[bookmark: _Toc179878522]Semi-mechanistic population pharmacokinetic modeling of DZIF-10c, a neutralizing antibody against SARS-Cov-2: predicting systemic and lung exposure following inhaled and intravenous administration
Sree Kurup1* • Nieves Velez de Mendizabal2,10* • Stephan Becker3,4 • Erica Bolella5 • Dorothy De Sousa1 • Gerd Fätkenheuer6,7 • Henning Gruell8 • Florian Klein4,7,8 • Jakob J Malin6,7 • Ulrike Schmid9 • Julia Korell1,11 
1Translational Medicine and Clinical Pharmacology, Boehringer Ingelheim Pharmaceuticals Inc., Ridgefield, CT 06877, USA
2Metrum Research Group, Tariffville, CT 06081, USA
3Institute of Virology, Philipps University Marburg, 35043 Marburg, Germany 
4German Center for Infection Research (DZIF), Partner Site Giessen-Marburg-Langen, 35043 Marburg, Germany
5Biotherapeutics Discovery, Boehringer Ingelheim Pharmaceuticals Inc., Ridgefield, CT 06877, USA
6Department of Internal Medicine 1, Faculty of Medicine and University Hospital Cologne, University of Cologne, 50937 Cologne, Germany
7German Center for Infection Research (DZIF), Partner Site Bonn-Cologne, 50931 Cologne, Germany
8Institute of Virology, Faculty of Medicine and University Hospital Cologne, University of Cologne, 50931 Cologne, Germany
9Translational Medicine and Clinical Pharmacology, Boehringer Ingelheim Pharma GmbH & Co. KG, 88397 Biberach an der Riss, Germany
10Present address: Gilead, Foster City, CA 94404, USA
11Present address: Metrum Research Group, Tariffville, CT 06081, USA
*Co-first authors, contributed equally to the study 
Corresponding author: 
Sree Kurup sree.kurup@boehringer-ingelheim.com
Journal of Pharmacokinetics and Pharmacodynamics

2

Table S1 Summary of studies included in the analysis 
	Study/Trial ID
	Study Population
	Therapy
	Subjects (obs)
	Dose
	Subjects (obs) with each dose
	Samples BQL(%)
	Samples collected
	PK sampling

	Preclinical
	
	
	
	
	
	
	
	

	#1
	Female cynomolgus macaques
	IT
	6 (106)
	3.6 mg/kga
	3 (53)
	5 (9)
	BALb
	D0 (0.25, 2, 6, 12, 24, and 36 h post dose); then D2, 3, 4, 5, 7, 10, 14, 21 and 28

	
	
	IV
	
	50 mg/kg
	3 (53)
	1 (2)
	Serum
	

	#2
	7-d toxicity study in cynomolgus monkeys following repeated nebulization of DZIF-10c or vehicle
	INH
	4 (32)
	1000 mg
	4 (32)

	0 (0)

	Plasma
	D -4, 0 (predose, T0+2h, T0+4h, T0+8h), 1 (T0+24h), 2 (T0+48 [before T1], 3 (T1+24h), 5 (T2+24h), 7

	#3
	Prophylactic nebulisation (x 2) of DZIF-10c in cynomolgus monkeys prior to infection with SARSCoV-2
	INH
	4 (28)
	500 mg 
	4 (28)

	0 (4)
	Plasma, BALc
	D -4, -3, -1. 0 (predose), 1, 2, 4, 6

	Clinical
	
	
	
	
	
	
	
	

	#1
	SARS-CoV-2 infected and uninfected individuals
	IV
	44 (361)*d
	2.5 mg/kg
	3 (33)d
	0 (0)
	Serume
	Healthy subjects: D1, 2 (24 h [± 4 h] post end of infusion), 4, 8, 15, 22, 29, 57, 91
SARS-CoV-2-infected individuals: D1 (prior to infusion, at end of the infusion, 1 h (±10 min) post end infusion, and (Cohort 2C only) 4 h (±15 min post infusion), 2, 4, 6, 8, 11, 15, 29, 57, 91

	
	
	
	
	10 mg/kg
	3 (33)d
	0 (0)
	
	

	
	
	
	
	40 mg/kg
	32 (261)e
	0 (0)
	
	

	
	
	
	
	80 mg/kg
	6 (34)d
	0 (0)
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	



Table S1 cont. Summary of studies included in the analysis 
	
	Study Population
	Therapy
	Subjects (obs)
	Dose
	Subjects (obs) with each dose
	Samples BQL (%)
	Samples collected
	PK sampling

	Clinical
	
	
	
	
	
	
	
	

	#2
	SARS-CoV-2 infected and uninfected individuals
	INH
	18 (113)
	50 mg
	6 (42)
	42 (100)
	Serumf
	Healthy subjects: D0 (pre-INH and 4 h ± 15 min post-INH), D1, 3, 5, 7, 14, 21, 28, 56, 90
SARS-CoV-2-infected individuals: : D0 (pre-INH and 4 h ± 15 min post-INH), D1, 3, 5, 7, 10, 14, 28, 56, 90

	
	
	
	
	100 mg
	6 (38)
	36 (95)
	
	

	
	
	
	
	250 mg
	6 (33)
	19 (58)
	
	

	
	
	
	
	
	
	
	
	

	
	All
	
	76 (640)
	
	76 (640)
	104 (16%)
	
	


BQL below quantification limit, D day, h hour
aFor the intratracheal dose group, 3.4 to 3.6 mg/kg DZIF-10c (mean 3.6 mg/kg) was administered to the lumen of the trachea using a microsprayer device, over a period of 3 to 6 sec.
bBronchoalveolar lavage (BAL) samples were collected from the right or left lungs or two monkeys per dose route at 6, 24, 96 and 168 h post dose. Urea concentrations were measured in serum and BALF using a chemical and enzymatic assay, respectively. ELF concentrations were derived using serum-to-BAL fluid urea ratio. 
cBAL samples (collected on D-3, D2, D4, D6) from monkey study 3 were initially included in the analysis. Different proportional models were implemented to correlate ELF and BAL concentrations. However, none of the models was not able to simultaneously describe the data, indicating a more complex relationship between ELF and BAL concentration. In the final analysis, BAL concentrations were not included. 
dIncluded healthy volunteers enrolled in the phase I dose escalation part of trial.
eIncluded healthy volunteers (n=3) enrolled in the dose escalation part and SARS-CoV-2-infected individuals (n=26) enrolled in the phase II expansion part. An additional 13 participants received placebo in the expansion part dose group.
fIncluded healthy volunteers (n=9) and SARS-CoV-2-infected individuals (n=9) enrolled in the dose escalation part.


Table S2 Summary of characteristics of subjects included in the PK analysis dataset 
	
	Preclinical
	Clinical

	Characteristics
	Study #1 (IV and IT)
	Study #2 (INH)
	Study #3 (INH)
	Trial #1 (IV doses)
	Trial #2 (INH doses)

	
	
	
	
	Escalation part
	Expansion part
	Escalation part

	No. 
	6
	4
	4
	18
	39
	18

	COVID-19
	
	
	
	
	
	

	Yes
	0
	0
	4
	3 (cohort 2C)
	39
	9

	No
	6
	4
	0
	15
	0
	9

	Treatment given
	
	
	
	
	
	

	DZIF-10c 
	6
	4
	4
	18
	26
	18

	Placebo
	0
	0
	0
	0
	13
	0




Figure S1 Pairs plots and histograms for ETA values for VC (central compartment volume) and Q2 (intercompartmental clearance central-peripheral) parameters. Data is indicated by orange (monkeys) and green (humans) circles with a locally estimated scatterplot smoothing (LOESS) trend line through the data (dashed blue).
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Figure S2 Boxplots of ETA values for VC (central compartment volume) (A) and Q2 (intercompartmental clearance central-peripheral) (B) parameters by species (human/cynomolgus monkey). The center line of the boxplots corresponds to the median value. The lower and upper hinges correspond to the first and third quartiles and the whiskers on boxplots represent 1.5 x interquartile range.
[image: ]


Figure S3 Trace density plots from bayes estimation for theta 1 (inhaled bioavailability in monkeys).
[image: ]
Trace plots (top) show changes in parameter estimate across iterations for each of the four chains. Density plots (middle) show posterior distribution of parameter estimates across each of the four chains. Density plot (bottom) show the median of the 4 posterior distributions. Similar results were observed for other parameters (data not shown). 



Figure S4 Goodness-of-fit plots of the PK model for DZIF-10c stratified by compartment (lung or central [plasma/serum]) for the 3 administration routes. Plots show observed concentrations versus the population and individual predictions. (A) Observed vs. population predicted in lung. (B) Observed vs. individual predictions in lung. (C) Observed vs. population predicted in plasma/serum. (D) Observed vs. individual predictions in plasma/serum. Data shown in log scale. The line of unity is shown in gray, while a LOESS smooth illustrates the general trend in the data, shown in dashed blue. 
[image: ]
Observed values vs population predicted in the lung (A) might indicate an overprediction of the model for such compartment. However, as observed vs individual predictions in the lung (B) shows, interindividual variability can correct the under prediction. The number of ELF sample concentrations available in this analysis is very small. Therefore, more ELF data would be necessary to reduce uncertainty around exposure in ELF.

Figure S5. Goodness-of-fit plots of the PK model for DZIF-10c stratified by species for the central compartrment. Plots show observed concentrations versus the population (A) and individual (B) predictions in the central compartment
[image: ]
Figure S6 Observations versus final model individual prediction over time in monkeys for DZIF-10c lung (ELF) concentrations after IV administration (A), and after INH administration (B). Plasma/serum concentrations after IV administration (C), after IT administration (D) and after INH administration (D) are also shown. Individual predictions are shown in solid lines, while observations are shown as circles. Dashed lines show the linear interpolation between observations. Each color corresponds to an individual cynomolgus monkey subject in the dataset. 
[image: ]



Fig. S7 Observations versus final model individual prediction over time in humans. Plasma/serum concentrations after IV administration (A), and after INH administration (B) are shown. Individual predictions are shown in solid lines, while observations are shown as circles. Dashed lines show the linear interpolation between observations. Each color corresponds to an individual human subject in the dataset. 
[image: ]

Figure S8 Normal prediction distribution error (NPDE) plots for the lung compartment (top plots) and central compartment (bottom compartment) in the selected PK model. (A/D) NPDE vs predicted concentration. Data is indicated by orange (monkeys) and green (human) circles with a LOESS trend line through the data (dashed blue). Horizontal reference lines are shown at zero and at ± standard deviations for a standard normal distribution (solid gray). (B/E) NPDE vs. time after first dose. Data is indicated by orange (monkeys) and green (human) circles with a LOESS trend line through the data (dashed blue). Horizontal reference lines are shown at zero and at ± 2 SD for a standard normal distribution (solid gray). (C/F) Density histogram of NPDE. Density curve for a standard normal distribution (dashed blue line) is shown as reference.
[image: ]
Some misspecification was present in the lung compartment, as the distribution is skewed negative. Inclusion of IIV on parameter VL (volume of distribution of the lung compartment) and Q1 (intercompartmental clearance between lung and central compartments) corrected this model misspecification. However, these random effects were removed from the final model due to the poor precision of the estimates and high eta-shrinkage.

[bookmark: _Hlk175939342]Figure S9 Prediction corrected VPC for central (A) and ELF (B) compartments. The open circles represent the observed concentrations, the black lines represent the median (solid line, 50th percentile), 5th and 95th percentiles (dashed lines) of the observed data. The solid shaded blue ribbons represent the prediction intervals (90% CI) for each percentile (5th, 50th, and 95th) for simulated data. Bins used for the pcVPCs are displayed along the top x-axis. Results are shown on a semi-log plot.
[image: ]


[bookmark: _Hlk175934508]Figure S10 Model predicted median DZIF-10c concentrations (exposure) in ELF (A) and serum (B) after a single INH 250 mg dose (red line), a single IV 700 mg (green line) dose, or a 700 mg IV/250 mg INH combination dose (blue line). In (B), solid green line (single IV dose) overlaps with blue line (combination dose). Solid black horizontal lines represent the NC100 value of 0.397 μg/mL for the SARS-CoV-2 variant P.2. Dashed vertical black lines represent week 1, 2, 3 and 4 after dose. Based on simulations of 1000 virtual subjects per administration/dose route. 
[image: ]






Supplementary material: Equations and model code
Structural model equations 
 				(1)
 					(2)
 							(3)
 				(4)
 							(5)
Initial condition = 0 for all compartments. 
 						(6)
 								(7)
 								(8)
 								(9)
 											(10)
where:
·  represents the depot compartment in the lower respiratory tract for inhaled administration;
·   represents the depot compartment in the trachea for intratracheal instillation; 
·   represents the remaining lung compartment;  
·  represents the inhaled dose;
·  represents the species-specific bioavailable fraction in the lung after inhalation;  
·  represents the lung clearance rate;
·  represents the volume of the lung compartment; 
·  represents the intercompartmental clearance from lung to systemic circulation; 
·  represents the intratracheally administered dose;
·  represents the bioavailable fraction in the lung after intratracheal administration in monkeys; 
·  represents the intravenous dose;
·  represents the central systemic compartment; 
·  represents the volume of the central compartment; 
·  represents the elimination clearance from central compartment;
·  represents the intercompartmental clearance from lung to systemic circulation; 
·  represents the peripheral compartment; 
·  represents the volume of the peripheral compartment;
Body weight was included as a covariate on clearance and volume using allometric scaling as follows: 
 										(11)
where:
 denotes the typical value of the r th parameter in the i th individual (i.e., clearance and volume terms), described as a function of individual body weight (), normalized by a reference weight, in this case 70 kg.
 is a fixed allometric scaling parameter, which was assigned a value of 0.85 for clearance parameters and a value of 1 for volume as generally applied for biologics. 
[bookmark: _Hlk177492390]Inter-individual variability equations
Interindividual variability (IIV) was described using an exponential error model (Equation 12) or inverse-logit error model (Equation 13) for bioavailability.
 											(12)
 										(13)	
where:
·  represents the value of the r th parameter in the i th individual; 
·   is the typical value (i.e., population mean) of the r th parameter; 
·  is the IIV random effect accounting for the i th individual’s deviation from the typical value for the r th parameter, with a mean of zero and a variance of (i.e., ). 
Residual variability equations 
Residual variability (ε) for plasma/serum and ELF concentrations were described separately by two error models. Residual variability was initially modelled with a combined additive and proportional error term using the variance-covariance matrix of the residual random errors (Σ) (Equation 14). 
									(14)
where:
· denotes the observed concentration (central or lung ELF compartment) for the i th individual at the j th time;
·  denotes the corresponding model-predicted concentration, for the i th individual at the j th time; and
·  and  denote the proportional and additive residual random errors, respectively, for the i th individual at the j th time and are assumed to have independent distributions with means of zero and variances  and , respectively:       
NONMEM code for the PopPK model

$PROBLEM From bbr: see 401.yaml for details

$INPUT C ID DOSE_LVL FLAG DOSE_RT=DROP ROUTE AMT RATE CMT DV EVID TIME WT BLQ STUDY PLASMA HUMAN BALF BALF_DIL CYNO3L DOSE_LVL2

;; Units used
;;; Concentration in LUNG and CENTRAL [ug/mL==mg/L]
;;; WT [kg]
;;; AMT [mg]
;;; TIME [hour]

;; ROUTE == 1 (inh) || ROUTE == 2 (IT) || ROUTE == 3 (iv)

;; FLAG Identifier for the content of the DV column
;;; 0 = dosing event
;;; 3 = BI 767551 plasma or serum levels (mg/L)
;;; 2 = BI 767551 ELF or BAL levels (mg/L) (LUNG)

;; BLQ Qualifier for BLQ values
;;; 0 = Administration records and all observation records not being BLQ/ALQ
;;; 1 = PK BLQ values in the lag phase defined as after the first dose until the first measured concentration. 2 = All other PK BLQ values
;;; BLQ values are entered as the LLOQ value

$DATA ../../../data/derived/monkey_human/nonmem_06112021/1487_cyno-human_nonmem_mod3.csv
IGNORE=C
IGNORE(CYNO3L.EQ.1)
;; Lung concentrations in study 3 are not corrected by urea. Therefore, it's not ELF. Ignore for now.
;;IGNORE(STUDY.EQ.3.AND.FLAG.2)
;; Ignore study 2 for now. (not well controlled. Very high dose that can bias the estimation of F(inh))
;; IGNORE(STUDY.EQ.2)
IGNORE(BLQ>0) ; Ignore BLQ data
;IGNORE(HUMAN.EQ.0)
;IGNORE(STUDY.EQ.14870004) ; Human IV
;IGNORE(STUDY.EQ.14870005) ; Human INH

$SUBROUTINE ADVAN13 TOL=9
$MODEL COMP(INHCMT) COMP(ITCMT) COMP(LUNG) COMP(CENTRAL) COMP(PERPH1)
$PK
;;;;;;;;;; Allometric scaling based on weight ;;;;;;;;;;
ACL = 0.85
AV = 1
AK = -0.15
;;;;;;;;;;;;; ABSORPTION RATE and BIO FOR DEPOT LUNG AND CENTRAL ;;;;;;;;;;;;;;;;;;;
MU_1 = THETA (1) ;; INH monkey
PHIM = MU_1+ETA (1)
MU_2 = THETA (2) ;; INH human
PHIH = MU_2+ETA (2)
PHI = PHIM
IF (HUMAN.EQ.1) PHI = PHIH
F1 = EXP(PHI)/(1+EXP(PHI)) ; INH
F2 = 1 ; Lung (IT)
F4 = 1 ; Central (IV)

;;;;;;;;;; PK parameters ;;;;;;;;;;
MU_3 = THETA(3)
Q1 = EXP(MU_3 + ETA(3))*(WT/70)**ACL ; Intercompartmental clearance LUNG - Central

MU_4 = THETA(4)
VL = EXP(MU_4 + ETA(4))*(WT/70)**AV ; LUNG volume of distribution

MU_5 = THETA(5)
CLL = EXP(MU_5 + ETA(5))*(WT/70)**ACL ; LUNG clearance CL after IT and IHH

MU_6 = THETA(6)
CL = EXP(MU_6 + ETA(6))*(WT/70)**ACL ; Central (serum) clearance CL

MU_7 = THETA(7)
VC = EXP(MU_7 + ETA(7))*(WT/70)**AV ; Central volume of distribution Central

MU_8 = THETA(8)
Q2 = EXP(MU_8 + ETA(8))*(WT/70)**ACL ; Intercompartmental clearance Central-Peripheral

MU_9 = THETA(9)
VP = EXP(MU_9 + ETA(9))*(WT/70)**AV ; Central volume of distribution Peripheral

;;;;;;;;;; Fs and scale central (serum) cmt ;;;;;;;;;;;;;
A_0(1) = 0
A_0(2) = 0
A_0(3) = 0
A_0(4) = 0
A_0(5) = 0

$DES
DADT(1) = - (CLL/VL)*A(1) - (Q1/VL)*A(1)                                                                                                                         ; Inhaled (upper respiratory tract)
DADT(2) = - (CLL/VL)*A(2) - (Q1/VL)*A(2)                                                                                                                         ; IT (trachea tract)
DADT(3) = (Q1/VC)*A(4) - (Q1/VL)*A(3)                                                                                                                             ; Lung
DADT(4) = (Q1/VL)*A(1) + (Q1/VL)*A(2) + (Q1/VL)*A(3) - (Q1/VC)*A(4) + (Q2/VP)*A(5) - (Q2/VC)*A(4) - (CL/VC)*A(4) ; Central
DADT(5) = (Q2/VC)*A(4) - (Q2/VP)*A(5)                                                                                                                             ; Peripheral

$ERROR (OBSERVATIONS ONLY)
LNG = (A(1)+A(2)+A(3))/VL
CENT = A(4)/VC
IPRED = 1E-9
;; Studies with LUNG concs. Cyno 1 (IT and IV) and cyno 3 (INH). Note study 3 concs. not corrected by urea (so they are BAL, not ELF. Ignored in this    model)
IF (CMT.EQ.3) THEN ; lung
IPRED = 1E-9 + LNG
W = EXP(THETA(10))
ENDIF

;; Studies with Plasma/serum concs. Cyno 1 (IT and IV), cyno 2 (INH), cyno 3 (INH) and human (IV, INH)
IF (CMT.EQ.4) THEN ; CENTRAL
IPRED = 1E-9 + CENT
W = EXP(THETA(11))
ENDIF

Y = IPRED * (1 + W*EPS(1))

;INITIAL ESTIMATES
$THETA -4.39E+00 ; 1. F1 depot MONKEY
$THETA -7.73E-01 ; 2. F1 depot HUMAN
$THETA -1.06E+01 ; 3. Q1 Intercompartmental clearance LUNG - Central (L/h)
$THETA -3.35E+00 ; 4. VL LUNG Compartment Volume (L)
$THETA -7.84E+00 ; 5. CLL Clearance from LUNG (L/h)
$THETA -4.48E+00 ; 6. CL Clearance from central (L/h)
$THETA 1.09E+00 ; 7. VC Central Compartment Volume (L)
$THETA -3.54E+00 ; 8. Q2 Intercompartmental clearance Central-Peripheral (L/h)
$THETA 1.40E+00 ; 9. VP Peripheral comparment volume (L)

$THETA -1.29E+00 ; 10. Prop. Error LUNG (ELF) Cyno 1
$THETA -1.68E+00 ; 11. Prop. Error CENTRAL ALL

$OMEGA
0.0225 FIX ; 1. F1M
0.0225 FIX ; 2. F1H
0.0225 FIX ; 3. Q1
0.0225 FIX ; 4. VL
0.0225 FIX ; 5. CLL
0.0225 FIX ; 6. CL
0.0225       ; 7. VC
0.0225        ; 8. Q2
0.0225 FIX ; 9. VP

$SIGMA 1 FIX

;$ESTIMATION MAXEVAL=9990 METHOD=COND INTER PRINT=5 NSIG=3 SIGL=9 NOABORT
$EST METHOD=SAEM EONLY=0 INTER NBURN=3000 NITER=250 SEED=2020 PRINT=50
GRD=DDD CTYPE=2 CITER=10 CALPHA=0.05 ISAMPLE=4

$EST METHOD=IMP INTER EONLY=1 NITER=5 NOABORT ISAMPLE=4000 PRINT=1 GRD=DDD CTYPE=3 CITER=10 CALPHA=0.05
;$COVARIANCE
;$COV UNCONDITIONAL PRINT=E MATRIX=R

$TABLE ID TIME IPRED CWRESI CWRES NPDE EVID CMT ROUTE DOSE_LVL FLAG NOPRINT ONEHEADER FILE=./401.tab
$TABLE ID F1 Q1 VL CLL CL VC Q2 VP ROUTE DOSE_LVL ETAS(1:LAST) NOPRINT NOAPPEND ONEHEADER FILE=./401par.tab
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