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DRUG THERAPY

Drug Metabolism and Variability
among Patients in Drug Response

HYSICIANS PRESCRIBE DRUGS ON THE BASIS OF THE CHARACTERISTICS

of the medications and on the probability that reliable and reproducible clinical

effects will result. However, differences in drug response among patients are
common, often leading to challenges in optimizing a dosage regimen for an individual
patient. Most major drugs are effective in only 25 to 60 percent of patients,* and more
than 2 million cases of adverse drug reactions occur annually in the United States, in-
cluding 100,000 deaths.? Such variability in drug response among patients is multifac-
torial, including environmental, genetic, and disease determinants that affect the dis-
position (absorption, distribution, metabolism, and excretion) of a given drug. The
interplay of these factors determines the profile of the plasma concentration over time
for a drugand, therefore, its elicited pharmacologic effect at the site of interaction with
targets (such as receptors and enzymes). Too little exposure leads to an ineffective drug
regimen, and too much creates the potential for adverse effects. Recognition of such
general relationships is long-standing, and information about some drugs is exten-
sive. In contrast, the application of the information is often less than ideal.




Interactions of antimicrobials with
hematologic drugs in the clinical practice

* No clinically relevant interaction
 Important interaction: AVOID association

» Important interaction: modify the dosage of
the substrate drug

+ Important interaction: no specific suggestion,
case by case evaluation

?



Drug-drug interaction:terminology

. Substrates:

. drugs that are metabolized as substrates
by the enzyme

. Inhibitors:

. drugs that prevent the enzyme from
metabolizing the substrates

. Inducers:

. drugs that increase the enzyme's ability to
metabolize the substrates



Mechanisms of pharmacokinetic drug-drug interaction

P-gp inducer,
decreases the levels of
substrate

UGT inducer, decreases
the levels of metabolite

Intestinal
tract

Phase II,

P-gp = ﬁ

Lipophilic Hydrophilic

P-gp inhibitor,
increases the levels of
substrate

UET inhibitor, increases
the levels of metabolite

In general UGTs are considered less prone to drug-drug interactions

: : than the CYP450m enzymes, in part because they tend to have
Fr‘equenﬂy CYP interactions lower affinity for drug substances (and inhibitors) and have
OVCI"'OP with those of P-gp substantial overlaps in substrate specificies. UGT-mediated human

drug interaction studies are difficult to interpret.



VPREDICTING IN VIVO DRUG NATURE REVIEWS |DRUG DISCOVERY
INTERACTIONS FROM IN VITRO VOLUME 4 | OCTOBER 2005 |
DRUG DISCOVERY DATA

Larry C. Wienkers® and Timothy G, Heath’
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Figure 1 | Routes of elimination of the top 200 most
prescribed drugs in 2002. Metabolism represents the listed
clearance mechanism for ~73% of the top 200 drugs. Of the
drugs cleared via metabolism, about three-quarters are
metabolized by members of the cytochrome P450 (CYP)
superfamily.



Metabolism of antimicrobials: antifungals

Category h cyP1A2 | cyP2B6 | cypaco | cypaci9 | cyp2be | cyP3a4

Antifunga Amphotericin B X
Is
Caspofungin Inhib X
Micafungin X
Anidulafungin X
Fluconazole Inhib Inhib S Inhib X
Inhib
Itraconazole Inhib S S
Inhib Inhib
Posaconazole Inhib S X
Inhib
Voriconazole Inhib S S
Inhib Inhib
Isavuconazole S Inhib

Inhib



Potency of cytochrome interactions for azole antifungal agents

Inhibitor  Substrate Inhibitor Substrate Inhibitor  Substrate Inhibitor  Substrate

Fluconazole ++ 0) ++ 0 + + 0] 0)
Itraconazole +++ +++ + 0 0 0 +++ ++
Voriconazole ++/+++ + + 0] ++ +++ 0] 0)
Posaconazole ++ 0) 0) 0 o) 0) ++ +
Isavuconazole +/++ ++ 0) 0 0 0 + o)

+, mild (ratio level 1-2); ++, moderate (ratio level 2-5); +++, severe (ratio level > b)



Interactions of antimicrobials with chemotherapy drugs I
Pharmacokinetic data

Category cyP2B6 | cypacs | cypaco | cypac19 | cypape | cyP3a4 | cyp3as

Alchilating  Cyclophosphamide S IND S IND SIND SIND S
agents (pro-drug) INHIB

bendamustine S

melphalan

chlorambucil

cisplatin INHIB INHIB

busulfan S
treosulfan INHIB INHIB

Thiotepa INHIB S
(pro-drug)

Antimetab  methotrexate
olites
fludarabine
clofarabine

cytarabine S

azacitidine

X X X X X X X X X X X X X

decitabine



Interactions of antimicrobials with chemotherapy drugs II
Pharmacokinetic data

“ cyP1A2 | cyp2cs | cypaco | cypacio | cypape | cyp3a4 CYP3A5 | No CYP OR
EXCRETIO
N

Natural vincristine S INHIB S
antimitotics
vinblastine S INHIB
IND
vindesine S
etoposide S INHIB S INHIB S
IND
Antibiotics idarubicine S S INHIB
daunorubicin S S S INHIB S INHIB IND
doxorubicin IND S INHIB S INHIB X
mitoxantron INHIB X
bleomycin S X
Other Bortezomib S INHIB S INHIB S INHIB S INHIB S INHIB
Carfilzomib INHIB INHIB X
Gentuzumab- X
0zogamicin
Brentuximab- S INHIB X
vedotin
(monomethyl
auristatin E,

MMAE)



Interactions of triazoles with immunosuppressants used in allo-SCT

mm

Cyclosporine S Inhib S Inhib

Ind
Tacrolimus S Inhib S Inhib
Sirolimus S Inhib S
Everolimus S Inhib S
Mychophenolate S X
mofetil
Dexamethasone S Inhib S

Ind
Methilprednisolone S Inhib S

[ e e e

Inhibitor  Substrate Inhibitor  Substrate  Inhibitor  Substrate  Inhibitor  Substrate

Fluconazole ++ 0 ++ 0 + + 0 0
Itraconazole +++ — + 0 0 0 -+ ++
Voriconazole ++/+++ + + 0 ++ +++ 0 0
Posaconazole ++ 0 0 0 0 0 + +
Isavuconazole +/++ ++ 0 0 0 0 + 0



Interactions of antimicrobials with BCR-ABL TKIs
Pharmacokinetic data

I 2 2 L L L

Imatinib S S,INHIB S,INHIB S,INHIB S

Dasatinib INHIB S, INHIB S
Nilotinib S,INHIB INHIB INHIB S, INHIB INHIB
Ponatinib S S S

Bosutinib S

« Strong CYP3A4 inhibitors: clarithromycin, itraconazole, voriconazole, posaconazole
* Moderate CYP3A4 inhibitors: ciprofloxacin, levofloxacin, fluconazole, erithomycin

Weak CYP3A4 inhibitors: isoniazid, azithromycin, metronidazole, caspofungin, isavuconazole
« P-gp inhibitors: itraconazole, posaconazole clarithomycin, er'l‘rhr'omycm ofloxacin, levofloxacin

Ketoconazole interaction in healthy subjects:
Imatinib: increased Cmax 1.3 fold, AUC 0-~ 1.4 fold
Dasatinib: increased Cmax 3.6 fold, AUC 0- 4.8 fold
Nilotinib: increased Cmax 1.8 fold, AUC 0- 3 fold
Ponatinib: increased Cmax 1.5 fold, AUC 0-~ 1.8 fold
Bosutinib: increased Cmax 5.2 fold, AUC 0-« 8.6 fold
leampm interaction in healthy subjects:
Imatinib: decreased Cmax 54%, AUC 0- 74%
Dasatinib: decreased AUC 0- 82%
Nilotinib: decreased Cmax 64%, AUC 0-o0 80%
Ponatinib: decreased Cmax 42%, AUC 0- 62%
Bosutinib: decreased Cmax 14%, AUC 0-o0 6%



Interactions of antimicrobials with Ibrutinib, Idelalisib
Pharmacokinetic data

E N

Ibrutinib & Inhib
Idelalisib & Inhib

*  Strong CYP3A4 inhibitors: clarithromycin, itraconazole, ketoconazole, voriconazole, posaconazole
*  Moderate CYP3A4 inhibitors: ciprofloxacin, levofloxacin, fluconazole, erithomycin

Weak CYP3A4 inhibitors: isoniazid, azithromycin, metronidazole, caspofungin, (isavuconazole?)
« P-gp inhibitors: itraconazole, posaconazole, clarithomycin, erithromycin, ofloxacin, levofloxacin

Ketoconazole interaction in healthy subjects:

e TIbrutinib: increased Cmax 29 fold, AUC 0- 24 fold
e TIdelalisib: increased Cmax 1.8 fold, AUC 0-« 4.8 fold
Clarithromycin interaction in healthy subjects.

* Ibrutinib: increased AUC 0-- 14 fold

Rifampin interaction in healthy subjects:

e TIbrutinib: decreased Cmax 92%, AUC 0-~ 90%

« Idelalisib: decreased AUC 0-o 82%

Clinical implications

Co-administration Co-administration Co-administration Co-administration
with strong CYP3A4 | with moderate with weak CYP3A4 with CYP3A4 inducers
inhibitors CYP3A4 inhibitors inhibitors

Ibrutinib Avoid, if not possible Avoid, if not possible No dosage reduction Avoid.
reduce TKT dosage reduce TKT dosage required

Idelalisib No dosage reduction No dosage reduction No dosage reduction Avoid

required required required



Interactions of antimicrobials with FLT-3 inhibitors
Pharmacokinetic data

T G

Midostaurin S
Sorafenib S inib

Strong CYP3A4 inhibitors: clarithromycin, itraconazole, ketoconazole, voriconazole, posaconazole
Moderate CYP3A4 inhibitors: ciprofloxacin, levofloxacin, fluconazole, erithromycin

Weak CYP3A4 inhibitors: isoniazid, azithromycin, metronidazole, caspofungin, isavuconazole

Strong/moderate CYP2C9 inhibitors: fluconazole
P-gp inhibitors: itraconazole, posaconazole, clarithomycin, erithromycin, ofloxacin, levofloxacin

Ketoconazole interaction in healthy subjects:

¢ Midostaurin: increased Cmax 1.8 fold, AUC 0-= 10 fold
« Sorafenib: no interaction observed

Rifampin interaction in healthy subjects

¢ Midostaurin: decreased Cmax 4 fold, AUC 0-= 13 fold
« Sorafenib: 37% reduction of the AUC

Clinical implications

Co-dministration | Co-dministration | Co-dministration | Co-dministration | Co-dministration

with strong with moderate with weak with CYP3A4 with P-gp
CYP3A4 CYP3A4 CYP3A4 inducers inhibitors
inhibitors inhibitors inhibitors
Midostaurin Avoid Avoid ?2?2? Avoid No dose
adjustment
required
Sorafenib No implication No implication No implication No implication Dose

adjustment??



Itraconazole Oral Solution Enhanced Vincristine
Neurotoxicity in Five Patients with
Malignant Lymphoma
Naoto Takahashi’, Yoshiliro Kameoka', Yasuo Yamanaka'. Kumi Ubukawa', Kume Saito’,

Masumi Fujishima’, Naohito Fujishima', Hirofumi Saito', Mukoto Hirokawa',
Stuart A. Scott’ and Kenichi Sawada'

(Inter Med 47: 651-653, 2008)

Posaconazole-increased Vincristine Neurotoxicity in a Child
A Case Report

Céline Eiden, PharmD,* Gilles Palenzuela, MD,T Dominique Hillaire-buys, MD, PhD,*
Genevieve Margueritte, MD,7 Marylene Cociglio, PharmD, PhD,*
Svlvie Hansel-esteller, PharmD, PhD,} and Héléne Peyriere, PharmD, PhD*

(J Pediatr Hematol Oncol 2009:31:292-295)

Clinical Analysis of Adverse Drug Reactions
between Vincristine and Triazoles in Children
with Acute Lymphoblastic Leukemia

Lihua Yang Department of Pedlatric Hematology and Oncology, Zhuflang Hosplital of Southem
Lihua Yu Medical Univergty Guangzhow, Guangdong, PR, Thing

Xinxin Chen

Yanqun Hu

Bin Wang

Given the lower incidence of ADRs between VCR and fluconazole compared with voriconazole or itraconazole,
it is relatively safer to use fluconazole in ALL patients receiving VCR chemotherapy. The occurrence of ADRs
should be closely monitored when triazoles must be administered concomitantly with VCR.
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Fluconazole Coadministration Concurrent with
Cyclophosphamide Conditioning May Reduce
Regimen-Related Toxicity Postmyeloablative
Hematopoietic Cell Transplantation

fris Uprom, Jeaunme S, McCuwe, Kintivrme A. Kirby, Wendy Letewring, George MclDowald,
ot Baribedder, Kieven A, Mavy

Clioscsd Rosearch Diviwon, Fred Huechineom Cancer Research Cemer and Univerary of Washingwa, Scanrs
Waskengum

Table 1. Area Under the Curve (AUC) and Peak Serum Concentration (C,,,,.) of CY and HCY following Furst and Second Doses of CY-Containing
Conditioning for Hematopoietic Cell Transplant (HCT)—Study 1

Drug/metabolite—median (range) Group I, n = 56 Group 2, n = 17 P
AUC-CY 2628 (1375-8086) 1465 (933-3431) <.0001
AUC-CePM 489 (215-1165) 500 (271-738) .686
AUC-HCY 272 (92-744) 297 (194-353) 4395
C,...-CY following dose | 305 (92-744) 223 (145-302) <.0001
C,..-CY following dose 2 282 (153-1064) 212 (19-403) .0001
C...-HCY following dose | 29 (10-53) 43 (25-68) .0002
C..a-HCY following dose 2 31 (10-65) 43 (20-60) .0056

Note: Group 1 consists of patients receiving fluconazole concurrent with CY, and group 2 consists of patients receiving either no drug or a
nonazole antifungal agent with CY.

AUC indicates area under the curve; CY, cyclophosphamide; CePM, o-carboxyethyl-phosphoramide mustard; HCY, 4-hydroxycyclophospha-
mide; C,,,, peak serum concentration.

Fluconazole inhibits CYP2C9 and CYP3A4, which are involved with the activation of CY



Serm Varrow Teamplantetion (2003) 31, 197-203 ‘. ’;_"::'.“‘_"':" . wrrah & B W1 Mt g 01
o 20003 Natas Pubidhiog Grmg MY Aghts sarvad D066 335303 26,00 MLNNAL OF AN ATCROGY

waw AU comterd

Pharmacokinetics The effect of ciprofloxacin on

Alteration of pharmacokinetics of cyclophosphamide and suppression of the cyclophosphamide pharmacokinetics in

cytochrome P450 genes by ciprofloxacin patients with non-Hodgkin lymphoma

H-J Xie', L Griskevicius®, L Broberg®. S Lundgren'. S Carlens’, L Meurhing', C Paul®, A Rune' and Afsdarian P, Mollgand L. Massan 2, Xie . Kimby £ Massan M. The | Parvaned Alshotin’, Lary

M Hasson? u.h::':' I:I :T.‘.,“,‘.‘:,‘.‘;p“.;.:: :“l\‘l;;’ﬁf:‘l::’[,l;l;lllldr phamacckintio in *ll'tl‘;. Z,Uai-l‘nlw?.
Fur 1 Hacmusol 205, 75 26 311, © Black well Muskngaard 2005 m.,:“,:n"rw'

Recently, it has been reported that prophylactic adminis-

tmt“_“f 0_‘ CIPTOHO-“.‘C'" .d“”f]g cyc.lophosphan.nde (_C\‘) without CF. Clearance and distribution volumes of CPA were signifi-
conditioning was a high-risk factor for relapse in patients cantly (P < 0.01) lower (4.7 L/h and 42.3 L, respectively) when patients
undergoing allogeneic BMT. In the present study, we were treated with CF prior to CPA compared to that observed when the

patients did not receive CF (5.9 L/h and 48.1 L, respectively). No

investigated the possible mechanisms of this interaction in . B e % : e .
8 po change in the elimination half-life was observed. The CF administration

ma!e Spr ague—l?awley rats. The ki“etic_s of C_Y and its prior to CPA has resulted in significantly (P < 0.01) lower exposure to
active 4-OH-CY metabolite were determined, after 3 days 4-OH-CPA as expressed as area under the plasma concentration curve
pretreatment with ciprofloxacin (200 mg/kg) and com- (AUC). The metabolic ratio AUC,.opn.cpa/AUCcpa was lower in all

pared to control rats without treatment. CY was patients treated with CF prior to CPA compared to that observed when
patients received CPA only (P = 0.008). Our study showed that CF

administered as a high or low single intravenous dose administration alters CPA Kkinetics in patients with NHL. Other anti-
(150 and 90 mg/kg, respectively). The expression of the biotics than these contain fluoroquinolones should be used during CPA
CYP2B1, CYP2B2, CYP2C11, CYP3A1l and CYP3A2 therapy.

genes was evaluated by SYBR Green I Dye real-time PCR

for quantification of mRNA. The administration of

ciprofloxacin resulted in a significant increase in the

AUC (P=0.007) and a significant decrease in clearance

(P=0.007) when CY was given as a high dose. In P g o

accordance, the metabolic ratio (AUC4-OH-CY/ (i 10,100, /phrs. 1990.0613, available oine at hutp/ /www idsalieary com on IDEAL®

AUCCY) was significantly lower (P =0.007) compared

to that found in the control group. Ciprofloxacin

significantly suppressed gene expression of CYP2CI1 CLARITHROMYCIN ATTENUATES CYCLOPHOSPHAMIDE-INDUCED
(P=0.01) and CYP3A1l (P —=0.04); however, no effect MUCOSITIS IN MICE
was observed on the gene expression of CYP3A2, CYP2BI1 P.C.Y. WOO?, W.F. NG", H.C.H. LEUNG*, H.W TSOI* and K.Y, YUEN**

f]ﬂd CY PZ_BZ' ‘()'lll' Stlldy revealed that Clpl’OﬂOXﬂClﬂ "Department of Microbwlogy, The University of Hong Kong, Umiversity Pathology Building,
interacts with CY and suppressed relevant cytochromes Queen Mary Hospital Compound, Hong Kong, PR China and *Department of Pathology,
P450 at the transcriptional level. This study may have a Ruttonjen: Hozpital-Hong Xong. FR- China

great clinical impact when ciprofloxacin is used in therapy.
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Drug-drug interactions of triazoles in hematology

CYP-2C9 substrates

Cyclophosphamide
Tdarubicin Posaconazole

o J

/k e d o  CYP-2C19 substrates
uconazole ok ._
..$

» Bortezomib
<
O. \ )

< CYP-3A4 substrates

Cyclophosphamide Y
Busulfan, Thiotepa
Vinca alcaloids, Etoposide s LELL Isavuconazole
Daunorubicin
Bortezomib

BCR-ABL TKIs

Itraconazole

Ibrutinib, Idelalisib j
Calcineurin inhibitors

Severe inhibition Moderate inhibition Mild inhibition



Figure 11

Effect of Isavuconazole on Pharmacokinetics of CYP3A Substrates

CYP3A4 SUBSTRATES
Ritonavir (100 mg BID)
AUCtau
Cmax
Lopinavir (400 mg BID)
AUCtau
Cmax
Prednisone (20 mg)
AUCinf
Cmax
Ethinyl Estradiol (35 ug)
AUCinf
Cmax
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AUCInf
Cmax
Cyclosporine (300 mg)
AUCInf
Cmax
Atorvastatin (20 mg)
AUCinf
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Sirolimus (2 mg)
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Midazolam(3 mg)
AUCINnf
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Tacrolimus (S mg)
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!
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|
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No Dose Adjustment

No Dose Adjustment

No Dose Adjustment

No Dose Adjustment

No Dose Adjustment
Caution’

No Dose Adjustment
Cawtion’

No Dose Adjustment

Caution’

Caution': Appropriate therapeutic drug monitoring and dose adjustment of tacrolimus. sirolimus and
cyclosporine may be necessary when coadministered with isavuconazole.




Figure 12 Effect of Isavuconazole on Pharmacokinetics of Other CYP Substrates

RATIO AND 90% C1 RECOMMENDATION
MILD MODERATE

CYP1A2 SUBSTRATE
Caffeine (200 mg) ; :
AUCinf o No Dose Adjustment

Cmax
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AUCtau i Caution!
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AUCInf ba ‘ No Dose Adjustment

Cmax h
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Cmax L3
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Cmax L]
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Pharmacokinetic and
Pharmacodynamic Evaluation

of the Drug-Drug Interaction
Between Isavuconazole and Warfarin
in Healthy Subjects

Amit Desai', Takao Yamazaki', Albert J. Dietz**, Donna Kowalski'
Christopher Lademacher', Helene Peariman', Shahzad Akhtar',
and Robert Townsend'
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Warfarin 1s a widely used anticoagulant medication
that 1s administered as a racemic mixture of S- and
R-enantiomers.'! S-Warfarin, which is responsible for
most of the pharmacological activity of warfarn, 1s
metabolized primanly by CYP2C9; the R-enantiomer,
which is 2.7 to 3.8 times less potent than S-warfarin,
is metabolized by CYPIA2 and CYP3A4." Because
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Figure 2. Mean concentration-time profiles for S-warfarin (A) and R-warfarin (B) in the presence and absence of isavuconazole.

SEM, standard error of the mean.



Figure 13

Transporters

Effect of Isavuconazole on the Pharmacokinetics of UGTs and

UDP-GLYCOSYLTRANSFERASE
Mycophenylate Mofetil (1 g)-MPAG
AUCtau
Cmax
Mycophenylate Mofetil (1 g)-MPA
AUCtau
Cmax
BCRP SUBSTRATE
Methotrexate (7.5 mg)
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Prolungamento intervallo QT

ans

v’ predispone sviluppo torsioni di punta (TdP - gravi tachiaritmie
ventricolari), sincope e morte cardiaca improvvisa

v’ effetto noto per antiaritmici, ma poco conosciuto per farmaci con
indicazioni non cardiache (antibiotici, antimicotici, farmaci SNC,
antimalarici...)

PR Imerval Q
Fattori di rischio piu frequentemente individuati: — s

AT Iniwrval

v’ sesso femminile
v’ patologie cardiache (ipertrofia cardiaca, insufficienza cardiaca cronica, v.n. 0,3 - 0,45 sec
cardiomiopatie) bradicardia e fibrillazione atriale
v’ sindrome del QT lungo congenito
v’ bassi livelli ematici K -Ca,-Mg
<Z_elevati livelli ematici di farmaco (sovradosaggio o ridotto metabolismo) >

v’ Interazioni tra farmaci

1. uso concomitante di farmaci che prolungano QT (farmacodinamiche)

2. inibizione del metabolismo del farmaco con azione sul QT e
conseguente aumento dei suoi livelli plasmatici (farmacocinetiche)

QT
H . TC = _=_
Formula di Bazett: @ RR

QT: marker surrogato tossicita a scopo regolatorio (TdP rare da osservare)



List of drugs frequently used in hematologic patients that prolong
QTc and/or cause torsades de pointes (TdP)

Antimicrobials Other drugs

Azithromycin Arsenic trioxide

Ciprofloxacin Bortezomib

Clarithromycin Bosutinib  known risk of TdP:

Erithromycin Dasatinib * prolong the QT interval and

- | re— therefore have a possible tisk of
tconazoie Ll TdP (no strong evidence)

Foscarnet Sorafenib  conditional risk of TdP that is,

overdose, drug - drug interactions
or when administered to certain
Metronidazole high-risk individuals (e.g.
Moxifloxacin congenital long QT syndrome).

Levofloxacin

P .y .
osaconazole All drugs:avoid in congenital long QTc

Voriconazole

http://www.azcert.org/medical-pros/drug-lists/drug-lists.cfm
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CASE REPORT
Use of isavuconazole in a patient with voriconazole-induced QTc prolongation

Tracy P. Trang'*, Alexandra M. Hanretty’*, Charles Langelier®, Katherine Yang®,

Abstract

A 22-year-old woman with cystic fibrosis developed QTc-interval prolongation following lung
transplantation in the setting of voriconazole therapy. After the discontinuation of
voriconazole and initiation of isavuconazole, her QTc interval normalized. This case
highlights the unique property of QTc interval shortening by isavuconazole among the

triazole antifungals. voronascss
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