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Dr S Benzekry & Pr J Ciccolini



Thermonano project

Dr Julien Nicolas

⚫ Taxanes: poor solubility and toxicities (Cremophor EL)

⚫ Development of new hydrophilic polymers (Applied to Paclitaxel)

➔ Subcutaneous administration

➔ Cheaper

➔ Less toxic, safe

➔ More confortable

Bordat A, Boissenot T, Ibrahim N, Ferrere M, Levêque M, Denis S, et al. A Polymer Prodrug Strategy to Switch from Intravenous to Subcutaneous Cancer 

Therapy for Irritant/Vesicant Drugs. J. Am. Chem. Soc. 2022, 144, 18844



Thermonano project

Dr Julien Nicolas

Polymer synthesis Screening PK studies PD studies Data analysis Optimization

Thermonano working plan



Thermonano project

Bordat A, Boissenot T, Ibrahim N, Ferrere M, Levêque M, Denis S, et al. A Polymer Prodrug Strategy to Switch from Intravenous to Subcutaneous Cancer 

Therapy for Irritant/Vesicant Drugs. J. Am. Chem. Soc. 2022, 144, 18844

PTX: Paclitaxel – PAAm: Polyacrylamide

Data PK n=4 Data PD n=9

➔ Longer exposure 

➔ Higher MTD

➔ Higher efficacy

MTD: Maximal tolerated dose



Project plan



Model Pop PK
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K21V1
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Vb Kb1

SC PTX-PAAm

IV PTX

Non longitudinal data 
Proportionnal error model set at 10 %

* Defined by the model; parameters without RE 
 Unpublished data



Model Pop PK

PARAMETER ESTIMATE RSE %

FIXED EFFECT

V1 (ml) 10.73 5.82

K12 0.65 12.8

K21 0.51 0.0852

Ke 2.76 0.134

Kb 0.047 13.5

STANDARD DEVIATION OF THE RANDOM EFFECT

ΩV1 0.26 19.4

ΩK12 0.21 37

ΩKb 0.57 19.9

PARAMETER ESTIMATE RSE %

FIXED EFFECT

V1 (ml) 10.73 5.82

K12 0.65 12.8

K21 0.51 0.0852

Ke 2.76 0.134

Kb 0.047 13.5

STANDARD DEVIATION OF THE RANDOM EFFECT

ΩV1 0.26 19.4

ΩK12 0.21 37

ΩKb 0.57 19.9

SC PTX-PAAmIV PTX

Unpublished data



Model PD: Untreated Tumor growth

Pop-PK (fixed) Untreated tumor growth Drug Effect Drug Resistance

Exponential
𝑑𝑇𝑉

𝑑𝑡
= λ . TV

Power Law
𝑑𝑇𝑉

𝑑𝑡
= α . TVγ

Logistic
𝑑𝑇𝑉

𝑑𝑡
= λ . TV . 1 −

𝑇𝑉

𝑇𝑉𝑚𝑎𝑥

Gompertz
𝑑𝑇𝑉

𝑑𝑡
= α . exp −β . t . TV

Reduced Gompertz
𝑑𝑇𝑉

𝑑𝑡
= β . γ − β. log

𝑇𝑉

𝑇𝑉0
. TV

TV = tumor volume (mm3), 𝑇𝑉0 = initial tumor volume (i.e., 10, because 10 millions of cells were first inoculated), t = time (hours) 



Model PD: Untreated Tumor Growth

Gompertz Reduced Gompertz
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Model -2LL AIC Nber of para (F + R)

Logistic 1388 1394 4 (2+2)

Gompertz 1394 1408 4 (2+2)

Reduced Gompertz 1415 1425 3 (2+1)

Power Law 1421 1433 3 (2+1)

Exponential 1549 1557 3 (1+1)

Logistic

saturation

Vaghi C, Rodallec A, Fanciullino R, Ciccolini J, Mochel JP, Mastri M, Poignard C, Ebos JML, Benzekry S. Population modeling of tumor growth curves and the reduced 
Gompertz model improve prediction of the age of experimental tumors. PLoS Comput Biol. 2020 Feb 25;16(2):e1007178.



Model PD: drug effect

Pop-PK (fixed) Reduced Gompertz Drug Effect Drug Resistance

Log Kill
𝑑𝑇𝑉

𝑑𝑡
= 𝐺 − 𝑒 . 𝐶 . 𝑇𝑉

Norton Simon
𝑑𝑇𝑉

𝑑𝑡
= 𝐺 − 𝑒 . C. 𝐺

Iliadis Barbolosi
𝑑𝑇𝑉

𝑑𝑡
= 𝐺 − 𝑒 . 𝐶 − 𝐶𝑚𝑖𝑛 + . 𝑇𝑉

Simeoni

𝑑𝑇𝑉1
𝑑𝑡

= 𝐺 − 𝑘𝑡𝑟𝑎𝑛 . 𝐶. 𝑇𝑉1

𝑑𝑇𝑉2
𝑑𝑡

= 𝑘𝑡𝑟𝑎𝑛 . 𝐶. 𝑇𝑉1 − 𝑘𝑡𝑟𝑎𝑛 . 𝑇𝑉2

𝑑𝑇𝑉3
𝑑𝑡

= 𝑘𝑡𝑟𝑎𝑛 . (𝑇𝑉2 − 𝑇𝑉3)

𝑑𝑇𝑉4
𝑑𝑡

= 𝑘𝑡𝑟𝑎𝑛 . (𝑇𝑉3 − 𝑇𝑉4)

G = the tumor growth term, C = PTX free concentration (µg/ml)
 



Model -2LL AIC Nber of para (F + R)

Simeoni 5624 5632 2 (1+1)

Iliadis Barbolosi 5636 5646 4 (2+2)

Log Kill 5637 5646 2 (1+1)

Norton Simon 5684 5692 2 (1+1)

Model PD: drug effect

Simeoni Iliadis Barbolosi Log Kill
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misspecification

Unpublished data



Model PD: Drug resistance

Pop-PK (fixed) Tumor growth Drug effect Drug Resistance
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➔ Two distinct effect phases: Emax1 1st dose and Emax2 for 
subsequent doses

➔Stronger effect shortly after first administration

➔ misspecification observed in 44% (i.e.,  4/9), of individuals for 
IV PTX 15mg/kg. Only 11% (i.e., 1/9) for SC PTX-PAAm 15mg/kg.

➔
Emax1

Emax2
was higher for IV PTX 15mg/kg than for SC PTX-PAAm

15mg/kg (i.e., 2.6 ± 3 and 1.0 ± 0.5, respectively)

Unpublished data



Final PK/PD Model: Structure

TV: Proliferating cells
(Reduced Gompertz Model)

ktran ktran ktranTV1 TV2 TV3
Sigmoid Model

Emax1**, Emax2** 
EC50

Eradicated cells

Non-proliferative and damaged cells

C

Aab
Kb

A1 A2

K12

K21V1Ft*

Ke

SC PTX-PAAm IV PTX

* Defined by the model; parameters without RE, ** Resistance acquired after second administration 
 Unpublished data



Final PK/PD Model: Train sets

VPC

Prediction 

distribution

Individual fit

Unpublished data

PARAMETER ESTIMATE RSE %

FIXED EFFECT

V1 (ml) 10.73 5.82

K12 0.65 12.8

K21 0.51 0.0852

Ke 2.76 0.134

Kb 0.047 13.5

γ 7.17 5.25

β 0.0013 10.3

ktran 0.05 0.402

Emax1 15.48 40.1

Emax2 13.8 3.51

EC50 462.7 1.16

SD OF THE RANDOM EFFECT

ΩV1 0.26 19.4

ΩK12 0.21 37

ΩKb 0.57 19.9

ΩKβ 0.15 24.5

ΩEmax1 1.23 25.4



Final PK/PD Model: validation

Predicted Mean TV

Observed individual TV
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Prediction of SC PTX-PAAm 60 mg/kg group 
using our final PK/PD model on Simulx®

Unpublished data



PK/PD Model: simulations

MTD: 60mg/kg   > 180mg/kg

 

MRT: 0.9H  22.2H

Treatment 

groups

Total dose 

(µg)

Loading dose 

(µg – mg/kg)

Treatment dose 

(µg – mg/kg)

Consolidation treatment

(µg – mg/kg)

Number of 

administrations

Group 1 3960 - 1320 - 60 - 3

Group 2 3960 - 3960 - 180 - 1

Group 3 3969 - 189 – 8.6 - 21

Group 4 3961 1320 - 60 - 139 – 6.3 19

Group 5 6601 3960 -180 - 139 - 6.3 19

Group 6 6594 - 314 – 14.3 - 21

Group 7 11883 3960 - 180 - 417 -19 19

Time (hours)
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ee
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Unpublished data

MTD: Maximal tolerated dose; MRT: Mean residence time
 



PK/PD Model: Results

n=9-10

Unpublished data

Predicted Mean TV

Observed individual TV

: Loading Dose : Daily administration Thickness is proportional to dose

Total Dose: 3960 µg 6600 µg 11880 µg 



PK/PD Model: Discussion

⚫ Predictive PK/PD Model

➔ interest of Loading dose (180 mg/kg)

➔ + daily adm. (14.3-19 mg/kg)

⚫ Limits: 

➔Different doses for PK and PD data ->  No data on PK linearity

➔Lack of safety studies (no toxicity observed)

⚫ Perspectives: 

➔ Model optimization using the new data

➔ Applications to new polymers and other linked chemotherapies (i.e., vinblastine)

➔ Further mechanistic modeling of the resistance

➔Testing new device for daily administration



Perspectives

Dr Patricia Piris

Unpublished data



Thank you!

Contact: 
raphaelle.fanciullino@univ-amu.fr

Contact: 
sebastien.benzekry@inria.fr



Back up slides

Overview of the tested efficacy models to fit the PD data 

(Randy. Lee)



Back up slides

Overview of the tested efficacy models that were extended with resistance 

(Randy. Lee)



Back up slides

Biological reasoning behind the observed resistance model

Mejia Peña, C., Skipper, T.A., Hsu, J. et al. Metronomic and single high-dose paclitaxel treatments produce distinct heterogenous chemoresistant 

cancer cell populations. Sci Rep 13, 19232 (2023).

“MDR1 transcript expression
was elevated by the fourth
week in the 10-MET group, but
a single treatment of 10 nM
was insufficient to promote
MDR1 expression at week 1. In
contrast, a single treatment of
25 nM PTX was sufficient to
increase expression at week 1”



Back up slides

Comparaison experiment June 2019 and 2024
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Back up slides

Subcutaneous injection and bioavailibility

If > 20 KDa:

first-pass catabolism at the

subcutaneous administration site or

in the draining lymphatics

Lei K, Kurum A, Kaynak M, Bonati L, Han Y, Cencen V, Gao M, Xie YQ, Guo Y, Hannebelle MTM, Wu Y, Zhou G, Guo M, Fantner GE, Sakar MS, Tang L. Cancer-cell 
stiffening via cholesterol depletion enhances adoptive T-cell immunotherapy. Nat Biomed Eng. 2021 Dec;5(12):1411-1425. 



Back up slides

Non compartmental PK

Bordat A, Boissenot T, Ibrahim N, Ferrere M, Levêque M, Denis S, et al. A Polymer Prodrug Strategy to Switch from Intravenous to Subcutaneous Cancer 

Therapy for Irritant/Vesicant Drugs. J. Am. Chem. Soc. 2022, 144, 18844


	Diapositive 1  Model-driven optimization of the scheduling of a novel anti-cancer prodrug administered subcutaneously     Dr Anne Rodallec COMPO - COMputational Pharmacology in Oncology  
	Diapositive 2 Our group
	Diapositive 3 Thermonano project
	Diapositive 4 Thermonano project
	Diapositive 5 Thermonano project
	Diapositive 6 Project plan
	Diapositive 7 Model Pop PK
	Diapositive 8
	Diapositive 9 Model PD: Untreated Tumor growth
	Diapositive 10
	Diapositive 11 Model PD: drug effect
	Diapositive 12
	Diapositive 13 Model PD: Drug resistance
	Diapositive 14 Final PK/PD Model: Structure
	Diapositive 15 Final PK/PD Model: Train sets
	Diapositive 16 Final PK/PD Model: validation
	Diapositive 17 PK/PD Model: simulations
	Diapositive 18 PK/PD Model: Results
	Diapositive 19 PK/PD Model: Discussion
	Diapositive 20 Perspectives
	Diapositive 21
	Diapositive 22 Back up slides
	Diapositive 23 Back up slides
	Diapositive 24 Back up slides
	Diapositive 25 Back up slides
	Diapositive 26 Back up slides
	Diapositive 27 Back up slides

