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Alflutinib (AST2818), primarily metabolized by CYP3A4,

1s a potent CYP3A4 inducer

Xiao-yun Liu'?, Zi-tao Guo', Zhen-dong Chen'?, Yi-fan Zhang', Jia-lan Zhou', Yong Jiang®, Qian-yu Zhao?, Xing-xing Diao"? and

Da-fang Zhong'~

Alflutinib (AST2818) is a third-generation epidermal growth factor receptor (EGFR) inhibitor that inhibits both EGFR-sensitive
mutations and T790M mutations. Previous study has shown that after multiple dosages, alflutinib exhibits nonlinear
pharmacokinetics and displays a time- and dose-dependent increase in the apparent clearance, probably due to its self-induction of
cytochrome P450 (CYP) enzyme. In this study, we investigated the CYP isozymes involved in the metabolism of alflutinib and
evaluated the enzyme inhibition and induction potential of alflutinib and its metabolites. The data showed that alflutinib in human
liver microsomes (HLMs) was metabolized mainly by CYP3A4, which could catalyze the formation of AST5902. Alflutinib did not
inhibit CYP isozymes in HLMs but could induce CYP3A4 in human hepatocytes. Rifampin is a known strong CYP3A4 inducer and is
recommended by the FDA as a positive control in the CYP3A4 induction assay. We found that the induction potential of alflutinib
was comparable to that of rifampin. The E,,, of CYP3A4 induction by alflutinib in three lots of human hepatocytes were 9.24-, 11.2-,
and 10.4-fold, while the fold-induction of rifampin (10 uM) were 7.22-, 19.4- and 9.46-fold, respectively. The ECs, of alflutinib-
induced CYP3A4 mRNA expression was 0.25 uM, which was similar to that of rifampin. In addition, AST5902 exhibited much weak
CYP3A4 induction potential compared to alflutinib. Given the plasma exposure of alflutinib and AST5902, both are likely to affect
the pharmacokinetics of CYP3A4 substrates. Considering that alflutinib is a CYP3A4 substrate and a potent CYP3A4 inducer,

drug-drug interactions are expected during alflutinib treatment.
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INTRODUCTION
Lung cancer is the most commonly diagnosed cancer (11.6% of
the total cases of cancer) and the leading cause of cancer death
globally (18.4% of the overall cancer-related deaths) [1]. In China,
the most common cause of cancer-related deaths is lung cancer
(24.1%) [2]. Approximately 80%-85% of lung cancer types are non-
small cell lung cancer (NSCLC), and the most common subtypes of
NSCLC are lung adenocarcinoma (LUAD) and lung squamous cell
carcinoma (LUSC) [3-5]. Epidermal growth factor receptor (EGFR)
and Kirsten-RAS (KRAS) gene mutations are more common in
LUAD, while in LUSC, the more common mutations are cyclin-
dependent kinase inhibitor 2A (CDKN2A) and tumor suppressor
protein p53 (TP53) [6]. EGFR is also known as HER or ErbB1, which
contains HER2 (ErbB2), HER3 (ErbB3) and HER4 (ErbB4) in its family
[71. The clustering of mutations in the ATP-binding pocket of EGFR
may lead to its constitutive, ligand-independent activation [8]. The
gain-of-sensitivity mutations include exon 19 deletion (amino acid
residues 747-750) and the L858R mutation (nucleotide substitu-
tions on exon 21) [9]. Hence, targeted therapy for the manage-
ment of NSCLC with EGFR mutations is of epoch-making
significance.

First-generation EGFR tyrosine kinase inhibitors (TKIs), namely,
erlotinib and gefitinib, exert better clinical effects than

conventional cytotoxic therapy [10, 11]. Second-generation pan-
HER EGFR TKIs, such as afatinib and dacomitinib, are notably
different from first-generation EGFR TKis, which reversibly
compete with ATP. Afatinib and dacomitinib can improve the
median progression-free survival (PFS) of NSCLC with sensitive
EGFR mutations compared to gefitinib and erlotinib [12-15].
Secondary or acquired resistance to first-generation EGFR TKls has
been extensively studied. For instance, a threonine-to-methionine
substitution at position 790 (T790M) in exon 20 can increase ATP
affinity in the ATP pocket [16]. Third-generation EGFR TKls
covalently bind to cysteine 797 and target both sensitizing and
T790M-specific mutations while sparing wild-type EGFR [17, 18].
Osimertinib, a third-generation EGFR inhibitor, not only exhibits
efficacy that is superior to platinum-based therapy plus peme-
trexed in NSCLC patients harboring the T790M mutation but also
displays greater efficacy in EGFR mutation-positive advanced
NSCLC patients compared to standard EGFR TKIs [19, 20]. In
addition, olmutinib has been launched in South Korea for the
treatment of patients with locally advanced or metastatic EGFR
T790M mutation-positive NSCLC [21].

Alflutinib, also known as AST2818, is a third-generation EGFR
inhibitor. A phase Il clinical trial (FLAG, NCT03787992) is being
conducted in China to assess whether alflutinib can serve as the
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first-line treatment for locally advanced or metastatic NSCLC
patients compared with gefitinib. Data from phase I/l clinical trials
have demonstrated that alflutinib is generally well tolerated and
exhibits significant clinical efficacy in NSCLC patients with
the T790M mutation who progressed after EGFR-TKI therapy
[22]. The N-desmethyl metabolite AST5902 has been identified as
the principal metabolite of alflutinib both in vitro and in vivo,
which exerts remarkable antineoplastic activity similar to alflutinib
(from a PK report in the phase | clinical study). Although alflutinib
displays linear pharmacokinetics within the doses of 20-240 mg
after single dose administration, its nonlinear pharmacokinetics
and the accumulation of AST5902 have been observed after
multiple dosing [23]. Alflutinib displays a time- and dose-
dependent increase in clearance (CL/F) following multiple doses,
probably due to its self-induction through a cytochrome P450
(CYP) enzyme. Thus, the assessment of CYP enzymes involved in
alflutinib biotransformation and the evaluation of CYP enzyme
induction can help to understand the metabolism of alflutinib
in vivo and further estimate potential drug-drug interactions
(DDils).

This study aimed to (i) elucidate the in vitro metabolism of
alflutinib and its metabolites, (ii) identify the major metabolic
enzymes involved in their metabolism, and (iii) evaluate the
enzyme inhibition and induction potential of alflutinib and its
metabolites. The findings would generate more reliable biotrans-
formation information on alflutinib and provide evidence to
support clinical DDI decision making.

MATERIALS AND METHODS

Materials

Alflutinib was provided by Shanghai Allist Pharmaceuticals Inc.
(Shanghai, China). The following chemicals were purchased
from Meilun Biotechnology Co., Ltd. (Dalian, China): 1-
aminobenzotriazole (ABT), 6a-hydroxy paclitaxel, a-naphthofla-
vone, acetaminophen-d,, chlormethiazole, ketoconazole, querce-
tin, quinidine, sulfaphenazole and ticlopidine. S-Mephenytoin and
6B-hydroxytestosterone were supplied by BD Gentest Corporation
(Woburn, MA, USA). Phenacetin, tolbutamide, dextromethorphan,
O-desmethyl dextromethorphan, 4’-hydroxymefentoin, paclitaxel
and 1’-hydroxymidazolam were purchased from Sigma Chemical
Co. Ltd. (St. Louis, MO, USA). Bupropion and hydroxy bupropion
were supplied by Toronto Research Chemicals Inc. (Toronto,
Canada). Testosterone was obtained from Sigma-Aldrich (St. Louis,
MO, USA). 4’-Hydroxytolbutamide was provided by the Depart-
ment of Microbiology, Shenyang Pharmaceutical University
(Shenyang, China). Nicotinamide adenine dinucleotide phosphate
(NADPH; reduced form) and midazolam were obtained from
Roche Inc. (Mannheim, Germany). HPLC-grade ammonium acetate
and formic acid were supplied by Roe Scientific Inc. (Neward, NJ,
USA) and Tokyo Chemical Industry Co. Ltd. (Tokyo, Japan),
respectively, while HPLC-grade acetonitrile and methanol were
supplied by Merck KGaA (Darmstadt, Germany). Dimethyl
sulfoxide (DMSO) was supplied by Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China). A Milli-Q system was used to prepare
deionized H,O (Molsheim, France). Recombinant human cyto-
chrome P450 (CYP) isozymes (e.g., 1A2, 2A6, 2B6, 2C8, 2C9, 2C19,
2D6, 2E1, 3A4, and 3A5) as well as pooled human liver microsomes
(HLMs) were purchased from Corning Inc. (New York, NY, USA).
Primary hepatocytes (lot #DJJ, Caucasian male; 51 years of age; lot
#QBU, Caucasian male; 50 years of age; and lot #HVN, Caucasian
male; 33 years of age) were purchased from BiolVT (Baltimore,
MD, USA).

Metabolism of alflutinib in HLMs

Before starting the experiments, the HLMs were thawed gently on
ice. Then, 3 uM alflutinib was added to the HLMs (0.5 mg protein/mL)
in 100 mM phosphate-buffered saline (PBS; pH 7.4) to a total volume
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of 100 pL. After incubating at 37°C for 3 min, the reactions were
initiated by the addition of 1.0 mM NADPH. Following 1h of
incubation, the reactions were terminated by mixing with ice-cold
acetonitrile at the same volume. All incubations were performed in
duplicate and then analyzed by UPLC-UV/Q-TOF MS.

Incubation of HLMs with specific CYP inhibitors

HLMs were used to study the effects of CYP enzyme inhibitors on
the metabolism of alflutinib. The incubation mixture (100 pL)
consisted of alflutinib (3 uM), HLMs (0.5 mg protein/mL), NADPH
(1 mM), PBS (100 mM, pH 7.4) and a selective CYP inhibitor. The
chemical inhibitors were as follows: a-naphthoflavone (2 uM) for
CYP1A/2 C, quercetin (20 uM) for CYP2C8, sulfaphenazole (6 uM)
for CYP2C9, ticlopidine (24 uM) for CYP2B6/2C19, quinidine (8 uM)
for CYP2D6, chlormethiazole (24 uM) for CYP2E1, ketoconazole
(2 uM) for CYP3A and ABT (1 mM) for all CYP enzymes. These
inhibitors were preincubated with HLMs in the presence of
NADPH for 10 min before adding the substrate. After that, the
reactions were initiated by incubation at 37 °C for 60 min. Finally,
the reactions were terminated by the addition of 100 pL of ice-
cold acetonitrile. All incubations were performed in duplicate, and
the formation of metabolites was evaluated in the absence or
presence of inhibitors.

The metabolism of alflutinib through recombinant human CYP
isoenzyme

To identify the specific isoform that participates in the metabolism
of alflutinib, 3 uM alflutinib was mixed with recombinant human
CYP1A2, 2A6, 2B6, 2C8, 2C9, 2C19, 2D6, 2E1, 3A4, or 3A5 (25 pmol
P450/mL) in a total volume of 100 pL. The reactions were initiated
and terminated by the addition of 1 mM NADPH and 100 pL of ice-
cold acetonitrile, respectively. The incubation was carried at 37 °C
for 60 min. All reactions were conducted in duplicate, followed by
UPLC-UV/Q-TOF MS analysis.

UPLC-UV/Q-TOF MS detection
The different metabolites of alflutinib were detected with an
ACQUITY UPLC HSS T3 column (1.8 um, 100 mm X 2.1 mm, Waters
Corp., Milford, MA, USA) using a Waters ACQUITY UPLC system
(Milford, MA, USA). The mobile phase contained a mixture of 5 mM
ammonium acetate with 0.05% formic acid (A) and acetonitrile (B).
The gradient elution program was as follows: 5% B (1 min), 60% B
(10 min), 95% B (1 min and hold for 1 min) and a 5% B (1 min and
hold for 2min) for column re-equilibration. The flow rate was
set to 0.4 mL/min, and the column temperature was maintained at
40 °C. Eluted fractions were monitored by a UV detector at 280 nm.
MS detection was carried out using a Waters SYNAPT G2 Q-TOF
mass spectrometer (Milford, MA, USA) in positive ion electrospray
ionization (ESI) mode. The desolvation gas flow and temperature
were set to 800 L/h and 450 °C, respectively. The cone gas flow
was adjusted to 50L/h, and the source temperature was
maintained at 120°C. The capillary voltage and cone voltage
were maintained at 3.0 kV and 40V, respectively. The SYNAPT G2
MS system was operated under resolution mode (>20,000 at full
width half maximum). The rate of data acquisition was 0.3 s/scan,
and all data were collected within 13 min under MSE acquisition
mode. In the low-energy scan, the transfer CE and trap CE were 4V
and 6V, respectively. In the high-energy scan, the transfer CE was
20V, and the trap CE ramped from 20 to 25V. The MS was
calibrated at 1 ppm and operated through the leucine enkephalin
Lockspray. MS data were acquired under continuum mode within
a m/z range of 50-1200. MassLynx version 4.1 and UNIFI Portal
software (Waters Corp., Milford, MA, USA) were employed for data
processing.

Enzyme inhibition of alflutinib on major human CYP enzymes

All CYP isoform-specific probes, such as phenacetin, bupropion,
paclitaxel, tolbutamide, S-mephenytoin and dextromethorphan
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(for CYP1A2, 2B6, 2C8, 2C9, 2C19, and 2D6, respectively), as well as
midazolam and testosterone (for CYP3A4), were dissolved in
methanol. Alflutinib was dissolved in DMSO as a 100 mM stock
solution. The total volume was 100 pL, and the medium was 100
mM PBS containing mixed HLMs (0.5 mg/mL), probe substrates,
NADPH (1 mM) and different concentrations of alflutinib (0, 0.1,
033, 1, 330, 10, 33.3, and 100uM). The reactions were
preincubated at 37 °C for 5 min. Under the experimental condi-
tions, the enzyme concentration and incubation time of the
reaction system were all within a linear range (Supplementary
Table S1).

Enzyme induction of alflutinib and AST5902 on the human
CYP3A4 enzyme

For the assessment of enzyme induction, 7 x 10° hepatocytes/mL
were seeded into a collagen-coated 24-well plate and placed in a
37 °C humidified incubator with 5% CO, for 24 h. The hepatocytes
were treated with the human CYP3A4 enzyme inducer rifampin
(10 uM), alflutinib or AST5902 (0.003, 0.01, 0.03, 0.1, 0.3, 1, 3 or
5uM) or 0.1% DMSO (control group) once daily for three
consecutive days. After treatment, RNA extraction was performed
with TRIzol (Invitrogen Life Technologies, Carlsbad, CA, USA)
according to the manufacturer’s protocol. cDNA synthesis was
carried out using the PrimeScript RT reagent kit (Takara Bio Inc.,
Kusatsu, Japan). Real-time PCR was conducted on a StepOnePlus
real-time PCR system (Applied Biosystems, Foster, CA, USA) using
the SYBR green Premix Ex Taq kit (Takara Bio Inc., Kusatsu, Japan).
The forward primer and reverse primer for CYP3A4 were 5'-
ATCACTAGCACATCATTTGGAG-3" and 5-GGAATGGAAAGGTTATT-
GAGAG-3’, respectively. For GAPDH, the forward and reverse
primers were 5-AGAAGGCTGGGGCTCATTTG-3’ and 5'-GAGGGGC-
CATCCACAGTCTTC-3’, respectively. The levels of cDNA were
quantitated by the comparative threshold cycle method using
GAPDH as an internal standard. ECsy is the concentration of
inducer at 50% maximal effect of induction, which is obtained by a
nonlinear regression test carried by GraphPad Prism version 5.0
(GraphPad Software Inc., San Diego, CA, USA).

RESULTS

UPLC/Q-TOF MS determination of alflutinib, AST5902 and
AST28365

The chromatographic behaviors and MS fragmentation patterns of
alflutinib and its metabolites AST5902 and AST28365 were first
assessed to identify other potential alflutinib metabolites. Under the
present chromatographic conditions, the retention time of alflutinib
was found to be 9.37 min. In ESI(+) mode, alflutinib generated a
protonated molecular ion [M +H]™ at m/z 569.261. Under higher-
energy collision conditions, several fragment ions were observed at
m/z 524201 (—CH,N), 441.192 (—C,HF;—C,HgN), 386.173
(—CoHF3—CoHgN—C3H,0), 370172 (—CHOF;—C,HgN—C3H,0),
302.102 (—CoHF3—CsHiaN,—CsH,ON—CH), 225113 (Cy3H;3N,™)
and 72.077 (C4Hq.oN', 100% abundance) for alflutinib (Fig. 1a).
Based on the high-resolution mass spectral data, different tentative
fragmentation patterns are illustrated in Fig. 1b. It was noted that
the fragments of alflutinib were produced mainly by cleavage on
the amine side chain, acrylamide and trifluoroethoxy moieties. In ESI
(+) mode, AST5902 eluted at 9.09 min and generated a protonated
molecule [M +HI" at m/z 555.244. Under higher-energy collision
conditions, several fragment ions were observed at m/z 498.186
(—GsH;N, 100% abundance), 415.179 (—C,HF;—C3HgN), 386.173
(—CyHF3—CH;N—C3H,0), 360.154 (—=CHF3—C3HoN—C3H,0),
344164 (—CHOF3—C3H9N—C3H,0), 302.102 (—CyHF3—C4H N, —
C3H4ON—CH) and 225.110 (C13H13N4+) for AST5902 (F|g. 23)
Compared to alflutinib, the fragmentation ion at m/z 72.077 was
absent, and the tentative fragmentation profile is illustrated in
Fig. 2b. It was noted that the fragments of AST5902 were produced
mainly by cleavage on the amine side chain, acrylamide and
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trifluoroethoxy moieties. In addition, AST28365 eluted at 8.34 min
and displayed a protonated molecular ion [M + H]™ at m/z 555.242.

Under higher-energy collision conditions, several fragment
ions were observed at m/z 510181 (—CGH;N), 427.177
(—GHF3—CHgN), 372156  (—CHgN—C,HF;—C3H,0),  356.162

(—=CoHgN—C,HOF3—C5H,0), 341.147 (—CH9N—C,HOF;—C3H;50N),
288.089 (—C,HF3—CsHsN,—C3HON—CH), 211.094 (C;5HiN,T)
and 72.078 (C4H.oN™*, 100% abundance) for AST28365 (Fig. 3a).
The different tentative fragmentation patterns are illustrated in
Fig. 3b. It was noted that the fragments of AST28365 were produced
mainly by cleavage on the amine side chain, acrylamide and
trifluoroethoxy moieties.

Metabolism of alflutinib in HLMs
In the presence of NADPH, 13 metabolites were identified from
the HLMs treated with alflutinib (Fig. 4). Compared with the
inactive HLMs, the predominant metabolite was AST5902, which
showed a retention time of 9.09 min. However, AST28365, which
we predicted to be a major metabolite, was not detected in HLMs.
The data of the 13 detected metabolites, including the retention
time, formula, observed and calculated m/z, MS area and fragment
ions, are summarized in Table 1, and the structures of the 13
metabolites are illustrated in Fig. 5. The names of these metabolites
were assigned according to their molecular weight, and the
metabolites with similar molecular masses were sequentially
named based on the order of retention time. The identities of
the metabolites are displayed in the Supplementary Material.

The metabolism of alflutinib in recombinant human CYP
isoenzymes

Alflutinib was hardly metabolized by some recombinant human
CYP isoenzymes (e.g., 1A2, 2A6, 2B6, 2C8, 2C9, 2C19, 2D6, and
2E1), and only a few metabolites were produced during the
metabolic process (Table 2). In contrast, alflutinib was extensively
metabolized by CYP3A4. Specifically, the majority of phase |
metabolites observed in HLMs were detected after 1-h exposure
to CYP3A4, and at least 78% of alflutinib was transformed.
Additionally, CYP3A5 was found to play a crucial role in the
metabolism of alflutinib. Considering that CYP3A5 is less abundant
than CYP3A4 in the liver, CYP3A4 has been regarded as the
predominant enzyme involved in alflutinib metabolism. Similarly,
the formation of AST5902 was catalyzed primarily by CYP3A4 but
to a much lesser extent by CYP3A5. In addition, CYP2C8, CYP2C9,
CYP2C19 and CYP2E1 could catalyze the formation of AST5902,
although to a smaller extent. The relative contribution of the
CYP450 subtypes to the metabolism of alflutinib and the
formation of AST5902 was determined after normalization
according to the relative amount of each CYP450 in human liver
[24]. Based on the substrate (alflutinib) depletion method,
alflutinib was found to be predominantly metabolized by CYP3A4
(78%), and with regard to the metabolite (AST5902) formation
method, the principal enzyme contributing to AST5902 formation
was identified as CYP3A4 (79%) (Supplementary Table S2).

Effects of CYP inhibitors on the formation of alflutinib metabolites
in HLMs

The inhibitory effects of selective CYP inhibitors on the formation
of alflutinib metabolites in HLMs were determined (Table 3). a-
Naphthoflavone (CYP1A2 inhibitor) and chlormethiazole (CYP2E1
inhibitor) exhibited no significant effects on the formation of
alflutinib metabolites. Quercetin (CYP2C8 inhibitor) suppressed
the production of AST5902 by 68% and inhibited the formation of
M486, M497 and M584-1 to a certain degree. Sulfaphenazole
(CYP2C9 inhibitor) suppressed the production of AST5902 by 45%
and exhibited little effect on the formation of other metabolites.
Ticlopidine (inhibitor of CYP2B6 and CYP2C19) suppressed the
production of AST5902 by 38% and inhibited the formation of
M539, M554-1 and M555 to some extent. Quinidine (CYP2D6
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Fig. 1 The MS fragmentation patterns of alflutinib. Mass spectra of alflutinib under high-collision energy in positive detection mode (a), and

their tentative fragmentation profiles (b)

inhibitor) suppressed the production of AST5902 by 46% and
inhibited the formation of M484 and M497 to some extent.
Ketoconazole (CYP3A4/5 inhibitor) and ABT (inhibitor of all CYP
isoenzymes) suppressed the production of AST5902 by 86% and
98%, respectively. Except for M554-1, ketoconazole and ABT
greatly suppressed the production of all the metabolites.

Altogether, the results of both CYP phenotyping assessments
indicate that alflutinib is largely metabolized by the CYP3A4
enzyme.

Enzyme inhibition of alflutinib on major human CYP enzymes

The residual activities of the 7 CYP isozymes (i.e., CYP1A2, 2B6,
2C8, 2C9, 2C19, 2D6, and 3A4) in HLMs were all > 50% at the
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maximum alflutinib concentration (100 uM) in duplicate experi-
ments (Table 4). Although ICs, values could not be determined, it
was obvious that the values were more than 100 pM.

Enzyme induction of alflutinib on the human CYP3A4 enzyme

The potential of alflutinib to induce CYP3A4 was assessed using
primary human hepatocytes isolated from three lots (DJJ, QBU and
HVN), and the results are presented in Table 5. It was noted that
the maximum responses (net maximum fold increase, Eax) Of
alflutinib were 9.24-, 11.2- and 10.4-fold in DJJ, QBU and HVN,
respectively. When DJJ, QBU and HVN were treated with 10 uM
rifampin for 72 h, the fold changes were 7.22-, 19.4-, and 9.46-fold,
respectively. For DJJ and HVN, the mRNA expression level of
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Fig.2 The MS fragmentation patterns of AST5902. Mass spectra of AST5902 under high-collision energy in positive detection mode (a), and

their tentative fragmentation profiles (b)

CYP3A4 increased with increasing alflutinib concentration in the
range of 0.003-1 uM, while the mRNA expression level of CYP3A4
decreased when the alflutinib concentration was higher than 1 uM
(Supplementary Fig. S11). For QBU, the mRNA expression level of
CYP3A4 increased with increasing alflutinib concentrations in the
range of 0.003-5 uM (Supplementary Fig. S11). As suggested by
Fahmi and Ripp [25], when cell viability limits the acquisition of a
full dose-response curve, the E,ax can be regarded as the highest
fold induction observed at a nontoxic concentration. To obtain the
ECso, @ nonlinear regression test was carried out by GraphPad
Prism version 5.0 (GraphPad Software Inc., San Diego, CA, USA). X
represents the log of dose, Y indicates the fold change, and least
squares fit was used as the fitting method. After treating DJJ and
HVN with alflutinib at 3 and 5uM for 72h, a significant cell
morphological change was observed under the microscope, and
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cell survival decreased compared to the vehicle group. The
dose-response curves of DJJ and HVN were bell-shaped, which
could result from cytotoxicity or other factors [25]. Thus, the
highest two concentrations were excluded from the nonlinear
regression analysis [25]. However, the dose-response curve from
HVN did not exhibit a sigmoidal curve, which overrated the ECs,
value (Fig. 6). Therefore, the ECsq is presented as the concentration
at 50% of the Eqay.

According to the FDA guidelines (https://www.fda.gov/media/
108130/download), we calculated the value of R; (the AUC ratio of
a victim drug with or without CYP inducer) using Eq. 1, where the
value of d is assumed to be 1 and the E,,, is the maximal in vitro
inductive effect. The C,.x of alflutinib (80 mg) was 108 nM at
steady state [22]. Given the low recovery of alflutinib in plasma at
37 °C after 6 h, plasma protein binding could not be determined
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Table 1. Characterization of alflutinib metabolites in HLMs through UPLC/Q-TOF MS
Name Metabolic pathway Retention Formula Observed Calculated Mass error MS area Fragment lons
time (min) (m/2) (m/2) (ppm)
M224 N-Dealkylation 5.74 CysH1aN, 225.1136 225.1135 0.6 232x10°  208.082
M486 O-Dealkylation 6.90 CoeH3oNgO,  487.2567 487.2564 0.6 577x10°  442.198, 387.183,
372.162, 72.082
M586 Dioxidation of AST5902 6.92 CoyHaoFsNgO,  587.2332 587.2337 -0.7 9.00x 10>  530.172, 512.165, 413.160,
358.140,
M600 Dioxidation 7.11 CogH31FsNgO,  601.249 601.2493 0.5 260x10°  556.199, 473.184,
418.165, 72.081
M554-1 N-Demethylation 7.78 Cy7Ha9F3NgO,  555.244 555.2438 0.3 2.12x10% 510.181, 427.168, 372.156,
356.162, 225.109, 72.078
M584-1  Oxidation 8.14 CogH31FsNgO;  585.254 585.2544 —0.6 1.04x10°  541.208, 386.173,
370.172, 72.081
M584-2  Oxidation 8.59 CogHs1FsNgOs  585.2544 585.2544 0 1.83x10®  457.188, 386.173, 72.081
M555 Oxidation and acetylation ~ 8.94 CaeHaaFsN,0,  556.1913 556.1915 -03 224%10°  498.186, 225.110
of M498
AST5902 N-Demethylation 9.09 CoyHaoFsNgO,  555.2442 555.2438 0.7 7.84x10*  498.186, 415.179, 386.173,
360.154, 344.164, 302.102,
225.110
M584-3  Oxidation 9.19 CogH31FsNgO;  585.2544 585.2544 0 1.74x10® 524201, 441.183
MO Parent 9.36 CogH31FsNgO,  569.2604 569.2595 16 247x10°  524.201, 441.192, 386.173,
370.172, 302.102,
225.113, 72.077
M497 N-Dealkylation 9.94 CaaHoF3N,0,  498.1855 498.186 -1 149x 10> 415.176, 360.159, 344.160,
302.098, 225.113
M539 Acetylation of M497 10.16 CyeH24F3N;O05  540.1957 540.1965 -1.6 1.82%10° 398.169, 225.113
M484 Dealkylation and oxidation 10.3 CysHioFsNgOs  485.1548 485.1543 0.9 242x10°  467.142, 347.123, 225.113
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Fig.5 Proposed metabolic pathway of alflutinib in HLMs. The structure of 13 metabolites were showed. Except for M224, M486, M497, M554-1
and AST5902, the exact modified positions of other metabolites remained unclear
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in vitro by using the equilibrium dialysis method. The unbound
fraction of alflutinib in human plasma (f, ) was estimated to be
7.484% by ADMET Predictor9.5 (Simulation Plus). The values of Rs
for DJJ, QBU and HVN were calculated to be 0.31, 0.26 and 0.28,
respectively. All these values were below the cutoff value of 0.8,
indicating that the induction potential of alflutinib should be
further investigated by mechanistic models or clinical DDI
assessment using sensitive index substrates:

Rs = 1/[1 4 (d% Emax* 10X Imaxu) /(ECs0 4 (10X Imaxu))]- m

Enzyme induction of AST5902 on the human CYP3A4 enzyme

Considering that the steady-state plasma exposure of AST5902 is
comparable to that of alflutinib at a high dose, we evaluated the
potential induction of CYP3A4 by AST5902. The results are shown
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Table 2. Metabolism of alflutinib by recombinant human P450 isoforms
Name Retention time (min)  Elemental composition  Relative MS area (%)
1A2 2A6 2B6 2C8 2C9 2C19 2D6 2E1 3A4 3A5
MO 9.36 CygH31F3NgO5 93.69 95.15 9584 9502 91.04 96.18 96.27 9502 21.07 66.58
M224 5.74 Ci3Hq1oNy — — 1.50 0.74 3.36 0.73 2.46 1.93 38.81 10.14
M484 10.3 Cy3H19F3NgO3 — — — — — — — — 2.38 0.61
M486 6.9 C6H30NgO5 0.47 1.36 0.74 0.47 1.03 1.19 — 0.65 — 0.38
M497 9.94 Cy4H25F3N,0, — — — — — — — — 0.66 —
M554-1 7.78 Cy7H,9F3NgO5 0.35 0.68 0.48 0.35 0.60 0.28 0.22 0.52 0.81 0.57
AST5902 9.09 Cy7H,9F3NgO5 — — — 1.35 1.79 0.19 — 0.22 9.80 5.93
M555 8.94 CoeH24F3N;O, — — — — — — — — 0.74 —
M584-1 8.14 CagH31F3NgO3 466  — — 119 037 072 — — 050  3.75
M584-2 8.59 CugH31F3NgO;3 — — — — — — — — 126 244
M584-3 9.19 CygH31F3NgO3 0.66 2.81 1.45 0.55 1.81 0.72 0.78 1.45 3.56 2.08
M586 6.92 Cy7H9F3NgO4 — — — — — — — — 6.25 0.98
M600 7.11 CugH31F3NgO4 0.17 — — — — — 0.27 0.22 1414 6.55
S - in Table 5 and Supplementary Fig. S12. At lower concentrations
:this;ntifzcﬁi:; t:f,vsl?;cs:ﬁa;?:r:?'tors on the formation of (0.003-0.03 .uM){ ASp'IPSQOZ coul)tlj inghibi.t the mRNA transc.ription of
CYP3A4. With increasing concentration, AST5902 exhibited an
Name MSarea Relative MS area (%) induction effect. The maximum induction values for DJJ, QBU and
HVN were 1.79-, 4.71- and 3.42-fold, respectively.
HLM ANF QUE SPZ TCL QD KET CMT ABT After treating DJJ with AST5902 at 3 and 5uM for 72h, a
Control 1A2 2C8 2C9 2B6/ 2D6 3A 2E1 CYPg significant cell morphological change was observed under the
2C19 microscope, and cell survival decreased compared to the vehicle
S group. A similar phenomenon was observed when QBU and HVN
Mo 247x10° 89 92 58 61 94 227 87 165 were treated with AST5902 at 5 uM for 72 h. For the ECsq values,
M224 232x10° 127 70 8 94 80 36 100 26 the two highest concentrations were excluded for DJJ, while
M484 242x10° 101 62 89 84 39 — 136 — only the highest concentration was excluded for QUE and HVN.
M486  577x10° 147 31 92 8 113 18 131 19 Similar to alflutinib, the dose-response curve of AST5902 in HVN
did not exhibit a sigmoidal curve. Thus, the ECs, of AST5902 in
M497 149 102 & 37 62 62 40 — 8 -— HVN was the conceﬁtration of AST5902 at 50% ?max (Fig. 7). The
M539 1.82x10° 67 57 62 55 58 — 81 — Cimax Of AST5902 (80 mg) was 72.5 nM at steady state [22], and the
M554-1 212x10° 96 53 58 58 100 109 83 76 fup Of AST5902 was estimated to be 7.482% by ADMET Predictor.
AST5902 7.84x10* 97 32 55 62 54 14 88 2 The values of R; for DJJ, QBU, and HVN were 0.78, 0.42, and 0.80,
M555  224x10° 74 51 65 44 64 0O 73 _ respectively. These results indicate that AST5902 is also likely to
M584-1 1.04x10° 112 38 65 143 121 59 115 — cause DDIs when coadministered with a CYP3A4 substrate.
Msg4-2 183x10° 126 76 85 77 161 — 9% 31 Enzyme induction of rifampin on the human CYP3A4 enzyme
M584-3 174x10° 80 82 99 75 66 32 122 32 Rifampin is a potent CYP3A4 inducer, which remains one of the
M586 9.00x10%> 117 64 91 111 8 — 111 — best choices for clinical DDI studies of CYP3A4 induction. The ECs
M600 2.60 % 103 95 85 85 104 93 13 102 12 of rifampin for CYP3A4 induction in human hepatocytes ranged
from 0.1 to 0.33 uM [26-28]. The in vivo concentrations of rifampin

were 10-18 uM, and the f,, of rifampin was 0.175 [27, 29]. To
calculate the R value of rifampin, we set the EC5q and unbound
plasma concentration to 0.25 uM and 2.5 uM, respectively. It was
found that the Rs; values of rifampin were 0.12, 0.05 and 0.10in
DJJ, QBU and HVN, respectively, which are consistent with the
findings of clinical trials.

DISCUSSION

Our study revealed that alflutinib was predominantly metabolized
by CYP3A4 (78%), and CYP3A4 (79%) was the major enzyme that
catalyzes alflutinib to form AST5902. As a substrate of CYP3A4, it is
important to assess the effects of CYP3A4 inhibitors or inducers on
alflutinib metabolism and pharmacokinetics. Osimertinib, an
alflutinib analog, is primarily metabolized by CYP3A4 [30].
Rifampin (@ potent CYP3A4 inducer) exerts a moderate effect
(2- to 5-fold) on the clinical pharmacokinetics of osimertinib, while
itraconazole (a potent CYP3A4 inhibitor) has no remarkable clinical
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Table 4. Inhibition of CYP activities in HLMs
CYP isozymes Probe drug alone Percentage of residual metabolic activity (%)
Alflutinib concentration (pM)
0 0.1 0.33 1 3.33 10 333 100
CYP1A2 Phenacetin O-deethylation 100 704 74.1 91.2 753 733 783 67.2
CYP2B6 Bupropion hydroxylation 100 97.8 97.5 95.2 102 101 95.8 88.8
CYP2C8 Paclitaxel 6a-hydroxylation 100 103 105 101 102 95.3 82 84.3
CYP2C9 Tolbutamide 4’-hydroxylation 100 94.5 105 108 104 100 99.9 77.1
CYP2C19 (S)-Mephenytoin 4’-hydroxylation 100 94.6 108 109 110 104 93.1 61.3
CYP2D6 Dextromethorphan O-demethylation 100 100 96.4 102 105 112 107 107
CYP3A4 Midazolam 1’-hydroxylation 100 79.6 77.6 77.7 784 78 66 62.5
CYP3A4 Testosterone 6f-hydroxylation 100 100 102 101 112 91.3 82.8 579
Table 5. Induction of CYP3A4 mRNA expression in human hepatocytes
Test compound Concentration (uM) Maximum fold induction ECso (uM) Rz
DJJ QBU HVN DJJ QBU HVN DJJ QBU HVN
Alflutinib 0.003-5 9.24 11.2 104 0.25 0.24 0.25 0.31 0.26 0.28
AST5902 0.003-5 1.79 4.71 342 0.29 0.13 0.68 0.78 0.42 0.80
Rifampin 10 7.22 19.4 9.46 0.1-0.33 0.12 0.05 0.10
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Fig. 6 Dose-response curves for the mRNA expression levels of CYP3A4 induced by alflutinib in DJJ, QBU and HVN. Data are presented as

arithmetic mean + standard deviation (n = 3)

effect on the metabolism of osimertinib (< 1.25-fold) [31]. The
findings of the current phenotyping experiments confirm that
alflutinib is a substrate of CYP3A4. In view of the structural
similarity between alflutinib and osimertinib, it is most likely that

SPRINGERNATURE

alflutinib may undergo DDIs when coadministered with CYP3A4
inducers. However, additional investigation is needed to explore
the clinical DDIs of alflutinib with CYP3A inducers and inhibitors.
The results of this study demonstrated that alflutinib did not
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Fig. 7 Dose-response curves for the mRNA expression levels of CYP3A4 induced by AST5902 in DJJ, QBU and HVN. Data are presented as

arithmetic mean + standard deviation (n = 3)

inhibit P450 in vitro; however, it could be a potent CYP3A4
inducer. We also investigated the potential of alflutinib to act as an
inducer of CYP1A2 and CYP2B6, and the study endpoint was
enzyme activity levels using a probe substrate. Alflutinib produced
a change in CYP1A2 and CYP2B6 enzyme activity that was less
than the cutoff value of 40% of the positive control (Supplemen-
tary Table S3 and S4). Thus, alflutinib did not induce CYP1A2 and
CYP2B6 in vitro. We did not investigate whether alflutinib is a
CYP2C inducer, which is a limitation of our study.

Alflutinib is the first new drug that exhibits strong CYP3A4
enzyme induction and will undergo a clinical DDI study in China.
Induction of drug-metabolizing enzymes is not as common as
inhibition, and CYP3A4 induction is not generally considered a
concern for safety. However, CYP3A4 induction can lead to
subtherapeutic drugs and/or increase the formation of active or
reactive metabolites [26]. In human hepatocytes, 1 uM alflutinib
could exhibit a higher E, .y value for CYP3A4 induction compared
to 10 uM rifampin in DJJ and HVN. Rifampin has been recognized
as a potent CYP3A inducer, but alflutinib exhibited similar or even
greater E.... This indicates that alflutinib can serve as a novel
CYP3A inducer. The maximum concentration of alflutinib was set
to 5 uM, which exhibited toxic effects on DJJ and HVN but might
be insufficient for QBU to achieve E.,. Alflutinib exerts strong
induction potential for CYP3A4, and the C.., of alflutinib at
therapeutic doses is likely to induce CYP3A4 in vivo. However,
alflutinib is less likely to have a profound effect on the
CYP3A4 substrate, similar to rifampin, because of its dosage.
Therefore, it is necessary to conduct a clinical trial to assess the
CYP3A4 induction potential of alflutinib. Considering the high
exposure of AST5902 and the structures of alflutinib and AST5902,
we also evaluated the CYP3A4 induction potential of AST5902. At
low concentrations, AST5902 inhibited the mRNA transcription of
CYP3A4, but the underlying mechanisms remain unclear.

Acta Pharmacologica Sinica (2020) 41:1366 - 1376

Compared to alflutinib and rifampin, the in vitro induction effects
of AST5902 were found to be less significant. However, given the
plasma exposure of AST5902, AST5902 is also likely to cause a
clinical DDI with CYP3A4-sensitive substrates.

Upon incubation of 3 uM alflutinib with human hepatocytes at
37°C for 3 h, the primary metabolite was identified as AST5902,
accounting for 52% of the remaining alflutinib concentration.
Other metabolites accounted for less than 1.2% of alflutinib
(unpublished data). In addition, AST5902 exerted CYP3A4 induc-
tion potential, which might contribute to the induction effect of
alflutinib.

In phase I/Il clinical trials, the Cy,ax and AUC of a single-dose
alflutinib were elevated in a dose-dependent manner among
NSCLC patients in the dose range of 20-240 mg [23]. After
multiple doses, the increase in alflutinib exposure was less than
that of a single dose. The AUC of AST5902 greatly increased,
even exceeding that of alflutinib in the 240 mg dosage group.
In addition, alflutinib showed a time-dependent and dose-
dependent increase in clearance (CL/F) following multiple
doses. CYP phenotyping studies and CYP enzyme induction
indicated that alflutinib was a substrate and inducer of CYP3A4.
Thus, the self-induction of alflutinib may be the reason for the
phenomenon observed in clinical trials. Given the exposure of
human alflutinib at an 80 mg dose, alflutinib is speculated to
activate clinical pharmacokinetic DDIs when coadministered
with CYP3A4-sensitive substrates, including midazolam and
triazolam. Considering that the activation of pregnane X
receptor (PXR) can induce CYP3A and CYP2C, further evaluation
of the potential of alflutinib to induce CYP2C should be
conducted [32].

In conclusion, alflutinib is a substrate and potent inducer of
CYP3A4 but not an inhibitor of CYP450 enzymes. Thus, clinically
relevant pharmacokinetic DDIs are likely to take place when
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alflutinib serves as a victim coadministered with CYP inducers or
inhibitors or acts as a perpetrator coadministered with CYP3A4-
sensitive substrates. Alflutinib is the first drug developed in
China that exhibits potent CYP3A4 induction, and related clinical
trials will be conducted in the future. Nevertheless, it is necessary
to evaluate the effects of self-induction on the efficacy of
alflutinib.
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