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heatmap”.  Rank orders of brain-to-plasma ratios at a single time point were consistent until 2 

hours after dosing in both wild-type and TKO mice.  There can be several reasons of having 

less consistent rank orders after 2 hours.  One explanation is that the systemic clearances and 

the brain distributional clearances, or the combination of the two, that influence the brain-to-

plasma ratios may be different in individual animals, and this difference would be eccentuated at 

late times.  Another reason can be that some compounds are somewhat excluded from the rank 

calculation due to low concentration measured near the lowest limit of quantitation.  Importantly, 

the ability of each of these inhibitors to distribute into the brain within a single animal seems to 

be consistent between animals, even though some physiological conditions may be slightly 

different in each animal.    

The brain distribution, including the BBB permeability of a drug, can be related to the 

physicochemical properties of a compound when passive diffusion dominates drug transport 

processes.  Importantly, molecular weight, lipophilicity (logP or logD), hydrogen bond donor and 

acceptor count (HBD), and topological polar surface area (TPSA) of a molecule are considered 

to be crucial properties to determine the intrinsic permeability and brain distribution (Rankovic, 

2015; Heffron, 2016).  Among these crucial characteristics of a molecule, clogD and molecular 

size (weight) were believed to be two key factors that determine the ability to cross the BBB 

(Oldendorf, 1974; Levin, 1980).  It has been shown that there is a reasonable correlation 

between the calculated ratios of clogD and square root of molecular weight and the permeability 

in the brain capillaries, using in situ perfusion as a measure of permeability (Levin, 1980).  

Recently, the central nervous system multiparameter optimization (CNS MPO) desirability tool 

has been proposed to predict the CNS penetration and understand the relationship between 

physicochemical properties and the drug distribution in CNS (Wager et al., 2010; Wager et al., 

2016).  In the current study, we found that there was a lack of correlation between the brain 

distribution of a compound defined by Kp,brain, and the physicochemical properties of a set of 
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EGFR inhibitors.  Even if non-specific protein binding or the effect of major transporters, P-gp 

and Bcrp, were considered by using free partition coefficient (Kpuu) or transporter deficient 

mice, no predictive correlation between brain penetrability and physicochemical properties of 

these compounds was found (Figure 4).   

In conclusion, the current study indicates that cassette dosing can be a useful method to 

determine the brain distribution of a set of molecularly targeted anticancer therapeutics that 

share the same target, in this case, EGFR.  The concordance of the brain to plasma ratios at a 

single time point following either cassette dosing or discrete dosing has validated that both 

methods are comparable, especially for rank order screening.  A cassette dosing strategy is 

useful, not only because of cost and time efficiency, but also because of the ability to directly 

compare drug brain penetrability among a set of compounds within a single animal.  The rank 

orders of the brain to plasma ratios in a single animal were consistent with the rank orders of 

Kp,brain calculated by AUC ratios of brain to plasma.  Therefore, cassette dosing strategy can 

be useful for candidate selection with respect to brain distribution.  Among this set of EGFR 

inhibitors examined in the current study, AZD3759, osimertinib, vandetanib, and dacomitinib 

have superior brain penetration (over 50% of corresponding plasma concentration). These brain 

penetrant EGFR inhibitors may have value for the treatment of tumors located in the brain and 

should be considered for future clinical trials. 
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Legends for figures 

Figure 1. Structures of EGFR inhibitors used in the current study. 

Figure 2. Comparison of brain-to=plasma ratios between cassette and discrete dosing in wild-

type and triple-knockout (Mdr1a/b-/-Bcrp-/-) FVB mice. (A) Brain-to-plasma ratios at 1-hour post 

dose in wild-type FVB mice. (B) Brain-to-plasma ratios at 8-hour post dose in wild-type FVB 

mice. (C) Brain-to-plasma ratios at 1-hour post dose in triple-knockout (Mdr1a/b-/-Bcrp-/-) FVB 

mice. (D) Brain-to-plasma ratios at 8-hour post dose in Mdr1a/b-/-Bcrp-/- FVB mice. 

Figure 3. Rank order of the brain distribution of EGFR inhibitors in a single animal. Rank order 

was based on the brain-to-plasma ratio at a single time point after dosing in individual animal. 

Figure 4. Correlation between Kp and clogD/sqrt(MW) or MPO (multiparameter optimization) 

scores. (A) Correlation between Kp or Kpuu in wild-type FVB mice and clogD/sqrt(MW) (R 

square for Kp = 0.04895, R square for Kpuu = 0.224). (B) Correlation between Kp or Kpuu in 

triple-knockout (Mdr1a/b-/-Bcrp-/-) FVB mice and clogD/sqrt(MW) (R square for Kp = 0.137, R 

square for Kpuu = 0.0386). (C) Correlation between Kp or Kpuu in wild-type FVB mice and MPO 

score (R square for Kp = 0.108, R square for Kpuu = 0.0000911). (D) Correlation between Kp or 

Kpuu in triple-knockout (Mdr1a/b-/-Bcrp-/-) FVB mice and MPO score (R square for Kp = 0.557, R 

square for Kpuu = 0.433). 
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Table 1. physicochemical properties of EGFR inhibitors used in the study 

Compound Type MWb clogPa clogDa TPSAb HBDb pKaa efflux liability 

AEE788 Reversiblec 441 4.44 3.49 60 2 8.24 Not reported 

Afatinib Irreversibled 486 3.76 2.34 89 2 8.81 P-gp and Bcrph 

AZD3759 NA 460 4.03 3.86 80 1 7.10 Not a substratel 

Dacomitinib Irreversiblee 470 4.71 3.53 79 2 8.55 Not reported 

Erlotinib Reversiblef 393 3.20 3.20 75 1 4.62 P-gp and Bcrpi 

Gefitinib Reversiblef 447 3.75 3.64 69 1 6.85 P-gp and Bcrpj 

Osimertinib Irreversibleg 500 4.49 3.01 88 2 8.87 P-gp and Bcrph 

Vandetanib NA 475 4.54 2.81 60 1 9.13 P-gp and Bcrpk 
a obtained from ChemAxon (https://chemicalize.com/) 

b obtained from PubChem (https://pubchem.ncbi.nlm.nih.gov/) 

c (Reardon et al., 2012) 

d (Solca et al., 2012) 

e (Engelman et al., 2007) 

f (Krawczyk et al., 2017) 

g (Cross et al., 2014) 

h (Ballard et al., 2016) 

i (Agarwal et al., 2013) 

j (Agarwal et al., 2010) 

k (Minocha et al., 2012) 

l (Zeng et al., 2015) 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 31, 2019 as DOI: 10.1124/dmd.118.084210

 at A
SPE

T
 Journals on February 22, 2019

dm
d.aspetjournals.org

D
ow

nloaded from
 

https://chemicalize.com/
https://pubchem.ncbi.nlm.nih.gov/
http://dmd.aspetjournals.org/


  DMD # 84210 

31 
 

Table 2. PK parameters in wild-type mice 

 

 

 

 

 

unit AEE788 Afatinib AZD3759 Dacomitinib Erlotinib Gefitinib Osimertinib Vandetanib

thalf hr 12.4 7.20 2.37 8.45 0.827 2.66 2.77 13.7

Apparent CL mL/hr/kg 582 1196 1915 881 961 1706 1407 250

Apparent Vd mL/kg 10377 12389 6539 10723 1146 6542 5632 4947

thalf, brain hr 13.9 25.7* 2.69 10.5 0.75 14.2* 2.27 10.6

AUClast, plasma hr*ng/mL 985 734 486 826 1001 576 645 2230

SE_AUClast, plasma hr*ng/mL 23.3 80.6 27.7 79.2 39.6 54.6 43.7 61.3

AUClast, brain hr*ng/mL 65.3 186 828 505 62.4 206 638 1416

SE_AUClast, brain hr*ng/mL 2.20 3.35 60.8 24.0 8.21 3.85 31.9 95.0

thalf,  half-life of a drug in plasma

Apparent CL,  apparent clearance CL/F

Apparent Vd,  Apparent volume of distribution, Vd/F

thalf, brain,   half-life of a drug in brain

AUClast, plasma,  area under the curve from zero to the time of last measured concentration in plasma 

SE_AUClast, plasma,  standard error of an estimate of area under the curve in plasma

AUClast, brain,  area under the curve from zero to the time of last measured concentration in brain

SE_AUClast, brain,  standard error of an estimate of area under the curve in brain

* the half-life was determined by the slope of last three time points in concentration-time profile. 

The values were larger than the half-life in plasma because complete elimination phase has not been captured in the experiments.
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Table 3. PK parameters in TKO mice 

 

 

 

 

 

unit AEE788 Afatinib AZD3759 Dacomitinib Erlotinib Gefitinib Osimertinib Vandetanib

thalf hr 17.6 5.95 2.75 8.99 0.846 4.20 2.24 5.74

Apparent CL mL/hr/kg 531 679 1598 822 1570 1431 1657 614

Apparent Vd mL/kg 13502 5827 6349 10667 1916 8680 5353 5085

thalf,brain hr 5.1 10.5 2.32 16.6 0.95 4.76 3.59 41.8*

AUClast, plasma hr*ng/mL 858 1279 617 877 609 658 566 1442

SE_AUClast, plasma hr*ng/mL 61.8 234 95.9 135 49.7 95.3 81.6 98.7

AUClast, brain hr*ng/mL 1599 3082 1633 8572 124 1449 8913 10773

SE_AUClast, brain hr*ng/mL 89.1 174 72.0 307 6.12 57.0 1584 563

thalf,  half-life of a drug in plasma

Apparent CL,  apparent clearance CL/F

Apparent Vd,  Apparent volume of distribution, Vd/F

thalf, brain,   half-life of a drug in brain

AUClast, plasma,  area under the curve from zero to the time of last measured concentration in plasma 

SE_AUClast, plasma,  standard error of an estimate of area under the curve in plasma

AUClast, brain,  area under the curve from zero to the time of last measured concentration in brain

SE_AUClast, brain,  standard error of an estimate of area under the curve in brain

* the half-life was determined by the slope of last three time points in concentration-time profile. 

The values were larger than the half-life in plasma because complete elimination phase has not been captured in the experiments.
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Table 4. The partition coefficients and free partition coefficients of brain for EGFR inhibitors. 

 

 

 

 

 

 

 

 

AEE788 Afatinib AZD3759 Dacomitinib Erlotinib Gefitinib Osimertinib Vandetanib

Kp,brain, wild-type 0.066 0.254 1.70 0.612 0.062 0.358 0.988 0.635

Kp,brain, TKO 1.86 2.41 2.65 9.77 0.204 2.20 15.7 7.47

fu,p 0.068 0.080 0.058 0.008 0.045 0.041 0.005 0.055

fu,b 0.029 0.014 0.101 0.007 0.096 0.012 0.001 0.012

Kp,uu, wild-type 0.029 0.046 2.96 0.493 0.134 0.103 0.289 0.138

Kp,uu, TKO 0.804 0.433 4.61 7.88 0.438 0.631 4.61 2.65

DA 28.1 9.49 1.56 16.0 3.27 6.16 15.9 19.1

Kp (AUC ratio), the ratio of AUClast, brain to AUClast, plasma using total drug concentrations 

Kp,uu (AUC ratio), the ratio of AUClast, brain to AUClast, plasma using free drug concentrations

fu,p, free fraction in plasma measured by rapid equilibrium dialysis (n=4)

fu,b, free fraction in brain homogenate measured by rapid equilibrium dialysis (n=4)

DA, distribution advantage calculated by the ratios of Kp,brain in trangenic to Kp,brain in wild-type
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Table 5. The calculated scores based on physicochemical properties and the partition coefficients of brain  

Compound 
CNS MPO 

Scorea 
cLogD/ 

sqrt(MW) 
Kpbrain in 

publication 
Kpbrain in 
wild-type 

Kpuu, brain in 
wild-type 

Kpbrain in 
TKO 

Kpuu, brain 
in TKO 

DA 

AEE788 3.3 0.166 NA 0.066 0.029 1.86 0.80 28 

Afatinib 3.6 0.106 0.35d 0.268 0.048 2.41 0.43 9 

AZD3759 3.7 0.180 0.89e 1.70 2.96 2.65 4.61 2 

Dacomitinib 2.8 0.163 NA 0.612 0.493 9.77 7.88 16 

Erlotinib 4.9 0.161 0.02f/0.14g 0.060 0.130 0.20 0.44 3 

Gefitinib 4.0 0.172 0.21h/0.3i 0.358 0.103 2.20 0.63 6 

Osimertinib 2.8 0.135 1.78j 0.988 0.289 15.7 4.61 16 

Vandetanib 3.3 0.129 0.21k 0.635 0.138 12.2 2.65 19 

 

a MPO, multiparameter optimization score calculated by using the method from (Wager et al., 2016) 
d reported from (van Hoppe et al., 2017) 
e reported from (Xiong et al., 2017) 
f in rat. Reported from (Agarwal et al., 2013) 
g in mouse. Reported from (de Vries et al., 2012) 
h in nude mice. Reported from (Ballard et al., 2016) 
i in FVB mice. Reported from (Agarwal et al., 2010) 
j in nude mice. Reported from (Ballard et al., 2016) 
k in FVB mice. Reported from (Minocha et al., 2012) 
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Table 6. Summary of clinical information on the studied 8 EGFR inhibitors 

Compound 
Clinical 
status 

Dose in 
patients 
(mg/day) 

Brain 
penetration 
(% of CSF to 

plasma 
levels) in 
patient 

 Brain 
penetration (% 

of brain to 
plasma ratio) 
in pre-clinical 

model 

Response rate in 
patients with primary 
brain tumor (%) 

Response rate 
in patients 
with brain 

metastases 
(%) 

References 

AEE788 Terminated 50 - 800 ND ND 
GBM, stable disease 
(17%) 

ND 
 (Reardon et al., 2012) 

Afatinib Giotrif 50 0.7 ND 
GBM, stable disease 
(14%) 

35% 

 (Wind et al., 2014; 
Hoffknecht et al., 2015; 
Reardon et al., 2015) 

AZD3759 
Phase I (fast 
review) 

100-1000 111 282 ND 83% 

 (Zeng et al., 2015; Ahn 
et al., 2017; Xiong et al., 
2017) 

Dacomitinib Phase 2-3 45/60 NA NA ND 6.3 %a   

Erlotinib Tarceva 150 2.77- 5.1 13.7 
GBM, PFS6 (3%) 
first-relapse GBM, OR 
(6.3%) 

82.4 (EGFR 
mutation) 

 (Raizer et al., 2010; 
Togashi et al., 2010; Yung 
et al., 2010; Porta et al., 
2011; de Vries et al., 
2012) 

Gefitinib Iressa 750-1000 1.07-3.58 27 

astrocytoma, overall 
disease-control rate 
(17.9%) 
GBM, overall disease-
control rate (12.5%) 

27%  (Ceresoli et al., 2004; 
Franceschi et al., 2007; 
Chen et al., 2013) 

Osimertinib Tagrisso 80 NA 180 ND 54% (T790M+) 
(Ballard et al., 2016; Goss et 
al., 2018) 

Vandetanib Caprelsa 300 1.2 - 2.4 21 
GBM, objective 
response rate (12.5%) 

ND 
 (Kreisl et al., 2012) 

a from clinicaltrials.gov (identifier: NCT01858389) 

GBM (glioblastoma); ND (not determined); NA (not available); PFS6 (progression-free survival at 6 months); OR (objective rate) 
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Figure 1. Structures of EGFRi used in the current study
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Figure 2. Comparison of brain-to-plasma ratio between cassette and discrete dosing in 

wild-type and Mdr1a/b–/–Bcrp1–/– FVB mice. 
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Figure 3. Rank order of EGFR inhibitor brain distribution with a single animal 

 

 

A. Rank order in wild-type  (WT) mice

Animal ID
Time of 

Collection
Erlotinib AEE788 Afatinib Gefitinib Dacomitinib Vandetanib Osimertinib AZD3759

1 0.5h 0.031 0.030 0.121 0.135 0.491 0.302 0.789 0.357 1

2 0.5h 0.027 0.061 0.038 0.130 0.266 0.424 0.566 1.97 2

3 0.5h 0.029 0.031 0.070 0.119 0.174 0.302 0.716 1.67 3

4 0.5h 0.027 0.031 0.032 0.115 0.209 0.295 0.239 1.48 4

5 1h 0.016 0.021 0.022 0.071 0.399 0.355 0.597 1.09 5

6 1h 0.022 0.028 0.059 0.129 0.494 0.333 1.06 1.32 6

7 1h 0.028 0.044 0.070 0.167 0.243 0.607 1.44 2.04 7

8 1h 0.018 0.016 0.044 0.104 0.139 0.314 1.00 1.35 8

9 2h 0.015 0.060 0.147 0.166 1.76 0.347 1.59 1.45

10 2h 0.028 0.094 0.207 0.216 1.43 0.337 1.73 1.53

11 2h 0.018 0.046 0.055 0.104 ND 0.739 1.23 1.77

12 2h 0.017 0.046 0.078 0.128 ND 0.494 0.950 1.08

13 4h 0.020 0.084 0.165 0.229 0.593 0.816 1.95 1.37

14 4h 0.027 0.092 0.417 0.195 0.359 0.570 1.80 1.97

15 4h 2.68 0.084 0.483 0.359 0.435 1.34 1.44 1.95

16 4h LLOQ 0.098 0.481 0.658 0.623 1.16 1.14 2.00

17 8h LLOQ 0.074 1.03 LLOQ 1.12 0.538 0.485 2.32

18 8h LLOQ 0.081 0.970 1.30 1.17 0.509 0.798 1.94

19 8h LLOQ 0.070 1.07 0.677 0.361 0.606 1.25 1.54

20 8h LLOQ 0.082 1.32 0.498 0.946 0.588 1.10 1.15

21 16h LLOQ 0.073 1.11 LLOQ LLOQ 0.571 0.159 5.45

22 16h LLOQ 0.071 LLOQ 3.78 1.01 LLOQ LLOQ LLOQ

23 16h LLOQ 0.084 1.08 3.97 0.586 0.732 0.050 2.17

24 16h LLOQ 0.077 1.34 2.47 0.193 0.793 0.104 21.2

B. Rank order in Mdr1a/b–/–Bcrp1–/–  (Triple knockout, TKO) mice

Animal ID
Time of 

Collection
Erlotinib Afatinib AEE788 Gefitinib AZD3759 Vandetanib Dacomitinib Osimertinib

1 0.5h 0.423 0.562 1.85 0.897 1.33 1.74 3.09 5.71 1

2 0.5h 0.167 0.468 0.574 1.00 2.90 1.64 4.05 5.84 2

3 0.5h 0.159 0.193 0.658 0.661 2.18 2.45 14.2 8.27 3

4 0.5h 0.131 0.583 0.621 0.92 2.97 1.81 11.3 3.06 4

5 1h 0.258 1.14 1.21 1.39 3.10 3.70 ND 17.7 5

6 1h 0.179 1.15 1.08 1.38 3.04 2.72 5.88 5.55 6

7 1h 0.217 0.272 1.43 2.01 5.94 3.03 4.19 20.0 7

8 1h 0.147 0.875 1.45 1.50 2.59 2.37 21.6 3.67 8

9 2h 0.354 1.94 2.63 2.52 4.39 3.10 12.4 7.66

10 2h 0.164 1.10 4.65 4.73 5.66 7.15 16.4 23.1

11 2h 0.278 1.86 1.53 1.49 2.45 4.66 10.5 3.58

12 2h 0.201 1.16 0.943 1.33 2.11 4.57 4.93 20.0

13 4h 4.18 3.11 2.69 2.39 2.66 8.01 24.1 52.3

14 4h 0.150 3.43 4.20 2.77 2.43 8.29 19.3 19.9

15 4h 0.057 2.55 3.42 3.25 3.48 5.83 23.7 16.3

16 4h 0.915 7.97 2.20 6.65 19.2 7.19 17.1 10.3

17 8h LLOQ 0.944 1.22 0.96 0.42 13.5 18.5 LLOQ

18 8h LLOQ 2.11 1.99 2.22 2.28 6.04 11.3 46.7

19 8h LLOQ 6.71 3.07 3.30 2.65 41.8 28.2 64.5

20 8h LLOQ 6.51 2.46 3.22 2.67 5.30 12.0 25.3

21 16h LLOQ 3.21 0.773 2.23 0.766 23.3 6.24 5.18

22 16h LLOQ 6.41 0.921 3.69 11.4 LLOQ LLOQ LLOQ

23 16h LLOQ 8.59 0.713 11.3 LLOQ LLOQ LLOQ LLOQ
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Figure 4. Correlation between Kp and clogD/sqrt(MW) or MPO score in wild-type and 

TKO. 
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