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AMR Antimicrobial resistance

PK Pharmacokinetics

PD Pharmacodynamics

TDM Therapeutic drug monitoring

PPK Population pharmacokinetics

AUC Area under the time-concentration curve
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Cmax Peak concentration

Chmin Trough concentration

VCM Vancomycin

MRSA Methicillin-resistant Staphylococcus aureus
PCZ Posaconazole

IFI Invasive fungal infection

FN Febrile neutropenia

HSCT Hematopoietic cell transplantation

ARC Augmented renal clearance

ICU Intensive care unit

CL Clearance

RRT Renal replacement therapy

WT Total body weight

Cecr Creatinine clearance

ANC Absolute neutrophils count

CTCAE Common Terminology Criteria for Adverse Events
PsN Perl Speaks NONMEM

FOCE-I First-order conditional estimation method with interaction
v Inter-individual variability

OFV Obijective function value

GOF Goodness-of-fit

pvcVPC Prediction- and variability-corrected visual predictive check
DV Observed concentrations

IPRED Individual-predicted concentrations

PRED Population-predicted concentrations

CWRES Conditional-weighted residuals



Cl
PTA
AML
vd
PTTA
GVHD
MDS
oS
DRT
PPI
UGT
FDA
AEs
LFT
FIB-4
ALBI
AST
ALT
ALP
TBIL
Cavr
HR
CL/F
VIF
KA
CmMv
UPLC/MS
IS
DMSO
QC
RSD
LLOQ
ULOQ
RT

Confidence interval

Probability of target attainment
Acute myeloid leukemia
Volume of distribution
Probability of toxicity target attainment
Graft-versus-host disease
Myelodysplastic syndrome

Oral suspension
Delayed-release tablet

Proton pump inhibitor
Diphospho-glucuronosyltransferase
Food and Drug Admnistration
Adverse events

Liver function test

Fibrosis index
Albumin-bilirubin score
Aspartate aminotransferase
Alanine aminotransferase
Alkaline phosphatase

Total bilirubin

Average concentration

Hazard ratio

Apparent clearance

Apparent volume of distribution
Absorption rate constant
Cytomegalovirus
Ultra-performance liquid chromatography-mass spectrometry
Internal standard

Dimethyl sulfoxide

Quality control

Relative standard error

Lower limit of quantification
Upper limit of quantification

Room temperature






Introduction

Antimicrobial resistance (AMR) is a growing global health crisis which occurs
when microorganisms such as bacteria, viruses, fungi, and parasites develop resistance
to antimicrobials drugs, rendering them ineffective in treating infections.>?> AMR can
affect any person and has the potential to cause significant impact on morbidity,
mortality, and healthcare costs, consequent to an increase in the prevalence and burden
of infectious diseases.>® The World Health Organization has identified AMR as one of
the top 10 global public health threats facing humanity.! In addition, it was estimated
that 4.95 million deaths were associated with bacterial AMR in 2019, including 1.27
million deaths attributable to antibiotic resistance (Antibacterial and antifungal).® This
number is predicted to increase to 10 million deaths per year by 2050 if no action is
taken.?

The overuse and misuse of antibiotics in both humans and animals is believed
to be the main factor leading to the emergence of AMR.” To tackle this crisis, new
antibiotics are urgently needed. However, due to the rapid spread of multidrug-resistant
germs so called “superbugs”, discovering new drugs has slowed drastically while
antimicrobial use is rising.? According to the Pew analysis, as of June 2019 only 41
antibiotics were in development, from which only one in four represent a novel drug
class or mechanisms of action.® Therefore, to address drug resistance, it is imperative
to focus on available antibiotics and optimize treatment of effective ones.

Pharmacometrics is a science that uses mathematical models based on
pharmacology, biology, physiology, and disease characteristics to understand and
predict the pharmacokinetics (PK) and pharmacodynamics (PD) relationships of drugs
both in individuals and in populations. PK describe the time course of drug absorption,

distribution, metabolism, and excretion, whereas PD describe the relationship between



drug concentration and the observed effect on the organism. Population
pharmacokinetic (PPK) approach in pharmacometrics, commonly referred to as
nonlinear mixed-effect modeling, allows the study of variability in drug concentration
between individuals within a population. ! In the context of AMR, pharmacometrics
can be used to optimize drug dosing regimen and guide drug development, by capturing
the dose-exposure relationship.!?* Evidence showed the importance of using
therapeutic drug monitoring (TDM) based on a PK/PD index obtained from quantitative
approaches such as population PPK or PK/PD modeling and simulation to help
optimize dosing regimen, maximize efficacy, and minimize the risk of therapeutic
failure as well as the risk of toxicity associated with inappropriate use of antimicrobial
drugs. Three standard indices are currently used: the time over the 24-h period the free
drug concentration remains above the minimum inhibitory concentration (fT >MIC),
the ratio of the area under the 24-h time-concentration curve to the MIC (fAUC/MIC),
and the ratio of the peak free drug concentration to the MIC (fCmax/MIC). 1516 In
addition to the described indices, trough concentration (Cmin) is often used to assess
efficacy and/or occurrence of adverse events. *° The choice of the PK/PD index or target
is based on the antibiotic class and the pathogen target. (Figure 1)

TDM has been widely used in general and special sub-populations However,
limited information is available in hematologic malignancies. Thus, the aim of this
study was to apply PPK Modeling & Simulation, as well as extensive statistics to
hematologic malignancies population to: (1) evaluate the PK and safety of antibiotic
drugs, and (2) simulate optimal dosing regimen to maximize efficacy and minimize the
risk of therapeutic failure associated with inappropriate use of antimicrobial drugs. The
first chapter was dedicated to the development of a PPK model for vancomycin (VCM),
a glycopeptide antibiotic frequently used in treating severe bacterial infections caused

by gram-positive bacteria, including methicillin-resistant Staphylococcus aureus



(MRSA). While the second chapter focused on the development of a PPK model for
posaconazole (PCZ), a systemic triazole antifungal indicated in the prophylaxis of

invasive fungal infections (IFI) in highly immunocompromised patients.

Cmax

AUC/MIC

Concentration

———————- MC

Time

Figure 1. Concentration-time curve showing the standard PK/PD indices used to evaluate
safety and efficacy of antimicrobial drugs. The figure was reprinted from the De Velde et al.
paper with some modifications .

Cmax, peak concentration; AUC/MIC, the ratio of the area under the time-concentration
curve to the minimum inhibitory concentration; T>MIC, the time the drug concentration

remains above the minimum inhibitory concentration



Chapter 1 Population pharmacokinetic model and dosing optimization of
vancomycin in hematologic malignancies with neutropenia and augmented renal

clearance

1. Introduction

VCM is a glycopeptide antibiotic frequently used in treating severe bacterial
infections caused by gram-positive cocci, including MRSA. It is commonly initiated as
an empirical therapy for febrile neutropenia (FN) occurred in cancer patients.?® Owing
to its narrow therapeutic index, well-established TDM has been widely used for decades.
Conventionally, a trough value of 10-20 mg/L has been accepted for optimal dosing
safety.?*?5 Instead of measured concentration, new consensus guidelines recommend a
AUC4 of 400-600 mg-h/L to maximize efficacy and minimize the risk of MIC of 1
mg/L.Y’

Patients with underlying hematologic malignancies, especially those undergoing
intensified chemotherapy and hematopoietic cell transplantation (HSCT) are
susceptible to various types of microorganisms due to their profound
immunocompromised status including severe neutropenia.?®?%2° It has been reported
that FN incidence can be as high as 80% in this population compared to 10%-50% in
patients with solid tumors. # Thus, pathophysiological changes may occur in patients
with hematologic malignancies leading to altered PK parameters.®-3In particular, these
physiological fluctuations include augmented renal clearance (ARC), which is a
phenomenon characterized by enhanced glomerular filtration.>* Several studies in
patients admitted to the intensive care unit (ICU) have identified sepsis, multitrauma,
and young age with lower illness severity as potential risk factors for developing

ARC.*3° ARC has been the topic of numerous studies in the ICU population 344042



and has been strongly associated with a risk of underexposure to antimicrobial
drugs.36434 However, limited information is available about VCM PK in patients with
ARC.%" Additionally, although previous studies have reported that patients with
neutropenia or hematologic malignancies exhibit increased VCM clearance
(CLvcw),*648%0 the effect of neutropenia on CLvcm in patients with hematologic
malignancies is still not well understood.

The increased risk of treatment failure due to either suboptimal or elevated
concentrations calls for optimization of VCM therapy in patients with hematologic
malignancies. According to our preliminary narrative review, no PPK model for a large
sample size of hematologic malignancies with concomitant neutropenia and ARC has
been described. Moreover, no AUC-based dosing regimen has been proposed to date.
Therefore, we aimed to develop a PPK model for VCM in adult patients with
hematologic malignancies, evaluate the effect of neutropenia and ARC on the PK of

VCM, and propose an optimal dosing regimen.

2. Materials and methods

2.1. A narrative review of VCM PPK analyses

A preliminary narrative review was performed to identify relevant VCM PPK
models in various populations. A simple PubMed search was conducted using the
following keywords: (vancomycin AND “population pharmacokinetic*) OR
(vancomycin AND "population pharmacokinetics™). The eligibility criteria included:
(1) any described PPK model of VCM; (2) adult subjects; (3) and articles written in
English. The exclusion criteria were as follows: (1) studies limited to neonates, infants,

and/or children and (2) VCM PK described using a method other than PPK or nonlinear



mixed-effects modeling. Moreover, the references list of the identified articles were

thoroughly reviewed to identify any additional relevant studies.

2.2. Study design and population

A retrospective study was conducted on patients with underlying hematologic
malignancies treated with VCM for documented or suspected infection with gram-
positive bacteria between August 2016 and October 2019. A total of 1237 clinical
samples collected for routine TDM from 203 patients were used in the study. Eligible
patients included those aged 20 years or older with at least one trough concentration.
Patients who had received VCM therapy for less than two days, entered ICU
irrespective of renal replacement therapy (RRT), or suffered from severe renal
dysfunction on hemodialysis/peritoneal dialysis were excluded. Concentrations below
the limit of quantification of 3.0 mg/L were also excluded.

The following data were collected from electronic medical records: gender, age,
height, actual body weight (WT), laboratory data, VCM dose regimen, date and time of
blood sampling, chemotherapy regimen, and type of underlying hematologic
malignancy. Creatinine clearance (Ccr) was estimated using the Cockcroft and Gault
formula.®! ARC was defined as a Ccr value >130 mL/min,®3 whereas a grade 4
neutropenia was defined as an absolute neutrophil count (ANC) <500 cells/pL,
according to the Common Terminology Criteria for Adverse Events (CTCAE) version
5.0.%2

The study was approved by the Kyushu University Hospital Institutional Review
Board (n0.2022-39). Informed consent was waived owing to the retrospective nature of

the study.



2.3. Measurement of VCM concentration

Serum VCM concentrations were measured using a chemiluminescent
immunoassay (ARCHITECT i System, Abbot, Chiba, Japan).>® The coefficient of
variation was <10% for between-day and within-run precision, and the lower limit of

quantification was 3.0 mg/L.

2.4. Population pharmacokinetic modeling

Pharmacokinetic analysis was conducted using the non-linear mixed effect
modeling system NONMEM® version 7.4.3 (Icon Development Solutions, Ellicott City,
MD, USA) in conjunction with Perl Speaks NONMEM (PsN) version 4.9.0 and Pirana
version 2.9.9. The first-order conditional estimation method with interaction (FOCE-I)
was used throughout the model development. All diagnostic analyses and graphical
assessments were performed using Xpose (version 4.7.1) and R software package

(version 3.6.3).

2.5. Structural model

Both one- and two-compartment models were considered during model building.
Inter-individual variability (11VV) of the PK parameters was evaluated using an
exponential model. The residual error model was described using additive, proportional,

and combined error models.

2.6. Covariates screening

The effect of Ccr, WT, neutropenia, and type of disease on PK parameters were
evaluated with a stepwise forward addition-backward elimination procedure.
Covariates were selected based on biological plausibility and statistical significance.
Significance was defined as a reduction in the objective function value (OFV) of >3.84

(x? distribution with 1 degree of freedom, p <0.05) for the forward addition, and an



increase in the OFV >6.64 (y? distribution with 1 degree of freedom, p <0.01) for the
backward elimination. Continuous covariates were described with linear, additive, and
power models. Additive, proportional, and power models were used to express the

relationship between categorical covariates and the typical value of the PK parameters.

2.7. Statistical analysis

Data are presented as mean + standard deviation. Differences between the two
groups were determined using an unpaired student’s t-test or the non-parametric Mann-
Whitney U test. Two-way ANOVA was used to compare the effect of two or more
independent factors on a continuous variable. Statistical analyses were performed with

the R software package. A p < 0.05 was considered to be statistically significant.

2.8. Model validation

Model evaluation was based on the goodness-of-fit (GOF) diagnostics and a non—
parametric bootstrap with a total of 1,000 resampling with replacement. Lastly, the
predictive performance of the final model was evaluated by prediction- and variability-
corrected visual predictive check (pvcVPC).>* A set of 1,000 simulated datasets was
created, and the 95% confidence intervals (Cl) of the 2.5, 50", and 97.5" percentiles

of the simulated concentrations were plotted against the observed concentrations.

2.9. Simulation and dose optimization

Using the final developed PPK model, simulations of daily AUC at steady-state
(AUCss) were performed with various VCM dose regimens. To reflect the dataset used
for model development, Ccr values in the virtual population created on R software
varied from 30 to 180 mL/min. WT was simulated from a bivariate normal distribution.

The AUCss was calculated as a ratio of the total daily dose to CLvcwm. The
probability of target attainment (PTA) for each dosing regimen was defined as the

proportion of simulated patients in each Ccr group (n = 500) reaching a target AUCss =



400-600 mg-h/L for efficacy and a target AUCss >600 mg-h/L for toxicity, at an MIC
of 1 mg/L.Y" The optimal dosing regimen achieving the highest PTA while maintaining
an acceptable probability of toxicity defined as an AUCss approximately 500 mg-h/L

was selected.

10



3. Results

3.1. Classification of the previously published VCM PPK models

The flow chart of the narrative review is shown in Figure 2. A total of 75 articles

were selected for the final evaluation.

Records identified through
database searching (PubMed)
(n=274)

Screening of titles and abstracts

Records
““““““““ > excluded
(n=203)
Full-text articles screened for |  “oooo o __
eligibility (n=71)

. Additional articles i
| from reference lists i‘ ------- >
BENCED

A\ 4

Full-text articles assessed
(n=76)

Records excluded
(n=1)

- Validation of a

previously published
PK model

A\ 4

Total studies included
(n=75)

e o o o = = - - - - - - - ———

Figure 2. Flow chart describing the narrative review search method
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The following data were extracted from the 75 articles: date of publication,
population type (including pathology), age, and the modeling approach (nonlinear
mixed effect modeling software). All articles were sorted by study population and
clinical diagnosis, as described in Figure 3. Of the 75 articles, three articles dealt with
hematologic malignancies in the patient population. The current study was classified in

the sub-group of hematologic malignancies.

12



€l

(T=uw "UOWII3AI SUISO
- ! ISOp
Koueugaig paseq-DNV MIN ‘(TINV pue
eruadonnau) SaJBLIBAOD MIN T
(1=u) Apnjs judaan))
-« (6 = u) pagroads jou
SOINOLIUIA (T = u) aseasip . <
T |- SIsougerp [eorur))
(T=u) 1OSH [*] Aoupny oruoxy)
(T =u) ewner], |«
(F =u) sisdog [
(¢ =w) ,Aoueusiew (1=u) .
P =
= -« <
(T =1 wng payroadsun) yuerdsuen Koupry| |
(L=u) OWDd
(T=uw,58v (z = u) s10ULd PIOS soroueudIew (r=1u)
pue o130[0jeWOH or3ojojetoy SISA[RIpOWd] |- (8=u) 14y [«
(T =w Apopia “ _ _
_
SIOYIO I0ue)) (6 = u) A1931ng juouLredw [BUY (F =u)9s2q0 NnoI

1

suonejndod 21108ds

(2T =u) , suonendod  synpe o1y10ads-uoN

%

4

s npe ul sjgpow anaujodew.eyd uonendod udAwoduep




Figure 3. Classification of published vancomycin population pharmacokinetic models based
on the study population and positioning of the current study. The number in parentheses
indicates the number of articles.

# Include patients from the general ward or from both intensive care unit and general ward.
There was no specific diagnosis mentioned. ® The study by Fu et al. was limited to patients with
grade 4 neutropenia who were 14 years or older. ¢ The age range of the population was 11-82
years.

ICU, intensive care unit; RRT, renal replacement therapy; ECMO, extracorporeal membrane
oxygenation; HSCT, hematopoietic stem cell transplantation; AML, acute myeloid leukemia;
AUC, area under the 24-hour time-concentration curve at steady state; ARC, augmented renal

clearance.

3.2. Study population

Patients’ baseline demographics and clinical characteristics are presented in Table
2. In total, 681 samples were available from 148 patients (males = 83, females = 65),
with a median of four samples per patient (range: 1-17). VCM was administered at a
median of 11 days (range: 2—88).

Overall, 57 of 148 (38.5%) patients were diagnosed with acute myeloid leukemia
(AML). Ninety-eight (66.2%) patients were on chemotherapy at least 15 days before
the initiation of VCM, and 31 (20.9%) patients had sustained chemotherapy during
VCM therapy. Additionally, 121 (81.8%) patients were classified as having grade 4
neutropenia. ARC (Ccr value >130 mL/min) was observed in 59 (40%) patients. Eleven
(7.4%) patients showed moderate renal impairment (Ccr value from 30 to <60 mL/min)

and one patient had severe impairment (Ccr value <30 mL/min).

14



Table 2. Demographics and baseline characteristics

Total (n = 148) Mean + SD or (%) Median [range]
Age, years 53.6 £ 16.0 59.0 [20.0-82.0]
Sex, n

Male 83 (56.1) -

Female 65 (43.9) -
Body weight, kg 58.7+13.1 57.9 [34.5-105]
Body mass index, kg/m? 21.7+ 3.8 21.4 [14.4-33.6]
Serum creatinine, mg/dL 06+04 0.580 [0.2-5.2]
Creatinine clearance 2, mL/min 122 +52.8 112 [12.9-324]
eGFR®, mL/min/1.73 m? 110 £43.8 101 [10.0-300]
Albumin, g/dL 3.2+0.6 3.30[1.5-4.5]
Aspartate aminotransferase, U/mL 21.1+16.3 15.5 [5.0-146]
Alanine aminotransferase, U/mL 31.7+34.6 18.0 [3.0-171]
Absolute neutrophils count, x 10%/uL 0.8+3.0 0.02 [0-27.8]
Neutropenia, n

Grade 0 14 (9.5) -

Grade 1 3(2.0) -

Grade 2 7(4.7) -

Grade 3 3(2.0) -

Grade 4 121 (81.8) -

Underlying malignancies, n

AML 57 (38.5) -

ALL 22 (14.9) -

MDS 10 (6.8) -

ML 42 (28.4) -

MM 10 (6.8) -

Others 7(4.7) -

AML, acute myeloid leukemia; ALL, acute lymphoblastic leukemia; MDS, myelodysplastic

syndrome; ML, malignant lymphoma; MM, multiple myeloma.

2 Creatinine clearance was calculated by the Cockcroft and Gault formula 5.

b Estimated glomerular filtration rate (eGFR) was calculated by the revised equation for

Japanese population .
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3.3. Population pharmacokinetic modeling

The scatterplot of observed vancomycin concentrations versus time after previous
dose is shown in Figure 4. Because the samples analyzed were mostly trough, the
peripheral volume of distribution could not be estimated using a two-compartment
model. In addition, a relatively high shrinkage was observed for the central volume of
distribution, indicating a potential model misspecification. Therefore, the one-
compartment model was assumed to better describe VCM data and was preferred for
further model development. IIV and residual variability were best described by
exponential and additive models, respectively. Whereas, power functions were selected
to describe the relationship between potential covariates and VCM PK parameters.
Examination of the scatterplots of potential covariates against the empirical Bayes
estimates of CLvcwm showed a strong correlation between Ccr and CLvcwm (Figure 5).

After the forward addition and backward elimination procedure, influential
covariates included Ccr, neutropenia, AML on CLvcm, and WT on the volume of
distribution (Vd). WT exponent coefficient estimated on VVd was 0.941, consistent with
the theoretical allometric coefficient of 1. Therefore, the effect of WT was fixed to 1 in
the final model. All parameter estimates and corresponding 11V showed good precision
(relative standard error <16%) without significant correlation between parameters or
covariates.

The following equation describes the model:

CLrv (L/h) = 3.09 x (Ccr,/90)%988 x 1, 14AML 1 OgNeutropenia (1)

CLrv represents the clearance typical individual value.

16
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Figure 4. Scatterplot of observed vancomycin concentrations versus time after previous dose.
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Figure 5. Scatterplots and box plots showing the relationship between the empirical Bayes
estimates of vancomycin clearance (CLvcm) and potential continuous and categorical
covariates: (A) creatinine clearance, (B) body weight, (C) age, (D) albumin, (E) gender, (F)

neutropenia, (G) underlying malignancy. Solid circles represent the individual observed

18



(CLvew) (L/h). The solid line in the scatterplots is the linear regression line, while the band is
the 95% confidence interval. The middle line in the boxplots represents the median of the
distribution. Limits of the box are the first and third quartiles, corresponding to 25" and 75"
percentiles, respectively. The lower and upper whiskers represent the minimum and maximum
values without outliers.

CL, clearance; AML, acute myeloid leukemia; ALL, acute lymphoblastic leukemia; MDS,

myelodysplastic syndrome; ML, malignant lymphoma; MM, multiple myeloma.
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To further evaluate the effect of neutropenia and AML on CLvcwm, differences in
CLvcwm in the presence or absence of neutropenia and the presence or absence of AML

were described at various levels of renal function (Figure 6).
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o 6_ Hededke o _g—
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ns I —
—
3- %%
<60 60-89 90-129 2130

Creatinine clearance (mL/min)
Figure 6. Comparison of vancomycin clearance within different levels of renal function. (A)
Neutropenic versus non-neutropenic patients. (B) Acute myeloid leukemia (AML) versus
non-AML patients. The middle line represents the median of the distribution. Limits of the

box are the first and third quartiles, corresponding to 25" and 75" percentiles, respectively.
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The lower and upper whiskers represent the minimum and maximum values without outliers.

ns, non-significant, ** p <0.01; *** p <0.001; **** p <0.0001.

A two-way ANOVA revealed that there was a statistically significant interaction
between the effects of the Ccr values and neutropenia (F (3), F = 4.05, p = 0.007) and
between the effects of the Ccr and AML (F (3), F = 4.49, p = 0.004). An unpaired
sample t-test was performed to compare CLvcwm within each Ccr between neutropenic
and non-neutropenic groups and between AML and non-AML patients. We observed a
statistically significant difference in CLvcwm between AML groups in three out of four
Ccr levels (p <0.0001). Conversely, the difference in CLvcm between neutropenic
groups was only significant at normal Ccr values (>90 mL/min), with a lower p-value
observed within ARC level (p = 0.0005) corresponding to a Ccr value of >130 mL/min
compared to a Ccr value ranging from 90 to <130 mL/min (p = 0.007). To illustrate the
clinical importance of this observation and quantify the effect of neutropenia, the final
model was refined by including ARC as a factor for neutropenia. The inclusion
decreased OFV by 3.91 points compared to the non-stratified final model. The
parameter estimates are presented in Table 3, and the equations for the final model are
as follows:

Without ARC (Ccr <130 mL/min):
CLrv (L/h) = 3.09 x (Ccr/90)%973 x 1.15AML 1 7Neutropenia

With ARC (Ccr >130 mL/min):
CLrv (L/h) = 3.09 x (Ccr/90)%973 x 1,15AML x 1,1 3Neutropenia )
Vv (L) = 122 x (WT /70)

Vv represents the volume of distribution typical individual value
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3.4. Model validation

The GOF of the final model are presented in Figure 7 and show acceptable fitting.
The results of the bootstrap estimation are summarized in Table 3. The parameter
estimates resulting from the bootstrap were similar to their respective values from the
final population model. Examination of the pvcVPC plot indicated a good predictive

performance of the model, with most observed concentrations falling within the 95%

Cls of the simulated values (Figure 8).
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Figure 7. Goodness-of-fit plots for the final population PK model. The solid line represents the

line of identity. (A) Observed concentrations (DV) versus population-predicted concentrations
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(PRED). (B) DV versus individual-predicted concentrations (IPRED). (C) Conditional-

weighted residuals (CWRES) versus PRED. (D) CWRES versus time after the last dose.
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Concentration (mg/L)
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Figure 8. Prediction- and variability- corrected visual predicted check (pvcVPC) of the final
population pharmacokinetic model. The open circle represents the prediction-corrected
vancomycin concentrations. Shaded areas show the 95% prediction interval of the 2.5™, 50"
and 97.5" percentiles of the simulated values. The solid line indicates the observed median

value. The upper and lower dashed lines are the observed 5 and 95" percentile values.

3.5. Simulation and dose optimization

Figure 9 shows the simulated daily AUC;;s in different renal function groups in

patients with or without neutropenia and/or AML.
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Status B3 0 B NEUT B9 AML B3 NEUT+AML
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Figure 9. Simulated AUC at steady-state at various dosing regimens in patients with different
levels of renal function in the presence or absence of neutropenia and/or acute myeloid leukemia.

(A) Creatinine clearance (Ccr) = 30 mL/min. (B) Ccr = 60 mL/min. (C) Ccr = 90 mL/min. (D)
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Ccr =130 mL/min. (E) Ccr =150 mL/min. (F) Ccr = 180 mL/min. The middle line is the median
of the distribution, while the solid circle represents AUC mean. Limits of the box are the first
and third quartiles corresponding to 25" and 75" percentiles, respectively. The lower and upper
whiskers represent the minimum and maximum values without outliers.

AUC area under the 24—-hour time-concentration curve at steady state; NEUT, neutropenia;

AML, acute myeloid leukemia; Factor O corresponds to patients without neutropenia and AML.

Based on the simulation results using the final model in different dosing scenarios,
the recommended dose regimen to achieve a target AUCs range of 400600 mg-h/L at
an MIC of 1 mg/L is summarized in Table 4. A. The PTA was between 40.0% and 62.0%,
whereas the probability of toxicity target attainment (PTTA) was less than 30.0% for
all Ccr values. In patients with normal or moderately impaired renal function, similar
doses were observed between neutropenic and non-neutropenic groups, whereas an
increase of 0.25 g was necessary for AML patients. Conversely, ARC patients with
neutropenia required higher doses compared to ARC patients without neutropenia. A
daily dose increase of 30% and 25% was needed among the ARC group to achieve the
desired efficacy target in AML patients with neutropenia at Ccr values of 150 mL/min

and 180 mL/min, respectively.
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To further illustrate the clinical impact of the selected final model (equation 2), we
performed simulations of the dosing regimen using the PPK model developed without
considering ARC as a factor for neutropenia (equation 1) and compared the resulting
PTAs and PTTA showed in Table 4. B to the results in Table 4. A. For comparison, we
included the results of both recommended dosing regimens obtained using equations 1
and 2.

In the group with creatinine clearance >130 mL/min, the vancomycin clearance in the
presence of neutropenia derived from equation 1 was less than that derived from
equation 2. Thus, higher AUCss values were observed with the same dosing regimen
(Table 4. B). However, as a result of the increased exposure, the PTTA increased.
Indeed, compared to Table 4. A, a 0.25 g lower dose was selected in patients with
neutropenia at Ccr values of 130 mL/min and in AML patients with neutropenia at Ccr
values of 150 mL/min and 180 mL/min, considering that the efficacy should be
balanced against the risk of nephrotoxicity. Consequently, using equation 1, a 0.25 g
lower dose would presumably be recommended for patients with neutropenia at Ccr
values of 130 mL/min and AML patients with neutropenia at Ccr values of 150 mL/min
and 180 mL/min, considering that the efficacy should be balanced against the risk of
nephrotoxicity. Based on the aforementioned points, including ARC in the final model
IS necessary to optimize the efficacy and minimize the risk of nephrotoxicity in

neutropenic patients with ARC.
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4. Discussion

We developed a PPK model of VCM and proposed for the first time an optimized dosing
regimen in the adult population with hematologic malignancies, based on a target AUCss = 400
600 mg-h/L at an MIC of 1 mg/L. The current study highlighted the potential impact of
neutropenia on the PK of VCM among patients with hematologic malignancies possessing
unstable renal function, particularly those with ARC. As sepsis was a known risk factor for
developing ARC,%3¢ optimization of VCM dose was critical during severe neutropenia after
chemotherapy.

In line with previous studies, we found that neutropenia was a significant covariate on CLvcwm.
However, the effect in our model was lower as opposed to a recent study by Bury et al.
recommending a 25% increase in the dose in patients with neutropenia.*® This discrepancy may
be attributable to different study populations and the incidence and/or severity of neutropenia. In
the previous report, the effect of neutropenia (>grade 2) was quantified in cancer patients
including 33% of hematologic malignancies. In contrast, our population consisted only of
hematology patients, with approximately 82% having neutropenia grade 4.

The inclusion of ARC as a factor in the final model allowed us to identify subpopulations at
risk for sub-therapeutic concentrations in neutropenic patients. The effects of neutropenia on
CLvcwm, with and without considering ARC, were 1.13 and 1.09, respectively. Although the
difference between the two models appeared to be small, the sensitivity analysis results suggested
that dose adjustment using the PPK model developed without considering ARC as a factor for
neutropenia had a risk of recommending a lower dose and thus reduced therapeutic efficacy in
neutropenic patients with ARC. The influence of neutropenia on CLvcwm differed among patients
with and without ARC, probably due to the stronger correlation between Ccr and CLvcwm in the
non-ARC group than in the ARC group. A previous study also demonstrated a poor correlation
between CLvcwm and Cer in ARC patients compared to non-ARC and non-neutropenic patients.*

These results suggest that the strong correlation between Ccr and CLvcm might enhance the
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competitive effect between renal function and neutropenia, thus decreasing the overall effect of
neutropenia on CLvcwm.

We found that CLvcwm increased by approximately 15% in AML patients, independently of
renal function. Furthermore, AML patients with neutropenia required a dose increase up to 30%
among the ARC status compared to patients without both risk factors. Our findings suggest that
remission induction chemotherapy for AML patients who experience profound myelosuppression,
substantial change in general condition, and use multiple other drugs, should be considered at
high-risk for suboptimal VCM concentration.

Among hematologic malignancies, AML patients often suffer from severe and prolonged
neutropenia, which exacerbate the pre-existing immunocompromised status. Thus, they are
further susceptible to recurrent severe infections and subsequent risk of treatment failure. 262830
Significant elevation of inflammatory parameters (e.g., cytokines, ferritin, and C-reactive protein)
during an intensive chemotherapy has been observed in some previous studies, which was often
associated with a poor prognosis.®’->® PK in AML patients could be altered as a consequence of
the systemic inflammatory response syndrome, secondary to a surge of inflammatory mediators,
which leads to a hemodynamic instability characterized by a decrease in vascular resistance and
an increase in cardiac output.®® Indeed, physiological changes subsequent to severe infections
have been previously associated with PK variability.3*® Our findings of higher CLvcm in AML
patients compared to other malignancies provides additional evidence on the potential role of
severe infections on drugs PK. However, further studies are warranted to clarify the potential
underlying mechanism of AML on drug clearance.

In our study, the typical value of CLvcm was 3.09 L/h (normalized to a Ccr value of 90
mL/min) in the entire cohort, whereas it was 3.80 L/h in AML patients with neutropenia. Okada
et al. reported an estimated CLvcwm of 4.25 L/h (normalized to a Ccr value of 113 mL/min) in
allogeneic HSCT recipients.%! Other studies in patients with solid cancers *® or hematological
malignancies,®? demonstrated that the mean value of CLvcm was 3.22 L/h (normalized to Ccr

value of 104 mL/min) and 4.99 L/h/70 kg, respectively. Moreover, a comparative study between
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patients with hematologic malignancies and non-hematology patients reported CLvcm values of
3.85 L/h/70 kg and 3.57 L/h/70 kg, respectively.*® Haeseker et al., on the other hand, showed that
neutropenic patients exhibited higher CLvcwm (4.02 L/h), compared to non-neutropenic patients
(3.0 L/h).>® Although most studies agreed that CLvcm was higher in patients with hematologic
malignancies or neutropenia, variability in the reported results was still observed due to the
different study populations in the underlying malignancy and different chemotherapy regimens.
The volume of distribution in our population (122 L/70 kg) was higher than that described by
Buelga et al. in hematological malignancies (74 L/70 kg),®? but consistent with ICU populations
(107 L/70 kg and 118 L/70 kg %3®%) and Izumisawa et al. (127 L/70 kg), who reported similar
results in hematologic malignancies.*® The higher volume of distribution observed in our
population is probably due to the large proportion of patients with ARC.

The present study was limited by the relatively low number of peak levels, which most likely
contributed to the difficulty in estimating VCM parameters with a two-compartment model. In
addition, the proposed dosing regimen should be used in combination with the conventional TDM
method and assessment of serum creatinine level, since renal function fluctuated daily. Another
limitation includes the relatively small sample size of non-neutropenic patients, which might

underestimate the true effect of neutropenia on CLvcwm.

5. Conclusions

We successfully developed a PPK model of VCM and proposed an optimized dosing regimen
for the adult population with hematologic malignancies. This novel AUC-based dose regimen can
be applied in clinical practice to improve its efficacy while reducing the incidence of
nephrotoxicity. We also identified neutropenia and underlying AML as potential risk factors for
increased CLvcm. Furthermore, the influence of neutropenia on CLvcm was greater in patients
with ARC than in those without ARC. Consequently, neutropenic patients with ARC required

higher doses than non-neutropenic patients with ARC, with daily doses ranging from 2.5 to 3.25
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g and 2.25 to 3 g, respectively. Our findings provide a better understanding of VCM PK and an

optimal strategy for managing these “high-risk™ patients in routine clinical practice.
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Chapter 2 Pharmacokinetic and safety evaluation of posaconazole delayed-release tablet in

hematologic malignancies

1. Introduction

PCZ is an extended-spectrum, systemic triazole antifungal ®° indicated in the prophylaxis of
IFI in highly immunocompromised patients, including HSCT recipients who are undergoing high-
dose immunosuppressive therapy for graft-versus-host disease (GVHD), and patients receiving
remission induction chemotherapy of AML or myelodysplastic syndrome expected to result in
prolonged neutropenia.?#%® PCZ is available in three formulations: an oral suspension (OS), a
delayed-release tablet (DRT), and an intravenous injection. 8’ Only the DRT and IV formulations
are currently approved in Japan.

PCZ OS showed large PK inter- and intra-subject variability. Indeed, its absorption largely
depends upon many factors, including food intake, gastric pH, and gastrointestinal motility.58°
In addition, studies have reported that the bioavailability of the OS formulation is widely affected
by the concomitant administration of proton pump inhibitors (PPIs), histamine-2 (H2) receptor
antagonists, or drugs that alter gastric motility such as metoclopramide, as well as the occurrence
of mucositis or diarrhea.’”® PCZ is predominately metabolized by uridine diphospho-
glucuronosyltransferase (UGT) enzymes, especially UGT1A4. Thereby, co-administration of
drugs that can interact with the UGT enzyme, such as phenytoin, rifampicin, and fosamprenavir
were also found to increase PCZ CL."

In 2013, the Food and Drug Admnistration (FDA) approved the DRT formulation, a gastro-
resistant solid tablet, to overcome the erratic bioavailability commonly associated with the OS. In
contrast to the OS, the DRT is believed to be unaffected by gastric acid suppression treatment, or
food.5871-7® Consequently, PCZ DRT has been proven to result in substantially higher exposure

compared to the OS.7>7477-79
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Although, several studies demonstrated improved exposure for the DRT over the OS, large
variability is still observed.®%8 For instance, patients with diarrhea,®284 mucositis,”®® or even
obesity "8 were associated with a higher risk of underexposure to PCZ DRT. However, limited
information is available on the PK of PCZ DRT in clinical setting. Since the approval of the DRT
formulation, only three populations PK models using real world data have been reported so far.8>
87

PCZ DRT is considered to be safe and well tolerated, despite higher concentrations.5871:74.88-
% Initial safety analyses suggest that the treatment-related adverse-events (AEs) commonly
observed with the DRT were similar to those with PCZ OS, and mainly include diarrhea, and
headache.>">"" However, few studies have described elevations of liver function tests (LFTs) in
real life setting. The reported LFTs abnormalities were mostly moderate and varied between 15-
209809091 Although cases of PCZ resulting in liver injury have been documented, to the best of
our knowledge there is currently no association between PCZ exposure and the occurrence of
hepatotoxicity.

In light of these finding, additional studies are warranted to better understand the PK and
safety of PCZ DRT in hematologic malignancies. Therefore, the main objectives of this study
were to (1) develop a PPK model and explore influential covariates; (2) determine the incidence
of hepatotoxicity in Japanese population with hematologic malignancies, and explore potential

relationship between PCZ DRT exposure and the risk of hepatotoxicity.
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2. Material and methods

2.1. Study design and population

A retrospective study was conducted on patients with underlying hematologic malignancies
who received PCZ DRT for prophylaxis or treatment between July 2021 and November 2022.
PCZ was orally administered as Noxafil® tablets with a starting loading dose of 300 twice a day
on the first day of treatment, followed by a maintenance dose of 300 mg once a day thereafter.
The loading dose, as well as the maintenance dose were adjusted at the discretion of the physician.
Eligible criteria included: (1) adult patients aged 20 year or older who received PCZ for a
minimum of five consecutive days, (2) hospitalized patients with underlying hematologic
malignancies, (3) patients with at least one measured concentration obtained within 30 days
following the initiation of PCZ therapy for the PPK analysis, and at least one steady-state
observation (>5 days) for the safety evaluation. ICU patients, and patients on RRT were excluded
from the study.

Baseline characteristics and clinical data were obtained retrospectively from electronic medical
records. For all patients, clinical data were available until hospital discharge, discontinuation, or
loss of follow up. PCZ dosing information and sampling time, concomitant medication, AEs, and
reason for therapy discontinuation were also obtained.

Previously published cutoffs were used for fibrosis classification (FIB-4 index). FIB-4 values
<1.30, between 1.30 and 2.67, and over 2.67 were considered as low, intermediate, and high risk,
respectively.®? Albumin-bilirubin (ALBI)score on the other hand was defined as follow: grade 1,
2, and 3 =<-2.60, >-2.60 to -1.39, and >-1.39, respectively. %% In addition, diarrhea was defined
as a stool type 6 or higher, according to the Bristol stool form scale. *°

The study was approved by the Kyushu University Hospital Institutional Review Board (no.
22204-00). If the stored residual samples were used to measure PCZ concentrations, informed

consent was waived owing to the retrospective nature of the study.
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2.2. Measurement of PCZ concentration
The serum was separated by centrifugation (3000 rpm for 10 min) and stored below - 20°C
until measurement, and for a maximum of one month.

PCZ serum concentrations were measured by a developed and validated LC/MS bioanalytical
method. Samples were prepared using a simple protein precipitation method. Separation was
performed in reverse phase mode using an ACQUITY UPLC BEH C18 column (Waters, Milford,
MA, USA, 130 A, 1.7 pm, 2.1 mm x 50 mm) maintained at 50°C, coupled with an ACQUITY®
QDa detector (Waters, Milford, MA, USA). The mobile phase was delivered at a flow rate of 0.4
mL/min through gradient elution and consisted of 0.1% formic acid (aqueous mobile phase A),
and acetonitrile (organic mobile phase B). The injection volume was 1 pL, and the run time was
5.6 min.

The method was validated according to the FDA guidelines on bioanalytical method
development and validation in terms of linearity, accuracy, precision, selectivity, carry-over,
matrix effect, recovery, and stability. The method was linear over a range of 0.2-10 mg/L (R?
>0.99). Accuracy and precision of the QCs varied from 99% to 106%, and from 1.7% to 4.5%,
respectively. The specificity, recovery, matrix effect, and stability of the method were also within

acceptable limits.

2.3. Population pharmacokinetic modeling

PPK analysis was performed using non-linear mixed effect modeling system NONMEM®
version 7.4.3 (Icon Development Solutions, Ellicott City, MD, USA) aided with PsN version 5.3.0,
and Pirana version 2.9.9 as a graphical interface. The FOCE-I was used for parameter estimation.
Data processing, diagnostic analyses and graphical assessments were performed using Xpose

(version 4.7.1) and R software package (version 4.2.2).
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2.4. Structural model

Various alternative models were assessed to identify the best structural model, including
one-compartment and two-compartment models, with either a sequential-zero order and first order
absorption, or a first-order absorption. 11V of the PK parameters was evaluated using an

exponential model given by the following equation:

P, = Oy X eV
Where Piis the PK parameter of the ith individual, O is the typical value of the parameter in the
population and ni is the inter-individual random effect following a normal distribution with mean
of zero and variance oi.
Residual error model was initially described with a combined error model:
Yi; = Fi; X (14 €proi) + €ada,ij
Yijand Fjj are observed and predicted concentration for individual i at the time point j, respectively.

€projij and eaqd,ij are proportional and additive residual errors flowing a normal distribution with

mean zero and variance 62pro and c%add, respectively.

2.5. Covariates screening

Covariates screening was performed with a stepwise forward addition-backward elimination
procedure. Covariates were selected based on biological plausibility, statistical significance, and
clinical relevance. Significance was defined as a reduction in the OFV of >3.84 (x2 distribution
with 1 degree of freedom, p <0.05) for the forward addition, and an increase in the OFV >6.64 (3
distribution with 1 degree of freedom, p <0.01) for the backward elimination. In addition, a 95%
Cl not including the null value, a reduction in the 11V, and clinical relevance were also considered.
Candidate covariates tested included: age, WT, sex, disease type (underlying malignancy,
transplantation), Ccr, fasting status, diarrhea, hepatic function (aspartate aminotransferase (AST),
alanine aminotransferase (ALT), alkaline phosphatase (ALP), total bilirubin (TBIL), FIBI score,

FIB-4 index, ALBI score/grade), and concomitant PPI or steroids.
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Continuous covariates were described with linear, additive, and power models. Additive,
proportional, and power models were used to express the relationship between categorical

covariates and the typical value of the PK parameters.

2.6. Model evaluation

Model evaluation was performed based on the GOF, including observed concentrations
(DV versus population-predicted concentrations (PRED), DV versus individual-predicted
concentrations (IPRED), and conditional-weighted residuals (CWRES) versus PRED. Stability
and robustness of the final model was assessed using a non—parametric bootstrap with a total of
1,000 resampling with replacement. Additionally, Lastly, the predictive performance of the final
model was evaluated by prediction-corrected visual predictive check (pcVPC).>* A set of 1,000
simulated datasets was created, and the 95% CI of the 2.5th, 50th, and 97.5th percentiles of the

simulated concentrations were plotted against the observed concentrations

2.7. Simulation

Simulations were carried out using the final PPK model to investigate the PTA, following a
dose 300 mg for one week. Target was defined as a trough > 0.7 mg/L for prophylaxis.*® In
addition, the effects of identified covariates on the PK profile of PCZ were assessed by varying
one covariate at a time, while maintaining other covariates at a reference level (median). For
continuous covariates, different levels consisted of the 5™, 50", and 95" percentiles of the

population distribution. For each scenario, 1000 virtual subjects were simulated.

2.8. Safety assessment
PCZ safety was assessed based on LFTs following PCZ administration. LFTs (TBIL, AST,
ALT, and ALP) levels were obtained before PCZ therapy and during the follow-up period limited

to 28 days. The hepatotoxicity was defined as an elevation of at least one LFT, defined as per the
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CTCAE guidelines (Table 5).°2 Increase of baseline LTFs levels to a grade | or higher was
considered.

Average PCZ steady-state trough concentration (Cavr) obtained before the occurrence of the event,
or until the end of the follow-up period, was used to evaluate the relationship between PCZ
exposure and the probability of developing hepatotoxicity. For patients without steady-state
concentration, the predicted concentration obtained from the validated PPK model was used
instead.

The primary endpoint of the safety assessment was to evaluate the incidence of hepatotoxicity
following PCZ therapy in hematologic malignancies and explore potential correlation with PCZ
exposure. Secondary outcome was the identification of associated risk factors for developing

hepatotoxicity.
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Table 5: The Common Terminology Criteria for Adverse Event Grade Scores for Liver

Function Tests

Baseline <ULN

LFT Grade
1 2 3 4
AST
>ULN-3.0x ULN >3.0-5.0 x ULN >5.0-20.0 x ULN >20.0 x ULN
ALT
>ULN-3.0x ULN >3.0-5.0 x ULN >5.0-20.0 x ULN >20.0 x ULN
ALP
> ULN-25x ULN >25-5.0x ULN >5.0-20.0 x ULN > 20.0 x ULN
TBIL > ULN-1.5x ULN >1.5-3.0x ULN > 3.0-10.0 x ULN > 10.0 x ULN
Baseline >ULN
LFT Grade
1 2 3 4
AST >5.0-20.0 x > 20.0 x
1.5-3.0 x Baseline > 3.0-5.0 x Baseline
Baseline Baseline
ALT >5.0-20.0 x > 20.0 x
1.5-3.0 x Baseline > 3.0-5.0 x Baseline
Baseline Baseline
ALP >5.0-20.0 x > 20.0 x
1.5-3.0 x Baseline > 3.0-5.0 x Baseline
Baseline Baseline
TBIL >1.0-15x >1.5-3.0 x Baseline > 3.0-10.0 x >10.0 x
Baseline Baseline Baseline

LFT, Liver function test; AST, aspartate aminotransferase; ALT, alanine aminotransferase; ALP, alkaline

phosphatase; TBIL, total bilirubin; ULN, Upper Limit of Normal: TBIL = 1.5 mg/dL, AST = 30 U/mL,

ALT =42 U/mL for males and 23 U/mL for females, ALP = 113 U/mL
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2.9. Statistical analysis

Kaplan-Meier plot was used to estimate the probability of developing hepatotoxicity at
different time points over 28 days. Patients were censored if they were discontinued, discharged,
or did not show any sign of hepatotoxicity before the cutoff time of 28 days.
Additionally, a Cox regression analysis was performed to estimate the hazard ratio (HR) and its
corresponding 95% CI for each predictor variable. Univariate analysis was first conducted to
identify any significant predictors of hepatotoxicity. Variables with p-values less than 0.05 were
considered significant and were included in the multivariate analysis. Multivariate analysis was
then carried out to identify risk factors associated with hepatotoxicity after adjusting for other

covariates. Analyses were performed with the R software package.

3. Results

3.1. Patients’ demographics and clinical data

A total of 131 observations from 26 patients (males =17, females =9) were included in the
analysis, ranging from one to 14 measurements per patient with a median of five measurements.
The demographic and baseline characteristics of the population are represented in Table 6.
23 patients (88.5%) received PCZ for prophylaxis, and most of the patients received
concomitant PPI (96.2%), and steroids (80.8%). Regarding the underlying malignancy, 10
patients (38.5%) were diagnosed with AML, against 19.2% with MDS. Diarrhea was observed

in eight patients (30.8%).
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Table 6. Demographics and baseline characteristics

Total (n = 26) Mean £ SD or (%)  Median [range]
Age, years 49.4+£17.3 53.5[21.0-78.0]
Sex, n
Male 17 (65.4%) -
Female 9 (34.6%) -
Body weight, kg 56.5+13.4 55.4 [35.8-84.6]
Body mass index 20.3 (3.61) 19.5[13.1-26.7]
Serum creatinine, mg/dL 0.852 + 0.337 0.805 [0.270-1.84]
Total proteins 53+0.818 5.4 [3.90-7.10]
Creatinine clearance 2, mL/min 94.5 (66.8) 74.8 [31.3-363]
Albumin, g/dL 3.28 £ 0.527 3.35[1.90-4.00]
Protein C reactive (mg/dL) 0.568 + 1.20 0.110 [0.0100-5.98]
Total bilirubin 0.750 + 0.437 0.60 [0.30-1.90]
Aspartate aminotransferase, U/mL 23.2+9.88 21.0 [8.0-46.0]
Alanine aminotransferase, U/mL 38.3+27.6 32.0 [5.0-109]
Alkaline phosphatase (U/mL) 107 (51.9) 96.0 [57.0-289]
Gamma-glutamyltransferase (U/mL) 120 (136) 76.5 [14.0-516]
ALBI score -2.09 (0.489) -2.21 [-2.73-0.700]
ALBI grade, n

Grade 1 (ALBI score <—2.60) 3 (11.5%) -

Grade 2 -

(—2.60< ALBI score < —1.39) 21 (80-8%)

Grade 3 (ALBI score > —1.39) 2 (7.7%) -
Fibrosis (FIB)-4 index 5.50 (6.59) 2.95[0.530-30.1]
FIB-4 index grade, n

Low risk (FIB-4 index < 1.3) 1 (3.8%) -

Intermediate -

(FIB-4 index 1.30-2.67) 9 (34.6%)

High risk (FIB-4 index> 2.67) 16 (61.5%) -
Absolute neutrophils count, x 103/uL.  3.45 (3.14) 2.36 [0.0100-12.1]
Indication, n

Prophylaxis 23 (88.5%) -

Treatment 3 (11.5%) -
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Total (n = 26) Mean £ SD or (%)  Median [range]

Diarrhea

Presence 8 (30.8%)

Absence 18 (69.2%)
Neutropenia, n
Grade 0 21 (80.8%) -
Grade 1 0 (0%) -
Grade 2 1(3.8%) -
Grade 3 0 (0%) -
Grade 4 4 (15.4%) -
Underlying malignancies, n
Acute myeloid leukemia (AML) 10 (38.5%) -

Myelodysplastic syndrome (MDS) 5 (19.2%) -
Acute lymphocytic leukemia (ALL) 5 (19.2%)

Others 6 (23.1%) -
HSCT, n 21 (80.8%) -
Concomitant medication, n
Proton pump inhibitor (PPI) 25 (96.2%) -
Steroids 21 (80.8%) -

ALBI, albumin-bilirubin grade; AML, acute myeloid leukemia; ALL, acute lymphoblastic leukemia;
MDS, myelodysplastic syndrome; ML, chronic myeloid leukemia; HSCT, hematopoietic stem cell
transplantation; GVHD, graft versus host disease.

2 Creatinine clearance was calculated by the Cockcroft and Gault formula.
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3.2. Population pharmacokinetic modeling

A one-compartment model with a first-order absorption adequately described PCZ data. No
difference in the model fit was observed between the sequential zero-order and first-order
absorption, and the first-order absorption models. Therefore, the latter was selected to avoid
over parametrization. The final structural model was parameterized in terms of apparent
clearance (CL/F), apparent volume of distribution (\V/F), and absorption rate constant (KA). Due
to the lack of blood samples at the initial absorption phase, estimate of KA was fixed to

previously reported value.®’

The 11V and residual variability were best described with an exponential model and proportional
error model, respectively.

Following stepwise-forward addition and backward elimination, statistically significant
covariates included diarrhea, total proteins, sex, and FIB-4 grade 3 on CL/F. However, in the
full covariates model, 95% CI for the effect of sex and FIB-4 grade 3 included null values.
Therefore, only diarrhea and total proteins were retained in the final model. The final model was
stabilized by the inclusion of WT on both CL and V with allometric scaling. The final parameter
estimates are presented in Table 7. All parameter estimates and corresponding 11V showed good
precision (RSE <25%) without significant correlation between parameters. Additionally, the n-
shrinkage for 11V on CL, and e-shrinkage (proportional error) were both <16%.

The following equations describe the final model:

CLtv (L/h) = 7.57 x (WT/70)%75 x 1.26P"™ea » (Total proteins/5.4)4°
Vv (L) = 296 x (WT/70)

CLrv represents the apparent clearance typical individual value, while Vv represents the

apparent volume of distribution typical individual value.

Total proteins variable was centered around the median value 5.4 g/dl.
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3.3.  PPK model evaluation

The goodness-of-fit plots of the final model are presented in Figure 10 and show acceptable
fitting. As shown in Figure 10A and B, the PRED and IPRED were evenly distributed around the
line of unity. Figure 10C and D show an equal distribution of the CWRES around the zero line,
with the majority of points lying within the range —2 and +2. Examination of the pcVPC plot
indicated a good predictive performance of the model, with most observed concentrations falling
within the 95% Cls of the simulated values (Figure 11).
The parameter estimates resulting from the bootstrap (Table 7) were similar to their respective

values from the final population model, demonstrating the stability of the model.
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Figure 10. Goodness-of-fit plots for the final population PK model. The solid line represents the line of

identity. (A) Observed concentrations (DV versus population-predicted concentrations (PRED). (B) DV

versus individual-predicted concentrations (IPRED). (C) Conditional-weighted residuals (CWRES)

versus PRED. (D) CWRES versus time after the last dose
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Figure 11. Prediction-corrected visual predicted check (pcVVPC) of the final population pharmacokinetic
model. The open circle represents the prediction-corrected vancomycin concentrations. Shaded areas show
the 95% prediction interval of the 2.5", 50" and 97.5" percentiles of the simulated values. The solid line
indicates the observed median value. The upper and lower dashed lines are the observed 5" and 95"

percentile values.

3.4. Simulation

PCZ PK profile was simulated following a 300 mg daily for one week. WT and total proteins
levels consisted of the 5", 50™, and 95" percentiles of the population distribution. The 50"
percentile was used as a reference value for both WT and total proteins, while the absence of
diarrhea was defined as the reference diarrhea status. The distribution of PCZ Crin at different
covariates levels is shown in Figure 12. For a typical subject of 56 kg, total proteins level of 5.3

g/dL, and in the absence of diarrhea, the target exposure to PCZ was achieved by most patients

50



(82.6%). Additionally, simulation of Cmin in the presence of diarrhea demonstrated that only
65.8% of the population reached the target of 0.7 mg/L, against 82.6% in the absence of
diarrhea. Similarly, the PTA also appeared to be affected by varying levels of total proteins. The
highest PTA was observed at normal total proteins level of 6.6 g/dl (94.6%), while the lowest
PTA was achieved at the 5" percentile of total proteins levels (49.3%). Furthermore, the results
suggested that Cmin is predicted to decrease with increasing WT. However, most patients
reached acceptable PTA, except at higher 79kg. For which 74.4% of the population achieved the

target exposure.
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Figure 12. Distribution of posaconazole trough concentration (Cmin) With varying covariates, following a
dose of 300 mg for one week.
The dashed line represents the target exposure of 0.7 mg/dL.

TP, total proteins; WT, total body weight. Reference patient had a weight of 56 kg and total proteins

level of 5.3 g/dL.
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3.5. Safety assessment

From the 26 patients initially included in the PPK study, three patients with missing steady-
state concentration were excluded from the safety analysis. Two patient showed elevation of
LFTs during the second hospital admission on day 25 and 28, respectively. However, clinical
data and PCZ exposure were missing during the discharge period. Therefore, the patients were
also removed. A total of 21 patients were finally included, of which 47.6% (10/21) displayed
LFTs abnormalities (38.5% in total, 10/26). For all patients, the levels of LFTs were reversible
and moderately elevated (grade 2 or less). In addition, the increased LFTs were mostly AST
and/or ALT (38%, n=8/21), while an elevation in ALP and TBIL was observed in one, and three
patients, respectively. Among patients with LFTs abnormalities, three patients discontinued
PCZ.
Other potential drug-induced AEs included fever (n=2), and nephrotoxicity (n=3).
Variables evaluated as potential predictors for hepatotoxicity included: sex, age, WT, baseline
LFTs (ALT, AST, ALP, TBIL, ALBI score, and FIBI score), presence of cytomegalovirus
(CMV), underlying malignancy, and HSCT status.
Kaplan-Meier curve for the cumulative incidence of hepatotoxicity is shown in Figure 13. The
median time to occurrence of hepatotoxicity was 8.5 days, with the majority (80%) occurring

within 14 days.
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Figure 13. Kaplan-Meir curve for the cumulative probability of hepatotoxicity following posaconazole

administration over a period of 28 days. Shaded area shows the 95% confidence interval.
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As shown in Figure 14, PCZ Cayr was significantly different between patients with
hepatotoxicity compared with patients without hepatotoxicity (p <0.05). This was confirmed by
the univariate analysis (Table 8), which demonstrated that PCZ Cayr and Age (>65 years) were
the only significant factors for hepatotoxicity. Multivariate cox regression analysis revealed that
hepatotoxicity was independently associated with PCZ exposure, after adjusting for age (HR

4.7, p <0.05; Table 8).

2.0

1.5

1.0

Average trough concentration (mg/L)

0.51

No Yes
Hepatotoxicity
Figure 14. Comparison of posaconazole average trough concentration at steady-state between patients
with hepatotoxicity and patients without hepatotoxicity. Limits of the box are the first and third quartiles
corresponding to 25" and 75" percentiles, respectively. The lower and upper whiskers represent the

minimum and maximum values without outliers.

* p <0.05
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4. Discussion

This study established a PPK model to characterize the PK and safety profile of
PCZ DRT formulation in Japanese population with underlying hematologic
malignancies. PCZ exposure was further shown to be associated with a higher risk of
occurrence of hepatotoxicity. To our knowledge, this is the first study to investigate
the relationship between PCZ trough concentration and elevation of LFTSs, using a cox
regression analysis. PCZ data were appropriately described by a one-compartment
model with first-order absorption, which is consistent with existing PPK models.*®
The PCZ PK characteristics were also comparable to previous reports with the DRT
formulation.®58797 Based on the model, PCZ apparent CL/F was estimated to be 7.57
L/h/70kg, which was similar to two PPK models which reported values of values of
8.02 L/h, and 7.3 L/h, respectively.8%° Nevertheless, Vd in our model appeared to be
lower, with an estimated value of 296 L/70kg against 548 L and 420 L,
respectively 8%

Previous PPK analyses have identified several influential covariates on the PK of
PCZ 0S.% However, the results of these studies are still conflicting and selected
covariates are not always consistent. Possible reasons for this discrepancy include
small sample size, limited data and variability in patients’ characteristics. For
instance, considering the lipophilic nature of PCZ, correlation between WT and PCZ
clearance would be expected. %1% However, only few studies included WT as a
covariate in their final model. Similarly, in our PPK model WT was found to improve
the goodness of fit of the model, although not in a statistically significant manner.
Simulation, demonstrated a limited clinical effect on PCZ exposure across lower
levels of WT. However, PCZ trough was predicted to be lower at the 95" percentile,

implying that dose adjustments may be necessary in patients with higher body weights
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to achieve the desired therapeutic drug concentrations. Our results are in accordance
with existing literature, suggesting higher risk of sub-therapeutic levels in obese
patients. 8!

Among currently available PPK models for the DRT, only Pena-Lorenzo et al.
included significant covariates on CL in the final model.® In their study, gender and
total proteins were identified for the first time as significant covariates on CL/F.
Consistent with these results, we have also found that PCZ CL/F was negatively
affected by total proteins. These results were confirmed by the simulation analysis,
which showed that the effect of total proteins on PCZ exposure was clinically
relevant. This is not surprising, as PCZ is characterized by high protein binding (98 to
999%).102
Furthermore, according to a recent review of PCZ PPK models, the incidence of
diarrhea was the most common covariate observed for the OS formulation.%
However, a phase 3 study for the DRT formulation evaluated the effect of diarrhea
but was not retained in the final model.®” In our model, diarrhea was identified as a
significant covariate associated with higher apparent CL/F. Additionally, the
simulation results suggested that diarrhea could be clinically relevant on PCZ
exposure.

Hepatotoxicity remains a major concern with fungal triazole use, particularly in
patients with underlying liver disease or those receiving other potentially hepatotoxic
medications.'% Several studies have investigated the safety of PCZ DRT and has been
found to be safe with low toxicity levels among patients. Moreover, the incidence of
hepatotoxicity was not significantly different when compared to the OS, despite
higher exposure profile.6871.7488-9 Consistent with these results, no serious AES were
reported in our study, and were mostly mild to moderate. However, the incidence of

hepatotoxicity in the present study (38.5%) was significantly higher compared to the
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reported 15-20%.8%991 Additionally, LFTs abnormality was the main reason for
therapy discontinuation for most patients. The relationship between PCZ exposure
and hepatotoxicity has been previously investigated but is yet to be clarified. A study
by Van lersel et al. found no correlation between increased plasma concentration of
PCZ and liver toxicity.®” Another study did not identify association between PCZ and
elevation of LFTs but recommended that special attention should be paid when co-
administered with hepatotoxic drugs.®” Jia et al. on the other hand, found that plasma
concentrations tended to be higher in patients with hepatotoxicity (1.83 + 1.47
pg/mL) as compared with the patients without hepatotoxicity (1.2 + 0.83 pg/mL),
although these differences were not statistically significant (P = 0.07).2% Notably,
these studies were mainly descriptive, and the true relationship could have been
missed. In contrast, we used for the first time a cox regression model to investigate
the hazard for developing hepatotoxicity given PCZ exposure. The results of the
multivariate analysis demonstrated that PCZ trough concentration significantly
increased the probability of developing hepatotoxicity (HR 4.7, p <0.05). Our results
support Yang et al. meta-analysis finding, in which they evaluated the main AEs of
currently used antifungal agents, and reported that PCZ was associated with the
highest side effect rate when it comes to increase in liver enzymes and cardiac
disorders.1%3

Our study does come with some limitations. First, the limited dataset and small
sample size is likely to reduce the power for identifying significant covariates. Indeed,
few covariates such as FIB-4 index grade 3 was found to be statistically significant,
however 95% CI suggested limited information available. Second, although this
analysis included several factors, it is possible that unrecognized confounders may
have been missed. For example, the PK of PCZ are reportedly affected by the genetic

polymorphism UGT1A4*3,1% which may be associated with the higher 11V on CL in
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our model. However, we could not investigate the potential effect of genetic
polymorphism. Finally, due to the retrospective nature of the study, the follow-up
period for the safety assessment was limited to 28 days, with most patients not
reaching that target. In addition, hepatotoxicity in patients with hematologic
malignancies may results from various factors. Therefore, to detect a drug-induced
hepatotoxicity and exclude other possible causes related to the disease progression or

concomitant drugs, a larger prospective study would be required.

5. Conclusions

PCZ PK have been successfully characterized using PPK modeling. In addition,
PCZ exposure was found to be associated with a higher probability of developing
hepatotoxicity. While PCZ DRT has been shown to be relatively safe, its safety
profile with respect to hepatotoxicity remains a concern. Thus, LFTs should be
monitored closely during PCZ therapy. The present findings have the potential to be
used to better understand the incidence, mechanism, and management of PCZ-induced

hepatotoxicity.
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Chapter 3 Development and full validation of a bioanalytical method for
guantifying letermovir in human plasma using ultra-performance liquid

chromatography coupled with mass spectrometry

1. Introduction

Letermovir is a newly developed antiviral agent indicated in the prophylaxis of
human CMYV infections in adult recipients of HSCT.!%-!% Unlike other antiviral agents
such as ganciclovir, foscarnet, and cidofovir, which target the viral DNA polymerase,'®
letermovir inhibits viral DNA cleavage by targeting the CMV terminase complex,
pUL56.11° It is commercially available in both intravenous and oral formulations with
a recommended therapeutic dose of 480 mg once daily.'!!

Recently, several studies have reported various cases of CMV resistance during
letermovir prophylaxis in HSCT recipients.!!?!'* Furthermore, letermovir was found to

415116 and decrease voriconazole

increase tacrolimus exposure by inhibiting CYP3A
exposure in healthy recipients secondary to CYP2C9/19 induction.'!” It has also been
found that co-administration with cyclosporine significantly decreases letermovir
clearance, leading to an increase in letermovir exposure caused by the inhibitory effect
of cyclosporine on OATP1B1/3 transporters; OATP1B1/3 is a hepatic metabolizer of
letermovir.'1¢

In light of these findings, further studies for assessing the PK and PD are required.
However, although multiple clinical studies'®!!>!1611% mention the use of LC/MS
methods for quantifying letermovir in human plasma, there is no information regarding
the full method, including its validation in the available literature. More recently, a new

method for the quantification of letermovir in human serum using HPLC combined

with diode array detector has been published.!!® However, to date, no LC/MS method
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has been described in human plasma. Thus, the main purpose of this work was to
develop and validate an ultra-performance liquid chromatography (UPLC)/MS method
for quantifying letermovir in human plasma, which is suitable for clinical studies as

well as for therapeutic drug monitoring.

2. Materials and methods

2.1. Chemicals and reagents

The reference standard letermovir (>98% purity) was purchased from Cayman
Chemical (Ann Arbor, Michigan MI, USA). The chemical structure of letermovir is
presented in Figure 15.1%° Roscovitine, which was used as the internal standard (1S),
was purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Methanol,
acetonitrile, dimethylsulfoxide (DMSO, 99% purity), and formic acid (98% purity)
were supplied by Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Methanol and
acetonitrile were both LC/MS grade. Ammonium formate (1 mol/L) and ammonium
acetate (10 mol/L) were purchased from Nacalai Tesque, Inc. (Kyoto, Japan). Milli-Q
water (of 18.2 mQ) was obtained from an in-house purification system, Elga LabWater
PURELAB® flex (Elga LabWater, High Wycombe, UK). Human blank plasma K2
dipotassium ethylenediaminetetraacetic acid (EDTA) was purchased from Cosmo Bio
Co., Ltd. (Tokyo, Japan). Letermovir reference standard and human blank plasma were

stored at —20°C prior to use.
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Figure 15. Chemical structure of letermovir (CagHzsF4N4Q4). 110

2.2. Equipment

The LC system consisted of an ACQUITY UPLC® system, equipped with an
autosampler, a binary solvent manager, and an online degasser. Analyte separation was
performed in reverse phase mode with an ACQUITY UPLC® BEH C18 column (1304,
1.7 um, 2.1 mm x 50 mm) preceded by Waters ACQUITY BEH C18 Van-Guard pre-
column and detected using Waters ACQUITY® QDa detector. The chromatography
system, column, and mass spectrometer were purchased from the Waters Corporation
(Milford, MA, USA). Data manipulation was performed using the Empower 3 software

(Waters Corporation, USA).

2.3. Method development

During method development, a large number of chromatographic and mass
spectrophotometric parameters were screened and optimized by using a screening
protocol, in order to develop a fast and robust bioanalytical method for quantifying

letermovir in human plasma.
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2.3.1. MS conditions

Detection of letermovir and IS, based on the peaks’ mass to charge (m/z) ratio,
was carried out using Waters ACQUITY® QDa detector through electrospray
ionization operating in a positive ion mode. The cone and capillary voltages were 15
V and 0.8 kV, respectively. The probe temperature was set to 600°C, and the

sampling rate was set to 10 points/sec.

2.3.2. Chromatographic conditions

Chromatographic separation was performed in reverse phase mode with an
ACQUITY UPLC BEH C18 column maintained at 50°C. The mobile phase was
delivered at a flow rate of 0.3 mL/min through gradient elution and consisted of 10 mM
ammonium acetate in pure water with 0.1% formic acid added for pH adjustment
(aqueous mobile phase A) and acetonitrile (organic mobile phase B). The total
analytical run time for each injection was 6.1 min, including 2 min of re-equilibration.

The initial gradient conditions started with 10% mobile phase B which was
maintained for 0.5 min. Mobile phase B was gradually increased to 40% over 1 min
and further increased to 90% for 1.4 min. These conditions were held for 1.1 min,
returned to initial conditions over 0.1 min, and maintained for 2 min. Optimization of
chromatographic conditions involved the consecutive screening of the following
parameters: buffer, pH of the mobile phase, organic solvent, gradient elution, flow rate,
column temperature, and injection volume. The initial method conditions for the first
screening were selected according to letermovir physicochemical properties (pKa
values, molecular weight, solubility, and stability). The conditions offering the best

retention and separation were then selected.
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2.3.3. Samples preparation

Stock solution was prepared at 1 mg/mL by dissolving 5 mg of letermovir standard
in DMSO. The stock solution was further diluted in an appropriate volume of methanol-
water (1:1, v/v) to prepare a second stock solution at 100 pg/mL. From the second stock
solution, two individual working solutions (calibration standard working solution and
quality control (QC) working solutions) were freshly prepared in methanol-water (1:1,
v/v) at 10 pg/mL and 7.5 pg/mL, respectively. Serial dilution with methanol-water (1:1,
v/v) was then performed in order to obtain six calibration standard working solutions
and three QC working solutions. The IS working solution was prepared at 5 pg/mL by

diluting the corresponding stock solution in methanol-water (1:1, v/v).

2.3.4. Calibration standards, and QC samples

Calibration standard working solutions were diluted 10-fold with human blank
plasma (1:9, v/v) to obtain six calibration standards at 10, 100, 200, 400, 800, and 1000
ng/mL. QC working solutions were also diluted 10-fold with human blank plasma to
obtain QCs at three different concentration levels: i.e., low-, mid-, and high-: levels of

30, 500, and 750 ng/mL, respectively.

2.3.5. Samples pre-treatment

Ten microliters of the IS working solution were added to 1.5 mL centrifuge
polyethylene tubes containing 100 pL of the corresponding calibration standard or QC
diluted in human blank plasma. Protein precipitation was induced by adding 400 pL of
methanol to all the samples. The tubes were vortexed for 1 min and centrifuged at 13000
g for 5 min. The supernatant was diluted with an appropriate volume of mobile phase

(1:1, v/v), and 2 pL was injected into the LC/MS system.
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2.4. Method validation

Full validation of the method in human plasma was performed in compliance with
the FDA guidelines on bioanalytical method development and validation.'?® The
validation included the following parameters: linearity and calibration curve, carry over,
selectivity, intra- and inter- assay accuracy and precision, recovery and matrix effect,

dilution linearity, and stability.

2.4.1. Linearity and calibration curve

Calibration standards were prepared at six concentrations over a range of 10-1000
ng/mL. Six individually prepared replicates at each concentration, including a blank
and a zero calibrator standard (blank plasma spiked with IS), were analyzed within six
different runs. In order to confirm the concentration-response relationship, calibration
curves were plotted by fitting the peak response (y-axis), defined as the peak-area ratio
of letermovir to IS, against the nominal concentration of the calibration standard (x-
axis).
Concentrations were calculated using unweighted and weighted linear least-squares
regression analysis with the weighting factors: 1, 1/x, and 1/x?, where x is the
concentration of letermovir. The choice of the weighting factor was based on the
relationship between the standard deviation and variance of the LC/MS response and
the analyte concentration.?

The coefficient of determination (R?) should be >0.99. Accuracy (nominal%) and
precision (relative standard deviation (RSD) %) at each concentration should be + 15%
and <15%, respectively, except at the lower limit of quantification (LLOQ), where the

calculated concentration should be + 20% of the nominal concentration and RSD <15%.
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2.4.2. Carryover

Carryover was evaluated by analyzing a human blank plasma following the
injection of an upper limit of quantification (ULOQ), the highest concentration
calibration standard, in five different runs. Carryover should not exceed 20% of the

LLOQ.

2.4.3. Selectivity

Selectivity was defined as the absence of substances interfering with the analyte
and IS at the same retention time and was evaluated by analyzing six different human
plasma samples prepared at LLOQ (10 ng/mL) and IS at 500 ng/mL. The human plasma
samples should be free of interferences with the elution of the analyte and IS. If any
peak is observed at the retention time of the analyte and/or IS, the response should be

<20% of the LLOQ response and <5% of the response of the IS.

2.4.4. Accuracy and precision

Accuracy and precision were evaluated at LLOQ level, and with QCs prepared at
three different concentrations. Repeatability or intra-assay accuracy, defined as
nominal%, and precision (RSD%), were determined by analyzing five individually
prepared replicates at each concentration within the same run and five injections of one
replicate within another run to evaluate injection repeatability.

Inter-assay accuracy and precision were obtained by analyzing five individually
prepared replicates at each concentration within five different days. Accuracy at each
concentration level should be within + 15%, and precision should be <15%, except at

the LLOQ where accuracy and precision should be £+ 20% and <20%, respectively.
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2.4.5. Matrix effect and % recovery

QCs at low, mid, and high levels were prepared in six different human plasma
samples. The matrix factor was evaluated by comparing the peak area of the QC
prepared in human plasma with the peak area of the QC prepared in methanol-water
(1:1, v/v).

Recovery was evaluated by comparing the peak area of the extracted QC prepared
at three levels of concentration with the peak area of the extracted human plasma
sample spiked with letermovir and IS at the same concentration. Precision expressed

by the RSD% for both the matrix effect and recovery should not exceed 15%.

2.4.6. Dilution linearity

Plasma dilution in human blank plasma was assessed. Five individually prepared
replicates of QCs at 10 times (10 pg/mL) the ULOQ were analyzed. The samples were
diluted 10 times with human blank plasma to obtain samples of 1000 ng/mL. The mean
accuracy at each level of concentration should be within + 15%, and the precision

expressed in RSD% should be <15%.

2.4.7. Stability

The stability of the stock solution was assessed by analyzing three individually
prepared replicates in methanol-water (1:1, v/v) at 1 pg/mL, after storage at room
temperature (RT, 24°C) for 6 h, and after storage at —20°C for 6 months and 12 months.
The stability of letermovir in human blank plasma was determined using five
individually prepared replicates of QCs at three concentration levels. The following
stability conditions were assessed: short-term stability (24 h at RT and at —20°C), post-
preparation (48 h at —20°C), auto-sampler (24 h at 10°C), freeze thaw (three cycles,

—20°C/RT, and 24 h between cycles), and long-term stability (10 days at —20°C, and 30
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days at —20°C and —80°C). Letermovir was considered stable under the different
storage conditions if the accuracy (nominal%) and precision (RSD%) were within +

15% and < 15%, respectively.

3. Results

3.1. Method development
3.1.1. Mass spectrometry

The ionization conditions used in the full mass scan permitted the detection of
prominent peaks for letermovir and IS with m/z of 573.30 and 355.31, respectively.
Single chromatograms of letermovir were obtained by setting the QDa mass
spectrometer to single m/z values previously obtained through a selected ion recording.
The results of the full mass scan and SIR showed that no further optimization was
required. Thus, initial ESI-MS was selected for optimizing the chromatographic

conditions.

3.1.2. Liquid chromatography

The chromatographic method was optimized by changing various parameters such
as pH of the buffer and organic solvent. Best separation, elution, and tailing were
obtained with 10 mM ammonium acetate in pure water and 0.1% formic acid to obtain
a pH of 5.2 (mobile phase A) and acetonitrile (mobile phase B). Furthermore, to achieve
a capacity factor >2, the column temperature was maintained at 50°C and acetonitrile

was gradually increased from 10% to 90%, over 2.9 min.
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3.2. Method validation

3.2.1. Linearity and calibration curve

The equations of linear regression and coefficients of determination R? are described in
Table 9. The concentration-response relationship was best described with a 1/x?
weighting factor. R? of six replicates was >0.99, and the accuracy of all six calibration
points was within = 15% of the nominal concentration. Thus, the calibration curve was
validated over a range of 10-1000 ng/mL. The choice of the upper limit of 1000 ng/mL
was based on the results of previous clinical trials. ¢ The predicted median minimal
concentration of letermovir in Asian patients after oral administration of 480 mg, and
after oral administration of 240 mg with cyclosporine exposure were 506.4 ng/mL with
a 90% prediction interval of 118.4-1628, and 1200 ng/mL with a 90% prediction
interval of 346.9-3154, respectively.!® Furthermore, according to a study conducted
by Isberner et al., the median trough concentration of letermovir after oral
administration of 240 mg or 480 mg in patients including children was 2603 ng/mL
(range 175-12281 ng/mL), and two samples were less than 100 ng/mL. 22 These results
suggest that letermovir concentrations exhibit a large variability in clinical setting. In
this study, a lower ULOQ than that used in a previous study (5000 ng/mL) was chosen

to improve the accuracy of our calibration curve, while a dilution integrity of 10-fold

was assessed in order to account for concentrations above 1000 ng/mL.
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3.2.2. Carry over
No response was detected in the five replicates of human blank plasma samples
processed after a ULOQ sample at the retention time of letermovir and IS. Thus, no

carry-over effect was observed.

3.2.3. Selectivity

The method showed good selectivity for letermovir and IS. The different
chromatograms are presented in Figure 16. Retention times of letermovir and IS were
2.78 min and 2.69 min, respectively. No endogenous peak was observed in the human

plasma samples at the retention times of letermovir and IS.
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Figure 16. Chromatograms of letermovir and IS in human plasma; (A) Blank plasma m/z =
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3.2.4. Sensitivity

Sensitivity was evaluated with five LLOQ samples (10 ng/mL) as per the intra-
assay accuracy and precision (Table 10). The results of the five replicates met the
acceptance criteria of accuracy (nominal% + 15%) and precision (RSD% <15%). %).
The LLOQ determined in this assay (10 ng/mL) was lower than the LLOQ established

in a previous study by Isberner et al. (100 ng/mL). 1?2

3.2.5. Accuracy, precision, and dilution linearity

Table 10 summarizes the results of the intra-assay and inter-assay accuracy and
precision. The accuracy of all the QCs at different levels was within + 15%, and
precision was <15%. Both the methods used in our study and in a previous study 1?2
conformed with the FDA guidelines for bioanalytical method validation, in terms of
accuracy and precision.'?° Dilution linearity with human blank plasma was investigated
ataratio of 1:9. The mean accuracy and precision values obtained were 103% and 0.5%,
respectively. All the results met the described acceptance criteria, suggesting that

samples with a concentration >1000 ng/mL can be quantified with good accuracy and

precision.
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3.2.6. Matrix effect and recovery

The results of the matrix effect and extraction recoveries of letermovir and IS from
human plasma samples are presented in Table 11. The mean extraction recoveries and
RSD% at three levels of QCs were + 15% and <15%, respectively, demonstrating a
good recovery in different human plasma samples. The RSD% value of the matrix
effect expressing the inter-subject variability was <15%. Furthermore, the RSD% of
mean recovery and matrix effect of IS were also <15%. These results suggest that
simple protein precipitation with methanol, compared to liquid—liquid extraction used
by Isberner et al., 12 is efficient for pre-treatment of the samples and contributes to

optimized sample preparation time while achieving a good recovery during extraction
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3.2.7. Stability

The results of the stability studies are summarized in Tables 12. Letermovir stock
solutions were stable for at least 1 year when prepared in a neat solvent. Furthermore,
nominal% of QCs at three concentration levels after 30 days at —20°C and —80°C were
within &+ 15%. Thus, letermovir is stable for at least 30 days in human plasma under the

described storage conditions.
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Table 12. Stability results of letermovir in human plasma at different conditions (n =

5)
Stability condition Nominal Nominal® Precision
concentration (ng/mL) (%) (RSD%)
Auto sampler (10°C, 24 h) 30 106 2.3
500 104 22
750 103 1.4
Freeze-thaw 30 101 4.4
Three cycles (~20°C/RT, 24 h) >0 103 >4
750 105 3.2
Post-preparation (—20°C, 48 h) 30 102 3.7
500 98 1.7
750 94 2.0
Room temperature 24°C,24h 30 99 3.1
500 99 3.6
750 96 3.0
—20°C,24 h 30 110 6.0
500 102 4.3
750 104 2.7
—20°C, 10 days 30 91 2.8
500 96 1.7
750 98 1.4
—20°C, 30 days 30 112 5.4
500 111 2.6
750 110 2.8
—80°C, 30 days 30 110 6.1
500 110 23
750 108 5.1

2Nominal% = (response at the stability condition/response of freshly prepared sample) x 100

RSD, residual standard error; RT, room temperature.
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4. Discussion

The bioanalytical method developed and validated in this this study constitutes the
first described LC/MS method for the quantification of letermovir in human plasma.
The advantage of this method lies in its short analysis time of 6.1 min compared to 20
min in a previous HPLC assay with a retention time of 5.79 + 0.15 min.*® Furthermore,
the method is characterized by a high sensitivity following the use of a mass
spectrometer detector through a single ion recording, and is highly reproducible, owing
to a sample preparation method.

The assay was fully validated with good selectivity and linearity over a large
range of 10-1000 ng/mL. The choice of the upper limit of 1000 ng/mL was based on
the results of previous clinical trials.1%1® The predicted median minimal concentration
of letermovir in Asian patients after oral administration of 480 mg, and after oral
administration of 240 mg with cyclosporine exposure were 506.4 ng/mL with a 90%
prediction interval of 118.4-1628, and 1200 ng/mL with a 90% prediction interval of
346.9-3154, respectively.’® Furthermore, according to a study conducted by Isberner
et al., the median trough concentration of letermovir after oral administration of 240
mg or 480 mg in patients including children was 2603 ng/mL (range 175-12281 ng/mL),
and two samples were less than 100 ng/mL. 1?2 These results suggest that letermovir
concentrations exhibit a large variability in clinical setting. In this study, a lower ULOQ
than that used in a previous study (5000 ng/mL) was chosen to improve the accuracy
of our calibration curve, while a dilution integrity of 10-fold was assessed in order to
account for concentrations above 1000 ng/mL.

The results of the matrix effect and recovery suggest suggest that simple protein
precipitation with methanol, compared to liquid—liquid extraction used by Isberner et

al., 122 is efficient for pre-treatment of the samples and contributes to optimized sample
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preparation time while achieving a good recovery during extraction. In addition,
Letermovir was stable in neat solvent and plasma for at least 1 year and 30 days,
respectively.

A limitation of this study is the absence of clinical application on plasma samples
of patients receiving letermovir treatment. Thus, an assessment of the assay using

patients’ samples is required.

5. Conclusions

A rapid, simple, and sensitive LC/MS bioanalytical method for the quantification
of letermovir in human plasma was developed and validated in accordance with FDA
guidelines over a linear range of 10—1000 ng/mL. The method was successfully used to
quantify letermovir in human plasma. This work could be useful to perform not only
clinical PK/PD studies but also to investigate drug—drug interactions and letermovir
side effects, which will be instructive in the creation of a dosage regimen and

optimization of letermovir safety and efficiency.
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Summary

Chapter 1 Population pharmacokinetic model and dosing optimization of
vancomycin in hematologic malignancies with neutropenia and augmented renal

clearance

Data on the pharmacokinetics (PK) and area under the curve (AUC) -based dosing
strategy of vancomycin (VCM) in hematologic malignancies are limited. Therefore, we
aimed to develop a population PK model, investigate the factors influencing VCM PK,
and propose an optimal dosing regimen for hematologic malignancies.

A retrospective study was conducted in patients treated with VCM. A total of 148
patients were enrolled for population PK modeling. Simulation analyses were
performed to identify dosing regimens achieving a target exposure of AUCo.24 of 400—
600 mg-h/L at the steady-state.

The VCM PK data were best described with a one-compartment model. Significant
covariates included creatinine clearance (Ccr), diagnosis of acute myeloid leukemia
(AML) and neutropenia on VCM clearance (CL), and body weight (WT) on the volume
of distribution (Vd). The typical values of CL and Vd were 3.09 L/h (normalized to Ccr
value of 90 mL/min) and 122 L/70 kg, respectively. Concerning the effect on VCM
dosing, we found out that AML patients with neutropenia and ARC represent a critical
population with a higher risk of VCM underexposure. Thus, individualized dosing

adjustment and therapeutic drug monitoring are strongly recommended.
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Chapter 2 Pharmacokinetics and safety evaluation of posaconazole delayed release

table in hematologic malignancies

Limited information is available on the pharmacokinetics (PK) and safety of
posaconazole (PCZ) delayed-release tablet. The aim of the study was to develop a
population pharmacokinetic model, identify influential covariates, and investigate the
relationship between PCZ exposure and hepatotoxicity.

A retrospective study was conducted in patients with underlying hematologic
malignancies who received PCZ delayed-release tablets. A total of 26 patients were
enrolled in the study.

PCZ data were adequately described by a one-compartment model with first-order
absorption, using Nonlinear mixed effect modeling. Diarrhea and total proteins were
identified as significant covariates on PCZ apparent clearance CL/F. The incidence of
hepatotoxicity following PCZ therapy was 38.5% (10/26). For all patients, the levels
of liver function tests (LFTs) were reversible and moderately elevated (grade 2 or
less). Multivariate cox regression analysis revealed that hepatotoxicity was
independently associated with older age (Hazard-ratio 5.8, p <0.05), and PCZ PCZ
average trough concentration at steady-state (Hazard-ratio 4.7, p <0.05).

In this study, we characterized PCZ PK in Japanese population with hematologic
malignancies, and identified total proteins as a significant covariate on PCZ apparent
CL/F. In addition, this is the first study to identify PCZ trough concentration as an

independent risk factor associated with higher risk for developing hepatotoxicity.
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Chapter 3 Development and full validation of a bioanalytical method for
quantifying letermovir in human plasma using ultra-performance liquid

chromatography coupled with mass spectrometry

Letermovir is a newly developed antiviral agent indicated in the prophylaxis of
human CMV infections in adult recipients of allogeneic hematopoietic stem cell
transplants. Although multiple clinical studies mention the use of LC/MS, there is no
information regarding the full method, including its validation in the available literature.
Thus, the aim of this study was to develop and validate a rapid and simple ultra-
performance liquid chromatography coupled with mass spectrometry (UPLC/MS) for
the quantification of letermovir in human plasma.

Separation was performed in reverse phase mode using an ACQUITY UPLC
BEH C18 column (130 A, 1.7 pm, 2.1 mm x 50 mm) at a flow rate of 0.3 mL/min, 10
mM ammonium acetate-0.1% formic acid solution as mobile phase A, and acetonitrile
as mobile phase B with a gradient elution. The method was validated over a linear range
of 10-1000 ng/mL with a coefficient of determination (R?) >0.99 using weighted linear
regression analysis. The intra- and inter-assay accuracy (nominal%) and precision
(relative standard deviation%) were within £ 15% and <15%, respectively. The
specificity, recovery, matrix effect, stability, and dilution integrity of this method were
also within acceptable limits.

This method constitutes the first described LC/MS method for the quantification
of letermovir in human plasma, and could be used to perform not only clinical
pharmacokinetics and pharmacodynamics studies but also to investigate drug—drug

interactions and letermovir side effects.
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Conclusion

In the present thesis, pharmacometrics approaches were successfully applied to
characterize the PK and safety of an antibiotic, and an antifungal drug.
Through this work, we have demonstrated the importance of mathematical modeling
and simulations in the optimization of antibiotics dosing to maximize efficacy and
minimize the risk of toxicity. PK/PD modeling and simulation has a promising future
in the battle against antimicrobial resistance. However, its full potential has yet to be
fully integrated by clinicians, especially in hospital setting.
The field of model informed drug discovery is constantly evolving. Future research
integrating not only pharmacometrics but also machine learning principles are
strongly warranted and will undoubtedly play a significant role against the rapid

spread of multidrug resistant pathogens.
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