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Abstract

Systemic inhibition of Notch with y-secretase inhibitors (GSI) decreases multiple myeloma (MM)
tumor growth, but the clinical use of GSI is limited due to its severe gastrointestinal toxicity. In
this study, we generated a GSI Notch inhibitor specifically directed to the bone (BT-GSI). BT-GSI
administration decreased Notch target gene expression in the bone marrow, but it did not alter
Notch signaling in intestinal tissue or induce gut toxicity. In mice with established human or
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murine MM, treatment with BT-GSI decreased tumor burden and prevented the progression of
MM-induced osteolytic disease by inhibiting bone resorption more effectively than unconjugated
GSI at equimolar doses. These findings show that BT-GSI has dual anti-myeloma and anti-
restorative properties, supporting the therapeutic approach of bone-targeted Notch inhibition for
the treatment of MM and associated bone disease.
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Introduction

Multiple myeloma (MM) is a plasma cell malignancy characterized by the growth of clonal
plasma cells in the bone marrow (BM) and is currently incurable (1). The bone/BM niche
plays a critical role in MM onset and progression (2). MM cells reside in specialized
niches in the bone/BM where they interact with multiple cell types. These interactions
transform the bone/BM compartment into an ideal microenvironment for the migration,
proliferation, and survival of MM cells (2, 3). In addition, MM cells suppress osteoblast
differentiation and bone formation and increase osteoclast activity and bone resorption,
leading to bone destruction and the development of bone lesions that rarely heal, which can
result in fractures, negatively affect quality of life, and are a leading cause of morbidity
and mortality in MM patients (4, 5). The development of drugs targeting the tumor and its
microenvironment has significantly improved patient outcomes (6, 7). Thus, current research
efforts focus on identifying signaling pathways that mediate communication between the
MM cells and cells of the host niche as novel molecular targets.

Notch is a highly conserved signaling pathway that mediates cell to cell communication by
transducing short-range signals v/a interactions between cell-surface receptors (Notch 1-4)
with transmembrane ligands (Jagged1-2, Delta 1-4) (8). Several components of the Notch
signaling pathway are dysregulated in MM cells, facilitating the delivery of MM signals to
both adjacent MM cells (homotypic) and cells in the bone/BM niche (heterotypic) (9-11).
Notch communication favors MM progression by increasing MM proliferation (12, 13),
promotes chemotherapy resistance (14), and stimulates angiogenesis (15). In addition, Notch
communication increases osteoclast differentiation and function and induces apoptosis of
osteocytes to further promote bone resorption and destruction (10, 13).

The multifunctional role of Notch communication in MM provides a strong rationale

to block Notch signaling in the MM tumor niche. However, the specific role of Notch
components in MM is poorly defined, and Notch receptors can have distinct functions. Thus,
signaling inhibition downstream of the four Notch receptors with -y-secretase inhibitors
(GSIs) has been used to inhibit Notch in MM (16). GSls decrease MM growth and mitigate
the bone disease in animal models of MM (17-19). Despite these promising results, the

use of GSls in the clinic has been prevented because of undesirable, dose-limiting severe
toxicities, particularly gastrointestinal toxicity, derived from the systemic inhibition of Notch
in different tissues (16, 20-22). To circumvent the unwanted side-effects of GSI while
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retaining its ability to block Notch communication in the MM niche, we generated a
bone-targeted Notch inhibitor (BT-GSI). We used a modified bisphosphonate with a high
affinity for bone as a bone-targeting moiety and linked it to GSI-XII using a hydrazine
acid-sensitive linker designed to be cleaved in areas of the bone/BM with low pH (Figure
1a). We report here that BT-GSI selectively inhibits Notch signaling in bone/BM but not in
other tissues. Further, mice with established MM treated with BT-GSI exhibit decreased MM
tumor growth and reduced MM-induced bone destruction at doses in which unconjugated
GSl is ineffective, and are free of gastrointestinal toxicity.

Commercial y-secretase inhibitor (GSI-XII) was purchased from Calbiochem (San Diego,
CA, US); Minimum Essential Media (MEM) a,, RPMI-1640 media, fetal bovine and

calf serum, penicillin/streptomycin, and normocin were obtained from Invitrogen Life
Technologies (Grand Island, NYY, US). PCR primer-probe sets were from Applied
Biosystems (Foster City, CA, US) and Roche Applied Science (Indianapolis, IN, US).

Design and synthesis of a bone-targeted GSI inhibitor.

Detailed chemical steps for generating BT-GSI are described in the supplementary methods.
Briefly, following previously published approaches (23-25), we generated the bone-targeted
GSI (BT-GSI; Figure 1a-b), a conjugate formed by 1) a modified, less active bisphosphonate
moiety with high bone affinity designed to direct the conjugate to the skeleton (BT; Figure
1c), 2) a pH-sensitive labile linker that binds the BT to the cargo, and 3) the cargo, the

small molecule GSI-XII that inhibits Notch signaling by preventing the cleavage of the
Notch intracellular domain of Notch receptors (Figure 1d). The molecular weight of the BT
containing the cleaved linker structure is 386.07 g/mol, and GSI-XII has a molecular weight
of 362.46 g/mol. Because the molecular weight of BT-GSI is 730.52 g/mol (Figure 1b),

for the /n vivo studies, we used half the mg/kg doses of BT and GSI to achieve equimolar
concentrations. BT, GSI, and BT-GSI were dissolved in DMSO, whereas zoledronic acid
was dissolved in PBS. All drugs were diluted in PBS for animal dosing. Control animals
received injections of 5% DMSO v/v (vehicle) diluted in PBS.

Cells and culture conditions.

Human JIN3 (RRID: CVCL_2078) and murine 5TGM1 (RRID: CVCL_VI166) MM cells
were provided by N. Giuliani (University of Parma, Parma, Italy) and B. Oyajobi
(University of Texas at San Antonio, USA), respectively. Cell lines were routinely tested

for mycoplasma and authenticated for morphology, gene expression profile, and tumorigenic
capacity. JJN3/5TGM1 MM cells were cultured in RPMI-1640 medium and treated with
15uM of BT or unconjugated GSI for 4h-24 hours. To test if acidic conditions activate
BT-GSI (inactive under physiological pH), BT, BT-GSI, and GSI were pre-incubated in PBS
atpH 7.5, 6.5, and 5.5 overnight. pH was adjusted using a hydrochloric acid solution. Then,
pH-incubated compounds were added to the media at a 15uM concentration. Control cells
for these experiments were treated with DMSO (0.5% v/v). Then treatments were performed
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in MM cells cultured in media at physiological pH, which remained unchanged by adding
the treatments.

Animal studies.

For these studies, we used immunocompetent (C57BL/KaLwRijHsd) (26-28) and
immunodeficient (C57BL/6 Prkdcscid; Jackson’s Lab, Bar Harbor, ME, US; RRID: IMSR)
murine models of established MM disease that closely resemble the human disease, as
shown before (13, 29). Briefly, six to eight-week-old female and male mice were injected
intratibially with 10% murine 5TGM1 or human JIN3 MM cells, and control mice were
injected with saline. Three weeks after MM cell inoculation, mice were randomized by
tumor levels and bone lytic disease and assigned to subgroups receiving i.p. injections of
either 1) vehicle (DMSO), 2) GSI (0.1mol/L (5 mg/kg), 3 times a week), 3) zoledronic

acid (0.1 mg/kg, 2 times a week), 4) BT (0.1mol/L (5mg/kg), 0.05mol/L (2.5mg/kg)

or 0.02mol/L (1mg/kg), 3 times a week) or 5) BT-GSI (0.1mol/L (10mg/kg), 0.05mol/L
(5mg/kg) or 0.02mol/L (2mg/kg), 3 times a week). Treatments were administered in random
order and given for a total of three weeks. For the gut toxicity studies, six to eight-week-old
naive C57BL/6 female mice were assigned to subgroups receiving i.p. injections of either
1) vehicle (DMSO), 2) GSI LY 3039478 (Selleck Chemical LLC, Houston, TX 77014;
0.4mol/L (20 mg/kg), 2 times a day), 3) GSI (0.4mol/L (20/mg/kg), 2 times a day) or

4) BT-GSI (0.4mol/L (40 mg/kg), 2 times a day) for one week. Mice were fed a regular
diet (Harlan, Indianapolis, IN, US), received water ad libitum, and maintained a 12-hour
light/dark cycle. Animal studies were approved by the Institutional Animal Care and Use
Committee of the Indiana University School of Medicine and the Institutional Animal Care
and Use Committee of the University of Arkansas for Medical Sciences. Animal studies and
data reporting follow ARRIVE guidelines.

Serum biochemistry

Human Kappa light chain, produced by JJIN3 myeloma cells, and 1gG2b, produced by
5TGML1 cells, are well-established biomarkers of MM tumor growth (27, 28, 30, 31). Serum
levels of human Kappa Light chain (Bethyl Laboratories Inc., Montgomery, TX, USA)

and mouse 1gG2b (Thermo Fisher, Waltham, MA, USA) paraproteins were measured using
enzyme-linked immunosorbent assays (ELISA) kits and following manufacturer protocols,
as previously described (13, 29). Serum levels of the marker of bone formation N-terminal
propeptide of type | procollagen (P1NP) (32) and the maker of bone resorption C-terminal
telopeptides of type I collagen (CTX) (33) were quantified as previously published (13, 29).

Analysis of the skeletal phenotype.

X-ray radiography and micro-computed tomography (microCT) analyses were performed
as previously described (13, 29). Lytic lesions were evaluated in X-ray radiographs taken
before and after 3 weeks of treatment. BioQuant software (Nashville, TN, USA, RRID:
SCR_016423) was used to determine osteolytic lesion area/number (13, 29).
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Histological analysis.

Tartrate-resistant acid phosphatase (TRAP) staining and static histomorphometric analyses
were performed using the OsteoMeasure High-Resolution Digital Video System
(OsteoMetrics, Decatur, GA, USA) as previously described (34-37). Immunostaining

for Proliferating Cell Nuclear Antigen (PCNA) was performed in de-paraffinized bone
tissue sections. Antigen retrieval was performed using Antigen Unmasking Solution
(Vector Labs). Sections were blocked with 5% goat serum (Vector S-1000, Vector
Laboratories, CA, USA, RRID: AB_2336615) for 1h at RT and then incubated with anti-
PCNA (1:100, ab18197, Abcam, RRID: AB_444313) overnight at 4°C. After washing
with PBS, slides were incubated with Cyanine5 conjugated goat anti-rabbit secondary
antibody (Invitrogen, A-10523, RRID: AB_2534032) for 30 min, then mounted with 4”,6-
diamidino-2-phenylindole (DAPI) mounting medium (Mector Laboratories). Tissue sections
were photographed using a Leica digital image system at 20x magnification. From each
photograph, localized to areas in the bone marrow showing tumor cells were selected.

The number of PCNA+ve pixels/total number of DAPI +ve pixels was calculated as
shown before (38). Formalin-fixed paraffin-embedded sections (5 um) of intestinal tissue
were stained with Alcian Blue (Newcomer Supply, Middleton, WI, USA) to assess mucin-
containing goblet cells as previously described (39). Gaoblet cells were counted in 5
individual vi//i per section.

Ex vivo MM-bone organ cultures.

Ex vivo MM-bone organ cultures were established with 5TGM1 MM cells and calvarial
bones from C57BL/KaLwRijHsd mice as previously shown (13, 29, 40). Briefly, 50,000
MM cells were plated on calvarial disks and incubated for 24h. Then, calvarial disks
containing MM cells were transferred to a 96-well plate and treated with 15uM of BT, GSl,
BT-GSI, or DMSO (0.5% v/v) as control. Media and treatments were refreshed every 3 days.

Analysis of mMRNA gene expression.

RNA was isolated from cells, bones, or intestinal tissue, and mRNA gene expression was
performed as previously described (13, 29). Relative mMRNA gene expression levels were
normalized to the housekeeping gene ribosomal protein S2 and/or GAPDH, and absolute
expression was calculated using the ACt method (41). Fold changes were calculated by
dividing the treatment values by the control/vehicle values.

Analysis of protein expression.

Protein lysates were prepared from MM cells or bones as previously described (13, 42).
Cell lysates (50-100 pg) were boiled in the presence of sodium dodecyl sulfate (SDS)
sample buffer (NUPAGE LDS sample buffer, Invitrogen) for 10 minutes and subjected to
electrophoresis on 10% SDS-PAGE (Bio-Rad Laboratories, Hercules, CA, USA). Proteins
were transferred to PVDF membranes using a semidry blotter (Bio-Rad) and incubated

in blocking solution (5% nonfat dry milk in TBS containing 0.1% Tween-20) for 1

hour to reduce nonspecific binding. Immunoblots were performed using anti-GAPDH
(1:1000, RRID: AB_561053), HES1 (1:1000, RRID: AB_1209570), and beta-ACTIN
(1:1000, RRID: AB_306371), antibodies followed by goat anti-rabbit (1:5000, Invitrogen,
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RRID: AB_2534782) or goat anti-mouse antibodies (1:2000, Santa Cruz Biotechnology,
RRID: AB_631736), conjugated to horseradish peroxidase in 5% milk. Western blots
were developed using an enhanced chemiluminescence detection assay following the
manufacturer’s directions (Bio-Rad).

Statistical analysis.

Data were analyzed using SigmaPlot 12.0 (Systat Software, Inc., San Jose, CA, RRID:
SCR_003210). Data were analyzed by one-way ANOVA-Dunn’s test using MM (vehicle) as
the control group or by student’s t-test. Means + standard deviation (S.D.) are reported. P
values <0.05 were considered significant. Samples sizes were estimated based on previous
experience and results obtained with the /n vivo models and /n vitro systems employed in
this manuscript. Data exceeding two standard deviations from the mean were considered

as outliers and removed from the analysis. All these analyses were performed by two
independent investigators in a blinded manner.

Data and Materials availability.

Results

The data that support the findings of this study are available from the corresponding
author upon reasonable request. There are restrictions to the availability of BT-GSI due
to the limited amount of this compound available and ongoing efforts to commercialize
the invention through patent or licensing. We may require a completed Materials Transfer
Agreement.

BT-GSI is activated under acidic conditions.

We first determined /n vitro the pH sensitivity of BT-GSI and its ability to inhibit Notch
signaling in MM cells and bone. Before treatment, compounds were pre-incubated in PBS
at various pH levels resembling pH changes induced by osteoclasts and the growth of

MM cells in the marrow (43-48). /n vitro treatment of 5TGM1 murine MM cells with
unconjugated GSI pre-incubated at pH 7.5 decreased the expression of the Notch target
gene HesZin MM cells by ~30%, whereas no effects were seen with BT-GSI pre-incubated
at the same pH (Figure 2a). In contrast, pre-incubation at pH < 6.5 activated BT-GSI and
decreased HesI mRNA expression in MM cells to a similar extent as GSI (Figure 2a). BT
had no effects on HesI mRNA expression at any of the pH levels tested. To test the effects
of BT-GSI on bone under physiological conditions, we used ex vivo bone organ cultures,
which reproduce the /n vivo acidic conditions induced by osteoclastic resorption in the bone
microenvironment (13, 40, 42). Ex vivotreatment with GSI and BT-GSI similarly decreased
in bone tissue the MRNA expression of the Notch target genes HesZ and Hey1 by ~75%
(Figure 2b), whereas treatment with BT did not affect the expression of Notch target genes.
Further, we established ex vivo MM-bone organ cultures with 5TGM1 murine MM cells

to examine the effects of BT-GSI on the growth of MM cells. GSI and BT-GSI decreased
the levels of 5TGM1-derived 1gG2b, a well-established biomarker of MM tumor growth,

in conditioned media by ~50% after 3 days of treatment (Figure 2b). In contrast, treatment
with BT induced a non-significant ~10% decrease in 1gG2b levels. Together, these findings
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demonstrate that BT-GSI is activated under acidic conditions in bone, reduces the mRNA
expression of Notch target genes, and decreases MM cell growth.

Notch inhibition decreases MM cell proliferation and osteoclast number.

To examine the effects of Notch inhibition on MM growth and osteoclast differentiation,

we cultured 5TGM1 MM cells and osteoclast precursors in the presence/absence of BT

and GSI. GSI inhibited Notch signaling, decreased MM cell proliferation, and increased

the number of MM dead cells (Figures 2c—f). Consistent with the reduced proliferation,

GSI downregulated the expression of Cyclin D1 by 87% (Figure 2c). In addition, GSI
decreased Rank/ expression in MM cells (Figure 2c¢) and inhibited Ranki-induced osteoclast
formation in a dose-dependent manner (Figure 2f). BT did not affect the expression of Notch
target genes or Rank/in MM cells (Figure 2c—d). Higher doses of BT decreased MM cell
number (Figure 2e) but did not affect the expression of the proliferating marker Cyclin

D1 (Figure 2c), suggesting that this effect is due to MM cell death (Figure 2e). BT also
decreased osteoclast differentiation but with lower efficacy than GSI (Figure 2f). These /in
vitro findings suggest that the local release of GSI to the bone/bone marrow niche and the
consequent Notch inhibition could decrease MM growth and block resorption by inhibiting
Rank/ production and osteoclast differentiation. Further, these results suggest that BT could
also reduce MM tumor burden and mitigate osteoclast-mediated bone resorption at higher
doses.

BT-GSI inhibits tumor growth and osteolytic disease progression more efficiently than GSI.

We next examined the /n vivo effects of BT-GSI (0.1 mol/L) on tumor growth and
MM-induced bone destruction and compared its effects to those resulting from equimolar
administration of unconjugated GSI and the bone targeting moiety BT without cargo, and to
a well-established regime of zoledronic acid, the gold-standard for the clinical management
of MM bone disease (Figure 3a) (4). Three weeks after cell injection, mice injected with
5TGM1 MM cells exhibited a 2.5 fold increase in serum levels of the tumor biomarker
1gG2b compared to saline-injected mice, and evident osteolytic lesions in the injected
tibias (Figure 3b and 4a-b), indicative of effective engraftment and active tumor growth
and established MM bone disease. After 3 weeks of treatment, mice bearing MM and
treated with vehicle exhibited a 6-fold increase in tumor growth. Similar tumor progression
was observed in mice receiving zoledronic acid or unconjugated GSI. In contrast, MM
tumor burden did not significantly increase since treatment initiation in mice treated with
BT-GSI or BT, and both treatments decreased MM tumor growth by 50% compared to
vehicle-treated mice (Figure 3b). Consistent with these results, tumors in mice treated with
vehicle, zoledronic acid, or GSI exhibited abundant PCNA + MM cells (0.15£0.03 vs.
0.20+0.05 vs. 0.18+0.03 PCNA+ pixels/DAPI+ pixels, respectively). BT-GSI decreased the
number of PCNA+ MM cells (0.07+0.02 PCNA+ pixels/DAPI+ pixels), whereas tumors in
mice treated with BT still showed PCNA+ cells (0.18+0.03 PCNA+ pixels/DAPI+ pixels)
(Figure 3c). These results, together with our /n vitro data, suggest that BT-GSI decreases
tumor growth by inhibiting MM cell proliferation, while BT might reduce tumor burden by
promoting MM cell death.
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During the treatment period, the number of osteolytic lesions increased by 5-fold in vehicle-
treated mice bearing MM (Figure 4a—c). Although the osteolytic disease also progressed in
MM mice receiving zoledronic acid, GSI, and BT, these treatments reduced the number of
osteolytic lesions by 45% compared to mice receiving vehicle. Mice treated with BT-GSI
showed no significant increases in osteolytic lesion number compared to the number at

the start of treatment and exhibited a 70% reduction in osteolytic lesion number compared
to vehicle-treated mice (Figure 4a—c). BT-GSI and zoledronic acid similarly decreased the
systemic levels of the bone resorption marker CTX by 50% compared to vehicle-treated
mice (Figure 4d). BT treatment resulted in a modest 25% reduction of CTX, while GSI had
no effects on systemic bone resorption. No significant changes were found in the serum
levels of the bone formation biomarker PANP in mice treated with BT, GSI, or BT-GSI.

In contrast, treatment with zoledronic acid led to a significant reduction in PINP (Figure
4e). Moreover, BT-GSI and zoledronic acid decreased to control levels the elevated number
of osteoclasts and bone surface covered by osteoclasts induced by inoculation of MM

cells (Figure 4f—g). GSI also decreased osteoclasts in bones bearing MM tumors, whereas
BT showed a trend to reduce osteoclast indexes that did not reach statistical significance.
Collectively, these results demonstrate that at equimolar doses, BT-GSI inhibits MM tumor
growth at doses of which GSI is ineffective and that BT-GSI decreases bone resorption and
stops MM-induced bone destruction more efficiently than GSI.

BT-GSI selectively inhibits Notch signaling in bone and does not induce gut toxicity.

We investigated the effects of intermittent administration of BT-GSI and GSI (0.1mol/L,
3 times a week) on intestinal tissue. BT-GSI decreased further the expression of Notch
target genes in bone tissue compared to GSI (Figure 5a—b). However, BT-GSI did not
alter Notch signaling expression in intestinal tissue or increase the expression of the

gut toxicity biomarker Adipsin (Figure 5c¢) (20, 49). Further, BT-GSI did not alter the
morphology of intestinal tissue or increase goblet cell numbers or mucous cell hyperplasia,
common features of gut toxicity induced by continuous GSI treatment (Figure 5¢—d) (20,
49). Treatment with GSI decreased the mRNA expression of Hes5and Hes7in the gut
and induced a 3.5-fold increase in the expression of Adijpsin (Figure 5c), suggesting that
GSl initiated the signaling cascade leading to the development of gut toxicity. Yet, with
this suboptimal intermittent regimen of GSI, we did not find the development of goblet
hyperplasia in intestinal tissue (Figure 5d). Treatment with BT or zoledronic acid did

not affect Notch signaling in either tissue or induced gut toxicity (Supplementary figure
la—c). We also examined the effects of all these treatments on complete blood counts
(Supplementary Table 1). Treatment with BT-GSI or any of the other treatments had no
significant effects on blood cell counts.

To further examine the gastrointestinal safety of BT-GSI, we compared its effects versus
a daily regime of GSI and LY 3039478, a y-secretase inhibitor known to rapidly induce
gut toxicity in rodents and humans and recently tested in mouse models of MM and MM
patients (49-51) (Figure 5¢). Daily treatment with LY3039478 and GSI for only a week
increased the number of goblet cells in intestinal vi//i; a hallmark of GSl-induced gut
toxicity (20, 49). In contrast, no significant changes in goblet cell number were observed
in the intestines of mice receiving equimolar doses of BT-GSI (Figure 5e). Together, these
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results show that bone-targeted Notch inhibition with BT-GSI, even with daily high doses,
circumvents the gut toxicity seen with systemic administration of GSls.

Low doses of BT-GSI retain high anti-MM efficacy and preserve bone compared to BT.

A critical aspect of BT-GSI is that it is designed to accumulate at higher concentrations in
the skeleton /in vivo, thereby exerting its bioactivity locally in bone. Thus, we hypothesized
that lower doses of BT-GSI should still decrease MM growth and prevent bone destruction.
To test this hypothesis, we treated mice with active tumor growth and established bone
disease with equimolar doses of BT and BT-GSI that were two-times (0.05 mol/L) or five-
times (0.02 mol/L) lower than the dose used in studies shown in Figure 3 (Figure 6a). At
the end of the treatment period, mice receiving vehicle injections exhibited a 5-fold increase
in MM tumor burden (Figure 6b). At these lower doses, BT did not affect tumor growth
(Figure 6b), whereas mice receiving BT-GSI 0.02 mol/L or 0.05 mol/L had a 51% and 60%
decrease in tumor burden, respectively, compared to control MM mice (Figure 6b). The
progression of the osteolytic disease was nearly identical in mice receiving vehicle or either
dose of BT. In contrast, BT-GSI doses reduced the number of osteolytic lesions compared to
vehicle-treated mice (41% and 52%, respectively; Figure 6¢c—e) and to a similar extent than
the 0.1mol/L BT-GSI dose (Supplementary figure 2). At these doses, both BT and BT-GSI
retained their ability to decrease systemic bone resorption, as shown by the decrease in
serum CTX levels compared to vehicle-treated mice (Figure 6f). In addition, no significant
differences were found in PLNP levels between any of the groups (Figure 6g). These results
demonstrate that lower doses of BT-GSI retain potent anti-MM and anti-resorptive activities
and can slow tumor progression and MM-induced bone disease.

BT-GSI decreases tumor growth and prevents bone destruction in a human xenograft
mouse model of established MM disease.

To determine the effects of BT-GSI on human MM disease, we treated immunodeficient
mice bearing JJN3 human MM cells with BT-GSI (Figure 7a). BT-GSI decreased the
expression of Notch related genes in bone by ~50%. In contrast, BT-GSI treatment did

not change the expression of Notch genes or Adjpsinin intestinal tissue (Figure 7b—c).
Three weeks after cell inoculation, mice injected with JIN3 MM cells exhibited detectable
levels of the tumor biomarker human Kappa light chain in the serum and osteolytic lesions
(Figure 7d-f). Mice bearing MM treated with vehicle showed a 6-fold increase in MM
tumor burden 3 weeks after treatment initiation. BT-GSI decreased MM tumor growth by
40% compared to vehicle-treated mice (Figure 7d). Vehicle-treated mice bearing MM had a
~10-fold increase in the osteolytic area since treatment initiation. In contrast, MM-injected
mice receiving BT-GSI had no significant increases in the lytic area compared to before
treatment and a 50% reduction in osteolytic lesion area compared to vehicle-treated mice at
the end of the study (Figure 7e—g). This bone protective effect of BT-GSI was accompanied
by a 35% decrease in the systemic CTX levels (Figure 7h), while no significant differences
were found in PINP serum levels (Figure 7i). We also tested the effects of equimolar
dosing of the BT moiety, without its cargo, in this human xenograft mouse model with
established MM disease. After three weeks of treatment with BT, tumor burden levels
remained indistinguishable from those detected in vehicle-treated MM mice (Figure 7j).
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Further, mice bearing MM tumors and receiving either vehicle or BT injections exhibited a
similar loss of cancellous bone volume in the tibia (Figure 7k).

Discussion

Notch signaling mediates MM cell communication with adjacent cancer and host cells

in the tumor niche and has been recognized as a major contributor to MM progression

and osteolysis (10, 11). To safely inhibit this signaling pathway in the MM niche and
avoid toxic effects in other tissues, we generated a bisphosphonate-linked GSI (BT-GSI)
analog designed to target the bone and release GSI in the acidic microenvironment of the
bone/tumor niche. BT-GSI selectively inhibited Notch signaling in bone but not in other
organs, decreased MM growth, and reduced osteolytic disease progression by inhibiting
bone resorption in both immunocompetent and immunodeficient models of established MM.
Remarkably, BT-GSI inhibits MM growth and bone destruction at doses in which systemic
administration of GSI is ineffective. BT-GSI did not induce gut toxicity or alter blood cell
counts, which are important toxicities seen with systemic administration of GSI (16, 20).
These results show that BT-GSI is a Notch inhibitor targeted to the bone/BM niche and
suggest that BT-GSI inhibition of Notch signaling in the MM niche is a promising and less
toxic approach to simultaneously inhibit the growth of MM cells and prevent bone loss in
MM patients.

The high bone affinity of bisphosphonates has shown /n vivo utility to transport other
pharmacologically active drugs to the bone, particularly areas of the skeleton with higher
turnover (52, 53). In the current studies, we used a novel hydrazone acid-sensitive linker
designed for use with the aldehyde functionality of GSI-XII. Our /n vivoand in vitro
findings support that BT can direct its cargo GSI to the bone and that acidic conditions
(pH <6.5) are needed to cleave the linker and activate the conjugate. We hypothesized
that extracellular acidification by osteoclasts (pH range 4-6) (43—-45) and/or MM-induced
acidification of the bone/BM (pH range 6-7) (46-48) is sufficient to stimulate the release
of GSI from the BT moiety. The Notch inhibition seen in bone tissue, together with the
anti-MM and anti-resorptive efficacy displayed by BT-GSI in our /n vivo studies, support
the functionality of our “target and release” approach and suggest that the acidic conditions
of the MM-bone niche lead to an adequate cleavage of the hydrazine linker and the local
release of GSI in the bone/MM tumor niche.

BT-GSI decreased MM tumor burden /n vivo in a preclinical model of established MM
disease, whereas the unconjugated GSI counterpart or zoledronic acid did not. The decrease
in MM growth seen with BT-GSI could be due to the inhibition of homotypic and/or
heterotypic Notch communication in the MM niche. Notch inhibition decreases Cyclin D1
expression and MM proliferation, and induces caspase-3-dependent apoptosis in MM cells
(14, 54). Further, Notch blockade reduces the proliferation of MM cells supported by direct
contact with stromal cells and osteocytes (13, 55, 56). Intriguingly, treatment with high
doses of the bone targeting molecule BT alone without the GSI cargo increased MM cell
death /n vitroin MM cell cultures and reduced tumor growth /in vivo in immunodeficient
mice bearing 5TGM1 tumors. Thus, we cannot exclude the possibility that once hydrolyzed,
the modified bisphosphonate BT contributes to the decrease in MM growth by increasing
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MM cell death, as seen with other bisphosphonates /n vitro or administered for longer
periods (57-61). Yet, this effect of BT on MM cells is independent of Notch regulation,
as BT did not affect the expression of Notch target genes in bone or MM cells. Taken
together, these findings show that targeted inhibition of Notch signaling in the MM niche
with BT-GSI is a potent approach to inhibit MM growth.

Treatment with GSls results in unacceptable side-effects, limiting the administration of
effective doses and its clinical efficacy, ultimately impeding FDA clinical approval (20,
49-51). The bone selectivity of BT-GSI enables the inhibition of Notch signaling only in
bone, without affecting this pathway in intestinal tissues, a major target of GSls (20). We
found that lower doses of GSI increased Adipsin in intestinal tissue but did not induce the
typical GSl-induced goblet hyperplasia in histological sections (20, 39). This observation
is not entirely unexpected and could be due to the suboptimal regime of GSI used in

this particular study. In contrast, daily administration of higher doses of GSI increased

the number of goblet cells per villi, a hallmark of gut toxicity (20, 49-51). In contrast,
equimolar administration of high or low doses of BT-GSI did not result in gut toxicity

and preserved the intestinal morphology as seen in histological sections. Further, BT-GSI
administration did not decrease body weight (Supplementary figure 3a—c). Of note, the gut
safety displayed by BT-GSI contrasts with the marked increase in goblet cell hyperplasia
seen in mice administered LY 3039478, a GSI currently being tested in clinical trials as

an anti-cancer agent. Altogether, these findings demonstrate that BT-GSI exhibits selective
inhibition of Notch in bone and shows a safer profile than systemic GSls by avoiding side
effects of inhibition of Notch in the intestines and other organs.

BT-GSI inhibited systemic bone resorption (even at low doses), decreased osteoclast
number/surface, and prevented the progression of the osteolytic disease to a greater extent
than GSI or zoledronic acid, the mainstay therapy for MM-induced bone disease (4). The
effects of BT-GSI on osteoclasts are further supported by our mechanistic /n vitro studies
showing that GSI reduces Rank/expression in MM cells and inhibits Rank/-mediated
osteoclast differentiation; and by recent reports indicating that Notch signaling mediates
the increased osteoclastic resorption induced by MM cells (10, 17, 19). Our results show
that the bone-targeting moiety BT has some residual anti-resorptive activity, as it was able
to inhibit osteoclast differentiation /n vitro and decrease systemic bone resorption /in vivo.
It is important to note that the BT dose used for these studies was ~50 times higher than
the dose used for zoledronic acid. However, despite decreasing systemic CTX, BT only had
modest effects in preventing the osteolytic disease or reducing osteoclast number, suggesting
BT itself is not potent enough to inhibit osteoclast activity locally in bones with active

MM growth. Together, our results indicate that, in addition to its anti-MM efficacy and
safer profile, BT-GSI has potent anti-resorptive effects. Of note, BT-GSI did not halt bone
remodeling or decrease bone formation, unlike zoledronic acid. These results suggest that
BT-GSI preserves physiological bone formation and open the possibility to combine it with
bone anabolic agents (i.e., Sclerostin neutralizing antibodies) (29, 62, 63).

There are several aspects of BT-GSI that will require further investigation. For instance,
Notch inhibition has been shown to enhance the efficacy of anti-MM therapies, including
bortezomib and glucocorticoids (14, 56, 64). Hence, further studies are needed to evaluate
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in vivo BT-GSI’s anti-MM efficacy when co-administered with other therapeutics. Although
unlikely due to the high availability of bone surfaces in bones colonized by MM cells,
whether administration of bisphosphonates, commonly used in the clinic for MM-related
skeletal events (4), affects BT-GSI’s anti-MM and anti-resorptive activities remains to

be determined. Future studies are also needed to evaluate the effects of prolonged
administration and withdrawal of BT-GSI.

In summary, we show here that targeted inhibition of Notch signaling to the MM niche
with BT-GSI is a promising therapeutic approach with dual anti-MM and anti-resorptive
properties, enabling simultaneous inhibition of tumor growth and prevention of bone
destruction in MM. Because BT-GSI is tissue-specific and selectively blocks Notch
signaling in bone, it lacks gut toxicity and circumvents the deleterious side effects that
limit the clinical use of GSIs for MM and potentially other cancers that grow in bone.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of significance

Development of a bone-targeted Notch inhibitor reduces multiple myeloma growth
and mitigates cancer-induced bone destruction without inducing gastrointestinal toxicity
typically associated with inhibition of Notch.
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Figure 1. Generation of a bone-targeted gamma-secretase Notch inhibitor (BT-GSI).
(a) Diagram showing the principle of the bone targeting strategy, including a modified

bisphosphonate with high bone affinity, a pH-sensitive linker, and gamma-secretase inhibitor
(GSI) XII. Molecular weight and chemical formulation of BT-linker BT-GSI (b, shown in
orange and red), (c, shown in red), and GSI (d, shown in orange).
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Figure 2. BT-GSl isactivated at low pH, and Notch inhibition decreasesMM cell growth and
osteoclast formation.

(a) Compounds were incubated at various pH in PBS before treatments. 4h treatment of
JIN3 MM cells with BT-GSI pre-incubated at pH< 6.5 decreased HesZ expression in

MM cells (n=4/group). (b) 3-day treatment with GSI and BT-GSI, but not BT, decreased
Hes1and Hey mRNA expression (n=3-6/group) and reduced the levels of the MM tumor
biomarker 1gG2b in ex vivowhole bone organ cultures bearing 5TGM1 MM cells that
reproduce acidic conditions in the bone microenvironment (n=5-6/group). (c-€) Treatment
of 5TGM1 MM cells with BT and GSI decreased proliferation and induced cell death, but

Cancer Res. Author manuscript; available in PMC 2022 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Sabol et al.

Page 19

only GSI downregulated the expression of HeyZ, Hes1, Cyclin D1 (Ccndl), and Rank/
(n=4/group). (f) Treatment with BT and GSI inhibited RANKL-induced pre-osteoclast
differentiation in a dose-dependent manner (n=6/group). Bars represent means + SD.
Representative experiments out of two are shown. Horizontal dotted lines indicate the mean
value for vehicle conditions. Fold changes in mMRNA expression were calculated by dividing
the treatment values by the control/vehicle values. *p<0.05 vs. veh.
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Figure 3. BT-GS| decreasestumor growth and the number of proliferating MM cells.
(a) Experimental design (10° 5TGM1 MM cells, I T-intratibial injection). Effects of

zoledronic acid (ZA, 0.1 mg/kg, two times a week, for 3 weeks) and equimolar dosing
(0.1mol/L, three times a week, 3 weeks) of GSI, BT, and BT-GSI on (b) serum levels of the
5TGML1 tumor biomarker 1gG2b, and (c) on bone tumors (week 6) stained for Proliferating
Cell Nuclear Antigen (PCNA). Bars represent means + SD. n=6-11/group. *p<0.05 vs. week
3 (c). Representative immunostaining images per group are shown. Red dotted lines delimit
bone tissue. The horizontal dotted line indicates the mean value for vehicle-treated mice
bearing MM tumors.
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Figure 4. BT-GSl decreases M M-induced osteolytic lesions and osteoclasts in immunocompetent
mice with established MM.

Effects of zoledronic acid (ZA, 0.1 mg/kg, two times a week , for 3 weeks) and equimolar
dosing (0.1mol/L, three times a week, 3 weeks) of GSI, BT, and BT-GSI on (a-b) osteolytic
lesion number per bone, (c) bone destruction (microCT 3D reconstruction), (d) serum levels
of the bone resorption marker CTX (week 6), (€) the bone formation marker PLNP (week
6), and on (f) bone surface covered by osteoclasts (Oc.S/BS) and osteoclast number (Oc.N/
BS). (g) Representative images of TRAP stained bone histological sections. Yellow arrows
indicate TRAP+ osteoclasts. Bars represent means + SD. n=6-11/group. *p<0.05 vs week
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3 (b), vs MM (veh; d-e), or vs naive mice (f). Red arrows indicate osteolytic lesions.
Horizontal dotted lines indicate the mean value for vehicle-treated mice bearing MM tumors
(b, d, €) or naive mice (f).
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Figure 5. BT-GSI decreases Notch signaling specifically in bone and doesn

ot induce gut toxicity.

(a-b) Treatment with BT-GSI (0.1mol/L, three times a week, 3 weeks) decreased the
expression of Notch target genes in bones not bearing MM but did not alter Notch mRNA
expression or increased the expression of the recognized biomarker of gastrointestinal

toxicity Adjpsinin intestinal tissue (c) (n=6-11/group). Fold changes in
were calculated by dividing the treatment values by the control/vehicle
blue staining of intestinal tissue revealed no presence of goblet cell met

MRNA expression
values. (d) Alcian
aplasia in BT-GSI

treated mice. (e) Experimental design (C57BL/6 naive mice). Alcian blue staining of
intestinal tissues showing an increased number of goblet cells in GSI and LY3039478
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(0.4mol/L, two times a day, 1 week) treated mice. Treatment with BT-GSI (0.4 mol/L,

twice a day, 1 week) did not change the number of goblet cells per vi/li (n=3/group). Bars
represent means + SD. Representative images of Alcian blue staining of intestinal tissues are
shown. Horizontal dotted lines indicate the mean value for vehicle conditions. *p<0.05 vs.
veh.
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Figure 6. Lower doses of BT-GSl| effectively inhibit tumor growth and prevent bone destruction
in immunocompetent mice with established MM.

(a) Experimental design (10° 5TGM1 MM cells, I T-intratibial injection). Effects of
equimolar doses (0.05 mol/L and 0.02 mol/L, three times a week, 3 weeks) of BT-GSI

and BT on (b) serum levels of the 5TGM1 tumor biomarker 1gG2b, (c-d) osteolytic lesion
number per bone, (e) bone destruction (microCT 3D reconstruction), (f) serum levels of the
bone resorption marker CTX (week 7) and (g) of the bone formation marker PLNP (week
7). Bars represent means + SD. n=8-9/group. *p<0.05 vs week 4 (b-d) or vs MM-veh (f-g).
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Red arrows indicate osteolytic lesions. Horizontal dotted lines indicate the mean value for
vehicle-treated mice bearing MM tumors.
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Figure 7. BT-GSI decreasestumor growth and reduces the progression of the osteolytic diseasein
immunodeficient mice with established human MM.

(a) Experimental design for BT-GSI and BT (10° JIN3 cells, IT-intratibial injection). Effects
of BT-GSI (0.1mol/L, three times a week, 3 weeks) on (b-c) mRNA gene expression of
Notch targets in bone and intestinal tissue, (d) serum human Kappa light chain, (e) tibia
X-rays, (f) area of osteolytic lesions, (g) 3D microCT reconstruction images of PBS/MM
cells injected tibias, (h) serum levels of CTX and (i) PLNP. Bars represent means + SD.
n=7-11/group. Effects of BT on serum human Kappa light chain 6 weeks after MM cell
inoculation (j), and bone volume over tissue volume (BV/TV) in the cancellous bone of
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tibias inoculated with JJN3 MM cells (k). Bars represent means + SD. n=9-10/group.
*p<0.05 vs 3 weeks (d-f) or vs MM-veh (b, c, I). Red arrows indicate osteolytic lesions.
Horizontal dotted lines indicate the mean value for vehicle-treated mice bearing MM tumors.
Fold changes in mRNA expression were calculated by dividing the treatment values by the
control/vehicle values.
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