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Repeated inhalation of GM‑CSF 
by nonhuman primates induces 
bronchus‑associated lymphoid tissue 
along the lower respiratory tract
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Abstract 

Background  Repeated inhalation of granulocyte-macrophage colony-stimulating factor (GM-CSF) was recently 
approved in Japan as a treatment for autoimmune pulmonary alveolar proteinosis. However, the detailed physiologi-
cal and pathological effects of repeated inhalation in the long term, especially at increasing doses, remain unclear.

Methods  In this chronic safety study, we administered 24 cynomolgus monkeys (Macaca fascicularis) aged 2–3 years 
with aerosolized sargramostim (a yeast-derived recombinant human GM-CSF [rhGM-CSF]) biweekly for 26 weeks 
across four dosing groups (0, 5, 100, and 500 µg/kg/day). We measured the serum GM-CSF antibody (GM-Ab) concen-
tration by an ELISA and assessed the neutralizing capacity of GM-Ab using the GM-CSF-dependent cell line TF-1. We 
subjected lung tissue samples taken from all monkeys at 27 weeks to histopathological assessment using a sargra-
mostim-specific monoclonal antibody to detect localization of residual sargramostim.

Results  All the animals maintained good body condition and showed steady weight gain throughout the study. The 
pathological analyses of the lung revealed the formation of induced bronchus-associated lymphoid tissue (iBALT) 
in the lower respiratory tract, even at the clinical dose of 5 µg/kg/day. There was a relationship between the number 
or size of BALT and sargramostim dose or the serum GM-Ab levels. Immunohistochemical analyses revealed GM-Ab–
producing cells in the follicular region of iBALT, with residual sargramostim in the follicles. Leucocyte counts were 
inversely correlated with GM-Ab levels in the high-dose groups. Additionally, serum GM-Ab from the treated animals 
significantly suppressed the alveolar macrophage proliferation activity of both Cynomolgus recombinant and rhGM-
CSF in vitro.

Conclusion  Long-term repeated inhalation of sargramostim led to iBALT formation in the lower respiratory tract, even 
at the clinical dose of 5 µg/kg/day, with the extent of iBALT formation increasing in a dose-dependent manner. Inhaled 
sargramostim was localized to the follicular region of iBALT nodules, which may induce the production of GM-Ab.
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Introduction
Granulocyte-macrophage colony-stimulating factor 
(GM-CSF) is a glycoprotein characterized as a growth 
factor for granulocyte-macrophage lineages [1]. It pro-
motes the differentiation of stem cells into granulocytes 
(neutrophils, eosinophils, and basophils) and monocytes, 
triggers their migration to various tissues, and induces 
their differentiation into mature macrophages [2–4] 
and dendritic cells [5]. GM-CSF is released from mac-
rophages, epithelial, and endothelial cells. It supports 
the local immune system and enhances the function of 
macrophages and neutrophils, and in the alveolar space, 
it promotes the terminal differentiation of alveolar mac-
rophages, facilitates surfactant catabolism, and aids the 
digestion of foreign substances [6].

Sargramostim, a saccharomyces-derived recombi-
nant human GM-CSF (rhGM-CSF), differs slightly from 
natural human GM-CSF, in that the twenty-third amino 
acid (Arg) is substituted to Leu. Sargramostim stimu-
lates the proliferation of neutrophils, monocytes, and 
macrophages after bone marrow transplantation and 
was developed and approved by the USA Food and Drug 
Administration as a treatment for granulocytopenia after 
cancer chemotherapy.

The therapeutic effect of GM-CSF inhalation has been 
investigated mainly in the context of metastatic lung 
cancer [7]. A dose-escalation study that investigated 
metastatic melanoma showed that GM-CSF inhalation 
induced cytotoxic T lymphocytes in a dose-dependent 
manner, and that patients tolerated administration of up 
to 2000 µg of GM-CSF daily [8]. The potential efficacy of 
sargramostim inhalation as a treatment for pulmonary 
alveolar proteinosis (PAP) was first suggested in preclini-
cal studies of GM-CSF–deficient mice [9–11] and then 
tested in open clinical trials for patients with autoim-
mune PAP (aPAP) [12–14] before being confirmed by two 
independent randomized double-blinded clinical trials 
[15, 16]. Recently, the Japanese Ministry of Health, Labor, 
and Welfare approved the clinical use of sargramostim as 
an inhalation treatment for aPAP. Previous studies have 
reported that five days of GM-CSF inhalation improved 
COVID-19 pneumonia in moderately ill patients [17–19] 
and suggest that long-term GM-CSF inhalation may be 
effective in treating pulmonary nontuberculous myco-
bacteria disease [20]. Even though GM-CSF inhalation 
therapy will be used to treat various respiratory diseases 
in the future, a detailed evaluation of its pathophysiologi-
cal effects has not yet been performed.

Bronchus-associated lymphoid tissue (BALT) is not 
observed in human adults [21] but is present in about 
40% of people aged 2–20 years [22]. It is not constitu-
tively present in all mammals; 100% of rabbits and rats, 
50% of guineapigs, and 33% of pigs express BALT, and 

it is absent in cats [21]. Unlike Peyer’s patches, induced 
BALT (iBALT) often arises in response to stimulation 
and is known to be a tertiary lymphoid tissue caused 
by exposure to exogenous microorganisms or endoge-
nous inflammation of the lungs [23]. In humans, iBALT 
is observed in patients with diffuse panbronchiolitis 
[24], rheumatoid arthritis [25], and hypersensitivity 
pneumonia [26]. The structural composition of iBALT 
resembles the lymphoid tissue described in rabbits and 
rats, which is characterized by dense encapsulation 
with lymphocytes arranged in a follicular structure that 
extends into a network of stromal cells and is located 
under the airway epithelium, which lacks cilia. BALT 
shares structural similarities with Peyer’s patches in 
the small intestine and nasal-associated lymphoid tis-
sue. In the airway, BALT occurs at the tracheal bifur-
cation, where inhaled antigens can become trapped 
[23]. The iBALT is thought to act as a mucosal immune 
defense mechanism against exogenous antigens and 
microorganisms that invade the respiratory tract [27]. 
Chvatchko et  al. observed that peripherally sensitized 
mice challenged with multiple intratracheal (i.t.) instil-
lations of ovalbumin exhibited the formation of germi-
nal centers within the lung parenchyma, the appearance 
of follicular dendritic cells bearing ovalbumin, and the 
emergence of ovalbumin-specific IgG1-, IgE-, and IgA-
producing plasma cells [28]. However, there is a lack of 
published animal studies investigating iBALT forma-
tion following long-term inhalation of cytokines.

Before the commencement of a clinical trial aimed 
at investigating the efficacy and safety of sargramostim 
inhalation for mild-to-moderate aPAP (PAGE trial, 
2016–2018), a nonclinical study was conducted in 
2015, using cynomolgus monkeys to confirm the safety 
of chronic administration of sargramostim for aPAP. 
The monkeys exhibited good general condition after 
repeated biweekly inhalation of sargramostim at up to 
100 times the clinical dose for 26 weeks, but the patho-
logical examination conducted at 27 weeks revealed 
increased iBALT even at the clinical dose of 5  µg/kg/
day. This study investigated the characteristics of iBALT 
and discussed its physiological significance.

Materials and methods
Reagents
Sargramostim was provided to Nakata at Niigata Uni-
versity under a Material Transfer Agreement signed 
between Sanofi Genzyme Corporation and Niigata 
University.

Animals
The cynomolgus monkeys (Macaca fascicularis) were 
imported from the Primate Quality Control Center of 
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Ina Research Philippines. Three-year-old males (n = 12) 
and three- or four-year-old females (n = 12) were used 
for the experiments in the present study. Hematoxylin-
and-eosin-stained specimens from the lungs of four 
other healthy monkeys were examined as control speci-
mens for lungs without sargramostim inhalation. All 
animal experiments were performed by Ina Research 
(Nagano, Japan), an institution that is fully accredited 
by the Association for Assessment and Accreditation of 
Laboratory Animal Care International, with approval 
by the Institutional Animal Care and Use Commit-
tee (IACUC, approval no. 15091) of Ina Research and 
the Animal Experimental Ethics Board (approval no. 
27-102-1) of Niigata University. All animal experiments 
followed the National Institutes of Health’s guide for 
the care and use of laboratory animals (NIH Publica-
tions No. 8023, revised 1978).

Assignment to experimental groups
Each of the monkeys was classified according to its 
body weight and randomly assigned to one of four dos-
ing groups (0, 5, 100, or 500 µg/kg/day) using the Pro-
vantis system (Table 1). The animals in each group were 
numbered randomly in each group.

Administration of sargramostim
The four dosing groups comprised six monkeys each 
(three males and three females; Fig. 1. Each animal was 
restrained in a monkey chair and a custom-made inha-
lation mask was applied. The mask was connected to 
a Pari LC Sprint Star Nebulizer (Pari, Starnberg, Ger-
many), through which 1.5 mL of sargramostim solution 
was administered. The sargramostim solution (0, 5, 100, 
or 500 µg/kg/day in a tris/mannitol/sucrose solution at 
1.2/40/10  g/L) was inhaled until it was fully depleted. 
This procedure was conducted daily in the first week 
of each two-week cycle, and administration was sus-
pended during the second week. These two-week cycles 
were repeated for a total of 26 weeks.

Study procedure
The general condition, food intake, and body weight of 
each animal were assessed twice daily, once daily, and 
once weekly, respectively. Electrocardiography, blood 
pressure measurement, and ophthalmic examination 
were performed at baseline (days − 7–1), 13 weeks (day 
91–98), and 25 weeks (day 176–182) (Table  2). Hema-
tological and biochemical testing were carried out on 
days 1 (C-reactive protein only), 3, 8, 92, and 176. The 

Table 1  Demographic features of study animals

Does of inhaled 
sargramostim (μg/
kg/day)

Number of 
animals (male/
female)

Age (weeks) 
(mean ± SD)

Body 
weight (kg) 
(mean ± SD)

0 6(3/3) 185.0 ± 9.3 2.9 ± 0.3

5 6(3/3) 182.8 ± 16.3 3.0 ± 0.3

100 6(3/3) 193.3 ± 23.2 3.1 ± 0.5

500 6(3/3) 185.0 ± 14.8 3.1 ± 0.6

Fig. 1   Profile of the study cohort showing the administration 
schedule of aerosolized sargramostim or vehicle to 24 cynomolgus 
monkeys. The monkeys, of which 12 were males and 12 females, 
were divided into four groups: vehicle and sargramostim at 5 µg/kg/
day, 100 µg/kg/day, or 500 µg/kg/day. The drug was administered 
via inhalation for 13 cycles over 26 weeks. Blood was collected 
from all monkeys at baseline and on days 8, 28, 82, and 176 for blood 
biochemical tests. In addition, autopsies were performed two weeks 
after the end of inhalation (day 189) for pathological evaluation
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concentration of anti-GM-CSF antibody (GM-Ab) in the 
serum was measured using an enzyme-linked immuno-
sorbent assay (ELISA) method as previously described 
[12, 14, 15]. The neutralizing capacity of GM-Ab was 
measured via a GM-CSF bioactivity assay using TF-1 
cells, a GM-CSF-dependent cell line [29]. 

Histopathological examination
Eight days after the final administration of the drug, all 
monkeys were euthanized, via thiopental overdose, and 
autopsies were performed. After the organs that had 
been extracted during autopsy had been weighed, they 
were fixed with 10% neutral-buffered formalin solution, 
embedded in paraffin, and sectioned at 3  μm thickness 
for histopathological examination with hematoxylin and 
eosin staining. Paraffin-embedded sections of lung tis-
sue from the four healthy monkeys without a history of 
inhalation of any drug served as controls. The lung tissue 
samples used for the histopathology were randomly cho-
sen during the autopsy, with section areas ranging from 
122.6 mm2 to 396.3 mm2. To evaluate the degree of BALT 
nodule formation, nodular lymphocytic aggregations 
with more than 50 lymphocytes were counted and meas-
ured. The samples were screened at low-power magnifi-
cation (40×), and five fields at 100× magnification (10× 
objective lens and 10× eyepiece with field number 22, 
one field ≈ 3.8 mm2, five fields ≈ 19 mm2) were selected 
in order of the area occupied by BALT nodules in the 
peribronchial, peribronchiolar, and alveolar regions. The 
sizes of BALT nodules were categorized, based on the 
minor axis diameter, into the following classes: class 1, 
50–100  μm; class 2, 100–200  μm; class 3, 200–300  μm; 
class 4, 300–400 μm; and class 5, ≥ 400 μm.

Immunohistochemistry
For the immunohistochemistry, the sections were 
deparaffinized and subjected to heat-induced epitope 
retrieval (HIER) in Histofine antigen retrieval buffer, 
pH 9 (Nichirei Bioscience, Tokyo, Japan). After endog-
enous peroxidase blocking with 0.3% hydrogen peroxide 
in methanol for 30 min, the sections were blocked with 
10% normal goat serum in phosphate-buffered saline 
(PBS) for 30 min, then incubated with anti-sargramostim 
monoclonal antibody (clone 40–1  H; generated as pre-
viously reported [29]; 4  µg/mL) anti-CD21 antibody 
(EP3093; Abcam; 1:8000 dilution), and anti-CD3 anti-
body (Dako clone F7.2.38; Agilent Technologies, Santa 
Clara, CA; 1:200 dilution) at 4 °C overnight, followed by 
washing with PBS and incubation with Histofine Sim-
ple Stain MAX-PO (MULTI) kit (#424152, Nichirei Bio-
sciences, Tokyo, Japan) for 30 min at room temperature. 
Anti-sargramostim monoclonal antibody (clone 40–1 H) 
was generated as previously reported [30]. To visualize 
the localization of GM-Ab, sections were subjected to 
HIER in Histofine antigen retrieval buffer, pH 6 (Nichirei 
Bioscience), then treated with 3% hydrogen peroxide for 
30  min. Next, sections were treated with Endogenous 
Biotin-Blocking Kit (E21390, Thermo Fisher Scientific, 
Waltham, MA) according to the manufacturer’s instruc-
tions, followed by incubation in 10% normal goat serum 
in PBS for 30  min, and then overnight incubation with 
500 ng/mL of biotin-conjugated rhGM-CSF [31] in 10% 
normal goat serum in PBS at room temperature. Sections 
were then washed with PBS and incubated with HRP-
conjugated streptavidin (Thermo Fisher Scientific) for 
50 min at room temperature. After washing, signals were 
visualized with a Histofine Diaminobenzidine (DAB) 
Substrate Kit (Nichirei bioscience) and counterstained 
with hematoxylin. Whole-slide images were obtained 
using a NanoZoomer S210 digital slide scanner (Hama-
matsu Photonics, Hamamatsu, Japan). The number and 
size of the germinal centers in the hilar lymph nodes were 
evaluated using the NDP.view2 software (Hamamatsu 
Photonics).

To visualize the localization of anti-GM-CSF antibody, 
Alexa Fluor™ 488 Tyramide SuperBoost™ Kit, streptavi-
din (B40932, Thermo Fisher Scientific, Waltham, MA) 
was used according to the manufacturer’s instruction. 
Deparaffinized sections were subjected to HIER in Hist-
ofine antigen retrieval buffer, pH 9 (Nichirei Bioscience, 
Tokyo, Japan), Endogenous Biotin-Blocking Kit (E21390, 
Thermo Fisher Scientific, Waltham, MA), and then incu-
bated overnight with biotin-conjugated rhGM-CSF 
(500ng/ml) and Polyclonal Rabbit Anti-Human IgG (pre-
diluted, Dako IR512; Agilent Technologies, Santa Clara, 
CA) or Polyclonal Rabbit Anti-Human IgA (prediluted, 
Dako IR510; Agilent Technologies, Santa Clara, CA) at 

Table 2  Examination schedule for a 26-week toxicity study of 
chronic sargramostim inhalation

Item Frequency and timing of examination

General condition Twice daily

Food uptake Once daily

Body weight Once weekly

Heart rate/min Pre- and post-inhalation at day 1, week 13 and 25

Blood pressure Pre- and post-inhalation at day 1, week 13 and 25

Electrocardiogram Pre- and post-inhalation at day 1, week 13 and 25

Ophthalmology test Pre-inhalation and week 13 and 25

Hematological test Day -3, 8, 92, and 176

Clinical chemistry Day -3, 8, 92, and 176

Urinalysis Weeks -1, 13, and 25

Autopsy Week 27
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room temperature. Signals were detected with Alexa 
Fluor™ 488 Tyramide SuperBoost™ Kit, streptavidin 
(Thermo Fisher Scientific) and F(ab’)2-Goat anti-Rabbit 
IgG (H + L) Cross-Adsorbed Secondary Antibody, Alexa 
Fluor Plus 555 (Catalog A48283, Thermo Fisher Scien-
tific, Waltham, MA, 1:500 dilution). Slides were mounted 
with VECTASHIELD mounting medium with DAPI 
(Vector Laboratories, Burlingame, CA). Images were 
captured using a confocal laser scanning microscope 
(LSM810; Carl Zeiss, Jena, Germany).

Suppression of GM‑CSF‑dependent alveolar macrophage 
proliferation by cynomolgus monkey serum
Alveolar macrophages (1.3 × 104/well) were purified from 
bronchoalveolar lavage fluid obtained using a broncho-
fiberscope (BF type XP60, Olympus, Tokyo, Japan) from 
a monkey other than those used for sargramostim pre-
clinical inhalation. The cells were seeded into each well of 
several 96-well plates (Cellstar 96-Well Cell Culture Plate, 
Greiner Bio-One, Frickenhausen, Germany). After wash-
ing the plate twice with PBS to remove nonadherent cells, 
the adherent cells were incubated for three days in the 
presence or absence of the GM-Ab–containing monkey 
serum collected on day 176 and 1 ng/mL of sargramostim 
or cynomolgus monkey recombinant GM-CSF (Biotech, 
Oklahoma City, OK). The cells were pulsed with 100 
µM bromodeoxyuridine (BrdU) for an additional 20  h. 
The quantity of BrdU incorporated was measured using 
a cell-proliferation ELISA (Roche Diagnostics GmbH, 
Mannheim, Germany). The stimulation index was calcu-
lated from the ratio of incorporated BrdU in cells incu-
bated with sargramostim to those without sargramostim.

Statistical analysis
For each measurement, continuous variables were 
expressed as mean ± SD or median [25%, 75%] and dis-
crete variables were expressed as proportions (%). Due to 
the presence of several outliers or non-normally distrib-
uted data for some variables, we investigated the relation-
ship between continuous variables using Spearman’s rank 
correlation coefficient. The discrete variable percentages 
were compared among groups using χ2 or Fisher’s exact 
tests. For multiple group comparisons, due to the homo-
geneity of variance was assessed by the Levene test, we 
used the one-way ANOVA, followed by the Bonferroni 
correction for multiple comparisons. A generalized esti-
mating equation was used to evaluate prognostic factors, 
with the target observations as the dependent variables 
and background variables as the independent variables. 
The model accounted for the correlation in within-sub-
ject repeated data. Analyses were performed using Excel 
version 14 (Microsoft, Redmond, WA), SAS software ver-
sion 9.4 (SAS Institute, Cary, NC), IBM Statistics 28.0.1.1 
(IBM, Armonk, NY), and R software version 4.0.0 (R 
Development Team).

Results
General condition and bloodwork
Throughout the experimental period, all monkeys exhib-
ited good appetite and nutrition, underwent normal 
weight gain, and showed normal behavior. No deaths 
were recorded during the study. Blood chemical tests, 
blood coagulation tests, urinalysis, electrocardiography, 
blood pressure, and ophthalmic examinations at base-
line, 13, and 25 weeks revealed no abnormalities. In the 
500  µg/kg group, the WBC count increased rapidly by 
Day 8, but then decreased again (Table  3). No signifi-
cant changes were observed over time in the other dose 
groups. No clear relationship was observed between 

Table 3  Counts of white blood cells (10^3 cell/μl) during repeated GM-CSF inhalation

Male (mean ± SD) Baseline Day 8 Day 92 Day 176
Does (μg/kg/day)

0(n = 3) 11.22 ± 1.46 9.96 ± 2.42 10.00 ± 1.55 10.59 ± 1.07

5(n = 3) 10.56 ± 1.96 9.21 ± 2.17 8.28 ± 1.43 8.88 ± 1.54

100(n = 3) 10.23 ± 1.27 11.03 ± 1.30 11.64 ± 0.90 12.10 ± 3.81

500(n = 3) 7.51 ± 1.78 18.67 ± 3.21 8.26 ± 0.83 8.87 ± 1.45

Female (mean ± SD) Baseline Day 8 Day 92 Day 176
Does (μg/kg/day)

0(n = 3) 8.61 ± 1.14 7.70 ± 0.84 8.64 ± 1.97 7.88 ± 0.14

5(n = 3) 9.56 ± 1.75 7.72 ± 1.69 7.69 ± 1.76 7.45 ± 0.82

100(n = 3) 10.54 ± 2.32 9.14 ± 1.87 9.88 ± 1.40 10.49 ± 1.66

500(n = 3) 6.12 ± 1.02 24.54 ± 1.87 6.43 ± 1.24 6.08 ± 1.73
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dose and WBC count. However, for both male and 
female monkeys receiving the two highest doses (100 and 
500  µg/kg/day), neutrophil and eosinophil counts were 
significantly elevated on day 8 compared to baseline. 
These counts subsequently declined, with only eosino-
phils being elevated on days 92 and 176 in the 100 µg/kg/
day group compared to other groups. 

iBALT hyperplasia
There were no differences in mean lung weight between 
the four dosing groups at autopsy. Microscopic evalu-
ation revealed iBALT hyperplasia in the peribronchial, 
peribronchiolar, and perialveolar regions (Fig.  2A–C). 
The number of peribronchial iBALT nodules per 19 mm2 
of examined lung was not affected by the sargramostim 
dose (Fig. 2D, the left panel). However, in both peribron-
chiolar and perialveolar regions (Fig. 2D, the middle and 
right panel, respectively), the number of iBALT nodules 
increased dose-dependently. The correlation between 
dose and number of nodules was strong, with ρ = 0.74 
(Spearman, P < 0.001) for the former and 0.80 (Spearman, 
P < 0.001) for the latter. A generalized linear model with 
the number of iBALTs as the objective variable revealed 
that the interaction between site, dose, and gender was 
significant (P = 0.016, Supplemental Fig. 2, Supplemental 
Table 1). In other words, there were gender differences in 
the number of iBALTs depending on the site and dose, 
and in particular, for peribronchial doses of 0, 100, and 
500  µg, male had more iBALT than female. There were 
no gender differences in the size of iBALT depending on 
site or dose (Supplemental Fig. 3, Supplemental Table 2). 
When the BALT count was compared between the four 
dose groups using one-way analysis of variance, a sig-
nificant difference was observed among the four groups 
(P < 0.001) in peribronchiolar and alveolar region, but 
not in the peribronchial region. When multiple testing 
was performed, significant differences were observed 
between all groups: 0 µg and 5 µg, 0 µg and 100 µg, and 
0 µg and 500 µg, with 0 µg showing the smallest value in 
both the peribronchiolar and perialveolar region, but not 
in the peribronchial region. Similarly, a one-way analysis 
of variance was used to compare the size of BALT among 
the four dose groups, and no significant difference was 
found among the four groups in both the peribronchial 
and peribronchiolar regions but a significant difference 
was observed among the four groups (P = 0.001) in the 
alveolar region. When multiple testing was performed, 
no significant difference was observed between any 
groups in both the peribronchial and peribronchiolar 
regions but a significant difference was observed between 

all groups: 0 µg and 5 µg, 0 µg and 100 µg, and 0 µg and 
500 µg, with 0 µg showing the smallest value.

When the sizes of BALT nodules were categorized, 
based on the minor axis diameter, into the following 
classes: class 1, 50–100 μm; class 2, 100–200 μm; class 3, 
200–300 μm; class 4, 300–400 μm; and class 5, ≥ 400 μm, 
the size of peribronchial iBALT was not affected by the 
sargramostim dose (Fig.  2E, the left panel), but in both 
peribronchiolar and perialveolar regions (Fig.  2E, the 
middle and right panel, respectively), it also appeared to 
increase in a dose-dependent manner, reaching a plateau 
more than 100 µg/kg/day. The degree of iBALT formation 
in the four control animals (no inhalation) was similar 
to that of the monkeys in the vehicle-inhalation group. 
Thus, the effects of inhaled sargramostim on lung pathol-
ogy were airway region-specific and dose dependent. 
Additionally, it strongly suggests that this is a biological 
response to inhaled sargramostim. Thus, the number and 
size of iBALT in peribronchiolar and perialveolar regions 
appeared to depend on the dose of inhaled sargra-
mostim. With vehicle alone, iBALT was formed only in 
the peribronchial region, but as the dose of sargramostim 
increased, iBALT around the peribronchiolar and peri-
alveolar regions increased and got larger (Fig.  2F). The 
increased iBALT in peribronchiolar and perialveolar 
regions suggests that it might be a host response to stim-
ulation by sargramostim.

Localization of the anti‑sargramostim antibody‑producing 
cells in iBALT and other lymphatic organs
Since iBALT increased in number and size in a dose-
dependent manner as described above, we suspected 
that the iBALT was producing antibodies against inhaled 
sargramostim. Therefore, we focused on the lungs of 
monkeys of the 500  µg/kg/day group, where the num-
ber and size of BALT increased mostly. Using immuno-
histochemistry with biotinylated GM-CSF, we identified 
the site of anti-sargramostim antibody production as all 
iBALT nodules in the peribronchial, peribronchiolar, and 
perialveolar regions in the 500 µg/kg/day group (Fig. 3A–
F). Using hematoxylin as a counterstain, both primary 
lymphoid follicles and secondary lymphoid follicles with 
germinal centers were observed in each iBALT nodule 
in the peribronchial, peribronchiolar, and perialveolar 
regions. Most cells in the primary follicles showed anti-
sargramostim antibody production (Fig. 3E). In the sec-
ondary follicles, anti-sargramostim antibody production 
was observed diffusely in the germinal center. Weaker 
but diffuse anti-sargramostim antibody production 
was observed in the mantle zone and the subepithelial 
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area outside the follicles (Fig.  3A–D). In the serial sec-
tions, most cells in the iBALT nodules’ primary follicles 
and germinal centers with a surrounding mantle layer of 

secondary follicles were positive for CD21, indicating the 
presence of B cells or follicular dendritic cells. Scattered 
CD3-positive T cells were observed in all iBALT nodules 

Fig. 2   Lung histology at day 189 for monkeys that received sargramostim via inhalation (stained with hematoxylin and eosin). A Lung sections 
including bronchus with bronchial cartilage from a monkey in the 100 µg/kg/day group. The size and number of BALT nodules along the bronchus 
of this individual is comparable to those in the vehicle-treated control group. Representative microphotographs of BALT hyperplasia 
along the bronchioles from a monkey in the 100 µg/kg/day group (B) and along the alveolar ducts from a monkey in the 500 µg/kg/day group (C). 
Black arrows indicate BALT; Blue scale bar: 500 μm; black scale bars: 100 μm. D, E The effect of the dosage of inhaled sargramostim on the number 
per 19 mm 2  and the mean size category of BALT formation in lung tissues in monkeys. Data presented are mean ± SD. Based on the minor axis 
diameter, the size of BALT was categorized into the following classes: class 1, 50–100 μm; class 2, 100–200 μm; class 3, 200–300 μm; class 4, 300–
400 μm; and class 5, ≥ 400 μm. F Schematic diagram of BALT formation in cynomolgus monkeys administered vehicle and sargramostim at 5,100 
and 500 µg /kg/day by inhalation every other week for 26 weeks. After vehicle inhalation, BALT was observed only in the bronchial region. As shown 
in (D) and (E), the number and size of iBALT in the bronchiolar and alveolar regions were increased in the sargramostim inhalation administration 
group as the dose increased. Multiple comparison tests (bracket in solid line) were conducted between the treatment groups, and a one-way 
analysis of variance (bracket in broken line) was conducted for each region (*; p  < 0.05, **;  p  < 0.01)
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(data not shown). In the hilar lymph nodes, signals that 
were too faint for photography were observed visually 
in some lymphoid follicles. In contrast, no anti-sargra-
mostim antibody production was detected in the lungs 
of individuals in the vehicle group or in either groups’ 
spleens. We found distinct colocalized cells of anti-GM-
CSF antibody and IgG or IgA within CD21-positive B 
cell region of iBALT from the alveolar or peribronchi-
olar regions of sargramostim-treated monkeys by dou-
ble immunofluorescence with anti-IgG, anti-IgA, and 
biotin-conjugated rhGM-CSF and confocal microscopy 
(Fig. 3G).

Sargramostim accumulation in iBALT nodule germinal 
centers
An accumulation of sargramostim, detected using a sar-
gramostim-specific monoclonal antibody [30], was con-
firmed in the germinal centers in iBALT nodules in the 
monkeys that received 500  µg/kg/day of sargramostim 
(Fig.  4A–C). This antibody specifically recognizes the 
third to thirty-second residues of the sargramostim pep-
tide, including the substituted twenty-third amino acid 
(Arg to Leu), but not the original peptide [30]. Accord-
ingly, the detection of sargramostim in the germinal 
centers did not arise from a nonspecific reaction, as con-
firmed by the absence of sargramostim in the BALT of 
vehicle-treated monkeys (Fig. 4D). Further, sargramostim 
was also detected in the germinal centers of the hilar 
lymph nodes (Fig. 4E) but not in the spleen of monkeys 
receiving the 500 µg/kg/day dose (Fig. 4F). The fact that 
iBALT was detected in the autopsied lungs two weeks 
after the last inhalation of sargramostim indicates the 
prolonged retention time of inhaled sargramostim.

Correlation between serum GM‑Ab concentration 
and iBALT density
We detected IgG-type GM-Ab on day 28 in 13 of the 18 
monkeys that received sargramostim (Fig.  5A), and in 
all 18 monkeys on days 84 and 182. Over the 26-week 
inhalation period, the concentration of GM-Ab 
increased in a dose-dependent manner. The time course 

of IgA-type GM-Ab was quite similar to that of IgG-
type GM-Ab, although a quantitative comparison was 
precluded by the lack of a standard IgA-type antibody. 
Nevertheless, the dose dependency of serum IgA-type 
GM-Ab was confirmed (Fig.  5B). Likewise, neutraliz-
ing capacity, which was expressed as the serum dilu-
tion titer required to suppress TF-1 cell proliferation 
by 50%, increased over time in a dose-dependent man-
ner. The titer ranged from approximately 10–100× on 
day 28 to 200–22,400× on day 182, corresponding to a 
50% inhibition of 0.5 ng/mL sargramostim bioactivity 
(Fig. 5C). Interestingly, the specific activity of the neu-
tralizing antibody, which was defined as the neutral-
izing capacity per 1  µg of IgG type-GM-Ab, increased 
from day 84 to 182 but did not differ between the three 
dosing groups on these days (Fig. 5D). If GM-Ab is pro-
duced in iBALT, its concentration should be positively 
correlated with the size and number of iBALT nodules. 
Indeed, the density of iBALT at the time of autopsy 
(day 189) was correlated with both the serum IgG-type 
GM-Ab concentration (Fig. 5E, ρ = 0.752, P < 0.001) and 
neutralizing ability (Fig.  5F, ρ = 0.736, P < 0.001) at day 
182 in the 100 and 500  µg/kg/day groups. Similarly, 
the size of iBALT was correlated with both the serum 
IgG-type GM-Ab concentration (Fig.  5G, ρ = 0.528, 
P = 0.008) and neutralizing ability (Fig.  5H, ρ = 0.423, 
P = 0.039). These results also strongly suggest that 
the GM-Ab was produced in iBALT. Using a general-
ized estimating equation with IgG, IgA type GMAb, 
and neutralizing capacity as the objective variable, 
the interaction between dose and day was significant 
(P < 0.001). In other words, there was a significant dif-
ference in the pattern of change over time in IgG, IgA 
type GMAb, and neutralizing capacity between doses, 
with 500  µg having the highest rate of increase, fol-
lowed by 100 µg, 5 µg, and vehicle.

Function and cross‑reactivity of serum GM‑Ab
The proliferation of alveolar macrophages in  vitro was 
measured via cellular incorporation of BrdU. Serum with 
higher concentrations of GM-Ab strongly inhibited BrdU 

(See figure on next page.)
Fig. 3   Immunohistochemical detection of putative anti-GM-CSF antibody producing cells in the BALT from the bronchial (A, B), bronchiolar 
(C, D), and alveolar (E, F) areas of sargramostim-treated monkeys. Low-magnification (A, C, scale bars: 200 μm) and high-magnification (B, D, E, 
F, scale bars: 50 μm) images of the areas of lung sections showing the BALT nodules along the bronchus (Br) with bronchial cartilage (indicated 
by an asterisk) and the bronchioles (br). The panels (B) and (D) are high-magnification images of the areas indicated by rectangles in the panels 
(A, C), respectively In the secondary follicles, anti-sargramostim antibody production was observed diffusely in the germinal center. Weaker 
but diffuse anti-sargramostim antibody production was observed in the mantle zone and the subepithelial area outside the follicles (A–D). Most 
cells in the primary follicles showed anti-sargramostim antibody production (E) Panel (G) shows representative confocal microscopy images 
of double-immunofluorescence stained with biotin-conjugated rhGM-CSF (green), anti-IgG or anti-IgA antibody (red), and merged image 
of the iBALT from the alveolar or peribronchiolar regions of sargramostim-treated monkeys. Scale bar, 2 μm. All slides were counterstained with DAPI 
(blue) for nuclear staining
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Fig. 3  (See legend on previous page.)
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uptake in cynomolgus alveolar macrophages incubated 
with sargramostim or cynomolgus monkey GM-CSF, 
indicating that serum GM-Ab cross-reacted with cyn-
omolgus GM-CSF (Fig. 6A). The effect of the neutralizing 
antibody on the living organisms in vivo was particularly 
evident in our observation of emerging correlations in 
the 500 µg/kg/day group between peripheral white blood 
cell counts and antibody concentrations (Fig.  6B, ρ = 
− 0.573, p = 0.051) or neutralizing capacities (Fig. 6C, ρ = 
− 0.650, p = 0.022), while this inverse correlation was not 
observed in the vehicle-treated, 5 µg/kg/day, or 100 µg/
kg/day groups. These results suggest that the amount of 
anti-GM-CSF antibodies and neutralizing ability induced 

by 500 µg/kg/day sargramostim inhalation reached a level 
sufficient to suppress leucogenesis in vivo.

Discussion
This study shows that repeated inhalation of sargra-
mostim over 26 weeks induced BALT formation in the 
lower respiratory tract of cynomolgus monkeys in a 
dose-dependent manner. Immunohistochemical analysis 
revealed the presence of anti-GM-Ab producing cells and 
sargramostim in the follicular region of iBALT, suggesting 
that the inhaled sargramostim could be transported from 
the airway to the iBALT follicles, triggering GM-Ab pro-
duction. However, no alveolar proteinosis was observed 

Fig. 4   Detection of residual sargramostim using sargramostim-specific monoclonal antibody (clone 40–1 H). Residual sargramostim 
was observed in the BALT of cynomolgus monkeys receiving 500 µg/kg/day of sargramostim by inhalation. The bronchial (A), bronchiolar 
(B), and alveolar regions (C), respectively, were strongly stained. No positive staining was observed in BALT from vehicle-treated monkeys (D). 
Sargramostim was also detected in the germinal centers of the hilar lymph nodes (E) but not in the spleen (F) of monkeys receiving 500 µg/kg/day 
of sargramostim via inhalation. Scale bars: 100 μm
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in any of the monkeys. This may mean that GM-Ab was 
produced, but at the same time GM-Ab could not com-
pletely abrogate the function of alveolar macrophages, 
not fully antagonizing the action of excessive GM-CSF 
that entered the alveoli through inhalation. The leuko-
cytosis effect of sargramostim occurs transiently by Day 
8 in the 500 µg/kg/day group, but when the production 
of GM-Ab increases after Day 28, it becomes more pro-
nounced than the hematopoietic effect.

The dose-dependent increase in iBALT along the 
lower respiratory tract of cynomolgus monkeys receiv-
ing chronic GM-CSF inhalation differs from the iBALT 
observed in human smokers, which is typically found 
in the bronchial region [32], and the BALT structures 
of human infants, which develop around the major air-
way during the first three years of life [33]. Instead, it 
resembles the bronchiolitis and iBALT observed in rhe-
sus monkeys in response to subacute exposure to high 

concentrations of magnesium sulfate [34]. The skewed 
distribution in the lower respiratory tract may be caused 
by the deposition site of the drug mist and its transport 
via airway surface fluids. Specifically, the drug mist con-
taining sargramostim may become entrapped in airway 
surface fluids upon reaching the distal respiratory bron-
chiole region, and thereby transported through the alve-
oli into the lymphatic vasculature, where it contributes 
to BALT formation. Conversely, drug mist deposited in 
the trachea and proximal bronchial region may be elimi-
nated upwards via the ciliary movement of the respira-
tory tract. The peribronchial BALT observed in this study 
regardless of dose groups may have been formed by the 
airway immune defense system against exogenous vari-
ous antigens (other than GM-CSF) that were inhaled and 
trapped in proximal bronchial bifurcation.

If iBALT were induced by the physiological effects of 
GM-CSF, how would we explain the creation of GM-CSF 

Fig. 5   Time-course of serum levels of IgG-type anti-GM-CSF antibodies (A), titer of IgA-type GM-Ab measured via enzyme-linked immunosorbent 
assay for IgA-type GM-Ab at OD450 nm (B), titer of neutralizing capacity (C), and specific activity (D). Data presented are mean ± SD. Panels E–H 
show the correlation of the concentration of antibodies with the size and number of iBALT nodules. The density of iBALT at the time of autopsy (day 
189) was correlated with both the serum IgG type GM-Ab concentration (E) and neutralizing ability (F) at day 182 in the 100 and 500 µg/kg/day 
groups. Similarly, the size of iBALT nodules was correlated with both serum IgG type GM-Ab concentration (G) and neutralizing ability (H)
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specific antibodies in iBALT? It is unlikely a physiologi-
cal effect, because GM-CSF specific antibody production 
occurred. Given that the GM-CSF of cynomolgus mon-
keys differs from sargramostim by six amino acids, it is 
reasonable to expect that sargramostim would be recog-
nized as a foreign substance and trigger antibody pro-
duction. However, anti-cynomolgus monkey GM-CSF 
antibodies would probably also have been generated in 
response to the administration of a considerable amount 
of cynomolgus monkey GM-CSF via inhalation over an 
extended period. Indeed, subcutaneous administration 
of recombinant human GM-CSF readily induces GM-Ab 
in cancer patients [35]. It is believed that the induction 
of autoantibodies against cytokines may stem from the 

presence of cytokine-responsive B cell clones. Our find-
ings indicate that there are very few B-cell clones in 
healthy subjects that produce GM-CSF–binding antibod-
ies [36]. Nevertheless, such clones may be stimulated by 
exogenous GM-CSF to undergo somatic hypermutations 
and class switching to produce IgG-type GM-Ab. Using 
several experimental approaches, we previously reported 
the detection of GM-Ab in all healthy subjects evaluated 
at low levels sufficient to rheostatically regulate multiple 
myeloid functions [37]. Under steady-state conditions, 
more than 99% of serum GM-CSF was bound and neu-
tralized by GM-CSF autoantibody in healthy individuals, 
which may mask the presence of GM-Ab and obscure its 
function.

Fig. 6  A The cross-reactivity of serum GM-Ab with cynomolgus GM-CSF was evaluated by inhibition of in vitro proliferation of alveolar 
macrophages measured via cellular incorporation of BrdU. Serum with increased GM-Ab concentration as well as polyclonal anti-GM-CSF antibody 
10 ng/ml and 100 ng/ml, strongly inhibited in vitro proliferation of cynomolgus alveolar macrophages incubated with sargramostim (red bar) 
or cynomolgus monkey GM-CSF (blue bar). (B and C) Correlation scatter plots between white blood cell counts and serum GM-Ab levels (B) or titer 
of neutralizing capacity (C) are also provided for days 84 (○) and 182 (●). There were correlations in the 500 µg/kg/day group between peripheral 
white blood cell counts and antibody concentrations B, ρ = − 0.573,  p  = 0.051) or neutralizing capacities C, ρ = − 0.650,  p  = 0.022)
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In GM-CSF inhalation therapy for PAP, patients exhib-
ited an increase in GM-Ab concentration, but the neu-
tralizing capacity of GM-Ab remained unchanged during 
treatment [16]. The GM-Ab may significantly suppress 
the physiological activity of extrinsic GM-CSF in patients 
with PAP, with limited stimulation of GM-Ab produc-
tion. The therapeutic dose for aPAP patients is 250  µg/
day, which is consistent with the 5  µg/kg/day group in 
this study. Even at this dose, significantly more BALT 
was formed in the lower respiratory tract than in vehi-
cle-inhaled monkeys, and the antibody production also 
increased, so it seems that BALT formation and antibody 
production occur at clinical doses to humans. In APAP 
patients, due to the presence of GM-CSF autoantibod-
ies, GM-CSF inhalation might cause minimal changes. 
However, in the context of GM-CSF inhalation as a long-
term therapy for nontuberculous mycobacteria disease 
in patients lacking GM-Ab, BALT may be induced and 
the subsequent antibody production may occur. High-
resolution computed tomography can detect follicular 
bronchiolitis in patients with diffuse panbronchiolitis, 
rheumatoid arthritis, and Sjogren syndrome [38–41], 
and it may also be able to detect BALT. The maximum 
diameter of BALT observed in cynomolgus monkeys in 
both the present study and in other studies was 0.4 mm 
[42–44]. Consequently, incidental observations of BALT 
may arise during diagnostic procedures such as trans-
bronchial cryo-biopsy or surgical biopsy of the lungs.

The duration of GM-CSF exposure may play a crucial 
role in BALT formation. On day 28, serum GM-Ab con-
centrations were low and neutralizing capacity was not 
detected in all monkeys. However, neutralizing capacity 
was observed in almost all treated animals (except for 
one monkey in 100  µg/kg/day sargramostim group) on 
day 84, and GM-Ab concentration and neutralizing abil-
ity increased further on day 182. In the context of long-
term inhalation of GM-CSF, such as in the treatment of 
nontuberculous mycobacteria disease, the production of 
neutralizing antibodies may attenuate the effect of GM-
CSF and pose a clinical challenge. In a previous report, 
GM-Ab was observed in 19 of 20 patients with metastatic 
colorectal carcinoma who had received subcutaneous 
administration of 250 µg of rhGM-CSF for 10 days every 
month for four months [45]. Further, the GM-Ab disap-
peared approximately 30 weeks after the last injection 
[45]. Taken the above into consideration, it is estimated 
that iBALT could be formed around day 28 and continue 
until the GM-Ab disappearance. If the efficacy of the 
drug is attenuated by the neutralizing antibodies, then 
discontinuation of treatment could be considered as an 
option. Alternatively, intermittent inhalation may serve 
as a strategy for avoiding the production of neutralizing 
antibodies.

The mechanism underpinning the extended retention 
of inhaled sargramostim in the lung and its transport 
to the BALT follicles remains unknown. Immunostain-
ing using a sargramostim-specific monoclonal antibody 
showed that the presence of sargramostim in the follicles 
was not accompanied by its presence in either the epithe-
lial lining fluid or the interstitium. Bronchoalveolar lavage 
(BAL) could potentially elucidate this process, although it 
was not performed in this nonclinical study to avoid any 
influence on the pathological tissue examination. A pre-
liminary study, which was conducted separately, demon-
strated that GM-CSF was easily detectable in BAL fluid 
one day after a single inhalation of E. coli-derived GM-
CSF. Given that GM-CSF in the blood becomes undetect-
able within eight hours after a single inhalation [30], this 
may suggest that the kinetics of inhaled sargramostim in 
the lungs differ substantially from those in the blood and 
contribute to the accumulation of GM-CSF in the lungs 
following daily inhalation for seven days. Accordingly, the 
current regimen, which consists of 12 courses of seven-
day inhalation followed by seven-day withdrawal, may 
need to be reconsidered. Even if inhaled GM-CSF accu-
mulates in the lower respiratory tract, it may bind to the 
GM-CSF receptors of alveolar constituent cells and be 
internalized during the seven-day washout period. Fur-
ther, GM-Ab emerging in the lower respiratory tract may 
bind to inhaled GM-CSF, and the resulting complex may 
bind to the Fc receptors of alveolar cells, including mac-
rophages, and subsequently undergo cellular uptake to be 
metabolized.

This study serves as a reference for understanding the 
intrapulmonary dynamics of inhaled sargramostim and 
the behavior of sargramostim in the lower respiratory 
tract, particularly considering the formation of BALT and 
the role of lymphatic flow tissues in antibody produc-
tion. Our findings suggest that inhaled sargramostim is 
retained in the lungs, is captured by the immune system, 
and contributes to the formation of antibodies.

Conclusions
Cynomolgus monkeys receiving 5–500  µg/kg/day of 
sargramostim via inhalation every other week for 26 
weeks maintained good general condition. However, we 
observed a dose-dependent increase in the number and 
size of iBALT nodules in the peribronchiolar and alveo-
lar regions. Since no iBALT proliferation was observed 
in the vehicle-treated monkeys, it appears to be sargra-
mostim-specific. Because the sargramostim-binding cells 
were present in the iBALT but absent in the spleen and 
hilar lymph nodes, we propose that iBALT is the site of 
anti-sargramostim antibody production. Moreover, we 
observed a correlation between serum GM-Ab concen-
tration and neutralizing ability with iBALT density in 
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the lungs, and between sargramostim accumulation in 
the germinal centers in iBALT nodules even one week 
after the cessation of inhalation. This suggests that anti-
gen presentation might occur at the same site. The anti-
sargramostim antibody that was produced suppressed 
the proliferation of alveolar macrophages in  vitro when 
incubated in the presence of cynomolgus monkey GM-
CSF. It also reduced peripheral blood leukocyte counts 
in vivo in the 100 and 500 µg/kg/day groups, suggesting 
its functional relevance in the body. We postulate that 
GM-Ab produced in hyperplastic iBALT may neutralize 
the effects of excessive sargramostim and contribute to 
the maintenance of homeostasis.
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