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ABSTRACT The fully human monoclonal antibody bezlotoxumab is indicated for
preventing the recurrence of Clostridioides difficile (formerly Clostridium difficile) infec-
tion (CDI) in adults who receive antibacterial treatment for CDI and who are at high
risk for a CDI recurrence. The efficacy and safety of 10-mg/kg of body weight bezlo-
toxumab were demonstrated in two phase 3 trials: the MODIFY | (ClinicalTrials.gov
registration number NCT01241552) and MODIFY Il (ClinicalTrials.gov registration
number NCT01513239) trials. Here, a population pharmacokinetic (popPK) analysis,
performed using data from the MODIFY | and Il trials (n = 1,515) and from three
phase 1 trials (n = 72) to characterize bezlotoxumab pharmacokinetics (PK) in phase
3 clinical trial participants and in healthy subjects, is reported. A stepwise covariate
search was conducted to identify factors influencing PK. Post hoc-estimated bezlo-
toxumab exposures from the popPK model were used to conduct an exposure-
response analysis for CDI recurrence. Bezlotoxumab PK were described by a two-
compartment model with linear elimination and allometric scaling for clearance
and the volume of distribution by body weight. Although the final popPK model
included gender, ethnicity (Japanese descent), race (black versus nonblack), and
albumin level as significant covariates, the impact of these factors was not clini-
cally meaningful, based on the totality of the PK and clinical experience. Exposure-
response analysis of CDI recurrence demonstrated a similar low rate of CDI recur-
rence over the entire range of exposures achieved in the phase 3 trials, indicating
that exposures were on the maximal response plateau of the exposure-response
curve. Overall, the analyses confirmed the appropriateness of the 10-mg/kg dose
across the phase 3 trial population with no dose adjustments necessary over a
broad demographic background.
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lostridioides difficile (formerly Clostridium difficile), an anaerobic, spore-forming,

Gram-positive bacillus, is the most common cause of infectious diarrhea in hospi-
talized patients given broad-spectrum antibiotics (1, 2). C. difficile infection (CDI) is
mediated by the actions of two toxins produced by C. difficile, toxin A and toxin B. These
toxins target gut epithelium, causing cellular morphological changes that result in
disruption of the intestinal barrier function (3, 4). The symptoms of CDI include mild to
severe diarrhea and abdominal pain that can progress to severe manifestations, includ-
ing fulminant colitis, sepsis, and death (3, 5). Although most cases of CDI resolve after
initial antibacterial drug treatment for CDI, approximately 25% of individuals will
experience recurrent CDI (rCDI) (6, 7). Furthermore, the likelihood of recurrence in-
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creases with each subsequent episode, such that approximately 40% of individuals with
a first recurrence will experience a second recurrence (6, 8). An inadequate immune
response to toxin A and/or B, manifested as low levels of antibodies against the toxins,
is associated with an increased risk of recurrence (9, 10).

Actoxumab (MK-3415) and bezlotoxumab (MK-6072) are fully human IgG monoclo-
nal antibodies (MAbs) that bind to and neutralize toxin A and toxin B, respectively. Two
randomized, double-blind, phase 3 trials, the MODIFY | and MODIFY Il trials, assessed
the safety and efficacy of single 10-mg/kg of body weight infusions of bezlotoxumab,
actoxumab (MODIFY | only), and actoxumab plus bezlotoxumab compared with pla-
cebo in adults receiving antibacterial drug treatment for primary or recurrent CDI. The
primary endpoint was the proportion of participants with rCDI during 12 weeks of
follow-up. Bezlotoxumab was associated with a statistically significant lower rate of
rCDI than placebo and had a safety profile similar to that of placebo; the addition
of actoxumab did not improve efficacy (11). In a post hoc analysis, participants at high
risk of recurrence, as defined by the presence of at least one prespecified risk factor (=1
CDI episode in the past 6 months; severe CDI at baseline; age = 65 years; infection with
ribotype 027, 078, or 244 at the baseline; and/or immunocompromise), had a statisti-
cally significant and clinically important reduction in rCDI with bezlotoxumab
compared with placebo, while only a modest, nonsignificant reduction was seen in
participants without any risk factors for recurrence (12). Based on these findings,
bezlotoxumab at a dose of 10 mg/kg is now indicated for the prevention of rCDI in
adults receiving antibacterial drug treatment for CDI who are at a high risk for rCDI
(13, 14).

As bezlotoxumab is an intravenously administered MADb, its bioavailability is 100%
with a limited extravascular distribution; no hepatic pathways would be expected to
have a role in bezlotoxumab metabolism. Elimination is expected to occur primarily by
protein catabolism (15), and thus, intrinsic factors, such as organ dysfunction or age,
which typically have only a limited effect on the exposure of therapeutic antibodies
(16), are not anticipated to affect the exposure of bezlotoxumab to a clinically mean-
ingful extent.

Despite a low likelihood of pharmacokinetic (PK) variability, bezlotoxumab phase 3
trials included intensive PK sampling (=6 samples/participant) of a large, diverse
population. The richness of the final data set provided an opportunity to robustly assess
covariate effects on bezlotoxumab PK using a population pharmacokinetic (popPK)
modeling approach, thereby reducing the need for dedicated clinical studies in special
populations.

The current analysis describes the development and qualification of a bezlotoxumab
popPK model based on data from the phase 3 MODIFY trials and three phase 1 trials.
The objectives of this analysis were to identify covariate factors influencing bezlotox-
umab PK and to support an exposure-response (E-R) analysis between bezlotoxumab
exposure and rCDI to confirm the appropriateness of the 10-mg/kg dose across the
demography of the target population.

RESULTS

Pooled study population. Clinical data were available from a total of 2,631 evalu-
able participants (MODIFY I, n = 1,396; MODIFY I, n = 1,163; phase 1 trials, n = 72)
(Table 1). Demographic information and disease characteristics for all participants are
summarized in Table 2.

Population pharmacokinetic modeling. In total, 8,784 evaluable bezlotoxumab
concentrations from 1,587 participants (MODIFY | and Il trials, n = 1,515; phase 1 trials,
n = 72) who received either bezlotoxumab alone or bezlotoxumab in combination with
actoxumab were included in the popPK analysis (Table 2). The popPK analysis popu-
lation was comprised predominantly of female (55%), white (83%), non-Hispanic (87%)
participants. Black and Asian participants comprised 6% and 9% of the population,
respectively, with Japanese participants as a subset of Asian participants comprising 5%
of the total population (Table 2). The overall median age and weight of the population
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TABLE 1 Clinical trial data included in the popPK model and exposure-response analysis?

Trial Study population Design Treatment(s) n?  PK sampling
Phase 3 trials
MODIFY | Participants with CDI ~ Single dose adjunctive to  10-mg/kg actoxumab 232 For all treatments, predose; 1 h postinfusion;
antibacterial treatment  10-mg/kg bezlotoxumab 384 and 3, 10, 28, 56, and 84 days postdose;
for CDI 10-mg/kg actoxumab + 10-mg/kg 382 also unscheduled if CDI recurred
bezlotoxumab
Placebo 398
MODIFY Il Participants with CDI ~ Single dose adjunctive to  10-mg/kg actoxumab 1 For all treatments, predose; 1 h postinfusion;
antibacterial treatment  10-mg/kg bezlotoxumab 395 and 3, 10, 28, 56, 84, and 168 days
for CDI 10-mg/kg actoxumab + 10 mg/kg 389 postdose; also unscheduled if CDI
bezlotoxumab recurred
Placebo 378

Phase 1 trials

PN004 Healthy subjects Two sequential doses 10-mg/kg actoxumab + 10 mg/kg 30  Predose; 0.5, 1, 2, 4, and 8 h and 2, 8, and
bezlotoxumab (repeated after 43 days after the first dose; predose on
12 wk) day 85 and then 0.5, 1, 2, 4, and 8 h and
86, 92, 127, 169, and 253 days postdose
PN005 Healthy subjects Single dose 10-mg/kg actoxumab + 10-mg/kg 29  Predose and 0.5, 1, 2, 4, 6, 8, 24, and 72 h
bezlotoxumab and 7, 10, 20, 28, 56, and 84 days
postdose
PN006 Japanese healthy Single dose 10-mg/kg actoxumab + 10 mg/kg 6 For both treatments, predose and 0.5, 1, 2,
subjects bezlotoxumab 4,6,8,24,and 72 h and 7, 10, 20, 28, 56,
20-mg/kg actoxumab + 20 mg/kg 7 84, and 168 days postdose

bezlotoxumab

an, number of participants with evaluable PK data.
bCDI, Clostridium difficile infection; PK, pharmacokinetics; popPK, population pharmacokinetics.

were 65 years (range, 18 to 100 years) and 69.8 kg (range, 30 to 194 kg), respectively.
Baseline albumin levels ranged from approximately 1 to 6 g/dl, with a median level of
3.4 g/dl. Normal albumin levels (=3.5 g/dl) were observed in 49% of participants with
CDI and all healthy subjects. Based upon the estimated glomerular filtration rate (eGFR),
assessed by the modification of diet in renal disease formula, 43% of participants were
classified as having normal renal function (eGFR = 90 ml/min/1.73 m?2). In total, 30% of
participants had mild renal impairment, 18% had moderate renal impairment, and 8%
had severe renal impairment or end-stage renal disease. In addition, 6% of participants
were classified as having hepatic impairment, based on having two or more of the
following criteria: an albumin concentration of =<3.1 g/dl, an alanine aminotransferase
(ALT) level =2 times the upper limit of normal (ULN), a bilirubin level =1.3 times the
ULN, or mild, moderate, or severe liver disease, as reported in the Charlson
comorbidity index score (17).

The PK of bezlotoxumab were characterized by a two-compartment model with
linear elimination. As body weight is known to influence MAb clearance (CL) and
volume of distribution (V) (18, 19), allometric scaling by body weight for CL and intercom-
partmental clearance (Q), and for the central volume of distribution (V,) and peripheral
volume of distribution (V,), was included in the PK structural model. An allometric
exponent of 0.48 was estimated for CL and Q and for V, and V,, (Table 3). The inclusion
of body weight as a covariate on these parameters resulted in an 800.1-point decrease
in the objective function value (OFV) for the bezlotoxumab popPK model, indicating
the strong relationship between body weight and bezlotoxumab PK and the impor-
tance of accounting for weight effects in the model. Interindividual variability (IIV)
random effects on CL and V, were also included. Residual variability was described
using a log-additive error term to account for the high degree of variability observed
in some participants.

In total, 14 covariates, selected for physiological plausibility to potentially impact
exposure, were evaluated on the CL and V. of bezlotoxumab using the stepwise
covariate modeling algorithm. No significant effect on CL or V. was found for
coadministration with actoxumab, age, ethnicity, hepatic function, antibiotic treat-
ment for CDI, or concomitant proton pump inhibitor (PPI) use. Covariates retained
in the model following backwards elimination were: albumin level, Charlson co-
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TABLE 2 Pooled demographic information and disease characteristics®

Characteristic

Value for:

All participants

PopPK population

No. (%) of participants
Total pooled participants
MODIFY | trial
MODIFY Il trial
Phase 1 trials

Continuous covariates [mean (SD)]
Age (yr)
Body wt (kg)
BMI (kg/m?)
eGFR (ml/min/1.73 m?2)
Albumin concn (g/dl)
WBC (103 cells/pul)

Categorical covariates [no. (%) of participants]

Gender
Male
Female
Race
White
Black
Asian
Other
Japanese descent
Non-Japanese
Japanese
Ethnicity
Non-Hispanic
Hispanic
Missing
Hospitalization status
Healthy subject
Outpatient
Inpatient
Antibiotic therapy for CDI
None
Metronidazole
Vancomycin
Fidaxomicin

Concomitant systemic antibiotics

No antibiotics
Antibiotics
Concomitant PPl use
No PPI use
PPI use
Modified Horn’s index
<34

=3

Charlson comorbidity index score

<3a
=3
Zar score®
<29
=2
History of CDI in past 6 mo
Yes
No + unknown
Hepatic impairment
Liver disease
No liver disease + missing

2,631 (100)
1,396 (53.1)
1,163 (44.2)
72 (2.7)

62.6 (18)
72.4 (20.3)
26 (6.6)
87.5 (52.8)
3.4 (0.8)
8.7 (5)

1,167 (44.4)
1,464 (55.6)

2,229 (84.7)
140 (5.3)
212 (8.1)
50 (1.9)

2,524 (95.9)
107 (4.1)

2,266 (86.1)
293 (11.1)
72 (2.7)

72 (2.7)
828 (31.5)
1,731 (65.8)

72 (2.7)
1,245 (47.3)
1,227 (46.6)
87 (3.3)

1,566 (59.5)
1,065 (40.5)

1,349 (51.3)
1,282 (48.7)

1,898 (72.1)
733 (27.9)

1,577 (59.9)
1,054 (40.1)

2,239 (85.1)
392 (14.9)

704 (26.8)
1927 (73.2)

163 (6.2)
2,468 (93.8)

1,587 (100)
752 (47.4)
763 (48.1)
72 (4.5)

61.8 (18.4)
72.3 (20.1)
259 (6.4)
89.5 (54.5)
3.5 (0.8)
8.7 (5.1)

721 (45.4)
866 (54.6)

1,313 (82.7)
94 (5.9)
147 (9.3)
33 (2.1)

1,507 (95.0)
80 (5.0)

1,382 (87.1)
159 (10.0)
46 (2.9)

72 (4.5)
491 (30.9)
1,024 (64.5)

72 (4.5)
738 (46.5)
724 (45.6)
53 (3.3)

960 (60.5)
627 (39.5)

833 (52.5)
754 (47.5)

1,173 (73.9)
414 (26.1)

963 (60.7)
624 (39.3)

1,341 (84.5)
246 (15.5)

408 (25.7)
1,179 (74.3)

101 (6.4)
1,486 (93.6)

9Including healthy subjects.

bDisease severity score, as described by Zar et al. (33).

“BMI, body mass index; CDlI, Clostridium difficile infection; eGFR, estimated glomerular filtration rate;
popPK, population pharmacokinetics; PPI, proton pump inhibitor; SD, standard deviation; WBC, white blood

cell count.
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TABLE 3 PK parameter estimates for the final bezlotoxumab popPK model®

95% confidence % relative
Parameter or covariate Estimate (CV®) intervalc (CV®) standard error9 Shrinkage (%)
PK parameter
CL (liter/day) 0.281 0.275, 0.288 0.257
V, (liters) 3.43 3.37, 3.50 0.793
Q (liter/day) 0.552 0.518, 0.588 0.851
V,, (liters) 3.57 3.48, 3.68 1.14
« for CL and Q 0.477 0.409, 0.542 7.04
« for V. or v, 0.477 0.426, 0.524 5.1
Covariates on CL
Albumin level (power) —0.897 —0.968, —0.825 4.07
Japanese descent —0.0947 —0.141, —0.0347 28.8
Black race 0.154 0.0801, 0.231 25.1
Male gender 0.219 0.18, 0.261 9.56
Covariates on V.
Albumin level (linear) —0.124 —0.141, —0.107 7.03
Japanese descent —0.144 —0.195, —0.0846 20.1
Male gender 0.243 0.209, 0.277 7.23
Random effect
IV CL 0.0791 (28.7) 0.0717, 0.0867 (27.3, 30.1) 3.1
IV v, 0.0111 (10.6) 0.0061, 0.0164 (7.8, 12.9) 26.1
IIV residual error 0.328 (62.3) 0.286, 0.384 (57.5, 68.4) —-1.1

Residual error
Log-additive error 0.182 0.174, 0.191 3.9

aCL, clearance; PK, pharmacokinetics; popPK, population pharmacokinetics; Q, intercompartmental flow rate; V,, central volume of distribution; V,,,
distribution; «, power value for weight-based allometric scaling; IIV, interindividual variability.

bPercent coefficient of variation (CV) was calculated as sqrt{lexp(omega) — 11-100}, where omega is variance.

“The 95% confidence interval was taken from bootstrap analysis.

dPercent relative standard error was derived from bootstrap analysis and was calculated as 100-(standard error/median).

peripheral volume of

morbidity index score, concomitant use of systemic antibiotics, eGFR, Japanese
descent, race, and gender on CL; and albumin, Charlson comorbidity index score,
Japanese descent, gender, and participant type (healthy subject versus patient with
CDI) on V.. The inclusion of the race effect was primarily driven by the black
population, while the effect of the Asian population was nonsignificant. The Asian
population was estimated to have a <10% change in CL and V. compared with the
values for the white population, while the Japanese covariate corresponded to a
14% decrease in CL and V_. Removal of the Asian race effect from the model
resulted in a 4-point increase in OFV, while removal of the Japanese effect resulted
in a 23-point increase. Hence, the covariate for Japanese descent appeared to be a
stronger predictor than the overall Asian covariate. Consequently, model refine-
ment for the popPK model included removal of the Asian race effect from CL and
V.. Participant type, Charlson comorbidity index score, eGFR, and concomitant use
of systemic antibiotics were reevaluated for inclusion in the final model, as they
were correlated with albumin levels, were estimated with a relatively low precision
(relative standard error, 30 to 45%), and had small magnitudes of effect. Inclusion
of these covariates did not visibly improve the model fit or reduce variability, and,
therefore, none were retained in the final model.

Parameter estimates for the final PK model are shown in Table 3. Significant
covariates included in the final popPK model were gender, Japanese descent, race
(black versus nonblack), and albumin level. Importantly, coadministration with actox-
umab did not have a significant effect on bezlotoxumab PK in this analysis, supporting
the pooling of data from the bezlotoxumab and bezlotoxumab plus actoxumab
treatment arms in subsequent E-R analyses. Scatter plots of individual and population
predicted concentrations determined using the final model versus observed concen-
trations showed good agreement and an adequate fit of the bezlotoxumab PK model
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to the data (Fig. 1a and b). Visual predictive checks confirmed the robustness of the
final popPK model (Fig. 1c).

Exposure predictions. The final model, together with the observed concentrations
of bezlotoxumab, was utilized to obtain individual post hoc estimates of bezlotoxumab
PK parameters for each participant in the phase 3 trials. In phase 3 trial participants with
CDI who received a single 10-mg/kg intravenous dose of bezlotoxumab, the geometric
mean (GM) bezlotoxumab area under the serum concentration-time curve (AUC) from
time zero to infinity (AUC,_;,.¢ and maximum (peak) serum concentration (C,,,,) were
53,000 ng-h/ml and 185 ug/ml, respectively. Consistent with the PK profiles of other
human MAbs (15, 18, 19), bezlotoxumab had a low CL (0.317 liter/day) and a limited V
(7.33 liters). With an elimination half-life (t,,,) of approximately 19 days, bezlotoxumab
was present in serum at measurable concentrations during the first 12 weeks after
treatment, when the risk of recurrence is greatest, and remained detectable until
24 weeks, based on limited sampling in some participants. Bezlotoxumab had moder-
ate PK variability (coefficient of variation [CV] for AUC,_;.¢ and C,,.., 40.2% and 20.7%,
respectively).

All covariate effects on bezlotoxumab AUC,_, in the phase 3 trial participant
population were associated with a <50% change in exposure (Fig. 2). While body
weight is one of the primary covariates influencing bezlotoxumab PK, differences in
bezlotoxumab exposure due to body weight were moderate. At the 5th (45.5 kg) and
95th (109.6 kg) percentiles of the body weight distribution of the popPK data set, body
weight resulted in a 20% decrease and a 27% increase in the bezlotoxumab AUC,_;.¢
respectively, when all other covariates were held constant. In addition to this univariate
analysis, the impact of body weight, including the effect of correlated covariates
observed among the phase 3 trial participants, was also considered. Based on the
stratification of the exposures associated with the phase 3 trial participants by body
weight, the impact of body weight across the intended target population was more
limited, with an 18% decrease in AUC,_,¢ for participants weighing <60 kg and a 20%
increase in AUC,_, for participants weighing =100 kg compared with the value for the
participants in the 60- to 80-kg weight range.

Bezlotoxumab exposure was positively correlated with albumin levels (Fig. 3a and
b), such that at the 5th percentile (2.2 g/dl) and 95th percentile (4.7 g/dl) of the albumin
distribution in the popPK data set, the effects of the albumin level resulted in a 47.7%
increase and a 25.2% decrease in CL, respectively, relative to the CL at the median
albumin level (3.4 g/dl) (Fig. 3c). Similarly, V. was increased by 14.9% and decreased by
16.1% at the 5th percentile and 95th percentile of the albumin distribution, respec-
tively, compared with the V_ at the median albumin level (Fig. 3d). To summarize the
effect of albumin levels in the phase 3 trial population, bezlotoxumab exposure
estimates were stratified by albumin levels. This showed that bezlotoxumab exposures
were 33% lower in participants with albumin levels of <3.5 g/dl than in participants
with normal albumin levels (AUC,_;, geometric mean ratio, 0.67; 90% confidence
interval [Cl], 0.65 to 0.69).

Exposure-response analysis. Data from a total of 2,559 participants administered
bezlotoxumab (n = 779), bezlotoxumab plus actoxumab (n = 771), actoxumab (n =
233), or placebo (n = 776) in the phase 3 trials were included in the E-R analysis for rCDI.
The primary statistical analysis indicated that rCDI rates following actoxumab treatment
alone were similar to those following placebo treatment, and use of a combination of
actoxumab and bezlotoxumab did not improve efficacy compared with that achieved
with bezlotoxumab alone (11). Based on these findings, data for the the placebo and
actoxumab arms, and the bezlotoxumab and bezlotoxumab plus actoxumab arms were
pooled for subsequent assessment of placebo and exposure effects, respectively.

Based on graphical exploration, without consideration of covariate effects on PK or
response, there was an apparent positive trend in E-R, with increasing exposure being
associated with increasing rCDI rates (Fig. 4a). Of note, while a robust reduction in CDI
recurrence relative to that with placebo was observed for participants treated with

max/
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FIG 1 Goodness-of-fit plots (a, b) and visual predictive check of phase 3 trial concentrations in participants
receiving bezlotoxumab only (c) for the final bezlotoxumab popPK model. In panels a and b, dots are individual
data; solid lines are the locally estimated scatterplot smoothing (LOESS) lines. In panel a, dashed lines are lines
of unity; in panel b, dashed lines are thresholds for outliers ((CWRES| = 6); data for 5 samples from the MODIFY
I and MODIFY Il trials taken beyond day 200 are not shown in the plots. In panel ¢, circles represent observed
data; light solid lines and light dashed lines are the observed median and observed 95% interval, respectively.
Dark lines and dark dashed lines are the predicted median and predicted 95% interval, respectively. conc,
concentration; CWRES, conditional weighted residuals; popPK, population pharmacokinetics.
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Intrinsic factors GMR and 90% CI

Body weight (kg)
<60/60-80 fof
80 - 100/ 60 - 80 jo!
=100/ 60 - 80 Foq
Gender
Male / female H
Age (years)
=65/<65 ol
=75/<75 ol
Ethnicity
Hispanic / non-Hispanic M
Race
Black / White, Asian, other le|
Japanese
Japanese/non-Japanese healthy subjects (Ph1) o
Japanese/non-Japanese participants with CDI (popPK) M
Japanese/non-Japanese healthy subjects (popPK) [ o
Renal impairment
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[ T T 1
0.0 0.5 1.0 15 2.0

Change relative to reference

FIG 2 Impact of intrinsic factors on bezlotoxumab AUC, . in the phase 3 trial population. AUC, _, ., area
under the concentration-time curve from time zero to infinity; CDI, Clostridium difficile infection; GMR,
geometric mean ratio; Cl, confidence interval; Ph1, phase 1; popPK, population pharmacokinetics; Rl,
renal impairment; ESRD, end-stage renal disease.

bezlotoxumab across all albumin quartiles, a similar trend of increasing rCDI with
increasing levels of albumin was also observed in participants who received placebo
(Fig. 4b). As bezlotoxumab exposure was demonstrated to be strongly correlated
with the albumin level (Fig. 3a), the apparent trend between bezlotoxumab expo-
sure and rCDI may reflect the relationship between rCDI and the albumin level
rather than bezlotoxumab exposure. Thus, assessment of covariates to understand
how patient factors may influence rCDI is an important step in characterizing the
E-R relationship.

Following characterization of the placebo response, the E-R relationship for bezlo-
toxumab AUC,_;.¢ and rCDI rate was described with a sigmoid maximum effect (E,,,,.)
function (P < 0.05). The AUC at which 50% of the effect was obtained (EAUC,,) could
not be accurately estimated; hence, EAUC,, was arbitrarily fixed to 100 ug-h/ml, which
falls below the exposure range observed following treatment with 10-mg/kg bezlotox-
umab and represents an EAUC,, value that cannot be identified from the range of
exposures tested in the phase 3 trials. Log-likelihood profiling showed no improvement
in model fit for assumed EAUC,, values ranging from 1 X 1073 to 1 X 10> pg-h/ml; this
exposure range spans essentially undetectable concentrations well below the lowest
exposures observed at 10 mg/kg in the phase 3 trials to the higher end of exposures
observed at this dose level. In particular, EAUC,, values of >1,000 wng-h/ml (the lowest
exposures observed in the phase 3 trials) corresponded to a poorer model fit than lower
values, indicating that EAUC,, likely falls well below the exposures achieved at the
10-mg/kg dose in the phase 3 trials, and that the exposures achieved in the phase 3
trials were on the plateau of the E-R curve. Based on a stepwise covariate assessment,
age, albumin level, Charlson comorbidity index score, and history of CDI in the past
6 months were identified as significant covariates impacting the placebo response and
were included in the final E-R model.
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FIG 3 Association of bezlotoxumab exposure with the albumin level. (a) Bezlotoxumab AUC,_,. by albumin levels in phase 3 trial
participants and healthy subjects. (b) Bezlotoxumab AUC,_;.. by albumin levels in phase 3 trial participants and healthy subjects after
albumin normalization. (c) Effect of albumin on bezlotoxumab CL in phase 3 trial participants and healthy subjects. (d) Effect of albumin
on the bezlotoxumab V., in phase 3 trial participants and healthy subjects. The line with a shaded area represents the change in the
pharmacokinetic parameter (CL or V) as a function of the covariate value; the shaded area represents the 90% confidence interval based
on uncertainty; thick dashed lines represent body weight effects in the case of a scaling coefficient of 0.75 and 1 for CL and V,,
respectively. AUC,_,.,, area under the concentration-time curve from time zero to infinity; CL, clearance; P05, 5th percentile; P95, 95th
percentile; V,, central volume of distribution.

The final model was parameterized as follows:

logit(p) = log—2— = by + —-mex AUCoir
ogl (P) - Og] -p - EAUCGC;, + AUC_i¢

+ oVl hisicor T COVplarp * (Alb - 3.4)

+ cov Age — 66) + COVpChrix

phage  (
where p is probability; oV, histcor COVpialbr COVp) ages AN COVy,) i are covariate effects
for a history of CDI in the past 6 months, albumin level, age, and Charlson comorbidity
index score on the placebo effect, respectively; Alb is the aloumin concentration, and
b, is the placebo treatment effect.

The parameter estimates of the final E-R model are summarized in Table 4. To
illustrate the E-R relationship, simulations of rCDI in the phase 3 trial participant
population were conducted. Simulated and observed rCDI rates were plotted after
accounting for the two covariates with the strongest association with rCDI rate: a

February 2019 Volume 63 Issue 2 e01971-18 aacasm.org 9


https://aac.asm.org

Yee et al. Antimicrobial Agents and Chemotherapy

a) b)
1.0 =e= BEZ (n=779) 1.0 == BEZand BEZ + ACT (n=1550)
00| 7@ BEZ*ACT(=171) Placebo (n=776)
91 Placebo (n=776) 0.9 +
0.8 0.8 -
0.7 0.7
(0] Q
8 06 S 06
o o
3 051 3 054
® ®
5 04 5 04/
(&) o
0.3 4 0.3 4
0.2 4 Z - 021 /.__q/'
0.1 4 o 01 4
00 T T T T T T OO T T T 1
0 20,000 60,000 100,000 2 3 4 5
BEZAUC,, (ug.h/mL) Albumin (g/dL)

FIG 4 Association of CDI recurrence rate by bezlotoxumab exposure quartile (a) and CDI recurrence rate by
albumin level quartile (b). ACT, actoxumab; AUC,_;,, area under the concentration-time curve from time zero to
infinity; BEZ, bezlotoxumab; CDI, Clostridium difficile infection.

history of CDI in the past 6 months and albumin level. To account for the correlation
between bezlotoxumab exposure and the albumin level, individual exposures were
normalized by individual albumin level (i.e., AUC,_,;,¢/albumin) (Fig. 5a). A history of CDI
in the past 6 months (yes or no) was accounted for by stratification of the patient responses
by this covariate. After adjusting for the effects of the history of CDI in the past 6 months
and albumin levels, there were no trends between bezlotoxumab exposure and rCDI rates
over the range of exposures achieved with 10 mg/kg in phase 3 trials, based on plotting of
both observed and simulated rCDI rates (Fig. 6), indicating that bezlotoxumab exposure
over the investigated exposure range was not a predictor for rCDI.

The apparent trend of increasing rCDI rates across exposure quartiles that was
initially observed reflects the different levels of albumin in each exposure quartile and
the imputation of participants who failed to complete the 12-week follow-up period
(i.e., participants who discontinued the study) as having no CDI recurrence. Participants
who discontinued, most of whom discontinued due to death, tended to have lower
albumin levels, as low albumin levels are associated with poor patient health. Thus, the
imputation of study-discontinued participants as having no rCDI results in an artifact
that suggests a worse outcome with increasing albumin level. Due to the association
between albumin levels and the bezlotoxumab AUC, ;.. study-discontinued partici-

TABLE 4 Parameter estimates of the final bezlotoxumab exposure-response model

95% confidence % relative

Parameter Estimate? interval® standard error¢
Placebo treatment effect (b,) —-1.15 —1.34, —0.953 8.37
Covariates affecting placebo

Albumin level, continuous 0.318 0.172, 0.471 24.0

Age, continuous 0.0103 0.00391, 0.0166 31.7

History of CDI in the past 6 mo, yes 0.707 0.513, 0.919 15.1

Charlson comorbidity index score = 3 —0.267 —0.485, —0.0423 422
Bezlotoxumab

Eoox —0.643 —0.844, —0.452 16.0

EAUC;, (mng-h/ml) 100 (fixed)

9Final model estimates.

bBootstrap estimates.

“Percent relative standard error was derived from bootstrap analysis and was calculated as 100-(standard
error/median).

dCDI, Clostridium difficile infection; EAUCs,, area under the concentration-time curve at which 50% of the
effect is obtained; E,,,,, maximum effect.
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FIG 5 Sensitivity analysis of CDI recurrence rate by bezlotoxumab exposure quartile (a) and CDI recurrence rate by albumin
level quartile (b). Participants who discontinued or died were considered as having a CDI recurrence, in addition to
participants already classified as having a CDI recurrence according to the primary endpoint definition. ACT, actoxumab;
AUC, ;. area under the concentration-time curve from time zero to infinity; BEZ, bezlotoxumab; CDI, Clostridium difficile

infection.

pants who also tended to have lower albumin levels disproportionately fell into the
lowest bezlotoxumab exposure quartile. Albumin levels rose and study discontinuation
rates decreased across increasing exposure quartiles. As a result, the imputation of
study-discontinued participants as having no CDI recurrence, together with the asso-
ciation between albumin level and exposure, resulted in the apparent trend of increas-
ing rCDI with increasing exposure. To visualize the impact of study-discontinued
participants on the rCDI E-R relationship, a graphical sensitivity analysis was conducted,
in which study-discontinued participants were imputed as having rCDL. In this sensi-
tivity analysis, treatment with bezlotoxumab resulted in a robust decrease in the CDI
recurrence rate and the apparent trend for an increased rate of rCDI with increased
exposure was no longer evident (Fig. 5a). As would be expected, a trend of decreasing
CDI recurrence rate with increasing albumin level was also observed across albumin
quartiles in participants who received placebo, as well as in those receiving bezlotox-
umab (Fig. 5b).

History of CDI in the past 6 months — No History of CDI in the past 6 months — Yes
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FIG 6 Observed and model-predicted maximal response in CDI recurrence rate across albumin-corrected bezlo-
toxumab AUC,_;.¢ by decile following a single intravenous dose of 10-mg/kg bezlotoxumab. AUC,_;, area under
the concentration-time curve from time zero to infinity; CDI, Clostridium difficile infection; Cl, confidence interval.

February 2019 Volume 63 Issue 2 e01971-18

aacasm.org 11


https://aac.asm.org

Yee et al.

DISCUSSION

The PK of bezlotoxumab were well characterized by a two-compartment model with
linear elimination. Concomitant medications were not anticipated to affect the PK of
bezlotoxumab, as MAbs are not eliminated by the metabolic or transporter pathways
that are typically affected by concomitant medications. Consistent with this, the popPK
analysis showed that the effects of antibiotic drug treatments for CDI, in addition to
systemic antibiotics and PPIs, on bezlotoxumab PK were small (=20%) and not con-
sidered to be clinically meaningful.

In popPK analyses, body size covariates are frequently identified as clinically relevant
covariates and are well established as predictors of systemic exposure for small-
molecule drugs and therapeutic MAbs (18, 20), reflecting the relationship between CL,
V, and body size (21). As a result, most MAbs are administered on the basis of body
weight. In this study, bezlotoxumab CL increased with body weight. The resulting
exposure differences were adequately addressed by the administration of a weight-
based dose. The incremental impact of body weight across the intended target
population was limited, with an 18% decrease in AUC,_,.¢ for participants weighing
<60 kg and a 20% increase in AUC, ;¢ for participants weighing =100 kg compared
with the value for participants in the 60- to 80-kg weight range. This assessment of
body weight demonstrated that the comparative change in AUC is modest and
supports the appropriateness of the weight-based dosing paradigm.

Gender, race (black versus nonblack), and Japanese descent were identified as
significant covariates on CL or V. and, thus, were included in the final popPK model.
However, comparisons of bezlotoxumab AUC,_;.¢ values between covariate groups for
gender, Japanese descent, and race indicated that these factors were associated with
a <20% change in bezlotoxumab exposure. The effects of Japanese descent on CL and
V. were driven largely by differences in body weight between Japanese and non-
Japanese participants. These findings are consistent with the characteristics of other
MAbs approved for use in Japan (22). Gender has been identified to be a predictor of
CL and/or V for other MAbs, even after adjustment for body size, although this
association is not always clinically significant (18). The cause(s) of gender differences in
the apparent CL (CL/F) and apparent V (V/F) of MAbs has not been well-defined.
However, altered lymphatic flow and interstitial fluid volume are possible mechanisms
that may result in a change of MAb PK (23). As expected from a MAb that is cleared by
catabolism, neither hepatic nor renal impairment affected bezlotoxumab PK.

In contrast, albumin was identified as a major predictor of bezlotoxumab exposure.
This was reflected in the correlation between albumin levels and exposures; partici-
pants with albumin levels of <3.5 g/dl had bezlotoxumab exposure 33% lower than
that for participants with normal albumin levels. The mechanism of the relationship
between the albumin level and the clearance of MAbs has been described: both are
protected from lysosomal degradation by the same neonatal Fc receptor (FcRn) recy-
cling system, though they interact with different binding sites (24-26). Factors that
affect the recycling capacity of FcRn influence the concentrations of albumin and IgG
in a similar fashion, so that the serum levels of albumin and IgG increase and decrease
concomitantly, and, hence, albumin may be a predictor of IgG PK (24). Albumin levels
were also correlated to indicators of participant health, such that albumin levels (and,
therefore, exposures) were lower in participants with poor health. Low serum albumin
concentrations have been linked with poor outcomes (27, 28) and may be associated
with advanced age (29).

The phase 2 and phase 3 trials evaluated a single 10-mg/kg dose of bezlotoxumab
(registration dose) (11, 30), limiting the E-R analysis to data from a single dose level.
Despite this, a considerable range of exposures was observed due to intersubject
variability. The 10th and 90th percentiles of exposures at the 10-mg/kg dose in the
phase 3 trials were 31,700 wg-h/ml and 85,600 ng-h/ml, respectively. These values are
approximately 40% lower and 60% higher than the median exposure of 54,700 wg-h/ml,
respectively, and encompass the range of covariate effects. This rich PK data set
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facilitated exploration of the E-R relationship between bezlotoxumab PK and the
probability of rCDI.

The E-R relationship for the bezlotoxumab AUC,_;. and the rCDI rate was charac-
terized with an E,,,, relationship, where the responses in phase 3 trial participants with
CDI to 10-mg/kg bezlotoxumab were on the maximal response plateau of the E-R curve.
AUC,_;s Was selected as the PK measure for E-R assessment, as it reflects an integration
of concentrations over the total time period in which participants were exposed to
bezlotoxumab in the serum. The bezlotoxumab area under the serum concentration-
time curve from time zero to day 84 (AUC,_g,) and C,,, were also evaluated as
predictors for rCDI, but no improvement in model fit compared with that achieved with
AUC,_;s was found, indicating that these parameters are not more predictive of rCDI
than AUC,_;.+ This analysis included participants who received bezlotoxumab alone or
bezlotoxumab with actoxumab; repeating the analysis using participants who received
bezlotoxumab monotherapy resulted in no difference in outcome.

Patient covariates are known to impact the probability of rCDI (31, 32). Therefore,
the E-R analysis evaluated the effect of covariates on the rCDI rates achieved with
placebo. Given the potential correlation between bezlotoxumab exposure and covari-
ates (i.e., albumin level) that may influence the rCDI rate, the same criteria used for the
assessment of an E-R relationship (P = 0.05) were also applied to the identification of
covariates to ensure an unbiased assessment of covariates, in addition to exposure, that
may influence rCDI rates. Based on this assessment, covariates related to patient health,
rather than bezlotoxumab exposure, were found to be the strongest determinants of
rCDI. After adjusting for the effects of a history of CDI in the past 6 months and albumin
level, there was no relationship between bezlotoxumab exposure and observed rCDI
rates over the range of exposures achieved with 10 mg/kg in the phase 3 trials. The
apparent trend of increasing rCDI across exposure quartiles was also influenced by the
relatively high number of study-discontinued participants in the first exposure quartile.
As study-discontinued participants were imputed as having no rCDI, rates of recurrence
were disproportionately low in the first exposure quartile, resulting in an artifact that
suggested a worse outcome with increasing exposures. When the impacts of the
albumin level and study discontinuation on trends in E-R were considered, treatment
with bezlotoxumab resulted in robust decreases in rCDI.

Thus, there is no significant dependence of rCDI on bezlotoxumab exposures over
the range of exposures achieved in phase 3 trials, and the entire range of exposures
achieved with the 10-mg/kg dose is associated with a similar low rate of rCDI. Therefore,
covariate-associated changes in exposure, which were all modest based on the popPK
analysis, do not impact bezlotoxumab efficacy in a clinically meaningful way. Of the
significant covariates identified in the popPK analysis, serum albumin level had the larg-
est effect on bezlotoxumab exposure. Nevertheless, participants with aloumin levels of
<3.5 g/dl, which is associated with a 33% lower bezlotoxumab exposure, benefit from
bezlotoxumab treatment to a similar extent as participants with albumin levels in the
normal range.

In conclusion, this popPK and E-R analysis showed that intrinsic and extrinsic factors
do not affect bezlotoxumab exposure to a clinically meaningful extent based on the
totality of PK and clinical experience, and therefore, dose adjustments for these factors
are not required. These data support the use of the current clinical dose of 10-mg/kg
bezlotoxumab in all adult individuals with CDI. Similar reductions in rCDI at this dose
are expected regardless of the variability in exposure due to patient covariates.

MATERIALS AND METHODS

Study populations. Source data were obtained from the phase 3 trials MODIFY | (ClinicalTrials.gov
registration number NCT01241552) and MODIFY Il (ClinicalTrials.gov registration number NCT01513239)
and from three phase 1 trials (protocols PN004, PN0O5, and PN006). MODIFY | and MODIFY Il were
randomized, double-blind, placebo-controlled trials that assessed the efficacy and safety of single
infusions of bezlotoxumab and actoxumab in participants receiving antibiotic therapy for CDI (Table 1).
Participants received a single infusion of 10-mg/kg bezlotoxumab, 10-mg/kg actoxumab (MODIFY | only),
10-mg/kg actoxumab plus 10-mg/kg bezlotoxumab, or placebo (0.9% saline) over 1 h during treatment
with a CDIl-active antibiotic. The primary efficacy endpoint for the phase 3 trials was the proportion of
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participants with rCDI at week 12, defined as the development of a new episode of diarrhea (defined as
the passage of three or more loose stools in 24 h or less) associated with a positive stool test for toxigenic
C. difficile following an initial clinical cure of the baseline CDI episode. Participants in MODIFY | and
MODIFY Il were heterogeneous, due to few exclusion criteria being applied, and are therefore repre-
sentative of the intended patient population.

The phase 1 trials assessed the safety and PK of bezlotoxumab and actoxumab in healthy male and
female adult subjects and included one study specifically conducted in a Japanese population (Table 1).
Phase 1 study PN004 administered two sequential doses of 10-mg/kg actoxumab plus 10-mg/kg
bezlotoxumab to healthy subjects (n = 30), with a 12-week interval between doses. Phase 1 study PN005
administered a single infusion of 10-mg/kg actoxumab plus 10-mg/kg bezlotoxumab to healthy subjects
(n = 29) and placebo to 6 subjects over a 1-h period. Study PNO06 recruited 19 healthy Japanese
subjects; of these, 6 were administered 10-mg/kg actoxumab plus 10-mg/kg bezlotoxumab, 7 were
administered 20-mg/kg actoxumab plus 20-mg/kg bezlotoxumab, and 6 received placebo.

All protocols were approved by the institutional review board or independent ethics committee at
each study site. Written informed consent was provided by all participants before each trial began.

Sampling. Intensive PK sampling data (=6 samples/participant) were obtained from participants in
all included phase 3 and phase 1 trials (for details, see Table 1). Serum concentrations of bezlotoxumab
were quantified using validated idiotypic assays with a lower limit of quantification of 100 ng/ml (D. L.
Montgomery, R. P. Matthews, K. L. Yee, L. M. Tobias, M. B. Dorr, and R. E. Wrishko, submitted for
publication).

Population pharmacokinetic modeling. Data were pooled from participants who received a single
infusion of 10-mg/kg bezlotoxumab or 10-mg/kg actoxumab plus 10-mg/kg bezlotoxumab. PopPK
analysis was performed using a nonlinear mixed-effects modeling approach with the NONMEM (version
VII) program (Globomax, Hanover, MD, USA) running under Perl-speaks-NONMEM (PsN; version 3.4.2)
software. Postprocessing of the data was conducted using R (version 2.15.2) software.

The three stages of base model development consisted of development of a structural model,
exploration of interindividual random effects, and addition of residual random effects. One- and
two-compartment models, with and without allometric scaling for body weight, were selected as the
starting point for base structural model development. Runs were compared using goodness-of-fit plots
and likelihood ratio testing. Stochastic models for IV were evaluated for CL, Q, V,, and V,, and IIV on
residual error was evaluated to address phase 3 trial participants with highly variable PK data (conditional
weighted residuals [CWRES] > 6).

A stepwise covariate assessment was conducted with the stepwise covariate modeling functionality
in PsN. This procedure involved stepwise testing of covariate relationships in a forward inclusion (change
of OFV [AOFV], 3.84; P <0.05 for 1 degree of freedom [DF]) and backward exclusion (AOFV, 7.88;
P < 0.005 for 1 DF) procedure. The following covariates were evaluated: age, albumin level, gender, race,
ethnicity, Japanese descent, eGFR, hepatic impairment (defined as two or more of the following: albumin
level =3.1 g/dl; ALT level =2 times the ULN; bilirubin level =1.3 times the ULN; or mild, moderate, or
severe liver disease, as determined by the Charlson comorbidity index score), hospitalization status,
Charlson comorbidity index score (<3 versus =3), coadministration of actoxumab, type of anti-CDI
antibiotic treatment at randomization, concomitant systemic antibiotic use, and concomitant use of PPIs.
Significant covariates with marginal effects were further evaluated for improvement of model fit.
Reductions in interindividual variability deviation (ETA) and residual variability, shifts in ETA distributions,
and diagnostic plots with and without the covariates were investigated. Rejection of marginal-effect
covariates was based on small effect sizes on CL and V_ (<10%), relative standard errors of >25%, and
a lack of improvement in model fit and diagnostics. Structural model development indicated that
shrinkage was high for IIV terms associated with peripheral compartment PK parameters Q and V,, so
covariate effects were not tested for these parameters.

The reliability of the final model was checked with diagnostic plots, a visual predictive check, and
bootstrap analysis. The final popPK model together with the observed concentrations of bezlotoxumab
were utilized to obtain individual post hoc estimates of PK parameters. For each participant from the
MODIFY | and MODIFY Il trials for whom measurable bezlotoxumab concentrations were available, the
bezlotoxumab AUC, ., AUC,_g, C..e and t;,, were estimated based on post hoc compartmental PK
parameters.

Exposure-response analysis. E-R analysis was based on data from the MODIFY | and MODIFY Il trials
for participants receiving placebo, actoxumab, bezlotoxumab, and bezlotoxumab plus actoxumab and
individual participant PK parameter estimates obtained from the final popPK model. Data for participants
receiving placebo and actoxumab were pooled for the assessment of the placebo response, and data for
participants receiving bezlotoxumab and bezlotoxumab plus actoxumab were pooled for the assessment
of exposure effects. Logistic regression analysis was used to characterize the E-R relationship for the
primary endpoint of the phase 3 trials (rCDI rate) in NONMEM (version VII; Globomax, Hanover, MD, USA)
running under PsN (version 3.4.2). The PK endpoints examined were the bezlotoxumab AUC, ;..
AUC,_g,, and C,,. Model development for rCDI was performed in a three-step approach: in the first step,
the baseline incidence of rCDI was quantified (placebo effect), followed by inclusion of an E-R term and,
subsequently, a covariate analysis using stepwise covariate modeling to identify factors that affect the
baseline incidence of rCDI. The criterion for both the forward addition and backward elimination steps
of the stepwise covariate modeling was a P value of <0.05, the same criterion applied to test for
exposure effects. Given the complex correlation between exposure and covariates that may influence the
rCDI rate, use of criteria during a backward elimination step more stringent than those applied to the E-R
assessment may result in the rejection of influential covariates during the stepwise covariate modeling.

max’
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By relaxing the criteria in the backwards step, an unbiased assessment of influential covariates, in
addition to exposure, could be conducted. The covariates assessed were age, weight, gender, race,
albumin level, white blood cell count, the presence of clinically severe CDI at the time of infusion (yes
or no), the Charlson comorbidity index score, modified Horn's index, hospitalization status, compromised
immunity status (yes or no), a history of CDI in the past 6 months (yes or no), the presence of endogenous
1gG to toxin A or B, antibacterial drug therapy for CDI, and the use of systemic antibiotics or PPIs (yes
or no).

Simulations were used to characterize the probability of rCDI across the range of bezlotoxumab

exposures achieved in the phase 3 trials and the influence of any significant covariates in the final E,, .,
PK/PD model. The probability of a CDI recurrence event was calculated for each participant in the phase
3 trial population utilizing the post hoc-estimated PK exposures, each participant’s vector of covariates,
and the final PK/PD model. The individual probability of rCDI was then utilized to simulate the occurrence
of a CDI recurrence event (yes or no) in each participant by random draw from a binomial distribution
with the individual’s probability. Subsequently, the incidence of rCDI for the population was derived. This
procedure was repeated 1,000 times by incorporating parameter uncertainty for the estimated fixed-
effect parameters of the PK/PD model. The median and the 5th and 95th percentiles of the rCDI rate from
these 1,000 runs were reported. All model predictions were in agreement with the observed rCDI rates.
The simulated results were also stratified by significant covariates to explore the effect of covariates on
the association between exposures and rCDI.

Exploration of potential EAUC,, estimates was also performed with log likelihood profiling. Specif-

ically, EAUC,, values were fixed over a range of 1 X 1072 and 1 X 10° ug-h/ml. For each fixed EAUC,,

value, the E,

max

EAUC,, value’s model fit.
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