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ABSTRACT

Forkhead box P3-positive (Foxp3*)-inducible Tregs (iTregs) are readily generated by TGF-p1
at low TCR signaling intensity. TGF-B1-mediated Foxp3 expression is further enhanced by
retinoic acid (RA) and lactoferrin (LF). However, the intensity of TCR signaling required for
induction of Foxp3 expression by TGF-f1 in combination with RA and LF is unknown. Here,
we found that either RA or LF alone decreased TGF-Bl-mediated Foxp3 expression at low
TCR signaling intensity. In contrast, at high TCR signaling intensity, the addition of either
RA or LF strongly increased TGF-Bl-mediated Foxp3 expression. Moreover, decreased CD28
stimulation was more favorable for TGF-f31/LF-mediated Foxp3 expression. Lastly, we found
that at high signaling intensities of both TCR and CD28, combined treatment with TGF-p1,
RA, and LF induced robust expression of Foxp3, in parallel with powerful suppressive activity
against responder T cell proliferation. Our findings that TGFB/RA/LF strongly generate

high affinity Ag-specific iTreg population would be useful for the control of unwanted
hypersensitive immune reactions such as various autoimmune diseases.

Lactoferrin; Transforming growth factor beta; Retinoic acid; Regulatory T cells;
forkhead box P3 protein; T cell receptor; CD28 antigen

INTRODUCTION

Tregs are a T cell subset generated in the thymus and peripheral lymphoid organs, which
maintains immune tolerance and homeostasis. Additionally, Tregs can be generated from naive
CD4' T cells in the presence of TGF- and IL-2 in vitro (1), designated inducible Tregs (iTregs)
(2). Tregs are characterized by upregulation of the master transcriptional factor forkhead box
P3 (Foxp3) (3,4). TGF-p—mediated Foxp3 expression can be enhanced by retinoic acid (RA)
(5,6), and we recently showed that lactoferrin (LF) causes naive CD4" T cells to differentiate
into Foxp3* Tregs and synergizes with TGF-B1 (7). As a rising field, the therapeutic applications
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and modulation of iTregs are documented for the treatment of autoimmune diseases,
transplantation, cancer, as well as colitis and other inflammatory diseases (8). Thus, for the
clinical application, it is essential to obtain the conditions by which maximum yield of iTregs
against high affinity ligands are generated. With regard to iTreg differentiation, it is well known
that TCR signaling intensity has a significant impact on the differentiation of CD4" T cell
subsets. In the case of iTregs, it was shown that low doses of Ag or polyclonal TCR activators
induce Foxp3 expression, whereas high doses of these stimuli ameliorate Foxp3 upregulation
(9). Consistently, we and others have shown that inhibition of downstream mediators of TCR/
CD28 signaling, such as PI3K, protein kinase B (Akt), and mTOR, significantly augments
TGF-Bl-induced Foxp3 expression (10,11). However, it is not known how TCR/CD28 signaling
intensities (high or low) affect TGF-B-mediated Foxp3 expression in the presence of RA and LF.

We were particularly interested in the effects of RA and LF on differentiation of TGF-f1-
mediated Foxp3* Tregs at a high TCR/CD28 signaling intensity. We found that, under
conditions of high TCR/CD28 signaling intensity, combined treatment with TGF-p1, RA, and
LF generates robust Foxp3 expression, leading to powerful T cell suppressor function.

MATERIALS AND METHODS

BALB/c and C57BL/6 wild-type (WT) mice were obtained from Orient Bio, Inc. (Seongnam,
Korea). Ovalbumin (OVA)-specific TCR-transgenic OT-II mice were obtained from the
Jackson Laboratory (Bar Harbor, ME, USA). The animals were fed Purina Laboratory Rodent
Chow 5001 ad libitum. Mice 8-12 wk of age were used in this study. Animal care was performed
in accordance with the institutional guidelines established by Kangwon National University
(approval No. KW-190515-1 and KW-150619-2).

Naive CD4"CD25" T cells from the spleens of 8- to 12-week-old mice were isolated by
selection, using naive CD4" T cell isolation kits and magnetic cell sorting (Miltenyi Biotec,
Auburn, CA, USA), according to the manufacturer’s instructions (purity >90%). For Treg
differentiation, cells were activated by plate-bound anti-CD3e Ab, soluble anti-CD28 Ab (BD
Pharmingen, San Diego, CA, USA), and IL-2 (100 IU/ml; Peprotech, Rocky Hill, NJ, USA).
Cells were then treated with TGF-f1 (0.5 ng/ml; R&D Systems, Minneapolis, MN, USA) and
RA (50 nM; Sigma—Aldrich, St. Louis, MO, USA). For the induction of Ag-specific Tregs,
responder CD4" T cells (1x10°) from OT-II transgenic mice were co-cultured with OVAs»; 330
pulsed, irradiated splenoblasts (2x10°) in the presence of TGF-f1 (1 ng/ml), RA (100 nM), and
bovine LF (200 pg/ml; Morinaga Milk Co., Ltd, Zama, Japan) for 3 days. Irradiation (2,000
rad) was performed using a Gammacell 40 Exactor (Best Theratronics Ltd., Ottawa, ON,
Canada). In some experiments, naive CD4" T cells were cultured with anti-CD28 Ab (2 pg/ml)
or CTLA-4 Ig (4 pg/ml) under the conditions for OVA-specific Treg induction.

Cell surface staining was performed in phosphate-buffered saline with 2% fetal bovine serum,
using the following Abs: anti-mouse CD4-v450, CD25-PE, CD44-PE, or CDG2L-Ag-presenting
cells (APC; eBioscience, San Diego, CA, USA). Intracellular staining was performed using
Fixation and Permeabilization Buffer Sets with anti-Foxp3-PE/Cy7 (eBioscience), according

to the manufacturer's instructions. Flow cytometry data were collected on a FACSVerse flow
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cytometer (BD Biosciences, San Diego, CA, USA) and analyzed with FlowJo software (Tree
Star, Ashland, MA, USA), using unstained controls to determine gating.

For preparation of iTregs, activated CD4" T cells were cultured with OVAs»; 330-pulsed,
irradiated splenoblasts (2x10°) in the presence of TGF-f1 (1 ng/ml), RA (100 nM), and LF
(200 pg/ml) for 3 days. Cells were violet-labeled and co-cultured with CFSE-labeled responder
CD4'CD25™ T cells (1x10°) under activation by OVAs»; s30-pulsed splenoblasts for 3 days.
Dilution of CFSE was measured by flow cytometry gating of 10,000 viable cells.

Statistical significance of differences between experimental groups was determined by ANOVA
or the unpaired, two-tailed Student’s t-test, and values of p<0.05 were considered significant.

RESULTS

It is well established that TGF-B1 promotes iTreg differentiation, and RA further enhances
this process (12,13). Subsequently, it was demonstrated that TGF-B1 readily promotes
increased Foxp3 induction at low TCR signaling intensity (9). However, a TCR signaling
intensity favorable for TGF-B1/RA-mediated iTreg differentiation has not been elucidated.
Therefore, we examined the effects of different TCR signaling intensities on Foxp3 expression
induced by both TGF-B1 and RA. As shown in Fig. 1A, we found that TGF-Bl-induced Foxp3
expression increased as TCR signaling intensity weakened, and RA had little effect on Foxp3
expression. In contrast, RA markedly augmented TGF-pl-induced Foxp3 expression at a high
TCR signaling intensity. We further examined the effect of CD28 (a costimulatory molecule)
stimulation on Foxp3 expression under a high TCR signal strength (Fig. 1B). Results show

an increased level of TGF-Bl-induced Foxp3 expression in the absence of CD28 stimulation.
Further, RA increased TGF-Bl-induced Foxp3 expression regardless of CD28 signaling
intensity. These results suggest that at lower TCR signaling intensity, TGF-f1 alone is
sufficient for differentiation of Foxp3* T cells. In contrast, at higher TCR signal intensity, RA is
required for robust TGF-f1-mediated Foxp3* T cell differentiation.

We recently demonstrated that LF enhances both Ag-nonspecific and Ag-specific Foxp3*
iTreg differentiation and synergizes with TGF-B1 to induce expression of Foxp3 (7). Here, to
better identify the functional role of LF, we performed kinetic analyses measuring Ag-specific
Foxp3"*iTreg differentiation induced by TGF-B1 and LF. To this end, naive CD4" T cells
isolated from OT-II mice were co-cultured with OVAs»; 330-loaded T cell-depleted splenocytes
as APCs. We found that LF and TGF-B1 increased Foxp3 expression by OVAsy; 33-stimulated
OT-II CD4" T cells (Fig. 2A). Subsequent kinetic analyses revealed that TGF-Bl-induced
Foxp3 expression was increased at lower OVAsy; 33 concentrations (Fig. 2B). Further, the
combined effect of TGF-B1 and LF on Foxp3 expression was evident at high doses of loaded
peptides (0.5 pg/ml) but not at low doses (0.125 pg/ml). We then examined the effect of
CD28 intensity on Foxp3 expression under high TCR signaling intensity at the sufficient
OVAs»3 33 concentration (Fig. 2C). Results show that stimulation of CD28 with anti-CD28
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iImmuN=
-
TGF-p1, RA, and LF synergistically induce Tregs n =Two R I(

A Anti-CD28 Ab (2 pg/ml)
Anti-CD3 Ab 0 0.125 0.5 2 (ug/ml) 50
130 1.63
o 40
Media £ 30 (|
2
0087 0.1 5 2
AT I v 10
258 178 0
0 0.125 0.5 2
TGF-B1 Anti-CD3 Ab (ug/ml)
035 018 H Media B TGF-f1 ERA ETGF-I+RA
I "TVEVEY T EF (CANA TN A O ™ Ain ™ Bin ™ " M
8 160
= 120 *
RA :z"/ 1
« 80
o
3
&L 40
0
0 0.125 0.5 2
TGF-B1 Anti-CD3 Ab (ug/ml)
+RA
B Media B TGF-f @RA B TGF-B1+RA
B Anti-CD3 Ab (2 pg/ml)
e |
Anti-CD28 Ab 0 2 (ug/ml)
Media
TGF-B1
3 ‘ 80 - IN—SI
S 70 -
601 | Media
" g 501 B TGF-B1
2 40
S I RA
£ 399 B TGF-B1+RA
20
TGF-B1 10 A
+RA 0 _
: 0 2
Foxp3 Anti-CD28 Ab (pg/ml)

Figure 1. Effect of TCR/CD28 signaling intensity on TGF-B1/RA-mediated Foxp3 expression. (A) Naive CD4" T cells were activated with anti-CD3e Ab (2, 0.5, 0.125,
0 pg/ml), anti-CD28 Ab (2 pug/ml), and IL-2 (100 1U/ml) and then treated with TGF-f1 (0.5 ng/ml) and RA (50 nM) for 3 days. (B) Naive CD4" T cells were activated
with anti-CD3 Ab (2 pg/ml), anti-CD28 Ab (0 and 2 pug/ml), and IL-2 (100 1U/mLl) in the presence of TGF-B1 (0.5 ng/ml) and RA (50 nM) for 3 days. Intracellular
Foxp3 expression was determined by FACS. The data represent the average percent of three independent experiments with the SEM indicated by the bars. The
significance was determined by Student’s t-test.

NS, not significant.

*p<0.05.
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Figure 2. Effect of TGF-f31 and LF on OVA-specific Foxp3* T cell differentiation. (A) OT-II naive CD4" T cells were cocultured with OVAg,; s30-pulsed splenoblasts in
the presence of TGF-B1 (1 ng/ml) and LF (200 pg/ml). After 3 days of culture, cells were analyzed for surface CD4 and intracellular Foxp3 expression using flow
cytometry. (B) Naive CD4" T cells were cultured as described in (A) with the indicated dose of OVAg,; s30. After 3 days of culture, cells were analyzed for CD4 and
intracellular Foxp3 expression using flow cytometry. (C, D) Naive CD4" T cells were cultured as described in (A) with anti-CD28 Ab (2 pg/ml, C) or CTLA-4 Ig (4
pg/ml, D). After 3 days of culture, cells were analyzed for CD4 and intracellular Foxp3 expression using flow cytometry. The data represent the average percent of
three independent experiments with SEM (bars). The significance was determined by Student’s t-test.

*p<0.05; **p<0.01.

https://immunenetwork.org

Ab substantially decreased TGF-f1/LF—mediated Foxp3 expression. Consistent with these
observations, blocking the B7 costimulatory molecule by CTLA-4 Ig markedly increased
TGF-B1/LF-mediated Foxp3 expression (Fig. 2D). These results reveal that, like RA, LF is

https://doi.org/10.4110/in.2023.23.e37 5/1



IMMUN=

-
TGF-p1, RA, and LF synergistically induce Tregs n =Two R I(

required for the strong generation of a Foxp3* T cell population induced by TGF-f1 at high
TCR signaling intensity. Further, under these conditions, lower levels of CD28 stimulation
promote enhanced Foxp3 expression.

Thus far, we found that both RA and LF substantially increase TGF-pl-mediated Foxp3
expression at high TCR signaling intensity. Moreover, LF alone increased Ag-specific

Foxp3 expression (Fig. 2A), whereas RA alone had little effect on Ag-nonspecific Foxp3
expression (Fig. 1A). Thus, it was necessary to characterize the combinatorial effects of the
three molecules (i.e., TGF-B1, RA, and LF) on Ag-specific iTreg differentiation at high TCR
signaling intensity. As observed above for Ag-nonspecific T cell responses (Fig. 1A), we found
that RA alone had little effect on Foxp3 expression by OVAsy; s3-stimulated OT-II CD4" T cells
(Fig. 3). In contrast, like LF, RA markedly enhanced TGF-Bl-mediated Foxp3 expression.
Interestingly, LF and RA in combination significantly increased Foxp3 expression, suggesting
that the mechanisms by which these molecules enhance TGF-pl-induced Foxp3 expression
are distinct. Finally, we tested the combination of TGF-f1, RA, and LF and found that this
promotes robust expression of Foxp3.

Given that the effect of the triple combination on Foxp3 expression was greater than any
dual combination, we further investigated the effects of TGF-B1, RA, and LF on other
phenotypes of this T cell population. To this end, we measured the expression of CD25,
CD44, and CDG2L. The naive T cell marker CD62L is known to be rapidly shed upon CD4* T
cell activation (14). Here, we found that TGF-B1 and RA induced significant CD62L shedding,
and LF similarly augmented CD62L shedding in response to TGF-B1 (Fig. 4A). However,
unexpectedly, we found that LF inhibited CD62L shedding induced by TGF-p1 and RA in
combination. In contrast, CD25 and CD44 (T cell activation markers) were upregulated

by TGF-B1 but downregulated by LF and RA (Fig. 4B and C). This observation suggests

that both LF and RA inhibit T cell activation, possibly contributing to Treg differentiation.
We summarize these phenotypes and the effects on Foxp3 expression in Fig. 5, which
illustrates that Foxp3 expression increases as RA and LF are added sequentially. Further,

the expression levels of other proteins (CD62L, CD25, and CD44) differ among the three
Foxp3* T cell populations, indicating that their differentiation stages may be distinct. These

RA TGF-B+RA

-LF

70 f ’
60 -
50 -

Foxp3

+LF

40 W -LF
30 W +LF

Foxp3 (%)

20
10

0 -
Media  TGF-B RA  TGF-B+RA

Figure 3. Effect of LF, TGF-1, and RA on OVA-specific Foxp3* T cell differentiation. OT-1I naive CD4" T cells were cocultured with OVAsy; 530-pulsed splenoblasts
in the presence of TGF-f1 (1 ng/ml), RA (100 nM), and LF (200 pg/ml). After 3 days of culture, cells were analyzed for surface CD4 and intracellular Foxp3
expression using flow cytometry. The data represent the average percent of three independent experiments with SEM (bars). The significance was determined by

Student’s t-test.
*p<0.05.
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Figure 4. Effect of LF, TGF-B1, and RA on phenotypes of OVA-specific Foxp3* T cells. OVAsy; s0-activated OT-1I naive CD4" T cells were cultured with TGF-B1 (1
ng/ml), RA (100 nM), and LF (200 pg/ml). After 3 days of culture, expression of CD62L (A), CD25 (B), and CD44 (C) were analyzed by flow cytometry. The data
represent the average percent of three independent experiments with SEM (bars). The significance was determined by Student’s t-test.

*p<0.05.
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results prompted us to assess the suppressor activity of the three Foxp3* T cell populations.
Consistent with the observed levels of Foxp3 induction, the three Foxp3' T cell populations
displayed corresponding levels of suppressive activity against responder CD4" T cell
proliferation (Fig. 6). These results indicate that TGF-B1, RA, and LF in combination can
induce functionally optimized Ag-specific Treg differentiation.

https://doi.org/10.4110/in.2023.23.e37 7/m
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Figure 5. Schematic diagram illustrating the phenotypes of TGF-f1/RA/LF-induced Ag-specific Foxp3* T cells.

DISCUSSION

In the present study, we demonstrate that TGF-pl-mediated iTreg generation is powerfully
enhanced by the addition of RA and LF. However, the mechanism by which this combination
might cause such synergistic iTreg generation remains unknown. It is well established that
TGF-B/Smad3—dependent signaling induces Foxp3* Treg differentiation (3,4), and TGF-p1-
mediated iTreg generation is further enhanced by LF and its peptides (7,11). These studies
reveal that LF promotes Foxp3 upregulation through two mechanisms: by phosphorylating
Smad3 through activation of membrane-bound TGF-p and attenuating TCR/CD28 signaling,
both of which occur via TGF-f type III receptor. We further note that the present study

does not address the specific mechanisms by which RA enhances TGF-fl-mediated iTreg
generation. However, prior studies have demonstrated that Foxp3 expression is induced by
either increasing the levels of total Smad3/phosphorylated Smad3 (pSmad3) or enhancing
pSmad3 binding to a conserved enhancer region of the Foxp3 gene in TGF-B/RA-stimulated
T cell cultures (5,6). These findings suggest that RA may promote TGF-f signaling toward
Foxp3 expression. Additionally, results from the present study reveal that RA, like LF, inhibits
T cell activation (Fig. 4A). This action of RA must contribute to Foxp3* Treg differentiation,
given that, like LF, RA is expected to attenuate TCR/CD28 signaling.

When considering the physiological implications of synergistic TGF-1/RA/LF-mediated
Ag-specific Foxp3' Treg generation, it is worthwhile to view this phenomenon in the
context of intestinal immune tolerance. The gastrointestinal tract is in constant contact
with food Ags, commensal microorganisms, and potential pathogens. Foxp3* Tregs are
known to be abundant in the gut, where they play a central role in maintaining intestinal
immune homeostasis (15). Moreover, TGF-$, RA, and LF are ubiquitous in mucosal tissues.

https://doi.org/10.4110/in.2023.23.e37 8/M
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The two cell populations were cultured for 3 days, and proliferation was determined by analyzing CFSE dilution using flow cytometry. The data represent the
average percent of three independent experiments with SEM (bars). The significance was determined by Student’s t-test.

*p<0.05.

Thus, the gut is a TGF-B-rich environment in which most cell types can both produce and
respond to this cytokine (16). The small intestinal microenvironment is particularly high in
RA, containing enterocytes that metabolize retinol (vitamin A) to RA via retinal aldehyde
dehydrogenases (17). Notably, it was previously shown that lamina propria dendritic cells
promote de novo generation of Foxp3* Tregs via RA (18). LF is synthesized by epithelial cells
and is also found primarily in mucosal secretions (19). As noted above, we found that the
highest levels of Foxp3 expression induced by TGF-f1/RA/LF in combination are present in
parallel with the most powerful regulatory function (Fig. 6). Moreover, this combined effect
occurs at high TCR signaling intensity. In fact, both RA and LF inhibit TGF-Bl-mediated
Foxp3 expression at lower TCR signaling intensity (Figs. 1and 2). Thus, our in vitro studies,
combined with published reports (16-19), raise the possibility that RA, LF, and TGF-p1 may
modulate intestinal iTreg generation, especially during strong stimulation of TCR by foreign
Ags (e.g., unwanted food Ags). Thus, it is highly plausible that the three molecules have
pivotal roles in maintaining intestinal immune homeostasis.

https://doi.org/10.4110/in.2023.23.e37 9/1
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It is now extensively studied that iTregs are potentially important substitutes for anti-
inflammatory agents to treat various autoimmune diseases and allogenic transplantation
(8,20). In this regard, our findings that Ag-specific iTreg populations strongly generated ex
vivo by TGF-B1/RA/LF would be useful for the treatment of patient-specific hypersensitive
immune disorders as mentioned above.
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