
Two randomized controlled clinical trials have evalu-
ated the utility of posaconazole in antifungal pro-
phylaxis in high-risk hematology patients.1,2

Posaconazole use was associated with a significant reduc-
tion in fungal infections and death due to invasive fungal
disease in patients undergoing induction chemotherapy for
acute myelogenous leukemia or myelodysplasia
(AML/MDS)1 and those with graft-versus-host disease
(GvHD) following allogeneic hematopoietic stem cell
transplantation.2 The strength of these trials and subse-
quent real life studies3,4 led to FDA and EMA approval of
posaconazole in 2007 and widespread recommendations
for posaconazole use by international guidelines.1,2,5-8 The
success of posaconazole prophylaxis in the registration tri-
als appear, however, to be at odds with the finding that
serum levels of posaconazole were surprisingly low in both
studies (Cavg of 583 ng/mL in AML/MDS and 1103 ng/mL
in GVHD).9,10 Furthermore, serum posaconazole levels
were paradoxically lowest in the AML/MDS trial in which
the most dramatic clinical effect was observed. Since the
minimum inhibitory concentration (MIC) of posaconazole
for most strains of Aspergillus fumigatus is 500 ng/mL,11 it
would appear that in the AML/MDS trial essentially half
the patients in this trial should have had insufficient drug
exposure to offer protection against infection. This discrep-
ancy between serum drug levels and observed efficacy has
raised new questions about our understanding of the phar-
macokinetics and pharmacodynamics of posaconazole in
relation to its use for primary antifungal prophylaxis.
Similar discrepancies between the antifungal effect of

posaconazole and serum levels of this agent were initially
noted in studies of posaconazole in animal models. In a
mouse model of invasive candidiasis, treatment with a sin-
gle dose of posaconazole resulted in prolonged inhibition
of fungal growth for at least 20 h after the free drug con-
centration decreased below the MIC of the infecting
strain.12 Prolonged suppression of C. albicans growth was
also observed even with a dose of posaconazole that did
not result in serum free drug concentrations above the MIC
at any point during therapy.12 Similarly, in a study of A.
fumigatus infection in mice, the authors noted that the drug
exposure required to achieve stasis and killing of A. fumiga-
tuswas lower than that observed in similar studies of other
triazoles.13

How can we resolve this apparent discrepancy between
relatively low serum posaconazole levels yet documented
antifungal efficacy? One explanation is that drug levels in
other compartments, such as pulmonary or blood cells, are
more relevant than serum for antifungal activity in primary
prophylaxis. Posaconazole, like other hydrophobic agents,
accumulates to much higher concentrations in tissues than
in serum. For example, posaconazole concentrations in pul-
monary alveolar cells have been found to be over 40-fold

higher than in serum.14 Similarly, a study of peripheral
blood cells found high levels of posaconazole in mononu-
clear cells and leukocytes (22.5- and 7.66-fold higher than
extracellular concentrations, respectively).15 Since
Aspergillus spores are rapidly endocytosed by pulmonary
macrophages and epithelial cells after inhalation,16,17 it is
plausible that these high cell-associated drug levels could
be important in mediating protection against infection.
A number of recent in vitro studies add support to the

hypothesis that cell-associated posaconazole may be more
important than free drug in mediating protection against
fungal infection.18,19 Treatment of pulmonary epithelial cells
and macrophages with posaconazole in vitro achieved cel-
lular concentrations of posaconazole similar to those
reported in alveolar epithelial cells of posaconazole-treated
patients. Notably, the posaconazole-treated cells were
found to resist infection by A. fumigatus14,18 The protective
effect of cell-associated posaconazole persisted for at least
48 h after removal of free drug.18 Measurement of
posaconazole kinetics in epithelial cells demonstrated that
this prolonged post-antifungal effect was due to the per-
sistence of high levels of drug within the epithelial cells,18

thus providing an explanation for the prolonged post-anti-
fungal effect reported in animal studies of posaconazole.12

In addition, cellular fractionation experiments and local-
ization studies using fluorophore-conjugated posaconazole
have demonstrated that this hydrophobic antifungal accu-
mulates only within membrane compartments of host
cells, rather than throughout the whole cell.18,19 Because
membranes represent only a small fraction (<10%) of the
volume of eukaryotic cells, the actual membrane concen-
tration of posaconazole is at least 10-fold higher than prior
estimates of total cellular concentration. Thus the mem-
brane concentrations of posaconazole can reach levels as
high as 400-fold greater than those found in the serum.
Experiments using fluorophore-tagged posaconazole have
shown that membrane-bound posaconazole transfers from
the host cells to fungi.19 In spores of A. fumigatus, this trans-
fer is facilitated by the hydrophobic rodlet layer that covers
these spores, and which binds avidly to posaconazole.19

Within fungi, posaconazole also concentrates to high levels
within internal membranes, including those of the endo-
plasmic reticulum where the posaconazole target, the
enzyme CYP51a, is located.19 This accumulation of high
levels of posaconazole at the subcellular location of the tar-
get enzyme likely contributes to the antifungal efficacy of
this drug.
These observations also suggest the need to reassess the

importance of serum protein binding, and the role of the
free drug fraction in the efficacy of posaconazole.
Although posaconazole has been reported to be extensive-
ly bound by serum proteins, both bound and unbound
serum posaconazole represent only a small fraction of the
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total drug, as the majority of posaconazole is associated
with cellular membranes. Indeed, the addition of serum
to posaconazole-loaded cells does not impair their ability
to inhibit the growth of A. fumigatus in vitro.18 In addition,
the highly hydrophobic nature of posaconazole would
predict that, within the vascular compartment, this agent
would easily flux between plasma proteins and the more
hydrophobic cell membranes of fungi. This hypothesis is
also supported by in vitro experimental data in which the
observed antifungal effect of posaconazole in the pres-
ence of human serum is much greater than would have
been predicted based on the free drug concentrations.20

Clarifying the importance of protein binding is critically
important because achievable serum free drug concentra-
tions of posaconazole have been used to guide the selec-
tion of breakpoints for the identification of resistance to
this agent when performing antifungal susceptibility test-
ing.13

Implications for therapeutic drug monitoring 
and dosing strategies
The results of these in vitro, animal, and clinical studies

are beginning to shed new light on our understanding of
the mechanisms of action and efficacy of posaconazole in
primary antifungal prophylaxis, and suggest the need to
rethink our strategies for use of serum therapeutic drug
monitoring in this setting. Studies of human and animal
pharmacokinetic data for posaconazole have focused on
serum levels, and there are no data available on the phar-
macokinetics of membrane posaconazole in either of these
populations. The prolonged antifungal effect observed in
animals and the posaconazole cellular pharmacokinetic
studies in vitro suggest that membrane-associated
posaconazole persists long after serum levels decline, and is
able to confer protection against infection. Studies are
needed in both animals and patients to confirm these find-
ings and to guide the optimal use of this agent. By exten-
sion, the available data suggest that the ability of serum
drug measurements to identify patients with inadequate
posaconazole membrane concentrations is likely to be lim-
ited. The development of a therapeutic test for membrane-
associated posaconazole will be invaluable for better mon-
itoring of patients, and also for guiding dosing strategies for
the new tablet and intravenous formulations of posacona-
zole that are currently in late stage clinical trials.
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