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ABTRACT 

 

Role of Granulocyte Macrophage-Colony Stimulating Factor in 
Differentiation and Function of Dendritic Cells in the Spleen 

 

Seul Hye Ryu 

Department of Medical Science 

The Graduate School, Yonsei University 

 

(Directed by Professor Ki Taek Nam) 

 

 

Among the various types of immune cells, dendritic cells (DCs) are major antigen 

presenting cells responsible for priming naïve T cells and controlling adaptive 

immunity. A variety of hematopoietic cytokines are involved in the differentiation of 

DCs into distinct subsets. Granulocyte macrophage-colony stimulating factor (GM-

CSF) is a multifaceted hematopoietic cytokine that influences the development of 

various hematopoietic cell lineages. Culture of bone marrow (BM) cells with GM-

CSF produces a variety of myeloid cells including DCs. However, the influence of 

GM-CSF on DCs in other organs and tissues has not been clearly defined. In this 

study, the effects of GM-CSF on immune cells in the spleen, the largest lymphoid and 

blood filter organ of the body, were investigated.  

When splenocytes were cultured with or without GM-CSF, the abundance of most 
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hematopoietic cells, including T cells, B cells, NK cells, monocytes, and DCs, 

gradually decreased. However, splenic eosinophils fully survived in the culture with 

GM-CSF for more than 10 days. Throughout the culture of splenocytes with GM-

CSF, the migration ability of eosinophils was sustained but the proliferation of 

eosinophils was not observed, and the expression of granule proteins was repressed 

in eosinophils.  

Culture of splenocytes with GM-CSF for more than 10 days (i.e., long-term culture) 

generated CD11b+ CD11c+ cells, which could be divided into three populations based 

on the expression levels of MHCII molecules (i.e., MHCIIlo, MHCIImid, and MHCIIhi). 

These CD11b+CD11c+ cells generated from the long-term culture of splenocytes with 

GM-CSF were independent of the signaling of FMS-like tyrosine kinase 3 ligand 

(FL3L) and FLT3. Among those three populations, the CD11b+CD11c+MHCIIhi cells 

were identified as DCs, which displayed dendritic morphology, weak endocytosis, 

and strong antigen presenting abilities. Besides, CD11b+CD11c+ MHCIIhi DCs from 

the long-term culture of splenocytes with GM-CSF were as effective and functional 

antigen presenting cells as BM-derived DCs generated from the culture of BM with 

GM-CSF for a week. These results demonstrate that DCs are generated de novo from 

the splenocytes slowly in a GM-CSF-dependent manner. 

Then the effect of GM-CSF treatment in vivo on the development of DCs was 

investigated. Systemic treatment of C57BL/6 mice with GM-CSF dramatically 

increased the abundance of splenic DCs. In response to GM-CSF, XCR1−33D1− cells 

were newly generated within the DC-gated cells in the spleen. This novel subset of 

splenic DCs highly expressed CD115 and CD301b on the surface and promoted the 

response of CD4+ T cells to blood-borne antigens. Therefore, CD115hiCD301b+ DCs 

generated in response to GM-CSF are named GM-CSF-induced-DCs (GMiDCs). 

These GMiDCs possessed dendritic morphology and formed large clusters, some of 

the key features of DCs. Single-cell mRNA sequencing and adoptive cell transfer 
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analyses confirmed the differentiation of GMiDCs from Ly6C+ classical monocytes. 

For the differentiation of GMiDCs, the cis expression of the GM-CSF receptor in 

precursor cells were required. In antigen presentation, GMiDCs activated CD4+ T 

cells more effectively than classical DCs. Particularly, GMiDCs were superior in 

polarizing T helper type 2 (Th2) cells. In mouse models of allergen-induced airway 

inflammation and anaphylaxis, GMiDCs efficiently induced systemic sensitization to 

blood-borne allergens and activation of Th2 cells.  

All in all, this study discovered a novel subset of GMiDCs generated in response 

to GM-CSF and demonstrated the role of GMiDCs in Th2 polarization and allergic 

sensitization. 

 

 

 

 

 

 

 

 

 

 

Key words: spleen, dendritic cells, GM-CSF, eosinophils, type 2 helper T cells, 

blood-borne antigen, antigen presenting cells 
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Role of Granulocyte Macrophage-Colony Stimulating Factor in 
Differentiation and Function of Dendritic Cells in the Spleen 

 

Seul Hye Ryu 

Department of Medical Science 

The Graduate School, Yonsei University 

 

(Directed by Professor Ki Taek Nam) 

 

I. INTRODUCTION 

1. Dendritic cells 

The immune system is a biological network to protect the organism from 

microbial infection, injury, and disease that consists of two subsystems: innate 

immunity, which is a non-specific response to rapidly remove antigens, and adaptive 

immunity, which provides antigen-specific responses through the reaction with 

cytokines and co-stimulatory molecules. Among the various types of immune cells, 

dendritic cells (DCs) play important roles in the immune response by forming a link 

between innate and adaptive immunity and maintaining tolerance. 

 

A. Features of DCs 

DCs, which were first described by Ralph Steinman and Zanvil Cohn in 1973, 
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have stellate or dendritic morphologies both in vivo and in vitro, and are 

ubiquitously present in almost organs and tissues1. The abundance and expression 

of molecular markers of DCs vary according to location2.  

DCs have two different functional states: immature and mature. Immature DCs 

capture foreign antigens by phagocytosis and in response to antigens or other 

stimulatory signals, immature DCs begin to mature and migrate from the periphery 

to the lymphoid organs to activate naïve T cells. During maturation, major 

histocompatibility complex (MHC) proteins are expressed on the surface of DCs 

along other co-stimulatory molecules, including CD80, CD83, and CD863,4. DCs 

are antigen-presenting cells (APCs) that take-up antigens, which are then processed 

internally and presented as complexes with MHC molecules on the cell surface to 

naïve T cells to initiate the adaptive immune response5-7. Macrophages and B cells, 

which are also known as APCs, mainly active naïve CD4+ T cells. However, DCs 

can activate not only naïve CD4+ T cell also naïve CD8+ T cell with antigen derived 

from phagocytosis8-11. These various features made DCs as professional APCs. 

 

B. Development of DCs 

A series of hematopoietic cells are produced from progenitor cells in bone 

marrow (BM)12 and blood under the control of various hematopoietic cytokines, 

such as FMS-related tyrosine kinase 3 ligand (FLT3L), granulocyte macrophage-

colony stimulating factor (GM-CSF) and macrophage-colony stimulating factor 

(M-CSF). Hematopoietic cytokines and transcription factors facilitate the 

differentiation of hematopoietic progenitors into DCs13,14.  

FLT3L and interferon regulatory factor 8 (Irf8) promote the differentiation of 

monocyte-dendritic cell progenitors (MDPs) into common dendritic cells 

progenitors (CDPs). CDPs can be further differentiated by FLT3L into pre-classical 
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dendritic cells (pre-cDCs) and finally into type 1 classical dendritic ce1ls (cDC1s) 

via Irf8 and type 2 classical dendritic cells (cDC2s) via Irf4. According to recent 

studies, there are additional developmental stages between pre-cDCs and cDCs, 

which are committed to the development of cDC1s and cDC2s, respectively15,16.  

CDPs can develop into plasmacytoid DCs (pDCs). A recent study showed that 

pDCs are also generated from common lymphoid progenitors (CLPs) by the 

expression of RagI17. Hence, pDCs can develop through either myeloid or 

lymphoid lineage pathway of hematopoiesis. 

 MDPs differentiate into common monocyte progenitor (cMoP) via M-CSF and 

finally into monocytes, which can differentiate into macrophages or DCs, known as 

monocyte-derived DCs (Mo-DCs)18. The specific mechanisms underlying the 

development of DCs needs further investigation.  

 

C. Subset of DCs 

DCs are a heterogenous cell population composed of three major subsets (i.e., 

cDCs, pDCs, and Mo-DCs) that are classified according to the distinct 

differentiation process, phenotype, and function19,20.  

The cDCs, which are the predominant subset in the steady state and are present 

in almost every tissue, are distinguished from other immune cells by expression 

of the surface markers CD11c and MHCII, and the transcription factor Zbtb4621. 

Among the DC subsets, cDCs are specialized in presentation of antigens to T cells 

and can be further divided into two subsets (cDC1s and cDC2s) based on their 

localization, function, and expression of surface molecules.  

cDC1s are identified as expression of CD8α, CD103, XCR1 on the surface 

and their generation is regulated by Irf8 and Batf322,23. cDC1s functionally 
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specialized in cross-presentation, which differentiates naïve CD8+ T cells to 

cytotoxic T cells (CTLs) by exogenous antigens24. A recent study reported that 

DCs from Batf3-/- mice hardly cross-presented and lacked virus-specific CD8+ T 

cell responses22. Thus, cDC1s are important to the immune response against viral 

infection via stimulation of CTLs.  

cDC2s generally express CD4, CD11b and CD172a on the surface, but their 

expressions vary among different tissues or organs. Transcription factors that 

control the development and survival of cDC2s include Notch2, Irf2 and Irf4, 

rather than Irf825-27. cDC2s mainly present antigens on MHCII molecules to naïve 

CD4+ T cells. Besides stimulation of the antigen-MHCII complex, co-stimulatory 

molecules and cytokines are also involved in the activation of CD4+ T cells. 

Activated CD4+ T cells differentiate into several subtypes of helper T (Th) cells 

that play various roles in immune responses28.  

The frequency of pDCs is lower than that of cDCs and transcription factor E2-

2 is essential for committed differentiation of CDPs into pDCs29. As mentioned 

above, both lymphoid lineage progenitor CLPs and myeloid lineage progenitor 

CDPs can differentiate into different pDCs30. The cell markers CD11c, B220, 

Siglec-H and PDCA-1 have been used to identify pDCs31. Although the 

morphology of pDCs differs from that of cDCs, pDCs promote antiviral immunity 

and systemic autoimmunity like other DCs, by secretion of type I and III 

interferons in response to viral or self RNA32. 

Mo-DCs, also known as inflammatory DCs, develop from monocytes during 

a state of inflammation33,34. Mo-DCs have been identified as expressions of 

CD11c and MHCII, like cDCs, but also express Ly6C, CD209a, CD115 and CD64, 

the markers of monocytes or macrophages35. Mo-DCs were described in several 

inflammation models and inflammatory diseases, such as pulmonary fungal 

infection, allergies, colitis, rheumatoid arthritis, and experimental autoimmune 
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encephalomyelitis (EAE)36-40. However, further studies are needed to identify 

representative markers and development of Mo-DCs. 

 

2. Granulocyte-macrophage colony stimulating factor 

GM-CSF, a member of colony stimulating factor (CSF) family, is a 25- kDa 

monomeric glycoprotein that was first identified from mouse lung-conditioned 

medium and defined as a hematopoietic growth factor that promotes the 

proliferation and differentiation of BM-derived granulocytes and macrophages41,42. 

GM-CSF is produced by various cells, including pulmonary epithelial cells, B 

cells, T cells, innate lymphoid cells (ILCs), and even stromal cells in the tumor 

microenvironment43,44.  

After discovery, numerous studies have shown that GM-CSF plays essential 

roles in a wide range of biological processes in the immune system. In culture of 

BM with GM-CSF, myeloid lineage cells differentiate into DCs and 

macrophages45. In the steady state, GM-CSF signaling is important for the 

development and maintenance of pulmonary alveolar macrophages46,47 and 

CD103+ cDCs48, but is not necessary for myelopoiesis49. In the inflammatory state, 

GM-CSF levels are increased locally at sites of inflammation and upregulation of 

GM-CSF stimulates the release of cytokines and reactive oxygen species (ROS) 

from monocytes, which can cause tissue damage50,51. Hence, GM-CSF is also 

classified as a proinflammatory cytokine.  

GM-CSF binds to the GM-CSF receptor, which consists of an α-subunit with a 

low affinity for GM-CSF and a β-subunit, which shares receptors with interleukin 

(IL)-3 and IL-5, with a high affinity to GM-CSF that participates in signal 

transduction52. So, signaling downstream from GM-CSF binding is dependent on 

the β-subunit. GM-CSF signaling triggers activation of JAK2 and STAT-5, which 
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appear to control the inflammatory signature53. 

 

3. Spleen 

The spleen is an encapsulated organ and the largest blood filter. Spleen has a 

similar structure to the lymph node (LN) but unlike LN, spleen lacks afferent 

lymphatic vessels. Major functions of spleen are removing aged and damaged blood 

cells, iron recycling, detection blood-borne antigens, and control of systemic 

immune response, which have been evidenced by splenectomized mice54,55.  

The mouse spleen divided into the red pulp (RP), composed mainly of blood-

filled vascular sinusoids, lymphocyte rich white pulp (WP), and marginal zone (MZ) 

which locates between those two regions. The RP is the outermost part of spleen, 

where many red blood cells (RBCs) exist56. When blood first directly enters the RP 

through afferent splenic artery, damaged RBCs are removed from the circulation by 

RP macrophages57. Iron recycling also performs by RP macrophages. The WP 

consists of densely packed lymphocytes which can promote adaptive immune 

responses by blood-borne antigens. Large molecules, such as albumin (68-kDa), 

immunoglobulin G (IgG) (150-kDa) are unable to enter the WP, whereas small 

blood-borne molecules can enter the WP58.  

When blood-borne antigens are captured by APCs, APCs display antigens to T 

cells or B cells which promote adaptive immune response59,60. Inside the WP, T cells 

and B cells locate distinct area. Lymphocytes enter the WP through the MZ, and 

their migration is mediated by chemokine attraction. B cells are attracted to the B 

cell follicles by CXCL1361, and T cells are directed to the T cell zone by CCL19 and 

CCL2162. As spleen plays a variety of roles, it is important to identify how the cells 

constituting them change in infections or disease situations. 
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II. MATERIALS AND METHODS 

1. Mice 

C57BL/6 mice were purchased from the Orient Bio (Seongnam, Korea) and 

C57BL/6-Tg (TcraTcrb)1100Mjb/J (OT-1), B6.Cg-Tg (TcraTcrb)425Cbn/J (OT-2), 

B6.SJL-Ptprca Pepcb/BoyJ (CD45.1), B6.129P2(C)-Ccr7tm1Rfor/J (Ccr7 KO), 

C57BL/6-Ccr7tm1.1Dnc/J (Ccr7gfp), B6.129S1-Csf2rbtm1Cgb/J (GM-CSF receptor βc 

KO), B6.129S-Csf2tm1Mlg/J (GM-CSF KO), B6.129S4-Ccr2tm1Ifc/J (Ccr2 KO), 

B6.129S6(C)-Zbtb46tm1.1Kmm/J (Zbtb46gfp), and B6.129S1-Irf4tm1Rdf/J (Irf4fl/fl) mice 

from the Jackson Laboratory (Bar Harbor, ME, USA). B6(FVB)-

Mgl2tm1.1(HBEGF/EGFP)Aiwsk/J (Mgl2DTR) mice were a gift from Akiko Iwasaki (Yale 

University School of Medicine, New Haven, CT, USA), B6.129S(C)-Batf3tm1Kmm/J 

(Batf3 KO) from Heung Kyu Lee (KAIST, Daejeon, Korea), and B6.Cg-Tg(Itgax-

cre)1-1Reiz/J (Itgax-cre) from Hyoung-Pyo Kim (Yonsei University College of 

Medicine, Seoul, Korea). Mice were bred and maintained at specific pathogen free 

facilities. All mice were used between 8 and 12 weeks of age. Experiments were 

performed with sex and age matched mice in accordance with the guidelines and 

protocols approved by the Institutional Animal Care and Use Committees of the 

Yonsei University College of Medicine.  

 

2. Production of mouse GM-CSF from CHO cells 

The cDNA of mouse GM-CSF was cloned by RT-PCR of splenic total RNA from 

C57BL/6 mice and used to generate a construct encoding soluble FLAG and OLLAS 

tagged GM-CSF, internal ribosomal entry site (IRES), and enhanced green 

fluorescence protein (EGFP), i.e., SFO.GMCSF-IRES-EGFP. GenBank accession 

number for SFO.GMCSF sequence is KR029571, and the IRES-EGFP sequence is 

from pIRES-EGFP plasmid (Clontech, Mountain View, CA, USA). Then, CHO cells 
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were transfected, using Lipofectamine 2000 reagent (Life Technologies, Rockford, 

IL, USA), with a mammalian expression vector plasmid encoding SFO.GMCSF-

IRES-EGFP under CMV promoter and a neomycin resistance gene, generated with 

the back bone of pEGFP-N1 plasmid (Clontech) (Figure 1A). CHO/GM-CSF cell-

lines stably expressing the SFO.GMCSF-IRES-EGFP were created by following 

procedures: (i) treatment of transfectant CHO cells with G418 (1.5 mg/ml) for 1 week; 

(ii) enrichment of EGFP-positive CHO cells with BD FACSAria™ II cell sorter (BD 

Biosciences, San Jose, CA, USA); (iii) generation of clonal cells by limiting dilutions 

of FACS-sorted EGFP-high CHO/GM-CSF cells; and (iv) selection of CHO/GM-

CSF clones after testing both levels of EGFP expression and GM-CSF secretion63. 

Selected CHO/GM-CSF cells were cultured to produce CHO/GM-CSF-conditioned 

medium.  

 

3. Western blot analysis 

Different amounts of culture supernatant from CHO/GM-CSF cells were mixed 

with an equal volume of 2 × SDS PAGE sample buffer (National Diagnostics, Atlanta, 

GA, USA) and boiled at 95°C for 5 minutes. Then the samples were separated in 12% 

SDS-PAGE and transferred onto PVDF membranes (Thermo Fisher Scientific, 

Rockford, IL, USA) followed by incubation with OLLA-2 anti-OLLAS monoclonal 

antibody. Anti-OLLAS antibody-reactive bands on the blots were visualized by 

incubation with HRP-conjugated anti-rat IgG antibody (SouthernBiotech, 

Birmingham, AL, USA) followed by treatment with Amersham ECL Prime Western 

Blotting Detection Reagent (GE Healthcare Life Sciences, Logan, UT, USA) and 

detection with Image Quant LAS 4000 mini (GE Healthcare Life Sciences).Graded 

amounts (0-160 ng) of purified FLAG/OLLAS-tagged Gagp24 protein were analyzed 

in parallel for quantification of FLAG/OLLAS-tagged GM-CSF bands. 
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4. Cell preparation 

Spleens and BM were harvested from mice after euthanizing with CO2. For the 

spleen, erythrocytes were lysed by RBC lysis buffer (BioLegend, San Diego, CA, 

USA) and single cell suspensions of the spleen were prepared by grinding up with 

100 μm cell strainers and syringe plungers. For the BM, tibia and femurs were flushed 

with DPBS (GE Healthcare Life Sciences) and the extracted marrow was resuspended 

and filtered with a 100 μm cell strainer. For the lung preparation, mice were 

euthanized by intraperitoneal (i.p.) injection of a mixture of 6.25 mg tiletamine and 

zolazepam (Zoletil® 50, Virbac, Carros, France) and 0.58 mg xylazine hydrochloride 

(Rompun®, Bayer, Leverkusen, Germany) per mouse. Before the harvest of lung 

tissues, mice were gently perfused with a syringe containing of HBSS. After mincing 

with a razor blade, lung tissues were incubated in 1 mg/ml collagenase type IV (Gibco,  

Rockford, IL, USA) or collagenase D (Roche, Basel, Swiss) at 37℃ for 40 minutes, 

followed by treatment in 20 mM EDTA for 5 minutes. Then, single cell suspensions 

were prepared by homogenizing lung tissues with 100 μm cell strainers and syringe 

plungers and subjected to lysis of erythrocytes with RBC lysis buffer, before wash 

and resuspension in HBSS.  

 

5. Splenocytes culture 

Splenocytes were cultured in 24-well tissue culture plates at 1×10⁶ or 4×10⁶ 

cells/well with GM-CSF, FLT3L, or control conditioned media. The culture was 

replenished with fresh media every 2–3 days after carefully removing roughly half of 

the medium in each well until the harvest of non-adherent cells for experiments. 

Mouse cytokines were provided from JW CreaGene (Seongnam, Korea) or produced 

in house63,64. 
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6. Flow cytometry 

Single cell suspensions were prepared from the gravest of mouse organ tissues or 

cultures and incubated in the culture supernatant of Fc receptor blocking 2.4G2 

hybridoma cells for 20 minutes at 4°C followed by wash with FACS buffer composed 

of DPBS containing 2% FBS (Avantor, Radnor, PA, USA), 0.1% sodium azide, and 

2 mM EDTA. Then, cells were incubated with appropriate cocktails of fluorochrome- 

and/or biotin-conjugated monoclonal antibodies in 96-well v-bottom plate at 4°C for 

30 minutes. For intracellular staining, cells were first stimulated with PMA (12 nM), 

ionomycin (1 μM), and Brefeldin A (5 μg/ml) at 37℃ for 4 hours. Then, the 

stimulated cells were incubated with 2.4G2 and conjugated monoclonal antibodies 

for surface staining as above, followed by fixation, permeabilization, and intracellular 

staining with conjugated monoclonal antibodies according to the manufacturer's 

instructions (Fixation buffer/Intracellular staining permeabilization wash buffer, 

BioLegend). Multiparameter analysis of each sample was performed on 

FACSVerse™ and LSRFortessa™ flow cytometers (BD Biosciences) and flow 

cytometric isolation of cells was performed on a BD FACSAria™ II cell sorter (BD 

Biosciences) at the Flow Cytometry Core Facility of the Yonsei University College 

of Medicine. Collected data were analyzed with FlowJo software (BD Biosciences).  

 

7. Isolation of RNA and quantitative RT-PCR 

The PCR primers were used as follows: Csf2 forward, 5’-GGCTAAGGTCCTGAG 

GAGGAT-3’; Csf2 reverse, 5’-ACCTCTTCATTCAACGTGACAGG-3’; gapdh 

forward, 5’-TCCATGACAACTTTG GCA TTG-3’; gapdh reverse, 5’-CAGTCTTCT 

GGGTGGCAGTGA-3’. Total RNA was prepared from eosinophils, sorted from 

cultured or uncultured splenocytes, using a MiniBEST universal RNA Extraction Kit 

(Takara Bio, Shiga, Japan). RNA in homogenized spleen was also isolated using the 
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extraction kit (TaKaRa). After cDNA was generated using reverse transcribed from 

RNA using PrimeScriptTM RT Master Mix (TaKaRa). cDNA was amplified in 

StepOnePlusTM Real-Time PCR System (Applied Biosystem, CA, USA) using TB 

Green® Premix Ex Taq TM II (TaKaRa) according to the manufacturer’s instructions. 

Each pair of oligonucleotide primers for the mRNA transcripts of CCR3 (5’-

AGCACATTTTTAGAGACCAGCTGTCAG-3’, 5’-TCCCAGGTAAACTGCCAC 

ATTTCTG-3’), eosinophil peroxidase (EPO; 5’-TGGTGGCAGAAATGGGGAGTT 

TTTCAC-3’, 5’-TGATAGGTTCAACTTGGGAATACGGCTACA-3’), major basic 

protein-1 (MBP-1; 5’-TTCTGACTCCAAAAGCCCATTG-ATGGATGA-3’, 5’-AC 

ATCCTGACCTGAGACAGCTCCTTCAT-3’), and gapdh (5’-ACAGTCCATGCCA 

TCACTGCC-3’, 5’-GCCTGCTTCACCA-CCTTCTTG-3’) were synthesized by 

Cosmogenetech (Seoul, Korea). The threshold cycle (Ct) of each target gene was 

automatically defined, located in the linear amplification phase of the PCR, and 

normalized to that of the control gapdh (ΔCt value). The relative difference in 

expression level of a target gene transcript between the cells (ΔΔCt) was calculated 

as fold induction (2−ΔΔCt) and presented relative to its expression in uncultured 

eosinophils. 

 

8. Eosinophil peroxidase assay 

Eosinophil peroxidase assay was performed as previously described65,66. In brief, 

single cell suspension from cultured or uncultured splenocytes was subjected to flow 

cytometry to determine the fraction (%) of eosinophils in each splenocyte suspension. 

Triplicated samples of each splenocyte suspension containing equal number of 

eosinophils were transferred into 96-well plates, where cells were permeabilized in 

100 μl of lysis buffer (0.1% Triton X–100 in 0.4 M Tris buffer at pH 8.0) and then 

incubated after adding 100 μl of substrate solution (0.4 mM o-phenylenediamine in 

0.4 M Tris buffer at pH 8.0 containing 5 mM hydrogen peroxide) at room temperature 
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for 30 minutes. The assay was stopped by adding 50 μl of 4 M H2SO4 and the 

absorbance was measured at 490 nm with a VersaMax ELISA microplate reader 

(Molecular Devices, Sunnyvale, CA, USA). 

 

9. Chemotaxis assay 

Single cell suspensions of splenocytes were prepared as above. Then 1×106 cells 

of splenocytes, either freshly prepared or cultured with GM-CSF for 5 days, were 

subjected to chemotaxis assay. For each condition, 1×106 splenocytes were added into 

the top of a 3 μm transwell insert (SPL Life Sciences, Pocheon, Korea) and incubated 

under eotaxin-1 gradient (i.e., 0, 1, 10, or 100 ng/ml) for 90 minutes. Then, the cells 

that migrated to the bottom were collected and subsequently stained for CCR3 and 

Siglec-F before being analyzed by flow cytometry for number of eosinophils. 

 

10. Bone marrow cell culture 

Mice were euthanized by asphyxiation in a CO₂ chamber. Whole BM was prepared 

by flushing out femurs and tibias isolated from the hind legs of mice under sterile 

conditions as described67. After lysing erythrocytes with 1×RBC Lysis Buffer 

(BioLegend), single cell suspension of BM was generated by passing the sample 

through nylon mesh. Then, BM cells were cultured in 24-well tissue culture plates at 

1×106 or 5×105 cells/well with GM-CSF conditioned media. 

 

11. Antigen uptake assay 

For in vitro assays, cultured splenocytes were treated with graded doses of FITC-

OVA (Thermo Fisher Scientific) or YGM beads for 1 hour at 37°C or at 4°C as control. 
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Then, each sample was washed twice with cold DMEM and further stained with the 

appropriate mixture of fluorochrome-conjugated monoclonal antibodies. In vivo, 

mice were sacrificed 1 hour after the intravenous (i.v.) injection of 200 μg FITC-OVA. 

Then, single suspensions of the spleen were prepared and stained with appropriate 

cocktails of fluorochrome-conjugated monoclonal antibodies for flow cytometric 

analysis. 

 

12. Antigen presentation and T cell proliferation assay 

For in vitro assays, the culture of splenocytes was incubated in the medium 

containing 100 μg/ml of soluble OVA for 1 hour at 37°C. Then, each sample was 

washed twice with cold DMEM and further stained with the appropriate mixture of 

fluorochrome-conjugated antibodies before sorting to purify APCs with FACSAria™ 

II cell sorter. For in vivo assay, APCs were sorted from the spleens at 1 hour after i.v. 

injections of 3.5 mg OVA (Grade V, Sigma-Aldrich, St. Louis, MO, USA). Single cell 

suspensions were prepared from the spleen, stained with suitable antibodies, and 

sorted according to the appropriate gating strategies. Splenocytes from OT-1 or OT-2 

transgenic mice were enriched for naïve T cells by magnetic depletion using a mixture 

of biotinylated antibodies against CD19, CD11b, NK1.1, CD25, CD44, F4/80, 

MHCII, and CD4 (for OT-1) or CD8 (for OT-2) and DynabeadsTM Biotin Binder 

(Thermo Fisher Scientific). Enriched T cells were labeled with 5 mM reagent from 

CellTraceTM CFSE cell proliferation kit (Thermo Fisher Scientific) or CellTraceTM 

Violet cell proliferation kit (Thermo Fisher Scientific) at 37°C for 10 minutes, washed, 

and counted. Enriched and labeled 2.5×104 or 5×104 naïve T cells and graded doses 

of purified APCs were co-cultured in 96-well round-bottom tissue culture plates with 

DMC7 medium supplemented with 57.2 μM 2-mercaptoethanol (Sigma-Aldrich). 

After co-cultured with graded doses of purified APCs for 3–5 days, proliferation of 

live T cells was evaluated by CFSE dilution and staining with the appropriate mixture 
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of fluorochrome-conjugated antibodies. For the mixed lymphocyte reaction (MLR), 

APCs from the culture of C57BL/6 splenocytes or BM were added in graded doses 

to CFSE-labeled BALB/c T cells, which were prepared and assayed as described 

above. 

 

13. Treatment with hematopoietic cytokines 

Mice were subcutaneously injected once-daily with 10 μg of mouse M-CSF, FLT3L 

or GM-CSF. Cells were isolated and analyzed at 24 hours after the last injection of 

the respective cytokines. Mouse cytokines were provided from JW CreaGene 

(Seongnam, Korea) or produced in house63,64,68. 

 

14. Microscopic analysis  

To visualize the morphology of individual cells, splenocytes were sorted on a BD 

FACSAria™ II cell sorter through 85 μm nozzle. Each sorted population of 1 to 2×105 

cells was cultured in DMC7 medium composed of DMEM containing L-glutamine, 

high glucose, and pyruvate (GE Healthcare Life Sciences) supplemented with 7% 

FBS, 1× non-essential amino acids (GE Healthcare Life Sciences), and 1× antibiotic-

antimycotic (GE Healthcare Life Sciences) on a well of 96-well flat-bottom cell 

culture plate overnight. Then, cellular morphology was analyzed by eclipse TS100 

(Nikon, Tokyo, Japan) and IX73 (Olympus, Tokyo, Japan) fluorescent inverted 

microscopes. For histological staining, fresh tissues were embedded in optimum 

cutting temperature (OCT) compound (Sakura Finetek USA, Torrance, CA, USA) 

and were frozen on dry ice with 2-methylbutane. Then, 10 μm thick sections were cut 

on a cryostat and collected on microslides (Muto Pure Chemicals, Tokyo, Japan). 

Each section was fixed in absolute acetone for 15 minutes and then allowed to dry for 
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at least 5 minutes. Endogenous peroxidases were blocked by immersing tissue 

sections into 0.3% hydrogen peroxide solution. Before staining, slides were blocked 

with 10% normal goat serum for 2 hours and M.O.M.® (Mouse on Mouse) blocking 

reagent (Vector Laboratories, Burlingame, CA, USA) at room temperature for 1 hour. 

Primary antibody staining was performed at room temperature for 2 hours at 4°C 

overnight, followed by staining with fluorochrome-conjugated antibodies at room 

temperature for 1 hour. After mounting with Dako fluorescence mounting medium 

(Dako, Santa Clara, CA, USA), images were acquired with an LSM700 confocal 

microscope (Zeiss, Oberkochen, Germany) at the Yonsei Advanced Imaging Center 

in cooperation with Carl Zeiss Microscopy of the Yonsei University College of 

Medicine. 

 

15. RNA sequencing analysis  

Splenocytes were stained and sorted according to the suitable gating strategy from 

steady-state or GM-CSF-treated mice. For each population, total RNA was extracted 

by MiniBEST universal RNA extraction kit (TaKaRa) from at least 1×105 sorted cells. 

Subsequent RNA-seq procedures were carried out by Macrogen (Seoul, Korea) as 

follows. Reverse transcription of mRNA and generation of cDNA libraries were 

carried out with SMARTer Ultra low input RNA library kit and sequenced with 

Illumina NovaSeq (Illumina, San diego, CA, USA). The raw reads from the sequencer 

were preprocessed to remove low quality and adapter sequence before analysis to 

align the processed reads to the Mus musculus (mm10) using HISAT v2.1.069. HISAT 

utilized two types of indexes for alignment (a global, whole-genome index and tens 

of thousands of small local indexes). These two types’ indexes were constructed using 

the same BWT (Burrows–Wheeler transform) a graph FM index (GFM) as Bowtie270. 

After alignment, StringTie v1.3.4d71,72 was used to provide the relative abundance 

estimates as read count values of transcript and gene expressed in each sample and 
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transcript assembly of known transcripts, novel transcripts, and alternative splicing 

transcripts. Multidimensional scaling method was used to visualize the similarities 

among samples. The larger the dissimilarity between two samples, the further apart 

the points representing the experiments in the picture should be. Euclidean distance 

was applied as the measure of the dissimilarity. Hierarchical clustering analysis also 

was performed using complete linkage and Euclidean distance as a measure of 

similarity to display the expression patterns of differentially expressed transcripts 

which are satisfied with |fold change| ≥ 2. All data analysis and visualization of 

differentially expressed genes was conducted using R 3.5.1 (https://www.r-

project.org). Hierarchical clustering was performed with Morpheus (https://software. 

broadinstitute.org/morpheus/) and Venn diagram analysis was performed in (http:// 

www. interactivenn.net/)73. Ternary plot analysis was performed using ‘ggtern’74.  

 

16. Generation and processing of CITE-seq data 

FACS sorted CD11b+ splenocytes were loaded into the Chromium system (10x 

Genomics, Pleasanton, CA, USA) targeting 7,000 cells per sample. The cDNA 

libraries for mRNA were generated using Chromium Single Cell 3' v3 Reagent Kit 

according to the manufacturer’s instructions. Following the CITE-seq protocol75, 

ADT PCR additive primers were added to cDNA PCR and the ADT libraries were 

generated separately from the mRNAs. Constructed mRNA and ADT libraries were 

sequenced together on a HiSeq2500 system (Illumina) targeting 15,000 cDNA reads 

and 5,000 ADT reads per cell using the 100 base-pair paired end mode. CITE-seq 

data of the mRNA fraction and the ADT fraction were processed using the 

CellRanger-3.0.2 pipeline (10x Genomics) with a mouse reference genome (mm10) 

and the CITE-seq-Count-1.4.2, respectively. The filtered gene expression matrix from 

the CellRanger and the ADT count matrix from the CITE-seq-Count were analyzed 

together by the ‘Seurat’ R package v3.6.076. Before the downstream analysis, low 

http://www.interactivenn.net/
http://www.interactivenn.net/
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quality cells with nFeature_RNA < 200, nFeature_RNA > 5,000, or mitochondrial 

gene expression > 15% were excluded. For the remaining cells and genes, the UMI 

count matrix was log-normalized and then the variable 2,000 genes were selected 

using ‘vst’ method in each sample. Using these variable genes, control and GM-CSF-

treated data were integrated by anchor-based method in Seurat v3. 

 

17. CITE-seq data analysis 

Integrated data was scaled across total 11,631 cells and then PCA, clustering, and 

UMAP analyses were performed. Differentially expressed genes (DEGs) of each 

cluster were selected by the Seurat FindAllMarkers function. The cell types were 

defined by cluster-based cell type marker gene expression. After excluding clusters 

for the lineage cell types of T cells, B cells, granulocytes, neutrophils, and cDCs, the 

remaining clusters 1, 2, 4, and 5 which show assorted features of monocyte, 

macrophage, and dendritic cells and cluster 6 expressing the progenitor DC markers 

were named MoMacDC or Focus bundle. A total 6,075 cells of Focus bundle were 

re-scaled, and further analyses including PCA, clustering, and UMAP were 

performed. Cell cycle phase scores (S.score and G2M.score) of each cell were 

evaluated using the Seurat CellCycleScoring function. The ‘cc.genes’ from the Seurat 

package consisting of human S phase markers and G2/M phase markers was 

converted into mouse homolog genes. The 38 of 43 S phase markers and 51 of 54 

G2/M phase markers were used in the analysis (https://github.com/satijalab/seurat/ 

issues/462). In single cell sequencing data, Cluster I, II, III, and IV were identified by 

in-silico gating based on ADT expression mirroring the FACS gating strategy. The 

ADT count matrix was CLR-normalized and scaled before gating. 

 

 

https://github.com/satijalab/seurat/
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18. Pseudotime and RNA velocity of Focus bundle 

To show the differentiation paths and changes in cellular state of Focus bundle cells, 

the pseudotime77 and RNA velocity78 were utilized. Pseudotime of Focus bundle cells 

was estimated by the R package ‘Monocle3’ v0.2.1. Trajectory graph for pseudotime 

estimation was learned from the UMAP embeddings of RNA-seq expression data, 

and the other steps were processed with default option. Based-on the RNA expression 

analysis, the progenitor-like cells (cluster 9) were assigned as the starting point for 

the pseudotime. Following the velocyto pipeline78, the RNA velocity in each cell was 

estimated. While running ‘velocyto run’ function in velocyto.py, a barcode list of the 

Focus bundle cells was applied with -b option, and the mm10-rmsk.gtf (Dec. 2011 

version) downloaded from UCSC genome browser (https://genome.ucsc.edu/) was 

used with -m option to mask expressed repetitive elements. Counted spliced, 

unspliced, and ambiguous matrices were loaded into R and converted to the Seurat 

object using R package ‘Seurat’ and ‘SeuratWrappers’. Control and GM-treated data 

were merged and then performed SCTransform in Seurat v3 using the spliced matrix 

to remove batch effect before running PCA and UMAP. RunVelocity function in R 

package ‘velocyto.R (version 0.6)’ was used to calculate the velocity of each cell (set 

deltaT = 1, kCell = 25, and fit.quantile = 0.02 as options for RunVelocity). The 

velocity values were projected onto the UMAP embedding from the RNA-seq 

analysis. 

 

19. Th cell polarization assay 

OT-2 T cells and OVA-loaded APCs were prepared as above. Naïve OT-2 T cells 

(5×104) and purified OVA-loaded antigen-presenting cells (1×104) were co-cultured 

in 96-well round-bottom tissue culture plates under the control (medium alone) or Th 

cells polarizing conditions79 as follows: Th1 with 10 ng/ml IL-12 (BioLegend) and 5 
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μg/ml anti-IL-4 (BioLegend); Th2 with 10 ng/ml IL-2 (BioLegend), 10 ng/ml IL-4 

(BioLegend), and 5 μg/ml anti-IFN-γ (BioLegend); Th17: 2 ng/ml TGF-β (Peprotech, 

Rocky Hill, NJ), 10 ng/ml IL-1β (BioLegend), 20 ng/ml IL-6 (BioLegend), 5 μg/ml 

anti-IFN-γ, and 5 μg/ml anti-IL-4. Intracellular staining of Th cytokines IFN-γ (Th1), 

IL-4 (Th2), and IL-17A (Th17) were performed by flow cytometry following 

stimulation with PMA, ionomycin, and brefeldin A at 3 to 5 days after culture. 

 

20. Adoptive cell transfer 

Single cell suspensions of splenocytes from steady-state or GM-CSF-treated mice 

were labeled with CFSE followed by flow cytometric sorting. Each population of 1 

to 2×106 cells was i.v. injected into each recipient treated s.c. with GM-CSF. In the 

case of T cell proliferation in vivo, CFSE-labeled naïve T cells were adoptively 

transferred to recipient mice followed by 3 once-daily s.c. injection of 10 μg GM-

CSF and an i.v. injection of 100 μg OVA. For allergic airway inflammation, donor 

mice were treated with 3 once-daily s.c. injections of 10 μg GM-CSF prior to injecting 

500 μg of soluble OVA i.v. for 1 hour and harvesting the spleen. Flow cytometrically 

sorted subsets of 5×105 splenocytes were adoptively transferred i.v. into recipient 

mice treated with one s.c. injection of 10 μg GM-CSF.  

 

21. Mixed BM chimeric mice 

CD45.1 Csf2rb+/+ recipient mice were lethally irradiated (8 Gy total body 

irradiation twice in 4 hours interval) and adoptively i.v. transferred with 6×106 cells 

containing an equal mixture of BM from CD45.1 Csf2rb+/+ and CD45.2 Csf2rb-/- mice. 

Mice were maintained with supply of water containing antibiotics for at least 6 weeks 

before the experiments started.  



23 

22. Allergic airway inflammation 

C57BL/6 mice were sensitized by one i.v. injection of 100 μg soluble OVA with or 

without once-daily s.c. injection of 10 μg GM-CSF for 3 or 5 days. From 10 days 

after sensitization, the mice were intranasally (i.n.) challenged with 100 µg of OVA 

once-daily for five days. The mice were sacrificed for analysis at 24 hours after the 

final i.n. challenge. For the depletion of GMiDCs during sensitization, 500 ng of DT 

(Sigma-Aldrich) was injected i.p. to Mgl2+/+ and Mgl2DTR/+ mice in parallel with s.c. 

injection of 10 μg GM-CSF.  

 

23. Systemic anaphylaxis 

C57BL/6 mice were sensitized by the i.v. injection of soluble OVA with or without 

once-daily s.c. injection of GM-CSF. Two weeks after the sensitization, the mice were 

i.v. injected with 100 μg of soluble OVA and analyzed for systemic anaphylactic 

responses over a period of 1 hour. Body temperature was measured at 10 minutes 

intervals, and maximal anaphylactic symptoms were evaluated. Clinical severity was 

scored as follows: 0, no symptoms; 1, scratching and rubbing around nose and head; 

2, puffiness around eyes and mouth, diarrhea, pillar erect, reduced activity, and/or 

decreased activity with increased respiratory rate; 3, wheezing, labored respiration, 

and cyanosis around mouth and tail; 4, no activity after prodding and convulsion; 5, 

death. 

 

24. Statistical analysis 

 Data in all experiments were analyzed with one-way or two-way ANOVA and 

Student’s t-test. Statistical analysis was performed with Prism (Graphpad Software, 

La Jolla, CA, USA). 
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III. RESULTS 

PART A. The role of GM-CSF in splenocytes culture in vitro 

1. Introduction 

The spleen is a secondary lymphoid organ that contains several distinct 

populations of hematopoietic cells. During the embryonic/developmental periods, 

hematopoiesis mainly occurs in the fetal liver and spleen, but after birth, the major 

site of hematopoiesis moved to the BM. The spleen, however, remains the leading 

site of extramedullary hematopoiesis (EMH) induced by various hematopoietic 

stress, such as pregnancy, infection and inflammation80,81. EMH is defined as the 

differentiation of hematopoietic cells outside of the medullary cavity of the BM. 

Circulating hematopoietic stem cells (HSCs) are captured by CXCL12+ signals 

from the sinus margin of the spleen, resulting initiation of EMH82. A deeper 

understanding of the mechanism of organ-specific EMH is important to identify 

immune responses within organs in response to specific conditions.  

GM-CSF is detectible in various types, including T cells, B cells, epithelial cells, 

fibroblasts, and vascular smooth muscle cells83. Recent studies revealed that GM-

CSF secreted by innate response activator B cells contributes to the regulation of 

immune response and promotes EMH in several mouse inflammation models and 

human tonsil84,85. As a hematopoietic cytokine, GM-CSF influences on the 

differentiation of multiple lineages of myeloid cells. When BM cells are cultured 

with GM-CSF, myeloid cells exhibiting the phenotypes of granulocytes and 

monocytes are produced within 4 days and DCs predominantly generated between 

5 and 12 days67. However, the influence of GM-CSF in vitro on other organs or 

myeloid cells have not been clearly defined. In PART A, splenocytes were cultured 

with GM-CSF for various periods and changes to hematopoietic cell populations 

were examined. 
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2. GM-CSF extended survival of eosinophils in splenocyte culture 

A. Production of GM-CSF 

Production of recombinant proteins in mammalian cells are routinely used to 

establish cell lines that produce amounts of product86,87. In this study, Chinese hamster 

ovary (CHO) cells were used for production of mouse recombinant GM-CSF. A 

construction of vector was designed that encoded the sequence of signal peptide, 

FLAG tag, OLLAS tag which allow for purification or detection of the protein. This 

soluble FLAG- and OLLAS- tagged GM-CSF (SFO.GMCSF) sequence was 

engineered to be expressed with IRES and EGFP under a CMV promoter (Figure 1A). 

CHO cells were transfected with the vectors encoding SFO.GMCSF. Stable CHO 

cells clone was selected by expression level of EGFP and amount of GM-CSF in 

conditioned medium and named CHO/GM-CSF cells (Figure 1B). The conditioned 

medium from culture of CHO/GM-CSF cells was sterilized by filtration with 0.22 μm 

pore filter, and determination of GM-CSF concentration with anti-OLLAS antibody 

before addition into the culture of splenocytes. Graded amounts (0-160 ng) of purified 

FLAG/OLLAS-tagged control protein were analyzed in parallel for quantification of 

FLAG/OLLAS-tagged GM-CSF bands. According to the western blot analysis, band 

from 1 ul of CHO/GM-CSF-conditioned medium were similar to band from 10 or 20 

ug of FLAG/OLLAS-tagged control protein. So, the CHO/GM-CSF-conditioned 

medium was contained approximately 10-20 ug/ml of the recombinant GM-CSF 

(Figure 1C). Supernatant from culture of CHO/GM-CSF cells was used for in vitro 

culture. For purification of recombinant GM-CSF, the supernatant from culture of 

CHO/GM-CSF cells was harvested in large volume and purified using anti-FLAG 

affinity purification system.   
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Figure 1. Production of mouse GM-CSF. (A) Construction scheme to express 

soluble FLAG and OLLAS tagged mouse GM-CSF gene with IRES and EGFP 

(SFO.GMCSF-IRES-EGFP). (B) CHO cells stably transfected with SFO.GMCSF-

IRES-EGFP (CHO/mGM-CSF) were selected by flow cytometry sorter and cloned 

for the high expression of EGFP. (C) Concentration of GM-CSF protein in the 

supernatant from CHO/mGM-CSF cell culture was titrated by western blot analysis 

using anti-OLLAS monoclonal antibody and control protein (Gagp24). 
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B. Survival of eosinophils in culture of splenocytes with GM-CSF 

To confirm the effect of GM-CSF on splenocytes, whole splenocytes cultured 

with GM-CSF for approximately one week and changes in each type of splenic 

hematopoietic cells were evaluated. In the culture without GM-CSF, almost live 

cells decreased within 6 days (Figure 2A). With GM-CSF, the number of each 

population of hematopoietic cells (T cells, B cells, NK cells, monocytes, etc.) were 

slowly decreased despite the presence of GM-CSF and small number of cells 

maintained after day 6 (Figure 2 B-G). However, splenic eosinophils remained 

constantly throughout the culture with GM-CSF for more than 10 days (Figure 3A). 

Eosinophils (gated as Siglec-F+CCR3+) from culture of splenocytes with GM-CSF 

were hardly stained with Aqua live/dead staining reagent, i.e., alive, while other 

types of hematopoietic cells were gradually labeled with Aqua, i.e., dead (Figure 

3B). Therefore, splenic eosinophils from the culture seemed to fully survive under 

the influence of GM-CSF (Figure 3C). Throughout 5 days of culture with GM-CSF, 

live eosinophils sustained CFSE level and did not express Ki-67, a cellular marker 

for proliferation88, unlike robustly proliferated DCs from BM culture (Figure 3D). 

Therefore, although eosinophils can survive in splenocyte culture with GM-CSF 

for weeks, they do not seem to proliferate therein.  
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Figure 2. Effect of GM-CSF on survival of splenic hematopoietic cells. In the 

time-course culture of splenocytes with/without GM-CSF (A) live cells, (B) T and B 

cells, (C) NK cells, (D) erythrocytes, (E) pDCs, (F) cDCs, and (G) macrophages and 

monocytes per well were quantified every two days by flow cytometry according to 

the gating schemes indicated. Representative data from more than 2 independent 

experiments in triplicate or quadruplicate are shown. Error bars indicate mean ± SEM 

across multiplicate samples. *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001. 
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Figure 3. Effect of GM-CSF on survival and proliferation of splenic eosinophils. 

(A) The gating scheme, number, and percentage of eosinophils in splenocyte cultures. 

(B)  Representative Aqua live/dead flow histograms of indicated cells are shown 

from more than 3 independent experiments in triplicate. (C) Representative CFSE 

flow histograms of eosinophils during 5 days of splenocyte culture with GM-CSF. (D) 

Representative anti-Ki-67 flow histograms of eosinophils from splenocyte culture 

with GM-CSF during 5 days (left panels) are shown. Representative anti-Ki-67 flow 

histograms of proliferating DCs and non-proliferating non-DCs from BM culture 

with GM-CSF at day 4 (right panels) are shown. Error bars indicate mean ± SEM 

across multiplicate samples. *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001. 
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C. Changes in the expression of surface molecules and eosinophil-associated 

genes during culture 

Following activation by an immune stimulation (i.e., inflammation, tissue 

damage, infection), eosinophils migrate toward chemokine by chemokine receptor 

CCR3 and degranulate to release granule cationic proteins major basic protein 1 

(MBP-1), eosinophil peroxidase (EPO) and eosinophil cationic protein (ECP) 

which are important mediators for eosinophil as effector cells in host defense89. To 

investigate the changes in migration function and expression of genes associated 

with the granules in eosinophils, chemotaxis assay and real-time PCR were 

performed and compared between uncultured (naïve) and cultured eosinophils with 

GM-CSF. When examined the mRNAs encoding mouse MBP-1 and EPO, mRNA 

levels of CCR3 in eosinophils slightly changed but mRNAs expression level of 

EPO and MBP-1 decreased ~150 and ~2500 fold after 5 days in culture with GM-

CSF (Figure 4A). This vanished expression of EPO mRNA during culture in 

eosinophils correlated with detection of EPO protein by using the peroxidase 

substrate o-phenylenediamine (Figure 4B). The eosinophils from freshly prepared 

splenocytes and those from splenocytes cultured with GM-CSF for 5 days were 

similarly responsive to the chemoattration of eotaxin-1 (Figure 5).  
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Figure 4. Changes in expression of mRNAs of eosinophil-associated proteins and 

proteins in splenic eosinophils cultured with GM-CSF. (A) Quantitative RT-PCR 

detection of mRNAs encoding CCR3, EPO, and MBP-1. Expression of each mRNA 

normalized to gapdh and displayed as relative to its level in freshly isolated 

eosinophils from uncultured splenocytes. (B) Splenocyte cultures seeded at an 

interval of 5 days were first analyzed for their eosinophils fractions (%, line graph). 

Then, each sample containing 700 eosinophils were harvested and compared for their 

EPO activity (OD 490 nm, bar graph). Error bars indicate mean ± SEM across 

multiplicate samples. *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001. 
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Figure 5. Both eosinophils from uncultured and cultured splenocytes with GM-

CSF exhibit chemotaxis towards eotaxin-1. Splenocytes either freshly prepared or 

cultured with GM-CSF for 5 days were subjected to chemoattraction in the presence 

of varying mouse eotaxin-1 gradients. Increased number of migrated eosinophils over 

control (no eotaxin-1) was determined. Representative data from 2 independent 

experiments in triplicate are shown. Error bars indicate mean ± SEM across 

multiplicate samples. *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001. 
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3. Competent antigen-presenting cells are generated from the long-term culture 

of splenocytes with GM-CSF 

A. Long-term culture of splenocytes with GM-CSF 

DCs are considerably generated from the culture of BM with GM-CSF in a 

week, which is widely used protocol to produce BM-derived DCs (BM-DCs)67. The 

culture of BM with GM-CSF was shown to generate cells expressing CD11b and 

CD11c on the surface in a week. A recent study indicated that amongst CD11c+ 

cells in the culture of BM with GM-CSF, those CD11bhiMHCIIlow populations were 

associated with macrophage while those CD11blowMHCIIhi populations were 

closely related to DCs90 (Figure 6 A-C). Therefore, CD11b+CD11c+MHCIIhi cells 

were counted as BM-DCs in the culture of BM with GM-CSF. The number of BM-

DCs were shown to make a peak after 6 days of culture. To investigate the effect 

of GM-CSF in splenocytes for various periods in vitro, splenocytes were cultivated 

more than 30 days with GM-CSF and examined any changes of the cells. In the 

short-term culture of splenocytes with GM-CSF, hematopoiesis was rarely detected, 

and eosinophils only survived throughout the culture. To follow up on those 

observations, splenocytes culture were sustained more than 30 days and examined 

the change of cells. As previous data, the majority of splenocytes diminished from 

the culture within a week and the total number of live cells reduced to 5% or less 

of original seeding. However, after 10 days, cells expressing both CD11b and 

CD11c were generated and steadily increased until 20 days (Figure 7 A-C). After 

20 days of culture, the increase of live CD11b+CD11c+ cells stopped, and their 

numbers began to decrease slowly. Flow cytometric patterns of generated cells are 

similar as in the cells from culture of BM with GM-CSF.  
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Figure 6. Culture of BM cells with GM-CSF. (A) Representative flow cytograms 

are shown after gating on live non-adherent cells in the time-course culture of BM 

cells with GM-CSF. CD11b+CD11c+MHCIIhi cells are gated as DCs in gray tetragons. 

(B) The number of live non-adherent cells in the time-course culture of BM with GM-

CSF. (C) The number and percentage of CD11b+CD11c+MHCIIhi BM-DCs gated as 

in (A). Representative data are shown from at least 5 independent experiments in 

quadruplicate. Error bars indicate mean ± SEM across multiplicate samples. 
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Figure 7. Culture of splenocytes with GM-CSF. (A) Representative flow cytograms 

are shown after gating on live non-adherent cells in the time-course culture of 

splenocytes with GM-CSF. CD11b+CD11c+MHCIIhi cells are gated as DCs in gray 

tetragons. (B) The number of live non-adherent cells in the time-course culture of 

splenocytes with GM-CSF. (C) The number and percentage of CD11b+CD11c+ 

MHCIIhi DCs gated as in (A). Representative data are shown from at least 5 

independent experiments in quadruplicate. Error bars indicate mean ± SEM across 

multiplicate samples.  
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B. CD11b+CD11c+ cells from long-term culture of splenocytes with GM-CSF is 

independent of FLT3L/FTL3 signaling 

DCs can also be generated in vitro when BM cultured for 8-10 days in culture 

with FLT3L, which is one of the hematopoietic cytokines91. Therefore, splenocytes 

were cultured with FLT3L to confirm whether newly generated cells in culture GM-

CSF were influenced by FLT3L. Throughout the culture of splenocytes with FLT3L 

for a month, not only DCs but also live cells were disappeared unlike culture with 

GM-CSF (Figure 8A). Activation of FLT3 receptor leads to tyrosine 

phosphorylation of proteins involved in proliferation or survival of hematopoietic 

cells92. To confirm whether FLT3 receptor signaling were related with the growth 

of those CD11b+CD11c+ cells in splenocyte culture with GM-CSF, generated cells 

from FLT3 KO mice were compared to those from their wild-type littermates 

(Figure 8B). The cultures of splenocytes from both FLT3 KO and wild-type 

littermates were able to produce similar numbers of live cells as well as 

CD11b+CD11c+MHCIIhi DCs under the long-term culture with GM-CSF. 

Therefore, FLT3L and FLT3 receptor are clearly not involved in the process 

whereby the long-term culture of splenocytes with GM-CSF generates 

CD11b+CD11c+ cells.  
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Figure 8. CD11b+CD11c+ cells from long-term culture of splenocytes with GM-

CSF is not influenced by the treatment of FLT3L or the expression of FLT3. (A) 

Representative flow cytograms are shown after gating on live non-adherent cells in 

the time-course culture of splenocytes with the medium containing control (top 

panels), FLT3L (middle panels), and GM-CSF (bottom panels) respectively. Graph 

(right side) shows the number of live non-adherent cells in the time-course culture of 

splenocytes with respective hematopoietic cytokines. (B) Representative flow 

cytograms are shown after gating on live non-adherent cells in the time-course, GM-

CSF culture of splenocytes prepared from the wild-type littermate (upper panels) and 

FLT3 KO (lower panels) mice respectively. Graphs (right side) show the number of 

live non-adherent cells and CD11c⁺MHCIIhi DCs (gated in gray tetragons at left 

panels). Error bars indicate mean ± SEM across multiplicate samples. *, p≤0.05; **, 

p≤0.01; ***, p≤0.001. 

 

 

 

 

 

 

 

 

 

 



41 

C. Cells expressing high levels of MHCII in the long-term culture of splenocytes 

with GM-CSF display dendritic morphology 

Morphology is one of the critical features that distinguish different types of 

hematopoietic cells1. From the 3 weeks culture of splenocytes with GM-CSF, 

CD11b+CD11c+ cells can be subdivided into the three populations based on 

expression levels of MHCII. Each group was separated by flow cytometric sorting 

and then cultured overnight before examination. The isolated cells expressing low 

levels of MHCII revealed both adherent and non-adherent cells with round shapes, 

while cells expressing intermediate levels of MHCII became large adherent cells 

with irregular morphology, which is a representative morphology of macrophage. 

Most of the CD11b+CD11c+ cells with high levels of MHCII expression were non-

adherent and displayed dendrite, one of the hallmark features of DCs (Figure 9).  
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Figure 9. Morphological comparison between subpopulations of cells in the long-

term culture of splenocytes with GM-CSF. CD11b+CD11c+cells in the 21-day 

culture of splenocytes were sorted into three groups on the basis of MHCII expression 

according to the gates in the left panel. Each population of sorted cells was further 

incubated at 37°C overnight before taking pictures at 400 × magnification with a 

fluorescence inverted microscope. 
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D. Cells expressing high levels of MHCII in the long-term culture of splenocytes 

with GM-CSF exhibit weak endocytic ability 

After observation of morphology, functional ability of the cells generated from 

the long-term culture of splenocytes with GM-CSF was examined. At first, the 

3weeks culture of splenocytes with GM-CSF was incubated 1 hour with graded 

doses of soluble antigen OVA labeled with fluorescent dye (FITC-OVA) to assess 

their ability to take up antigens. The cells expressing intermediated levels of 

MHCII were quite well taking up FITC-OVA even in a low concentration, but the 

other cells required much higher concentrations to take up similar levels of antigen 

(Figure 10A). When incubation with particulate antigen (YGM-bead), 

fluorescently labeled beads were also taken up or phagocytosed efficiently by the 

cells expressing intermediate levels of MHCII, compared to the others (Figure 10B). 

Therefore, amongst the CD11b+CD11c+ cells in the long-term culture of splenocyte 

with GM-CSF, MHCIIint cells has powerful uptake ability, like macrophage, and 

MHCIIhi cells exhibit weak endocytic and phagocytic activities, which is one of the 

DC-like features, as similarly observed in BM-DCs.  
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Figure 10. Comparison of antigen uptake among subpopulations of cells in the 

long-term culture of splenocytes with GM-CSF. The 21-day culture of splenocytes 

was incubated with (A) graded doses of FITC-conjugated OVA or (B) 0.00054% of 

1.00 μm Yellow Green Microspheres (YGM) beads at 37°C for 1 hour. After wash 

with cold medium, 3 groups (gated in each panel) of CD11b+CD11c+cells were 

analyzed for their uptake of fluorescently labeled antigens by a flow cytometer. The 

extent of antigen uptake was assessed by the mean fluorescence intensity index, as 

denoted in (A), or by the percentage of fluorescently positive cells, as denoted in (B). 

The number of YGM beads taken up by the cells is indicated with arrow in (B). 

Representative data are shown from 2 independent experiments.  
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E. Cells expressing high levels of MHCII in the long-term culture of splenocytes 

with GM-CSF show superior antigen-presenting capacity 

The antigen presenting ability to simulate naïve T cells was compared between 

the 3 populations (MHCIIlo, MHCIIint, and MHCIIhi). Following 1 hour incubation 

with soluble OVA, cells in each population were separated from the 3 weeks culture 

of splenocytes with GM-CSF by flow cytometric sorting and cultured with graded 

doses of OT-1 TCR transgenic CD8+ T cells. Although the cells from all 3 

populations showed similar levels of MHCI expression, MHCIIhi DCs were highly 

capable of presenting antigen to CD8+ T cells. The other cells were, however, 

hardly able to stimulate OT-1 T cells even in a highest APC to T cell ratio (Figure 

11A).  

Next, capacity to induce the activation of alloreactive T cells was assessed. 

Similarly as the cross-presentation of OVA antigen to CD8⁺ T cells, MHCIIhi DCs 

efficiently stimulated allogeneic T cells in the MLR assays (Figure 11B). It was 

also evident that MHCIIhi DCs stimulate well both CD8⁺ and CD4⁺ alloreactive T 

cells, whereas the other cells stimulate neither.  
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Figure 11. Comparison of antigen presentation ability among subpopulations of 

cells in the long-term culture of splenocytes with GM-CSF. (A) The 21-day culture 

of splenocytes from C57BL/6 mouse was further incubated in the medium containing 

100 μg/ml of soluble OVA at 37°C for additional 1 hour. Then, CD11b⁺CD11c⁺cells 

were sorted into 3 groups on the basis of MHCII expression. Graded doses of each 

cell population were added to 25,000 CFSE-labeled CD8⁺ OT-1 T cells, and 3–4 days 

later, CFSElo T cells were analyzed by a flow cytometer (panels on left) and counted 

(graph on right). (B) An MLR was also performed similarly as in (A) except that 

CFSE-labeled T cells were prepared from BALB/c mouse. Error bars indicate mean 

± SEM across multiplicate samples. *, p≤0.05; **, p≤0.01; ***, p≤0.001. 
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F. DCs derived from the long-term culture of splenocytes with GM-CSF 

stimulate T cells as actively as DCs derived from the culture of BM 

Hematopoietic cells can be distinguished by expression of specific surface 

markers. Although most of cells in the long-term culture of splenocytes with GM-

CSF showed the expression of macrophage markers F4/80, and MerTK. MHChi 

DCs express DC related costimulatory molecules on the surface, CD80, CD83, and 

CD86 (Figure 12A). As mentioned before, culture of BM with GM-CSF is widely 

used protocol to produce DCs in vitro. Therefore, newly defined DCs from long-

term culture of splenocytes with GM-SF were compared to DCs in the 7-day culture 

of BM with GM-CSF (Figure 12B). Both DCs derived from the cultures of 

splenocytes, and BM exhibited similar expression levels of surface molecules and 

capable of stimulating CD8+, CD4+ and allogeneic T cells efficiently (Figure 13 A-

C). These findings indicate that the DCs generated from the long-term culture of 

splenocytes with GM-CSF are able to carry out antigen presenting activities as 

effectively as BM-DCs generated by a standard culture protocol. 
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Figure 12. The levels of surface markers of cells from culture of splenocytes and 

BM-DCs. The levels of surface markers are compared (A) between subpopulations 

of cells in the 21-day culture of splenocytes with GM-CSF and (B) between 

CD11b⁺CD11c⁺ MHCIIhi DCs in the 7-day culture of BM with GM-CSF and 

CD11b⁺CD11c⁺MHCIIhi DCs in the 21-day culture of splenocytes with GM-CSF. 
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Figure 13. Antigen presentation ability was compared between DCs in the 7-day 

culture of BM and 21-day culture of splenocytes with GM-CSF. Both DCs were 

generated from C57BL/6 mice, and their antigen-presenting capacities were assessed 

with (A) CD8⁺ OT-1, (B) CD4⁺ OT-2, and (C) BALB/c T cells respectively. 

Representative data are shown from at least 2 independent experiments in 

quadruplicate or quintuplicate. Error bars indicate mean ± SEM across multiplicate 

samples. *, p≤0.05; **, p≤0.01; ***, p≤0.001. 
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G. DCs from the long-term culture of splenocytes with GM-CSF were 

developed from Lin-CD117+CD115-CD16/32+ population 

To characterize the origin of DCs from long-term culture of splenocytes, 

various subsets of splenocytes were isolated from CD45.2+ mice and cultured with 

filler splenocytes from congenic mice. First, lineage markers were used for 

excluding the general leukocytes from whole splenocytes (Figure 14A). When 

CD45.2+Lin- and CD45.2+Lin+ cells were isolated and co-cultured with filler cells, 

CD11b+CD11c+ cells were only generated from lineage- cells (Figure 14B). For 

further distinguishment, CD117, representative marker of progenitor cells, was 

used for sorting two populations (Lin-CD117+, Lin-CD117-). Sorted cells were 

cultured with filler cells and GM-CSF (Figure 15A). Throughout the culture, 

CD11b+ cells were only generated from Lin-CD117+ cells (Figure 15B). These 

findings indicate that the DCs from the long-term culture of splenocytes with GM-

CSF were differentiated from splenic lineage-negative and CD117-positive cells.  

In BM, Lin-CD117+ cells can be divided into two populations by the expression 

of CD115, however, splenic Lin-CD117+ cells composed only of CD115-negative 

cells and this population can be more distinguished by CD16/32 expression (Lin-

CD117+CD115-CD16/32+, Lin-CD117+CD115-CD16/32-) (Figure 16A).  

So, CD16/32-positive and -negative cells from Lin-CD117+CD115- population 

were sorted and co-cultured with filler cells. After 21-day of culture, live cells as 

well as CD11b+CD11c+MHCII+ DCs were hardly detected in CD16/32-negative 

cells, but clearly generated in CD16/32-positive cells (Figure 16B). These data 

mean that newly defined DCs from long-term culture of splenocytes with GM-CSF 

were differentiated from Lin-CD117+CD115-CD16/32+ population. 
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Figure 14. DCs from long-term culture of splenocytes with GM-CSF were 

generated from lineage-negative splenocytes. (A) The sorting strategy to divide 

CD45.2+ whole live splenocytes into lineage-positive and -negative populations. (B) 

Representative flow cytograms are shown after gating on live non-adherent cells in 

the time-course culture of sorted Lin+ and Lin- cells. Graphs show the number of 

CD11b⁺MHCIIint macrophages and CD11b⁺MHCIIhi DCs. Representative data are 

shown from at least 2 independent experiments in triplicate. Error bars indicate mean 

± SEM across multiplicate samples. *, p≤0.05; **, p≤0.01; ***, p≤0.001. 
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Figure 15. DCs from long-term culture of splenocytes with GM-CSF were 

differentiated from Lin-CD117+ splenocytes. (A) Lin-CD117-positive and -negative 

cells from the spleen were enriched by flow cytometric sorting. (B) Representative 

flow cytograms are shown after gating on live non-adherent cells in the time-course 

of sorted Lin-CD117+ and Lin-CD117- cells. Graphs show the number of live non-

adherent cells, CD11b⁺MHCIIint macrophages and CD11b⁺MHCIIhi DCs. 

Representative data are shown from at least 2 independent experiments in triplicate. 

Error bars indicate mean ± SEM across multiplicate samples. *, p≤0.05; **, p≤0.01; 

***, p≤0.001. 
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Figure 16. Splenic Lin-CD117+CD115-CD16/32+ population were progenitors of 

DCs from long-term culture of splenocytes with GM-CSF. (A) Subpopulations of 

Lin-CD117+ cells from BM (upper panels) and splenocytes (lower panels). (B) 

Representative flow cytograms are shown after gating on live non-adherent cells in 

21-day culture of sorted Lin-CD117+CD115-CD16/32+ and Lin-CD117+CD115-

CD16/32- cells with GM-CSF. Error bars indicate mean ± SEM across multiplicate 

samples. *, p≤0.05; **, p≤0.01; ***, p≤0.001. 
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PART B. The role of GM-CSF in splenocytes in vivo 

1. Introduction 

GM-CSF is produced by numerous cell types and was originally identified as 

a hematopoietic cytokine that promotes the proliferation and differentiation of 

granulocyte and macrophages in vitro. Along with its role as a growth factor, GM-

CSF is a key mediator in various autoimmune disease and inflammation. GM-

CSF produced by encephalitogenic T cells activates the inflammatory response of 

microglial cells within the central nervous system93 and GM-CSF levels were 

found to be increased in the synovial tissue from patients with rheumatoid 

arthritis94. Therefore, targeting and inhibition of GM-CSF signaling have been 

used to control various diseases in numerous clinical studies. In culture of BM 

with GM-CSF, myeloid lineage cells were differentiated into DCs and 

macrophages, and previous data have shown that GM-CSF can also stimulate to 

generate DCs in culture of splenocytes. Although deficiencies of GM-CSF 

signaling were reported to influence the homeostasis of DCs95, the GM-CSF-

driven development of DCs in vivo has not been scrutinized.  

Thus, Part B focuses on understanding the effect of GM-CSF in splenocytes 

in vivo. When treatment of hematopoietic cytokines to C57BL/6, novel 

CD115hiCD301b+ cells generated in spleen only after the treatment with GM-CSF. 

Through comparative analysis evaluating morphology, antigen presenting ability 

with splenic cDCs, these novel CD115hiCD301b+ GM-CSF-induced DCs 

(GMiDCs) are clearly classified as subset of DCs. GMiDCs were effectively 

promote differentiation of Th2 cells against blood-borne antigen and promote the 

subsequent allergic inflammation and anaphylaxis. Therefore, newly discovered 

GMiDCs are important for regulation of allergen-specific Th2 immunity and 

allergic responses. 
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2. GM-CSF treatment generated a novel subset of DCs in spleen 

Following the previous data from part A, the effects of GM-CSF on spleen in 

vivo were estimated. In the steady state, splenic cDCs exist as two main subsets, 

cDC1s and cDC2s. Key surface markers for splenic cDC1s include CD8a, CD205, 

XCR1; those for splenic cDC2s are CD172a, CD11b and 33D1 (Figure 17). 

Injection of three different hematopoietic cytokines (i.e., FTL3L, M-CSF or GM-

CSF) subcutaneously and change of splenic DC subsets were investigated. Once-

daily injections of GM-CSF occurred splenomegaly and increased number of 

splenocytes in the DC gate more quickly than FTL3L, whereas M-CSF treatment 

revealed no change (Figure 18 A). Among the C57BL/6 mice injected once daily 

with three different cytokines, only GM-CSF treated mice were revealed to have a 

new subset of XCR1-33D1- within the splenic CD11c+MHCII+ DC gate (Figure 18 

B). These XCR1-33D1- splenocytes within the DC gate were named as DC-Xs in 

comparison to XCR1+33D1- cDC1s and XCR1-33D1+ cDC2s. After one injection 

of GM-CSF, DC-Xs accumulated to peak at 24 hours and quickly vanished in 36 

to 48 hours. Meanwhile, the accumulated DC-Xs similarly disappeared within 3 

days following termination of the 3 once-daily injections of 10 μg of GM-CSF 

(Figure 19). When each DC subsets were sorted and estimated their morphology, 

DC-Xs shows the non-adherent clustering and probing morphology of typical DCs 

as similar to those of cDC1s and cDC2s (Figure 20).  
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Figure 17. Classification of splenic cDC1s and cDC2s by expression of different 

markers. Splenocytes were harvested and analyzed surface markers by flow 

cytometry within CD11chiMHCII+ DC gate. Steady state control mouse (left) and 

mouse treated with three once-daily injections of 10 μg of GM-CSF (right). 
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Figure 18. Effect of hematopoietic cytokines on splenic DCs. Splenocytes were 

harvested from 10 μg of the respective hematopoietic cytokines s.c. injected mice and 

analyzed by flow cytometry. Changes in the fraction of splenocytes in DC gate (A) 

and in XCR1-33D1- DC-X gate (B) are analyzed at 24 hours after different numbers 

of once-daily injections of the respective cytokines. Lin- cells exclude CD3, CD19, 

Ly6G, and TER119. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ns, not significant; two-

way ANOVA test. 
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Figure 19. Kinetic changes of splenic DC-Xs. Fraction of DC-Xs after one injection 

(left) and three once-daily injections (right) of 10 μg of GM-CSF. Data are shown in 

mean ± SEM. 
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Figure 20. Morphologic characteristics of splenic DC subsets from GM-CSF-

treated mice. Splenocytes were harvested from GM-CSF three once-daily injected 

mice and each DC subsets was isolated by flow cytometry sorter. Sorted 1.5x106 cells 

were cultured overnight (magnification, 400x; scale bar, 25μm).  
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3. Novel subset of DCs promote proliferation of CD4+ T cells by blood-borne 

antigen 

To evaluate the stimulatory capacity of DCs to promote the proliferation of 

naïve T cells, OVA-specific TCR transgenic T cells (i.e., CD8+ OT-1 and CD4+ 

OT-2) were co-cultured with splenic cDCs and DC-Xs from GM-CSF injected 

mice and compared the proliferation of T cells. In the co-cultures of graded doses 

of each splenic DC subset with OVA and naïve OT-1 or OT-2 T cells, DC-Xs were 

inferior to cDC1s and/or cDC2s such that cDC1s were superior APCs for OT-1 T 

cells and cDC2s for OT-2 T cells (Figure 21A, B).  

Because the spleen is the body’s largest secondary lymphoid organ and filter 

for blood-borne antigens96, soluble FITC-OVA was i.v. injected to the GM-CSF 

treated C57BL/6 mice and the capacity of each DC subsets to take up blood-borne 

antigens was assessed. After 1 hour, DC-Xs were clearly superior to cDC1s and 

cDC2s in taking up soluble antigen, FITC-OVA (Figure 22). Interestingly, when 

the OVA was delivered i.v. to the spleen in vivo, DC-Xs were significantly superior 

to cDC1s and cDC2s in stimulating naïve OT-2 T cells in vitro. Besides, the ability 

of DC-Xs to stimulate naïve OT-1 T cells in vitro also improved significantly, 

although cDC1s were better antigen presenting cells for OT-1 T cells (Figure 23A, 

B). These results indicate that the DC-Xs, generated from treatment of GM-CSF, 

show great ability to take up blood-borne antigens and present these antigens to 

OT-2 T cells. 
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Figure 21. Comparison of antigen presenting ability among splenic DC subsets. 

Splenic DC subsets and CD19+ B cells were isolated from GM-CSF-treated mice. 

Flow cytograms (left) and graphs (right) show the proliferation of CFSE-labeled 

naïve CD8+ OT-1 (A) and CD4+ OT-2 (B) T cells following culture with graded doses 

of different APCs in the presence of OVA (25 μg/ml). CFSElo OT-1 and OT-2 T cells 

were analyzed on day 3 and day 5. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ns, not 

significant. 
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Figure 22. Comparison of blood-borne antigen uptake ability among splenic DC 

subsets. Two hundred microgram of soluble FITC-conjugated OVA was i.v. injected 

into GM-CSF-treated mice. After 1 hour, FITC levels among splenic DC subsets were 

analyzed by flow cytometry. Mean fluorescence intensity (MFI) of FITC signal is 

denoted. Lin+ cells include CD3+, CD19+, Ly6G+, and TER119+ cells. 
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Figure 23. Antigen presentation ability of splenic DC subsets by blood-borne 

antigen. Splenic DC subsets and CD19+ B cells isolated from GM-CSF-treated mice 

1 hour after i.v. injection of OVA. Flow cytograms (left) and graphs (right) show the 

proliferation of CFSE-labeled naive CD8+ OT-1 (A) and CD4+ OT-2 (B) T cells 

following culture with graded doses of different APCs. CFSElo OT-1 and OT-2 T cells 

were analyzed on day 3 and day 5. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ns, not 

significant. 
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4. DC-Xs express genes associated with cDCs and Mo-DCs 

To systematically analyze the relationship between DC-Xs and cDCs, DC 

subsets were sorted from the spleens of control and GM-CSF-conditioned mice and 

compared the global gene expression profiles. Principal components analysis (PCA) 

of the transcriptomes indicated that the clusters of cDC1s and cDC2s located close 

to each other. Meanwhile, DC-Xs clustered between cDC1s and cDC2s from the 

spleen of GM-CSF-treated mice (Figure 24). Hierarchical cluster analysis (HCA) 

of the transcriptomes also showed similar outcomes. The expression of various 

transcription factor genes associated with DC development, such as Batf3, Id2, Irf4, 

Irf8, Spi1 (PU.1), Zbtb46, etc., were increased in DC-Xs as similarly as in cDC1s 

and/or cDC2s. Monocytes and/or Mo-DCs related genes, such as Cd14, Fcgr3 

(CD16), Fcgr2b (CD32), Csf1r (CD115), Mrc1 (CD206), Cd209a, etc., were also 

upregulated in DC-Xs, implying that DC-Xs are Mo-DCs (Figure 25A-C). Indeed, 

high expression of DC-specific transcription factor Zbtb4621 was similarly detected 

from cDC1s, cDC2s, and DC-Xs in the Zbtb46gfp/+ mice treated with GM-CSF, 

indicating that DC-Xs belong to the DC lineage (Figure 26).  

 

 

 

 

 

 

 

 



71 

 

 

 

 

 

 

Figure 24. Principal component analysis of splenic DC subsets. Splenic DC 

subsets in steady-state (control) and GM-CSF-treated mice are isolated by flow 

cytometry sorter. For each population, total RNA was extracted from at least 1×105 

sorted cells. 
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Figure 25. Hierarchical clustering and gene expression profiles of splenic DC 

subsets. Heatmaps showing hierarchical clustering by one minus Pearson 

correlations of splenic DC subsets in steady-state (control) and GM-CSF-treated mice 

using the 7,795 differentially expressed genes (A) and the relative expression of genes 

involved in the transcription (B) and function (C) of DCs, monocytes, and 

macrophages with the respective hierarchical clustering by Euclidean distance. 

B A C 



73 

 

 

 

 

 

 

 

 

Figure 26. Expression of Zbtb46 in splenic DC subsets. Flow cytograms showing 

GFP levels, as a reporter for Zbtb46 gene expression, in splenic DC subsets, CD19+ 

B cells, and CD11b+F4/80+ macrophages by comparing between Zbtb46gfp/+ (line 

histograms) and Zbtb46+/+ (shaded histograms) mice treated with GM-CSF.  
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5. DC-Xs express CD115 and CD301b on the surface 

Based on gene expression profiles, surface markers of DC-Xs were 

characterized to distinguish from those of cDCs by flow cytometry and found the 

high expression of CD115 and CD301b on the surface of DC-Xs (Figure 27). 

Accordingly, new gating strategies were devised for splenocytes expressing high 

levels of CD115 and CD301b. In the steady state, CD11b+CD115hi splenocytes 

were divided into three subpopulations (Ly6C+ P-I, Ly6C-MHCII- P-II, and Ly6C-

MHCII+CD301b- P-III) and P-I and P-II were monocyte subsets. In the GM-CSF-

treated mice, there existed four CD11b+CD115hi subpopulations (P-I, P-II, P-III, 

and Ly6C-MHCII+CD301b+ P-IV) (Figure 28), among which the most populous P-

IV subset was dominant in the DC gate (Figure 29). Therefore, DC-Xs consist 

mainly of P-IV subset with a minor contribution of P-III. Analysis of splenocytes 

in the Zbtb46gfp/+ mice showed that only a few of the cells in the GFPhi population 

were found in the CD11b+CD115hi populations in the steady state. In contrast, 

GFPhi population increased in the Zbtb46gfp/+ mice following treatment with GM-

CSF, and most of the CD11b+CD115hiGFPhi cells belonged to the P-IV subset 

(Figure 30A,B). Next, CD11b+CD115hi subsets from the GM-CSF-treated mice 

were verified their individual morphologies. P-I cells, defined as classical 

monocytes, showed adherent macrophage-like cells while P-II cells, non-classical 

monocytes, displayed a round-shaped morphology. Meanwhile, P-III cells 

exhibited dendrite without cell clusters, but P-IV subset showed the large clusters 

of non-adherent cells with dendritic morphology (Figure 31).  
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Figure 27. Expression levels of surface molecules of splenic DC subsets. Flow 

cytograms showing the expression of the respective molecules on the surface of 

splenic DC subsets in control (dotted line) and GM-CSF-treated (solid line) mice. 
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Figure 28. Gating strategy of GM-CSF-induced DCs. Gating strategy (upper) 

identifying GM-CSF-induced DC population in the spleen. Fractions (lower) of 

splenic CD11b+CD115hi cell subsets, i.e., P-I, P-II, P-III, and P-IV in control and GM-

CSF-treated mice. Data are shown in mean ± SEM. 
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Figure 29. The proportion of each population in the DC gate. Each population 

(red dots) of splenic DC and CD11b+CD115hi cell subsets in control and GM-CSF-

treated mice is backgated in an MHCII versus CD11c dot plot of total live-gated cells 

(gray dots). Fraction (lower) of each cell subset within the DC gate on flow cytograms 

(upper). Data are shown in mean ± SEM. 
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Figure 30. Expression levels of Zbtb46 in GM-CSF-induced DCs. (A) Gating 

strategy showing the distribution of GFP/Zbtb46hi splenocytes within the respective 

DC and CD11b+CD115hi cell subsets in control and GM-CSF-treated Zbtb46gfp/+ mice. 

(B) Expression level of GFP (Zbtb46 gene) in splenic CD11b+CD115hi cell subsets by 

comparing between Zbtb46gfp/+ (line histograms) and Zbtb46+/+ (shaded histograms) 

mice treated with GM-CSF. Data are shown in mean ± SEM of MFI for GFP signal 

in each cell subset from GM-CSF-treated Zbtb46gfp/+ mice. **p ≤ 0.01; ***p ≤ 0.001. 
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Figure 31. Morphologies of splenic CD11b+CD115hi cell subsets. The splenocytes 

were harvested from GM-CSF three once-daily injected mice and each 

CD11b+CD115hi cell subset was isolated by flow cytometry sorter. Each population 

of sorted cells was further incubated at 37°C overnight before examination. 

(magnification, 400x; scale bar, 25μm). 
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6. GM-CSF-induced DCs in the spleen effectively stimulate CD4+ T cells 

Because CD11b+CD115hi DC-Xs were significantly inferior to presenting 

blood-borne OVA to naïve CD4+ OT-2 T cells, antigen uptake and presenting ability 

were evaluated which subset of CD11b+CD115hi splenocytes were responsible. 

Among the four CD11b+CD115hi subsets, both P-III and P-IV cells exhibited 

comparable ability to capture blood-borne antigens (Figure 32A), but in the antigen 

presenting assay, only P-IV cells were able to induce strong proliferation of naïve 

OT-2 T cells, whereas the other three subsets were weak to stimulate (Figure 32B). 

Collectively, these data indicate that CD11b+CD115hiLy6C-MHCII+CD301b+ P-IV 

cells are the GM-CSF-induced DCs (GMiDCs) in the spleen. CD11c+CD301b+ 

GMiDCs were found in the T cell areas of the white pulp (WP) as well as in the red 

pulp (RP) of the spleen sections from GM-CSF-conditioned mice, but not from 

steady-state control mice. GMiDCs existed more abundantly in the RP than in the 

WP (Figure 33). 
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Figure 32. Functional abilities of splenic CD11b+CD115hi cell subsets. (A) Uptake 

of blood-borne FITC-OVA by splenic CD11b+CD115hi cell subsets 1 hour after i.v. 

injection of FITC-OVA into GM-CSF-treated mice. MFI of FITC signal is denoted. 

(B) Proliferation of CFSE-labeled naïve CD4+ OT-2 T cells following culture with 

splenic CD11b+CD115hi cell subsets at an APC to T cell ratio of 1:5. Cells isolated 

from the spleen of GM-CSF-treated mice loaded with blood-borne OVA. Data are 

shown in mean ± SEM. 
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Figure 33. Localization of GMiDCs in spleen. The spleen sections from control 

(upper) and GM-CSF-treated (lower) mice are stained for B cells with anti-B220 

(blue), GMiDCs with anti-CD301b (red), and total DCs with anti-CD11c (green). RP, 

red pulp; WP, white pulp; B, B cell area; T, T cell area; magnification, 100x; scale 

bars, 100 μm.  
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7. GMiDCs are derived from Ly6C+ monocytes 

Three major subsets (P-I, P-III and P-IV) of the splenic CD11b+CD115hi cells 

in GM-CSF-treated mice were isolated by flow cytometry and subjected to bulk 

RNA sequencing (RNA-seq). PCA of transcriptomic data indicate that the gene 

expression profiles of CD11b+CD115hi cell subsets clustered closer than those of 

cDC1s and cDC2s. Particularly, the clusters of P-III and GMiDCs were located 

nearly each other (Figure 34A). As compared to the other splenic cDCs and 

CD11b+CD115hi cells, several genes expression levels were upregulated, such as 

Cd209a, Mgl2 (CD301b), Mmp12, Mt1, Cd200rl in GMiDCs (Figure 34B). In 

addition, the CD11b+ splenocytes from the mice treated with or without GM-CSF 

were analyze by single-cell analyses using cellular indexing of transcriptomes and 

epitopes by sequencing (CITE-seq) method. An unsupervised uniform manifold 

approximation and projection (UMAP) was performed, and cell clusters were 

annotated based on the expression of selective representative genes. Then, a further 

UMAP analysis was carried out after excluding clusters for the T cells, B cells, 

granulocytes, neutrophils, and cDCs (Figure 35), and the clusters of CD115hi 

subsets were identified based on CITE-seq analyses (Figure 36A, B). Thirty two 

differentially expressed genes were determined for the GMiDCs clusters, several 

genes overlapped with the DEGs of GMiDCs identified from the bulk RNA-seq 

(Figure 37). The analyses of pseudotime cell trajectories and RNA velocity 

revealed that P-III and GMiDCs arose from classical monocytes (P-I) (Figure 38).  

To corroborate the findings from RNA-seq analyses, development potential to 

differentiate into GMiDCs in vivo were examined. Ly6C+ classical monocytes were 

isolated from the BM of control mice, labeled with CFSE, and adoptively 

transferred i.v. to the recipient mice treated with GM-CSF. In the spleen, 2 days 

after adoptive transfer, a half of the CFSE-labeled CD11b+CD115hi cells were 

GMiDCs (Figure 39). Then, classical monocytes (P-I) from spleen of GM-CSF-
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treated mice also isolated and adoptively transfer after labeled with CFSE. In the 

spleen, 1 day after adoptive transfer, more than half of the CFSE-labeled cells were 

P-III cells. Meanwhile, 2 days after adoptive transfer, more than a half of the CFSE-

labeled CD11b+CD115hi cells were GMiDCs (Figure 40A). In addition, P-III cells 

and GMiDCs were isolated from the spleen of GM-CSF-treated mice, labeled with 

CFSE, and adoptively transferred respectively to the GM-CSF-treated recipients. 

In addition, P-III cells and GMiDCs (P-IV) were respectively isolated from the 

spleen of GM-CSF-treated mice, labeled with CFSE, and adoptively transferred to 

the GM-CSF-treated recipients. In the spleen, 2 days after adoptive transfer of 

GMiDCs, no CFSE-labeled CD11b+CD115hi cells were detected. However, 2 days 

after adoptive transfer of P-III cells, most of the CFSE-labeled CD11b+CD115hi 

cells were GMiDCs (Figure 40B). Collectively, classical monocytes are precursors 

for P-III cells and GMiDCs, and P-III cells are pre-GMiDCs. 
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Figure 34. Distinguishable gene profile of GMiDCs from the other splenic DCs 

and CD11b+CD115hi subsets. (A) PCA of transcriptomes of splenic cDC1s, cDC2s, 

DC-Xs, classical monocytes (C monocytes, P-I), P-III, and GMiDCs (P-IV) in GM-

CSF-treated mice. Genes in each circle of Venn diagram (B, left) are expressed at 

least twice higher in the P-IV than the respective other populations. Heatmap (B, right) 

showing the 31 P-IV-enriched genes in descending order of expression. 
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Figure 35. UMAP analysis of CD11b+ splenocytes after excluding clusters for the 

lineage cells. Uniform manifold approximation and projection (UMAP) of 6,075 

cells in the CD11b+ splenocytes excluding T cells, B cells, granulocytes, neutrophils, 

and cDCs. Expression levels of 5 marker genes (Csf1r/CD115, Itgax/CD11c, 

Ly6c2/Ly6C, Mgl2/CD301b, and H2-A2/MHCII) are detected by CITE-seq analyses. 

Each cell is colored by cluster (left), RNA expression level (right upper), or antibody-

derived tag (ADT) level (right lower).  
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Figure 36. Identification of CD115hi subpopulations in clusters pertaining to 

CITE-seq analysis. (A) In silico gating strategy to identify CD115hi subpopulations 

P-I, P-II, P-III, and P-IV based on ADT expression from the CITE-seq analysis. (B) 

Constitution of P-I, P-II, P-III, P-IV, and other CD115hi cells in the spleen of steady-

state and GM-CSF-treated mice. UMAP (left) and bar graphs (right) are color-coded 

according to ADT-based CD115hi cell subsets. 
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Figure 37. DEGs for each ADT-based CD115hi cell subsets. List of the GMiDCs 

(P-IV) specific 20 genes from scRNA-seq data (adjust p-value < 0.05), 8 of which 

overlap with the GMiDCs (P-IV) specific 31 genes from bulk mRNA-seq data (red). 
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Figure 38. Trajectory analysis of CD115hi subpopulations. Pseudotemporal 

analyses showing pseudotime (left) estimated by CD115hi subpopulations with the 

cluster 9 (progenitor-like cells) assigned as root and RNA velocity (right) inferred by 

the velocyto pipeline with thick arrows representing the directional flow of thin 

velocity arrows. 
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Figure 39. Differentiation of GMiDCs from BM classical monocytes by GM-CSF. 

Flow cytograms and graphs showing CFSE+ cells in the splenic CD11b+CD115hi cell 

subsets of GM-CSF-treated mice after the adoptive transfer of CFSE-labeled classical 

monocytes isolated from the BM. After 2 days of adoptive transfer, CFSE+ cells (red 

dots) in the spleen are backgated in a series of dot plots of total live-gated cells (gray 

dots) to identify CD11b+CD115hi cell subsets (left). Graphs (right) showing mean ± 

SEM of the fraction for each cell subset. 
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Figure 40. Differentiation of GMiDCs from splenic classical monocytes by GM-

CSF. (A) Flow cytograms and graphs showing CFSE+ cells in the splenic 

CD11b+CD115hi cell subsets of GM-CSF-treated mice after the adoptive transfer of 

CFSE-labeled classical monocytes isolated from the spleen. After 1 or 2 days from 

adoptive transfer, CFSE+ cells (red dots) in the spleen are backgated in total live-gated 

cells (gray dots). (B) Flow cytograms showing CFSE+ cells in the splenic 

CD11b+CD115hi cell subsets of GM-CSF-treated mice 2 days after the adoptive 

transfer of CFSE-labeled splenic pre-GMiDCs (upper) and GMiDCs (lower).  
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8. Differentiation of GMiDCs and pre-GMiDCs requires GM-CSF receptor 

expression in cis 

GM-CSF receptor is expressed in most of myeloid cells. As expected, in Csf2rb 

KO mice, there found no difference in the numbers of various lineage cells before 

and after treatment with GM-CSF. Then, BM chimeras were generated by 

adoptively transferring an equal mixture of BM cells from Csf2rb+/+ (CD45.1) and 

Csf2rb-/- (CD45.2) mice into lethally irradiated wild-type (WT) (CD45.1) recipients. 

The mixed BM chimeric mice were treated with GM-CSF after 6 weeks of adoptive 

cell transfer. The results demonstrated that GMiDCs in the spleen were almost 

exclusively derived from the BM of Csf2rb+/+ WT mice, which clearly indicates 

that the differentiation of GMiDCs required the cis expression of GM-CSF receptor 

in their precursors (Figure 41). Meanwhile, almost of pre-GMiDCs (P-III) were 

derived from the BM of WT mice, and 70% of classical monocytes were derived 

from the BM of WT mice. It was also notable that cDC1s were predominantly 

derived from the BM of WT mice during GM-CSF treatment, but not in the steady 

state, suggesting that direct GM-CSF receptor signaling involves in regulating of 

cDC1 population. The deletion of Csf2rb in BM hematopoietic stem cells and 

progenitors did not influence the GM-CSF-induced development of other myeloid 

cells such as non-classical monocytes, macrophages, cDC2s, and neutrophils. 
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Figure 41. Differentiation of GMiDCs by cis expression of GM-CSF receptor. 

Gating strategy (upper) and fraction (lower) of each Lin+ population in GM-CSF-

treated mixed BM chimeric mice at 6 weeks after adoptive transfer of Csf2rb+/+ 

(CD45.1) and Csf2rb-/- (CD45.2) BM at a 1:1 ratio into lethally irradiated WT 

(CD45.1) recipients. Data are shown in mean ± SEM. 
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9. GMiDCs stimulate Th2 cells in response to blood-borne antigens 

CD4+ T cells can proliferate and polarize into functionally distinct Th cells 

following the presentation of antigens by DCs. So, after i.v. delivery of soluble 

OVA, splenic cDC1s, cDC2s and GMiDCs were isolated from GM-CSF-treated 

mice and compared their ability to induce the polarization of naïve CD4+ OT-2 T 

cells into different Th cells in vitro. Noticeably, GMiDCs promoted OT-2 T cells to 

proliferate and polarize strongly in the Th2 condition and less in the Th1 condition 

(Figure 42). Therefore, the role of cytokines (i.e., IL-2 and IL-4) that made up the 

Th2 condition was further characterized. In IL-2 alone condition, all of the splenic 

cDC1s, cDC2, and GMiDCs strongly stimulated OT-2 T cells to express IFN-γ, but 

in IL-4 alone condition, GMiDCs markedly stimulate OT-2 T cells to proliferate 

and express IL-4. In the culture with IL-2 and IL-4 together, GMiDCs could 

uniquely induce OT-2 T cells to proliferate and express both IL-4 and IFN-γ, in 

contrast to cDC1s and cDC2s (Figure 43A, B).  

Whether regulating the role of GMiDCs in polarizing OT-2 T cells, anti-

cytokines antibodies used for neutralizing. With anti-IL-4 in the culture, GMiDCs 

strongly stimulated IFN-γ+ OT-2 T cells and suppressed the induction of IL-4+ OT-

2 T cells. With anti-IFN -γ, GMiDCs failed to induce IFN-γ+ OT-2 T cells, but not 

anti-IL-12 condition (Figure 44). Therefore, by neutralizing IL-4 or IFN-γ, 

polarization of IFN-γ+ Th1 or IL-4+ Th2 cells in vitro by GMiDCs were able to 

control.  

To evaluate the role of splenic GMiDCs in vivo, naïve OT-2 T cells were 

adoptively transferred to congenic control and GM-CSF-treated to C57BL/6 mice. 

When 100 μg of soluble OVA was i.v. injected, OT-2 T cells proliferated vigorously 

in the spleen of GM-CSF-treated mice but proliferated poorly in the spleen of 

control mice (Figure 45A). Next, the same experiment was carried out using mice 

expressing diphtheria toxin receptor (DTR) under the control of the Mgl2 (CD301b) 
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gene and confirmed the specific deletion of CD301b+ GMiDCs by diphtheria toxin 

(DT) treatment. As compared to the WT Mgl2+/+ mice treated with GM-CSF and 

DT (GM-CSF/DT), following the i.v. injection of soluble OVA, the proliferation of 

adoptively transferred OT-2 T cells was markedly reduced in the Mgl2DTR/+ mice 

treated with GM-CSF/DT (Figure 45B). Thus, GMiDCs in vivo are essential for the 

vigorous stimulation of naïve CD4+ T cells in response to blood-borne antigens. 
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Figure 42. Polarization of CD4+ T cells by splenic DC subsets. Antigen-presenting 

splenocytes were isolated from GM-CSF-treated mice 1 hour after i.v. injection of 

OVA and cultured at an APC to T cell ratio of 1:5. Proliferation and Th polarization 

of CFSE-labeled naïve CD4+ OT-2 T cells were stimulated by splenic DC subsets 

under the respective conditions (Th1: 10 ng/ml IL-12, 5 μg/ml anti-IL-4; Th2: 10 

ng/ml IL-2, 10 ng/ml IL-4, 5 μg/ml anti-IFN-γ; Th17: 2 ng/ml TGF-β, 10 ng/ml IL-

1β, 20 ng/ml IL-6, 5 μg/ml anti-IFN-γ, 5 μg/ml anti-IL-4). Representative data are 

shown from at least 4 independent experiments in quadruplicate or quintuplicate. *, 

p≤0.05; **, p≤0.01; ***, p≤0.001. 
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Figure 43. Cytokine expression in polarized OT-2 T cells by splenic DC subsets. 

(A) Numbers of proliferated IFN-γ+ Th1 (left) and IL-4+ Th2 (right) CellTrace Violet 

(CTV)lo CD4+ OT-2 T cells stimulated by splenic DC subsets under the conditions 

containing IL-2 and/or IL-4. Representative data are shown in mean ± SEM. (B) 

Representative flow cytograms pertaining to (A). Flow cytograms showing the 

proliferation and Th polarization of CTV-labeled naïve CD4+ OT-2 T cells stimulated 

by splenic DC subsets under the conditions containing IL-2 and/or IL-4.  

B 

A 
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Figure 44. Influence of cytokine-neutralizing antibodies on the proliferation and 

polarization of OT-2 T cells. CFSE-labeled naïve CD4+ OT-2 T cells are stimulated 

by splenic GMiDCs under the condition containing IL-2, IL-4 and representative 

cytokine-neutralizing antibodies. Representative data are shown from at least 2 

independent experiments in quadruplicate or quintuplicate. Data are shown in mean 

± SEM. *, p≤0.05; **, p≤0.01; ***, p≤0.001. 
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Figure 45. GMiDCs essential for proliferation of CD4+ T cells in response to 

blood-borne antigens in vivo. (A) After adoptive transfer of CFSE-labeled naïve 

CD45.1+CD4+ OT-2 T cells into control and GM-CSF-treated mice, proliferation is 

detected in the spleen after i.v. injection of OVA. (B) After adoptive transfer of CFSE-

labeled naïve CD45.1+CD4+ OT-2 T cells into Mgl2+/+ and Mgl2DTR/+ mice treated 

with GM-CSF/DT, proliferation is detected in the spleen after i.v. injection of OVA. 
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10. GMiDCs efficiently induce systemic allergic sensitization to blood-borne 

allergen 

GMiDCs were most expert in stimulating and polarizing CD4+ T cells under 

Th2 condition in vitro, the role of GMiDCs in allergic airway inflammation induced 

by an inert model allergen OVA were investigated. Ten days after PBS- and GM-

CSF-treated C57BL/6 mice were sensitized once with i.v. injection of soluble OVA, 

these mice were challenged i.n. with soluble OVA daily for 5 days. Massive 

accumulation of eosinophils in lung tissues (Figure 46A) and cellular infiltration 

into the perivascular and peribronchiolar spaces were observed only in the mice 

sensitized once with i.v. injection of soluble OVA under GM-CSF-treated condition 

(Figure 46B). To verify the role of CD301b+ GMiDCs in allergic airway 

inflammation, Mgl2+/+ and Mgl2DTR/+ mice were treated with GM-CSF/DT and once 

sensitized with blood-borne OVA, followed by i.n. challenges of OVA. The 

selective ablation of CD301b+ cells during the sensitization with blood-borne OVA 

significantly inhibited OVA-induced allergic airway inflammation (Figure 47).  

Next, GMiDCs were examined whether sensitize mice for anaphylaxis, the 

most severe of the allergic reactions. C57BL/6 mice were sensitized twice with 

blood-borne OVA in a week apart with PBS- and GM-CSF-, two weeks after mice 

were sensitized with blood-borne OVA systemically (intravenously) and clinical 

presentation and body temperature were evaluated. All the mice sensitized under 

GM-CSF-treated condition exhibited most severe anaphylactic symptoms and an 

extreme drop of body temperature, and they all died in consequence. Meanwhile, 

no anaphylactic symptoms and temperature change were observed in the mice 

sensitized twice with blood-borne OVA under PBS-treated condition (Figure 48). 

Collectively, these findings demonstrate that GMiDCs in the spleen are essential 

for allergic sensitization to blood-borne antigen (Figure 49). 
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Figure 46. OVA-induced allergic airway inflammation by GM-CSF. (A) Gating 

strategy (upper) and numbers (lower) of CD11b+Siglec-F+ eosinophils and 

CD11b+Ly6G+ neutrophils in lung of the control, PBS-, and GM-CSF-treated mice 

after blood-borne OVA sensitization and OVA-induced allergic airway inflammation. 

Data are shown in mean ± SEM. (B) Representative histological sections of lung 

tissues stained with hematoxylin and eosin (magnification, 200x; scale bars, 100 μm).  

B 
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Figure 47. Role of GMiDCs in OVA-induced allergic airway inflammation. 

Numbers of eosinophils and neutrophils in lung of the GM-CSF/DT-treated Mgl2+/+ 

and Mgl2DTR/+ mice following blood-borne OVA sensitization and OVA-induced 

allergic airway inflammation. Error bars indicate mean ± SEM across multiplicate 

samples. *, p≤0.05; **, p≤0.01; ***, p≤0.001. 
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Figure 48. Effect of GM-CSF in anaphylaxis. Maximal clinical scores (left) and 

body temperature changes at time intervals (right) are evaluated after i.v. injection of 

OVA (100 μg) into mice sensitized twice. Data are shown in mean ± SEM. *, p≤0.05; 

**, p≤0.01; ***, p≤0.001. 
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Figure 49. Graphical summary of the role of GM-CSF on DCs in the spleen in 

vivo. CD115hiCD301b+ GMiDCs are generated in response to GM-CSF in the spleen. 

In contrast to classical DCs, these GMiDCs in the spleen are exceptionally effective 

to polarize and expand Th2 cells in response to blood-borne antigen. 
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IV. DISCUSSION 

GM-CSF plays a wide range of roles in the immune system. Although nonessential 

to hematopoiesis, GM-CSF promotes the differentiation of multiple lineages of 

myeloid cells42. When mouse BM cells are cultured with GM-CSF, myeloid cells 

exhibiting the phenotypes of granulocytes and monocytes are produced within 4 days, 

and DCs are generated between 5 and 12 days67. Human monocytes isolated from 

peripheral blood mononuclear cells (PBMCs) also differentiate into DCs by 

stimulation with GM-CSF97. These in-vitro-generated mouse and human DCs have 

been studies over the course of many decades and have, more recently, been applied 

in clinical applications98,99. However, the influence of GM-CSF on mouse tissues and 

organs other than BM has not been clearly defined.  

The spleen is a highly organized lymphoid organ and, as the largest filter of blood 

in the body, efficiently removes old, malformed, and damaged erythrocytes from the 

blood. The spleen also has important functions against the systemic infections of 

bacteria and other microbes. During the embryonic/fetal developmental periods, 

hematopoiesis mainly occurs in the fetal liver and spleen, whereas the BM is the 

major site of hematopoiesis after birth80. The spleen, however, remains the leading 

site of EMH induced by various hematopoietic stress, such as pregnancy, infection, 

and inflammation77. Animal studies have demonstrated that GM-CSF induces splenic 

myelopoiesis of DCs and macrophages100. Besides, splenocytes have been shown to 

differentiate into DCs and macrophages in vitro when co-cultured with splenic 

stromal cells101. However, the effect of GM-CSF on splenocytes in vitro and in vivo 

have not been clearly defined.  

As shown in the culture of BM cells with GM-CSF, it is expected that the culture 

of splenocytes with GM-CSF would generate certain myeloid cells, such as DCs and 

macrophages. However, the proportions of most types of hematopoietic cells, 

including DCs, were significantly diminished from the culture of splenocytes with 
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GM-CSF within one week, whereas the proportion of splenic eosinophils remained 

constant for longer than 10 days. During the culture of splenocytes with GM-CSF, 

eosinophils consistently express the specific surface marker Siglec-F as well as CCR3, 

a chemotactic receptor that contributes to the accumulation and activation of 

eosinophils at inflammatory sites, but no longer express granule proteins. This 

implies that, the number and/or content of granules in eosinophils can change by 

modifying the gene expression of eosinophil-derived granule proteins under 

inflammatory conditions. These eosinophils might be critical to carry out their roles 

in tissue damage/repair and immunomodulation.  

When the culture of splenocytes with GM-CSF were kept over 10 days, 

CD11b+CD11c+ cells were generated from the long-term culture with GM-CSF. 

These CD11b+CD11c+ cells could be separated into three populations based on the 

expression of MHCII on their surface. Unlike the differentiation of DCs differentiated 

by FLT3L in the BM culture, FLT3/FTL3L signaling has no effect on the production 

of CD11b+CD11c+ cells from the long-term culture of splenocytes. Among the three 

populations of CD11b+CD11c+ cell, MHCIIhi cells demonstrated dendritic 

morphology, weak endocytic/phagocytic activities, and strong antigen presenting 

abilities, which are the typical features of DCs. CD11b+CD11c+MHCIIint cells appear 

to exhibit macrophage-like features. In general, DCs are generated from the culture 

of BM with GM-CSF within one week, which is a widely used protocol to produce 

DCs. Notably, there was no difference in the expression levels of surface markers or 

antigen presenting capacity between those GM-CSF-induced DCs from the one-week 

culture of BM and the long-term culture of splenocytes, indicating that they are 

equally effective and functional DCs. Various populations of progenitor cells in the 

spleen were isolated and evaluated for their progenitor capacity of the de novo EMH 

of DCs in the long-term culture of splenocytes with GM-CSF. Then, the Lin-

CD117+CD115-CD16/32+ cells in the spleen were identified as the progenitor of DCs 
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in the long-term culture of splenocytes with GM-CSF. Since this progenitor of DCs 

in the spleen share similar surface markers with granulocyte-macrophage progenitor 

(GMP) in the BM, it will be interesting to compare and scrutinize the development 

and function of both progenitors. 

Also, GM-CSF was treated in vivo to observe the changes of cells in the spleen of 

C57BL/6 mice. Remarkably, when mice were injected with various hematopoietic 

cytokines, only those treated with GM-CSF generated a novel population of 

CD11c+MHCII+ DCs, named as GMiDcs, in the spleen. When isolated, GMiDCs 

were shown to form large clusters with dendritic morphology. GMiDCs upregulated 

the expression of genes associated with both DCs (Zbtb46, Irf4, Batf3) and Mo-DCs 

(Cd14, Csf1r, CD206), implying that GMiDCs are Mo-DCs. Phenotypically, Mo-

DCs express the surface markers, such as CD206, MHCII, CD11b, CD64, and CD115, 

characteristic to cDCs and/or macrophages33, thus it is difficult to clearly distinguish 

Mo-DCs from other myeloid lineages. However, there are clear differences between 

GMiDCs and classical DCs in the spleen, such as the high expression of CD115 and 

CD301b.  

Single cell analyses of splenocytes with CITE-seq showed that GMiDCs and pre-

GMiDCs developed from Ly6C+ classical monocytes. In addition, when the isolated 

classical monocytes were labeled with CFSE and adoptively transferred to mice, most 

of the CFSE-labeled cells differentiated initially to pre-GMiDCs and later to 

CD11b+CD115hi GMiDCs, confirming the origin and development of GMiDCs. The 

GM-CSF receptor, which consists of an α-subunit with a low affinity for GM-CSF 

and a β-subunit with a high affinity for GM-CSF, is expressed by most myeloid cells. 

GM-CSF receptor signaling in response to GM-CSF binding is dependent on the β-

subunit of the receptor53. The deletion of Csf2rb (GM-CSF receptor β-subunit) was 

found crucial for the development of GMiDCs. According to the data from mixed BM 

chimeras of Csf2rb+/+ and Csf2rb-/- mice, the differentiation of GMiDCs and pre-
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GMiDCs requires GM-CSF signaling through the GM-CSF receptor expressed in cis 

in their precursor cells, but not the differentiation of Ly6C+ and Ly6C- monocytes. 

However, unlike GMiDCs, other Mo-DCs are generated independently of GM-CSF 

during inflammation48. Interestingly, a recent study with a mouse model of 

experimental autoimmune encephalomyelitis (EAE) reveals that the conditional 

deletion of Csf2rb in CCR2+Ly6C+ classical monocytes inhibits the 

neuroinflammation, but not the conditional deletion of Csf2rb in other myeloid cells 

including cDCs and M-DCs102. Since Mo-DCs in the inflamed brain develop 

normally from classical monocytes independently of GM-CSF, the role of GM-CSF 

signaling is suggested to license an inflammatory program to classical monocytes 

before their becoming pathogenic Mo-DCs102,103. It is known yet whether Mo-DCs in 

the inflamed brain of EAE mice contain GMiDCs. However, current findings imply 

that the conditional deletion of Csf2rb in classical monocytes likely prevents the 

development of GM-CSF-dependent Mo-DCs in EAE mice, but not GM-CSF-

independent Mo-DCs. It also raises a possibility that GMiDCs or GM-CSF-dependent 

Mo-DCs might involve other immune diseases than allergies. 

Different subsets of DCs seem to have different ability to stimulate and polarize 

naïve CD4+ T cells into functionally distinct Th cells. GMiDCs were found 

significantly superior to cDC1s and cDC2s in the ability to stimulate CD4+ OT-2 T 

cells under the Th2-polarizing conditions in vitro, indicating that GMiDCs possess 

the ability to promote the Th2 immunity and thus play an important role in allergic 

responses. The allergic immune response begins with activation of allergen-specific 

Th2 cells by DCs, and the activated Th2 cells promote eosinophilic airway 

inflammation, mucus overproduction, and IgE synthesis104. In a mouse model of 

OVA-induced allergic airway inflammation, the sensitization with blood-borne OVA 

and the treatment with GM-CSF as adjuvant effectively developed the asthmatic 

symptoms, such as eosinophil accumulation and cellular infiltration into perivascular 
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spaces. However, when the same allergic sensitization and challenge was performed 

in Mgl2-DTR mice treated with DT, OVA-induced allergic airway inflammation was 

significantly inhibited, indicating that GMiDCs play a critical role in the allergic 

sensitization to blood-borne allergens. Similarly, the sensitization of mice with blood-

borne allergen under GM-CSF treatment developed severe anaphylactic reactions 

with extreme drops in body temperature and resulted in fatality. Individuals with 

allergic diseases are predisposed to the progressive development of allergies affecting 

different parts of the body and to multiple allergens105,106. In the current view of 

allergic sensitization and development107,108, DCs in or near barrier tissues are skewed 

and influenced by pro-allergic cytokines derived from allergen-stimulated barrier 

epithelial cells; the activation and CCR7-dependent migration of pro-allergic DCs to 

the draining LNs are essential for mounting allergen-specific Th2 polarization and 

subsequent allergic responses. However, in the present study, I discover that an 

allergenic subset of DCs, named GMiDCs, are newly generated prominently in the 

spleen under GM-CSF-induced conditions. Up to current knowledge, GMiDCs are 

the most abundant, authentic Mo-DCs in the spleen under any circumstances. Likely 

due to the unique role of spleen as a blood filter56,96, GMiDCs can function as highly 

effective APCs that orchestrate systemic immunity to blood-borne antigen. 

Remarkably, GMiDCs possess the exceptional capability of inducing Th2 responses 

and allergic sensitization to blood-borne allergen. Collectively, the present findings 

suggest that some, if not much, of the sensitization and progression of allergies may 

occur systemically through the presentation of allergens by GMiDCs in the spleen. 

Although many anti-cancer immunotherapies based on GM-CSF were promising 

in their early stages of development and clinical trials, most of them have eventually 

failed due to poor clinical benefits109,110. Therefore, GM-CSF is considered to have 

both immunostimulatory and immunosuppressive effects. The role of GM-CSF in the 

development of DCs is viewed as immunostimulatory, whereas its role in the 
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generation of myeloid-derived suppressor cells as immunosuppressive109. However, 

current work shows that GM-CSF preferentially induces Th2-polarizing allergenic 

GMiDCs, which likely limits anti-cancer immunity111. Interestingly, GMiDCs also 

boost Th1 responses effectively although weaker than Th2 responses. Therefore, DCs 

derived from GM-CSF-based immunotherapies are expected to play both 

immunostimulatory and immunosuppressive roles. Along with discovering allergenic 

GMiDCs, this study also provides clues to understand the complex roles of GM-CSF 

in inflammation and anti-cancer immunity. 
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Figure 50. Summary of the role of GM-CSF in differentiation and function of 

DCs in the spleen both in vitro and in vivo. (upper) CD11b+CD11c+ cells begin to 

proliferate in the long-term culture of splenocytes with GM-CSF. A distinct 

population of CD11b+CD11c+MHCIIhi cells is identified as DCs which can actively 

promote the proliferation of CD4+ T cells. (lower) In response to systemically 

treatment of GM-CSF, DCs that specifically express CD115 and CD301b are 

generated in the spleen. GM-CSF-induced DCs are derived from Ly6C+ classical 

monocytes and can uniquely induce CD4+ T cells to proliferate and express IL-4, in 

contrast to classical DCs.   
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V. CONCLUSION 

In this study, the effect of GM-CSF treatment on splenocytes was investigated 

under in vitro and in vivo settings. The results from in vitro and in vivo experiments 

revealed the distinct roles of GM-CSF affecting the homeostasis and differentiation 

of various splenic myeloid cells including DCs. It was notably observed from the in 

vitro culture of splenocytes with GM-CSF that eosinophils survived efficiently over 

10 days but lost their ability to produce granule proteins, while functionally potent 

DCs were generated de novo after between 2 to 4 weeks of the culture. 

In vivo treatment of mice with GM-CSF revealed the prominent generation of 

novel CD115hiCD301b+ GMiDCs in the spleen. Splenic GMiDCs were demonstrated 

to induce allergic sensitization to blood-borne antigens by polarizing and stimulating 

Th2 cells. Although the systemic sensitization and progression of allergies could 

occur through the presentation of allergens by GMiDCs in the spleen, the role of 

GMiDCs found in other tissues and organs are yet to be determined.  

In conclusion, GMiDCs in the spleen are recognized as previously unknown 

“allergenic DCs” that systemically orchestrate allergen-specific Th2 immunity and 

allergic responses.  
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ABSTRACT (IN KOREAN) 

 

비장 내 수지상세포의 분화와 기능에서의 

Granulocyte Macrophage-Colony Stimulating Factor의 역할 

 

<지도교수 남기택> 

연세대학교 대학원 의과학과 

류슬혜 

 

다양한 유형의 면역 세포 중에서 수지상세포는 T 세포를 자극하

고 후천면역을 제어하는 주요 항원제시세포이다. 다양한 조혈 싸이

토카인이 수지상세포를 여러가지 하위 집단으로 분화하는데 관여

한다. Granulocyte Macrophage-Colony Stimulating Factor (GM-

CSF)는 다양한 조혈세포 계통의 발달에 영향을 미치는 조혈 싸이

토카인이다. GM-CSF와 함께 골수세포를 배양하면 수지상세포를 

포함한 다양한 골수 세포가 생성된다. 그러나 GM-CSF가 다른 기

관과 조직의 수지상세포에 미치는 영향은 명확하게 정의되지 않았

다. 이 연구에서는 체내 가장 큰 림프 및 혈액 여과 기관인 비장의 

면역세포에 미치는 GM-CSF의 효과를 확인하였다. 
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비장세포를 GM-CSF 유무에 관계없이 배양하였을 때 T 세포, B

세포, 자연살상세포, 단핵구, 수지상세포를 포함한 대부분의 조혈세

포의 양이 점차 감소했다. 그러나 비장 호산구는 GM-CSF 배양에

서 10일 이상 완전히 생존했다. GM-CSF와의 배양 기간 동안 호산

구의 이동 능력은 유지되었지만 호산구의 증식을 촉진하지 않았으

며, 호산구에서의 과립 단백질의 발현은 억제되었다. 

10 일 이상 GM-CSF로 비장 세포를 배양 (즉, 장기 배양)하면 

CD11b+CD11c+ 세포가 생성되었으며, 그 중 MHCII 분자의 발현 

수준 (즉, MCHIIlo, MCHIImid, 그리고 MCHIIhi)에 따라 3개의 집단

으로 나눌 수 있었다. GM-CSF와 함께 비장 세포의 장기 배양에서 

생성된 CD11b+CD11c+ 세포는 FMS-like tyrosine kinase 3 ligand 

(FLT3L)와 FLT3 신호 전달과는 무관했다. 이 세 집단 중에서 

CD11b+CD11c+MCHIIhi 세포는 수지상 형태, 약한 세포 내 이입 

및 강한 항원 제시 능력을 가진 수지상세포로 확인되었다. 또한, 

GM-CSF와 함께 비장 세포의 장기간 배양에서 CD11b+CD11c+ 

MCHIIhi 수지상세포는 GM-CSF와 함께 골수세포를 1주일동안 배

양하여 생성된 골수세포유래 수지상세포만큼 효과적이고 기능적인 

항원제시세포였다. 이러한 결과는 수지상세포가 GM-CSF 의존적 

방식으로 비장 세포에서 천천히 새로 생성될 수 있음을 보여준다.  

그 다음으로 생체내에서 GM-CSF 처리가 수지상세포의 개발에 

미치는 영향을 조사하였다. C57BL/6에 GM-CSF를 전신적으로 처

리하였을 때 비장의 수지상세포가 극적으로 증가하였다. GM-CSF
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에 대한 반응으로 XCR1-33D1- 세포가 비장의 수지상세포 게이트 

내에서 새로 생성되었다.  새로운 비장 수지상세포의 하위 집단은 

표면에서 CD115 및 CD301b를 높게 발현하였으며 혈액매개항원

에 대한 CD4+ T 세포의 반응을 촉진하였다. 따라서 GM-CSF에 

대한 응답으로 생성된 새로운 CD115hiCD301b+ 수지상세포를 

GM-CSF-유도-수지상세포 (GMiDCs)로 이름 지었다. 이 GMiDCs

는 수지상형태를 보유하고 수지상세포의 주요 특징인 큰 클러스터

를 형성하였다. 단일 세포 mRNA 서열 및 입양 세포 전달 분석을 

통해 Ly6C+ 고전적 단핵구로부터의 GMiDCs의 분화를 확인하였다. 

GMiDCs의 분화를 위해서는 전구체 세포에서 GM-CSF 수용체의 

cis 발현을 필요로 한다. 항원 제시에서 GMiDCs는 기존 수지상세

포보다 CD4+ T 세포를 더 효과적으로 활성화였으며 특히, 

GMiDCs는 2 형 도움 T (Th2) 세포를 분극화 하는데 있어 뛰어났

다. 알레르겐으로 유도된 기도 염증 및 과민증 마우스 모델에서 

GMiDCs는 혈액매개알레르겐에 대한 전신 감작과 Th2 세포의 활

성화를 효율적으로 유도하였다.  

전체적으로, 이 연구는 GM-CSF에 반응하여 새롭게 생성된 

GMiDCs가 Th2 분극화 및 알레르기 민감성에서의 역할을 입증하

였다.  

 

핵심되는 말: 비장, 수지상세포, GM-CSF, 호산구, 2형 도움 T 세

포, 혈액 매개 항원, 항원제시세포 
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