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Abstract: Despite new treatment modalities, including targeted therapies and checkpoint inhibitors,
cytotoxic chemotherapy remains central in the care of patients with lung tumors. Use of the
pulmonary route to deliver chemotherapy has been proved to be feasible and safe in phase I, Ib/IIa
and II trials for lung tumors, with the administration of drug doses to the lungs without prior
distribution in the organism. The severe systemic toxicities commonly observed with conventional
systemic chemotherapy are consequently reduced. However, development has failed in phase II at
best. This review first focuses on the causes of failure of inhaled chemotherapy. It then presents new
promising technologies able to take up the current challenges. These technologies include the use of a
dry powder inhaler or a smart nebulizer with advanced drug formulations such as controlled-release
formulations and nanomedicine. Finally, the potential position of inhaled chemotherapy in patient
care is discussed and some indications are proposed based on the literature.
Keywords: pulmonary delivery; lung cancer chemotherapy; non-small cell lung cancer; metastases

1. Introduction
Chemotherapy remains the backbone of the care of patients with lung tumors, including advanced
primary tumors and lung metastases. This is despite severe systemic toxicities that are due to
chemotherapy’s poor selectivity for tumor cells compared to normal cells and the use of systemic
routes of administration, i.e., mainly the intravenous (iv) route, which results in a distribution of the
drug to the entire organism. To decrease these toxicities, the use of the pulmonary route is promising.
Pulmonary drug delivery is well-established for treating many respiratory diseases, such as asthma
and chronic obstructive pulmonary disease (COPD) [1]. Compared with systemic delivery (i.e., through
enteral and parenteral routes), pulmonary delivery allows high local drug concentrations and low
systemic exposure, i.e., it increases the therapeutic ratio. In theory, this approach should therefore be
highly beneficial in the care of patients with lung tumors.
The first clinical report on inhaled chemotherapy was published in 1968 [2]. Since then, many
clinical trials have been conducted in different populations of patients with lung cancer [3–9] or lung
metastases [5,10,11]. Although inhaled chemotherapy has been proved to be feasible and safe in most
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of these trials, all the products involved have failed in phase II at best [9]. This narrative review first
focuses on the main causes of failure of inhaled chemotherapy in clinical trials. Key clinical reports are
discussed. Then, alternative approaches and new technologies that are undergoing preclinical research
are reviewed. Finally, the possible position of inhaled chemotherapy in patient care is discussed and
potential indications are suggested. It must be noted that the present review only focuses on inhaled
chemotherapy. It does not include inhaled therapies such as inhaled gene therapy or immunotherapy,
although these are also promising.
2. Inhaled Chemotherapy in Clinical Trials: What Are the Causes of Failure?
In view of the clear advantages of administering a local treatment, delivering chemotherapy
directly to the lungs to treat lung tumors has been considered for several decades. As nebulization is
the simplest method to deliver a drug to the lungs, inhalation has been achieved by nebulizing liquid
drug formulations, i.e., iv solution-like formulations, in the first studies, and liposomal dispersions.
The state of the art in clinical trials has been reviewed in different works [12–15].
2.1. An Irrational Approach Regarding Lung Deposition, Tumor Penetration and Toxicity
Pulmonary drug delivery has been long considered as an irrational option for administering
chemotherapy. It seems to be difficult for pulmonologists to accept that an inhaled treatment could be
effective on large solid lung tumors. The part of tumor accessible through the airways would only be
the ‘top of the iceberg’, i.e., the extremities of the lesions in direct contact with inhaled air.
Moreover, it seems logical to consider that the largest part of the inhaled dose will be deposited in
the healthy adjacent lobes and/or contralateral lung. As 10–30% of chemotherapies in lung cancer
therapy may induce lung toxicities [16], it was thought that concentrating these compounds in the
respiratory tract might dramatically increase the severity of these toxicities. Selection of the best
chemotherapeutic candidate to investigate the pulmonary route is therefore crucial. For all the
drug candidates selected in clinical trials (i.e., cisplatin [3,7,11], carboplatin [9], gemcitabine [6],
doxorubicin [8,10], 9-nitrocamptothecin [5], 5-FU [4]), inhalation was considered as safe by the
investigators. However, the most severe toxicities observed in these trials were related to the pulmonary
tract, including the dose-limiting toxicity (DLT) in phase I (for gemcitabine, doxorubicin, 9-NC and
5-FU). It should be noted that vesicant drugs such as doxorubicin generated more severe pulmonary
toxicities than other drugs such as 9-NC. Most of the chemotherapy-related conventional systemic
toxicities were not observed. Moreover, as lung cancer patients often have impaired pulmonary
function consecutive to tobacco use and/or subjacent lung diseases such as COPD [6,17], they can
therefore be more subject to severe local adverse effects related to inhaled chemotherapy [6]. Pulmonary
toxicity remains one of the main challenges in inhaled chemotherapy and its intensity is directly related
to the drug and its dose [6,12,18,19].
Additionally, drug deposition in tumor-bearing lungs might also be a concern. Lemarie et al.
determined aerosol deposition by scintigraphy using a 99m Tc derivative as a tracer of the gemcitabine
aerosol [6]. Aerosol deposition was strongly correlated with lung ventilation but not with the
tumor location.
2.2. The Need to Administer High Local Chemotherapy Doses
Another problem is the need to administer high drug doses to lung cancer patients as high
doses are non-conventional in inhaled therapy for asthma or COPD [19]. Using nebulization, three
main parameters are critical for delivering high drug doses. These parameters include (i) the drug
concentration and therefore the drug solubility in the formulation to be nebulized, (ii) the nebulizer
performance in terms of rate of nebulization (usually in the range of 0.2–0.3 mL/min) and (iii) the
fraction of the drug dose deposited in the lungs (usually in the range of 10–15%) [14,19,20].
Wittgen et al. reported that DLT was not reached in phase I for nebulized liposomal cisplatin [7].
The authors’ explanations were (i) the low cisplatin concentration in the formulation (1 mg/mL),
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(ii) the poor performance of the nebulizer in terms of lung deposition (10–15% of the nominal dose
deposited in the lungs) and (iii) pressure generated inducing a nebulization rate of up to 0.3 mL/min.
In addition, cisplatin is a small molecule that is rapidly eliminated from the lungs [3] due to rapid
systemic absorption (into the blood and lymphatic circulations), which can diminish the intended
therapeutic effect. The maximum delivered dose within a cycle was 60 mg/m2 (cumulative dose of
120 mg/m2 ). This dose was administered using a nebulization duration of 20 min, with a maximum of
three consecutive nebulizations per session and a maximum of three sessions per day with a rest of 3 h
between each session. This dose was administered for three consecutive days/14-day treatment cycle
in two cycles. The highest dose delivered within one week was 80 mg and was administered to one
patient [7]. This timing would not be easily feasible in patient care practice.
This timing limitation is mainly related to the water-solubility of the chemotherapeutic agents,
which is the major limitation in nebulization formulations. Many chemotherapeutic compounds are
poorly water-soluble or insoluble. This significantly limits drug concentrations in the formulation.
These compounds therefore require relatively more complex drug formulations They necessitate the
use of excipients or co-solvents to increase drug solubility. As for iv formulations, osmolality of
these nebulized formulations must be adjusted to approximately 300 mosmol/L and pH adjusted to
neutrality as the lungs have limited buffering capacity [21]. However, in contrast to iv delivery, which
leads to a high dilution of the formulation in the systemic circulation, inhalation of small volumes of
these complex formulations might be poorly locally tolerated [21,22]. For example, to be nebulized in
phases I and I/II, doxorubicin was solubilized in a 20% ethanol aqueous solution at pH 3 [8,10]. This
composition might be responsible for local adverse effects (e.g., caught, bronchospasms, dyspnoea,
bronchitis). Another example is the conventional surfactant/solvent-based iv formulation of paclitaxel,
which includes Cremophor EL and ethanol (1:1 v/v). This formulation cannot be considered for
inhalation because of the presumed poor tolerability of its components by the respiratory tract [22,23].
However, because gemcitabine and carboplatin are water-soluble compounds, their nebulized
formulations have consisted of simple aqueous solutions [6,9]. In one study, nebulized gemcitabine
was administered in doses of up to 4 mg/kg within a nebulization time of up to about 30 min [6]. Here,
the dose fraction deposited in the lungs was 42 ± 16% (expressed in terms of dose in the nebulizer).
This fraction is higher than is usually observed with other nebulizers (usually 10–15% [7,9]). However,
the DLT was a bronchospasm at 4 mg/kg [6].
2.3. The Management of Air Contamination by the Aerosol
Inhaled chemotherapy requires particular infrastructure to manage air contamination by the
aerosol and ensure the safety of the medical staff. The nebulizers used in clinical trials have been
equipped with different devices to limit aerosol losses in the air. These devices have included
filters collecting exhaled aerosols (Aero-Tech II), apparatus for mouth-only inhalation (OncoMyst
model CDD-2a) and breath-enhanced nebulizers (Pari LC Plus et Pari LC Star) that increase
lung deposition and reduce administration time [7,10]. During nebulization, patients have been
located in depressurized ‘tents’ or ‘cabins’ equipped with an air extractor and with both activated
charcoal and high efficient particulate air (HEPA) filters, which capture at least 99.97% of particles
≥0.3 µm [5,7,9–11,24]. A check of the safety of this equipment is recommended. For instance, in the
study with cisplatin liposomes [24], investigators demonstrated undetectable cisplatin concentrations
in the environment that were below the established limit of exposure to cisplatin, i.e., max 2 ng/L in
the air for a maximum of 8 consecutive hours. Moreover, a patient’s exhaled air can contain relatively
large drug doses (e.g., 11% of the gemcitabine dose in the nebulizer has been found in exhalation
filters [6]). All these safety adaptations, in addition of being not patient-friendly, have a financial cost
and limit potential clinical development of inhaled chemotherapy. This cost, in addition to the modest
improvements observed, has indubitably played a role in the discontinuation of clinical development
to further phases [8].
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2.4. The Current Lack of Clinical Data on Efficacy
As the most advanced development of inhaled chemotherapy has been conducted up to phase II,
there is a lack of clinical data on efficacy. However, although the patients involved in clinical trials
presented at an advanced stage (often stage IV with no response to first and second line therapies)
in most of the phase Ib/IIa trials, they responded to inhaled chemotherapy with a complete, partial
or stable response [15]. In the only phase II conducted so far, a significant increase in survival was
observed in patients receiving one-third the carboplatin dose by inhalation in a carboplatin/docetaxel
doublet compared to patients receiving the same iv doublet (275 days (95% CI 249–300) vs. 211 (95%
CI 185–236), p < 0.001) [9].
3. Ongoing Preclinical Research
Many recent innovative studies have been conducted in this field and recently
reviewed [14,19,20,25–27]. Here, we present what we consider to be the most promising technologies
that take up the main challenges encountered in inhaled chemotherapy. These challenges are (i) to
obtain a safe pulmonary profile, (ii) to administer therapeutic doses within a reasonable time, (iii) to
maintain therapeutic drug concentrations into the tumor site for a sufficient time and (iv) to limit
environmental contamination by the aerosol during an inhalation session (Table 1).
Table 1. Promising technologies in relation to the challenges they take up.
High Dose
Deposition
in the Lungs

Reasonable
Time of
Administration

Prolonged
Pulmonary
Residence

Potentially Safe
Pulmonary
Profile

Negligible
Environmental
Contamination

Ref.

Dry powder inhalers
(DPIs)

++

++

~

~

++

[28,29]

Smart inhalers/targeted
deposition

++

+

~

+

+

[30–32]

Controlled-release DPI
formulations

+

++

++

+

++

[29,33–35]

Nanomedicine

~

~

++

++

~

[22,33,34]

++ highly promising; +, promising; ~subject to optimization (e.g., combination between technologies, future
development).

3.1. Tailored Inhalation Devices: Dry Powder Inhalers (DPIs) and ‘Smart’ Inhalers
Dry powder inhalers (DPIs) as inhalation devices for inhaled chemotherapy are promising [19].
Although nebulizers have been the only type of inhalation device used for inhaled chemotherapy in
clinical trials so far [15], DPIs have also been considered [28,29,36]. Compared to nebulizers, DPIs are
able to deliver high drug doses within a short time period (less than a minute) (Table 1). Levet et al.
developed DPI formulations with up to 75% cisplatin loading [28]. By means of these dry powder
formulations, a deposited cisplatin dose of 9 mg/m2 (i.e., the maximum deposited cisplatin dose
obtained in phase I, reached over a total of more than 6 h nebulization per cycle [7]) can be delivered
by means of a DPI device from a maximum of 4 capsules filled with 20 mg of powder, i.e., in less
than 5 min in total per cycle. Similar results have been obtained with paclitaxel-based dry powders
characterized by drug loading values of up to 75% [29].
Lung cancer patients often present highly reduced lung function due to the presence of lung
tumor(s) but also to subjacent chronic lung diseases (e.g., COPD) and tobacco-smoking history.
Delivering inhaled therapies, especially by means of a DPI activated and driven only by the patients’
inspiratory flow, might therefore be challenging. However, as with asthma and COPD patients,
low resistance DPI should be used as they require a lower inspiratory effort to reach the airflow that
allows a good aerosolization, dispersion and finally lung deposition of the powder [37]. Moreover,
a positive remark is that lung cancer patients are usually already trained to use DPIs because of chronic
treatments they received for several years for their pulmonary diseases (e.g., COPD).
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Moreover, DPI can manage the large contamination generated by the toxic aerosol during
nebulization. As DPIs are only activated and driven by the patients’ inspiratory flow for several
seconds, drug concentrations found in the air and that are the consequence of drug exhalation only
are negligible (i.e., 0.2% of total dose in a study with DPI tobramycin in healthy subjects [38]). Newly
designed DPI devices should be developed to be adapted to chemotherapy.
‘Smart’ inhalers are inhalation devices that are able to target a specific zone in the respiratory tract.
As mentioned above, lung tumor site(s) could be poorly ventilated due to the presence of a tumor mass
that can negatively affect drug deposition in the lungs [6]. However, it can also positively influence
aerosol deposition [30]. A decrease in the bronchi diameter, resulting from the presence of solid tumors
and/or excessive production of mucus (i.e., as encountered with various histologies such as in invasive
mucinous adenocarcinoma [39]), can increase air turbulence in this zone and therefore increase drug
deposition by impaction [30]. These modifications could be exploited to design ‘smart’ inhalers able to
increase aerosol deposition in these zones, in the tumor site(s). ‘Smart’ nebulizers are able to control
critical patient’s inspiratory parameters such as inspiratory flow rate, inspiratory volume and time
during the inspiration to adapt aerosol characteristics and delivery parameters. An in silico study has
been made with this aim [30]. The authors demonstrated that it was possible to increase the deposited
fraction of the aerosol on a tumor surface from 5–10% to 35–92% in normal vs. controlled conditions,
respectively. The deposited fraction in untargeted zones decreased respectively from 20–25% to 5–15%,
which could decrease local adverse effects on healthy tissues. A phase I trial has recently been initiated
(ClinicalTrials.gov identifier: NCT03326752) to evaluate the compound DV 281 (i.e., a toll-like receptor
9 agonist) for the treatment of lung cancer by inhalation using a smart nebulizer, i.e., AKITA® [32],
to improve pulmonary delivery efficiency.
In addition to the use of smart nebulizers discussed above, nebulizer adaptations in clinical trials
are discussed in Section 2.3.
It should be remarked that, although pressurized metered dose inhalers (pMDIs) are very common
in the treatment of asthma and COPD, they are not suitable for chemotherapy. This is because of their
inability to deliver high drug doses to the lungs (i.e., typically in the microgram range) [19].
3.2. Tailored Chemotherapy Formulations
3.2.1. Controlled-Release DPI Formulations
Depositing high drug doses in the lungs is preferable to inhaled chemotherapy, as with DPIs.
However, this might lead to high concentration peaks in lung fluids and tissues, inducing poor local
tolerance. DPIs differ from conventional nebulization, for which a long administration time is needed.
Conventional nebulization has led to flattened concentration peaks, possibly explaining why acceptable
local adverse effects have been observed for most of the chemotherapies investigated [3,9]. This might
not be the case with DPIs. Therefore, controlled-release formulations might be of interest to avoid high
local active concentration peaks (i.e., corresponding to the dissolved part of the dose that has been
released from a controlled-release formulation) and ensure local tolerance (Figure 1) [19,20].
Moreover, prolonging drug retention can also be profitable for inhaled chemotherapy by
maintaining therapeutic concentrations in the lung fluids. However, a sustained-release profile is
challenging because inhaled drugs, either in solution or as particles, are rapidly cleared from the lungs.
The main elimination mechanisms include systemic absorption for solubilized and permeable drugs
(i.e., in blood and/or lymphatic circulation) and clearance mechanisms for non-solubilized drugs
or particles (i.e., mucociliary clearance and macrophage uptake in the upper and smaller airways,
respectively) [40]. Examples of controlled-release DPI formulations that have been developed to bypass
these clearance mechanisms are PEGylated solid lipid microparticles (PEG-SLMs) and large porous
particles (LPPs).
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Figure 1. Immediate vs. controlled-release formulation for inhalation: local and systemic
Figure 1. Immediate vs. controlled-release formulation for inhalation: local and systemic
pharmacokinetic profiles.
pharmacokinetic profiles.
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this study was the ability of the nanocarrier to penetrate murine M109 lung tumors in vivo (Figure 3).
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However, a central limitation of nanomedicine pulmonary drug delivery is the poor drug loading
capacity of the nanocarrier (usually in the range 1–10%) (Figure 2). In addition to potentially not
being able to deliver therapeutic doses, a poor payload requires the administration of high doses of
excipients that are responsible for poor local tolerance [50]. Toxicity is one of the main concern in
nanomedicine for pulmonary drug delivery [50].
4. The Position of Inhaled Chemotherapy in Patient Care: Potential Chemotherapy and
Future Indications
Increasing the therapeutic ratio of chemotherapy would be the main advantage using the
pulmonary route. The clinical data and recent preclinical development discussed above indicate that
inhaled chemotherapy now seems to be a realistic approach to include in further clinical development.
Selection of the proper subpopulations of patients is primordial. This selection must be made according
to tumor localization and size and therefore the clinical stage and cancer histology as well as the
patient’s pulmonary function and subjacent lung diseases [15]. Three potential future indications have
been suggested in the literature. Inhaled chemotherapy, mostly in association with other treatment
approaches, is realistic in advanced stage lung cancers, and could also be useful as a neoadjuvant
and adjuvant therapy for localized and locoregional stage lung cancers and in chemoprevention of
pulmonary metastases [9,10].
Firstly, in advanced stage lung cancers, inhaled chemotherapy would be combined with
systemic therapies. This strategy would combine a chemotherapy with significant systemic toxicities
(e.g., cisplatin, carboplatin, paclitaxel), delivered by inhalation or by both inhalation and iv, with other
compounds with relatively lower systemic side effects (e.g., gemcitabine, pemetrexed). Very promising
clinical results have been obtained with this strategy by administering carboplatin through the iv and
pulmonary routes [9].
Secondly, as a neoadjuvant and adjuvant therapy, inhaled chemotherapy could be used in
combination with other neoadjuvant or adjuvant therapies (e.g., radiotherapy, systemic chemotherapy)
to limit loco-regional relapses. These relapses result from microscopic non-resected tumor tissues. This
strategy seemed promising in the resection of pulmonary metastases of osteosarcoma (tumors ≤ 2 cm
resected), with a complete remission observed in a patient [11].
Thirdly, although chemoprevention of pulmonary metastases has not been investigated, some
authors have suggested this strategy as potential indication of inhaled chemotherapy [10]. Some
cancers form metastases preferentially in the lungs, e.g., more than 75% of osteosarcoma [11].
Moreover, as mentioned above, the type of lung cancer according to histology should also be of
interest when selecting patients for inhaled chemotherapy. Adenocarcinoma with lepidic pattern, not
only as predominant pattern but also as secondary pattern, should be a good candidate. According to
the latest WHO classification of lung tumors, four histologic types can present a lepidic pattern [39].
Two of them, i.e., adenocarcinoma in situ (AIS) and minimally invasive adenocarcinoma (MIA) are
characterized, if treated properly, by 100% disease-free survival and are therefore relatively less
subject, at least at this stage of clinical development, to optimization of treatments [39]. However,
lepidic adenocarcinoma and particularly mucinous invasive adenocarcinoma are characterized by
intermediate to bad prognosis, respectively [39]. In this type of lung tumor, inhaled chemotherapy
could be, as suggested above for advanced stage lung cancers, a platinum salt in association with iv
pemetrexed or taxane (i.e., docetaxel, paclitaxel or nab-paclitaxel). Pemetrexed or taxanes could also
be envisaged for inhalation to reduce the systemic toxicities, as observed with paclitaxel in preclinical
studies in rodents [51,52] and dogs [35]. In this strategy, inhaled paclitaxel would be combined with iv
platinum salt and/or be used in maintenance.
Finally, another approach might be to combine inhaled chemotherapy with immunotherapy.
Recent approval of immune checkpoint inhibitors (e.g., pembrolizumab, nivolumab, atezolizumab)
in the therapeutic arsenal as first-line and/or second-line therapy has brought new perspectives in
the care of NSCLC patients. However, substantial patient populations present tumors that remain
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insensitive to these inhibitors [53]. Nevertheless, longer overall survivals have been observed in
patients expressing low levels of PD-L1 compared with chemotherapy [54–56] which has been recently
demonstrated to modulate the tumor environment and play a positive role in the immunogenic
response. The rationale for the combination of immunotherapy with conventional chemotherapy has
been recently reviewed [57,58]. Inhaled chemotherapy, with its potentially better safety profile, might
be preferred over systemic chemotherapy as an activator to immunotherapy. Clinical studies are now
required to demonstrate this potentially promising application.
5. Conclusions
Use of the pulmonary route is a promising way to decrease the severe systemic toxicities associated
with chemotherapy. Inhaled chemotherapy has been proved to be feasible and safe in phase I, Ib/IIa
and II clinical trials. Inhalation allows the administration of high drug doses directly to lung tumors
without prior distribution in the organism. The severe systemic toxicities are consequently reduced.
However, the lack of improvement in the benefit/risk ratio, compared with conventional chemotherapy,
in addition to higher financial costs (due to specific hospital facilities and the required inhalation
procedure to limit environmental contamination) mean that inhalation has been underexploited in
lung tumor therapy. Nevertheless, a changing trend has been observed in the past decade with the
introduction of new pharmaceutical technologies such as particle engineering in DPI formulations
and nanomedicine.
It is obvious that inhaled chemotherapy should be adapted to specific subpopulations of patients
only and be used in well-defined clinical cases. To this end, the lepidic pattern, as the predominant
or secondary pattern, seems to be a good histological type to start with. Inhaled chemotherapy
could be proposed, based on clinical and preclinical data, mostly in association with other treatment
modalities such as immunotherapy, in advanced cancers, or as a neoadjuvant or adjuvant therapy
in more localized stages and/or in chemoprevention of lung metastases. New clinical trials are now
needed to demonstrate the potential of this new therapeutic modality.
Author Contributions: R.R., T.B., N.W. and K.A. designed this work. R.R. wrote the review article. All the authors
read, revised and approved the final manuscript.
Funding: This research received no external funding.
Conflicts of Interest: R.R., K.A. and N.W. have a patent and two patent pending related to this work. T.B. and
P.D.V. declare that they have no conflicts of interest.

References
1.
2.
3.

4.

5.

6.

Newman, S.P. Delivering drugs to the lungs: The history of repurposing in the treatment of respiratory
diseases. Adv. Drug Deliv. Rev. 2018, 133, 5–18. [CrossRef] [PubMed]
Shevchenko, I.T.; Resnik, G.E. Inhalation of chemical substances and oxygen in radiotherapy of bronchial
cancer. Neoplasma 1968, 15, 419–426. [PubMed]
Zarogoulidis, P.; Darwiche, K.; Krauss, L.; Huang, H.; Zachariadis, G.A.; Katsavou, A.;
Hohenforst-Schmidt, W.; Papaiwannou, A.; Vogl, T.J.; Freitag, L.; et al. Inhaled cisplatin deposition and
distribution in lymph nodes in stage II lung cancer patients. Future Oncol. 2013, 9, 1307–1313. [CrossRef]
[PubMed]
Tatsumura, T.; Koyama, S.; Tsujimoto, M.; Kitagawa, M.; Kagamimori, S. Further study of nebulisation
chemotherapy, a new chemotherapeutic method in the treatment of lung carcinomas: Fundamental and
clinical. Br. J. Cancer 1993, 68, 1146–1149. [CrossRef] [PubMed]
Verschraegen, C.F.; Gilbert, B.E.; Loyer, E.; Huaringa, A.; Walsh, G.; Newman, R.A.; Knight, V. Clinical
evaluation of the delivery and safety of aerosolized liposomal 9-nitro-20(s)-camptothecin in patients with
advanced pulmonary malignancies. Clin. Cancer Res. 2004, 10, 2319–2326. [CrossRef] [PubMed]
Lemarie, E.; Vecellio, L.; Hureaux, J.; Prunier, C.; Valat, C.; Grimbert, D.; Boidron-Celle, M.; Giraudeau, B.;
le Pape, A.; Pichon, E.; et al. Aerosolized gemcitabine in patients with carcinoma of the lung: Feasibility and
safety study. J. Aerosol Med. Pulm. Drug Deliv. 2011, 24, 261–270. [CrossRef] [PubMed]

Cancers 2019, 11, 329

7.

8.

9.

10.

11.

12.

13.
14.
15.
16.
17.

18.

19.
20.

21.
22.

23.
24.

25.

26.

11 of 13

Wittgen, B.P.H.; Kunst, P.W.A.; van der Born, K.; van Wijk, A.W.; Perkins, W.; Pilkiewicz, F.G.; Perez-Soler, R.;
Nicholson, S.; Peters, G.J.; Postmus, P.E. Phase I study of aerosolized SLIT cisplatin in the treatment of
patients with carcinoma of the lung. Clin. Cancer Res. 2007, 13, 2414–2421. [CrossRef] [PubMed]
Otterson, G.A.; Villalona-Calero, M.A.; Hicks, W.; Pan, X.; Ellerton, J.A.; Gettinger, S.N.; Murren, J.R. Phase
I/II study of inhaled doxorubicin combined with platinum-based therapy for advanced non-small cell lung
cancer. Clin. Cancer Res. 2010, 16, 2466–2473. [CrossRef] [PubMed]
Zarogoulidis, P.; Eleftheriadou, E.; Sapardanis, I.; Zarogoulidou, V.; Lithoxopoulou, H.; Kontakiotis, T.;
Karamanos, N.; Zachariadis, G.; Mabroudi, M.; Zisimopoulos, A.; et al. Feasibility and effectiveness of
inhaled carboplatin in NSCLC patients. Investig. New Drugs 2012, 30, 1628–1640. [CrossRef] [PubMed]
Otterson, G.A.; Villalona-Calero, M.A.; Sharma, S.; Kris, M.G.; Imondi, A.; Gerber, M.; White, D.A.;
Ratain, M.J.; Schiller, J.H.; Sandler, A.; et al. Phase I study of inhaled Doxorubicin for patients with
metastatic tumors to the lungs. Clin. Cancer Res. 2007, 13, 1246–1252. [CrossRef] [PubMed]
Chou, A.J.; Gupta, R.; Bell, M.D.; Riewe, K.O.; Meyers, P.A.; Gorlick, R. Inhaled lipid cisplatin (ILC) in the
treatment of patients with relapsed/progressive osteosarcoma metastatic to the lung. Pediatr. Blood Cancer
2013, 60, 580–586. [CrossRef] [PubMed]
Zarogoulidis, P.; Chatzaki, E.; Porpodis, K.; Domvri, K.; Hohenforst-Schmidt, W.; Goldberg, E.P.;
Karamanos, N.; Zarogoulidis, K. Inhaled chemotherapy in lung cancer: Future concept of nanomedicine.
Int. J. Nanomed. 2012, 7, 1551–1572. [CrossRef] [PubMed]
Carvalho, T.C.; Carvalho, S.R.; McConville, J.T. Formulations for pulmonary administration of anticancer
agents to treat lung malignancies. J. Aerosol Med. Pulm. Drug Deliv. 2011, 24, 61–80. [CrossRef] [PubMed]
Mangal, S.; Gao, W.; Li, T.; Zhou, Q.T. Pulmonary delivery of nanoparticle chemotherapy for the treatment
of lung cancers: Challenges and opportunities. Acta Pharmacol. Sin. 2017, 38, 782–797. [CrossRef] [PubMed]
Rosière, R.; Hureaux, J.; Levet, V.; Amighi, K.; Wauthoz, N. La chimiothérapie inhalée–partie 2: Clinique et
applications potentielles. Rev. Mal. Respir. 2018, 35, 378–389. [CrossRef] [PubMed]
Charpidou, A.G.; Gkiozos, I.; Tsimpoukis, S.; Apostolaki, D.; Dilana, K.D.; Karapagiotou, E.M.; Syrigos, K.N.
Therapy-induced Toxicity of the Lungs: An Overview. Anticancer Res 2009, 29, 631–639. [PubMed]
Alberg, A.J.; Brock, M.V.; Ford, J.G.; Samet, J.M.; Spivack, S.D. Epidemiology of Lung Cancer: Diagnosis
and Management of Lung Cancer, 3rd ed: American College of Chest Physicians Evidence-Based Clinical
Practice Guidelines. Chest 2013, 143, e1S–e29S. [CrossRef] [PubMed]
Darwiche, K.; Zarogoulidis, P.; Karamanos, N.K.; Domvri, K.; Chatzaki, E.; Constantinidis, T.C.; Kakolyris, S.;
Zarogoulidis, K. Efficacy versus safety concerns for aerosol chemotherapy in non-small-cell lung cancer:
A future dilemma for micro-oncology. Future Oncol. 2013, 9, 505–525. [CrossRef] [PubMed]
Rosière, R.; Hureaux, J.; Levet, V.; Amighi, K.; Wauthoz, N. La chimiothérapie inhalée—Partie 1: Concept et
challenges technologiques actuels. Rev. Mal. Respir. 2018, 35, 357–377. [CrossRef] [PubMed]
Abdelaziz, H.M.; Gaber, M.; Abd-Elwakil, M.M.; Mabrouk, M.T.; Elgohary, M.M.; Kamel, N.M.; Kabary, D.M.;
Freag, M.S.; Samaha, M.W.; Mortada, S.M.; et al. Inhalable particulate drug delivery systems for lung cancer
therapy: Nanoparticles, microparticles, nanocomposites and nanoaggregates. J. Control. Release 2018, 269,
374–392. [CrossRef] [PubMed]
Pilcer, G.; Amighi, K. Formulation strategy and use of excipients in pulmonary drug delivery. Int. J. Pharm.
2010, 392, 1–19. [CrossRef] [PubMed]
Rosière, R.; Van Woensel, M.; Mathieu, V.; Langer, I.; Mathivet, T.; Vermeersch, M.; Amighi, K.; Wauthoz, N.
Development and evaluation of well-tolerated and tumor-penetrating polymeric micelle-based dry powders
for inhaled anti-cancer chemotherapy. Int. J. Pharm. 2016, 501, 148–159. [CrossRef] [PubMed]
Gautam, A.; Koshkina, N. Paclitaxel (Taxol) and Taxoid Derivates for Lung Cancer Treatment: Potential for
Aerosol Delivery. Curr. Cancer Drug Targets 2003, 3, 287–296. [CrossRef] [PubMed]
Wittgen, B.P.H.; Kunst, P.W.A.; Perkins, W.R.; Lee, J.K.; Postmus, P.E. Assessing a System to Capture Stray
Aerosol during Inhalation of Nebulized Liposomal Cisplatin. J. Aerosol Med. 2006, 19, 385–391. [CrossRef]
[PubMed]
Dabbagh, A.; Abu Kasim, N.H.; Yeong, C.H.; Wong, T.W.; Abdul Rahman, N. Critical Parameters for
Particle-Based Pulmonary Delivery of Chemotherapeutics. J. Aerosol Med. Pulm. Drug Deliv. 2018, 31,
139–154. [CrossRef] [PubMed]
Garrastazu Pereira, G.; Lawson, A.J.; Buttini, F.; Sonvico, F. Loco-regional administration of nanomedicines
for the treatment of lung cancer. Drug Deliv. 2015, 23, 2881–2896. [CrossRef] [PubMed]

Cancers 2019, 11, 329

27.

28.

29.

30.
31.

32.
33.

34.

35.

36.

37.
38.
39.

40.

41.

42.

43.
44.
45.

12 of 13

Ahmad, J.; Akhter, S.; Rizwanullah, M.; Rahman, M.; Zaki Ahmad, M.; Rizvi, M.M.A.; Ahmad, F.J.; Amin, S.;
Kamal, M.A. Nanotechnology-based inhalation treatments for lung cancer: State of the art. Nanotechnol. Sci.
Appl. 2015, 8, 55–66.
Levet, V.; Rosière, R.; Merlos, R.; Fusaro, L.; Berger, G.; Amighi, K.; Wauthoz, N. Development of
controlled-release cisplatin dry powders for inhalation against lung cancers. Int. J. Pharm. 2016, 515,
209–220. [CrossRef] [PubMed]
Meenach, S.A.; Anderson, K.W.; Hilt, J.Z.; McGarry, R.C.; Mansour, H.M. High-Performing Dry Powder
Inhalers of Paclitaxel DPPC/DPPG Lung Surfactant-Mimic Multifunctional Particles in Lung Cancer:
Physicochemical Characterization, In Vitro Aerosol Dispersion, and Cellular Studies. AAPS PharmSciTech
2014, 15, 1574–1587. [CrossRef] [PubMed]
Kleinstreuer, C.; Zhang, Z. Targeted Drug Aeroso Deposition Analysis for a Four-Generation Lung Airway
Model With Hemispherical Tumors. J. Biomech. Eng. 2003, 125, 197. [CrossRef] [PubMed]
The Vectura Website. Available online: http://www.vectura.com/news/global-development-agreementdynavax-lung-cancer-programme-using-vecturas-smart-nebuliser-technology-vr347/ (accessed on
25 September 2017).
Zhou, Q.T.; Tang, P.; Leung, S.S.Y.; Chan, J.G.Y.; Chan, H.-K. Emerging inhalation aerosol devices and
strategies: Where are we headed? Adv. Drug Deliv. Rev. 2014, 75, 3–17. [CrossRef] [PubMed]
Rosiere, R.; Van Woensel, M.; Gelbcke, M.; Mathieu, V.; Hecq, J.; Mathivet, T.; Vermeersch, M.;
Van Antwerpen, P.G.; Amighi, K.; Wauthoz, N. A new folate-grafted chitosan derivative to improve the
delivery of paclitaxel-loaded solid lipid nanoparticles for lung tumour therapy by inhalation. Mol. Pharm.
2018, 15, 899–910. [CrossRef] [PubMed]
Taratula, O.; Kuzmov, A.; Shah, M.; Garbuzenko, O.B.; Minko, T. Nanostructured lipid carriers as
multifunctional nanomedicine platform for pulmonary co-delivery of anticancer drugs and siRNA.
J. Control. Release 2013, 171, 349–357. [CrossRef] [PubMed]
Hershey, A.E.; Kurzman, I.D.; Forrest, L.J.; Bohling, C.A.; Stonerook, M.; Placke, M.E.; Imondi, A.R.; Vail, D.M.
Inhalation Chemotherapy for Macroscopic Primary or Metastatic Lung Tumors: Proof of Principle Using
Dogs with Spontaneously Occurring Tumors as a Model. Clin. Cancer Res. 1999, 5, 2653–2659. [PubMed]
Wauthoz, N.; Deleuze, P.; Saumet, A.; Duret, C.; Kiss, R.; Amighi, K. Temozolomide-based dry powder
formulations for lung tumor-related inhalation treatment. Pharm. Res. 2011, 28, 762–775. [CrossRef]
[PubMed]
Weers, J.; Clark, A. The Impact of Inspiratory Flow Rate on Drug Delivery to the Lungs with Dry Powder
Inhalers. Pharm. Res. 2017, 34, 507–528. [CrossRef] [PubMed]
Newhouse, M.T. Inhalation of a Dry Powder Tobramycin PulmoSphere Formulation in Healthy Volunteers.
Chest 2003, 124, 360–366. [CrossRef] [PubMed]
Travis, W.D.; Brambilla, E.; Nicholson, A.G.; Yatabe, Y.; Austin, J.H.M.; Beasley, M.B.; Chirieac, L.R.;
Dacic, S.; Duhig, E.; Flieder, D.B.; et al. The 2015 World Health Organization Classification of Lung Tumors.
J. Thorac. Oncol. 2015, 10, 1243–1260. [CrossRef] [PubMed]
Ruge, C.A.; Kirch, J.; Lehr, C.-M. Pulmonary drug delivery: From generating aerosols to overcoming
biological barriers—therapeutic possibilities and technological challenges. Lancet Respir. Med. 2013, 1,
402–413. [CrossRef]
Levet, V.; Rosiere, R.; Hecq, J.; Langer, I.; Amighi, K.; Wauthoz, N. Tolerance of Cisplatin Dry Powders for
Inhalation and Efficacy on an Orthotopic Grafted Lung Tumor Preclinical Model. In Proceedings of the RDD
Europe 2017, Antibes, France, 25–28 April 2017; Volume 2, pp. 335–340.
Levet, V.; Merlos, R.; Rosière, R.; Amighi, K.; Wauthoz, N. Platinum pharmacokinetics in mice following
inhalation of cisplatin dry powders with different release and lung retention properties. Int. J. Pharm. 2017,
517, 359–372. [CrossRef] [PubMed]
Alipour, S.; Montaseri, H.; Tafaghodi, M. Inhalable, large porous PLGA microparticles loaded with paclitaxel:
Preparation, in vitro and in vivo characterization. J. Microencapsul. 2015, 32, 661–668. [CrossRef] [PubMed]
Wauthoz, N.; Amighi, K. Phospholipids in pulmonary drug delivery. Eur. J. Lipid Sci. Technol. 2014, 116,
1114–1128. [CrossRef]
Kim, B.Y.S.; Rutka, J.T.; Chan, W.C.W. Nanomedicine. N. Engl. J. Med. 2010, 363, 2434–2443. [CrossRef]
[PubMed]

Cancers 2019, 11, 329

46.
47.
48.

49.
50.
51.

52.

53.
54.

55.

56.

57.
58.

13 of 13

Youn, Y.S.; Bae, Y.H. Perspectives on the past, present, and future of cancer nanomedicine. Adv. Drug
Deliv. Rev. 2018, 130, 3–11. [CrossRef] [PubMed]
Maeda, H. Toward a full understanding of the EPR effect in primary and metastatic tumors as well as issues
related to its heterogeneity. Adv. Drug Deliv. Rev. 2015, 91, 3–6. [CrossRef] [PubMed]
Bertrand, N.; Wu, J.; Xu, X.; Kamaly, N.; Farokhzad, O.C. Cancer nanotechnology: The impact of passive
and active targeting in the era of modern cancer biology. Adv. Drug Deliv. Rev. 2014, 66, 2–25. [CrossRef]
[PubMed]
Yardley, D.A. nab-Paclitaxel mechanisms of action and delivery. J. Control. Release 2013, 170, 365–372.
[CrossRef] [PubMed]
Kumar, A.; Dailey, L.A.; Forbes, B. Lost in translation: What is stopping inhaled nanomedicines from
realizing their potential? Ther. Deliv. 2014, 5, 757–761. [CrossRef] [PubMed]
Gill, K.K.; Nazzal, S.; Kaddoumi, A. Paclitaxel loaded PEG(5000)-DSPE micelles as pulmonary delivery
platform: Formulation characterization, tissue distribution, plasma pharmacokinetics, and toxicological
evaluation. Eur. J. Pharm. Biopharm. 2011, 79, 276–284. [CrossRef] [PubMed]
Luo, T.; Loira-Pastoriza, C.; Patil, H.P.; Ucakar, B.; Muccioli, G.G.; Bosquillon, C.; Vanbever, R. PEGylation
of paclitaxel largely improves its safety and anti-tumor efficacy following pulmonary delivery in a mouse
model of lung carcinoma. J. Control. Release 2016, 239, 62–71. [CrossRef] [PubMed]
Jenkins, R.W.; Barbie, D.A.; Flaherty, K.T. Mechanisms of resistance to immune checkpoint inhibitors.
Br. J. Cancer 2018, 118, 9–16. [CrossRef] [PubMed]
Rittmeyer, A.; Barlesi, F.; Waterkamp, D.; Park, K.; Ciardiello, F.; von Pawel, J.; Gadgeel, S.M.; Hida, T.;
Kowalski, D.M.; Dols, M.C.; et al. Atezolizumab versus docetaxel in patients with previously treated
non-small-cell lung cancer (OAK): A phase 3, open-label, multicentre randomised controlled trial. Lancet
2017, 389, 255–265. [CrossRef]
Herbst, R.S.; Baas, P.; Kim, D.-W.; Felip, E.; Pérez-Gracia, J.L.; Han, J.-Y.; Molina, J.; Kim, J.-H.; Arvis, C.D.;
Ahn, M.-J.; et al. Pembrolizumab versus docetaxel for previously treated, PD-L1-positive, advanced
non-small-cell lung cancer (KEYNOTE-010): A randomised controlled trial. Lancet 2016, 387, 1540–1550.
[CrossRef]
Borghaei, H.; Paz-Ares, L.; Horn, L.; Spigel, D.R.; Steins, M.; Ready, N.E.; Chow, L.Q.; Vokes, E.E.; Felip, E.;
Holgado, E.; et al. Nivolumab versus Docetaxel in Advanced Nonsquamous Non–Small-Cell Lung Cancer.
N. Engl. J. Med. 2015, 373, 1627–1639. [CrossRef] [PubMed]
Qiao, M.; Jiang, T.; Ren, S.; Zhou, C. Combination Strategies on the Basis of Immune Checkpoint Inhibitors in
Non–Small-Cell Lung Cancer: Where Do We Stand? Clin. Lung Cancer 2018, 19, 1–11. [CrossRef] [PubMed]
Lazzari, C.; Karachaliou, N.; Bulotta, A.; Viganó, M.; Mirabile, A.; Brioschi, E.; Santarpia, M.; Gianni, L.;
Rosell, R.; Gregorc, V. Combination of immunotherapy with chemotherapy and radiotherapy in lung cancer:
Is this the beginning of the end for cancer? Ther. Adv. Med. Oncol. 2018, 10, 1758835918762094. [CrossRef]
[PubMed]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

