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Spebrutinib is a new Bruton tyrosine kinase inhibitor developed by Avila Therapeutics and Cel-
gene. Spebrutinib (SPB) is currently in phase Ib clinical trials for the treatment of lymphoma in
the United States. Preliminary in-silico studies were first performed to predict susceptible sites of
metabolism, reactivity pathways and structural alerts for toxicities by StarDrop WhichP450™
module, Xenosite web predictor tool and DEREK software; respectively. SPB metabolites and
adducts were characterized in vitro from rat liver microsomes (RLM) using LC-MS/MS. Formation
of reactive intermediates was investigated using potassium cyanide (KCN), glutathione (GSH) and
methoxylamine as trapping nucleophiles for the unstable and reactive iminium, iminoquinone

and aldehyde intermediates, respectively, with the aim to produce stable adducts that can be
detected and characterized using mass spectrometry. Fourteen phase I metabolites, four cyanide
adducts, six GSH adducts and three methoxylamine adducts of SPB were identified and charac-
terized. The proposed metabolic pathways involved in generation of phase I metabolites of SPB
are oxidation, hydroxylation, o-dealkylation, epoxidation, defluorination and reduction. Several
in vitro reactive intermediates were identified and characterized, the formation of which can aid
in explaining the adverse drug reactions of SPB. Several iminium, 2-iminopyrimidin-5(2H)-one
and aldehyde intermediates of SPB were revealed. Acrylamide is identified as a structural alert for
toxicity by DEREK report and was found to be involved in the formation of several glycidamide
and aldehyde reactive intermediates.

1. Introduction

Cancer is the second leading cause of death globally. In 2020, there were over 10 million deaths caused by cancer [1]. However, the
treatment of cancer is associated with the adverse effects of anticancer agents. Despite the improved efficacy and increased patients’
survival rates of new therapeutic agents, adverse drug reactions are a major source of concern for both physicians and patients [2].

Abbreviations: BTK, Bruton tyrosine kinase; SPB, Spebrutinib; RLM, Rat liver microsomes; MS, Mass spectrometry; HPLC, High preformance
liquid chromatography; CSL, Composite site lability; DMSO, Dimethyl sulfoxide; ACN, Acetonitrile; EIC, Extracted ion chromatogram; KCN, Po-
tassium cyanide; GSH, Glutathione.
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Fig. 1. Chemical structure of spebrutinib.

Table 1
Liquid chromatography and mass spectrometry selected parameters.
Mobile phase Binary system of 0.1% ESI source Positive ESI
Formic acid in H;0 (A) High purity N gas Drying gas at 10 L/min with pressure (60 psi)
and ACN (B)
0.5 mL/min.
Elution time: 55 min.
Agilent Zorbax eclipse plus C;g Length 150 mm ESI temperature: 350 °C
Column ID 4.6 mm Capillary voltage: 4000 V
Particle size 3.5 pm Modes Mass scan and MS?
T 22+1°C  Collision gas High purity Ny
Gradient elution system Time inmin. % ACN Analytes SPB and its reactive metabolites
0 5 Mass Fragmentor voltage (FV): 145 V
25 75 parameters Amplitude: 1.25 V
40 75
55 5

Bruton’s tyrosine kinase (BTK) is a cytoplasmic, non-receptor tyrosine kinase. BTK is an important target for the treatment of
several types of cancer and autoimmune diseases since the discovery of its crucial role in B-cell receptor signaling pathways and the
regulation of B-cell survival, activation, and proliferation. Many BTK inhibitors have been developed for the treatment of B-cell
malignancies and autoimmune disorders. Based on their mode of binding to BTK, there are two types of BTK inhibitors: reversible and
irreversible inhibitors. Irreversible inhibitors form a covalent bond with the amino acid residue Cys481 in the ATP-binding site of BTK.
There are several BTK inhibitors currently in use or under development for the treatment of cancer and autoimmune diseases [3].

Spebrutinib (SPB) (N-[3-[[5-fluoro-2-[4-(2-methoxyethoxy) anilino] pyrimidin-4-yl] amino] phenyl] prop-2-enamide) is an orally
bioavailable Bruton tyrosine kinase inhibitor developed by Avila Therapeutics and Celgene. Spebrutinib is currently in phase Ib clinical
trial for the treatment of large B-cell lymphoma [4]. Upon administration, SPB targets and covalently binds to the amino acid residue
Cys481 of BTK, thereby preventing its activity and leading to the inhibition of B cell receptor signaling and inhibition of cell prolif-
eration of B-cell malignancies [3,5]. SPB binds covalently to Cys481 in the kinase domain of BTK using the electrophilic acrylamide
moiety [6]. Chemical structure of SPB is shown in Fig. 1.

Phase I clinical study of SPB was held between August 2011 and December 2013, this study enrolled and treated 113 patients with
different types of B-cell malignancies at 13 centers in the US. For the overall patient population, grade 3-4 thrombocytopenia was
observed in 8% of patients. Grade 3-4 neutropenia was observed in 16% of patients. The incidence of febrile neutropenia was 2%. The
most common non-hematologic grade >3 TEAEs (Treatment Emergent Adverse Events) were pneumonia (4%) and hyperglycemia
(3%). Common non-hematologic TEAEs of any grade were diarrhea (68%), fatigue (45%), nausea (35%), cough (27%), pyrexia (27%),
and headache (25%). Only 5.3% of patients experienced ecchymosis and 2.7% had hematoma. Atrial fibrillation was observed in 4 of
113 patients, 3 of whom had a prior history. The proportion of patients who discontinued treatment due to Adverse effects was low
(6.2%) [7,81.

Another phase I clinical trial is still held since 2014 for the assessment of SPB safety and efficacy in combination with investiga-
tional anticancer agents including rituximab, CC-122 and CC-223 for the treatment of diffuse Large B Cell Lymphoma (DLBCL) and
Follicular Lymphoma. This clinical trial is sponsored by Celgene pharmaceuticals and includes 174 patients in multiple clinical centers.
This study is estimated to be completed in April 2023 [9].

Due to the Adverse effects reported in the first clinical trials and the unexplainable length of the second clinical trials, an assessment
of the toxicity and metabolism profile of this drug would be useful to understand the future of this drug and pinpoint any structural
alerts that might be causing formation of harmful reactive intermediates.

2. Chemicals and methods
2.1. Chemicals and animals

All chemicals are analytical grade and solvents are HPLC grade. Sprague Dawley rats were used for rat liver microsomes (RLMs)
preparation [10]. SPB was purchased from MedChemExpress company (Princeton, NJ, USA). Acetonitrile, formic acid, glutathione,

methoxylamine and potassium cyanide were procured from Sigma-Aldrich company (St. Louis, MO, USA). Water (HPLC grade) was
supplied by Milli-Q plus purification system (Billerica, MA, USA) that is available in-house. Sprague-Dawley rats were taken from
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Fig. 2. A) Predicted metabolic sites for SPB by StarDrop WhichP450 module. B) Structural alerts of spebrutinib by DEREK module of StarDrop
software. C) Predicted sensitive sites for bioactivation of spebrutinib by Xenosite web predictor. The red and green indicate high probability of
bioactivation on these sites, whereas the faint blue color reveals the less probability to form reactive intermediates.

experimental animal care center King Saud University (Riyadh, Saudi Arabia). Ethical approval for the Animal experiments were
obtained from the Animal Ethics Committee at King Saud University (No. KSU-SE-22-83).

2.2. Chromatographic conditions

The separation of SPB and its related metabolites and adducts was done using an Agilent HPLC 1200 series (Agilent Technologies,
Palo Alto, CA, USA). Mass Hunter software (Agilent Technologies, Palo Alto, CA, USA) was used to regulate the data acquisition and
instruments. MS measurements were performed using a model 6320 Ion Trap (Agilent Technologies, USA) equipped with an elec-
trospray ionization source (ESI). Electrospray ionization was performed at room temperature in positive ion mode. The nebulizer
pressure was 60 psi, the dry gas was 10 L/min, the dry temperature was 350 °C, the trap drive level was 100% and the capillary
temperature was 325 °C. The column used was an Eclipse plus C1g (4.6 x 150 mm, 3.5 pm) (Agilent Technologies, Palo Alto, CA, USA).
LC separation was carried out using a mobile phase water with 1% formic acid (solvent A) and acetonitrile (v/v) (solvent B). Gradient
chromatography (total run time of 55 min) was performed with water/acetonitrile mixture as the mobile phase at a flow rate of 0.5
mL/min. The program started with 95% mobile phase A, and then the amount of mobile phase B was increased from 5 to 75% within
25 min then kept at this percentage until minute 40 B% started to decrease to reach 5% at minute 55. Vials containing samples to be
analyzed using HPLC were placed in the autosampler integrated in the HPLC machine, and 10 pl of a particular sample was injected
into the HPLC system connected to the Agilent Ion Trap. The selected chromatographic conditions for the study of SPB metabolism and
bioactivation are listed in Table 1.
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Fig. 3. SPB phase I metabolites predicted by StarDrop software.

2.3. Insilico prediction of SPB metabolites and structural alerts using WhichP450™ metabolism module and DEREK NEXUS module of
StarDrop software

StarDrop software was used to predict the main sites of metabolism and to predict site lability specified by the composite site
lability (CSL). This software contains the WhichP450 module which predicts regioselectivity of metabolism by different isoforms. This
module concludes the findings by a pie chart of the most likely CYP450 isoform that has a major role in SPB metabolism. DEREK
module was used to identify structural alerts in SPB that can cause certain toxicities.

2.4. In silico prediction of SPB reactive metabolites using XenoSite reactivity model

XenoSite web predictor has many different modules that helps in prediction of small molecule biochemistry; available free of
charge at: http://swami.wustl.edu/xenosite. XenoSite reactivity module was used to predict possible sites of reactive intermediates.
The software has the advantage of short run time. The chemical structure of SPB (SMILES format) was uploaded to the online website
for the XenoSite reactivity module [11,12].

2.5. RLMs incubations

SPB was dissolved in dimethyl sulfoxide (DMSO). Protein concentration of the prepared RLMs was determined using Lowery
method [13]. SPB (5 uM) was incubated with RLMs (1 mg/mL) in phosphate buffer (50 mM Na/K and 3.3 mM MgCl,) at pH 7.4. One
mM NADPH was added to initiate the metabolic reaction. One mM of trapping agents KCN, GSH or methoxylamine was added in the
experiments for the detection of iminium, iminoquinone and aldehyde reactive intermediates, respectively. The metabolic reactions
were performed in a thermostatic shaking water bath (37 °C for 60 min). Two mL of ACN (ice cold) was added to stop the metabolic
reaction by denaturation of enzymes protein. Centrifugation at 9000 g was done for 12 min at 4 °C to precipitate proteins. The clear
supernatants were evaporated under a stream of nitrogen gas then reconstituted in mobile phase (50:50). The reconstituted samples
were injected into the mass spectrometric system. Two controls were performed in the absence of RLMs or NADPH to verify that SPB
phase I metabolites were metabolically generated [14].

2.6. Characterization of SPB reactive intermediates
Extracted ion chromatograms (EIC) and full mass range scan were utilized for characterization and localization of SPB metabolites

in the extracts of various incubation mixtures, while generated fragment ions were utilized for reconstructing the chemical structure of
SPB related metabolites.
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Fig. 4. A) Product ion chromatogram of SPB, B) Product ion mass spectrum of SPB, C) Proposed interpretation of SPB fragmentation.

3. Results and discussion
3.1. Results of in silico SPB metabolites prediction
StarDrop software predictions of SPB metabolism indicates the lability of each site with respect to metabolism by different isoforms

of CYP450 enzymes. This indicates that C29 and C30 in the acrylamide group and C3 of the methoxy group at the other end of the
molecule are predicted to be labile to metabolism by CYP450 enzymes especially CYP3A4 and CYP2D6. The composite site liability
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Fig. 5. A) Proposed in vitro phase I metabolites of SPB. B) Proposed metabolic pathways of SPB.

(CSL) is shown in the top-right of the metabolic landscape (Fig. 2A) and its value is 0.9951 which predicts that SPB is highly susceptible
to metabolism by CYP450 isoforms. The results of the WhichP450™ module, concluded in the pie chart is predicting the most likely
CYP450 isoforms that has a critical role in SPB metabolism (Fig. 2A). According to these results, CYP3A4 isoform has the major role in
SPB metabolism. The software also predicted a list of phase I metabolites of SPB (Fig. 3).

3.2. Results of in silico SPB toxicity and bioactivity prediction

DEREK software was used to assess the possible toxicities of SPB based on its chemical structure (Fig. 2B). SPB shows possibility of
causing carcinogenicity (equivocal), chromosome damage (plausible) and skin sensitization (equivocal) due to the acrylamide moiety.
It is also showing possibility of causing hepatotoxicity (plausible) and mitochondrial dysfunction (equivocal) due to the 4-oxy-aniline
moiety and the adjacent atoms.

SPB reactivity was examined using reactivity module in Xenosite web page as shown in Fig. 2C. The predicted potential sites for
bioactivation in SPB were the 2 double-bonded carbon atoms in the acrylamide group, the 4-oxy-aniline group, the o carbon atom
adjacent to the nitrogen atom of pyrimidine ring and the carbon atom binding fluorine atom. The acrylamide group was the highest
predicted site of SPB to undergo epoxidation (highlighted in green). It was also the highest predicted site of GSH binding (highlighted
in red) (Fig. 2C).

3.3. Fragment ions study of SPB

SPB peak elutes at 20.1 min in product ion chromatogram (Fig. 4A). Dissociation of SPB ion at m/z 424 inside the collision cell
produces five characteristic fragment ions at m/z 406, m/z 392, m/z 382, m/z 370 and m/z 366 (Fig. 4B). Interpretation of these
fragments is shown in Fig. 4C.
3.4. Identification of SPB phase I metabolites

SPB incubation in RLM revealed the characterization of fourteen in vitro phase I metabolites (Fig. 5A). The proposed metabolic

reactions included oxidation, hydroxylation, o-dealkylation, epoxidation, defluorination and reduction (Fig. 5B). Retention time and
fragmentation of all metabolized are listed in table S1 in the supplementary data.
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Fig. 6. A) Product ion mass spectrum of M1, B) Proposed interpretation of fragmentation of M1, C) Predicted new toxicities of M1 by DEREK
Nexus module.

3.4.1. Identification of M1

M1 (m/z 410) is proposed to be generated by o-demethylation of SPB. This metabolite’s peak elutes at 17.6 min in product ion
chromatogram. Dissociation of M1 ion at inside the collision cell generates five fragment ions at m/z 392, m/z 366, m/z 356, m/z 348
and m/2z338 (Fig. 6A). Interpretation of these fragments is shown in Fig. 6B. Predicted toxicities of M1 by DEREK Nexus module showed
that demethylation created a new alert for carcinogenicity and skin sensitization (Fig. 6C).

3.4.2. Identification of M2

M2 (m/z 426) is proposed to be generated by epoxidation of M1. This metabolite was predicted by StarDrop WhichP450 module.
This metabolite’s peak elutes at 16.68 min in product ion chromatogram. Dissociation of M1 ion at inside the collision cell generates
five fragment ions at m/z 408, m/z 390, m/z 384, m/z 372 and m/z 338 (Fig. 7A). Interpretation of these fragments is shown in Fig. 7B.
Epoxidation caused several toxic alerts in DEREK Nexus module all plausible including Carcinogenicity, chromosome damage,
mutagenicity, irritation of eye and skin, developmental toxicity, skin sensitization (Fig. 7C).

In summary, StarDrop software WhichP450 module and Xenosite have predicted the most vulnerable sites of metabolism in the
structure of SPB. While the in-vitro results were in large agreement with the in-silico predictions, some results and sites of metabolism
were not predicted by the used software at all. Five out of sixteen predicted by StarDrop software were confirmed in RLM incubations
(Fig. 8).

3.4.2.1. Defluorinated metabolites of SPB. Metabolites 10, 11 and 12 (Fig. 5) are proposed to be formed by defluorination of SPB.
Fluorinated aromatic compounds are generally more resistant to defluorination by CYP450 enzymes than aliphatic compounds.
However, metabolic defluorination by CYP450 enzymes does occur and is reported for some drugs [15]. Fluorine can be a cause of
toxicity after it is liberated through oxidative dehalogenation. It is distributed in the hard and soft tissues in the body. A large fraction
of fluorine ends up in bones and teeth. High levels of fluorine can lead to protein inhibition, free radical distribution, irregularities in
metal homeostasis and tissue damage [16,17]. The formation of M10, M11 and M12 of SPB is a critical concern and could be the cause
of toxicity of this drug.
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3.5. Identification of iminium reactive intermediates using potassium cyanide as trapping agent

3.5.1. Identification of M15/KCN adduct

M15/KCN is proposed to form by the addition of cyanide group to SPB. M15/KCN (m/z 449) peak appeared at 19.09 min in product
ion chromatogram. Dissociation of M15/KCN ion inside the collision cell produces five fragment ions at m/z 431 m/z 395, m/z 375 m/z
363 and m/z 257 (Fig. 9A). Interpretation of these fragments is shown in Fig. 9B.

3.5.2. Proposed bioactivation mechanism of SPB to iminium reactive intermediates

Fig. 10 shows the bioactivation pathway for SPB to iminium intermediates. The generation of M15/KCN, M16/KCN, M17/KCN and
M18/KCN cyanide adducts (Fig. 11) revealed the formation of iminium unstable intermediates in the pyrimidine moiety of SPB.
Metabolic hydroxylation at pyrimidine ring in SPB followed by the loss of one water molecule (dehydration) lead to the generation of
iminium ion intermediates which are reactive and unstable that can be captured by cyanide as nucleophile forming stable adduct that
can be characterized in mass spectrometry.

3.6. Identification of glycidamide and 2-iminopyrimidin-5(2H)-one reactive intermediates using glutathione (GSH) as trapping agent

3.6.1. Identification of M19/GSH adduct

M19/GSH is proposed to form by the addition of GSH to the 2-iminopyrimidin-5(2H)-one reactive metabolite of SPB. M19/GSH (m/
2727) peak appeared at 21.2 min in fragment ion chromatogram. Dissociation of M19/GSH ion inside the collision cell produces three
fragment ions at m/z 709 m/z 665, and m/z 598 (Fig. 12A). Interpretation of these fragments is shown in Fig. 12B.

3.6.2. Proposed bioactivation mechanism of SPB to glycidamide and 2-iminopyromidin-5(2H)-one reactive intermediates

Fig. 14 shows the proposed bioactivation pathways for SPB to glycidamide and 2-iminopyrimidin-5(2H)-one intermediates. The
generation of different GSH adducts (Fig. 13) revealed the generation of glycidamide and 2-iminopyrimidin-5(2H)-one unstable in-
termediates at different sites of SPB. The de-fluorination followed by hydroxylation performed by CYP450 enzymes results in the
formation of reactive 2-iminopyrimidin-5(2H)-one intermediates (M19, M20, M21 and M24).

Two glycidamide reactive intermediates, M22 and M23, are formed at the acrylamide group of SPB. Hydroxylation of the acryl-
amide group by CYP450 enzymes results in the epoxide form of this moiety (glycidamide) which is very reactive and can binds to the
proteins and DNA. These glycidamide reactive intermediates are further metabolized by epoxide hydrolase to glyceramide which can
be trapped by GSH, specifically the sulfur atom in cysteine. Interestingly, acrylamide group is the site that binds covalently to Cys481
residue in the active site of BTK protein.
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3.7. Identification of aldehyde reactive intermediates using methoxylamine as trapping agent

3.7.1. Identification of methoxylamine adduct M25/CH30ONH,

M25/CH30NHj is proposed to form by the addition of methoxylamine to the aldehyde reactive metabolite of SPB. M25/CH30NH,
(m/z 427) peak appeared at 19.45 min in fragment ion chromatogram. Dissociation of M25/CH3ONH, ion inside the collision cell
produces six fragment ions at m/z 409, m/z 372, m/z 320, m/z 308, m/z 264 and m/z 247 (Fig. 15A). Interpretation of these fragments
is shown in Fig. 15B.

3.7.2. Proposed bioactivation mechanism of SPB to aldehyde reactive intermediates

Fig. 16 shows the bioactivation pathway for SPB to aldehyde intermediates. The generation of SPB methoxylamine adducts
(Fig. 17) revealed the generation of aldehyde unstable intermediates in the acrylamide site during in vitro metabolism of SPB.
Metabolism at the acrylamide moiety leads to the generation of aldehyde reactive intermediate which are unstable that can be
captured by methoxylamine forming stable adduct that can be characterized in mass spectrometry.

Four iminium reactive intermediates, two glycidamide reactive intermediates, four 2-iminopyrimidin-5(2H)-one reactive

11
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Fig. 12. A) Product ion mass spectrum of M19/GSH adduct, B) Proposed interpretation of fragmentation of M19/GSH.

intermediates and three aldehyde reactive intermediates of SPB were identified. The acrylamide moiety in SPB was proposed by
DEREK Nexus toxicity module to cause carcinogenicity, chromosome damage and skin sensitization (Fig. 2B). This site binds cova-
lently to Cys481 in the binding site of BTK and it is proposed that this moiety is bioactivated to glycidamide and formed two different
reactive metabolites which were captured using GSH. Furthermore, the pyrimidine ring in the middle of SPB was also identified as a
potential bioactivation site by Xenosite server (Fig. 2C). Four iminium and four 2-iminopyrimidin-5(2H)-one reactive intermediates
were identified that were formed at this site. SPB and several phase I metabolites were bioactivated to eleven reactive intermediates
which might be the cause of adverse effects (Fig. 18).

4. Conclusions

This study involved in silico and in vitro (RLMs) metabolite identification and characterization of SPB using LC-MS/MS. In silico
results aimed at understanding the vulnerable sites of metabolism and bioactivation of SPB. Fourteen in vitro metabolites of SPB were
identified (Fig. 5). Different pathways of phase I metabolism of SPB were proposed including oxidation, hydroxylation, o-dealkylation,
epoxidation, defluorination and reduction. M10-12 involved defluorination which can be considered unusual pathway of phase I
metabolism in aromatic compounds. These metabolites might be causing toxicities and need to be evaluated further. Formation of

12
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different reactive intermediates might be the cause of some of the adverse effects associated with SPB. In this study, in silico studies
from different platforms identifying structural alerts and susceptible sites of metabolism were used as a guide for in vitro experiments.
The use of such tools is very useful and saves scientist time and predict the possible structural causes of some of the drugs’ toxicities.

Ethics
Male Sprague-Dawley were maintained following the Animal Care Center instructions at King Saud University that were approved

by Local Animal Care and Use Committee of KSU. The animal experimental procedure utilized in our current research was validated
and approved by the King Saud University’s Ethics Review Committee (Number: KSU-SE-22-83).
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