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This prospective study evaluated the plasma and intrapulmonary pharmacokinetics and pharmacodynamics
(PKPD) of posaconazole (POS) in lung transplant recipients. Twenty adult lung transplant patients were
instructed to take a 400-mg POS oral suspension twice daily (BID) with a high-fat meal for a total of 14 doses.
Pulmonary epithelial lining fluid (ELF) and alveolar cell (AC) samples were obtained via bronchoalveolar
lavage, and blood samples were collected at the approximate time of bronchoscopy. POS concentrations were
assayed using liquid chromatography with tandem mass spectrometry. The maximum concentrations (C,,,,)
(mean = standard deviation [SD]) in plasma, ELF, and AC were 1.3 = 0.4, 1.3 = 1.7, and 55.4 * 44.0 pg/ml.
POS concentrations in plasma, ELF, and AC did not decrease significantly, indicating slow elimination after
multiple dosing. Mean concentrations of POS in plasma, ELF, and AC were above the MIC,,, (0.5 pg/ml) for
Aspergillus species over the 12-h dosing interval and for 24 h following the last dose. Area under the concen-
tration-time curve from 0 to 12 h (AUC,_,,)/MIC,, ratios in plasma, ELF, and AC were 21.98, 22.42, and 1,060.
We concluded that a dose of 400 mg BID resulted in sustained plasma, ELF, and AC concentrations above the
MIC,,, for Aspergillus spp. during the dosing interval. Confirmation of the therapeutic value of these observa-
tions requires further investigation. The intrapulmonary PKPD of POS may be favorable for treatment or
prevention of aspergillosis, although further research on the relevant PKPD parameters and the effect of POS

protein binding is required.

Posaconazole (POS) is a new antifungal agent with activity
against Aspergillus, Cryptococcus, Candida, Histoplasma, and
Blastomyces spp. and others (9, 15, 17, 19, 27). POS is approved
for prophylaxis of invasive aspergillosis and candidiasis in im-
munocompromised patients and for the treatment of refrac-
tory oropharyngeal candidiasis. Recent reports suggest that it
may also be effective in the treatment of refractory invasive
aspergillosis (16, 26), zygomycosis (23), and other fungal in-
fections (3, 18).

The oral bioavailability of POS is increased by ingestion of a
high-fat meal and by the use of divided dosing (8, 10). There
are no clinically or kinetically important metabolites of POS.
POS has a high apparent volume of distribution, 1,774 liters,
and a prolonged half-life, 35 h, at steady state (G. Krishna and
A. Sansone-Parsons, presented at the 41st American Society of
Health System Pharmacists Midyear Clinical Meeting and Ex-
hibition, Anaheim, CA, 3 to 7 December 2006). Its pharmaco-
kinetics (PK) are unaffected by age, gender, or race/ethnicity
(21), and dose correction is not required for patients with
impaired renal function (7); 66.3% of an oral POS dose is
excreted unchanged in feces (12). Protein binding in human
plasma is >98%. We recently reported on the intrapulmonary
pharmacokinetics and pharmacodynamics (PKPD) of POS in
healthy subjects (5). Maximum concentration of drug in serum
(Cmax) values were 2.08, 1.86, and 87.7 pg/ml, and area under
the concentration-time curve from 0 to 12 h (AUC,_,,) values
were 21.9, 18.3, and 715 pg - h/ml in plasma, pulmonary epi-
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thelial lining fluid (ELF), and alveolar cells (AC), respectively.
POS concentrations did not decline significantly over 24 h in
any compartment. The purpose of this study was to determine
the intrapulmonary PKPD of POS in lung transplant recipi-
ents.

MATERIALS AND METHODS

Study design and subjects. This prospective study assessed the steady-state
plasma, ELF, and AC concentrations of POS. All subjects had undergone lung
transplantation at the University of California, San Francisco, where the study
was conducted. Participation was voluntary, and written informed consent was
obtained from each subject. The enrolled subjects were divided into five groups
of four subjects each, with bronchoscopy times at approximately 3, 5, 8, 12, and
24 h after the final dose. The subjects were scheduled to receive a bronchoscopy
as part of normal posttransplantation care; their POS dose times were planned
so that the elapsed time between the last dose and bronchoscopy corresponded
to their time group assignment. The patients were instructed to take a total of 14
doses of POS, administered as an oral suspension of 400 mg every 12 h (BID).

The participants were at least 21 years of age. Patients were excluded if they
had known hypersensitivity to or intolerance for posaconazole, any of its excipi-
ents, or other azole drugs; were receiving any drug for which coadministration
with POS is contraindicated, according to the POS label; or were receiving
another azole antifungal, or if the study doctor considered participation inadvis-
able upon review of the patient’s medical record.

After the subject gave consent, the most recent set of clinical laboratory tests
(complete blood count with differential, platelet count, blood urea nitrogen,
serum creatinine, alkaline phosphatase, total bilirubin, aspartate aminotransfer-
ase [AST], and albumin) were recorded in the research record. Enrolled subjects
received the study medication either in person or by mail and were given written
and oral instructions to take the drug after a high-fat meal every 12 h, for a total
of 14 doses. A study coordinator phoned each subject on the day of the first dose
and on the day before bronchoscopy to receive reports of adverse events. For
each dose, the subjects were advised to record in a study diary the time at which
they completed the high-fat meal, the precise time that the dose of POS was
taken, and comments about any symptoms they experienced after taking the
study drug. The diary was collected immediately before the bronchoscopy, at
which time blood was also drawn for POS assay and for a repeat of the clinical
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laboratory tests. The used POS vials were returned to study staff for weighing,
and percent compliance was calculated using the formula [(weight of drug con-
sumed)/(weight of drug in 14 400-mg doses)] X 100.

Bronchoscopy and BAL. Bronchoscopy and bronchoalveolar lavage (BAL)
were performed at the University of California, San Francisco, Medical Center
at approximately 3, 5, 8, 12, or 24 h after the last POS dose. The exact time that
the lavage was performed was recorded. Subjects received local anesthesia with
topical lidocaine and systemic sedation with fentanyl and midazolam. Pulmonary
ELF and AC were collected by bronchoscopy and BAL from a lobe of the
transplanted lung. The locations of the lavages were the lingula (n = 11), the
right middle lobe (n = 6), the right upper lobe (n = 1), and the left lower lobe
(n = 1). The duration (mean = standard deviation [SD]) of the lavage was 4.8 =
2.9 min. Lavage was performed by infusing, and promptly aspirating, 30-ml
aliquots of sterile 0.9% saline. In the 19 patients who underwent bronchoalveolar
lavage, the mean volumes (+SD) of saline infused and aspirated were 124.2 *
16.1 ml and 70.8 = 10.7 ml, respectively. After the last approximately 50 ml of
aspirate were pooled and mixed, 27.7 = 2.5 ml was used for this study. A cell
count and differential were performed on a 1.5-ml sample of the BAL fluid, and
a measured volume of the remaining BAL fluid was centrifuged for 5 min at
400 X g at 4°C. The cell pellet and supernatant were frozen separately at —80°C
until they were assayed for POS concentrations. The urea concentration in the
supernatant was measured using a spectrophotometric assay (Infinity Urea Liq-
uid Stable Reagent; Thermo Fisher Scientific, Middletown, VA).

Blood samples. Blood was obtained for drug assay at the approximate time of
BAL. The exact time of the blood draw was recorded, and the samples were
collected into sodium heparin-containing tubes and placed in ice until centrifu-
gation. Plasma was frozen at —80°C until it was assayed.

POS assay. The POS concentrations in plasma, BAL fluid, and AC were
assayed at PPD Inc. (Richmond, VA) using a liquid chromatography with tan-
dem mass spectrometry (LC-MS/MS) method that was modified from the one we
previously published (5). A human plasma calibration curve was used to quantify
the drug concentrations in all three media. The samples were analyzed using the
human plasma method, except that the extraction was different. Cell pellets were
prepared for assay by adding 200 pl water to each sample. The samples were then
vortexed for 2 min, sonicated for 10 min, centrifuged at 14,000 rpm for 10 min,
and transferred to snap cap vials. The AC supernatant samples thus prepared, as
well as the BAL fluid and plasma samples, were then diluted 1:1 with blank
plasma to a total volume of 25 pl. To each 25-pl sample was added 100 pl of
internal standard (50 ng/ml of SCH 56984, a standard supplied by Schering-
Plough, in 1:1 acetonitrile-methanol), and the resulting mixture was vortexed and
centrifuged for 5 min at 10,000 rpm. One hundred microliters of water was added
to 100 pl of the supernatant before injection. The lower limit of quantitation for
this assay was 0.5 ng/ml, and the calibration range was 0.5 to 5,000 ng/ml. For
quality control runs (3 levels: 4, 200, and 4,000 ng/ml), the accuracy ranged from
81.0% to 125.8%.

The concentration of unbound POS in plasma was calculated using the fol-
lowing relationship: unbound concentration = 0.015 X total concentration. Be-
cause the amounts of protein binding in ELF and AC are unknown, the unbound
concentrations in these compartments were not calculated.

The BAL fluid supernatant was assayed for the urea concentration using a
modified enzymatic assay (Infinity Urea Liquid Stable Reagent; Thermo Fisher
Scientific, Middletown, VA). The assay was linear (R = 0.9994; P = 0.0001)
throughout the range of urea concentrations (0.317 to 1.760 mg/dl) present in the
BAL fluid samples.

The volume of ELF in BAL fluid, the concentration of POS in the ELF, and
the concentration of POS in AC were calculated using methods that we have
previously reported (4-6).

PKPD and statistical analysis. The statistical analysis was performed using
Kinetica, version 4.4.1 (Adept Scientific), employing a model-independent
method. For all compartments, the exact concentration-time data for all 20
individuals were used to calculate the area under the curve over the dosing
interval (AUC,_;,) and for the 24 h following the last dose (AUC_,4). The C,.
during the 12-hour dosing interval was taken as the maximum mean concentra-
tion that was observed among the time groups, and the time to maximum
concentration of drug in serum (7,,,) was the mean time from the last dose to
the BAL for the time group in which the C,,, occurred. The C,,;, was taken as
the lowest mean concentration observed among the time groups during the
dosing interval. The AUC,_;, and AUC,,, were calculated using the linear
trapezoidal method. The terminal-phase half-life (¢;,,) was not calculated for
plasma, ELF, or AC because the concentrations did not decline significantly
during the 12 or 24 h following the last dose.

The Cp,a0 AUC 5, and AUC,,», and the concentration-time data were used
to derive the following PD parameters in plasma, ELF, and AC: C,,,,/MICq,
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ratio, AUC_1,/MICy, ratio, AUC ,,/MICy,, and time above MICy, (T >
MICy,). The MICy, value for Aspergillus spp. was taken from the literature (19).

RESULTS

Twenty subjects were enrolled in the study. The mean age
(=SD) of the 25 subjects was 53.4 = 11.2 years; 12 were men,
and 8 were women; 13 were white, 3 were black, 3 were His-
panic, and 1 was Asian. The mean weight (£SD) of the sub-
jects was 74.4 + 15.6 kg. Nineteen subjects were recipients of
bilateral lung transplants, and 1 had received a unilateral trans-
plant. The mean transplant-to-study time (*+SD) was 1,130 =
689 days. The diagnoses responsible for lung transplantation
were interstitial pulmonary fibrosis (n = 9), chronic obstructive
pulmonary disease (n = 6), cystic fibrosis (n = 3), sarcoidosis
(n = 1), and lymphangioleiomyomatosis (n = 1).

Of the 20 subjects enrolled in the study, 19 completed BAL.
One subject completed the full course of POS, and her plasma
sample was included in the analysis, but BAL was not clinically
indicated for reasons unrelated to the study medication. Fif-
teen of the 20 patients (75%) recorded taking 14 doses, 1 (5%)
recorded taking 13, 1 (5%) recorded taking 12, and 3 (15%)
clearly recorded taking at least 12 doses and confirmed verbally
that they had taken all 14. Based on the weight analysis of the
residual drug in vials, the amount (mean * SD) taken was
84.8% =+ 21.1% of the amount prescribed.

Adverse events were reported by 12 (60%) of the 20 sub-
jects; all were mild and self-limited. Seven subjects experienced
adverse effects related to the gastrointestinal tract (nausea,
“upset stomach,” acid reflux, gas, bloating, decreased appetite,
and diarrhea). Other adverse effects included sleepiness, pru-
ritus, joint pains, fatigue, and nosebleed. There was no signif-
icant difference between mean pre- and post-POS administra-
tion laboratory values for white blood cell count, hematocrit,
hemoglobin, alkaline phosphatase, or total bilirubin. Mean
values for platelets and AST were greater after POS adminis-
tration but remained within the normal range (222/liter and
29.8 Ulliter for platelets and AST, respectively). Serum creat-
inine values increased from (mean = SD) 1.2 = 0.2to 1.6 = 0.4
mg/dl (P < 0.5) and returned to normal with reduction of the
tacrolimus dose (see Discussion).

The recovery of cells and ELF from BAL is summarized in
Table 1. The number (mean * SD) of AC recovered per liter
of BAL fluid was 2.3 X 10% = 1.2 X 10%. There was no signif-
icant difference in AC recovery among the time groups (P >
0.05). In all time groups, the majority of the recovered cells
were in the monocyte/macrophage class (range, 77.5% =
11.3% to 95.0% = 6.8%). The volume (mean * SD) of ELF
recovered was 0.85 = 0.45 ml, and there was no significance
difference in ELF recovery among the time groups (P > 0.05)
(Table 1). The cell counts and differential cell counts obtained
in the current study were similar to those we reported in our
previous studies with healthy subjects (4, 5).

The concentrations of POS in plasma, AC, and ELF and the
AC/plasma and ELF/plasma ratios at the time of BAL are
summarized in Fig. 1 and Table 2. The PD parameters in all
compartments are summarized in Table 3. The concentrations
of POS in plasma, ELF, and ACs did not decrease during the
24 h following the last dose, consistent with a long half-life and
slow elimination from these compartments.
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TABLE 1. Recovery of cells and ELF from BAL fluid
Value for time (h) group:
Parameter

3(n=4) 5(n=3) 8(n=4) 12 (n = 4) 24 (n = 4)
No. of cells/liter (SD) 2.8 X 10% (1.6 X 10%) 2.4 X 10* (1.7 X 10%) 2.1 X 10% (1.3 X 10%) 1.9 X 10* (9.8 X 107) 2.3 X 10% (6.7 X 107)
No. of PMNs* (%) 10.5 = 16.1 40+52 40+55 9.0+9.5 10.8 7.6
No. of lymphocytes (%) 42+15 6.0 5.6 05*=1.0 20+ 18 115 £ 12.1
No. of monocytes/macrophages (%) 822+ 16.5 89.3 = 11.0 95.0 = 6.8 81.5 = 11.1 775 = 11.3
No. of eosinophils (%) 0.5 +0.6 0.3 +0.6 0.0 0.0 0205 0.0 = 0.0
No. of other cells” (%) 02+05 0.3 +0.6 0.5+0.6 4.0+ 6.7 02+05
No. of degenerated cells (%) 22+26 0.0 =0.0 0.0 = 0.0 32+53 0.0 = 0.0
ELF vol (ml) 0.9 +0.6 0.8 +0.5 1.2+0.6 0.7+03 0.7 +0.2

“ PMNs, polymorphonuclear leukocytes.
? Other, unrecognizable cells.

The free and total C,,,/MICy, ratios in plasma were 0.04
and 2.5, respectively. The free AUC,_,, and AUC,_,, were 0.16
pg - h/ml and 0.30 pg - h/ml, respectively. The free AUC,_,/
MIC,,, ratio was 0.33, and the free AUC,_,,/MIC,, ratio was
0.60.

DISCUSSION

In our previous report of the intrapulmonary PKPD of POS
in healthy human subjects (5), we concluded that the PKPD
profile of POS was favorable for the treatment of aspergillosis.
That study found that the C,,, values (mean * SD) in plasma,
ELF, and AC were 2.08 = 0.93, 1.86 + 1.30, and 87.7 * 65.0
pg/ml, respectively. The AUC,_,, in plasma, ELF, and AC
were 21.9, 18.3, and 715 pg * h/ml. These values are similar to
those we are currently reporting for the transplanted lung,
although the values for healthy subjects are somewhat greater
in all three compartments. It has been reported that coadmin-
istration with proton pump inhibitors (PPIs) decreases POS

plasma concentrations (13, 14). Seventeen of the 20 lung trans-
plant patients (85%) and none of the healthy subjects were
taking proton pump inhibitors for the purpose of reducing acid
reflux. Furthermore, our compliance analysis demonstrated
that subjects in this study took 84.8% of the drug prescribed,
compared with 96.6% for the healthy subjects. The combi-
nation of the effect of the PPIs and the compliance may
explain the lower drug concentrations in this study. Despite
these factors, the C,,,, and AUC,_,, for the transplant re-
cipients were well in excess of the MIC,, in all compart-
ments in both studies.

The pharmacokinetics of another triazole, voriconazole,
have also been studied in lung transplant recipients (2). In a
study of 12 subjects, the mean ELF/plasma ratio was 11, with
a range of 2 to 28; alveolar cell concentrations were not mea-
sured. In the current study, the mean ELF/plasma ratio was
0.82, with a range of 0.57 to 1.0, and the AC/plasma ratios
ranged from 27.3 to 67.6. Methodological differences may par-
tially explain the disparity between their findings and ours:
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FIG. 1. Concentrations of POS in plasma, AC, and ELF. Standard deviations from the values shown are given in Table 2.
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TABLE 2. Posaconazole concentrations in plasma, ELF, and AC

Value for time (h) group:

Parameter

3(n=4) 5(n =5) 8(n=4) 12 (n = 4) 24 (n = 4)
Time to blood draw (h) 2.8 0.6 45+1.0 8.7+09 11.8 £ 0.4 21.1 £3.2
Time to BAL (h) 32+0.7 53 £ 1.0¢ 9.1+0.7 121 £ 09 224 +3.0
Plasma (pg/ml) 1304 1.1x14 0.81 = 0.49 0.93 = 0.56 0.74 = 0.61
ELF (pg/ml) 1.1 07 1.3=1.7° 1.0 = 0.8° 1.2+12 0.5*0.3
ELF/plasma ratio 0.94 0.57 0.90 1.0 0.68
AC (pg/ml) ratio 554 =440 31.3 254> 54.7 £ 588 36.8 = 30.8 49.6 = 62.1
AC/plasma ratio 40.7 27.3 63.6 533 56.4

“ One subject in the 5-h group underwent bronchoscopy but did not complete the BAL.

> The ELF and AC calculations in this group are based on an n of 3.

¢ The ELF sample from one subject was lost in transit; this ELF calculation is based on an n of 3.

subjects in the voriconazole study did not receive a set number
of doses, may not all have been at steady state, and were
studied, on average, much closer to the time of transplantation.
In the current study and in our previous study in healthy
patients, ELF recoveries were (mean * SD) 0.85 * 0.45 ml
and 0.81 = 0.29 ml, respectively. However, in the voriconazole
study, the volume of ELF recovered was 1.4 = 0.7 ml. Finally,
some of the difference may reflect a true biological difference
between voriconazole and posaconazole with respect to ELF
penetration.

The high AC concentrations observed in this study may be
clinically significant, because it has been reported that alveolar
macrophages ingest the conidia of Aspergillus spp. early in
infection (22, 24, 25). POS has concentration-dependent activ-
ity against Candida spp., and treatment efficacy is best corre-
lated with the AUC/MIC ratio (1, 11); however, the PKPD
parameter that best predicts efficacy in treating Aspergillus spp.
has not been well established. A study of neutropenic rabbits
with invasive aspergillosis reported that the time above MIC
was the best pharmacodynamic indicator of efficacy (A. H.
Groll, D. Mickiene, R. Petraitiene, V. Petraitis, T. Sein, J.
Roach, K. Roth, S. C. Piscitelli, and T. J. Walsh, presented at
the 40th Interscience Conference on Antimicrobial Agents and
Chemotherapy, Toronto, Canada, 17 to 20 December 2000),
but this has not been demonstrated in humans. In our study,
the time above MIC,, was 24 h in all compartments, indicating
that concentrations remained therapeutic throughout the dos-
ing interval, and AUC,,_, and C,,,, values in all compartments
were high in comparison with the MIC,,. These pharmacody-

TABLE 3. Model independent pharmacodynamic parameters in
plasma, ELF, and AC

Value
Parameter

Plasma ELF AC
AUC,_,, (ug/ml - h™1) 10.99 11.21 530.2
AUC,,,,/MICy, 19.95 18.42 1,162
AUC,,, (ng/ml - h™1) 21.98 22.42 1,060
AUC,_,,/MIC,, 39.90 36.84 2,324
12-h C,, . (ng/ml) 1304 13+1.7 554 440
12-h C,/MIC,, 2.5 2.6 110.8
12-h T,y 28+ 0.6 53+ 1.0 32+07
12-h C,;, (ng/ml) 081+049 1.0=08  31.3+254
T > MIC,, (h) 24 24 24

namic parameters therefore suggest that 400 mg BID of POS
is may be effective in treating or preventing Aspergillus infec-
tion in lung transplant recipients, although further study of the
effect of protein binding is required.

In the current study, the 14 400-mg doses of POS had no
clinically relevant effect on any blood chemistry or hematology
value other than serum creatinine. The observed increase in
the serum creatinine over the course of the study was likely due
to the fact that concomitant administration of azoles and ta-
crolimus results in a substantial increase in tacrolimus blood
levels (20). This effect is usually countered by reducing the
tacrolimus dose, but such reduction was originally felt not to be
necessary because of the short duration of this study. After
elevated creatinine and tacrolimus were observed in the first 5
study subjects, a tacrolimus dose reduction of 50 to 67% was
instituted for the week of the study. This dose reduction re-
sulted in tacrolimus blood levels that were within the normal
range for the majority of subjects. The increased concentra-
tions of tacrolimus and serum creatinine noted in the first 5
subjects were transient and without clinical effects.

A limitation of the current study is that, since concentrations
did not decline in any compartment during the 24-hour sam-
pling interval, the half-life of POS in AC, plasma, and ELF
could not be calculated. An additional limitation is that all of
the transplant recipients enrolled in the study were on multiple
concomitant medications, and it was impossible to determine
what effect, if any, these medications may have had on POS
concentrations. However, since such complicated medication
regimens are typical of lung transplant recipients, our results
are probably a good approximation of the levels that would be
observed in other patients in this population.

We conclude that (i) an oral dosing regimen of 400 mg POS
twice daily resulted in sustained plasma, ELF, and AC concen-
trations above the MIC,,, for Aspergillus spp. during the entire
12-h dosing interval and for 24 h after the last dose, although
further study will be required to confirm the therapeutic value
of this finding; (ii) the high intrapulmonary AUC,_,,/MIC,,
ratio observed in this study is similar to that observed in
healthy subjects and may be favorable for the treatment or
prevention of aspergillosis; (iii) cell counts, differential cell
counts, and ELF recovery from transplanted lungs are similar
to those obtained from native lungs; and (iv) oral POS was well
tolerated in lung transplant recipients.
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