1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Sci Transl Med. Author manuscript; available in PMC 2017 January 30.

-, HHS Public Access
«

Published in final edited form as:
Sci Transl Med. 2015 November 18; 7(314): 314ral85. doi:10.1126/scitransImed.aac5272.

AZD9150, a Next-Generation Antisense Oligonucleotide Inhibitor
of STAT3 with Early Evidence of Clinical Activity in Lymphoma
and Lung Cancer

David Hongl”, Razelle Kurzrock?™8, Youngsoo Kim3”, Richard Woessner4, Anas YounesS,
John Nemunaitis®, Nathan Fowler?, Tianyuan Zhou3, Joanna Schmidt3, Minji Jo3,
Samantha J. Lee3, Mason Yamashita3, Steven G. Hughes3, Luis Fayad?l, Sarina Piha-Paull,
Murali VP Nadella’, Morvarid Mohseni4, Deborah Lawson#, Corinne Reimer?, David C.
Blakey8, Xiaokun Xiao3, Jeff Hsu3, Alexey Revenko3, Brett P. Monia3, and A. Robert
MacLeod3:8

IMD Anderson Cancer Center, The University of Texas MD Anderson Cancer Center 1515
Holcombe Blvd, Houston, TX 77030, USA

2UC San Diego, Moores Cancer Center, 3855 Health Sciences Dr, La Jolla, CA 92093, USA

3Department of Antisense Drug Discovery, Isis Pharmaceuticals Inc., 2855 Gazelle Ct., Carlsbad,
CA 92008, USA

4Cancer Bioscience Drug Discovery AstraZeneca Pharmaceuticals, 35 Gatehouse Drive,
Waltham, MA 02451, USA

SMemorial Sloan-Kettering Cancer Center, 1275 York Avenue, New York, NY 10065, USA
8Mary Crowley Cancer Research Center, 7777 Forest Ln, Dallas, TX 75230

"Drug Safety and Metabolism, AstraZeneca Pharmaceuticals, 35 Gatehouse Drive, Waltham, MA
02451, USA

80ncology IMED, AstraZeneca Pharmaceuticals, Alderley Park, Macclesfield, UK

Abstract

Next-generation sequencing technologies have greatly expanded our understanding of cancer
genetics. Antisense technology is an attractive platform with the potential to translate these
advances into improved cancer therapeutics, because antisense oligonucleotide (ASO) inhibitors
can be designed on the basis of gene sequence information alone. Recent human clinical data have
demonstrated the potent activity of systemically administered ASOs targeted to genes expressed in
the liver. Here, we describe the preclinical activity and initial clinical evaluation of a class of ASOs
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containing constrained ethyl modifications for targeting the gene encoding the transcription factor
STAT3, a notoriously difficult protein to inhibit therapeutically. Systemic delivery of the
unformulated ASO, AZD9150, decreased STAT3expression in a broad range of preclinical cancer
models and showed antitumor activity in lymphoma and lung cancer models. AZD9150 preclinical
activity translated into single-agent antitumor activity in patients with highly treatment-refractory
lymphoma and non-small cell lung cancer in a phase | dose escalation study.

Introduction

Large-scale cancer genome studies have dramatically increased our ability to classify
cancers on the basis of specific mutations and gene expression signatures. This success has
resulted in the identification of genetic events that occur with high frequency in various
malignancies (1, 2). These data, in combination with pathway analysis (3) and functional
genomics studies, made possible by tools such as small interfering RNA (siRNA) and
antisense technology, indicate that tumor cells have specific sets of “driver” mutations that
can render them vulnerable to the targeted inhibition of specific pathways (4, 5). These
insights bolster hope that selective molecularly targeted therapies will ultimately translate
into life-saving cancer treatments that do not have the toxicities associated with traditional
chemotherapy. However, despite some notable successes (6-8), this promise has not yet been
broadly realized, partly because available small molecule and protein therapeutic modalities
have been unsuccessful in targeting many of the most attractive pathways driving cancer.

Therapeutic nucleic acid-based approaches like siRNA and antisense technology hold
enormous potential to help bridge this pharmacogenomic divide because with these
modalities, inhibitors can be rationally designed based solely on gene sequence information,
thus expanding the range of targets that are druggable to include transcription factors,
structural proteins, and even non-coding RNAs. Therapeutic antisense technology has
greatly advanced during the 20 plus years since its inception. Recently, systemically
delivered unformulated antisense oligonucleotides (ASQOs) have proven effective as human
therapeutics in several non-oncology disease settings, especially when directed to genes
expressed in liver (9-13). Moreover, the second generation (Gen 2.0) 2’ - O-methoxyethyl
containing ASO, Kynamro, which targets the mRNA encoding the liver-derived factor
apolipoprotein B-100 for the treatment of homozygous familial hypercholesterolemia,
recently became the first systemically administered ASO to gain FDA approval. Gen 2.0
ASOs designed to target a nuclear-retained non-coding RNA involved in Myotonic
Dystrophy type | (DM1) were recently reported to have unexpectedly potent activity in
extra-hepatic tissues, such as skeletal muscle, that have been historically difficult to target
with ASOs (11). The depletion of the non-coding RNA in this case, by systemically
delivered ASOs, completely reversed the muscle pathology in all skeletal muscles in an
animal model of DM1 (11). The sensitivity of this non-coding RNA to ASOs is believed to
be due to prolonged nuclear co-localization of the target RNA and the enzyme ribonuclease
H, which is responsible for the catalytic degradation of the target RNA molecule of the
RNA:ASO duplex (11). Building on these data, we hypothesized that ASOs with greater
intrinsic potency than the Gen 2.0 chemistry ASOs would also be capable of targeting
traditional coding mRNAs and thus could potentially therapeutically target previously
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difficult to drug pathways in tumors. Towards this aim, we have developed a high-affinity
next-generation class of ASO that contains 2°-4” constrained ethyl (cEt)-modified residues.
These ASOs typically consist of 8-10 base phosphorothioate (PS)-modified deoxynucleotide
‘gap’ flanked on either end with 2-3 cEt nuclelotides (14). The Gen 2.5 cEt-containing
ASOs exhibit enhanced in vitro and in vivo potency over Gen 2.0 ASOs (14, 15). To
determine the potential of next generation chemistry cEt ASOs in cancer, we chose to target
a transcription factor, because this is a protein class that has historically been difficult to
inhibit therapeutically. We selected the transcription factor STAT3, a member of the signal
transduction and activator of transcription family, as a test-case transcription factor cancer
target which, despite extensive effort, has proved difficult to inhibit specifically with
conventional therapeutic approaches (16). Here, we report the superior pharmacologic
activity of the cEt STAT3 ASO, AZD9150, compared to optimized earlier generation (Gen
2.0) STAT3 ASOs in multiple preclinical cancer models and the preclinical anti-tumor
efficacy of ADZ9150 in models of human lymphoma and lung cancer. Finally, we describe
the early clinical efficacy of AZD9150, where single-agent antitumor activity was observed
at low doses in patients with highly treatment-refractory lymphomas and non-small cell lung
cancer in a phase | dose-escalation study.

Depletion of STAT3 RNA and protein with lipid-independent delivery of AZD9150 in vitro

ASO potency can be influenced by the target site on the RNA and by the chemistry of the
ASO (14, 17). Thus, to identify the most potent Gen 2.0 and cEt STAT3 ASOs for
comparison, we performed gene walk screens with ASOs containing either chemistry. The
activity of the optimized Gen 2.0 and cEt ASOs identified was first evaluated in a panel of
cancer cell lines in culture. The in vitro evaluation of nucleic acid-based agents (SiIRNA or
antisense) typically relies on cationic lipid-mediated transfection to deliver them into cells
(18, 19). Because the cEt chemistry was designed to increase the potency of ASOs, we
sought to determine whether these inhibitors would be active in cancer cells growing in
culture without any delivery agent (termed free-uptake conditions). The human-selective cEt
STAT3 ASO, AZD9150, was 10 to 20 times more potent than the Gen 2.0 STAT3 ASOs as
measured by analysis of cellular STAT3 mMRNA 24 hours after treatment. The half-maximal
inhibitory concentration (ICsp) values for the most sensitive cells were in the low nanomolar
range (Fig. 1A). The cEt STAT3 ASO was highly active by free uptake in both adherent
solid tumor and non-adherent hematologic cancer cells in culture (fig. S1). However, the
sensitivity to ASO-mediated target RNA reduction varied in the cell lines evaluated,
potentially due to differences in productive and non-productive (for example, lysosome-
mediated) uptake pathways in these cells, as has been described previously (20). Consistent
with a loss of ASO productive uptake as a result of growth in cell culture, primary mouse
hepatocytes lose ASO uptake capability in as little as 24 hours after being placed in cell
culture (fig. S2). The potency advantage of cEt over Gen 2.0 chemistry across cell lines was
also evident when STAT3 protein concentrations were measured at 72 h, by which point
near-complete depletion of STAT3 protein was achieved in all cell lines with AZD9150 (Fig.
1B and fig. S3). The inhibition of STAT3 protein was dose-dependent and selective for
STAT3. Amounts of related protein family members STAT1 and STAT5 were unchanged
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upon treatment of cells with STAT3 ASOs. The reduction in STAT3 was ASO sequence
dependent, because the control ASOs had no effect even at the highest doses tested (Fig. 1B
and fig. S3). The inhibition of STAT3 protein by AZD9150 was observed as early as 24
hours after treatment and was maintained until day 5 without additional ASO treatment (fig.
S4).

The potent free-uptake ASO activity described here differs from the activity referred to as
“gymnotic” delivery previously described for ASOs with a different chemistry (21). In the
previously reported study, target RNA reduction was only observed in the micromolar range
(>100-fold less potent than the ASOs described here) after several days of treatment under
highly culture-specific conditions. In contrast to the activity of AZD9150, which
demonstrated low nanomolar 1Csq values for target RNA inhibition in cell culture by free-
uptake, double-stranded siRNA inhibitors were critically dependent on transfection reagents
to induce RNA silencing and showed no cellular activity by lipid-independent delivery,
although the siRNAs had good potency when transfected with cationic lipids (fig. S5). This
is also consistent with previous reports demonstrating that in vivo siRNAs have limited
efficacy without liposomal or nanoparticle formulation (22, 23).

Antiproliferative effect of AZD9150 in human lymphoma lines in vitro

To identify cancer cells that might rely on STAT3 for growth, we evaluated the degree of
STAT3 pathway activation, as measured by the amount of phosphorylated STAT3 protein, in
a broadened panel of cells that included the lymphoma cell lines KARPAS299 and SUP-M2.
Although most cells had comparable amounts of total STAT3 protein, the two lymphoma
lines had highly activated STAT3 pathways, suggesting that these cells may require STAT3
for survival (Fig. 1C). This was in fact the case, because ASO-mediated depletion of STAT3
in KARPAS299 and SUP-M2 cells rapidly induced apoptosis as measured by the production
of cleaved PARP protein or the activation of Caspase-3 (Fig. 1, D and E for KARPAS299
and Fig. 1, F and G for SUP-M2). Moreover, in these lymphoma cells both AZD9150 and a
second, less potent cEt STAT3 inhibitor (ASO-2) induced dose-dependent reductions in
STAT3mRNA (Fig. 1D) and STAT3 protein (Fig. 1, E and F) and reduced expression of
STAT3 target genes MCL-1, c-MYC (Fig. 1E), BCL6, CYCLIN D1, BIRC5 (SURVIVIN),
and /L-2Ra (fig. S6). These phenotypic effects correlated with the degree of STAT3
depletion induced by each of these independent STAT3 ASOs, in concordance with the
potency of each ASO, demonstrating the specificity of the effect for STAT3 inhibition. To
further demonstrate that the effects observed in SUP-M2 and KARPAS299 cells were
specific to STAT3 inhibition, we modulated the STAT3 pathway with three additional
approaches. First, we treated cells with the small molecule inhibitor AZD1480, an inhibitor
of the kinases JAK1 and 2, which lie upstream of STAT3 and control its phosphorylation and
activation (24). As expected, AZD1480 induced a dose-dependent reduction of p-STAT3 in
KARPAS?299 cells, and this correlated with an inhibition of cell proliferation (fig. S7A, /eft
panel). Similarly, SUP-M2 cells were also sensitive to AZD1480 treatment, and both p-
STAT3 and cell proliferation were markedly inhibited (fig. S7A, right panel). Finally, we
evaluated the effect of STAT3 inhibition by a drug, crizotinib, an inhibitor of the upstream
kinase ALK (25). As expected, treatment of KARPAS299 and SUP-M2 cells with crizotinib
resulted in a marked decrease in cell proliferation (fig. S7B). Finally, we used multiple
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STAT3 siRNA inhibitors, delivered to the cells v/a electroporation to reduce STAT3
expression, and found that these reagents similarly inhibited the proliferation of lymphoma
cells, whereas control siRNA molecules did not (fig. S7C). Furthermore, downregulation of
STAT3correlated tightly with effects on cell proliferation when several additional ASOs of
varying length and chemistries were evaluated (Gen 2.0 vs Gen 2.5 or 16-mer vs 20-mer)
(fig. S7D). Taken together, these results demonstrate that the effects observed with cEt ASOs
are mediated by STAT3 inhibition and are consistent with previous reports suggesting that
STAT3 is important for lymphoma cell proliferation and survival (26).

In contrast to the high sensitivity of KARPAS299 and SUP-M2 cells to STAT3 depletion, the
near complete depletion of STAT3 had minimal effect on the proliferation of the majority of
the other cancer cell lines evaluated /n vitro (fig. S8A), even though the STAT3 pathway was
active and phosphorylated STAT3 (p-STAT3) was detected in many of these cells (Fig. 1C
and fig. S3). As expected, a positive control ASO targeting the mRNA encoding the mitotic
kinesin Eg5 produced a strong antiproliferative effect in all cells tested (fig. S8A). These
findings are also consistent with previous findings that no antiproliferative effects were
observed in multiple solid cancer cell lines in vitro when the STAT3 pathway was inhibited
by the JAK small molecule inhibitor AZD1480 (24). To confirm this, we also tested
AZD1480 and STAT3 siRNA inhibitors in two of these cell lines, NCI-H460 and PC-9, and
we did not observe any significant antiproliferative effects with either approach despite the
strong reduction of p-STAT3 and STA73mRNA (fig. S8, B to D for NCI-H460 and fig. S8,
E to G for PC9). These results further demonstrate that the antiproliferative effects of STAT3
ASOs are specific to the lymphoma cells and to the selective depletion of STAT3.

Reduction of STAT3 in tumor xenografts and primary human tumor explants in vivo after
systemic administration of AZD9150

The potency advantage of the cEt ASO relative to the Gen 2.0 ASO suggested that efficient
target RNA inhibition might be achieved in vivo in extra-hepatic tissues and in tumors. We
chose to first test AZD9150 in the A431 subcutaneous human epidermoid tumor xenograft
model because A431 cells were among the cells most sensitive to ASO under free uptake
conditions in vitro (ICsg 11 nmol/L) (Fig. 1A) and because the depletion of STAT3 did not
result in inhibition of A431 cell proliferation (fig. S8A). Thus, effects on STAT3 in this
tumor model would not be a result of indirect effects on tumor growth. To clearly
demonstrate the in vivo potency advantage of the Gen 2.5 over Gen 2.0 ASO, we evaluated
AZD9150 at half the dose of the Gen 2.0 ASO. Systemic delivery of 25 mg/kg per day of
AZD9150 to mice bearing established A431 tumors produced an approximately 90%
reduction in STAT3mRNA in tumors (£=0.0001; Fig. 2A). However, the Gen 2.0 ASO
administered at 50 mg/kg per day reduced STA73mRNA in tumors by only 30% (Fig. 2A).
Western blot analysis confirmed both the strong inhibition of STAT3 protein by AZD9150
(93% inhibition) and the potency advantage over Gen 2.0 ASO, where the 50 mg/kg dose
produced only approximately 40% reduction of STAT3 protein (Fig. 2B). AZD9150
treatment had little effect on STAT1 or STAT5 protein, confirming the drug's specificity for
STAT3 in vivo. Treatments with either Gen 2.0 or cEt control ASOs did not have an effect
on STAT3 RNA or protein (Fig. 2, A and B). The presence of ASOs in tumors was
demonstrated by both immunohistochemistry (IHC) analysis with an anti-ASO antibody and

Sci Transl Med. Author manuscript; available in PMC 2017 January 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hong et al.

Page 6

by quantitative HPLC (fig. S9, upper panel and table S1, respectively). Consistent with the
broad distribution in tumors, AZD9150 treatment produced dose-dependent, near-complete
depletion of human STAT3 protein throughout the tumor, as determined by IHC analysis of
STAT3 protein (Fig. 2C); as expected, the Gen 2.0 ASO treatment was much less effective
(fig. S9, lower panel). Despite the strong knock down of STAT3 in the A431 tumor cells,
there was no effect on the growth of A431 tumors even at higher doses of AZD9150 (37.5
and 50 mg/kg) in a separate study (fig. S10), demonstrating that this activity is not an
indirect result of effects on tumor growth, and that this model is not sensitive to STAT3
depletion. In addition, because AZD9150 is a human-specific STAT3 ASO with limited
activity against the mouse S7A73, much of the residual STAT3 protein in the tumor may be
due to the presence of mouse stromal cells in the tumor microenvironment. To confirm this,
tumor-bearing mice were treated with a mouse active cEt STAT3 ASO (Fig. 3A). Treatment
with this ASO resulted in STAT3 depletion in mouse tumor-associated stromal cells but not
the human tumor cells, as shown by IHC and gRT-PCR with species-specific primers/probe
(Fig. 3, B and C). Although muscle is a tissue typically insensitive to ASOs, the mouse
active cEt STAT3 ASO also produced near complete depletion of STAT3 protein in skeletal
muscle of treated mice (Fig. 3D).

As mentioned above, if the diminished ASO uptake capacity of some cancer cell lines in
vitro were a reflection of the loss of free uptake when establishing cell lines in culture,
similar to that seen in hepatocytes in culture (fig. S2), we might expect ASO uptake
pathways to be intact in primary tumors and primary tumor explants to be sensitive to ASO-
mediated target knock down in vivo. To test this, we evaluated the pharmacologic activity of
AZD9150 in a series of human primary patient-derived tumor explant (PDX) models, where
tumors have never been exposed to tissue culture. These included non-small cell lung cancer
(NSCLC), colorectal cancer, and lymphoma PDX models. Treatment of mice bearing
established primary human tumors with AZD9150 resulted in strong inhibition of STAT3
protein in the tumors of all three primary cancer models, as determined by western blot
analysis (80%, 76%, and 54% inhibition of STAT3 for the NSCLC, CRC, and lymphoma
tumors, respectively) (Fig. 4, /eft panel). Because all three PDX models contained a large
amount of mouse stromal cells within tumors themselves, and because the antibody for the
western blots does not distinguish between mouse and human STAT3, the inhibition
calculated for the depletion of human STAT3, by the human-specific STAT3 ASO
AZD9150, is likely an underestimation. IHC on tumor sections for STAT3 protein
demonstrated strong inhibition of STAT3 protein in the tumor cells in all 3 PDX models
(Fig. 4, right panel), although quantification of STAT3 on IHC showed less reduction
compared to the western blots, most likely due to the limitation of this method as reported
(27, 28). AZD9150 had no effect on STAT1 and STAT5 protein (fig. S11).

Quantitative measures of drug concentrations for Gen 2.0 STAT3 ASO and cEt ASO in
tumor were 98.9 ug/g vs. 59.8 ug/g of tumor tissue, respectively (table S1) and were
consistent with the respective doses evaluated, indicating that the distribution of ASOs in
tumor is similar for both ASO chemistries and that the intrinsically higher cellular potency
of cEt ASOs rather than pharmacokinetic differences drives the efficacy gain observed in
vivo. Tissue concentrations of ASO in preclinical models have been used to predict
efficacious dose levels in man (29). The tumor concentrations of AZD9150 achieved at
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doses associated with strong STAT3 depletion in tumors (25 mg/kg and 50 mg/kg) suggest
that the corresponding doses in man would be expected to be in the range of 5-10 mg/kg per
week, doses that are well within the range of what has been achieved previously with ASOs
in man (10).

Together these results demonstrate that systemically delivered cEt ASOs formulated in
simple saline solutions, and administered at well-tolerated and clinically meaningful doses,
exhibit good in vivo pharmacological activity against a difficult to drug target in tumors and
extra-hepatic tissues such as skeletal muscle (Fig. 3D).

Antitumor activity of unformulated, systemically administered AZD9150 in tumor models in

Vivo

To further explore the therapeutic potential of AZD9150 itself, we evaluated the in vivo
antitumor efficacy of AZD9150 in preclinical cancer models. Because of the high sensitivity
of lymphoma cells to STAT3 depletion in vitro, we first evaluated the in vivo anti-tumor
activity of AZD9150 in several lymphoma models, including subcutaneous cell line-derived
xenografts, patient-derived primary explants, and a systemically disseminated model of
lymphoma. SUP-M2 cells showed high sensitivity to STAT3 depletion for survival in vitro
and therefore, we chose to evaluate the activity of AZD9150 in SUP-M2 tumors in vivo.
Consistent with the in vitro findings, SUP-M2 xenograft tumors in vivo were sensitive to
AZD9150, and tumor growth was significantly inhibited (2= 0.0018; 62% Tumor Growth
Inhibition (TGI) vscontrol ASO treated group, Fig. 5A, /eft panel) without any associated
change in body weight (fig. S12). The extent of STAT3knock down by AZD9150 was lower
in SUP-M2 tumors than that seen in A431 tumors, ~40% vs~ 90% (Fig. 5A, right panel and
Fig 2A). This was anticipated because of the lower ASO free uptake ability of SUP-M2 cells
(ICs0 = 0.09 pmol/L; fig. S7D) vs A431 (ICsq = 0.011 umol/L; Fig. 1A) seen in vitro.
However, the in vivo dependence of SUP-M2 tumors on STAT3 for growth and survival was
similar to SUP-M2 cells in vitro, where ~40% knockdown of STA73 mRNA also resulted in
growth inhibition (fig. S7D). To extend the evaluation of AZD9150 in lymphoma to a more
disease-relevant setting in vivo, we next established a model of systemically disseminated
lymphoma, where SUP-M2 cells injected into immune-compromised mice through the tail
vein formed tumors in axillary lymph nodes and in the peritoneal cavity. AZD9150
treatment reduced STA73mRNA in tumors isolated from both lymph nodes and the
peritoneum (~50% reduction at each site compared to vehicle or control ASO treated
groups, Fig. 5B, /eft panel). In this model, overall systemic disease burden could also be
monitored indirectly by sIL-2Ra or sCD30 concentrations in the plasma of tumor bearing
animals (30). As expected, both sIL-2Ra and sCD30 concentrations were significantly
reduced by AZD9150 treatment, indicating the systemic anti-lymphoma activity of
AZD9150 treatment (£ =0.0023 for sIL-2Ra and £=0.0043 for sCD30, respectively; Fig.
5B, middle panel). The anti-lymphoma activity of AZD9150 was further confirmed by the
direct evaluation of tumor weights (P= 0.001; Fig. 5B, right panel) and reduced ascites at
the end of the experiment (fig. S13). We further extended our lymphoma studies of cell line-
derived models to a primary PDX model of human lymphoma. As demonstrated
histologically (Fig. 4), the lymphoma PDX model contained a marked mouse stromal
component. To better reflect the cumulative activity of STAT3 inhibition in lymphoma tumor
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cells and in tumor-associated stromal cells, we tested the combination of the human-
selective AZD9150 and the mouse active cEt STAT3 ASO characterized in Fig. 3. The
combined inhibition of STAT3 with AZD9150 and the mouse active STAT3 ASO produced
significant antitumor activity in this lymphoma PDX model (TGI = 67%, £=0.001
compared to the control ASO treatment; Fig. 5C) with no associated changes in body weight
(fig. S14). Species-specific PCR analysis confirmed that the combined treatment inhibited
both human STAT3 in the tumor cells and murine STAT3 in tumor-associated mouse cells
(Fig. 5D, feft panel), and IHC analysis confirmed the inhibition of pSTAT3 protein in both
human tumor and tumor-associated mouse stromal cells (Fig. 5D, right panel).

In addition to the potential of STAT3 as a target in lymphoma, it has also been proposed as a
therapeutic target in various solid tumors, including lung cancer (31, 32). However, as
mentioned above, neither cEt STAT3 ASOs nor the JAK/STAT inhibitor AZD1480 inhibit
the proliferation of NSCLC cell lines growing in culture (fig. S8). In contrast, AZD1480 has
shown marked antitumor activity in vivo when these same cancer lines were grown as tumor
xenografts (24, 33). This suggests that in vivo, these tumor cells acquire dependence on
STAT3 for growth. To determine whether AZD9150 behaves similarly to the small molecule
STAT3 pathway inhibitor, AZD1480, in vivo, we tested it in the PC-9 NSCLC subcutaneous
tumor xenograft model that has previously been shown to be sensitive to JAK/STAT
inhibition in vivo but not in vitro (33). Consistent with previous findings with JAK inhibitor
AZD1480, systemic treatment of mice bearing PC-9 tumors with AZD9150 produced near
complete inhibition of tumor growth /in vivo (TGl = 90%, P= 0.027; Fig. 5E, /eft panel).
AZD9150 treatment of PC-9 tumors in vivo resulted in the inhibition of expression of the
STAT3 downstream target genes c-MYC, MCL-1, and VEGF (Fig. S5E, right panel).
Nevertheless, strong depletion of STAT3 in PC-9 cells growing in vitro did not alter either
the proliferation of these cells or the amount of the survival protein MCL-1 (fig. S8E),
suggesting that when grown in vivo, PC-9 tumor cells become dependent on STAT3 for
growth and that selective inhibition of STAT3 has activity in NSCLC tumors in vivo.

Taken together, the data from mouse models demonstrated that systemically delivered cEt
ASOs can be used to inhibit expression of difficult-to-drug cancer driver pathways, and also
supported the further development of AZD9150. AZD9150 was evaluated in Investigational
New Drug (IND) enabling toxicology studies in both mice and non-human primates and was
found to be well tolerated (34). In both mice and non-human primates, up to 90% inhibition
of STAT3 protein was observed after systemic treatment with ASO formulated in saline (34).

Toxicological findings were consistent with effects typically observed with ASOs (10), and
the class effects of cEt chemistry were observed at similar doses to Gen 2.0 chemistry,
suggesting that cEt ASOs may similarly be well-tolerated in man up to doses of 10 mg/kg.

Single-agent antitumor activity of AZD9150 in treatment-refractory cancer patients

Because of the antitumor activity seen in lymphoma models and the strong linkage of
STAT3 pathway activation with this disease and other tumor types (35), both advanced
lymphoma and solid tumor patients were included in the phase | dose-escalation study of
AZD9150. Of the 25 patients enrolled, 12 were advanced lymphoma patients; of these,
seven had been diagnosed with diffuse large B-cell lymphoma (DLBCL), two each with
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Hodgkin's lymphoma and follicular non-Hodgkin's lymphoma, and one with mantle cell
lymphoma. For patient eligibility selection and inclusion criteria see Materials and Methods;
for patient demographics see table S2. The initial two patients were treated with AZD9150
starting at 2 mg/kg of ideal body weight per week by intravenous infusion, with a loading
dose of three infusions the first week followed by once weekly infusions until unacceptable
toxicity or disease progression occurred. In successive cohorts, 12 patients were treated with
3 mg/kg and nine with 4 mg/kg doses of AZD9150.

Pharmacokinetic studies demonstrated that AZD9150 behaved similarly to previously
described ASO molecules (36) (see full pharmacokinetic data in fig. S15). The maximum
tolerated dose (MTD) of AZD9150 was determined to be 3 mg/kg. A rapidly evolving
thrombocytopenia (in the first month of dosing) was observed in two of nine patients at 4
mg/kg and was considered the dose-limiting toxicity. A more chronic slowly progressing
thrombocytopenia occurs after 4 to 6 months of dosing at 2 and 3 mg/kg (and for most
patients at 4 mg/kg) and was effectively managed with pauses and dose frequency
adjustments. Figure S16 demonstrates the chronic slowly progressing thrombocytopenia
observed at all doses. The drug-related adverse events that occurred in >5% of patients are
listed in table S3. The drug-related adverse events that occurred most commonly in patients
dosed with AZD9150 were AST elevation (44%), ALT elevation (44%), and
thrombocytopenia (40%). One dose-limiting toxicity (DLT) event occurred in a patient
(DLT#1) who received the highest dose tested (4 mg/kg). After four doses of AZD9150, this
patient was hospitalized for generalized weakness in the setting of a rapid fall in platelet
counts, which was unlike the slow platelet reductions seen at 2 and 3 mg/kg. The kinetics of
this thrombocytopenia is consistent with thrombotic microangiopathy that is known to occur
with increased frequency in patients with advanced cancers, however, due to the temporal
relationship to the start of dosing, the case was considered possibly related to study drug.
This patient's condition deteriorated rapidly and she expired after 9 days of hospitalization.
A second DLT event (DLT#2), also possibly treatment-related thrombocytopenia, occurred
after two 4 mg/kg doses of AZD9150. In this patient, platelet counts also dropped quickly,
however, they recovered to normal after discontinuation of study drug. The slowly
progressing thrombocytopenia seen in patients at or below the MTD is consistent with the
reported role of STAT3 in megakaryopoeisis (37, 38), whereas the rapidly progressing
thrombocytopenia seen above the MTD in the two patients with DLTs described above
(DLT#1 and DLT #2) had an unknown etiology. Forty-four percent of all patients (n=11/25)
achieved stable disease (SD) or a partial response (PR) and encouragingly, three of six
patients (50%) with treatment-refractory DLBCL had evidence of tumor shrinkage and two
patients (33%) achieved a confirmed durable PR (Fig. 6A). The one follicular non-Hodgkin's
lymphoma patient achieved SD as defined by International Working Group Criteria (IWGC).
One of the DLBCL patients (patient 1001) with PR was treated with AZD9150 at 2 mg/kg.
Patient 1001 was a 63-year-old female originally diagnosed with follicular lymphoma in
2007, which transformed to a large B-cell lymphoma in 2010. The patient had relapsed
disease or was refractory to 9 prior chemotherapy-containing regimens (table S4). After 7
weeks of treatment with AZD9150, patient 1001 had a PR with an overall decrease in tumor
burden of 50% when assessed by fluorodeoxyglucose positron emission tomography (FDG-
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PET) scan (Fig. 6B). This patient remained on treatment with a very durable partial response
for a year and 3 months after treatment initiation.

Patient 2012, a 53-year-old male diagnosed with advanced DLBCL in 2012, received 4
mg/kg of AZD9150. This patient was refractory to the front-line therapies R-CHOP
(rituximab, cyclophosphamide, hydroxydaunorubicin, vincristine, and prednisone) and R-
ICE (rituximab, ifosfamide, carboplatin, and etoposide) (table S4). As with patient 1001,
patient 2012 had a strong partial response (65% reduction in target lesion) after 7 weeks of
AZD9150 treatment. There were marked reductions in both mesenteric and retroperitoneal
lesions (Fig. 6C) and in an oropharyngeal mass that was causing dysphagia in this patient
(fig. S17A). He maintained a PR for approximately 4 months, and with his improved and
stabilized disease he became a candidate for an autologous stem cell transplantation, which
he received. He currently remains in complete metabolic remission, with no lesions having
metabolic activity above background on follow up FDG-PET scans.

Two patients with refractory Hodgkin's lymphoma also had evidence of antitumor responses
after treatment with AZD9150 where both patients experienced marked reductions in target
lesions at the end of 7 weeks of treatment (fig. S17B) but were reported as mixed responders
due to the appearance of new lesions and came off study.

Finally, our preclinical data suggested that NSCLC tumors may respond to AZD9150.
Intriguingly, the only NSCLC patient evaluated showed evidence of near complete
resolution of highly treatmentrefractory NSCLC liver metastasis upon first restaging, with
additional stabilization of mediastinal lymph nodes in response to 3 mg/kg of AZD9150
treatment (Fig. 6D). Given the occurrence of new lesions on second restaging by RECIST
1.1, the patient was taken off protocol. A summary of all tumor responses and effects on
disease stabilization for the 21 patients for whom baseline and restaging scans were
performed is shown schematically in Fig. 6A.

Elevated circulating concentrations of IL-6 have been associated with poor prognosis in
several cancers including DLBCL (39, 40). IL-6 receptor signals through STAT3 increase
the transcription and production of I1L-6, resulting in a feed forward autocrine loop (41).
Thus, circulating IL-6 could potential serve as an early biomarker of STAT3 pathway
inhibition. Eight patients had post-treatment reductions in serum concentrations of 1L-6
greater than 30% (Fig. 6E). Three of the four responding lymphoma patients were among
those with >30% decreases in IL-6 (Fig. 6E). Moreover, we did not observe increases in
circulating IL-6 in patients with confirmed PRs, and no patients reported constitutional
symptoms such as fever or chills that would suggest a proinflammatory activity for
AZD9150, as has been reported previously with certain ASOs at higher doses (36, 42).

Discussion

The findings reported here highlight antisense technology as it applies to cancer drug
discovery and treatment. We have identified and characterized the in vitro and in vivo
activity of optimized next-generation (CEt) ASO AZD9150 targeted to the transcription
factor STATS.
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Additional recent clinical approaches to target STAT3 directly include the evaluation of
STAT3 DNA binding site decoys (43, 44) and small molecule agents that disrupt STAT3
SH2 dimerization domains (45, 46), however, these used employed intra-tumoral injection of
drug or were associated with notable toxicities, respectively. Targeting the upstream JAK
receptor tyrosine kinase has proven a more feasible means of indirectly targeting the STAT
pathway (26, 33), however, multiple JAK-independent mechanisms causing STAT3
activation have been identified (47-53), and thus direct STAT3 inhibition remains an
attractive cancer strategy.

In cancer cell lines in culture, AZD9150, the cEt STAT3 ASO, had low-nanomolar activity
in the absence of lipid-mediated permeability enhancers. Our preclinical characterization of
AZD9150 supports the findings with an earlier generation of STAT3 ASOs that lymphoma
tumor may be particularly sensitive to STAT3 inhibition (54) and extends this to demonstrate
that NSCLC tumors in vivo can be sensitive to STAT3 inhibition. Of principal therapeutic
importance, we demonstrated that systemically administered, cEt STAT3 ASOs formulated
in simple saline solutions were more potent than previous generation ASOs and potently
reduced STA73 mRNA and protein in tumors, tumor-associated stromal cells, and multiple
normal tissues in mice. These preclinical findings translated into the clinical setting, where
we observed encouraging clinical efficacy in patients with advanced highly treatment-
refractory lymphomas and NSCLC in the phase | dose escalation study. Consistent with the
increased potency of cEt ASOs demonstrated in preclinical models, the clinical efficacy of
AZD9150 was achieved at doses that are 3-7 fold lower than those of Gen 2.0 ASOs
evaluated in cancer patients previously (55-57).

Although our initial clinical data suggest that AZD9150 has potential as a cancer
therapeutic, it will be important to reassess this early activity in phase Il and 11 clinical trials
and, if possible, understand why certain lymphoma patients (or patients with other tumor
types) respond to AZD9150 but others do not. In the current study, baseline and on-
treatment tumor biopsies were not available for most patients. In future studies, it will be
important to include pre- and post-treatment biopsies to identify the cell type specificity and
the degree of STAT3 inhibition associated with clinical efficacy and to determine whether a
particular genetic or gene expression signature predicts which patients will respond or be
resistant to AZD9150. The biopsies will also help clarify the contribution of STAT3
knockdown in the tumor cell vs. tumor stromal compartment. Preclinical modeling predicted
that doses between 5 and 10 mg/kg/week in man would be required for robust STAT3
depletion in tumor cells, however, AZD9150 was clinically active at doses as low as 2
mg/kg. It is possible that limited inhibition of STAT3 produced the observed antitumor
effects, as was the case in lymphoma cells in culture.

The preclinical antitumor activity reported here for the human selective ASO AZD9150, in
immunocompromised mice, clearly demonstrates that inhibition of STAT3 in tumor cells
themselves can result in antitumor activity. However, STAT3 is reported to have both tumor
cell-autonomous and non-autonomous functions, including well-described roles in the cross-
talk between tumor cells and immune cells of the tumor microenvironment (31-33), and thus
it is possible that these activities may contribute to the clinical efficacy seen with AZD9150.
Thus, dissecting the roles STAT3 plays in all cell types of the tumor microenvironment in
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both immunocompromised and immunocompetent mouse models of cancer will be
important questions for future studies. The human- and mouse-selective STAT3 inhibitors
described here should serve as valuable tools for these efforts.

AZD9150 treatment was both well-tolerated and efficacious at the 2 and 3 mg/kg doses.
However, dose escalation with AZD9150 above 4 mg/kg was not possible because of effects
on platelets. This toxicity is likely an on-target effect mediated by STAT3 depletion, because
it is consistent with effects seen in mice with genetic STAT3 deficiency in megakaryocyte
progenitor cells (37). Future cEt ASOs directed to additional cancer pathways, which might
not be similarly limited by on-target toxicities, should be able to achieve much higher doses
in man and consequently produce even stronger effects. This is supported by the pre-clinical
toxicology indicating that non-specific toxic effects of cEt ASOs are similar to those of Gen
2.0 ASOs that have achieved 10-12 mg/kg dose levels in patients (14).

In addition, the toxicities associated with AZD9150 treatment must be characterized in
larger numbers of patients and must also include the careful evaluation of susceptibility to
pathogenic infections, because inactivating mutations in STA7.3 have recently been
identified as the underlying genetic event in Hyperimmunoglobulin E syndrome (HIES),
characterized by high plasma IgE concentrations and recurrent staphylococcal infections of
the lung and skin as well as chronic mucocutaneous candidiasis (58).

In conclusion, the cEt ASO AZD9150, containing a constrained ethyl modification,
decreased STAT73expression in a broad range of preclinical cancer models and had
antitumor activity in lymphoma and lung cancer models. Antitumor activity of AZD9150
was also demonstrated in patients with highly treatment-refractory lymphoma and non-small
cell lung cancer in a phase | dose escalation study. These findings indicate that this antisense
chemistry can provide a rational means to translate cancer genomic information into
therapeutic molecules capable of targeting previously intractable cancer drivers.

Materials and Methods

These are provided in the supplementary materials.

Supplementary Material

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

This work describes the activity in multiple preclinical cancer models of the
unformulated, systemically administered novel chemistry (cEt) antisense oligonucleotide
inhibitor AZD9150 an inhibitor of the previously undruggable transcription factor STAT3
and the translation of these preclinical findings to phase 1 clinical studies where
AZD9150 has demonstrated single agent antitumor activity in several highly treatment
refractory cancer patients.
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Fig. 1. Activity of cEt (Gen 2.5) STAT3 ASO (AZD9150) and Gen 2.0 STAT3 ASO in tumor cells
In vitro

(A) Gen 2.0 MOE or cEt STAT3 ASO along with control ASO were delivered to human
epidermoid cancer A431 cells via free uptake. STAT3 knockdown was determined by gRT-
PCR. IC5q values for Gen 2.0 and Gen 2.5 cEt STAT3 ASOs calculated using GraphPad
Prism software are shown. (B) Total cell lysates were collected for immunoblot analysis 3
days after ASO treatment. Amounts of total and phosphorylated forms of STAT3 protein as
well as other STAT members, STAT1 and STATS5, were compared. (C) Amounts of total and
phosphorylated STAT3 were measured in a variety of human tumor cell lines by immunoblot
analysis. (D-G) Two cEt STAT3 ASOs along with a control ASO with the same chemistry
were delivered to human anaplastic large T-cell lymphoma (ALCL) lines, SUP-M2 and
KARPAS299, by free uptake. STAT3mRNA concentration and cell proliferation were
determined in KARPAS299 at 24 h and on day 5, respectively (D). The amounts of c-MYC
and MCL-1 proteins, which are regulated by STAT3, also decreased at 72 h, after the
decrease in STAT3 protein (E). Downregulation of STAT3 by the cEt STAT3 ASOs also
resulted in strong apoptosis in SUP-M2 cells, as demonstrated by immunoblot analysis for
cleaved PARP, a surrogate marker for apoptosis at 72 h (F), and FACS analysis for active
caspase-3 at 72 h (G). UTC: untreated cells. These experiments have been replicated at least
3 times. Graphs in A and D show the means * standard deviations (SD) of n = 3.

p-Actin -

SUPNZ

Sci Transl Med. Author manuscript; available in PMC 2017 January 30.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hong et al.

Page 18
A 140 Human STATZ mRNA
120
% %‘ 100
£ 80
<3 § 80
e o
& 40
20
0
Vehicle Gen 2.0 Gen 20 Gen25 Gen25
Control  Conlrol ASO STAT3 ASO STAT3 ASO Control ASO
(AZD9150)
B Gen 20 Gen 2.0 Gen 2.5 STAT3 ASO Gen25
Vehicle Control Control ASO STAT3 ASO (AZD9150) Control ASO
1 | 1 | 1
I \[ 1 [ 10 L 1
—— ————
STATI | s e————— —————— —
STATS (Tyr)| e — - — — w— i w— ———— C ————
| eGSR W s e S S T S S T =
STATS - - - .
GAPDH —_—— e e e -_—
STAT3 (% control) 100 | 100 | 60 | 7 | 100
C Gen 2.5 STAT3 ASO Gen 2.5 STAT3 ASO
Vehicle Control (AZDO150) (25 mg/kg) {AZD2150) (50 mgkg)
- - - :
100 pm - 100 pm

STAT3 IHC

Fig. 2. Activity of cEt (Gen 2.5) STAT3 ASO (AZD9150) and Gen 2.0 STAT3 ASO in A431
xenogr aft tumors

(A-B) Animals bearing A431 human epidermoid tumors were treated with Gen 2.0 STAT3
ASO, cEt STAT3 ASO, or control Gen 2.0 or cEt ASO at either 50 mg/kg (for Gen 2.0
chemistry) or 25 mg/kg (for Gen 2.5 chemistry), 5 times per week for 3 weeks. Target
reduction at RNA or protein levels was determined by g-RT-PCR (A) (*P=0.0001; n =6
mice per group) and immunoblot analysis (B), respectively. (C) Dose-dependent decrease in
human STAT3 by AZD9150 was confirmed by immunohistochemistry (IHC). Graph A
shows the means = SD. Scale bars, 100 um.
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Fig. 3. Downregulation of mouse or human STAT 3 expression with species-specific cEt STAT3
ASOsin A431 xenogr aft model

(A) Mice transplanted with A431 human epidermoid tumor cells were treated with either a
CEt STAT3 ASO that is specific for human STAT3 (AZD9150) or with an ASO that has
greater activity for mouse STAT3 (ASO-2), at 25 mg/kg, daily, 5 days a week for 3 weeks (n
= 4 mice per group). (B) Immunohistochemistry demonstrated selective inhibition of either
human STAT3 in tumor cells or mouse stromal STAT3 with AZD9150 and ASO-2,
respectively, which was consistent with g-RT-PCR results for STA7T3 mRNA determined by
using species-specific probe/primer sets, as shown in (C) (n = 4 mice per group). (D)
Mouse-active STAT3 ASO (ASO-2) also reduced the endogenous STAT3 protein in the
quadriceps muscle of treated animals in a dose-dependent manner (n = 2 mice per group).
Graphs in C and D show the means = SD. Scale bars, 50 um.
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Fig. 4. Pharmacological activity of AZD9150 in patient-derived primary explants (PDX)
Mice transplanted with human patient-derived primary explants (PDX) from NSCLC

metastasized to lymph node (NSCLC-LN), colorectal cancer, or lymphoma were treated

with cEt (Gen 2.5) STAT3 ASO at 50 mg/kg, daily, 5 days a week for 3 weeks, then tumors
were harvested and analyzed for STAT3 protein by immunoblot (/eft panel) and IHC (right
panel) (n = 4 mice per group). Amounts of STAT3 protein on the immunoblots and the IHC
were quantified and expressed as % control. Scale bars, 50 pm.
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Fig. 5. Antitumor activity of AZD9150 in tumor models
(A) Animals bearing SUP-M2 cells in the left flank region were treated with cEt (Gen 2.5)

STAT3 ASO or control ASO at 50 mg/kg, 5 times per week for 5 weeks. cEt STAT3 ASO
(AZD9150) significantly inhibited tumor growth compared to the control ASO (TGI = 62%)
(*P =0.0018) (n=16 mice per group) (/eft panel) even with modest STA73 downregulation
in the tumor (right panel). (B) SUP-M2 cells were intravenously injected into NSG mice.
Twenty days later, animals were randomized on the basis of soluble CD30 (sCD30)
concentration and treated with either control ASO or cEt STAT3 ASO at 50 mg/kg, 5 times
per week for 2 weeks. Reductions in STA7T3mRNA in axillary lymph nodes and peritoneal
ascites of the STAT3 ASO-treated group (/eft panel), in plasma sIL-2Ra. (*P =0.0023) and
sCD30 (*P =0.0043) concentrations (/middle panel), and in tumor burden (*£ =0.001) (n =
9 mice per group) (right panel) were assessed. (C-D) Mice transplanted with human patient-
derived primary DLBCL tumors in the flank region were treated with either control ASO or
AZD9150 plus mouse STAT3-targeting ASO at 50 mg/kg, 5 times per week for 4 weeks.
Tumor growth was significantly inhibited in the STAT3 ASO-treated group compared to the
control ASO group (TGI = 67%) (*P =0.001) (n = 7-8 mice per group) (C). STAT3mRNA
knockdown in tumor and stroma cells was demonstrated in STAT3 ASO-treated group by
gRT-PCR using species-specific probe/primer sets (D, /eft panel). A decrease in phospho-
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STAT3 protein in both tumor and stromal cells with STAT3 ASO treatment was also
quantified from IHC (D, right panel). (E) Animals bearing human NSCLC PC-9 cells in the
flank region were treated with AZD9150 alone at 25 mg/kg, 5 times per week for about 5
weeks. Tumor growth was significantly delayed with AZD9150 treatment compared to
control (/eft panel) (TGI = 90%) (*P =0.027) (n = 7 mice per group), which also correlated
with marked reductions in both total STAT3 and phospho-STAT3 protein as well as STAT3
targets (right panel). Graphs in A to E show the means + SEM.
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Fig. 6. Clinical antitumor activity of AZD9150
(A) 3D waterfall plot of change from baseline of tumor size with time on treatment and

tumor type for all patients with pre- and post-dose tumor measurements. ASCT; autologous
stem-cell transplantation. (B) Positron emission tomography (PET) scan of DLBCL patient
1001 at baseline (before AZD9150 treatment, /eft panel) and after 7 weeks of treatment with
AZD9150 (2 mg/kg per week, right panel). (C) PET scan for DLBCL patient 2012 at
baseline and 7 weeks after AZD9150 (4 mg/kg per week). (D) PET scans for NSCLC patient
3004 demonstrating reduction in 2 liver lesions approximately 8 weeks after AZD9150 (2
mg/kg on study day 1, 3, and 5 and then weekly from study day 8) treatment. (E) Waterfall
plot of greatest 1L-6 change from baseline for all 25 patients. Plasma IL-6 concentrations in
patients 1001 and 2012 (DLBCL), 2001 and 2013 (HL), and 3004 (NSCLC) are marked in
red. In B to D, red brackets or arrows indicate regions of highly metabolically active tumors,
and blue brackets or arrows indicate regions where tumors have regressed. Asterisks in E
indicate the patients who came off the treatment prior to the first restaging FDG-PET scan at
2 months after treatment initiation.
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