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CD40 Mediates Maturation of Thymic Dendritic Cells Driven by 
Self-reactive CD4+ Thymocytes and Supports Development of 
Natural Regulatory T Cells

Jaehak Oh*, Nan Wu*, Andrea J. Barczak†, Rebecca Barbeau†, David J. Erle†, and Jeoung-
Sook Shin*

*Department of Microbiology and Immunology, Sandler Asthma Basic Research Center, University 
of California San Francisco, San Francisco, CA 94143

†Department of Medicine, Sandler Asthma Basic Research Center, University of California San 
Francisco, San Francisco, CA 94143

Abstract

Thymic dendritic cells (tDCs) play an important role in central tolerance by eliminating self-

reactive thymocytes or differentiating them to regulatory T (Treg) cells. However, the molecular 

and cellular mechanisms underlying these functions are not completely understood. We found that 

mouse tDCs undergo maturation following cognate interaction with self-reactive CD4+ 

thymocytes and that this maturation is dependent on CD40 signaling. Ablation of CD40 

expression in tDCs resulted in a significant reduction in the number of Treg cells in association 

with a significant reduction in the number of mature tDCs. In addition, CD40-deficient DCs failed 

to fully mature upon cognate interaction with CD4+ thymocytes in vitro and failed to differentiate 

them into Treg cells to a sufficient number. These findings suggest that tDC mature and potentiate 

Treg cell development in feedback response to self-reactive CD4+ thymocytes.
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Introduction

Thymus is a primary immune organ that supports the development of T cells. Hematopoietic 

precursors originate from bone marrow (BM), migrate to the thymus, and generate T cell 

receptors (TCRs) through random gene rearrangement. This gene rearrangement generates 

infinite diversity to the repertoire of TCRs and enables the organism to mount T cell 
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immunity to a broad range of pathogens. Inevitably, however, this diversity also puts the 

organism in danger because some T cells will express TCRs reactive to self-antigens and 

potentially mount autoimmunity. Thus, it is critical to remove these self-reactive thymocytes 

before they emigrate to periphery. This selection process occurs through the interaction of 

the self-reactive thymocytes with antigen presenting cells (APCs) in the thymus (1). This 

interaction drives interacting thymocytes to either apoptotic cell death or differentiation to 

Treg cells (2, 3).

DCs represent one of the major APCs in the thymus. Two subsets are present, one being 

Sirpα+ and the other being CD8+. Sirpα+ thymic DCs (tDCs) originate from the periphery 

(4). They localize in the cortico-medullary junction and present circulating antigens (5, 6). 

CD8+ tDCs develop in situ in the thymus from the DC-thymocyte common precursors (7). 

They primarily localize in the medullary region and present antigens derived from medullary 

thymic epithelial cells including the tissue-restricted antigens (8–10). Antigen-presentation 

by both tDC subsets contributes substantially to the elimination of self-reactive thymocytes 

or differentiating them into Treg cells, although the specific molecular and cellular 

mechanisms underlying these functions are not completely understood (11).

DC function is often associated with its maturation (12). In steady-state, DCs are 

phenotypically “immature”. They express low level of MHC class II molecules at the surface 

and even lower levels of T cell co-stimulatory molecules such as CD80 and CD86. Despite 

MHC class II is expressed abundantly in immature DCs, it turns over rapidly (13, 14). 

Accordingly, immature DCs are inefficient at accumulating peptide-MHC complexes 

(pMHCII) in the surface and incompetent at stimulating T cells (15). In contrast, “mature” 

DCs express elevated levels of MHC and costimulatory molecules and are highly adept at 

presenting antigens to T cells for their stimulation (16, 17). Previous cell biological analysis 

has demonstrated that DC maturation is triggered by microbial products stimulating the 

innate immune signaling pathways (18). After the activation of innate immune signaling 

pathway, DCs downregulate their ability to capture antigens and upregulate the expressions 

of costimulatory molecules and chemokine receptors (e.g. CCR7) that facilitate DC 

migration to lymph nodes (19–21). Given these alterations and concomitant secretion of pro-

inflammatory cytokines, the maturation effectively couples the detection of innate immune 

signals to the activation of antigen-specific T cell immune responses by DCs.

DC maturation also occurs in steady-state. A fraction of DCs in the periphery 

homeostatically upregulate MHCII, costimulatory molecules, and CCR7, migrate to the 

lymph nodes, and present antigens to T cells (22). However, this homeostatic maturation 

appears to take different signaling pathways and functions from the microbial product-

induced maturation (23). They do not secrete proinflammatory cytokines but upregulate the 

expression of immune-modulatory molecules (10, 24). Accordingly, they convert the 

antigen-specific naive T cells into Treg cells (25).

tDCs appear to be comprised of immature and mature cells. DC-Lamp, a marker of human 

mature DCs, is expressed in a subpopulation of DCs in human thymus (26). In mouse thymi, 

CD8+ tDCs are segregated into two populations by differential expression of CCR7 and 

costimulatory molecules (10). However, it is not clearly understood how tDCs mature, 
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whether this maturation is associated with any of their function, and if so, which functions 

are associated with the maturation. We addressed these questions as presented below.

Materials and Methods

Mice

C57BL/6 (B6), B6(Cg)-Zbtb46tm1(HBEGF)Mnz/J (Zbtb46-DTR), B6.SJL-Ptprca Pepcb/BoyJ 

(BoyJ), BALB/cJ, B6.129S2-Tcratm1Mom/J (TCRα−/−), B6.129S7-Rag1tm/1Mom/J 

(RAG1−/−), B6.Cg-Tg(TcraTcrb)425Cbn/J (OT-II), B6.129P2-B2mtm1Unc/J (β2m−/−), 

B6.129P2-Cd40tm1Kik/J (Cd40−/−), B6.Cg-Tg(Itgax-cre)1-1Reiz/J (CD11c-Cre), B6.129P2-

Gt(ROSA)26Sortm1(DTA)Lky/J (ROSA26-floxDTA), and B6.PL-Thy1a/CyJ (Thy1.1) mice 

were purchased from Jackson laboratory. B6.129-H20Ab1tm1GruN12 (MHCII−/−) and 

B6.129S6-Rag2tm1Fwa Tg(TcraTcrb)1100Mjb (OT-I) mice were purchased from Taconic. 

Foxp3GFP (27), Myd88−/− (28), TRIF−/− (29), MAVS−/− (30), TSLPR−/− (31) mice were 

previously described. TSLPR−/− mice were in BAB/cJ background and compared with WT 

mice of the same background. Male and female mice were both used in the study, and the 

mice were at the age of 5 – 8 weeks unless stated otherwise. All mice were maintained in the 

UCSF mouse facility, and all animal studies were performed according to protocols 

approved by the UCSF Institutional Animal Ethics Committee.

Antibodies and reagents

The following antibodies were purchased from BioLegend, eBioscience, or BD Biosciences, 

and used for flow cytometry or enrichment of specific cell types: FITC-Sirpα, PE/Cy7-

Sirpα PerCP/Cy5.5-B220, PE/Cy7-CD11c, Brilliant Violet 605-CD11c, Pacific Blue-IA/IE, 

FITC-YAe, PerCP/Cy5.5-CD45.1, APC-CD45.2, PE/Cy7-CD86, APC-CD86, PE-PD-L1, 

APC-CD200, PE/Cy7-CD40, PE-Foxp3, Pacific Blue-Foxp3, PerCP/Cy5.5-Thy1.1, APC-

TCRβ, FITC-CD8α, Alexa700-CD8α, Alexa700-CD4, Brilliant Violet 605-CD4, Brilliant 

Violet 605-CD25, APC-CD25, PE/Cy7-CD3, PE/Cy7-CD24, Propidium iodide solution, 

Fixable Viability Dye eFluor780, Biotin-CD8β, Biotin-CD4, Biotin-CD25, and Biotin-B220. 

AlexaFluor647-conjugated OVA and crimson bead (0.02 μm) were purchased from 

ThermoFisher Scientific. Streptavidin-RapidSpheres isolation kit and CD11c-MicroBeads 

were purchased from STEMCELL technologies and Miltenyi Biotec, respectively.

Enrichment of thymic and splenic DCs

Thymi or spleens were isolated and digested with 125 mg/ml of collagenaseD (Roche) and 

62.5 μg/ml of DNaseI (Roche) for 20 min with gentle rocking at 37°C. Digests were filtered 

through a 70 μm filter cap strainer (BD Falcon), re-suspended in 1 ml of high-density (1.115 

g/ml) Percoll solution (GE healthcare), and layered with 1 ml of low-density (1.065 g/ml) 

Percoll solution followed by 1 ml of PBS. This Percoll gradient was centrifuged at 2,700 

rpm for 30 min at 4°C to enrich DCs. Cells between the PBS and low-density Percoll layer 

were isolated and washed for further use.

Flow cytometry and cell sorting

For surface staining, cells were incubated with fluorophore-conjugated antibodies in FACS 

buffer (1% BSA in PBS) containing propidium iodide solution for 30 min on ice. When 
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staining DCs, cells were pre-incubated with CD16/32 Fc block antibody for 10 min on ice. 

For intracellular staining of Foxp3, fixable viability dye and Foxp3/Transcription Factor 

Staining Buffer Set were used as instructed (eBioscience). Samples were analyzed and 

sorted by the FACS LSRII system (BD Biosciences) and BD FACS Aria3 Cell Sorter (BD 

Biosciences), respectively.

BM chimeric mice

BM cells were isolated from femurs and/or tibiae of the indicated donor mice. Recipient 

mice were lethally irradiated (1,200 rad) and i.v. injected with 3–5×106 BM cells from the 

donors. For the generation of mixed BM chimeric mice, donor BM cells were mixed in a 1:1 

ratio, except for the WT:CD11c-DTA and Cd40−/−:CD11c-DTA mice, in which they were 

mixed in a 1:4 ratio. Mice were examined 6 weeks later.

DTx treatment of zbtb46-DTR mice

BM cells of Zbtb46-DTR mice were i.v. injected to lethally irradiated WT mice. The 

reconstituted mice were intraperitoneally injected with 20 ng of DTx (Sigma) per mouse 

weight (g) on 11, 7, 3, 1, and 0 day before analysis. tDCs of the mice were enriched and 

analyzed by flow cytometry.

DC transfer

Flt3L-expressing B16 tumor cells were cultured in DMEM supplemented with 10% FBS. 

Cells were harvested, and ~2×106 cells were subcutaneously injected to B6 mice. When the 

tumor became 10~20 mm in diameter, mice were sacrificed and DCs were isolated from the 

spleen by using CD11c-MicroBeads. The purity was confirmed to be over 95 % by flow 

cytometry. ~1×107 isolated DCs were injected i.v. to BoyJ mice. On the indicated days after 

the injection, the thymi and spleens of the recipient mice were enriched for DCs and 

analyzed by flow cytometry.

Antigen capture and presentation by tDCs

tDCs isolated by CD11c-MicroBeads were incubated with AlexaFluor647-conjugated OVA 

(5 μg/ml), 0.02 μm crimson bead (0.02 %), or I-Eα protein (20 μg/ml) for 1 hr with 10 % 

FBS-supplemented RPMI media in 37°C incubator. Cells were washed three times and 

stained with antibodies to be analyzed by flow cytometry.

OVA i.v. injection to mice

OT-II, OT-I, or B6 mice were i.v. injected with PBS or 4 mg of OVA (Worthington). After 

one or three days, tDCs were enriched and analyzed by flow cytometry.

BMDC culture and cDC (conventional DC) isolation

BM cells were cultured with RPMI media supplemented with 10 % FBS and 100 ng/ml of 

Flt3-ligand (PeproTech) for 12 days. To isolate cDCs, cells were harvested and pre-

incubated with CD16/32 Fc block (UCSF CCF) for 10 min on ice in MACS buffer (PBS 

with 1 % BSA and 2 mM EDTA), and then with biotin-B220 antibody and Streptavidin-

RapidSpheres isolation kit as instructed.

Oh et al. Page 4

J Immunol. Author manuscript; available in PMC 2019 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



BMDC maturation by thymocytes

Conventional DCs isolated from BMDC culture (4×104) were co-cultured with OT-II or OT-I 

thymocytes (2×105) in the presence of increasing amounts of OVA323-339 or OVA257-264 

peptides, respectively. DC maturation was determined after 24 hours by analyzing the 

surface levels of MHCII, CD86, PD-L1, CD200, and CD40 among B220−CD11c+MHCII+ 

cDC population by flow cytometry. CD4SP thymocytes were enriched from OT-II 

thymocytes by negative selection using biotin-CD8β and biotin-CD25 antibodies and the 

Streptavidin-RapidSpheres isolation kit. CD8SP thymocytes were enriched from OT-I 

thymocytes by negative selection using biotin-CD4 and biotin-CD25 antibodies and the 

Streptavidin-RapidSpheres isolation kit.

Treg cell differentiation by BMDCs

CD4+CD8−CD24+ EGFP− thymocytes (5×104) isolated from Thy1.1: Foxp3-EGFP: OT-II 

mice were co-cultured with BMcDCs (1×104) derived from WT and CD40−/− mice together 

with OVA323-339 peptides. After two days, the percentages of CD25+EGFP+ cells among 

Thy1.1+MHCII− were determined by flow cytometry.

Microarray of tDC subsets

We enriched thymic DCs to FACS-sort MHCIIlowCD86low and MHCIIhighCD86high 

populations of both Sirpα+ and CD8+ DCs as shown in Fig. 1A. RNA was isolated from 

duplicate sets of sorted cells using RNeasy mini kit (Qiagen). Sample preparation, labeling, 

and array hybridizations were performed according to standard protocols from the UCSF 

Shared Microarray Core Facilities and Agilent Technologies http://www.arrays.ucsf.edu and 

http://www.agilent.com). Total RNA quality was assessed using a Pico Chip on an Agilent 

2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA). RNA was amplified and labeled 

with Cy3-CTP using the Agilent low RNA input fluorescent linear amplification kits 

following the manufacturer’s protocol. Labeled cRNA was assessed using the Nanodrop 

ND-100 (Nanodrop Technologies, Inc., Wilmington DE), and equal amounts of Cy3 labeled 

target were hybridized to Agilent whole mouse genome 4x44K Ink-jet arrays. 

Hybridizations were performed for 14 h, according to the manufacturer’s protocol. Arrays 

were scanned using the Agilent microarray scanner and raw signal intensities were extracted 

with Feature Extraction v10.5 software.

Software and statistical analyses

Flow cytometry data were analyzed by flowjo. Graphs were drawn by PRISM (GraphPad). 

Unpaired two-tailed student’s t-test was performed to assess the significance. For statistical 

analysis of microarray data, the dataset was normalized using quantile normalization (32), 

and a one-way ANOVA linear model was fit to the comparison to estimate the mean values 

and calculated moderated t-statistic (33). Adjusted p values were produced by the method 

proposed by Holm (34). All procedures were carried out using functions in the R package 

limma in Bioconductor (35).
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Results

tDCs mature intrathymically

We examined the maturation status of tDCs using antibodies specific for MHCII or CD86, 

the representative DC maturation markers. We found that both Sirpα+ tDCs and CD8+ tDCs 

were segregated into MHCIIlowCD86low and MHCIIhighCD86high compartments at a near 

1:1 ratio (Fig. 1A). In contrast, DCs in the spleen, which are mostly immature, consisted of 

largely MHCIIlowCD86low cells (Fig. 1B). This finding indicates tDCs are comprised of 

immature and mature cells at steady-state. Male and female mice had a similar fraction of 

mature tDCs (Supplemental Fig. 1A). New born, young, and old mice all had a similar 

fraction of mature tDCs (Supplemental Fig. 1B)

Next, we examined the relationship between the immature and mature tDCs. For this 

examination, Zbtb46-diphtheria toxin receptor (DTR) mice were utilized, in which DTR is 

specifically expressed in conventional DCs (36). A previous study has shown that diphtheria 

toxin (DTx) injection to the Zbtb46-DTR bone marrow chimeric mice in which 

hematopoietic cells were derived from Zbtb46-DTR mice results in efficient and specific 

depletion of cDCs (36). Indeed, injection of the Zbtb46-DTR BM chimeric mice with DTx 

resulted in a reduction in the number of of Sirpα+ tDCs and CD8+ tDCs near to 20 % of 

uninjected mice by day 1 post-injection (Fig. 1C). Then, we monitored restoration of tDCs 

by determining the number of tDCs on days 3, 7, and 11 post-DT injection and also 

examined maturation status of the newly appearing DCs by flow cytometry. We did not find 

any appreciable recovery of Sirpα+ tDCs or CD8+ tDCs on day 3 post-injection, but found 

full recovery of both tDC subsets by day 7 post-injection (Fig. 1C). The newly appearing 

tDCs of both subsets were mostly immature but gradually segregated into immature and 

mature populations (Fig. 1D), raising a possibility that the mature tDCs represent tDCs that 

matured intrathymically. To test this possibility, we took an approach of DC transfer. 

Immature DCs were enriched and isolated from spleens of mice pre-transplanted with Flt3L-

expressing B16 cells and injected into congenic mice (Fig. 1E). Maturation of the donor 

DCs was monitored along the days after transfer. We found that the donor DCs reached the 

thymus within a day as immature (Fig. 1F). However, they gradually upregulated the 

expression of MHCII and CD86 resulting in 75 % of them being MHCIIhighCD86high cells 

by day 9 post-DC transfer (Fig. 1F). This finding strongly supports “intrathymic” maturation 

of DCs. To determine whether this intra-organ DC maturation is unique to the thymus, we 

traced the donor DCs in the spleen. We found that the donor DCs reached the spleen as 

largely immature and remained immature during the entire period of examination (Fig. 1G) 

suggesting that splenic environment does not support DC maturation. This finding 

implicates the presence of a thymus-specific factor inducing DC maturation.

A similar set of genes is regulated by tDCs and lymph node migratory DCs during 
maturation

We examined the gene expression profile of immature and mature Sirpα+ tDCs and CD8+ 

tDCs by a DNA microarray analysis. 149 and 306 of analyzed genes were differentially 

expressed in mature cells from immature cells in Sirpα+ DCs and CD8+ DCs, respectively, 

(Fig. 2A). The majority of these genes were upregulated in mature cells (Fig. 2A). Notably, 
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the list of genes upregulated in Sirpα+ DCs and CD8+ DCs largely overlapped although 

there were some genes preferentially upregulated in one subset over the other (Fig. 2B, 

Supplemental Fig. 2). The genes upregulated by both subsets included molecules previously 

characterized as DC maturation markers including Ccr7, Il15rα, Cd200, and Pd-l1 (Fig. 2C). 

Flow cytometry confirmed that these molecules are indeed expressed at higher levels in 

MHCIIhigh mature tDCs than MHCIIlow immature tDCs (Fig. 2D).

Next, we compared maturation of tDCs to that of the lymph node (LN) migratory DCs by 

using a meta-analysis method (37, 38). Although comparing directly between one sample 

from one microarray experiment and one sample from another microarray experiment is not 

possible because there are always technical differences in two separate experiments, one can 

reasonably assess whether the genes found to be differentially expressed in one data set is 

also found differentially expressed in another data set and if so, whether trend of the 

difference is similar. Using the published microarray data (24), we identified the genes 

expressed in LN migratory mature DCs differentially from tissue resident immature DCs. 

We found that almost all of the genes upregulated in LN migratory DCs were also 

upregulated in mature tDCs whereas all of the genes downregulated in LN migratory DCs 

were also downregulated in mature tDCs (Fig. 2E). Additionally, we found that the genes 

upregulated during maturation of tDCs included many immune-modulatory molecules (Fig. 

2F) while the expression of many inflammatory molecules remained low during maturation 

of tDCs (Fig. 2G), similarly to what was observed to the LN migratory DC maturation (24). 

Thus, a large set of genes is regulated in a similar fashion by tDCs and LN migratory DCs 

during maturation.

Mature tDCs capture and present antigens as efficiently as immature tDCs

DCs maturing upon contact with microbial products rapidly cease their activities of 

endocytosing antigens, synthesizing MHCII, and degrading pre-existing MHCII (19, 39–42). 

This coordinated cellular change enables DCs to present microbial antigens at the maximal 

amounts and for a prolonged time so that they effectively induce antigen-specific immunity 

at the early stage of infection. We wondered whether this coordinated regulation of antigen 

processing and presentation similarly occurs to tDCs during maturation. Interestingly, 

mature tDCs endocytosed soluble as well as particulate antigens as efficiently as immature 

tDCs (Fig. 3A, 3B). Besides, mature tDCs transcribed MHCII and the molecules that 

promote MHCII synthesis and transport as highly as immature tDCs (Fig. 3C). On the other 

hand, mature tDCs downregulated MARCH1, the ubiquitin ligase that degrades MHCII, and 

upregulated CD83, an antagonist of MARCH1, thus augmenting the half-life of MHCII (43, 

44) (Fig. 3C). Taken together, these findings suggest that mature tDCs continue to 

internalize surrounding antigens, load them onto newly synthesized MHCII, and present 

them at the surface for a prolonged time. To verify this possibility, we incubated immature 

and mature tDCs with the I-Eα recombinant protein and monitored the surface appearance 

of I-Eα52-68 peptide/MHCII complexes using the specific YAe antibody. Indeed, mature 

tDCs displayed I-Eα52-68 peptide/MHCII complexes at higher levels than immature tDCs 

(Fig. 3D). Lastly, we measured the ability of immature and mature DCs to activate antigen-

specific CD4+ thymocytes. Mature tDCs loaded with ovalbumin activated ovalbumin-

specific CD4+ thymocytes as efficiently as immature tDCs (Fig. 3E). These data suggest that 
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tDCs can continually capture and present surrounding antigens to antigen-specific CD4 

thymocytes after maturation.

tDC maturation in part depends on CD4+CD8− single positive (CD4SP) thymocytes and 
MHCII expressed in tDCs

We sought to determine the specific mechanisms by which tDCs mature intrathymically. 

First, the role of innate immune signaling was examined by using the mice deficient in 

Myd88, TRIF, and MAVS, the adaptor molecules that mediate innate immune signaling. We 

found that these triple knock-out mice had a comparable fraction of mature tDCs to wild-

type (WT) mice (Fig. 4A) suggesting that innate immune signaling is not crucial for tDC 

maturation. Next, the role of TSLPR signaling was examined using mice deficient in 

TSLPR. TSLP is produced by medullary thymic epithelial cells and was shown to induce 

maturation of human DCs in vitro (26). However, we found that the mice deficient in 

TSLPR had the same percentage of mature tDCs to WT mice (Fig. 4A). Then, the role of 

developing thymocytes was examined, considering the presence of these cells uniquely in 

the thymus and the intra-organ maturation occurring distinctively in the thymus. We found 

the RAG1−/− mice and TCRα−/− mice, both of which are deficient in mature thymocytes, 

had a markedly reduced fraction of mature tDCs (Fig. 4A), suggesting that mature 

thymocytes play a crucial role in tDC maturation.

Next, we examined which subset(s) of mature thymocytes mediate tDC maturation. First, we 

tested the role of CD4SP thymocytes by using MHCII−/− mice, in which CD4SP thymocytes 

are specifically absent. Because these mice do not express MHCII in DCs, anti-PD-L1 

antibody was used instead of anti-MHCII antibody to determine tDC maturation (Fig. 4B). 

We found that MHCII−/− mice had a significantly reduced fraction of mature tDCs compared 

to WT mice (Fig. 4B), implicating the involvement of CD4SP thymocytes. For further 

confirmation, we generated the BM chimeric mice by lethally irradiating MHCII−/− mice 

and reconstituting them with WT BM. Along with the absence of MHCII in the radio-

resistant thymic epithelial cells, these chimeric mice had CD4SP thymocytes as few as 

MHCII−/− mice had (Supplemental Fig. 3). We found that these chimeric mice had a 

significantly lower fraction of mature tDCs than the control chimeric mice (Fig. 4C). This 

finding confirms that CD4SP thymocytes play a pivotal role in tDC maturation.

Since tDCs interact with CD4SP thymocytes through MHCII, we examined whether MHCII 

expressed in tDCs is required for maturation of the cells. For this examination, WT mice 

were lethally irradiated and injected with the mixture of MHCII-sufficient and -deficient 

BMs, and the maturation status of tDCs derived from each BM donor was examined. We 

found that tDCs derived from the MHCII-deficient BM cells matured poorly compared to 

those derived from MHCII-sufficient BM cells (Fig. 4D). This finding indicates that MHCII 

expressed in tDCs is involved in the tDC maturation. Thus, tDC maturation is mediated by 

both CD4SP thymocytes and MHCII expressed in DCs.

tDC maturation is triggered by cognate interaction with CD4SP thymocytes

Although both CD4 T cells and MHCII-expressing DCs are present, spleens do not support 

DC maturation (Fig. 1F, 1G). Because CD4SP thymocytes developing in the thymus but not 
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CD4 T cells present in the spleen are largely self-reactive, we wondered whether this self-

reactivity is essential for the tDC maturation. To test this possibility, we examined tDC 

maturation in RAG1−/− OT-II mice. RAG1−/− OT-II mice have CD4SP thymocytes, but all of 

the thymocytes express TCRs specific for a non-self ovalbumin (OVA) antigen. We found 

that these mice had a reduced fraction of mature tDCs similarly to what was observed in 

RAG1−/− mice. We also examined RAG1+/− OT-II mice, in which some thymocytes express 

self-reactive TCRs although majority still express TCRs specific for OVA. These mice had 

an increased fraction of mature tDCs compared to RAG1−/− OT-II mice, although they still 

had a significantly reduced fraction of mature tDCs compared to WT mice (Fig. 5A). These 

findings strongly suggest that self-reactivity is critical for tDC maturation driven by CD4SP 

thymocytes.

Then, we directly tested whether the cognate interaction between self-reactive CD4SP 

thymocytes and tDCs drives maturation of the interacting tDCs. Previous studies have shown 

that the circulating antigens are taken up and presented by tDCs (5, 45). Thus, we i.v. 
injected OVA or PBS into OT-II mice and examined the maturation status of tDCs in the 

mice 24 hr later. Mice that received OVA had an increased fraction of mature tDCs 

compared to those that received PBS (Fig. 5B) suggesting that OVA triggered the maturation 

of tDCs. The maturation was further confirmed by the finding that the expressions of PD-L1 

and CD200 also increased in the tDCs (Fig. 5C). Notably, Sirpα+ DCs matured more 

efficiently than CD8+ DCs in accordance with their accessibility to the circulation (Fig. 5B, 

5C). To make sure that the maturation occurred by the cognate interaction of the OVA-

presenting DCs with the specific CD4SP thymocytes, but not by the endotoxins possibly 

contaminating the OVA, OVA was injected to WT mice, which do not have OVA-specific 

CD4SP thymocytes, and tDC maturation was examined. These WT mice did not show 

increased tDC maturation compared to the mice that received PBS (data not shown).

We also examined whether DC-thymocyte interaction triggers maturation of DCs in vitro. 

Bone marrow-derived dendritic cells (BMDCs) were loaded with OVA323-339 peptides and 

co-cultured with OT-II CD4SP thymocytes, and the maturation status was examined 24 hrs 

later. We found that BMDCs loaded with OVA323-339 peptides upregulated the expression of 

many maturation markers including MHCII, CD86, PD-L1, CD200, and CD40. Moreover, 

the degree of maturation strongly correlated with the amount of the peptide loaded (Fig. 5D, 

5E). These findings demonstrate that an antigen-specific cognitive interaction with CD4SP 

thymocytes elicits maturation of the interacting DCs.

tDC maturation requires neither CD4−CD8+ single positive (CD8SP) thymocytes nor MHCI 
expression in tDCs but can be triggered by cognate interaction with CD8SP thymocytes

We also tested the involvement of CD8SP thymocytes in tDC maturation. β2m−/− mice, in 

which CD8SP thymocytes are absent due to the lack of MHCI expression, were not 

defective in tDC maturation compared to WT mice (Fig. 6A). Also, MHCI-deficient tDCs 

matured similarly to MHCI-sufficient tDCs in the mixed BM chimeric mice (Fig. 6B). 

However, we speculated that CD8SP thymocytes and MHCI expressed in DCs, although not 

required in steady-state, might still contribute to tDC maturation and that this contribution 

might be manifested when their interaction is forced. To test this possibility, OT-I mice, in 

Oh et al. Page 9

J Immunol. Author manuscript; available in PMC 2019 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



which the CD8SP thymocytes express TCRs specific for OVA257-264 peptide, were i.v. 
injected with OVA or PBS, and the maturation status of tDCs was examined. No significant 

difference was observed in the maturation status of tDCs in mice that received OVA or PBS 

by day 1 post-OVA injection (data not shown). However, an appreciable increase in the 

fraction of mature tDCs was observed on day 3 post-OVA injection. Interestingly, the degree 

of maturation was higher in CD8+ DCs than in Sirpα+ DCs, which contrasted to the earlier 

finding that Sirpα+ DCs matured more readily than CD8+ DCs in OT-II mice that received 

OVA (Fig. 6C, 6D).

We further tested the ability of antigen-specific CD8SP thymocytes to induce maturation of 

DCs in vitro. BMDCs were loaded with OVA257-264 peptide and co-cultured with OT-I 

CD8SP thymocytes, and the maturation status was examined 24 hours later. BMDCs loaded 

with the OVA257-264 peptide upregulated the expression of all the maturation markers 

examined, including MHCII, CD86, PD-L1, CD200, and CD40 (Fig. 6E, 6F). These 

findings indicate that tDC maturation requires neither CD8SP thymocytes nor MHCI 

expression in tDCs in steady-state but can be triggered by a cognitive interaction with 

CD8SP thymocytes.

CD4SP thymocyte-driven tDC maturation is mediated by CD40

We sought to identify the molecular mechanism by which tDCs mature following the 

cognate interaction with CD4SP thymocytes. CD40 has been shown to mediate maturation 

of DCs in the periphery, and its ligand CD40L is constitutively expressed in CD4SP 

thymocytes (46–48). Therefore, we examined the possibility that CD40 may mediate the 

maturation of tDCs driven by CD4SP thymocytes. First, the gene expression microarray data 

were probed for indication of the activation of CD40 signaling pathway in association with 

tDC maturation. Interestingly, the genes known to be upregulated following CD40 signaling, 

such as Fas (Cd95), Tnfsf9 (4-1bbl), Lta (Tnfsf1), Il15, Birc2 (cIAP1), A20, Traf3, Traf1, 
and Birc3 (cIAP2) as well as Cd40 itself, were expressed highly in mature tDCs relative to 

immature tDCs (49–53) (Fig. 7A). We then directly examined the role of CD40 in tDC 

maturation. CD40-deficient mice are severely compromised in thymic organization, and this 

alteration may impair tDC maturation independent of CD40 signaling in DCs (54). 

Therefore, we made BM chimeric mice using the mixtures of CD40-sufficient and -deficient 

BMs and examined the maturation status of tDCs derived from each BM. We found that 

tDCs derived from CD40-deficient BM matured poorly compared to those from CD40-

sufficient BM (Fig. 7B). This finding indicates that CD40 signaling is indeed involved in 

tDC maturation in a cell-intrinsic manner.

Next, we examined whether CD40 is involved in the CD4SP thymocyte-driven tDC 

maturation. BMDCs cultured from CD40-sufficient or -deficient mice were loaded with 

OVA323-339 peptide and co-cultured with OT-II CD4SP thymocytes as described previously. 

We found that BMDCs cultured from CD40-deficient mice matured poorly compared to 

those from CD40-sufficient mice (Fig. 7C). We also examined whether CD40 is involved in 

CD8SP thymocyte-driven DC maturation by employing the similar in vitro co-culture 

experiment. We found that CD40-deficient DCs and CD40-sufficient DCs matured 

comparably following engagement with OT-I CD8SP thymocytes (Fig. 7D). These findings 
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indicate that the DC maturation triggered by antigen-specific CD4SP thymocytes, but not 

CD8SP thymocytes, largely depends on CD40 expression.

DC expression of CD40 supports regulatory T cell development in the thymus

Having found that CD40 mediates maturation of tDCs, we explored functional role of tDC 

maturation by investigating whether CD40 deficiency in tDCs causes any functional defect 

in the thymus, particularly on thymocyte development. In order to make mice deficient in 

CD40 specifically in DCs, mixed BM chimeric mice were generated by reconstituting 

lethally irradiated WT mice with CD11c-diphtheria toxin A (DTA) mouse BM mixed with 

CD40−/− mouse BM at a 4:1 ratio; CD11c-DTA mice refers to CD11c-Cre mice crossed to 

ROSA26-floxDTA mice (55, 56). For comparison, control chimeric mice were generated by 

using WT mouse BM instead of CD40−/− mouse BM. We first confirmed that 

CD40−/−:CD11c-DTA (DC-CD40−/−) mice did not express CD40 in DCs while WT:CD11c-

DTA (Ctrl) mice did (Fig. 8A). B cells, however, expressed CD40 in both chimeric mice 

(Fig. 8A).

We then determined tDC maturation and thymocyte development in the DC-CD40−/− 

chimeric mice in comparison to the Ctrl chimeric mice. The DC-CD40−/− chimeric mice had 

a significantly lower fraction of mature tDCs than the Ctrl mice in accordance with the role 

of CD40 in tDC maturation described in Fig. 7 (Fig. 8B and Supplemental Fig. 4A). 

However, thymic cellularity, CD4 and CD8 thymocyte profile, and the fraction of CD24lo 

mature cells among CD4SP and CD8SP thymocytes, and the fraction of CD69−CD62L+ 

mature CD4SP thymocytes were not significantly altered (Fig. 8C and Supplemental Fig. 

4B). Remarkably however, the frequencies of Foxp3+ Treg cells, both CD25− and CD25+ 

subsets, were significantly reduced in DC-CD40−/− chimeric mice compared to the Ctrl mice 

(Fig. 8D) although no significant difference was observed in the fraction of proliferating or 

apoptotic Treg cells (Supplemental Fig. 4C). To determine whether this reduction in the 

frequency of Treg cells reflects the reduction in DC ability to support Treg cell 

differentiation, we examined the ability of CD40-sufficient or -deficient DCs to differentiate 

antigen-specific Treg cells in vitro. BMDCs were cultured from CD40-sufficient or -

deficient mice, loaded with OVA323-339 peptide, and co-cultured with immature non-Treg 

CD4SP thymocytes isolated from Foxp3GFPOT-II mice. We found that the thymocytes co-

cultured with CD40-deficient DCs became CD25+Foxp3+ Treg cells to a much lesser degree 

than those co-cultured with CD40-sufficient DCs (Fig. 8E) indicating that CD40 plays a 

significant role in DC ability to differentiate antigen-specific Treg cells in vitro. Taken 

together, CD40 expressed in DCs supports Treg cell development in the thymus in 

association with its role in mediating maturation of tDCs.

Discussion

DCs play an important role in the development of T cells in the thymus by negatively 

selecting self-reactive thymocytes or differentiating them into Treg cells. However, the 

molecular and cellular mechanisms underlying these functions have not been clearly 

identified. The study presented here shows that tDCs mature following engagement with 

self-reactive CD4SP thymocytes by involving CD40 signaling and that CD40 signaling 
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conditions the tDC to differentiate self-reactive CD4SP thymocytes into Treg cells. Thus, 

DC function of generating Treg cells involves a feedback mechanism that includes cognate 

interaction between tDCs and self-reactive thymocytes.

The mode of maturation occurring to tDCs is quite distinct from those occurring to the 

peripheral DCs. Firstly, tDC maturation is not accompanied by the relocation of DCs from a 

tissue to lymph nodes. The DC maturation triggered by microbes involves upregulation of 

CCR7, and CCR7 mediates the relocation of maturing DCs to lymph nodes (21, 57). The 

homeostatic DC maturation occurring at steady-state in the periphery is also accompanied 

by CCR7 upregulation and associated with their migration to lymph nodes (21). While tDC 

maturation also involves upregulation of CCR7, mature tDCs stay in the thymus. Secondly, 

tDCs can mature independent of innate immune signaling but poorly mature in the absence 

of cognate interactions with self-reactive CD4SP thymocytes. The role of thymocytes in tDC 

maturation has been implicated in a previous study that showed the numbers of mature tDCs 

were markedly low in lymphopenic mice (58). Our study confirms this previous study but 

also establishes the requirement of a direct conjugation between pMHCII in tDCs and the 

antigen-specific TCR in CD4SP thymocytes. This requirement was demonstrated in vivo in 

the mixed BM chimeric mice in which MHCII-sufficient tDCs matured normally while 

MHCII-deficient tDCs did not. It was further confirmed both in vivo and in vitro 
experiments using OT-II mice and OVA antigens, in which the antigen-mediated cognate 

interaction elicited DC maturation. Notably, we do not rule out the possibility that other 

thymocyte compartments may also contribute to tDC maturation. Indeed, TCRα−/− mice, 

which have CD4+CD8+ DP thymocytes, showed a significant increase in the proportion of 

the Sirpα+ subset of mature tDCs as compared to RAG−/− mice that lack DP thymocytes 

implicating the potential contribution of DP thymocytes to tDC maturation. Lastly, tDCs 

uniquely retain antigen-presenting capacity after maturation. Mature tDCs endocytosed both 

soluble and particulate antigens as efficiently as immature tDCs. Mature tDCs transcribed 

MHCII, MHCII transactivator CIITA, and the MHCII chaperon CD74 at high levels 

similarly to immature tDCs, while limiting the expression of genes that mediate MHCII 

degradation thus extending its half-life. Accordingly, mature tDCs loaded newly 

endocytosed antigens to newly synthesized MHCII, transported them to the plasma 

membrane, and presented them in in a prolonged period. This constant activity of 

endocytosing and presenting antigens after maturation is likely to maximize the amount and 

species of self-antigens that tDCs present to developing thymocytes, enabling tDCs to fulfill 

their function of thymocyte selection.

The ability of CD40 to mediate DC maturation was established before. CD40L and CD40 

antibody can induce maturation of DCs in vitro (48, 59). Injection of CD40 antibody into 

mice also triggers maturation of tissue DCs and enhances their function of inducing 

immunity (47, 58, 60, 61). However, it has not been shown whether CD40 mediates 

maturation of DCs under any physiological condition and if so whether CD40-mediated 

maturation plays any important homeostatic function. In this study, we demonstrate that 

CD40 signaling mediates DC maturation in the thymus. This was evidenced by the finding 

that Cd40-deficient tDCs mature lesser than CD40-sufficient tDCs in the mixed BM 

chimeric mice. Also, CD40-deficient DCs matured poorly than CD40-sufficient DCs upon 

cognate interaction with CD4SP thymocytes in vitro. We believe this finding provides the 
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first evidence that CD40 mediates maturation of DCs under physiologic condition. Notably, 

a recent study showed that the maturation occurring to peripheral DCs that migrate to the 

lymph nodes at steady-state is dependent on IκB kinase β (IKKβ) signaling (62). IKKβ 
singling is activated following CD40 ligation. Thus, it is plausible that CD40 signaling also 

mediates this homeostatic peripheral DC maturation.

We showed that CD40-dependent maturation potentiates the ability of tDCs to generate Treg 

cells. Mice lacking CD40 expression in DCs had a reduced number of thymic Treg cells in 

addition to a reduced number of thymic mature DCs. This finding is corroborated by a recent 

study that showed CD40flox/floxCD11c-Cre mice had a reduced number of Treg cells in the 

thymus (63). Although the specific molecular mechanisms remain to be defined, CD40 

signaling increases the expressions of many costimulatory molecules and adhesion 

molecules in tDCs, such as CD86, CD80, CD70, OX40-L, TNF, PD-L1, and ICAM1 that 

play a role in Treg cell development (64–70). These surface molecules are likely to deliver 

enhanced TCR signaling to the interacting thymocytes and thus promote Treg cell 

differentiation (71). In line with this, NF-κB-inducing kinase (NIK), a downstream mediator 

of CD40 signaling, has been shown to promote the expression of costimulatory molecules in 

tDCs and also promote the development of Treg cells in the thymus (72). It is notable that 

not only cDCs but also plasmacytoid DCs (pDCs) express CD11c in mice and that human 

pDCs have been shown to drive Treg cell differentiation involving CD40 signaling (73). 

Therefore, reduced Treg cell number observed in CD40flox/floxCD11c-Cre mice may be in 

part due to the deficiency in CD40 signaling in pDCs in addition to that in cDCs. CD40 also 

mediates maturation of medullary thymic epithelial cells and thymic B cells involving the 

upregulation of costimulatory molecules. The immature medullary thymic epithelial cells 

upregulate the expression of CD80 upon cognate interaction with CD4SP thymocytes and 

fully mature into the cells capable of negatively selecting self-reactive thymocytes, which in 

part is mediated by CD40 signaling (54, 74). Thymic B cells also upregulate MHCII and 

CD80 via the CD40 signaling following cognate interaction with CD4SP thymocytes and 

this signaling licenses the B cells to execute the negative selection of self-reactive 

thymocytes (75). Taken together, CD40 signaling appears to be an upstream core signaling 

pathway that mediate maturation of various thymic APCs and condition them to properly 

implement their function in central tolerance. The specific molecular mechanisms mediating 

negative selection vs. Treg cell differentiation by each APC remain to be further delineated.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used in this article

tDC thymic dendritic cells

APC antigen presenting cell

CD4SP thymocyte CD4+CD8-single positive thymocyte

BMDCs bone marrow-derived dendritic cells

OVA ovalbumin

Treg cell regulatory T cell
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Figure 1. tDCs mature intrathymically
(A–B) Maturation status of tDCs (A) and splenic DCs (sDCs) (B). MHCIIlowCD86low DCs 

and MHCIIhighCD86high DCs were defined as immature and mature DCs, respectively. The 

representative flow cytometry plots with the gating of immature and mature DCs. The 

percentage numbers of mature tDCs are shown in the left and the quantitated summaries are 

shown in the right. (C) Recovery of tDCs in Zbtb46-DTR BM chimeric mice injected with 

DTx. (D) Maturation status of tDCs in the Zbtb46-DTR BM chimeric mice on day 3, 7, and 

11 post-DTx injection. The representative flow cytometry plots are shown in the left, and the 

quantitated summary is shown in the right. (E–G) Maturation of DCs in thymus but not 

spleen. DCs isolated from spleens of CD45.2+ mice pre-transplanted with the Flt3L-

expressing B16 cells were i.v. injected to CD45.1+ mice and analyzed on day 1, 3, 6, and 9 

post-DC transfer. The maturation status of donor DCs prior to transfer is shown in E. 

Maturation status of donor DCs that have homed to the thymus or spleen in the recipient 

mice are shown in F and G, respectively. The representative flow cytometry plots with the 
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gating and the percentage numbers of mature tDCs (MHCIIhiCD86hi) are shown in the left 

and the quantitated summaries are shown in the right. Each data represents at least three (A–
D) and two (E–G) independent experiments with two to six mice per group. Error bars 

represent SEM.
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Figure 2. A similar set of genes is regulated by tDCs and LN migratory DCs during maturation
(A) Volcano plots depicting the fold changes of mRNA transcripts (x-axis) during the tDC 

maturation with the p value (y-axis) of each gene. Genes differentially expressed during 

maturation of Sirpα+ tDCs (green dots in the left panel) and CD8+ tDCs (blue dots in the 

right panel) are represented with colored dots and the numbers of genes significantly 

increased or decreased in each population are shown. Adjusted p value <0.05 (B) A scatter 

plot depicting the fold changes of mRNA transcripts during the maturation in Sirpα+ DCs 

(y-axis) and CD8+ tDCs (x-axis). Shown in red are the genes regulated equally in Sirpα+ 

DCs and CD8+ tDCs during maturation. Shown in blue are the genes regulated in CD8+ 

tDCs preferentially to Sirpα+ tDCs. Shown in green are the genes regulated in Sirpα+ tDCs 

preferentially to CD8+ tDCs. Adjusted p value <0.05. (C) Heat map showing the expression 

levels of representative genes upregulated during maturation of tDCs. (D) Flow cytometry 

analysis of surface molecules. Note that MHCIIhigh mature tDCs express CCR7, CD200, and 
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PD-L1 at higher levels than MHCIIlow immature tDCs. (E) A scatter plot with its x-axis 

representing the fold difference between LN-migratory and tissue resident DCs and its y-

axis representing the fold difference between mature and immature tDCs. The mRNA 

transcripts that are significantly (p<0.05) increased or decreased by more than two fold in 

LN-migratory DCs compared to tissue resident DCs were selected from the microarray data 

published by Miller et al., 2012. The changes in these transcripts in maturing Sirpα+ and 

CD8+ tDCs were averaged and plotted. Note the strongly positive correlation (Pearson’s 

r=0.8465, p<0.0001). (F–G) Heat maps showing the expression levels of representative 

immune-modulatory genes (F) and inflammatory genes (G).
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Figure 3. Mature tDCs internalize and present antigens as efficiently as immature tDCs
(A–B) Antigen uptake by immature and mature tDCs. Isolated tDCs were incubated with 

PBS, AlexaFluo647-conjugated OVA (OVA-A647) (A), or 0.02 μm crimson bead (Bead) (B) 

for 1 hr, and the fluorescence intensity of MHCIIlow tDC (Immature tDC) and MHCIIhigh 

tDCs (Mature tDC) was determined by flow cytometry. The representative flow cytometry 

histograms are shown in the left and the quantitated summaries are shown in the right. (C) 

Heat map showing the expression levels of genes related to MHCII synthesis, transport, and 

turnover. (D) Antigen uptake and presentation by immature and mature tDCs. Isolated tDCs 

were incubated with PBS or I-Eα recombinant protein for 1 hr, and the antigen presentation 

was measured using YAe antibody in MHCIIlow tDC (Immature tDC) and MHCIIhigh tDC 

(Mature tDC) by flow cytometry. The representative flow cytometry histograms are shown in 

the left and the quantitated summary is shown in the right. Each data were averaged from 

three independent experiments. Error bars represent SEM. *p<0.05 and **p<0.01 (E) 
Activation of antigen-specific thymocytes by immature and mature tDCs. tDCs were isolated 

and incubated with ovalbumin (2.5mg) for 1hr. Immature and mature cells were sorted and 

cocultured with CD4 SP thymocytes derived from OT-II mice at a 1:5 ratio for 24 hours. The 

expression of CD69 in the thymocytes was determined by flow cytometry. Error bars 

represent SEM.
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Figure 4. tDC maturation in part depends on CD4SP thymocytes and MHCII expressed in tDCs
(A) Maturation status of tDCs in the indicated mouse strains. Relative percentages of mature 

tDCs (MHCIIhighCD86high) in each mouse strain in comparison to those of WT mice were 

summarized as graphs. (B) Maturation status of tDCs in WT and MHCII−/− mice. Mature 

tDCs were defined as PD-L1highCD86high tDCs as shown in the flow cytometry plots. The 

quantitated summary is shown in the right. (C) Maturation status of tDCs in the indicated 

BM chimeric mice. (D) Maturation status of tDCs derived from indicated origin of BM in 

the indicated mixed BM chimeric mice. WT mice refer to BoyJ mice. Origins of tDCs were 

distinguished by congenic markers, CD45.1+ and CD45.2+. Mature tDCs were defined as 

PD-L1highCD86high tDCs and the quantitated summary are shown. Each data represents one 

(Myd88−/−TRIF−/−MAVS−/− and TSLPR−/−) and at least three independent experiments 

with three to five mice per group. Error bars represent SEM. **p<0.01
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Figure 5. tDCs mature by the cognate interactions with CD4SP thymocytes
(A) Maturation status of tDCs in the indicated mouse strains. Relative percentages of mature 

tDCs (MHCIIhighCD86high) in each mouse strain in comparison to those of WT mice are 

summarized. (B) Maturation status of tDCs in OT-II mice following iv injection with PBS or 

OVA. The representative flow cytometry plots are shown in the left and the quantitated 

summary is shown in the right. (C) The increase in the expression of PD-L1 and CD200 in 

tDCs of OT-II mice following iv injection with OVA. The fraction of DCs that express PD-

L1 CD200 were quantitated and summarized. (D–E) Maturation of BMDCs following 24 hr 

co-culture with OT-II CD4SP thymocytes and indicated doses of OVA323-339 peptides. The 

flow cytometry plots of MHCII and CD86 are shown in (D) and histograms of PD-L1, 

CD200, and CD40 are shown in (E). Each data represents at least three independent 

experiments with three to six mice per group (A–C) or triplicate per experiment (D and E). 

Error bars represent SEM. **p<0.01 and NS ‘not significant’
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Figure 6. tDC maturation requires neither CD8SP thymocytes nor MHCI expression in tDCs but 
can be triggered by the cognate interactions with CD8SP thymocytes
(A) Maturation status of tDCs in WT and β2m−/− mice. Relative percentages of mature tDCs 

(MHCIIhiCD86hi) were summarized. (B) Maturation status of tDCs derived from each BM. 

Relative percentages of mature tDCs (MHCIIhiCD86hi) were summarized. (C) Maturation 

status of tDCs in OT-I mice 3 days after injection with PBS or OVA. The representative flow 

cytometry plots are shown in the left and the quantitated summary is shown in the right. (D) 

The increased expressions of PD-L1 and CD200 in tDCs of OT-I mice injected with OVA. 

The fraction of DCs that express PD-L1 or CD200 were quantitated and summarized. (E–F) 

Maturation of BMDCs following 24 hr co-culture with OT-I CD8SP thymocytes and 

OVA257-264 peptides. The flow cytometry plots of MHCII and CD86 are shown in (E) and 

histograms of PD-L1, CD200, and CD40 are shown in (F). Each data represents at least 

three independent experiments with three to five mice per group (A–D) or triplicate per 

experiment (E and F). Error bars represent SEM. *p<0.05 and **p<0.01

Oh et al. Page 26

J Immunol. Author manuscript; available in PMC 2019 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. CD4SP thymocyte-driven maturation of tDCs is mediated by CD40
(A) Heat map showing the expression levels of genes known to be upregulated following 

CD40 signaling. (B) Maturation status of tDCs derived from each BM. Relative percentages 

of mature tDCs (MHCIIhiCD86hi) were summarized. Data represent two independent 

experiments with three to six mice per group. Error bars represent SEM. (C) Maturation of 

WT or Cd40−/− BMDCs following 24 hr co-culture with OT-II CD4SP thymocytes and 

OVA323-339 peptides. (D) Maturation of WT or Cd40−/− BMDCs following 24 hr co-culture 

with OT-I CD8SP thymocytes and OVA257-264 peptides. The changes in the expression of 

CD86, PD-L1, and CD200 were determined by flow cytometry. Data represent three 

independent experiments with at least duplicate per experiment. Error bars represent SEM. 

*p<0.05 and **p<0.01
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Figure 8. DC expression of CD40 supports Treg cell development in the thymus
(A) Surface expression of CD40 in WT:CD11c-DTA (Ctrl)- and Cd40−/−:CD11c-DTA (DC-

Cd40−/−)-mixed BM chimeric mice. The representative flow cytometry plot showing the 

expression level of CD40 is shown in the left and the quantitated summary of the 

percentages of CD40+ cells is shown in the right. (B) Maturation status of tDCs in Ctrl- and 

DC-Cd40−/−-mixed BM chimeric mice. Relative percentages of mature tDCs 

(MHCIIhighCD86high) were summarized. (C) Cellularity, CD4 and CD8 thymocyte 

composition, and the percentages of CD24lo fully mature thymocytes in the Ctrl- and the 

DC-Cd40−/−-mixed BM chimeric mice. (D) The frequency of Treg cell precursors and Treg 

cells among CD4SP thymocytes in the Ctrl- and the DC-Cd40−/−-mixed BM chimeric mice. 

The representative flow cytometry plots are shown in the left and the quantitated summary is 

shown in the center and right. (E) Antigen-specific Treg cell differentiation by WT and 
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Cd40−/− BMDCs. WT or Cd40−/− BMDCs were co-culture with immature OT-II CD4SP 

thymocytes and OVA323-339 peptides. The expression of Foxp3 and CD25 by the thymocytes 

was determined by flow cytometry after 2 days of the co-culture. The representative flow 

cytometry plots are shown in the left and the quantitated summary is shown in the right. 

Each data represents at least three independent experiments with four to seven mice per 

group (A–D) or at least duplicate per experiment (E). Error bars represent SEM. *p<0.05 

**p<0.01 and NS ‘not significant’
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