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Background: Granulocyte-macrophage colony-stimulating factor (GM-CSF)

therapy is an important treatment for autoimmune pulmonary alveolar

proteinosis (aPAP). Exogenous GM-CSF treatment can be administered either

through subcutaneous injection or nebulized inhalation. However, data on the

e�ectiveness and safety of these two approaches are lacking.

Method: We conducted a systematic literature review of di�erent methods,

including subcutaneous injection and nebulized inhalation of GM-CSF, for the

treatment of aPAP patients. Patients were divided into a subcutaneous injection

group (SIG) and a nebulized inhalation group (NIG) according to the route of

administration. Treatment e�cacy and safety, including adverse events, were

statistically assessed. We analyzed di�erent GM-CSF treatment cycles with

di�erent time intervals. The analyses were performed using chi-square tests,

unpaired t-tests, and Kruskal–Wallis H-tests.

Results: A total of 304 aPAP patients were treated with GM-CSF, including

66 (21.7%) in the SIG and 238 (78.3%) in the NIG. In total, we identified 220

(72.37%) patients whose treatment was e�ective and 84 (27.63%) patients whose

treatment was ine�ective. E�cacy was achieved in 54.55% (36/66) of the SIG

patients and 77.31% (184/238) of the NIG patients (P < 0.001). More metrics

were changed than in the NIG than SIG, suggesting the superior e�ectiveness

of nebulized inhalation. The nebulized inhalation of GM-CSF was more e�ective

(P < 0.001) and caused fewer adverse events than its subcutaneous injection.

A significant di�erence in the NIG was noted across treatment durations, with

an e�cacy rate of 88% for those treated for over 24 weeks, compared with 48%

in the SIG (P < 0.001). Among the NIG patients, the optimal e�cacy was found

to be at a dosage of 300–400 µg/d, with diminishing e�cacy at higher doses

(P < 0.036).

Conclusion: Nebulized inhalation is a more e�ective and safer route of GM-CSF

administration than subcutaneous injection is, with a potential optimal dosage of

300–400 µg/day, and the duration of GM-CSF treatment via nebulized inhalation

with the greatest e�cacy is >24 weeks.
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Introduction

Pulmonary alveolar proteinosis (PAP) is a rare disorder

characterized by surfactant accumulation in the alveoli, leading

to impaired gas exchange, progressive dyspnoea, and respiratory

failure (1). The estimated PAP incidence is 6.87 ± 0.33

per million individuals, which is likely underestimated due

to diagnostic challenges (2). Primary PAP, the most common

form, includes autoimmune PAP (aPAP), which is defined

by circulating anti-granulocyte-macrophage colony-stimulating

factor (GM-CSF) antibodies and constitutes more than 90% of

cases (1, 3).

No drugs are approved as therapy for aPAP in any country,

and whole-lung lavage (WLL) is a key treatment for PAP,

effectively improving oxygenation and reducing symptoms

by clearing surfactant accumulation from the alveoli (4). It

offers durable symptom relief as a form of palliative care,

but its invasive nature, requiring general anesthesia and

mechanical ventilation, poses risks such as infection and

pneumothorax. Additionally, WLL is only available in specialized

centers and may need to be repeated over time, as it does

not address the underlying cause of PAP (5). Therefore, we

need to find an appropriate medication regimen to address

this issue.

GM-CSF is a promising treatment for aPAP, as it restores

alveolar macrophage function, improves surfactant clearance and

gas exchange, and reduces the need for WLL (4, 6, 7). GM-

CSF is a glycoprotein that stimulates the production and function

of white blood cells, including granulocytes and macrophages

(8). In the context of aPAP, GM-CSF increases the activity of

alveolar macrophages, which are responsible for clearing excess

surfactant from the alveoli. In aPAP, antibodies inhibit the

effects of GM-CSF, leading to impaired macrophage function and

surfactant accumulation. Administering GM-CSF can help restore

macrophage function (9).

Currently, GM-CSF treatments can be administered either

through subcutaneous injection or nebulized inhalation (10, 11).

However, there is a lack of comparative studies between these

two approaches, and the optimal dose and treatment duration

remain undefined.

Therefore, we designed this study to investigate the

impact of subcutaneous injection vs. nebulized inhalation

on treatment outcomes and to identify an appropriate

dose range.

Materials and methods

Systematic literature review and search
strategy

We conducted a systematic literature review of the efficacy of

different methods of GM-CSF infusion in patients with aPAP. We

searched for articles on aPAP published in English from January

1, 1985, to May 31, 2024, through databases such as PubMed,

Web of Science, Embase, the BIOSIS Library, and the CNKI and

WANFANG databases.

Data filtering and extraction

Our selection requirements for the retrieved articles included

the following: (1) the selected articles were limited to publications

published in English; (2) the patients in the selected articles

were patients with PAP and were treated with GM-CSF

therapy; and (3) articles on diagnostics, immunologic and

experimental studies, Additionally, duplicate cases were excluded,

and general reviews were filtered. We extracted the following

information from the patients in the selected articles: sex,

age, geographic region, smoking history, PAP typing, GM-CSF

treatment, treatment period, treatment dose, efficacy, toxicity,

and pre- and post-treatment baseline, including forced expiratory

volume in 1 s (FEV1), forced expiratory volume in 1 s/forced vital

capacity (FEV1/FVC), and carbon monoxide diffusing capacity

(DLCO) baseline.

Grouping

We divided the patients into a subcutaneous injection group

(SIG) and nebulized inhalation group (NIG) according to the route

of administration.

E�cacy

The effect of GM-CSF treatment on the collected patients was

statistically analyzed. Markers for effective aPAP treatment include

significant increases in PaO2 and SaO2 values and a reduced (A-a)

O2 gradient, indicating enhanced oxygenation and gas exchange.

An increase in DLCO suggests better diffusing capacity, whereas

improvements in FEV1, FVC, total lung capacity (TLC), and

vital capacity (VC) reflect improved lung function and increased

lung volume. Radiological findings, such as reduced ground-

glass opacities on high-resolution computed tomography (HRCT),

further confirm treatment efficacy. Additionally, a decrease in the

total cell count in bronchoalveolar lavage (BAL) fluid indicates

a reduction in alveolar protein accumulation. Together, these

markers are indicative of a positive response to treatment.

Treatment was considered effective if these markers were observed

in the patients. Treatment was considered ineffective if the disease

symptoms were not alleviated or if the patient subsequently

relapsed or stopped treatment for any reason.

Safety

The safety of the included patients was analyzed. Safety

included the occurrence of treatment-related adverse events

and some sudden physical events. These events included skin

symptoms, soreness, night sweats, exhaustion symptoms, digestive

symptoms, eye symptoms, muscle and bone symptoms, respiratory

symptoms, thermoregulatory symptoms, chest symptoms,

psychological symptoms, hematological symptoms, urinary

symptoms, pregnancies, weight increase, progression of aPAP,

and swelling.
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FIGURE 1

Flowchart of the collection process.

GM-CSF treatment cycle and dose

We collected information on the number of GM-CSF

treatment cycles and categorized the patients on the basis of this

information. We also collected information on the dose of GM-

CSF administered to each patient, and for the convenience of

statistical analysis, we standardized the unit to kg administered per

day by setting the patient weight to 60 kg and converting the dose

administered per day on the basis of this weight.

Statistical analysis

The data were analyzed via Statistical Products and Services

Solutions (SPSS, version 25), and P-values were calculated via the

chi-square test, unpaired t-test and Kruskal–WallisH-test. P-values

<0.05 were considered significant.

Results

We searched 3,952 articles related to PAP on PubMed,

Web of Science, Embase, the BIOSIS Library, and the CNKI

and WANFANG databases and ultimately selected 32 English

publications from Jan 1, 1985–May 31, 2024, on GM-CSF-treated

patients with aPAP. A total of 304 aPAP patients treated with GM-

CSF were examined in this study, including 66 (21.71%) patients in

the SIG and 238 (78.29%) patients in the NIG (Figure 1).

Patient characteristics

The analysis revealed a mean age of 39.92 years in the SIG

and 50.72 years in the NIG (P < 0.001). Compared with the

NIG, the SIG had more males (75.80%) (54.60% males, 45.40%

females), with a significant sex difference (P = 0.002). The

percentages of patients from different regions were significantly

different between groups: patients from Asia (7.58% vs. 84.45%,

P < 0.001), patients from North America (68.18% vs. 7.56%,

P < 0.001), and patients from Australia/Europe (24.24% vs.

7.99%, P < 0.001). The percentage of patients that had aPAP

for 2–3 years (74.24% vs. 6.72%, P < 0.001) and >3 years

(10.61% vs. 2.10%, P = 0.005) were different between groups.

The percentages of nonsmokers (12.12% vs. 24.79%, P = 0.028)

and ex-smokers (36.36% vs. 15.97%, P = 0.036) were significantly

different between groups. The percentages of patients with previous

lavage counts of 1–5 (60.61% vs. 31.93%, P < 0.001) and 5–10

(13.64% vs. 2.94%, P = 0.02) were significantly different between

groups. Significant differences in the percentages of patients with

high bronchoalveolar lavage fluid (BALF) protein levels (3.03%

vs. 62.61%, P < 0.001), of patients who underwent open lung

biopsy (OLB) (28.79% vs. 53.36%, P = 0.001), of patients who

underwent transbronchial biopsy (TBB) (66.67% vs. 6.72%, P <

0.001), and who had high levels of anti-GM-CSF antibodies (1.52%

vs. 83.19%, P < 0.001) were present between the two groups

(Table 1).

Pre- and post-treatment comparisons

Pre- and post-treatment comparisons were made

between the SIG and NIG. More metrics were

altered after nebulized inhalation of GM-CSF than

subcutaneous injection.

In the SIG, significant increases in PaO2 values (from

58.61 ± 8.93 to 79.36 ± 12.11 mmHg, P < 0.001) and

SaO2 values (from 77.75 ± 11.32% to 93.00 ± 3.21%, P =

0.034) and significant decreases in (A-a) O2 values (from 40.93
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TABLE 1 Baseline data.

Variable Subcutaneous
injection n (%)

Nebulized
inhalation n (%)

P-value

Number 66 238

Gender 0.002

Male 50 (75.80%) 130 (54.60%)

Female 16 (24.20%) 108 (45.40%)

Age 39.92± 8.95 50.72± 8.13 <0.001

Region

Asian 5 (7.58%) 201 (84.45%) <0.001

North America 45 (68.18%) 18 (7.56%) <0.001

Australia and

Europe

16 (24.24%) 19 (7.99%) <0.001

PAP course

<2 years 10 (15.15%) 41 (17.23%) 0.690

2–3 years 49 (74.24%) 16 (6.72%) <0.001

>3 years 7 (10.61%) 5 (2.10%) 0.005

Smoking history

Smokers 28 (42.42%) 72 (23.95%) 0.063

Non-smokers 8 (12.12%) 59 (24.79%) 0.028

Ex-smokers 24 (36.36%) 56 (15.97%) 0.036

Diagnosis

BALF 2 (3.03%) 149 (62.61%) <0.001

OLB 19 (28.79%) 127 (53.36%) 0.001

Transbronchial

lung biopsy

(TBLB)

0 11 (4.62%) 0.160

TBB 44 (66.67%) 16 (6.72%) <0.001

Thoracoscopic

lung biopsy

2 (3.03%) 1 (0.42%) 0.120

Anti-GM-CSF

antibodies

1 (1.52%) 198 (83.19%) <0.001

GM-CSF pretreatment activity tolerance

<50m 2 (3.03%) 19 (7.98%) 0.116

300–400m 2 (3.03%) 41 (17.23%) 0.003

>400m 2 (3.03%) 101 (42.44%) <0.001

Number of previous lavages

1–5 times 40 (60.61%) 76 (31.93%) <0.001

5–10 times 9 (13.64%) 7 (2.94%) 0.02

>10 times 7 (10.61%) 18 (7.56%) 0.426

± 5.05 to 15.70 ± 4.13 mmHg, P < 0.001) were observed

(Table 2).

In the NIG, the PaO2 value increased from 63.93 ± 5.85 to

77.43 ± 5.56 mmHg (P < 0.001), the PaCO2 value decreased

from 37.74 ± 1.80 to 30.3 ± 2.54 mmHg (P = 0.013), and the

FEV1 value increased from 83.43 ± 9.24% to 86.83 ± 5.33%

TABLE 2 Pre- and post-treatment baseline data for di�erent groups.

Metrics Pre-treatment
n (%)

Post-treatment
n (%)

P-value

Subcutaneous injection group

PaO2 (mmHg) 58.61± 8.93 79.36± 12.11 <0.001

PaCO2 (mmHg) 59.59± 7.97 42 (n= 1) 0.066

SaO2 77.75± 11.32% 93.00± 3.21% 0.034

FVC baseline 78.09± 7.60% 85.26± 8.85 0.165

FEV1 69.66± 23.69% 91% (n= 1) 0.655

TLC 64.00± 18.38% 81% (n= 1) 0.211

VC 55.00% (n= 1) 99.00% (n= 1) 0.317

VO2max maximal

oxygen uptake

(ml/kg/min)

16 (n= 1) 28 (n= 1) -

DLCO 38.00± 9.90% 66± 2.83% 0.121

(Aa) O2 baseline

(mmHg)

40.93± 5.05 15.70± 4.13 <0.001

BAL Protein

Levels (g/L)

2 (n= 1) 0.2 (n= 1) -

Total number of

BAL cells (cell/L)

600 (n= 1) 4∗104 (n= 1) -

Inhalation group

PaO2 (mmHg) 63.93± 5.85 77.43± 5.56 <0.001

PaCO2 (mmHg) 37.74± 1.80 30.3± 2.54 0.013

SaO2 84.95± 2.98% 89% (n= 1) 0.008

FVC baseline 79.97± 7.27% 84.98± 4.20 <0.001

FEV1 83.43± 9.24% 86.83± 5.33% 0.002

FEV1/FVC 86.06± 2.82% 85.11± 1.15% 0.045

TLC 61.72± 11.62% 85.83± 7.85% <0.001

VC 77.36± 4.41% 82.51± 3.47% <0.001

VO2max maximal

oxygen uptake

(ml/kg/min)

19.9 (n= 4) 26.3 (n= 4) -

DLCO 53.54± 8.52% 61.92± 8.66% <0.001

(Aa) O2 baseline

(mmHg)

41.26± 6.02 27.79± 5.10 <0.001

Total number of

BAL cells (cell/L)

19.1± 3.2∗10(n =19) 29.0± 4.8∗10 (n= 19) <0.001

(P = 0.002). Significant changes were also observed in TLC

(from 61.72 ± 11.62% to 85.83 ± 7.85%, P < 0.001), VC (from

77.36 ± 4.41% to 82.51 ± 3.47%, P < 0.001), DLCO (from

53.54 ± 8.52% to 61.92 ± 8.66%, P < 0.001), and (A-a) O2

values (from 41.26 ± 6.02 to 27.79 ± 5.10 mmHg, P < 0.001)

(Table 2).

We also compared the differences in metrics before and after

treatment and detected differences in the metrics PaO2 (P< 0.001),

VC (P= 0.015), DLCO (P< 0.001), and (A-a) O2 baseline (mmHg)

(P < 0.001) (Supplementary Table 1).
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TABLE 3 E�cacy.

Treatment method E�ective Ine�ective P-value

Subcutaneous injection 36 (54.55%) 30 (44.45%) <0.001

Nebulized inhalation 184 (77.31%) 54 (22.69%)

TABLE 4 Safety.

Name of toxic
side e�ect

Subcutaneous
injection

Nebulized
inhalation

P-value

Skin symptoms 22 (33.33%) 0 (0%) <0.001

Soreness 15 (22.73%) 17 (7.14%) 0.001

Night sweats 3 (4.55%) 0 (0%) 0.11

Exhaustion symptoms 12 (18.18%) 5 (2.10%) <0.001

Digestive symptoms 11 (16.67%) 12 (5.04%) 0.003

Eye symptoms 19 (28.79%) 0 (0%) <0.001

Muscle and bone

symptoms

21 (31.82%) 8 (3.36%) <0.001

Respiratory

symptoms

47 (71.21%) 88 (36.97%) <0.001

Thermoregulatory

symptoms

21 (31.82%) 6 (2.52%) <0.001

Chest symptoms 3 (4.55%) 16 (6.72%) 0.353

Psychological

symptom

3 (4.55%) 0 (0%) 0.11

Hematological

symptoms

8 (12.12%) 5 (2.10%) 0.002

Urinary symptoms 1 (1.52%) 0 (0%) 0.223

Pregnancies 1 (1.52%) 0 (0%) 0.223

Weight increase 0 (0%) 8 (3.36%) 0.129

Progression of aPAP 0 (0%) 8 (3.36%) 0.129

Swelling 12 (18.18%) 0 (0%) <0.001

E�cacy

In total, we identified 220 (72.37%) patients whose treatment

was effective and 84 (27.63%) patients whose treatment was

ineffective. Our analysis revealed that 36 (54.55%) patients in the

SIG were effectively treated, whereas 184 (77.31%) patients in the

NIG were effectively treated (P < 0.001) (Table 3).

Safety

In terms of safety, different aspects of toxicity were observed in

both the SIG and NIG (Table 4, Figure 2). There were significant

differences between the SIG and NIG for various symptoms. Skin

symptoms occurred in 33.33% of the SIG patients but not in the

NIG patients (P < 0.001). Soreness was observed in 22.73% of

the SIG vs. 7.14% of the NIG patients (P = 0.001). Exhaustion

symptoms were reported by 18.18% of the SIG patients and

2.10% of the NIG patients (P < 0.001). Digestive symptoms were

observed in 16.67% of the SIG patients and 5.04% of the NIG

patients (P = 0.003). Eye symptoms were present in 28.79% of the

SIG patients but not in the NIG patients (P < 0.001). Swelling

occurred in 18.18% of the SIG patients (P < 0.001), whereas

muscle and bone symptoms weremore common in the SIG patients

(31.82% vs. 3.36%, P < 0.001). Respiratory symptoms were more

common in the SIG (71.21%) patients than in the NIG patients

(36.97%, P < 0.001). Thermoregulatory symptoms were observed

in 31.82% of the patients in the SIG and 2.52% of those in the

NIG (P < 0.001). Hematological symptoms were more common

in the SIG patients (12.12%) than in the NIG patients (2.10%,

P= 0.002).

GM-CSF treatment cycle

In the statistical analysis of treatment cycles, 44 patients in

the SIG had documented treatment cycles, with 22 (50.00%)

having an effective treatment cycle and 22 (50.00%) having an

ineffective treatment cycle. In the NIG, 89 patients had documented

treatment cycles, of which 54 (60.67%) were effective and 35

(39.33%) were ineffective (P < 0.001). We analyzed the SIG and

NIG treatment cycles separately, dividing treatment durations into

≤12 weeks, 12–24 weeks, and >24 weeks (Supplementary Table 2).

A statistically significant difference was found between different

treatment durations in the NIG (P = 0.031), where 25 patients

had >24 weeks of treatment, with an effectiveness rate of 88%.

Additionally, we compared the efficacy of different treatment

cycles between the SIG and NIG (Supplementary Table 3, Figure 3).

Among the patients whose treatment cycle was >24 weeks, 48% of

SIG patients were effectively treated, whereas 88% in the NIG were

effectively treated, indicating a significant difference (P < 0.001).

GM-CSF dosage

In the subgroup analyses for the SIG, dosages such as <=400

mg/day and>400 mg/day (P= 0.795) did not significantly differ in

terms of efficacy. However, inhalation dosages of<=400mg/d were

significantly effective (P = 0.036), whereas those of <=300 µg/d

were significantly more effective (P = 0.076). Overall, nebulized

inhalation appears to be a more effective administration route for

GM-CSF than subcutaneous injection is (Supplementary Table 4).

Discussion

Although WLL is currently the main treatment for PAP, it is

important to keep in mind that, as suggested by Campo et al. (12),

procedural differences between centers should be considered as

they may have an impact on the treatment’s safety and effectiveness.

Variations in lavage volume, frequency, etc. are a few examples.

Additionally, this serves as a reminder of how crucial protocol

standardization is to maximizing WLL’s contribution to PAP.

In our study, one of the largest studies to date on aPAP

treatment with GM-CSF, 304 patients were analyzed and the

efficacy and safety of GM-CSF subcutaneous injection vs. nebulized

inhalation were compared. The findings revealed that inhalation
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FIGURE 2

Statistics on the concomitant toxic e�ects of treatment. Symptoms with * are those where there is a significant di�erence in toxicity between the two

treatment methods (P < 0.005).

FIGURE 3

Comparison of the e�cacy rates across treatment cycles for di�erent GM-CSF delivery methods. Treatment cycles with * are defined as significantly

di�erent between the e�cacy rates of the two GM-CSF treatments (P < 0.005).

is more effective and has a better safety profile, with fewer side

effects and a stronger dose–response relationship, particularly at

300–400 µg/d. These insights are crucial for optimizing aPAP

treatment strategies, emphasizing the superiority of inhalation

therapy in achieving better patient outcomes. In addition, it is

noteworthy that the results we found appear to be different from

the findings of the previous PAGE trial (10) and the IMPALA

trial (13) (250 µg/day in the former; 300 µg/day in the latter).

This discrepancy could result from variations in pharmacokinetic

variables, patient compliance, nebulizer efficiency, etc. For instance,

the PAGE trial employed a jet nebulizer, which has a reduced

deposition efficiency, but the MPALA trial used a vibrating mesh

nebulizer, which improves medication delivery to the alveoli. This

tells us that device-specific adjustments are also an important aspect

of optimizing the therapeutic effect. And this echoes the findings

of Luisetti et al. (14) that when using the AKITA² APIXNEB R©

Nebulizing System, ∼49.9% of the administered dose was targeted

for deposition in the alveolar region (total lung deposition rate of
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FIGURE 4

E�ects of GM-CSF and anti-GM-CSF autoantibodies on the body and PAP formation. Anti-GM-CSF autoantibodies negatively a�ect alveolar

macrophages, which in turn a�ects their ability to catabolize alveolar surface-active substances and protect the host from infectious diseases, which

in turn leads to an accumulation of alveolar surface-active substances and PAP. The Janus kinase (JAK)2/STAT5, Ras-Raf-neutral gene-activated

protein kinase (MAPK), nuclear factor (NF)-kB, and phosphatidylinositol 3-kinase (PI3K)-Akt pathways are implicated in GM-CSF receptor activation,

and together, they regulate the immune e�ects of GM-CSF. GM-CSF activates macrophages and dendritic cells, which produce IL-23, IL-1, and IL-6

that drive Th17 and Th1 cell di�erentiation, thus creating a positive feedback loop in addition to the expression of GM-CSF by Th1 cells. PAP,

pulmonary alveolar proteinosis; GM-CSF, granulocyte-macrophage colony-stimulating factor; IL-1, interleukin-1; IL-6, interleukin-6; IL-23,

interleukin-23; Th1, T helper 1; Th17, T helper 17; (JAK) 2/STAT5 pathway, Janus kinase 2/signal transducer and activator of transcription 5; MAPK,

mitogen-activated protein kinase; PI3K, phosphatidylinositol-3-kinase; NF-kB2, nuclear factor kappa-B.

80.4%, with a nominal dose of 250 µg corresponding to an alveolar

dose of 96µg). This finding highlights the central impact of delivery

technology on efficacy. In addition, the investigators emphasized

that the abnormal accumulation of surface-active substances in the

alveoli of patients with PAP may significantly reduce the actual

deposition efficiency. Therefore, higher nominal doses are required

in the clinic to compensate for the pharmacokinetic losses in such

pathological settings, while the risk of systemic exposure due to

dose overruns needs to be guarded against. Further optimization

of therapeutic regimens can be achieved in the future through

accurate metrological modeling, the use of in vivo validation

techniques, and the improvement of device capabilities and quality.

In this research, we found that nebulized inhalation was more

effective than subcutaneous injection was, which is consistent with

findings from previous meta-analyses (15). We observed that a

dosage of ≤400 µg/day showed better efficacy in the NIG, whereas

no clear threshold was identified at ∼300 µg/day in the SIG. This

may be because elevated anti-GM-CSF antibody levels induce a

suppressive state, whereas excessively high GM-CSF levels lead

to hyperactivation, disrupting immune homeostasis. An optimal

dose increases immune cell numbers, but excessive dosing can

reduce cell counts (16, 17). Nebulized inhalation of GM-CSF is a

promising and safe pharmacological strategy that restores alveolar

macrophage function, promotes surfactant clearance, improves

lung function in aPAP patients (6). Inhalation of GM-CSF is less

invasive than subcutaneous injection, offering greater convenience

and reduced discomfort for patients. This method ensures targeted

delivery to the lungs, minimizing systemic side effects while

increasing local efficacy (10, 13). Its prolonged presence in the lungs

offers sustained stimulation of alveolar macrophages, potentially

leading to more effective and enduring therapeutic outcomes (18,

19). Compared with subcutaneous injections, inhaled GM-CSF is

less likely to cause systemic adverse effects, with a focus on its

impact on the respiratory system (20, 21).

GM-CSF plays a key role in immunomodulation (Figure 1),

impacting bone marrow cell survival, proliferation, differentiation,

and function. In inflammatory and autoimmune diseases, GM-

CSF promotes bone marrow cell survival and proliferation,
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leading to increased monocyte, neutrophil, and macrophage

numbers at sites of inflammation (22–24). GM-CSF is critical

for dendritic cell survival, generation, and differentiation. It

specifically promotes the differentiation and activation of mouse

CD8+ splenic dendritic cells and human plasmacytoid dendritic

cells, acting as a key CD8+ T-cell-derived “licensing factor”

for mouse dendritic cell function (25–27). GM-CSF-activated

macrophages and dendritic cells produce IL-23, IL-1, and IL-6,

promoting Th17 and Th1 differentiation in a positive feedback

loop. Th1 cells also express GM-CSF, amplifying the inflammatory

response (28). GM-CSF-treated monocytes and macrophages

typically display M1 polarization, which is linked to host defense

and inflammation (29–31). GM-CSF receptor activation initiates

several signaling pathways, including the JAK2/STAT5, Ras-

Raf-MAPK, NF-κB, and PI3K-Akt pathways, which collectively

mediate the immune effects of GM-CSF. Although GM-CSF

is primarily proinflammatory, some evidence suggests that it

may promote tolerogenic dendritic cell production, potentially

mitigating the severity of autoimmune disease. Notably, GM-CSF

enhances apoptotic cell uptake by macrophages through the EGF-

like molecule lactadherin (32–34). Anti-GM-CSF autoantibodies

impair alveolar macrophage function, hindering their ability to

degrade surfactant and defend against infections. This can lead to

surfactant buildup, progressive respiratory failure, and increased

risk of infection, a condition known as PAP (1). The presence

of anti-GM-CSF autoantibodies impairs the ability of GM-CSF to

regulate Mycobacterium tuberculosis, increasing the susceptibility

of macrophages to M. tuberculosis infection (35–37). Previous

studies have established a close association between the production

of anti-GM-CSF autoantibodies and genetic and hereditary factors

(Figure 4) (38, 39).

There is currently no consensus on the optimal dosage,

duration, or method of treatment for aPAP, largely due

to the absence of standardized protocols and large-

scale controlled trials. Future research should prioritize

extensive, well-controlled studies to establish evidence-based

treatment guidelines, including effective regimens, doses,

durations, and delivery methods. Exploring personalized

approaches could further improve therapeutic outcomes and

management strategies.

Limitations of this study include reliance on data from

public databases and websites in two main ways: this prevented

the study from performing individualized matched analyses

of patients receiving nebulized inhalation vs. subcutaneous

GM-CSF. This methodological constraint may have introduced

confounding variable bias, such as insufficient correction

for baseline disease severity, comorbidities, and treatment

cycle heterogeneity. Second, it also resulted in this study not

further differentiating between sargramostim (yeast-derived

glycosylated protein) and molgramostim (E. coli-derived

non-glycosylated protein), which should have been further

investigated to refine the study in terms of adverse effects, etc.,

even though their potency was almost identical. Additionally, our

cohort consisted primarily of Asian individuals. Nonetheless,

this study represents the largest retrospective analysis

comparing the effects of GM-CSF inhalation and subcutaneous

injection on aPAP, and we have made efforts to identify an

appropriate dosage.

Conclusion

Nebulized inhalation demonstrates greater efficacy and safety

than does subcutaneous injection for aPAP treatment. The evidence

suggests that the optimal dosing for nebulized inhalation peaks

at 300–400 µg per day, whereas a treatment duration exceeding

24 weeks appears to yield the best results within this group.

This approach not only improves therapeutic outcomes but also

minimizes potential side effects associated with subcutaneous

administration, making nebulized inhalation a compelling option

for patient management in aPAP.

Author contributions

WC: Data curation, Methodology, Writing – original draft. XF:

Conceptualization, Investigation, Writing – review & editing. L-kY:

Methodology, Project administration, Writing – review & editing.

XL: Conceptualization, Formal analysis, Methodology, Writing –

original draft. Z-mY: Conceptualization, Software,Writing – review

& editing. X-yQ: Methodology, Project administration, Resources,

Writing – review & editing. YL: Data curation, Writing – review &

editing. YQ: Funding acquisition, Writing – review & editing.

Funding

The author(s) declare that financial support was received for the

research and/or publication of this article. This study was supported

by grants from the National Natural Science Foundation of China

(grant number NSFC82202544), the Guangxi Natural Science

Foundation (2021GXNS FBA220064), and the China Postdoctoral

Science Foundation (No. 2023M730801).

Acknowledgments

We would like to extend sincere gratitude to the nurses and

clinical staff who provide care to our patients, as well as the

organizations that provide us with financial support.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that no Gen AI was used in the creation

of this manuscript.

Publisher’s note

All claims expressed in this article are solely those

of the authors and do not necessarily represent those of

Frontiers inMedicine 08 frontiersin.org

https://doi.org/10.3389/fmed.2025.1552566
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Chen et al. 10.3389/fmed.2025.1552566

their affiliated organizations, or those of the publisher,

the editors and the reviewers. Any product that may

be evaluated in this article, or claim that may be made

by its manufacturer, is not guaranteed or endorsed by

the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fmed.2025.

1552566/full#supplementary-material

References

1. Trapnell BC, Nakata K, Bonella F, Campo I, GrieseM,Hamilton J, et al. Pulmonary
alveolar proteinosis. Nat Rev Dis Primers. (2019) 5:16. doi: 10.1038/s41572-019-0066-3

2. McCarthy C, Avetisyan R, Carey BC, Chalk C, Trapnell BC. Prevalence and
healthcare burden of pulmonary alveolar proteinosis. Orphanet J Rare Dis. (2018)
13:129. doi: 10.1186/s13023-018-0846-y

3. Jouneau S, Ménard C, Lederlin M. Pulmonary alveolar proteinosis. Respirology.
(2020) 25:816–26. doi: 10.1111/resp.13831

4. McCarthy C, Carey BC, Trapnell BC. Autoimmune pulmonary
alveolar proteinosis. Am J Respir Crit Care Med. (2022) 205:1016–
35. doi: 10.1164/rccm.202112-2742SO

5. Liu S, Cui X, Xia K, Duan Y, Xiong M, Li G. Efficacy and safety of whole-lung
lavage for pulmonary alveolar proteinosis: a protocol for a systematic review and
meta-analysis. BMJ Open. (2022) 12:e057671. doi: 10.1136/bmjopen-2021-057671

6. Campo I, Carey BC, Paracchini E, Kadija Z, De Silvestri A, Rodi G, et al. Inhaled
recombinant GM-CSF reduces the need for whole lung lavage and improves gas
exchange in autoimmune pulmonary alveolar proteinosis patients. Eur Respir J. (2024)
63:2301233. doi: 10.1183/13993003.01233-2023

7. Munsif M, Sweeney D, Leong TL, Stirling RG. Nebulised granulocyte-
macrophage colony-stimulating factor (GM-CSF) in autoimmune pulmonary alveolar
proteinosis: a systematic review and meta-analysis. Eur Respir Rev. (2023)
32:230080. doi: 10.1183/16000617.0080-2023

8. Becher B, Tugues S, GreterM. GM-CSF. From growth factor to central mediator of
tissue inflammation. Immunity. (2016) 45:963–73. doi: 10.1016/j.immuni.2016.10.026

9. Ead JK, Armstrong DG. Granulocyte-macrophage colony-stimulating factor:
conductor of the wound healing orchestra? Int Wound J. (2023) 20:1229–
34. doi: 10.1111/iwj.13919

10. Tazawa R, Ueda T, Abe M, Tatsumi K, Eda R, Kondoh S, et al. Inhaled
GM-CSF for pulmonary alveolar proteinosis. N Engl J Med. (2019) 381:923–
32. doi: 10.1056/NEJMoa1816216

11. Taylor PC, Saurigny D, Vencovsky J, Takeuchi T, Nakamura T, Matsievskaia
G, et al. Efficacy and safety of namilumab, a human monoclonal antibody against
granulocyte-macrophage colony-stimulating factor (GM-CSF) ligand in patients
with rheumatoid arthritis (RA) with either an inadequate response to background
methotrexate therapy or an inadequate response or intolerance to an anti-TNF (tumour
necrosis factor) biologic therapy: a randomized, controlled trial. Arthritis Res Ther.
(2019) 21:101. doi: 10.1186/s13075-019-1879-x

12. Campo I, Luisetti M, Griese M, Trapnell BC, Bonella F, Grutters JC, et al. A
global survey on whole lung lavage in pulmonary alveolar proteinosis. Chest. (2016)
150:251–3. doi: 10.1016/j.chest.2016.04.030

13. Trapnell BC, Inoue Y, Bonella F,Morgan C, Jouneau S, Bendstrup E, et al. Inhaled
molgramostim therapy in autoimmune pulmonary alveolar proteinosis. N Engl J Med.
(2020) 383:1635–44. doi: 10.1056/NEJMoa1913590

14. Luisetti M, Kroneberg P, Suzuki T, Kadija Z, Muellinger B, Campo I, et al.
Physical properties, lung deposition modeling, and bioactivity of recombinant GM-
CSF aerosolised with a highly efficient nebulizer. Pulm Pharmacol Ther. (2011) 24:123–
7. doi: 10.1016/j.pupt.2010.08.004

15. Sheng G, Chen P, Wei Y, Chu J, Cao X, Zhang HL. Better approach for
autoimmune pulmonary alveolar proteinosis treatment: inhaled or subcutaneous
granulocyte-macrophage colony-stimulating factor: a meta-analyses. Respir Res. (2018)
19:163. doi: 10.1186/s12931-018-0862-4

16. Ohashi K, Sato A, Takada T, Arai T, Nei T, Kasahara Y, et al. Direct evidence that
GM-CSF inhalation improves lung clearance in pulmonary alveolar proteinosis. Respir
Med. (2012) 106:284–93. doi: 10.1016/j.rmed.2011.10.019

17. Satoh H, Tazawa R, Sakakibara T, Ohkouchi S, Ebina M, Miki M, et al.
Bilateral peripheral infiltrates refractory to immunosuppressants were diagnosed
as autoimmune pulmonary alveolar proteinosis and improved by inhalation of
granulocyte/macrophage-colony stimulating factor. Intern Med. (2012) 51:1737–
42. doi: 10.2169/internalmedicine.51.6093

18. Umstead TM, Hewage EK, Mathewson M, Beaudoin S, Chroneos ZC, Wang
M, et al. Lower respiratory tract delivery, airway clearance, and preclinical efficacy of

inhaled GM-CSF in a postinfluenza pneumococcal pneumonia model. Am J Physiol
Lung Cell Mol Physiol. (2020) 318:L571–l579. doi: 10.1152/ajplung.00296.2019

19. Todd EM, Ramani R, Szasz TP, Morley SC. Inhaled GM-CSF in neonatal
mice provides durable protection against bacterial pneumonia. Sci Adv. (2019)
5:eaax3387. doi: 10.1126/sciadv.aax3387

20. Pearce C, Ruth MM, Pennings LJ, Wertheim HFL, Walz A, Hoefsloot W, et al.
Inhaled tigecycline is effective against Mycobacterium abscessus in vitro and in vivo. J
Antimicrob Chemother. (2020) 75:1889–94. doi: 10.1093/jac/dkaa110

21. Zhen G, Li D, Jiang J, Weng Y. Granulocyte-macrophage colony-stimulating
factor inhalation therapy for severe pulmonary alveolar proteinosis. Am J Ther. (2020)
28:e171–8. doi: 10.1097/MJT.0000000000001053

22. Hamilton JA. Rheumatoid arthritis: opposing actions of haemopoietic
growth factors and slow-acting anti-rheumatic drugs. Lancet. (1993) 342:536–
9. doi: 10.1016/0140-6736(93)91653-4

23. Hamilton JA, Tak PP. The dynamics of macrophage lineage populations
in inflammatory and autoimmune diseases. Arthritis Rheum. (2009) 60:1210–
21. doi: 10.1002/art.24505

24. Cook AD, Turner AL, Braine EL, Pobjoy J, Lenzo JC, Hamilton JA. Regulation
of systemic and local myeloid cell subpopulations by bone marrow cell-derived
granulocyte-macrophage colony-stimulating factor in experimental inflammatory
arthritis. Arthritis Rheum. (2011) 63:2340–51. doi: 10.1002/art.30354

25. Zhan Y, Carrington EM, van Nieuwenhuijze A, Bedoui S, Seah S, Xu Y, et al.
GM-CSF increases cross-presentation and CD103 expression by mouse CD8? spleen
dendritic cells. Eur J Immunol. (2011) 41:2585–95. doi: 10.1002/eji.201141540

26. Ghirelli C, Zollinger R, Soumelis V. Systematic cytokine receptor profiling
reveals GM-CSF as a novel TLR-independent activator of human plasmacytoid
predendritic cells. Blood. (2010) 115:5037–40. doi: 10.1182/blood-2010-01-266932

27. Min L, Mohammad Isa SA, Shuai W, Piang CB, Nih FW, Kotaka M, et al.
Cutting edge: granulocyte-macrophage colony-stimulating factor is the major CD8+ T
cell-derived licensing factor for dendritic cell activation. J Immunol. (2010) 184:4625–
9. doi: 10.4049/jimmunol.0903873

28. Codarri L, Gyülvészi G, Tosevski V, Hesske L, Fontana A, Magnenat L, et al.
RORγt drives production of the cytokine GM-CSF in helper T cells, which is essential
for the effector phase of autoimmune neuroinflammation. Nat Immunol. (2011)
12:560–7. doi: 10.1038/ni.2027

29. Verreck FA, de Boer T, Langenberg DM, Hoeve MA, Kramer M, Vaisberg E,
et al. Human IL-23-producing type 1 macrophages promote but IL-10-producing type
2 macrophages subvert immunity to (myco)bacteria. Proc Natl Acad Sci U S A. (2004)
101:4560–5. doi: 10.1073/pnas.0400983101

30. Fleetwood AJ, Lawrence T, Hamilton JA, Cook AD. Granulocyte-macrophage
colony-stimulating factor (CSF) and macrophage CSF-dependent macrophage
phenotypes display differences in cytokine profiles and transcription factor activities:
implications for CSF blockade in inflammation. J Immunol. (2007) 178:5245–
52. doi: 10.4049/jimmunol.178.8.5245

31. Krausgruber T, Blazek K, Smallie T, Alzabin S, Lockstone H, Sahgal N, et al.
IRF5 promotes inflammatory macrophage polarization and TH1-TH17 responses. Nat
Immunol. (2011) 12:231–8. doi: 10.1038/ni.1990

32. van de Laar L, Coffer PJ, Woltman AM. Regulation of dendritic cell
development by GM-CSF: molecular control and implications for immune
homeostasis and therapy. Blood. (2012) 119:3383–93. doi: 10.1182/blood-2011-11-
370130

33. Hercus TR, Thomas D, Guthridge MA, Ekert PG, King-Scott J, Parker
MW, et al. The granulocyte-macrophage colony-stimulating factor receptor: linking
its structure to cell signaling and its role in disease. Blood. (2009) 114:1289–
98. doi: 10.1182/blood-2008-12-164004

34. Jinushi M, Nakazaki Y, Dougan M, Carrasco DR, Mihm M, Dranoff G. MFG-
E8-mediated uptake of apoptotic cells by APCs links the pro- and antiinflammatory
activities of GM-CSF. J Clin Invest. (2007) 117:1902–13. doi: 10.1172/JCI30966

35. Bryson BD, Rosebrock TR, Tafesse FG, Itoh CY, Nibasumba A,
Babunovic GH, et al. Heterogeneous GM-CSF signaling in macrophages is

Frontiers inMedicine 09 frontiersin.org

https://doi.org/10.3389/fmed.2025.1552566
https://www.frontiersin.org/articles/10.3389/fmed.2025.1552566/full#supplementary-material
https://doi.org/10.1038/s41572-019-0066-3
https://doi.org/10.1186/s13023-018-0846-y
https://doi.org/10.1111/resp.13831
https://doi.org/10.1164/rccm.202112-2742SO
https://doi.org/10.1136/bmjopen-2021-057671
https://doi.org/10.1183/13993003.01233-2023
https://doi.org/10.1183/16000617.0080-2023
https://doi.org/10.1016/j.immuni.2016.10.026
https://doi.org/10.1111/iwj.13919
https://doi.org/10.1056/NEJMoa1816216
https://doi.org/10.1186/s13075-019-1879-x
https://doi.org/10.1016/j.chest.2016.04.030
https://doi.org/10.1056/NEJMoa1913590
https://doi.org/10.1016/j.pupt.2010.08.004
https://doi.org/10.1186/s12931-018-0862-4
https://doi.org/10.1016/j.rmed.2011.10.019
https://doi.org/10.2169/internalmedicine.51.6093
https://doi.org/10.1152/ajplung.00296.2019
https://doi.org/10.1126/sciadv.aax3387
https://doi.org/10.1093/jac/dkaa110
https://doi.org/10.1097/MJT.0000000000001053
https://doi.org/10.1016/0140-6736(93)91653-4
https://doi.org/10.1002/art.24505
https://doi.org/10.1002/art.30354
https://doi.org/10.1002/eji.201141540
https://doi.org/10.1182/blood-2010-01-266932
https://doi.org/10.4049/jimmunol.0903873
https://doi.org/10.1038/ni.2027
https://doi.org/10.1073/pnas.0400983101
https://doi.org/10.4049/jimmunol.178.8.5245
https://doi.org/10.1038/ni.1990
https://doi.org/10.1182/blood-2011-11-370130
https://doi.org/10.1182/blood-2008-12-164004
https://doi.org/10.1172/JCI30966
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Chen et al. 10.3389/fmed.2025.1552566

associated with control of Mycobacterium tuberculosis. Nat Commun. (2019)
10:2329. doi: 10.1038/s41467-019-10065-8

36. Rothchild AC, Stowell B, Goyal G, Nunes-Alves C, Yang Q,
Papavinasasundaram K, et al. Role of granulocyte-macrophage colony-
stimulating factor production by T cells during mycobacterium
tuberculosis infection. MBio. (2017) 8:e01514–17. doi: 10.1128/mBio.01
514-17

37. Gonzalez-Juarrero M, Hattle JM, Izzo A, Junqueira-Kipnis AP, Shim TS,
Trapnell BC, et al. Disruption of granulocyte macrophage-colony stimulating factor
production in the lungs severely affects the ability of mice to control Mycobacterium

tuberculosis infection. J Leukoc Biol. (2005) 77:914–22. doi: 10.1189/jlb.
1204723

38. Chi CY, Chu CC, Liu JP, Lin CH, Ho MW, Lo WJ, et al. Anti-
IFN-γ autoantibodies in adults with disseminated nontuberculous mycobacterial
infections are associated with HLA-DRB1∗16:02 and HLA-DQB1∗05:02 and the
reactivation of latent varicella-zoster virus infection. Blood. (2013) 121:1357–
66. doi: 10.1182/blood-2012-08-452482

39. Sakaue S, Yamaguchi E, Inoue Y, Takahashi M, Hirata J, Suzuki K, et al. Genetic
determinants of risk in autoimmune pulmonary alveolar proteinosis. Nat Commun.
(2021) 12:1032. doi: 10.1038/s41467-021-21011-y

Frontiers inMedicine 10 frontiersin.org

https://doi.org/10.3389/fmed.2025.1552566
https://doi.org/10.1038/s41467-019-10065-8
https://doi.org/10.1128/mBio.01514-17
https://doi.org/10.1189/jlb.1204723
https://doi.org/10.1182/blood-2012-08-452482
https://doi.org/10.1038/s41467-021-21011-y
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

	Exogenous GM-CSF therapy for autoimmune pulmonary alveolar proteinosis: a systematic literature review
	Introduction
	Materials and methods
	Systematic literature review and search strategy
	Data filtering and extraction
	Grouping
	Efficacy
	Safety
	GM-CSF treatment cycle and dose
	Statistical analysis

	Results
	Patient characteristics
	Pre- and post-treatment comparisons
	Efficacy
	Safety
	GM-CSF treatment cycle
	GM-CSF dosage

	Discussion
	Conclusion
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher's note
	Supplementary material
	References


