl. Fig. 6A). To determine the direct influence of tumor factors in the
expression of Jagged in MDSCs, splenic-MDSCs were cultured in medium containing
increasing concentrations of TES. A dose-dependent induction of Jagged ligands was found
in TES-treated MDSCs, compared to untreated controls (Fig. 6B, Suppl. Fig. 6B). Next, we
aimed to identify the intracellular mediators leading to the expression of Jaggedl and 2 in
tumor-MDSCs. Activation of NFxB-p65 has been proposed as a common transcription
factor regulating MDSC function and Jagged expression (23,24). Accordingly, we observed
elevated nuclear expression of NFxB-p65 in tumor-MDSCs, compared to splenic-MDSCs
(Fig. 6C). Also, enhanced endogenous binding of NFxB-p65 to Jaggedl and 2 promoters
was detected in tumor-MDSCs and TES-treated MDSCs (Fig. 6D), compared to control
MDSCs, suggesting the direct role of NFxB-p65 in the expression of Jaggedl and 2 in
tumor-exposed MDSCs.

To confirm the role of the NFxB signaling in the induction of Jagged in MDSCs, we used
myeloid cell-conditional NFxB-p65 knockout mice (p65K©), which were obtained after
crossing floxed p65 mice with LysM-Cre mice. Lower induction of Jagged ligands was
noted in TES-treated MDSCs and tumor-MDSCs from p65X© mice, compared to LysM-Cre
controls (Fig. 7A-B), which also correlated with a significant inability of the p65K© MDSCs
to block T-cell proliferation (Fig. 7C). These results show the role of NFxB-p65 in the
induction of Jaggedl and 2 in tumor-MDSCs. Next, we tested the anti-tumor effects of anti-
Jagged therapy in p65K© mice. Although anti-Jagged induced significant anti-tumor
responses in LysM-Cre controls, we found similar kinetics of tumor growth in p65X© mice
treated with anti-Jagged or isotype (Fig. 7D), indicating the potential role of the NFxB-p65-
dependent upregulation of Jagged in MDSCs as a target for anti-Jagged therapy.

Discussion

In this study, we aimed to test the efficacy of the Jagged1-2 blocking antibody, CTX014, in
tumor-bearing mice. The results characterize a promising therapeutic tool to reprogram
MDSC-mediated T-cell suppression in tumors, thereby addressing a major obstacle in the
development of successful therapies against cancer. Findings also advance in the
understanding of the role of Notch ligands as major modulators of tumor-associated immune
responses.

Accumulating evidence indicates the opposite effects of the activation of Notch in T-cells
through DLL or Jagged ligands. DLL1 and 4 induced development of Th1l cells and effector
memory CD8* T-cells (15,25-29), whereas Jagged1 and 2 skewed T-cells into Th2, Treg,
and anergic CD8" T-populations (16,30-33). In agreement with the proposed immune
inhibitory role of Jagged, we found that anti-Jagged overcame tumor-T-cell suppression
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through the induction of potentially immunogenic MDSC-LC. Our data also showed the
expression of Jagged ligands in cancer cells and tumor-myeloid cells. Although anti-Jagged
directly modulated MDSC function in vitro, it remains unknown whether the induced anti-
tumor effects are a combination of Jagged targeting on cancer cells and MDSCs. In fact, it is
possible that direct effects of anti-Jagged on tumor cells could result in immunogenic cell
death-related responses promoting MDSC-LC. Thus, differential modulation of Jagged
forms in cancer cells vs. myeloid cells will allow us to test the contribution of Jagged on
these subsets in the inhibition of anti-tumor immunity. Also, understanding of the
mechanisms of action of the anti-Jagged antibody, including the role of complement
activation, antibody-dependent cell-mediated cytotoxicity (ADCC), and antibody-dependent
cellular phagocytosis (ADCP) will better characterize the mediators for this therapy in
cancer.

Inhibition of Notch signaling in T-cells is emerging as a major mechanism of immune
evasion in tumors. However, the pathways blunting Notch activity in T-cells remain unclear.
MDSCs blocked the induction of full-length and cleaved Notch in T-cells through nitric
oxide-dependent pathways (14). Also, the impaired Notch activity found in T-cells from
tumor-bearing hosts was rescued by the proteasome inhibitor bortezomib, suggesting the
post-translational regulation of T-cell-Notch in tumors (34). Additional data showed that
methylation of the Notch regulator, Numb, triggered Notch activity upon T-cell stimulation,
indicating the epigenetic regulation of Notch signaling in T-cells (35). Because impaired
Notch activity in T-cells blocks their anti-tumor potential, it is conceivable that restoring T-
cell-Notch signaling could promote anti-tumor immunity. Indeed, ectopic expression of
NICD rendered CD8* T-cells less susceptible to the regulatory effects of tumors and
increased their efficacy upon ACT (14). Moreover, activation of T-cell-Notch through a
DLL1-Fc fusion complex induced central memory CD8* T-cells that had heightened anti-
tumor effects (15,36). Accordingly, systemic DLL1 delivery promoted T-cell infiltration into
tumors and enhanced efficacy of EGFR-targeted therapy (36). Collectively, these studies
show that activation of DLL-Notch signaling could represent an opportunity to restore CD8*
T-cell responses in tumors. Interestingly, we found a paradoxical elevation of Notchl
signaling in tumor-linked CD8* T-cells from anti-Jagged-treated mice. This effect could be
explained by the induction of MDSC-LC with impaired regulatory function that fail to block
Notchl in T-cells. An additional possibility is that reprogramming of MDSCs by anti-Jagged
could lead to the induction of DLL1 and 4, which induce Notch activation in T-cells. The
specific role of these possibilities is currently under investigation.

Similar to T-cells, DLL and Jagged ligands induced opposite effects in myeloid cells.
Myeloid precursors cultured with fibroblasts expressing DLL1 differentiated into functional
DCs, while activation of Notch through Jagged promoted immature myeloid cells (37) and
induced IL-10 (38). A potential explanation for the opposite roles of DLL and Jagged in
myeloid cells is their differential effects on Wnt pathway (39,40). Our data show that tumor-
derived factors trigger the expression of Jagged1-2 in tumor-associated MDSCs through
NFxB-p65. However, the tumor factors increasing NFxB signaling remain unknown.
Potential mediators include TNFa and IL-1p, both highly elevated in most tumor
microenvironments and key regulators of MDSC function (41,42). Additional candidates
include the exposure of MDSCs to hypoxia, tumor exosomes, or SI00A8/A9 (43-45). In
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addition to inducing Jagged, NFxB controls the production of several cytokines, including
IL-6, IL-10, TNFa and IL-1B, which occurs by direct NFxB transcriptional activity, but also
through partnering with other factors, including Notch, hypoxia inducible factor alpha
(HIF-1a), and the activator of transcription 3 (Stat3) (46-50).

In summary, our study describes a new therapeutic strategy to overcome MDSC-mediated T-
cell suppression in tumors, which could increase the efficacy of several cancer treatments,
such as T-cell-based immunotherapies that remain highly limited by the regulatory action of
MDSCs.
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Figure 1. Anti-Jagged therapy induces anti-tumor effects
(A) Tumor volume in mice bearing s.c. 3LL, EL-4, MCA-38, or B16 tumors and treated

with anti-Jagged or isotype antibodies, as described in the methods. Results are means +
SEM of 15 mice per group. (B) Tumor morphology by H&E (left) and immunofluorescence
against Pan-cytokeratin (Pan-CK) and cleaved caspase 3 (right) in 3LL or EL-4-bearing
mice treated with anti-Jagged or isotype. Representative images from 3 repeats. (C)
Jagged1-2 mRNA by quantitative-PCR in 3LL, EL-4, MCA-38, and B16 cells cultured /n
vitro and s.c. tumor suspensions. Data are means + SD from 3 repeats. (D) Annexin V* in
3LL cells cultured in the presence of anti-Jagged, isotype (ug/ml) or staurosporine (UM)
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(left) for 24 hours, or with anti-Jagged, isotype (2 pg/ml) or staurosporine (1 pM) for 0-72
hours (right). (E-F) Expression of Jagged1-2 mRNA and protein by quantitative-PCR (E)
or representative western blot (F) in control 3LL cell line and sorted cancer cells (CD49f*
CD45"9) and myeloid cells (CD45* CD11b*) from s.c. 3LL tumors. RNA levels are means
+ SD from 6 mice and tested in triplicates. ***, P< 0.001
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Figure 2. Anti-Jagged impacts the suppressive activity of tumor-MDSC
(A) Percentages of CD11b* Gr-1* cells by flow cytometry in tumor and spleen of 3LL-

bearing mice treated with anti-Jagged or isotype. Cumulative data from 10 mice per group
(left) and representative results (right). (B—C) Proliferation and IFN+y expression in anti-
CD3/CD28-activated CFSE-labeled T-cells co-cultured for 72 hours with tumor-MDSCs
from anti-Jagged or control-treated mice bearing 3LL tumors. Means + SD from 3
experiments. (D) Western blots from 3 similar repeats using protein lysates of tumor-
MDSCs obtained from mice treated with anti-Jagged or isotype. (E) Annexin V in MDSCs
from (D). (F) Tumor volume in 3LL-bearing mice treated or not with anti-Jagged and
receiving anti-Gr-1, as described in methods. n=5. (H) Tumor growth in mice injected with
3LL cells alone or co-injected at a 1:1 ratio with tumor-MDSCs from 3LL-bearing mice
treated with anti-Jagged or isotype. Means £ SEM from 5 mice per group. (H-1) Ability to
block proliferation of CFSE-labelled T-cells primed with anti-CD3/CD28 and expression of
arginase | and iNOS were measured in splenic MDSCs from 3LL-bearing mice cultured for
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48 hours in GM-CSF plus 30% TES with and without anti-Jagged. Representative data from
3 similar experiments. ** P< 0.01, *** P, < 0.001
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Figure 3. Anti-tumor effects induced by anti-Jagged antibody are mediated by CD8* T-cells
(A) Tumors from 3LL-bearing mice treated with anti-Jagged or control were tested for

CD8™* T-cell infiltration by immunofluorescence (left) and flow cytometry (right). Results
from 5 tumors per group. (B). Percentage of CD45* CD8* Ki-67* T-cells was tested by flow
cytometry in tumor suspensions from (A). (C) Tumor-associated CD45* CD8* T-cells were
sorted by flow cytometry from 3LL-bearing mice treated with anti-Jagged or control and
tested for specific mMRNAs using quantitative-PCR. (D) Tumor growth in 3LL-bearing mice
treated with anti-Jagged therapy receiving or not anti-CD8. n=5. (E-G) Percentage of
CD45* gated CD8* T-cells, IFNy-producing CD8* T-cells (upon activation with PMA/
ionomycin), and CD44* CD69* CD8* T-cells in tumors from 3LL-bearing mice treated with
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anti-Jagged therapy with or without anti-Gr-1. Means from 5 mice = SEM. (H) Spleens from
(A) were tested for CD11C* MHC-II* CD103* XCR1* cells by flow cytometry.
Representative finding (right) and means of 5 mice + SEM (left). **, P<0.01 ***, P < 0.001.
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Figure 4. Jagged blockade overcomes tumor-induced T-cell tolerance and enhances T-cell

immunotherapy

(A) Splenocytes from CD45.1* OT-1 mice were activated with SIINFEKL (2 pg/ml) for 48
hours, after which CD8" T-cells were negatively sorted and transferred into CD45.2* mice
bearing established EG-7 tumors. Mice received anti-Jagged or transferred T-cells alone, or
combination of ACT plus anti-Jagged. n=10. (B-C) Ten days after ACT, tumors were
activated for 6 hours with PMA/ionomycin and percentages of IFN-y-producing OT-1 cells
tested by flow cytometry. (B). Spleens were challenged with SIINFEKL and IFNy
production measured by Elispot (C). Results represent means + SD from 5 mice. (D-E)
Representative image showing accumulation of CD45.1* CD8* T-cells in tumor and spleen
of mice from (A). **, P < 0.01; ***, P < 0.001.
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Figure 5. Anti-Jagged and adoptive T-cell therapy combination induces permanent responses
against tumors

(A-B) Mice that were initially treated with anti-Jagged plus ACT therapy and that had
completely rejected their tumors, were injected with EG-7 (left flank) and 3LL (right flank)
and followed for tumor growth. n=3 mice per group. (C) Tumor volume in immunodeficient
Rag-mice bearing established EG-7 tumors that received combination of ACT plus anti-
Jagged. n=5 mice per group. (D) Ten days after ACT, tumors were evaluated for infiltration
of CD45.1* CD8* OT-1 cells by flow cytometry. n= 4 mice per group. ***, P < 0.001.

Cancer Res. Author manuscript; available in PMC 2018 October 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Sierra et al.

A

- —-—
'? 13

(fold change)
©
g

Jagged1 mRNA

=
(=)

Page 22

—Jimc B [JBaseline
Il MDSC-Spleen INo-TES
_CEOMDSC-Tumor 1.6 50- ENTES 4
T
*k < . - < - < - %
= Q1.2 L = g4 Z's 3
ES ESs3 E S
S G 0.8 5% N5 2
] 035 2 2o
S 04 3 28 1.
g8 04 §% 0] §<
0.0 i
BL 0 10 20 30 BL 0 10 20 30
TES (%) TES (%)
OO 0 000
FF S F D CJsMDSC Icontrol
N D
Do o 2 2 ¢- ERtMDSC 3. EMTES
= . 2 o
p84 S D S — —— EE 5 Fekke E-E
Mouse 1 Mouse 2 Mouse 3 < ‘_3, 41 < % 21
[JsMDSC S 3 to
» < 20 EmMDSC T s T e
© ®© T > T >
> 215 S & < 5
29 w14 w S .
2810 o o
= m o p
3 L 0.5 . 0
2z S S
0.0 s & &
Mouse 1 2 3 N4 W gbq‘ gbq

Figure 6. Tumor-induced NFxB-p65 drives the expression of Jagged ligands in tumor MDSC
(A) Jaggedl and 2 mRNA in tumor and splenic-MDSCs from mice bearing 3LL tumors and

in iMC from mice without tumors. Data represent means + SD of 5 samples from different
mice. (B) Jaggedl and 2 mRNA in splenic-MDSCs from 3LL-bearing mice cultured for 48
hours in GM-CSF-containing medium supplemented with increasing levels of TES. Results
are from 3 independent experiments. (C) NFxB-p65 in nuclear extracts from tumor and
splenic-MDSCs sorted from 3LL-bearing mice. A representative result from 3 repeats. (D)
ChIP assays to detect the endogenous binding of NFxB-p65 to Jaggedl and 2 promoters
were assessed in cells from (C). Results represent means + SD from 2 experiments. **, P <
0.01; ***, P < 0.001.
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Figure 7. Deletion of NFxB-p65 decreases Jaggedl and 2 expression and blocks MDSC
suppression in tumors
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(A) Splenic-MDSCs harvested from LysM-Cre controls and myeloid cell-conditional NFxB-
p65K0 mice bearing similar sized 3LL tumors were cultured in the presence of 30% TES for
48 hours, after which the levels of Jagged1 and 2 mRNA were tested by quantitative-PCR.
Data are means + SD from 3 repeats. (B) Jaggedl1 and 2 mRNA levels in tumor-MDSCs
collected from LysM-Cre controls and myeloid cell-conditional NFxB-p65K© mice bearing

3LL tumors. Means + SD from 5 different tumors. (C) Immunosuppressive activity of
MDSCs from (B) against CFSE-labelled T-cells stimulated with anti-CD3/CD28.
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Percentages of proliferating T-cells were measured at 72 hours by flow cytometry. Results
are means + SD from 3 repeats. (D) Tumor volume in NFxB-p65K© and LysM-Cre mice
bearing 3LL-tumors and treated or not with anti-Jagged. n=5. **, P < 0.01; ***, P < 0.001.
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