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Abstract  64 

FOXP3+CD4+ regulatory T cells (Tregs) are critical for immune homeostasis and respond to local 65 

tissue cues, which control their stability and function. We explored here whether DEL-1, which, 66 

like Tregs, increases during resolution of inflammation, promotes Treg responses. DEL-1 67 

enhanced Treg numbers and function at barrier sites (oral and lung mucosa). The underlying 68 

mechanism was dissected using mice lacking DEL-1 or expressing a point mutant thereof, or mice 69 

with T cell-specific deletion of the transcription factor RUNX1, identified by RNA-seq analysis of 70 

the DEL-1-induced Treg transcriptome. Specifically, through interaction with αvβ3-integrin, DEL-71 

1 promoted induction of RUNX1-dependent FOXP3 expression and conferred stability of FOXP3 72 

expression upon Treg restimulation in the absence of exogenous TGFβ1. Consistently, DEL-1 73 

enhanced the demethylation of the Treg-specific demethylated region (TSDR) in the mouse 74 

Foxp3 gene and the suppressive function of sorted induced Tregs.  Similarly, DEL-1 increased 75 

RUNX1 and FOXP3 expression in human conventional T cells promoting their conversion into 76 

induced Tregs with increased TSDR demethylation, enhanced stability and suppressive activity. 77 

We thus uncovered a DEL-1-αvβ3-RUNX1 axis that promotes Treg responses at barrier sites and 78 

offers novel therapeutic options for modulating inflammatory/autoimmune disorders. 79 
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 90 
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Introduction 92 

T cell-mediated immunity entails two aspects, proinflammatory and regulatory, which need to be 93 

balanced for immune homeostasis (1, 2). For instance, effector CD4+ T helper cells expressing 94 

IL-17 (Th17 cells) play a crucial role in host immunity, particularly in neutrophil-mediated host 95 

defenses at mucosal barrier sites (3). However, Th17 responses need to be tightly controlled to 96 

prevent pathologic inflammation at the mucosa and other sites. In this regard, FOXP3-expressing 97 

regulatory CD4+ T cells (Tregs) can suppress unwarranted IL-17-driven inflammation by 98 

downregulating Th17 expansion and effector functions (4-6). FOXP3+ Tregs are generated either 99 

in the thymus or in peripheral tissues by induction from naïve CD4+ T cells and have versatile and 100 

plastic regulatory functions. Tregs maintain immunological tolerance to self-antigens, suppress 101 

excessive immune responses against pathogens and other insults, prevent or mitigate 102 

autoimmune and inflammatory diseases, and contribute to inflammation resolution (6-9). FOXP3 103 

is not only a lineage-specification transcription factor required for the differentiation of Tregs but 104 

is also crucial for their function by regulating specific transcriptional programs (10, 11). FOXP3 105 

deficiency or dysfunction causes severe autoimmune diseases, known as the IPEX (immune 106 

dysregulation, polyendocrinopathy, enteropathy, X-linked) syndrome in humans and as the scurfy 107 

phenotype in mice (12). Forced expression of FOXP3 in CD4+ T cells confers a regulatory 108 

phenotype and function and, conversely, experimental deletion of the FOXP3 gene in 109 

differentiated Tregs abrogates their regulatory activity (13).  110 

Similar to effector T cells, the numbers and activity of Tregs must be finely regulated to allow 111 

the development of protective immunity with no or minimal immunopathology, or to effectively 112 

block unwarranted inflammatory responses at steady state or during inflammation resolution. In 113 

this regard, Tregs respond to environmental cues (e.g., cytokines, lipid mediators, vitamin 114 

metabolites, hypoxia), which positively or negatively regulate their differentiation, stability and 115 

function, hence modulating Treg responses at effector sites (14-17). We reasoned that local 116 
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tissue-derived factors that are upregulated during inflammation resolution, such as 117 

Developmental endothelial locus-1 (DEL-1), might promote Treg responses and thereby facilitate 118 

the restoration of tissue homeostasis. 119 

DEL-1 is a locally secreted 52-kDa protein that interacts with distinct integrins and 120 

homeostatically regulates the initiation and resolution of inflammation (18-25). DEL-1 comprises 121 

three N-terminal EGF-like repeats and two C-terminal discoidin-I-like domains, hence also known 122 

as EDIL3 (EGF-like repeats and discoidin-I-like domains-3). The second EGF-like repeat (E2) 123 

contains an RGD (Arg-Gly-Asp) motif, which enables DEL-1 to bind αvβ3 integrin (19, 26), 124 

whereas its discoidin-I-like domains can bind the ‘eat-me’ signal phosphatidylserine on apoptotic 125 

cells (22, 27). These interactions allow DEL-1 to serve as a molecular bridge that facilitates the 126 

phagocytosis of apoptotic neutrophils (efferocytosis) by αvβ3 integrin-bearing macrophages, 127 

thereby triggering liver-X-receptor-dependent macrophage reprogramming to a pro-resolving 128 

phenotype (22). We have shown that DEL-1 also interacts with β2 integrins, such as αLβ2 (LFA-129 

1, lymphocyte function-associated antigen 1); the binding of DEL-1 to the LFA-1 integrin on 130 

neutrophils prevents the interaction of the integrin with ICAM-1 on vascular endothelial cells, 131 

resulting in suppressed neutrophil adhesion and recruitment to sites of inflammation (20, 21). 132 

Consistent with these functions, DEL-1 protects against inflammatory pathologies in preclinical 133 

murine or non-human primate models, such as inflammatory bone loss in periodontitis (19, 20), 134 

experimental autoimmune encephalitis (EAE)/multiple sclerosis (28), lung inflammation and 135 

fibrosis (21, 29), chemical peritonitis (22), allergic asthma (30), and inflammatory reactions 136 

associated with islet transplantation (31). Many of these pathologies are driven by IL-17-mediated 137 

inflammation; for instance, the development of periodontitis or EAE associated with DEL-1 138 

deficiency is reversed in mice lacking both DEL-1 and IL-17 receptor (20, 28). 139 

During active inflammation, IL-17 inhibits endothelial DEL-1 expression and thereby 140 

promotes leukocyte infiltration and tissue inflammation (20, 32). However, in both humans and 141 

mice, the expression of DEL-1 mRNA and protein resurges remarkably during the resolution of 142 
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inflammation, largely driven by the increase of pro-resolving lipid mediators, whereas the 143 

resolution of experimental periodontitis or peritoneal inflammation fails in DEL-1 deficiency (22, 144 

32). As DEL-1 is an integrin-binding protein and integrins are involved in the regulation of Tregs 145 

(33, 34), which are elevated during resolution of inflammation (35, 36), we investigated whether 146 

the resurgence of DEL-1 during resolution may act as a tissue-derived signal that can contribute 147 

to Treg responses.  148 

In the present study, we showed that DEL-1 promotes Treg responses by upregulating 149 

FOXP3 expression in a manner dependent on the αvβ3 integrin and the Runt-related transcription 150 

factor-1 (RUNX1). This activity required an intact RGD motif but not the entire molecule, as 151 

truncated DEL-1 containing only the EGF-like repeats was sufficient to upregulate FOXP3 152 

expression. DEL-1, moreover, conferred stability of FOXP3 expression upon restimulation of 153 

Tregs in the absence of exogenous TGFβ1. Mice deficient in DEL-1 or expressing a point mutant 154 

thereof incapable of interacting with αvβ3 integrin displayed defective Treg responses in two 155 

mucosal inflammatory disease models, periodontitis and acute-lung injury. Human relevance for 156 

the mouse experimental studies was established by findings that DEL-1 increased RUNX1 and 157 

FOXP3 expression in human CD4+CD25– conventional T (Tconv) cells promoting their conversion 158 

into induced Tregs with increased stability, accompanied by increased TSDR demethylation and 159 

enhanced suppressive activity. These data show that DEL-1 promotes Treg responses, in both 160 

humans and mice, with important therapeutic implications for inflammatory or autoimmune 161 

disorders. 162 

 163 

 164 

 165 

 166 

 167 
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Results  168 

DEL-1 deficiency is associated with decreased Treg/Th17 cell ratio: reversal by the EGF-169 

like repeat region of DEL-1 170 

The mouse ligature-induced periodontitis (LIP) model simulates human periodontitis and its 171 

resolution; it generates a biofilm-retentive milieu leading to dysbiotic inflammation and bone loss, 172 

whereas ligature removal abrogates the dysbiotic microbial challenge resulting in inflammation 173 

resolution (22, 37). Therefore, LIP is an ideal model to explore mechanisms operating during 174 

inflammation resolution, where Tregs play important roles (7, 9, 35). Following significant 175 

downregulation in the inductive phase of periodontitis, DEL-1 expression resurges during the 176 

resolution phase (22). However, whether DEL-1 regulates or contributes to Treg responses has 177 

not been hitherto addressed. To this end, DEL-1-deficient (Del1KO) mice and WT littermate 178 

controls were subjected to LIP and the ligatures were removed at day 10 for 5 days. The mice 179 

were euthanized on day 15 for immunological analysis of the gingival tissue and the draining 180 

cervical lymph nodes (cLNs) (Supplemental Figure 1). In the absence of DEL-1, the frequencies 181 

and absolute numbers of Tregs and the FOXP3 expression level (mean fluorescence intensity; 182 

MFI) were significantly decreased in both the gingival tissue (Figure 1, A and B) and the cLNs 183 

(Figure 1, C and D), accompanied, as expected, by defective inflammation resolution 184 

(Supplemental Figure 2). Conversely, Th17 cell frequencies/absolute numbers and IL-17A 185 

expression level (MFI) were increased in the gingival tissue and cLNs of Del1KO mice as compared 186 

to WT controls (Figure 1, E-H). Thus, DEL-1 deficiency is associated with defective Treg 187 

responses and a shift in the Treg/Th17 balance in favor of the latter during inflammation 188 

resolution.  189 

In contrast, under steady-state conditions, we did not observe significant abnormalities in 190 

Treg frequencies or absolute numbers in the cLNs, spleen, or thymus in Del1KO mice as compared 191 

to WT littermate controls (Supplemental Figure 3). However, in comparison to steady-state 192 
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gingival tissue of WT mice, the frequency/absolute numbers of gingival Tregs were modestly 193 

decreased in Del1KO mice (Supplemental Figure 3), which spontaneously develop gingival 194 

inflammation featuring cytokines such as IL-6 and IL-23 (20) that may destabilize Tregs (38). 195 

To validate the role of DEL-1 in regulating Tregs during inflammation resolution, we next 196 

assessed whether exogenous DEL-1 could rescue the attenuated Treg responses in Del1KO mice. 197 

To this end, intact DEL-1-Fc was microinjected into the gingiva of Del1KO mice after ligature 198 

removal on day 10 and daily thereafter until day 15, when mice were euthanized for analysis. 199 

DEL-1-Fc, but not Fc control, significantly increased Treg frequencies and absolute numbers as 200 

well as FOXP3 expression, while suppressing Th17 cell frequencies/absolute numbers and IL-201 

17A expression, thus leading to an increased Treg/Th17 cell ratio in both the gingival tissue 202 

(Figure 2, A and B) and the cLNs (Figure 2, C and D), in the setting of inflammation resolution 203 

(Supplemental Figure 4). A side-by-side experiment using a version of DEL-1 containing only the 204 

EGF-like repeats (DEL-1[E1-E3]-Fc) yielded similar results to those obtained with the full-length 205 

molecule (Figure 2). Hence, the EGF-like repeat region of DEL-1 is sufficient to upregulate the 206 

Treg/Th17 cell ratio, although it fails to promote efferocytosis, as it lacks the phosphatidylserine-207 

binding domains (22). Therefore, the capacity of DEL-1 to regulate the Treg/Th17 cell balance 208 

includes mechanism(s) that are beyond and independent of its effects on efferocytosis-associated 209 

inflammation resolution.  210 

Given that macrophages and Tregs engage in bidirectional crosstalk (39) and that pro-211 

resolving macrophages may express DEL-1 (22), we investigated whether macrophages may 212 

contribute to the increased abundance of Tregs during resolution.  To examine this possibility that 213 

would further strengthen the role of DEL-1 in promoting Treg abundance during resolution, we 214 

compared mice with macrophage-specific overexpression of DEL-1 (CD68-Del1 mice (22)) and 215 

WT littermates in the periodontitis resolution model. We found that CD68-Del1 mice showed 216 

significantly higher Treg and lower Th17 cell frequencies in the gingival tissue and draining cLNs 217 
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as compared to their WT littermates (Supplemental Figure 5). Therefore, as a cellular source of 218 

DEL-1, macrophages can promote Treg responses during inflammation resolution.  219 

 220 

DEL-1 promotes mouse Treg differentiation via its RGD motif in the oral and lung mucosa 221 

Our finding that DEL-1 deficiency is associated with increased gingival Th17 cell frequency 222 

(Figure 1, E and F) is consistent with our earlier observations that DEL-1 inhibits IL-17 production 223 

in periodontitis and multiple sclerosis models (20, 28). A conceivable explanation might be that 224 

DEL-1 directly affects the differentiation of Th17 cells. To address this possibility, we performed 225 

a standard naïve CD4+ T cell differentiation assay, based on polyclonal stimulation with anti-226 

CD3/anti-CD28 and appropriate polarizing cytokines, in the presence or absence of DEL-1. 227 

Exogenously added DEL-1-Fc failed to influence Th17 cell differentiation of mouse splenic naive 228 

CD4+ T cells under the influence of IL-6 and TGFβ1 (‘non-pathogenic’ conditions (40);  229 

Supplemental Figure 6) or under the influence of IL-6, TGFβ1, IL-1β and IL-23 (‘pathogenic’ 230 

conditions (40); Figure 3, A and B), as compared to Fc control treatment. These data suggest that 231 

DEL-1 is unlikely to directly influence Th17 differentiation, prompting us to alternatively consider 232 

that DEL-1 might act on Tregs. 233 

In an in vitro Treg differentiation assay using mouse splenic naive CD4+ T cells stimulated 234 

with anti-CD3/anti-CD28 and IL-2 plus TGFβ1 in the presence of DEL-1-Fc or Fc control, DEL-1-235 

Fc-treated cells contained a significantly higher (~50% increase) percentage of FOXP3+ cells on 236 

day 4 (Figure 3, C and D) and exhibited significantly higher Foxp3 mRNA expression on day 3 237 

(Figure 3E) as compared to Fc control-treated cells. Thus, DEL-1 induces Treg differentiation in 238 

vitro, over and beyond Treg induction driven by strong polarizing conditions (TGFβ1 and IL-2). 239 

Importantly, moreover, DEL-1-Fc–treated iTregs exhibited significantly stronger suppressive 240 

activity against CD4+ T cell proliferation than Fc–treated iTregs (Figure 3F). Consistently, WT 241 

mice showed significantly higher frequency of Tregs expressing markers associated with their 242 

suppressive function (IL-10, CTLA-4, ICOS) than their counterparts from Del1KO mice during 243 
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inflammation resolution (Supplemental Figure 7). In vitro-induced mouse FOXP3+ Tregs may 244 

have an unstable phenotype and may thus lose FOXP3 expression upon subsequent 245 

restimulation in the absence of exogenous TGFβ (41, 42). To evaluate the stability of DEL-1-Fc-246 

induced Tregs, we generated Tregs as described above (culture of splenic naive CD4+ T cells 247 

stimulated with anti-CD3/anti-CD28 and IL-2 plus TGFβ1 in the presence of DEL-1-Fc or Fc 248 

control) and, after 4 days, CD4+CD25+ Tregs were sorted to high purity and restimulated for 249 

another 4 days without TGFβ1 or DEL-1-Fc. The restimulated cultures of sorted Tregs that were 250 

originally induced in the presence of DEL-1-Fc displayed a significantly higher frequency of 251 

FOXP3-expressing cells (>80% of CD4+ cells) than those originally induced in the presence of Fc 252 

control (Figure 3G, Supplemental Figure 8A), suggesting that DEL-1-Fc can induce stable FOXP3 253 

expression (maintained even in the absence of TGFβ1). Next, sorted CD4+CD25+ Tregs (induced 254 

as above but in the absence of DEL-1-Fc or Fc control) were restimulated for another 4 days 255 

without TGFβ1 but in the presence of DEL-1-Fc or Fc control. The DEL-1-Fc-containing 256 

restimulated cultures had a higher percentage of FOXP3-expressing cells than Fc control-257 

containing restimulated cultures (Figure 3H, Supplemental Figure 8B), suggesting that DEL-1-Fc 258 

stabilizes TGFβ1-induced FOXP3 expression. Interestingly, even if the restimulation (anti-259 

CD3/anti-CD28 and IL-2) was performed in the presence of TGFβ1 in the cultures, DEL-1 still 260 

significantly increased the numbers of FOXP3-expressing cells as compared to Fc control (Figure 261 

3I, Supplemental Figure 8C). Therefore, although TGFβ1 promotes the stability of FOXP3 262 

expression in the restimulated cultures (75% vs 58%; see Fc groups in Figure 3, H and G), DEL-263 

1-Fc promotes the stability of FOXP3 expression even further than what TGFβ1 can achieve on 264 

its own.   265 

The expression of FOXP3 in Tregs is stabilized by demethylation of CpG motifs in a 266 

conserved non-coding sequence 2 (CNS2) region that serves as an enhancer for FOXP3 267 

transcription (42, 43). This major Treg-specific demethylated region (TSDR) of CNS2 can 268 

distinguish Tregs from naïve conventional CD4+CD25– T cells, in which this region is heavily 269 
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methylated (42, 43). To determine whether the ability of DEL-1 to stabilize FOXP3 expression is 270 

associated with increased demethylation of the CNS2 TSDR, we determined the methylation 271 

status of this region in mouse iTregs induced in the presence of DEL-1-Fc or Fc control. We found 272 

that DEL-1-Fc significantly promoted the demethylation of the FOXP3 CNS2 region (Figure 3J), 273 

which may thus represent a mechanism whereby DEL-1 contributes to stabilization of FOXP3 274 

expression in iTregs.  275 

Integrins are involved in the regulation of Tregs (33, 34), which are elevated upon 276 

administration of the DEL-1 EGF-like repeat region containing an integrin-binding RGD motif in 277 

Del1KO mice (Figure 2). To determine whether the ability of DEL-1 to promote FOXP3 expression 278 

requires integrin function, we tested in parallel DEL-1[RGE]-Fc, wherein the integrin-binding RGD 279 

motif of the second EGF-like repeat was mutated rendering the molecule incapable to interact 280 

with αvβ3 integrin (22, 44). In stark contrast to DEL-1-Fc, DEL-1[RGE]-Fc failed to influence Treg 281 

differentiation and FOXP3 expression (Figure 3, C-E), indicating that DEL-1 promotes Treg 282 

differentiation via its integrin-binding RGD motif in vitro. Interestingly, moreover, DEL-1-Fc, but 283 

not DEL-1[RGE]-Fc, could promote the expression of FOXP3 even in T cells cultured under Th17 284 

differentiation conditions (i.e., 1 ng/ml TGFβ1 and 50 ng/ml IL-6), as compared to Fc control 285 

(Supplemental Figure 9).   286 

To validate the role of the RGD motif under in vivo conditions, DEL-1[RGE]-Fc was locally 287 

microinjected into the gingiva of Del1KO mice after ligature removal on day 10 and daily thereafter 288 

until day 15. In contrast to the WT molecule, DEL-1[RGE]-Fc failed to enhance Treg or suppress 289 

Th17 cell frequencies and absolute numbers both in the gingival tissue and the cLNs (Figure 4, 290 

A-D). To corroborate the involvement of the RGE motif of DEL-1 in Treg regulation, we utilized 291 

mice that express the RGE point mutant of DEL-1 (Del1RGE/RGE mice (45)). Similar to Del1KO mice, 292 

Del1RGE/RGE mice displayed significantly lower Treg and higher Th17 cell frequencies and absolute 293 

numbers (and hence decreased Treg/Th17 cell ratio), as compared to WT mice, in both the 294 

gingival tissue and cLNs (Figure 4, E-H) on day 15. Together, these data suggest that, during 295 
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inflammation resolution, DEL-1 increases the abundance of FOXP3+ Tregs via a mechanism that 296 

depends on its integrin-binding RGD motif. On the other hand, similar to Del1KO mice, Del1RGE/RGE 297 

mice did not exhibit significant alterations in Treg frequencies and absolute numbers in the cLNs, 298 

spleen, or thymus under steady-state conditions, as compared to WT mice (Supplemental Figure 299 

3). 300 

DEL-1 is also expressed in the lungs (21), where Tregs have been reported to mediate 301 

resolution of experimental lung injury in mice (7). To investigate whether the observed RGD motif-302 

dependent action of DEL-1 on Treg differentiation in experimental periodontitis represents a more 303 

general principle applicable to other inflammatory settings, the acute lung injury model (7) was 304 

engaged. Specifically, WT, Del1KO, and Del1RGE/RGE mice were challenged i.t. with LPS and were 305 

monitored for 10 days thereafter. Consistent with findings in mouse and human periodontitis (22), 306 

Del1 expression in the lungs of WT mice was significantly downregulated at the peak of 307 

inflammation (day 4) but rebounded on day 10 (resolution) to an even higher level than the 308 

baseline at day 0 (Figure 5A). The Del1 expression pattern exhibited a converse relationship with 309 

Il6 and Il17a expression levels (Figure 5A). Compared to WT controls, Del1KO and Del1RGE/RGE 310 

mice had significantly higher total protein and total number of cells in the BAL (Figure 5B) and 311 

persistent interstitial thickening and cellular infiltration (Figure 5C) on day 10, indicating impaired 312 

resolution of pulmonary inflammation. In line with these data and the importance of Tregs in the 313 

resolution of pulmonary inflammation (7), Del1KO and Del1RGE/RGE mice exhibited significantly lower 314 

frequencies and absolute numbers of FOXP3+ Tregs and, conversely, higher frequencies of Th17 315 

cells than seen in WT mice, resulting in significantly reduced Treg/Th17 cell ratio both in the BAL 316 

(Figure 5, D and E) and the draining mediastinal LNs (Figure 5, F and G). In comparison to WT 317 

mice under steady-state conditions, Del1KO and Del1RGE/RGE mice displayed only modestly reduced 318 

Treg frequencies and numbers in the BAL but similar Treg frequencies and numbers in mLNs 319 

(Supplemental Figure 3). Taken together, these data show that, during inflammation resolution, 320 
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DEL-1 promotes Treg responses in the lungs in a manner dependent on its RGD motif, as seen 321 

in the gingival tissue.  322 

 323 

αvβ3 integrin mediates DEL-1-induced FOXP3 expression in Tregs  324 

Among several RGD-binding integrins, αvβ3 is a well-established receptor for DEL-1 (22, 44, 46). 325 

To assess possible involvement of αvβ3 in DEL-1-induced FOXP3 expression, we first showed 326 

that αvβ3 integrin (CD51/CD61) is expressed by splenic CD4+ naive T cells (~70% positive cells; 327 

Figure 6A), and by thymus-derived natural Treg (nTreg) cells and in vitro induced iTregs 328 

(Supplemental Figure 10). We next pre-treated WT CD4+ naive T cells with a neutralizing antibody 329 

to αvβ3 integrin. The use of the anti-αvβ3 antibody (but not of IgG control) significantly inhibited 330 

the ability of DEL-1-Fc to induce FOXP3+ Tregs (to levels comparable to those seen in the Fc 331 

control group; Figure 6, B and C). As DEL-1 also interacts with β2 integrins (21, 47), we examined 332 

whether LFA-1, a T cell-expressed β2 integrin, also mediates DEL-1-dependent Treg 333 

differentiation. To this end, we performed in vitro differentiation of Tregs from splenic naive CD4+ 334 

T cells isolated from WT or LFA-1-deficient (ItgalKO) mice. In this system, DEL-1-Fc promoted the 335 

induction of FOXP3+ Tregs regardless of the presence or absence of the LFA-1 integrin (Figure 336 

6, D and E). Taken together, DEL-1 promotes the induction of FOXP3+ Tregs in manner 337 

dependent on the αvβ3 integrin.  338 

 339 

DEL-1 upregulates RUNX1 and is required for its ability to induce Treg differentiation  340 

To obtain insights into how DEL-1 may promote FOXP3 expression, we applied RNA-seq to Tregs 341 

that were differentiated for 3 days in vitro in the presence of DEL-1-Fc or Fc control. Among the 342 

differentially regulated genes (False Discovery Rate [FDR]<0.05) by DEL-1-Fc vs. Fc control, 343 

1250 genes were significantly downregulated and 1160 genes were significantly up-regulated, 344 

respectively (Figure 7A). Further, we applied PANTHER GO enrichment analysis of those genes 345 

that were significantly regulated. Notably, the GO term ‘Positive regulation of T cell activation 346 
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(GO: 0050870)’ was highly enriched (fold enrichment 3.23; FDR=6.53E-05) among the 347 

significantly enriched GO terms of significantly up-regulated genes. Consistent with our earlier 348 

observation (Figure 3, C-E), Foxp3 was among those 28 genes of this term that were significantly 349 

up-regulated by DEL-1-Fc (Figure 7B, left). Other significantly up-regulated genes, Xcl1, Havcr, 350 

Icosl, Bcl6, Tnfsf14, Cd1d1, Car11, Egr3, Cd27, Cd24a, Lgals8, Coro1a, Adk, Slamf1, Runx1, 351 

Myb, Cd28 and Spn (Figure 7B, left) are either highly expressed in Tregs or are closely related to 352 

their stability or suppressive function. Importantly, RUNX1 is pivotal for the suppressive function 353 

of natural and inducible Tregs by modulating the expression and stability of FOXP3 or by 354 

physically interacting with FOXP3 for regulating Treg-associated target genes (48-51). The DEL-355 

1-Fc-induced increase of Runx1 mRNA expression was validated by qPCR (Figure 7C), while 356 

FACS analysis showed that DEL-1-Fc also significantly promoted RUNX1 protein abundance 357 

within FOXP3+ iTregs (Figure 7D). Importantly, DEL-1-induced Runx1 upregulation absolutely 358 

required intact RGD motif on DEL-1 (Figure 7C) as seen with Foxp3 upregulation (Figure 3E), 359 

thus suggesting a common, αvβ3 integrin-dependent pathway for the regulation of both Runx1 360 

and Foxp3 by DEL-1. In contrast, DEL-1-Fc did not affect the expression of Runx3 (Figure 7C), 361 

another transcription factor involved in the establishment of lineage specification of T cells (51-362 

53). The ability of RUNX1 to bind specific DNA consensus sequences is stabilized by associating 363 

with a non-DNA-binding cofactor, the core-binding factor β (CBFβ) (54). Interestingly, DEL-1-Fc 364 

also significantly promoted Cbfb expression in Tregs in a manner dependent on intact RGD motif 365 

on DEL-1 (Figure 7C).  366 

PANTHER GO enrichment analysis based on significantly downregulated genes also 367 

revealed high enrichment of ‘alpha-beta T cell differentiation GO: 0046632’ (fold enrichment 4.86, 368 

FDR= 0.000136) (Figure 7B, right top) and ‘Regulation of lymphocyte apoptotic process GO: 369 

0070228’ (fold enrichment 3.99, FDR=0.00143) (Figure 7B, right bottom). Interestingly, in ‘alpha-370 

beta T cell differentiation GO:0046632’, the genes downregulated by DEL-1 Rsad2, Gata3, 371 

Sema4a and Irf4 are required for Th2 cell differentiation; Ifng encodes a Th1 signature cytokine 372 



 15 

(IFN-γ) and Gadd45g is important for Th1 induction and function; Tnfsf8, Stat3, Ptger4 and Ly9 373 

control Th17 cell differentiation. Among 14 downregulated genes of ‘Regulation of lymphocyte 374 

apoptotic process GO: 0070228’, Ccl5, Cd44, Bbc3, Hif1a, Tnfrsf4, and Myc have been reported 375 

to promote T cell apoptosis, suggesting that DEL-1-Fc might suppress apoptosis of Tregs. 376 

To test the hypothesis that RUNX1 may link the DEL-1-αvβ3 integrin interaction to FOXP3 377 

upregulation and Treg induction, we generated mice with T cell-specific conditional deletion of 378 

RUNX1 (CD4-Cre+Runx1f/f mice). In vitro Treg differentiation assays showed that deletion of 379 

RUNX1 from T cells resulted in lower yield of Tregs (by ~50%) as compared to RUNX1-expressing 380 

controls, i.e., naive CD4+ T cells from CD4-Cre–Runx1f/f mice (Figure 7, E and F), thus confirming 381 

the importance of RUNX1 in Treg differentiation. Importantly, compared to Fc control, DEL-1-Fc 382 

failed to induce FOXP3+ Tregs in the cultures of CD4-Cre+Runx1f/f CD4+ cells, whereas it readily 383 

increased the numbers of FOXP3+ cells in RUNX1-expressing CD4+ cell cultures (Figure 7, E and 384 

F). Thus, RUNX1 is required for the ability of DEL-1 to promote Treg induction in vitro. 385 

To determine whether RUNX1 is required in vivo for the capacity of DEL-1 to increase the 386 

abundance of Tregs in the LIP resolution model, we generated Del1WT and Del1KO littermates in 387 

the CD4-Cre+Runx1f/f background. Consistent with the role of RUNX1 in Treg induction (48-51), 388 

we noticed that the absolute numbers of FOXP3+ Tregs in the gingival tissue of mice with T cell-389 

specific deletion of RUNX1 were reduced compared to WT mice expressing RUNX1 in T cells 390 

(Figure 7H right panel [Del1WTCD4-Cre+Runx1f/f mice] vs. Figure 1B right panel [WT mice]); such 391 

reduction was even more obvious in the cLNs (Figure 7K right panel [Del1WTCD4-Cre+Runx1f/f 392 

mice] vs. Figure1D right panel [WT mice]). In contrast, the percentage of FOXP3+ Tregs was 393 

remarkably increased in the absence of RUNX1 from T cells (compare Figure 7, H and K left 394 

panels [Del1WTCD4-Cre+Runx1f/f] and Figure 1, B and D left panels [WT]). This seeming paradox 395 

is explained by the established function of RUNX1 in T cell development and homeostasis (55, 396 

56); indeed, T cell-specific deletion of RUNX1 predominantly affects the development of FOXP3− 397 

conventional CD4+ T cells (55). In our earlier experiments using mice with RUNX1-expressing 398 
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CD4 T cells, endogenous DEL-1 increased the absolute numbers of FOXP3+ cells in the gingival 399 

tissue and the cLNs at the resolution phase (Figure 1, B and D right panels). In stark contrast, 400 

endogenous DEL-1 in mice with T cell-specific deletion of RUNX1 failed to increase the absolute 401 

numbers of Tregs in the gingival tissue (Figure 7H right panel) and the draining cLNs (Figure 7K 402 

right panel). Specifically, no difference was observed in Treg numbers in the gingival tissue and 403 

the cLNs between DEL-1–sufficient and –deficient mice in the absence of T cell-RUNX1 (Figure 404 

7, G, H, J and K). Consistent with this finding and data that DEL-1 does not directly influence 405 

Th17 differentiation (Figure 3, A and B, Supplemental Figure 6), no differences were observed 406 

between Del1WTCD4-Cre+Runx1f/f and Del1KOCD4-Cre+Runx1f/f mice regarding Th17 cell 407 

frequencies, absolute numbers or the Treg/Th17 cell balance, in either the gingival tissue (Figure 408 

7, G and I) or the cLNs (Figure 7, J and L). Overall, our data show that, during inflammation 409 

resolution, DEL-1 increases the abundance of Tregs via a αvβ3-RUNX1-FOXP3 axis.  410 

 411 

DEL-1 promotes human Treg differentiation and function 412 

Next, we evaluated whether DEL-1 could directly influence the differentiation of human 413 

CD4+CD25– T conventional (Tconv) cells into inducible (i)Tregs upon suboptimal stimulation via 414 

the T cell antigen receptor (TCR) (57, 58). In contrast to mice, multiple FOXP3 splicing variants 415 

have been described in humans and their role is now becoming increasingly clear (59, 60). Among 416 

them, we evaluated the induction of the splice variants containing the exon 2 (FOXP3E2), which 417 

is required for proper Treg function (58-62). We observed that DEL-1-Fc treatment increased the 418 

expression levels of FOXP3E2 and of all the other FOXP3 splice variants during iTreg induction, 419 

both as percent of positive cells and MFI (Figure, 8A-D). Consistently, DEL-1-Fc treatment 420 

upregulated also the mRNA expression of FOXP3E2 and FOXP3 all transcripts during iTreg 421 

induction (Supplemental Figure 11). In agreement with the data obtained in the mouse system 422 

(Figure 7C), DEL-1-Fc significantly increased the mRNA expression levels of RUNX1 and CBFB 423 

in human Tconv cells stimulated with anti-CD3/anti-CD28 for 24 hrs, as compared to treatment 424 
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with Fc control (Figure 8E). Importantly, flow-sorted iTregs generated in a 36 hr culture in the 425 

presence of DEL-1-Fc exhibited significantly higher suppressive function than in the presence of 426 

Fc control, as evidenced by increased inhibition of the proliferation of CSFE+CD4+ T cells after 72 427 

hr co-culture (Figure 8, F and G). We further asked whether DEL-1-Fc could also infuence the 428 

function of natural (n)Tregs freshly isolated from peripheral blood. DEL-1-Fc treatment did not 429 

affect the proliferation of TCR-stimulated nTregs, or of Tconv cells, as compared to Fc control 430 

(Supplemental Figure 12 A,B). Moreover, DEL-1-Fc treatment did not affect the suppressive 431 

function of nTregs, evaluated as their ability to suppress Tconv cell proliferation in co-culture 432 

experiments (Supplemental Figure 12C). 433 

We next evaluated the functional stability of iTregs generated in the presence of DEL-1-Fc 434 

(‘DEL-1-Fc−iTregs ’) or Fc control (‘Fc−iTregs ’). To this end, iTregs were generated as described 435 

above, FACS-sorted after 36 hrs and cultured with anti-CD3/anti-CD28 and IL-2 for 10 days. After 436 

this period, iTregs were FACS-sorted and tested for their suppressive capacity in co-culture with 437 

CSFE+CD4+ T cells for 72 hrs.  We found that DEL-1-Fc−iTregs  exhibited significantly stronger 438 

suppressive activity against CD4+ T cell proliferation than Fc−iTregs  (Figure 8, H and I). Thus, 439 

even after a prolonged culture, DEL-1-Fc−iTregs  maintain significantly increased suppressive 440 

activity, consistent with the data that DEL-1-Fc can induce stable FOXP3 expression in mouse 441 

Tregs, thereby promoting their stability (Figure,  3G-I,  Supplemental Figure 8). Moreover, we also 442 

determined the methylation status of FOXP3 TSDR (Treg-specific demethylated region) in 443 

humans and found that 10 day-iTregs that were generated in the presence of DEL-1-Fc exhibited 444 

a reduction in CNS2 methylation as compared to that seen in the Fc−iTregs  (Figure 8J). In 445 

conclusion, the ability of DEL-1-Fc to increase FOXP3 expression during iTreg generation is 446 

paralleled by a significant induction of RUNX1 and CBFb and increased demethylation of TSDR 447 

which associate with increased stability and suppressive function of the generated iTregs. 448 

 449 
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Discussion 450 

It is becoming increasingly appreciated that Tregs mediate activities beyond their originally 451 

characterized antigen-specific immunosuppressive function; for instance, Tregs engage in 452 

activities such as tissue repair and regeneration following inflammation resolution (63-68). In this 453 

regard, we have shown that a local tissue homeostatic factor that emerges during resolution, DEL-454 

1, increases the stability and abundance of Tregs in mucosal tissues, thereby promoting their 455 

capacity for restoration of tissue homeostasis after infectious or inflammatory insults. Although 456 

TGFb appears to be essential for iTreg development in peripheral tissues, iTregs seem to 457 

enhance the stability of their FOXP3 expression by responding to certain environmental stimuli, 458 

such as, retinoic acid and bacterial short-chain fatty acids (69-71). Our present findings indicate 459 

that, at least in the oral mucosa and the lung, DEL-1 is a novel environmental cue that enhances 460 

the generation, functional stability and suppressive activity of iTregs.   461 

In both human and mouse models, DEL-1 induced the expression of RUNX1 and CBFβ, 462 

which are known to form a transcription complex that is indispensable for the suppressive function 463 

of Tregs. Indeed, the RUNX1-CBFβ heterodimer, which binds the CNS2 enhancer at the Foxp3 464 

locus, regulates the level and stability of FOXP3 expression (49, 72). Moreover, the RUNX1-CBFβ 465 

complex physically interacts with FOXP3 and together regulate the expression of Treg-associated 466 

target genes (e.g., CD25, cytotoxic T-lymphocyte antigen 4 [CTLA-4] and glucocorticoid-induced 467 

TNF receptor [GITR]) (48-51). Using DEL-1–proficient or –deficient mice with T cell-specific 468 

conditional deletion of RUNX1, we showed that RUNX1 is essential for the capacity of 469 

endogenous DEL-1 to increase the abundance of Tregs during inflammation resolution. This in 470 

vivo upregulatory effect is likely a direct DEL-1 effect on Tregs, since, in vitro, DEL-1 failed to 471 

induce FOXP3+ Tregs in T cell cultures that lack RUNX1.  472 

DEL-1 might increase the abundance and function of Tregs not only via RUNX1 upregulation 473 

and FOXP3 expression but, as suggested by GO enrichment analysis, also by downregulating 474 
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genes that could promote apoptosis of Tregs or restrain FOXP3 expression. In the latter regard, 475 

DEL-1 downregulated Eomes which was shown to inhibit FOXP3 expression (73). Moreover, 476 

DEL-1 downregulated factors associated with differentiation towards Th effector cell subsets, 477 

such as, Itk, a member of the Tec family kinases that regulates Th2 and Th17 cytokine expression 478 

(74).  479 

DEL-1 not only promoted the induction of FOXP3 expression in the mouse and human 480 

system, but also conferred stability of FOXP3 expression upon restimulation of Tregs in the 481 

absence of exogenous TGFβ1 in the mouse system. Moreover, even after prolonged culture (10 482 

days), human iTregs generated in the presence of DEL-1 displayed significantly increased 483 

suppressive activity against CD4+ T cell proliferation (vs. Fc control−iTregs) together with a 484 

significant reduction of TSDR methylation of the CNS2 enhancer. The demethylation of CpG 485 

islands within the TSDR of the CNS2 enhancer allows CNS2 to bind critical transcription factors, 486 

such as the RUNX1-CBFβ complex and FOXP3, the binding of which is RUNX1-CBFβ dependent 487 

(41, 75, 76). The stable binding of FOXP3 and the RUNX1-CBFβ heterodimer to CNS2 upon 488 

demethylation of the TSDR further sustains TSDR demethylation, perhaps by physically blocking 489 

recruitment of DNA methyltransferases (41, 75, 76). RUNX1 may promote DNA demethylation 490 

also through its ability to recruit the DNA demethylation enzymes TET2 and TET3 (77). Besides 491 

a global effect on FOXP3 induction in human Tregs, DEL-1 also promoted the transcription of the 492 

FOXP3E2 splicing variants, key regulators of human Treg generation and function (60-64). The 493 

action of RUNX1 and CBFβ, that form a trimeric complex with FOXP3 at the CNS2 (51, 71), 494 

together with increased TSDR demethylation, could establish a feed-forward loop enabling and 495 

stabilizing FOXP3E2 expression.  496 

It is thus conceivable that the promotional effect of DEL-1 on DNA demethylation of the 497 

FOXP3 TSDR region, and hence on increasing the stability of FOXP3+ Tregs, may be mediated 498 

through its capacity to increase RUNX1 expression. This notion is consistent with the failure of 499 
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endogenous DEL-1 in mice with T cell-specific deletion of RUNX1 to increase Treg abundance in 500 

the gingival tissue and the draining cLNs, whereas endogenous DEL-1 in WT mice significantly 501 

increased the abundance of Tregs (as compared to Del1KO mice) in the same tissues.  502 

In addition to the direct effect of DEL-1 in promoting FOXP3 expression, an indirect effect 503 

might potentially be mediated through induction of TGFβ1, which is a potent inducer of FOXP3 504 

expression (78). In this regard, we have previously shown that DEL-1 facilitates inflammation 505 

resolution by promoting the ability of macrophages to efferocytose apoptotic neutrophils, which in 506 

turn stimulates macrophage secretion of TGFβ1 (22).  DEL-1-mediated efferocytosis requires the 507 

full-length molecule; the N-terminal EGF-like repeat region of DEL-1 is necessary to bind αvβ3 508 

integrin-bearing macrophages, whereas its C-terminal discoidin-I-like domains are indispensable 509 

for binding the ‘eat-me’ signal phosphatidylserine on the apoptotic neutrophil surface (22). 510 

Nevertheless, the N-terminal EGF-like repeat region of DEL-1 was sufficient to skew the 511 

Treg/Th17 cell balance toward Tregs during inflammation resolution. This further confirms the 512 

ability of DEL-1 to increase the abundance of Tregs through a mechanism that is not secondary 513 

to the enhancing effect of DEL-1-mediated efferocytosis on TGFβ1 production and inflammation 514 

resolution (22). DEL-1, secreted by macrophages or other resident cells, may thus promote Treg 515 

induction and function through both direct and indirect, synergistically operating mechanisms.  516 

Infections and inflammatory or autoimmune diseases can cause instability of Tregs, mainly 517 

via induction of proinflammatory cytokines, such as IL-6, which destabilizes FOXP3 expression in 518 

Tregs in vitro (79) and reprograms FOXP3+ Tregs to produce IL-17 in vivo (80). In this context, 519 

fate mapping analysis showed that the frequency of FOXP3+ Treg-derived Th17 (exFoxp3Th17) 520 

cells increases dramatically in ligature-induced periodontitis in a manner strongly dependent on 521 

IL-6 (81). Conversely, Th17 cells can convert into FOXP3+exTh17 cells with potent regulatory 522 

activity during resolution of inflammation in the presence of TGFβ1 (82). Therefore, DEL-1 may 523 

increase the abundance of Tregs during resolution by either contributing to their stability or by 524 

promoting the conversion of exTh17 cells into FOXP3+ Tregs. These effects could in part be 525 
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mediated by the anti-inflammatory effects of DEL-1 that include inhibition of IL-6 production and 526 

promotion of TGFβ1 production (19, 20, 22). However, it is clear from both in vitro and in vivo 527 

experiments of the present study that DEL-1 also exerts direct modulatory effects on Tregs. As 528 

discussed above, these direct effects of DEL-1 require only its N-terminal EGF-like repeat region 529 

and are distinct from its anti-inflammatory or even its pro-efferocytic effects, which require the 530 

entire DEL-1 structure (22).  531 

DEL-1 and IL-17 are reciprocally negatively regulated, which is consistent with findings that 532 

the tissue expression levels of DEL-1 are inversely correlated with those of IL-17 in both humans 533 

and animal models (19, 20, 22, 28, 30, 32, 83). However, although the signaling pathway whereby 534 

IL-17 downregulates DEL-1 is well understood at the molecular level (32), the mechanism 535 

whereby DEL-1 inhibits IL-17 expression has been uncertain. The present findings from the 536 

human studies suggest that one mechanism by which DEL-1 can inhibit IL-17 is by promoting the 537 

generation of FOXP3E2+ Tregs. These cells can strongly suppress Th17 cells, a major cellular 538 

source of IL-17 in different inflammatory pathologies, including periodontitis (37) and multiple 539 

sclerosis (84).  540 

In conclusion, we established DEL-1 as a novel regulator of Tregs using human models of 541 

Treg differentiation and function and distinct mouse models of mucosal inflammation resolution. 542 

We have identified a new αvβ3 integrin-dependent pathway for the regulation of both Runx1 and 543 

Foxp3 that not only provides improved mechanistic understanding of Treg regulation, but can also 544 

be targeted to regulate Treg function in inflammatory or autoimmune disorders.  545 

 546 

 547 

 548 

 549 
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Methods 550 

Mice 551 

C57BL/6 Del1KO mice (21) and ItgalKO mice (The Jackson Laboratory) were crossed with WT 552 

C57BL/6 mice to generate KO and WT littermates. Mice with a conditional allele of Runx1 553 

(Runx1tm3.1Spe; Runx1f/f) were provided by Nancy A. Speck (University of Pennsylvania, 554 

Philadelphia, PA, USA)(85). Runx1f/f mice and CD4-Cre transgenic mice (The Jackson 555 

Laboratory) were crossed to generate CD4-Cre+/Runx1f/f and CD4-Cre–/Runx1f/f control mice. 556 

Del1WT and Del1KO littermates in the CD4-Cre+Runx1f/f background were generated through a 557 

series of breedings starting with the crossing of Del1KO mice with CD4-Cre+Runx1f/f mice. Mice 558 

overexpressing DEL-1 in macrophages (CD68-Del1) and Del1RGE/RGE mice (which express a DEL-559 

1 point mutant with an Asp-to-Glu substitution in the RGD motif) were previously described (22, 560 

45). Intervention experiments with DEL-1−Fc, DEL-1 derivatives, or Fc control, were performed 561 

in randomly assigned mice. Sex- and age-matched mice (8- to 10-weeks old) were used in 562 

experiments and were maintained in individually ventilated cages under specific pathogen-free 563 

conditions.  564 

 565 

In vitro mouse T cell differentiation, restimulation and suppressive assay 566 

All cytokines and antibodies used in these experiments were from BIoLegend. Naive splenic CD4+ 567 

T cells were isolated using EasySep Mouse Naïve CD4+ T Cell isolation kit (STEMCELL). The 568 

purity of the isolated CD4+ T cells was ~95%. The cells were activated by plate-bound anti-CD3 569 

(clone 145-2C11, catalog 100314, Biolegend; 2 μg/ml) and anti-CD28 (clone 37.51, catalog 570 

102111, Biolegend; 1 μg/ml) in the presence of different sets of cytokines in complete RPMI 1640 571 

(Gibco), supplemented with 10% FBS (Atlanta Biologicals), 1% penicillin/streptomycin (Thermo-572 

Fisher), and 50 μM 2-mercaptoethanol (Thermo-Fisher). For Treg differentiation, CD4+ T cells 573 

were incubated with TGFβ1 (5 ng/ml) and IL-2 (40 ng/ml) for three or four days (for analysis of 574 
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Foxp3 mRNA or protein expression, respectively). For Th17 polarization under ‘non-pathogenic’ 575 

conditions (40), CD4+ T cells were incubated with IL-6 (50 ng/ml) and TGFβ1 (1 ng/ml) for three 576 

days. For Th17 polarization under ‘pathogenic conditions’ (40), CD4+ T cells were incubated with 577 

IL-6 (50 ng/ml), TGFβ1 (1 ng/ml), IL-1β (10 ng/ml) and IL-23 (10 ng/ml) for three days. Using 578 

EasySep™ Mouse CD4+CD25+ Regulatory T Cell Isolation Kit II (STEMCELL), CD4+CD25+ cells 579 

were sorted to high purity (>95%) from Treg induction cultures (with or without DEL-1-Fc/Fc 580 

control), and then restimulated in the absence or presence of DEL-1-Fc or Fc control. Foxp3 581 

expression in the restimulated cultures was assessed 4 days later. For Treg suppression assay, 582 

CD4+CD25– T cells (Tconv) were isolated using CD4 positive selection and CD25 negative 583 

selection (EasySep™ Mouse CD4+CD25+ Regulatory T Cell Isolation Kit II). The cells (90-95% 584 

pure) were labeled with CFSE (5 µM; Invitrogen) and plated at 2.5×104 cells/well. Flow cytometry 585 

analyzing CFSE dilution was performed by gating on CD4+CFSE+ cells stimulated for 72 hrs with 586 

anti-CD3 (2 μg/ml) and anti-CD28 (1 μg/ml), which were cultured alone or with purified DEL-1-587 

Fc−iTregs or Fc−iTregs. 588 

 589 

RNA sequencing 590 

Naive splenic CD4+ cells isolated from 6-week-old WT mice were differentiated to Tregs for 3 591 

days as described above in medium containing TGFβ1 (5 ng/ml), IL-2 (40 ng/ml) and DEL-1-Fc 592 

or Fc control. Three independent isolations from three mice were performed to attain three 593 

biological replicates. Total RNA was extracted by Trizol (Life Technologies) and DNA was 594 

removed by using TURBO DNA-free Kit (Invitrogen). PolyA-selected mRNA libraries were 595 

generated following the manufacturer’s protocols (BGI). Samples were sequenced on BGISEQ-596 

500 platform to generate 50 bp single-end reads with an average depth of 76.46 M reads per 597 

sample. Clean reads were mapped to the mouse genome (Ensembl assembly GRCm38) using 598 

STAR (86) with default settings after filtering low-quality, adaptor-polluted and high content of 599 

unknown base (N) reads. The average mapping ratio with reference genome is 94.92%, the 600 
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average mapping ratio with gene is 84.23%. A total of 17,294 genes were detected. Most 601 

transcripts were completely covered and reads were evenly distributed throughout the transcript.  602 

 603 

Bioinformatic analysis of RNA-seq and Gene-ontology (GO) analysis 604 

Reads count in each gene were calculated by htseq-count (87). Subsequently, differential gene 605 

expression was analyzed using DEGseq2 (88) and significantly differentially expressed genes 606 

(DEGs) were defined by FDR-adjusted p value <0.05 in the DEL-1-Fc–treated group relative to 607 

their expression in the Fc control group. Significantly up- or downregulated DEGs were subjected 608 

to Gene Ontology (GO) enrichment analyses using PANTHER (Protein ANalysis THrough 609 

Evolutionary Relationships) (http://www.pantherdb.org) with default background and default 610 

threshold. Significantly enriched Biological Process GO terms were defined by FDR-adjusted p 611 

value <0.05. Volcano plots, MA plots and Heat maps were generated by customized R script. 612 

RNA-seq data generated in this study (Figures 7, A and B) were deposited in the NCBI Gene 613 

Expression Omnibus (GEO) under accession number GSE131315 614 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE131315). 615 

 616 

Human subjects, cell purification, and iTreg induction 617 

We isolated human peripheral Treg (CD4+CD25+CD127–) and Tconv (CD4+CD25–) cells from 618 

buffy coats of healthy subjects. Briefly, after Ficoll-Hypaque gradient centrifugation (GE 619 

Healthcare), peripheral Treg (CD4+CD25+CD127–) and Tconv (CD4+CD25–) cells were purified 620 

(90-95% pure) by magnetic cell separation with a Regulatory CD4+CD25+ T Cell Kit (Thermo-621 

Fisher). For proliferation assays, Treg and Tconv cells were cultured (1 x 104 cells/well) for 72 hrs 622 

in round-bottom, 96-well plates (Corning Falcon) in RPMI 1640 medium supplemented with 5% 623 

AB human serum (EuroClone) and stimulated with anti-CD3/anti-CD28 mAb-coated beads (0.2 624 

bead/cell; Thermo Fisher), in the presence of DEL-1-Fc or Fc control (10 µg/ml). After 60 hrs, 625 
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[3H]thymidine (0.5 μCi/well; Amersham Pharmacia Biotech) was added to the cell cultures, and 626 

cells were harvested 12 hrs later. Radioactivity was measured with a β-cell-plate scintillation 627 

counter (Wallac). For the generation of iTregs, Tconv cells were cultured (2 x 106 cells/well) in 628 

flat-bottom six-well plates (Corning Falcon) with RPMI-1640 medium supplemented with penicillin 629 

(100 UI/ml), streptomycin (100 µg/ml) (Thermo-Fisher) and 5% AB human serum (EuroClone) 630 

and stimulated with anti-CD3/anti-CD28 mAb-coated beads (0.1 bead/cell; Thermo-Fisher), for 631 

12, 24, or 36 hrs, in the presence of DEL-1-Fc or Fc control  (10 µg/ml). Inducible (i)Tregs were 632 

obtained by flow cytometric sorting of CD4+CD25high (cell purity >95%) with BD FACSJazz 633 

(Becton-Dickinson). For long-term induction, iTregs were generated as described above, FACS-634 

sorted after 36 hrs as CD4+CD25high (cell purity >95%) using BD FACSJazz (Becton-Dickinson) 635 

and cultured (5 x 105 cells/well) in the presence of anti-CD3/anti-CD28 mAb-coated beads (0.1 636 

bead/cell; Thermo-Fisher) and human recombinant IL-2 (50 IU/mL; Roche) in flat-bottom 48-well 637 

plates (Corning Falcon) with RPMI-1640 medium supplemented with penicillin (100 UI/ml), 638 

streptomycin (100 µg/ml) (Thermo-Fisher) and 5% AB human serum (EuroClone), for 10 days. 639 

After this period, we evaluated the methylation status of the CpG island within the CNS2 region 640 

of FOXP3 through methyl-sensitive PCR. Also, 10 day-iTregs were FACS-sorted with BD 641 

FACSJazz (Becton-Dickinson) as the population with the highest CD25 expression 642 

(CD4+CD25high; cell purity >95%) and tested for their suppressive capacity in co-culture with 643 

CSFE+CD4+ T cells for 72 hrs.  644 

 645 

For further technical information, see Supplemental Methods. 646 

 647 

Statistical analysis 648 

After testing for normality, data were analyzed by parametric or non-parametric tests. Parametric 649 

tests included two-tailed unpaired or paired Student's t-tests (two-group comparisons), one-way 650 

ANOVA (multiple-group comparisons) followed by a multiple comparison test (Dunnett’s or 651 
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Tukey’s as appropriate), and two-way ANOVA with Sidak's multiple comparisons test. Two-tailed 652 

Mann-Whitney U test was used to analyze non-normally distributed unpaired sample data. Two-653 

tailed paired Wilcoxon test was used to analyze non-normally distributed paired sample data. All 654 

statistical analyses were performed using GraphPad Prism software. P values <0.05 were 655 

considered statistically significant.  656 

 657 

Study approval 658 

All animal experiments were reviewed and approved by the Institutional Animal Care and Use 659 

Committee of the University of Pennsylvania and were performed in compliance with institutional, 660 

state, and federal policies. Human study was approved by the Institutional Review Board of the 661 

Università degli Studi di Napoli “Federico II”. Buffy coats were collected from 41 healthy subjects 662 

(18 males and 23 females) after signing written informed consent approved by the Institutional 663 

Review Board. All subjects were 20 years of age or older (20-55 years old) with no history of 664 

inflammatory, endocrine or autoimmune disease.  All in vitro and in vivo experiments were 665 

performed two or more times for verification. No samples (mouse or human) were excluded from 666 

analysis. 667 

 668 

 669 

 670 

 671 

 672 

 673 

 674 

 675 
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Figures700 

 701 

Figure 1. DEL-1 deficiency decreases Treg numbers while increases Th17 cells during 702 
resolution of inflammation. Groups of littermate WT and Del1KO mice were subjected to ligature-703 
induced periodontitis (LIP) for 10 days and ligatures were removed on day 10 (to facilitate 704 
inflammation resolution) for 5 days. (A-D) FACS plots of Tregs in gingival tissues (A) and cLNs 705 
(C) on day 15 and bar graphs showing percentage of Tregs in CD4+ T cells (left), absolute 706 
numbers (middle) and FOXP3 MFI (right) of Tregs from gingival tissues (B) and cLNs (D) of 707 
littermate WT and Del1KO mice on day 15 (n=6-7 mice/group). (E) FACS plots of Th17 cells in 708 
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gingival tissue on day 15 and (F) bar graphs showing percentage of Th17 cells in CD4+ T cells 709 
(left), absolute numbers (middle) and IL-17A MFI of Th17 cells (right) from gingival tissues of 710 
littermate WT and Del1KO mice on day 15 (n=7 mice/group). (G) FACS plot of Th17 cells in cLNs 711 
and (H) bar graphs showing percentage of Th17 cells in CD4+ T cells (left), absolute numbers 712 
(middle) and IL-17A MFI of Th17 cells (right) from cLNs of littermate WT and Del1KO mice on day 713 
15 (n=6 mice for WT group and n=9 for Del1KO group). Data are means ±SD and are pooled from 714 
two independent experiments. ***P<0.001, ****P<0.0001 vs. WT mice; two-tailed Student’s t-test. 715 
 716 
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 721 

Figure 2. The DEL-1 EGF-like repeats (DEL-1[E1-E3]) are sufficient to upregulate the 722 
Treg/Th17 cell ratio. (A-D) Groups of Del1KO mice were subjected to ligature-induced 723 
periodontitis (LIP) for 10 days and ligatures were removed on day 10 to facilitate inflammation 724 
resolution. The mice were locally microinjected daily with DEL-1-Fc, DEL-1-[E1-E3]-Fc, or Fc 725 
control from day 10 to day 14 for a total of 5 doses. (A-D) FACS plots of Tregs (top) and Th17 726 
cells (bottom) in gingival tissues (A) and cLNs (C) of microinjected Del1KO mice on day 15 and 727 
bar graphs showing the percentages and absolute numbers of Tregs (top left & middle) and Th17 728 
cells (bottom left & middle) in CD4+ T cells, Treg/Th17 cell ratio (top right) from gingival tissues 729 
(B) and cLNs (D) (n=6-7 mice/group). Data are means ± SD and are pooled from two independent 730 
experiments. **P<0.01, ***P<0.001, ****P<0.0001 vs. Fc treatment group; one-way ANOVA with 731 
Dunnett’s multiple comparisons test for comparison with Fc control treatment. 732 
 733 

 734 

 735 
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 736 

Figure 3. DEL-1 directly promotes de novo Treg differentiation via its RGD motif. (A,B) 737 
Naive splenic CD4+ cells were differentiated, or not, to Th17 under ‘pathogenic conditions’ (see 738 
Methods) in the presence of DEL-1-Fc or Fc control. (A) FACS plots and (B) percentage of IL-739 
17A+ cells in CD4+ T cells (n=6 replicates). (C-E) Naive splenic CD4+ cells were differentiated, or 740 
not, to Tregs in the presence of DEL-1-Fc, DEL-1[RGE]-Fc, or Fc control (10 µg/ml).  (C) FACS 741 
plots and (D) percentage of FOXP3+ cells in CD4+ T cells (n=7 replicates). (E) Relative mRNA 742 
expression of Foxp3 in Tregs (n=6 replicates). (F) Suppression of CFSE-labeled CD4+CD25– T 743 
cell (Tconv) division by purified DEL-1-Fc−iTregs or Fc−iTregs.  X-axis numbers indicate 744 
CD4+CFSE+cells:iTregs ratio (n=6 replicates). (G) Naive splenic CD4+T cells were differentiated 745 
to Tregs in the presence of DEL-1-Fc or Fc control (10 µg/ml). CD4+CD25+ cells were sorted and 746 
restimulated for 4 days in medium containing IL-2 (40 ng/ml) and FOXP3 expression was 747 
assessed. (H,I) Naive splenic CD4+ cells were differentiated to Tregs. CD4+CD25+ cells were 748 
sorted and restimulated for 4 days with DEL-1-Fc or Fc control in medium containing IL-2 (40 749 
ng/ml) without (H) or with TGFβ1 (5 ng/ml) (I), and FOXP3 expression was assessed.  (J) Naive 750 
splenic CD4+ T cells were differentiated for 4 days to Tregs in the presence of DEL-1-Fc or Fc 751 
control (10 μg/ml). iTregs (CD4+CD25+) were sorted cells and evaluated for their methylation 752 
status of the Foxp3 CNS2 (n=9 mice; five independent experiments). All CD4+ T cells were 753 
isolated from WT mice. **P<0.01, ***P<0.001, ****P<0.0001, NS, non-significant vs. Fc control 754 
(B,D-J); one-way ANOVA with Dunnett’s post-test for comparison with Fc control (B,D,E); two-755 
way ANOVA with Sidak's post-test for comparison with Fc control (F); two-tailed Student’s t-test 756 
for comparison with Fc control (G-J). 757 
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 758 

Figure 4. The DEL-1 RGD motif is critical for Treg responses in vivo. (A-D) Groups of Del1KO 759 
mice were subjected to ligature-induced periodontitis (LIP) for 10 days at which time the ligatures 760 
were removed. The mice were then locally microinjected daily with DEL-1-Fc, DEL-1[RGE]-Fc, or 761 
Fc control from day 10 to day 14 for a total of 5 doses. Percentages and absolute numbers of 762 
Tregs (A,C) and Th17 cells and Treg/Th17 cell ratio (B,D) from gingival tissues (A,B) and cLNs 763 
(C,D) on day 15 (n=6 mice/group). (E-H) Groups of WT, Del1KO and Del1RGE/RGE mice were 764 
subjected to LIP for 10 days and ligatures were removed on day 10 for 5 days. Percentages and 765 
absolute numbers of Tregs (E,G) and Th17 cells and Treg/Th17 cell ratio (F,H) from gingival 766 
tissues (E,F) and cLNs (G,H) of WT, Del1KO and Del1RGE/RGE mice on day 15 (n=6 mice/group). 767 
Data are means ± SD and are pooled from two independent experiments. **P<0.01, ***P<0.001, 768 
****P<0.0001, NS, non-significant vs. Fc control group (A-D); ***P<0.001, ****P<0.0001 vs. WT 769 
mice (E-H). One-way ANOVA with Dunnett’s post-test for comparison with Fc control group (A-770 
D) or with WT group (E-H).  771 
 772 

 773 
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 774 

Figure 5. Del1KO and Del1RGE/RGE mice have impaired Treg induction and resolution of 775 
inflammation in a model of acute lung injury. (A-G) Groups of WT, Del1KO or Del1RGE/RGE mice 776 
were intratracheally instilled with Escherichia coli LPS at 3.75 μg/g bodyweight or PBS control. 777 
(A) Relative mRNA expression of Del1, Il17a, Il6 in WT mice at the indicated time points (n=6 778 
mice/group). (B) BAL from WT, Del1KO or Del1RGE/RGE mice was analyzed for total protein 779 
concentration (left) and total cell numbers (right) on day 10 after LPS instillation (n=6 mice/group). 780 
(C) H&E staining of lung sections (left) and lung injury scoring (right) form WT, Del1KO or 781 
Del1RGE/RGE mice on day 10 after LPS instillation (n=6 mice/group). Scale bars, 200 µm (top 782 



 34 

panels); 100 µm (bottom panels). (D,E) BAL from WT, Del1KO or Del1RGE/RGE mice was analyzed 783 
for (D) the percentage and absolute numbers of Tregs and (E) Th17 cells in CD4+ T cells and 784 
Treg/Th17 cell ratio (n=6 mice/group). (F)The percentage and absolute numbers of Tregs and (G) 785 
Th17 cells in CD4+ T cells and Treg/Th17 cell ratio in mediastinal LNs from WT, Del1KO or 786 
Del1RGE/RGE mice on day 10 (n=6-9 mice/group as indicated). Data are means ± SD and are pooled 787 
from two independent experiments. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001; one-way 788 
ANOVA with Dunnett’s post-test for comparison between indicated groups.  789 
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 812 

Figure 6. DEL-1 enhances FOXP3 expression in Tregs in a β3 integrin-dependent manner. 813 
(A) FACS plots of CD51 (αv) and CD61 (β3) expression on mouse naive splenic CD4+ T cells. 814 
(B,C) Naive splenic CD4+ cells isolated from WT mice were differentiated, or not, to Tregs in 815 
medium containing anti-CD3/anti-CD28, TGFβ1 (5 ng/ml), IL-2 (40 ng/ml) and Fc control or DEL-816 
1-Fc (10 µg/ml) in the presence or not of IgG control or anti-αvβ3 antibody (10 µg/ml; added 15 817 
min prior to DEL-1-Fc treatment). Shown are (B) FACS plots and (C) data analysis of the 818 
percentage of FOXP3+ cells in CD4+T cells from the in vitro culture system on day 4 (n=6 819 
replicates from two separate cell isolations). (D,E) Naive splenic CD4+ cells isolated from WT and 820 
ItgalKO mice were differentiated, or not, to Tregs in medium containing anti-CD3/anti-CD28, 821 
TGFβ1 (5 ng/ml), IL-2 (40 ng/ml) and Fc control or DEL-1-Fc (10 µg/ml). Shown are (D) FACS 822 
plots and (E) data analysis of the percentage of FOXP3+ cells in CD4+T cells from the in vitro 823 
culture system on day 4 (n=6 replicates from two separate cell isolations). Data are means ± SD 824 
and are pooled from two independent experiments. ****P<0.0001 between indicated groups; NS, 825 
not significant. One-way ANOVA with Dunnett’s post-test for comparisons with DEL-1-Fc 826 
treatment (C); two-tailed Student’s t-test (E).  827 
 828 

 829 
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 830 

Figure 7. RUNX1 is required for the ability of DEL-1 to induce Treg differentiation. (A,B) 831 
Naive splenic CD4+ cells from WT mice were differentiated to Tregs in the presence of DEL-1-Fc 832 
or Fc control for 3 days. RNA-seq analysis of the Treg transcriptome is presented as expression 833 
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in DEL-1-Fc group relative the Fc control (log2 values) (n=3 biological repeats/group). (A) MA 834 
(left) and volcano (right) plots show the distribution of genes expression. (B) Heat maps show the 835 
significantly regulated genes (FDR<0.05) annotated with ontology terms (Gene Ontology [GO] 836 
and PANTHER protein class). (C) Relative mRNA expression of Runx1, Runx3 and Cbfb in Tregs 837 
in vitro culture on day3 by qPCR (n=6 replicates; two separate cell isolations). (D) MFI of RUNX1 838 
in RUNX1+ FOXP3+ iTregs (n=6 replicates; two separate cell isolations). (E,F) Naive splenic CD4+ 839 
cells from CD4-Cre+/Runx1f/f mice or CD4-Cre–/Runx1f/f littermate controls were differentiated, or 840 
not, to Tregs in the presence of Fc control or DEL-1-Fc for 4 days. (E) FACS plots and (F) 841 
percentage of FOXP3+ cells in CD4+T cells from the in vitro culture system on day 4 (n=6 842 
replicates; two separate cell isolations). (G-L) Groups of littermate Del1WTCD4-Cre+/Runx1f/f and 843 
Del1KOCD4-Cre+/Runx1f/f mice were subjected to ligature-induced periodontitis for 10 days and 844 
ligatures were removed on day 10 for 5 days. FACS plots of Tregs (top) and Th17 cells (bottom) 845 
in gingival tissues (G) and cLNs (J) and percentages and absolute numbers of Tregs (H,K) and 846 
Th17 cells as well as Treg/Th17 cell ratio (I,L) in gingival tissues (H,I) and cLNs (I,L) of littermate 847 
Del1WTCD4-Cre+/Runx1f/f and Del1KOCD4-Cre+/Runx1f/f mice on day 15 (n=6 mice/group). Data 848 
are means ± SD and are pooled from two independent experiments. ****P<0.0001; NS, non-849 
significant. One-way ANOVA with Dunnett’s post-test for comparison with Fc control (C); two-850 
tailed Student’s t-test (D,F,H,I,K,L).  851 
 852 
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 853 

Figure 8. DEL-1 increases FOXP3E2 expression and the suppressive capacity of human 854 
inducible (i)Tregs. (A-E) Human Tconv cells were stimulated with anti-CD3/anti-CD28 (0.1 855 
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bead/cell) in the presence of DEL-1-Fc or Fc control for 36 hrs. (A,C) Representative FACS plots 856 
of FOXP3E2+ cells (A) or FOXP3+ cells (C) in CD4+CD25+ cells. (B,D) Percentage (left) and MFI 857 
(right) of FOXP3E2+ cells (B) or FOXP3+ cells (D) in CD4+CD25+ cells (n=17 from thirteen [A,B] 858 
or eleven [C,D] independent experiments). (E) Relative mRNA expression of RUNX1 (up) (n=8 859 
from eight independent experiments) and CBFB (bottom) (n=7 from seven independent 860 
experiments) measured at 24 hrs of Tconv cell stimulation during iTreg generation. (F-I) CFSE-861 
labeled CD4+ T cells were cultured for 72 hrs with anti-CD3/anti-CD28 (0.2 bead/cell) alone or in 862 
the presence of FACS-sorted DEL-1-Fc– or Fc control-iTregs, or (H,I) long-term cultured (10 863 
days) DEL-1-Fc- or Fc control-iTregs (F,H) Representative FACS plots of proliferation of CFSE-864 
labeled CD4+ T cells. Numbers in plots indicate percentage of CFSE dilution in CD4+ T cells 865 
cultured alone (top left); numbers above bracketed lines indicate percentage of CFSE dilution in 866 
CD4+ T cells cultured with either FACS-sorted DEL-1-Fc– or Fc control–treated iTregs, or (H) 867 
long-term cultured (10 days) DEL-1-Fc- or Fc control-iTregs (G,I). Percentage of iTreg 868 
suppression in the above conditions (G, n=29 from five independent experiments; I, n=12 from 869 
four independent experiments). (J) Methylation of CpG island of FOXP3 CNS2 evaluated in DEL-870 
1-Fc– or Fc control-iTregs cultured for 10 days in the presence anti-CD3/anti-CD28 (0.1 bead/cell) 871 
and IL-2 (50 IU/ml) (n=6 from four independent experiments).  (B,D,E,J) Lines connect paired 872 
data for each individual. (G,I) Data are means ± SEM. *P<0.05, **P<0.01, ****P<0.0001 vs. Fc 873 
control (B,D,E,G,I,J). Two-tailed paired Wilcoxon test (B,D,E,G,I); Two-tailed paired Student’s t-874 
test (J).  875 
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