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Abstract

Background: Aerosolized Azacitidine has been shown to inhibit orthotopic lung cancer growth 

and induce re-expression of methylated tumor suppressor genes in murine models. We 
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hypothesized that inhaled Azacitidine is safe and effective in reversing epigenetic changes in the 

bronchial epithelium secondary to chronic smoking.

Patients and Methods: We report the first in human study of inhaled Azacitidine. Azacitidine 

in aqueous solution was used to generate an aerosol suspension of 0.25 to 5μm particle size. Main 

inclusion criteria: Stage IV or recurrent NSCLC with predominantly lung involvement, ≥1 prior 

systemic therapy, ECOG PS 0-1, and adequate pulmonary function. Patients received inhaled 

Azacitidine daily on days 1-5 and 15-19 of 28-day cycles, at 3 escalating doses (15, 30 and 

45mg/m2 daily). The primary objective was to determine the feasibility and tolerability of this new 

therapeutic modality. The key secondary objectives included pharmacokinetics, methylation 

profiles and efficacy.

Results: From 3/2015 to 2/2018, eight patients received a median number of 2 (IQR =1) cycles 

of inhaled Azacitidine. No clinically significant adverse events were observed, except one patient 

treated at the highest dose developed an asymptomatic grade 2 decreased DLCO which resolved 

spontaneously. One patient receiving 12 cycles of therapy had an objective and durable partial 

response, and two patients had stable disease.

Plasma Azacitidine was only briefly detectable in patients treated at the higher doses. Moreover, in 

2 of 3 participants who agreed and underwent pre- and post-treatment bronchoscopy, the global 

DNA methylation in the bronchial epithelium decreased by 24% and 79% post-therapy, 

respectively. The interval between last inhaled treatment and bronchoscopy was 3 days.

Conclusions: Inhaled Azacitidine resulted in negligible plasma levels compared to the 

previously reported subcutaneous administration and was well-tolerated. The results justify the 

continued development of inhaled Azacitidine at non-cytotoxic doses for patients with lung-

confined malignant and/or premalignant lesions.

Keywords

Lung cancer; inhaled Azacitidine

1. Introduction

Despite advances in screening, diagnosis, and treatment, lung cancer remains the leading 

cause of cancer-related death. Although smoking identifies the population at risk that could 

benefit from a preventive strategy, multiple oral chemoprevention strategies have 

unfortunately failed1. An ideal chemoprevention strategy would require a non-toxic agent 

that is able to reverse genetic lesions central to the carcinogenesis process, administered in a 

selective manner to the at-risk bronchial epithelium.

Epigenetic alterations that result in loss of tumor suppressor function are among the earliest 

genetic alterations in the tobacco carcinogenesis process 1-9. Azacitidine functions as both 

demethylating and cytotoxic agent exerting a DNA demethylating effect in cultured lung 

cancer cells at 3 logs lower than cytotoxic concentrations10. Several demethylating agents 

demonstrated minimal antitumor activity against lung cancer when used at cytotoxic doses 

by systemic administration11-13.
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Aerosol administration is an ideal strategy to deliver drugs selectively to the bronchial 

epithelium with reduced systemic exposure14. We and others have demonstrated in 

orthotopic lung tumor models that inhaled demethylating therapy shortly after tumor 

inoculation can significantly reduce tumor growth and lead to the re-expression of tumor 

suppressors via demethylating effects10, 15-17. As compared to the systemic route inhaled 

demethylating therapy for lung-confined limited malignancy and premalignancy has a much 

stronger rationale but has not been explored in patients before.

Continuous direct delivery of non-cytotoxic demethylating doses of Azacitidine via aerosol 

delivery to tobacco-damaged bronchial epithelium is a rational strategy to reverse the 

tobacco-induced carcinogenesis process. To explore this novel preventive strategy, we 

developed and characterized an aerosol formulation of Azacitidine, performed all preclinical 

toxicology, and conducted a pilot study under an Institutional IND in patients with advanced 

NSCLC to get a preliminary assessment of its feasibility and tolerability. In preclinical 

models, a 2.5 mg/m2 intrapulmonary deposited dose of aerosolized Azacitidine led to DNA 

demethylation and re-expression of tumor suppressors without observed pulmonary 

toxicity16, 17. As efficiency of drug delivery to pulmonary tissue by clinically used nebulizer 

systems is about 15%18, we selected Azacitidine 15mg/m2 as the starting dose for this pilot 

study. The primary focus was to monitor pulmonary toxicity, determine systemic absorption 

and examine changes in global methylation in the bronchial epithelium. The main objective 

was to select a dose for subsequent studies using a chronic administration schedule to study 

its efficacy in chronic smokers with bronchial premalignancy.

2. Patients and Methods

2.1. Study population

The study was conducted under IND 121399, reviewed and approved by the institutional 

review boards, and in accordance with the Declaration of Helsinki and Good Clinical 

Practice. Informed consent was obtained for all subjects. Sex was considered as a biological 

variable, with both male and female patients being enrolled. Main inclusion criteria were: 

Histologic or cytological diagnosis of Stage IV or recurrent NSCLC with predominantly 

lung involvement, at least one prior standard systemic therapy, age ≥ 18, ECOG performance 

status (PS) 0-1, adequate bone marrow reserve and organ function, including adequate 

pulmonary function as determined by a measured Forced Expiratory Volume (FEV1) greater 

than 50% of predicted value and FEV1/Forced Vital Capacity (FVC) ratio of 65% or greater.

2.2. Study design

Azicitidine (Vidaza®, Celgene), as a lyophilized powder was dissolved in sterile water to 

generate a clear solution (10-15 mg/ml) and aerosolized using a clinical standard aerosol 

system (PARI nebulizer®). The final volume of aerosolate was 7 ml (6 ml of drug dose and 

1 ml representing residual volume retained by the nebulizer). The majority of aerosolized 

droplets were between 0.25~5 μm in diameter10, 16, suitable for reaching the distal airways 

in humans17. The drug was administered at a rate of 0.3ml/minute which could be adjusted 

in the subsequent nebulization depending on the residual volume left after the first session. 
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The reconstituted solution could be stored at 25°C, but administration had to be completed 

within 1 hour of reconstitution.

Patients were treated with inhaled Azacitidine daily for 5 days on days 1-5 and days 15-19 

of a 28-day cycle. There were three escalating dose levels: 15, 30 and 45 mg/m2 (Table 1). 

Escalation to a higher dose level proceeded after 3 patients enrolled at a given dose level 

completed 1 cycle (28 days) of treatment without drug related toxicity of grade 2 or more. 

Intra-patient dose escalation was not permitted. Each aerosolization session generally lasted 

for 20 minutes, but occasionally up to 40 minutes at higher doses. Patients were treated 

inside a separate procedure room adjacent to the chemotherapy infusion facility under a 

plastic tent to prevent environmental contamination, and wearing a gown, gloves, goggles, 

and hat as previously described for a phase I study of aerosolized SLIT cisplatin conducted 

by us14. They were continuously visually monitored during treatment through a glass 

window. CT chest/abdomen/pelvis was done every two cycles and RECIST 1.1 was used for 

tumor measurements. To closely monitor the impact of inhaled therapy in the lung, 

pulmonary function testing (PFT) was assessed every two cycles.

Toxicity was graded using the NCI Common Toxicity Criteria (CTCAE) version 4 except for 

decreased DLCO and decreased FEV1 since most lung cancer patients have reduced DLCO 

(due to anemia) and/or FEV1 already at baseline. For likely treatment-related decreased 

DLCO or decreased FEV1, grade 1, 2, 3, and 4 was defined as 80-89%, 70-79%, 60-69% 

and ≤ 60% of baseline, respectively. Dose limiting toxicity (DLT) was defined as any of the 

following: Grade 2 or higher defined pulmonary toxicity (FEV1, DLCO, pneumonitis/ 

pulmonary infiltrate); Grade 4 neutropenia, Grade 4 thrombocytopenia or Grade 3 

thrombocytopenia associated with bleeding; Any grade 3 or higher non-hematological 

toxicity related to study treatment.

2.3. Pharmacokinetic (PK) study

Blood samples for pharmacokinetic studies were drawn at different time points (Table 2B), 

including cycle 1 day 1 pre-dose; cycle 1 day 15 pre-dose, 0 hour/2 hour/4 hour post-dose; 

and cycle 1 day 19 pre-dose, 0 hour and 2 hours post-dose. The plasma Azacitadine was 

measured by Bioanalytic Services, PPD labs (USA). A 50-μL matrix aliquot was fortified 

with 20 μL of 200 ng/mL internal standard, Azacitidine-15N4, working solution and 

extracted on ice. The final extract was analyzed via HPLC with column switching and 

MS/MS detection using positive ion electrospray. A dilution series of known 

Azacitidine-15N4 standards was established and clinical samples were then quantitated to 

this standard curve.

2.4. Global DNA methylation study

As per manufacturer’s instruction [MethylFlash™ Global DNA Methylation (5-mC) ELISA 

kit, EpiGentek, USA), the global DNA methylation status was determined colorimetrically 

by specifically quantifying levels of 5-methylcytosine (5-mC) in an ELISA-like reaction. 

Methylation studies were performed in paired pre-Azacitidine and post-Azacitidine 

bronchial epithelium specimens from 3 participants who agreed to pre and post-treatment 
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bronchoscopy. Interval between last inhaled treatment and post-treatment bronchoscopy was 

3 days.

2.5. Statistical methods and outcomes

Demographic variables and clinical outcomes were summarized using median and 

interquartile range (IQR) for continuous variables, and proportions for categorical variables. 

To evaluate response rate (RR), the proportion of patients who achieved complete response 

(CR) or partial response (PR) according to RECIST 1.1 was computed. Median overall 

survival (OS) and progression-free survival (PFS) were estimated using the Kaplan-Meier 

method. Since this was a pilot feasibility and toxicity study, formal statistical hypothesis 

testing was not performed.

3. Results

3.1. Patient characteristics and dose escalation

Eight eligible patients were enrolled and treated at our institution from March 2015 to 

February 2018 (Figure 1; Table 1). The median age was 70 years (IQR=11.5). Of 8 

participants, 5 (62.5%) were female, 5 (62.5%) were African American, and 5 (62.5%) were 

active or former smokers. All participants had ECOG performance status of 1. All had 

histologically or cytologically proven NSCLC, including 7 (87.5%) adenocarcinoma with 

one participant harboring an EGFR and two harboring KRAS mutations. All had lung-

predominant disease at the time of registration. The median number of prior lines of 

therapies was 2.5 (IQR=2.5), mostly chemotherapy, and PD-1/PD-L1 inhibitors in 4 (50%) 

patients. Most patients without prior immunotherapy were enrolled before immunotherapy 

became FDA approved.

The participants were treated with 3 escalating doses of inhaled Azacitidine (Table 1 and 

Table 2A). The starting dose was 15mg/m2 which was derived from our preclinical studies 

that showed it to be a safe, non-cytotoxic and DNA demethylating dose16, 17, followed by 30 

and 45 mg/m2. Most patients received two cycles of treatment, except one participant who 

withdrew from the study after one cycle (not able to comply with frequency of treatment 

visits), one at 30 mg/m2 received 12 cycles, and one at 45 mg/m2 received 4 cycles of 

treatment. The median number of study treatment cycles was 2 (IQR = 1) and ranged from 1 

to 12 cycles. The main reason for the termination of study treatment in participants was due 

to progression of disease. The median follow-up time was 15.4 months (IQR = 20.5).

3.2. Toxicities and Pulmonary functions

No clinically significant adverse events including pulmonary toxicity (such as new or 

worsening dyspnea, cough or hoarseness) were observed (Table 2). Pulmonary function tests 

(PFT) were monitored to investigate the effects of inhaled Azacitidine on the respiratory 

tract and gas exchange (Table 2). Grade 1 decreased FEV1 (83% of baseline) was noticed in 

the first participant without any symptoms. Moreover, in our second patient receiving the 

highest dose 45 mg/m2, there was a grade 2 decreased DLCO (77% of baseline) after 2 

cycles of treatment, which was also defined as DLT based on study protocol. The patient did 

not develop any new pulmonary symptoms and her DLCO spontaneously recovered to 
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baseline without any intervention. She did not receive any additional treatments and no 

further participants were enrolled after the patient developed the DLT.

3.3. Pharmacokinetics

Over the 5-day consecutive treatment course (cycle 1 day 1 to 5 and day 15 to 19), 

measurable plasma Azacitidine was not detected at any time point in all 3 patients who 

received inhaled Azacitidine at the lowest dose level, 15 mg/m2. In patients who received 

higher doses (30 or 45 mg/m2), the plasma Azacitidine concentration was measurable at the 

completion of day 1 treatment [6.66 (SD = 9.72) ng/ml, 0 hour post-dose], and increased 

after day 5 treatment [17.87 (SD = 18.10ng/ml), 0 hour post-dose] (Table 2B). Previous 

study reported that the peak plasma Azicitadine concentration following a single 

subcutaneous dose (75mg/m2) occurred in 0.5 hour, and was approximately 750 ng/ml19. 

Thus, the mean maximum plasma concentration following inhaled Azacitidine is much 

lower compared to the historical subcutaneous administration. The plasma level quickly 

decreased by 80%-90% at 2 hours post inhalation and became undetectable 4 hours 

afterwards in all patients.

3.4. Efficacy assessment

Among 8 treated patients, 1 (12.5%) had a partial response (PR), 2 (25%) had stable disease 

(SD), and 5 (62.5%) had progression of disease (PD) (Table 1). The PR and SD events 

occurred in patients who received inhaled Azacitidine at 30 or 45 mg/m2 (Table 1 and Table 

2A). Median PFS and OS were 1.8 and 15.4 months, respectively.

Patient #4 is a 57 years old African American male, former smoker (10 pack years, quit in 

2014), with medical history of hypertension. He was initially diagnosed with stage IV lung 

adenocarcinoma in 4/2014, with metastases in bilateral lung, liver and bone. Molecular 

profiling revealed KRAS G12V mutation and PD-L1 TPS was 50%. He was treated with 

carboplatin and pemetrexed followed by maintenance pemetrexed (5/2014-12/2014, initially 

PR, later progressed), next docetaxel (1/2015-3/2015, PR with liver metastases mostly 

resolved, but discontinued due to intolerance with extensive lower extremity edema, skin 

dryness and peeling), then gemcitabine (4/2015-9/2016, SD but stopped due to severe 

fatigue and pancytopenia). He subsequently declined any further intravenous treatment and 

was enrolled in our study, received 12 cycles of inhaled Azacitidine treatment at 30mg/m2 

(10/2016-9/2017), and had a PR. He tolerated the treatment well with no AEs. He has since 

been on surveillance and off cancer treatment. He has remained clinically and 

radiographically stable for more than three years since completing the inhalation treatments 

(Table 2A and Figure 2).

Patient #8 is a 70 years old former smoker (30 pack years, quit in 2011). She was diagnosed 

with stage IIIA squamous cell lung cancer in 8/2016 and was treated with concurrent 

chemoradiotherapy. She was found to have loco-regional recurrence in 3/2017 and received 

nivolumab (3/2017-10/2017) complicated by grade 3 colitis and arthralgia. She was then 

enrolled in our study and received 2 cycles of inhaled Azacitidine treatment at 45mg/m2 

(10/30/2017-12/15/2017) complicated by grade 2 decreased DLCO as aforementioned. She 
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has remained stable for approximately three years since completing the inhalation 

treatments.

3.5. Methylation study

To test our main hypothesis that inhaled Azacitidine will cause hypomethylation in the 

bronchial epithelium the global methylation profile was investigated by quantifying levels of 

5-methylcytosine in 3 participants who underwent pre- and post-treatment bronchoscopies 

yielding paired pre- and post-treatment bronchial epithelium tissue. The interval between the 

last inhaled treatment and bronchoscopy was 3 days. A significant demethylating effect was 

observed in 2 out of 3 (66%) patients in the post-therapy bronchial epithelium sample (24% 

and 79%), treated at 15mg/m2 and 45mg/m2, respectively (Figure 3). No significant 

methylation change was detected in the third patient receiving 45mg/m2.

4. Discussion

We report the first in-human pilot study of inhaled Azacitidine. Aerosol drug delivery has 

the advantage of direct deposition of the drug on the airways epithelial lining, resulting in a 

preferential accumulation of the drug into the lungs compared with intravenous 

administration. However, delayed systemic drug absorption from the lungs occurs and as a 

result inhalation has also been explored for the systemic delivery of drugs like insulin20. A 

formulation of aerosolized Azacitidine using the drug in powder form showed markedly 

enhanced systemic absorption, probably reflecting the preservation of drug stability when 

given in powder form15. In designing an inhaled formulation of Azacitidine for the purpose 

of targeting the airways epithelium and minimizing systemic absorption of biologically 

active Azacitidine, we adjusted the aerosol formulation parameters to obtain a particle size 

of 0.25 to 5 um and used the aqueous solution of Azacitidine to take advantage of its short 

stability, thus mostly restricting the delivery of active drug to the lungs and decreasing the 

systemic absorption of intact drug that could lead to systemic toxicity.

The results of this pilot study show that inhaled Azacitidine administered daily was very 

well tolerated, with no significant detectable systemic absorption of intact drug, thus 

explaining the lack of systemic toxicity. There were no symptoms of lung toxicity but one 

patient had a transient and modest asymptomatic decrease in DLCO at 45 mg/m2. Such dose 

may be still below the maximum tolerated dose (MTD) but requires inhalation sessions of 40 

minutes in some cases, the significant time commitment required of patients becoming a 

practical limiting factor. Because of this and the fact that a demethylating effect had been 

observed at lower doses, we decided that there was no need to continue the study to establish 

a MTD as the intent of this pilot study was not to use Azacitidine as a cytotoxic agent, but to 

prove technical feasibility and find a chronic dose for future studies that is feasible, non-

toxic, and able to exert a demethylating effect in the target tissue, the bronchial epithelium. 

We concluded that inhaled Azacitidine administered daily at 30 mg/m2 is feasible, well-

tolerated and the logical dose of choice for a subsequent study using a continuous daily dose 

schedule in patients with tobacco-related stage I lung cancer, as an adjuvant treatment post 

resection as these patients have extensive genetic damage in their bronchial epithelium and 

are at high risk of developing second primary or recurrent lung cancers. Moreover, we are in 
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the process of developing a more concentrated formulation of inhaled Azacitidine to 

decrease the length of treatment and establish a toxicity-defined MTD in future studies. Our 

study also paves the way for further clinical development of this promising epigenetic 

approach either alone or in combination to treat and prevent cancers with predominant lung 

involvement.
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Highlights

• In heavily-pretreated lung cancer patients with predominantly lung 

involvement, inhaled Azacitidine was feasible and well-tolerated.

• Disease control was observed in 3 out of 8 patients and demethylating effects 

were noted in 2 out of 3 of patients whose bronchial epithelium was sampled 

pre- and post-treatment.

• Inhaled Azacitidine may exemplify a new approach for managing patients 

with lung-confined malignant lesions and related premalignant conditions.
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Figure 1. 
Patient disposition (PFT, pulmonary function test).
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Figure 2. 
Representative case. A 57 year-old African American male with heavily pre-treated stage IV 

lung adenocarcinoma received 12 cycles of inhaled Azacitidine treatment. (Dx: Diagnosed; 

PR: partial response; PD: progression of disease; LE: lower extremity; SD: stable disease)
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Figure 3. 
Global methylation profile in 3 participants who underwent pre- and post-treatment 

bronchoscopy with paired pre- and post-treatment bronchial epithelium specimens. The 

Interval between last inhaled treatment and bronchoscopy was approximately 3 days. 

*=P<0.05; NS, not significant.
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Table 1:

Patient Characteristics, dose levels and clinical efficacy.

Patients (n=8)
N (%)

Median age in years (IQR) 70 (11.5 )

Gender

  Male 3 (37.5%)

  Female 5 (62.5%)

Race

  African American (AA) 5 (62.5%)

  non-AA 3 (37.5%)

ECOG PS=1 8 (100%)

Smoking status

  Never 3 (37.5%)

  Active/Former 5 (62.5%)

Histology

  Adenocarcinoma 7 (87.5%)

  SQCLC 1 (12.5%)

Type of mutations (all with adenocarcinoma)

  EGFR 1 (12.5%)

  KRAS 2 (25%)

Median lines of prior Treatment (IQR) 2.5 (2.5)

Median follow-up in months (IQR) 15.4 (10.5)

Escalating doses

  15 mg/m2 3 (37.5%)

  30 mg/m2 3 (37.5%)

  45 mg/m2 2 (25%)

Median Treatment cycles (IQR) 2 (1)

Clinical efficacy

  Partial Response (PR) 1 (12.5%)

  Stable disease (Stable) 2 (25%)

  Progression (PD) 5 (62.5%)

Clinical efficacy based on dose levels

  15 mg/m2 3 (100%) PD

  30 mg/m2 1 (33%) PR, 2 (67%) PD

  45 mg/m2 2 (100%) Stable
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Table 2

Effects of inhaled Azacitidine on 2A: toxicity, response, pulmonary function (FEV1 and DLCO) and 2B: 

pharmacokinetics (PK, plasma Azacitidine levels).

2A.

Pt Dose
Level
mg/m2

Cycles
(n)

TRAE DLT Response FEV1
L
(% predicted)

DLCO
mL/min/mmHg
(% predicted)

Baseline End of
study

Baseline End of
study

#1 15 2 G1 FEV1 decreased No PD 1.8 (76) 1.5 (62) 14.9 (69) 14.8 (68)

#2 15 2 None No PD 2.1(109)  2.2(116) 13.2 (55) 15.1 (64)

#3 15 2 None No PD 1.1 (64) 1.0 (61) 6.5 (40) 6.8 (42)

#4 30 12 None No PR 2.2 (72) 2.1 (72) 17.2 (57) 22.3 (78)

#5 30 1 None No PD 1.8 (85) 1.7 (81) 19.9 (67) 18.6 (62)

#6 30 2 None No PD 1.4 (87) 1.3 (78) 9.2 (45) 8.3 (41)

#7 45 4 None No Stable 1.6 (54) 1.7 (61) 11.2 (33) 10.9 (33)

#8 45 2 G2 DLCO decreased (no 
symptoms)

Yes Stable 1.6 (73) 1.7 (80) 16.3 (75) 12.6 (58)

TRAE: Treatment-related adverse events. DLT: Dose-limiting toxicity. Pt: patient. Tx: treatment. PD: Progression of Disease. PR: Partial 
Response.

2B.

PK* Cycle 1
day 1

Cycle 1 day 15 Cycle 1 day 19

Pre-
dose

Pre-
dose

0 h post
dose

2 h post
dose

4h post
dose

Pre-
dose

0 h post
dose

2 h post
dose

Mean plasma (ng/ml) 0 0 6.66 0.76 0 0 17.87 2.48

SEM 0 0 9.72 0.88 0 0 18.10 3.50

*
PK summary for 5 patients who received inhaled Azacitidine at 30 and 45mg/m2. (Plasma Azacitidine was undetectable in any of the 3 patients 

who were treated at the lowest dose level of 15mg/m2).
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