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Summary
Introduction. A cisplatin-based dry powder for inhalation (CIS-DPI-50) was developed to be administered during the off-cycles of conventional anticancer therapies to intensify tumour exposition to chemotherapy. The aim was to evaluate the exposure of lung tumour and organs to platinum after CIS-DPI-50 administration in lung tumour-bearing mice. Methods.  Pharmacokinetic and biodistribution studies were conducted following different cisplatin dose levels and regimens in the LLC1-Luc model. Results. After a single administration of CIS-DPI-50 at 0.5 mg/kg, platinum concentrations in the lung tumour were immediately high and increased slowly until reaching Cmax 2h later (20 ± 17 ng/mg) before decreasing gradually. This led to an AUC0-∞ of 10,683 ± 5,837 ng.min.mg-1 in the lung tumour, which was nearly 10-fold higher than the AUC0-∞ in tumour-free lungs (1,072 ± 825 ng.min.mg-1). This trend was also observed at different dose levels and regimens within a week with platinum concentration in the lung tumour 2-fold (with 0.5 mg/kg/day x 3 days), 4-fold (with 0.5 mg/kg/day x 5 days) and up to 6-fold higher (with 1 mg/kg/day x 5 days) than in tumour-free lungs. Moreover, it seemed that the higher the weekly dose was, the higher the concentration in the lung tumour, which tended to demonstrate a higher penetration within the lung tumour than in tumour-free lungs due to a diffusion effect based on the gradient of concentration. Conclusion. Single and repeated CIS-DPI-50 induced a high lung tumour exposition without accumulation within the 1-week treatment. 
Key Message
An innovative cisplatin-based dry powder for inhalation developed for the off-cycles of conventional anticancer therapies increases lung tumour exposure to platinum as revealed by pharmacokinetic and biodistribution data generated in the LLC1-Luc lung carcinoma model without accumulation within the 1-week treatment. 
Introduction
Lung cancer is the second most frequent (11.4%) and deadliest (18.0%) cancer worldwide for both sexes [1]. The 5-year survival rate is slightly improving but remains low at 21.7% in the USA [2]. Although immunotherapy has become a key-player for advanced stages, systemic cisplatin-based doublet chemotherapy remains widely used. The major limitations of conventional therapies are the limited fraction retrieved in the lungs (i.e. 10-15%) [3] and the systemic dose-limiting toxicities imposing the staggering of treatment cycles to allow non-cancerous tissues to recover [4]. During these off-cycles, all the body recovers including the tumour tissue [5]. Therefore, an innovative cisplatin-based dry powder for inhalation (CIS-DPI-50) was developed to be administered in combination with conventional intravenous (iv) therapies against lung cancer [6]. This was done to expose the lung tumour more frequently to chemotherapy and to shorten the off-cycles. Platinum-based therapies present a dose-dependent efficacy with a significant correlation reported between the platinum concentration in the lung tumour and the treatment effectiveness in terms of tumour-size reduction, survival and recurrence of the disease for non-small cell lung cancer patients [7]. Therefore, the aim of this work was to evaluate the exposure of lung tumours and tumour-free organs to platinum following a single and repeated administration of CIS-DPI-50 to mice bearing a lung tumour, according to several cisplatin dose levels and regimens. 
Materials and methods
Materials
CIS-DPI-50 and the blends for endotracheal (ET) delivery to mice were manufactured according to the protocol described elsewhere [6]. The LLC1-Luc cell line was purchased from ATCC (Maryland, USA) and its transfection was assessed with pLenti EF1-luc MOI 100. All materials for cell culture were purchased from Life Technologies (Merelbeke, Belgium). Ultrapure water was obtained from a Pure-Lab Ultra® purification system (Elgan Lane End, UK). All solvents and chemicals were analytical grade.

Animals and engraftment procedure
Female 8-week-old C57BL/6J mice (18-20g) were purchased from Charles River (Écully, France), were kept under conventional housing conditions (12h/12h night and day cycles, 22  2°C, 55  10% RH) and were given dry food and water ad libitum. All experiments were performed in accordance with EU Directive 2010/63/EU for animal experiments. The LLC1-Luc cells were cultured in DMEM media, supplemented with 10% (v/v) foetal bovine serum, 1% (v/v) penicillin-streptomycin, and 0.02% (v/v) gentamycin in an incubator with 5% CO2, at 37°C and in conditions recommended by the ATCC. A cell suspension (5.104 cell/mL) was implanted on day 0 following the intrapulmonary graft described previously [6].
[image: ]
Figure 1 – Scheme of administration of cisplatin formulations for PK and biodistribution studies
Pharmacokinetic (PK) study following a single administration of CIS-DPI-50
On day 6, LLC1-Luc-grafted mice were administered with CIS-DPI-50 and cisplatin iv at the cisplatin doses of 0.5 and 2 mg/kg, respectively (Figure 1).  CIS-DPI-50 was administered to mice via ET insufflation according to the protocol described previously [6]. Retro-orbital blood for plasma (heparinized tubes, centrifuged at 2,000 g for 10 min at 20°C) and lungs and tumours were collected at 1 min, 10 min, 30 min, 1h, 2h, 4h, 8h and 24h following the administration of CIS-DPI-50 (n=6-7 mice per timepoint), and at 30 min, 1h and 2h following the administration of cisplatin iv (n=5 per time point). Lungs without the tumour (i.e. tumour-free lungs) were washed in PBS. The tumour extracted from the lungs (i.e. tumour) was washed in 100 L PBS that was called the tumour fluid. They were both analysed for their platinum content. The platinum content of the tumour fluid corresponded to platinum present at the periphery of the tumour. PK parameters in the organs and plasma were calculated from curves of platinum concentration over time. 
Biodistribution study following repeated administration at different cisplatin dose levels and regimens
LLC1-Luc-grafted mice were administered with CIS-DPI-50, several times per cycle of 5 days (i.e., 0.5 mg/kg/day x 3 days, 0.3 mg/kg/day x 5 days, 0.5 mg/kg/day x 5 days and 1 mg/kg/day x 5 days) as from day 6 (Figure 1). CIS-DPI-50 administrations and blood and organs sampling were made as described above at 2h following the last cisplatin administration (i.e., Cmax in the tumour following CIS-DPI-50 administration).
Platinum concentration and statistical analyses
The platinum concentration in lung tumour, tumour-free lungs, kidneys, tumour fluid and plasma are determined using a validated electrothermal atomic absorption spectroscopy method as described previously [6].
[bookmark: _Hlk55136508]One-way ANOVA with Bonferroni’s post-tests was conducted to compare groups using the GraphPad PRISM® (7.0a) software. Results are presented as the mean value ± SEM, unless otherwise indicated.
Results and discussion
The results were generated in a preclinical model of lung tumour that is not sensitive to cisplatin to avoid the impact of the dose and/or of the regimen to the tumour size (data not shown).
PK profiles in lungs and tumour following a single administration of CIS-DPI-50
The PK parameters for tumour-free lungs, reported in Table 1, were close to those obtained during the PK study conducted on healthy mice as the Tmax (1 min; first timing point), Keli (0.058 vs 0.036 min-1) and t½i (12 vs 19 min) were similar [6]. The PK profiles obtained showed a quite fast platinum elimination from the tumour-free lungs (from 15 ± 7 ng/mg just after administration to about 1.6 ± 1.0 ng/mg after 10 min), whereas a high diffusion and a very slow elimination was observed into the lung tumour. Indeed, the PK profile in the lung tumour demonstrated the presence of a relatively high constant platinum concentration to 1h post-administration (16 ± 11 to 11 ± 6 ng/mg for 1 min and 1h, respectively) until reaching a peak concentration (Cmax) at 2h (20 ± 17 ng/mg, Table 1). The platinum concentration in the lung tumour then slowly decreased until reaching 7 ± 4 ng/mg 4 hours later, and 5 ± 2 ng/mg 24 hours later. The drug distribution was quite different in the lung tumour following cisplatin iv 2 mg/kg, Tmax was 30 minutes (i.e., the first timepoint) and Cmax was more than 10-fold lower than the platinum concentration following CIS-DPI-50 at this timepoint (1.3 ± 0.1 ng/mg vs. 13 ± 7 ng/mg, respectively). Moreover, CIS-DPI-50 0.5 mg/kg decreased the systemic exposition in comparison with cisplatin iv 2 mg/kg. This showed the added-value of the pulmonary vs. the IV route in terms of local (lung tumour and tumour fluid) vs systemic (plasma) exposure.
These results are promising, as the concentration in the lung tumour was immediately high following the administration of CIS-DPI-50 and increased slowly until reaching Cmax 2h later, while platinum elimination was slow. Indeed, platinum was eliminated following two phases: a first elimination of cisplatin from lungs and lung tumours with a t½i of 12 min and 94 min, respectively; and a second elimination, probably of cisplatin adducts, with a t½i of 8h and 15h, respectively. Consequently, this was correlated with an AUC0-∞ of 10,683 ± 5,837 ng.min.mg-1 in the lung tumour, which was nearly 10-fold higher in comparison with the AUC0-∞ in the tumour-free lungs (1,072 ± 825 ng.min.mg-1, Table 1). 
[bookmark: _Ref73692488][bookmark: _Ref70171606]Table 1 - PK parameters of platinum concentration from a single administration of CIS-DPI-50 at 0.5 mg/kg in LLC1-grafted mice. All results are expressed as the mean ± SEM (n=5-7 per timepoint).
	Pharmacokinetics parameters
	Tumour-free lungs
	Lung tumour
	Tumour fluid
	Plasma

	Cmax (ng/mg-ng/µL)
	15 ± 7
	20 ± 17
	272 ± 224
	0.38 ± 0.06

	Tmax (min)
	1
	120
	1
	30

	AUC0-∞ (ng.min.mg-1 – ng.min.µl-1)
	1072 ± 825
	10683 ± 5837
	3426 ± 2068
	30 ± 9

	Kel i (min-1)
	0.058
	0.0074
	0.080
	0.12

	t1/2 i (min)
	12
	94
	9
	6

	Kel t (min-1)
	0.0015
	0.00078
	0.0072
	0.016

	t1/2 t (h)
	8
	15
	1.6
	0.73


Biodistribution results following different cisplatin dose levels and regimens
The data observed at 2h following CIS-DPI-50 showed that platinum concentrations in tumour-free lungs, lung tumour, plasma and kidneys were similar at different CIS-DPI-50 dose regimen tested, with no significant platinum concentration increase observed within a treatment of 1 cycle (p > 0.05 one-way ANOVA and Bonferroni’s post-test) (Figure 2). These results confirmed the trends obtained with the PK data discussed above, showing that CIS-DPI-50 tend to be completely cleared from the lungs within 24h. Further administration weeks were not considered in the LLC1 lung tumour-bearing mice as the tumour size was too large and the overall condition of the mice was degraded (data not shown), which were not representative to the condition encountered in patients. Nevertheless, the absence of platinum accumulation was also observed in the cisplatin-sensitive M109 lung carcinoma model, with no platinum accumulation in plasma observed after 4 weeks of CIS-DPI-50 administration at 1 mg/kg/day x 5 days (data not shown).
The platinum concentrations in the lung tumour were higher than in tumour-free lungs for all CIS-DPI-50-treated groups except at the lowest dose level 0.3 mg/kg/day x 5 days, with 2-fold (0.5 mg/kg/day x 3 days), 4-fold (0.5 mg/kg/day x 5 days) and 6-fold (1 mg/kg/day x 5 days) higher concentrations in the lung tumour. Moreover, the higher the cumulative dose was for a 1-week treatment, the higher the platinum concentration in the lung tumour, which demonstrated a dose-dependent penetration into the tumour. Therefore, these results can support the diffusion theory based on the gradient of concentration, with a higher concentration gradient that led to a higher penetration in the lung tumour [8]. It seemed that for a lower dose than 0.5 mg/kg/day, the concentration gradient generated was not high enough to potentialize the penetration of cisplatin into the lung tumour. 


[bookmark: _Ref70172211][bookmark: OLE_LINK1]Figure 2 - Platinum concentration in tumour-free lungs (A), lung tumour (B), tumour fluid (C), plasma (D) and kidneys (E) in LLC1 grafted mice, 2h following a single administration of CIS-DPI-50 at 0.5 mg/kg or cisplatin iv at 2.0 mg/kg or repeated administrations of CIS-DPI-50 following different doses and frequencies over week-cycle. All results are expressed as the mean ± SEM (n=7-11 per timepoint). ns means non-significant; *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001 (one-way ANOVA and Bonferroni’s post-test)
Conclusion
CIS-DPI-50 after a single and repeated administrations at different dose levels (from 0.3 to 1 mg/kg/day) and regimens (3 times or 5 times a cycle) during 5 days showed dose-dependent lung tumour exposure without trends to platinum accumulation in main organs including the lungs. These results are very promising as they demonstrate higher and prolonged exposure to platinum in the lung tumour than in other organs, suggesting an increase of the therapeutic ratio.
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Administration of CIS-DPI-50 at 0.5 mg/kg/day, 3 days/cycle, sampled after 1 cycle





image2.emf
C

I

S

-

D

P

I

 

0

.

5

 

m

g

/

k

g

C

i

s

p

l

a

t

i

n

 

i

v

 

2

 

m

g

/

k

g

0

.

3

 

m

g

/

k

g

/

d

a

y

 

x

 

5

 

d

a

y

s

0

.

5

 

m

g

/

k

g

/

d

a

y

 

x

 

5

 

d

a

y

s

0

.

5

 

m

g

/

k

g

/

d

a

y

 

x

 

3

 

d

a

y

s

1

 

m

g

/

k

g

/

d

a

y

 

x

 

5

 

d

a

y

s

0.0

0.5

1.0

1.5

P

l

a

t

i

n

u

m

 

c

o

n

c

e

n

t

r

a

t

i

o

n

 

(

n

g

/

m

g

)

Tumour-free lungs

Single

administration

Repeated CIS-DPI

administration

ns

C

I

S

-

D

P

I

 

0

.

5

 

m

g

/

k

g

C

i

s

p

l

a

t

i

n

 

i

v

 

2

 

m

g

/

k

g

0

.

3

 

m

g

/

k

g

/

d

a

y

 

x

 

5

 

d

a

y

s

0

.

5

 

m

g

/

k

g

/

d

a

y

 

x

 

5

 

d

a

y

s

0

.

5

 

m

g

/

k

g

/

d

a

y

 

x

 

3

 

d

a

y

s

1

 

m

g

/

k

g

/

d

a

y

 

x

 

5

 

d

a

y

s

0

1

2

3

4

Tumour

P

l

a

t

i

n

u

m

 

c

o

n

c

e

n

t

r

a

t

i

o

n

(

n

g

/

m

g

)

ND

Single

administration

Repeated CIS-DPI

administration

✱✱

✱

✱

C

I

S

-

D

P

I

 

0

.

5

 

m

g

/

k

g

C

i

s

p

l

a

t

i

n

 

i

v

 

2

 

m

g

/

k

g

0

.

3

 

m

g

/

k

g

/

d

a

y

 

x

 

5

 

d

a

y

s

0

.

5

 

m

g

/

k

g

/

d

a

y

 

x

 

5

 

d

a

y

s

0

.

5

 

m

g

/

k

g

/

d

a

y

 

x

 

3

 

d

a

y

s

1

 

m

g

/

k

g

/

d

a

y

 

x

 

5

 

d

a

y

s

0

50

100

150

P

l

a

t

i

n

u

m

 

c

o

n

c

e

n

t

r

a

t

i

o

n

(

n

g

/

µ

L

 

P

B

S

)

Fluid tumour

Single

administration

Repeated CIS-DPI

administration

✱✱✱✱

✱✱✱✱

✱✱✱

✱✱✱✱

ns

C

I

S

-

D

P

I

 

0

.

5

 

m

g

/

k

g

C

i

s

p

l

a

t

i

n

 

i

v

 

2

 

m

g

/

k

g

0

.

3

 

m

g

/

k

g

/

d

a

y

 

x

 

5

 

d

a

y

s

0

.

5

 

m

g

/

k

g

/

d

a

y

 

x

 

5

 

d

a

y

s

0

.

5

 

m

g

/

k

g

/

d

a

y

 

x

 

3

 

d

a

y

s

1

 

m

g

/

k

g

/

d

a

y

 

x

 

5

 

d

a

y

s

0.00

0.05

0.10

0.15

0.20

Plasma

P

l

a

t

i

n

u

m

 

c

o

n

c

e

n

t

r

a

t

i

o

n

 

(

n

g

/

µ

L

 

p

l

a

s

m

a

)

Single

administration

Repeated CIS-DPI

administration

✱✱✱✱

ns

C

I

S

-

D

P

I

 

0

.

5

 

m

g

/

k

g

C

i

s

p

l

a

t

i

n

 

i

v

 

2

 

m

g

/

k

g

0

.

3

 

m

g

/

k

g

/

d

a

y

 

x

 

5

 

d

a

y

s

0

.

5

 

m

g

/

k

g

/

d

a

y

 

x

 

5

 

d

a

y

s

0

.

5

 

m

g

/

k

g

/

d

a

y

 

x

 

3

 

d

a

y

s

1

 

m

g

/

k

g

/

d

a

y

 

x

 

5

 

d

a

y

s

0.0

0.5

1.0

1.5

2.0

2.5

Kidneys

P

l

a

t

i

n

u

m

 

c

o

n

c

e

n

t

r

a

t

i

o

n

 

(

n

g

/

m

g

)

Single

administration

Repeated CIS-DPI

administration

✱✱✱✱

ns

A B C

D E



