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ABSTRACT Cefiderocol is a novel siderophore cephalosporin with antibacterial ac-
tivity against Gram-negative bacteria, including carbapenem-resistant strains. The
standard dosing regimen of cefiderocol is 2 g administered every 8 hours over 3 hours
infusion in patients with creatinine clearance (CrCL) of 60 to 119ml/min, and it is
adjusted for patients with <60 ml/min or =120 ml/min CrCL. A population pharmaco-
kinetic (PK) model was constructed using 3,427 plasma concentrations from 91 unin-
fected subjects and 425 infected patients with pneumonia, bloodstream infection/sep-
sis (BSI/sepsis), and complicated urinary tract infection (cUTI). Plasma cefiderocol
concentrations were adequately described by the population PK model, and CrCL was
the most significant covariate. No other factors, including infection sites and mechani-
cal ventilation, were clinically relevant, although the effect of infection sites was identi-
fied as a statistically significant covariate in the population PK analysis. No clear phar-
macokinetic/pharmacodynamic relationship was found for any of the microbiological
outcome, clinical outcome, or vital status. This is because the estimated percentage
of time for which free plasma concentrations exceed the minimum inhibitory con-
centration (MIC) over dosing interval (%fT_,,c) was 100% in most of the enrolled
patients. The probability of target attainment (PTA) for 100% fT_,,c was >90%
against MICs of =4 ug/ml for all infection sites and renal function groups except
for BSl/sepsis patients with normal renal function (85%). These study results sup-
port adequate plasma exposure can be achieved at the cefiderocol recommended
dosing regimen for the infected patients, including the patients with augmented
renal function, ventilation, and/or severe illness.

KEYWORDS augmented renal function, bloodstream infections, cefiderocol,
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efiderocol is a novel parenteral siderophore cephalosporin discovered and devel-

oped by Shionogi & Co., Ltd. Cefiderocol exhibits antibacterial activity against a
wide range of carbapenem-susceptible and carbapenem-resistant Gram-negative bacte-
ria, including Enterobacterales, Acinetobacter baumannii, Pseudomonas aeruginosa, and
Stenotrophomonas maltophilia (1-5). The activity is attributed to its unique structural fea-
tures with a catechol substituent that chelates ferric iron and utilizes the bacterial active
iron transport system to penetrate the outer membrane of Gram-negative bacteria.

Cefiderocol was approved in the United States for the treatment of hospital-acquired
bacterial pneumonia, ventilator-associated bacterial pneumonia, and complicated urinary
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tract infections (cUTIs), including pyelonephritis, caused by susceptible Gram-negative
microorganisms in patients =18 years of age (6). Cefiderocol was also approved by the
European Medicines Agency in April 2020 for the treatment of infections due to aerobic
Gram-negative organisms in adults with limited treatment options (7). The approved
dosing regimens are based on a creatinine clearance estimated by the Cockcroft-Gault
equation (CrCL) (8) since cefiderocol is primarily excreted unchanged via the kidneys and
the total clearance (CL) is dependent on renal function (9-12). The standard dosing regi-
men is 2 g administered every 8 hours (q8h) over 3 hours infusion in adults with CrCL of
60 to 119 ml/min, and it is adjusted for patients with CrCL less than 60 ml/min or for
patients with CrCL 120 ml/min or greater (6, 7).

The pharmacokinetic/pharmacodynamic (PK/PD) index of cefiderocol is the percent-
age of time for which free drug concentrations in plasma exceed the minimum inhibi-
tory concentration (MIC) over dosing interval (%fT-,,c) (5), as reported in other cepha-
losporins (13-15). The mean %fT_,c values required for a 1-log,, reduction against
Enterobacterales and P. aeruginosa in the thigh infection model were 73% and 77%,
respectively. The mean %fT.,,c values against Enterobacterales, P. aeruginosa, A. bau-
mannii, and S. maltophilia in the lung infection model were 64%, 70%, 88%, and 54%,
respectively. The estimated value was higher for carbapenem-resistant strains (85%)
than for carbapenem-susceptible strains (61%) (5). The in vitro plasma protein binding,
primarily to albumin, of cefiderocol in human is 57.8% (16).

Previously published population PK analyses of cefiderocol were performed based
on concentration data in healthy subjects, subjects with various degrees of renal func-
tion, and patients with cUTI or acute uncomplicated pyelonephritis (AUP) enrolled in the
APEKS-cUTI study (https://www.clinicaltrials.gov identifier NCT02321800) (10, 12, 17).
Recently, two phase 3 clinical trials, the CREDIBLE-CR study (https://www.clinicaltrials.gov
identifier NCT02714595) (18) and the APEKS-NP study (https://www.clinicaltrials.gov
identifier NCT03032380) (19), were completed. In the CREDIBLE-CR study, the microbio-
logical and clinical outcomes were comparable between cefiderocol and best available
therapy groups in patients with pneumonia, bloodstream infection/sepsis (BSI/sepsis), or
cUTI caused by carbapenem-susceptible or carbapenem-resistant Gram-negative patho-
gens. In the APEKS-NP study, noninferiority of cefiderocol to meropenem following 2g
every 8 hours (q8h) over 3 hours infusion was demonstrated in patients with pneumonia
caused by Gram-negative pathogens. A summary of study designs in each clinical study
is shown in Table S1 in the supplemental material.

The objective of this study was to build an updated population PK model using
plasma cefiderocol concentration data from patients with pneumonia, BSI/sepsis, and
cUTI/AUP caused by Gram-negative pathogens; subjects with various degrees of renal
function; and healthy subjects. A PK/PD analysis was also conducted to assess the rela-
tionships of %fT_,c with microbiological outcome, clinical outcome, and vital status in
the patients from the phase 3 studies. Furthermore, the probability of target attain-
ment (PTA) for target %fT_,,c was calculated to assess the cefiderocol recommended
dosing regimen adjusted based on renal function.

RESULTS

A population PK model was developed using data of 3,427 plasma cefiderocol con-
centrations from 516 subjects (Fig. S1 in the supplemental material). A summary of
background characteristics for the analysis population is shown in Table 1.

Plasma cefiderocol concentrations were adequately described by a 3-compartment
model with a proportional error model for the intraindividual variability. The devel-
oped final model contained the effects of CrCL and infection sites (pneumonia
[CREDIBLE-CR and APEKS-NP studies], BSI/sepsis, cUTI [CREDIBLE-CR study], or cUTI/
AUP [APEKS-cUTI study]) on CL, body weight on the volume of distribution in the cen-
tral and peripheral compartments (V; and V,, respectively), albumin concentration
(ALB), and any of the infection sites on V,. The model code and parameter estimates
are shown in Table S2 and Table 2, respectively. Goodness-of-fit (GOF) plots for the
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TABLE 1 Background characteristics for population pharmacokinetic analysis population®

Antimicrobial Agents and Chemotherapy

Characteristic

Data for:

Phase 1 studies (n=91)

Phase 2 APEKS-cUTI
study (n=238)

Phase 3 APEKS-NP study
(n=115)

Phase 3 CREDIBLE-CR
study (n=72)

Body weight (median [range] [kg])

Age (median [range] [yrs])

eGFRadj (median [range] [ml/min/
1.73 m?))

eGFRabs (median [range] [mI/min])

CrCL (median [range] [mI/min])

Albumin (median [range] [g/dl])

Aspartate aminotransferase
(median [range] [U/liter])

Alanine aminotransferase (median
[range] [U/liter])

Total bilirubin (median [range]
[mg/dl])

Sex (no. male, no. female)®
Race®
White, non-White
Asian, White, Black, Native, other

Infection (pneumonia, BSI/sepsis,
cUTI, no infection)®

68.4 (45.1-124.1)
36.0 (20-74)
99.0 (4-146)
99.0 (5-144)
121.0 (7-185)
4.2 (3.1-4.8)

18.0 (10-45)
18.0 (5-51)

0.78 (0.20-2.00)

75 (82.4),16 (17.6)

23(25.3),68 (74.7)

49 (53.9), 23 (25.3), 17 (18.7),

1(1.1),1(1.1)

0(0.0), 0 (0.0), 0 (0.0), 91
(100.0)

76.4 (46.3-138.0)
65.0 (18-93)
72.0 (14-142)

78.0 (16-148)
83.0 (25-186)
4.2 (2.5-5.3)
18.0 (6-101)

15.0 (4-111)

0.53 (0.19-2.88)

108 (45.4), 130 (54.6)

230 (96.6), 8 (3.4)
7(2.9), 230 (96.6), 0 (0.0),
0(0.0), 1 (0.4)

0(0.0), 0 (0.0), 238¢
(100.0), 0 (0.0)

72.0 (28.9-130.0)
68.0 (18-91)
72.0 (6-225)

76.0 (4-283)
69.0 (5-306)
3.0 (1.2-4.5)¢
27.6 (3-139)¢

26.4 (4-116)°

0.64 (0.10-2.26)°

78 (67.8),37 (32.2)

78 (67.8),37 (32.2)
36 (31.3), 78 (67.8), 0 (0.0),
0(0.0), 1 (0.9)

115(100.0), 0 (0.0), 0 (0.0),
0(0.0)

68.4 (25.0-156.0)
67.5(21-92)
82.0 (15-507)

81.0 (13-533)f
73.0 (10-540)
2.7 (1.6-4.8)9

36.0 (10-367)

26.5 (6-153)

0.56 (0.15-15.20)"

48 (66.7), 24 (33.3)

42 (58.3),30 (41.7)
22 (30.6), 42 (58.3), 0 (0.0),
0(0.0),8(11.1)

31(43.1),20(27.8), 21
(29.2),0(0.0)

aCrCL, creatinine clearance calculated by Cockcroft-Gault equation; eGFRabs, absolute estimated glomerular filtration rate; eGFRadj, body surface area-adjusted estimated

glomerular filtration rate; Black, Black or African American; Native, native American or Alaska native.
bShown is the number (percentage) for each value.
¢Patients with cUTI or AUP.
dn=112.
en=113.
n=71.
9In=69.
hn=68.

final model demonstrated good fitting to the data without any bias (Fig. S2).
Prediction-corrected visual predictive check (pcVPC) indicated that the model well cap-
tured the central tendency and variability of the observed data (Fig. 1). The parameter
estimates for the final model were comparable to the median of bootstrap estimates
(Table 2), suggesting the robustness of the final model.

CrCL was the most significant covariate on cefiderocol PK, as expected from the pre-
vious analysis (12). The CL of cefiderocol was assumed to increase following the power
model for up to 150 ml/min CrCL with constant CL for =150 ml/min CrCL. The CrCL cut-
off value of 150 ml/min was selected based on visual inspection of the relationship
between CL and CrCL (Fig. S3). Then, the appropriateness of the selected value
(150 ml/min) was confirmed by testing three cutoff values of 120, 150, and 180 ml/min
and comparing their model fitting based on the values of objective function (OBJ). A
negative correlation between ALB and V; was observed. The CL in patients with pneu-
monia, BSI/sepsis, and cUTI (CREDIBLE-CR study) was comparable to that in subjects
without infection. In contrast, the CL in patients with cUTI/AUP in the APEKS-cUTI study
was 27% higher than that in subjects without infection, which was consistent with the
previous analysis (12). The V; in infected patients was suggested to be 39% higher
than that in subjects without infection.

The maximum concentration (C,,,,) and daily area under the concentration-time
curve (AUC) calculated using empirical Bayesian estimation overlapped among
infection sites (Fig. 2A). For pneumonia patients, the estimated C,,., and AUC were
similar between the patients with and without mechanical ventilation, as shown in
Fig. 2B.

A PK/PD analysis was conducted using the data from 60 patients in the CREDIBLE-
CR study and 97 patients in the APEKS-NP study. Total numbers of isolated pathogens
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TABLE 2 Population pharmacokinetic parameter estimates for final model®

Final model® Bootstrap estimates

Pharmacokinetic parameter Estimate 9%RSE Median 95% Cl
CL (liter/h) 4.04 1.8 4.04 3.89t04.20
V, (liter) 7.78 5.2 7.93 7.07 to 8.85
Q, (liter/h) 6.19 5.7 5.97 4.57to7.24
v, (liter) 5.77 3.2 5.68 5.02t06.15
Q; (liter/h) 0.127 14.1 0.119 0.0792 to0 0.228
V;, (liter) 0.798 6.4 0.772 0.621 to 1.09
Effect of CrCL on CL (CrCL cutoff value of 150 ml/min) 0.682 4.0 0.681 0.626 to0 0.735
Effect of body weight on V, and V, 0.580 12.2 0.571 0.4331t00.725
Effect of infection with pneumonia on CL 0.981 4.1 0.978 0.893 to 1.07
Effect of infection with BSI/sepsis on CL 1.08 10.4 1.07 0.894 to 1.37
Effect of infection with cUTI in CREDIBLE-CR study on CL 0.872 6.4 0.869 0.769 to 1.01
Effect of infection with cUTI/AUP in APEKS-cUTI study on CL 1.27 3.1 1.27 1.20to 1.35
Effect of albumin concentration on V, —-0.617 10.9 —0.624 —0.985 to —0.244
Effect of infection on V, 1.39 6.7 1.36 1.22to0 1.54
Interindividual variability (CV% [sh_mnp])

CL 37.5(3.6) 10.4 37.0 32.9t040.7

v, 56.9 (13.6) 19.8 57.9 4531t071.0

v, 33.6(18.2) 35.0 355 19.7 t0 50.2

Covariance between CLand V, 0.0886°¢ 29.1 0.0807 0.0338t0 0.146

Covariance between CL and V, 0.0792¢ 33.2 0.0767 0.0187 to 0.140

Covariance between V, and V, 0.150¢ 27.3 0.115 —0.0930100.218

Intraindividual variability (CV% [sh_e])
Proportional residual error 20.5(13.2) 5.1 20.3 18.5t022.5

aCV, coefficient of variation; sh_np, shrinkage in the standard deviation of interindividual variability parameters 7; sh_g, shrinkage in the standard deviation of
intraindividual variability parameters &; %RSE, relative standard error in percent; R, coefficient of correlation; Cl, confidence interval.

bFor CrCL < 150 ml/min, CL=4.04 x (CrCL/83.0)°°®? x (0.981 for patients with pneumonia) x (1.08 for patients with BSI/sepsis) x (0.872 for patients with cUTI in CREDIBLE-CR
study) x (1.27 for patients with cUTI/AUP in APEKS-cUTI study). For CrCL > 150 ml/min, CL = 4.04 x (150/83.0)°%? x (0.981 for patients with pneumonia) x (1.08 for patients with
BSI/sepsis) x (0.872 for patients with cUTI in CREDIBLE-CR study) x (1.27 for patients with cUTI/AUP in APEKS-cUTI study). V, = 7.78 x (body weight/72.6)°*% x (albumin/
3.9)7%¢"7 x (1.39 for patients with infection). V, =5.77 x (body weight/72.6)°*%.

‘R =0.415.

9R =0.629.

€R=0.784.

at baseline in the CREDIBLE-CR and APEKS-NP studies were 77 and 122, respectively,
and approximately 30% of the patients were infected by more than one Gram-negative
pathogen. The range (median) of MIC of the isolated Gram-negative pathogens was
=0.03 to 64 ug/ml (0.25 ug/ml) in both studies (Table S3). The %fT_,c was 100% in
97% of the patients in both studies. No clear PK/PD relationship was found for any of
the outcomes or vital status. This is because the %fT_,,c was 100% in most of the
patients in the phase 3 studies (Fig. 3).

The PTAs for 75% fT_,c and 100% fT_,,c were calculated in the simulated patients
with different infection sites and renal function groups. The PTA for 75% fT_,,c was
>95% against MICs =4 ug/ml regardless of infection site or renal function group
(Tables 3 and 4). The PTA even for 100% fT-,c was >90% against MICs =4 ug/ml for
all of the infection sites and renal function groups except for the normal renal function
in BSl/sepsis patients (85%). The PTA integrated with all renal function groups is shown
in Fig. 4 with the MIC distributions combined from 3 consecutive (2014 to 2016) multi-
national surveillance studies (20). Regarding the integrated PTA, the highest MIC value
achieving >90% PTA was 8 ug/ml for 75% fT-,c regardless of infection site, and it was
4 ug/ml even for 100% T c.

DISCUSSION

This is an updated report to the previously published research (10, 12) for popula-
tion PK and PK/PD analyses of cefiderocol by integrating the newly available data in
patients with pneumonia, BSl/sepsis, and cUTI caused by Gram-negative pathogens
from two phase 3 studies. The updated results based on the target patient population
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FIG 1 Prediction-corrected visual predictive check for final model by study and renal function group. Results for 500 simulations. Renal function groups
defined by CrCL were as follows: augmented, =120 ml/min; normal or mild, 60 to <120 ml/min; moderate, severe, or end-stage renal disease (ESRD), 5 to
<60 ml/min. Semilog scale. Solid line, observed median; dashed line, observed 2.5th and 97.5th percentiles; dark-gray shaded area, model-predicted 95%
confidence interval of median; gray shaded area, model predicted 95% confidence intervals of 2.5th and 97.5th percentiles.

would provide useful information to understand the PK and PK/PD characteristics of
cefiderocol in clinical practices.

In the population PK analysis, CrCL was the most significant covariate for cefidero-
col PK, as expected, since cefiderocol is mainly excreted via the kidneys (9, 10, 12). The
developed model suggested that cefiderocol CL increases following the power model
for up to 150 ml/min CrCL with a constant for =150 ml/min CrCL. For another cephalo-
sporin, ceftazidime of ceftazidime-avibactam, the relationship between CL and CrCL
was assessed using CrCL cutoff value of 100 ml/min in the population PK analysis, and
the slope of CL to CrCL for =100 ml/min CrCL was found to be much smaller than that
for <100 ml/min CrCL (21), which is consistent with the results in this research. The
predictability of the Cockcroft-Gault equation for high CrCL (i.e.,, =120 ml/min) is con-
sidered low since the number of data points for CrCL =120 ml/min was limited for the
equation development (8), and the Cockcroft-Gault equation was reported to overesti-
mate renal function for a high CrCL range (22). The low predictability for high CrCL is
one of the possible reasons for the relationship between cefiderocol CL and CrCL with
two slopes. However, it could be concluded that the cefiderocol PK could be success-
fully modeled with the developed population PK model, which could be used for sub-
sequent simulation works since the pcVPC plots (as shown in Fig. 1) suggested that the
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model adequately described the PK profiles of cefiderocol even in patients with aug-
mented renal function.

Augmented renal function, which leads to faster elimination of antibiotics, is
observed especially in critically ill patients, e.g., trauma, sepsis, burns, or pancreatitis
(23-25). In the phase 3 studies, augmented renal function (defined as CrCL =120 ml/
min in this study) was observed in 20% of the patients with comparable proportions for
CrCL of 120 to <150 and =150 ml/min. The estimated free trough concentrations in the
phase 3 studies at 2 g every 6 hours (q6h) dosing regimen for the augmented renal func-
tion group were higher than 4 wg/ml (minimum, 4.28 ug/ml; geometric mean, 12.7 ug/
ml). The geometric mean of estimated daily AUC at 2g q6h (1,365 wg-h/ml) was similar
to that in patients with normal renal function in the phase 3 studies (1,494 wg-h/ml) at
2g q8h. In addition, Monte-Carlo simulations for augmented renal function at 2g q6h
demonstrated that the PTA for 75% fT_,c was >90% against MICs =8 ug/ml regardless
of infection site, and even for 100% fT-,,, it was >90% against MICs =4 n.g/ml. These
results suggest that the recommended dosing regimen of 2 g g6h over 3 hours infusion
would provide sufficient exposures in patients with CrCL of 120 ml/min or greater.

A negative relationship between V; and ALB was incorporated in the final model,
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FIG 3 Relationships of %fT_,,c with microbiological outcome, clinical outcome, or vital status in CREDIBLE-CR and APEKS-NP studies.

suggesting larger V; in patients with lower ALB. The increase in volume of distribution
with hypoalbuminemia is consistent with the report for PK of antibiotics in critically ill
patients (23, 24, 26). The estimated C,,,, and daily AUC at steady state for the patients
in the phase 3 studies were similar between ALB groups (ALB of <2.8 or =2.8 g/dl)
(Fig. S4 in the supplemental material). Since protein binding data were not available in
the subjects used for the analyses, an effect of ALB on the unbound fraction of cefider-
ocol could not be directly assessed. However, if the unbound fraction was changed
depending on albumin concentrations, the total CL of cefiderocol would be changed
depending on albumin concentrations since the unbound fraction of cefiderocol is
readily excreted via kidney. The fact that there is no clear difference in total CL depend-
ing on albumin concentrations in this study suggested the effect of ALB would not be
clinically relevant to the exposure to cefiderocol.

The effects of infection sites on CL and V, were assessed in the population PK analy-
sis. The CL in patients with cUTI/AUP in the APEKS-cUTI study was 27% higher than
that in subjects without infection, which was consistent with the previous analysis (12),
while that in patients with pneumonia, BSI/sepsis, and cUTI (CREDIBLE-CR study) was
comparable to that in subjects without infection. The V, of cefiderocol in the patients
with any infection site was 39% higher than that in subjects without infection. These
results were consistent with the reports suggesting increased CL and volume of distri-
bution of ceftolozane in cUTI patients (27) and increased volume of distribution of anti-
biotics in critically ill patients (23, 24, 26). Although the AUC for patients with cUTI/AUP
in the APEKS-cUTI study was slightly lower than that for the other patients, including
cUTI patients in the CREDIBLE-CR study, the estimated C,,, and AUC overlapped
among the infected patients (Fig. 2A). Therefore, the effect of infection sites was con-
sidered not to be clinically relevant on the exposure to cefiderocol. The patients’ back-
ground characteristics were different among the APEKS-cUTI, CREDIBLE-CR, and
APEKS-NP studies, including disease severity and renal/hepatic function as well as the
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TABLE 3 Probability of target attainment for 75% fT_,,c by infection site and renal function group®

Antimicrobial Agents and Chemotherapy

PTA (%) for MIC (ug/ml) of:

Renal function group and Dose regimens

infection site with 3-h infusion 0.25 0.5 1 2 4 8 16

Pneumonia patients
Augmented renal function 2gq6h 100 100 100 100 99.7 94.5 60.4
Normal renal function 2gq8h 100 100 100 99.9 98.9 87.1 434
Mild renal impairment 2gqsh 100 100 100 100 99.8 97.0 69.7
Moderate renal impairment 1.59q8h 100 100 100 100 99.9 98.7 83.3
Severe renal impairment 1g9q98h 100 100 100 100 100 99.9 90.7
ESRD 0.75gq12h 100 100 100 100 100 99.6 86.3

BSl/sepsis patients
Augmented renal function 2gq6h 100 100 100 100 99.4 91.3 49.6
Normal renal function 2gq8h 100 100 100 99.9 97.3 80.6 326
Mild renal impairment 2g9q8h 100 100 100 99.9 99.6 94.4 57.7
Moderate renal impairment 1.5g g8h 100 100 100 100 99.9 98.0 74.8
Severe renal impairment 1998h 100 100 100 100 100 99.8 84.8
ESRD 0.75gq12h 100 100 100 100 100 99.2 79.2

cUTI patients
Augmented renal function 2gq6h 100 100 100 100 99.9 96.9 733
Normal renal function 2gq8h 100 100 100 100 99.6 93.6 56.3
Mild renal impairment 2gq8h 100 100 100 100 99.8 98.4 81.2
Moderate renal impairment 1.5g9q8h 100 100 100 100 100 99.6 90.4
Severe renal impairment 199g8h 100 100 100 100 100 100 95.9
ESRD 0.759 g12h 100 100 100 100 100 100 91.6

aPK steady state was assumed. Shaded area indicates >90%. There were 1,000 simulated patients in each simulation scenario. Body weight was assumed to be log-normal
distributed with mean of 72.6 kg and CV of 30%. Albumin was assumed to be log-normal distributed with mean of 2.8 g/dl and CV of 30%. Augmented, CrCL of >120 ml/

min (120 to <150 =50%; >150 = 50%); normal, CrCL of 90 to <120 ml/min; mild, CrCL of 60 to <90 ml/min; moderate, CrCL of 30 to <60 ml/min; severe, CrCL of 15 to

<30 ml/min; ESRD (end-stage renal disease), CrCL of 5 to <15 ml/min.

selection of carbapenem-resistant infections in the CREDIBLE-CR study. The effect of
infection site could not be distinguished explicitly from these factors in the population
PK analyses since they were confounded. In addition, the pathophysiological reason
for the effect of the infection site has not been identified, which is the limitation of the
developed population PK model.

There have been reports for a changed volume of distribution of antibiotics in
patients with mechanical ventilation, although the estimated influences were variable
(21, 23, 28). The volume of distribution of ceftazidime in nosocomial pneumonia
patients with ventilation (NPv) was 30% higher than that in non-NPv patients (21),
while the V; of ceftazidime in intensive care unit patients with ventilation was about
half of that in patients without ventilation (28). As for cefiderocol, mechanical ventila-
tion was not a significant covariate on CL or V,. In addition, the estimated C,,., and
AUC were similar between the pneumonia patients with and without mechanical venti-
lation in the phase 3 studies (Fig. 2B). Therefore, it could be concluded that the effect
of ventilation would not be clinically relevant to cefiderocol PK.

The %fT_\c was 100% in 97% of the patients in the phase 3 studies, suggesting
adequate exposure to cefiderocol was achieved against MIC of causative Gram-nega-
tive pathogens (=0.03 to 64 wg/ml; MICy, of 2 wg/ml in both CREDIBLE-CR and APEKS-
NP studies). The geometric means (range) of estimated free trough concentrations
were 16.3 (2.91 to 84.8) ug/ml in the CREDIBLE-CR study and 12.7 (0.856 to 89.5) wg/ml
in the APEKS-NP study. Based on the Monte-Carlo simulation, the PTA for 75% fT- ¢
was >95% against MICs =4 ug/ml regardless of infection site or renal function. The
PTA even for 100% fT_,,c was >90% against MICs =4 ug/ml for all of the infection
sites and renal function groups except for the normal renal function in BSI/sepsis
patients (85%). For PTA calculations, the target 75% fT-,c was selected as the mean
value achieving a bactericidal effect (1 log,, reduction) in animal infection models, and
100% fT_\c Was used as a very conservative target in consideration with variations in
the estimated %fT-,,c among pathogens in animal infection models (5). In 3 multina-
tional surveillance studies (SIDERO-WT-2014/2015/2016), cefiderocol suppressed the
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TABLE 4 Probability of target attainment for 100% fT ,c by infection site and renal function group?

Antimicrobial Agents and Chemotherapy

PTA (%) for MIC (ug/ml) of:

Renal function group and Dose regimens

infection site with 3-h infusion 0.25 0.5 1 2 4 8 16

Pneumonia patients
Augmented renal function 2gg6h 100 100 100 99.7 95.9 79.8 37.0
Normal renal function 2gg8h 100 100 99.9 98.3 91.2 64.6 232
Mild renal impairment 2gq8h 100 100 99.9 99.7 98.2 85.9 46.4
Moderate renal impairment 1.59q8h 100 100 100 100 99.5 94.8 66.7
Severe renal impairment 1g9q8h 100 100 100 100 100 99.5 81.8
ESRD 0.75gq12h 100 100 100 100 100 98.3 77.1

BSl/sepsis patients
Augmented renal function 2gq6h 100 100 100 99.4 93.6 71.6 285
Normal renal function 2g9g8h 100 99.9 99.5 96.2 85.8 54.0 14.1
Mild renal impairment 2gq8h 100 100 99.8 99.4 96.0 78.0 36.1
Moderate renal impairment 1.59g8h 100 100 100 999 98.7 91.2 55.8
Severe renal impairment 1g9q8h 100 100 100 100 100 98.3 74.7
ESRD 0.75gq12h 100 100 100 100 100 96.8 68.0

cUTI patients
Augmented renal function 2gq6h 100 100 100 100 98.0 88.3 51.1
Normal renal function 2gq8h 100 100 99.9 99.4 95.1 77.6 343
Mild renal impairment 2gg8h 100 100 100 99.8 98.9 93.2 59.4
Moderate renal impairment 1.5gq8h 100 100 100 100 99.8 97.7 79.1
Severe renal impairment 199g8h 100 100 100 100 100 99.7 90.1
ESRD 0.759gg12h 100 100 100 100 100 99.4 85.7

aPK steady state was assumed. Shaded area indicates >90%. There were 1,000 simulated patients in each simulation scenario. Body weight was assumed to be log-normal
distributed with mean of 72.6 kg and CV of 30%. Albumin was assumed to be log-normal distributed with mean of 2.8 g/dl and CV of 30%. Augmented, CrCL of >120 ml/

min (120 to <150 =50%; >150 = 50%); normal, CrCL of 90 to <120 ml/min; mild, CrCL of 60 to <90 ml/min; moderate, CrCL of 30 to <60 ml/min; severe, CrCL of 15 to

<30 ml/min; ESRD (end-stage renal disease), CrCL of 5 to <15 ml/min.

growth of =97.0% of meropenem-nonsusceptible strains of Enterobacteriaceae, =99.7% of
P. aeruginosa, =91.0% of A. baumannii, and =99.4% of S. maltophilia at =4 ug/ml (20).
These studies also support that cefiderocol has antibacterial activity against more than
90% of meropenem-nonsusceptible strains with MICs of =4 ng/ml, and the recommended
dose regimens would provide sufficient exposure against their causative pathogens.

No clear PK/PD relationship was found for any of the outcomes or vital status, which
was because the %fT-,,c was 100% in most of the patients in the phase 3 studies. The
eradication rates were 33% to 44%, even at 100% fT.,,c in the phase 3 studies. Most
microbiological outcomes were indeterminate. Microbiological eradication in a popula-
tion as complex as that enrolled in the phase 3 studies is often confounded by non-
study antibiotics, missing data, and the continued presence of foreign body devices
such as endotracheal tubes. For critically ill patients, higher target concentrations (e.g.,
4-fold MIC) were considered a PK/PD index as reported for B-lactams (15). Even for 4-
fold MIC as a target, %fT- ¢ (%fT- 4. mc) Was 100% in 83% of the patients in the phase
3 studies and no PK/PD relationships with %fT-,..\c were found (data are not shown).

In the CREDIBLE-CR study, the estimated C,,., and daily AUC of cefiderocol in death
cases (n=18) were 1.4-fold of those in survival cases (n=54) (Fig. S5). Preclinical con-
centration-dependent toxicology studies suggest that the no-observed-adverse-effect
level of exposure is 9-fold of that achieved at the standard dosing regimen (2g g8h)
(29). The AUC values in two death cases were less than 2-fold of the maximum AUC in
survival cases in the CREDIBLE-CR study, and they did not reach the level that might be
associated with increased risk of toxicity based on toxicology studies (29). The causes
of death in the two patients were considered to be related to exacerbation of the
underlying illness and infection and/or were complicated with a history of shock within
31 days at the time of randomization (18).

Epithelial lining fluid (ELF) is an important consideration for the treatment of
patients with pneumonia. In a very recent study, ELF concentrations were determined
from mechanically ventilated patients with bacterial pneumonia (30), and ELF PTA was calcu-
lated based on these data as well as ELF concentrations in healthy subjects (31) using
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FIG 4 Integrated probability of target attainment for 75% fT_,, (A) and 100% fT_,,c (B) calculated by
weighting for distribution of creatinine clearance in phase 3 studies.

intrapulmonary PK modeling (32). The results suggested that sufficient drug exposures could
be achieved in ELF in all renal function groups for 100% fT- ¢ for an MIC of =4 p.g/ml.

The breakpoints of cefiderocol are inconsistent among the agency/organization
(FDA, CLSI, and EUCAST) (33; https://www.fda.gov/drugs/development-resources/
antibacterial-susceptibility-test-interpretive-criteria; http://www.eucast.org/clinical
_breakpoints/). For example, the breakpoints for Enterobacterales determined by
FDA and CLSI are 4/8/16 ug/ml (susceptible/intermediate/resistant), while those
by EUCAST are 2/4 ug/ml (susceptible/resistant). More details were discussed by
Simner et al. and Yamano et al. (34, 35).

In summary, the developed population PK model adequately described plasma
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cefiderocol concentrations in subjects without infection and patients with pneumonia,
BSI/sepsis, and cUTI/AUP. CrCL was the most significant covariate on cefiderocol PK. In
the phase 3 studies, the %fT-,,c was 100% in almost all of the patients (97%), including
the patients with augmented renal function, ventilation, and/or were critically ill in the
intensive care unit. Adequate plasma exposure to cefiderocol can be achieved at the
recommended dosing regimen of 2g g8h over 3 hours infusion and the regimens
adjusted based on renal function in patients with pneumonia, BSl/sepsis, or cUTI
caused by Gram-negative pathogens, including carbapenem-resistant strains.

MATERIALS AND METHODS

Data for analyses. Plasma cefiderocol concentration data were collected from 115 pneumonia
patients in the APEKS-NP study (https://www.clinicaltrials.gov identifier NCT03032380) (19), 72 patients
with pneumonia, BSI/sepsis, or cUTI in the CREDIBLE-CR study (https://www.clinicaltrials.gov identifier
NCT02714595) (18), 238 patients with cUTI/AUP in the APEKS-cUTI study (https://www.clinicaltrials.gov
identifier NCT02321800) (17), and 91 subjects without any infection in phase 1 studies (9, 36) as shown
in Table ST in the supplemental material. The pneumonia patients enrolled in the APEKS-NP and
CREDIBLE-CR studies included patients with hospital-acquired pneumonia, ventilator-associated pneu-
monia, and health care-associated pneumonia. Population PK models of cefiderocol were previously
developed using the data without phase 3 studies (10, 12). In this study, a population PK model was
developed using the updated data set with additional data from patients with pneumonia, BSI/sepsis, or
cUTI caused by Gram-negative pathogens, including carbapenem-resistant pathogens.

Plasma concentration data for 32 patients who received hemodialysis in the phase 3 studies were
excluded from the analysis. Six concentration data values in the phase 3 studies were considered to be
anomalous and excluded from the analysis since they were approximately 10-fold higher than the C,,,,
following a 2-g single dose infused over 3 hours in a phase 1 study. There were 363 plasma concentra-
tions below the limit of quantification (BLQ) excluded from the analysis. In phase 1 studies, most BLQ
data (334 out of 353 plasma concentrations) were predose or =24 hours postdose when plasma concen-
trations had been expected to be zero or very low. The rest of the 19 BLQ data were 12 to 24 hours post-
dose at lower doses of 100, 250, and 500 mg. In the CREDIBLE-CR and APEKS-cUTI studies, data of 9
plasma concentrations in 3 patients (data from 3 plasma concentrations each) were BLQ at all sampling
points, which were considered to be anomalous. In the APEKS-NP study, BLQ data were observed at 1
point (just prior to the start of infusion). This exclusion of BLQ data would not affect the results of model-
ing because the developed model predicted plasma concentrations reasonably for any study and renal
function group (Fig. 1). The detail for the excluded data in the APEKS-cUTI and phase 1 studies were
described in the previous reports (10, 12).

Consequently, the population PK model was developed using a total of 3,427 plasma concentrations
from 516 subjects, 1,861 plasma concentrations from 91 uninfected subjects, and 1,566 plasma concen-
trations from 425 patients with infection (Fig. S1). The PK/PD analysis was conducted in the patients
who had data for MIC of causative Gram-negative pathogens and microbiological or clinical outcomes
following cefiderocol dosing, 60 patients in the CREDIBLE-CR study, and 97 patients in the APEKS-NP
study. The total numbers of isolated pathogens at baseline in the CREDIBLE-CR and APEKS-NP studies
were 77 and 122, respectively.

Bioanalytical method. A bioanalytical method for the determination of plasma total cefiderocol
concentrations was validated where the lower limit of quantification was 0.1 ug/ml (9). Composite
plasma samples mixed with 0.2 mol/liter ammonium acetate (pH 5) in a 1:1 volume ratio were prepared
and analyzed by a validated liquid chromatography-tandem mass spectrometry assay. The assay was lin-
ear from 0.1 to 100 ug/ml, and the precision and accuracy levels were 1.2% to 13.4% and —7.0% to
7.0%, respectively.

Population pharmacokinetic analysis. A 3-compartment model was initially tested as a structural
PK model based on the previous analysis (10, 12). An interindividual variability for PK parameters was
assumed to follow a log-normal distribution and could be modeled with an exponential error model. A
model for intraindividual variability was selected from a proportional error model or a combined error
model (additive error plus proportional error model).

A covariate model was developed to identify influencing covariates on cefiderocol PK. The effects of
the following covariates on CL were tested; CrCL was calculated by the Cockcroft-Gault equation (8),
body weight, age, sex, aspartate aminotransferase, alanine aminotransferase, total bilirubin, ALB, race,
infection site (no infection, infection with pneumonia in the APEKS-NP and CREDIBLE-CR studies, infec-
tion with BSl/sepsis, infection with cUTI in the CREDIBLE-CR study, or infection with cUTI/AUP in the
APEKS-cUTI study), and ventilation (mechanical ventilation during PK sampling). Age, sex, ALB, race,
infection site, and ventilation were also tested as covariates on V,, and body weight was tested as a
covariate on V,, V,, and intercompartmental clearance (Q,).

The effect of CrCL on CL was initially tested using a power model, a piecewise linear model, and a
power plus linear combination model with a CrCL cutoff value of 150 ml/min based on the visual inspec-
tion of the relationship between CL and CrCL (Fig. S3). The power plus linear combination model was
selected based on OBJ, and the slope of CL to CrCL for CrCL of =150 ml/min was extremely small
(<0.0001). Therefore, the models in which CL was assumed to be constant for CrCL values of =120, 150,
or 180 ml/min were tested, and the CrCL cutoff value of 150 ml/min was selected based on the model
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fitting assessed by OBJ. Next, the effect of body weight on the PK parameters was tested based on the
physiological aspect. After incorporating CrCL and body weight into the model, the other covariates
were tested using a univariate regression analysis as screening. The significance level of 0.01 based on
x? test (P<0.01) was used for inclusion of covariates into the model.

After incorporating all covariates which were statistically significant in the screening, an inferential
assessment and stepwise backward deletion were performed to refine the model. In the inferential
assessment, the ratio of parameters and the 95% confidence interval were calculated based on the pa-
rameter estimate and standard error and compared with a clinically insignificant range, 0.80 to 1.25, to
evaluate the impact of covariate effect. In the stepwise backward deletion, the significance level of 0.001
based on y? test (P < 0.001) was used for construction of a final model.

The developed population PK model was evaluated based on GOF plots. The predictive performance
was also evaluated by the pcVPC (37) with 500 simulation runs. In addition, the model robustness was
evaluated by a bootstrap technique (38). Resampling from the original data set was conducted for gen-
erating 300 bootstrap data sets, and PK parameters were estimated for each of the data sets using the
final model. The median and 95% Cl of the bootstrap estimates were compared to the parameter esti-
mate for the final model.

Pharmacokinetic/pharmacodynamic analysis. The C., and daily AUC for infected patients were
calculated using post hoc PK parameters for the final model. Individual %fT_ . was calculated based on
the MIC of causative Gram-negative pathogens, and the simulated steady-state free plasma concentra-
tions were calculated using an unbound fraction of 0.422 (16).

Relationships of %fT_,, with microbiological outcome and clinical outcome at test of cure and vital
status on day 28 from the start of treatment were evaluated using data in the phase 3 studies. The data
of “eradication” for microbiological outcome, “clinical cure” for clinical outcome, and “survival” for vital
status were treated as positive outcomes. The data of “persistence” and “indeterminate” for microbiolog-
ical outcome, “clinical failure” and “indeterminate” for clinical outcome, and “death” for vital status were
treated as negative outcomes. In cases where more than one causative pathogens were detected, the
pathogen with highest MIC was used to evaluate the relationships with clinical outcome and vital status,
while the MICs of each pathogen were used to evaluate the relationship with microbiological outcome.

Monte-Carlo simulations. Monte-Carlo simulations were performed to calculate PTA for 75% fT_ ¢
and 100% fT_,, for patients with pneumonia, BSI/sepsis, and cUTI. The simulation for cUTI patients was
performed using the parameters for cUTI in the CREDIBLE-CR study to assess the PTA for the target %
fT_yuc in critically ill patients with infection caused by carbapenem-resistant Gram-negative pathogens.
A thousand virtual patients for each infection site (pneumonia, BSI/sepsis, or cUTI) were generated by
simulating CrCL, body weight, and ALB, which were significant covariates in the population PK analysis.
The PTA was calculated by infection site and renal function group. The integrated PTA was also calcu-
lated by weighting proportions of patients in each renal function group based on the distribution of CrCL
in the phase 3 studies (CrCL of =120 ml/min, 20.3%; CrCL of 90 to <120 ml/min, 15.0%; CrCL of 60 to
<90 ml/min, 24.6%; CrCL of 30 to <60 ml/min, 32.6%; CrCL of 15 to <30 ml/min, 4.8%I CrCL of 5 to <15ml/
min, 2.7%). The %fT_,,c was calculated against an MIC range of 0.25 to 16 wg/ml. The dose regimen for the
simulation was set as follows: 2 g g6h for augmented renal function with =120 ml/min CrCL, 2 g g8h for nor-
mal renal function and mild renal impairment with CrCL of 60 to <120 ml/min, 1.5 g g8h for moderate renal
impairment with CrCL of 30 to <60 ml/min, 1 g q8h for severe renal impairment with CrCL of 15 to <30ml/
min, and 0.75 g q12h for end-stage renal disease (ESRD) with CrCL of 5 to <15 ml/min.

Software. Model-building and Monte-Carlo simulations were performed using NONMEM (version
7.3.0) (39), Perl-speaks NONMEM (version 4.2.0) (40, 41), and Pirana (version 2.9.4) (41). R (version 3.5.1)
(42) was used to calculate post hoc PK parameters and PTA.
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