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Abstract
Tusamitamab ravtansine is an anti- CEACAM5 antibody- drug conjugate indi-
cated in patients with solid tumors. Based on a previous developed semimech-
anistic model describing simultaneously pharmacokinetic (PK) of SAR408701, 
two of its active metabolites: DM4 and methyl- DM4 and naked antibody, with 
integration of drug- to- antibody data, the main objective of the present analysis 
was to evaluate covariate’s impact in patients from phase I/II study (n = 254). 
Demographic  and  pathophysiologic  baseline  covariates  were  explored  to  ex-
plain  interindividual variability on each entity PK parameter. Model param-
eters were estimated with good precision. Five covariates were included in the 
final  PK  model:  body  surface  area  (BSA),  tumor  burden,  albumin,  circulat-
ing  target,  and  gender.  Comparison  of  BSA- adjusted  dosing  and  flat  dosing 
supported the current BSA- based dosing regimen, to limit under and over ex-
posure  in  patients  with  extreme  BSA.  Overall,  this  model  characterized  ac-
curately  the PKs of all  entities and highlighted  sources of PK variability. By 
integrating mechanistic considerations,  this model aimed  to  improve under-
standing of the SAR408701 complex disposition while supporting key steps of 
clinical development.

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Tusamitamab  ravtansine  (SAR408701)  population  pharmacokinetics  (PKs)  has 
been described by a semimechanistic PK model, characterizing simultaneously 
PK of SAR408701, two active metabolites: DM4 and methyl- DM4 (MeDM4), and 
naked  antibody  (NAB).  This  model  included  drug- to- antibody  measurements 
and was successful in describing the PKs of all entities.
WHAT QUESTION DID THIS STUDY ADDRESS?
This study allowed to evaluate the impact of several demographic and pathophys-
iologic covariates on SAR408701, DM4, MeDM4, and NAB PKs simultaneously. 
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INTRODUCTION

Tusamitamab  ravtansine  (SAR408701)  is  a  first- in- class 
humanized  antibody- drug  conjugate  (ADC)  that  com-
bines  a  monoclonal  antibody  (IgG1)  and  DM4,  a  potent 
maytansine  derivative.  SAR408701  is  directed  against 
carcinoembryonic antigen- related cell adhesion molecule 
5  (CEACAM5), a cell- surface glycoprotein  from the car-
cinoembryonic antigen  family  involved  in cell adhesion, 
differentiation, proliferation, and survival.1,2 This antigen 
is  highly  expressed  in  several  epithelial  tumors,  such  as 
colorectal cancer, lung, and gastric adenocarcinoma.

The payload (DM4) is covalently bound to the antibody 
via an N- succinimidyl 4- (2- pyridyldithio) butyrate (SPDB) 
linker,  stable  in  plasma  and  cleavable  inside  cells.  After 
SAR408701 binding to CEACAM5, DM4 is released inside 
cancer  cells  and  rapidly  methylated  by  an  endogenous 
S- methyl  transferase  to  form  S- methyl- DM4  (MeDM4). 
DM4  and  MeDM4  induce  cytotoxicity  by  inhibition  of 
cells proliferation at mitosis and suppression of microtu-
bule dynamic instability.3– 6

Preclinical  data  presented  by  Decary  et  al.7  showed 
that SAR408701 appeared to be a promising candidate for 
clinical development. In the TED13751 phase I/II clinical 
study (https://clini caltr ials.gov/ct2/show/NCT02 187848), 
SAR408701  presented  encouraging  antitumor  activity  in 
heavily pretreated patients with advanced nonsquamous 
non- small cell lung cancer (NSCLC) with high CEACAM5 
expression (defined as ≥50% of the tumor cells per speci-
men with CEACAM5 positive staining at ≥2+ intensity). 
SAR408701,  administered  intravenously  at  100  mg/m² 
every  2  weeks  (q2w),  led  to  an  objective  response  rate 
of  20.3%  and  a  favorable  safety  profile.  Hematological 
toxicity  was  minimal  compared  to  conventional  chemo-
therapy  and  keratopathy  appeared  to  be  reversible  and 
manageable  with  dose  modification.8  These  results  sup-
ported the launch of a phase III trial (https://clini caltr ials.
gov/ct2/show/NCT04 154956),  evaluating  the  activity  of 

SAR408701 monotherapy in comparison with docetaxel in 
nonsquamous NSCLC (CEACAM5 high expressors) after 
failure of standard first- line chemotherapy and anti- PD1/
PD- L1.

Multiple analytes are considered when characterizing 
ADC  pharmacokinetics  (PKs).  SAR408701  is  adminis-
tered intravenously as a conjugated antibody containing 
species with different payload densities:  the number of 
cytotoxic  molecules  (i.e.,  DM4  molecules)  per  antibody 
is  defined  as  the  drug- to- antibody  ratio  (DAR).  In  the 
TED13751  study,  SAR408701  (i.e.,  conjugated  antibody 
with at least one payload: DAR ≥1), unconjugated DM4 
and MeDM4 were measured in plasma, as well as naked 
antibody (NAB).

A  semimechanistic  population  PK  model  has  been 
developed by Pouzin et al. 2022,9 describing SAR408701, 
DM4, MeDM4, NAB, and PK using data from 254 patients 
with  CEACAM5- expressing  solid  tumors.  Model  details 
are presented in Online Resource 1.

The  present  analysis  intended  to  identify  potential 
covariates  that  may  explain  SAR408701,  DM4,  MeDM4, 
and NAB interindividual PK variability (IIV), evaluate the 
magnitude  of  covariates’  impact  on  exposure,  and  com-
pare dosing strategies based on this developed semimech-
anistic model.9

METHODS

Study design and patients

The  population  PK  model  was  developed  using  clinical 
data  from  the  TED13751  study.  SAR408701  was  admin-
istered  as  a  single  agent  by  intravenous  infusion  every 
2 weeks (q2w; 1 cycle = 2 weeks) or every 3 weeks (q3w; 
1 cycle = 3 weeks) in adult patients with advanced solid 
tumors. Doses ranged from 5 to 190 mg/m². Study cohorts 
and details can be found in Online Resource 2.

The sequential steps strategy was used that permitted avoiding potential  inter-
ference  between  covariate  effects  on  antibody- drug  conjugate  (ADC)  and  its 
derivatives.
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
Semimechanistic  complex  models  that  help  understanding  ADC  behavior  are 
suitable  for covariates  research. By  fixing some PK parameters  from the struc-
tural model, the over running time can be circumvented.
HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT, 
AND/OR THERAPEUTICS?
This  kind  of  semimechanistic  analysis  is  applicable  to  other  ADCs,  which 
may differ  from SAR408701 by payloads or  linker properties and support drug 
development.

https://clinicaltrials.gov/ct2/show/NCT02187848
https://clinicaltrials.gov/ct2/show/NCT04154956
https://clinicaltrials.gov/ct2/show/NCT04154956
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This study was approved by the Medical Ethics Committee 
and  carried  out  in  in  accordance  with  the  International 
Conference on Harmonization guidelines for Good Clinical 
Practice. All patients provided written informed consent.

Bioanalytical methods

The population PK model was built on plasma concentra-
tion  of  SAR408701  (determined  by  immunoassay  quanti-
fying  conjugated  antibody  with  at  least  one  DM4  payload 
covalently bound), DM4 and MeDM4 (evaluated by liquid- 
chromatography assay coupled with tandem mass spectrom-
etry),  NAB  (assessed  by  competitive  immuno- enzymatic 
assay), and DAR (evaluated by liquid chromatography cou-
pled with high resolution mass spectrometry).

The lower limit of quantification (LLOQ) was 0.5 µg/
ml  for SAR408701 and 0.2 ng/ml  for DM4 and MeDM4. 
To avoid bioanalytical interference of SAR408701 on NAB 
quantification, samples were diluted to reach SAR408701 
concentration below 15 µg/ml. Thus, the LLOQ for NAB 
varied  from  1  to  9.60  µg/ml  depending  on  SAR408701 
concentration.

PK  sampling  was  rich  at  cycle  1  and  cycle  4,  and 
predose  samples  were  collected  at  intermediate  cycles. 
Patients were treated over a maximum of 69 cycles, with a 
median of eight cycles per patient.

Population PK analysis

In  the  population  PK  model  developed,  PK  data  of 
SAR408701, NAB, DM4, MeDM4, average DAR, and pro-
portions  of  individual  DAR  species  over  time  were  fit-
ted simultaneously. The structural model is presented in 
Figure S1. Detailed development of the structural model 
can be found in Pouzin et al. 2021.9

Parameters were estimated using the parametric non-
linear mixed- effect modeling software Monolix (2020R1) 
with stochastic approximation expectation- maximization 
algorithm (SAEM) combined to the Markov Chain Monte 
Carlo  procedure.  Relative  standard  errors  (RSEs)  were 
calculated via estimation of the Fisher information matrix 
and log- likelihood calculation was estimated using impor-
tance sampling method. Pre and post data processing were 
performed with R software (version 3.6.1).

Model development

To avoid model overtime computing and overparameteri-
zation, some parameters from the final structural model 
were  fixed  during  covariates  research:  deconjugation 

parameters (kdec,i), DARi input fractions (FDARi), and their 
associated  IIV  were  set  to  estimated  values  from  final 
structural model, and estimated only  in the final model. 
As  MeDM4,  DM4,  and  NAB  derive  from  SAR408701, 
covariates  that  impact  SAR408701  PKs  could  also  affect 
SAR408701  derivative  PKs.  To  avoid  such  interference, 
covariates’ impact was assessed in sequential steps.

In a first step, prior to covariate analysis, body surface 
area (BSA) impact, as a body size measure, was evaluated 
on all SAR408701 PK parameters (CLADC, Vc, Q, and Vp) to 
account for physiological changes within the population. 
BSA  effect  was  first  estimated,  and  then,  if  significant, 
fixed  on  relevant  model  parameters  for  the  upcoming 
covariate  analysis.  Other  covariates  were  then  assessed 
first  on  SAR408701  model  parameters  alone  (CLADC, Vc, 
Q, and Vp), with model adjusted on BSA effect. Impact of 
covariates  (including  BSA)  was  next  estimated  on  NAB 
model parameter (CLNAB), based on the model with fixed 
SAR408701  covariate  effects.  All  covariates  were  finally 
evaluated on DM4 and MeDM4 model parameters (CLDM4, 
CLMeDM4,  and  FRMeDM4),  based  on  the  model  with  fixed 
SAR408701 and NAB covariate effects. At  the  final  step, 
all significant covariates and model parameters (including 
kdec,i and FDARi) were estimated simultaneously.

Correlation  between  CLADC  and  Vc  was  investigated 
with  partial  variance- covariance  matrix  (all  covariance 
elements  being  set  to  zero  except  for  CLADC- Vc  cova-
riance).  Final  model  selection  was  based  on  objective 
function (OF) value, Bayesian Information Criteria, pre-
cision of estimates  (RSE), and visual  inspection of over-
all goodness- of- fit (GOF) plots. The GOF plots regrouped 
plots of observed concentrations versus model population 
and  individual predicted concentrations, as well  as pop-
ulation  and  individual  weighted  residuals  (PWRES  and 
iWRES) versus time and versus model predicted concen-
trations. To internally qualify the final model, inspection 
of prediction- corrected visual predictive check (pc- VPC)10 
plots and normal prediction distribution error  (NPDE)11 
plots were also used.

Covariate selection

Clinically  relevant  demographic  and  pathophysiologic 
covariates (presented in Online Resource 3) were investi-
gated on each entity PK parameters using a stepwise for-
ward addition followed by backward deletion. A change in 
OF value with statistical criteria of p < 0.05 (log- likelihood 
ratio test) was used for the forward addition step. The full 
model was determined with significant covariates at Wald 
test with statistical criteria of p < 0.05. For the backward 
deletion step, statistical criteria of p < 0.001 was needed to 
retain covariates in the final model.
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The parameter- covariate relationship was modeled for 
continuous covariates (e.g., BSA) as follows:

where Pi  is  the  individual value of a parameter with  in-
dividual  random  effect  e�P,i,  for  an  individual  i  with  a 
body surface area BSAi, PTV is the parameter typical value 
for  a  typical  individual  with  median  body  surface  area 
BSAmedian, and �BSA is the estimated exponent quantifying 
BSA impact on PTV.

Categorical  covariates  (e.g.,  gender)  were  tested  as 
follow:

where Pi is the individual value of a parameter with individ-
ual random effect e�P,i, for an individual i with a body surface 
area BSAi, PTV  is  the parameter  typical value  for a  typical 
male individual (GENDER = 0 for men and GENDER = 1 
for women). �GENDER is the estimated coefficient quantify-
ing female impact on PTV.

Covariates’ impact and model- based 
simulations

Covariate  effect  was  evaluated  on  PK  and  exposure 
parameters.

Typical  PK  simulations  were  performed  to  assess 
covariates  impact  on  exposure  for  each  active  entity 
(SAR408701,  DM4,  and  MeDM4).  The  final  model  was 
used to simulate 100 mg/m² q2w dosing for a typical pa-
tient (i.e., with typical parameter values). Area under the 
concentration versus time curve between two administra-
tions (AUCTAU) and maximum concentration (Cmax) were 
derived at steady- state.

For continuous covariates, patients with 5th percentile, 
median (i.e., reference patient) and 95th percentile values 
of covariate distribution were simulated, and for categor-
ical  covariates,  patients  in  each  covariate  subclass  were 
simulated (all other covariates being set to median values). 
Results  were  expressed  as  parameter  percentage  change 
from reference patient estimate. Sensitivity plots were per-
formed to compare typical covariates effect at steady- state 
with individual exposures of the entire population.

Flat dose simulations

Estimated  individual  parameters  from  final  population 
model  were  used  to  simulate  two  dosing  scenarios,  to 

compare  variability  between  BSA  adjusted  dosing  regi-
men and flat dosing.

Typical BSA based dosing (100 mg/m² q2w, with BSA 
capped at 2.20 m² for greater BSA) and flat dosing (180 mg 
q2w,  calculated  for  a  typical  1.80  m²  patient)  were  sim-
ulated. SAR408701 AUCTAU and Cmax were calculated at 
steady- state for each dosing scenario (no effect of BSA on 
PK parameters of DM4 and MeDM4 was observed,  thus 
impact  was  not  evaluated  on  these  entities).  Deviation 
from median value of BSA based dosing of each parame-
ter was quantified. Results were presented as boxplots of 
parameter distribution by BSA quartiles subgroups.

RESULTS

Patients characteristics and observed data

Final dataset for population PK analysis included 254 pa-
tients from the TED13751 study (study details presented 
in Online Resource 2). A total of 3726 SAR408701 plasma 
concentrations,  3722  DM4  plasma  concentrations,  3728 
MeDM4  plasma  concentrations,  and  3717  NAB  plasma 
concentrations were included in the analysis. Data below 
the limit of quantification (BLOQ), represented 1%, 36%, 
13%,  and  31%  of  total  SAR408701,  DM4,  MeDM4,  and 
NAB  concentrations  respectively.  BLOQ  data  were  han-
dled as left- censored data by Monolix and imputed using 
likelihood- based  approach  (equivalent  to  M3  method  in 
NONMEM):  the  SAEM  algorithm  computed  the  maxi-
mum  likelihood  estimate  of  the  population  parameters 
combining censored and noncensored data information.

Baseline  patient  characteristics  are  presented  in 
Table  S3  and  Table  S4  (Online  Resource  3)  and  re-
grouped  demographic  covariates  (age,  gender,  ethnic, 
race, and body size measures), creatinine clearance, lab-
oratory values of albumin (ALB), bilirubin (BILI), total 
protein,  ASAT,  ALAT,  and  tumor- related  covariates. 
Among  tumor- related  covariates:  CEACAM5  tumoral 
expression, assessed at the membrane by immunohisto-
chemistry as the percentage of tumoral cells expressing 
the  target with  intensity greater  than 2+ (CEACAM5); 
H- SCORE, defined  for  tumor cells as  the  sum of  three 
times the percentage of 3+ cells, two times the percent-
age of 2+ cells, and one times the percentage of 1+ cells; 
tumor burden (TMBD) according to RECIST 1.112 (i.e., 
sum  of  the  longest  dimension  of  target  lesions);  cir-
culating  CEA  (SHED);  Eastern  Cooperative  Oncology 
Group  status  (ECOG),  and  tumor  type  were  reported. 
ADC  being  internalized  after  target  binding  and  these 
specific  covariates  may  affect  SAR408701  PKs.  TMBD 
ranged from 11.0 to 339 mm, with a median of 84.0 mm 
in the studied population. SHED distribution was wide 

Pi = PTV ×

BSAi

BSAmedian

�BSA

× e�P,i

Pi = PTV × �GENDER
GENDER

× e�P,i
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and revealed high variability with values ranging  from 
500  to  41,227,000  pg/ml.  Percentage  of  CEACAM5  tu-
moral expression ranged from 0% to 100% with a median 
of 70%. No correlation was found between theses tumor- 
related covariates.

Final population PK model

Covariates were  tested on each entity clearance  (CLADC, 
CLNAB,  CLDM4,  and  CLMeDM4),  on  SAR408701  and  NAB 
distribution volumes (Vc and Vp), and on MeDM4 input 
fraction (FRMeDM4).

As  body  weight  (BW),  body  mass  index,  and  BSA 
were  highly  correlated  (body  size  measures),  BSA  was 
considered  as  the  reference  body  size  covariate.  The 
final model  included BSA impact (positive correlation) 
on  SAR408701  proteolytic  clearance  (CLADC)  and  dis-
tribution volumes (Vc and Vp). Thus, no remaining cor-
relation with other body size associated covariates was 
found  in  the  final  model.  BSA  was  not  found  to  affect 
other entities PK parameters.

After  forward  addition  and  backward  deletion,  final 
significant covariates (with either positive or negative cor-
relation) impacting model parameters and explaining part 
of IIV (ω) from final structural model were:

•  BSA  (+),  ALB  (−),  and  TMBD  (+)  on  CLADC  (IIV 
 decrease from 46.9% to 33.0% on CLADC)

•  BSA (+), ALB (−), and TMBD (+) on Vc (IIV decrease 
from 24.5% to 16.0% on VC)

•  BSA (+) and SHED (+) on Vp (IIV decrease from 60.5% 
to 50.9% on Vp)

•  SEX (−) on CLDM4 (IIV decrease from 36.5% to 34.6% on 
CLDM4)

•  ALB (+) and TMBD (−) on CLMeDM4 (IIV decrease from 
65.4% to 55.6% on CLMeDM4)

•  ALB (−) and SHED (+) on FRMeDM4 (IIV decrease from 
72.3% to 59.7% on FRMeDM4)

Parameter- covariates  relations  included  in  the 
final  model  and  final  model  parameters  are  presented 
in  Online  Resource  4.  After  covariates’  inclusion, 
SAR408701  proteolytic  clearance  was  estimated  at 
0.410  L/day.  Distribution  volumes  were  estimated  at 
3.31  L  for Vc  and  2.66  L  for Vp,  respectively.  DM4  and 
MeDM4  apparent  clearances  were  estimated  at  253  L/
day and 0.248 L/day, respectively. IIV on MeDM4 PK pa-
rameters was much larger than that of other entities’ PK 
parameters,  with  IIV  reaching  59.7%  for  FRMeDM4  and 
55.6% for CLMeDM4, whereas IIV ranged from 33.0% for 
CLADC to 34.6% for CLDM4.

Model qualification

GOF plots and NPDE evaluating model performance are 
presented in Online Resource 5. Plots of observations ver-
sus population predictions and observations versus indi-
vidual  predictions  indicated  that  the  model  adequately 
described  the  observations  of  each  entity  over  the  dose 
range.  Population  or  individual  weighted  residuals 
(PWRES  and  iWRES),  and  NPDE  versus  time  or  versus 
model prediction plots were well distributed with a ran-
dom distribution around zero. Parameter correlations be-
tween  model  parameters  (presented  in  Online  Resource 
6  –   1)  confirmed  that  no  correlation  remained  in  final 
model.  Pc- VPC  plots  for  SAR408701  (Figure  1)  and  for 
other  entities  (Online  Resource  7)  showed  that  simula-
tions were able to describe accurately observed concentra-
tions in the current dose range.

Covariates’ impact

Effect of extreme values of significant covariates was as-
sessed  on  relevant  PK  parameters,  and  relative  changes 
of  each  parameter  are  presented  in  Table  S6  (Online 
Resource 8).

Covariates  impact  on  exposure  was  assessed  for  all 
active  entities  (i.e.,  SAR408701,  DM4,  and  MeDM4) 
after  100  mg/m²  q2w  dosing.  Exposure  parameters  (i.e., 
AUCTAU and Cmax) at steady- state were derived after typi-
cal simulations for each covariate extreme values (i.e., 5th 
and 95th percentiles). Results were expressed as percent-
age  change  from  reference  value  (i.e.,  median  value  for 
BSA, ALB, TMBD, and SHED or men for SEX).

Sensitivity plots suggested  that TMBD and ALB were 
the  most  impactful  covariates  on  SAR408701  exposure 
(Figure 2a. for AUCTAU and Figure S5a. for Cmax in Online 
Resource  8).  Typical  simulations  are  presented  Figure  3 
for  TMBD  extreme  values.  Patients  with  low  TMBD 
showed  higher  SAR408701  exposure  (+39.5%  change  of 
AUCTAU),  whereas  patients  with  high  TMBD  displayed 
lower SAR408701 exposure (−17.7% change of AUCTAU). 
ALB  impact  on  SAR408701  ranged  from  −29.5%  for  pa-
tients with low ALB to +19.7% for patients with high ALB. 
No impact of SHED, BSA, and SEX on SAR408701 expo-
sure was found (<3%).

On  DM4  exposure,  overall,  covariate  influence  was 
quantified with less than 30% change for all significant 
covariates (Figure 2b and Figure S5b). BSA and SEX were 
the  most  influential  covariates,  with  −18.0%/+21.1% 
change of AUCTAU for patients with low/high BSA, and 
+27.2%  change  of  AUCTAU  for  women  compared  with 
men.
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MeDM4  sensitivity  plots  (Figure  2c  and  Figure  S5c) 
evidenced  that  ALB  was  the  most  impactful  covariate 
on  MeDM4  profiles.  Typical  simulations  are  presented 
in  Figure  4  for  ALB  extreme  values.  Patients  with  low 

ALB  showed  higher  MeDM4  exposure,  with  more  than 
+130.7% change of AUCTAU, whereas patients with high 
ALB showed  lower exposure  (−37.2%). SHED, BSA, and 
TMBD had limited influence on MeDM4, with less than 

F I G U R E  1  Tusamitamab ravtansine (SAR408701) prediction corrected visual predictive check at cycle 1 and cycle 4. The points 
represent the observed concentrations (in red the below the limit of quantification values, handled as censored data), the solid lines 
represent the median, 10th and 90th percentiles of the observed data, and the blue and red areas represent the prediction intervals for each 
percentile (at a level of 90%)

F I G U R E  2  Sensitivity plots comparing covariates impact on AUCTAU at steady- state of SAR408701 (a), DM4 (b), and MeDM4 (c). “Base” 
represents typical exposure parameter value (i.e., typical male patient with median covariates values). AUCTAU ranges are represented for 
5th to 95th percentiles of individual simulations in the entire population. Covariate ranges are represented for typical simulation of 5th and 
95th percentiles of each covariate distribution, with percentiles values (% change from reference). ALB, albumin; AUCtau, area under the 
concentration versus time curve between two administrations; BSA, body surface area; MeDM4, methyl- DM4; SAR408701, tusamitamab 
ravtansine; TMBD, tumor burden
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23%  change  of  AUCTAU  parameter  for  extreme  covariate 
values:  patients  with  low  TMBD  and  SHED  displayed 
lower  MeDM4  exposure  whereas  patients  with  high 
TMBD and SHED showed higher exposure. BSA  impact 
ranged from −18% change (for patients with low BSA) to 
+21% change of AUCTAU (for patients with high BSA).

Flat dose simulation

Boxplots of SAR408701 AUCTAU and Cmax calculated after 
100 mg/m² q2w (with BSA capped at 2.20 m²) or 180 mg 
q2w flat dosing are presented in Figure 5. Values are ex-
pressed as percentage change from median value of BSA 
based dosing and represented by quartiles of BSA distribu-
tion in the entire population.

With  BSA- based  dosing,  no  change  in  exposure  at 
steady- state  across  quartiles  subgroups  was  evidenced. 
Whereas  with  flat  dosing,  patients  with  low  BSA  (i.e., 

patients  with  BSA  <  BSAQ1)  were  higher  exposed  and 
patients with high BSA (i.e., patients with BSA > BSAQ3) 
tended to be lower exposed.

DISCUSSION

The  present  population  PK  analysis  pictures  the  first 
covariates  assessment  of  SAR408701,  based  on  a  semi-
mechanistic model characterizing simultaneously PKs of 
SAR408701  (i.e.,  conjugated ADC with at  least one pay-
load), DM4, MeDM4 (active metabolites), and NAB. This 
model  considered  DAR  (structural  model  presented  by 
Pouzin et al.9) and was successful in describing PKs of all 
entities in the studied population (254 patients with solid 
tumor  from  TED13751  study).  Covariates  were  investi-
gated concomitantly on each entity.

Out of all approved ADCs, only a few published mod-
els included DAR measurements. In fact,  immunoassays 

F I G U R E  3  TMBD impact on 
SAR408701 typical PK profile. Simulations 
were performed for a typical patient 
(i.e., typical male patient with median 
covariates values). PK, pharmacokinetic; 
SAR408701, tusamitamab ravtansine; 
TMBD, tumor burden

F I G U R E  4  ALB impact on MeDM4 
typical PK profile. Simulations were 
performed for a typical patient (i.e., typical 
male patient with median covariates 
values). ALB, albumin; MeDM4, methyl- 
DM4; PK, pharmacokinetic
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usually  capture  total  or  conjugated  antibody  but  fail 
to  differentiate  ADC  components  with  different  loads. 
Improvements in the bioanalytical field13 allowed distinc-
tion of ADC moieties with characterization of the number 
of  payloads  linked  to  each  ADC.  Consideration  of  DAR 
in  population  PK  models  allows  to  enhance  the  under-
standing  of  ADCs’  complex  behaviors  and  strengthen 
confidence  in  mechanistic  hypothesis  governing  ADCs’ 
disposition.14,15  But  such  models  are  complex,  require 
many  parameters  to  estimate  (DAR  input  fractions  and 
deconjugation rate constants), and exhibit important run 
time, which may limit their use.

Our  model,  in  addition  to  DAR  consideration,  fitted 
simultaneously  metabolites’  PK  data.  Payloads’  plasma 
behavior  is  of  interest  as  they  may  be  related  to  safety 
or  efficacy  concerns.  Cytotoxic  PKs  is  usually  described 
when  circulating  concentrations  are  quantifiable,  which 
is  not  always  the  case:  for  inotuzumab  ozogamicin  and 
trastuzumab emtansine ADCs, levels of unconjugated ca-
licheamicin and DM1 being generally BLOQ, PK was not 
reported  for  these  payloads  in  published  population  PK 
models.16,17  For  other  approved  ADCs,  payload  PKs  are 
reported either in separate models, or in integrated mod-
els where ADC and cytotoxic concentrations are described 
together.18 The present analysis is the first semimechanis-
tic model (including DAR measurement) which evaluate 
covariates impact on SAR408701 ADC and its derivatives 
simultaneously.

Five covariates were found to significantly impact PK 
parameters and thus decrease IIV on related parameters: 
BSA,  ALB,  SHED,  TMBD,  and  SEX.  Other  covariates 
studied  (including  age,  ethnic,  race,  creatinine  clear-
ance,  bilirubin,  total  protein,  ASAT,  ALAT,  percentage 
of CEACAM5 tumoral expression, HSCORE, ECOG, and 
tumor  type)  were  not  significant.  To  avoid  interference 
between  covariates’  effect  on  SAR408701  and  its  deriva-
tives, covariates’ research was performed with sequential 
steps: first identified on SAR408701, then on NAB, DM4, 
and MeDM4. At the final step, significant covariates and 
model parameters were estimated simultaneously  for all 
entities. Values in this final step of estimated parameters 
and covariate coefficients were close to those found in the 
sequential steps process, which strengthened confidence 
in the final model estimates.

Correlations  between  parameters  were  explored  with 
final  developed  model  (Online  Resource  6  –   1).  Only 
CLADC  and Vc  parameters  resulted  to  be  correlated  (cor-
relation  estimated  at  0.565).  No  correlation  was  found 
among ADC and DM4, MeDM4, or NAB parameters. Each 
entity clearance was independent to each other (Person’s 
correlation coefficient estimates lower than 0.32).

BSA  impacted  SAR408701  proteolytic  clearance  and 
distribution volumes with allometric  coefficients of 1.09 
(on CLADC), 1.03 (on Vc), and 1.65 (on Vp). The change in 
PK parameters (CLADC, Vc, and Vp) for extreme BSA val-
ues (5th and 95th percentiles; Online Resource 8) ranged 

F I G U R E  5  BSA based dosing and flat dosing impact on SAR408701 exposure at steady- state. Boxplots (by BSA quartiles) of SAR408701 
individual values of AUCTAU and Cmax, calculated after 100 mg/m² q2w (with BSA capped at 2.20 m²) or 180 mg q2w flat dosing. AUCtau, 
area under the concentration versus time curve between two administrations; BSA, body surface area; Cmax, maximum concentration; 
SAR408701, tusamitamab ravtansine
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from −30.0% to +39.3%. However, BSA- based dosing lim-
ited  its  effect  on  SAR408701  exposure  (<3%  change  of 
SAR408701 AUCTAU at steady- state). BSA impact on DM4 
and MeDM4 was higher, with around 20% change of me-
tabolites  AUCTAU  parameters,  but  these  variations  were 
limited and remained within the global interpatient vari-
ability observed in DM4 and MeDM4 profiles.

Simulations of corresponding flat dosing regimen (i.e., 
180 mg q2w) showed that extreme BSA patients would re-
sult in either higher exposure (for patients with low BSA) 
or  lower exposure (for patients with high BSA). Patients 
with  low BSA could  incur a  safety concern, as exposure 
would  increase by +50% (change of AUCTAU). Thus,  the 
current dosing  regimen based on BSA adjustment  is ap-
propriate to avoid exposure disparity in patients with ex-
treme BSA and limit potential clinical impact in regard of 
safety or efficacy.

BSA or BW are commonly identified as key covariates 
affecting ADC PK parameters. Exponential impact of such 
weight- related covariates is included in all PK models of 
published ADCs.18 Allometric exponents can be  fixed  to 
their theoretical values19: 1 for volumes and 0.75 for clear-
ances (e.g., gemtuzumab ozogamicin20), but they usually 
are  estimated  (e.g.,  inotuzumab  ozogamicin,21  trastu-
zumab  emtansine,22  and  polatuzumab  vedotin23).  On  Li 
et al.24 integrated two- analytes PK model, BW effect was 
fixed on metabolite PK parameters but estimated on ADC 
parameters. Overall, weight- related covariates reduce sig-
nificantly IIV on PK parameters. Thus, BW or BSA- based 
dosing  is  always  considered  as  the  reference  for  ADC 
dosing.

A significant model covariate was ALB. Patients with 
low ALB had higher SAR408701 proteolytic clearance val-
ues (+49.4% change of CLADC) and thus lower SAR408701 
exposure (−29.5% change of AUCTAU at steady- state) com-
pared  to  reference  patients.  This  finding  was  expected 
because  ALB  reflects  global  protein  catabolism:  chronic 
systemic  inflammatory  condition  observed  in  patients 
with cancer  leads to cachexia and elevated protein turn-
over,  which  induces  hypoalbuminemia.  Endogenous 
catabolic  rate  of  ALB  being  highly  correlated  with  IgG 
turnover,  increased  protein  turnover  results  in  a  high 
catabolic degradation of IgG and an enhance of systemic 
ADC clearance.25 ALB is thus a potential prognostic fac-
tor: higher serum levels have been associated with better 
survival.26  Inverse  correlation  between  ALB  levels  and 
biologics  clearance  is  widely  described  for  monoclonal 
antibodies25,27 and multiple approved ADCs (e.g.,  trastu-
zumab  emtansine,28,29  gemtuzumab  ozogamicin,20  bren-
tuximab vedotin,30 and polatuzumab vedotin23).

ALB  was  a  covariate  impacting  as  well  MeDM4  for-
mation and elimination, with +84.4% change of FRMeDM4 
and −29.3% change of CLMeDM4 for patients with low ALB, 

conducting to higher MeDM4 exposure (+130.7% change 
of  AUCTAU).  Full  explanation  of  such  effect  is  not  com-
pletely elucidated; however,  some  interpretations can be 
made.  Increase  of  MeDM4  exposure  may  be  related  to 
enhanced  SAR408701  degradation  and  payload  release 
(+49.4% change of CLADC). Moreover, MeDM4 is known 
to be metabolized in the liver by cytochromes leading to 
formation of sulfoxide and sulfone derivatives that are ex-
creted  into  the  bile.31,32  Hypoalbuminemia  could  reflect 
liver impairment, which would alter cytochrome activity 
and thus MeDM4 elimination.

Sensitivity  analysis  allowed  to  quantify  and  compare 
covariates’ impact on exposure in regard of individual ex-
posures in the studied population. MeDM4 profiles exhib-
ited  strong  IIV,  with  AUCTAU  values  ranging  from  19  to 
243 ng.day/ml and Cmax values ranging from 2.3 to 23 ng/
ml. Observed MeDM4 overexposure (+130.7%) in patients 
with low ALB remained within the global IIV observed in 
treated patients. Moreover, preliminary analysis (data not 
published) suggested that the main dose limiting toxicity 
event (i.e., corneal event) was related to SAR408701 expo-
sure, and not to metabolites. These results suggested that 
hypoalbuminemia  and  its  impact  on  MeDM4  exposure 
would not result in major safety concern. However, deeper 
analyses are to be conducted to identify and confirm safety 
drivers within the SAR408701 derivatives.

Another  covariate  affecting  PK  was  TMBD.  Baseline 
tumor  burden  affected  SAR408701  proteolytic  clear-
ance  and  MeDM4  apparent  clearance  over  a  range  of 
−33.9%/+25.2%  change  of  CLADC  and  +48.1%/−19.2% 
change  of  CLMeDM4  (TMBD  5th/95th  percentile). 
Correlations  between  model  parameters  were  explored 
(Online  Resource  6  –   2)  and  revealed  that  CLADC  and 
CLMeDM4 were not correlated with each other. Moreover, 
no  correlation  between  kdec  parameter  and  TMBD  was 
found.  Thus,  the  tumor  burden  affected  independently 
ADC  and  MeDM4  elimination  processes.  Patients  with 
high TMBD  were  lower  exposed  to  SAR408701  (−17.7% 
change  of  AUCTAU  at  steady- state)  and  higher  exposed 
to MeDM4  (+14.2%). Even  if  the  full mechanism  is  still 
unclear, high tumor burden may lead to a higher target- 
mediated drug clearance, by increased ADCs internaliza-
tion  and  processing  (decrease  of  SAR408701  AUCTAU), 
and  thus  enhanced  metabolites  formation  (increase  of 
MeDM4 AUCTAU).

This  is  the  first  analysis  that  integrates  mechanistic 
consideration  to  fit  population  PKs  of  SAR408701  and 
its  derivatives  in  patients  with  cancer  to  identify  covari-
ates  effect. This  model  aimed  to  improve  understanding 
of  SAR408701  complex  disposition  while  determining 
sources  of  PK  variability  to  support  drug  clinical  devel-
opment. This  kind  of  semimechanistic  analysis  is  appli-
cable  to other ADCs, which may differ  from SAR408701 
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by  payloads  or  linker  properties  and  support  drug 
development.
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