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ABSTRACT

Identification of Dendritic Cell Precursors

in the Culture of Bone Marrow with Hematopoietic Cytokines

Hyunju In

Department of Medical Science
The Graduate School, Yonsei University

(Directed by Professor Jun-Young Seo)

Dendritic cells (DCs), key sentinels, play crucial parts in a variety of immune
responses by capturing and presenting antigens to nawe T cells and by
producing the subsequent T cell activation or tolerance. In vitro culture systems
of DCs have been widely used to study DC biology and immunology. The
culture of bone marrow (BM) in the presence of a hematopoietic cytokine, Fms-
like tyrosine kinase 3 ligand (FLT3L), produces plasmacytoid DCs (pDCs) and
classical DCs (cDCs) showed phenotype similar to steady state DCs, whereas
the culture of BM with granulocyte-macrophage colony-stimulating factor
(GM-CSF) generates DCs and macrophages considered to possess
inflammatory phenotypes. In the present study, the culture of BM was examined
with both cytokines, i.e., FLT3L and GM-CSF in combination and 4 different
subsets were identified in CD11c*MHC 11" cells. Meanwhile, in the culture of
BM with FLT3L, MHC 1I"" classical DC2s (cDC2s) were identified as a



heterogeneous subset with the additional use of hematopoietic markers.
CD11c*MHC II" cells in FLT3L conditioned BM culture were identified as at
least three different subsets and a novel population of CD11c*MHC 11" cells
were discovered which are possess a limited capacity of antigen-presenting
activity and superior capacity of taking up antigens, suggesting functionally
immature DCs. This novel population from the BM culture with FLT3L was
isolated and evaluated for its potential to differentiate to DCs in the BM culture
containing both FLT3L and GM-CSF. As a result, the novel immature DC-like
cells in CD11c*MHC 11" cells from BM culture with FLT3L can be activated
and differentiate into mature or activated DCs, which means that the novel
population is an immediate precursor cell for DCs. Furthermore, the
morphology of each subset in CD11c*MHC 11" cells was illustrated and showed
distinct characteristics. Consequently, the presence of the novel population of
DC precursors in the in vitro culture system of DCs was demonstrated. At the
transcriptional level, the newly discovered subsets in CD11c*MHC 11" cells
were analyzed by RNA sequencing. In addition, to figure out the ontogeny of
each subset, hematopoietic progenitors were cultured in the same condition that
yield the MHC 11" cell subsets. Collectively, in the current study, the novel
populations and the novel DC precursors generated from BM culture in
presence of FLT3L were identified for the first time. In summary, heterogeneity
in CD11c*MHC II* FLT3L-derived cDCs were unveiled.

Key words : Dendritic cells, Antigen presenting cells, FLT3L, GM-CSF, Bone

marrow, Bone marrow culture, Dendritic cell precursors
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Identification of Dendritic Cell Precursors

in the Culture of Bone Marrow with Hematopoietic Cytokines

Hyunju In

Department of Medical Science

The Graduate School, Yonsei University

(Directed by Professor Jun-Young Seo)

I. INTRODUCTION

1. Discovery and history of dendritic cells

Dendritic cells (DCs) were first discovered by Ralph M. Steinman and Zanvil
A. Cohn at 1973%. When closely investigating splenocytes, Steinman discovered
novel cells shaped like tree which are morphologically distinct from
macrophages and other cells. He named them as dendritic cells, taking after the
Greek word ‘dendreon’ which translates as ‘tree’. At the time he discovered
DCs, researchers had no conception regarding an immune response utilizing
antigen process and presentation. Scientists noticed that lymphocytes were not
enough to have the capacity to initiate immune responses following exposure to
antigens and as a result, accessory cells, so called A or 3 cells, were needed.
But they did not understand the nature of these cells and rather regarded the
cells were some types of macrophages®. However, Steinman succeeded at
purifying DCs and proved DCs were the most potent accessory cells when it
comes to stimulating T lymphocytes in primary mixed lymphocyte reactions®
(MLRs). In late 1970s and 1980s, monoclonal antibodies targeting DCs



specifically had been developed and became feasible to study DC biology
extensively by many immunologists®. With their efforts, the significance of DCs
have been widely accepted.

Today, DC based therapy and DC vaccines are extremely studied in
immunotherapy, which will eventually shed some lights on combating various
diseases including cancer in the near future®. For his discovery of the DC and its
role in adaptive immunity, Steinman was awarded the 2011 Novel Prize in

Physiology or Medicine.

2. Characteristics of dendritic cells

Antigen presenting cells (APCs) such as DCs and macrophages are important
players mediating innate and adaptive immunity. Particularly, DCs are the most
potent professional APCs that stimulate and induce the proliferation of naive T
cells®7. DCs have specialized cellular machineries to process antigens and
present them to lymphocytes for subsequent immune responses.

DCs are usually located in almost all organs and tissues, from lymphoid to
peripheral tissues where they can collect a variety of antigens. They are
disposed in areas such as skin and gut and they are exposed to antigens there.
Besides, DCs located in lymph nodes a specific manner to take lymph borne
antigens and offer antigen information to the other cells. By capturing antigens,
processing them and present them to lymphocytes, DCs initiate immune
responses and regulate the balance between immunity and tolerance.

Hematopoietic cells have their unique morphology and DCs can also be
distinguished by their shape which is non-adherent clusters of round cells

having dendrites or pseudopods®®.

3. Dendritic cell subsets
DCs can be classified into several subsets. Generally, classical DCs (cDCs),
plasmacytoid DCs (pDCs), monocyte-derived DCs (Mo-DCs), langerhans cells
(LCs). They are further divided into subpopulations within tissues by the



combination of surface markers they express, functions and ontogeny (Figure 1).

cDCs are commonly defined by the expression of CD1lc, MHC Il and
transcription factor Zbtb46° and found in various organs and tissues through
the body. cDCs are the predominant subset among DCs, capable of sensing
danger signals and capturing various form of antigens to induce subsequent
immune responses. Functionally, cDCs prime and polarize nave T cells and
they are further divided into cDC1 and cDC2 based on their phenotype, function
and location. Classical DC1s (cDC1s) are originally classified as CD8"CD11b
DCs in lymphoid tissues, and CD103* DCs in non-lymphoid tissues. Recently,
XCR1 was applied as a universal marker for cDC1s, since it is expressed both
in lymphoid and non-lymphoid tissues of both mice and humans. 1rf8 and Batf3
are known as global regulators of cDC1 generation'**3, cDC1s are specialized
in cross-presentation, which means the activation of CD8* T cells by exogenous
antigens!*. Classical DC2s (cDC2s) exhibit CD8"CD11b*CD1720* phenotype
and and Irf4 and RelB are implicated in cDC2 development?®. Recent studies
showed that Kruppel-like factor 4 (KIf4) is required in IRF4-expressing cDC2s
to promote helper T cell responses in vivo®®,

CD11c¢™CD11b SiglecH*B220*mPDCA-1* pDCs express MHC II, CD86,
Sca-1, Ly6C and CCR9 in an activation and/or subset-specific mannert’-°,
Functionally, pDCs produce large amounts of type | interferon (IFN) and
proinflammatory cytokines in response to pathogens'’!®. Thus, pDCs are the
specific DC subsets which are specialized to defend host against exogeneous
pathogens like viruses.

Under inflammatory or infectious states, DCs originated from monocytes
rapidly infiltrate lymphoid and non- lymphoid tissues. Monocyte-derived
dendritic cells (Mo-DCs), also known as inflammatory DCs, express MHC 1l
and CD11c, like cDCs, but also express markers for monocytes and
macrophages such as CD11b, Ly6C, CD209a and CD115%,
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Figure 1. Characteristics of DC subsets. Representatives are common markers

and functions of cDC1s, cDC2s, pDCs and Mo-DCs in summary.



4. Dendritic cell function

The key cellular player in translating innate information into adaptive
immunity is DC family. DCs express a large repertoire of pattern recognition
receptors (PRRs) and, in response to signals from these receptors, undergo a
profound phenotypic and functional transformation, which is called maturation.
DC activation, maturation, enables DC to become immunogenic APCs
competent to sustain the expansion and differentiation of naive T cells into
appropriate effector cells?2%, DCs activated by pathogen will normally present
high levels of MHC molecules bearing pathogen-derived peptides, which can
engage T cell receptors on nawe T cells. This delivers the first activating signal
to the T cells and is referred to as ‘signal 1’. DCs activated by pathogen
encounter also express various co-stimulatory molecules on cell surface, which
lead ligation between co-stimulatory molecules and receptors on T cells and
then give signals important for proliferation and survival of T cells (signal 2).
Finally, activated DCs also produce mediators such as cytokines that act on the

T cells to promote their differentiation into an effector cells (signal 3)%.

5. Dendritic cell development

DCs are constantly being generated and replaced from precursor cells or
progenitor cells which are generated from hematopoietic stem cells (HSCs)
(Figure 2). Initially, it was considered obvious that DCs would be myeloid-
lineage cells. DCs have many similarities to macrophages, can be generated in
culture from monocytes, and are clonally associated with granulocytes and
macrophages in colonies of bone-marrow cells that are grown under the
influence of the ‘myeloid’ hormone GM-CSF?. It was therefore surprising
when a lymphoid restricted precursor cell that was isolated from mouse thymus
could generate DCs?. It was first assumed that this was the basis of cDC
heterogeneity, with lymphoid precursors generating CD8" c¢cDCs and myeloid

precursors generating CD8 ¢DCs.
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Figure 2. Schematic view of development and ontogeny of DC. DC subsets
with distinct functions and markers are generated from BM progenitors and
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counterparts arise through a multistage process.



In bone marrow (BM), developmental pathway of HSCs mainly splits into
two branches, common myeloid progenitors (CMPs) and common lymphoid
progenitors (CLPs)?"# (Figure 2). DCs are derived from common DC
progenitors (CDPs) in BM, where CDPs and monocytes are derived from
monocyte and DC progenitors (MDPs)?. CDPs are clonogenic precursor cells
which have lost the potential to differentiate into macrophages or monocytes
and exclusively produce pDCs and cDCs. CDPs also give rise to pre-classical
DCs (pre-cDCs), which are circulating cDC-restricted progenitor cells that have
lost the potential to differentiate into pDCs. Then pre-cDCs differentiate into
cDCs in FLT3 ligand (FLT3L)-dependent manner in the steady state®’, ¢cDCs
further differentiate into cDC1s via Irf8 and cDC2s via Irf4. CDPs can also
develop into pDCs by FLT3L. In addition, a recent study revealed that CLPs
can differentiate into pDCs by the expression of Ragl gene. Therefore, pDCs
can be generated from both myeloid and lymphoid lineages.

Monocytes, another cell originating from MDPs and common monocyte
progenitors (cMoPs), also can be converted into DCs, i.e., monocyte-derived
DCs (Mo-DCs), during inflammatory condition caused by microbial infection3!,
as well as upon treatment of important hematopoietic cytokine for survival and
proliferation of various hematopoietic cells, granulocyte macrophage-colony
stimulating factor (GM-CSF)*? and IL-4. Thus, monocyte-derived DCs arise
independently of FLT3/CD135.

FLT3L, GM-CSF and M-CSF are essential cytokines which are involve in
the differentiation of myeloid cells. MDPs express both FLT3 (CD135) and M-
CSF receptors (M-CSFR, CD115). However, at the downstream of MDPs,
when progenitors are committed to a certain lineage of cells, only specific
receptors for cytokines remain. CDPs maintain the expression of FLT3 but lose
M-CSFR. In contrast, cMoPs maintain the expression of M-CSFR but not FLT3.
Taking into account the correlation of these expression pattern of cytokine

receptors, FLT3L and M-CSF are important in normal development of DCs and



monocytic lineage cells. Mice lacking FLT or FLT3L have deficiencies in DCs,

whereas M-CSF knock out mice show deficiencies in monocytic lineage cells®.

6. Dendritic cell culture in vitro

DCs are efficiently generated from BM following in vitro culture typically
with GM-CSF for a week, which has been a standard way to produce BM-
derived DCs (BM-DCs) for various experiments’343, and the resultant DCs
exhibit a myeloid-like phenotype. From late 1980s and early 1990s, the culture
method to generate in vitro DCs with GM-CSF was commonly and widely used
by countless researchers. But not all cells generated from BM culture through
this method are DCs, whereas in the BM culture with GM-CSF, monocyte-
derived macrophages resembling immature DCs also develop in addition to
monocyte-derived DCs. With FLT3L, BM cells are also able to produce DCs
which are similar to steady state DCs like pDCs, cDC1s and cDC2s. Recent
studies reveal that c¢DC2s in vivo are heterogeneous population by
transcriptional approaches. In case of DCs generated from BM culture with
FLT3L, researching cDC2 heterogeneity is also needed to be performed. In this
study, heterogeneous nature of cDCs generated from BM culture with FLT3L
was demonstrated. Some researchers investigated DC culture with using both
cytokines important to differentiation and survival for DCs, GM-CSF and
FLT3L%. Combination of two cytokines yields novel cDC2 types in vivo and in
vitro and they are shown to prevent inflammation and inflammation-caused
diseases. By using DC culture in vitro, regulated homogeneous character of
cells can be obtained and can be applied to various experiments. The
importance of in vitro culture DCs is to investigate DC vaccines and to improve
immune therapy. However, DCs existed in human peripheral blood are
approximately 0.1~1% of white blood cells so that enrichment or expansion of
DCs is needed®’. In clinical approaches, it is feasible to making large amount of

DCs through DC culture in vitro.
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Il. MATERIALS AND METHODS

1. Mice

C57BL/6 mice were purchased from the Orient Bio (Seongnam, Korea).
C57BL/6-Tg (Tcra Tcrb) 1100Mjb/J (OT-1), B6.Cg-Tg (Tcra Tcrb) 425Chn/J
(OT-2), and B6.SJL-PtprciPepc®/BoyJ (CD45.1) mice were obtained from the
Jackson Laboratory (Bar Harbor, ME, USA). CD45.1" OT-1 and CD45.1* OT-2
mice were bred in house. Animal care and experiments were carried out
according to the guidelines and protocols set and approved by the Institutional

Animal Care and Use Committee of the Yonsei University College of Medicine.

2. Antibodies and reagents

The following fluorochrome-conjugated antibodies were purchased from
BioLegend (San Diego, CA, USA): anti-CD3, anti-CD4, anti-CD8, anti-CD11b,
anti-CD11c, anti-CD14, anti-CD19, anti-CD24, anti-CD45.1, anti-CD45.2, anti-
B220/CD45R, anti-TCRp, anti-TCR Va2, anti-CD62L, anti-CD80, anti-CD83,
anti-CD86, anti-CD103, anti-CD115, anti-CD117, anti-CD135, anti-CD172a, ,
anti-CD301a, anti-CD301b, anti-CCR9, anti-PD-1, anti-BTLA, anti-CCR2,
anti-CCR3, anti-CCR7, anti-CXCR5, anti-CX3CR1, anti-Zbtb46, anti-Clec9a,
anti-MHC |, anti-I-A/I-E (anti-MHC 11), anti-NK1.1, anti-CD49b, anti-Ly6C,
anti-Ly6G, anti-Grl, anti-F4/80, anti-TER119. Anti-CD209a antibody was
purchased from eBioscience (San Diego, CA, USA) and anti-CD209b was
purchased from Invitrogen (Carlsbad, CA, USA). CellTrace™ CFSE or
CellTrace™ violet (CTV) Cell Proliferation Kits and LIVE/DEAD™ Fixable
Yellow, Blue, Far Red Dead Cell Stain Kits were purchased from Thermo
Fisher Scientific Korea (Seoul, Korea) and were used according to the
instructions provided by the manufacturers. FITC-conjugated ovalbumin,
Rhodamine-Phalloidin (R415), GRASP65 polyclonal antibody (PA3-910) and
MitoTracker™ Red CMXRos were purchased from Invitrogen. Fluoresbrite®

yellow green microspheres (YGM) 1.00 um beads (Polysciences, Warrington,
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PA, USA) were purchased and sterilized by washing according to the
instruction provided by the manufacturers. Ovalbumin and LPS were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Mouse GM-CSF and FLT3L were
produced and purified in house as described previously®%, Anti-Calnexin
antibody was purchased from Abcam (Cambridge, UK) and CpG ODN 2216
(TLRGRADE®) was purchased from Enzo Life Science (Farmingdale, NY,
USA) and used according to the instructions provided by the manufacturers.
Poly I:C HMW was purchased from InvivoGen (San Diego, CA, USA) and

used according to the manufacturers’ instructions.

3. Antibody purification and labeling

To purify mAbs 2A1 and L5 (the isotype control of 2A1 antibody)®, the
cultured supernatants of individual hybridomas were collected, filtrated before
purification, the mAbs were purified with protein G (Pierce, Rockford, IL; GE
Healthcare, Piscataway, NJ) column and then concentrated using Amicon®
Ultra-4 Centrifugal Filter (Millipore, Burlington, MA, USA), according to the
manufacturers’ instructions. Quality check for purified mAb 2Al was
performed by BCA assay to quantify the amount of protein and by gel
electrophoresis followed Coomassie Blue staining to check purity. Homemade
mAb 2A1 was fluorescently labeled using Alexa Fluor™ 488 Antibody
Labeling Kit (Invitrogen) or Alexa Fluor™ 647 Antibody Labeling Kit

(Invitrogen) according to the manufacturers’ instructions.

4. Bone marrow cell culture
Mice were euthanized by asphyxiation in a CO, chamber. Bone marrow
cells were isolated from femurs and tibias of C57BL/6 mice at 8-14 weeks of
age under sterile conditions as described® #4142, with some modifications. After
lysing erythrocytes with RBC lysis buffer (Biolegend), single cell suspension of
BM cells was generated by sieving the sample through cell strainers (100 pm,

SPL Life Sciences, Pocheon, Korea). Then cells were counted and cultured for
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8-10 days at 1<10° per well for GM-CSF or 2<10° cells per well for FLT3L
culture in 24-well tissue culture plates with DMC7 containing hematopoietic
cytokines as described previously**3. During the culture, half of the medium in
each well was carefully removed and replenished with fresh FLT3L or GM-CSF
conditioned media every 2 days until harvest for use in subsequent experiments.

5. Flow cytometry

Single cell suspensions were prepared from mouse tissues or culture and
were incubated in the culture supernatant of Fc receptor blocking 2.4G2
hybridoma cells for 20 minutes at 4°C followed by washing with FACS buffer
(DPBS containing 2% FBS, 2mM EDTA and 0.1% sodium azide). Then, cells
were incubated with appropriate cocktails of fluorochrome-conjugated mAbs
and dead cell staining dye for 30 minutes at 4°C. For intracellular staining, cells
were stained for surface markers as above followed by fixation,
permeabilization and staining intracellular molecules with conjugated mAbs
according to the manufacturers’ instructions (Fixation buffer/Intracellular
staining permeabilization wash buffer, Biolegend). Multiparameter analysis of
each sample was performed on LSRFortessa™ flow cytometer (BD Biosciences,
San Jose, CA, USA) and flow cytometric isolation of cells was performed on
BD FACSAria™ I1I 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).

6. RNA sequencing analysis
Cells from BM culture were stained and sorted according to the suitable
gating strategy with FACSAria™ Il cell sorter as described above. For each
population, total RNA was extracted by MiniBEST universal RNA extraction
kit (TakKaRa Bio, Shiga, Japan) from at least 1><10° isolated cells. Subsequent
RNA-seq procedures and analysis were performed by Macrogen (Seoul, Korea)

as follows: Reverse transcription of mRNA and generation of cDNA libraries
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were carried out with SMARTer Ultra low input RNA library Kit and sequences
with lllumina NovaSeq (lllumina, 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 (mm210) using
HISAT v2.1.0. After alignment, StringTie v1.3.4d was used to measure the
relative abundances of genes in FPKM (Fragments Per Kilobase of exon per
Million fragments mapped). 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
dissimilarity. Hierarchical clustering analysis was also 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. Data analysis and visualization of differentially expressed

genes was conducted using GraphPad Prism 8 (GraphPad Software, La Jolla,
CA) R 3.5.1 (https://www.r-project.org), Multiple Experiment Viewer software
(MeV), and Morpheus software (https://software.broadinstitute.org/morpheus).
Some data was analyzed using ExDega (e-biogen, Seoul, Korea). Venn diagram

analysis was performed in (http://www.interactivenn.net).

7. Microscopic analysis

On day 8-9, culture of bone marrow was harvested by gentle pipetting and
stained with appropriate fluorochrome-conjugated antibodies. Cells were sorted
through proper gating strategies by FACS sorting with FACSAria™ |l cell
sorter. Obtained cells were cultured in DMC7 media supplemented with proper
hematopoietic cytokines, GM-CSF and FLT3L on 96-well flat-bottom cell
culture plate or 48-well culture plate overnight. Phase-contrast observations of
cultures were made by means of eclipse TS100 microscope (Nikon, Tokyo,
Japan) at 400 x magnification. For staining 10° cells were prepared on slides by

cytocentrifugation (Cytospin 4, Thermo scientific) at 650rpm for 5 minutes. For
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fluorescent staining, cells attached on slides were blocked with 2.4G2 for 15
minutes and 10% normal goat serum for 1 hour and then M.O.M.® (Mouse on
Mouse) blocking reagent (Vector Laboratories, Inc., Burlingame, CA, USA) for
1 hour at room temperature. Primary antibody staining was performed for 2
hours at room temperature or overnight at 4°C, followed by secondary antibody
staining for 1 hour at room temperature. Then the sections were stained with
conjugated antibodies for 1 hour at room temperature and mounted with Dako
fluorescence mounting medium (Dako, Santa Clara, CA, USA). The images
were acquired immediately after staining with the Carl Zeiss LSM700 confocal
microscope using 40X and 60X objectives or were taken by IX73 fluorescent
inverted microscopes (Olympus, Tokyo, Japan).

8. Treatment of TLR agonists

For titration of working concentration of LPS, graded doses of LPS were
added on BM culture at culture day 8; 1 pg/ml, 100 pg/ml, 10 ng/ml, 1 pg/ml.
After 18 hours of incubation, cells were harvested, washed and analyzed using
flow cytometry. 1 pg/ml of LPS was used for in vitro DC stimulation unless
otherwise noted. 1 uM of CpG or 1ug/ml of poly I:C was added on BM culture
at day 8. After 18h of incubation, cells were harvested, washed and stained with

fluorescently labeled antibodies for flow cytometric analysis.

9. Antigen uptake

Culture of BM was treated with 100 pg/ml FITC labeled OVA or 0.000675%
YGM beads for 1 hour at 37 °C or at 4 °C as control. Then, each sample was
washed twice with cold DMEM and further blocked with Fc receptors and
stained with the appropriate mixture of dead cell staining dye and
fluorochrome-conjugated antibodies prior to being analyzed with a flow

cytometer as described above.
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10. Antigen presentation and T cell proliferation

To prepare APCs, cells were pulsed with 100 pg/ml of OVA on culture plates
at 37°C. After 30 minutes of pulsing, suspending cells were harvested by gentle
pipetting and washed thoroughly. To obtain specific populations among culture,
cells were fluorescently labeled and sorted by FACS cell sorter. Splenic T cells
from CD8* OT-1 and CD4* OT-2 mice were enriched after Fc block by
excluding CD19*, CD49b*, MHC II*, F4/80*, NK1.1*, Ly6G* and CD4* (for
OT-1) or CD8" (for OT-2) splenocytes using appropriate biotinylated Abs and
anti-biotin Dynabeads® (ThermoFisher Scientific Korea). Enriched T cells were
labeled with CFSE or CTV at 37°C for 10 minutes, washed and 2.5<10* T cells

were cultured with APCs at various ratios in the complete media containing
57.2 uM B-mercaptoethanol (Sigma-Aldrich, St. Louis, MO, USA) for 3-5 days.

To check changes of T cell proliferating ability under LPS stimulation, APCs
were sorted and co-cultured with CD8" OT-1 or CD4* OT-2 T cells in the
presence of 10 pg/ml OVA and 0 pg/ml or 1 pg/ml LPS. After 3 days or 5 days
of incubation, T cell proliferation was assessed by the dilution of CFSE or CTV.

11. Detection of MHC class I molecules complexed with OVA epitope
peptide pOT-1

At culture day 7 or 8, FL-BM culture were incubated in the presence of 100
mg/ml of endotoxin-free OVA (EndoFit Ovalbumin, InvivoGen) or 1 mg/ml of
OT-1 peptide (pOT-1, SIINFEKL) for 18 hours at 37°C. For a control, 1 mg/ml
of pOT-1 was added on culture for 1 hour on ice. To determine the surface
levels of H2-Kb bound to pOT-1, cells were incubated with mAb 25-D1.16 on

ice for 30 min, washed, and then analyzed by flow cytometry.

12. Progenitor study
BM pre-cDCs were sorted with FACSAria™ |1 cell sorter as in proper gating
strategy; Lin"CD11b'CD11c*MHC II' CD135* (Lin; CD3, CD19, CD49b,
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CD115, CD117, Sca-1, Ly6C, Ly6G). 5x10* of sorted BM pre-DCs were
cultured with FLT3L for 3 days or 6 days. 2><10° of whole BM cells without

RBCs from CD45.1 mice were co-cultured as filler cells. At culture day 2 or day
5, LPS was added on culture to stimulate cells. After 18 hours of incubation,
cells were harvested, washed, analyzed by flow cytometry. Filler cells and cells
derived from sorted pre-cDCs were distinguished by the expression of CD45.1
or CD45.2 on cell surface. BM monocytes were sorted according to the gates as
in followed; Lin'CD115'CD11b*Ly6GLy6C" (Lin; CD3, CD19, CD49b,
CD117, Sca-1, NK1.1, CD11c, MHC II, CD135). BM cMoPs were sorted
according to the gates as followed; Lin"CD117*CD115*CD16/23*CD34*
CD135Ly6C* (Lin; CD3, CD11b, CD11c, CD19, CD49b, Sca-1, NK1.1, B220,
TER119, MHC 1I, Ly6G). CDPs were sorted as in gates followed; Lin
CD117™CD115*CD135* (Lin; CD3, CD11b, CD11lc, CD19, CD49b, Sca-1,
Ly6C, Ly6G, MHC Il, B220, IL-7Ra). All sorted progenitor cells were cultured

with the aids of whole BM filler cells from CD45.1* mice.

13. Transmission electron microscopy
Cells were fixed with 2% Glutaraldehyde and 2% Paraformaldehyde in 0.1M
phosphate buffer (pH 7.4) for 12 hours; washed with 0.1M phosphate buffer;
post-fixed with 1% OsO4 in 0.1M phosphate buffer for 2 hours; dehydrated
with a series of ascending ethanol (50, 60, 70, 80, 90, 95, 100, and 100%) for 10
minutes each; infiltrated with propylene oxide for 10 minutes. Then, specimens
were embedded with a Poly/Bed 812 kit (Polysciences) and polymerized in an
electron microscope oven (TD-700, DOSAKA, Japan) at 65°C for 12 hours.
The block was cut with a diamond knife in the ultramicrotome into 200 nm
semi-thin section and stained toluidine blue for observation of optical
microscope. The region of interest was then cut into 80 nm thin sections using
the ultramicrotome, placed on copper grids, double stained with 3% uranyl

acetate for 30 minutes and 3% lead citrate for 7 minutes, and imaged with a
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transmission electron microscopy (JEM-1011, JEOL, Tokyo, Japan) at the
acceleration voltage of 80 kV equipped with a Megaview Il CCD camera (Soft

Imaging System, Germany).

14. Statistical analysis
Experiments with multiplicate samples were analyzed for statistical
comparisons between different groups using with ANOVA and unpaired
Student’s t-test using GraphPad Prism 5 (GraphPad Software, La Jolla, CA).
Statistical significance is denoted by the p values equal or below 0.05 (*), 0.01
(**), and 0.001 (***). Data were plotted for graphs with GraphPad Prism 5 and
GraphPad Prism 8.
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I1l. RESULTS
1. A specific marker for DCs, 2Al

2A1 is one of the mAbs generated by early efforts® to produce new reagents
that specifically detect DCs in the culture of BM with GM-CSF as well as in
lymphoid tissues in situ. However, its targets express inner cell space so that
more efforts are needed to access intracellular regions. Moreover, molecules
that 2A1 binds is unknown so far, albeit I’ve studied extensively to figure out
what 2A1 targets by numerous ways. Although 2A1 has weakness to study cells
alive, there are also some advantages that 2A1 can mark highly mature DCs or
activated DCs which are expressing MHC Il abundantly. In this study, 2A1 was
purified by chromatographic methods from 2Al secreting hybridoma cells,
labeled with fluorescence and utilized to various experiments to unravel the

complexity of DC biology.

2. 2A1 Antigen is highly expressed in DCs generated from the culture of
BM with GM-CSF

Monoclonal antibody (mAb) 2A1 was demonstrated to detect DCs expressing
high levels of MHC class Il molecules (MHC 11" DCs) in the culture of BM
with GM-CSF*#4, However, the use of mAb 2A1 in research has been rare
because the antigen (from now on also named as “2A1”) recognized by mAb
2A1 is localized intracellularly®>444 and requiring the permeabilization of cell
membranes prior to the flow cytometric detection (Figure 3). Consequently, the
expression of 2A1 has not been fully investigated in DCs from various subsets
and tissues. To examine the expression of 2A1 accurately, highly pure mAb
2A1 was prepared from the culture of 2A1 hybridoma in the media containing
fetal bovine serum with ultra-low IgG content (Figure 4) and then mAb 2A1
was conjugated with fluorescent dyes in house. With this newly produced
reagent, cells in the culture of BM with GM-CSF for their expression of 2A1
were first examined (Figures 5 and 6). Although 2A1 was hardly detected from
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BM cells in the beginning, about 15% of the cells expressed high levels of 2A1
after 8 days of culture with GM-CSF (Figure 5A). Virtually all the cells with
high levels of 2A1 expression (2A1" cells) were identified as GM-DCs (DCs
derived from BM culture with GM-CSF*) and nearly all the GM-DCs were
2A1" cells (Figures 5B and 5C). Accordingly, GM-Macs (macrophages derived
from BM culture with GM-CSF*®) hardly contained any 2A1" cells. More
abundant expression of 2A1 in GM-DCs was similarly observed in the
expression of co-stimulatory molecules such as CD80, CD83, and CD86, while
CD11b, CD115, and CX3CR1 were more abundantly.
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BM cells cultured with FLT3L (CD11c* cells at day 9)

Permeabilized

Non-permeabilized

2AM1

MHC I

Figure 3. 2A1 express intracellular region of DCs in BM culture. CD11c*
cells were analyzed at FLT3L culture day 9. Top, cells were stained with 2A1 after
fixing and permeabilizing cells, bottom, 2A1 staining was performed without fixation

and permeabilization.
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Figure 4. Quality check for home-made mAb 2A1. Hybridoma cells secreting
mAb 2A1 were culture in the presence of normal FBS or Ultra low IgG FBS.
2A1 antibody was purified by chromatographic way using protein G beads from
culture supernatant containing mAb 2A1. Same amount of purified 2A1 from
both conditions were stained with Coomassie Blue to check the quality. In the

normal FBS condition, nearly half of the proteins are bovine antibodies

originated from FBS.
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Figure 5. 2A1 expression on cells from BM culture with GM-CSF. (A)
Kinetics of CD11c*2A1" cell development from GM-CSF-supplemented BM
culture. Day 0 data were generated from freshly isolated BM cells. (B)
Distribution of 2A1" cells in GM-CSF cultures at day 8. Shown are the results
of a representative experiment out of ten independent experiments performed.
(C) Phenotype of GM-CSF cultures at day 8. GM-DCs, GM-Macs are gated.
Filled black histograms mean isotype controls of each marker. Representative
flow cytograms are from at least 4 independent experiments.
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BM cells cultured with GM-CSF (Day 8)

Total Singlet Live

SSC-A
Live/Dead

CD11e” ¥ GM-Macs & GM-DCs

CD11e

MHC Il MHC Il

Figure 6. Gating strategy for BM culture with GM-CSF. BM cells are
cultured with GM-CSF, harvested, stained, and analyzed on culture day 8.
CD11c" cells in green pentagon indicate GM-Macs and CD11c* cells in purple
pentagon are GM-DCs. Representative flow cytograms are from 5 independent

experiments.
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3. 2A1M cells are found in MHC 11" DC subsets in the culture of BM with

FLT3L

When BM cells were cultured with FLT3L for more than a week, most of
cells in the culture become CD11c* DCs (Figure 9). Cells in the culture of BM
with FLT3L were also examined for their 2A1 expression and 2A1" cells were
composed approximately 10% of the cells after 9 days (Figure 8A). All those
2A1" cells in the culture of BM with FLT3L were found in MHC 11* ¢DCs and
no 2A1" cells were in MHC II- pDCs (Figure 8B). Interestingly, a vast majority
(about 90%) of 2A1M cells was identified as cDC2s and the other small fraction
(about 10%) was cDC1s (Figures 8B and 11A), although about 20% of cells in
the cDC2 subset were 2A1" and less than 10% in the cDC1 subset were 2A1"
(Figure 4B). To further understand the distribution of 2A1" cells among the
cDC subsets, cDCs were examined based on their levels of MHC Il expression.
In the culture of BM with FLT3L, about 20% of cDCs belonged to the cDC1
subset and the other 80% of cDCs belonged to the ¢cDC2 subset. However,
almost 95% of MHC 11" ¢cDCs were cDC2s whereas less than 50% of MHC [1%
cDCs were cDC2s (Figure 11A). Meanwhile, almost entirely all 2A1" cells
were found to be MHC II" c¢DCs (Figure 11A) and MHC II"" ¢cDCs were
composed of about 30% of 2A1" cells and around 70% of 2A1" cells (Figure
11A). These observations suggest that the high expression of MHC Il is
necessary but not sufficient for cDCs to become 2A1" regardless of cDC subset.

Although the antigen that 2A1 targets were unknown so far, there are some
early researches using 2A1 mADb to stain DCs and lymphoid tissues such as LNs
and spleen. 2A1 specifically labels MHC Il DCs arise from BM culture with
GM-CSF?>* and stains T cell zones or DC-rich regions in LNs and spleen®. As
a result, the localization within culture DCs is to be elucidated. To illustrate the
subcellular location of 2A1, various markers that label cellular organelles were
used with 2A1 (Figure 10). In the culture of BM with FLT3L, cells that highly

express 2A1 have relatively small amount of cytoplasmic contents. 2A1 locates
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through space near the nucleus to the plasma membrane, showing granule-like
shapes (Figure 10, left 2" and left 3'). However, the intracellular localization of
2A1 seemed quite ambiguous because none of organelle markers overlapped
with 2A1 stain (Figure 10). Ribosome and lysosome can be potent candidates
for subcellular regions that 2A1 exists so that further study would be needed to
delineate the accurate cellular localization of 2A1.

The findings above indicate evidently that, within MHC 11" ¢DCs in the
culture of BM with FLT3L, there are at least 2 distinct populations, i.e., 2A1"
cDCs and 2A1" cDCs (Figure 7). To further elucidate those distinct cDC
populations, the expression of surface molecules with relationship to the
intracellular level of 2A1 were extensively examined. (Figure 12) Then the
following was found that, among MHC II" ¢cDCs, the high expression of CD83
was strongly correlated with the high levels of 2A1 (Figure 11B), and virtually
all the cDCs expressing CD115 and/or CXsCR1 were 2A1"° (Figure 11C).
Accordingly, MHC 11" ¢DCs were classified into three different populations:
CD115*CX3CR1*CD83 2A1" ¢DCs, CD115CX3;CR1CD83 2A1" cDCs, and
CD115CX3CR1°CD83* 2A1" c¢DCs (Figure 13). Interestingly, all those 3
populations were present only in MHC 11" ¢cDC2s but not in the other cDCs
(Figure 13A and 14B). With decreasing levels of MHC II, CD115CX;CR1
CD83* 2A1" ¢cDCs disappeared from the cDC2 subset. Meanwhile, MHC 11"
cDC1s were composed of CD115CX3CR1'CD83" 2A1"° and CD115CX3CR1-
CD83* 2A1" cDCs but deficient in CD115*CX3CR1*CD83 2A1' ¢DCs (Figure
13). Also, CD115CX3CR1CD83* 2A1" c¢DC1ls became undetectable with
lowering levels of MHC II (Figure 14A and 14B).
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BM cells cultured with GM-CSF (Day 8)

Total live singlet

Total live singlet

CD11c

B BM cells cultured with FLT3L (Day 9)

Total live singlet Total live singlet

CD11¢

Figure 7. 2A1 were expressed specifically MHC 11" DCs both GM-CSF and
FLT3L culture. (A) Cells were analyzed at culture day 8 in GM-CSF condition.
2A1" MHC 11" cells colored with red in the box were marked at CD11c and
MHC 1l plot. (B) Representatives are cells from BM culture day 9 in FLT3L

condition. Gates are same as figure 7A.
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Figure 8. 2A1 expression on cells from BM culture with FLT3L. (A)
Kinetics of CD11c* 2A1" cell development from FLT3L-supplemented BM
cultures. Left, representative plots, right, statistical graph. (B) Distribution of
2A1M cells in FLT3L cultures at day 9. Shown are the results of a representative

experiment out of ten independent experiments performed.
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BM cells cultured with FLT3L (Day 9)
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Figure 9. Gating strategy for BM culture with FLT3L. BM cells were
cultured with FLT3L, harvested, stained and analyzed on day 9. Green,
B220"MHC II- pDCs; fuchsia, B220MHC I1I* cDCs; red, B220MHC II*
CD172a*CD24 ¢DC2s; blue, B2200MHC 11"CD172a'CD24* c¢cDCls.
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Figure 10. Cellular localization of 2Al in the cells from BM culture with
FLT3L. Cells were harvested, cytospined and stained with indicated markers
for cellular organelles at culture day 8. Confocal immunofluorescent analysis of
cells from BM culture with FLT3L using indicated markers for cellular
organelles (red) and 2Al (green). Mitochondria were stained with
MitoTracker™ Red CMXRos (red). ER and Golgi apparatus were marked with
anti-Calnexin and GRASP65 antibodies respectively. Actin filaments (F-actin)
were labeled with Rhodamine-Phalloidin (red). Blue pseudocolor represents

DAPI which is a fluorescent DNA dye. Scale bar = 5um
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Figure 11. cDC2s can be subdivided with additional hematopoietic markers.
(A) Distribution of cDC1, cDC2 or 2A1" cells within MHC 11", MHC 1I™¢,
MHC 1I'° ¢cDCs in FLT3L cultures at day 9. Shown are the results of a
representative experiment out of ten independent experiments performed. (B)
Positive correlation between T cell co-stimulatory molecules and 2A1 within
MHC 11" ¢DCs in FLT3L cultures at day 9. Left column represents isotype
controls of each marker. (C) Negative correlation between hematopoietic
markers and 2A1 within MHC 11" ¢DCs in FLT3L cultures at day 9.
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Figure 12. Expression of 2A1 and various molecules in cDC1s and cDC2s
from FL-BM culture. Expression of 2A1 and various molecules are analyzed
in cDC1s and cDC2s from FL-BM culture at culture day 8 or 9. For Zbtb46
staining, nuclear permeabilization was performed. The frequencies of individual
quadrants based on FMO or isotype control are shown. Representative flow
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Figure 13. Heterogeneity of MHC 11" cell subsets from BM culture with
FLT3L. Cells were harvested by gentle pipetting and analyzed at culture day 9.
Among CD11c*MHC I1I"CD172a"CD24- c¢DC2s, three different subsets were
identified; CD115CXsCR1CD83  cDC2s (blue), CD115CXs;CR1CD83*
cDC2s (red), CD115"CX3CR1*CD83 c¢DC2s (green).
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Figure 14. Heterogeneity of c¢DCs from BM culture with FLT3L.
Representatives are MHC 11™¢ ¢cDCs (A) or MHC 11" ¢cDCs (B) within CD11c*
cells in BM culture with FLT3L at day 9. Cells were harvested, stained and
analyzed by flow cytometry.
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4. Heterogeneity in morphology of MHC 11" cell subsets from BM culture
with FLT3L
Morphology is one of the criteria to discern different cell types of
hematopoietic cellst. DCs have unique morphology with dendrites and form cell
clusters on culture plate’*’. The three populations of MHC II" cells can be
discriminated by their morphological characters. Cells from BM culture with
FLT3L were harvested on day 8 and sorted into three subsets according to the
gates as in Figure 11 (lower panels) using flow cytometry followed by the
additional culture in FLT3L supplemented condition. Notably, both CD115
CX3CR1CD83 cells and CD115CX3CR1'CD83" cells exhibited dendrites and
clusters of non-adherent cells, albeit different in size of clusters. (Figure 15A
and 15B). Whereas CD115*CX3;CR1* cells showed slightly adherent
morphology with larger in size compared to CD115CX3;CR1 cells, especially
the large cytoplasm and had few dendrites or pseudopods, which is similar to
BM derived macrophages® (Figure 15A and 15B). Besides, CD115CX3sCR1
CD83" ¢DC2s exhibited the typical electron microscopic features of DCs*4%-51
that the irregularly shaped nuclei possessed a dense rim of heterochromatin and
small nucleoli; the cytoplasm comprised many scattered mitochondria, short
slips of rough endoplasmic reticulum, few electron-dense membrane-bound
lysosomes but many electron-lucent vesicles including multivesicular bodies of
varying size in the Golgi region (Figure 16), while CD115*CX;CR1* cells
displayed more frequent electron-dense membrane-bound lysosomes (Figure
17). Thus, the three subsets of MHC 1" cells are different cell types
discriminated by their phenotype and morphology.
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Figure 15. Morphology of MHC 11" cell subsets from BM culture with

FLT3L. (A) Morphological characteristics of MHC 11" cell subsets from FLT3L
culture. At culture day 8, MHC 1" cells were sorted by flow cytometry

according to the gates as in Figure 9 (lower panels). Isolated cells in each subset
were cultured overnight before taking pictures. Scale bar, 20 um. (B) Diff-Quik
staining images of sorted MHC 11" cell subsets. Cells were sorted as in Figure 9
(lower panels) and attached on slides by cytospin. Then, cells were stained with
Diff-Quik staining solutions and images were obtained. Magnification, 600X;

scale bar, 20 um.
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Figure 16. Electron micrographs of CD115CX3CR1CD83" cDC2s from
FL-BM culture. MHCII"CD115CX3CR1CD83* cells isolated from FL-BM
culture are stained for electron micrographic analysis. (A, C) CD115CXsCR1

CD83" cDC2s exhibit dendrites or short protrusions in a lower magnification.
(B, D) Close-ups of the perinuclear region show profiles of ER, mitochondria,
and vacuoles. Multivesicular bodies are scattered through cytosol. Arrow, ER; G,
Golgi; E, endosome; M, mitochondria; MB, multivesicular bodies. (A, C) Bar =
5000 nm; (B, D) Bar = 1000 nm.
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Figure 17. Electron micrographs of CD115*CX3CR1* cells from FL-BM
culture. MHCIINCD115"CX3CR1* cells isolated from FL-BM culture are
stained for electron microscopic analysis. (A) CD115*CX3;CR1* cells exhibit
larger cytosol compared to CD115CX3;CR1°CD83" ¢cDC2s (Figure 16). (B-D)
Inner cell spaces are shown in a higher magnification. Abundant ER and Golgi

apparatus are shown in perinuclear regions. Some lysosomal or phagocytic
structures are in cytoplasmic region near plasma membrane. Arrow, ER; G,
Golgi; E, endosome; M, mitochondria; black asterisk, lysosome or
phagolysosome; MB, multivesicular bodies. (A) Bar = 5000 nm; (B-D) Bar =
1000 nm.
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5. Heterogeneity of cDC2 subsets from FLT3L conditioned culture in
phenotype and morphology

¢DCs, commonly defined by the expression of CD11c and MHC I, comprise
mainly two subsets, ¢cDC1s and cDC2s%2. This initial division reflects
developmental and functional heterogeneity among DCs!?%3%4,  Especially
c¢DC2s in various tissues and organs, specified by the expression of CD11b and
CD1720/SIRPa, comprise a heterogeneous population of cells with differential
surface expression of ESAM, Mgl2 (CD301b), etc®®. These ¢cDC2 subsets
exhibit variable dependence on IRF4 and Notch signaling®®® and appear to
have distinct functional roles®”8, suggesting further diversification within
cDC2s. Recent efforts revealed the existence of distinct cDC2 lineages, their
transcriptional identity and developmental origins®®. Of note, it is important to
describe the heterogeneity of cDC2s and their functions. At this point of view,
the importance of studying cDC2 heterogeneity in vitro is also rising.

cDC2s in the culture of BM with FLT3L, previously known as one
population, are newly described into three subtypes through their heterogeneous
nature of phenotype and morphology as shown above; CD115CX;CR1CD83;,
CD115CXsCR1CD83*, CD115*CX3CR1*CD83 cells (Figure 13, 14A, 15-17).
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6. Gene expression profiles reveal heterogeneity of MHC 11" cell subsets
in BM culture with FLT3L

At a transcriptional level, subsets in MHC [1I"" cells have distinct
characteristics of transcriptional profiles (Figure 18A). The global gene
expression pattern of three MHC 11" cell subsets shows different property of
each subset. cDCl1ls and cDC2s from BM culture with FLT3L can be
categorized with the surface expression of CD83 molecules. In other words,
CD83* c¢DC1s and CD83* c¢DC2s are similar in gene expression and CD83"
¢DCl1s and CD83 c¢DC2s have analogous translational characters by PCA assay
(Figure 18B). More interestingly, CD115*CX3CR1* cells from FLT3L condition
are far from the other cells from FLT3L condition. Rather, they exhibit similar
characteristics with GM-Macs in gene expression by PCA assay (Figure 18B).

To be more specific, CD115CX3;CR1'CD83" cells express activated DC
genes such as CCR7 and CCL22 (Figure 19A). CD115CX3CR1CD83 cells
express cDC core genes including Kmo, FIt3 and DC associated genes such as
CD209a (encoding DC-SIGN) (Figure 19B and 19C). In contrast,
CD115*CX3CR1* cells express macrophage signature genes including Lyz2,
Apoe, Csflr, Clecde, Mmp12 (Figure 19A).

To further understand the nature of MHC 11" cell subsets, expression of genes
related to cDCs™% were analyzed and shown by heatmaps and hierarchical
clustering (Figure 20). Genes related to cDCs are upregulated in both CD115
CX3CR1CD83 and CD115CX3CR1°CD83* cells, whereas in CD115*CX3;CR1*
cells, most of cDC signature genes were downregulated compared to the other
two MHC 11" cell subsets except Anpep, which encodes the aminopeptidase
CD13 involved in the metabolism of regulatory peptides and the cleavage of
peptides bound to MHC Il molecules of APCs® (Figure 20A and 20B). In
contrast, genes related to macrophages showed substantial upregulation in
CD115*CX3CR1* cells relative to their expression in CD115CX3;CR1°CD83"
and CD115CX3;CR1CD83* cells except several genes including
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1810011H11Rik which is also known as tmem273 and its function unknown;
Dok3 which plays a critical role in TLR3 signaling and IFN-B production®?; and
Pecr which encodes peroxisomal trans-2-enoyl-CoA reductase participated in
chain elongation of fatty acids® (Figure 21A). However, in case of expression
of monocyte-associated genes, some are relatively enriched in CD115*CX3;CR1*
cells and the others are upregulated in CD115CX3CR1CD83 and CD115
CX3CR1°CD83" cells (Figure 21B). Plus, the lists of highly expressed genes in
each subset show their distinct characteristics in a transcriptional level (Figure
22-24). In conclusion, the gene expression profiles reveal heterogeneity of
MHC 11" cell subsets in BM culture with FLT3L.
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Figure 18. Transcriptional profiles reveal heterogeneity of MHC 11" cell
subsets in BM culture with FLT3L. At culture day 8, cells from BM culture
with FLT3L or GM-CSF were sorted by FACS sorting according to the gates as
in Figure 9 (for FLT3L culture) or Figure 4 (for GM-CSF culture). For each
population, total RNA was extracted from at least 1x10° cells and RNA
sequencing was performed. (A) Heatmap displays the one-way hierarchical
clustering using z score for normalized value of randomly selected genes that
are differentially expressed in MHC 11" cell subsets in BM culture with FLT3L.
(B) Principal component analysis of each subset was performed and shown.
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Figure 19. MHC 11" cell subsets showed distinct characteristics in gene
expression. (A) Scatter plot highlighting genes differentially expressed in
CD115CX3CR1CD83* cells over CD115*CX3CR1* cells. (B) Scatter plot
highlighting genes differentially expressed in CD115CX3CR1'CD83" cells over
CD115CX3CR1°CD83 cells. (C) Scatter plot highlighting genes differentially
expressed in CD115"CXsCR1* cells over CD115CX3;CR1CD83 cells.
Unexpressed genes were excluded when analyzed. Dashed lines mean fold

change = 2.
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Figure 20. Differentially expressed genes related to cDCs in MHC 11" cell
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Figure 21. Hierarchical clustering and differentially expressed genes
related to monocytes and tissue macrophages in MHC 11" cell subsets in
BM culture with FLT3L. Shown are heatmap and hierarchical clustering by
one minus Pearson correlations of MHC 11" cell subsets using tissue

macrophage signature genes (A) and monocytes signature genes (B)%°,
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7. CD115'CX3CR1* cells in the culture of BM with FLT3L exhibit
stronger endocytic ability than CD115CX3;CR1 cells

DCs can also take up various antigens to act as sentinels*-42%, Immature DCs
mainly take up antigens whereas mature DCs engulf smaller amount of antigens
compared to immature DCs and present them to the other cells as professional
APCs. To check the endocytic and phagocytic ability of MHC 11 " cell subsets,
either soluble (FITC-labeled ovalbumin, FITC-OVA) or particulate (Yellow-
green microsphere, YGM) forms of fluorescently labeled antigens were treated
on culture. An hour after the incubation, endocytosis of FITC-OVA or
phagocytosis of YGM by MHC Il " cell subsets were assessed using flow
cytometric approach. When incubated with soluble protein antigens (FITC-
OVA), CD115'CX3CR1" cells take up antigens more efficiently than CD115
CX3CR1 cells (Figure 26A). Similar results were observed with particulate
antigens (YGM) but fluorescently labeled beads were phagocytosed slightly
more efficient way by CD115CX3;CR1 cells compared to soluble antigens
(Figure 26B). Therefore, in the culture of BM with FLT3L, CD115*CX3;CR1*
cells showed to have greater antigen-uptake capacity like macrophages or
immature DCs whereas CD115CX3CR1 cells have poorer endocytic and

phagocytic activities, which is the typical feature of DCs.
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Figure 26. Phagocytosis and pinocytosis of MHC 11" cells in the culture of
BM with FLT3L. (A) On FLT3L culture day 9, cells were incubated with 100
ug/ml of FITC-conjugated OVA protein for 30 minutes to test pinocytosis of
MHC 11" cells. Cells were harvested after incubation, washed, stained and
analyzed. Gray histograms are each subset from non-treated control. (B) On
FLT3L culture day 9, cells were incubated with 0.000675% YGM for 1 hour to
check phagocytic ability of each subset. Cells were harvested after incubation,
washed, stained and analyzed. Gray histograms are non-treated control of each

subset.
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8. CD115CX3CR1°CD83" cells in FLT3L culture stimulate CD4* T cells in
an effective manner than CD115*CX3CR1* cells in vitro

DCs are efficient in processing and presenting antigens to T cells while
macrophages can not*®%7  Because CD115CX3;CR1  cells exhibit quite
incompetent capacity in taking up antigens, antigen presenting ability of each
subset was examined. To evaluate the ability to proliferate nate T cells of
cDC2 subsets as professional APCs, each subset was pulsed with appropriate
concentration of model antigen, OVA, followed by co-culture with OT-I CD8*
or OT-I1 CD4* T cells which have transgenic TCR specific to OVA peptide and
protein in various ratios. In the co-cultures of graded doses of each MHCII"
subpopulation with naive OVA-specific T cells, CD115CX3CR1CD83" cells
strongly inducing the proliferation of CD8" OT-1 T cells (Figure 28A). In case
of OT-11 CD4* T cell proliferation, CD115CX3CR1 cells showed greater ability
to expand T cells than CD115"CX3CR1* cells regardless of the expression of
CD83 (Figure 28B). Overall, CD115"CX3CR1"* cells are poor at presenting
antigens to both CD4* T and CD8" T cells despite of their MHC Il expression at
a high level.

Although the MHCII"CD83'CD115*CX3CR1* cDC2-gated cells expressed
high levels of MHC class | molecules (MHCI) on surface (Figure 27, upper
panels and graph) and took up antigens efficiently (Figures 26A and 26B), the
CD115"CX35CR1* cells were poor at processing OVA antigen and presenting
OT-1 peptide epitope on MHCI (Figure 27, middle panels, lower panels and
their graphs). DCs are considered as professional APCs with low endocytic and
phagocytic capacities, as compared to other mononuclear phagocytes (7, 26,
42-44). Therefore, MHCII" c¢cDC2-gated cells in the FL-BM culture likely
consist of CD115CX3CR1°CD83" immature cDC2s, CD115CX3CR1CD83*
mature cDC2s, and CD115"CX3CR1* CD83 non-DCs.
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Figure 27. Expression of MHCI and antigen presentation by MHCI on
MHCII" c¢cDC2-gated cell subsets in FL-BM culture. At day 9 of FL-BM
culture, MHCII" cell subsets are analyzed to show their expression of surface
MHCI with gMFI value (upper panels and graph). In parallel, FL-BM cultures
are treated with 100 pg/ml of endotoxin-free OVA protein (middle panels and
graph) or 1 pg/ml of OT-1 peptide (pOT-1, SIINFEKL) (lower panels and
graph) for 18 hours before being analyzed for the surface levels of pOT-
1/MHCI complex (H-2K® bound to pOT-1) by staining with mAb 25-D1.16. For
the 4°C controls, FL-BM culture is incubated with pOT1 on ice for 1 hour.
Representatives are from 3 independent experiments and graphs are shown in
mean = SEM (n = 3).
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Figure 28. Proliferation of antigen-specific T cells. (A) APCs were pulsed
with 100ug/ml ovalbumin for 30 minutes before sorting. 2.5x10* splenic CD8"
T cells isolated from OT-1 mice were co-cultured with indicated ratio of APCs
for 3 days. (B) APCs were pulsed with 100 pg/ml ovalbumin for 3 hours before
sorting. 2.5x10* splenic CD4* T cells isolated from OT-1l mice were incubated
with indicated ratio of APCs for 4 days. Proliferation of CTV-labeled naive
splenic CD8* OT-1 (A) and CD4* OT-2 (B) T cells are assessed following co-
culture with graded doses of the respective APCs. Representative data are
shown from more than 3 independent experiments. Error bars indicate mean +
SEM across multiplicate sample. NS, not significant. *p<0.05; **p<0.01;
**%p<0.001; ****p<0.0001.
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9. Stimulation of TLR activates MHC 11" cells in the BM culture with

FLT3L

Toll-like receptors (TLRs) sense various ligands derived from microbial
components such as carbohydrates, nucleic acids and lipoproteins?:223L1.68,
Phagocytes including dendritic cells have TLRs on cell surface or inner cell
spaces to detect foreign danger signals and activate defense mechanisms.
Ligation of TLR agonist is commonly employed to induce maturation of DCs.
To investigate whether MHC 11" cells from FLT3L culture were activated by
TLR signaling, graded doses of lipopolysaccharide (LPS) were treated on BM
culture for 18 hours. 1 pg/ml of LPS had no effect on cells in BM culture with
FLT3L (Figure 29). When more than 10 ng/ml of LPS was treated, CD83* 2A1*
cells were augmented among MHC II"lCD115CXsCR1" cells (Figure 29).
Interestingly, under LPS stimuli, CD115"CX3CR1* cells were decreased
dramatically and CD115CX3;CR1'CD83*2A1* cDC2s were increased in number
(Figure 29 and 30).

To clarify this phenomenon, MHC 11"CD115*CXsCR1* cells were purified
by FACS sorting (Figure 31A), were cultured again for 3 days to stabilize cells
(Figure 31B), and then LPS were added to stimulate cells (Figure 32A and 32B).
About 20% of cells were activated spontaneously from CD115*CX;CR1* to
CD115CX3CR1 phenotype without the additional stimulus (Figure 32A,
control). After 18 hours of LPS incubation, half of CD115*CX;CR1* cells
became CD115CXs;CR1 cells which possess properties of activated DCs
(Figure 32A), although the decrease was not that dramatic as in the cells among
CD45.17 filler cells (Figure 32B).

Next, to test whether CD115*CX3CR1* cells gain the ability to proliferate T
cells when stimulated, OVA-specific T cell proliferation was conducted with
LPS. When given LPS, CD115CX3;CR1 cells displayed greater capability to
proliferate both CD8* OT-1 and CD4" OT-II T cells. In contrast, the stimulatory

ability was not prominently changed by stimulation of the cells with LPS, which
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commonly used to induce DC maturation (Figure 33).

When TLR9 was ligated by TLR agonists, CpG and polyl:C, CD115" cells
were evidently disappeared, albeit the expression of CX3;CR1 remained. CpG
treatment increased CD115CX3;CR1'CD83*2A1" cells in a moderate manner
whereas polyl:C markedly amplified CD115CX3;CR1'CD83"2A1" cells and
reduced CD115CX3CR1°CD83" cells. (Figure 30).

Overall, MHC II"CD115"CX3CR1* cells have potentials to differentiate into
MHCIINCD115CX3CR1-:CD83* DCs in the culture of BM with FLT3L after
LPS treatment in a dose dependent manner. Therefore, CD115*CX3;CR1* cells
are the immediate precursor cells for DCs in the culture of BM with FLT3L.
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Figure 30. MHCII" cDC2-gated non-DCs diminish by treatment with TLR
agonists. FL-BM culture is treated with poly I:C (1ug/ml) or CpG (1 uM) at
culture day 8. After 18 hours of treatment, cells are harvested, washed, and
stained with fluorescently labeled antibodies for flow cytometric analysis.
CD11c*MHCIIM cDC2-gated cells are shown with two different gating
strategies (A and B). Representatives shown are from 4 independent

experiments. Graphs are shown in mean £ SEM (n = 4).
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Figure 32. LPS treatment on MHC II"CD115*CX3CR1* cells from BM
culture with FLT3L. 7x10* of sorted CD11¢*MHC 1I"CD115*CX3CR1* cells
were cultured per well with 2x10° of freshly isolated BM cells from CD45.1*
mice at 24-well culture plates in FLT3L conditioned media. After three
additional days of culture, 1 pg/ml of LPS were treated on culture for 18 hours.
At culture day 4, cells were harvested, washed and analyzed by flow cytometry.
Controls mean LPS untreated cells. (A, left) CD45.2'CD11c*MHC 1M
CD172a*CD24  cells were gated. (B, left) CD45.1*CD11c*MHC 1M
CD172a*CD24 filler cells were gated. (A, right) Shown are the changes of
proportion between CD115*CX3CR1* and CD115 CX3CR1" cells over MHC 11"
cells. (B, right) Shown are the changes of proportion between CD115*CX3;CR1*
and CD115"CX3sCR1" cells over MHC 11" cells within filler cell gates. Error bars
indicate mean + SEM across multiplicate sample. Representative data are

shown from more than two independent experiments.
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Figure 33. Evaluation of T cell proliferating ability of MHC 11" cell subsets
upon LPS stimulation. At culture day 8, slightly adhered cells in BM culture
were harvested and sorted according to the gates as in Figure 9 (lower panels).
Purified APCs were cultured with 2.5x10* of CTV labeled splenic CD8" OT-1 T
cells (A) or CD4* OT-II T cells (B) in the presence of 10 pg/ml OVA and 0
ug/ml or 1 ug/ml LPS. To assess proliferation of CD8" OT-I and CD4* OT-II T
cells, CTV"™ proliferated OT-1 and OT-II cells were analyzed on day 3 and day 5,
respectively. Representative flow cytometric plots of CD8" OT-1 (A) and CD4*
OT-1l (B) T cell proliferation are shown. Representative data are shown from
more than 2 independent experiments of quadruplicate. Error bars indicate mean
+ SEM across multiplicate sample. NS, not significant; *p<0.05; **p<0.01;
**%p<0.001.
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10. MHC 11" cells are generated from pre-cDCs, not monocytes in BM

culture with FLT3L

Developmental process of DCs progresses from MDPs to CDPs that give rise
to pDCs and cDCs, but not monocytes, and finally to committed precursors of
cDCs which termed pre-cDCs®. Pre-cDCs enter LNs through and migrate along
special vessels, high endothelial venules (HEVs), and then disseminate and
incorporate into the DC network. Further cDC development involves cell
division, which is controlled in part by T cells and by the receptors, FLT3%.

With this immediate precursors for ¢cDCs at steady state condition, pre-
cDCs®, the origin of MHC 11" cell subsets in vitro was identified and
demonstrated. Pre-DCs were isolated using flow cytometry and then were
cultured in FLT3L condition (Figure 34A). Due to the limitation in gaining
enough cells, whole BM cells isolated from CD45.1 mice were used as filler
cells to nourish the small sorted cell fraction. With the aids of filler cells,
2.5x10* pre-cDCs differentiated into cDCs even for a short period in vitro with
FLT3L (Figure 34B). After 6 days of culture, all the MHC 11" cell subsets
including activated DCs which express CD83 were produced from pre-cDCs
(Figure 34C). Next, to test whether the MHC 11" cells arise from pre-cDCs are
reactive to immune stimuli, LPS was added on culture at day 2 and 5 for 18
hours respectively. At both 3 days and 6 days, MHC 11"CD115*CX3CR1* cells
disappeared in pre-cDC gates and filler cell gates, albeit approximately 25% of
cells from fillers remained CD115 molecules at intermediate level at day 3 for
(Figure 35A and B). Most of the cells within MHC 11" ¢cDC gates were CD115°
CX3CR1 cells composed of CD83  and CD83" cells in 3:7 ratio, indicating that
MHC 11" cells originate from pre-cDCs and the cells are able to be activated or
maturated when immune stimuli given (Figure 35B).

Collectively, pre-cDCs are the immediate precursors for MHC 11" cell subsets,
especially DC precursors exhibit CD115*CX3CR1" phenotype in the culture of
BM with FLT3L.
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Figure 34. MHC I1" cells are generated from pre-cDCs in the culture of
BM with FLT3L. (A) Gating (upper panels) and sorting purity (lower
panels) of BM pre-cDCs. (B, C) 2.5x10* of sorted Lin'CD11b"CD11c*MHC
II"CD135* pre-DCs were cultured with FLT3L for 3 days (B) or 6 days (C).
2x10° of whole BM cells from CD45.1 mice were co-cultured as filler cells.
Lin; CD3, CD19, CD49h, CD115, CD117, Sca-1, Ly6C, Ly6G. cDC gates
mean live CD11c*MHC 11" cells. Representative data are shown from more

than 2 independent experiments.
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11. Monocytes have no potential to differentiate into MHC 11" cells in the
BM culture with FLT3L

Steady state DCs require FLT3L™, whereas monocytes are dependent upon
macrophage colony-stimulating factor (M-CSF)"*. FLT3L” mice show severe
deficiency in populating DCs’>73, whereas in mice lacking M-CSF receptors
(CD115), monocytes are missing™®’. As a result, DCs are generally
independent of monocytes in the steady state. However, in case of infection or
inflammation, monocytes can rapidly differentiate into DCs, which term Mo-
DCs®L78, In addition to in vivo experiments, countless of studies have revealed
that Mo-DCs are derived from monocytes in vitro in the presence of
hematopoietic cytokine, GM-CSF, which is important for differentiation and
survival of Mo-DCs’7”. Monocytes, upon culture for a week with GM-CSF
and/or IL-4, acquire a typical dendritic morphology, lose the capacity to
phagocytose which is the characteristics specific for macrophages, and strong
ability to initiate adaptive immunity.

Monocytes are much more abundant than DCs in blood and bone marrow, so
utilization of the monocytes as a reservoir for DCs needs to be elucidated not
only with GM-CSF which is the already established method but also with
FLT3L. To test whether monocytes have potentials to differentiate into MHC
11" cells in case of FLT3L condition, BM monocytes were sorted and cultured
in FLT3L conditioned media for 6 days with CD45.1* filler BM cells. Lin
CD115*CD11b*Ly6GLy6C" fraction of BM was gated and sorted as BM
monocytes over 98% purity (Figure 36A). Cells from filler gates developed in a
normal manner in FLT3L condition (Figure 36B, lower panels), whereas
monocytes only give rise to MHC 11I'™ cells when cultured with FLT3L (Figure
36B, upper panels). Nevertheless, monocytes have no potential to differentiate
into all the three MHC 11" cell subsets in FLT3L condition, especially
CD115"CX3sCR1" cells which exhibit the hematopoietic molecules related to
monocyte lineage, CD115 and CX3CR1 (Figure 36B, upper panels). And even
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18 hours of LPS stimulation was fail to generate MHC 11" cells from BM
monocytes. Taken together, monocytes are not the immediate precursor cells for
MHC 11" cell subsets in the culture of BM with FLT3L.
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Figure 36. MHC 11" cells are not generated from BM monocytes in the
culture of BM with FLT3L. (A) Gating (upper panels) and sorting purity
(lower panels) of BM monocytes. (B, C) 2.5x10* of sorted Lin
CD115*CD11b*Ly6GLy6C " monocytes were cultured with FLT3L for 6 days.
2x10° of whole BM cells from CD45.1 mice were co-cultured as filler cells. (B)
Cells were normally cultured in FLT3L conditioned media as unstimulated
controls. (C) At culture day 5, 1 ug/ml of LPS were added on culture for 18
hours. After incubation, cells were harvested by gentle pipetting, washed,
stained and analyzed. Sorted cells and filler cells were discriminated by surface
expression of CD45.1 or CD45.2 molecules. Lin; CD3, CD11c, CD19, CD49b,
CD115, CD117, Sca-1, MHC Il. cDC gates mean live CD11c*MHC 11" cells.

Representative data are shown from more than 2 independent experiments.
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12. cMoPs are not the progenitors for MHC 11" cells in the culture of BM
with FLT3L
cMoPs are clonogenic, monocyte- and macrophage-restricted progenitor cells
derived from the MDP. cMoPs are Ly6C* proliferating cells present in the BM
and spleen that produced the major monocyte subsets and macrophages, but not
DCs*®. To confirm that monocytes cannot generate MHC 11" cells including
CD115'CX3sCR1* cells in the culture with FLT3L, the progenitors for
monocytes, cMoPs were isolated and cultured with CD45.1 filler BM cells in
FLT3L condition (Figure 37A). 1.25x10* of sorted LinCD117*CD115*
CD16/32*CD34*CD135Ly6C" cMoPs were cultured for 8 days and only MHC
[t cells were generated, not MHC 1" cells (Figure 37B, upper panels).
Simultaneously, cells within filler gates generate normally including all the
MHC 1" cells (Figure 37B, lower panels). The expression level of
CD135/FLT3, receptors for FLT3L, on cell surface of cMoPs is low-to-negative
so that cMoPs are merely reactive to FLT3L* (Figure 37A). Also, LPS
stimulation was fail to generate MHC 11" cells from cMoPs (Figure 37C, upper
panels), similar to the monocytes. As a result, monocytes and monocyte-
restricted progenitors, cMoPs, are not the progenitors for MHC 11" cells in the
culture of BM with FLT3L.
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Figure 37. cMoPs are not the progenitors for MHC 11" cells in the culture
of BM with FLT3L. (A) Sorting scheme and purity check for BM cMoPs.
Whole BM cells were stained with appropriate cocktail of antibodies without Fc
block and were purified by FACS sorting as in the shown gates. (B, C) 1.25x10*
of sorted Lin"CD117*CD115*CD16/32*CD34*CD135Ly6C" cMoPs were
cultured with FLT3L for 8 days. 2x10° of whole BM cells from CD45.1 mice
were co-cultured as filler cells. (B) Cells were cultured in FLT3L conditioned
media as unstimulated controls. (C) At culture day 7, 1 ng/ml of LPS were
added on culture for 18 hours. After LPS incubation, cells were harvested by
gentle pipetting, washed, stained and analyzed. Sorted cells and filler cells were
discriminated by surface expression of CD45.1 or CD45.2 molecules. Lin; CD3,
CD11b, CD11c, CD19, CD49b, NK1.1, B220, Ly6G, TER119, Sca-1, MHC II.

Representative data are shown from more than 2 independent experiments.
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13. CDPs give rise to MHC 11" cells through pre-cDC pathway in FLT3L
condition.

CDPs are common DC-restricted progenitors in BM™, To confirm that pre-
cDCs are the precursors for MHC 11" cell subsets in FLT3L condition, CDPs,
the progenitors for pre-cDCs, were isolated and cultured with filler BM cells
from CD45.1 mice (Figure 38A). LinCD117°CD115*CD135" cells were sorted
as CDPs (Lineage markers are written in figure legend of figure 38). After 8
days of culture, all the MHC 11" cells were shown to be generated from CDPs,
even the input number of cells was one-fifth of the input cell number in cMoP
culture (Figure 38B). Upon LPS stimulation, CD115"CX3CR1" cells generated
from CDPs were activated and gained CD115CXsCR1 phenotype as in cells
from CD45.1 filler gates (Figure 38C). In summary, CDPs give rise to MHC II"
cells through pre-cDC pathway in FLT3L condition.
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Figure 38. MHC 11" cells are generated from CDP lineage. (A) Sorting
strategy and purity check for CDPs (BM Lin"CD117*CD115" CD135* cells).
Whole BM cells were stained and purified by FACS sorting as in the shown
gates. Lin; CD3, CD11b, CD11c, CD19, CD49b, Gr-1, Ly6G, NK1.1, CD127,
Sca-1, MHC II, TER119. (B, C) 2.5x10° CDPs and whole BM from 45.1 mice
as filler cells were cultured in FLT3L conditioned media for 8 days. 2x10° of
whole BM cells from CD45.1 mice were co-cultured as filler cells. (C) At
culture day 7, 1 pg/ml of LPS were added on culture for 18 hours. After LPS
incubation, cells were harvested by gentle pipetting, washed, stained and
analyzed. Sorted cells and filler cells were discriminated by surface expression
of CD45.1 or CD45.2 molecules. Representative data are shown from more than

2 independent experiments.
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IV. DISCUSSION

There are numerous studies performed with GM-CSF derived BMDCs, also
known as Mo-DCs and much of their biology was discriminated in various
ways. Although many parts were demonstrated, DCs produced from BM culture
with FLT3L were relatively unknown compared to GM-CSF culture. FLT3 is a
receptor tyrosine kinase with homology to the kinases c-Kit and c-Fms. FLT3L
is sufficient to induce the differentiation of both pDCs and cDCs from
progenitors in vitro, and it supports the maintenance of DCs in steady-state
lymphoid organs in vivo™. So far, there are no studies specifically examining
subpopulation of cDC2s from BM culture in FLT3L condition. In the current
study, heterogeneous nature of cDC2s or MHC 1" cells generated from BM
culture with FLT3L was identified at first time. The cDC2s can be divided into
several subsets with the additional use of hematopoietic markers CD115,
CXsCR1 and CD83. With the combination of these three markers plus
previously known markers, the three distinct MHC 11" cell populations found in
the BM culture with FLT3L are (1) CD115CX3CR1'CD83 ¢cDC2s, (2) CD115
CX3CR1CD83*cDC2s and (3) CD115*CXsCR1*CD83 cells.

Not only by the expression pattern of cell surface markers but also by the
morphology, these subsets can be distinguished. CD115*CX3CR1*CD83" cells
exhibit larger in size and have lesser dendrites or pseudopods than the other
MHC 1" cells whereas CD115CX3;CR1 cDC2s, both CD83" and CD83", show
typical dendritic cell morphology, which forms clusters with a lot of dendrites
and shows slightly adhered or non-adhered morphology. And Giemsa staining
illustrate that CD115CX3;CR1°CD83 cells display dendrites on cell surface,
CD115CX3sCR1°CD83" cells have long protrusions or dendrites and shrunk
nucleus, and that CD115"CX3CR1" cells show large cytoplasm and short
pseudopods similar to macrophages.

Moreover, at the functional point of view, they showed difference in

endocytic and phagocytic capacity. CD115*CX3CR1* cells are superior at taking
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up various antigens such as fluorescence conjugated protein or fluorescently
labeled particles. On the other hand, CD115CX3CR1 ¢DC2s are poor at both
endocytosis and phagocytosis compared to CD115*CX3CR1* cells. One of the
typical functional criteria of DCs that are commonly used is to test APC
function, i.e., MLRs and antigen-specific T cell proliferation. Using model
antigen, ovalbumin, antigen-specific T cell proliferation was evaluated. When
OVA-specific T cells were co-cultured with the three MHC 11" cells respectively,
CD115"CXsCR1" cells definitively exhibit incompetent ability to proliferate
both CD4* and CD8* T cells compared to CD115CX3CR1 ¢DC2s. For CD4* T
cell proliferation, CD115CX3CR1" cells are superior at antigen presentation
regardless of the expression of CD83 on the cell surface. However, in case of
cross presentation, only CD115CX3;CR1'CD83" c¢DC2s can successfully
proliferate CD8* T cells, indicating that CD115CX3CR1'CD83* cDC2s have
some special machinery to process exogenous antigens compared to the other
MHC 11" cells from BM culture with FLT3L. Collectively, CD115*CX3CR1*
cells showed immature DC phenotype which is identified as good phagocytes
and poor antigen presenting cells. In this regard, it is important to assess in
further studies whether the immediate DC precursors and activated DCs from
FLT3L culture might stimulate and differentiate T cells to certain types in a
specific condition, such as Tul (type 1 T helper cell), Tu2, Tul7 and Trg cells
(regulatory T cells).

Sensing and defeating microbial infections is essential for survival and
vitality of organisms. Many immune cells including DCs have receptors against
foreign molecules such as PRRs and TLRs. LPS, ligand for TLR4, which is
commonly employed to induce DC maturation was used. To test whether the
three MHC 11" cells can be activated of changed to sudden ways, TLR agonists
including LPS were used. Consequently, LPS treatment can stimulate or activate
MHC 11" CD115"CX3CR1* cells into CD115CX3CR1°'CD83* ¢cDC2s, which

exhibit activated phenotype and morphology among MHC 11" cells. However, T
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cell proliferation of CD115*CX3CR1* cells was not prominently changed by
LPS stimulation because the reactivity to LPS might decrease during isolation
processes for some reasons. The reactivity to LPS recovered when sorted cells
were cultured with fresh BM filler cells for the additional several days (total 4
days post-sort). Gathering this information, CD115'CXsCR1* cells are
considered as the immediate precursors for DCs in BM culture with FLT3L.

Ontogeny is one of the important features to identify cellular characters®2. To
figure out the origin of MHC 11" cells generated from BM culture in FLT3L
condition, culture of hematopoietic progenitors and precursors for DCs in BM
were assessed. The immediate precursors for cDCs, pre-cDCs were cultured
with FLT3L for 6 days and all the MHC 11" cells were generated from pre-cDCs.
Also, the known progenitors for pre-cDCs, CDPs were isolated, cultured in
FLT3L condition and cDCs including all the MHC 11" cells were produced from
CDPs, indicating that MHC 11" cell subsets are CDP to pre-cDC-lineage. Next,
to check the possibility whether monocytes and their committed progenitors
give rise to MHC 11" cell subsets in response to FLT3L or not, the cells were
sorted and cultured. From monocytes and cMoPs, no MHC 11" cell was
generated and even LPS treatment was fail to activate or stimulate cells to MHC
11" phenotype. In conclusion, in the BM culture with FLT3L, MHC 11" cells
including all the three of CD115CX3CR1°CD83", CD115CX3CR1CD83* and
CD115*CX3CR1* cells are CDP lineage.

Beyond the ontogeny, in vivo relevance of the MHC 11" cell subsets remains
to be clarified. So far, numerous efforts to discover the in vivo corresponding
cell types for the MHC II" cell subsets have been, however, the exact
correspondence has yet to be found. Indeed, the MHC 11" cell subsets in the BM
culture, especially CD115*CX3CR1" cells, might be generated in the specific in
vitro condition. Nevertheless, when taking account of the characteristics of
chemokine receptor CX3CR1, the researches on CD115*CX3CR1* cells are still
important. CX3CR1 and its ligand CXsCL1/fractalkine is known as a leukocyte
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trafficking regulator, which performs both chemotactic and adhesive functions®.
And in some inflammatory diseases such as rheumatoid arthritis and atopic
dermatitis, CX3CR1-CX3CL1 axis plays an important role in the trafficking of
leukocytes during the inflammation®182, In this regard, multifaceted approaches
are needed to demonstrate the in vivo phenotype of MHC 11" cell subsets.
Immunizations using antigen-loaded DCs may represent powerful methods of
inducing immunity, especially antitumor immunity when using tumor antigens®.
For the development of conventional DC vaccines so far, hematopoietic
cytokine GM-CSF has been used to generate DCs from human blood monocytes
in large numbers®. However, GM-CSF can only produce DCs possessed
inflammatory phenotype, not steady state DCs. Therefore, FLT3L, which
involves in differentiation and survival for steady state DCs, has potential to be
utilized for future DC vaccines when steady state DCs are required. At the point
of vaccine development, CD115"CX3CR1* cells, the immediate precursors for
DCs, can be potent tools for DC vaccine. To improve autologous cell vaccine
therapy which utilizes one’s own progenitor or precursor cells, understanding
the biology of in vitro DCs is to be enhanced. Finally, characterization of the
novel precursors and DC subsets in BM culture with FLT3L might help to

understand and guide the utilization of the DCs in therapeutic clinical settings.
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V. CONCLUSION

In current study, the novel precursor cells for DCs and DC subsets in vitro
were identified and characterized in various ways. The MHC 11" ¢cDC2s can be
further divided into several subsets with the hematopoietic molecules CD115,
CXsCR1 and CD83. With the combination of these three markers plus
previously known c¢cDC markers, the three distinct MHC 11" cell subsets were
identified and demonstrated in the culture of BM with FLT3L; (1) CD115%
CX3sCR1CD83 ¢DC2s, (2) CD115CXs;CR1CD83* ¢DC2s and (3)
CD115*CX3CR1*CD83 cells.

Not only by the phenotype but also by the morphology, these subsets can be
distinguished. CD115CX3;CR1 ¢DC2s, both CD83" and CD83*, showed typical
dendritic cell morphology, which forms non-adherent clusters with dendrites,
whereas CD115"CX3;CR17CD83 cells exhibited large cytoplasm and short
dendrites or pseudopods compared to the other MHC 11" cells. Wright-Giemsa
stain illustrates that CD115CX3CR1 CD83 cells display dendrites on cell
surface, CD115CX3CR1CD83* cells have long protrusions or dendrites and
shrunk nucleus, and that CD115*CX3CR1* cells show large cytoplasm and short
pseudopods similar to macrophages.

Also, gene expression profiles reveal that the heterogeneity of the three
MHC 11" cell subsets. LPS stimulation which is commonly used to ‘DC
maturation’ changed the phenotype of MHC 1I" cells, especially
CD115"CX5CR1* cells. When LPS given, CD115*CX3;CR1* cells undergo
maturation or activation and are to possess CD115CX3CR1°CD83* phenotype.
As a result, CD115"CX3CR1" cells are the immediate precursors for DCs in BM
culture with FLT3L.

Ontogeny of MHC 11" cell subsets was also delineated. All the three MHC
11" cell subsets were generated from CDPs through pre-cDCs, not cMoPs and
monocyte. In conclusion, MHC 11" cell subsets produced in the BM culture

with FLT3L were identified and characterized.
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It is well known that FLT3L-induced BM-DCs do not fully recapitulate the
phenotype of cDCs in vivo. It is also recognized that developing better
phenotypes of FLT3L-induced BM-DCs in vitro requires the addition of still
many unidentified factors into FL-BM culture34. Our discovery of a large
number of MHCII" pre-cDC2s in FL-BM culture may reflect less than perfect
in-vitro culture conditions for FLT3L-induced BM-DCs. If so, it is not likely
that the in-vivo counterpart cells of the MHCII" pre-cDC2s exist in large
numbers. Nonetheless, in the future studies, it will be important to determine
and characterize an in-vivo counterpart of the MHCII" pre-cDC2s identified in
FL-BM culture.

91



10.

11.

12.

13.

REFERENCES

Steinman RM, Cohn ZA. Identification of a novel cell type in
peripheral lymphoid organs of mice. I. Morphology, quantitation,
tissue distribution. J Exp Med 1973;137:1142-62.

Nossal GJV, Abbot A, Mitchell J, Lummus Z. ANTIGENS IN
IMMUNITY : XV. ULTRASTRUCTURAL FEATURES OF
ANTIGEN CAPTURE IN PRIMARY AND SECONDARY LYMPHOID
FOLLICLES. Journal of Experimental Medicine 1968;127:277-90.
Steinman RM, Witmer MD. Lymphoid dendritic cells are potent
stimulators of the primary mixed leukocyte reaction in mice. Proc
Natl Acad Sci U S A 1978;75:5132-6.

Nussenzweig MC, Steinman RM, Witmer MD, Gutchinov B. A
monoclonal antibody specific for mouse dendritic cells.
Proceedings of the National Academy of Sciences 1982;79:161.
Steinman RM, Banchereau J. Taking dendritic cells into medicine.
Nature 2007;449:419-26.

Steinman RM. Decisions about dendritic cells: past, present, and
future. Annu Rev Immunol 2012;30:1-22.

Park CG. Vaccine strategies utilizing C—type lectin receptors on
dendritic cells in vivo. Clin Exp Vaccine Res 2014;3:149-54.
Shortman K, Liu Y-J. Mouse and human dendritic cell subtypes.
Nature Reviews Immunology 2002;2:151-61.

Verdijk P, van Veelen PA, de Ru AH, Hensbergen PJ, Mizuno K,
Koerten HK, et al. Morphological changes during dendritic cell
maturation correlate with cofilin activation and translocation to
the cell membrane. European Journal of Immunology
2004;34:156-64.

Satpathy AT, KC W, Albring JC, Edelson BT, Kretzer NM,
Bhattacharya D, et al. Zbtb46 expression distinguishes classical
dendritic cells and their committed progenitors from other
immune lineages. Journal of Experimental Medicine
2012;209:1135-52.

Hildner K, Edelson BT, Purtha WE, Diamond M, Matsushita H,
Kohyama M, et al. Batf3 Deficiency Reveals a Critical Role for
CD8a+ Dendritic Cells in Cytotoxic T Cell Immunity. Science
2008;322:1097.

Grajales—Reyes GE, Iwata A, Albring J, Wu X, Tussiwand R, Kc W,
et al. Batf3 maintains autoactivation of Irf8 for commitment of a
CD8alpha(+) conventional DC clonogenic progenitor. Nat Immunol
2015;16:708-17.

Sichien D, Scott Charlotte L, Martens L, Vanderkerken M,

Van Gassen S, Plantinga M, et al. IRF& Transcription Factor

92



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

20.

Controls Survival and Function of Terminally Differentiated
Conventional and Plasmacytoid Dendritic Cells, Respectively.
Immunity 2016;45:626-40.

Iyvoda T, Shimoyama S, Liu K, Omatsu Y, Akiyama Y, Maeda Y,
et al. The CD8+ Dendritic Cell Subset Selectively Endocytoses
Dying Cells in Culture and In Vivo. Journal of Experimental
Medicine 2002;195:1289-302.

Merad M, Sathe P, Helft J, Miller J, Mortha A. The Dendritic Cell
Lineage: Ontogeny and Function of Dendritic Cells and Their
Subsets in the Steady State and the Inflamed Setting. Annual
Review of Immunology 2013;31:563-604.

Tussiwand R, Everts B, Grajales—-Reyes Gary E, Kretzer

Nicole M, Iwata A, Bagaitkar J, et al. Klf4 Expression in
Conventional Dendritic Cells Is Required for T Helper 2 Cell
Responses. Immunity 2015;42:916-28.

Dress RJ, Dutertre C-A, Giladi A, Schlitzer A, Low I, Shadan NB,
et al. Plasmacytoid dendritic cells develop from Ly6D+ lymphoid
progenitors distinct from the myeloid lineage. Nature Immunology
2019;20:852-64.

Swiecki M, Colonna M. The multifaceted biology of plasmacytoid
dendritic cells. Nature Reviews Immunology 2015;15:471-85.
Guilliams M, Dutertre C-A, Scott Charlotte L, McGovern N,
Sichien D, Chakarov S, et al. Unsupervised High—-Dimensional
Analysis Aligns Dendritic Cells across Tissues and Species.
Immunity 2016;45:669-84.

Hespel C, Moser M. Role of inflammatory dendritic cells in innate
and adaptive immunity. European Journal of Immunology
2012;42:2535-43.

Iwasaki A, Medzhitov R. Toll-like receptor control of the adaptive
immune responses. Nature Immunology 2004;5:987-95.

Aderem A, Ulevitch RJ. Toll-like receptors in the induction of the
innate immune response. Nature 2000;406:782-7.

Banchereau J, Briere F, Caux C, Davoust J, Lebecque S, Liu YJ, et
al. Immunobiology of dendritic cells. Annu Rev Immunol
2000;18:767-811.

Joffre O, Nolte MA, Sporri R, Sousa CRe. Inflammatory signals in
dendritic cell activation and the induction of adaptive immunity.
2009;227:234-47.

Inaba K, Inaba M, Deguchi M, Hagi K, Yasumizu R, Ikehara S, et al.
Granulocytes, macrophages, and dendritic cells arise from a
common major histocompatibility complex class II-negative

93



26.

27.

28.

29.

30.

31.

32.

33.

34.

30.

36.

37.

progenitor in mouse bone marrow. Proceedings of the National
Academy of Sciences 1993;90:3038.

Ardavin C, Wu L, Li C-L, Shortman K. Thymic dendritic cells and
T cells develop simultaneously in the thymus from a common
precursor population. Nature 1993;362:761-3.

Kondo M, Weissman IL, Akashi K. Identification of Clonogenic
Common Lymphoid Progenitors in Mouse Bone Marrow. Cell
1997;91:661-72.

Akashi K, Traver D, Miyamoto T, Weissman IL. A clonogenic
common myeloid progenitor that gives rise to all myeloid lineages.
Nature 2000;404:193-7.

Fogg DK, Sibon C, Miled C, Jung S, Aucouturier P, Littman DR, et
al. A clonogenic bone marrow progenitor specific for
macrophages and dendritic cells. Science 2006;311:83-7.

Liu K, Victora GD, Schwickert TA, Guermonprez P, Meredith MM,
Yao K, et al. In vivo analysis of dendritic cell development and
homeostasis. Science 2009;324:392-7.

Cheong C, Matos I, Choi JH, Dandamudi DB, Shrestha E, Longhi
MP, et al. Microbial stimulation fully differentiates monocytes to
DC-SIGN/CD209(+ ) dendritic cells for immune T cell areas. Cell
2010;143:416-29.

Becher B, Tugues S, Greter M. GM-CSF: From Growth Factor to
Central Mediator of Tissue Inflammation. Immunity 2016;45:963-
73.

Durai V, Bagadia P, Brisefio CG, Theisen DJ, Iwata A, Davidson
JTIV, et al. Altered compensatory cytokine signaling underlies the
discrepancy between Flt3—/— and Flt3l-/- mice. Journal of
Experimental Medicine 2018;215:1417-35.

Inaba K, Swiggard WJ, Steinman RM, Romani N, Schuler G,
Brinster C. Isolation of dendritic cells. Curr Protoc Immunol
2009;Chapter 3:Unit 3 7.

Lutz MB, Kukutsch N, Ogilvie AL, Rossner S, Koch F, Romani N,
et al. An advanced culture method for generating large quantities
of highly pure dendritic cells from mouse bone marrow. J Immunol
Methods 1999;223:77-92.

Kim T-G, Kim SH, Park J, Choi W, Sohn M, Na HY, et al. Skin-
Specific CD301b+ Dermal Dendritic Cells Drive IL-17—Mediated
Psoriasis—Like Immune Response in Mice. Journal of Investigative
Dermatology 2018;138:844-53.

Orsini G, Legitimo A, Failli A, Massei F, Biver P, Consolini R.
Enumeration of human peripheral blood dendritic cells throughout
the life. International Immunology 2012;24:347-56.

94



38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Ryu SH, Na HY, Sohn M, Han SM, Choi W, In H, et al. Reduced
expression of granule proteins during extended survival of
eosinophils in splenocyte culture with GM-CSF. Immunol Lett
2016;173:7-20.

Han SM, Na HY, Ham O, Choi W, Sohn M, Ryu SH, et al. TCF4-
Targeting miR-124 is Differentially Expressed amongst Dendritic
Cell Subsets. Immune Network 2016;16:61-74.

Park SH, Cheong C, Idoyaga J, Kim JY, Choi J-H, Do Y, et al.
Generation and application of new rat monoclonal antibodies
against synthetic FLAG and OLLAS tags for improved
immunodetection. Journal of Immunological Methods
2008;331:27-38.

Ryu SH, Na HY, Sohn M, Choi W, In H, Shin HS, et al. Competent
antigen-presenting cells are generated from the long—-term
culture of splenocytes with granulocyte—-macrophage colony-—
stimulating factor. Immunol Lett 2017;188:96-107.

Na HY, Sohn M, Ryu SH, Choi W, In H, Shin HS, et al. Extended
Culture of Bone Marrow with Granulocyte Macrophage—Colony
Stimulating Factor Generates Immunosuppressive Cells. Immune
network 2018;18:el16-e.

Sohn M, Na HY, Ryu SH, Choi W, In H, Shin HS, et al. Two
Distinct Subsets Are Identified from the Peritoneal Myeloid
Mononuclear Cells Expressing both CD11c and CD115. Immune
Netw 2019;19.

Inaba K, Inaba M, Romani N, Aya H, Deguchi M, Ikehara S, et al.
Generation of large numbers of dendritic cells from mouse bone
marrow cultures supplemented with granulocyte/macrophage
colony-stimulating factor. J Exp Med 1992;176:1693-702.
Inaba K, Pack M, Inaba M, Sakuta H, Isdell F, Steinman RM. High
Levels of a Major Histocompatibility Complex [I-Self Peptide
Complex on Dendritic Cells from the T Cell Areas of Lymph
Nodes. Journal of Experimental Medicine 1997;186:665-72.
Helft J, Bottcher J, Chakravarty P, Zelenay S, Huotari J, Schraml
BU, et al. GM-CSF Mouse Bone Marrow Cultures Comprise a
Heterogeneous Population of CD11c(+ )MHCII(+) Macrophages
and Dendritic Cells. Immunity 2015;42:1197-211.

Schuler G, Romani N, Steinman RM. A Comparison of Murine
Epidermal Langerhans Cells with Spleen Dendritic Cells. Journal
of Investigative Dermatology 1985;85:S99-S106.

Hettinger J, Richards DM, Hansson J, Barra MM, Joschko A-C,
Krijgsveld J, et al. Origin of monocytes and macrophages in a
committed progenitor. Nature Immunology 2013;14:821-30.

95



49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Steinman RM, Cohn ZA. IDENTIFICATION OF A NOVEL CELL
TYPE IN PERIPHERAL LYMPHOID ORGANS OF MICE : L.
MORPHOLOGY, QUANTITATION, TISSUE DISTRIBUTION.
Journal of Experimental Medicine 1973;137:1142-62.

Steinman RM, Cohn ZA. IDENTIFICATION OF A NOVEL CELL
TYPE IN PERIPHERAL LYMPHOID ORGANS OF MICE : 1I.
FUNCTIONAL PROPERTIES IN VITRO. Journal of Experimental
Medicine 1974;139:380-97.

Steinman RM, Kaplan G, Witmer MD, Cohn ZA. Identification of a
novel cell type in peripheral lymphoid organs of mice. V.
Purification of spleen dendritic cells, new surface markers, and
maintenance in vitro. Journal of Experimental Medicine
1979;149:1-16.

Guilliams M, Ginhoux F, Jakubzick C, Naik SH, Onai N, Schraml
BU, et al. Dendritic cells, monocytes and macrophages: a unified
nomenclature based on ontogeny. Nature Reviews Immunology
2014:;14:571-8.

Durai V, Murphy Kenneth M. Functions of Murine Dendritic Cells.
Immunity 2016;45:719-36.

Kumamoto Y, Linehan M, Weinstein Jason S, Laidlaw Brian J,
Craft Joseph E, Iwasaki A. CD301b+ Dermal Dendritic Cells
Drive T Helper 2 Cell-Mediated Immunity. Immunity
2013;39:733-43.

Lewis Kanako L, Caton Michele L, Bogunovic M, Greter M,
Grajkowska Lucja T, Ng D, et al. Notch2 Receptor Signaling
Controls Functional Differentiation of Dendritic Cells in the
Spleen and Intestine. Immunity 2011;35:780-91.

Schlitzer A, McGovern N, Teo P, Zelante T, Atarashi K, Low D, et
al. IRF4 Transcription Factor—-Dependent CD11b+ Dendritic Cells
in Human and Mouse Control Mucosal IL-17 Cytokine Responses.
Immunity 2013;38:970-83.

Gao Y, Nish Simone A, Jiang R, Hou L, Licona-Limon P,
Weinstein Jason S, et al. Control of T Helper 2 Responses by
Transcription Factor IRF4-Dependent Dendritic Cells. Immunity
2013;39:722-32.

Kumamoto Y, Hirai T, Wong PW, Kaplan DH, Iwasaki A. CD301b+
dendritic cells suppress T follicular helper cells and antibody
responses to protein antigens. eLife 2016;5:e17979.

Brown CC, Gudjonson H, Pritykin Y, Deep D, Lavallée V-P,
Mendoza A, et al. Transcriptional Basis of Mouse and Human
Dendritic Cell Heterogeneity. Cell 2019;179:846-63.e24.

96



60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Miller JC, Brown BD, Shay T, Gautier EL, Jojic V, Cohain A, et al.
Deciphering the transcriptional network of the dendritic cell
lineage. Nature Immunology 2012;13:888-99.

Dondossola E, Rangel R, Guzman-Rojas L, Barbu EM, Hosoya H,
St. John LS, et al. CD13-positive bone marrow-derived myeloid
cells promote angiogenesis, tumor growth, and metastasis.
Proceedings of the National Academy of Sciences
2013;110:20717.

Kim SS-Y, Lee K-G, Chin C-S, Ng S-K, Pereira NA, Xu S, et al.
DOK3 Is Required for IFN- Production by Enabling
TRAF3/TBK1 Complex Formation and IRF3 Activation. The
Journal of Immunology 2014,;193:840.

Das AK, Uhler MD, Hajra AK. Molecular cloning and expression
of mammalian peroxisomal trans—-2-enoyl-coenzyme A reductase
cDNAs. J Biol Chem 2000;275:24333-40.

Gautier EL, Shay T, Miller J, Greter M, Jakubzick C, Ivanov S, et
al. Gene—-expression profiles and transcriptional regulatory
pathways that underlie the identity and diversity of mouse tissue
macrophages. Nature Immunology 2012;13:1118-28.

Wolf AA, Yafiez A, Barman PK, Goodridge HS. The Ontogeny of
Monocyte Subsets. 2019;10.

Lee H, Ruane D, Law K, Ho Y, Garg A, Rahman A, et al.
Phenotype and function of nasal dendritic cells. Mucosal Immunol
2015;8:1083-98.

Sohn M, Na HY, Shin HS, Ryu SH, Park S, In H, et al. Global Gene
Expression of T Cells Is Differentially Regulated by Peritoneal
Dendritic Cell Subsets in an IL-2 Dependent Manner. Frontiers in
Immunology 2021;12.

Kawai T, Akira S. The role of pattern—-recognition receptors in
innate immunity: update on Toll-like receptors. Nature
Immunology 2010;11:373-84.

Naik SH, Metcalf D, van Nieuwenhuijze A, Wicks I, Wu L,
O'Keeffe M, et al. Intrasplenic steady-state dendritic cell
precursors that are distinct from monocytes. Nature Immunology
2006;7:663-71.

D'Amico A, Wu L. The Early Progenitors of Mouse Dendritic
Cells and Plasmacytoid Predendritic Cells Are within the Bone
Marrow Hemopoietic Precursors Expressing Flt3. Journal of
Experimental Medicine 2003;198:293-303.

Geissmann F, Manz MG, Jung S, Sieweke MH, Merad M, Ley K.
Development of monocytes, macrophages, and dendritic cells.
Science 2010;327:656-61.

97



72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

Naik SH, Sathe P, Park HY, Metcalf D, Proietto Al, Dakic A, et al.
Development of plasmacytoid and conventional dendritic cell
subtypes from single precursor cells derived in vitro and in vivo.
Nat Immunol 2007;8:1217-26.

Waskow C, Liu K, Darrasse-Jéze G, Guermonprez P, Ginhoux F,
Merad M, et al. The receptor tyrosine kinase Flt3 is required for
dendritic cell development in peripheral lymphoid tissues. Nature
Immunology 2008;9:676-83.

Heard JM, Roussel MF, Rettenmier CW, Sherr CJ. Multilineage
hematopoietic disorders induced by transplantation of bone
marrow cells expressing the v—fms oncogene. Cell 1987;51:663-
73.

Ginhoux F, Tacke F, Angeli V, Bogunovic M, Loubeau M, Dai X-M,
et al. Langerhans cells arise from monocytes in vivo. Nature
Immunology 2006;7:265-73.

Sallusto F, Lanzavecchia A. Efficient presentation of soluble
antigen by cultured human dendritic cells is maintained by
granulocyte/macrophage colony-stimulating factor plus
interleukin 4 and downregulated by tumor necrosis factor alpha.
Journal of Experimental Medicine 1994;179:1109-18.

Lutz Manfred B, Inaba K, Schuler G, Romani N. Still Alive and
Kicking: In-Vitro—Generated GM—-CSF Dendritic Cells! Immunity
2016;44:1-2.

Onai N, Obata-Onai A, Schmid MA, Ohteki T, Jarrossay D, Manz
MG. Identification of clonogenic common Flt3+ M-CSFR+
plasmacytoid and conventional dendritic cell progenitors in mouse
bone marrow. Nat Immunol 2007;8:1207-16.

Onai N, Obata-Onai A, Schmid MA, Ohteki T, Jarrossay D, Manz
MG. Identification of clonogenic common Flt3+ M-CSFR+
plasmacytoid and conventional dendritic cell progenitors in mouse
bone marrow. Nature Immunology 2007;8:1207-16.

Imai T, Hieshima K, Haskell C, Baba M, Nagira M, Nishimura M,
et al. Identification and Molecular Characterization of Fractalkine
Receptor CX3CR1, which Mediates Both Leukocyte Migration and
Adhesion. Cell 1997;91:521-30.

Echigo T, Hasegawa M, Shimada Y, Takehara K, Sato S.
Expression of fractalkine and its receptor, CX3CR1, in atopic
dermatitis: Possible contribution to skin inflammation. Journal of
Allergy and Clinical Immunology 2004;113:940-8.

Nanki T, Imai T, Kawai S. Fractalkine/CX3CL1 in rheumatoid
arthritis. Modern Rheumatology 2017;27:392-7.

98



83.

84.

Melief CJM. Cancer Immunotherapy by Dendritic Cells. Immunity
2008;29:372-83.

Kirkling ME, Cytlak U, Lau CM, Lewis KL, Resteu A, Khodadadi-
Jamayran A, et al. Notch Signaling Facilitates In Vitro Generation
of Cross—Presenting Classical Dendritic Cells. Cell Rep
2018;23:3658-72.e6.

99



ABSTRACT(IN KOREAN)

B4 % & SATHE FARAT) A2 ATAE 77

FAGALE OFE W Aol o] FRF AT s WHMERA,
AN A Fe FReka Aejete] T Azl ddel A% FAAAA
hyA 2~

T g

= vk Jom FAGAEL] Estol] TRt =Y Ao ETRRIQI HH T

A A E F2Y A1 A (GM-CSF)$F FMS-1+4 A 3

(FLT3L)7} o] o] AF-& ¥t} GM-CSF =7 3foll A EE

T oA A= = FAFA RS} g A M 7T A E T v, FLT3L9]

A Bkl g EFAEERE = AANEG FAGAE

DCs, pDCs)2} A& A3 2 (classical DCs, cDCs)7} A/ €}, 2 A
MM = T APl ETIRIS AbEste] wikdh Al v ol A

MHC Il A4S sk A 22 ol gAl 25 T=sglh. 53] FLT3L

= g M = 7S BE FAGAE 20t o m dHAE A

o] A CD11c®} MHC Il TA EALE =7 e & sl A] YA A 52 o] W
A FAES] AFA L, FAAA sHo] FoA T AEe] £315 &
3 e A FAGAE2 o1 S BEEgiTh o] R X

12} B }oq AEO e g BFea FAGHLZA ) /)5S H7)

o, FAFAES] AFAEY A5 ol A5AAE AHE-ste] 4]

Fro| E3lss ﬂ7} SEATE gk Al 2 W §F R A o} F M

=9 fralek AMALAS gRlstr] 8, FAGAMES] ATFAEE el

—

k3

o do )
H

N

ok
2

0%
£

il

100



T

—~
fi%e)

,._mo

YT A
a, =

FLT3L, GM-CSF, =< A

AN A A 2E,

o) A7A

Ay
fhn

Ay
e i

A 7A

101



PUBLICATION LIST

1. Han SM, Na HY, Ham O, Choi W, Sohn M, Ryu SH, In H, Hwang KC,
Park CG. TCF4-targeting miR-124 is differentially expressed amongst
dendritic cell subsets. Immune Netw 2016;16:61-74.

2. Ryu SH, Na HY, Sohn M, Han SM, Choi W, In H, et al. Reduced
expression of granule proteins during extended survival of eosinophils
in splenocyte culture with GM-CSF. Immunol Lett 2016;173:7-20.

3. Ryu SH, Na HY, Sohn M, Choi W, In H, Shin HS, et al. Competent
antigen-presenting cells are generated from the long-term culture of
splenocytes with granulocyte-macrophage colony-stimulating factor.
Immunol Lett 2017;188:96-107.

4. Na HY, Sohn M, Ryu SH, Choi W, In H, Shin HS, et al. Extended
culture of bone marrow with Granulocyte Macrophage-Colony
Stimulating Factor generates immunosuppressive cells. Immune Netw
2018;18:e16.

5. Sohn M, Na HY, Ryu SH, Choi W, In H, Shin HS, et al. Two distinct
subsets are identified from the peritoneal myeloid mononuclear cells
expressing both CD11c and CD115. Immune Netw 2019;19.

6. Sohn M, Na HY, Shin HS, Ryu SH, Park S, In H, et al. Global gene
expression of T cells is differentially regulated by peritoneal dendritic
cell subsets in an IL-2 dependent manner. Frontiers in Immunology
2021;12.

7. Ryu SH, Shin HS, Eum HH, Park JS, Choi W, Na HY, In H, et al.
Granulocyte Macrophage-Colony Stimulating Factor produces a

splenic subset of monocyte-derived dendritic cells that efficiently

102



polarize T helper type 2 cells in response to blood-borne antigen.
Frontiers in Immunology 2022;12.

8. In H, Park JS, Shin HS, Ryu SH, Sohn M, Choi W, et al. Identification
of dendritic cell precursor from the CD11c" cells expressing high
levels of MHC class I molecules in the culture of bone marrow with
FLT3 ligand. Frontiers in Immunology 2023;14.

103



