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1 | INTRODUCTION

Midostaurin is an oral multikinase inhibitor approved in 2017 for
the treatment of adult patients with fms-like tyrosine kinase
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Frederic Lamoth>® | Thomas Pabst” |

Midostaurin is often prescribed with azole antifungals in patients with leukaemia,
either for aspergillosis prophylaxis or treatment. Midostaurin is extensively metabo-
lized by cytochrome (CYP) 3A4. In addition, it inhibits and induces various CYPs at
therapeutic concentrations. Thus, midostaurin is associated with a high potential for
drug-drug interactions (DDIs), both as a substrate (victim) and as a perpetrator. How-
ever, data on midostaurin as a perpetrator of DDIs are scarce, as most pharmacoki-
netic studies have focused on midostaurin as a victim drug. We report a clinically
relevant bidirectional DDI between midostaurin and voriconazole during induction
treatment. A 49-year-old woman with acute myeloid leukaemia developed invasive
pulmonary aspergillosis after induction chemotherapy. She was treated with vorico-
nazole at standard dosage. Six days after starting midostaurin, she developed visual
hallucinations with a concurrent sharp increase in voriconazole blood concentration
(Ctrough 10.3 mg L%, target Ctrough 1-5 mg L~%). Neurotoxicity was considered to be
related to voriconazole overexposure. The concentration of midostaurin was con-
comitantly six-fold above the average expected level, but without safety issues. Mid-
ostaurin was stopped and the dosage of voriconazole was adjusted with therapeutic
drug monitoring. The evolution was favourable, with quick resolution and no recur-
rence of visual hallucinations. To our knowledge, this is the first case suggesting that
midostaurin and voriconazole reciprocally inhibit each other's metabolism, leading to
increased exposure of both. This case highlights the knowledge gap regarding drug-
drug interactions between midostaurin and azole antifungals. Close clinical and thera-

peutic drug monitoring is advised in such cases.
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3 (FLT3)-mutated acute myeloid leukaemia (AML) and advanced
systemic mastocytosis. For AML, it is given first in combination
with standard chemotherapy, then alone as a maintenance therapy for
up to 12 months in patients not undergoing allogeneic stem cell
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transplantation.  Midostaurin is extensively metabolized by the
cytochrome P450 (CYP) 3A4 in two major active metabolites
(CGP62221 and CGP52421).2 In vitro studies have shown that
midostaurin and its metabolites are both inhibitors and inducers of
several CYPs.? Thus, midostaurin is associated with a high potential
for drug-drug interactions (DDlIs), as a substrate (victim) but also as a
perpetrator. However, so far little is known about midostaurin as a
perpetrator of DDlIs, as most pharmacokinetic (PK) studies have
focused on midostaurin as a victim.® In one DDIs study, the concen-
trations of midostaurin were shown to be twice higher in AML
patients treated with itraconazole compared to those without itraco-
nazole.? In another DDIs study, midostaurin AUC increased 10-fold
with ketoconazole.* In a case series, midostaurin trough concentra-
tions (Cirougn) Were significantly increased in two patients co-treated
with prophylactic posaconazole compared to those measured in
patients without antifungal therapy or treated with isavuconazole.®
Azole antifungals are frequently administered to patients with AML,
either for aspergillosis prophylaxis or treatment. Posaconazole is
indicated for prophylaxis, whereas voriconazole and isavuconazole
are indicated for treatment.®” Azoles metabolic pathways and DDIs
potential differ.® Voriconazole has a strong potential for DDlIs, as it
is both a substrate and a strong inhibitor of CYP2C19, CYP2C9 and
CYP3A4. In addition, it exhibits a nonlinear PK at high exposure
levels.

We report a newly identified bidirectional DDI between
midostaurin and voriconazole, focusing mainly on the role of
midostaurin as a perpetrator of DDIs. Clinicians should be aware of
this complex interaction to manage it appropriately and thus avoid

safety issues.

2 | CASEPRESENTATION

A 49-year-old woman was diagnosed with AML harbouring
FLT3-internal tandem duplication in July 2022. She received a first
cycle of induction chemotherapy with daunorubicin 60 mg m~2 daily
from day 1 (D1) to D3, cytarabine 200 mg m~2 daily from D1 to D7
and midostaurin 50 mg twice a day (bid) from D9 to D21 (last dose of
midostaurin given on D22).

The patient developed invasive pulmonary aspergillosis while on
fluconazole prophylaxis 400 mg daily from D5. This diagnosis was
based on positive galactomannan serum immunoassay and new multi-
ple dense, well-circumscribed pulmonary lesions on CT. Thus, flucona-
zole was replaced by voriconazole on D22 at standard dosage, with

~1 each (350 mg for

two intravenous (iv) loading doses of 6 mg kg
58 kg) followed by a maintenance dose of 4 mgkg™! (230 mg) bid
iv. The dosage of voriconazole was reduced to 200 mg bid iv as the
Ctrough Measured on D28 was 5.3 mg L™ (target Crougn 1-5 mg L™1).2
On D383, voriconazole and its main metabolite voriconazole-N-oxide
Cirough Values were 1.5 and 2.7 mg L2, respectively. Voriconazole and
voriconazole-N-oxide plasma concentration measurements were

performed at the Clinical Pharmacology Laboratory of Lausanne

University Hospital (Switzerland) using a previously published
method.” Blood samples were collected and centrifuged in EDTA-
containing tubes. Plasma samples (100 uL) were subjected to protein
precipitation with acetonitrile and supernatant dilution, and analysed
by the multiplex ultra-performance liquid chromatography-tandem
mass spectrometry (UPLC-MS/MS) method using the stable
isotopically-labelled internal standards voriconazole-d3 and
voriconazole-d3-N-oxide. The lower limits of quantification were 0.02
and 0.01 mg L™, respectively. The patient was discharged with a pre-
scription of voriconazole 200 mg bid per os (po).

The patient was readmitted for a second cycle of induction with
daunorubicin 60 mg m~2 daily from D43 to D45, cytarabine
1000 mg m~2 bid from D43 to D49 and midostaurin 50 mg bid
planned from D51 to Dé4. Midostaurin was stopped prematurely on
D57 due to suspicion of pulmonary toxicity (not subsequently con-
firmed) and concurrent supratherapeutic concentration. Midostaurin,
CGP62221 and CGP52421 Cirougn Values with their respective refer-
ence values (geometric mean and variability expressed as CV%) were
midostaurin 15.7 mg L™ (2.4 mg L%, 112%), CGP62221 0.8 mg L1
(2.4 mg L™, 76%) and CGP52421 6.3 mg L™ (2.6 mg L™, 52%).2 For
midostaurin and its metabolites (CGP62221 and CGP52421), the
plasma samples were subjected to protein precipitation with organic
solvents and analysed by UPLC-MS/MS method. Internal standards
included the stable isotopically labelled commercial substances for all
analytes. The lower limits of quantification for midostaurin,
CGP62221 and CGP52421 were 0.14, 0.06 and 0.09 mg L1 respec-
tively (unpublished validated method).

Voriconazole Ciougn Was initially low (1.0 mg L' on D43 and
0.4 mg L™t on D49), thus its dosage was increased to 250 mg bid
po on D50. A steep increase in Cyough Was then observed at
41 mgL"! on D54 and 10.3 mg L™t on D59. The patient presented
visual hallucinations from D57 but no other adverse reaction was
observed (normal neurological examination and QTc interval). Liver
blood tests were within normal reference ranges, except gamma-
glutamyl transferase (74 U L%, normal range 6-42 U L~%). Voricona-
zole was withheld for 36 h and resumed at 125 mg bid po on Dé61.
The dosage was further reduced to 75 mg bid po as Cirough Was still
8.7mg L™t on D63. Only from Dé6 onwards could the exposure
be maintained within the therapeutic interval (last Ciougn
2.6 mg L™t with voriconazole 200 mg bid). Of interest, the ratio of
voriconazole to its main metabolite voriconazole-N-oxide inverted
during midostaurin exposure and shortly after compared to periods
without midostaurin (Figure 1). Apart from voriconazole and
midostaurin, the patient did not receive any other CYP inhibitors or
inducers, except clarithromycin (1g) on D58 for suspected
pneumonia.

The evolution was favourable with resolution and no recurrence
of visual hallucinations, stabilization of pulmonary aspergillosis and
complete hematologic response on the bone marrow biopsy, allowing
consideration of an allogeneic stem cell transplantation, which the
patient refused. She relapsed at 5.5 months and was treated with

hydroxycarbamide and gilteritinib.
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3 | DISCUSSION

Midostaurin is the first agent having shown survival benefit when
combined with chemotherapy in FLT3 mutated AML.'® Internal tan-
dem duplication is a common FLT3 mutation, associated with unfa-
vourable prognosis attributed to constitutive activation of FLT3 which
promotes proliferation and survival of blast cells.* Midostaurin is a
multikinase inhibitor, including FLT3.%? Its main adverse reactions are
myelosuppression and infections.

Midostaurin is metabolized by CYP3A4 in two major active metab-
olites, CGP62221 and CGP52421. Their elimination half-lives are
21, 32 and 482 h, respectively. The pharmacokinetic profile of midos-
taurin is atypical in that midostaurin Cyougn increases initially up to D7
and decreases thereafter until reaching steady state at D28. CGP62221
has a similar behaviour whereas CGP52421 Cy gn keeps increasing for
more than 1 month. This pharmacokinetic profile is likely explained by
a progressive reduction in the half-life due to the auto-induction of
CYP3A4 causing the initial accumulation to decrease.®

In vitro, midostaurin caused a potent inhibition of CYP2C9,
CYP3A, CYP1A2, CYP2C8, CYP2D6 and CYP2E1 at therapeutic con-
centrations (half-maximal inhibitory concentration [ICso] values 0.3-
2.9 mg LY. CGP62221 strongly inhibited CYP2C9, CYP3A, CYP1A2
and CYP2C8 (ICso < 2.9 mg L™1) while CGP52421 caused a strong
inhibition of CYP3A and CYP2D6 (ICso 1.1 to 2.9 mg L™1) and a mod-
erate inhibition of CYP2C9, CYP1A2 and CYP2C8 (ICso 2.9 to
25.6 mg L™Y) at therapeutic concentrations. Inhibition was shown to
be time-dependent (irreversible) for CYP3A. In vitro, midostaurin and
its metabolites also showed inducing effects on several CYPs, includ-
ing CYP2C19, CYP2C9 and CYP3A4.141>

In a study with 18 healthy volunteers, midostaurin at a single
100 mg dose followed by repeated 50-mg doses bid over 3 days did
not significantly alter the concentrations of midazolam (sensitive
CYP3A4 substrate) or its metabolite 1’-hydroxymidazolam. The
authors concluded that midostaurin did not inhibit or induce CYP3A4

in vivo. However, it should be emphasized that this study could not
capture the inhibitory or inducing potential of midostaurin and its
metabolites given that inhibition was tested after one single midos-
taurin dose, well before accumulation, and induction was tested well
before steady state, when maximal induction is expected.*

In a physiologically based pharmacokinetic modelling study, the
midazolam area under the curve (AUC) and peak plasma concentration
(Crmax) Were predicted to increase by 20% with a single 100 mg dose
of midostaurin. Conversely, midazolam AUC and C,,., were predicted
to decrease by 41% and 22% after multiple doses of midostaurin
(50 mg bid for 28 days), suggesting an inducing effect on CYP3A4 at
steady state.’® Unfortunately, these two studies did not evaluate the
effect of midostaurin on the two other CYPs involved in the metabo-
lism of voriconazole, ie, CYP2C19 and CYP2C9.

The literature reports only one case in which midostaurin was
identified as a perpetrator of DDIs. This case describes the DDI
between cyclosporin (victim) and midostaurin in a 69-year-old patient
undergoing allogeneic stem cell transplantation for FLT3-ITD + AML.
Shortly after initiating midostaurin, cyclosporin Ciougn increased by
70%, which was attributed to CYP3A4 inhibition by midostaurin.’”

Our case also indicates that midostaurin is not only a victim but
can also act as a perpetrator of DDIs. The inhibition of CYP2C9 and
CYP3A4 involved in voriconazole metabolism by midostaurin and its
metabolites resulted in supratherapeutic voriconazole levels and typi-
cal related toxicity signs (visual hallucinations). Clarithromycin had
likely no significant impact on voriconazole PK as it was administered
just 1 day and it only inhibits CYP3A4. Inhibition of voriconazole
metabolism is supported by the increase in voriconazole/metabolite
ratio during midostaurin exposure and on subsequent days. The
sustained high concentrations of voriconazole for several days after
dosage reduction are consistent with the nonlinear kinetics of vorico-
nazole at high exposure. Reciprocally, the strong CYP3A4 inhibitor
voriconazole increased midostaurin concentrations by approximately

six-fold above the average expected level, but without obvious safety
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issues. Using the Drug Interaction Probability Scale (DIPS),*® the DDI
between midostaurin and voriconazole is scored as probable. To our
knowledge, this is the first case suggesting that midostaurin and vori-
conazole reciprocally inhibit each other's metabolism, leading to
increased exposure of both. Although not specifically studied, the
DDIs between midostaurin and posaconazole or isavuconazole are
expected to be unidirectional on the basis of their pK characteristics:
posaconazole is likely to increase midostaurin AUC,> while midostaurin
may increase isavuconazole AUC. Thus, isavuconazole may be a better
option for the treatment of invasive aspergillosis in a patient treated
with midostaurin, as it has fewer DDIs than voriconazole.'? This case
highlights the knowledge gap for the appropriate management of the
DDlIs between midostaurin and antifungals since patients treated with
midostaurin are often co-treated with azoles for prophylaxis or treat-
ment. In conclusion, close clinical and therapeutic drug monitoring is

advised for the management of such complex critical DDIs.*?

3.1 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in http://www.guidetopharmacology.org, the
common portal for data from the IUPHAR/BPS Guide to PHARMA-
COLOGY, and are permanently archived in the Concise Guide to
PHARMACOLOGY 2019/20.%°

AUTHOR CONTRIBUTIONS

David Haefliger drafted the manuscript. Catia Marzolini was involved
in the analysis of drug-drug interactions and critical revision of the
manuscript. Frederic Lamoth was involved in patient care and
critical revision of the manuscript. Thomas Pabst was involved in
midostaurin plasma concentration measurement and critical revision
of the manuscript. Thierry Buclin was involved in critical revision of
the manuscript. Francoise Livio drafted the manuscript and revised

the final version.

ACKNOWLEDGEMENTS

Open access funding provided by Universite de Lausanne.

CONFLICT OF INTEREST STATEMENT

C.M. has received speaker honoraria from MSD, ViiV and Pfizer unre-
lated to this work. F.L. has received research funding from Pfizer,
MSD, Gilead and Novartis, and speaker honoraria from Pfizer, Gilead,
MSD and Mundipharma. All contracts were made with and fees paid
to his institution (Lausanne University Hospital-CHUV). The other

authors have no potential conflicts to disclose.

CONSENT
The patient provided written informed consent to publish this report.

DATA AVAILABILITY STATEMENT
The data supporting the findings of this study are available from the
corresponding author upon reasonable request.

ORCID

Catia Marzolini

Francoise Livio

https://orcid.org/0000-0002-2312-7050
https://orcid.org/0000-0001-7427-5953

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

Accessed March 9, 2023. https://www.medicines.org.uk/emc/
product/9134/smpc/print#INDICATIONS

Food and Drug Administration. Accessed January 13, 2023. https://
www.accessdata.fda.gov/drugsatfda_docs/nda/2017/
2079970rig10rig2s000ClinPharmR.pdf

Briiggemann RJ, Verheggen R, Boerrigter E, et al. Management of
drug-drug interactions of targeted therapies for haematological malig-
nancies and triazole antifungal drugs. Lancet Haematol. 2022;9(1):
e58-e72. doi:10.1016/52352-3026(21)00232-5

Dutreix C, Munarini F, Lorenzo S, Roesel J, Wang Y. Investigation into
CYP3A4-mediated drug-drug interactions on midostaurin in healthy
volunteers. Cancer Chemother Pharmacol. 2013;72(6):1223-1234. doi:
10.1007/s00280-013-2287-6

Menna P, Salvatorelli E, Del Principe M, et al. Choosing antifungals
for the midostaurin-treated patient: does CYP3A4 outweigh recom-
mendations? A brief insight from real life. Chemotherapy. 2021;
66(1-2):47-52. doi:10.1159/000513989

Stemler J, de Jonge N, Skoetz N, et al. Antifungal prophylaxis in adult
patients with acute myeloid leukaemia treated with novel targeted
therapies: a systematic review and expert consensus recommendation
from the European Hematology Association [published correction
appears in lancet Haematol. 2022 Jun;9(6):e398]. Lancet Haematol.
2022;9(5):e361-e373. doi:10.1016/52352-3026(22)00073-4
Maertens JA, Girmenia C, Briiggemann RJ, et al. European guidelines
for primary antifungal prophylaxis in adult haematology patients: sum-
mary of the updated recommendations from the European confer-
ence on infections in Leukaemia. J Antimicrob Chemother. 2018;
73(12):3221-3230. doi:10.1093/jac/dky286

Kably B, Launay M, Derobertmasure A, Lefeuvre S, Dannaoui E,
Billaud EM. Antifungal drugs TDM: trends and update. Ther Drug
Monit. 2022;44(1):166-197. doi:10.1097/FTD.0000000000000952
Decosterd LA, Rochat B, Pesse B, et al. Multiplex ultra-performance
liquid chromatography-tandem mass spectrometry method for simul-
taneous quantification in human plasma of fluconazole, itraconazole,
hydroxyitraconazole, posaconazole, voriconazole, voriconazole-N-
oxide, anidulafungin, and caspofungin. Antimicrob Agents Chemother.
2010;54(12):5303-5315. doi:10.1128/AAC.00404-10

Stone RM, Mandrekar SJ, Sanford BL, et al. Midostaurin plus chemo-
therapy for acute myeloid leukemia with a FLT3 mutation. N Engl J
Med. 2017;377(5):454-464. doi:10.1056/NEJM0a1614359

Daver N, Schlenk RF, Russell NH, Levis MJ. Targeting FLT3 mutations
in AML: review of current knowledge and evidence. Leukemia. 2019;
33(2):299-312. doi:10.1038/s41375-018-0357-9

Stansfield LC, Pollyea DA. Midostaurin: a new oral agent targeting
FMS-like tyrosine kinase 3-mutant acute myeloid leukemia. Pharma-
cotherapy. 2017;37(12):1586-1599. doi:10.1002/phar.2039

Kim ES. Midostaurin: first global approval. Drugs. 2017;77(11):1251-
1259. doi:10.1007/540265-017-0779-0

European Medicines Agency. Accessed January 13, 2023. https://
www.ema.europa.eu/en/documents/assessment-report/rydapt-epar-
public-assessment-report_en.pdf

He H, Tran P, Gu H, et al. Midostaurin, a novel protein kinase inhibitor
for the treatment of acute myelogenous leukemia: insights from
human absorption, metabolism, and excretion studies of a BDDCS Il
drug. Drug Metab Dispos. 2017;45(5):540-555. doi:10.1124/dmd.116.
072744

Gu H, Dutreix C, Rebello S, et al. Simultaneous physiologically based
pharmacokinetic (PBPK) modeling of parent and active metabolites to
investigate complex CYP3A4 drug-drug interaction potential: a case

85UB017 SUOLILLIOD BAIFeR1D 3|qedlidde auy Aq pausenob afe Sapie VO ‘8sn JO Sa|NI oy Ariq1T8UI|UO AB]1M UO (SUO I IPUOD-pUe-SLLBH D" A | 1M ARe.q) 1 BUI|UO//SANY) SUO BIPUOD PUe swie L 8L 38S *[£202/70/82] Uo Aelgiauliuo A8|1M ‘suuesnie nog Aq ev2ST doq/TTTT 0T/10p/wo0 Ao M Aiq1jeuluo'sgndsda//sdny woy papeojumoq ‘0 ‘SZT2S9eT


http://www.guidetopharmacology.org
https://orcid.org/0000-0002-2312-7050
https://orcid.org/0000-0002-2312-7050
https://orcid.org/0000-0001-7427-5953
https://orcid.org/0000-0001-7427-5953
https://www.medicines.org.uk/emc/product/9134/smpc/print#INDICATIONS
https://www.medicines.org.uk/emc/product/9134/smpc/print#INDICATIONS
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2017/207997Orig1Orig2s000ClinPharmR.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2017/207997Orig1Orig2s000ClinPharmR.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2017/207997Orig1Orig2s000ClinPharmR.pdf
info:doi/10.1016/S2352-3026(21)00232-5
info:doi/10.1007/s00280-013-2287-6
info:doi/10.1159/000513989
info:doi/10.1016/S2352-3026(22)00073-4
info:doi/10.1093/jac/dky286
info:doi/10.1097/FTD.0000000000000952
info:doi/10.1128/AAC.00404-10
info:doi/10.1056/NEJMoa1614359
info:doi/10.1038/s41375-018-0357-9
info:doi/10.1002/phar.2039
info:doi/10.1007/s40265-017-0779-0
https://www.ema.europa.eu/en/documents/assessment-report/rydapt-epar-public-assessment-report_en.pdf
https://www.ema.europa.eu/en/documents/assessment-report/rydapt-epar-public-assessment-report_en.pdf
https://www.ema.europa.eu/en/documents/assessment-report/rydapt-epar-public-assessment-report_en.pdf
info:doi/10.1124/dmd.116.072744
info:doi/10.1124/dmd.116.072744

HAEFLIGER ET AL

17.

18.

19.

example of midostaurin. Drug Metab Dispos. 2018;46(2):109-121. doi:
10.1124/dmd.117.078006

Mancini R, LaMontagne L, Williams T, Kreisle W, Petersen F. Midos-
taurin and cyclosporine drug interaction: a case report. J Clin Pharm
Ther. 2020;45(2):384-387. doi:10.1111/jcpt.13077

Horn JR, Hansten PD, Chan LN. Proposal for a new tool to evaluate
drug interaction cases. Ann Pharmacother. 2007;41(4):674-680. doi:
10.1345/aph.1H423

Stemler J, Koehler P, Maurer C, Miiller C, Cornely OA. Antifungal pro-
phylaxis and novel drugs in acute myeloid leukemia: the midostaurin
and posaconazole dilemma. Ann Hematol. 2020;99(7):1429-1440. doi:
10.1007/s00277-020-04107-1

BRITISH 5
3 ‘ PHARMACOLOGICAL:
SOCIETY

20. Alexander SPH, Christopoulos A, Davenport AP, et al. The concise

guide to pharmacology 2019/20: G protein-coupled receptors. Br J
Pharmacol. 2019;176(Suppl 1):521-5141.

How to cite this article: Haefliger D, Marzolini C, Lamoth F,
Pabst T, Buclin T, Livio F. Clinically relevant bidirectional drug-
drug interaction between midostaurin and voriconazole. Br

J Clin Pharmacol. 2023;1-5. doi:10.1111/bcp.15743

85UB017 SUOLILLIOD BAIFeR1D 3|qedlidde auy Aq pausenob afe Sapie VO ‘8sn JO Sa|NI oy Ariq1T8UI|UO AB]1M UO (SUO I IPUOD-pUe-SLLBH D" A | 1M ARe.q) 1 BUI|UO//SANY) SUO BIPUOD PUe swie L 8L 38S *[£202/70/82] Uo Aelgiauliuo A8|1M ‘suuesnie nog Aq ev2ST doq/TTTT 0T/10p/wo0 Ao M Aiq1jeuluo'sgndsda//sdny woy papeojumoq ‘0 ‘SZT2S9eT


info:doi/10.1124/dmd.117.078006
info:doi/10.1111/jcpt.13077
info:doi/10.1345/aph.1H423
info:doi/10.1007/s00277-020-04107-1
info:doi/10.1111/bcp.15743

	Clinically relevant bidirectional drug-drug interaction between midostaurin and voriconazole
	1  INTRODUCTION
	2  CASE PRESENTATION
	3  DISCUSSION
	3.1  Nomenclature of targets and ligands

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	CONSENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


