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Monoclonal antibodies (mAbs) are usually delivered systemically, but only a small proportion of the drug reaches the lung after intravenous injection. The
inhalation route is an attractive alternative for the local delivery of mAbs to treat lung diseases, potentially improving tissue concentration and exposure to the
drug while limiting passage into the bloodstream and adverse effects. Several studies have shown that the delivery of mAbs or mAb-derived biopharmaceuticals
via the airways is feasible and efficient, but little is known about the fate of inhaled mAbs after the deposition of aerosolized particles in the respiratory system.
We used cetuximab, an anti-EGFR antibody, as our study model and showed that, after its delivery via the airways, this mAb accumulated rapidly in normal and
cancerous tissues in the lung, at concentrations twice those achieved after intravenous delivery, for early time points. The spatial distribution of cetuximab
within the tumor was heterogeneous, as reported after i.v. in-jection. Pharmacokinetic (PK) analyses were carried out in both mice and macaques and showed
aerosolized cetuximab bioavailability to be lower and elimination times shorter in macaques than in mice. Using transgenic mice, we showed that FcRn, a key
receptor involved in mADb distribution and PK, was likely to make a greater con-tribution to cetuximab recycling than to the transcytosis of this mAb in the
airways. Our results indicate that the inhalation route is potentially useful for the treatment of both acute and chronic lung diseases, to boost and en-sure the
sustained accumulation of mAbs within the lungs, while limiting their passage into the bloodstream.

1. Introduction been approved for sale around the world, for the treatment of various
human diseases. Three mAbs (omalizumab, Xolair™; bevacizumab,
Avastin™; palivizumab, Synagis™) are currently on the market for re-

spiratory diseases, but another nine are currently in Phase III clinical tri-

In recent decades biopharmaceuticals, such as monoclonal antibod-
ies (mAb) and antibody-based biotherapeutic agents in particular, have

become established major components in the therapeutic arsenal di-
rected against cancers, and autoimmune and inflammatory diseases
[1-3]. More than 30 mAbs or antibody-based biopharmaceuticals have
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als [4]. Chronic lung diseases, such as lung cancer, chronic obstructive
pulmonary disease (COPD), and idiopathic pulmonary fibrosis (IPF),
thus continue to represent an unmet medical need with high morbidity
and mortality [5-7].

The systemic route is generally used for the administration of mAbs
in humans, resulting in very low concentrations of mAb in the lungs
[8,9]. Moreover, this route exposes healthy organs to these potentially
deleterious drugs and is associated with potential toxicity and severe



adverse effects, such as a thickening of the serum and cytokine release
syndrome [10]. Finally, systemic delivery is invasive, resulting in more
frequent hospitalization of patients with chronic diseases, for at least
short periods, for treatment. This increases clinical costs and limits pa-
tient compliance.

Most of the drugs in clinical trials for the treatment of lung diseases
operate principally in the lungs (the organ housing the diseased tissue)
rather than in the periphery. The direct targeting of the affected organ is
thus an attractive option, to increase the therapeutic benefit of treat-
ment while reducing the likelihood of adverse effects. The inhalation
route is already widely used by clinicians for the administration of con-
ventional chemical drugs and its tolerance profile is good [11]. This
route is currently the accepted standard route for key respiratory
drugs for COPD and asthma [12,13]. New opportunities for the use of
this route have recently emerged, with the development of aerosolized
antibiotics for the treatment of ventilator-acquired pneumonia with
higher doses than can be administered systemically, due to safety con-
cerns [14,15]. With the exception of dornasealfa (Pulmozyme®), a re-
combinant human DNase used to treat cystic fibrosis, the airways are
used principally for the delivery of small drugs (beta2-adrenoreceptor
agonists, muscarinic antagonists, and corticosteroids) [12,13]. We and
others have shown that mAbs are resistant to the physical constraints
of aerosolization, retaining their physical and immunological proper-
ties [16,17]. We have also shown that the airway route is potentially ap-
propriate for the delivery of aerosolized cetuximab, an anti-EGFR
monoclonal antibody, limiting the growth of tumors engrafted in the
lungs while only very small amounts passing very slowly into the blood-
stream [17]. Similarly, others reported the feasibility of delivering mAbs
or antibody fragments through the airways to treat respiratory diseases
such as respiratory infection, asthma and toxin-associated lung defect
[18-20]. In contrast, inhaled omalizumab, an anti-IgE antibody, did
not attenuate the early and late phase response to an inhaled allergen
in a broncho-provocation model of asthma in humans [21]. However,
the fact that inhaled mAbs passed poorly into the systemic circulation
may provide a good rationale for the apparent lack of efficacy of
inhaled-omalizumab. Indeed, omalizumab acts by reducing free IgE in
the periphery and expression of FCeRI, thereby reducing the amount
of IgE binding to mast cells, basophils, and eosinophils in the lung [22]
. Presently, several questions remain to be answered before the transfer
of this novel route of mAb delivery from the bench into the practice of
respiratory care medicine. We explored the fate of cetuximab, used as
a model mAb in this study on the basis of our knowledge of its behavior
during aerosolization, after the deposition of aerosol particles in the
lungs, in various animal models and with various imaging methods.
We investigated the amount of cetuximab deposited on its target in
the lungs, and the cellular distribution of this mAb in the normal and
tumor tissues, in a mouse model of lung tumors expressing the target
antigen. We also evaluated the effect of this treatment on the antitumor
response. We then analyzed the pharmacokinetics of cetuximab deliv-
ered via the airways in wild-type (WT) and FcRn knockout (KO) mice,
to evaluate the contribution of the neonatal Fc receptor (FcRn), which
plays a key role in the distribution and recycling of IgG and the passage
of mAbs from the lung into the bloodstream [23-29]. Finally, we evalu-
ated the pharmacokinetic profile of aerosolized cetuximab in non-
human primates, a relevant model for the aerosol delivery of cetuximab,
for extrapolation of the results to humans.

2. Materials and methods
2.1. Orthotopic mouse model of lung cancer

Seven-week-old Balb/c nude mice were purchased from Janvier®
(Saint-Berthevin, France) and used to establish an orthotopic model of
bioluminescent lung tumors sensitive to cetuximab. The A549-Luc-c8
cell line was obtained from Perkin Elmer (Courtaboeuf, France).
For tumor induction, the animals were anesthetized and placed on a

frame with the head inclined upward at a 30° angle. A catheter (First
PICC SL 1.9F 24 G x 50 cm, Apotecnia®, Aubagne, France) was inserted
into the trachea via the mouth and 10® A549-Luc cells were injected into
the lungs in 25 pl of serum-free medium containing 0.5 mM EDTA.
Bioluminescence imaging (BLI) was performed 9 to 10 days later, with
the IVIS-Lumina Il imaging system (Perkin Elmer, Villebon sur Yvette,
France), to check the quality of tumor induction and to allocate mice
to homogeneous groups. All the studies using this model were approved
by the ethics committee for animal experiments of the Val-de-Loire
(no. 2012-04-10).

2.2. Antitumor efficacy

We administered 10 mg/kg cetuximab or 0.9% NaCl 10 days after the
implantation of tumor cells, using a Microsprayer® IA-1b aerosolizer in-
troduced orotracheally, as described above, once weekly for three
weeks. Bioluminescence imaging was performed once weekly during
treatment. At the end of the experiment, the animals were killed and
their lungs were removed for histological analysis. Tumor volume was
calculated as previously described [30].

2.3. Intratumor distribution of aerosolized cetuximab

Cetuximab (5 mg/mL) was conjugated to NHS-AF750 dye
(cetuximab-IR dye) with an antibody labeling kit (SAIVI™ Rapid Anti-
body Labeling kits, Invitrogen, Cergy-Pontoise, France), according to
the manufacturer's instructions. Fluorescent cetuximab (cetuximab-AF
750), at a dose of 10 mg/kg, was injected into the tail vein (50 pg mAb
in 200 pl PBS) or directly into the lungs via the airways (50 pg in 50 pl
PBS), in anesthetized A549-Luc tumor-bearing mice. After 2 h, 48 h
and at various time points up to 42 days, the mice were anesthetized
and fluorescence images were obtained from the live animal or from
its lungs after it had been killed. Images were acquired with a Lumina
II (Perkin Elmer) using dedicated filters (excitation: 745 4 15 nm, emis-
sion: 800 £ 10 nm).

24. Fluorescence imaging

Given the major challenges involved in fluorescence quantification
in the lungs, we used two different modes of fluorescence imaging. A
new 3D fluorescence imager operating on true rotating tomography
principles, the BioFLECT imager (Trifoil Imaging, Northridge, USA) was
used, together with ex vivo measurements with the Lumina II (Perkin
Elmer, Villebon sur Yvette, France). We first injected 500 IU heparin
(Choay, Sanofi France) into the mice, to prevent coagulation when the
mice were killed. Tomographic acquisitions were performed with the
BioFLECT device. Mice were then imaged on the CT scanner of a
NanoSPECT/CT scanner (Mediso, Budapest, Hungary) to obtain more
details about anatomic locations. Accurate quantitative data were ob-
tained by the 2D fluorescence imaging of lungs and dissected tumors
and use of a calibration curve. For acquisition and reconstruction infor-
mation, see the supplementary materials and methods.

2.5. Immunohistochemistry

For the detection of cetuximab-AF 750 in the cells of the lungs of
A549-Luc tumor-bearing mice after 3D and 2D quantitative imaging,
the fluorescent lungs were sampled, fixed by the intratracheal infusion
of 10% neutral formalin for 1 h and the tumor was then excised, together
with a similar volume of healthy tissue. The immunohistochemistry
procedure is detailed in the supplementary materials. Briefly, cetuximab
was detected on lung sections (8 um) with the Vectastain Elite ABC kit
for human IgG, as recommended by the manufacturer (Vector Laborato-
ries, Nanterre, France).
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2.6. Administration of aerosolized cetuximab in WT and FcRn KO mice

Eight- to eleven-week-old (C56BL/6 WT and C56BL/6 FcRn KO)
mice were obtained from Janvier® (Saint-Berthevin, France) and The
Jackson Laboratory (Bar Harbor, Maine, USA), respectively. Cetuximab
(5 mg/mL) was purchased from Merck KGaA (Darmstadt, Germany).
All experiments were performed in accordance with national animal
care guidelines (EC directive 86/609/CEE, French decree no. 87-848),
and were approved by the ethics committee for animal experiments
of the Val-de-Loire (no. 2012-04-9). We monitored body weight
throughout the study, as an indicator of health status. WT mice and
FcRn KO mice were anesthetized with 2.5% isoflurane. The mAbs were
administered either as an aerosol, with a Microsprayer® Aerosolizer
[A-1b (Penncentury, Philadelphia PA) introduced orotracheally, or sys-
temically, by retro-orbital injection in anesthetized mice. Cetuximab
was administered at a dose of 10 mg/kg, for both routes. Blood samples
were collected by submandibular puncture at 2 h, 6 h, 1 day, 2 days,
3 days, 7 days, 15 days and 30 days. Blood samples were centrifuged
at 1500 xg for 15 min at 20 °C.

2.7. Administration of aerosolized cetuximab in non-human primates

Ten two-year-old female cynomolgus macaques, each weighing
3 kg, were obtained from Bioprim® (Baziege, France). This study was
approved by the ethics committee for animal experiments of the
Val-de-Loire (no. 2011-03-5).

Cetuximab was administered via the pulmonary or intravenous
route, at a dose of 15 mg/kg, in macaques anesthetized by intramuscular
injection of 0.5 mg/kg ketamine and 10 mg/kg xylazine. The animals re-
ceiving i.v. cetuximab also received an aerosol of saline solution.
Cetuximab was aerosolized in six macaques, resulting in direct delivery
to the tracheobronchial tree, with a Microsprayer® Model 1A-1b
Aerosolizer (PennCentury, Philadelphia, PA) inserted via a pediatric
tracheal tube (Hi-contour™ with Brandt™ system; Tyco Healthcare,
Gosport, United Kingdom). A total of 10 squirts of approximately
150 pl each were administered for the airway delivery of the mAb, as
previously described [31]. Non-concentrated cetuximab was adminis-
tered intravenously to two macaques, with an electric syringe pump, op-
erating at a flow rate of 1 mL/min. Blood samples were collected at 2 h,
6h,24h,48 h,72h,7 days, 15 days, 30 days and 45 days. Hematological
and biochemical parameters were analyzed. At the end of the protocol,
one monkey from each group was killed and the lungs, kidneys, liver
and spleen were excised and analyzed for any signs of toxicity.

2.8. Pharmacokinetic analysis

Plasma concentrations of cetuximab were determined by ELISA, as
previously described [32]. Pharmacokinetic analyses were performed
by compartmental and non-compartmental approaches in mice. Com-
partmental pharmacokinetic analyses were performed by nonlinear
mixed-effects modeling, with Monolix (version 4.2.2, Lixsoft) [33].
Non-compartmental pharmacokinetic analyses were performed with
R software (version 3.0.1), with the “PK” package [34,35].

The compartmental approach describes the concentrations mea-
sured after administration via the two routes, for both FcRn WT and

Fig. 1. Anti-tumor response to cetuximab delivered via the pulmonary route in an
orthotopic mouse model of human lung tumor. 1A. Bioluminescence images of A549-
Luc tumor-bearing mice treated with a saline solution or cetuximab (0.25 mg/animal) ad-
ministered via the pulmonary route. 1B. Kinetics of the mean light intensity of A549-Luc
tumors in mice treated with a saline solution or cetuximab (0.25 mg/animal) adminis-
tered via the pulmonary route. 1C. Mean of the relative volume of A549-Luc tumors on
day 31, after the mice treated with a saline solution or cetuximab (0.25 mg/animal) via
the pulmonary route had been killed. 1D. Immunohistochemical score for cleaved cas-
pase-3 (CC3), corresponding to the number of positive cells per tumor surface, in the
lung tumor area of mice treated with cetuximab or a saline solution via the airways.
*p < 0.05, **p < 0.001.
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Table 1

Mean and SEM of the estimated proportion of the injected (as %) present in the lung and
lung tumor, as determined by the quantification of fluorescence on excised specimens.

Time after Normal lung Lung tumor

injection Lv. route Pulmonary route  Lv. route Pulmonary route
2h 113 £ 025 10331 + 6.27 054 £ 0.11 2154+ 0.29

48 h 0.52 + 0.03 26.05 + 4.05 0.55 + 0.03 0.49 4 0.09
15-21 days 0.16 £ 0.02 0.44 + 0.08 0.18 £ 0.05 0.05 4 0.01

42 days 0.13 + 0.00 0.16 + 0.02 0.03 +£ 0.00 0.03 & 0.00

KO mice, with the same model. This method optimizes the estimation of
common parameters, and allows the quantification of FcRn-mediated
distribution/elimination. Monoclonal antibodies were considered to be
distributed between three compartments: ‘L’ (lung) is the compartment
of administration for the orotracheal route; ‘C’ (central) is the compart-
ment of administration for the i.v. route, for which plasma mAb concen-
trations were determined; and ‘P’ is the peripheral compartment.
Redistribution from compartment x to compartment y is characterized
by a first-order transfer rate constant, ki, (Fig. 4C). A lung bioavailable
fraction F; was also estimated. The differences in mAb pharmacokinetics
between WT and FcRn KO mice were taken into account by allowing the
fraction not bound to FcRn (fu) to vary between 0 and 1. If the value of fu
is low, koyec and koyep mostly result in a transfer (recycling) of mAbs from
compartments ‘C’ to “L” and and ‘P’ to “C”, respectively. If the value of fu
is high, Kouec and koy:p mostly lead to the elimination of mAbs. The non-
compartmental approach described the pharmacokinetic profiles in
terms of the area under the concentration-time curve (AUC in
mg-L~!-day), the area under the first moment of the concentration-
time curve (AUMC in mg-L™!-day?), mean residence time (MRT in
days), half-life for elimination (t;/, in days), mean absorption time
(MAT in days) and the bioavailable fraction (F in %).

2.9. Statistical analysis

Continuous values are expressed as means + SEM. Two-tailed
Mann-Whitney tests were performed for comparisons of biolumines-
cence, tumor volume and numbers of cleaved caspase-3-positive cells
between the aerosolized cetuximab and placebo groups, in mice. This
test was also used to compare subcutaneous tumor volumes between
the pulmonary cetuximab and placebo groups in mice. We considered
p values < 0.05 to be statistically significant.

3. Results
3.1. Mouse model of a bioluminescent lung tumor sensitive to cetuximab

Cetuximab binds with high affinity to the epidermal growth factor
receptors (EGFRs) of both humans and macaques, but not to the rodent
ortholog [36,37]. We analyzed the amount of cetuximab deposited on
its target antigen site and the cellular distribution of this mAb within
the lungs after direct delivery to the lungs, by developing a mouse
model of lung tumor. A549-Luc cells - human alveolar adenocarcinoma

Fig. 2. Lung distribution of cetuximab-AF 750 delivered by the i.v. or pulmonary route in
A549-Luc tumor-bearing mice. 2A. Representative bimodal images of the lungs (sagittal
views) combining fluorescence tomography and CT scans for animals receiving a single
i.v. (13 days) or pulmonary (48 h) administration of cetuximab-AF 750. Arrows indicate
the position of the lung tumor. 2B. Ex vivo fluorescence images of the lungs of A549-Luc
tumor-bearing mice, after tracer injection (cetuximab-AF 750). One representative speci-
men is presented for each imaging time. The color scales are not the same for all charts be-
cause of the decrease in fluorescence intensity over time. However, all images are
comparable for a given chart. 2C. Estimated proportion of the injected dose of
cetuximab-AF 750 (%) in the normal lung tissue and the tumor, after a single administra-
tion via the i.v. and pulmonary routes. For each time point, n = 3 to 6, except for 42 days,
when n = 1 and 2 for the i.v. and pulmonary routes, respectively. At 24 h, a profile similar
to the one of 48 h was observed (data not shown). Results are expressed as means and
SEM.
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Fig. 3. Inmunohistochemistry analysis of cetuximab-AF 750 in the normal lung tissue and in the lung tumor after a single administration via the i.v. and pulmonary routes. Kinetics of
cetuximab distribution in normal airways and the tumor after i.v. or pulmonary delivery (left panel) (magnification x 10, red scale = 100 um). High-magnification (x40, red scale =
50 pm) images of cetuximab deposition in the lungs after i.v. or pulmonary delivery, obtained at 48 h (right panel).

cells transfected with luciferase — were used for the establishment of
this model, because they display significant levels of EGFR expression
at their surface and are sensitive to cetuximab in vitro (Supplementary
data). Moreover, the implantation and growth of A549-Luc tumors can
be followed by monitoring bioluminescence. Ten days after tumor in-
duction, mice were separated into two homogeneous groups and treat-
ed with aerosols of either cetuximab or a saline solution once weekly for
three weeks. Tumor growth was monitored by weekly bioluminescence
imaging and by the post mortem measurement of tumor volume
(Fig. 1A).

Mean tumor bioluminescence before treatment was similar in the two
groups. On days 16 and 23, the mean bioluminescence signal was signif-
icantly weaker for the group treated with aerosolized cetuximab than for
the group treated with placebo (Fig. 1B). On day 16, the mean + SEM bio-
luminescence was 2.003 x 10° + 0.436 x 10° and 3.917 + 0.718 x
10° p/s/cm?/sr for aerosolized cetuximab and placebo, respectively
(p < 0.05) (Fig. 1B). On day 23, mean + SEM bioluminescence was
2.798 x 10° 4 0.683 x 10° and 5.640 x 10° 4 0.927 x 10° p/s/cm?/sr
for aerosolized cetuximab and placebo, respectively (p < 0.05). On day
30, mean bioluminescence was lower in the aerosolized cetuximab
group, but this difference was not statistically significant. The intensity
of bioluminescence might not reflect tumor growth when the tumor
becomes hypoxic or necrotic [38]. We therefore also evaluated tumor vol-
ume by histopathological analysis. Mean tumor volume was significantly
lower in the cetuximab-treated animals than in the control animals
(Fig. 1C). The difference in tumor volume between the two groups of
animals was 37% at the end of the study (p < 0.05). We explored the mo-
lecular mechanisms of apoptosis associated with tumor reduction, by
evaluating cetuximab-induced apoptosis by the immunohistochemical
investigation of caspase-3 cleavage in the lungs of animals treated with
aerosolized saline buffer or cetuximab. In the tumor area, the mean

number of cleaved caspase-positive cells/mm? was 0.113 4 0.030 in the
cetuximab-treated mice and 0.630 + 0.167 in the placebo-treated mice
(p <0.001) (Fig. 1D). The higher levels of cleaved caspase-3 in the
cetuximab group are consistent with the tumor reduction observed in
this group. These results demonstrate that this model is robust enough
for evaluation of the distribution of cetuximab in the target tumor tissue.

3.2. Distribution of mAb to its target antigen after delivery via the airways

Much less is known about the biodistribution of mAbs after airway
delivery than after i.v. injection. We analyzed the distribution of
cetuximab in the A549-Luc lung tumor model, which is sensitive to
cetuximab. Cetuximab was conjugated to an infrared dye (cetuximab-
750-IRdye) and administered by the i.v. or pulmonary route, in A549-
Luc tumor-bearing mice. The distribution of the antibody was analyzed
by near-infrared imaging (NIRF). The 2D and 3D fluorescence images
showed the effective deposition of cetuximab-IR dye in the tumor for
both routes (Fig. 2A and B).

At 2 h, the amount of cetuximab in the lung tumor, as determined by
fluorescence imaging, was 2.15 £ 0.29% and 0.54 + 0.11% of the dose
administered for the pulmonary and i.v. routes, respectively (Table 1).
After this time point, the distribution of cetuximab was similar for
both routes of administration (Fig. 2C and Table 1), as expected, given
that A549-Luc cells are the only specific target of cetuximab, limiting
the non-pulmonary binding of the mAbs delivered i.v. In normal
lungs, an early, marked and durable accumulation of cetuximab was ob-
served after pulmonary delivery but not after i.v. injection (Fig. 2C and
Table 1).

Immunohistochemical analyses showed that the spatial distribution
of cetuximab within the tumor was similar for the two routes of
administration (Fig. 3). The only difference was the accumulation of
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Fig. 4. Pharmacokinetics of cetuximab delivered via the airways in WT and FcRn KO mice. 4A. Schematic representation of the protocol. 4B. Schematic representation of the mechanistic
model used to describe cetuximab pharmacokinetics after pulmonary or systemic administration in FcRn WT (left) and FcRn KO (right) mice. mAbs are distributed between three virtual
compartments: - ‘L’ is the compartment of administration via the pulmonary route. - ‘C’ is the compartment of administration for the i.v. route and the compartment in which mAb con-
centrations were determined. - ‘P’ is the peripheral compartment. Redistribution from compartment x to compartment y is characterized by a transfer rate constant k. The high value of
the fu parameter for FcRn KO mice leads to faster elimination of the mAb. 4C. Visual predictive checking of the cetuximab time-concentration profiles following single injection (i.v. or
pulmonary) in mice. Dots correspond to observed cetuximab concentrations. The solid curves and the gray area are the median and the 90% intervals for all simulated groups, respectively.



Table 2

Estimated non-compartmental pharmacokinetic parameters for cetuximab in WT and
FcRn KO mice. AUC: area under the concentration-time curve; AUMC: area under the
first-moment concentration-time curve; MRT: mean residence time; t;,,: half-life for
elimination; MAT: mean absorption time; F: bioavailable fraction.

CETUXIMAB
FcRn WT FcRn KO
Lv. route n=2_§ n=7
AUCy_,  (mg-L™'-day) 942.9 39.0
AUMCy_, .. (mg-L~'-day?) 9851.4 19.4
MRT (day) 104 0.5
ty, (day) 7.2 03
Pulmonary route n=29 n=
AUCo_, - (mg-L~'-day) 37.0 3.1
AUMCy_, .. (mg-L™!-day?) 456.8 38
MRT (day) 12.4 1.2
ty, (day) 8.6 0.9
F 3.9% 7.9%
MAT (day) 1.9 0.7

cetuximab in the bronchial and alveolar region after airway delivery,
with no detection of cetuximab in the normal lung after i.v. injection
(Fig. 3). Cetuximab was detected in the lumen surrounding bronchial
epithelial cells and in immune cells in the normal mouse lung.

3.3. PK of mAbs delivered via the airways: impact of FcRn expression

The passage of mAbs from the lungs into the bloodstream probably
results from FcRn-mediated capillary absorption, as previously reported
for proteins conjugated to the Fc domain of IgG [26,39]. We evaluated
the contribution of FcRn to the bioavailability of mAbs after airway
delivery, by analyzing the PK parameters of cetuximab delivered to
WT and FcRn KO mice by a non-compartmental approach (Fig. 4A),
using i.v. injection as the control route. Overall, the animals tolerated
well cetuximab delivery and the experimental procedure.

3.4. Intravenous route

Plasma cetuximab concentrations peaked 2 h after systemic delivery
in both WT and FcRn KO mice (Fig. 4 and Supplementary Fig. 3). Elimi-
nation profiles differed between WT and FcRn KO animals. As expected,
cetuximab was no longer detectable seven days after administration in
FcRn KO mice, whereas it was detected in the blood of WT mice until
day 30, the last time point in the study. A non-compartmental pharma-
cokinetic analysis was performed and the estimated mean residence
time (MRT) was greater in WT mice than in FcRn KO mice: 10.4 and
0.5 days, respectively (Table 2). The half-life of the mAb was 7.2 days
in WT mice and 0.3 days in FcRn KO mice.

Table 3

Estimated compartmental PK population parameters (Fig. 4B) for cetuximab in WT and
FcRn KO mice. CV% is the interindividual variability. r.s.e. (%) is the relative standard error
in percentage. a and b are the additive and proportional parameters of the residual error
model, respectively.

Parameter Value (CV%) r.s.e. (%)
F. (%) 3.53(23) 16
Kicerern = wo) (day™") 1(94) 7
kicirern = ko) (day™ ") 3.4(23) 26
V; (mL) 1.1(24) 5
kep (day™1) 6.64 (—) 1
kour (day ™) 2.08 () 1
kouep (day ™) 5.08 (51) 12
Sutrern = we (%) 2.18 (1) 2
futrcrn = ko (%) 43.9 (26) 8
a 0.007 35
b 0.115 8

3.5. Pulmonary route

After pulmonary delivery, plasma cetuximab concentration peaked
very early, after 2 h, in FcRn KO mice, and later, at one day, in WT mice
(Fig. 4 and Supplementary Fig. 3). Surprisingly, the non-compartmental
pharmacokinetic analysis showed that the bioavailability of cetuximab
was lower in WT mice than in FcRn KO mice: 7.9% and 3.9% in FcRn KO
and WT mice, respectively (Table 2). The elimination profiles also dif-
fered radically between WT and FcRn KO mice. Cetuximab was not de-
tectable at 7 days in FcRn KO mice, whereas it remained detectable
until day 30 in WT mice. The MRT was longer in WT mice than in FcRn
KO mice (10.4 and 0.3 days, respectively). Moreover, the mean absorp-
tion time was very short in FcRn KO mice, at an estimated 0.7 days,
and was much shorter than the 1.9 days recorded for WT mice. Similar
results were obtained with rituximab, another chimeric mAb without a
target antigen in mice (Supplementary Fig. 3, and Supplementary
Table 1).

A semi-mechanistic PK model was developed, to describe the serum
concentration-time profiles of the mAb in WT and FcRn KO mice
(Fig. 4B). The transfer of mAbs between the lung and central compart-
ments was mostly in the direction of the lung for WT mice and in the di-
rection of the central compartment for KO mice (Table 3). The estimated
PK parameters indicated that the larger fraction of mAb not bound to
FcRn (fu) in FcRn KO mice as compared to WT mice led to the faster
elimination of the mAb (Fig. 4C and Table 3). Elimination rates for
cetuximab (fuxo/fuwr) were thus 20 times higher in FcRn KO mice
than in FcRn WT mice. Similar results were obtained for rituximab deliv-
ered i.v. and via the airways (Supplementary Table 2).

3.6. Comparison of pharmacokinetics in mice and non-human primates

Non-human primates are often used for PK analyses of mAbs and in
aerosol studies because of their immunological and anatomical similar-
ities to humans. We analyzed the PK parameters of cetuximab in 8 ma-
caques, each of which received a single administration of cetuximab via
the i.v. (n = 2) or the pulmonary (n = 6) route. The procedure is de-
tailed in Fig. 5A. Single doses of cetuximab delivered via the airways
were well tolerated, as shown by the absence of significant variation
for the weight, biochemical and hematological parameters (Fig. 5B).
Moreover, the pathologists saw no sign of toxicity or of lesions in the
lungs excised from two animals killed after the administration of
cetuximab via the airways.

The dose of 15 mg/kg used here lies in the range for which the dose-
response relationship is nonlinear. Cetuximab displayed a biphasic bio-
availability profile after i.v. injection, with a rapid distribution phase
followed by a prolonged elimination phase (Fig. 6). After airway deliv-
ery, cetuximab was absorbed slowly and in only small amounts, with
even lower levels found in the bloodstream than in mice. The compart-
mental approach was not possible, because of the high heterogeneity of
PK profiles and the small number of animals. With the exception of one
macaque that inhaled gastric liquid during aerosol delivery and
displayed a high level of mAb passage into the bloodstream (Supple-
mentary Fig. 4), PK analyses by a non-compartmental approach indicat-
ed that the bioavailability of cetuximab in serum after pulmonary
administration (F) was low, even lower than that in rodents, at only
0.3% (Table 4). The mean residence time (MRT) in serum was 2.8 days
and the mean absorption time (MAT) was 8.1 days, these values being
different from those for rodents.

4. Discussion

The route of administration may be critical to optimize the benefits
of mADbs in respiratory diseases. We evaluated the processes occurring
after the deposition of the aerosolized mAbs in the lungs. Our findings
clearly demonstrate that the airways are a relevant route of administra-
tion for improving the therapeutic index of mAbs, increasing their
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Fig. 5. Tolerance profile of aerosolized cetuximab in non-human primates. 5A. Schematic representation of the protocol. 5B-F. Weight, hematological and biochemical parameters mea-

sured in macaques after the intravenous or airway delivery of cetuximab.

concentration within the target organ while limiting their passage into
the bloodstream.

We first developed a murine model of a bioluminescent human lung
tumor sensitive to cetuximab. In this model, the once weekly
intrapulmonary administration of cetuximab significantly limited lung
tumor progression. Consistent with previous results showing that the
cetuximab-induced antitumor response is due partly to apoptosis, we
found a marked increase in the levels of cleaved caspase-3, a central me-
diator and marker of apoptosis, in the tumor cells of mice treated with
aerosol-delivered cetuximab [40-42]. This suggests that the molecular
mechanisms of cetuximab action are independent of the route of ad-
ministration. This model, in which we were able to demonstrate an ob-
jective therapeutic response to airway-delivered cetuximab was then
used to quantify cetuximab distribution in the lungs and the tumor
after pulmonary delivery.

We used a combination of quantitative and qualitative methods to
assess the distribution of cetuximab. Whole-body fluorescence tomog-
raphy with a near-infrared fluorochrome was carried out with a next-

generation 3D imaging device, to determine the location of cetuximab
in the lung and the tumor. This method is particularly suitable for the
imaging of mAbs with low clearance rates in blood and for which radio-
isotopic imaging methods, such as PET and SPECT, are not appropriate
for long-terms studies, such as studies of biodistribution, pharmacoki-
netics and the determination of residence time at the tumor target.
Near-infrared fluorescence imaging is highly suitable for the in vivo im-
aging of deposition or targeting in the lung. However, accurate quantifi-
cation remains difficult, due to the characteristics of this organ,
particularly as concerns the absorption and diffusion of photons. We
therefore used a combination of 3D in vivo imaging and 2D quantifica-
tion on ex-vivo lung specimens to determine the amount of cetuximab
in the target tissue. We also used immunohistochemical analysis to de-
termine the location of cetuximab in the lung and target tumor tissue
more precisely. We found that cetuximab reached the tumor, and that
tumor uptake was time-dependent after both systemic and pulmonary
administrations. However, the profiles of cetuximab uptake into the
tumor and the normal lung depended on the route of administration.
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The mAb accumulated rapidly in these tissues after airway delivery, at
concentrations twice those for the i.v. route at early time points.
Cetuximab reached the target tumor tissue more slowly after i.v. injec-
tion. These results suggest that aerosol delivery is potentially relevant
for administration of anticancer mAbs with a dose-dependent mecha-
nism of action. After 48 h, the concentration of cetuximab in the
tumor was similar for the two routes, as expected given the model
used. Indeed, cetuximab can bind only to A549-Luc in this animal
model and it therefore concentrated in the tumor after i.v. injection.
The tumor lesions in this model were small, but the spatial distribution
of cetuximab within the tumor was nevertheless heterogeneous, as pre-
viously reported for other mAbs [43-46].

Table 4

After i.v. injection, mAb penetration is often limited to perivascular
spaces, and several parameters, such as mAb affinity, antigen expression
and internalization and hypoxia, have been shown to influence their
distribution within solid tumors [43-45]. After pulmonary delivery,
cetuximab staining was more pronounced at the edges of the respirato-
ry branches, undoubtedly due to the large amounts of mAb accumulat-
ing in the airways. Given these differences in spatial distribution, it
might be interesting to combine the two delivery routes (i.v. and pul-
monary) to improve mAb distribution within lung tumors. The pulmo-
nary route, whether used alone or in combination with standard i.v.
treatments, would be particularly useful for the treatment of lepidic
lung adenocarcinomas, which are generally excluded from clinical trials.

Small drugs delivered via the pulmonary route have been shown to
have short retention times in the lungs, due to massive and rapid pas-
sage into the systemic circulation through passive diffusion [47-49].
By contrast, we previously demonstrated that cetuximab entered the
bloodstream only very slowly and in small amounts after aerosol deliv-
ery [17]. Other groups showed that the bioavailability of Fc-fusion pro-
teins (erythropoietin, FSH, IFNR, IFNat) may depend on the size and
structure of the molecules [27,28]. With erythropoietin, they have re-
ported a similar limited bioavailability of dimeric Fc fusion molecule
(5-10% in primates and human) as opposed to the high transfer into
the bloodstream of the monomer configuration (around 30%) [39].
The mechanisms involved in the passage of mAbs from the lungs into
the bloodstream are not fully understood. FcRn, a receptor that binds
IgG, plays a key role in the pharmacokinetics of mAbs, contributing to
their recycling and transcytosis [23-25]. In the lungs, the expression of
this receptor is restricted to the epithelial cells of the upper airways
and alveolar macrophages in humans and macaques, whereas it is also
detected in the epithelium of the alveolar region in rodents [21,24]. Pre-
vious studies with Fc-fusion proteins clearly incriminated FcRn in this
transepithelial transport mutating amino acids in the Fc domain critical
for FcRn binding [39]. In this study, we used WT and FcRn KO mice to
investigate the precise contribution of FcRn to the transfer of mAbs de-
livered via the airways from the lungs to the bloodstream. The bioavail-
ability of mAbs was low after pulmonary delivery in WT animals but,
surprisingly, it was twice as high in FcRn KO animals. This indicates
that FcRn is not the only factor involved in the transfer of mAbs to the
bloodstream. Lymph drainage, which is involved in the uptake of large
molecules, probably also contributes to the absorption of mAbs from
the lungs, potentially accounting for the rapid passage of mAbs into
the bloodstream after pulmonary delivery in FcRn KO mice. This hy-
pothesis is supported by the detection of exogenous mAbs in lymph ves-
sels after regional intestinal delivery [50]. The pharmacokinetic model
also highlighted a 10 times longer mean residence time of mAbs in the
lungs of WT mice than in those of FcRn KO animals. Overall, our results
suggest that FcCRn may make a greater contribution to mAb recycling
than to IgG transcytosis in the airways. Furthermore, they suggest that

Non compartmental pharmacokinetic analysis of cetuximab administered via the i.v. or pulmonary route in macaques. AUC: area under the concentration-time curve; AUMC: area under
the first-moment concentration-time curve; MRT: mean residence time; t; »: half-life for elimination; MAT: mean absorption time; F: bioavailable fraction.

AUC AUMC MRT Mean AUC Mean AUMC Mean MRT Mean MAT Mean tq 2P F
(mg-L~"-day) (mg-L~"-day?) (day) (mg-L~"-day) (mg-L~"-day?) (day) (day) (day) (%)
Lv. route
Monkey 1 771.73 2201.93 2.9 7514 21303 2.8 - 1.96 0.3%
Monkey 2 731.01 2058.67 2.8
Pulmonary route
Monkey 3 2.84 23.41 8.2 2.1 21.8 10.9 8.1
Monkey 4 2.42 6.95 2.9
Monkey 5 1.32 13.30 10.1
Monkey 6 1.87 28.38 15.1

Monkey 7 2.02 36.93 183




FcRn may mediate the excretion into the lumen of mAbs from lung
tissue.

Additional experiments were performed in macaques, a relevant an-
imal species anatomically and immunologically closer to humans, to fa-
cilitate the extrapolation of PK results to humans. In macaques, a single
dose of cetuximab delivered via the airways was well tolerated and had
a low bioavailability (0.3% of the dose administered), consistent with
findings for dimeric Fc-conjugated proteins [27]. Moreover, aerosolized
cetuximab was eliminated more rapidly in macaques than in mice
(1.96 vs. 8.9 days), consistent with the binding of cetuximab to the sim-
ian EGFR, which is strongly expressed in the bronchi and probably con-
tributes to mAb elimination, through effects on target-mediated drug
disposition [51]. The antigen-dependent elimination of cetuximab and
the restriction of FcRn expression to the upper airways in macaques
may account for the difference in bioavailability between rodents and
macaques, and for the inter-individual variability of absorption in
macaques.

Numerous mAbs for respiratory diseases, such as asthma and idio-
pathic pulmonary fibrosis, are being developed and some are already
at the clinical trial stage [52,53]. The standard delivery route for all
these mADs is i.v. injection. However, less invasive routes of administra-
tion are being investigated for the treatment of long-term chronic dis-
eases |54]. Airway delivery is often used for the ambulatory treatment
of patients with respiratory diseases and could therefore be considered
for the local delivery of mAbs [55,56]. Overall, our results demonstrate
that the administration of mAbs via the airways is effective, and well tol-
erated, leading to sustained high levels of accumulation in the lungs and
only very slow absorption of small amounts of the mAb into the blood-
stream. The pulmonary route may therefore constitute an attractive al-
ternative to the systemic delivery of full-length mAbs for the treatment
of outpatients with chronic respiratory diseases. This conclusion is sup-
ported by the findings of several preclinical studies of inhaled recombi-
nant interleukin-derived products and anti-IL-13 Fab’ fragments, which
have given promising results in human trials and animal models of asth-
ma [20]. The pulmonary route may also be valuable for boosting the
concentration of mAbs in the lungs over short periods of time. This
may be crucial in infectious diseases of the respiratory tract, to inacti-
vate the pathogen rapidly and prevent host tissue damage. Collectively,
these data suggest that additional studies, including clinical trials in par-
ticular, should be carried out, to provide guidance on the therapeutic in-
dications for the airway delivery of mAbs.

5. Conclusion

Biotherapies constitute the fastest growing sector of approved drugs.
As a result, there is increasing interest in their regional delivery to the
lungs via the airways, to increase therapeutic benefits to patients and
to facilitate self-administration, which is both convenient and cost-
effective. Our findings add new pieces to the “proof-of-concept” puzzle,
demonstrating the efficacy of this route of delivery and providing infor-
mation about the fate of inhaled mAbs in the treatment of respiratory
diseases. They will undoubtedly contribute to the future development
of inhaled mAbs for the treatment of respiratory diseases, for which
there is still a significant unmet medical need.
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