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ABSTRACT 

Objective. SKG mice develop interstitial lung disease (ILD) resembling 

rheumatoid arthritis-associated ILD (RA-ILD) in human. The aim of this study is 

to clarify the mechanism behind the lung pathology by analyzing the lung-

infiltrating cells in ILD of SKG mice. 

Methods. We assessed the severity of zymosan A (ZyA)-induced ILD in 

SKG mice histologically, and examined lung-infiltrating cells by flow cytometry. 

Total lung cells and isolated monocytic myeloid-derived suppressor cells (M-

MDSCs) were cultured in vitro with GM-CSF (and IL-4). The proliferation of 

CSFE-labeled naïve T cells co-cultured with isolated CD11b+Gr1dim cells and 

MDSCs was evaluated by flow cytometry. CD11b+Gr1dim cells were transferred to 

ZyA-treated SKG mice. 

Results. MDSCs, Th17 cells, and group 1 and 3 innate lymphoid cells 

(ILC1s and ILC3s) were increased in the lungs; the proportion of these cells 

varied with ILD severity. In this process, we found that a unique cell population, 

CD11b+Gr1dim cells, were expanded in the severely inflamed lungs. About half of 

the CD11b+Gr1dim cells expressed CD11c. The CD11b+Gr1dim cells were induced 

from M-MDSCs with GM-CSF in vitro and were considered tolerogenic because 

they suppressed T-cell proliferation. The CD11b+Gr1dim cells have never 

described previously and termed CD11b+Gr1dim tolerogenic dendritic cell-like cells 

(CD11b+Gr1dimtolDC-LCs). Th17 cells, ILC1s and ILC3s in the inflamed lung 

produced GM-CSF, which may expand CD11b+Gr1dimtolDC-LCs in vivo. 

Furthermore, adoptive transfer of CD11b+Gr1dimtolDC-LCs significantly 

suppressed the progression of ILD in SKG mice. 
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Conclusion. We identified a unique suppressive myeloid cells termed 

CD11b+Gr1dimtolDC-LCs, which were differentiated from M-MDSCs, in ILD of 

SKG mice.  

  

Introduction 

Interstitial lung disease (ILD) is frequently complicated by connective 

tissue diseases (CTD), which are systemic autoimmune disorders of unknown 

origin. CTD-associated ILD is sometimes life-threatening, and it is important to 

elucidate its pathogenesis. ILD complicated by rheumatoid arthritis, a 

representative CTD, is called rheumatoid arthritis–associated ILD (RA-ILD). 

Both CD4+ T cells (1,2) and dendritic cells (DCs) (3) are significantly increased 

in RA-ILD compared to idiopathic ILD, suggesting that lymphoid and myeloid 

cells contribute to the pathogenesis of RA-ILD. Although some patients with RA-

ILD respond to immunosuppressive therapy (4-6), others do not. Corticosteroids 

and other immunosuppressive therapies also have many side effects, including 

infection, making it desirable to find treatments with fewer side effects. 

In SKG mice, which provide an animal model of rheumatoid arthritis, a 

single injection of zymosan A (ZyA) can induce not only arthritis but also ILD. 

These manifestations are due to a spontaneous point mutation of the gene 

encoding an SH2 domain of ZAP-70, which is a key transduction molecule in T 

cells. This ZAP-70 mutation leads to the thymic generation of autoimmune T 

cells, chronic arthritis, and extra-articular manifestations similar to rheumatoid 

arthritis (7,8). 

DCs are potent antigen-presenting cells that can activate naïve T cells and 
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initiate adaptive immune responses. In general, DCs are derived from common 

DC progenitors and constitutively express CD11c on the cell surface (9). 

Several types of DCs with negative suppressive function have been reported as 

tolerogenic DCs (tolDCs), which are major regulators of immune responses in 

cancer, infection, autoimmune diseases, and transplantation (10-13). TolDCs 

suppress autoreactive T cells in the thymus during central tolerance, and limit 

effector T cells and promote regulatory T cell differentiation in the periphery. 

Previous reports describe roles of tolDCs in the intestine, lung, skin, liver, and 

other organs (14-18). Researchers have identified a tolDC subset in patients 

with chronic obstructive pulmonary disease (COPD) (19), and have 

demonstrated that the adoptive transfer of splenic tolDCs from helminth-infected 

mice can inhibit allergic inflammation in asthma-model mice (20). However, little 

is known about the role of tolDCs in RA-ILD. TolDCs can be generated from 

bone-marrow cells in vitro using GM-CSF and factors such as IL-10 and TGF-β 

(21,22); however, whether tolDCs can also be differentiated from lung-infiltrating 

cells is unknown.  

Myeloid-derived suppressor cells (MDSCs), a heterogeneous cell 

population with immunosuppressive activities, are phenotypically defined as 

CD11b+Gr1+ cells and classified into two subpopulations: polymorphonuclear 

(PMN)-MDSCs with a CD11b+Ly6G+Ly6low phenotype, and monocytic (M)-

MDSCs with a CD11b+Ly6G−Ly6Chigh phenotype (23). Although both tolDCs and 

MDSCs are tolerogenic and induced by GM-CSF, they differ in morphology, 

phenotype, and function. Some reports have identified tolDCs and MDSCs as 

potential therapeutic targets for inflammatory diseases (20,24,25), and others 
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have demonstrated the efficacy of intra-articular tolDC therapy for rheumatoid 

arthritis (26). 

 In this study, we found that the proportion of MDSCs was elevated in the 

lungs of ZyA-treated SKG mice, and detected a new population of 

CD11b+Gr1dim cells. GM-CSF stimulation induced CD11b+Gr1dim cells with 

tolDC-like characteristics from M-MDSCs. GM-CSF was produced by both 

helper T (Th) cells and innate lymphoid cells (ILCs). Furthermore, adoptive 

transfer of CD11b+Gr1dimtolDC-LCs significantly suppressed the progression of 

ILD in SKG mice. These results suggested that MDSCs could differentiate into 

CD11b+Gr1dimtolDC-LCs that served as the suppressor of ILD in SKG mice.  

 

MATERIALS AND METHODS 

Mice.  Male SKG mice (CLEA Japan) were used at 3–20 weeks of age. 

All mice were kept in specific pathogen-free conditions at the Institute of 

Laboratory Animals, Graduate School of Medicine, Kobe University.  All mice 

were handled in accordance with the guidelines for animal care approved by the 

Animal Experimentation Committee of Kobe University. 

Reagents and antibodies.  Zymosan A (ZyA) and 2-mercaptoethanol 

(2-ME) were purchased from Sigma-Aldrich; tofacitinib from Selleck Chemicals; 

DMSO from TOCRIS Bioscience; the carboxyfluorescein diacetate succinimidyl 

ester (CFSE-DA) Cell Proliferation Kit from Invitrogen; RPMI 1640 Medium and 

DMSO from Wako Pure Chemical Industries; fetal bovine serum (FBS) from MP 

Biomedicals; 1% penicillin-streptomycin from Lonza Walkersville; Liberase TL 

research grade from Roche; GM-CSF from Pepro Tech; and recombinant 
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mouse interleukin-4 (IL-4) protein, anti-TGF-β1, -β2, and -β3 antibody and 

mouse TGF-β1 ELISA Kit from R & D Systems. FITC-conjugated anti-Gr1 

(FITC-anti-Gr1), PE-anti-Gr1 (Ly6G and Ly6C), FITC-anti-rat IgG2b k isotype, 

PE-anti-mouse isotype, purified hamster anti-mouse CD3e, purified hamster 

anti-mouse CD28, and purified rat anti-mouse CD16/CD32 (Fc block) were 

obtained from BD Biosciences. Brefeldin A, APC-anti-CD11b, PE-anti-CD11c, 

PE-anti-CD80, PE-anti-CD274 (PD-L1), FITC-anti-CD4, APC-anti-CD4, PE-anti-

CD62L, PE-anti-CD80, PE-Cyanine7-anti-CD90.2 (Thy1.2), PE-anti-GM-CSF, 

PE-anti-FoxP3, PE-anti-RORγt, PE-anti-T-bet, APC-anti-RORγt, APC-anti-T-bet, 

PE-anti-ratIgG1 k isotype, APC-anti-IgG2a k isotype, and PE-Cyanine7-anti-

ratIgG2a k isotype were obtained from eBioscience. Cell-staining buffer, 

nuclear-factor fixation and permeabilization buffer, FITC-anti-lineage cocktail 

(CD3/Gr1/CD11b/CD45R(B220)/Ter-119), FITC-anti-Ly6C, APC-anti-GATA3, 

and FITC-anti-hamster IgG/rat IgG2b/IgG2a were obtained from BioLegend. 

Induction of arthritis and ILD in SKG mice.  Male mice aged 8–9 

weeks were given i.p. injections (5 mg) of ZyA (Sigma-Aldrich) suspended in 

0.5 mg normal saline (SAL) as previously described (27) or SAL alone as a 

control.  

Evaluation of arthritis.  We assessed the development and severity 

of arthritis using a previously described system for scoring clinical arthritis (7). 

The scores for wrists and ankles and for all fingers of the fore and hind paws 

were totaled for each mouse. The maximum possible clinical arthritis score was 

5.8. 

Lung histology and scoring.  The left lung was inflated with 4% 
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paraformaldehyde, embedded in paraffin, and sectioned by cryostat. The 

sections were stained with hematoxylin and eosin (H&E) and Masson’s 

trichrome. All images were captured using a Keyence BZ-X710, and the images 

were combined to make the entire lung shape. The percentage of the affected 

area was calculated by Image J software (Wayne Rasband) as follows: 

{consolidation area + (cell infiltration without consolidation area) / 2} / whole 

lung area. The severity of ILD was evaluated by measuring the diffusely 

affected area as previously described (28), and assigning a histological score 

(HS); HS0 (normal), HS1 (10–30% affected), HS2 (30–60%), or HS3 (more than 

60%). 

Collection of bone marrow, spleen, and lung-infiltrating cells.  

Mice were euthanized with a high dose of pentobarbital sodium. The lungs were 

perfused with PBS via the trachea and right atrium to remove bronchoalveolar 

and blood cells. The right lung was incubated in RPMI1640, FBS, and Liberase 

TL (collagenase I and II) (Roche) for 45 min at 37 °C. The digested lungs were 

filtered through a 100-µm nylon filter and the cells collected. BM and spleen 

cells were directly filtered through a 100-µm nylon filter and collected.  

Isolation of lung CD11b+Gr1dimtolDC-LCs, MDSCs, M-MDSCs, BM 

MDSCs, BM-derived DCs (BMDCs), and spleen naïve T cells.  A BD 

FACSAria III (BD Biosciences) was used to sort CD11b+Gr1dimtolDC-LCs 

(CD11b+Gr1dim cells), MDSCs (CD11b+Gr1+ cells), and M-MDSCs 

(CD11b+Ly6Chigh cells) from the lung, MDSCs and BMDCs from bone marrow, 

and naïve T cells (CD4+CD62L+ cells) from the spleen. 

Cell staining and flow cytometry.  For surface staining, single-cell 
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suspensions of lung cells, bone-marrow cells, and splenocytes were washed 

with cell-staining buffer (BioLegend) and stained with anti-Gr1, anti-Ly6C, anti-

CD11b, anti-CD11c, anti-CD80, anti-PD-L1, anti-CD4, anti-CD62L, anti-CD90.2, 

and anti-cocktail antibodies for 30 min at 4 °C. For intracellular cytokine and 

nuclear-factor staining, lung cells were stimulated with PMA and ionomycin for 6 

h and brefeldin A for the last 4 h, as previously described (29). The cells were 

washed with nuclear-factor fixation and permeabilization buffer (BioLegend) and 

stained with anti-GM-CSF, anti-T-bet, anti-GATA3, anti-RORγt, and FoxP3 

antibodies following the manufacturer’s protocol. Flow cytometry data were 

acquired on a FACSCalibur (BD Biosciences) and analyzed with FlowJo 

software (Tree Star). 

Quantitative real-time PCR.  Total RNA was isolated from part of the 

right lung using an RNeasy Mini Kit (Qiagen, Hilden, Germany), followed by 

cDNA synthesis using a QuantiTect Reverse Transcription Kit (Qiagen). PCR 

reaction mixtures were prepared using the QuantiTect SYBR Green PCR Kit 

(Qiagen), followed by quantitative PCR on a PikoReal system (Thermo Fisher 

Scientific). The following primer pairs were used: gm-csf, 5’-

CCAGCTCTGAATCCAGCTTCTC-3’ (forward) and 5’-

TCTCTCGTTTGTCTTCCGCTGT-3’ (reverse); Il23p19, 5’-

AATAATGTGCCCCGTATCCA-30 (forward) and 5’-

GGATCCTTTGCAAGCAGAAC-3’ (reverse). GAPDH was used as an internal 

control to normalize the amount of loaded complementary DNA (cDNA). 

Generation of DCs from lung and bone-marrow cells in vitro.  Total 

lung cells (1×106), total BM cells (1×106), and isolated lung CD11b+Ly6Chigh 
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cells (M-MDSCs) (1×105) from naïve SKG mice were cultured in RPMI 1640 

medium supplemented with 10% FBS, 1% penicillin/streptomycin, 50 µM 2-ME, 

and 10 ng/ml GM-CSF, with or without 2.5 ng/ml rIL-4, as previously described 

(30). These cultures were maintained at 37 °C in 48-well plates in a 5% CO2-

humidified atmosphere. On day 3 of culture, the supernatant was gently 

removed and the medium was replaced with fresh medium containing GM-CSF 

with or without rIL-4. In some experiments. Anti-TGF-β antibody (αTGF) (5 

μg/ml) was added when generating DCs from total lung cells. Cells were 

collected on day 5 and analyzed by flow cytometry.  

Enzyme-linked immunosorbent assay.  Total lung cells and BM cells 

were cultured as described above and the TGF-β1 levels in the culture 

supernatant were measured with commercial ELISA kits (R & D Systems) 

following the manufacturer’s instructions. 

Proliferation assay.  Isolated spleen CD4+CD62L+ cells (naïve T cells) 

from SKG mice aged 3weeks were incubated with 10 µM CFSE-DA according 

to the manufacturer’s protocol. CFSE-labeled naïve T cells (1×105) in 200 µl of 

medium were cultured for 3 days in a 96-well flat-bottomed plate pre-coated 

with 10 µg/ml anti-CD3 antibody and 5 µg/ml anti-CD28 antibody with or without 

lung MDSCs, CD11b+Gr1dim cells, or BM MDSCs obtained from ZyA-treated 

SKG mice, or with in-vitro-generated CD11b+Gr1dim cells or BMDCs. The naïve 

T-cell proliferation was determined by measuring the CFSE fluorescence using 

flow cytometry. 

Adoptive Transfer experiments.  Total lung cells from ZyA-treated 

SKG mice were cultured with GM-CSF and IL-4 for 7 days as described above 
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in order to generate CD11b+Gr1dim cells. The cells were stimulated with ZyA (5 

μg/ml) for the last 2 days. The in vitro-generated CD11b+Gr1dim cells (5×105 

cells/mouse) were isolated by using FACSAria III and transferred into ZyA-

treated SKG mice through the tail vein once every two weeks for 3 months. SAL 

was injected as a control. 

Statistical analysis.  Results are expressed as the mean ± SEM. All 

analyses were performed using GraphPad Prism 5 software (GraphPad). 

Statistical comparisons between two groups were performed using Student’s t-

test in the case of normal distribution or the Mann-Whitney U-test in the case of 

non-normal distribution. For multiple comparisons, the Kruskal-Wallis test was 

used. Pearson’s or Spearman’s correlation coefficient was calculated for the 

correlations performed.  P values <0.05 were considered statistically 

significant. 

 

RESULTS 

ZyA-treated SKG mice developed chronic, progressive, and severe 

ILD.  ZyA-treated SKG mice can develop ILD, which is characterized by 

inflammatory-cell infiltration. Although the inflammatory-cell infiltration into 

interstitial spaces was mild at 8 weeks after ZyA-injection, a massive infiltration 

resembling organizing pneumonia was observed extending into the interstitial 

and alveolar spaces at 12 weeks after ZyA-injection (Figure 1 A and D). The 

mice started to develop arthritis 6 weeks after the ZyA-injection, which 

worsened thereafter (Figure 1 B), and began losing body weight 8 weeks after 

the ZyA-injection (Figure 1C). The severity of ILD was correlated with the loss of 
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body weight, but not with the arthritis score (Supplemental Figure 1). 

Since not all of the ZyA-treated SKG mice developed severe ILD, we 

examined the mice 12 weeks after ZyA-injection and scored the severity of ILD 

according to the diffusely affected area visible with H&E staining: HS0 (normal), 

HS1 (10-30%), HS2 (30-60%), or HS3 (>60%) (Figure 1D). This analysis 

revealed that about half of the ZyA-treated SKG mice developed HS2-level ILD, 

and about 25% developed HS3-level ILD. High-power views of H&E staining 

showed the infiltration of mononuclear and polynuclear cells into the interstitial 

space, and revealed the presence of unique cells with a large, bright cytoplasm 

only in specimens from ZyA-treated mice with HS3 (ZyA-HS3) (Figure 1 E, 

arrow). Masson’s trichrome staining showed that the ZyA-treated SKG mice 

developed mild fibrosis but no honeycombing (Figure 1F). 

MDSCs were increased in ZyA-treated SKG lungs, while 

CD11b+Gr1dim cells were expanded only in ZyA-HS3 lungs.  We next 

investigated the characteristics of the lung-infiltrating cells in the ZyA-treated 

mice. The total number of infiltrating cells were increased significantly in the 

ZyA-HS3 lungs (Figure 2A). Flow cytometry revealed a higher proportion of 

CD11b+Gr1+ cells (MDSCs) in the lungs of ZyA-treated mice than in those of 

SAL-treated mice. Interestingly, the proportion of CD11b+Gr1dim cells was 

elevated only in ZyA-HS3 lungs (Figure 2B and C). We further analyzed these 

subpopulations by gating for CD11b-positive cells. Although there was no 

significant difference in the proportion of CD11b+Ly6ChighLy6G− cells (M-

MDSCs) or CD11b+Ly6ClowLy6G+ cells (PMN-MDSCs) between ZyA-HS1 and 

ZyA-HS3 specimens, the proportion of CD11b+Ly6C−Ly6Gint cells were 
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increased only in the ZyA-HS3 lungs (Figure 2D). These results suggested that 

CD11b+Gr1dim cells and CD11b+Ly6C−Ly6Gint cells might be the same 

population. 

We next analyzed the CD11c expression in MDSCs and CD11b+Gr1dim 

cells, and found that MDSCs and CD11b+Gr1dim cells from ZyA-HS3 lungs 

expressed significantly more CD11c than did those in control specimens (Figure 

2E–H). CD11c was expressed more strongly in CD11b+Gr1dim cells than in 

MDSCs (Figure 2E–H), and the CD11b+Gr1dim cells did not express F4/80 

(Figure 2G). May-Giemsa staining revealed that CD11b+Gr1dim cells were 

morphologically immature dendritic cell-like (Figure 2I). CD11b+Gr1dim cells were 

not detected in the spleen or BM of ZyA-treated SKG mice with HS3 lungs 

(Figure 2J). As few of MDSCs express CD11c, these results indicated that 

CD11b+Gr1dim cells and MDSCs might be different populations, and that 

CD11b+Gr1dim cells would be a cell population differentiating into DCs in the 

severely inflamed lung.   

GM-CSF-producing Th17 cells, ILC1s, and ILC3s were increased in 

ZyA-treated SKG lungs.  As GM-CSF is known to be important in DC 

differentiation, we next investigated GM-CSF expression in the lungs of ZyA-

treated SKG mice. Quantitative RT-PCR revealed that GM-CSF was 

significantly elevated in the lungs of ZyA-treated SKG mice compared to control 

(Figure 3A). The levels of IL-23p19, which induces the differentiation of Th17 

cells and group 3 ILCs (ILC3s), were also elevated in the ZyA-treated mice 

(Figure 3A). CD4+ T cells and ILCs were recently identified as sources of GM-

CSF (31-35); thus, we first analyzed CD4+ T cells as a GM-CSF source and 
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found that the numbers of total CD4+ cells and RORγt+CD4+ cells were 

significantly elevated in ZyA-HS3 lungs (Figure 3B). We also found significantly 

elevated numbers of GM-CSF+CD4+ cells and GM-CSF+RORγt+CD4+ cells in 

ZyA-HS2 and ZyA-HS3 lungs (Figure 3C and D). We next examined ILCs, 

defined as Lin−CD90.2+ cells, in the total lymphoid-cell population, as previously 

described (36) (Figure 3E). ILC1s, ILC2s, and ILC3s were classified by T-bet, 

GATA3, and RORγt expression, respectively. The total numbers of ILCs, T-bet+ 

ILCs (ILC1s), and RORγt+ ILCs (ILC3s) were significantly increased in the ZyA-

HS3 lung (Figure 3F). In addition, GM-CSF+ ILCs, GM-CSF+ ILC1s, and GM-

CSF+ ILC3s were significantly elevated in the ZyA-HS2 and ZyA-HS3 lungs 

(Figure 3G and H). Thus, the numbers of GM-CSF-producing Th17 cells, ILC1s, 

and ILC3s were significantly increased in the lungs of ZyA-treated SKG mice. 

CD11b+Gr1dim cells were differentiated from M-MDSCs in vitro by GM-

CSF and IL-4 stimulation.  The generation of DCs from BM cells in vitro using 

GM-CSF is well established (30,37). To determine whether DCs could be 

generated from lung cells using GM-CSF, we cultured total lung cells with GM-

CSF in vitro in the presence or absence of IL-4. GM-CSF alone induced 

CD11b+Gr1dim cells from total lung cells, and adding IL-4 facilitated the 

differentiation (Figure 4A and B). The in-vitro-generated CD11b+Gr1dim cells 

expressed high levels of CD11c (Figure 4A). Microscopic examination and flow 

cytometry based on forward scatter (FSC) and side scatter (SSC) parameters 

revealed that the in-vitro-generated CD11b+Gr1dim cells and the CD11b+Gr1dim 

cells ex vivo were larger than lymphocytes (Figure 4C and D). Histology showed 

the presence of cells with a large, bright cytoplasm which would be 
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CD11b+Gr1dim cells in vivo in the ZyA-HS3 lung (Figure 4D). These results 

indicated that the in-vitro-generated CD11b+Gr1dim cells and the CD11b+Gr1dim 

cells found in the ZyA-HS3 lung were similar populations. 

We next investigated which cell populations differentiated into 

CD11b+Gr1dim cells. Although some MDSCs expressed CD11c in severe ILD 

(ZyA-HS3), the differentiation of CD11b+Gr1dim cells was not observed when 

total MDSCs were stimulated with GM-CSF and IL-4 (Supplemental Figure 2A). 

One study showed that splenic CD11b+Ly6G−Ly6Chigh cells (M-MDSCs) can 

differentiate into CD11b+CD11c+F4/80+ cells (DCs and macrophages) when 

stimulated by GM-CSF (38). CD11b+Gr1dim cells were induced when 

CD11b+Ly6Chigh cells (M-MDSC) isolated from the lung were cultured with GM-

CSF and IL-4 (Figure 4E and F). CD11b+Ly6Clow cells (PMN-MDSCs) did not 

differentiate to CD11b+Gr1dim cells (Supplemental Figure 2B). These results 

indicated that CD11b+Gr1dim cells were differentiated from M-MDSCs. 

CD11b+Gr1dim cells were tolDC-like cells with immunosuppressive 

characteristics.   To elucidate the role of the CD11b+Gr1dim cells in ILD, we 

examined the effect of CD11b+Gr1dim cells isolated from the ZyA-HS3 lung on T-

cell proliferation. A T-cell proliferation assay revealed that the CD11b+Gr1dim 

cells, like MDSCs from the lung or bone marrow, suppressed naïve T-cell 

proliferation (Figure 5A). To clarify the difference between CD11b+Gr1dim cells 

and MDSCs from the lungs, we evaluated their PD-L1 and CD80 expression. 

The CD11b+Gr1dim cells and MDSCs in ZyA-HS3 expressed significantly more 

PD-L1 than did those in SAL-treated SKG mice, and the CD11b+Gr1dim cells 

expressed more PD-L1 than did MDSCs (Figure 5B). The CD80 levels were 
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significantly higher in CD11b+Gr1dim cells from ZyA-HS3 than those from SAL-

treated mice, while the CD80 expression was comparable in MDSCs from ZyA-

HS3 and SAL-treated mice (Figure 5B,D). CD11b+Gr1dim cells from ZyA-HS3 

expressed higher PD-L1 and CD80 compared to those from ZyA-HS1 and HS2 

(Figure 5C,E). We termed these tolDC-like CD11b+Gr1dim cells 

“CD11b+Gr1dimtolDC-like cells (LCs)” because of their phenotype and function. 

We next generated CD11b+Gr1dimtolDC-LCs and BMDCs in vitro and 

investigated their effect on T-cell proliferation. The in-vitro-generated 

CD11b+Gr1dimtolDC-LCs also suppressed naïve T-cell proliferation; in contrast, 

the in-vitro-generated BMDCs facilitated T-cell proliferation (Figure 5F). The PD-

L1 levels were higher in the in-vitro-generated CD11b+Gr1dimtolDC-LCs than in 

the in-vitro-generated BMDCs, while the CD80 levels did not differ between 

these cells (Figure 5G). These results indicated that the in-vitro-generated 

CD11b+Gr1dimtolDC-LCs were tolerogenic, and the in-vitro-generated BMDCs 

were immunogenic.  

In order to elucidate why lung cell-culture induces tolerogenic DC while 

BM cell-culture generates immunogenic DC, we studied TGF-β levels in the 

culture supernatant. TGF-β concentrations were higher in the supernatant of 

lung cell-culture than that of BM cell-culture (Figure 5H). We then cultured total 

lung cells with GM-CSF and IL-4 in the presence or absence of anti-TGF-β 

antibody (αTGF) for 5 days, to generate CD11b+Gr1dimtolDC-LCs (defined as 

αTGF-CD11b+Gr1dimtolDC-LCs). Then, naïve T cells were co-cultured with 

αTGF-CD11b+Gr1dimtolDC-LCs. The αTGF-CD11b+Gr1dimtolDC-LCs partially 

lost their suppressive function on T cell proliferation (Figure 5I). These results 
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indicate that TGF-β is one of the key factors for CD11b+Gr1dim cells to be 

tolerogenic. 

CD11b+Gr1dimtolDC-LCs suppressed the progression of ILD in ZyA-

treated SKG mice.  To further define the suppressive role of 

CD11b+Gr1dimtolDC-LCs in vivo, we performed an adoptive transfer experiment. 

Total lung cells were cultured with GM-CSF and IL-4 in vitro, and 

CD11b+Gr1dimtolDC-LCs were purified by flow cytometry (Figure 6A). We 

adoptively transferred the in-vitro-generated CD11b+Gr1dimtolDC-LCs into the 

ZyA-treated SKG mice every two weeks for three months (Figure 6B). We 

revealed that adoptive transfer of the in vitro-generated CD11b+Gr1dimtolDC-LCs 

significantly decreased the severity of ILD in ZyA-treated SKG mice (Figure 6C, 

D). Taken together, these results suggest that CD11b+Gr1dimtolDC-LCs are 

induced in the severely inflamed lung to control excessive inflammation. 

 

DISCUSSION 

In this study, we identified unique CD11b+Gr1dimtolDC-like cells and 

showed that the proportion of MDSCs was elevated in the lungs of SKG mice 

with ZyA-induced ILD. TolDCs generally express CD11c, high levels of PD-L1, 

and low levels of CD80. As the CD11b+Gr1dim cells we detected expressed 

relatively low levels of CD11c and high levels of PD-L1 and CD80, we termed 

these cells CD11b+Gr1dimtolDC-“like” cells. CD11b+Gr1dimtolDC-LCs, which were 

induced by GM-CSF from M-MDSCs, suppressed naïve T-cell proliferation in 

vitro. Th17 cells, ILC1s, and ILC3s produced GM-CSF in vivo. Furthermore, 
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adoptive transfer of CD11b+Gr1dimtolDC-LCs significantly suppressed the 

progression of ILD in SKG mice. 

About half of the CD11b+Gr1dimtolDC-LCs expressed CD11c, while few of 

the MDSCs expressed CD11c. These results indicate that the CD11b+Gr1dim 

tolDC-LCs would be a cell population which are differentiating into DCs. The 

CD11b+Gr1dimtolDC-LCs expressed PD-L1 and suppressed the proliferation of 

naïve T cells, suggesting that CD11b+Gr1dimtolDC-LCs can be classified as a 

subset of tolDCs. TolDCs generally exert immunosuppressive activity by 

expressing inhibitory molecules such as PD-L1, PD-L2, and Fas-ligand, by 

secreting anti-inflammatory cytokines such as IL-10 and TGF-β, and by 

upregulating IDO (indole amine 2,3-deoxygenate) (9,22). CD11b+Gr1dimtolDC-

LCs are different from so-called tolDCs in that they expressed high levels both 

of PD-L1 and CD80 while tolDCs generally express high levels of PD-L1 and 

low levels of CD80.  

CD11b+Gr1dimtolDC-LCs are distinct from MDSCs. MDSCs are 

phenotypically defined as CD11b+Gr1+ cells. As the CD11b+Gr1dimtolDC-LCs 

expressed both CD11b and Gr1, we examined their characteristics to determine 

whether they were a type of MDSC. Microscopic examination and flow 

cytometric analysis based on FSC and SSC parameters revealed that the 

CD11b+Gr1dimtolDC-LCs were larger than MDSCs. Although MDSCs were 

distributed into CD11b+Ly6ChighLy6G− (M-MDSC) or CD11b+Ly6ClowLy6G+ 

(PMN-MDSC) populations, the CD11b+Gr1dimtolDC-LCs were distributed into 

the CD11b+Ly6GintLy6C− population. Furthermore, CD11b+Gr1dimtolDC-LCs 

expressed higher levels of PD-L1 and CD80 than did MDSCs. These results 
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indicate that the CD11b+Gr1dimtolDC-LCs are not a type of MDSCs. 

Various factors are known to induce tolDCs from BMDCs in vitro, including 

the cytokines; IL-10, IFN-γ, and TGF-β, the drugs; dexamethasone, tacrolimus, 

and mycophenolate, and the organic molecules; vitamin D3, intravenous 

immunoglobulin, and salicylate (12). In our study, CD11b+Gr1dimtolDC-LCs were 

induced from total lung cells by GM-CSF (and IL-4) without the stimulation of 

these additional factors. A previous report demonstrated that pulmonary stromal 

cells induced the generation of tolDCs (39); in that study, TGF-β from the stromal 

cells was found to be involved in the differentiation of BM-derived tolDCs in vitro. 

We showed that TGF-β concentration was higher in the supernatant of lung cell-

culture than that of BM cell-culture, and that αTGF-CD11b+Gr1dimtolDC-LCs 

partially lost their suppressive function on T cell proliferation in vitro. These results 

support that TGF-β produced by lung interstitial cells is one of the key factors for 

CD11b+Gr1dimtolDC-LCs to be tolerogenic. The induction of CD11b+Gr1dimtolDC-

LCs by GM-CSF and IL-4 from isolated M-MDSCs in vitro was weak compared 

to their induction from total lung cells, which might imply that lung interstitial cell-

derived TGF-β contributes to the induction of CD11b+Gr1dimtolDC-LCs.  

The molecular mechanism of suppressive effects of CD11b+Gr1dimtolDC-

LCs are still to be elucidated. Although the in-vitro-generated 

CD11b+Gr1dimtolDC-LCs expressed higher levels of PD-L1 compared to the in 

vitro-generated BMDC, the blockade of PD-L1 in CD11b+Gr1dimtolDC-LCs did not 

restore the ability to proliferate T cells (data was not shown).  

Some investigators have reported that CD11b+Gr1intF4/80+ cells regulate 

inflammation in the lung by secreting IL-10 (40,41). These CD11b+Gr1intF4/80+ 
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cells express Ly6ClowLy6Gint and are recognized as a PMN-MDSC subset. 

These cells are distinct from the CD11b+Gr1dimtolDC-LCs in our study, which are 

not MDSCs and express low levels of F4/80 but high levels of CD11c. Recently, 

another group described SSClowCD11b+Gr1dim cells with immunosuppressive 

function via a nitric oxide-dependent mechanism in the liver of obese mice (42). 

These SSClowCD11b+Gr1dim cells are Ly6ChighLy6G−, express CD80 and PD-L1 

but not CD11c, and are recognized as an M-MDSC subset. The 

SSClowCD11b+Gr1dim cells are morphologically small and distinct from 

granulocytes. The Gr1dimtolDC-LCs in our study are distinguished from the 

SSClowCD11b+Gr1dim cells by their large size and expression of Ly6C−Ly6Gint 

and CD11c. Thus, although the CD11b+Gr1dimtolDC-LCs described in this study 

share some similarities in name with CD11b+Gr1intF4/80+ and 

SSClowCD11b+Gr1dim cells, the CD11b+Gr1dimtolDC-LCs are a distinct cell 

population. 

 A recent report demonstrated that GM-CSF produced by Th cells is 

critical for the development of ILD in SKG mice, and that the progress of ILD is 

inhibited by neutralizing GM-CSF with anti-GM-CSF antibodies (34). In that 

study, CD11b+Gr1+ cells and CD11b+Gr1− cells are immunogenic and are 

increased in the lungs of ZyA-treated SKG mice, and characterized these cells 

as neutrophils and macrophages/monocytes, respectively. However, in our 

study, we identified CD11b+Gr1+ cells as MDSCs and CD11b+Gr1dim cells as 

tolDC-like cells that proliferated in the severely inflamed ILD lung. Indeed, GM-

CSF is immunogenic, as described by as Shiomi et al., but our results 

demonstrated that GM-CSF also induced immunosuppressive cells such as 
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MDSCs and tolDC-like cells. Considering the origin and role of 

CD11b+Gr1dimtolDC-LCs, it is possible that they function as a suppressive last 

resort if MDSCs cannot suppress the inflammation. 

Some CD4+ T cells produce GM-CSF under inflammatory conditions (31, 

32). In our study, ZyA-HS2 and ZyA-HS3 lungs had a high proportion of GM-

CSF-producing CD4+ T cells and RORγt+CD4+ T cells (Th17 cells), consistent 

with previous reports. Recent reports have demonstrated that ILC3s produce 

GM-CSF in acute intestinal inflammation (35,43,44).  Thus, we investigated the 

GM-CSF production by ILCs in the SKG lung, revealed that GM-CSF–producing 

ILC1s and ILC3s were increased in the lung of ZyA-treated SKG mice. Although 

both CD4+ T cells and ILCs produced GM-CSF, they appeared to act in different 

stages of ILD: the proportion of ILC1s and ILC3s increased mostly at HS1, while 

the proportion of Th17 cells increased at HS3, although the actual counts of 

Th17 cells and ILCs were most strongly elevated at HS3 (Supplemental Figure 

3A and B). These findings might indicate that ILCs and Th17 cells act in the 

early and late stages of ILD, respectively, and that Th17 cells, ILC1s, and ILC3s 

contribute to the development of ILD and the induction of CD11b+Gr1dimtolDC-

LCs by producing GM-CSF. To our knowledge, this is the first report showing 

the presence of GM-CSF-producing ILCs in the lungs. 

In summary, we identified a new cell population, CD11b+Gr1dimtolDC-LCs, 

in the severely inflamed lungs of ZyA-treated SKG mice. Th17 cells, ILC1s and 

ILC3s produced GM-CSF, which in turn could induce CD11b+Gr1dimtolDC-LCs 

from M-MDSC to reduce inflammation. We also demonstrated that adoptive 

transfer of CD11b+Gr1dimtolDC-LCs suppressed the development of ILD in ZyA-
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treated SKG mice. Although further studies are needed to elucidate the 

mechanism how CD11b+Gr1dimtolDC-LCs suppress other immune cells involved 

in lung inflammation/fibrosis, the unique cells could play a potent suppressive 

role in the lung lesion of SKG mice.  
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FIGURE LEGENDS 
 

Figure 1. Zymosan A–treated SKG mice developed chronic, progressive, and 

severe ILD. A, Progression of ILD over time, assessed by the percentage of the 

affected area in SKG mice injected with zymosan A (ZyA) or normal saline 

(SAL) (day 0: SAL n=6, ZyA n=6; day 28: SAL n=5, ZyA n=4; day 56: SAL n=5, 

ZyA n=5; day 84: SAL n=4, ZyA n=5). B, Changes in the arthritis score over 

time in SKG mice treated with ZyA (n=28) or SAL (n=9). C, Changes in body 

weight after i.p. injection of ZyA (n=28) or SAL (n=9). D, Hematoxylin and eosin 

staining of lungs from SKG mice 12 weeks after ZyA or SAL injection, showing 

representative images of histological scores (HS) in ZyA-treated SKG mice. E, 

Nonspecific-pneumonia-like inflammatory-cell infiltrations were observed in HS1 

and HS2, and massive infiltrations of inflammatory cells in HS3. Unique cells 

with a large, bright nucleus were observed only in HS3 (arrow). F, Masson’s 

trichrome staining showed mild fibrosis in the lung from ZyA-treated SKG mice. 

Data shown in B and C are representative of at least two independent 

experiments. Data are shown as mean ± SEM. ＊, P < 0.05, Student’s t tests.  

 

Figure 2. CD11b+Gr1+ cells (MDSCs) were increased in the ZyA-HS1 and HS2 

lungs, while CD11b+Gr1dim cells were expanded only in the ZyA-HS3 lungs. The 

lung-Infiltrating cells 12 weeks after ZyA or SAL injection. A, The total cell 

counts of each histological score (HS) (SAL n=9, ZyA-HS1 n=8, ZyA-HS2 n=15, 

ZyA-HS3 n=7). B, Representative flow cytometry plots show the distribution of 

CD11b+Gr1+ cells and CD11b+Gr1dim cells for each HS classification. C, The 

proportion of CD11b+Gr1+ cells and CD11b+Gr1dim cells in each HS. (SAL n=8, 
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ZyA-HS1 n=7, ZyA-HS2 n=14, ZyA-HS3 n=6). D, Lung cells were gated on 

CD11b expression and stained for Ly6C and Ly6G. Ly6C−Ly6Gint cells existed 

only in the ZyA-HS3 lung. E, F, Approximately 20% of the CD11b+Gr1+ cells 

from ZyA-HS3 lungs expressed CD11c (SAL n=8, ZyA-HS3 n=10). G, H, About 

half of the CD11b+Gr1dim cells from ZyA-HS3 lungs expressed CD11c (SAL n=9, 

ZyA-HS3 n=10). I, May-Giemsa staining of CD11b+Gr1dim cells. J, CD11b+Gr1dim 

cells were not observed in the BM or spleen. Data are shown as mean ± SEM. 

＊, P < 0.05; ＊＊, P < 0.01; ＊＊＊, P < 0.001, Kruskal-Wallis tests (A, C). Mann-

Whitney U-tests (F, H). 

 

Figure 3. GM-CSF-producing Th17 cells, ILC1s, and ILC3s were increased in the 

lungs of ZyA-treated SKG mice. A, Quantitative RT-PCR analysis revealed that 

the relative mRNA expression of GM-CSF and IL-23p19 was elevated in the ZyA 

lung (SAL n=5, ZyA n=5). B, The total counts of CD4+ cells and RORγt+CD4+ cells 

were elevated in the ZyA-HS3 lungs. C, Lung cells were stained with anti-CD4 

and anti-GM-CSF antibodies. Representative results are shown. D, The numbers 

of GM-CSF+CD4+ cells and GM-CSF+RORγt+CD4+ cells were elevated in ZyA-

HS2,3 lungs (SAL n=5, ZyA-HS2,3 n=8). E, Lung cells were stained with anti-

lineage markers (Lin), anti-CD90.2, ant-T-bet, anti-GATA3, and anti-RORγt 

antibodies. ILCs were defined as Lin−CD90.2+ cells. Representative results are 

shown. F, The numbers of total ILCs, T-bet+ILCs, and RORγt+ILCs were 

increased in the ZyA-HS3 lung. G, Lung cells gated on ILCs were stained for GM-

CSF, T-bet, and RORγt. H, The numbers of GM-CSF+ILCs, GM-CSF+T-bet+ILCs, 

and GM-CSF+RORγt+ILCs were increased in the ZyA-HS2,3 lungs (SAL n=5, 
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ZyA-HS2 and HS3 n=8). Data are shown as mean ± SEM. ＊, P < 0.05; ＊＊, P < 

0.01; ＊＊＊, P < 0.001, Student’s t tests (A), Kruskal-Wallis tests (B, F), Mann-

Whitney U-tests (D, H). 

 

Figure 4. CD11b+Gr1dim cells were differentiated from M-MDSCs with GM-CSF 

and IL4 stimulation in vitro. A, B, GM-CSF stimulation induced the differentiation 

of CD11b+Gr1dim cells from total lung cells, facilitated by IL-4 stimulation. Most 

of the in-vitro-generated CD11b+Gr1dim cells expressed CD11c (Control n=5, 

GM-CSF n=5, GM-CSF+IL-4 n=5). Representative results are shown in A. C, 

Microscopic examination and flow cytometric analysis based on FSC and SSC 

parameters of in-vitro-generated CD11b+Gr1dim cells; these cells were larger 

than lymphocytes. D, Microscopic examination, H&E staining, and flow 

cytometric analysis based on FSC and SSC parameters of CD11b+Gr1dim cells 

from the ZyA-HS3 lung. The large cells with bright cytoplasm were found only in 

the ZyA-HS3 lung. Flow cytometry showed that the CD11b+Gr1dim cells were 

larger than the CD11b+Gr1+ cells. E, F, CD11b+Ly6Chigh cells (M-MDSCs) were 

isolated from total lung cells by FACS sorting (E, upper). Stimulating the 

CD11b+Ly6Chigh cells with GM-CSF (and IL-4) induced their differentiation into 

CD11b+Gr1dim cells (E, lower panel, and F) (Control n=4, GM-CSF n=3, GM-

CSF+IL-4 n=4). Data are shown as mean ± SEM. ＊, P < 0.05; ＊＊, P < 0.01; ＊＊＊

, P < 0.001, Mann-Whitney U-tests. 

 
 

Figure 5. CD11b+Gr1dim cells were tolDC-like cells with immunosuppressive 

characteristics. A, CSFE-labeled naïve CD4+ cells were cultured alone or in a 
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1:1 ratio with lung-MDSCs, CD11b+Gr1dim cells, or BM-MDSCs from ZyA-HS3 

mice, and were stimulated with anti-CD3 and anti-CD28 monoclonal antibodies. 

CD11b+Gr1dim cells, lung-MDSCs, and BM-MDSCs suppressed T-cell 

proliferation. B, PD-L1 levels in lung-MDSCs and CD11b+Gr1dim cells; 

Representative results are shown. C, PD-L1 was elevated in MDSCs and 

CD11b+Gr1dim cells from ZyA-HS3 lungs. D, E, CD80 was elevated in 

CD11b+Gr1dim cells from ZyA-HS3 lungs. MDSCs in SAL-treated and ZyA-HS3 

lungs expressed CD80 at comparable levels. F, In-vitro-generated 

CD11b+Gr1dim cells suppressed T-cell proliferation; in contrast, in-vitro-

generated BMDCs facilitated it. G, PD-L1 was expressed more strongly by in-

vitro-generated CD11b+Gr1dim cells than by in-vitro-generated BMDCs; the 

CD80 expression was similar between these cells. H, The concentrations of 

TGF-β1 in culture supernatant were measured by an enzyme-linked 

immunosorbent assay. I, The addition of anti-TGF-β Ab (αTGF) while generating 

CD11b+Gr1dimtolDC-LCs partially reduced their suppressive function on T cell 

proliferation. Data are shown as mean ± SEM. ＊, P < 0.05; ＊＊, P < 0.01; ＊＊＊, P 

< 0.001, Kruskal-Wallis tests (C, E), Student’s t tests (H). 

 

Figure 6. Adoptive transfer of in-vitro-generated CD11b+Gr1dimtolDC-LCs 

suppressed the progression of ILD in ZyA-treated SKG mice. A, Isolation of in-

vitro-generated CD11b+Gr1dimtolDC-LCs. B, Adoptive transfer protocol. In-vitro-

generated CD11b+Gr1dimtolDC-LCs (5×105 cells) were adoptively transferred 

into the ZyA-treated SKG mice (n=6) every two weeks for three months. Normal 

saline was injected as a control (n=10). C, Representative histological results 
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from the lungs of CD11b+Gr1dimtolDC-LCs-transferred and control mice are 

shown. D, The percentage of affected area in the lung of in-vitro-generated 

CD11b+Gr1dimtolDC-LCs-transferred and that of control mice. Data are shown 

as mean ± SEM. ＊, P < 0.05, Student’s t tests (D). 
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