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ABSTRACT Combining voriconazole and flucloxacillin is indicated in patient cohorts
experiencing both invasive aspergillosis and Gram-positive infections (e.g., patients
with chronic granulomatous disease or postinfluenza pulmonary aspergillosis). We
report a highly relevant interaction between voriconazole and flucloxacillin, resulting
in subtherapeutic plasma voriconazole concentrations in more than 50% of patients,
that poses a severe threat if not managed properly.
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oriconazole is a triazole antifungal that is used to treat a broad range of fungal

infections (1). Its use is complicated by nonlinear pharmacokinetics and drug-drug
interactions (2). Voriconazole may act as an inhibitor or as a substrate of the enzymes
cytochrome P450 2C9 (CYP2C9), CYP2C19, and CYP3A4 and thus may alter its own
pharmacokinetic profile and that of coadministered drugs (2). Many interactions have been
well documented and can be managed through dose adjustments and close therapeutic
drug monitoring of voriconazole, relevant coadministered drugs, or both (2).

However, more than once, drug-drug interactions have been discovered in daily
practice in addition to those found during drug development. Here, we report a highly
relevant interaction of voriconazole-flucloxacillin that resulted in suboptimal or even
undetectable concentrations of voriconazole.

As concomitant voriconazole and flucloxacillin therapy is given to specific patient
groups, such as those with chronic granulomatous disease or influenza-associated
aspergillosis, this might be a threat to adequate antifungal treatment.

Patients were identified in five Dutch tertiary-care university hospitals from June
2014 to June 2016. Initially, three patients were identified on the basis of undetectable
plasma voriconazole concentrations. This prompted us to search electronic patient
records to retrospectively identify additional cases of the concomitant use of voricona-
zole and flucloxacillin. The data collected were gender, age, underlying disease, dura-
tion of voriconazole therapy, indication, voriconazole dose, plasma voriconazole and
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voriconazole N-oxide concentrations, duration of flucloxacillin therapy, indication, and
flucloxacillin dose.

Twenty patients received voriconazole and flucloxacillin simultaneously. Patient
characteristics, underlying disease, and indications for drug therapy are listed in Table
1. We observed subtherapeutic plasma voriconazole concentrations, defined as <1
mg/liter (local practice at the time of presentation), during flucloxacillin treatment in 11
of these 20 patients. The median voriconazole trough concentration in these 11
patients during flucloxacillin treatment was 0.20 (interquartile range [IQR], 0.1 to 0.8,
n = 32) mg/liter, while the median voriconazole trough concentration in the other 9
patients was 1.45 (IQR, 1.0 to 4.9, n = 15) mg/liter. Of the 11 patients with subthera-
peutic trough concentrations, multiple voriconazole dose increases only led to a
significant rise in plasm a drug concentrations in 2 patients; both reached toxic
concentrations (11.5 and 7.1 mg/liter) after receiving extremely high doses (48 mg/kg/
day and 1,600 mg/day, respectively). This is shown for one patient in Fig. 1. The effect
of flucloxacillin on plasma voriconazole concentrations was independent of the flu-
cloxacillin dose administered.

Of nine patients who started voriconazole before flucloxacillin, four showed a
significant decrease in voriconazole concentrations directly at the first measurement
after initiation of flucloxacillin therapy (median of 2 [IQR, 0.25 to 5.25] days). Of 11
patients who started flucloxacillin before voriconazole or started both at the same time,
7 showed subtherapeutic voriconazole concentrations. After discontinuation of flu-
cloxacillin, the voriconazole concentrations increased substantially within a week in
four of six patients.

During voriconazole treatment, no drugs known to be CYP2C9, CYP2C19, or CYP3A4
inducers were used. The concentrations of other known CYP3A4 substrates (such as
cyclosporine and tacrolimus) in plasma were not affected during flucloxacillin therapy.

All patients were Caucasian, apart from one Turkish patient. It would be very
interesting to know the genotype, but unfortunately, this information is not available.
The likelihood of encountering a biallelic *17 variation in Caucasians is low (3).

Metabolic ratios of plasma voriconazole to voriconazole N-oxide concentrations just
prior to or after combination therapy and within a few days after the start of combi-
nation therapy were available for three of the patients who encountered the interac-
tion. The median metabolic voriconazole N-oxide/voriconazole ratio without flucloxa-
cillin was 1.5 (IQR, 0.5 to 3.8). The median metabolic voriconazole N-oxide/voriconazole
ratio in the presence of flucloxacillin was 8.6 (IQR, 6.0 to 9.6). The statistical significance
of the difference was not tested because of a lack of power.

In conclusion, we observed a strong effect of flucloxacillin on voriconazole concen-
trations in 11 of 20 patients who received both drugs concomitantly. In the other nine
patients, no effect or a minor effect was found. To detect such a relevant drug
interaction with very severe clinical consequences is striking, considering the long time
since marketing introduction. From a mechanistic point of view, it is interesting that the
interaction occurred in only half of the patients studied. This is the first report of a large
cohort of patients who received the combination of flucloxacillin and voriconazole.

Voriconazole is metabolized in the liver via CYP450 enzymes (4) to voriconazole
N-oxide (the most abundant circulating metabolite [4]), 4-hydroxyvoriconazole, and
dihydroxyvoriconazole (5). These metabolites are further degraded via phase Il reac-
tions (5). Voriconazole N-oxide is formed via fluoropyrimidine N-oxidation reactions via
CYP2C19 and CYP3A4, while 4-hydroxyvoriconazole is formed via methyl hydroxylation
via CYP3A4 (4).

Although the CYP2C19 pathway has been considered the main pathway of vori-
conazole metabolism, hydroxylation via CYP3A4 has been found to contribute signifi-
cantly to voriconazole metabolism, especially in poor CYP2C19 metabolizers (4, 6).

Pregnane X receptor (PXR) has been suggested as the most likely cause of the
interaction between voriconazole and flucloxacillin (7), involving the upregulation
specifically of CYP3A4. This hypothesis is supported by a recent study that envisioned
a more dominant pathway involving CYP3A4 rather than CYP2C19 (8, 9). It is debatable
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FIG 1 Plasma voriconazole concentrations impacted by flucloxacillin, showing the day of flucloxacillin treatment on the x axis,
flucloxacillin and voriconazole doses on the left y axis, and plasma voriconazole concentrations on the right y axis. A 12-year-old girl
with relapsed acute lymphatic leukemia received flucloxacillin at 12 g/day (226 mg/kg/day) for Staphylococcus aureus sepsis and was
started at 5 days after flucloxacillin initiation on voriconazole at 12 mg/kg/day for proven pulmonary and possible cerebral
aspergillosis. Plasma voriconazole concentrations were routinely monitored and were extremely low on days 3, 6, 9, and 12 of
voriconazole therapy (range, undetectable to 0.142 mg/liter) despite dose increases to 18 and 24 mg/kg/day. Voriconazole therapy
was discontinued and switched to liposomal amphotericin B. Restart of voriconazole at 18 mg/kg/day on day 73 of flucloxacillin
treatment did not lead to therapeutic voriconazole concentrations. Therefore, posaconazole was administered instead. Two weeks
after discontinuation of flucloxacillin, posaconazole was switched back to voriconazole at 18 mg/kg/day, leading to adequate plasma
voriconazole concentrations. A plasma voriconazole concentration increase to 7.3 mg/liter required a voriconazole dose reduction to
12 mg/kg/day. Rechallenge with a single dose of flucloxacillin again resulted in subtherapeutic plasma voriconazole concentrations.

whether an interaction with PXR (fully) explains the observed phenomenon for three
reasons. First, the onset and cessation of the observed interaction in our patients do not
comply with data regarding CYP3A4 induction in the literature. Flucloxacillin almost
instantaneously reduced plasma voriconazole concentrations in our cohort, while
induction of CYP3A4 generally takes about 1 to 2 weeks (10). The effect of induction is
expected to gradually disappear approximately 2 weeks after discontinuation of the
inducer (10), yet in most cases, we observed a quick, clinically relevant increase in
plasma voriconazole concentrations after flucloxacillin discontinuation. Second, peak
drug concentrations (data not shown) were very low to undetectable as well. In a
setting of increased metabolism, one would expect peak drug concentrations to be
within the normal range of single-dose administration. Third, the concentrations in
plasma of other drugs metabolized by CYP3A4 remained unaffected.

The very low peak drug concentrations seen also argue against the possibility that
CYP2C19 polymorphism caused the phenomenon observed, although lower peak drug
concentrations have been described in ultrarapid metabolizers (11).

Several other mechanistic approaches may explain the effect of this interaction, such
as a transporter-mediated shift in voriconazole distribution toward other cellular com-
partments or a shift in voriconazole metabolism pathways due to CYP3A4 competition,
possibly leading to a subsequent increase in the role of flavin-containing mono-
oxygenase 3 (12). The interaction requires a mechanistic investigation, including the
prediction of which patients will be sensitive to this interaction.

Until more information is available, we advise physicians not to combine flucloxa-
cillin and voriconazole or to closely monitor plasma voriconazole concentrations and
quickly change therapy in cases of persistent subtherapeutic plasma voriconazole
concentrations. It remains unknown whether other structurally related penicillins cause
similar effects. It is unlikely that flucloxacillin will influence other azoles. Isavuconazole,
however, is metabolized by CYP3A4 and might therefore not be the best alternative in
the setting of this interaction until further elucidation of the mechanistic pathway.

In conclusion, the often prescribed combination of flucloxacillin and voriconazole
leads to unmanageably low plasma voriconazole concentrations in half of the patients
with primary and secondary immune deficiencies.
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