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Abstract

Purpose of Review The aim of this paper is to discuss clinical interactions between the azole antifungals and the commonly used
immunosuppressants for the prevention of rejection in solid organ transplant recipients.

Recent Findings Drug—drug interactions between azole antifungals and immunosuppressants have largely been reported in
healthy subjects or the hematopoietic stem cell transplant (HSCT) population. Data is emerging evaluating these interactions

in solid organ transplant recipients.

Summary Drug—drug interactions between azole antifungals and immunosuppressants occur at or near the same magnitude as in
healthy subjects or the HSCT population. Factors affecting these drug—drug interactions include the influence of the interacting agents
on CYP enzymes, the doses of the drugs administered, and the route of administration of both the azoles and immunosuppressants.
Care and caution should be exercised when managing solid organ transplant patients receiving medications from both classes.
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Introduction

Fungal infections are a significant complication in solid organ
transplant recipients. The cumulative incidence of disease is
approximately 3% in the first year after transplantation, with
the majority of the disease comprised of candidiasis, aspergil-
losis, and cryptococcal infections [1]. The management of
these infections can be complicated by drug—drug interactions
that take place between immunosuppressant (IS) medications
(e.g., calcineurin inhibitors, mTOR inhibitors) and the azole
antifungals, the primary antifungal agents used to prevent and
treat a wide variety of fungal disease. This review takes an in-
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depth look at the clinical management of drug—drug interac-
tions that take place between these classes of medications in
solid organ transplant recipients. First, we will describe the
mechanisms responsible for the interactions, followed by a
discussion of the drug classes affected. We will then summa-
rize the available data for each individual antifungal agent and
how they affect immunosuppressant pharmacokinetics
starting with azoles used for treatment, followed by those used
for prophylaxis, and finishing with those used for pharmaco-
kinetic boosting.

The Cytochrome P450 System

The cytochrome (CYP) P450 enzymes are heme proteins re-
sponsible for a variety of mechanisms in the body, but most
notably are involved in the metabolism of endogenous sub-
strates [2, 3]. A vast majority of these metabolic interactions
occur in the liver, with resultant reactions namely being the
inhibition or induction of drugs. While nearly 60 CYP genes
have been documented in humans, CYP1A2, CYP2C9,
CYP2C19, CYP2D6, CYP2EI, and CYP3A4 are most re-
sponsible for drug metabolism [2]. CYP3A4 accounts for
the majority of all interactions between the azole antifungals
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and immunosuppressants, closely followed by CYP2C9 and
CYP2C19.

Drugs may either induce, inhibit, or act as substrates of the
CYP450 enzyme system. Inducers of the enzyme system will
increase the amount of activity of the enzymes, thereby lead-
ing to a reduction in drug concentration levels of the affected
medication. Conversely, inhibitors of the enzyme systems will
decrease the amount of activity of the enzymes leading to
increases in the drug concentration levels of the affected med-
ications. Both induction and inhibition are dependent on the
dose and concentration of the agent that is instigating the
reaction. Substrates of the enzyme system are specific moie-
ties that undergo metabolism by one or more of the CYP
enzymes. It is important to note that inducers and inhibitors
exert their effects in differing manner with regard to onset and
duration. Inducers will achieve their maximum effects after
approximately 2 weeks, while inhibitors can exert their effect
after a single dose [2-5, 6¢]. Duration of effect is the same,
with effects of induction taking at least 2 weeks to subside.
Inhibitors, on the hand, cease their influence within a week
after drug removal.

The azole antifungals are both substrates and inhibitors of
the CYP enzyme system, whereas the calcineurin inhibitors
(cyclosporine, tacrolimus) and mTOR inhibitors (sirolimus,
everolimus) are substrates only. The resultant adverse effect
is an increase in serum levels of the immunosuppressants.
This is problematic since the known complications of elevated
levels of these agents include nephrotoxicity, neurotoxicity,
and hypertension.

P-Glycoprotein

Active transporters also play a critical role in drug metabo-
lism. One such example is P-glycoprotein (P-gp), an ATP-
dependent efflux pump that regulates the absorption and elim-
ination of drugs [3, 7]. P-gp is found at high concentrations in
the kidney, liver, small intestines, and colon. Some of the
azole antifungals, calcineurin inhibitors, and mTOR inhibitors
are affected to some degree by P-gp. Because P-gp and the
CYP enzymes are distributed throughout the same areas of the
body, it is difficult to differentiate the degree of the interaction
by each individual component.

The Azole Antifungals

The azole antifungals have been used in solid organ transplant
patients for antifungal prophylaxis, treatment, and pharmaco-
kinetic boosting. The azoles bind to 14-x-demethylase, which
prevents the conversion of lanosterol to ergosterol, an essen-
tial component of the fungal cell membrane. This leads to loss
of fungal membrane activity. 14-a-Demethylase is also a
component of the fungal CYP450 enzyme system.
Differences in drug—drug interactions can be attributed to
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varying specificity of fungal CYP450 compared with mam-
malian CYP450 [8, 9]. Other differences that affect CYP450
activity include the dose of the antifungal as well as the route
of administration. Due to the presence of CYP enzymes and P-
gp in the lining of the stomach, liver, and intestines, oral ther-
apy often provides a greater degree of interaction than IV
administration. Please see Table 1 for a summary of informa-
tion on the azole antifungal agents with calcineurin and
mTOR inhibitors.

For the purposes of this review, fluconazole, voriconazole,
posaconazole, and itraconazole will be included as agents pri-
marily used for treatment. Clotrimazole and fluconazole will
be discussed as agents often used for antifungal prophylaxis.
Itraconazole, a broad-spectrum triazole, will not be discussed
in this writing due to withdrawal of the IV formulation from
the US market and its overall limited use in the solid organ
transplant population. Finally, ketoconazole will be discussed
for the purposes of pharmacokinetic boosting of immunosup-
pressant serum levels.

Agents Used for Treatment of Invasive Fungal
Infections

Fluconazole

Fluconazole is the least potent inhibitor of the available azoles
used for the treatment of fungal infections. Unlike the other
azoles to be discussed, fluconazole undergoes minimal hepat-
ic metabolism with >90% of the drug eliminated through the
urine. It exhibits noncompetitive inhibition of CYP2C9,
CYP2C19, and CYP3A4. Fluconazole has been shown to
interact with both tacrolimus and cyclosporine in a dose-
dependent manner [10, 11¢]. In a small case series including
both kidney—pancreas and bone marrow transplant recipients,
those receiving 100 mg of fluconazole daily had no increase in
their dose:concentration ratio [10]. Conversely, patients tak-
ing fluconazole doses >200 mg daily had a 125% increase in
the dose:concentration ratio by day 3. This trend persisted and
continued to increase through 4 weeks of therapy, and modi-
fications to cyclosporine doses were made. Similar to cyclo-
sporine, tacrolimus levels were increased when given in com-
bination with fluconazole for the management of esophageal
candidiasis [11¢]. In a single case report in a stable renal trans-
plant recipient, dose-normalized tacrolimus levels were in-
creased 5.5-fold after IV fluconazole was administered. This
further increased to 7.4-fold when fluconazole was changed to
oral administration, providing additional clinical evidence that
that route of administration is a factor when assessing drug—
drug interactions with the azoles in solid organ transplant
recipients.

Significant increases in sirolimus levels have also been
observed when given in combination with fluconazole [12].
A 49-year-old male experiencing delayed graft function after
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Table 1 Interactions between azole antifungals and immunosuppressants

Azole Mechanism of Strength of Immunosuppressants Resultant How to manage interaction

antifungal interaction interaction  affected interaction

Clotrimazole CYP3A4 inhibition ++ CSA, TAC, SRL, EVR Increased CSA, TAC, SRL, EVR: More frequent TDM with initiation or

CYP2C9, CYP3A4 ++
inhibition

CYP2C9, CYP2C19, +++
CYP3A4 inhibition

Fluconazole CSA, TAC, SRL, EVR

Voriconazole CSA, TAC, SRL, EVR

Posaconazole CYP3A4, P-gp +++

inhibition

CSA, TAC, SRL, EVR

Isavuconazole CYP3A4 inhibition ++ CSA, TAC, SRL, EVR

Ketoconazole CYP3A4 inhibition +++ CSA, TAC, SRL, EVR

IS levels discontinuation; no empiric dose adjustments recommended
Increased ~ CSA, TAC: Therapeutic drug monitoring of calcineurin inhibitor
IS levels SRL, EVR: Pre-emptive dose reduction of 25-50%
Increased  CSA: Decrease CSA dose by 50% when starting voriconazole
IS levels TAC: Decrease TAC dose by 66% when starting voriconazole
SRL: Contraindication, although literature supports 80-90%
dose reduction
EVR: No data; will need to decrease EVR dose
Increased  CSA: Decrease CSA dose by 25% when starting posaconazole
IS levels TAC: Decrease TAC dose by 66% when starting posaconazole
SRL: Contraindicated per package labeling; may decrease dose
by 90% with close monitoring
EVR: No data; will need to decrease EVR dose
Increased ~ CSA, TAC: Therapeutic drug monitoring of calcineurin inhibitor
IS levels SRL: Empiric SRL dose reduction likely
EVR: No data available
Increased CSA, TAC, SRL, EVR:
IS levels Empiric dose reductions of 50-75% with twice weekly

TDM to evaluate need for further adjustments

CSA cyclosporine, TAC tacrolimus, SRL sirolimus, EVR everolimus

renal transplant was switched from cyclosporine to sirolimus
to minimize calcineurin inhibitor toxicity and levels were
maintained at approximately 10 ng/mL. The patient was
started on fluconazole 200 mg PO daily for the management
of esophageal candidiasis and the sirolimus dose was reduced
by 25% pre-emptively. Additional dose reduction to 50% of
the sirolimus starting dose was ordered, but trough concentra-
tions continued to rise, peaking at 35.5 mcg/mL 1 week after
fluconazole was initiated. Pre-emptive dose decreases for
everolimus, another mTOR inhibitor, are also necessary based
on limited available data [13].

Voriconazole

Voriconazole undergoes extensive hepatic metabolism pre-
dominantly through CYP2C19, followed closely by
CYP2C9 and CYP3A4 [14]. Less than 2% of the drug is
excreted in the urine. Of note, significant polymorphisms in
CYP2C19 exist, and voriconazole exposure can be increased
fourfold in patients who are poor metabolizers. Further com-
plicating this issue is the fact that voriconazole exhibits non-
linear kinetics and levels are highly variable between patients.

Voriconazole is both a strong inhibitor and a substrate of the
three aforementioned enzymes, and causes significant increases
to other medications that are substrates of CYP2C9, CYP2C19,
and CYP3A4. Interactions with cyclosporine, tacrolimus, and
sirolimus are documented in a number of case series [15—19¢].
In a retrospective analysis of more than 120 solid organ trans-
plant (kidney and lung) recipients, 100 patients received concur-
rent tacrolimus and voriconazole for the management of invasive

aspergillosis [17]. Dose-corrected trough concentrations of tacro-
limus increased by a factor of 5.0+£2.7 (range 1.0-20.2); this
data supports the empiric dose reduction by 66% for tacrolimus
recommended in the voriconazole package labeling, although
authors noted that additional tacrolimus dose decreases would
likely be necessary [17, 20]. Unfortunately, voriconazole thera-
peutic drug monitoring (TDM) was not provided during this
analysis to assess any impact of the level of voriconazole on
tacrolimus kinetics. Similar to fluconazole, the route of adminis-
tration also has an impact on the degree of interaction. In a single
case report of a patient undergoing liver transplant, a 30% reduc-
tion in the tacrolimus dose was necessary when IV voriconazole
was given in combination with oral tacrolimus to maintain ther-
apeutic levels (6—7 mcg/mL) [16]. When voriconazle was
changed to oral administration, the tacrolimus levels climbed to
10-11 meg/mL, necessitating further dose reductions. Of note,
the drug—drug interaction between voriconazole and a new,
prolonged-released tacrolimus product has also been evaluated
in healthy volunteers [19¢]. An increase in exposure with the
prolonged-release tacrolimus was significantly less as well as less
variable compared with the immediate release product.

There is no documented clinical data discussing the use of
voriconazole in combination with sirolimus in solid organ trans-
plant recipients; however, there is a case series of 67 patients who
underwent hematopoietic stem cell transplant and received the
combination of agents [18]. Patients received both sirolimus and
voriconazole concurrently for at least 110 days, with the median
daily reduction in sirolimus dose of 90%. Median sirolimus se-
rum levels were 5.8 ng/mL before co-administration of
voriconazole and 6.1 ng/mL after co-administration with the dose
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reduction. While the voriconazole package labeling suggests the
coadministration of these two agents is contraindicated, there is
evidence that they may be safely managed when given in
combination.

Posaconazole

The CYP enzymes have no role in the metabolism of
posaconazole [8]. Rather, it is glucoronidated in the liver by
UDP-glucuronyl-transferase (UGT) and largely excreted as un-
changed drug through the feces. Posaconazole is an inhibitor of
CYP3A4 and P-gp. One significant consideration for
posaconazole use is the formulation being given. For nearly a
decade, the only formulation available was an oral suspension
that had poor and highly variable absorption. In 2014, an
extended-release tablet was approved for use, with improved
bioavailability and absorption. These improvements lead to
changes in dosing strategies and will certainly impact the kinetics
of co-administered medications.

The effects of oral posaconazole on the pharmacokinetics
of both cyclosporine and tacrolimus are well-described [21].
Heart transplant recipients who had been receiving cyclospor-
ine for at least 15 months without dose modifications in the
previous 6 weeks were given posaconazole 200 mg as two
100-mg tablets daily for 10 days. Cyclosporine exposure in-
creased with concurrent posaconazole administration, requir-
ing 14-29% dose reductions in cyclosporine dosing. Data was
extrapolated to mimic clinically relevant dosing and the pre-
dicted increase in cyclosporine exposure was consistent with
what has been demonstrated with co-administration of other
azoles. Cyclosporine should be reduced by 75% when
posaconazole is initiated. In this same study, healthy adults
were given a single oral dose of tacrolimus on days 1 and 14,
and posaconazole oral suspension (400 mg twice daily) with
high-fat meals on days 8 through 14. Co-administration of
tacrolimus and posaconazole resulted in 121% and 358% in-
creases in tacrolimus C,,« and AUC,_,, respectively.
Tacrolimus dosing should be pre-emptively reduced by 30%
when starting concurrent posaconazole.

In the same retrospective series discussed above of greater
than 120 patients who were either kidney or lung recipients, 26
of them received posaconazole for invasive aspergillosis with
concurrent tacrolimus [17]. The daily tacrolimus dose was re-
duced by a factor of 3.7+2.0 (range 0.7-10.0) during
posaconazole therapy, which was a lesser extent than observed
between the tacrolimus and voriconazole. Unfortunately,
posaconazole TDM was not done during this study so the effect
of posaconazole levels on the tacrolimus pharmacokinetics is
unknown.

Data for concomitant use of posaconazole and sirolimus is
limited to a single case report describing salvage therapy for
the treatment of rhinocerebral mucormycosis after patient in-
tolerance to tacrolimus and amphotericin [22]. Goal sirolimus
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concentrations were 6—8 ng/mL and the dose of sirolimus was
empirically reduced by 83%. Thirteen sirolimus levels were
drawn during the time period in which therapy overlapped,
with a mean sirolimus trough concentration 7.1 ng/mL (4.3 to
11.8 ng/mL). The authors suggest reducing sirolimus doses by
60-75% when initiating in patients with goal sirolimus
troughs < 10 ng/mL and by 30-50% in patients whose goal
levels are 10-15 ng/mL.

Isavuconazole

Isavuconazole is administered as the prodrug isavuconazonium
sulfate and is rapidly hydrolyzed by plasma esterases to
isavuconazole [23]. Isavuconazole is metabolized by
CYP3A4 and CYP3AS, with additional transformation by
UGT, and is an inhibitor of CYP3A4 and CYP3A5 which will
increase the levels of those enzyme substrates. Of note, the
mean plasma half-life is 110-130 h which may lead to
prolonged drug—drug interaction effects.

A summary of phase I clinical trial data presented pharmaco-
kinetic interactions between isavuconazole and multiple immu-
nosuppressants including tacrolimus, sirolimus, and cyclosporine
in healthy adults [24]. Single oral doses of tacrolimus 5 mg,
sirolimus 2 mg, and cyclosporine 300 mg were administered,
while isavuconazole was provided at the clinical dose of
200 mg orally three times daily for 2 days, followed by
200 mg orally daily. Isavuconazole increased the AUC of tacro-
limus, sirolimus, and cyclosporine by 125%, 84%, and 29%,
respectively. C . values of tacrolimus, sirolimus, and cyclospor-
ine were 42%, 65%, and 6% higher, respectively. Authors noted
that although isavuconazole does alter the pharmacokinetics of a
number of immunosuppressants, it is not nearly to the same
degree as the other previously discussed azoles.

Fifty-five consecutive solid organ transplant (kidney, liver,
lung, and heart) recipients were assessed retrospectively to inves-
tigate the need for empiric dose reduction in tacrolimus when
given in combination with isavuconazole [25]. Patients received
isavuconazole for at least 21 days for prophylaxis while receiving
tacrolimus, and were followed for at least 40 days after
isavuconazole was stopped. The per-patient tacrolimus
concentration:dose ratio decreased by a median of 13%; howev-
er, this was largely driven by the liver recipients in the group,
who had a 36% decrease. Once isavuconazole was discontinued,
the average tacrolimus dose increased 1.3-fold. Investigators de-
termined there was no need for empiric dose reduction of tacro-
limus when co-administering with isavuconazole, but rather
followed tacrolimus TDM and adjusted doses accordingly.

Agents Used for Fungal Prophylaxis
Antifungal prophylaxis strategies for solid organ transplant

recipients vary based on multiple factors including selection
of antifungal agent, duration of prophylaxis, and use of
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universal versus targeted therapy. Additionally, the type of
organ transplanted, as well as patient-specific risk factors, im-
pacts antifungal prophylaxis regimens. For the purposes of
this review, we will focus on two azoles commonly used to
prevent Candida infections after solid organ transplant.

Clotrimazole

Clotrimazole troches, which dissolve in the mouth, are routinely
used for prevention of oral candidiasis in solid organ transplant
recipients. Despite dissolution of clotrimazole troches in the
mouth and limited systemic absorption, this product has been
found to significantly increase serum concentrations of
immunosuppressants.

In a case report of a liver transplant recipient, pharmacokinetic
studies demonstrated a twofold increase in AUC of tacrolimus
when administered in combination with clotrimazole [26]. In a
prospective study, renal transplant recipients on tacrolimus were
randomized to receive clotrimazole or nystatin for prophylaxis of
oral candidiasis. Tacrolimus serum concentrations were signifi-
cantly elevated in the clotrimazole group compared with the
nystatin group on days 3, 5, and 7 [27].

Fluconazole

As described above in the treatment section, fluconazole is a
potent inhibitor of CYP2C9, CYP2C19, and CYP3A4 and
interacts with tacrolimus and cyclosporine in a dose-
dependent manner [10, 11].

Doses of fluconazole for prevention of Candida infection after
solid organ transplant are typically lower doses (100200 mg/
day) than those used to treat invasive fungal infections resulting
in a less profound drug—drug interaction with cyclosporine and
tacrolimus. Although the magnitude of the interaction will be less
significant and does not necessitate empiric dose changes, mon-
itoring of immunosuppressant serum concentrations is important
when initiating or discontinuing fluconazole prophylaxis to re-
duce the risk of drug-related toxicities with supratherapeutic
levels or the risk of organ rejection with subtherapeutic levels.

Agents Used for Pharmacokinetic Boosting
Ketoconazole

Among the triazoles, ketoconazole is the most potent inhibitor
of CYP3A4 causing significant increases in serum levels of
calcineurin inhibitors and mTOR inhibitors. Specifically, co-
administration of sirolimus or everolimus with ketoconazole
has been associated with 10-fold and 15-fold increases in the
AUC of the mTOR inhibitors [28, 29]. Due to the potency of
the interaction between ketoconazole and these immunosup-
pressants, an empiric dose reduction of cyclosporine, tacroli-
mus, sirolimus, or everolimus by 50% or more is

recommended along with careful TDM of the immunosup-
pressant following ketoconazole initiation. In clinical practice,
the significance of these drug—drug interactions has been uti-
lized to reduce total daily doses of CNIs and mTOR inhibitors,
thus minimizing costs associated with these
immunosuppressants.

In a prospective, randomized trial of 100 living donor renal
transplant recipients, ketoconazole was administered in combi-
nation with cyclosporine to purposefully elevate cyclosporine
blood levels resulting in reduced medication costs for patients
while maintaining graft function and patient safety. When the
oral dose of ketoconazole 100 mg/day was initiated, the cyclo-
sporine total daily dose was reduced by 25-50% and further
adjusted based on twice weekly cyclosporine TDM [30]. A sim-
ilar study evaluating co-administration of ketoconazole and ta-
crolimus was conducted at the same transplant center and report-
ed a reduction in tacrolimus dose, cost, and improvement in graft
function [31]. Two small studies involving renal transplant recip-
ients reported on prescribing ketoconazole in combination with
either sirolimus or everolimus to boost the mTOR inhibitor
trough levels resulting in a reduction of total daily doses to
0.25-0.5 mg/day for sirolimus and 0.75-0.9 mg/day for everoli-
mus, thus making the mTOR inhibitor prescriptions affordable
for patients [32, 33].

Although the use of ketoconazole to elevate drug con-
centrations of immunosuppressants can be beneficial to
patients as a way to reduce drug costs, there is an in-
creased risk of rejection if ketoconazole is discontinued
without appropriate dose adjustments to the CNI or
mTOR inhibitor.

Conclusion

The treatment and prevention of fungal infections is a
complex process that involves dose reduction of many
of the immunosuppressants used to prevent rejection in
solid organ transplant recipients. Interactions between
the azole antifungals and immunosuppressants are influ-
enced by the doses given, the CYP isoenzymes in-
volved, and the formulation of medication administered.
TDM of both the azole antifungals and immunosuppres-
sants is key to preventing morbidity and mortality in
this population.
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