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KEY WORDS Abstract Dual FLT3/HDAC inhibition represents a promising synergistic strategy to address tumor
heterogeneity. Building upon our prior lead 25h, we developed novel 6-ethylpyrazine-2-carboxamide de-

?I]?F[;C rivatives via systematic structural optimization to enhance pharmacokinetic properties and target selec-
Inhib{tor' tivity. The optimized compound, CF-2-17, demonstrated potent dual inhibition of FLT3

Cancer immunotherapy

(ICso = 1.1 nmol/L) and HDACs (ICsy = 9.6 nmol/L), and exhibited a 27-fold selectivity for

HDACI1 over HDACS®. Its improved physicochemical properties, including enhanced solubility and meta-
bolic stability, translated into favorable plasma exposure in vivo. In the MOLM-13 (FLT3-ITD) xenograft
model, oral administration of CF-2-17 showed antitumor efficacy comparable to combination therapy,
without observable toxicity. CF-2-17 also exhibited antiproliferative activity against non-FLT3-ITD
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hematological malignancies and solid tumors, outperforming single-target agents. Furthermore, CF-2-17
effectively remodeled the tumor immune microenvironment through CD4" T cell activation and TFN-y
elevation, achieving 87% tumor growth inhibition in LLC syngeneic models. Mechanistically, CF-2-17
reversed FLT3 blockade-induced DC dysfunction via activation of the NF-xB pathway, thereby rein-
stating DC-mediated antitumor immunity. This dual FLT3/HDAC inhibitor demonstrates synergistic
epigenetic-immune modulation, offering a promising approach for heterogeneous malignancies.

© 2026 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Histone deacetylases (HDACs) are key epigenetic regulators in
cancer, with inhibitors clinically effective against hematological
malignanciesl'4. The human HDAC family comprises 11 zinc-
dependent isoforms divided into classes I (HDACI1-3, 8), Ila/b,
and TV, alongside NAD"-dependent sirtuins (Class IIT). Among
these, Class I HDACs (particularly HDAC1/2) are frequently
overexpressed in cancers and regulate oncogenic programs
through chromatin remodeling and post-translational modification
of non-histone proteins (e.g., p53, STAT3)’°. Although pan-
HDAC inhibitors are effective in T-cell lymphomas and multiple
myeloma’, off-target toxicity and compensatory resistance path-
ways limit their clinical utility®®. Recent structural biology ad-
vances enable the design of isoform-selective HDAC inhibitors
and rational multi-target agents that synergize with other therapies
to overcome tumor plasticity'®!'!. Notably, HDAC-based dual
inhibitors show enhanced efficacy in solid tumors by simulta-
neously targeting oncogenic signaling and epigenetic reprogram-
ming of the tumor microenvironment (Fig. 1A)'*'°.

Combining HDAC and FMS-like tyrosine kinase 3 (FLT3) in-
hibition is particularly promising for acute myeloid leukemia
(AML)"7, where FLT3 mutations drive aggressive disease pheno-
types'®!°. FLT3, a receptor tyrosine kinase critical for hematopoi-
etic stem cell survival, is mutated in ~30% of AML cases,
primarily via internal tandem duplications (FLT3-ITD) that confer
constitutive activation?*?. First-generation FLT?3 inhibitors (Mid-
ostaurin, Gilteritinib) combined with chemotherapy improve
response rates in FLT3-mutated AML, but resistance inevitably
arises from secondary FLT3 mutations or activation of parallel
pathways (e.g., RAS/MAPK, PI3K/AKT). Moreover, FLT3 inhi-
bition alone fails to eradicate leukemia stem cells due to epigenetic
plasticity, underscoring the need for combination therapy>*-*.

We previously showed the benefits of dual FLT3/HDAC inhi-
bition using Gilteritinib and vorinostat (SAHA), which synergis-
tically suppressed FLT3-ITD" AML proliferation versus
monotherapies. This synergy led us to develop 25h, an FLT3/
HDAC dual inhibitor combining a Gilteritinib-derived hinge-
binding motif with a zinc-binding group (Fig. 1B)*. Although
25h showed potent enzymatic inhibition and anti-proliferative
activity, poor physicochemical properties (e.g., solubility below
1 pg/mL) and low HDAC isoform selectivity hindered its clinical
translation. To address these limitations, we systematically opti-
mized 25h, by introducing hydrophilic groups into the linker
bridging the pharmacophore of FLT3 and HDAC inhibitors
(Fig. 1C). In particular, compound CF-2-17 retained nanomolar
FLT3/HDACT inhibition (ICso = 1.1/9.6 nmol/L), achieved 27-
fold HDAC1/HDACS6 selectivity over 25h, and exhibited signifi-
cantly improved solubility. Interestingly, compound CF-2-17 re-
verses FLT3 inhibitor-induced dendritic cell dysfunction through

epigenetic reprogramming, thereby expanding its therapeutic po-
tential to solid tumors via tumor cell targeting and immune
microenvironment remodeling.

2. Results and discussion
2.1.  Structure—activity relationship of target compounds

In our previous study, we simplified the piperidin-4-ylpiperazine
side chain of Gilteritinib to a piperazine moiety, a modification
crucial for developing effective HDAC-FLT3 dual-target in-
hibitors, and thus retained this core feature in the current series.
The dual inhibitory activities of the synthesized compounds
against HDACs and FLT3 were first evaluated via enzymatic as-
says (Table 1).

Initial exploration with N-hydroxycinnamide derivatives
featuring simple amide linkers (CF-2-1 to CF-2-3) yielded mod-
erate HDAC inhibition (ICso = 241.5—513.0 nmol/L against
HeLa nuclear extracts), though less potent than vorinostat (SAHA,
ICs¢ = 151.3 nmol/L). In contrast, their FLT3 inhibitory potency
increased with linker length, culminating in CF-2-3
(ICsp = 0.5 nmol/L), which surpassed Gilteritinib
(ICsp = 1.5 nmol/L). However, its cellular anti-proliferative ac-
tivity was notably weaker (IC5o = 61 nmol/L), suggesting that an
imbalanced dual-target profile may limit intracellular efficacy.

We next investigated ether-containing linkers (CF-2-4 to CF-2-
8). While CF-2-4 to CF-2-6 maintained FLT3 inhibition compa-
rable to Gilteritinib, only CF-2-6 retained HDAC inhibitory
activity on par with SAHA (ICso = 182.9 nmol/L). Consistent
with its balanced enzymatic profile, CF-2-6 exhibited potent anti-
proliferative activity (ICso = 12.9 nmol/L), validating the dual-
target strategy. Further elongation of the linker (CF-2-7, CF-2-8)
diminished both HDAC inhibition and cellular potency without
significantly affecting FLT3 binding, indicating that excessive
linker flexibility may compromise the conformational restraint
needed for optimal dual-target engagement in cells.

To modulate physicochemical properties and explore new
chemical space, we introduced a tertiary amine into the linker,
yielding compounds CF-2-10 to CF-2-19. Derivatives bearing N-
hydroxyalkylamide or N-hydroxybenzamide as the zinc-binding
group (ZBG) (CF-2-10 to CF-2-14) showed negligible HDAC
inhibition at the highest concentration tested, despite
retaining strong FLT3 inhibition (IC5o = 0.9—3.1 nmol/L).
This highlights the critical influence of the ZBG on HDAC
potency. In contrast, incorporation of the N-hydroxycinnamide
ZBG in CF-2-15 restored potent dual inhibition, with ICs, values
of 122.7 nmol/L. (HDACsSs) and 2.0 nmol/L. (FLT3). However, its
cellular activity (ICso = 19.7 nmol/L) was slightly inferior to
Gilteritinib, suggesting potential limitations in cell permeability or
intracellular distribution.
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Rational design of novel FLT3/HDAC dual inhibitors. (A) Representative HDAC-based dual inhibitors. (B) Chemical structure of our

previously developed FLT3/HDAC dual inhibitor 25h. (C) Structure optimization strategy applied to design the new derivatives.

Notably, the N-hydroxypyrimidine-2-carboxamide derivatives
(CF-2-16 to CF-2-19) consistently exhibited robust dual-target
inhibition. Among these, CF-2-16 demonstrated moderate
HDAC inhibition (ICsy = 180.9 nmol/L). Strikingly, further
optimization led to CF-2-17, CF-2-18, and CF-2-19, which
showed markedly enhanced HDAC inhibitory potency
(ICso = 43.3—56.8 nmol/L), surpassing SAHA. CF-2-17 was
ultimately selected as the lead compound for advanced evaluation
based on a superior overall profile: it delivered balanced and
potent dual-target activity (ICso (HDAC) = 43.3 nmol/L; ICs
(FLT3) = 1.1 nmol/L) coupled with good aqueous solubility
(148.5 pg/mL at pH 7.0, Supporting Information Table S1). In
contrast, the closely related analog CF-2-18 showed attenuated
FLT3 inhibition (ICsy = 4.8 nmol/L), while CF-2-19, despite
comparable potency, exhibited poor solubility (<1 pg/mL at pH
7.0, Table S1).

2.2.  Putative binding mode of CF-2-17

To elucidate the structural basis for the potent dual-target activity
of CF-2-17, molecular docking simulations were performed

against FLT3 (PDB: 6JQR) and HDAC1 (PDB: 5ICN). The pre-
dicted binding modes corroborated our design rationale, demon-
strating how the optimized molecular architecture engages key
pharmacophoric elements of both targets. In the FLT3 kinase
domain (Fig. 2A and C), the pyrazine-2-carboxamide core of CF-
2-17 occupies the ATP-binding site. Key interactions include
hydrogen bonds between the 2-carboxamide moiety and hinge
residues Glu692 and Cys695, as well as an additional hydrogen
bond from the secondary amine linker to Phe830. These contacts
likely stabilize the inhibitor in a bioactive conformation, sup-
porting its potent FLT3 inhibition. Simultaneously, CF-2-17
effectively engages the HDACI catalytic pocket (Fig. 2B and
C). The N-hydroxypyrimidine-2-carboxamide group chelates the
catalytic Zn*" ion, while its hydroxamate oxygen hydrogen-bonds
to the backbone of Gly149. The 2-carboxamide group also in-
teracts with Tyr204 near the pocket entrance. This binding mode is
characteristic of HDAC inhibitors and accounts for the observed
enzymatic activity.

Collectively, these docking studies provide a coherent struc-
tural rationale for the balanced dual-inhibitory profile of CF-2-17.
The molecular design successfully integrates distinct
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Table 1 Inhibitory activities of target compounds against HDACs and FLT3, as well as antiproliferative activities against MOLM-
y g p g p g
13 cells.
Compd. R 1C5o (nmol/L) or inhibition rate
HDACs® FLT3 MOLM-13
CF-2-1 Mm 473.9 + 25.0 1.4 £ 0.6 56.6 £ 13.5
) 4 513.0 £ 131.7
CF-2-2 ,x\)kNmH 1.5+ 0.6 612 + 353
o 245.1 + 144.5
CF-2-3 Nm 0.5+ 0.2 61.1 £93
CF-2-4 P (REZ=S T 1.0 £ 0.2 13.6 & 3.0
Xy "
CF-2-5 o 933.1 £ 2038 1.8 4+ 0.6 133 £ 34
E~o !
CF-2-6 QM 20 == 282 2.0+ 0.6 129 + 1.2
Ao :
CF-2.7 W 9622 + 3314 1.0 + 03 144 + 1.4
X :
CF-2-8 e 608.9 £ 100.7 35+ 0.1 153 +£56
o 32.6 + 12.1
CF-2-9 o : : 1.8 + 0.6 55.5 + 28.0
A T
CF-2-10 oyt >10.000 31408 352+ 65
CF-2-11 N >10,000 09 + 03 66.1 + 8.4
| b
CF-2-12 S >10,000 12+ 04 387 +5.6
CF-2-13 O O >10,000 1.0 +£03 389 £ 12.5
'
CF-2-14 >10,000 2.0 +03 18.2 + 3.0
}\‘\/*“v©)k”
CF-2-15 ‘ 1227+£78 2.0+ 0.8 197 £33
g
CF-2-16 oyl 180.9 £ 10.5 2.5+ 0.7 31.8 + 4.4
NN
CF-2-17 e 433+£12 1.1 + 04 10.3 + 2.9
S Ay "
CF-2-18 e 568 +£94 48 +2.1 14.9 + 0.6
PN S
CF-2-19 @» SEENESER! 12+ 04 123 + 3.6
en
»
SAHA = 151.3 & 24.0 ND." 4713 & 23.1
Gilteritinib - >10,000 15+ 0.7 123 £ 04

“The values are expressed as mean + standard deviation (n = 3).
"Not detected.

pharmacophores into a single entity capable of maintaining high-
affinity interactions with both FLT3 and HDACI, thereby vali-
dating our structure-based optimization strategy.

2.3.  Target selectivity profile of CF-2-17

Based on its potent dual inhibition, we selected CF-2-17 for further
study. It inhibited Class I HDACs more strongly than SAHA
(Table 2). Specifically, CF-2-17 inhibited HDACT1 at nanomolar levels
(ICsp = 9.6 nmol/L), 9-fold more potently than SAHA. It also
potently inhibited HDAC2 (IC5 = 69.3 nmol/L) and HDACS
(ICsy = 2940 nmol/L), but weakly inhibited HDAC6
(IC5p = 259.6 nmol/L). These data indicate CF-2-17 has better
Class I HDAC selectivity than lead compound 25h. To elucidate the
structural basis of this selectivity, we performed molecular dynamics
(MD) simulations. The analysis revealed that CF-2-17 formed a more
stable complex with HDAC1 than with HDAC6 (Supporting

Information Fig. S1A). Notably, the FLT3-inhibitor fragment of CF-
2-17 exhibited higher flexibility within the HDAC6 binding pocket
(Fig. S1B), suggesting suboptimal complementarity that likely un-
derlies the reduced inhibitory potency against this isoform. Interaction
analysis corroborated this, showing that CF-2-17 forms a more
complementary and consistent network of interactions within the
HDACT active site (Fig. S1C).

To assess broader off-target potential, we profiled CF-2-17
against a panel of 20 kinases at a concentration of 10 nmol/L
(Supporting Information Fig. S2). At this concentration, CF-2-17,
exhibited potent inhibition of FLT3 and AXL, consistent with the
characteristic target profile of its parent compound, Gilteritinib®®. It
also showed moderate activity against several additional kinases,
most notably KIT, JAK2, and SRC, while maintaining little to no
inhibition of kinases such as MET, FGFR1, HER2, and BRAF. This
profile indicates that CF-2-17 shares a similar core kinase interaction
pattern with Gilteritinib.
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Predicted binding modes and interaction diagrams of CF-2-17 with FLT3 and HDACI. (A) Predicted binding mode of compound CF-

2-17 with FLT3 (PDB ID: 6JQR) and the corresponding two-dimensional ligand-interaction diagrams. (B) Predicted binding mode of compound
CF-2-17 with HDAC1 (PDB ID: 5ICN) and the corresponding two-dimensional ligand-interaction diagrams.

2.4.  Water solubility and metabolic stability of CF-2-17

We evaluated CF-2-17’s water solubility, a key factor for
distribution and metabolism. As shown in Table 3, its solu-
bility in pH 2.0 and 7.0 PB buffers was 918.9 and 148.5 pg/
mL, respectively, superior to 25h and SAHA. This aligns
with our design strategy and suggests improved
pharmacokinetics.

CF-2-17 also showed enhanced metabolic stability. After
90 min incubation with mouse liver microsomes, CF-2-17
produced fewer metabolites than 25h, indicating greater sta-
bility (Fig. 3A). In mouse plasma over 24 h, CF-2-17 remained
largely intact, showing stability similar to 25h (Fig. 3B). The

Table 2 HDAC isoform selectivity of compounds CF-2-17.
Compd. 1Csq (nmol/L)*
HDAC1 HDAC2 HDAC6 HDACS
CF-2-17 9.6 £32 693 £55 259.6 £ 11.9 294.0 £ 6.7

SAHA 893 £11.0 96.5 £223 23.8 £ 19.0 2430.7 £
1028.5
25h° 18 £ 6 199 £76 8+£2 425 + 41

“The values are expressed as mean =+ standard deviation (n = 3).
"Data obtained from our previously study?>.

in vitro metabolic stability data are summarized in Table 4. CF-
2-17 exhibited a long half-life (#;, = 283 min, ~4.7 h) and a
low intrinsic clearance (CL;, = 0.00282 mL/min/mg protein),
indicative of high metabolic stability in liver microsomes. In
contrast, the lead compound 25h showed a shorter half-life
(t1p = 180 min, ~3.0 h) and a higher clearance
(CLjy = 0.00416 mL/min/mg protein). This direct comparison
confirms that the structural optimization successfully improved
the metabolic stability profile of CF-2-17.

2.5.  Invivo pharmacokinetic study of CF-2-17

We then evaluated the pharmacokinetics of CF-2-17 and 25h
in vivo. After intravenous administration at the same dose,

CF-2-17 showed significantly higher plasma exposure
Table 3  Water solubility of compounds CF-2-17 and 25h.
Compd. Water solubility (nug/mL)*
PB (pH = 2.0) PB (pH = 7.0)
CF-2-17 918.9 £ 178.6 148.5 £ 44.9
25h 2122 £ 64.2 <1
SAHA 161.2 £ 19.3 115.5 £ 155

“The values are expressed as mean + standard deviation (n = 3).
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Figure 3  In vitro metabolic and plasma stability profiles of CF-2-17 and 25h. (A) Remaining percentage of CF-2-17 and 25h after incubation

with mouse liver microsomes for the indicated times. (B) Remaining percentage of CF-2-17 and 25h in mouse plasma over time. Data are
expressed as mean + SD from three independent biological replicates (n = 3).

Table 4  In vitro half-life and clearance of compounds CF-2-
17 and 25h.
Compd. ;> (min)* CLint. in vitro (mL/min/mg protein)*

CF-2-17 283.0 £ 147.3 0.00282 + 0.00114
25h 179.8 £ 66.8  0.00416 £ 0.00130

“The values were obtained from three independent experiments.

(AUCy- = 250.66 ng h/mL) than 25h
(AUCp- = 9.15 ng h/mL) (Table 5). This superior expo-
sure was also evident after oral dosing: plasma levels for CF-
2-17 (Cpnax = 161 ng/mL, AUCy_., = 493.93 ng h/mL) far
exceeded those for 25h (Cpax = 943 ng/mL,
AUCy_. = 11.40 ng h/mL). Notably, CF-2-17 exhibited oral
bioavailability (F = 19.71%), indicating favorable pharma-
cokinetic properties.

Notably, despite its high microsomal stability (t,, = 4.7 h
in vitro), CF-2-17 displayed a shorter in vivo plasma half-life (0.7 h).
This discrepancy suggests that its systemic clearance is not primarily
driven by hepatic CYP450 metabolism but may involve alternative
pathways. To gain insight into its oral absorption, we performed
computational profiling using QikProp module in Schrodinger Suite.
The predictions indicate very low intestinal permeability (e.g., Caco-
2 Pyp < 25 nm/s), aligned with its high polar surface area
(~195 1&2) and molecular weight (~ 664 Da). The predicted human
oral absorption (15.85%) closely matches the experimental
bioavailability, supporting the conclusion that permeability is a key
limiting factor. This provides a rationale for the observed bioavail-
ability and directs future optimization strategies toward improving
absorption properties.

2.6.  Intracellular inhibition of FLT3 and HDAC by CF-2-17
We assessed intracellular target engagement using key HDAC
substrates. In MOLM-13 cells, CF-2-17 dose-dependently
increased acetylated histone H3 levels more effectively than
SAHA. Unlike the pan-inhibitor SAHA, CF-2-17 only weakly
increased acetylated «-tubulin (an HDAC6 substrate), with a
significant effect only at high concentrations (Fig. 4A). This aligns
with its HDAC isoform selectivity profile (Table 2). In addition,
we explored other histone modifications by examining the effect
of CF-2-17 on histone H3 lysine 4 trimethylation (H3K4me3), a
canonical mark of active transcription. As shown in Supporting
Information Fig. S3, CF-2-17 treatment significantly increased
global H3K4me3 levels. This finding provides direct evidence that
CF-2-17’s epigenetic impact is pleiotropic. CF-2-17 also potently
inhibited FLT3 signaling pathways. As shown in Fig. 4B and C,
CF-2-17 dose-dependently suppressed phosphorylation of FLT3,
STATS, and ERK1/2 in MOLM-13 cells, outperforming Gilter-
itinib, particularly for p-ERK. This confirms CF-2-17’s dual tar-
geting mechanism. Consistent with our prior findings on 25h%,
dual FLT3/HDAC inhibition provides unique pathway modulation.
CF-2-17 (6 h treatment) reduced p-ERK levels in MOLM-13 cells
more effectively than single agents or their combination (Fig. 4D),
demonstrating its superiority in blocking key survival signals.
2.7.  Impacts of CF-2-17 on cell apoptosis and cell cycle
Using Annexin V-FITC/PI staining, we found CF-2-17 induced
apoptosis in MOLM-13 cells most effectively after 24 h treatment
among tested compounds (Fig. 5A). At 0.1 umol/L, CF-2-17
induced ~70% apoptosis, exceeding Gilteritinib, SAHA, or
their combination (Fig. 5B). CF-2-17 also induced mitochondrial
membrane potential loss, an early apoptosis marker, in a

Table 5 Pharmacokinetic parameters of compounds CF-2-17 and 25h.
Parameters CF-2-17% 25h*
i.v. (1 mg/kg) p-o. (10 mg/kg) i.v. (1 mg/kg) p-o. (10 mg/kg)

12 (h) 0.70 0.93 1.09 0.865

Tinax (h) 0.08 2.01 0.0833 0.333

Chax (ng/mL) 431.12 161.24 6.62 943

AUC,_, (ng/mL-h) 241.69 490.85 7.34 8.89

AUCy- » (ng/mL-h) 250.66 493.93 9.15 114

F (%) 19.71 24.9

“The values were obtained from three independent experiments.
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time-dependent manner more potently than Gilteritinib or SAHA
(Fig. 5C), consistent with its strong pro-apoptotic effect.
Furthermore, CF-2-17 (24 h treatment) caused more significant
GO0/G1 phase arrest in MOLM-13 cells than Gilteritinib or SAHA,
as shown by flow cytometry (Fig. 5D and E).

2.8.  Invivo anti-tumor efficacy in MOLM-13 xenograft tumor
models

We compared the FLT3/HDAC dual inhibitor CF-2-17 to combi-
nation therapy in MOLM-13 xenografts. Mice bearing subcu-
taneous MOLM-13 tumors (~ 100 mm?> ) received daily oral doses
of vehicle, CF-2-17 (10 mg/kg), or Gilteritinib 4+ SAHA
(10 + 30 mg/kg). CF-2-17 suppressed tumor growth significantly
versus vehicle and showed greater efficacy (TGl = 64.7%) than
the combination (TGI 59.2%) (Fig. 6A—C and D). Mice
receiving the combination lost weight, while CF-2-17-treated
mice maintained stable weights, indicating lower toxicity
(Fig. 6B). These results demonstrate CF-2-17’s improved efficacy
and safety profile in FLT3-ITD AML.

2.9.  Anti-proliferation activity of CF-2-17 against non-FLT3-
ITD tumors

Given the role of HDAC inhibitors in epigenetic reprogramming
and tumor sensitization’”*, we sought to evaluate the anti-
proliferation activities of CF-2-17 against non-FLT3-ITD

1).

tumors. Similar with the result in MOLM-13 cells
(ICsp = 0.012 pmol/L), CF-2-17 showed good anti-proliferation
activity in MV-4-11 cells (FLT3-ITD) (Table 6). Interestingly,
CF-2-17 showed potent anti-proliferative activity
(ICsp = 0.66—0.73 pmol/L) in non-FLT3-ITD hematological
tumor cells (THP-1, K562), exceeding Gilteritinib and SAHA
(Table 6). It also showed efficacy in solid tumor cells (PC-9,
Ovcar3, LLC, MC-38), with ICsq values (0.42—0.72 pmol/L)
lower than Gilteritinib and SAHA. The contribution of dual FLT3/
HDAC inhibition to non-FLT3-ITD cells was further supported by
the synergistic effect observed for the combination treatment of

Table 6 The anti-proliferative activity of compound CF-2-
17 against other tumor cells.

1Cso (umol/L)*

Tumor cells

CF-2-17 Gilteritinib SAHA

MV-4-11 0.012 £ 0.003 0.011 + 0.003 0.60 £ 0.08
THP-1 0.66 £+ 0.14 2.58 £ 0.40 1.66 £+ 0.74
K562 0.73 £ 0.07 6.41 = 1.59 1.11 £ 0.32
A549 3.70 £ 0.63 8.63 + 4.07 5.62 £+ 3.53
PC-9 0.63 £ 0.12 3.51 +0.93 0.86 £+ 0.18
Ovcar3 0.72 £ 0.14 0.79 £ 0.10 2.63 £ 0.80
LT 0.42 £ 0.10 1.06 £+ 0.28 2.38 £ 1.04
MC-38 0.81 £+ 0.24 273 + 1.41 1.9 £ 0.29

“The values were obtained from three independent experiments.
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Gilteritinib and SAHA (Supporting Information Fig. S4). Thus,
CF-2-17 maintains sensitivity in FLT3-ITD AML while showing
superior activity against non-FLT3-ITD hematological and solid
tumors.

Given that FLT3-ITD mutations are often accompanied by
secondary mutations such as F691L, leading to resistance to FLT3
inhibitors, we further evaluated the activity of CF-2-17 against this
clinically relevant resistant mutant. As summarized in the Sup-
porting Information Table S2, CF-2-17 was tested alongside Gil-
teritinib in isogenic Ba/F3 cell lines engineered to express either
FLT3-ITD or FLT3-ITD-F691L. In the FLT3-ITD context, CF-2-
17 showed comparable potency to Gilteritinib. Critically, in the
FLT3-ITD-F691L setting, CF-2-17 (ICso, = 10.6 nmol/L)
demonstrated an approximately 3-fold higher potency than Gil-
teritinib (ICsy = 33.2 nmol/L). This indicates that CF-2-17 retains
better activity against this resistant mutation. While these data on
the F691L mutant are promising, profiling against a full panel of
clinically observed resistance mutations (e.g., D835Y) remains an
essential direction for future investigation.

Furthermore, we evaluated the therapeutic efficacy of CF-2-17
in non-FLT3-ITD hematologic malignancies. In an established
K562 subcutaneous xenograft model (Fig. 7A), CF-2-17 signifi-
cantly inhibited tumor progression, as evidenced by marked
reductions in tumor volume and weight (Fig. 7B—D). Notably,
CF-2-17 exhibited superior anti-tumor activity compared to the
other inhibitors (Gilteritinib, SAHA, and the dual-target inhibitor
CUDC-907). Subsequently, all treatment groups maintained stable
body weights throughout the experimental period without signif-
icant decline, indicating that CF-2-17 possesses favorable tolera-
bility while exerting effective anti-tumor activity (Fig. 7E).

2.10.  RNA-seq analysis in MOLM-13 cells treated with CF-2-17

HDAC inhibitors are involved in the development and progression
of tumors primarily through regulating gene expression and
transcription. To further elucidate the intrinsic antitumor mecha-
nisms of CF-2-17, we conducted mRNA-level analysis in MOLM-
13 cells treated with CF-2-17. Utilizing KEGG pathway enrich-
ment analysis and Gene Ontology (GO) functional annotation, we
aimed to clarify its regulatory effects on signaling pathways and
biological processes.

As illustrated in Fig. 8A, CF-2-17 was capable of upregulating
multiple tumor suppressor genes, including RNASET2 and PLD3,
RNASET?2 regulates tumor cell invasion and metastasis by sup-
pressing cholesterol metabolism-mediated RTK family member
stability and downstream ERK signaling pathway activation,
while PLD3 regulates cell cycle and proliferation through the p53/
ZEBI-PLD3 axis and DNA methylation mechanisms?®°.
Concurrently, CF-2-17 also significantly enhanced the expression
of multiple antitumor immune-related genes, including CD70,
TYROBP, and CSF3R. Among these, CD70, as a key immune co-
stimulatory molecule, can effectively enhance T cell-mediated
antitumor immune responses ', while TYROBP participates in
the transduction of immune cell activation signals®?, associating
with regulating immune synapse formation and cytotoxic
functions.

Further KEGG enrichment analysis demonstrated that differ-
entially expressed genes (DEGs) were implicated not only in
tumor growth-associated pathways, such as cell cycle, cellular
senescence, apoptosis, and energy metabolism, but also in the
modulation of antigen processing and presentation (Fig. 8B).
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Antitumor efficacy of CF-2-17 in a K562 xenograft model. (A) K562 cells were transplanted into C57BL/6J mice and treatment with

of vehicle (qd, i.g.), Gilteritinib (qd, i.g.), SAHA (qd, i.g.), 25h (qd, i.g.), CUDC-907(qd, i.g.) and CF-2-17 (qd, i.g.). (B) Tumor growth curves
showing mean tumor volume over time. (C) Tumor images of each group after treatment. (D) Final tumor weights measured at the endpoint of the
study. (E) Changes in mean body weight of mice during the treatment period. Data are expressed as mean + SD from five biologically inde-
pendent mice (n = 5). Statistical analysis was carried out between the data of each group. *P < 0.05, **P < 0.01, and ****P < 0.0001 versus
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Correspondingly, GO functional annotation revealed that CF-2-17
treatment engages biological processes that promote tumor
immunogenicity, including DNA replication, translation, protein
folding, and energy metabolism, while also facilitating apoptosis-
mediated tumor cell elimination (Fig. 8C). Together, these results
indicate that CF-2-17 may exert its therapeutic efficacy through
the activation of antitumor immune responses.

2.11.
models

Anti-tumor activity of CF-2-17 in the LLC allograft

As shown in Fig. 9A, CF-2-17 inhibited LLC cell proliferation
more potently (ICso = 0.42 pmol/L) than Gilteritinib, SAHA, or
their combination in vitro. In the LLC allograft model, oral CF-2-
17 (16 days) significantly reduced tumor volume and weight
versus vehicle without significant body weight loss (Fig. 9B—F).
High-dose CF-2-17 showed superior anti-tumor activity
(TGI = 87.5%) over Gilteritinib, SAHA, and the combination

(Fig. 9D, Supporting Information Fig. S5). Organ weights
confirmed minimal toxicity at experimental doses (Supporting
Information Fig. S6). In addition, histopathological examination
by H&E staining demonstrated that monotherapy with CF-2-17,
Gilteritinib, or SAHA significantly alleviated pulmonary burden
in LLC-bearing mice compared to the model control group
(Supporting Information Fig. S7). Notably, while the Gilteritinib
and SAHA combination group induced hemorrhagic renal toxicity,
no such adverse effect was observed in the CF-2-17 monotherapy
cohort.

Moreover, we conducted acute toxicity experiments in mice to
further substantiate the safety of CF-2-17. First, during treatment
with CF-2-17 at different concentrations, mice maintained a 100%
survival rate (Supporting Information Fig. S8A). Second, CF-2-17
did not induce upregulation of ALT or AST, indicating no apparent
liver damage (Fig. S8B). Complete blood counts revealed that
treatment with various concentrations of CF-2-17 had no signifi-
cant effect on the absolute numbers of any blood cell types
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Figure 9  CF-2-17 demonstrates superior anti-tumor efficacy against LLC compared to Gilteritinib, SAHA, and their combination. (A) The

anti-proliferative activity of CF-2-17, Gilteritinib and SAHA against LLC cells. (B) LLC cells were transplanted into C57BL/6J mice and
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changes of each group during treatment. (D) Tumor volume changes of each group during treatment. (E) Tumor weights of each group after
treatment. (F) Tumor images of each group after treatment. Data are expressed as mean 4 SD from five biologically independent mice (n = 5).
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#p < 0.001 and P < 0.0001 versus Gilteritinib + SAHA).

compared to the vehicle group (Fig. S8C). Additionally, CF-2-17
treatment group showed no significant changes in body weight
(Fig. S8D).

Furthermore, the hERG assay yielded an ICsy value of
>30 pumol/L for CF-2-17 (Supporting Information Fig. S9). This
concentration represents a margin of >2500-fold over its cellular
anti-proliferative 1Csy in MV-4-11 cells (0.012 4+ 0.003 pmol/L,
Table 6) and >123-fold over its peak plasma concentration
(Cax) following oral administration (161.24 ng/mL, Table 5) at
efficacious doses, indicating a very low risk of relevant hERG
channel inhibition.

2.12.  CF-2-17 stimulate anti-tumor immunity

To investigate the immunomodulatory effects of CF-2-17 in the
tumor microenvironment, we analyzed tumor-infiltrating lym-
phocytes from the LLC allograft model (Fig. 9B). T cell-mediated
immune responses are critical in antitumor immunity. Compared
with the vehicle group, treatments with CF-2-17, Gilteritinib,
SAHA, and their combination significantly increased the tumor-
infiltrating of T cells (Fig. 10A—C). Notably, CF-2-17 and the
combination group reduced the proportions of Tim3" exhausted
CD4" and CD8™ T cells, which was conducive to T cell-mediated
immune responses (Fig. 10D). Furthermore, all treatments
significantly enhanced the production of effector molecules IFN-y
and TNF-« in both CD4" T cells (Fig. 10E and F) and CD8* T
cells (Fig. 10G and H), while CF-2-17 and SAHA demonstrated
greater enhancement compared to Gilteritinib. These findings
indicate that CF-2-17 synergistically remodels the immune
microenvironment through dual mechanisms: suppressing Tim3-

mediated T cell
effector functions.

Given the critical role of immune checkpoints in regulating
antitumor immunity, we further assessed the expression of pro-
grammed death-ligand 1 (PD-L1) in tumor tissues. While SAHA
treatment upregulated PD-L1, consistent with reports for some
HDAC inhibitors**~*, both Gilteritinib and CF-2-17 significantly
suppressed PD-L1 expression compared to the vehicle group
(Supporting Information Fig. S10). This result indicates that CF-2-
17, unlike SAHA, does not induce this potential adaptive immune
resistance mechanism and may contribute to sustaining an
immunostimulatory microenvironment.

exhaustion and amplifying IFN-v/TNF-«

2.13. CF-2-17 enhances dendritic cell function

We next evaluated the impact of CF-2-17 on dendritic cells (DCs)
using tumor and spleen samples from the aforementioned LLC
tumor-bearing mice (Fig. 9B). Previous study has indicated the
FLT3 inhibition may disrupt the function of FLT3-FLT3L axis in
dendritic cells (DCs), which play a critical role in initiating
adaptive immunity. To elucidate the mechanisms underlying the
activation of anti-tumor immunity by CF-2-17, we further inves-
tigated the tumor infiltering DCs and spleen DCs.

Specifically, conventional type 1 dendritic cells (¢cDC1) pri-
marily activate CD8™ T cell-mediated cytotoxic immunity through
cross-presentation pathways, while conventional type 2 dendritic
cells (¢cDC2) initiate CD4 ™ T cell helper immunity via MHC class
II-dependent antigen presentation. Compared with the vehicle
group, FLT3 inhibitor Gilteritinib showed no significant differ-
ences in DC proportions or function. In contrast, CF-2-17, SAHA,
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Figure 10  In vivo analysis of T cell infiltration and function in LLC tumors. (A—C) The proportions of CD3" (A), CD4" (B), and CD8" T cells

(C) in CD45" cells in tumors of each group. (D) The expression of Tim3 on CD4" and CD8" T cells in tumors of each group. (E—H) The
expressions of IFN-y and TNF-a on CD4" (E, F) and CD8" (G, H) T cells in tumors of each group. Data are expressed as mean & SD from five
biologically independent mice (n = 5). Statistical analysis was carried out between the data of each group (*P < 0.05, **P < 0.01 and

#EEP < 0.001).

and their combination group significantly increased DC infiltration
and upregulated CD86 expression, indicating enhanced DC acti-
vation (Fig. 11A and B). Notably, while Gilteritinib reduced both
proportion and function of ¢cDCI1, CF-2-17 and SAHA preserved
c¢DC1 proportions while elevating CD86 expression (Fig. 11C and
D). Regarding ¢cDC2, CF-2-17 and SAHA markedly promoted
c¢DC2 development and activation, whereas Gilteritinib exhibited
no effect on ¢cDC2 population (Fig. 11E and F). These findings
indicated that CF-2-17 and SAHA enhance antitumor immunity
by promoting DC accumulation and activation in tumor. In
contrast, single-target FLT3 inhibition lacks these immunostimu-
latory effects and even impairs cDC1 function.

Similar phenomena were observed in the spleen DCs. CF-2-17,
SAHA, and their combination significantly increased the pro-
portions of DCs, ¢cDCI1, and ¢DC2 while enhancing CD86
expression to boost antigen-presenting capacity, whereas Gilter-
itinib groups showed no significant differences from the vehicle
group (Fig. 12A—F). CD8« and CD103 serve as functional dis-
criminators for cDCI subsets: CD8at ¢DCI primarily encounter
antigens in lymphoid tissues, while CD103% ¢DC1 respond to
peripheral antigenic signals. CF-2-17, SAHA, and the combina-
tion preferentially upregulated CD8a™ ¢DCI proportions and
function while exerting minimal effects on CD103" ¢DCI
(Fig. 12G—I). Conversely, Gilteritinib significantly reduced
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CDI103" ¢DCI1 populations without affecting CD8a™ cDCI
(Fig. 12G—1I), suggesting potential impairment of peripheral im-
mune surveillance. Therefore, CF-2-17 enhances DC-mediated
immunity by promoting DC accumulation and activation, con-
trasting with Gilteritinib’s neutral or suppressive effects.

In addition, we isolated and induced mouse bone marrow-
derived DCs (BMDCs), and validated the effects of the above
compounds on DCs in vitro. The results showed that CF-2-17
could upregulate the expression of MHCII and CD86 in BMDCs
and promote their antigen-presenting function, a phenomenon
similar to that of SAHA (Fig. 13). Whereas Gilteritinib did not
have this effect, similar to our in vivo results.

We further investigated whether CF-2-17 influences dendritic
cell (DC) maturation via the NF-kB signaling pathway. The
experimental results revealed that CF-2-17 treatment promoted the
nuclear translocation of p65 (Fig. 14 A—C). Moreover, after p65
knockdown, the enhancing effect of CF-2-17 on the expression of
CD86 and MHCII on DCs was significantly suppressed (Fig. 14
D—F). These findings suggest that CF-2-17 likely affects DC
maturation by modulating the NF-«B signaling pathway, which is
consistent with previous literature reports on the role of the NF-«B
pathway in regulating DC maturation and function.
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3. Conclusions

In the study, we performed structural optimization based on the
previously identified FLT3/HDAC dual inhibitor 25h and obtained
new FLT3/HDAC dual inhibitor CF-2-17 with enhanced physi-
cochemical properties while retaining nanomolar dual inhibition
(FLT3 ICsq = 1.1 nmol/L; HDACI ICsy = 9.6 nmol/L). The
introduction of hydrophilic groups conferred >150-fold higher
aqueous solubility and improved HDACI1/HDAC6 selectivity
versus 25h. These improvements translated to superior pharma-
cokinetics and maintained oral bioavailability.

The development of FLT3/HDAC dual-target inhibitors rep-
resents a growing and promising therapeutic strategy”~°. Within
this evolving field, CF-2-17 is distinguished by a distinct chemical
scaffold and, more importantly, by a deepened biological inves-
tigation that expands its therapeutic scope. It not only demon-
strated potent single-agent efficacy in FLT3-ITD-driven models,
comparable to combination therapy with reduced toxicity, but also
exhibited broad-spectrum activity against non-ITD hematologic
malignancies and solid tumors, overcoming the limitation of
single-target agents. Crucially, this study elucidates a previously
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In vitro evaluation of CF-2-17 on dendritic cell maturation. (A) Schematic diagram of the isolation and induction of BMDCs. (B)

Representative flow cytometry plots showing the purity of BMDCs. (C) Flow cytometry was performed to analyze the expressions of MHCII and
CD86 on BMDC:s treated with CF-2-17, Gilteritinib and SAHA. Data are expressed as mean £ SD from three independent biological replicates
(n = 3). Statistical analysis was carried out between the data of each group (ns meaning no significant difference, **P < 0.01, ***P < 0.001 and

wHEEP < 0.0001).
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CF-2-17 promotes dendritic cell maturation via activation of the NF-«kB pathway. (A) Western blot analysis shows total p65 protein

levels in DC2.4 treated with or without CF-2-17 (100 nmol/L, 48 h). (B, C) Representative immunofluorescence images (B) and quantification
(C) demonstrate CF-2-17-induced nuclear translocation of p65. (D) Validation of p65 knockdown efficiency in DC2.4 using siRNA. (E, F) Flow
cytometric analysis confirms that p65 knockdown abrogates the CF-2-17-induced upregulation of CD86 (E) and MHCII (F) on DC2.4. Data are
expressed as mean + SD from four independent biological replicates (n = 4). Statistical analysis was carried out between the data of each group
(ns meaning no significant difference, *P < 0.05, **P < 0.01 and ****P < 0.0001).

reprograms the tumor immune microenvironment by activating
CD8"/CD4" T cells and, uniquely, by rescuing FLT3 inhibitor-
induced dendritic cell dysfunction via NF-kB pathway activa-
tion. Coupled with its rationally optimized pharmacokinetic pro-
file, CF-2-17 exemplifies an advanced dual-inhibitor that
integrates improved drug-like properties with novel immuno-
epigenetic mechanisms.

Collectively, this work establishes CF-2-17 as a novel FLT3/
HDAC dual inhibitor with enhanced pharmacokinetics and distinct
immunotherapeutic potential, offering a promising strategy for the
treatment of heterogeneous malignancies through coordinated
epigenetic modulation and immune activation.

4. Experimental
4.1.  General information

All reactions were monitored by thin-layer chromatography (TLC)
was used to monitor reaction progression. Reagents and deuterium
solvents (DMSO-dg or CDCl;-d ) were purchased from TCI, Bide-
pharm, Aladdin, Macklin and other solvents were supplied by Tianjin
Fuyu Fine Chemical Com. Ltd. "H NMR (400 MHz), '*C NMR
(101 MHz) and High-resolution (ESI) mass spectra were conducted
to verify the structures, which were obtained by Bruker DRX-400 and
Impact II UHR-TOF mass spectrometers. The purity of all target
compounds was determined by HPLC with a Shimadzu LC-20AT
system and Cjg-silica column (Thermo, 4.6 mm x 250 mm, 4 pum).
The purity of all compounds is superior to 95%. Elution was done
with methanol/water (85:15), and the flow rate was 0.6 mL/min. Mice

were purchased from Charles River, and all procedures were
approved by the Animal Ethics Committee of Shandong University.

4.2.  Synthetic procedures
Please refer to Supporting Information for details.
4.3.  Biology evaluation

4.3.1.  HDAC inhibition assay

A testing system containing specific compound (50 pL), HDACI,
2, 6, or 8 enzyme (10 pL), fluorescent substrate (40 pl, Ac-Leu-
Gly-Lys (Ac)-AMC for HDACI, 2, 6 or Boc-Lys (TFA)-AMC for
HDACS) was seeded into a 96-well black plate, followed by 1-h
incubation at 37 °C. Then, the developer inclusive of trypsin
(10 mg/mL) and panobinostat (2 pmol/L) was added and incu-
bated for 20 min at 37 °C, after which a microplate reader was
used for detecting fluorescence intensity (lex = 390 nm,
Jem = 460 nm). Finally, the fluorescence intensity was trans-
formed to inhibitory activity using GraphPad Prism software.

4.3.2.  Kinase inhibition assay

The assay was performed as described previously’’. A reaction
mixture containing the test compound, specific kinase (e.g., 50 ng
of FLT3), and its corresponding substrate (e.g., 0.2 mg/mL MBP)
in 50 pL of assay buffer (40 mmol/L Tris pH 7.4, 10 mmol/L
MgCl,, 0.1 mg/mL BSA, 1 mmol/L DTT, 10 pmol/L ATP) was
incubated at 30 °C for 40 min in a 96-well plate. The test com-
pounds were diluted in 10% DMSO, with 5 pL added per well
(final DMSO concentration 1%). Following the reaction, kinase
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activity was assessed using the Kinase-Glo® Plus Luminescence
Assay kit, which quantifies remaining ATP (luminescent signal
inversely correlates with kinase inhibition). Fluorescence intensity
was measured, and dose-response curves along with ICs, values
were generated via nonlinear regression analysis using GraphPad
Prism software.

4.3.3.  Invitro anti-proliferative assay

All cell lines were placed in the incubator filled with 5% CO, at
37 °C. MOLM-13, PC-9, and 293T cells were cultured in RPMI-
1640 medium containing 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin (P/S). MDA-MB-231 cells were cultured
in DMEM medium containing 10% FBS and 1% P/S. The Ba/F3-
FLT3-ITD and Ba/F3-FLT3-ITD-F691L cells were cultured in
RPMI-1640 medium supplemented with 10% FBS and 1% P/S. A
testing system containing cell suspension of 100 pL (1 x 10*) and
compound dilution of 100 uLL was seeded into a 96-well plate and
incubated for 48 h (Ba/F3-derived cells were incubated for 72 h),
after which CCK-8 solution of 20 pLL were added to terminate the
incubation. The absorbance was recorded with a microplate reader
(A = 450 nm) and the values were used to calculate inhibitory rate
or activity by GraphPad Prism software.

4.3.4.  Western blotting

MOLM-13 cells (2 x 10° cells per well) were incubated with
specific compounds, after which cells were harvested by centri-
fugation. Then, protein solutions were obtained by centrifugation
after cell lysis. Next, loading buffer was added prior to protein
degeneration at high temperature. Protein samples electrophoresed
in 10% gels, followed by transferring to PVDF membranes. The
membranes blocked with 5% defatted milk, washed with TBS
buffer, incubated with primary antibodies, washed with TBS
buffer, and incubated with secondary antibodies. After developing
with ECL chemiluminescence solution, the signals were detected
with Amersham Imager 600. The antibodies mentioned above
were displayed as follows: Ac-H3 (CST, Cat #9649), H3K4me3
(UpingBio technology Co., Ltd., YP-Ab-01120), H3 (Abways,
CY6587), Ac-a-tubulin (CST, Cat #5335), FLT3 (Abcam, Cat
#ab245116), p-FLT3 (CST, Cat #3464), ERK1/2 (Abcam, Cat
#ab184699), p-ERK1/2 (CST, Cat #4370T), STAT5 (CST, Cat
#94205), p-STATS (Abcam, Cat #ab32364), GAPDH (Beyotime,
AF1186), and HRP-labeled goat antirabbit IgG (H + L) (Beyo-
time, A0208).

4.3.5.  Whole-cell RNA transcriptome sequencing and analysis

RNA sequencing was performed to profile the transcriptomic
changes induced by CF-2-17 in MOLM-13 cells. Cells were
seeded in 6-well plates at a density of 2 x 10° cells per well. After
12 h, they were treated with 50 nmol/L CF-2-17 or an equivalent
volume of DMSO (solvent control) for 24 h. Following treatment,
total RNA was extracted using TRIzol Reagent. RNA samples
from three independent biological replicates per group were
submitted to Tsingke Biotechnology Co., Ltd. for library con-
struction and sequencing.

4.3.6.  Apoptosis assay
MOLM-13 cells (1 x 106/well) were treated with selected com-
pounds for 24 h prior to collection. After rinsing with PBS once,

cells were stained through successive addition of binding solution
(200 pL), Annexin V-FITC staining solution (2.5 pL), and PI
staining solution (5 pL, Beyotime, C1062S). After a 15-min in-
cubation in darkness, the samples were were subjected to analysis
using a flow cytometer.

4.3.7.  Cell cycle assay

MOLM-13 cells (1 x 106/well) were incubated with selected
compounds for 24 h prior to collection. Cells were washed with
PBS once, and then, immersed in 70% ethanol at 4 °C overnight.
After removal of ethanol by centrifugation, cells were rinsed with
PBS, subsequently, placed into RNase A solution (100 pL) for a
30-min incubation at 37 °C. Next, to the mixture was added PI
staining solution (400 pL, Solarbio, CA1510) and incubated for
30 min at 4 °C. The samples were detected with a flow cytometry.

4.3.8.  Computational studies

Protein receptor was obtained from RSCB PDB database and
molecular docking was conducted with Glide*®. After receiving
energy minimization, ligands were proceeded to conformational
search, obtaining conformational databases. Then, all conforma-
tions were docked into the protein receptor. The pose ranked first
was retain and UCSF Chimera software was adopted to visualize
the docking result®.

Based on the docking results, unbiased MD simulations were
performed using the Desmond module in the Schrodinger suite for
CF-2-17 complexed with HDAC1 and HDAC6. The system was
solvated in a 10 A SPC water box, neutralized, and supplemented
with 0.15 mol/L NaCl. Following equilibration, a 100 ns NPT
molecular dynamics simulation was carried out at 300 K and
1 atm.

4.3.9.  Mitochondrial depolarization assay

After treatment with selected compounds, MOLM-13 cells
(5 x 10°/well) were collected and washed with PBS once. Then,
cells were immersed in TMRE working solution (0.5 mL, Beyo-
time, C2001S) for 30 min at 37 °C. Subsequently, working solu-
tion and cells was separated by centrifugation. Finally, cells were
transferred to a black 96-well plate prior to detection of fluores-
cence intensity (dex = 540 nm, lem = 579 nm).

4.3.10.  Stability of mouse liver microsomes
Firstly, the samples were prepared and inclusive of compounds
(20 pL, 2 mg/mL in methanol), mouse liver microsomes (100 pL,
4 mg/mL in PBS), NADPH (100 pL, 4 mmol/L in PBS), and
MgCl, (180 pL, 6 mmol/L in PBS), and co-incubated for 0, 10,
20, 30, 60, 90, and 120 min at 37 °C. Subsequently, these samples
were terminated by addition of ice acetonitrile (400 pL) for
15 min at 4 °C. Finally, the supernatant obtained by sample
centrifugation was analyzed by HPLC (Shimadzu LC-20AT).
The natural logarithm of the percent drug remaining at each
time point was plotted against the incubation time. The first-order
elimination rate constant k (min~ ') was derived from the slope of
the linear regression analysis. The in vitro half-life and intrinsic
clearance were then calculated using Eqgs. (1) and (2):

0.693

: (1)

tl/z(min) = —
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4.3.11.  Stability of mouse plasma

Mouse plasma (250 pL) was incubated with compound solution
(125 pL, 2 mg/mL in methanol) for 0, 0.5, 1, 3, 6, 9, 12, and 24 h
at 37 °C. After addition of ice acetonitrile (600 pL), the super-
natant was obtained by centrifugation prior to HPLC analysis
(Shimadzu LC-20AT).

4.3.12.  Water solubility assay

Firstly, selected compounds were dissolved in methanol to prepare
stock solutions (2 mg/mL), which were diluted to obtain a series of
clarified solution with gradient concentration, including 1000, 500,
250, 62.5,15.625,3.9063, 0.977, 0.244 pg/mL. Subsequently, these
samples were analyzed through HPLC (Shimadzu LC-20AT), thus
establish the connection between concentration and peak area,
specifically the concentration—peak area standard curve. Then, the
supersaturated solutions of selected compounds were prepared with
deionized water and phosphate buffers (pH = 2.0 and 7.0) in EP
tubes. After ultrasonic concussion for 1 h, these samples were
placed in a shaker (800 rpm) at room temperature for 24 h. Next,
these samples were centrifuge to obtain liquid supernatant at
12,000 rpm prior to HPLC analysis. Finally, the water solubility was
calculated using the standard curves.

4.3.13.  Pharmacokinetics study

All animal experiments accorded with the protocol approved by
the Laboratory Animal Center of Shandong University. The
experimental SD rats were fed adaptively for one week. Then, rats
were dosed with selected compound at 1 mg/kg (i.v.) after being
fasted for 12 h. Blood samples were collected by heparin sodium
anticoagulation tubes from the cheek at 5, 15, 30 min, 1, 2, 4, 6, 8
and 24 h, followed by storing at 0 °C for more than 15 min. The
plasma was separated by centrifuging the samples for 3 min at
6000 rpm, and stored at —20 °C. Finally, the plasma concentration
of each indicated time was determined by LC—MS/MS, and PK
parameters were calculated by WinNolin8.2 software.

4.3.14. MOLM-13 xenograft tumor model

Cultured MOLM-13 cells were washed twice with PBS. A suspen-
sion containing 5 x 10° cells in a mixture of 70 uL PBS and 30 puL
Matrigel (ABWBIO, #0827245) was subcutaneously inoculated into
the right axilla of six-week-old BALB/c nude mice. When tumor
volumes reached a predetermined size, mice were randomized into
groups and treated via oral gavage once daily for 9 consecutive days.
Treatment groups included: vehicle control, 30 mg/kg SAHA,
10 mg/kg Gilteritinib, and 10 mg/kg CF-2-17. Tumor volume and
mouse body weight were measured every other day.

4.3.15. K562 xenograft tumor model

Harvested K562 cells were washed twice with PBS. A suspension of
5 x 10° cells in an identical PBS/Matrigel matrix was subcutane-
ously injected into the right flank of six-week-old BALB/c nude
mice. Five days post-inoculation (designated Day 0), when tumor
volumes approached the threshold, mice were randomized into six
groups for treatment via oral gavage once daily for 16 consecutive
days. Groups comprised: vehicle control, 20 mg/kg CF-2-17,
10 mg/kg Gilteritinib, 30 mg/kg SAHA, 20 mg/kg 25h, and

Microsomal protein mass (mg)

(2)

50 mg/kg CUDC-907. Tumor volume and body weight were
measured every 3 days using Vernier calipers. On Day 16, all mice
were euthanized, tumors were excised, photographed, and weighed.

4.3.16.  LLC homograft tumor model

Mice were housed under specific pathogen-free (SPF) conditions at
the Model Animal Research Centre of Shandong University with ad
libitum access to food and water. To establish the LLC syngeneic
tumor model, LLC cells in the logarithmic growth phase were har-
vested and resuspended in sterile PBS at a density of 5 x 10° cells/
100 pL. Each mouse was subcutaneously inoculated with 100 pL. of
cell suspension in the left flank. On Day 6 post-inoculation, when
palpable tumors had formed, mice were randomly assigned to
treatment groups (n = 5/group) and administered 30 mg/kg SAHA,
10 mg/kg Gilteritinib, or 10/20 mg/kg CF-2-17 via oral gavage once
daily for 15 days. Tumor length (L) and width (W) were measured
and tumor volume was calculated using Eq. (3):

Volume (mm?) = 0.5 x L x W? 3)

All experiments complied with AAALAC International
guidelines for humane animal care.

4.3.17.  Isolation of lymphocytes from tumors and spleen

For the tumor tissues, the mice were euthanized and the subcu-
taneous tumor tissues were isolated and washed with 1 x PBS.
Then add 5 mL of tumor digesting solution (5 mL. DMEM con-
taining 0.1 mL FBS, 50 mg collagenase IV and 2.5 pL hyal-
uronidase). The tissues were minced, transferred to 15 mL
centrifuge tubes, and digested for 30 min at 37 °C, with 2—3 times
of inverted mixing during the period. The digested tissues were
ground through a 200-mesh sieve into a new centrifuge tube and
centrifuged at 100xg for 1 min. Transfer the supernatant into a
new tube and centrifuge at 400xg for 5 min. Discard the super-
natant and resuspend the cells with 5 mL 40% Percoll followed by
centrifuging at 800x g for 25 min. The supernatant was discarded
carefully and the inside of the tubes were wiped. Then add 4 mL
red blood cell (RBC) lysis solution to resuspend cells and incubate
for 15 min at 4 °C. Add 1 x PBS to terminate RBC lysis and
centrifuge at 400x g for 5 min to collect the cells. Resuspend cells
with 1 x PBS and filter through a strainer.

The splenic lymphocytes, spleen tissues were isolated, minced
and ground directly through a 200-mesh sieve. Centrifuge at
400x g for 5 min, add 4 mL RBC lysis solution to resuspend cells
and incubate for 15 min at 4 °C. Then centrifuge at 400xg for
5 min again and discard the supernatant. Resuspend cells with
1 x PBS and filter through a strainer.

4.3.18.  Flow cytometry
For cell surface molecule detection, rat serum was added in the cell
suspension to block the cells at room temperature for 30 min. Sub-
sequently, stained with fluorescein-conjugated antibodies at 4 °C for
1 h. 1 x PBS was added to wash away unbound antibodies.

For intracellular cytokine detection, cells were first resus-
pended in 1640 medium, seeded into 24-well plates and pretreated
with ionomycin (1 pg/mL), PMA (50 ng/mL), and Brefeldin A
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(1 pL/mL). After 4 h, cells were harvested and washed with
1 x PBS. After blocking with rat serum and stained with anti-
bodies targeting surface molecule, cells were fixed with 150 pL
4% paraformaldehyde at 4 °C for 30 min. After washing with
1 x PBS, 150 pL of permeabilization wash buffer containing 10%
rat serum was added for permeabilization at room temperature for
30 min. After washed with 1 x PBS, corresponding fluorescein-
conjugated antibodies for intracellular cytokines were added and
incubate at 4 °C for 1 h. Add 1 x PBS to wash away unbound
antibodies. Data were collected using BD FACSymphony A3 (BD
Biosciences), and analyzed with FlowJo software (FlowJo, LLC,
Ashland, OR, USA). The antibodies used in the experiment were
listed in Supporting Information Table S3.

4.3.19.  In vitro induction of BMDCs

C57BL/6J mice were euthanized aseptically, and femurs and tibiae
were harvested. Cut the ends of the femur and tibia, and flush the
bone marrow cavity several times with 1 x PBS using syringe to
collect cell suspension in bone marrow. Centrifuge cell suspension
at 400xg for 5 min and then discard the supernatant. The cell
pellet was resuspended in 3—5 mL red blood cell (RBC) lysis
buffer and incubated at 4 °C for 10 min. RBC lysis was terminated
with 1 x PBS, followed by centrifugation at 400x g for 5 min. The
pellet was resuspended in complete RPMI-1640 medium supple-
mented with recombinant mouse IL-4 (rmIL-4; 5 ng/mL) and
recombinant mouse GM-CSF (rmGM-CSF; 10 ng/mL). Seed the
cells into 6-well plate and incubated at 37 °C with 5% CO,. After
48 h, the medium containing non-adherent cells was discarded and
fresh medium containing cytokines was added. On Day 5, half of
the medium was replaced with fresh medium and cultured to Day
7. Finally, all cells were collected gently to obtain BMDCs.

4.3.20.  Acute toxicity study in mice

The acute toxicity of CF-2-17 was assessed in C57BL/6J mice.
Mice were randomly divided into three groups (n = 5): vehicle
control, low-dose (10 mg/kg), and high-dose (50 mg/kg) CF-2-17.
Following an overnight fast, a single dose was administered via
intragastric gavage.

To evaluate potential hematological toxicity, blood was
collected from the submandibular venous plexus at 48 h post-
dosing. A comprehensive panel of hematological parameters,
including complete blood count and differential leukocyte counts,
was analyzed using an automated hematology analyzer.

To assess hepatotoxicity, serum was collected on Day 5 post-
administration. Alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) levels were quantified using commercial
assay kits (Nanjing Jiancheng Bioengineering Institute). General
systemic toxicity was monitored by recording body weight daily
for 7 consecutive days.

4.3.21.  Immunohistochemical staining

Immunohistochemical (IHC) staining for PD-L.1 was performed
on paraffin-embedded tumor tissue sections. After deparaffiniza-
tion and rehydration, endogenous peroxidase activity was blocked
with 3% H,0,. Antigen retrieval was performed using citrate-
EDTA buffer (Beyotime, #P0086) with heat treatment.

Sections were blocked with goat serum and then incubated
overnight at 4 °C with a primary antibody against PD-L1 (Abmart,
#MO033179). Following PBS washes, detection was carried out using
a streptavidin-biotin detection system (Zhongshan Golden Bridge,
SP-9000) with DAB (Gene Tech, GK600505) as the chromogen.
Sections were counterstained with hematoxylin, dehydrated,

cleared, and mounted with neutral resin. Stained slides were exam-
ined and imaged using an inverted fluorescence microscope.

4.3.22.  H&E staining

The mice of posttreatment were euthanized, followed by dissec-
tion to obtain tumor tissues and different organs, which were
immersed in 4% paraformaldehyde solution and further processed
into paraffin samples. Then, these paraffin samples underwent
cutting to obtain paraffin sections. After deparaffination and hy-
dration, the sections were stained with hematoxylin and eosin
(H&E). Finally, the samples were imaged with a microscope after
dehydration with alcohol of gradient concentration (80%—100%).

4.3.23.  siRNA transfection

For p65 knockdown, DC2.4 cells were seeded in 6-well plates and
allowed to adhere for 24 h. Transfection was performed using Jet
Polyplus Transfection reagent with a synthetic siRNA oligonu-
cleotide targeting p65 (sense strand: 5-UCAGCACCAUCAA-
CUUUGALt-3', Sangon Biotech). A non-targeting siRNA was used
as a negative control. Following a 48-h transfection period,
knockdown efficiency was confirmed by Western blot analysis.
The transfected cells were then treated with or without 100 nmol/
L CF-2-17 for an additional 48 h, harvested, and subjected to flow
cytometric analysis of surface markers after staining with
fluorochrome-conjugated antibodies. Data were acquired on a
FACS Celesta flow cytometer (BD Biosciences).

4.3.24.  Nuclear and cytoplasmic protein extraction

To assess p65 subcellular localization, DC2.4 cells were cultured
in 10-cm dishes and treated with 100 nmol/L. CF-2-17 for 48 h.
Nuclear and cytoplasmic proteins were subsequently fractionated
using a commercial extraction kit (Nuclear and Cytoplasmic
Protein Extraction Kit, Beyotime, #P0027) strictly according to
the manufacturer’s protocol. The protein expression levels of p65
in each fraction were then analyzed by Western blot.

4.3.25. Statistical analysis

All experimental data derived from results of three or more in-
dependent assays. Two-tailed Student’s z-test was conducted to
evaluate whether there were significant differences between
sample data. P value below 0.05 indicates there exist significant
differences between two set of selected data.
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