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Impact of In Vivo Triazole and Echinocandin Combination Therapy
for Invasive Pulmonary Aspergillosis: Enhanced Efficacy against Cyp51
Mutant Isolates

Alexander J. Lepak, Karen Marchillo, Jamie VanHecker, David R. Andes

University of Wisconsin, Madison, Wisconsin, USA

Previous studies examining combination therapy for invasive pulmonary aspergillosis (IPA) have revealed conflicting results,
including antagonism, indifference, and enhanced effects. The most commonly employed combination for this infection in-
cludes a mold-active triazole and echinocandin. Few studies have evaluated combination therapy from a pharmacodynamic (PD)
perspective, and even fewer have examined combination therapy against both wild-type and azole-resistant Cyp51 mutant iso-
lates. The current studies aim to fill this gap in knowledge. Four Aspergillus fumigatus isolates were utilized, including a wild-
type strain, an Fks1 mutant (posaconazole susceptible and caspofungin resistant), and two Cyp51 mutants (posaconazole resis-
tant). A neutropenic murine model of IPA was used for the treatment studies. The dosing design included monotherapy with
posaconazole, monotherapy with caspofungin, and combination therapy with both. Efficacy was determined using quantitative
PCR, and results were normalized to known quantities of conidia (conidial equivalents [CE]). The static dose, 1-log kill dose, and
associated PD target area under the curve (AUC)/MIC ratio were determined for monotherapy and combination therapy. Mono-
therapy experiments revealed potent activity for posaconazole, with reductions of 3 to 4 log, , Aspergillus CE/ml with the two
“low”-MIC isolates. Posaconazole alone was less effective for the two isolates with higher MICs. Caspofungin monotherapy did

not produce a significant decrease in fungal burden for any strain. Combination therapy with the two antifungals did not en-
hance efficacy for the two posaconazole-susceptible isolates. However, the drug combination produced synergistic activity
against both posaconazole-resistant isolates. Specifically, the combination resulted in a 1- to 2-log, , decline in burden that
would not have been predicted based on the monotherapy results for each drug. This corresponded to a reduction in the free-
drug posaconazole AUC/MIC ratio needed for stasis of up to 17-fold. The data suggest that combination therapy using a triazole
and an echinocandin may be a beneficial treatment strategy for triazole-resistant isolates.

nvasive pulmonary aspergillosis (IPA) is a leading cause of mor-

bidity and mortality in immunosuppressed patients (1, 2). De-
spite advances in the antifungal armamentarium, including the
development of new triazoles with potent Aspergillus activity and
echinocandins, outcomes remain suboptimal, with mortality rates
near 50% (3). One treatment strategy that has been proposed to
improve outcomes is the use of combinations of two or more
antifungals with distinct mechanisms of action. This approach has
proven useful for a number of other infectious diseases, such as
HIV, tuberculosis, Gram-negative bacterial sepsis, enterococcal
endocarditis, and cryptococcal meningitis (4-8). However, com-
bination studies against Aspergillus, both in vitro and in vivo, have
produced conflicting results for different infection models and
drug combinations (9-12). One combination of interest is a
mold-active triazole and echinocandin.

Aspergillus-active triazoles are considered first-line therapy for
IPA and have proven efficacy in initial and salvage therapy (13—
16). However, the recent emergence of A. fumigatus isolates ex-
hibiting reduced susceptibility to triazoles is a threat to this class
(17-21). We theorized that consideration of the pharmacokinetics
(PK) and pharmacodynamics (PD) of the triazole-echinocandin
interaction would advance our understanding of the utility of this
combination strategy. We specifically posited that (i) the in vivo
potency of the mold-active triazoles makes identification of syn-
ergistic interactions between a triazole and echinocandin difficult
to demonstrate for Cyp51 wild-type organisms and (ii) when there
is inadequate triazole drug exposure or triazole drug resistance,
beneficial interactions would be observed.
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MATERIALS AND METHODS

Organisms. Four A. fumigatus isolates (DPL, EMFR S678P, F16216, and
F11628) were chosen for the current study, including two with wild-type
Cyp51 (one wild-type strain and one Fks! mutant) and two Cyp5] mu-
tants. Isolates DPL, F16216, and F11628 are clinical isolates, whereas
EMEFR S678P is a laboratory engineered mutant. The two Cyp51 mutants
were chosen based upon varying posaconazole MICs. An isolate with a
moderately elevated MIC (isolate F16216) (posaconazole MIC, 2 mg/li-
ter) and an isolate with a highly elevated MIC (isolate F11628) (posacona-
zole MIC, 8 mg/liter) were utilized. Organisms were grown and subcul-
tured on potato dextrose agar (PDA) (Difco Laboratories, Detroit, MI).
The organisms were chosen to include similar fitness as determined by
growth in lungs and mortality in untreated mice over 7 days (Table 1).

Drugs. Posaconazole solution and caspofungin powder were obtained
from the University of Wisconsin Hospital and Clinics pharmacy. Po-
saconazole drug solutions were prepared on the day of use with sterile
saline as the diluent and vortexed vigorously prior to administration by
oral-gastric (OG) gavage. Caspofungin was similarly prepared on the day
of use with sterile saline as the diluent and was administered by intraper-
itoneal injection.
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TABLE 1 In vitro susceptibility and in vivo fitness of selected A. fumigatus isolates

In vivo growth (log,, CE/ml lung

Mortality (%) in

A. fumigatus Caspofungin MEC Posaconazole MIC homogenate) in untreated untreated

isolate (mg/liter) (mg/liter) control (mean * SD) control at day 7 Description

DPL 0.25 0.25 1.7 £ 0.4 100 Wild type

EMER S678P 16 0.25 1.6 = 0.4 100 Fks1 S678P
Fl16216 0.5 2 2.0 0.6 100 Cyp51 L9SH+TR
F11628 0.5 8 1.9 £ 0.5 100 Cyp51 G138C

In vitro susceptibility. The posaconazole MIC and caspofungin min-
imal effective concentration (MEC) were determined by broth microdi-
lution using the CLSI M38-A2 method (22). MICs were determined in
duplicate three times; the median values are reported in Table 1.

Animals. Six-week-old Swiss/ICR specific-pathogen-free female mice
weighing 23 to 27 g were used for all studies (Harlan Sprague-Dawley,
Indianapolis, IN). Animals were housed in groups of five and allowed
access to food and water ad libitum. Animals were maintained in accor-
dance with the American Association for Accreditation of Laboratory
Care criteria (23). The Animal Research Committee of the William S.
Middleton Memorial VA Hospital and University of Wisconsin—Madi-
son approved the animal studies.

Infection model. Mice were rendered neutropenic (<100 polymor-
phonuclear cells/mm?) by injection of 150 mg/kg cyclophosphamide sub-
cutaneously (s.c.) on days 4 and 1 before infection and 3 days after infec-
tion. Prior studies have shown that this protocol sustains neutropenia
(<100 CFU/mm?) for the 7-day experiment (24-26). Additionally, cor-
tisone acetate (250 mg/kg s.c.) was administered on day 1 before infection
as previously described (24, 27, 28). Mice were also given ceftazidime (50
mg/kg/day s.c.) to prevent opportunistic bacterial infection.

Organisms were subcultured on PDA 5 days prior to infection and
incubated at 37°C. On the day of infection, the inoculum was prepared by
flooding the culture plate with 5 ml of normal saline with 0.05% Tween
20. The conidial suspension was collected and quantitated with a hema-
cytometer (Bright-Line; Hausser Scientific, Horsham PA). The suspen-
sion was diluted to a final concentration of 1 X 10” to 2 X 107/ml. Viability
was assessed by viable plate counts on PDA.

Prior to induction of infection, mice were anesthetized with a 50-pl
intramuscular (i.m.) injection of ketamine (37.5 mg/ml) and xylazine (5
mg/ml). Fifty microliters of a conidial suspension of 1 X107 to 2 X107/ml
was pipetted into the anterior nares and aspirated into the lungs. This
procedure produced invasive aspergillosis in over 90% of animals and
100% mortality in untreated infected mice.

Antifungal dosing design. Each antifungal drug was administered
alone and in combination in the in vivo model. Posaconazole was admin-
istered by the OG route using five 4-fold-increasing doses from 0.156
mg/kg to 40 mg/kg once daily. Similarly, caspofungin was administered by
the intraperitoneal (i.p.) route using five 4-fold-increasing doses from
0.156 mg/kg to 40 mg/kg once daily. A checkerboard design of combina-
tion therapy was utilized, resulting in 25 different combination regimens
(Table 2). The doses were selected to vary the expected result from zero
effect to maximal effect or the highest tolerated dose. Controls were uti-
lized for each experiment and included a start and an end of therapy. Four
mice were used for each treatment regimen and control group. Therapy
was initiated 2 h after infection. At the time of sacrifice of moribund
animals or at the study endpoint (7 days), lungs were aseptically harvested
and processed for quantitative PCR (qPCR) as described below.

Lung processing and organism quantitation. Processing of lungs and
quantitation of lung burdens were performed based upon previously de-
scribed protocols (29, 30). Briefly, at the time of sacrifice for moribund
animals or at the end of therapy (7 days), lungs were aseptically harvested
and placed in 2 ml of sterile saline in a 2-ounce sterile polyethylene Whirl-
Pak bag (Nasco, Fort Atkinson, WI). The lungs were manually homoge-
nized using direct pressure (31). One milliliter of the primary homogenate
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was placed in a sterile bead beating tube (Sarstedt, Newton, NC) with 700
wl of 425- to 600-pm acid-washed glass beads (Sigma-Aldrich, St. Louis,
MO). The primary homogenate was bead beaten in a mini-bead beater
(BioSpec, Bartlesville, OK) for 90 s at 4,200 rpm to yield a secondary
homogenate. One hundred microliters of the secondary homogenate was
mixed with 100 pl of ATL buffer and 20 wl of proteinase K (Qiagen,
Valencia, CA) and incubated overnight at 56°C with gentle agitation.
DNA was then isolated following the DNeasy blood and tissue protocol
(Qiagen, Valencia, CA). A final elution step was carried out with 100 pl of
AE elution buffer (Qiagen, Valencia, CA) placed over the column twice to
maximize DNA isolation. The DNA was stored at —20°C until the day of
qPCR.

qPCR plates were prepared on the day of assay. Defined quantities of
conidia (conidial equivalents) were used for standard curves. Samples
were assayed in triplicate using a CFX96 real-time system (Bio-Rad, Her-
cules, CA). A single-copy gene, FksI, was chosen for quantitation (32).
Primer sequences were forward primer 5’ GCCTGGTAGTGAAGCTGAG
CGT-3/, reverse primer 5'CGGTGAATGTAGGCATGTTGTCC-3', and
probe 6-carboxyfluorescein  (FAM)-AGCCAGCGGCCCGCAAATG-
MGB-3' (Integrated DNA Technologies, Coralville, IA). The FksI muta-
tion (S678P) was not located in the primer-probe area of the genome. The
primer-probe set was validated for all isolates by comparing the kinetics
and quantitative results for known quantities of conidia over the dynamic
range (10% to 10®) (data not shown). Prior studies in our lab have also
shown that there is an absence of inhibitors that may adversely affect the
qPCRs as determined by spiking lung homogenate with known quantities
of conidia. The organism burden was reported as conidial equivalents
(CE) per ml of primary lung homogenate (log,, CE/ml lung homoge-
nate).

PK. Murine posaconazole and caspofungin pharmacokinetic (PK)
data, including area under the concentration-time curve (AUC) and pro-
tein binding, were derived from our previous studies (33, 34).

Outcome measure and PD index exploration. The effect of a partic-
ular dosing regimen (monotherapy or combination therapy) was deter-
mined by comparing the mean change in log, , CE/ml lung homogenate at
the end of therapy or time of sacrifice to the initial starting log,, CE/ml
lung homogenate at time zero. The dose-response graphs were fit to a
sigmoid Hill-type dose-response curve. The AUC/MIC was used as the
pharmacodynamic (PD) index for exploration of exposure-response re-

TABLE 2 Checkerboard dosing design for monotherapy and
combination therapy

No. of mice in group given the following posaconazole

de:Sofungm dose (mg/kg/day):

(mg/kg/day) 40 10 25 0.625 0.156 0
40 4 4 4 4 4 4
10 4 4 4 4 4 4
2.5 4 4 4 4 4 4
0.625 4 4 4 4 4 4
0.156 4 4 4 4 4 4
0 4 4 4 4 4 4
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lationships based upon previous PK/PD investigations for posaconazole
and caspofungin (33—37). Both total and free (non-protein-bound) drug
concentrations were considered.

Monotherapy analysis. The qPCR data were modeled according to a
Hill-type dose response equation: log,, D = log,, (E/E, .. — E)/N + log,,
EDj,, where D is the drug dose, E is the growth (as measured by qPCR and
represented as CE/ml of lung homogenate) in untreated control mice,
E, .« is the maximal effect, N is the slope of the dose-response relation-
ship, and EDx, is the dose needed to achieve 50% of the maximal effect.
The posaconazole and caspofungin static doses (i.e., no change in fungal
burden from the start of therapy) and doses associated with a net 1-log
decrease in burden (1-log kill), when achieved, were determined for all
isolates. The PD target total and free-drug AUC/MIC for each endpoint
were also calculated. The coefficient of determination (1?) was used to
estimate the percent variance in the change oflog, , CE/ml of lung homog-
enate over the treatment period for the different dosing regimens that
could be attributed to the PD index AUC/MIC. The static dose and 1-log
kill dose and the associated free-drug AUC/MIC for the two Cyp51 wild-
type isolates and the Cyp51 mutants were compared by using the Mann-
Whitney rank sum test.

Combination therapy analysis. The potential for combination ther-
apy to confer beneficial microbiological effects compared to monotherapy
was explored in two manners. First, we compared the drug doses associ-
ated with two endpoints (static dose and 1-logkill dose) for each drug and
isolate in monotherapy to those for the drugin combination therapy using
the Student ¢ test. When monotherapy resulted in a static dose above the
highest dose used (40 mg/kg/24 h), the static dose was set to 40 mg/kg/24
h for comparison against combination therapy using the Student ¢ test.

The second analysis was employed to determine the presence of tradi-
tionally defined antagonism, indifference, or synergy by Bliss interaction
analysis (38). Specifically, Bliss independence is described by the formula
E.= (E, + Eg) — (E, X Ep), where E_ is the expected (i.e., calculated)
fractional effect of a particular combination therapy regimen consisting of
drug A and drug B, E,, is the fractional effect of monotherapy with drug A,
and Ej is the fractional effect of monotherapy with drug B. Fractional
effects for monotherapy were determined by comparing the observed
monotherapy effect of a particular dosing regimen to the maximal effect
and is represented by the equation E, = (E, ., — E,nono a)/Emaxp Where
E . isthe observed monotherapy effect in relation to no effect for drug
Aand E,,, is the maximum effect. The same equation was used to calcu-
late Eg: Eg = (Ehax — Emono 8)/Emax- Therefore, for each monotherapy
dosing regimen, a fractional (or percent) effect compared to the maximal
effect was determined and then utilized to calculate the E, for each com-
bination dosing regimen using the formula for E. given above. Observed
combination effects (E,,) were then compared to the calculated effect
(E,) for each isolate for each combination dosing regimen. The difference
between the observed combination effect and the calculated combination
effect, including 95% confidence intervals (CI), was calculated by the
equation AE = E . — E_, where E_,  is the observed combination effect in
relation to no effect and E, is the calculated (i.e., predicted) combination
effect. An enhanced effect or synergy was suggested if AE, including the
95% CI for E,; ; and E_, was greater than 0. Antagonism was determined if
AE, including the 95% CI for E_; and E,, was less than 0. For all other
cases, where the 95% CI for AE would include 0, the conclusion was
indifference (Bliss independence).

To account for the potential for small and likely clinically insignificant
synergistic or antagonistic interactions to be found mathematically based
on the Bliss interaction analysis, we defined a biologically meaningful
change a priori. Specifically, a fractional change leading to a 1-log,, in-
crease or decrease in fungal burden or approximately 0.2 (or 20%) was
considered relevant. Therefore, only observed effects (including 95% CI)
that did not overlap calculated effects (including 95% CI) and where the
difference between the two was 20% or more were deemed significantly
synergistic or antagonistic.

max*
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Change in Log,, C.E./ml lung homogenate
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Posaconazole Dose (mg/kg/24 h)

FIG 1 Posaconazole monotherapy dose-response curves for each isolate.
Open symbols represent Cyp51 wild-type organisms, and closed symbols rep-
resent Cyp51 mutants. Each data point is the mean (* standard deviation
[SD]) log,, CE/ml of lung homogenate for four mice. The horizontal dashed
line represents net stasis or infectious burden at the start of therapy. Points
above the line represent an increase in burden (i.e., net growth), whereas those
below the line represent a decrease in burden.

RESULTS

Antifungal susceptibility and in vivo fitness. Posaconazole and
caspofungin in vitro susceptibility testing (with each drug alone),
genetic mutations where applicable, and the relative fitness in the
in vivo murine model of each isolate are shown in Table 1. The
posaconazole MIC was elevated for strain F16216 at 2 mg/liter and
was further elevated for strain F11628 at 8 mg/liter, whereas the
MIC was lower (0.25 mg/liter) for the two organisms that did not
have Cyp51 mutations. The isolate containing an FksI hot spot
mutation (EMFR S678P) exhibited a higher MEC for caspofungin
(16 mg/liter) than the three isolates without a mutation (range,
0.25 to 0.5 mg/liter). The organisms exhibited similar in vivo fit-
ness as exhibited by growth and mortality in untreated animals. At
the start of therapy, mice had 5.60 = 0.4 log,, CE/ml of lung
homogenate, and the burden increased to 7.41 = 0.44 log;, CE/ml
of lung homogenate in untreated animals. Each isolate produced
100% mortality prior to the end of the study in untreated animals.

Pharmacokinetics. Data from our previous pharmacokinetic
studies of posaconazole and caspofungin in this mouse model
were used for the current study (33, 34). The AUC over the dose
range was linear for both drugs. Thus, for dose levels that were not
directly measured, the AUC was estimated using linear extrapola-
tion or interpolation. The posaconazole total-drug AUC range
was 1.78 to 351 mg - h/liter over the dose range of 0.156 to 40
mg/kg/24 h. The caspofungin total-drug AUC range was 5.21 to
452 mg - h/liter over the dose range of 0.156 to 40 mg/kg/24 h.
Protein binding was 99% and 97% for posaconazole and caspo-
fungin, respectively.

Monotherapy analysis. A sigmoid dose-response relationship
for posaconazole was observed for each isolate studied. As ex-
pected, higher doses were necessary to achieve similar microbio-
logic outcomes against organisms with elevated posaconazole
MICs (Fig. 1). Posaconazole treatment against the more suscepti-
ble strains resulted in a reduction in lung burden of more than 3
log,, CE/ml. However, as shown in Fig. 2, caspofungin mono-

Antimicrobial Agents and Chemotherapy


http://aac.asm.org

349
L
©
C
% -
o 27 _
1S N4
o T
< * I
()] T 1)
=
5 1 /
E
o

s O ——————————— = —— = ——— ———-

[o)]
o
-
£ -
o .1 —&—DbPL =
b= —A— EMFR S678P
o —8— F16216
(&) —o— F11628

2 : . . T T

0.156 0.625 2.5 10 40

Caspofungin Dose (mg/kg/24 h)

FIG 2 Caspofungin monotherapy dose-response curves for each isolate. Open
symbols represent Cyp51 wild-type organisms, and closed symbols represent
Cyp51 mutants. Each data point is the mean (* SD) log,, CE/ml of lung
homogenate for four mice. The horizontal dashed line represents net stasis or
infectious burden at the start of therapy. Points above the line represent an
increase in burden (i.e., net growth), whereas those below the line represent a
decrease in burden.

therapy exhibited only a modest in vivo effect in this animal model
for each of the strains. The posaconazole static dose and 1-log kill
dose (when achieved) were determined for each isolate and are
shown in Table 3. Doses of 1.87 and 1.09 mg/kg/24 h of posacona-
zole were associated with net stasis for Cyp51 wild-type strains
DPL and EMFR S678P, respectively. Comparatively, a similar level
of efficacy for the Cyp51 mutant strains required more than 30-
fold more drug (static dose, >40 mg/kg/24 h). The dose-response
curve was steep for Cyp51 wild-type isolates, and only 1.19 to 1.26
mg/kg/24 h were needed to produce a 1-log reduction in burden
compared to that at the start of therapy. Caspofungin therapy did
not produce the stasis or 1-log-reduction endpoints for any of the
four isolates.

The posaconazole free-drug AUC/MIC exposures were deter-
mined for each isolate and fit to a Hill sigmoid dose-response
model. The posaconazole exposure response data fit the model
well (Fig. 3), with an #* of 0.79. Taking into account free drug
concentrations, the posaconazole AUC/MIC values associated
with the stasis endpoints for the susceptible strains DPL and
EMEFR S678P were 0.85 and 0.50, respectively. The static-dose
AUC/MIC targets could not be determined for the two Cyp51
mutants, F16216 and F11628, as net stasis was not achieved over
the dose range studied. The posaconazole free-drug AUC/MIC

Combination Therapy for Invasive Aspergillosis

Change in Log,, C.E./ml lung homogenate

-4 T T T T
0.001 0.01 0.1 1

Posaconazole free drug AUC/MIC

FIG 3 The relationship between posaconazole monotherapy AUC/MIC and
microbiological effect is plotted for each of the 4 A. fumigatus isolates. Free
(not protein-bound) concentrations were used. Open symbols denote results
from Cyp51 wild-type organisms and closed symbols those from Cyp51 mu-
tants. The horizontal dashed line represents net stasis or infectious burden at
the start of therapy. Points above the line represent an increase in burden (i.e.,
net growth), whereas those below the line represent a decrease in burden.

associated with the 1-log-reduction endpoint was only slightly
higher for the Cyp51 wild-type isolates. As noted above, caspofun-
gin monotherapy pharmacodynamic targets could not be deter-
mined, as the stasis and 1-log-reduction endpoints were not
achieved in the monotherapy.

Combination analysis. The dose-response results for combi-
nation therapy are shown in Fig. 4. The impacts of the addition of
caspofungin to the posaconazole stasis and 1-log-reduction dose
levels are shown in Table 4. There were no significant changes in
the posaconazole static dose or 1-log reduction dose for the Cyp51
wild-type DPL isolate. However, the posaconazole dose endpoints
were somewhat higher for the wild-type EMFR S678P strain in
combination with two caspofungin dose levels, 40 and 10 mg/
kg/24 h. Conversely, the posaconazole dose-response curves were
distinctly shifted to the left for the Cyp51 mutants across many of
the caspofungin exposures (Fig. 4C and D). The enhancement in
efficacy was most evident for the more highly resistant F11628
isolate (Table 4). For instance, the posaconazole static dose for the
three highest caspofungin additions was 7- to 13-fold lower in
combination therapy than in monotherapy (P = 0.004). If one
examines the posaconazole monotherapy free-drug AUC/MIC as-
sociated with net stasis for the susceptible isolates (mean = 0.68),
the posaconazole free-drug AUC/MIC target associated with net

TABLE 3 Posaconazole monotherapy doses and total- and free-drug AUC/MIC ratios needed to achieve net stasis and 1-log kill endpoints (when

achieved) for each isolate

Stasis 1-log kill

Dose MIC 24-h total-drug 24-h free-drug Dose 24-h total-drug 24-h free-drug
Isolate (mg/kg/24 h) (mg/liter) AUC/MIC AUC/MIC (mg/kg/24 h) AUC/MIC AUC/MIC
DPL 1.87 0.25 85.1 0.85 3.12 142 1.42
EMER S678P 1.09 0.25 49.7 0.50 2.28 104 1.04
F16216 >40 2 X4 X >40 X X
F11628 >40 8 X X >40 X X

“ X, not attainable.
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FIG 4 Dose-response curves for combination posaconazole and caspofungin therapy against isolates DPL (wild type) (A), EMFR S678P (Cyp51 wild type, Fks
mutant) (B), F16216 (Cyp51 mutant) (C), and F11628 (Cyp51 mutant) (D). Each graph represents the microbiological effect of varied posaconazole doses
(shown on x axis) with addition of each of the 5 dosing regimens of caspofungin (represented by each of the 5 curves). In total, there are 25 different combination
data points on each graph. Each data point represents the mean (= SD) log,, CE/ml of lung homogenate for four mice. The horizontal dashed line represents net
stasis or infectious burden from the start of therapy. Points above the line represent an increase in burden (i.e., net growth), whereas those below the line represent

a decrease in burden.

stasis in these three combination therapy regimens against the
azole-resistant isolate F11628 was 8.5- to 17-fold lower (P <
0.001).

Bliss independence analysis found no synergistic or antagonis-
tic combinations against the wild-type isolate DPL. There were
also no synergistic combinations for Cyp51 wild-type, FksI mu-
tant isolate EMFR S678P. However, similar to the case for the
static-dose analysis, there were three antagonistic combinations
(Table 5). Synergistic combinations were noted for both Cyp51
mutants. Three combination regimens exhibited 22 to 25% more
effect in combination than would have been expected if the two
drugs were acting independently for the resistant F16216. Seven
combination regimens exhibited synergy against the isolate with
the highest posaconazole MIC (F11628). The seven synergistic
combinations (Table 5) exhibited 22 to 49% more microbiologi-
cal effect than would have been expected if the two drugs were
acting independently. These combinations produced a statistically
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significant 1- to 2.5-log,, decrease in observed infectious burden
compared to the predicted combination effect. Surface response
three-dimensional plots for the two posaconazole-resistant iso-
lates are shown in Fig. 5 and 6.

DISCUSSION

Combination anti-infective therapy with two or more drugs that
act at different sites has been considered in situations when out-
comes in monotherapy are suboptimal. This strategy has been
recently popular in the study of therapy for invasive Aspergillus
infections. The mold-active triazoles and echinocandins are two
of the commonly studied classes due to their efficacy and relative
safety (13, 14, 16, 39, 40). Many in vitro assays have demonstrated
additive or synergistic interactions for the two drug classes. How-
ever, evidence from in vivo models has been conflicting (9-12).
Clinically, a number of small, nonrandomized trials have sug-
gested potential benefits of this drug class combination (11,
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TABLE 4 Posaconazole combination therapy static doses, 1-log-kill doses, and associated AUC/MIC PD targets (when achieved) in combination
therapy with five different doses of caspofungin against two Cyp51 wild-type and two Cyp51 mutant A. fumigatus isolates

Posaconazole  Posaconazole Posaconazole ~ Posaconazole
static-dose static-dose Posaconazole  1-log-kill 1-log-kill
Posaconazole 24-h total- 24-h free- 1-log-kill total-drug free-drug

Caspofungin dose  static dose MIC drug drug dose 24-h 24-h
Isolate (mg/kg/24 h) (mg/kg/24 h) (mg/liter) AUC/MIC AUC/MIC (mg/kg/24 h) AUC/MIC AUC/MIC
DPL 40 3.00 0.25 137 1.37 3.27 149 1.49

10 3.00 0.25 137 1.37 3.29 150 1.50

2.5 2.86 0.25 130 1.30 3.14 143 1.43

0.625 3.98 0.25 182 1.82 4.79 218 2.18

0.156 3.07 0.25 140 1.40 3.38 154 1.54
EMEFR S678P 40 3.887 0.25 177 1.777 6.447 294 2.947

10 2.85% 0.25 130 1.30° 5.51¢ 251 2.51¢

2.5 1.55 0.25 70.1 0.70 3.47 158 1.58

0.625 1.36 0.25 62.2 0.62 3.98 182 1.82

0.156 1.03 0.25 47.3 0.47 3.57 163 1.63
F16216 40 >40 2 x? X X X X

10 >40 2 X X X X X

2.5 >40 2 X X X X X

0.625 24.5¢ 2 128 1.28° X X X

0.156 28.6° 2 140 1.40¢ X X X
F11628 40 3.11° 8 4.43 0.04° 8.48 12.1 0.12°

10 4.07¢ 8 5.80 0.06¢ 13.8 19.6 0.20°

2.5 5.75¢ 8 8.19 0.08° 21.0 29.2 0.29¢

0.625 11.0° 8 15.7 0.16° >40

0.156 17.6° 8 25.1 0.25¢ >40

“ The static dose, 1-log-kill dose, and associated PD targets total- and free-drug AUC/MIC were significantly higher (P < 0.001) for these combinations than for monotherapy.

b X, not attained.

¢ The static dose, 1-log-kill dose, and associated PD targets total- and free-drug AUC/MIC were significantly lower (P < 0.001) for these combinations than for monotherapy.

40-44). One potential explanation for differences among previous
in vivo study results relates to variation in drug exposure. Most in
vivo combination studies have utilized minimal if any dose rang-
ing and often only a single regimen with each antifungal. This is
understandable given the large number of animals and cost of

TABLE 5 Posaconazole and caspofungin combination regimens exhibiting synergy or antagonism by Bliss independence analysis”

these studies. However, it is possible or even likely that not all
dosing regimen combinations will be optimal for detection of en-
hanced efficacy. For example, the few or single dose levels chosen
are often based upon optimal efficacy in the infection model or the
maximally tolerated dose. This may be particularly problematic

Caspofungin

Posaconazole dose

dose (mg/kg/24
Isolate (mg/kg/24 h) h) E_ (95% CI) E . (95% CI) AE Synergy or antagonism
F16216 40 0.625 0.40 (0.32-0.49) 0.65 (0.56-0.71) 0.25 Synergy

2.5 40 0.13 (0.09-0.16) 0.35 (0.29-0.41) 0.22 Synergy

2.5 40 0.13 (0.09-0.17) 0.38 (0.29-0.47) 0.25 Synergy
F11628 40 40 0.37 (0.21-0.53) 0.86 (0.81-0.91) 0.49 Synergy

40 10 0.43 (0.28-0.58) 0.80 (0.76-0.84) 0.37 Synergy

40 2.5 0.38 (0.25-0.52) 0.67 (0.54-0.79) 0.29 Synergy

40 0.625 0.27 (0.19-0.35) 0.61 (0.46-0.75) 0.34 Synergy

40 0.156 0.19 (0.13-0.24) 0.55 (0.43-0.67) 0.36 Synergy

10 40 0.31 (0.12-0.50) 0.61 (0.59-0.63) 0.30 Synergy

10 2.5 0.32 (0.15-0.49) 0.54 (0.51-0.56) 0.22 Synergy
EMER S678P 2.5 40 0.49 (0.46-0.52) 0.14 (0.11-0.17) —0.35 Antagonism

2.5 10 0.50 (0.45-0.55) 0.24 (0.18-0.29) —0.26 Antagonism

2.5 0.625 0.53 (0.46-0.60) 0.20 (0.16-0.24) —0.33 Antagonism

@ E,, predicted fractional effect based on the Bliss independence equation [E. = (E, + Ez) — (E, X Ep); see Materials and Methods]; E,y,, observed fractional effect in the
combination dosing experiment; AE, difference between E_and E,, (Egps — Eo).
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FIG 5 Three-dimensional surface-response plot of combination posacona-
zole and caspofungin therapy and microbiological effect against F16216
(Cyp51 mutant; posaconazole MIC = 2 mg/liter). The vertical axis represents
the change in burden from the start of therapy. Each data point is the mean
change in log,, CE/ml of lung homogenate from four mice. Areas above zero
(green, yellow, and orange) represent an increase in burden (i.e., net growth).
Areas below zero (blue and dark blue) represent a decrease in burden.

for the echinocandin class given the possibility of a paradoxical
effect. We attempted to overcome this limitation by examining a
wide dose range (256-fold for each compound) to include a full
sigmoid effect (no effect to maximal effect) concentration range
from monotherapy experiments. This approach results in a check-
erboard design similar to that in most in vitro studies, but it was
costly and did utilize a large number of mice. The in vivo efficacy of
posaconazole monotherapy against Cyp51 wild-type strains was
marked, with a maximal kill of 3 to 4 log,, CE/ml. This potency
has been confirmed in other in vivo studies (35, 36, 45, 46). Caspo-
fungin monotherapy, however, was less effective in this model.
The reasons for this are not clear; however, previous in vivo studies
have shown limited microbiological effectiveness in terms of re-
ducing fungal burden (26, 47). A recent in vitro microcolony study
observed slowing but not the halt of Aspergillus growth in the
presence of echinocandins, and this phenomenon may be re-
flected in our in vivo study (48). Additionally, a previous study has
suggested that the primary means of echinocandin effectiveness
may be related to beta-glucan unmasking and resultant increased
recognition and killing by polymorphonuclear cells (49). We uti-
lized a neutropenic model, and therefore this could explain why
only a modest microbiological effect was noted in the absence of
polymorphonuclear cells.

Another goal of the present study was to consider the impact of
MIC variation and drug resistance on the drug class interaction.
While echinocandin resistance in Aspergillus is at this point a lab-
oratory phenomenon, triazole resistance is an emerging clinical
threat in many regions of the world (17-21). To our knowledge,
this is the first in vivo, dose-ranging pharmacodynamic study ex-
amining the effects of combination triazole and echinocandin
therapy against Cyp51 wild-type and mutant isolates.
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FIG 6 Three-dimensional surface-response plot of combination posacona-
zole and caspofungin therapy and microbiological effect against F11628
(Cyp51 mutant; posaconazole MIC = 8 mg/liter). The vertical axis represents
the change in burden from the start of therapy. Each data point is the mean
change in log,, CE/ml of lung homogenate from four mice. Areas above zero
(green, yellow, and orange) represent an increase in burden (i.e., net growth).
Areas below zero (blue and dark blue) represent a decrease in burden.

An additional study factor that can impact interpretation of
drug interaction experiments is the analysis model. Among the
numerous potential approaches, we chose two analyses. The first
was a simple and practical analysis of the impact of the combina-
tion on the antifungal dose associated with meaningful treatment
endpoints, in this case both stasis and killing. The second method
utilized the Bliss independence model (50). This model operates
on the assumption that two drugs act at different, independent,
and mutually nonexclusive sites. Given the distinct sites of drug
action and, more importantly, the relatively modest activity of the
echinocandins in this infection model, we felt that this was the
most biologically relevant method. We were encouraged to ob-
serve congruence with the two analytical approaches.

Similar to those of previous in vivo studies, our results were in
some manner conflicting in that the interactions were not consis-
tent for each of the four Aspergillus strains. However, we were not
entirely surprised to find difficulty in demonstrating beneficial
combination effects against Cyp51 wild-type isolates given the ex-
treme potency of posaconazole in previous monotherapy experi-
ments (46). This is similar to results from a clinical study of this
combination, in which most patients were likely to be infected
with wild-type, triazole-susceptible isolates and an enhanced ef-
fect and improvement in patient outcomes were not observed
(51). Unfortunately, susceptibility data were not tracked in that
clinical study, and therefore it is unknown whether enhanced ef-
fects would be observed based on triazole susceptibility. It is in-
teresting to note the observation of a statistically antagonistic ef-
fect against the echinocandin-resistant strain EMFR S678P. A
significantly higher posaconazole static dose was observed in com-
bination therapy, and specifically, three combinations exhibited
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antagonistic effects based on Bliss analysis. The basis for this an-
tagonistic interaction is unclear but is an area for future mecha-
nistic investigation. The clinical relevance of this observation is
unclear, since this isolate was a laboratory-engineered mutant
strain and echinocandin resistance in Aspergillus appears to be an
incredibly rare clinical event. Further studies, especially with a
clinical echinocandin-resistant isolate, will be important to fur-
ther understand this finding.

In contrast, we were intrigued to find a quite large enhance-
ment of efficacy of the drug combination for Cyp51 mutants. For
both Cyp51 mutant isolates, the combinations resulted in a 1- to
2.5-log,,-enhanced microbiological effect compared to mono-
therapy. Based on our previous demonstration of a strong corre-
lation between qPCR results and animal mortality (46), this en-
hanced effect would correspond to an increase in survival of 17 to
43%. For each mutant isolate there was at least one combination
regimen that resulted in net cidal activity, whereas in posacona-
zole monotherapy stasis was not achieved. The addition of the
echinocandin seemed to restore the cidal activity for the triazole. It
is further interesting that the impact of this combination was most
profound for the least triazole-susceptible isolate, where the ob-
served fractional effect was over 200% greater than that predicted
by monotherapy. This corresponds to approximately a 2-log,, in-
crease in microbiological activity over what would have been pre-
dicted. The posaconazole static dose for this combination was
reduced by almost 13-fold compared to that for monotherapy,
which is both highly statistically significant and, one might expect,
clinically important (P = 0.001). Previous in vivo studies have
demonstrated similar enhanced effects with voriconazole and
each of the three licensed echinocandins (52-57), although this is
the first to utilize posaconazole and to examine the results from a
pharmacodynamic perspective.

There are limitations to the current study that deserve consid-
eration. The complexity and size of the experiment using a check-
erboard technique made it difficult to study a larger number of
isolates. Second, we did not consider sequential combination
therapy, which is commonly used as salvage therapy for patients
failing monotherapy. Study with the triazole-polyene combina-
tion has identified differences when this approach has been ex-
plored. Finally, we did not evaluate other triazole-echinocandin
combinations. While one might expect similar results for drugs
with similar mechanisms of action, a previous in vitro pharmaco-
dynamic study against Cyp51 mutants did not demonstrate signif-
icant enhancement with combination voriconazole and anidula-
fungin (58).

In summary, we did not observe an enhanced in vivo effect for
combination posaconazole and caspofungin therapy against
Cyp51 wild-type organisms. This suggests that combination ther-
apy may not offer further benefit over triazole monotherapy as
long as drug concentrations against a triazole-susceptible isolate
are sufficient. In contrast, treatment efficacy was enhanced for
Aspergillus isolates with elevated posaconazole MICs. The mech-
anisms that underlie this phenomenon are unknown but are an
intriguing area for further research. These findings challenge our
therapeutic strategy when dealing with a drug-resistant isolate. In
many situations when drug resistance is encountered, the ap-
proach employed is to abandon the drug to which the organism is
resistant and use an alternative class to which the organism is
susceptible. However, our in vivo results contest this paradigm.
We found the combination of a posaconazole and caspofungin in
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the setting of posaconazole resistance not only can outperform
echinocandin monotherapy but can rescue cidal activity that is
typical for the triazoles against susceptible strains. This finding
suggests that the optimal strategy when encountering triazole re-
sistance in IPA may be combination therapy with a triazole and
echinocandin. However, it will be important to verify these obser-
vations with a larger set of triazole-resistant isolates. These results,
though, provide a basis for further study of combination therapy,
with the focus on triazole-resistant isolates.
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