
The DEL-1/β3 integrin axis promotes regulatory T cell responses
during inflammation resolution

Xiaofei Li, … , Veronica De Rosa, George Hajishengallis

J Clin Invest. 2020;130(12):6261-6277. https://doi.org/10.1172/JCI137530.

  

Graphical abstract

Research Article Autoimmunity Inflammation

Find the latest version:

https://jci.me/137530/pdf

http://www.jci.org
http://www.jci.org/130/12?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI137530
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/13?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/27?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/137530/pdf
https://jci.me/137530/pdf?utm_content=qrcode


The Journal of Clinical Investigation      R E S E A R C H  A R T I C L E

6 2 6 1jci.org      Volume 130      Number 12      December 2020

Introduction
T cell–mediated immunity entails 2 aspects, proinflammatory and 
regulatory, which need to be balanced for immune homeostasis (1, 
2). For instance, effector CD4+ T helper cells expressing IL-17 (Th17 
cells) play a crucial role in host immunity, particularly in neutrophil-
mediated host defenses at mucosal barrier sites (3). However, Th17 
responses need to be tightly controlled to prevent pathologic inflam-
mation at the mucosa and other sites. In this regard, FOXP3-express-
ing regulatory CD4+ T cells (Tregs) can suppress unwarranted IL-17–
driven inflammation by downregulating Th17 expansion and effector 
functions (4–6). FOXP3+ Tregs are generated either in the thymus or 
in peripheral tissues by induction from naive CD4+ T cells and have 
versatile and plastic regulatory functions. Tregs maintain immunolog-
ical tolerance to self-antigens, suppress excessive immune responses 
against pathogens and other insults, prevent or mitigate autoimmune 

and inflammatory diseases, and contribute to inflammation resolu-
tion (6–9). FOXP3 is not only a lineage-specification transcription 
factor required for the differentiation of Tregs but is also crucial for 
their function by regulating specific transcriptional programs (10, 11). 
FOXP3 deficiency or dysfunction causes severe autoimmune diseas-
es, known as the IPEX (immune dysregulation, polyendocrinopathy, 
enteropathy, X-linked) syndrome in humans and as the scurfy pheno-
type in mice (12). Forced expression of FOXP3 in CD4+ T cells confers 
a regulatory phenotype and function and, conversely, experimental 
deletion of the FOXP3 gene in differentiated Tregs abrogates their 
regulatory activity (13).

Similarly to effector T cells, the numbers and activity of Tregs 
must be finely regulated to allow the development of protective 
immunity with no or minimal immunopathology, or to effectively 
block unwarranted inflammatory responses at steady state or during 
inflammation resolution. In this regard, Tregs respond to environ-
mental cues (e.g., cytokines, lipid mediators, vitamin metabolites, 
hypoxia), which positively or negatively regulate their differentia-
tion, stability, and function, hence modulating Treg responses at 
effector sites (14–17). We reasoned that local tissue-derived factors 
that are upregulated during inflammation resolution, such as devel-
opmental endothelial locus-1 (DEL-1), might promote Treg respons-
es and thereby facilitate the restoration of tissue homeostasis.

FOXP3+CD4+ regulatory T cells (Tregs) are critical for immune homeostasis and respond to local tissue cues, which control 
their stability and function. We explored here whether developmental endothelial locus-1 (DEL-1), which, like Tregs, increases 
during resolution of inflammation, promotes Treg responses. DEL-1 enhanced Treg numbers and function at barrier sites 
(oral and lung mucosa). The underlying mechanism was dissected using mice lacking DEL-1 or expressing a point mutant 
thereof, or mice with T cell–specific deletion of the transcription factor RUNX1, identified by RNA sequencing analysis of 
the DEL-1–induced Treg transcriptome. Specifically, through interaction with αvβ3 integrin, DEL-1 promoted induction of 
RUNX1-dependent FOXP3 expression and conferred stability of FOXP3 expression upon Treg restimulation in the absence 
of exogenous TGF-β1. Consistently, DEL-1 enhanced the demethylation of the Treg-specific demethylated region (TSDR) in 
the mouse Foxp3 gene and the suppressive function of sorted induced Tregs. Similarly, DEL-1 increased RUNX1 and FOXP3 
expression in human conventional T cells, promoting their conversion into induced Tregs with increased TSDR demethylation, 
enhanced stability, and suppressive activity. We thus uncovered a DEL-1/αvβ3/RUNX1 axis that promotes Treg responses at 
barrier sites and offers therapeutic options for modulating inflammatory/autoimmune disorders.
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like domains-3). The second EGF-like repeat (E2) contains an 
RGD (Arg-Gly-Asp) motif, which enables DEL-1 to bind αvβ3 
integrin (19, 26), whereas its discoidin-I–like domains can bind 
the “eat-me” signal phosphatidylserine on apoptotic cells (22, 
27). These interactions allow DEL-1 to serve as a molecular bridge 

DEL-1 is a locally secreted 52-kDa protein that interacts with 
distinct integrins and homeostatically regulates the initiation and 
resolution of inflammation (18–25). DEL-1 consists of 3 N-termi-
nal EGF-like repeats and 2 C-terminal discoidin-I–like domains, 
hence it is also known as EDIL3 (EGF-like repeats and discoidin-I–

Figure 1. DEL-1 deficiency decreases Treg numbers while it increases Th17 cells during resolution of inflammation. Groups of littermate WT and Del1KO mice were 
subjected to ligature-induced periodontitis (LIP) for 10 days and ligatures were removed on day 10 (to facilitate inflammation resolution) for 5 days. (A–D) FACS plots 
of Tregs in gingival tissues (A) and cLNs (C) on day 15 and bar graphs showing percentage of Tregs in CD4+ T cells (left), absolute numbers (middle), and FOXP3 MFI 
(right) of Tregs from gingival tissues (B) and cLNs (D) of littermate WT and Del1KO mice on day 15 (n = 6–7 mice/group). (E) FACS plots of Th17 cells in gingival tissue on 
day 15 and (F) bar graphs showing percentage of Th17 cells in CD4+ T cells (left), absolute numbers (middle), and IL-17A MFI of Th17 cells (right) from gingival tissues 
of littermate WT and Del1KO mice on day 15 (n = 7 mice/group). (G) FACS plot of Th17 cells in cLNs and (H) bar graphs showing percentage of Th17 cells in CD4+ T cells 
(left), absolute numbers (middle), and IL-17A MFI of Th17 cells (right) from cLNs of littermate WT and Del1KO mice on day 15 (n = 6 mice for WT group and n = 9 for 
Del1KO group). Data are means ± SD and are pooled from 2 independent experiments. ***P < 0.001, ****P < 0.0001 vs. WT mice by 2-tailed Student’s t test.
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milieu leading to dysbiotic inflammation and bone loss, where-
as ligature removal abrogates the dysbiotic microbial challenge, 
resulting in inflammation resolution (22, 37). Therefore, LIP is 
an ideal model to explore mechanisms operating during inflam-
mation resolution, where Tregs play important roles (7, 9, 35). 
Following significant downregulation in the inductive phase of 
periodontitis, DEL-1 expression resurges during the resolution 
phase (22). However, whether DEL-1 regulates or contributes 
to Treg responses has not been hitherto addressed. To this end, 
DEL-1–deficient (Del1KO) mice and WT littermate controls were 
subjected to LIP and the ligatures were removed on day 10 for 
5 days. The mice were euthanized on day 15 for immunological 
analysis of the gingival tissue and the draining cervical lymph 
nodes (cLNs) (Supplemental Figure 1; supplemental materi-
al available online with this article; https://doi.org/10.1172/
JCI137530DS1). In the absence of DEL-1, the frequencies and 
absolute numbers of Tregs and the FOXP3 expression level 
(mean fluorescence intensity; MFI) were significantly decreased 
in both the gingival tissue (Figure 1, A and B) and the cLNs (Fig-
ure 1, C and D), accompanied, as expected, by defective inflam-
mation resolution (Supplemental Figure 2). Conversely, Th17 
cell frequencies/absolute numbers and IL-17A expression level 
(MFI) were increased in the gingival tissue and cLNs of Del1KO 
mice as compared with WT controls (Figure 1, E–H). Thus, DEL-1  
deficiency is associated with defective Treg responses and 
a shift in the Treg/Th17 balance in favor of the latter during 
inflammation resolution.

In contrast, under steady-state conditions, we did not observe 
significant abnormalities in Treg frequencies or absolute numbers 
in the cLNs, spleen, or thymus in Del1KO mice as compared with 
WT littermate controls (Supplemental Figure 3). However, in com-
parison with steady-state gingival tissue of WT mice, the frequen-
cy/absolute numbers of gingival Tregs were modestly decreased 
in Del1KO mice (Supplemental Figure 3), which spontaneously 
develop gingival inflammation featuring cytokines such as IL-6 
and IL-23 (20) that may destabilize Tregs (38).

To validate the role of DEL-1 in regulating Tregs during 
inflammation resolution, we next assessed whether exogenous 
DEL-1 could rescue the attenuated Treg responses in Del1KO mice. 
To this end, intact DEL-1–Fc was microinjected into the gingiva of 
Del1KO mice after ligature removal on day 10 and daily thereafter 
until day 15, when mice were euthanized for analysis. DEL-1–Fc, 
but not Fc control, significantly increased Treg frequencies and 
absolute numbers as well as FOXP3 expression, while suppressing 
Th17 cell frequencies/absolute numbers and IL-17A expression, 
thus leading to an increased Treg/Th17 cell ratio in both the gingi-
val tissue (Figure 2, A and B) and the cLNs (Figure 2, C and D), in 
the setting of inflammation resolution (Supplemental Figure 4). A 
side-by-side experiment using a version of DEL-1 containing only 
the EGF-like repeats (DEL-1[E1–E3]–Fc) yielded similar results to 
those obtained with the full-length molecule (Figure 2). Hence, 
the EGF-like repeat region of DEL-1 is sufficient to upregulate the 
Treg/Th17 cell ratio, although it fails to promote efferocytosis, as it 
lacks the phosphatidylserine-binding domains (22). Therefore, the 
capacity of DEL-1 to regulate the Treg/Th17 cell balance includes 
mechanism(s) that are beyond and independent of its effects on 
efferocytosis-associated inflammation resolution.

that facilitates the phagocytosis of apoptotic neutrophils (effero-
cytosis) by αvβ3 integrin–bearing macrophages, thereby triggering 
liver-X-receptor–dependent macrophage reprogramming to a pro-
resolving phenotype (22). We have shown that DEL-1 also inter-
acts with β2 integrins, such as αLβ2 (LFA-1, lymphocyte function-
associated antigen 1); the binding of DEL-1 to the LFA-1 integrin 
on neutrophils prevents the interaction of the integrin with ICAM-
1 on vascular endothelial cells, resulting in suppressed neutrophil 
adhesion and recruitment to sites of inflammation (20, 21). Con-
sistent with these functions, DEL-1 protects against inflammatory 
pathologies in preclinical murine or nonhuman primate models, 
such as inflammatory bone loss in periodontitis (19, 20), experi-
mental autoimmune encephalitis (EAE)/multiple sclerosis (28), 
lung inflammation and fibrosis (21, 29), chemical peritonitis (22), 
allergic asthma (30), and inflammatory reactions associated with 
islet transplantation (31). Many of these pathologies are driven by 
IL-17–mediated inflammation; for instance, the development of 
periodontitis or EAE associated with DEL-1 deficiency is reversed 
in mice lacking both DEL-1 and IL-17 receptor (20, 28).

During active inflammation, IL-17 inhibits endothelial DEL-1 
expression and thereby promotes leukocyte infiltration and tis-
sue inflammation (20, 32). However, in both humans and mice, 
the expression of DEL-1 mRNA and protein resurges remark-
ably during the resolution of inflammation, largely driven by the 
increase of proresolving lipid mediators, whereas the resolution 
of experimental periodontitis or peritoneal inflammation fails in 
DEL-1 deficiency (22, 32). As DEL-1 is an integrin-binding protein 
and integrins are involved in the regulation of Tregs (33, 34), which 
are elevated during resolution of inflammation (35, 36), we inves-
tigated whether the resurgence of DEL-1 during resolution may act 
as a tissue-derived signal that can contribute to Treg responses.

In the present study, we showed that DEL-1 promotes Treg 
responses by upregulating FOXP3 expression in a manner depen-
dent on the αvβ3 integrin and the Runt-related transcription fac-
tor-1 (RUNX1). This activity required an intact RGD motif but 
not the entire molecule, as truncated DEL-1 containing only the 
EGF-like repeats was sufficient to upregulate FOXP3 expression. 
DEL-1, moreover, conferred stability of FOXP3 expression upon 
restimulation of Tregs in the absence of exogenous TGF-β1. Mice 
deficient in DEL-1 or expressing a point mutant thereof incapable 
of interacting with αvβ3 integrin displayed defective Treg respons-
es in 2 mucosal inflammatory disease models, periodontitis and 
acute lung injury. Human relevance for the mouse experimental 
studies was established by findings that DEL-1 increased RUNX1 
and FOXP3 expression in human CD4+CD25– conventional T 
(Tconv) cells, promoting their conversion into induced Tregs with 
increased stability, accompanied by increased demethylation 
of the Treg-specific demethylated region (TSDR) and enhanced 
suppressive activity. These data show that DEL-1 promotes Treg 
responses, in both humans and mice, with important therapeutic 
implications for inflammatory or autoimmune disorders.

Results
DEL-1 deficiency is associated with decreased Treg /Th17 cell ratio: 
reversal by the EGF-like repeat region of DEL-1. The mouse liga-
ture-induced periodontitis (LIP) model simulates human peri-
odontitis and its resolution; it generates a biofilm-retentive 
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draining cLNs as compared with their WT littermates (Supplemen-
tal Figure 5). Therefore, as a cellular source of DEL-1, macrophages 
can promote Treg responses during inflammation resolution.

DEL-1 promotes mouse Treg differentiation via its RGD motif 
in the oral and lung mucosa. Our finding that DEL-1 deficiency is 
associated with increased gingival Th17 cell frequency (Figure 1, 
E and F) is consistent with our earlier observations that DEL-1 
inhibits IL-17 production in periodontitis and multiple sclerosis 
models (20, 28). A conceivable explanation might be that DEL-1 
directly affects the differentiation of Th17 cells. To address this 

Given that macrophages and Tregs engage in bidirectional 
crosstalk (39) and that proresolving macrophages may express 
DEL-1 (22), we investigated whether macrophages may contribute 
to the increased abundance of Tregs during resolution. To examine 
this possibility that would further strengthen the role of DEL-1 in 
promoting Treg abundance during resolution, we compared mice 
with macrophage-specific overexpression of DEL-1 (CD68-Del1 
mice; ref. 22) and WT littermates in the periodontitis resolution 
model. We found that CD68-Del1 mice showed significantly high-
er Treg and lower Th17 cell frequencies in the gingival tissue and 

Figure 2. The DEL-1 EGF-like repeats (DEL-1[E1–E3]) are sufficient to upregulate the Treg/Th17 cell ratio. (A–D) Groups of Del1KO mice were subjected to 
ligature-induced periodontitis (LIP) for 10 days and ligatures were removed on day 10 to facilitate inflammation resolution. The mice were locally microin-
jected daily with DEL-1–Fc, DEL-1-[E1–E3]–Fc, or Fc control from day 10 to day 14 for a total of 5 doses. FACS plots of Tregs (top) and Th17 cells (bottom) in 
gingival tissues (A) and cLNs (C) of microinjected Del1KO mice on day 15 and bar graphs showing the percentages and absolute numbers of Tregs (top left 
and middle) and Th17 cells (bottom left and middle) in CD4+ T cells, Treg/Th17 cell ratio (top right) from gingival tissues (B) and cLNs (D) (n = 6–7 mice/
group). Data are means ± SD and are pooled from 2 independent experiments. **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. Fc treatment group by 1-way 
ANOVA with Dunnett’s multiple-comparisons test for comparison with Fc control treatment.
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ref. 40) (Figure 3, A and B), as compared with Fc control treat-
ment. These data suggest that DEL-1 is unlikely to directly influ-
ence Th17 differentiation, prompting us to alternatively consider 
that DEL-1 might act on Tregs.

In an in vitro Treg differentiation assay using mouse splenic 
naive CD4+ T cells stimulated with anti-CD3/anti-CD28 and IL-2 
plus TGF-β1 in the presence of DEL-1–Fc or Fc control, DEL-1–Fc–
treated cells contained a significantly higher (~50% increase) per-

possibility, we performed a standard naive CD4+ T cell differ-
entiation assay, based on polyclonal stimulation with anti-CD3/
anti-CD28 and appropriate polarizing cytokines, in the presence 
or absence of DEL-1. Exogenously added DEL-1–Fc failed to 
influence Th17 cell differentiation of mouse splenic naive CD4+ 
T cells under the influence of IL-6 and TGF-β1 (nonpathogenic 
conditions; ref. 40) (Supplemental Figure 6) or under the influ-
ence of IL-6, TGF-β1, IL-1β, and IL-23 (pathogenic conditions; 

Figure 3. DEL-1 directly promotes de novo Treg differentiation via its RGD motif. (A and B) Naive splenic CD4+ cells were differentiated, or not, into Th17 
cells under pathogenic conditions (see Methods) in the presence of DEL-1–Fc or Fc control. (A) FACS plots and (B) percentage of IL-17A+ cells in CD4+ T cells 
(n = 6 replicates). (C–E) Naive splenic CD4+ cells were differentiated, or not, into Tregs in the presence of DEL-1–Fc, DEL-1[RGE]–Fc, or Fc control (10 μg/
mL). (C) FACS plots and (D) percentage of FOXP3+ cells in CD4+ T cells (n = 7 replicates). (E) Relative mRNA expression of Foxp3 in Tregs (n = 6 replicates). 
(F) Suppression of CFSE-labeled CD4+CD25– T cell (Tconv) division by purified DEL-1–Fc−iTregs or Fc-iTregs. Numbers on x axis indicate CD4+CFSE+cell/iTreg 
ratio (n = 6 replicates). (G) Naive splenic CD4+ T cells were differentiated into Tregs in the presence of DEL-1–Fc or Fc control (10 μg/mL). CD4+CD25+ cells 
were sorted and restimulated for 4 days in medium containing IL-2 (40 ng/mL) and FOXP3 expression was assessed. (H and I) Naive splenic CD4+ cells 
were differentiated into Tregs. CD4+CD25+ cells were sorted and restimulated for 4 days with DEL-1–Fc or Fc control in medium containing IL-2 (40 ng/mL) 
without (H) or with TGF-β1 (5 ng/mL) (I), and FOXP3 expression was assessed. (J) Naive splenic CD4+ T cells were differentiated for 4 days to Tregs in the 
presence of DEL-1–Fc or Fc control (10 μg/mL). iTregs (CD4+CD25+) were sorted and evaluated for their methylation status of the Foxp3 CNS2 (n = 9 mice). 
All CD4+ T cells were isolated from WT mice. Data are means ± SD and are pooled from 2 (B and D–I) or 5 (J) independent experiments. **P < 0.01, ***P < 
0.001, ****P < 0.0001 vs. Fc control (B and D–J) by 1-way ANOVA with Dunnett’s post-test for comparison with Fc control (B, D, and E), 2-way ANOVA with 
Holm-Šidák post hoc test for comparison with Fc control (F), or 2-tailed Student’s t test for comparison with Fc control (G–J). NS, not significant.
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centage of FOXP3+ cells on day 4 (Figure 3, C and D) and exhibited 
significantly higher Foxp3 mRNA expression on day 3 (Figure 3E) 
as compared with Fc control–treated cells. Thus, DEL-1 induces 
Treg differentiation in vitro, over and beyond Treg induction driv-
en by strong polarizing conditions (TGF-β1 and IL-2). Important-
ly, moreover, DEL-1–Fc–treated inducible Tregs (iTregs) exhibit-
ed significantly stronger suppressive activity against CD4+ T cell 
proliferation than Fc-treated iTregs (Figure 3F). Consistently, WT 
mice showed a significantly higher frequency of Tregs expressing 
markers associated with their suppressive function (IL-10, CTLA-
4, ICOS) than their counterparts from Del1KO mice during inflam-

mation resolution (Supplemental Figure 7). In vitro–induced 
mouse FOXP3+ Tregs may have an unstable phenotype and may 
thus lose FOXP3 expression upon subsequent restimulation in the 
absence of exogenous TGF-β (41, 42). To evaluate the stability of 
DEL-1–Fc–induced Tregs, we generated Tregs as described above 
(culture of splenic naive CD4+ T cells stimulated with anti-CD3/
anti-CD28 and IL-2 plus TGF-β1 in the presence of DEL-1–Fc or 
Fc control) and, after 4 days, CD4+CD25+ Tregs were sorted to 
high purity and restimulated for another 4 days without TGF-β1 
or DEL-1–Fc. The restimulated cultures of sorted Tregs that were 
originally induced in the presence of DEL-1–Fc displayed a sig-

Figure 4. The DEL-1 RGD motif is critical for Treg responses in vivo. (A–D) Groups of Del1KO mice were subjected to ligature-induced periodontitis (LIP) for 
10 days, at which time the ligatures were removed. The mice were then locally microinjected daily with DEL-1–Fc, DEL-1[RGE]–Fc, or Fc control from day 10 
to day 14 for a total of 5 doses. Percentages and absolute numbers of Tregs (A and C) and Th17 cells and Treg/Th17 cell ratio (B and D) from gingival tissues 
(A and B) and cLNs (C and D) on day 15 (n = 6 mice/group). (E–H) Groups of WT, Del1KO, and Del1RGE/RGE mice were subjected to LIP for 10 days and ligatures 
were removed on day 10 for 5 days. Percentages and absolute numbers of Tregs (E and G) and Th17 cells and Treg/Th17 cell ratio (F and H) from gingival tis-
sues (E and F) and cLNs (G and H) of WT, Del1KO, and Del1RGE/RGE mice on day 15 (n = 6 mice/group). Data are means ± SD and are pooled from 2 independent 
experiments. **P < 0.01; ***P < 0.001; ****P < 0.0001 by 1-way ANOVA with Dunnett’s post hoc test vs. Fc control group (A–D) or vs. WT mice (E–H).
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nificantly higher frequency of FOXP3-expressing cells (>80% 
of CD4+ cells) than those originally induced in the presence of 
Fc control (Figure 3G and Supplemental Figure 8A), suggesting 
that DEL-1–Fc can induce stable FOXP3 expression (maintained 
even in the absence of TGF-β1). Next, sorted CD4+CD25+ Tregs 
(induced as above but in the absence of DEL-1–Fc or Fc control) 
were restimulated for another 4 days without TGF-β1 but in the 
presence of DEL-1–Fc or Fc control. The DEL-1–Fc–containing 
restimulated cultures had a higher percentage of FOXP3-express-
ing cells than Fc control–containing restimulated cultures (Figure 
3H and Supplemental Figure 8B), suggesting that DEL-1–Fc sta-
bilizes TGF-β1–induced FOXP3 expression. Interestingly, even if 
the restimulation (anti-CD3/anti-CD28 and IL-2) was performed 
in the presence of TGF-β1 in the cultures, DEL-1 still significantly 
increased the numbers of FOXP3-expressing cells as compared 
with Fc control (Figure 3I and Supplemental Figure 8C). There-
fore, although TGF-β1 promotes the stability of FOXP3 expression 
in the restimulated cultures (75% vs. 58%; see Fc groups in Figure 
3, H and G), DEL-1–Fc promotes the stability of FOXP3 expression 
even further than what TGF-β1 can achieve on its own.

The expression of FOXP3 in Tregs is stabilized by demethyla-
tion of CpG motifs in a conserved noncoding sequence 2 (CNS2) 
region that serves as an enhancer for FOXP3 transcription (42, 
43). This major TSDR of CNS2 can distinguish Tregs from naive 
CD4+CD25– Tconv cells, in which this region is heavily methylat-
ed (42, 43). To determine whether the ability of DEL-1 to stabilize 
FOXP3 expression is associated with increased demethylation of 
the CNS2 TSDR, we determined the methylation status of this 
region in mouse iTregs induced in the presence of DEL-1–Fc or 
Fc control. We found that DEL-1–Fc significantly promoted the 
demethylation of the FOXP3 CNS2 region (Figure 3J), which may 
thus represent a mechanism whereby DEL-1 contributes to stabili-
zation of FOXP3 expression in iTregs.

Integrins are involved in the regulation of Tregs (33, 34), 
which are elevated upon administration of the DEL-1 EGF-like 
repeat region containing an integrin-binding RGD motif in 
Del1KO mice (Figure 2). To determine whether the ability of DEL-1  
to promote FOXP3 expression requires integrin function, we 
tested in parallel DEL-1[RGE]–Fc, wherein the integrin-binding 
RGD motif of the second EGF-like repeat was mutated to render 
the molecule incapable of interacting with αvβ3 integrin (22, 44). 
In stark contrast to DEL-1–Fc, DEL-1[RGE]–Fc failed to influ-
ence Treg differentiation and FOXP3 expression (Figure 3, C–E), 
indicating that DEL-1 promotes Treg differentiation via its integ-
rin-binding RGD motif in vitro. Interestingly, moreover, DEL-1– 
Fc, but not DEL-1[RGE]–Fc, could promote the expression of 
FOXP3 even in T cells cultured under Th17 differentiation con-
ditions (i.e., 1 ng/mL TGF-β1 and 50 ng/mL IL-6), as compared 
with Fc control (Supplemental Figure 9).

To validate the role of the RGD motif under in vivo condi-
tions, DEL-1[RGE]–Fc was locally microinjected into the gingiva 
of Del1KO mice after ligature removal on day 10 and daily there-
after until day 15. In contrast to the WT molecule, DEL-1[RGE]–
Fc failed to enhance Treg or suppress Th17 cell frequencies and 
absolute numbers both in the gingival tissue and the cLNs (Fig-
ure 4, A–D). To corroborate the involvement of the RGE motif 
of DEL-1 in Treg regulation, we used mice that express the RGE 

point mutant of DEL-1 (Del1RGE/RGE mice; ref. 45). Similarly to 
Del1KO mice, Del1RGE/RGE mice displayed significantly lower Treg 
and higher Th17 cell frequencies and absolute numbers (and 
hence decreased Treg/Th17 cell ratio), as compared with WT 
mice, in both the gingival tissue and cLNs (Figure 4, E–H) on day 
15. Together, these data suggest that, during inflammation res-
olution, DEL-1 increases the abundance of FOXP3+ Tregs via a 
mechanism that depends on its integrin-binding RGD motif. On 
the other hand, similarly to Del1KO mice, Del1RGE/RGE mice did not 
exhibit significant alterations in Treg frequencies and absolute 
numbers in the cLNs, spleen, or thymus under steady-state con-
ditions, as compared with WT mice (Supplemental Figure 3).

DEL-1 is also expressed in the lungs (21), where Tregs have 
been reported to mediate resolution of experimental lung inju-
ry in mice (7). To investigate whether the observed RGD motif–
dependent effect of DEL-1 on Treg differentiation in experimen-
tal periodontitis represents a more general principle applicable to 
other inflammatory settings, the acute lung injury model (7) was 
engaged. Specifically, WT, Del1KO, and Del1RGE/RGE mice were chal-
lenged intratracheally with LPS and were monitored for 10 days 
thereafter. Consistent with findings in mouse and human peri-
odontitis (22), Del1 expression in the lungs of WT mice was sig-
nificantly downregulated at the peak of inflammation (day 4) but 
rebounded on day 10 (resolution) to an even higher level than the 
baseline on day 0 (Figure 5A). The Del1 expression pattern exhibit-
ed a converse relationship with Il6 and Il17a expression levels (Fig-
ure 5A). Compared with WT controls, Del1KO and Del1RGE/RGE mice 
had significantly higher total protein and total number of cells in 
the BAL (Figure 5B) and persistent interstitial thickening and cel-
lular infiltration (Figure 5C) on day 10, indicating impaired reso-
lution of pulmonary inflammation. In line with these data and the 
importance of Tregs in the resolution of pulmonary inflammation 
(7), Del1KO and Del1RGE/RGE mice exhibited significantly lower fre-
quencies and absolute numbers of FOXP3+ Tregs and, conversely, 
higher frequencies of Th17 cells than seen in WT mice, resulting 
in significantly reduced Treg/Th17 cell ratios both in the BAL 
(Figure 5, D and E) and the draining mediastinal LNs (mLNs) (Fig-
ure 5, F and G). In comparison with WT mice under steady-state 
conditions, Del1KO and Del1RGE/RGE mice displayed only modestly 
reduced Treg frequencies and numbers in the BAL but similar 
Treg frequencies and numbers in mLNs (Supplemental Figure 3). 
Taken together, these data show that, during inflammation reso-
lution, DEL-1 promotes Treg responses in the lungs in a manner 
dependent on its RGD motif, as seen in the gingival tissue.

αvβ3 Integrin mediates DEL-1–induced FOXP3 expression in 
Tregs. Among several RGD-binding integrins, αvβ3 is a well-es-
tablished receptor for DEL-1 (22, 44, 46). To assess possible 
involvement of αvβ3 in DEL-1–induced FOXP3 expression, we 
first showed that αvβ3 integrin (CD51/CD61) is expressed by 
splenic CD4+ naive T cells (~70% positive cells; Figure 6A), and by 
thymus-derived natural Treg (nTreg) cells and in vitro–induced 
iTregs (Supplemental Figure 10). We next pretreated WT CD4+ 
naive T cells with a neutralizing antibody against αvβ3 integrin. 
The use of the anti-αvβ3 antibody (but not of IgG control) signifi-
cantly inhibited the ability of DEL-1–Fc to induce FOXP3+ Tregs 
(to levels comparable to those seen in the Fc control group; Fig-
ure 6, B and C). As DEL-1 also interacts with β2 integrins (21, 47), 
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Figure 5. Del1KO and Del1RGE/RGE mice have impaired Treg induction and resolution of inflammation in a model of acute lung injury. (A–G) Groups 
of WT, Del1KO, or Del1RGE/RGE mice were intratracheally instilled with Escherichia coli LPS at 3.75 μg/g bodyweight or PBS control. (A) Relative mRNA 
expression of Del1, Il17a, and Il6 in WT mice at the indicated time points (n = 6 mice/group). (B) BAL from WT, Del1KO, or Del1RGE/RGE mice was ana-
lyzed for total protein concentration (left) and total cell numbers (right) on day 10 after LPS instillation (n = 6 mice/group). (C) H&E staining of lung 
sections (left) and lung injury scoring (right) from WT, Del1KO, or Del1RGE/RGE mice on day 10 after LPS instillation (n = 6 mice/group). Scale bars: 200 
μm (top panels) and 100 μm (bottom panels). (D and E) BAL from WT, Del1KO, or Del1RGE/RGE mice was analyzed for (D) the percentage and absolute 
numbers of Tregs and (E) Th17 cells in CD4+ T cells and Treg/Th17 cell ratio (n = 6 mice/group). (F) The percentage and absolute numbers of Tregs 
and (G) Th17 cells in CD4+ T cells and Treg/Th17 cell ratio in mediastinal LNs from WT, Del1KO, or Del1RGE/RGE mice on day 10 (n = 6–9 mice/group as 
indicated). Data are means ± SD and are pooled from 2 independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 by 1-way 
ANOVA with Dunnett’s post hoc test for comparison between indicated groups.
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highly enriched (fold enrichment 3.23; FDR = 6.53 × 10–5) among 
the significantly enriched GO terms of significantly upregulated 
genes. Consistent with our earlier observation (Figure 3, C–E), 
Foxp3 was among those 28 genes of this term that were significant-
ly upregulated by DEL-1–Fc (Figure 7B). Other significantly upreg-
ulated genes, Xcl1, Havcr, Icosl, Bcl6, Tnfsf14, Cd1d1, Car11, Egr3, 
Cd27, Cd24a, Lgals8, Coro1a, Adk, Slamf1, Runx1, Myb, Cd28, and 
Spn (Figure 7B), are either highly expressed in Tregs or are close-
ly related to their stability or suppressive function (1, 2, 6). Impor-
tantly, RUNX1 is pivotal for the suppressive function of nTregs and 
iTregs by modulating the expression and stability of FOXP3 or by 
physically interacting with FOXP3 for regulating Treg-associated 
target genes (48–51). The DEL-1–Fc–induced increase in Runx1 
mRNA expression was validated by qPCR (Figure 7C), while FACS 
analysis showed that DEL-1–Fc also significantly promoted RUNX1 
protein abundance within FOXP3+ iTregs (Figure 7D). Importantly, 
DEL-1–induced Runx1 upregulation absolutely required an intact 
RGD motif on DEL-1 (Figure 7C), as seen with Foxp3 upregulation 
(Figure 3E), thus suggesting a common, αvβ3 integrin–dependent 
pathway for the regulation of both Runx1 and Foxp3 by DEL-1. In 

we examined whether LFA-1, a T cell–expressed β2 integrin, also 
mediates DEL-1–dependent Treg differentiation. To this end, we 
performed in vitro differentiation of Tregs from splenic naive 
CD4+ T cells isolated from WT or LFA-1–deficient (ItgalKO) mice. 
In this system, DEL-1–Fc promoted the induction of FOXP3+ 
Tregs regardless of the presence or absence of the LFA-1 integrin 
(Figure 6, D and E). Taken together, these data show that DEL-1 
promotes the induction of FOXP3+ Tregs in a manner dependent 
on the αvβ3 integrin.

DEL-1 upregulates RUNX1 and is required for its ability to induce 
Treg differentiation. To obtain insights into how DEL-1 may pro-
mote FOXP3 expression, we applied RNA sequencing (RNA-seq) to 
Tregs that were differentiated for 3 days in vitro in the presence of 
DEL-1–Fc or Fc control. Among the differentially regulated genes 
(false discovery rate [FDR] < 0.05) by DEL-1–Fc versus Fc con-
trol, 1250 genes were significantly downregulated and 1160 genes 
were significantly upregulated, respectively (Figure 7A). Further, 
we applied PANTHER Gene Ontology (GO) enrichment analysis 
of those genes that were significantly regulated. Notably, the GO 
term “Positive regulation of T cell activation (GO: 0050870)” was 

Figure 6. DEL-1 enhances FOXP3 expression in Tregs in a β3 integrin–dependent manner. (A) FACS plots of CD51 (αv) and CD61 (β3) expression on mouse 
naive splenic CD4+ T cells. (B and C) Naive splenic CD4+ cells isolated from WT mice were differentiated, or not, into Tregs in medium containing anti-CD3/
anti-CD28, TGF-β1 (5 ng/mL), IL-2 (40 ng/mL), and Fc control or DEL-1–Fc (10 μg/mL) in the presence or not of IgG control or anti-αvβ3 antibody (10 μg/mL; 
added 15 minutes before DEL-1–Fc treatment). Shown are (B) FACS plots and (C) data analysis of the percentage of FOXP3+ cells in CD4+ T cells from the 
in vitro culture system on day 4 (n = 6 replicates from 2 separate cell isolations). (D and E) Naive splenic CD4+ cells isolated from WT and ItgalKO mice were 
differentiated, or not, into Tregs in medium containing anti-CD3/anti-CD28, TGF-β1 (5 ng/mL), IL-2 (40 ng/mL), and Fc control or DEL-1–Fc (10 μg/mL). 
Shown are (D) FACS plots and (E) data analysis of the percentage of FOXP3+ cells in CD4+ T cells from the in vitro culture system on day 4 (n = 6 replicates 
from 2 separate cell isolations). Data are means ± SD and are pooled from 2 independent experiments. ****P < 0.0001 between indicated groups by 1-way 
ANOVA with Dunnett’s post hoc test for comparisons with DEL-1–Fc treatment (C) or by 2-tailed Student’s t test (E). NS, not significant.
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Fc failed to induce FOXP3+ Tregs in the cultures of CD4-Cre+ 
Runx1fl/fl CD4+ cells, whereas it readily increased the numbers of 
FOXP3+ cells in RUNX1-expressing CD4+ cell cultures (Figure 7, 
E and F). Thus, RUNX1 is required for the ability of DEL-1 to pro-
mote Treg induction in vitro.

To determine whether RUNX1 is required in vivo for the 
capacity of DEL-1 to increase the abundance of Tregs in the LIP 
resolution model, we generated Del1WT and Del1KO littermates in 
the CD4-Cre+ Runx1fl/fl background. Consistent with the role of 
RUNX1 in Treg induction (48–51), we noticed that the absolute 
numbers of FOXP3+ Tregs in the gingival tissue of mice with T 
cell–specific deletion of RUNX1 were reduced compared with 
WT mice expressing RUNX1 in T cells (Figure 7H [Del1WT CD4-
Cre+ Runx1fl/fl mice] vs. Figure 1B [WT mice]); such reduction 
was even more obvious in the cLNs (Figure 7K [Del1WT CD4-Cre+ 
Runx1fl/fl mice] vs. Figure 1D [WT mice]). In contrast, the percent-
age of FOXP3+ Tregs was remarkably increased in the absence of 
RUNX1 from T cells (compare Figure 7, H and K [Del1WT CD4-Cre+ 
Runx1fl/fl] and Figure 1, B and D [WT]). This seeming paradox is 
explained by the established function of RUNX1 in T cell develop-
ment and homeostasis (55, 56); indeed, T cell–specific deletion of 
RUNX1 predominantly affects the development of FOXP3−CD4+ 
Tconv cells (55). In our earlier experiments using mice with 
RUNX1-expressing CD4+ T cells, endogenous DEL-1 increased 
the absolute numbers of FOXP3+ cells in the gingival tissue and 
the cLNs at the resolution phase (Figure 1, B and D). In stark con-
trast, endogenous DEL-1 in mice with T cell–specific deletion of 
RUNX1 failed to increase the absolute numbers of Tregs in the 
gingival tissue (Figure 7H) and the draining cLNs (Figure 7K). 
Specifically, no difference was observed in Treg numbers in the 
gingival tissue and the cLNs between DEL-1–sufficient and –defi-
cient mice in the absence of T cell RUNX1 (Figure 7, G, H, J, and 
K). Consistent with this finding and data showing that DEL-1 
does not directly influence Th17 differentiation (Figure 3, A and 
B, and Supplemental Figure 6), no differences were observed 
between Del1WT CD4-Cre+ Runx1fl/fl and Del1KO CD4-Cre+ Runx1fl/fl  
mice regarding Th17 cell frequencies, absolute numbers, or the 
Treg/Th17 cell balance, in either the gingival tissue (Figure 7, G 
and I) or the cLNs (Figure 7, J and L). Overall, our data show that, 
during inflammation resolution, DEL-1 increases the abundance 
of Tregs via an αvβ3/RUNX1/FOXP3 axis.

DEL-1 promotes human Treg differentiation and function. 
Next, we evaluated whether DEL-1 could directly influence the 
differentiation of human CD4+CD25– Tconv cells into iTregs 
upon suboptimal stimulation via the T cell antigen receptor 
(TCR) (57, 58). In contrast to mice, multiple FOXP3 splicing 
variants have been described in humans and their role is now 
becoming increasingly clear (59, 60). Among them, we evaluat-
ed the induction of the splice variants containing exon 2 (FOX-
P3E2), which is required for proper Treg function (58–62). We 
observed that DEL-1–Fc treatment increased the expression 
levels of FOXP3E2 and of all the other FOXP3 splice variants 
during iTreg induction, both as percentage of positive cells and 
MFI (Figure 8, A–D). Consistently, DEL-1–Fc treatment also 
upregulated the mRNA expression of FOXP3E2 and FOXP3 
transcripts during iTreg induction (Supplemental Figure 11). In 
agreement with the data obtained in the mouse system (Figure 

contrast, DEL-1–Fc did not affect the expression of Runx3 (Figure 
7C), another transcription factor involved in the establishment of 
lineage specification of T cells (51–53). The ability of RUNX1 to 
bind specific DNA consensus sequences is stabilized by associat-
ing with a non–DNA-binding cofactor, the core-binding factor β 
(CBFβ) (54). Interestingly, DEL-1–Fc also significantly promoted 
Cbfb expression in Tregs in a manner dependent on an intact RGD 
motif on DEL-1 (Figure 7C).

PANTHER GO enrichment analysis based on significantly 
downregulated genes also revealed high enrichment of “alpha-
beta T cell differentiation GO: 0046632” (fold enrichment 4.86, 
FDR = 0.000136) (Figure 7B) and “Regulation of lymphocyte 
apoptotic process GO: 0070228” (fold enrichment 3.99, FDR = 
0.00143) (Figure 7B). Interestingly, in “alpha-beta T cell differen-
tiation GO:0046632,” the genes downregulated by DEL-1, Rsad2, 
Gata3, Sema4a, and Irf4, are required for Th2 cell differentiation; 
Ifng encodes a Th1 signature cytokine (IFN-γ) and Gadd45 g is 
important for Th1 induction and function; Tnfsf8, Stat3, Ptger4, 
and Ly9 control Th17 cell differentiation. Among 14 downregu-
lated genes of “Regulation of lymphocyte apoptotic process GO: 
0070228,” Ccl5, Cd44, Bbc3, Hif1a, Tnfrsf4, and Myc have been 
reported to promote T cell apoptosis, suggesting that DEL-1–Fc 
might suppress apoptosis of Tregs.

To test the hypothesis that RUNX1 may link the DEL-1–αvβ3 
integrin interaction to FOXP3 upregulation and Treg induction, 
we generated mice with T cell–specific conditional deletion of 
RUNX1 (CD4-Cre+ Runx1fl/fl mice). In vitro Treg differentiation 
assays showed that deletion of RUNX1 from T cells resulted in low-
er yield of Tregs (by ~50%) as compared with RUNX1-expressing 
controls, i.e., naive CD4+ T cells from CD4-Cre– Runx1fl/fl mice (Fig-
ure 7, E and F), thus confirming the importance of RUNX1 in Treg 
differentiation. Importantly, compared with Fc control, DEL-1– 

Figure 7. RUNX1 is required for the ability of DEL-1 to induce Treg differ-
entiation. (A and B) Naive splenic CD4+ cells from WT mice were differ-
entiated into Tregs in the presence of DEL-1–Fc or Fc control for 3 days. 
RNA-seq analysis of the Treg transcriptome is presented as expression in 
the DEL-1–Fc group relative to the Fc control (log2 values) (n = 3 biological 
repeats/group). (A) MA (left) and volcano (right) plots show the distribution 
of gene expression. (B) Heatmaps show the significantly regulated genes 
(FDR < 0.05) annotated with ontology terms (Gene Ontology [GO] and 
PANTHER protein class). (C) Relative mRNA expression of Runx1, Runx3, 
and Cbfb in Tregs in in vitro culture on day 3 by qPCR (n = 6 replicates; 2 
separate cell isolations). (D) MFI of RUNX1 in RUNX1+FOXP3+ iTregs (n = 
6 replicates; 2 separate cell isolations). (E and F) Naive splenic CD4+ cells 
from CD4-Cre+ Runx1fl/fl mice or CD4-Cre– Runx1fl/fl littermate controls were 
differentiated, or not, into Tregs in the presence of Fc control or DEL-1–Fc 
for 4 days. (E) FACS plots and (F) percentage of FOXP3+ cells in CD4+ T cells 
from the in vitro culture system on day 4 (n = 6 replicates; 2 separate cell 
isolations). (G–L) Groups of littermate Del1WT CD4-Cre+ Runx1fl/fl and Del1KO 
CD4-Cre+ Runx1fl/fl mice were subjected to ligature-induced periodontitis 
for 10 days and ligatures were removed on day 10 for 5 days. FACS plots of 
Tregs (top) and Th17 cells (bottom) in gingival tissues (G) and cLNs (J) and 
percentages and absolute numbers of Tregs (H and K) and Th17 cells as well 
as Treg/Th17 cell ratio (I and L) in gingival tissues (H and I) and cLNs (K and 
L) of littermate Del1WT CD4-Cre+ Runx1fl/fl and Del1KO CD4-Cre+ Runx1fl/fl mice 
on day 15 (n = 6 mice/group). Data are means ± SD and are pooled from 2 
independent experiments. ****P < 0.0001 by 1-way ANOVA with Dunnett’s 
post hoc test for comparison with Fc control (C) or 2-tailed Student’s t test 
(D, F, H, I, K, and L). NS, not significant. 
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iTregs that were generated in the presence of DEL-1–Fc exhibited 
a reduction in CNS2 methylation as compared with that seen in 
the Fc-iTregs (Figure 8J). In conclusion, the ability of DEL-1–Fc to 
increase FOXP3 expression during iTreg generation is paralleled 
by a significant induction of RUNX1 and CBFB and increased 
demethylation of the TSDR, which associate with increased sta-
bility and suppressive function of the generated iTregs.

Discussion
It is becoming increasingly appreciated that Tregs mediate activi-
ties beyond their originally characterized antigen-specific immu-
nosuppressive function; for instance, Tregs engage in activities 
such as tissue repair and regeneration following inflammation 
resolution (63–68). In this regard, we have shown that a local tis-
sue homeostatic factor that emerges during resolution, DEL-1, 
increases the stability and abundance of Tregs in mucosal tissues, 
thereby promoting their capacity for restoration of tissue homeo-
stasis after infectious or inflammatory insults. Although TGF-β 
appears to be essential for iTreg development in peripheral tissues, 
iTregs seem to enhance the stability of their FOXP3 expression by 
responding to certain environmental stimuli, such as retinoic acid 
and bacterial short-chain fatty acids (69–71). Our present findings 
indicate that, at least in the oral mucosa and the lung, DEL-1 is an 
environmental cue that enhances the generation, functional sta-
bility, and suppressive activity of iTregs.

In both human and mouse models, DEL-1 induced the expres-
sion of RUNX1 and CBFβ, which are known to form a transcrip-
tion complex that is indispensable for the suppressive function of 
Tregs. Indeed, the RUNX1-CBFβ heterodimer, which binds the 
CNS2 enhancer at the Foxp3 locus, regulates the level and stability 
of FOXP3 expression (49, 72). Moreover, the RUNX1-CBFβ com-
plex physically interacts with FOXP3 and together regulate the 
expression of Treg-associated target genes (e.g., CD25, cytotoxic 
T lymphocyte antigen 4 [CTLA-4], and glucocorticoid-induced 
TNF receptor [GITR]) (48–51). Using DEL-1–proficient or –defi-
cient mice with T cell–specific conditional deletion of RUNX1, we 
showed that RUNX1 is essential for the capacity of endogenous 
DEL-1 to increase the abundance of Tregs during inflammation 
resolution. This in vivo upregulatory effect is likely a direct DEL-
1 effect on Tregs, since, in vitro, DEL-1 failed to induce FOXP3+ 
Tregs in T cell cultures that lack RUNX1.

DEL-1 might increase the abundance and function of Tregs not 
only via RUNX1 upregulation and FOXP3 expression but, as sug-
gested by GO enrichment analysis, also by downregulating genes 
that could promote apoptosis of Tregs or restrain FOXP3 expres-
sion. In the latter regard, DEL-1 downregulated Eomes, which was 
shown to inhibit FOXP3 expression (73). Moreover, DEL-1 down-
regulated factors associated with differentiation toward Th effec-
tor cell subsets, such as Itk, a member of the Tec family of kinases 
that regulates Th2 and Th17 cytokine expression (74).

DEL-1 not only promoted the induction of FOXP3 expression 
in the mouse and human system, but also conferred stability of 
FOXP3 expression upon restimulation of Tregs in the absence of 
exogenous TGF-β1 in the mouse system. Moreover, even after pro-
longed culture (10 days), human iTregs generated in the presence 
of DEL-1 displayed significantly increased suppressive activity 
against CD4+ T cell proliferation (vs. Fc control−iTregs) togeth-

7C), DEL-1–Fc significantly increased the mRNA expression lev-
els of RUNX1 and CBFB in human Tconv cells stimulated with 
anti-CD3/anti-CD28 for 24 hours, as compared with treatment 
with Fc control (Figure 8E). Importantly, flow-sorted iTregs 
generated in a 36-hour culture in the presence of DEL-1–Fc 
exhibited significantly higher suppressive function than in the 
presence of Fc control, as evidenced by increased inhibition of 
the proliferation of CSFE+CD4+ T cells after 72 hours of cocul-
ture (Figure 8, F and G). We further asked whether DEL-1–Fc 
could also influence the function of nTregs freshly isolated from 
peripheral blood. DEL-1–Fc treatment did not affect the prolifer-
ation of TCR-stimulated nTregs, or of Tconv cells, as compared 
with Fc control (Supplemental Figure 12, A and B). Moreover, 
DEL-1–Fc treatment did not affect the suppressive function of 
nTregs, evaluated as their ability to suppress Tconv cell prolifer-
ation in coculture experiments (Supplemental Figure 12C).

We next evaluated the functional stability of iTregs generat-
ed in the presence of DEL-1–Fc (DEL-1–Fc−iTregs) or Fc control 
(Fc-iTregs). To this end, iTregs were generated as described above, 
FACS isolated after 36 hours, and cultured with anti-CD3/anti-
CD28 and IL-2 for 10 days. After this period, iTregs were FACS 
isolated and tested for their suppressive capacity in coculture with 
CSFE+CD4+ T cells for 72 hours. We found that DEL-1–Fc−iTregs 
exhibited significantly stronger suppressive activity against CD4+ 
T cell proliferation than Fc-iTregs (Figure 8, H and I). Thus, even 
after a prolonged culture, DEL-1–Fc−iTregs maintain significant-
ly increased suppressive activity, consistent with the data show-
ing that DEL-1–Fc can induce stable FOXP3 expression in mouse 
Tregs, thereby promoting their stability (Figure 3, G–I, and Sup-
plemental Figure 8). Moreover, we also determined the methyla-
tion status of the FOXP3 TSDR in humans and found that 10-day 

Figure 8. DEL-1 increases FOXP3E2 expression and the suppressive 
capacity of human iTregs. (A–E) Human Tconv cells were stimulated 
with anti-CD3/anti-CD28 (0.1 beads/cell) in the presence of DEL-1–Fc or Fc 
control for 36 hours. (A and C) Representative FACS plots of FOXP3E2+ cells 
(A) or FOXP3+ cells (C) in CD4+CD25+ cells. (B and D) Percentage (left) and 
MFI (right) of FOXP3E2+ cells (B) or FOXP3+ cells (D) in CD4+CD25+ cells (n = 
17 from 13 [A and B] or 11 [C and D] independent experiments). (E) Relative 
mRNA expression of RUNX1 (up) (n = 8 from 8 independent experiments) 
and CBFB (bottom) (n = 7 from 7 independent experiments) measured at 
24 hours of Tconv cell stimulation during iTreg generation. (F–I) CFSE-la-
beled CD4+ T cells were cultured for 72 hours with anti-CD3/anti-CD28 (0.2 
beads/cell) alone or in the presence of FACS-isolated DEL-1–Fc–iTregs or Fc 
control–iTregs (F and G), or long-term-cultured (10 days) DEL-1–Fc–iTregs 
or Fc control–iTregs (H and I). Representative FACS plots of proliferation of 
CFSE-labeled CD4+ T cells. Numbers in plots indicate percentage of CFSE 
dilution in CD4+ T cells cultured alone (top left); numbers above bracketed 
lines indicate percentage of CFSE dilution in CD4+ T cells cultured with 
either FACS-isolated DEL-1–Fc–iTregs or Fc control–treated iTregs (F), or 
long-term-cultured (10 days) DEL-1–Fc–iTregs or Fc control–iTregs (H). 
Percentage of iTreg suppression in the above conditions (G, n = 29 from 5 
independent experiments; I, n = 12 from 4 independent experiments). (J) 
Methylation of CpG island of FOXP3 CNS2 evaluated in DEL-1–Fc–iTregs or 
Fc control–iTregs cultured for 10 days in the presence anti-CD3/anti-CD28 
(0.1 beads/cell) and IL-2 (50 IU/mL) (n = 6 from 4 independent experi-
ments). (B, D, E, and J) Lines connect paired data for each individual. (G 
and I) Data are means ± SEM. *P < 0.05, **P < 0.01, ****P < 0.0001 vs. Fc 
control (B, D, E, G, I, and J) by 2-tailed, paired Wilcoxon’s test (B, D, E, G, 
and I) or 2-tailed, paired Student’s t test (J).
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Tregs during resolution by either contributing to their stability or by 
promoting the conversion of exTh17 cells into FOXP3+ Tregs. These 
effects could in part be mediated by the antiinflammatory effects of 
DEL-1 that include inhibition of IL-6 production and promotion of 
TGF-β1 production (19, 20, 22). However, it is clear from both in vitro 
and in vivo experiments of the present study that DEL-1 also exerts 
direct modulatory effects on Tregs. As discussed above, these direct 
effects of DEL-1 require only its N-terminal EGF-like repeat region 
and are distinct from its antiinflammatory or even its proefferocytic 
effects, which require the entire DEL-1 structure (22).

DEL-1 and IL-17 are reciprocally negatively regulated, which is 
consistent with findings that the tissue expression levels of DEL-1  
are inversely correlated with those of IL-17 in both humans and 
animal models (19, 20, 22, 28, 30, 32, 83). However, although the 
signaling pathway whereby IL-17 downregulates DEL-1 is well 
understood at the molecular level (32), the mechanism whereby 
DEL-1 inhibits IL-17 expression has been uncertain. The present 
findings from the human studies suggest that one mechanism by 
which DEL-1 can inhibit IL-17 is by promoting the generation of 
FOXP3E2+ Tregs. These cells can strongly suppress Th17 cells, a 
major cellular source of IL-17 in different inflammatory patholo-
gies, including periodontitis (37) and multiple sclerosis (84).

In conclusion, we established DEL-1 as a regulator of Tregs 
using human models of Treg differentiation and function and dis-
tinct mouse models of mucosal inflammation resolution. We have 
identified an αvβ3 integrin–dependent pathway for the regulation 
of both Runx1 and Foxp3 that not only provides improved mecha-
nistic understanding of Treg regulation, but can also be targeted to 
regulate Treg function in inflammatory or autoimmune disorders.

Methods
Mice. C57BL/6 Del1KO mice (21) and ItgalKO mice (The Jackson Lab-
oratory) were crossed with WT C57BL/6 mice to generate KO and 
WT littermates. Mice with a conditional allele of Runx1 (Runx1tm3.1Spe; 
Runx1fl/fl) were provided by Nancy A. Speck (University of Pennsyl-
vania) (85). Runx1fl/fl mice and CD4-Cre transgenic mice (The Jack-
son Laboratory) were crossed to generate CD4-Cre+ Runx1fl/fl and 
CD4-Cre– Runx1fl/fl control mice. Del1WT and Del1KO littermates in the 
CD4-Cre+ Runx1fl/fl background were generated through a series of 
breedings starting with the crossing of Del1KO mice with CD4-Cre+ 
Runx1fl/fl mice. Mice overexpressing DEL-1 in macrophages (CD68-
Del1) and Del1RGE/RGE mice (which express a DEL-1 point mutant 
with an Asp-to-Glu substitution in the RGD motif) were previously 
described (22, 45). Intervention experiments with DEL-1−Fc, DEL-
1 derivatives, or Fc control were performed in randomly assigned 
mice. Sex- and age-matched mice (8 to 10 weeks old) were used in 
experiments and were maintained in individually ventilated cages 
under specific pathogen–free conditions.

In vitro mouse T cell differentiation, restimulation, and suppressive assay. 
All cytokines and antibodies used in these experiments were from Bio-
Legend. Naive splenic CD4+ T cells were isolated using an EasySep Mouse 
Naive CD4+ T Cell Isolation Kit (STEMCELL). The purity of the isolated 
CD4+ T cells was 95%. The cells were activated by plate-bound anti-CD3 
(clone 145-2C11, catalog 100314, BioLegend; 2 μg/mL) and anti-CD28 
(clone 37.51, catalog 102111, BioLegend; 1 μg/mL) in the presence of dif-
ferent sets of cytokines in complete RPMI 1640 (Gibco), supplemented 
with 10% FBS (Atlanta Biologicals), 1% penicillin/streptomycin (Thermo 

er with a significant reduction in TSDR methylation of the CNS2 
enhancer. The demethylation of CpG islands within the TSDR of 
the CNS2 enhancer allows CNS2 to bind critical transcription fac-
tors, such as the RUNX1-CBFβ complex and FOXP3, the binding 
of which is RUNX1-CBFβ dependent (41, 75, 76). The stable bind-
ing of FOXP3 and the RUNX1-CBFβ heterodimer to CNS2 upon 
demethylation of the TSDR further sustains TSDR demethylation, 
perhaps by physically blocking recruitment of DNA methyltrans-
ferases (41, 75, 76). RUNX1 may promote DNA demethylation 
also through its ability to recruit the DNA demethylation enzymes 
TET2 and TET3 (77). Besides a global effect on FOXP3 induction 
in human Tregs, DEL-1 also promoted the transcription of the 
FOXP3E2 splicing variants, key regulators of human Treg genera-
tion and function (60–64). The action of RUNX1 and CBFβ, which 
form a trimeric complex with FOXP3 at the CNS2 (51, 71), togeth-
er with increased TSDR demethylation, could establish a feed-for-
ward loop enabling and stabilizing FOXP3E2 expression.

It is thus conceivable that the promotional effect of DEL-1 on 
DNA demethylation of the FOXP3 TSDR, and hence on increasing 
the stability of FOXP3+ Tregs, may be mediated through its capac-
ity to increase RUNX1 expression. This notion is consistent with 
the failure of endogenous DEL-1 in mice with T cell–specific dele-
tion of RUNX1 to increase Treg abundance in the gingival tissue 
and the draining cLNs, whereas endogenous DEL-1 in WT mice 
significantly increased the abundance of Tregs (as compared with 
Del1KO mice) in the same tissues.

In addition to the direct effect of DEL-1 in promoting FOXP3 
expression, an indirect effect might potentially be mediated 
through induction of TGF-β1, which is a potent inducer of FOXP3 
expression (78). In this regard, we have previously shown that 
DEL-1 facilitates inflammation resolution by promoting the abil-
ity of macrophages to efferocytose apoptotic neutrophils, which 
in turn stimulates macrophage secretion of TGF-β1 (22). DEL-1– 
mediated efferocytosis requires the full-length molecule; the 
N-terminal EGF-like repeat region of DEL-1 is necessary to bind 
αvβ3 integrin–bearing macrophages, whereas its C-terminal dis-
coidin-I–like domains are indispensable for binding the “eat-me” 
signal phosphatidylserine on the apoptotic neutrophil surface (22). 
Nevertheless, the N-terminal EGF-like repeat region of DEL-1  
was sufficient to skew the Treg/Th17 cell balance toward Tregs 
during inflammation resolution. This further confirms the ability 
of DEL-1 to increase the abundance of Tregs through a mechanism 
that is not secondary to the enhancing effect of DEL-1–mediated 
efferocytosis on TGF-β1 production and inflammation resolution 
(22). DEL-1, secreted by macrophages or other resident cells, may 
thus promote Treg induction and function through both direct and 
indirect, synergistically operating mechanisms.

Infections and inflammatory or autoimmune diseases can cause 
instability of Tregs, mainly via induction of proinflammatory cyto-
kines, such as IL-6, which destabilizes FOXP3 expression in Tregs 
in vitro (79) and reprograms FOXP3+ Tregs to produce IL-17 in vivo 
(80). In this context, fate mapping analysis showed that the frequen-
cy of FOXP3+ Treg–derived Th17 (exFoxp3Th17) cells increases dra-
matically in LIP in a manner strongly dependent on IL-6 (81). Con-
versely, Th17 cells can convert into FOXP3+ exTh17 cells with potent 
regulatory activity during resolution of inflammation in the presence 
of TGF-β1 (82). Therefore, DEL-1 may increase the abundance of 
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gradient centrifugation (GE Healthcare), peripheral Treg (CD4+ 

CD25+CD127–) and Tconv (CD4+CD25–) cells were purified (90%–
95% pure) by magnetic cell separation with a Regulatory CD4+CD25+ 
T Cell Kit (Thermo Fisher Scientific). For proliferation assays, Treg 
and Tconv cells were cultured (1 × 104 cells/well) for 72 hours in 
round-bottom, 96-well plates (Corning Falcon) in RPMI 1640 medi-
um supplemented with 5% AB human serum (EuroClone) and stim-
ulated with anti-CD3/anti-CD28 mAb–coated beads (0.2 beads/cell; 
Thermo Fisher Scientific), in the presence of DEL-1–Fc or Fc control 
(10 μg/mL). After 60 hours, [3H]thymidine (0.5 μCi/well; Amersham 
Pharmacia Biotech) was added to the cell cultures, and cells were har-
vested 12 hours later. Radioactivity was measured with a β cell-plate 
scintillation counter (Wallac). For the generation of iTregs, Tconv cells 
were cultured (2 × 106 cells/well) in flat-bottom 6-well plates (Corn-
ing Falcon) with RPMI 1640 medium supplemented with penicillin 
(100 UI/mL), streptomycin (100 μg/mL), and 5% AB human serum 
and stimulated with anti-CD3/anti-CD28 mAb–coated beads (0.1 
beads/cell), for 12, 24, or 36 hours, in the presence of DEL-1–Fc or Fc 
control (10 μg/mL). iTregs were obtained by flow cytometric sorting 
of CD4+CD25hi (cell purity >95%) with a BD FACSJazz (Becton-Dick-
inson). For long-term induction, iTregs were generated as described 
above, FACS isolated after 36 hours as CD4+CD25hi (cell purity >95%) 
using a BD FACSJazz, and cultured (5 × 105 cells/well) in the pres-
ence of anti-CD3/anti-CD28 mAb–coated beads (0.1 beads/cell) and 
human recombinant IL-2 (50 IU/mL; Roche) in flat-bottom 48-well 
plates (Corning Falcon) with RPMI 1640 medium supplemented with 
penicillin (100 UI/mL), streptomycin (100 μg/mL), and 5% AB human 
serum, for 10 days. After this period, we evaluated the methylation 
status of the CpG island within the CNS2 region of FOXP3 through 
methyl-sensitive PCR. Also, 10-day iTregs were FACS isolated with 
BD FACSJazz (Becton-Dickinson) as the population with the highest 
CD25 expression (CD4+CD25hi; cell purity >95%) and tested for their 
suppressive capacity in coculture with CSFE+CD4+ T cells for 72 hours.

For further technical information, see Supplemental Methods.
Statistics. After testing for normality, data were analyzed by para-

metric or nonparametric tests. Parametric tests included 2-tailed 
unpaired or paired Student’s t tests (2-group comparisons), 1-way 
ANOVA (multiple-group comparisons) followed by a multiple compar-
ison test (Dunnett’s or Tukey’s as appropriate), and 2-way ANOVA with 
Holm-Šidák’s multiple-comparisons test. Two-tailed Mann-Whitney 
U test was used to analyze non-normally distributed unpaired sample 
data. Two-tailed paired Wilcoxon’s test was used to analyze non-nor-
mally distributed paired sample data. All statistical analyses were per-
formed using GraphPad Prism software. P values less than 0.05 were 
considered statistically significant.

Study approval. All animal experiments were reviewed and 
approved by the Institutional Animal Care and Use Committee of the 
University of Pennsylvania and were performed in compliance with 
institutional, state, and federal policies. Human study was approved 
by the Institutional Review Board of the Università degli Studi di Nap-
oli “Federico II.” Buffy coats were collected from 41 healthy subjects 
(18 males and 23 females) after signing written informed consent 
approved by the Institutional Review Board. All subjects were 20 
years of age or older (20–55 years old) with no history of inflammato-
ry, endocrine, or autoimmune disease. All in vitro and in vivo exper-
iments were performed 2 or more times for verification. No samples 
(mouse or human) were excluded from analysis.

Fisher Scientific), and 50 μM 2-mercaptoethanol (Thermo Fisher Scien-
tific). For Treg differentiation, CD4+ T cells were incubated with TGF-β1 
(5 ng/mL) and IL-2 (40 ng/mL) for 3 or 4 days (for analysis of Foxp3 
mRNA or protein expression, respectively). For Th17 polarization under 
nonpathogenic conditions (40), CD4+ T cells were incubated with IL-6 
(50 ng/mL) and TGF-β1 (1 ng/mL) for 3 days. For Th17 polarization under 
pathogenic conditions (40), CD4+ T cells were incubated with IL-6 (50 
ng/mL), TGF-β1 (1 ng/mL), IL-1β (10 ng/mL), and IL-23 (10 ng/mL) for 
3 days. Using an EasySep Mouse CD4+CD25+ Regulatory T Cell Isolation 
Kit II (STEMCELL), CD4+CD25+ cells were sorted to high purity (>95%) 
from Treg induction cultures (with or without DEL-1–Fc/Fc control), and 
then restimulated in the absence or presence of DEL-1–Fc or Fc control. 
Foxp3 expression in the restimulated cultures was assessed 4 days lat-
er. For Treg suppression assay, CD4+CD25– T cells (Tconv) were isolat-
ed using CD4 positive selection and CD25 negative selection (EasySep 
Mouse CD4+CD25+ Regulatory T Cell Isolation Kit II). The cells (90%–
95% pure) were labeled with CFSE (5 μM; Invitrogen) and plated at 2.5 × 
104 cells/well. Flow cytometry analyzing CFSE dilution was performed by 
gating on CD4+CFSE+ cells stimulated for 72 hours with anti-CD3 (2 μg/
mL) and anti-CD28 (1 μg/mL), which were cultured alone or with purified 
DEL-1–Fc−iTregs or Fc-iTregs.

RNA-seq. Naive splenic CD4+ cells isolated from 6-week-old WT 
mice were differentiated into Tregs for 3 days as described above in 
medium containing TGF-β1 (5 ng/mL), IL-2 (40 ng/mL), and DEL-1–
Fc or Fc control. Three independent isolations from 3 mice were per-
formed to attain 3 biological replicates. Total RNA was extracted by 
TRIzol (Life Technologies) and DNA was removed by using a TUR-
BO DNA-free Kit (Invitrogen). PolyA-selected mRNA libraries were 
generated following the manufacturer’s protocols (BGI). Samples 
were sequenced on the BGISEQ-500 platform to generate 50-bp sin-
gle-end reads with an average depth of 76.46 million reads per sam-
ple. Clean reads were mapped to the mouse genome (Ensembl assem-
bly GRCm38) using STAR (86) with default settings after filtering 
low-quality, adaptor-polluted, and high content of unknown base (N) 
reads. The average mapping ratio with reference genome is 94.92%, 
the average mapping ratio with gene is 84.23%. A total of 17,294 genes 
were detected. Most transcripts were completely covered and reads 
were evenly distributed throughout the transcript.

Bioinformatic analysis of RNA-seq and GO analysis. Read counts 
in each gene were calculated by htseq-count (87). Subsequently, 
differential gene expression was analyzed using DEGseq2 (88) and 
significantly differentially expressed genes (DEGs) were defined by 
FDR-adjusted P value less than 0.05 in the DEL-1–Fc–treated group 
relative to their expression in the Fc control group. Significantly up- 
or downregulated DEGs were subjected to GO enrichment analyses 
using PANTHER (Protein ANalysis THrough Evolutionary Rela-
tionships) (http://www.pantherdb.org) with default background and 
default threshold. Significantly enriched Biological Process GO terms 
were defined by FDR-adjusted P value less than 0.05. Volcano plots, 
MA plots, and heatmaps were generated by customized R script.

RNA-seq data generated in this study (Figure 7, A and B) were 
deposited in the NCBI’s Gene Expression Omnibus (GEO) under 
accession number GSE131315 (https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE131315).

Human subjects, cell purification, and iTreg induction. We isolated 
human peripheral Treg (CD4+CD25+CD127–) and Tconv (CD4+CD25–) 
cells from buffy coats of healthy subjects. Briefly, after Ficoll-Hypaque 
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