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Abstract

Intravenous transfer of LPS-treated bone marrow-derived dendritic cells blocks development of
autoimmunity induced by CD4* T cells in vivo. However, cellular mechanisms of dendritic cell-
mediated immune tolerance have not yet been fully elucidated. Here, we report that there are two
new subpopulations of CD4*CD25*FoxP3*GITR* regulatory T cells (CD127*3G11* and
CD127*3G11™ cells). LPS-treated dendritic cells facilitate development of CD4*CD12773G11~
regulatory T cells but inhibit that of CD4*CD127*3G11* regulatory T cells. LPS-induced
tolerogenic dendritic cells may cause immune tolerance through modulating balance of different
subsets of CD4* regulatory T cells mediated by CD127 and 3G11. Our results imply a new
potential cellular mechanism of dendritic cell-mediated immune tolerance.
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Introduction

Dendritic cells (DCs) play a central role in regulating autoimmunity and tolerance. However,
regulatory mechanisms of autoimmunity and immune tolerance mediated by DCs have not
been fully elucidated [1, 2]. Our previous results indicated that intravenous (i.v.) transfer of
LPS-treated DCs (1 pg/ml) can cause immune tolerance in C57 BL/6J mice with
experimental autoimmune encephalomyelitis (EAE), an inflammatory disease in central
nervous system, through blocking development of T helper 17 (Th17) cells [3]. Treatment of
LPS leads to apoptosis of DCs [3]. Living DCs engulf apoptotic cells and cause generation
of tolerogenic DCs [4]. LPS-induced tolerogenic DCs inhibit development of EAE in vivo
through suppressing activity of CD4* T cells such as Th17 cells [3]. Further mechanisms are
still unknown. We propose that LPS-induced tolerogenic DCs not only inhibit development
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of Th17 cells but may also affect that of other typical CD4" T cells such as regulatory T
cells. Therefore, we investigated whether or not LPS-treated DCs also modulate
development and differentiation of CD4* regulatory T cells in this project. Our results will
show that LPS-treated DCs induce immune tolerance through modulating differentiation of
CD4" regulatory T cell subpopulations.

CD4" regulatory T cells (Tregs) are important immune cells in vivo [5, 6]. Tyegs were found
in 1990s. Immune function of Tyegs has been deeply investigated in the past 20 years [7].
Phenotype of conventional Tegs is CD4*CD25"FoxP3™ cells [7-12]. CD25 is a-chain of
interleukin (IL)-2 receptor, and forkhead/winged helix transcription factor (FoxP3) is a
transcriptional factor [7]. Multiple Tyeg-associated molecules have been found since 1990s.
For instance, glucocorticoid-induced tumor necrosis factor receptor (GITR) is also a
molecular marker expressed on Tregs [13]. 3G11, a sialylated carbohydrate epitope of the
disialoganglioside molecule, is associated with definition of specific Tyeq subsets [14, 15];
however, regulatory mechanisms of Ty development and differentiation are still obscure.
Our research is focused on the role of dendritic cells on the development and differentiation
of Tregs- Experimental data will show whether or not immature or mature bone marrow-
derived DCs induced by LPS stimulation can affect development of Tyegs through
modulating expression of Tyeq-associated molecules such as CD25, CD127, FoxP3, GITR,
and 3G11.

Recent research indicated that there are multiple subsets of Tyegs in vivo [8-10]. For
example, CD4*CD25*CD127!ow Tregs Play a central role in peripheral tolerance [16, 17].
Ukena et al. reported that deficiency of CD4*CD25*CD127oW Tregs leads to acute graft-
versus-host disease (GVHD) [18]. Shenghui et al. found that increased frequencies of
CD4*CD25*CD127'ow Tregs are associated with poor prognosis of acute myeloidleukemia
(AML) [19]. At present, regulatory mechanisms of CD4*CD127!ow Treg development have
not been fully elucidated. Our research is focused on whether or not immature and mature
bone marrow-derived DCs can modulate development of CD4*CD127'oW Tregs-
Experimental data demonstrate that mature DCs induced by LPS stimulation can regulate
development and differentiation of CD4*CD127* T eq subsets, compared with results of T
cells co-cultured with immature DCs.

3G11 is a ganglioside which is a marker of murine CD4* T cells. Immune function of 3G11
on CD4* T cells is still unknown [20]. Zhang et al. reported that downregulation of 3G11
expression on CD4™ T cells is associated with T cell anergy and leads to immune tolerance
in mouse with experimental autoimmune encephalomyelitis [15]. Zhao et al. found that
3G11 is probably a marker for definition of different CD4* Treg subsets [14]. Our research is
focused on how DCs regulate differentiation of Trq subpopulations mediated by 3G11.
Experimental data show that there are two new subsets of CD4*CD25FoxP3*GITR™ Tegs:
CD127*3G11* and CD127*3G11" Tyeqs. LPS-treated DCs facilitate development of
CD127%3G11™ Tyegs, but inhibit that of CD127*3G11* Tegs. LPS-induced tolerogenic DCs
may lead to immune tolerance through modulating balance of different subsets of CD4*
Tregs mediated by 3G11 and CD127. Our data may reveal a new cellular mechanism of DC-
mediated immune tolerance by regulating differentiation of CD4+CD127+3611+"T,eg
subsets.
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Materials and methods

Mice

Wild-type C57 BL/6J female mice (8-12 weeks) were purchased from The Jackson
Laboratory (Bar Harbor, ME, USA). All mice were bred in Thomas Jefferson Animal Care
facilities, and all experimental procedures were approved by the Institutional Animal Care
and Use Committee of Thomas Jefferson University [4, 21].

Immunogen and peptide

Mouse MOG3s5_g5 peptide (MEVGWYRSPFSRVVHLYRNGK), a part of myelin
oligodendrocyte glycoprotein (MOG), was provided by Invitrogen (Invitrogen, Carlsbad,
CA, USA) [3, 4, 20-23].

Bone marrow-derived DC culture

As described previously, femurs and tibiae were isolated from muscle tissue of mice. The
intact bones were then sterilized with 70% ethanol for 5 min and washed with phosphate-
buffered saline (PBS). Bone ends were cut, and the bone marrow was flushed with PBS.
Cellular clusters within the bone marrow suspension were disintegrated and washed with
PBS [3, 4, 21-23].

Leukocytes from bone marrow were fed in bacteriological 100-mm Petri dishes (Falcon,
Becton Dickinson, Heidelberg, Germany) at 2 x 106 cells per dish. Cells were cultured in
RPMI1640 complete medium (Gibco-BRL, Eggenstein, Germany) including penicillin (100
U/ml, Sigma, St. Louis, MO, USA), streptomycin (100 U/ml, Sigma), L-glutamine (2 mM,
Sigma), 2-mercaptoethanol (2-ME, 50 uM, Sigma), 10% heat-inactivated and filtered (0.22
um, Milipore, Inc., Bedford, MA, USA), fetal calf serum (FCS, Sigma), and granulocyte-
macrophage colony-stimulating factor (GM-CSF, PeproTech, Rocky Hill, NJ, USA) at 20
ng/ml at day O (10 ml medium per dish).

Ten milliliters of fresh medium with GM-CSF (20 ng/ml) was added to each dish at day 3,
and half of the medium (about 10 ml supernatant) was collected and centrifuged at 300g for
5 min at day 6. Subsequently, cells were re-suspended in 10 ml fresh medium with GM-CSF
(20 ng/ml) and re-fed in original dish (day 6). Only unadherent cells (DCs) were harvested
and seeded in a fresh dish, and 10-ml fresh medium including GM-CSF (20 ng/ml) was
added at day 8.

Cells were also treated with lipopolysaccharide (LPS, Sigma) for 24 h at 1 pg/ml. LPS was
isolated from Klebsiella pneumoniae. DCs or LPS-treated DCs were pulsed with MOG
peptide for 30 min and then washed twice with PBS at 300g for 5 min before i.v. transfer to
EAE mice. Fresh unadherent DCs were then collected and washed with PBS at 300g for 5
min and then conducted i.v. transfer to EAE mice. More than 90% of cells express DC
marker CD11c.

Immunol Res. Author manuscript; available in PMC 2017 July 28.
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Flow cytometry

MOG-primed T lymphocytes were isolated from EAE mice and incubated with anti-mouse
Pacific blue-CD4, PE-Cy7-anti-mouse CD25, PerCp-Cy5.5-anti-mouse CD127, FITC-anti-
mouse GITR, and allophycocyanin (APC)-anti-mouse 3G11 antibodies for 24 h at 4 °C.
Cells were washed twice with 5% FCS in PBS at 300g for 5 min, fixed with 5% formalin in
PBS at 4 °C for 24 h and then permeated for intracellular staining.

For intracellular staining, spleen cells were conducted surface staining shown as above.
After cells were washed with permeabilization buffer (Biolegend) twice at 300g for 10 min,
anti-mouse PE-FoxP3 antibody (Biolegend) was incubated with cells at 4 °C for 24 h. Cells
were then washed with permeabilization buffer twice at 300g for 5 min, resuspended in 0.5
ml cell staining buffer (Biolegend), and tested in a FACSAria (BD Biosciences, San Jose,
CA, USA). Data were analyzed using FlowJo software (Treestar, Ashland, OR, USA) [3, 4,
21-23].

Generation of effector T cells in vitro

C57 BL/6J mice were immunized with MOG35_g5 peptide (Invitrogen) 200 pg, QuilA
(Sigma) 20 pg, and keyhole limpet hemocyanin (KLH, Sigma) 20 ug per mouse at day 1.
Spleen cells were then isolated at day 10 after immunization. T lymphocytes were purified
with mouse CD4* T cell subset column kit (R&D Systems). CD4* T cells (1 x 108 cells/per
well) were co-cultured with DCs at 5:1 (T cells: DCs) and pulsed with MOGg3s5_s5 peptide at
0.1 uM in complete medium with mouse IL-2 at 1 ng/ml for 3 days. Cells were harvested,
and MOG-primed CD4* T cells were gated and analyzed by flow cytometry [3, 4, 21-23].

EAE induction and treatment

C57BL/6J mice (female, 8-12 weeks) were immunized with MOGss_sg peptide/complete
Freund’s adjuvant (CFA, Sigma) at 200 pg/200 ul/per mouse (subcutaneous injection (s.c.)).
Pertussis toxin (PT, Sigma) was simultaneously injected at 200 ng/per mouse
(intraperitoneal injection), and the second PT injection was conducted after 48 h. EAE was
assessed following standard clinical scores: 0.5, paralysis of half the tail; 1, paralysis of
whole tail; 2, paralysis of tail and one leg; 3, paralysis of tail and two legs; 4, moribund; and
5, death.

DCs were washed with PBS twice and were immediately injected via tail vein (3 x 10°
cells/per mouse/per time) on days 11, 14, and 17 post-immunization (p.i.). Mice were
divided into three groups: (1) injected with unpulsed DCs (DCs), (2) injected with DCs
pulsed with MOG peptide (DCs-MOG), and (3) injected with LPS-treated DCs pulsed with
MOG peptide (DCs-MOG+LPS).

At day 24 p.i., splenocytes were isolated and stimulated with MOG35_g5 peptide (0.1 uM)
and mouse 1L-2 (1 ng/ml) for 3 days. Cells were then harvested for flow cytometry [3, 4,
21-23].
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Statistical analysis

Results

Experimental data were analyzed using Prism software (GraphPad, La Jolla, CA, USA). A
two-way ANOVA test was performed for the analysis of clinical score of EAE; ftests were
conducted for analysis of flow cytometry data. Data represent the mean and standard
deviation (SD) or standard error of arithmetic mean (SEM). Results were regarded as
showing a significant difference if the Pvalue is less than 0.05 [3, 4, 21-23].

LPS-treated DCs do not affect expression of Tyeg-associated molecules on CD4* T cells in

vitro

To test whether or not LPS-treated DCs can modulate protein expression of Teq-associated
molecules on CD4* T cells, DCs treated with LPS (DC+LPS) and LPS-untreated DCs (DC)
were pulsed with MOG peptide (0.1 pM) and co-cultured with MOG-primed CD4* T cells
for 72 h at 37 °C. Protein expression of CD25 (Fig. 1a), FoxP3 (Fig. 1b), GITR (Fig. 1c),
CD127 (Fig. 1d), and 3G11 (Fig. 1e) was detected using flow cytometry. Our results show
that there is no difference in protein expression of CD25, FoxP3, GITR, CD127, and 3G11
on MOG-primed CD4* T cells (Fig. 1a—e) after co-culture with DCs+LPS or DCs. It can be
concluded that LPS treatment cannot affect protein expression of Tyeg-associated molecules
on MOG-specific CD4* T cells.

LPS-treated DCs modulate development and differentiation of CD4*CD127*3G11* and
CD4*CD127*3G11 regulatory T cell subpopulations in vitro

To investigate whether or not LPS-treated bone marrow-derived DCs can regulate
development and differentiation of CD4* regulatory T cell subpopulations,
CD4*CD25"FoxP3*GITR™ (Tyegs) cells shown in Fig. 1 as above were gated and
frequencies of CD127*3G11* and CD127*3G11" cells were shown (Fig. 2). Experimental
data indicate that DCs-MOG+LPS upregulate frequency of CD127+3G11~ regulatory T
cells, but downregulate that of CD127*3G11* regulatory T cells compared with that of
regulatory T cells co-cultured with DCs-MOG (Fig. 2a, b). It implies that LPS-stimulated
DCs may modulate development of different regulatory T cell subsets mediated by CD127
and 3G11.

Intravenous transfer LPS-treated DCs blocks development of EAE in vivo

To investigate whether or not i.v. transfer of LPS-treated DCs can affect development of
autoimmunity-mediated by CD4* T cells in vivo, bone marrow-derived DCs treated with
LPS or without LPS stimulation were pulsed with MOG peptide (0.1 uM) or without loading
MOG peptide as a control. Cells were i.v. transferred into C57/BL6J mice immunized with
MOG peptide/CFA (Fig. 3). Clinical scores of EAE development were recorded. Our results
demonstrated that DCs-MOG+LPS significantly inhibit development of EAE in vivo
compared with EAE mice by which were i.v. transferred DCs-MOG (Fig. 3). By contrast,
i.v. transfer of DCs-MOG does not significantly affect development of EAE compared with
mice with EAE in control group by which were i.v. transferred DCs (Fig. 3). It suggests that
DCs-MOG+LPS inhibit CD4* T cell-mediated immune responses in mice with EAE.
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LPS-stimulated DCs do not affect expression of Tieg-associated molecules on CD4* T cells
ex vivo

To test whether or not LPS-treated DCs can modulate expression of Tyeg-associated
molecules on CD4* T cells in vivo, cells isolated from mice in Fig. 3 were collected and
stained by anti-mouse antibodies to target Tyeg-associated molecules. A flow cytometry
assay was then conducted. Our results indicate that either i.v. transfer of DCs-MOG+LPS or
DCs-MOG does not affect expression of Tyeg-associated molecules including CD25, FoxP3,
GITR, CD127, and 3G11 on CD4* T cells compared with them onCD4* T cells isolated
from mice by which were i.v. transferred DCs as a control ex vivo (Fig. 4a—e). It can be
concluded that LPS-induced mature DCs cannot modulate Tyeg-associated molecules on
CD4* T cells ex vivo.

LPS-treated DCs modulate development of T4 subpopulations mediated by 3G11 and
CD127 ex vivo

To investigate whether or not LPS-treated DCs can also regulate development and
differentiation of Tyeq subpopulations in vivo, cells isolated from mice in Fig. 3 were stained
anti-mouse CD4, CD25, CD127, 3G11, FoxP3, and GITR antibodies, and a flow cytometry
assay was conducted. Experimental data demonstrate that i.v. transfer of DCs-MOG+LPS
leads to upregulation of frequency of CD4*CD127*3G11™ Tiegs, but downregulation of
percentage of CD4*CD127*3G11" Tyeqs compared with that of Tegs isolated from mice
treated with DCs-MOG. By contrast, DCs-MOG cannot modulate frequencies of Tieq
populations mediated by CD127 and 3G11 compared with that of Tyegs isolated from mice
treated with DCs as a control (Fig. 5). It can be concluded that LPS-stimulated bone
marrow-derived DCs not only regulate development and differentiation of Tieq
subpopulations in vitro but also modulate those of Tyeq subpopulation mediated by CD127
and 3G11 ex vivo. It implies that LPS-treated DCs may inhibit autoimmunity through
modulation development of Tyeq subsets mediated by CD127 and 3G11 in vivo.

Discussion

CD4" regulatory T cells play an important role in induction of immune tolerance [24-27].
Multiple specific markers of Tyegs have been found after Tyegs Were reported in 1990s [24-
27]. It has been known that phenotype of conventional Tyegs is CD4*CD25 FoxP3™ T cells
[11, 28]. Moreover, GITR is also expressed on surface of typical CD4* Tregs [13]. In
addition, 3G11 is a marker for specific subsets of CD4* Tregs [14, 15, 20, 29]. It is unclear
whether or not DCs regulate development of Tyegs through modulating expression of Tyeg-
associated molecules. There is no difference in expression of CD25, CD127, FoxP3, GITR,
and 3G11 after co-culture with immature or mature DCs stimulated by LPS. It suggests that
DCs do not affect development of Tegs Via regulating expression of Teg-associated
molecules on CD4™ T cells. DCs may affect development of Tegs through other unknown
pathways.

Multiple subpopulations of CD4* Tregs Were reported [30, 31]. For example, CD4*
CD25*CD127!ow Tregs are necessary for blocking autoimmunity in vivo [32, 33].
Experimental data of Bao et al. demonstrated that frequency of CD4*CD25*CD127!ow Tregs
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is decreased in patients with unexplained recurrent spontaneous miscarriage (URSM) [34].
CD127'ow Tregs may inhibit proliferation of effector T cells and block development of
URSM induced by autoimmune T cells. Ukena etal. found that numbers of
CD4*CD25*CD127'ow Tregs in healthy people are always more than those in patients with
acute and chronic GVHD [18]. It suggests that deficiency of CD4*CD25*CD127!ow Tregs
may be one of the reasons to induce GVHD in vivo. However, regulatory mechanisms of
development and differentiation of Teqs are still obscure. Therefore, we focus on the role of
immature and mature DCs on development of Tyeq subsets.

Our previous results indicated that LPS-treated bone marrow-derived DCs inhibit
development of autoimmunity in vivo through blocking development of Th17 cells [3]. We
propose that LPS-treated DCs may not only affect differentiation of Th17 cells but also
regulate other CD4* T cell subsets such as Tregs:

3G11 is a sialylated carbohydrate epitope of the disialoganglioside molecule and expressed
on murine CD4* T cells. Zhang et al. reported that deficiency of 3G11 induces T cell anergy.
CD4%3G11™ T cells indicate property of Tregs since they inhibit Th1 activation but
CD4%3G11* T cells still keep autoantigen-induced proliferation and IL-2 production [15].
Zhao et al. found that CD25"3G11™ Tyegs inhibit antigen-specific immune responses and
EAE in vivo [14]. Intravenous transfer of LPS-treated DCs blocks development of EAE.
Simultaneously, LPS-treated DCs upregulate frequency of CD12773G11™ but downregulate
that of CD127*3G11" Tyegs. Since CD12773G11™ and CD127*3G11" cells are two new
subsets of conventional CD4*CD25*FoxP3*GITR™ Tegs, details of their immune functions
are still unknown. Since data of Zhang et al. indicate that CD4*3G11~ TregsCanleadto T
cell anergy [15], CD4*CD127*3G11™ Tyeqs may lead to Th17 cell anergy. LPS-treated DCs
may block Th17 activity through facilitation of CD127*3G11~ Tregs and induce Th17 anergy
in vivo; however, this hypothesis has not yet been tested and we will investigate it in the
future.

In summary, our data show that LPS-treated DCs can modulate development of
CD4*CD127%3G11™ and CD4*CD1273G11" Tyegs in vitro and in vivo. Our results may
reveal a new cellular mechanism of LPS-treated DC-mediated immune tolerance and suggest
a potential possibility of immunotherapy using CD4*CD127*3G11™ Tyegs to target
autoimmune diseases such as multiple sclerosis (MS).
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3G11

Protein expression of Tyeg-associated molecules on CD4™ T cells after co-culture with bone
marrow-derived DCs treated with LPS or without LPS stimulation. Bone marrow-derived
DCs were pulsed with MOG peptide (0.1 pM) and incubated with LPS (1 pg/ml) (thick line)
or without LPS stimulation (#h/n line) as a control for 24 h at 37 °C. DCs incubated with
isotype control antibody are negative control sample (shade). Cells were harvested and
stained by anti-mouse CD4, CD25, CD127, GITR, FoxP3, and 3G11 antibodies. Expression
of CD25 (a), FoxP3 (b), GITR (c), CD127 (d), and 3G11 (€) on CD4* T cells was detected
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using flow cytometry. Error bars shown in this figure represent mean and SD of triplicate
determinations of MFI of Teg-associated molecules on CD4* T cells (*P<0.05, n=3, ¢t
test)
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Fig. 2.
LPS-treated DCs modulate development and differentiation of CD4*CD127*3G11* and

CD4*CD127*3G11™ regulatory T cells. A flow cytometry assay was carried out.
CD4*CD25"FoxP3*GITR™ Teqs Were gated. Frequencies of CD127*3G11" (a) and
CD127*3G11™ (b) regulatory T cells are indicated. Error bars demonstrated in this figure
represent mean and SD of triplicate determinations of frequencies of CD127*3G11* (a) and
CD127*3G11" (b) regulatory T cells (*P < 0.05, n=3, ttest)
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Intravenous transfer of DCs-MOG+LPS blocks development of EAE in vivo. LPS-treated
DCs and LPS-untreated DCs were i.v. transferred into mice immunized with MOG
peptide/CFA at days 11, 14, and 17 (3 x 10° cells/per mouse/per time). Clinical scores of
EAE are shown. Error bars indicated in this figure represent mean and SEM of clinical
scores of EAE (two-way-ANOVA test, 7= 10, *£< 0.05)
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Fig. 4.
LPS-treated DCs do not affect expression of Tyeg-associated molecules on CD4* T cells ex

vivo. Splenocytes were isolated from mice treated with i.v. transfer of LPS-stimulated DCs
loaded with MOG peptide (#hick /ine) or DCs pulsed with MOG peptide without LPS
stimulation (#hin line) and DCs without incubation with MOG peptide and LPS as a control
(shade) shown in Fig. 3. Cells were harvested and incubated with anti-mouse CD4, CD25,
CD127, FoxP3, GITR, and 3G11 antibodies. CD4" T cells were gated. Expression of CD25
(@), FoxP3 (b), GITR (c), CD127 (d), and 3G11 (e) on CD4* T cells was detected using
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flow cytometry. Error bars demonstrated in this figure represent mean and SD of triplicate
determinations of MFI of Teg-associated molecule expression in three independent
experiments (*P< 0.05, n= 3, ttest)
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Fig. 5.

LPS-treated DCs modulate development and differentiation of T,eq subpopulations mediated
by CD127 and 3G11. Splenocytes were isolated from mice which were i.v. transferred into
LPS-treated DCs-MOG+LPS or DCs-MOG and DCs without incubation with LPS and
MOG peptide shown in Fig. 3. Cells were re-stimulated with mouse IL-2 (1 ng/ml) and
MOG peptide (0.1 pM) for 72 h at 37 °C. T lymphocytes were stained by anti-mouse CD4,
CD25, CD127, GITR, FoxP3, and 3G11 antibodies. CD4*CD25*FoxP3*GITR* Teqs Were
gated. Protein expression of 3G11 and CD127 on CD4*CD25"FoxP3*GITR" Teqs Was
detected using flow cytometry. Error bars indicated in this figure represent mean and SD of
triplicate determinations of frequencies of CD127*3G11* (a) and CD127+3G11~ (b)
regulatory T cell subpopulations in three independent experiments (*P < 0.05, 7= 3, ftest)
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