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SAF-248, a novel PI3K&-selective inhibitor, potently
suppresses the growth of diffuse large B-cell lymphoma

Xi Zhang', Yu-ting Duan'?, Yi Wang', Xing-dong Zhao®, Yi-ming Sun', Dong-ze Lin', Yi Chen'?, Yu-xiang Wang', Zu-wen Zhou?,
Yan-xin Liu?, Li-hua Jiang®, Mei-yu Geng®*, Jian Ding** and Ling-hua Meng'?

PI3KS is expressed predominately in leukocytes and overexpressed in B-cell-related malignances. PI3KS has been validated as a
promising target for cancer therapy, and specific PI3Kd inhibitors were approved for clinical practice. However, the substantial
toxicity and relatively low efficacy as a monotherapy in diffuse large B-cell lymphoma (DLBCL) limit their clinical use. In this study,
we described a novel PI3K& inhibitor SAF-248, which exhibited high selectivity for PI3K6 (ICso = 30.6 nM) over other PI3K isoforms at
both molecular and cellular levels, while sparing most of the other human protein kinases in the kinome profiling. SAF-248
exhibited superior antiproliferative activity against 27 human lymphoma and leukemia cell lines compared with the approved PI3K&
inhibitor idelalisib. In particular, SAF-248 potently inhibited the proliferation of a panel of seven DLBCL cell lines (with Gls, values <
1 uM in 5 DLBCL cell lines). We demonstrated that SAF-248 concentration-dependently blocked PI3K signaling followed by inducing
G, phase arrest and apoptosis in DLBCL KARPAS-422, Pfeiffer and TMD8 cells. Its activity against the DLBCL cells was negatively
correlated to the protein level of PI3Ka. Oral administration of SAF-248 dose-dependently inhibited the growth of xenografts
derived from Pfeiffer and TMD8 cells. Activation of mTORC1, MYC and JAK/STAT signaling was observed upon prolonged treatment
and co-targeting these pathways would potentiate the activity of SAF-248. Taken together, SAF-248 is a promising selective PI3K&

inhibitor for the treatment of DLBCL and rational drug combination would further improve its efficacy.
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INTRODUCTION

Diffuse large B-cell ymphoma (DLBCL), the most common subtype
of B-cell non-Hodgkin lymphoma, is an aggressive and hetero-
geneous disease with a high risk of treatment failure [1]. Although
approximately 60% of patients with DLBCL can be cured by the
standard-of-care therapy with rituximab plus cyclophosphamide,
doxorubicin, vincristine, and prednisone (R-CHOP), 30%-40% of
patients exhibit resistance to this treatment or relapse after a
complete response [2, 3]. Currently, effective therapeutic options
available for refractory or relapsed patients are extremely limited,
indicating an unmet therapeutic need. As a result, many efforts
have been made toward developing novel and more effective
therapeutic approaches. DLBCL can be divided into two major
molecular subtypes with distinct genomic profiles, termed
germinal center B-cell-like (GCB) and activated B-cell-like (ABC).
The B-cell receptor (BCR) and the downstream phosphatidylino-
sitol 3-kinase (PI3K) are frequently hyperactivated in both GCB-
and ABC-DLBCL [4] and have emerged as important therapeutic
targets for DLBCL.

PI3K integrates multiple signals from growth factors and
cytokines and further activates the AKT/mTOR pathway to play
crucial roles in regulating cell proliferation, migration, and survival
[5]. Mammalian PI3Ks are categorized into three groups (I, Il, and

), and class | PI3Ks are further divided into class IA PI3Ks (PI3Ka,
B, and &) and the class IB PI3K (PI3Ky) [6]. PI3KS is enriched
in hematopoietic cells and activated by T- and B-cell antigen
receptors [7, 8]. PI3K& is involved in BCR signaling and possesses
an important function in the survival and differentiation of B cells.
Selective targeting of PI3KS has been validated as a promising
approach for cancer therapy. Idelalisib was the first PI3K&-selective
inhibitor approved by the FDA for the treatment of chronic and
relapsed chronic lymphocytic leukemia (CLL), follicular lymphoma
(FL), and small lymphocytic lymphoma (SLL). Although idelalisib
has demonstrated significant clinical efficacy, it causes serious
toxicity, leading to its approval tagged with a black box warning.
Idelalisib failed to achieve desirable responses in relapsed/
refractory DLBCL patients, suggesting its lack of efficacy as a
monotherapy against DLBCL [9]. Duvelisib, a second-generation
PI3K&/y dual inhibitor that displays enhanced efficacy against
DLBCL [10], was recently approved for the treatment of FL, CLL,
and SLL after two or more systemic therapies. Copanlisib, an
approved pan-class | PI3K inhibitor, and fimepinostat, a dual
inhibitor of histone deacetylase and PI3K, have shown potential in
treating DLBCL [11, 12]. Although preliminary efficacy has been
shown in DLBCL by targeting the PI3K pathway [13], unexpected
side effects, especially those related to pan-PI3K inhibitors, have
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limited the clinical applications of PI3K inhibitors [14]. Because of
the critical role of PI3KS& in DLBCL, there is a great need to discover
novel PI3K&-selective inhibitors that exhibit improved potency. On
the other hand, a number of patients do not respond to PI3K&
inhibitors, and a fraction of patients develop resistance upon
continuous treatment, which eventually leads to disease progres-
sion [15, 16]. Rational drug combination is a promising strategy to
overcome drug resistance and enhance efficacy without signifi-
cant toxicity. Currently, several clinical trials are underway to
evaluate the combination of PI3KS inhibitors with other molecu-
larly targeted agents for the treatment of DLBCL, e.g., the
combination of idelalisib with the spleen tyrosine kinase (SYK)
inhibitor entospletinib (NCT01796470) and fimepinostat with the
B-cell lymphoma-2 inhibitor (Bcl-2) inhibitor venetoclax
(NCT01742988). A better understanding of the mechanism of
DLBCL resistance to PI3KS inhibitors will facilitate the develop-
ment of new drug combination regimens.

In an effort to discover novel PI3K&-selective inhibitors, a series
of pyridone ring derivatives were designed, synthesized and
evaluated [17]. SAF-248 was identified as a novel PI3K&-selective
inhibitor with a distinctive structure and potent antiproliferative
activity against a wide spectrum of B-cell lymphomas and
leukemia. Here, we describe the in vitro and in vivo potency of
SAF-248 against DLBCL and reveal the synergistic inhibition of
PI3KS with inhibitors targeting pathways critical for DLBCL, which
may be useful for the further clinical development of PI3K&
inhibitors in the treatment of DLBCL.

MATERIALS AND METHODS

Compounds

SAF-248 was provided by Fochon Pharmaceuticals, Ltd. (Chongging,
China). Idelalisib, alpelisib, bortezomib, doxorubicin, methotrexate,
bleomycin sulfate, vincristine, vinblastine, mechlorethamine HC|,
everolimus, ruxolitinib, pacritinib, fludarabine, entospletinib, and
venetoclax were purchased from Selleck Chemicals (Houston, TX,
USA). All compounds were dissolved at 10 mM in dimethyl sulfoxide
(DMSO; Sigma-Aldrich, St. Louis, MO, USA) as stock solutions, and
aliquots were stored at —20°C. Compounds were diluted to the
desired concentration before each experiment. For the in vivo
studies, compounds were dissolved in normal saline containing 30%
polyethylene glycol (PEG) 400 (v/v; Sangon Biotech, Shanghai,
China), 0.5% Tween 80 (v/v, Sangon Biotech, Shanghai, China) and
5% propylene glycol (v/v, Sangon Biotech, Shanghai, China).

In vitro PI3K assay

The effect of the tested compounds on the PI3K activity was
assessed using a PI3-Kinase HTRF™ Assay kit (Sigma-Aldrich, St.
Louis, MO, USA) as described previously [18]. In brief, the ECgq
concentration of each enzyme containing 10 uM PIP2 was mixed
with each tested compound in assay buffer. The reaction was
initiated by adding ATP and terminated by adding stop solution
after 30-min of incubation at room temperature. The intensity of
the light emission was measured with an EnVision Multilabel
Reader (PerkinElmer, Inc., Waltham, MA, USA), and the ICsy values
were calculated by fitting the data to a logistic curve using
GraphPad Prism 7 software (GraphPad Software, Inc., San Diego,
CA, USA). In vitro kinase profiling was performed by the Kinase
Profiler Service following its guidelines (Eurofins Pharma Discovery
Services UK Limited, Dundee, UK).

Cell lines and cell culture

Human lymphoma U2932, KARPAS-422, SU-DHL-4, RL, WSU-DL-
CL2, OCI-LY-19, DB, HT, L-428, and KARPAS-299 cells were
obtained from the Leibniz Institute DSMZ-German Collection of
Microorganisms and Cell Culture GmbH (DSMZ, Braunschweig,
Germany). SU-DHL-6, Pfeiffer, KG-1, JEKO-1, Z-138, MM.1S, Jurkat,
HH, Molt-4, HEL, NIH-3T3, PC-3, RAW264.7 and Ramos cells were
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obtained from the American Type Culture Collection (ATCC,
Manassas, VA, USA). TMDS8, OCI-LY-10 and MV-4-11 cells were
obtained from the Cell Bank of the Chinese Academy of Sciences
(Shanghai, China). MOLM-13, WIL-2-NS, and KMS-11 cells were
obtained from the Japanese Collection of Research Bioresources
Cell Bank (JCRB, Osaka, Japan). Eol-1 cells were obtained from the
European Collection of Authenticated Cell Cultures (ECACC,
Salisbury, UK). Cell lines were authenticated by analyzing short
tandem repeats by Genesky Biotechnologies Inc. (Shanghai,
China). All cells were maintained in the appropriate culture
medium suggested by the suppliers.

Cell proliferation assay

Cell proliferation was measured by a Cell Counting Kit (CCK-8,
Dojindo, Kumamoto, Japan) as described previously [19]. Briefly,
cells seeded in 96-well plates were treated with diluted
compounds in triplicate for 72 h. CCK-8 reagent was added to
each well, and the optical density (OD) value was measured at 450
nm using a multiwell spectrophotometer (Molecular Devices,
Sunnyvale, CA, USA). The inhibitory rate was calculated using
the fOHOWing formula: (ODcontroI cells_ODtreated cells — ODDay O)/
(ODcontrol cells — ODpay o) X 100%, where ODp,, o indicates the OD
of the control cells immediately before treatment. Glsg values were
calculated by using GraphPad Prism 7 software.

Western blot

Cell lysates were harvested and subjected to standard Western
blot analysis using antibodies against phospho-AKT (Ser473),
phospho-AKT (Thr308), AKT, phospho-p70 S6 Kinase (p70S6K,
Thr389), p70S6K, phospho-S6 Ribosomal Protein (S6, Ser235/
236), phospho-S6 (Ser240/244), S6, phospho-4E-BP1 (Thr37/46),
4E-BP1, phospho-Erk1/2 (Thr202/Tyr204), Erk1/2, phospho-signal
transducer and activator of transcription (STAT)3 (Tyr705),
STAT3, phospho-STAT5 (Tyr694), STAT5, MYC, PI3Ka, PI3KB,
PI3KS, PI3Ky, cleaved caspase 3, caspase 3 (Cell Signaling
Technology, Inc,, Danvers, MA, USA), and B-actin (Sigma-Aldrich,
St. Louis, MO, USA).

Flow cytometry

Cell cycle distribution was assessed with a FACSCalibur™
Instrument (BD Biosciences, San Jose, CA, USA) as previously
reported [20]. To detect apoptosis, cells were cultured in
the presence of the tested compounds for 72 h. Apoptotic cells
were measured by annexin V-fluorescein isothiocyanate and 7-
aminoactinomycin D (7-AAD) (BD Biosciences, San Jose, CA, USA)
staining, followed by flow cytometry analysis. Data were
analyzed with FlowJo software (BD Biosciences, San Jose,
CA, USA).

Animal experiments

All experiments were performed according to the institutional
ethical guidelines on animal care and were approved by the
Institute of Animal Care and Use Committee at Shanghai Institute
of Materia Medica. Four-to-five-week-old female BALB/c athymic
nude mice were obtained from the Shanghai Institute of Materia
Medica (Shanghai, China). Human tumor xenografts derived from
TMD8 or Pfeiffer cells were established. Tumor-bearing mice were
orally administered vehicle, idelalisib or SAF-248 at the indicated
dose twice daily. The body weights and tumor volumes of each
group (n = 6) were measured and recorded twice per week. The
tumor volume (V) was calculated by the formula: V= 0.5 x length
(mm) x width?> (mm?). The relative tumor volume (RTV) was
calculated at each measurement time point using the formula:
RTV = tumor volume at the given time point/initial tumor volume.
The treatment-to-control ratio (7/C) was calculated using the
following formula: T/C (%) = (Tgrv/Cgrv) X 100%, where Tgy and
Crrv represent the RTV of the treatment and vehicle groups,
respectively.
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Pharmacokinetic/pharmacodynamic studies were performed as
described previously [21]. Mice bearing TMD8 tumors were
randomly divided into three groups (three mice/group) and were
given vehicle or SAF-248 at 100 mg/kg. Tumor tissues and blood
were collected 2h or 4h after administration of SAF-248,
respectively. Concentrations of SAF-248 in plasma and tissue were
measured by HPLC/tandem mass spectrometry. Tumor tissues were
homogenized and processed for Western blot analysis.

RNA sequencing

Samples from xenograft tumors were collected, and RNA
sequencing was performed by WuXi AppTec using lllumina-
HiSeq (Shanghai, China). Differentially expressed genes were
identified with a fold change cutoff of 1.5. Pathway enrichment
analysis was assessed using Gene Set Enrichment Analysis (GSEA,
http://software.broadinstitute.org/gsea/index.jsp).

Combination assay

Cells were treated with a single agent alone or in combination
with another agent, and the inhibitory rate of cell proliferation was
assessed by CCK-8 assay. The combination index (Cl) was analyzed
by CalcuSyn software as described previously (Biosoft, Cambridge,
UK) [22].

Statistical analysis
Data presented are from at least two independent experiments.
Statistical analysis was performed using Student’s t test. Differ-
ences were considered statistically significant when the P value
was less than 0.05.

RESULTS

SAF-248 is a potent and selective PI3KS inhibitor

To discover novel and selective PI3KS inhibitors, we designed and
synthesized a series of pyridone ring derivatives based on
previously reported PI3K& inhibitors [23]. High-throughput screen-
ing was performed to evaluate the activity of these derivatives
against the kinase activity of PI3K&. SAF-248 was identified as a
potent PI3K&-selective inhibitor. As shown in Fig. 1a, SAF-248
significantly inhibited the enzymatic activity of PI3K& with an 1Cs,
of 30.6 nM, which is much lower than the IC5, values determined
against other class | PI3K enzymes. Idelalisib, a clinically approved
PI3K$ inhibitor, displayed a similar profile against the four class |
PI3K isoforms. To further characterize the selectivity of SAF-248,
we tested its activity against a panel of 318 human kinases. Of all
the tested protein kinases, none of them were inhibited by greater
than 50% in the presence of 10 uM SAF-248. However, SAF-248
exhibited significant inhibitory activity against a few lipid kinases,
including isoforms and mutated PI3Ks, at this same concentration
(Fig. 1b). To further confirm the selectivity of SAF-248 among class
| PI3Ks, we investigated the activity of SAF-248 against PI3K at the
cellular level by examining the phosphorylation of AKT at S473, a
surrogate marker for cellular PI3K activity [24]. The individual
isoform of PI3K is known to be activated by different extracellular
stimuli in particular cell contexts [25, 26]. Platelet-derived growth
factor BB (PDGF-BB) triggers the PI3K-AKT pathway via PI3Ka in
NIH-3T3 murine fibroblast cells, while lysophosphatidic acid (LPA)
and C5a stimulate G-protein coupled receptor signals mediated by
PI3KB or PI3Ky in PC-3 human prostate cancer cells or RAW264.7
mouse macrophage cells, respectively. Stimulation of Ramos
human Burkitt's lymphoma cells with anti-IgM leads to the
activation of PI3KS. As shown in Fig. 1¢, phosphorylation of AKT
at S473 was induced in the presence of each indicated stimulus in
the cells tested, indicating the activation of each stimulus-related
PI3K isoform. SAF-248 at 1nM significantly blocked PI3Ké-
mediated AKT phosphorylation in Ramos cells stimulated by
anti-lgM, while a much higher concentration of SAF-248 was
required to inhibit the phosphorylation of AKT induced by the
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other three class | PI3K isoforms. A similar pattern was observed in
the presence of idelalisib. Thus, these results indicate that SAF-248
is a potent and selective PI3K& inhibitor.

SAF-248 exhibits significant antiproliferative activity against DLBCL
cells

PI3K& plays a critical role in cell growth and proliferation in
hematological malignancies. We assessed the antiproliferative
activity of SAF-248 against 27 cancer cell lines derived from
different types of hematological malignancies. As shown in Fig. 2a,
SAF-248 displayed potent antiproliferative activity with Glsq values
lower than 1 uM in 29.6% (8/27) of the tested cell lines. However,
Gls values are highly variable, ranging from 0.7 nM in TMD8 cells
to over 10 uM in HEL and Eol-1 cells. SAF-248 exhibited a similar
profile but enhanced activity compared with idelalisib, as the Gls,
values of SAF-248 were 2-3-fold lower than those of idelalisib,
indicating that SAF-248 and idelalisib shared similar targets but
SAF-248 exhibited superior antiproliferative activity.

SAF-248 markedly inhibited the proliferation of the tested ABC-
and GCB-DLBCL cells, with Glso values below 1 uM in five DLBCL
cell lines (Fig. 2b), which was consistent with a previous report
that PI3K& was hyperactivated in DLBCL [27, 28]. To explore the
association of the level of PI3K and the activity of SAF-248 in
DLBCL cells, we detected the protein levels of four isoforms of
class | PI3Ks and phosphorylated AKT in three ABC-DLBCL cell lines
and four GCB-DLBCL cell lines (Fig. 2c). Although cells with higher
expression of PI3K6 tended to be more sensitive to SAF-248, there
was no significant correlation between the cellular Gls, values and
PI3KS protein levels (Fig. 2e). Similarly, the level of phosphorylated
AKT failed to correlate with the activity of SAF-248. Unexpectedly,
cell lines with low PI3Ka expression were significantly more
sensitive to SAF-248 than those with high-expression levels
(Fig. 2d), as evidenced by a correlation coefficient of 0.77 between
the PI3Ka level and Glsy values of SAF-248 in the seven tested
DLBCL cell lines. These findings indicate that PI3Ka may
compensate for PI3K& inhibition, which may lead to resistance
to PI3KS inhibitors in DLBCL cells. To investigate whether
inhibition of PI3Ka could restore sensitivity to SAF-248 in
insensitive cell lines, the combinatorial effect of SAF-248 and
alpelisib, the first FDA-approved PI3Ka inhibitor, against the
proliferation of OCI-LY19 cells was assessed. As shown in Fig. 2f,
the inhibitory rate of the combined treatment (both at 300 nM)
was significantly higher than that in the presence of SAF-248
alone, indicating that simultaneous inhibition of PI3KS and PI3Ka
could display enhanced antiproliferative activity.

SAF-248 blocks the downstream signaling mediated by PI3K in
DLBCL cells

As SAF-248 displayed potent antiproliferative activity in a panel of
DLBCL cell lines, we next determined the effects of SAF-248 on
PI3K signaling in GCB-DLBCL KARPAS-422 and Pfeiffer cells, as well
as ABC-DLBCL TMDS8 cells, where PI3K/AKT signaling is constitu-
tively activated due to PTEN loss or BCR activation [28-30]. As
shown in Fig. 3a, SAF-248 inhibited the phosphorylation of AKT at
S473 and T308 in a concentration-dependent manner in all DLBCL
cells tested. Treatment with SAF-248 at 10 uM for 1 h resulted in
decreased AKT phosphorylation by 20%-50%, while a much lower
concentration of SAF-248 was required to inhibit the phosphor-
ylation of p70S6K1, 4E-BP1, or S6 in KARPAS-422 cells (Fig. 3b),
suggesting an amplified cascade in signal blockade. Interestingly,
a similar phenomenon was not observed in other GCB-DLBCL
Pfeiffer cells, where phosphorylation of AKT and its downstream
factors displayed similar levels of inhibition in the presence of the
same concentration of SAF-248. As shown in Fig. 3b, phosphor-
ylation of AKT at S473 decreased by 39.5% in Pfeiffer cells treated
with 10 pM SAF-248, while phosphorylation of p70S6K1 at T389,
4E-BP1 at T37/46 and S6 at $240/244 decreased by 52.2%, 43.5%,
and 57.0%, respectively. In contrast, SAF-248 potently inhibited
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Fig.1 SAF-248 is a potent and selective PI3K$§ inhibitor. a Inhibitory activities of SAF-248 and idelalisib on the kmase activity of human class
I PI3K family members. The ICs, values shown are the mean = SD from three independent experiments. b TreeSpot™ kinase profiling map. of
SAF-248 against over 300 human kinases. The dendrogram was generated utilizing the TREEspot Software Tool, DiscoveRx KinomeScan™

¢ SAF-248 preferentially inhibited PI3K§ at the cellular level. NIH-3T3, PC-3, RAW264.7, and Ramos cells were starved in serum-free
medium overnight and treated with SAF-248 for 30 min before stimulation with PDGF-BB (20 ng/mL), LPA (10 pM), C5a (200 ng/mL), and anti-
IgM (3 pg/mL), respectively. Phosphorylation of AKT at Ser473 was detected. Representative images are presented.

the phosphorylation of AKT at 10nM, but it was much less
effective in inhibiting phosphorylation of 4E-BP1 at T37/46 in
TMD8 cells, perhaps due to the existence of alternative regulator
upstream mTOR in TMD8 cells. In addition, significantly reduced
phosphorylation of AKT was observed in TMD8 cells treated with
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SAF-248 at concentrations as low as 1 nM, which is similar to the
concentration required to block the biochemical activity of PI3KS,
indicating a major role of PI3KS in constitutive PI3K signaling
in TMD8 cells. Thus, SAF-248 potently inhibits constitutive PI3K
signaling in DLBCL cells.
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Fig. 2 SAF-248 exhibits significant antiproliferative activity against DLBCL cells. a The antiproliferative activity of SAF-248 and idelalisib
against a panel of tumor cell lines derived from hematological malignancies was determined by the CCK-8 assay. The Gls, values were
calculated and plotted. The Glso was assigned as 10 pM when the inhibitory rate was less than 50% at 10 pM. The data shown represent the
mean + SD of three independent experiments. Abbreviations: AML, acute myeloid leukemia; HL, Hodgkin lymphoma; MM, multiple myeloma;
TCL, T-cell lymphoma. b Glso values of SAF-248 and idelalisib in the panel of DLBCL cell lines. Data presented are the mean + SD of three
independent experiments. ¢ Expression of the indicated proteins in the tumor cell lines was detected by Western blot. Correlation analysis
between the log Glso values and relative protein expression of PI3Ka (d) and PI3KS (e). The correlation was analyzed by GraphPad Prism
7 software. f The combinatorial effect of SAF-248 and alpelisib against the proliferation of OCI-LY-19 cells. Cells were seeded in 96-well plates
and incubated with the indicated compounds for 72 h. Cell proliferation was detected by CCK-8 assay. Statistical differences were analyzed

with Student’s t test. **P < 0.01. The data shown represent the mean + SD from two independent experiments.

We also observed that treatment of TMD8 cells with SAF-248
resulted in a time-dependent reduction in the phosphorylation of
AKT, p70S6K, and S6 (Fig. 3c). Both AKT and p70S6K phosphoryla-
tion were readily inhibited after treatment for 15min to 6h,
whereas phosphorylation of S6 at S240/244 and S235/236 started
to decrease after at least 1 h of treatment (Fig. 3c). To test whether
the effects of SAF-248 on PI3K signaling are reversible, TMD8 cells
were incubated in drug-free medium following treatment with
10nM SAF-248 for 1h. As shown in Fig. 3c, restoration of the
phosphorylation of AKT and S6 could be observed at 15 minto 1 h
after SAF-248 removal, indicating that the action of SAF-248 on
PI3K is rapidly reversible. This finding indicates that continuous
inhibition of PI3K may be required to maintain the effectiveness of
SAF-248.

SAF-248 induces cell cycle arrest and apoptosis in DLBCL cells

Given that PI3K§ plays an important role in B-cell survival and
regulates the G;-S phase transition in the cell cycle, we
investigated the effects of SAF-248 on cell proliferation and the
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cell cycle in DLBCL cells. We found that SAF-248 potently inhibits
the proliferation of KARPAS-422, Pfeiffer and TMD8 cells with Glsq
values of 206.0 nM, 436.4 nM, and 0.7 nM, respectively (Fig. 4a—c).
This result implied that SAF-248 showed similar antiproliferative
activity against GCB-DLBCL KARPAS-422 and Pfeiffer cells while
exerting potent antiproliferative activity against ABC-DLBCL TMD8
cells, which may reflect the PI3K5-dependent cell proliferation in
TMD8 cells. To further investigate the mechanism of SAF-248-
induced antiproliferative activity in DLBCL cells, we evaluated the
effects of SAF-248 on the cell cycle distribution. As shown in
Fig. 4d, treatment with SAF-248 at various concentrations for 24 h
increased the cell population in G; phase accompanied by a
decreased cell population in S phase, indicating that the inhibition
of PI3KS by SAF-248 led to the blockade of cell cycle progression.
The cell population in Gy phase increased in a dose-dependent
manner in Pfeiffer cells, while increasing concentrations of SAF-
248 in KARPAS-422 and TMDS8 cells failed to further accumulate
cells in G; phase (Fig. 4d). Prolonged cell cycle arrest may induce
cell apoptosis. As shown in Fig. 4e, the number of annexin
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Fig. 3 SAF-248 blocks PI3K-mediated signaling. a SAF-248 concentration-dependently inhibited the phosphorylation of AKT and its
downstream signals. KARPAS-422, Pfeiffer and TMD8 cells were treated with SAF-248 for 1 h at the indicated concentrations, and cell lysates
were subjected to Western blot analysis with the indicated antibodies. b The level of phosphorylated protein was determined by
normalization of the phosphorylated protein to the respective total protein. The intensity of the protein bands was quantified with ImageJ
software. The data shown are the mean + SD from at least two independent experiments. ¢ SAF-248 time-dependently inhibited PI3K/AKT
signaling. TMD8 cells were treated with 10 nM SAF-248 for the indicated times (left panel). TMD8 cells were incubated in fresh medium
following treatment with 10 nM SAF-248 for 1 h (right panel). Cell lysates were collected at the indicated times and subjected to Western blot

with the indicated antibodies.

V-positive cells increased significantly in DLBCL cells tested after
treatment with SAF-248 for 72h. An increase in the level of
cleaved caspase 3 was observed (Fig. 4f), which confirmed
apoptosis induction by SAF-248. SAF-248 was more potent in
inducing apoptosis in TMD8 cells than in KARPAS-422 and Pfeiffer
cells, which was consistent with its superior antiproliferative
activity in TMD8 cells compared to the other two cell lines. These
results suggest that inhibition of PI3KS by SAF-248 results in the
blockade of cell cycle progression, and longer treatment induces
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cell apoptosis. Therefore, SAF-248 induces cell cycle arrest at G,
phase and apoptosis in DLBCL cells.

SAF-248 suppresses the growth of Pfeiffer and TMD8 xenografts
Given the encouraging activity of SAF-248 in DLBCL cells, we next
investigated the antitumor effects of SAF-248 in xenografts
derived from DLBCL cells. Oral administration of SAF-248 twice a
day for 21 days significantly inhibited the growth of Pfeiffer
xenografts with T/C values of 46.7% and 43.5% at doses of 30 and
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arrest by SAF-248 at the indicated concentrations for 24 h. Cell cycle analysis was performed by flow cytometry. e, f Induction of apoptosis by
SAF-248 at the indicated concentrations for 72 h. e Apoptosis was detected by annexin V/7-AAD double staining. The data shown are
the mean £ SD from two independent experiments. Statistical differences compared to vehicle control were analyzed with Student’s t test.
*P < 0.05; **P < 0.01; ***P < 0.001. f Cleavage of caspase 3 was detected by Western blot in KARPAS-422, Pfeiffer and TMD8 cells treated with

SAF-248 at the indicated concentrations for 72 h.

60 mg/kg, respectively (Fig. 5a). Consistent with the results of the
cell proliferation assay, SAF-248 displayed superior activity to
idelalisib in inhibiting the growth of Pfeiffer xenografts. Although
SAF-248 displayed similar efficacy at doses of 30 and 60 mg/kg in
Pfeiffer xenografts, SAF-248 was able to inhibit the growth of
TMDS8 xenografts in a dose-dependent manner (Fig. 5c). SAF-248
at 100 mg/kg significantly inhibited TMD8 tumor growth with a
T/C value of 12.5%. The diverse patterns of SAF-248 activity in
different DLBCL xenografts may reflect the variable dependency of
DLBCL on PI3KS. Moreover, SAF-248 did not cause significant
weight loss in mice during the treatment (Fig. 5b, d), suggesting
a favorable safety profile of SAF-248. To investigate whether SAF-
248 inhibits PI3K signaling in tumor tissues, a single dose of SAF-
248 at 100 mg/kg was orally administered to mice bearing TMD8
xenografts. Blood and tumors were collected at 2 and 4 h post
treatment. As shown in Fig. 5e, SAF-248 showed concentrations of
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4.9 uM and 2.5 pM in plasma and tumor tissues, respectively, at 2 h
after administration and then decreased to 1.6 uM (plasma) and
0.7 UM (tumor tissues) 2 h later. Furthermore, the in vivo antitumor
activity was well correlated with the inhibition of PI3K signaling, as
indicated by the significant inhibition of AKT phosphorylation in
tumor samples at 2 h after administration (Fig. 5f).

Prolonged treatment with SAF-248 activates the 1L2/

STATS5 signaling pathway

To investigate the effects of SAF-248 on the gene expression
profile of TMD8 tumors, tumor tissues from TMD8 xenografts
treated with 100 mg/kg SAF-248 for 8 h or 21 days were collected
for RNAseq analysis. GSEA of differentially expressed genes was
performed. As shown in Fig. 6a, gene sets of hallmarks for
“IL2_STAT5", “IL6_STAT3", “MTORC1”, and “MYC" were among the
top enriched sets and were downregulated after treatment with
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Fig. 5 SAF-248 suppresses tumor growth in Pfeiffer and TMD8 xenograft models. Antitumor efficacy and tumor weight after SAF-248
treatment in Pfeiffer (a, b) and TMDS8 (c, d) xenografts. Tumor-bearing mice were orally administered vehicle control, idelalisib or SAF-248 at
the indicated doses twice a day for 21 days. Tumor volumes were measured twice a week, and T/C values were calculated. Data presented are
the mean = SD of six mice in each group. Statistical differences compared to the vehicle group were analyzed with Student’s t test. *P < 0.05;
**P < 0.01; ***P < 0.001. e, f Mice bearing TMD8 tumors that received a single dose of SAF-248 at 100 mg/kg were sacrificed at the indicated
times. e The concentration of SAF-248 in blood plasma and tumor tissues was determined. f Tumor tissues were collected, and lysates were

analyzed by Western blot to detect the indicated proteins.

SAF-248 for 8h. However, activation of “IL2_STAT5” and
“IL6_STAT3"” was observed after long-term (21 days) treatment.
Furthermore, the gene signatures of multiple oncogenic path-
ways, such as “IL2_STAT5", “IL6_STAT3", “MTORC1” and “MYC",
were upregulated in tumor tissues upon prolonged treatment
with SAF-248 compared to those with short-term administration
(Fig. 6b), suggesting that these signaling pathways might mediate
cell survival upon continuous exposure to SAF-248.

The PI3K/AKT/mTOR signaling network is complex and involved
in numerous feedback loops and crosstalk nodes with other
signaling pathways. To confirm the results from TMD8 xenografts,
the effects of SAF-248 on PI3K, STAT5, and STAT3 signaling were
determined in TMD8 cells. As shown in Fig. 6¢, the PI3K/mTOR
signaling cascades responded quickly to SAF-248, as evidenced by
decreases in phosphorylated AKT at T308 and S473, p70S6K
(T389), pS6 (5240/244 and S35/236), and p4E-BP1 (T37/46) within
1Th of treatment, demonstrating a major role of PI3KS in
constitutive PI3K signaling. Interestingly, phosphorylated AKT
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and S6 were gradually restored after exposure to SAF-248 for
24 h, whereas the phosphorylation of p70S6K and 4E-BP1 was
persistently inhibited up to 72 h. SAF-248 at 10 nM significantly
blocked Erk1/2 phosphorylation within 0.5 h and then restored 6 h
after the treatment. Aberrant expression of STAT3 and STAT5 is
found in DLBCL and may contribute to drug resistance in
hematopoietic malignancies [31, 32]. Phosphorylation of STAT3
was blocked 3 h after SAF-248 treatment and then restored after
longer treatment. A similar observation was obtained with STATS5.
These results suggested that prolonged treatment with SAF-248
led to activation of both STAT5 and STAT3. Similarly, restoration of
the MYC protein was observed 24 h after SAF-248 treatment
despite decreased levels at earlier time points. These results were
consistent with the gene expression data in TMD8 tumor
xenografts (Fig. 6a), suggesting that these pathways may
circumvent the activity of SAF-248.

To discover potential drug combinations that would enhance
the activity of SAF-248, we screened the combinations of SAF-248
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with approved drugs or candidates in clinical trials for the
treatment of DLBCL in four DLBCL cell lines. The combinatorial
effects were evaluated by calculating the Cl using CalcuSyn
software, where Cl<1 denotes synergy, CI=1 indicates an
additive effect and Cl > 1 reflects antagonism. As shown in Fig. 6d,
SAF-248 showed synergistic effects in inhibiting the proliferation
of sensitive OCI-LY-10 (ABC-DLBCL) and Pfeiffer (GCB-DLBCL) cells
when combined with most of the tested drugs. No synergy was
observed in insensitive U2932 (ABC-DLBCL) cells, whereas 7 out of
13 compounds exhibited synergistic effects with SAF-248 in
insensitive OCY-LY-19 (GCB-DLBCL) cells. Synergism was observed
in 3 of 4 evaluated DLBCL cell lines when SAF-248 was combined
with pacritinib, a JAK2/FLT3 inhibitor. A similar effect was also
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observed for the combination of SAF-248 with the mTOR inhibitor
everolimus.

DISCUSSION

The PI3KS pathway is one of the most dysregulated signaling
pathways in B-cell hematologic malignancies and has become an
attractive therapeutic target [33]. In this study, we reported that a
novel PI3K&-selective inhibitor, SAF-248, possessed potent activity
against DLBCL in vitro and in vivo. SAF-248 exhibited a 6- to 34-
fold greater inhibitory effect on PI3K& than on other PI3K isoforms.
SAF-248 induced G, phase cell cycle arrest and apoptosis in DLBCL
cells. Profiling of the activity of SAF-248 in a panel of DLBCL cell
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lines revealed that PI3Ka expression was negatively correlated
with the antiproliferative activity of SAF-248. Moreover, compen-
satory overactivation of the PI3K/AKT/mTOR, JAK/STAT and MYC
signaling pathways might circumvent the activity of SAF-248,
which could be overcome by concurrent inhibition of PI3Ké and
the corresponding signaling pathway.

SAF-248 presented similar yet superior activity against a panel
of lymphoma cells compared to idelalisib, the first oral PI3K&
inhibitor approved for the treatment of relapsed CLL, SLL, and FL.
Although idelalisib shows significant efficacy, it also presents
serious toxicity. Shin et al. proposed that hepatotoxicity associated
with PI3KS inhibitors was structure-based rather than mechanism-
based [34]. Compared to idelalisib, SAF-248 possesses a novel
structure, which may lead to a different reaction pattern with
p1108. Notably, our study demonstrated that SAF-248 achieved
concentrations sufficient to inhibit tumor growth without showing
substantial toxicity, indicating that it was well tolerated. A better
understanding of the binding mode of SAF-248 with PI3K& may
provide a strategy for the design of new, more potent inhibitors
against PI3KS.

Although PI3KS has been recognized as the dominant isoform
in B-cell malignancies, we failed to identify a significant correlation
between the expression of PI3KS and the activity of SAF-248 in the
tested DLBCL cells. In contrast, we found that the expression of
PI3Ka was negatively correlated with the activity of SAF-248,
indicating an important role of PI3Ka in the proliferation of DLBCL
cells. Overexpression of PI3Ka is frequently found in DLBCL and is
correlated with poor prognosis [35], which has been proposed as a
potential mechanism for the intrinsic resistance of DLBCL to PI3K6
inhibition in clinical settings [36]. Similarly, Joel et al. reported that
a high PIK3CA/PIK3CD mRNA ratio could predict resistance to
PI3K&-selective inhibition in mantle cell lymphoma [37]. A high
level of phosphorylated AKT is often found in DLBCL and has been
considered a prognostic factor. However, AKT phosphorylation did
not exhibit a correlation with the activity of SAF-248 in the panel
of tested DLBCL cell lines. Due to the small number of cell lines
tested in this study, further investigation with an increased sample
size as well as examination in the clinical setting is required.

Although PI3K& inhibitors have exhibited promising clinical
efficacy, patients may develop adaptive resistance after an initial
favorable response. By profiling the gene expression in TMD8
xenografts, we found that multiple oncogenic pathways, such as
IL2_STATS5, IL6_STAT3, MTORC1 and MYC, were upregulated in
tumor tissues upon prolonged treatment with SAF-248 compared
to those with short-term administration, which was further
confirmed in cultured TMD8 cells. These results indicated that
the reactivation of the aforementioned signaling pathways may
circumvent the efficacy of PI3KS inhibitors. MYC is one of the most
common oncogenes in DLBCL, and knockdown of MYC reverses
resistance to PI3K inhibitors [38, 39]. Similarly, the IL6-JAK-STAT
cascade was found to play a critical role leading to the resistance
of lymphoma cells to copanlisib and duvelisib [40]. Consistent with
these observations, simultaneous targeting of PI3K& and mTOR,
MYC or JAK-STAT synergistically inhibited the proliferation of SAF-
248-sensitive DLBCL cells. Notably, few of the tested compounds
displayed synergy with SAF-248 in resistant DLBCL U2932 and
OCY-LY-19 cells, suggesting that the intrinsic resistance to PI3K&
might not be able to be overcome by a drug combination.
Although this finding needs to be further validated in vivo and in
clinical trials, it provides new clues to enhance the efficacy of
PI3KS inhibitors via rational drug combinations.

In summary, SAF-248 is a novel and highly potent PI3K&-selective
inhibitor with promising activity against DLBCL in vitro and in vivo,
making it a promising candidate for the treatment of DLBCL. The
potential mechanisms of resistance and drug combinations may
provide useful insights for the clinical development of PI3K&
inhibitors for the treatment of DLBCL.
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