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Voriconazole (VCZ) exhibits great inter- and intrapatient variability. The latter variation cannot exclusively be explained by
concomitant medications, liver disease or dysfunction, and genetic polymorphisms in cytochrome P450 2C19 (CYP2C19). We
hypothesized that inflammatory response in patients under VCZ medication might also influence this fluctuation in concentra-
tions. In this study, we explored the association between inflammation, reflected by the C-reactive protein (CRP) concentration,
and VCZ trough concentrations over time. A retrospective analysis of data was performed for patients with more than one
steady-state VCZ trough concentration and a CRP concentration measured on the same day. A longitudinal analysis was used for
series of observations obtained from many study participants over time. The approach involved inclusion of random effects and
autocorrelation in linear models to reflect within-person cross-time correlation. A total of 50 patients were eligible for the study,
resulting in 139 observations (paired VCZ and CRP concentrations) for the analysis, ranging from 2 to 6 observations per study

participant. Inflammation, marked by the CRP concentration, had a significant association with VCZ trough concentrations
(P < 0.001). Covariates such as age and interacting comedication ([esJomeprazole), also showed a significant correlation be-
tween VCZ and CRP concentrations (P < 0.05). The intrapatient variation of trough concentrations of VCZ was 1.401 (confi-
dence interval [CI], 0.881 to 2.567), and the interpatient variation was 1.756 (CI, 0.934 to 4.440). The autocorrelation between
VCZ trough concentrations at two sequential time points was calculated at 0.71 (CI, 0.51 to 0.92). The inflammatory response
appears to play a significant role in the largely unpredictable pharmacokinetics of VCZ, especially in patients with high inflam-

matory response, as reflected by high CRP concentrations.

Voriconazole (VCZ) is the first-line treatment for invasive
aspergillosis (1-3). It undergoes extensive hepatic metabo-
lism, principally by cytochrome P450 2C19 (CYP2C19) and to a
lesser extent by CYP3A4 and CYP2C9 (4, 5). It is catalyzed into
inactive metabolites, with VCZ N-oxide being the principal circu-
lating metabolite (6). The trough concentration of VCZ under
steady-state conditions in relation to the MIC is used for practical
reasons as the predictive pharmacokinetic/pharmacodynamic
parameter (7).

VCZ exhibits nonlinear pharmacokinetics in adults with a large
inter- and intrapatient variability of drug exposure. These variations
might be caused by many factors, including the use of concomitant
medications, liver disease or liver dysfunction (1, 3, 5, 8), and, espe-
cially, genetic polymorphisms of CYP2C19 (8). However, none of
these factors provides a complete explanation of the variability in
VCZ concentrations observed in previous studies (9, 10).

Data are now emerging that identify a decrease in the capacity
of metabolic pathways to handle drugs during infections and dis-
eases that involve an inflammatory response (11-14). We were the
first to associate inflammation, reflected by the C-reactive protein
(CRP) concentration, with the VCZ trough concentration (15), as
well as finding an association between the CRP concentration and
the VCZ N-oxide/VCZ ratio (16), identifying a possible explana-
tion for some of the variability in VCZ concentrations.

Previously, the relationship between CRP and the VCZ trough
concentration was evaluated at a single point in time (15). How-
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ever, the inflammatory response represents a coordinated set of
physiological events, while the metabolic and inflammatory status
of each patient is different and may vary over time during VCZ
treatment. Therefore, to detect changes in VCZ trough concentra-
tions of the patients at both the group and the individual levels, the
studies should be extended beyond a single moment in time in
order to explore all sequences of events.

To further explore the intrapatient variability, our aim was to
evaluate the effect of inflammation on VCZ trough concentra-
tions over time within patients.

MATERIALS AND METHODS

Patient selection. This retrospective chart review study was performed in
the University Medical Center Groningen, Groningen, the Netherlands.
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For patients who received VCZ treatment, laboratory and diagnostic test
reports were retrospectively analyzed. All patients aged =18 years were
considered eligible for the study if they had at least one set of more than
one steady-state VCZ trough concentration and a CRP concentration
measured on the same day. The steady-state concentration of VCZ was
defined as the state after 6 doses when 2 loading doses were administered
(17), after 10 doses when less than 2 loading doses were administered (18),
and after 6 doses when the dosage had been adjusted (19). VCZ concen-
trations were measured by a validated liquid chromatography coupled
with tandem mass spectrometry (LC-MS-MS) assay (20, 21). CRP con-
centrations were measured by a turbidimetric assay (Roche Modular;
Roche, Mannheim, Germany).

In accordance with Dutch law (Medical Research Involving Human
Subjects Act) and because of the retrospective nature of this study with
anonymous data, a waiver was obtained from the local ethical committee
(IRB 2013-491).

Data collection. For each eligible patient, all data were collected from
the medical chart, including demographic data, medical history, and
laboratory parameters, i.e., CRP concentrations, alkaline phosphatase,
alanine aminotransferase (ALAT), aspartate aminotransferase (ASAT),
v-glutamyl transferase (yGT), and total bilirubin. VCZ dosing informa-
tion, frequency, route of administration, treatment duration, comedica-
tion, and dose adjustments were also extracted from the hospital files.

Data analyses. (i) Descriptive analysis. A descriptive analysis of the
patients’ characteristics was conducted with frequencies and percentages
for discrete variables, as well as medians with interquartile ranges for
quantitative (continuous) variables.

(ii) Longitudinal analysis. A linear mixed model was used to analyze
the repeated VCZ trough concentrations in relation to CRP concentra-
tions. Each patient may have a typical or unique average level, or pattern,
of VCZ trough concentrations, and this was addressed by including a
random effect for patients. “Time after first dose” entered the model as a
continuous variable to obtain an average time profile for the patients. To
address the correlations among repeated VCZ trough concentrations
within a patient over time, a first-order autoregressive correlation struc-
ture was selected. This structure assumes that the correlation between
observations closer together in time is higher than that between observa-
tions further apart. To investigate an association of inflammation, re-
flected by CRP concentrations, with VCZ trough concentrations over
time, the Wald type III test was conducted after correcting for the covari-
ates: gender, age, VCZ dose and route of administration, alkaline phos-
phatase, ALAT, ASAT, yGT, total bilirubin, and the use of interacting
comedication. The analysis was performed using SAS 9.3 (SAS Institute
Inc., Cary, NC, USA).

RESULTS

Characteristics of the patient population. A total of 50 patients
were eligible for inclusion during the period January 2006 to De-
cember 2010. Hematologic malignancy was the most common
underlying condition (22/50; 44%). Demographic information,
underlying disease, VCZ dosage, laboratory parameters, and co-
medication are described in Table 1. All solid-organ transplant
recipients were on a combination of tacrolimus and pred-
nisolone as immunosuppressants. Half of the patients (11/22;
50%) with a hematological disease received prednisolone, and
some received additional treatment with cyclosporine (6/11;
55%). Most of the solid-organ transplant recipients (16/17;
94%) and about 40% (9/22) of the patients with a hematolog-
ical disease received (es)omeprazole.

In total, 139 observations were available for analysis, ranging
from 2 to 6 observations per patient. VCZ was administered orally
to 64% of the patients (32/50); as VCZ treatment is routinely
switched from intravenous to oral administration when possible,
this high percentage was expected. The mean concentration of
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TABLE 1 Patient characteristics

Characteristic Value®
Demographics (n = 50)
Female 20 (40)
Age (yr) 57 (44-63)
Weight (kg) 78 (64-87)
Height (m) 1.76 (1.69-1.84)
BMI” (kg/m?) 24.3 (21.1-26.6)
Underlying disease
Hematologic malignancy 22 (44)
Leukemia 9 (18)
Lymphoma 5(10)
Other 8 (16)
Solid-organ transplant 17 (34)
Liver 7 (14)
Lung 10 (20)
Other® 11 (22)
Voriconazole treatment
Dose (mg/kg of body wt) 3.5(2.5-4.2)
Intravenous administration 18 (36)
Laboratory parameters
Voriconazole concn (mg/liter) 2.8 (1.8-3.7)
CRP (mg/liter) 67 (14-153)
Alkaline phosphatase (U/liter) 114 (71-183)
ALAT (U/liter) 30 (18-61)
ASAT (U/liter) 33 (20-438)

v-Glutamyl transferase (U/liter)

119 (49-240)

Antimicrobial Agents and Chemotherapy

Total bilirubin (mol/liter) 8 (6-14)

“ Data are presented as 1 (%) or median (interquartile range).

¥ BMI, body mass index.

¢ Other, patients diagnosed with various disorders, including chronic pulmonary
obstructive disease, cystic fibrosis, and granulomatosis and polyangiitis.

CRP was 67 mg/liter (range, 14 to 153 mg/liter), and that of VCZ
was 2.8 mg/liter (range, 1.8 to 3.7 mg/liter). The median values of
the laboratory parameters were inside the normal range, except
for CRP and yGT values that were above the upper limit of nor-
mal. Only (es)omeprazole was used simultaneously with VCZ as a
concomitant medication that potentially might influence VCZ
concentrations.

Longitudinal analysis. The intrapatient variation of trough
concentrations of VCZ was calculated at 1.401 (confidence inter-
val [CI], 0.881 to 2.567), and the interpatient variation was calcu-
lated at 1.756 (CI, 0.934 to 4.440). The correlation between VCZ
trough concentrations between two sequential time points was
calculated at 0.71 (CI, 0.51 to 0.92). The VCZ trough concentra-
tions have a significant association with CRP: 0.014 (0.011 to
0.018; P < 0.001), as well as with age (P = 0.013) and with the use
of (es)omeprazole (P = 0.036). For none of the other variables
could an association be determined at a significance level where o
was equal to 0.05.

DISCUSSION

Inflammation, reflected by the CRP concentration, is associated
with VCZ trough concentrations. Apparently, inflammation
partly explains the variability observed between patients and
within patients over time. A similar association between CRP and the
VCZ trough concentration was found in a previous cross-sectional
analysis (15). These findings suggest that an inflammatory state af-
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fects the pharmacokinetics/trough concentration of VCZ; however,
the clinical impact of inflammation on VCZ trough concentra-
tions has not yet been fully clarified.

In this study, we implemented a linear mixed model to analyze
repeated observations over time. This method is particularly use-
ful to evaluate the changes in the inflammatory response while
observing the same individuals over the study period, which en-
ables us to expand on our previous findings.

Researchers have claimed that the observed variability of VCZ
in blood may be caused by multiple factors, such as changes in
absorption, patient protein status, liver function, and disease (9,
10). Thus, we have suggested that inflammation is one of the other
factors that might influence the variability of the VCZ concentra-
tion. Unfortunately, there is meager clinical information on the
effects of inflammation and infection on CYP isoenzymes to aid in
understanding how drug metabolism is regulated during an in-
flammatory stimulus (22, 23). Therefore, we retrospectively ana-
lyzed data on our patients at more than one time point, especially
since inflammation is a complex biochemical and cellular process
in which host cells, blood vessels, proteins, and other mediators
are involved and interact in a complex fashion. Moreover, the
inflammatory response differs among individuals, and it may also
fluctuate over time during VCZ treatment within a particular pa-
tient. Unfortunately, the sample size was not sufficient to perform
a subgroup analysis.

In previous studies, we have observed that an inflammatory
state raised the concentration of VCZ in terms of its metabolic
reduction (16). It has been determined that for every 1-mg/liter
increase in the CRP concentration, the VCZ trough concentration
was 0.015 mg/liter higher (15), and as the longitudinal estimate
(0.014) is very close to this value, this suggests that it is stable over
time.

Additionally, the metabolic ratio, defined as VCZ N-oxide/
VCZ, decreased by 0.010 for every unit increase in the CRP con-
centration (16). We therefore hypothesized that inflammation in-
duces downregulation of CYP2C19 in patients treated with VCZ
(15, 16), suggesting that elevated amounts of inflammatory cyto-
kines influence the CYP isoenzymes and thus change the rate of
metabolism of VCZ, resulting in increased drug concentrations
(15, 16). For example, an increase in the CRP concentration from
11 mg/liter to 196 mg/liter is likely to result in an increase in the
VCZ concentration from 2.7 mg/liter to approximately 5.3 mg/
liter. If the dose of VCZ is subsequently reduced to attain a con-
centration of 2.5 mg/liter, the concentration will likely drop to
subtherapeutic levels if the infection has subsided. To show the
typical pattern, we provide a CRP and VCZ concentration-time
graph (Fig. 1).

Morgan and collaborators (22, 24) have provided an explana-
tion for this phenomenon. Inflammation stimulates the release of
cytokines, resulting in the modulation of transcription factor ac-
tivities in the liver. These changes ultimately lead to downregula-
tion of most CYP genes, affecting the production of the metabo-
lizing proteins and consequently reducing the clearance of certain
drugs (22). In vitro studies have provided compelling evidence
that proinflammatory cytokines, particularly interleukin-1 (IL-1),
IL-6, and tumor necrosis factor alpha (TNF-a), downregulate the
biosynthesis of some hepatic CYP isoenzymes, such as CYP2C9,
CYP2C19, and CYP3A4, that are involved in VCZ metabolism
(22-24). Nevertheless, more data are needed for a better under-
standing of this molecular mechanism. Clinical studies on tran-
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scriptional regulation under inflammatory conditions may yield
further information, i.e., transcriptional control through tran-
scription factors may provide cellular signaling pathways by which
inflammatory mediators suppress expression of the enzymes.

Recently, it has been hypothesized that inflammation induces
phenoconversion of polymorphic drug-metabolizing enzymes
(DME) (25). Phenoconversion is an event whereby a genotypic
extensive metabolizer of a DME is converted into a transient
phenotypic poor metabolizer of that DME. This hypothesis has
been based on direct clinical evidence of genotype-phenotype
mismatch and on nonclinical evidence of downregulation of
mRNA and the corresponding DME activity, as well as unex-
plained changes in concentrations of a drug within a patient (25).
In particular, phenoconversion of CYP2C19 has been docu-
mented under inflammatory conditions associated with elevated
cytokines (25). However, clinical evidence was not always consis-
tent (25).

Furthermore, it has been suggested that long-term exposure to
VCZ causes autoinduction of cytochrome P450 isoenzymes, re-
sulting in decreasing VCZ concentrations (26). Although autoin-
duction has not been observed in studies of pharmacokinetics
with healthy volunteers (27), there has been some, although scarce,
clinical evidence of the phenomenon reported in single cases of
children and adults receiving higher than usual doses of VCZ
and/or after prolonged courses (longer than 2 months) (28). More
research is clearly needed to investigate further the occurrence of
autoinduction in patients. In our study, autoinduction was not
considered to play a role as a source of variability. Conceptually,
the observations that are explained by autoinduction could very
well be the result of reduced inflammation as a response to the
treatment. Therefore, the activities of CYP isoenzymes would be-
come normal, resulting in lower concentrations of VCZ. It is clear
that more studies are necessary to better characterize the profiles
of the DMEs involved in VCZ metabolism.

Here, we must add that the present study has some limitations,
although sufficient information regarding the demographic char-
acteristics and the clinical features of the population studied were
available. First, its retrospective nature could have led to a possible
selection bias. Nevertheless, no impact on the results due to pos-
sible selection bias was expected because the measurement of VCZ
has been processed routinely in most patients and not only when
efficacy or safety issues arose. Second, in this study no evaluation
of genetic variations for the hepatic CYP isoenzymes was available.
As genetic variants of CYP2C19 alter the concentration of VCZ
(29, 30), further studies including CYP2C19 genotypes would
contribute to clarifying our results. Nonetheless, it is unlikely that
CYP2C19 polymorphisms completely explain the variability of
VCZ pharmacokinetics due to a low incidence among Caucasians,
who made up the vast majority of our study population (31).
Third, CRP concentrations in patients receiving VCZ may not
completely reflect the degree of inflammation. Although the onset
and offset of CRP are not specific for an acute inflammatory re-
sponse (32), CRP measurement has some favorable properties and
valuable clinical uses (i.e., as a marker of inflammation or as a
participant in the immune system and cardiovascular diseases)
in critically ill patients (32). CRP has a relatively long half-life
of 19 h, and it is principally regulated at the transcriptional
level by the cytokine IL-6 and, to a lesser degree, by IL-13 and
TNF-a (32, 33). Further studies that focus on IL-6 and proin-
flammatory mediators might shed more light on the molecular
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FIG 1 Typical graphs of voriconazole-CRP concentrations over time. The time courses of both voriconazole and CRP are shown. Clearly, the voriconazole concentra-
tion-time curve mirrors the CRP concentration-time curve. We selected three patients representative of the cohort: a 44-year-old male patient after lung transplantation
receiving voriconazole as empirical treatment under intensive care (A), a 53-year-old male liver transplant recipient receiving voriconazole after a bronchoalveolar lavage
specimen was positive for Aspergillus (B), and a 44-year-old male patient after allogeneic hematopoietic stem cell transplantation suffering from neutropenic fever and
receiving piperacillin-tazobactam and voriconazole (C). Solid circles, CRP values; open circles, voriconazole concentrations.

regulation of CYP isoenzyme genes. Finally, therapeutic drug
monitoring of VCZ needs more standardization to control the
timing of samples.

In conclusion, based on the results of our longitudinal analysis
and as corroborated by our previous studies (15, 16), these find-
ings may provide estimates of the inflammatory response as a
source of variability of VCZ concentrations. The inflammatory
response plays a role in the largely unpredictable pharmacokinet-
ics of VCZ, especially in patients with a higher and/or variable
inflammatory status. Patients are at risk for adverse events during
high inflammatory response and for subtherapeutic concentra-
tions when the inflammatory response subsides.
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