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Purpose: Revefenacin, a long-acting muscarinic antagonist for nebulization, has been

shown to improve lung function in patients with chronic obstructive pulmonary disease.

Here we report pharmacokinetic (PK) and safety results from two multicenter, open-label,

single-dose trials evaluating revefenacin in subjects with severe renal impairment

(NCT02578082) and moderate hepatic impairment (NCT02581592).

Subjects and methods: The renal impairment trial enrolled subjects with normal renal function

and severe renal impairment (estimated glomerular filtration rate <30 mL/min/1.73 m2). The

hepatic impairment trial enrolled subjects with normal hepatic function and moderate hepatic

impairment (Child-Pugh class B). Subjects received a single 175-µg dose of revefenacin through

nebulization. PK plasma samples and urine collections were obtained at multiple time points for 5

days following treatment; all subjects were monitored for adverse events.

Results: In the renal impairment study, the maximum observed plasma revefenacin con-

centration (Cmax) was up to 2.3-fold higher and area under the concentration–time curve from

time 0 to infinity (AUCinf) was up to 2.4-fold higher in subjects with severe renal impairment

compared with those with normal renal function. For THRX-195518, the major metabolite of

revefenacin, the corresponding changes in Cmax and AUCinf were 1.8- and 2.7-fold higher,

respectively. In the hepatic impairment study, revefenacin Cmax and AUCinf were 1.03- and

1.18-fold higher, respectively, in subjects with moderate hepatic impairment compared with

those with normal hepatic function. The corresponding changes in THRX-195518 Cmax and

AUCinf were 1.5- and 2.8-fold higher, respectively.

Conclusion: Systemic exposure to revefenacin increased modestly in subjects with severe

renal impairment but was similar between subjects with moderate hepatic impairment and

normal hepatic function. The increase in plasma exposure to THRX-195518 in subjects with

severe renal or moderate hepatic impairment is unlikely to be of clinical consequence given

its low antimuscarinic potency, low systemic levels after inhaled revefenacin administration,

and favorable safety profile.

Keywords: liver disease, kidney disease, chronic obstructive pulmonary disease, long-acting
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Introduction
Chronic obstructive pulmonary disease (COPD) is a common disease with world-

wide prevalence estimated at 12%, and is a leading cause of morbidity and death.1

Many patients with COPD are older or have comorbid conditions that can be

associated with renal or hepatic impairment.2,3

Revefenacin is a once-daily, long-acting, lung-selective muscarinic receptor antago-

nist formulated as a nebulized inhalation solution for use with a standard jet nebulizer for

treatment of patients with COPD.Nebulized therapies are of particular interest in patients
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with poor hand/breath coordination and/or respiratory muscle

weakness that limits their use of dry powder inhalers and

pressurized metered-dose inhalers.4–6 The clinical efficacy

and safety of revefenacin have been demonstrated in patients

with COPD in Phase 2 studies, in which once-daily adminis-

tration of revefenacin at doses up to 700 µg significantly

improved patients’ forced expiratory volume compared with

placebo and was well tolerated at all dose levels.7,8

Revefenacin further demonstrated clinically and statistically

significant improvements in trough forced expiratory volume

in 1 second in two 12-week Phase 3 studies in patients with

moderate to very severe COPD9 and was shown to be well

tolerated over 1 year of treatment.10 Revefenacin inhalation

solution was approved by the FDA in November 2018, and is

indicated for the maintenance treatment of patients with

COPD.11

The pharmacokinetic (PK) properties of inhaled revefe-

nacin were investigated in three Phase 2 studies in patients

with COPD.7,8 Plasma revefenacin concentrations following

inhaled administration were low, averaging <0.6 ng/mL after

daily doses up to 700 µg, and declined rapidly from the initial

maximum concentration, with a slow apparent terminal elim-

ination phase. Renal elimination of revefenacin was very low

after inhaled administration, with <1% of the dose excreted

in urine.8 In a Phase 1 study in healthy subjects who received

revefenacin intravenously (IV) or orally, elimination was

primarily via the hepatic-biliary system and fecal route;

renal excretion was minimal.12 Revefenacin was extensively

metabolized to its major metabolite, THRX-195518, through

hydrolysis after inhaled administration in patients with

COPD8 and after IV or oral administration in healthy

subjects.12 THRX-195518 is approximately tenfold less

potent than revefenacin and dissociates more rapidly from

human M3 receptors (Theravance Biopharma, data on file).

Although PK properties of revefenacin have been

described in multiple studies, PK characteristics of revefena-

cin and THRX-195518 have not been characterized in spe-

cial patient populations, including patients with renal or

hepatic insufficiency. Chronic kidney disease has been

shown to affect drug disposition via multiple mechanisms,

even for drugs that are not renally eliminated.3,13,14 Likewise,

hepatic insufficiency and liver disease can affect the PK

properties of many drugs.15–17 The effects of renal and hepa-

tic insufficiency can cause unexpected toxicities.3 Therefore,

it is important to study the PK properties and safety of

specific agents in adults with renal and hepatic impairment,

so PK dose modifications can be considered, if needed, in

these populations.

We report findings of two multicenter, open-label, paral-

lel-group, single-dose PK studies of revefenacin in subjects

with severe renal or moderate hepatic impairment compared

with subjects with normal organ function. The primary

objective of the studies was to characterize the effects of

severe renal impairment or moderate hepatic impairment on

PK properties of revefenacin and THRX-195518 following

single-dose inhaled administration. The secondary objective

was to evaluate the safety and tolerability of inhaled revefe-

nacin in subjects with severe renal impairment or moderate

hepatic impairment.

Methods
Study design and conduct
Both trials were multicenter, open-label, parallel-group, sin-

gle-dose, Phase 1 PK, and safety studies. The first study

(ClinicalTrials.gov Identifier Number: NCT02578082)

included subjects with normal renal function or severe renal

impairment and was conducted between December 2015 and

May 2016. The second study (ClinicalTrials.gov Identifier

Number: NCT02581592) included subjects with normal

hepatic function or moderate hepatic impairment and was

conducted between December 2015 and April 2016.

Each study was conducted in accordance with the princi-

ples of the International Council on Harmonisation (ICH) of

Technical Requirements for Registration of Pharmaceuticals

for HumanUse Guideline for Good Clinical Practice (GCP),18

the United States Code of Federal Regulations, the principles

of the World Medical Association Declaration of Helsinki,19

Ethical Principles for Medical Research Involving Human

Subjects, and all applicable regulatory requirements. In each

study, all subjects provided written informed consent prior to

any study procedures. Subjects (or their legally authorized

representatives) could have withdrawn their consent to parti-

cipate in the study at any time without prejudice. The proto-

cols for both studies were approved by an institutional review

board (IntegReview IRB, 3815 S. Capital of Texas Highway,

Suite 320, Austin, TX 78704, USA).

Study population
Both studies included male and female subjects, 18–80

years of age, with body mass index 19–40 kg/m2 and

body weight ≥ 55 kg.

Renal impairment study

In the renal impairment study, enrollment of subjects with

normal renal function was based on estimated creatinine

clearance (CLcr) using the Cockcroft-Gault equation at
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screening and day –1. Subjects with normal renal function

had an estimated CLcr of ≥90 mL/min at screening and

day –1. Determination of renal impairment was based on

estimated glomerular filtration rate (eGFR), calculated

using the isotope dilution mass spectrometry–traceable

Modification of Diet in Renal Disease (MDRD) equation

at screening and day –1. Subjects with severe renal impair-

ment had eGFR <30 mL/min/1.73 m2 at screening and day

–1. Subjects with renal insufficiency must have had stable

renal function, defined as ≤25% difference in eGFR (cal-

culated using the MDRD equation) assessed on two occa-

sions separated by ≥14 days. The normal renal function

group was selected to be comparable with the severe renal

impairment group by matching subjects for weight

(±15%), sex, race, and age (±10 years).

Key exclusion criteria included a history of hypersen-

sitivity to inhaled medication, including nebulized antic-

holinergics or beta 2-agonists, presence of any medical

conditions that precluded the use of inhaled anticholiner-

gics, a history of clinically significant hepatic disease, a

family history of congenital long QT syndrome, and pre-

sence of an abnormal cardiovascular event.

Hepatic impairment study

In the hepatic impairment study, subjects with normal

hepatic function had normal liver function tests at screen-

ing and day –1. All subjects in this study had CLcr of >70

mL/min at screening and day –1. Subjects with moderate

hepatic impairment had Child-Pugh class B (7–9 points)

liver disease of cryptogenic, posthepatic, hepatitis B virus,

hepatitis C virus, nonalcoholic steatohepatitis, or alcoholic

origin. The components that contributed to the Child-Pugh

score were directly related to the underlying hepatic dis-

ease. Hepatic impairment was stable, defined as no clini-

cally significant change in disease status within the last 30

days as documented by the subject’s recent medical history

(eg, no worsening of clinical signs of hepatic impairment

or no worsening of total bilirubin or prothrombin time by

>50%). Subjects in the normal hepatic function and mod-

erate hepatic impairment groups were matched according

to weight (±15%), sex, race, and age (±5 years).

Key exclusion criteria included hypersensitivity to

inhaled medications and the presence of any condition

that could preclude the use of anticholinergics. Subjects

with normal hepatic function were excluded if they had a

history of porphyria, active liver disease, or unexplained

elevation of serum transaminases, alkaline phosphatase,

albumin, prothrombin time, or total bilirubin. Subjects

with moderate hepatic impairment were excluded from

the study if they had ongoing severe hepatic encephalo-

pathy and biliary liver cirrhosis or other causes of hepatic

impairment related to parenchymal disorder and/or disease

of the liver. An abnormal electrocardiogram and risk of

adverse cardiovascular event were also exclusionary

criteria.

Treatment
Both studies were open-label. Study treatment and restric-

tions on concomitant medications were the same for both

studies. All subjects received a single dose of revefenacin

(175 µg) administered as a 3-mL solution by inhalation

using the PARI LC® Sprint (PARI, Midlothian, VA, USA)

jet nebulizer. Subjects were prohibited from using nephro-

toxic or hepatotoxic medications for 4 weeks before study

drug dosing. Permitted medications included acetamino-

phen, ibuprofen, milk of magnesia (magnesium hydro-

xide), and routine vitamins and minerals. In addition,

subjects could continue a stable regimen of any medication

(except those specifically prohibited) in place 30 days

before day –1.

PK assessments
PK assessments were the same in both studies. Blood

samples were collected at the following time points for

the determination of plasma concentrations of revefenacin

and THRX-195518: ≈30 mins before revefenacin dosing

and at 5, 15, and 30 mins, and at 1, 2, 3, 4, 6, 8, 12 (day 1),

24, 36 (day 2), 48 (day 3), 72 (day 4), and 96 (day 5) hours

post-dose (after start of nebulization).

Urine was collected over the following intervals for

determination of urine concentrations of revefenacin and

THRX-195518: within 60 mins before dosing (day 1); and

at 0–4, 4–8, 8–12, 12–24 (day 2), 24–48 (day 3), 48–72

(day 4), and 72–96 hrs (day 5) post-dose (after start of

nebulization).

Concentrations of revefenacin and THRX-195518 in

plasma and urine were quantified using validated liquid

chromatography with tandem mass spectrometry methods.

In plasma, the lower limit of quantification (LLOQ) for

revefenacin and THRX-195518 was 0.0005 and 0.005 ng/

mL, respectively. In urine, the LLOQ was 0.100 ng/mL for

revefenacin and THRX-195518. Quality control accuracy

(% relative error) and precision (% coefficient of variation)

for the plasma and urine revefenacin and THRX-195518

PK assays did not exceed 9%.
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Plasma PK parameters for revefenacin and THRX-

195518 were determined, where possible, by noncompart-

mental methods using WinNonlin version 6.4 (Certara,

Princeton, NJ, USA) for each subject. Plasma PK para-

meters included maximum observed plasma concentration

(Cmax); time to reach Cmax (Tmax); area under the concen-

tration–time curve (AUC) from time 0 to time of last

quantifiable concentration (AUCt), calculated using the

linear trapezoidal method; AUC from time 0 to infinity

(AUCinf); apparent terminal elimination half-life (t1/2);

metabolite-to-parent ratio based on AUCt (MRAUC), cal-

culated as the molar ratio; and metabolite-to-parent ratio

based on Cmax (MRCmax), calculated as the molar ratio.

AUCinf could not be accurately computed in all sub-

jects by noncompartmental analysis because of sparsity of

PK data in the terminal phase as a result of low or

unquantifiable concentrations, especially for THRX-

195518. In a single-dose study, AUCinf is the most appro-

priate measure of total exposure; therefore, AUCinf was

estimated by fitting the revefenacin and THRX-195518 PK

data of all subjects in the hepatic and renal impairment

studies to a previously described population PK model.20

The plasma concentrations for each individual subject

were predicted using the fitted population PK model, and

AUCinf was determined by noncompartmental methods

using WinNonlin.

Urine PK parameters included the following: cumula-

tive amount excreted in the urine from 0 to 96 hrs post-

dose; cumulative fraction of revefenacin dose excreted in

urine from 0 to 96 hrs post-dose (fe0–96h), calculated for

revefenacin only and expressed as a percentage; and renal

clearance (CLr).

Safety assessments
Safety assessments were the same in both studies and

referred to treatment-emergent adverse events (TEAEs).

The studies used the ICH E6 (R1) GCP (Section 1.2)

definition of an adverse event (AE),21 and AEs were

coded to the preferred terms of the Medical Dictionary

for Regulatory Activities. Investigators evaluated AEs in

terms of severity (mild, moderate, or severe), duration,

outcome, and relationship to study drug.

Clinical laboratory measurements included hematology

tests, serum chemistry tests, coagulation tests, urinalysis,

serology tests, vital signs, height, weight, medical history,

physical examination, and electrocardiogram, including

QT interval corrected for heart rate (QTcF).

Statistical analyses
Renal impairment study

An analysis of variance (ANOVA) with renal function

group as a fixed effect was performed on log-transformed

values of Cmax, AUCt, and AUCinf to compare results

between subjects with severe renal impairment (test

group) and subjects with normal renal function (reference

group). Point estimates and 90% confidence intervals (CIs)

for the ratios of the geometric least-squares (LS) means of

the PK parameters were calculated by applying exponen-

tial transformation to the difference between LS means

and 90% CIs obtained from the ANOVA model. No formal

a priori criteria for between-group differences were

defined for the PK analysis. The relationship between PK

parameters and renal function (eGFR and CLcr) was

investigated using linear regression analysis.

Hepatic impairment study

An ANOVA using hepatic impairment group as a fixed

effect was performed on log-transformed values of Cmax,

AUCt, and AUCinf to compare results between subjects

with moderate hepatic impairment (test group) and sub-

jects who had normal hepatic function (reference group).

Point estimates and 90% CIs for the ratios of the geometric

LS means of the PK parameters were calculated as

described above for the renal impairment study.

Changes to study protocols
The original study protocol for the renal impairment study

was revised to align with the classification of normal renal

function listed in the US Food and Drug Administration’s

Guidance for Industry, Pharmacokinetics in Patients With

Impaired Renal Function.22 The age-matching criteria

were revised to align with the classification of normal

renal function and the expected subject population.

The hepatic impairment study was conducted accord-

ing to the original protocol.

Results
Subject disposition and baseline

demographics and clinical characteristics
Sixteen subjects were enrolled and completed dosing in

each study (severe renal impairment, n=8 [not on dialysis;

eGFR <30 mL/min/1.73 m2]; normal renal function, n=8

[estimated CLcr ≥90 mL/min]; moderate hepatic impair-

ment, n=8 [Child-Pugh class B]; normal hepatic func-

tion, n=8).
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As expected, because of the matching process, age,

sex, weight, and race were well matched between groups

in the renal impairment study (Table 1). Subjects with

normal renal function were slightly taller than those with

severe renal impairment. In subjects with severe renal

impairment, eGFR ranged from 13.6 to 27.9 mL/min/

1.73 m2 and CLcr ranged from 22.8 to 44.4 mL/min.

In the hepatic impairment study, baseline demographic

characteristics were also well matched between groups

(Table 1). Subjects with moderate hepatic impairment

had a Child-Pugh B score of 7–9 and hepatic encephalo-

pathy of grade 3 or less. Half (50%) had moderate ascites,

and mean CLcr was 118.7 mL/min.

Pharmacokinetics
Renal impairment study

Revefenacin PK parameters

Mean plasma revefenacin concentrations for subjects in

the severe renal impairment group were higher than

those for the normal renal function group (Figure 1A)

but with high between-subject variability. After excluding

data from two subjects in the normal renal function group

who had very low concentrations measurable to only 4 hrs

and 1 hr post-dose, respectively, the mean plasma concen-

tration–time profiles between the two renal function

groups were similar (Figure S1).

In both groups, the concentration–time profile for reve-

fenacin was characterized by a rapid absorption phase with

median Tmax values of 0.250 hrs (Table 2), a rapid decline

of plasma concentrations after Cmax, and then a relatively

slow distribution phase and long terminal elimination

phase. Mean t1/2 values were similar in subjects with

normal and severely impaired renal function (Table 2).

Mean revefenacin Cmax, AUCt, and population PK-pre-

dicted AUCinf values were higher in subjects with severe

renal impairment than in those with normal renal function

with high between-subject variability and substantial over-

lap in the ranges of individual values (Figure 2).

Statistical analysis showed that the ratio of geometric

means (90% CI) was 234% (77–712%) for revefenacin Cmax

and 337% (87–1308%) for revefenacin AUCt when compar-

ing the severe renal impairment group with the normal renal

function group. The analogous ratio of geometric means (90%

CI) for revefenacin AUCinf was 244% (92–643%).

As stated previously, two subjects in the normal renal

function group had very low revefenacin Cmax and AUC

values. When PK data for these subjects were excluded,

geometric mean ratios (90% CI) were 107% (50–227%)

for Cmax, 123% (56–269%) for AUCt, and 123% (63–

238%) for AUCinf.

There was no apparent relationship between renal function

and revefenacin PK parameters (Figure 3). In the linear

Table 1 Baseline demographics and clinical characteristics

Characteristic Renal impairment study Hepatic impairment study

Severe renal

impairment (n=8)

Normal renal

function (n=8)

Moderate hepatic

impairment (n=8)

Normal hepatic

function (n=8)

Age, years

Mean (SD) 60.6 (13.95) 59.4 (10.61) 56.6 (6.63) 56.9 (5.11)

Range 29–70 36–69 48–65 51–66

Male sex, n (%) 5 (62.5) 5 (62.5) 7 (87.5) 7 (87.5)

Race, n (%)

White 8 (100) 8 (100) 7 (87.5) 7 (87.5)

Black/African American 0 (0) 0 (0) 1 (12.5) 1 (12.5)

Weight, kg, mean (SD) 93.1 (17.21) 92.2 (12.55) 101.8 (12.03) 98.7 (16.47)

Height, cm, mean (SD) 167.4 (11.38) 173.0 (12.31) 175.2 (4.50) 175.8 (9.95)

BMI, kg/m2, mean (SD) 32.9 (3.54) 31.0 (5.26) 33.1 (3.34) 31.8 (3.85)

eGFR, mL/min/1.73 m2,

mean (SD)

21.7 (5.04) 73.5 (12.25) NC NC

CLcr, mL/min, mean (SD)a 34.6 (7.94) 103.2 (25.73) NC NC

Notes: aSummary statistics for baseline CLcr were calculated using the Cockcroft-Gault equation. For two subjects in the normal renal function group, the calculated

Cockcroft-Gault CLcr results were <90 mL/min. With prior sponsor approval, eligibility for these two subjects was determined using a 24 hr urine collection.

Abbreviations: BMI, body mass index; CLcr, creatinine clearance; eGFR, estimated glomerular filtration rate; NC, not calculated; SD, standard deviation.
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regression analyses, there were no significant correlations

between eGFR and revefenacin Cmax (R
2=0.107; P=0.22) or

AUCinf (R
2=0.121; P=0.19). Similar findings were observed

for the relationship between revefenacin exposure and CLcr

(Cmax: R
2=0.027; P=0.54; AUCinf: R

2=0.049; P=0.41).

Regarding urine PK parameters for revefenacin, mean

fe0–96h was ≤0.20%, and mean CLr accounted for ≈0.3% of

the total apparent clearance for subjects with normal renal

function. For the severe renal impairment group, fe0–96h
was lower, averaging ≈0.06%, and the mean CLr was ≈6.3-

fold lower than in the normal renal function group.

Overall, renal excretion of revefenacin was low in both

groups, suggesting urinary excretion is a minor elimination

pathway for this drug.

Figure 1 Mean ± SD plasma concentration–time profiles for revefenacin (A) and THRX-195518 (B) in subjects with and without severe renal impairment (n=8 per group).

Abbreviations: h, hours; SD, standard deviation.

Table 2 Plasma and urine PK parameters (arithmetic mean [SD]) for revefenacin and THRX-195518 in renal impairment study

Revefenacin THRX-195518

Parameter Severe renal impairment

(n=8)

Normal renal function

(n=8)

Severe renal impairment

(n=8)

Normal renal function

(n=8)

Plasma

Cmax, ng/mL 0.267 (0.161) 0.196 (0.201)a 0.0689 (0.0410) 0.0404 (0.0310)b,c

Tmax, h
d 0.250 (0.250–0.250) 0.250 (0.250–0.250) 0.500 (0.250–0.533) 0.250 (0.250–0.500)b

AUCt, ng·h/mL 0.336 (0.201) 0.211 (0.205)e 0.139 (0.0930) 0.0701 (0.0808)f

AUCinf, ng·h/mLg 0.354 (0.199) 0.220 (0.193)h 0.258 (0.131) 0.126 (0.120)i

t1/2, h 35.3 (22.4)b 29.7 (4.15)j 6.69 (2.14)j NCk

MRAUC
l NA NA 0.451 (0.405) 0.301 (0.280)f

MRCmax NA NA 0.317 (0.267) 0.286 (0.218)b,m

Urine

Ae0–96h, µg 0.112 (0.0909) 0.350 (0.364) 0.0376 (0.0411) 0.0984 (0.120)

fe0–96h, % 0.0638 (0.0519) 0.200 (0.208) NC NC

CLr, L/h 0.272 (0.190) 1.70 (1.06)j NRn NRn

Notes: aMean (SD) Cmax, excluding two subjects with low plasma revefenacin and THRX-195518 concentrations, was 0.259 (0.194) ng/mL. bn=7. cMean (SD) Cmax,

excluding two subjects with low plasma revefenacin and THRX-195518 concentrations, was 0.0461 (0.0297) ng/mL. dMedian (minimum, maximum) is presented. eMean (SD)

AUCt, excluding two subjects, was 0.280 (0.189) ng·h/mL. fn=6. gAUCinf values predicted by the population PK model. hMean (SD) AUCinf, excluding two subjects, was 0.289

(0.172) ng·h/mL. iMean (SD) AUCinf, excluding two subjects, was 0.162 (0.118) ng·h/mL. jn=5. kOnly two subjects had values of 0.608 and 1.69 hrs, respectively. lMRAUC

calculated using AUCt, since AUCinf was not calculable or reportable for most subjects for THRX-195518. mMean (SD) MRCmax, excluding two subjects, was 0.246 (0.210)

ng/mL. nCLr not reported because available n was ≤2 in each group.

Abbreviations: AUC, area under the concentration–time curve; AUCinf, AUC from time 0–infinity; AUCt, AUC from time 0 to time of last quantifiable concentration; Ae0–96h,

cumulative amount excreted in the urine from time 0–96 hrs post-dose; CLr, renal clearance; Cmax, maximum observed plasma concentration; fe0–96h, cumulative fraction of

dose excreted in urine from 0 to 96 hrs post-dose; h, hours; MRAUC, metabolite-to-parent ratio based on AUCt; MRCmax, metabolite-to-parent ratio based on Cmax; NA, not

applicable; NC, not calculated; NR, not reported; PK, pharmacokinetic; SD, standard deviation; t1/2, terminal elimination half-life; Tmax, time to reach Cmax.
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THRX-195518 PK parameters

Mean plasma concentrations of THRX-195518, the major

metabolite of revefenacin, were higher in subjects with

severe renal impairment compared with those with normal

renal function (Figure 1B), but with high between-subject

variability (Figure 2). After reaching Cmax at a median of

0.250–0.500 hrs (Tmax), THRX-195518 concentrations

appeared to decline more slowly in subjects with severe

renal impairment versus those with normal renal function

(Figure S2). THRX-195518 data were limited in the nor-

mal renal function group, with quantifiable concentrations

of THRX-195518 observed for only two subjects beyond 3

hrs post-dose. As a result, t1/2 could not be calculated for

most subjects in this group.

Figure 2 Comparison of Cmax (A) and AUCinf
a (B) for revefenacin and THRX-195518 between cohorts with normal and severely impaired renal function.

Notes: aAUCinf values predicted by the population PK model. Box represents the 25th–75th percentile of the data. Whiskers indicate the 1.5x interquartile range. The solid

line in the box represents the median and each dot represents an individual subject.

Abbreviations: AUCinf, area under the concentration–time curve from time 0 to infinity; Cmax, maximum observed plasma concentration.

Figure 3 Scatter plots of revefenacin Cmax (A) and AUCinf
a (B) versus eGFR. Cmax (C) and AUCinf

a (D) versus CLcr in the renal impairment study.

Notes: Open circles represent individual subject data. aAUCinf values predicted by the population PK model. The line indicates linear least-squares fit; the shaded area

indicates 95% CI.

Abbreviations: AUCinf, area under the concentration–time curve from time 0 to infinity; CI, confidence interval; CLcr, creatinine clearance; Cmax, maximum observed

plasma concentration; eGFR, estimated glomerular filtration rate; PK, pharmacokinetic.
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PK parameters for THRX-195518 are shown in Table 2.

Mean systemic exposure to THRX-195518, measured by

Cmax, AUCt, and population PK-predicted AUCinf,

appeared higher in subjects with severe renal impairment

versus those with normal renal function. However, there

was high variability in these parameters, and the overall

range of individual data was similar between the two study

groups (Figure 2). Revefenacin was rapidly converted to

THRX-195518 after oral inhalation in both study groups,

with mean MRAUC and MRCmax values ranging from 0.286

to 0.451 (Table 2).

The ratio of geometric means (90% CI) was 180% (85–

380%) for THRX-195518 Cmax and 206% (72–591%) for

AUCt. The analogous geometric mean ratio (90% CI) for

THRX-195518 AUCinf was 274% (123–613%).

There was no apparent relationship between renal func-

tion and THRX-195518 PK parameters (Figure 4). No

significant correlations were found between eGFR and

THRX-195518 Cmax (R2=0.149; P=0.16) or AUCinf

(R2=0.201; P=0.08) in the linear regression analyses.

Similar findings were observed using CLcr (Cmax:

R2=0.055; P=0.40; AUCinf: R
2=0.095; P=0.25).

In the urinary analyses, renal excretion of THRX-195518

was low in both renal function groups (Table 2). CLr was not

estimable in the majority of subjects in both groups.

Hepatic impairment study

Revefenacin PK parameters

Mean plasma revefenacin concentration–time profiles were

nearly superimposable between the groups with moderate

hepatic impairment and normal hepatic function (Figure 5A).

As in the renal function study, the profiles were characterized

by a rapid absorption phase, a rapid decline in concentration

after Cmax, and a relatively slow distribution and terminal

elimination phase. Mean t1/2 values were similar between

groups (Table 3).

Systemic exposures to revefenacin (measured by mean

Cmax, AUCt, and population PK-predicted AUCinf) were

similar between subjects with and without hepatic impair-

ment (Table 3), with high between-subject variability

(Figure 6). The ratio of geometric means (90% CI) was

103% (57–185%) for revefenacin Cmax and 107% (60–

193%) for revefenacin AUCt when comparing the moder-

ate hepatic impairment group with the normal hepatic

function group. The analogous ratio of geometric means

(90% CI) for revefenacin AUCinf was 118% (72–191%).

In the urinary analyses for revefenacin, mean fe0–96h
was <1% and mean CLr accounted for <1% of the total

apparent clearance for both hepatic function groups, again

indicating that urinary excretion is a minor elimination

pathway for revefenacin.

Figure 4 Scatter plots of THRX-195518 Cmax (A) and AUCinf
a (B) versus eGFR. Cmax (C) and AUCinf

a (D) versus CLcr in the renal impairment study.

Notes: Open circles represent individual subject data. aAUCinf values predicted by the population PK model. The line indicates linear least-squares fit; the shaded area

indicates 95% CI.

Abbreviations: AUCinf, area under the concentration–time curve from time 0 to infinity; CI, confidence interval; CLcr, creatinine clearance; Cmax, maximum observed

plasma concentration; eGFR, estimated glomerular filtration rate; PK, pharmacokinetic.
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Mean revefenacin fe0–96h and CLr were≈2.4 and ≈2.5
times greater, respectively, for subjects with moderate

hepatic impairment versus normal hepatic function. For

two subjects in the normal hepatic function group, no

revefenacin was excreted in urine.

THRX-195518 PK parameters

Mean plasma concentrations of THRX-195518 in subjects

with moderately impaired hepatic function were higher than

in subjects with normal hepatic function (Figure 5B). After

reaching Cmax at a median Tmax of 0.5 hrs, plasma THRX-

195518 concentrations declined relatively slowly in sub-

jects with moderate hepatic impairment compared with

those with normal hepatic function, with an approximately

twofold higher mean t1/2 (Table 3).

Mean systemic exposure to THRX-195518 appeared

higher in subjects with moderate hepatic impairment com-

pared with subjects with normal hepatic function (Table 3).

Figure 5 Mean ± SD plasma concentration-time profiles for revefenacin (A) and THRX-195518 (B) in subjects with and without moderate hepatic impairment (n=8 per

group).

Abbreviations: h, hours; SD, standard deviation.

Table 3 Plasma and urine PK parameters (arithmetic mean [SD]) for revefenacin and THRX-195518 in hepatic impairment study

Parameter Revefenacin THRX-195518

Moderate hepatic

impairment (n=8)

Normal hepatic

function (n=8)

Moderate hepatic

impairment (n=8)

Normal hepatic

function (n=8)

Plasma

Cmax, ng/mL 0.236 (0.144) 0.229 (0.124) 0.0894 (0.0625) 0.0528 (0.0199)

Tmax, h
a 0.250 (0.0833–0.500) 0.250 (0.250–0.250) 0.500 (0.250–0.500) 0.500 (0.250–0.500)

AUCt, ng·h/mL 0.280 (0.176) 0.263 (0.133) 0.455 (0.252) 0.105 (0.0735)

AUCinf, ng·h/mLb 0.308 (0.166) 0.262 (0.120) 0.563 (0.238) 0.201 (0.0974)

t1/2, h 29.8 (7.75)c 30.3 (14.1)d 23.6 (14.4)c 10.8 (12.5)e

MRAUC
f NA NA 1.82 (0.693) 0.502 (0.363)

MRCmax NA NA 0.412 (0.170) 0.293 (0.146)

Urine

Ae0–96h, µg 1.04 (0.520)d 0.438 (0.375)g 1.45 (0.765)d 0.175 (0.163)

fe0–96h, % 0.593 (0.297)d 0.250 (0.214)g NC NC

CLr, L/h 3.58 (1.80)h 1.44 (1.05)g NRi NRj

Notes: aMedian (minimum, maximum) is presented. bAUCinf values predicted by the population PK model. cn=6. dn=7. en=4. fMRAUC calculated using AUCt, since AUCinf

was not calculable or reportable for most subjects for THRX-195518. gIncludes two subjects who had no drug detected in urine. hn=5. iCLr not reported because available n

was ≤2 in each group, minimum and maximum values are 1.05 and 2.81. jNot calculated as n=0.

Abbreviations: AUC, area under the concentration–time curve; AUCinf, AUC from time 0–infinity; AUCt, AUC from time 0 to time of last quantifiable concentration; Ae0–

96h, cumulative amount excreted in the urine from time 0–96 hrs post-dose; CLr, renal clearance; Cmax, maximum observed plasma concentration; fe0–96h, cumulative

fraction of dose excreted in urine from 0 to 96 hrs post-dose; h, hours; MRAUC, metabolite-to-parent ratio based on AUCt; MRCmax, metabolite-to-parent ratio based on

Cmax; NA, not applicable; NC, not calculated; NR, not reported; PK, pharmacokinetic; SD, standard deviation; t1/2, terminal elimination half-life; Tmax, time to reach Cmax.
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For population PK-predicted AUCinf, there was minimal

overlap in the ranges of individual values between the two

hepatic function groups (Figure 6). The mean MRAUC value

was higher for the moderate hepatic impairment group than

for the normal hepatic function group (Table 3).

The ratio of geometric means (90% CI) was 150% (96–

233%) for THRX-195518 Cmax and 467% (283–772%) for

THRX-195518 AUCt, indicating higher THRX-195518

systemic exposure following revefenacin administration

in subjects with moderate hepatic impairment than in sub-

jects with normal hepatic function. Similarly, the analo-

gous geometric mean ratio (90% CI) for THRX-195518

AUCinf was 284% (198–408%).

Urinary excretion was low in both hepatic function

groups, but a greater amount of THRX-195518 (≈8.3-

fold higher) was excreted in urine among subjects with

moderate hepatic impairment (Table 3).

Because AUC0–96h could not be reported (values were

either not calculable or were >20% extrapolated), CLr

could not be calculated for any subjects in the normal

hepatic function group and for only two subjects in the

moderately impaired group. Therefore, CLr cannot be

compared between groups in this study.

Safety
All TEAEs in both studies were mild to moderate in

severity. There were no severe TEAEs, serious TEAEs,

deaths, or TEAEs leading to permanent or temporary

interruption of study drug.

In the renal impairment study, TEAEs were reported by

two subjects (25.0%) with normal renal function and two

subjects (25.0%) with severe renal impairment. Two

TEAEs of dizziness and headache in the normal renal

function group and three TEAEs of upper respiratory

tract infection, dizziness, and throat irritation in the severe

renal impairment group were considered possibly/probably

treatment related.

In the hepatic impairment study, TEAEs were reported

by one subject (12.5%) with normal hepatic function and

two subjects (25.0%) with moderate hepatic impairment.

One TEAE of mild chest discomfort in the normal hepatic

function group and occurrences of diarrhea and dizziness

in the moderate hepatic impairment group were considered

possibly/probably treatment related. In the moderate hepa-

tic impairment group, a significant TEAE of dizziness led

to a fall and foot fracture and avulsion fracture; only the

TEAE of mild dizziness was assessed as possibly/probably

related to study drug.

In each study, no clinically meaningful mean changes

from baseline were noted in hematology or serum chem-

istry values or in urinalysis values, and no clinically nota-

ble trends were noted in vital sign measurements. No

subject had a QTcF interval >500 msec or a QTcF interval

change from baseline >60 msec in either study.

Figure 6 Comparison of Cmax (A) and AUCinf
a (B) for revefenacin and THRX-195518 between cohorts with normal and moderately impaired hepatic function.

Notes: The box represents the 25th–75th percentile of the data. Whiskers indicate the 1.5x interquartile range. The solid line in the box represents the median, while each

dot represents an individual subject. aAUCinf values predicted by the population PK model.

Abbreviations: AUCinf, area under the concentration–time curve from time 0 to infinity; Cmax, maximum observed plasma concentration; PK, pharmacokinetic.
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Discussion
We conducted two studies to assess PK properties and

safety of inhaled revefenacin in subjects with renal or

hepatic impairment. In the renal impairment study, mean

Cmax, AUCt, and AUCinf values for revefenacin and its

metabolite THRX-195518 were higher in subjects with

severe renal impairment than in subjects with normal

renal function. However, between-subject variability was

high and considerable overlap in individual subject PK

parameter values between the two groups was observed,

suggesting a minimal effect of renal impairment on reve-

fenacin PK.

The finding of higher mean revefenacin systemic expo-

sure among the renally impaired subjects may have been

driven by the very low Cmax and AUC values in two

subjects with normal renal function, whose revefenacin

concentrations were measurable to only 4 hrs and 1 hr

post-dose, respectively. Although there was no documen-

ted cause for these low drug levels, it is possible that the

subjects were underdosed due to improper oral inhalation

technique with the jet nebulizer. Exclusion of these two

subjects resulted in mean Cmax, AUCt, and AUCinf values

for the normal renal function group similar to those in the

impaired renal function group. Renal excretion of revefe-

nacin was low (mean fe0–96h ≤0.2%) in both groups. There

were no apparent correlations between baseline renal func-

tion (measured by eGFR or CLcr) and the revefenacin or

THRX-195518 PK parameters Cmax or AUC.

In the hepatic impairment study, systemic exposure to

revefenacin, measured by mean Cmax, AUCt, and AUCinf,

was similar for subjects with moderate hepatic impairment

and normal hepatic function. However, systemic exposure

of THRX-195518 was somewhat higher in the moderate

hepatic impairment group than in the normal hepatic func-

tion group. Urinary excretion of revefenacin was very low

(mean fe0–96h ≤0.6%) in both groups.

Similar to previous PK studies of revefenacin in COPD

patients,7,8 the concentration–time profile of revefenacin in

healthy subjects with normal organ function in the current

studies was characterized by a rapid absorption phase and

rapid initial decline of plasma concentrations after Cmax,

followed by a relatively slow distribution phase and long

terminal elimination phase. Revefenacin appeared to be

rapidly converted to its metabolite THRX-195518.

Mean Cmax and AUC values for revefenacin in COPD

patients were approximately 60% lower than in healthy

subjects in these organ impairment studies at the same

dose level (175 µg), whereas mean THRX-195518 Cmax

and AUC values were approximately twofold higher in

COPD patients than in healthy subjects.7,8 This finding

of lower revefenacin exposure in COPD patients is con-

sistent with observations for other inhaled LAMAs (ume-

clidinium, tiotropium), the corticosteroids budesonide and

fluticasone propionate, and the LABAs olodaterol and

AZD3199.23–26 The observed increased exposure to the

metabolite THRX-195518 in COPD patients relative to

healthy subjects may be due to a difference in elimination

and/or possibly the formation of THRX-195518.7,8 Mean

t1/2 for revefenacin was approximately 30 hrs across

groups in these studies, within the range of values reported

in COPD patients.7,8

Overall, these results show a modest effect of severe

renal impairment or moderate hepatic impairment on sys-

temic exposure to inhaled revefenacin, as measured by

Cmax and AUC. Exposure to THRX-195518, based on

estimated AUCinf, was approximately twofold higher for

renally impaired subjects and threefold higher for hepati-

cally impaired subjects compared with those with normal

renal and hepatic function. This suggests that elimination

of THRX-195518 is somewhat decreased due to severe

renal or moderate hepatic impairment.

As in previous clinical studies of revefenacin among

patients with COPD,7,8 TEAEs were relatively uncommon

in these two studies (occurring in ≤25% of the subjects in

each group) and were mild to moderate in severity. There

was little difference between groups in occurrence of

TEAEs. Dizziness occurred in 3 of 32 subjects and was

considered significant in one case. Headache, the most

common AE in the previous studies,7,8 occurred in one

subject in these studies.

Revefenacin has exhibited a favorable clinical safety

profile over a wide range of doses (up to 700 µg for 7

days) with no incidence of antimuscarinic AEs.7,8,27 The

observed increase in THRX-195518 exposure due to hepa-

tic or renal impairment is within that observed in prior

studies at four times the therapeutic dose (700 µg)8 and is

not expected to result in a clinically meaningful increase in

AEs. Further, the systemic levels of THRX-195518 are

low after inhaled administration of revefenacin, and the

antimuscarinic potency of THRX-195518 is weaker as

compared with revefenacin. Therefore, the observed

increase in THRX-195518 exposure due to hepatic or

renal impairment is unlikely to be of clinical consequence.

The safety of revefenacin has not been evaluated in

COPD patients with hepatic impairment and therefore its
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use in this population is not recommended.11 However,

exploratory population PK analyses of the effect of intrin-

sic and extrinsic factors on the PK of revefenacin and

THRX-195518 in COPD patients receiving 88 or 175 μg
daily dose of inhaled revefenacin showed no effect of

elevated plasma aspartate aminotransferase (AST), alanine

aminotransferase (ALT), or bilirubin levels on the PK

parameters of revefenacin and THRX-195518.20 Mild

hepatic impairment was defined as plasma ALT, AST, or

total bilirubin levels above the upper limit of normal (ALT

≥44 IU/mL for males and ≥32 IU/mL for females; AST

≥40 IU/mL or total bilirubin ≥21 µMol/L) at the start of

treatment. Revefenacin and THRX-195518 steady-state

AUC values in patients with mild hepatic impairment

(n=59) were ≤15% higher than in patients with normal

hepatic function (n=749) (Theravance Biopharma, data

on file).

There are limitations to the interpretation and applicabil-

ity of the data from these studies. Although the sample size

was small for both studies, it is consistent with recommenda-

tions in regulatory guidelines,22,28–30 and considered suffi-

cient to meet study objectives. It is assumed that the findings

in otherwise healthy subjects with organ impairment are

representative of those in COPD patients, despite the

observed difference in exposure between COPD patients

and healthy subjects. Additionally, the effect of mild and

severe hepatic impairment on revefenacin PK was not stu-

died, and our findings from subjects with moderate hepatic

impairment may not extend to these populations.

Conclusion
In the two studies, systemic exposure to revefenacin was

modestly increased by severe renal impairment, while

exposure to its major metabolite, THRX-195518, was

approximately twofold higher than in healthy subjects. In

subjects with moderate hepatic impairment, systemic

exposure to revefenacin was similar as compared with

the normal hepatic function group, while exposure to

THRX-195518 was approximately threefold higher.

Collectively, the results from these clinical pharmacology

studies, along with the low antimuscarinic potency and

low systemic levels of THRX-195518 after inhaled reve-

fenacin administration, the short-term safety data collected

in COPD patients at doses providing plasma THRX-

195518 exposures similar to those seen in healthy subjects

with moderate hepatic impairment, and the population PK

covariate analyses assessing clinical signs of renal and

hepatic function impairment in COPD patients suggest

that the observed increase in THRX-195518 exposure in

subjects with severe renal or moderate hepatic impairment

is unlikely to be of clinical consequence.
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