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Abstract: CD24 is a glycosyl-phosphatidylinositol (GPI) anchored cell surface glycoprotein with a variety of immuno-
modulatory functions such as inhibition of thymic generation of autoreactive T cells, regulation of antigen present-
ing cell functions, and mediation of autoimmunity. Given the autoimmune nature of FoxP3* regulatory T cells and
their importance in autoimmune diseases, we hypothesize that CD24 regulates the generation and functions of Treg
cells. Through the analysis of the Treg repertoire in two strains of CD24-deficient mice, we found that CD24 does not
globally affect the thymic generation of Treg cells. However, CD24 is abundantly expressed on Treg cells, and CD24
antibody treatment of Treg cells enhances their suppressive functions. Concurrently, we observed CD24-deficient
Treg cells exhibit increased suppressive functions and produce more I1L.-10 compared to their wild type counterparts.
In addition, CD24-deficient Treg cells exhibited more potent suppressive capacity in inhibiting the development of
experimental autoimmune encephalomyelitis (EAE) in mice. Thus, CD24 on Treg cells regulates their suppressive
functions. Our findings can partially explain the resistance of EAE development in CD24-deficient mice and CD24
polymorphism-associated susceptibility of human autoimmune diseases. Further investigations regarding mecha-
nisms of CD24 regulation of Treg function may lead to a new approach for the immunotherapy of human autoim-
mune diseases.
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Introduction gen presenting cells (APC). For instance, CD24
on APC has been shown to mediate CD28 in-
dependent co-stimulation of CD4 and CD8 T
cells [4, 12-16]. CD24 expression on DC has
been shown to control the rapid homeostatic
proliferation of syngenic T cells in a lymphope-

nic model [17]. A previous study [18] revealed

CD24 is a glycosyl-phosphatidylinositol (GPI)
anchored cell surface glycoprotein [1, 2]. It is
expressed on immature thymocytes, mature B
lymphocytes and a variety of other types of
cells, such as dendritic cells (DC) [3-6]. CD24

expression reduces from T cells after matura-
tion and upregulates rapidly after T cell activa-
tion [7, 8]. CD24 expression on T cells is re-
quired for their optimal homeostatic prolifera-
tion [9]. In the thymus, CD24 is expressed on
immature thymocytes, mTEC and DC [3-6].
CD24 is broadly used as a maturation marker
of thymocytes and cross-linking the murine
CD24 induced apoptosis of thymocytes [10].
One study suggested transgenic expression of
CD24 in thymocytes results in thymic atrophy
[11]; however, we did not observe this in our
transgenic model [7].

A variety of studies have revealed that CD24
plays a role in regulating the functions of anti-

that CD24 interacts with Siglec G on DCs and
binds to danger-associated molecular patterns
(DAMP) to form a tri-molecular complex on DC
to regulate DC function. Thus, one of the major
roles of CD24 is regulating APC functions.

We have reported [19-21] that targeted muta-
tion of CD24 reduces the development of ex-
perimental autoimmune encephalomyelitis (EA-
E), an experimental model of human multiple
sclerosis. Our initial works showed that CD24
on APCs contribute to myelin specific T cell ex-
pansion and persistence in the peripheral lym-
phoid organs and in the CNS [19-21]. Our sub-
sequent investigations further revealed that
CD24 is also required for the thymic generation
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of myelin antigen-specific T cells [5, 6]. These
studies suggest that CD24 acts both intra-thy-
mically and extra-thymically. In the thymus,
CD24 protects thymocytes from autoantigen-
mediated clonal deletion; in the peripheral
lymphoid organs and in the CNS, CD24 is
required for the optimal activation and survi-
val of myelin antigen-specific T cells.

FoxP3* regulatory T cells (Tregs) are generated
in the thymus (nTreg) and converted from con-
ventional T cells during immune response (iT-
reg). These cells are considered the key regula-
tors of autoimmunity [22, 23]. Increasing evi-
dence suggests that Tregs manifest their func-
tion through a myriad of mechanisms including
the secretion of immunosuppressive soluble
factors such as IL-10 and TGF beta [24, 25].
Given the autoreactive nature of Tregs [26, 27]
and their essential roles in autoimmunity, we
hypothesized that Treg cell dysregulation may
be related to CD24-mediated autoimmunity. In
this study, we have tested this hypothesis by
evaluating Treg generation, repertoire, and th-
eir suppressive functions in two strains of CD-
24-deficient mice. We found that CD24 does
not globally affect generation of Treg cells in
the thymus and peripheral lymphoid organs.
However, CD24-deficient Tregs exhibit incre-
ased suppressive activity and IL-10 production,
making them more potent in inhibiting EAE
development.

Materials and methods
Mice

C57BL6, BALB/c and Ragl/C57BL/6 mice
were purchased from the Jackson Laboratory.
CD247 mice in the C57BL/6 background have
been described [19, 20]. CD247/Ragl’ mice
were generated by breeding CD247- C57BL6
mice with Ragl7"C57BL/6 mice for two gene-
rations. CD247- BALB/c mice were generated
by breeding CD247- C57BL/6 mice with BALB/
¢ mice for 20 generations before they were
used for this study. 2D2*CD247MOG” mice
has been described before [5]. All mice were
bred and maintained in the animal facilities of
The Ohio State University that are fully accred-
ited by the American Association for Accre-
ditation of Laboratory Animal Care.

Antibodies and flow cytometry

The following antibodies were used in the
experiments according to the manufacturer’s
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recommendations: FITC-, PE-, PerCp-, allophy-
cocyanin-labeled anti-Va3.2 (RR3-16), -VB2
(B20.6), -VB3 (KJ25), -VB4 (KT4), -VB5.1/5.2
(MR9-4), -VB6 (RR4-7), -VB7 (TR310), -VB8
(F23.1), -VB9 (MR10-2), -VB10 (B21.5), -Vp11
(RR3-15), -VB12 (MR11-1), -VB13 (MR12-3),
-VB14 (14-2), -CD4 (GK1.4), -CD8« (53-6.7),
-CD24 (M1/69), -CD25 (7D4) and -FoxP3
(NRRF-30). These antibodies were purchased
from eBioscience (West San Diego, CA) or BD
Biosciences (San Diego, CA). For flow cytome-
try analysis, thymocytes, splenocytes or lymph
node cells were incubated with antibodies on
ice for 30 min or by following established pro-
tocol (FoxP3 staining, eBiosciences). Cells were
collected on a FACScalibur cytometer (Becton
Dickinson, Mountain View, CA, USA) and ana-
lyzed using Flowjo software (Tree star).

Purification of CD4*CD25* and CD4*CD25 T
cells from spleen and lymph node cells

CD4* T cells were purified from CD24-deficient
BALB/c or C57BL6 mice or their relative WT
controls by negative selection. Briefly, spleen
and lymph node cells from donor mice were
incubated with a cocktail of mAbs (anti-CD8
mAb TIB210, anti-FcR mAb 2.4G2 and anti-
CD11c mAb N418). After removing the unbo-
und antibodies, the cells were incubated with
anti-rat IgG coated magnetic beads (Dynal
Biotech). A magnet was used to remove the
Ab-bound cells. The remaining cells were CD4*
T cells. To isolate CD4*CD25* and CD4*CD25 T
cells, the purified CD4* T cells were stained
with anti-CD4-FITC and anti-CD25-PE, CD4*
CD25* and CD4*CD25- cells were subsequently
separated by high-speed sorting using a flow
cytometer. In some experiments, the purified
CD4* T cells were further stained with anti-
CD25-PE antibody (7D4, BD Biosciences) fol-
lowed by separation of CD4*CD25* and CD4*
CD25" cells using anti-PE MACS bead tech-
nology.

Lymphocyte proliferation and Treg-mediated
suppression assay

For Treg-mediated suppression assay, 0.5x108/
ml purified CD4*CD25 T cells from WT or
CD247 mice were co-cultured with graded
numbers of CD4*CD25" Treg cells from WT or
EBI3” mice in the presence of irradiated
splenocytes (2x10%/ml) from Ragl’” or
CD247-Ragl” (C57BL6) or Rag2’ (BALB/c) mi-
ce and 0.1 uyg/ml of anti-CD3 mAb (2C11). After
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Figure 1. Impact of CD24-deficiency on numbers of Treg cells. Thymocytes and splenocytes from WT and CD247
BALB/c or C57BL/6 mice were stained for CD4, CD8«, and Foxp3. Percentages (%) of Treg cells (A) and their abso-
lute numbers (B) were quantified by flow cytometry. Six pairs of age and sex-matched BALB/c-CD247BALB/c mice
and 6 pairs of C57BL/6-CD247-C57BL6 mice were used. "P<0.05 by student’s t test.

48 h, 1 uCi/well *H-Tritium was pulsed into the
cultures and incorporation of 3H-Tritium was
measured in a liquid scintillation counter 12 h
later.

Isolation of total RNA from Treg cells and qRT-
PCR

Total RNA was isolated from purified Treg cells
by using the Trizol method (Invitrogen). The first
strand cDNA of each sample was synthesized
using a reverse transcription kit (Invitrogen).
Quantitative real time PCR was performed to
detect the expression of IL-2, IL-10, IFN-y, and
TGF-B1 as we described before [28].

Cytokine ELISA

ELISA kits for the detection of IL-2, IL-10 and
IFN-y were purchased from eBiosciences.
Standard procedures were followed to detect
release of cytokines in culture supernatants in
a variety of settings (detailed in figure legends
to each experiment).

Induction and assessment of EAE

Myelin oligodendrocyte glycoprotein (MOG)
35-55 peptide was purchased from Genemed
Synthesis, Inc (San Antonio, TX), was used as
the immunogen. Ragl” mice (8-12 weeks old)
received 5x10° CD4* T cells from sex and age-
matched C57BL6 mice or 1x10° CD4* T cells
from 2D2"CD247"MOG”- mice [5]. The recipient
mice were then immunized for the induction of
EAE as we described [29]. Briefly, the T cell-
recipient Rag1/ mice were immunized subcuta-
neously with 200 yg MOG peptide in CFA (con-
taining 400 pg of Mycobacterium tuberculosis)
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in a total volume of 100 uL. Mice were also
injected with 150 ng of pertussis toxin (List
Biological, Campbell, CA) in 200 uL PBS via the
tail vein immediately after the immunization
and again 48 hours later. EAE scores were
evaluated on a scale of O to 5: O, no clinical
signs; 1, loss of tail tone; 2, wobbly gait; 3, hind
limb paralysis; 4, moribund; and 5, death.

Statistics

Wilcoxon signed-rank test was used to com-
pare EAE scores in the time course experi-
ments. Student’s t-test was used for all other
comparisons. In all cases, the alpha level was
set at P<0.05.

Results

CD24 does not globally affect the generation
of Treg cells

In our previous study, we found that CD24 plays
a critical role in thymic generation of MOG-
specific 2D2 T cells but not OVA-specific OT2 T
cells [5, 6]. Frequencies of viral super antigen
reactive T cells (autoreactive) were also redu-
ced in CD24-deficient mice [6]. Given the auto-
reactive nature of CD4*FoxP3* Treg cells [26,
27] and their essential roles in autoimmunity
[22, 23], we sought to determine if CD24 affe-
cted the generation of Treg cells.

Two strains (BALB/c and C57BL6) of CD24%*
and CD247 mice were sacrificed and their thy-
mocytes and splenocytes were prepared, three
color staining (CD4, CD8 and Foxp3) was per-
formed and frequencies of CD4*CD8 Foxp3* T
cells were quantified using flow cytometry. As
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Figure 2. TCR VB subsets of Treg cells in WT and CD247- mice. Thymocytes and splenocytes from WT and
CD247-BALB/c or C57BL/6 mice were stained for CD4, CD8ax and FoxP3 or one of the V[ chains. Percentages of each
subset of Treg cells in thymus (A, C) and spleen (B, D) were quantified by flow cytometry. Age and sex -matched

6 pairs of BALB/c/CD247BALB/c mice and 6 pairs of C57BL/6/CD247C57BL6 mice were used.

“*P<0.01 by student’s t test.

shown in Figure 1, in the thymus, the percent-
ages of Treg cells among CD4 single positive
cells were about 4% and were similar between
WT and CD247 mice in both strains (Figure 1A).
However, slightly reduced absolute numbers of
Treg cells were observed in CD247- BALB/c
mice but not in CD247/C57BL6 mice (Figure
1B).

To determine whether CD24-deficiency affects
T cell receptor repertoire of Tregs, antibodies
specific to different VB chains, CD4, CD8« and
Foxp3 were used to stain thymocytes and sple-
nocytes, and flow cytometry was used for anal-
ysis. As shown in Figure 2, Tregs bearing V(33,
VB5.1/5.2, VB11 and VB12 were largely absent
in WT and CD247-BALB/c mice but not in CD-
24-deficient or sufficient C57BL/6 mice, pre-
sumably due to viral super antigen-mediated
deletion of these subsets [30]. Tregs from
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“P<0.05 and

CD247 BALB/c mice had similar T cell receptor
repertoire with WT BALB/c mice with slightly
decreased VB7" cells in both thymus and
spleens (Figure 2A and 2B). Increased VB3 and
decreased VP12 positive Treg cells were ob-
served in CD247C57BL/6 mice compared to
WT controls (Figure 2C and 2D). CD24-defi-
ciency did not lead to differential generation
of other subsets of Tregs (Figure 2). Thus,
CD24-deficiency differentially affects subsets
of Treg cells in different strains of mice without
globally affecting Treg cell generation.

CD24 is expressed on Treg cells and inhibits
Treg functions

CD24 on T cells has been shown to affect their
function [9]. We hypothesized that CD24 on
Treg cells also affected the function of Tregs.
We first asked whether Treg cells express CD24.

Am J Transl Res 2022;14(4):2291-2300
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Figure 3. Expression of CD24 on Treg cells. Thymus, spleen, and lymph nodes from WT and CD247-C57BL6 mice
were disassociated into single cell suspensions and were stained for CD24, CD4, CD8«, and Foxp3. Cells were then
analyzed by flow cytometry. (A) Cellular expression of CD24 on total cell populations. (B) FoxP3 expression among
CD4* single positive T cells and (C) CD24 expression on FoxP3*CD4* Treg cells. Red lines represent control mAb
stained WT cells; blue lines represent anti-CD24 mAb stained cells from CD247- mice; and yellow lines represent
anti-CD24 mAb stained cells from WT mice. Data shown represent three to five experiments with similar results.

Thymocytes, splenocytes, and lymph node cells
from WT and CD247 mice were stained for
CD24, CD4, CD8, and FoxP3 followed by flow
cytometry analysis. As shown in Figure 3A, thy-
mocytes, splenocytes, and lymph node cells
globally expressed CD24. Among the Fox-
P3*CD4* Tregs (Figure 3B), CD24 was readily
detectable on Tregs from WT mice (Figure 3C),
with spleen Treg cells having higher CD24
expression compared to thymic Tregs and
lymph node Tregs (Figure 3C).

To determine whether CD24 expression on Treg
cells affects their effector functions, CD4*
CD25" Treg cells were purified from WT and
CD247 mice and their suppressive effects
onCD4*CD25 T cell proliferation and cytokine
production was assessed. As shown in Figure
4A, CD24-deficient Treg cells exhibited stron-
ger suppressive activity on T cell proliferation
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compared to their WT counterparts. CD24-
deficient Treg cells also exhibited more potent
suppression of IL-2 and IFN-y but not IL-10
production by T cells (Figure 4B). To determine
whether CD24 on Treg cells directly affects
Treg function, a CD24-specific mAb (M1/69)
was used in the coculture and we found that
CD24 mAb dose-dependently increased the
suppressive activity of WT Treg cells (Figure
4C).

Increased IL-10 production by CD24-deficient
Treg cells

To determine the mechanisms of increased
suppressive functions in CD24-deficient Tregs,
expression of cytokine genes in the purified
WT and CD247 Treg cells and CD4*CD25 con-
ventional T cells were compared. As shown in
Figure 5A, expression of IL-2 and IFN-y genes

Am J Transl Res 2022;14(4):2291-2300
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Figure 4. Increased suppressive functions of CD24-deficient Tregs. CD4*CD25* (Treg) and CD4*CD25 T cells (Tconv)
were purified from spleen and lymph node cells by fluorescence-activated cell sorting. T cell suppression assay and
ELISA were set up as described in materials and methods. A. A representative experiment using Tconv cells from
CD247BALB/c mice as responders are shown. B. Concentrations of cytokines in the supernatants of co-cultures.
C. A representative proliferation assay using Tconv cells from CD247C57BL6 mice as responder, irradiated spleno-
cytes from CD247/Ragl’- mice as APC in the presence and absence of different concentrations of anti-CD24 mAb
(M1/69). Data shown represent at least three experiments with similar results.

was similar between WT and CD247 Treg cells
and did not show a difference between Treg
cells and conventional T cells. However, expres-
sion of IL-10 gene was significantly higher in
Treg cells compared to conventional T cell.
Notably, CD24-deficient Treg cells had signifi-
cantly increased expression of the IL-10 gene
compared to WT Tregs (Figure 5A). Increased
expression of TGF-B1 gene was also detected
in CD24-deficient Treg cells. However, the over-
all expression of TGF-B1 gene in Tregs was
much lower than that in conventional T cells
(Figure 5A).

Consistent with the gene expression data, we
found that plate-bound anti-CD3-activated
CD247 Treg cells produce significantly higher
amounts of IL-10 than WT Treg cells (Figure 5B).
However, the productions of IL-2 and IFN-y were
low and did not differ between WT and CD24
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Treg cells. Conventional T cells (Tconv) pro-
duced high amounts of IL-2 and IFN-y and
low amounts of IL-10. However, no significant
differences were observed between WT and
CD247 Tconv cells in production of cytokines
(Figure 5B).

CD24-deficient Treg cells are more inhibitory
in vivo

To determine whether CD24-deficiency affects
Treg function during the development of EAE,
an experimental model of human multiple scle-
rosis, we performed a series of adoptive trans-
fer experiments. First, we isolated Tregs from
CD247 and WT C57BL/6 mice and adoptively
transferred them into Ragl”C57BL/6 mice.
CD4*CD25CD247 T cells from C57BL/6 mice
were used as effectors. The recipient mice
were then immunized for EAE development. We

Am J Transl Res 2022;14(4):2291-2300
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Figure 5. Increased IL-10 production by CD24-deficient Treg cells. FACS-sorted Treg and Tconv cells from WT and
CD247- mice were analyzed for cytokine production by gRT-PCR (A) and ELISA (B). Data are expressed as mean + SD
of five samples and represent three experiments with similar results.
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Figure 6. Increased suppressive functions of CD24-deficient Treg cells in vivo. A. 5x10° CD4*CD25 T cells from
CD247 mice were injected into each Ragl’- mouse i.v. Each recipient mouse also received 0.7x10° Treg-WT cells
or Treg-CD247-. The recipient mice were then immunized with MOG35-55/CFA/p.t. Data shown represent two ex-
periments with similar results. B. 1x10° CD4*CD25 T cells from 2D2*CD24/MOG”- mice were injected into each
Ragl17 mouse i.v. Each recipient mouse also received 0.5x10° Treg-WT cells or Treg-CD247. The recipient mice were
then immunized with MOG35-55/CFA/p.t. Wilcoxon signed-rank test was used for comparison.

found that mice receiving CD247 Treg cells had CD4*CD25 2D2 T cells from 2D2*CD24/MOG”"
diminished EAE development compared with mice into Ragl’ mice. The recipient mice also
mice receiving WT Treg cells (Figure 6A). In a received Treg cells from CD247 or WT mice fol-
second series of experiments, we injected lowed by EAE induction. Mice receiving CD24-
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deficient Tregs developed less severe EAE, fur-
ther supporting our hypothesis (Figure 6B).
Thus, CD24-deficient Tregs have a more potent
capacity in inhibiting EAE development in vivo.

Discussion

CD24 expression on Tregs has been implicated
in some recent studies [31, 32]. However, its
functional role remains unclear. In this study
we have evaluated the roles of CD24 in Treg
cell development and function. We made the
following two notable observations. First, CD24
does not globally affect the generation of Treg
cells. Second, CD24 is expressed on Treg cells
and regulates their function in vitro and in vivo.

Our recent studies have revealed that CD24 is
required for the thymic generation of myelin
antigen specific T lymphocytes [5, 6]. Given the
autoreactive nature of Treg cells [26, 27], we
hypothesized that CD24 in the thymus might
affect Treg cell development. To test this
hypothesis, in this study we examined numbers
and TCR repertoire of Tregs in two strains
(BALB/c and C57BL/6) of CD24-deficient mice.
We found that CD24-deficiency does not glob-
ally affect Treg generation in the thymus. This
conclusion is supported by the observation
that the percentages of FoxP3*CD4* cells are
similar between CD247 and WT mice in thymus
and spleen of both strains of mice. In addition,
the percentage of the majority of Treg TCR sub-
sets are also similar between CD247 and WT
mice in thymus and spleen. However, we
observed a few minor differences in Treg cells
between CD247 and WT mice. First, we found
that the total numbers of Treg cells in the
spleens of CD247/-BALB/c mice were lower than
that in WT BALB/c mice (Figure 1B). Studies
show that CD24 expression is required for
homeostatic proliferation of T cells [9]. Thus it
is likely that reduced homeostatic proliferation
of CD24-deficient Treg cells may be responsible
for the Treg cell number reduction. Intriguingly,
this phenomenon was not observed in C57BL/
6 mice. It remains unclear whether the strain
difference is because BALB/c mice are more
lymphopenic, for some subsets of T cells, such
as VB3, VB5, VB11 and VB12 or if they are miss-
ing in BALB/c mice due to viral super antigen
mediated T cell depletion [30]. Either way,
homeostatic proliferation is more dependent
on the lymphopenic environment. Second, we
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found some minor differences in some subsets
of Tregs from WT and CD247 mice. In the
BALB/c strain, CD24-deficiency caused a min-
or reduction of VB7-specific Treg cell popula-
tions; while in the C57BL/6 mice, CD24-
deficiency resulted in increased numbers of
VB3* Treg cells and decreased VB12* Treg
cells. While it remains unclear how VB33* Treg
cells are increased, reduced VB7* and VpB12*
Treg cells are consistent with our previous
observation that in the absence of CD24, auto-
reactive thymocytes are more sensitive to
negative selection [5, 6].

This is the first work that shows CD24 on Treg
regulates Treg cell functions. This conclusion is
supported by the following evidence: first,
CD24-deficient Tregs are more suppressive for
T cell proliferation and production of IL-2 and
IFN-y. Second, anti-CD24 mAb dose-depend-
ently increases the suppressive functions of
Treg cells. Third, CD24-deficient Treg cells pro-
duce more IL-10. Fourth, CD24-deficient Tregs
are more potent in inhibiting EAE development.
Since plate-bound anti-CD3-activated, CD24-
deficient Treg cells produce more IL-10, it is
unlikely that CD24 on Treg cells are engaging
its receptors on other cells. In this regard,
recent studies have revealed that CD24 forms
a tri-molecular complex with Siglec G and
HMGB1 on APCs, allowing it to regulate func-
tions of APC [18]. It is reasonable to hypothe-
size that CD24 on Treg cells also forms a tri-
molecular complexes with Siglec G and HMG-
B1, regulating Treg IL-10 production. It is also
tempting to hypothesize that anti-CD24 anti-
body treatment increases the suppressive
activity of Treg cells by blocking CD24/Siglec
G/HMGB1 complex formation on Treg cells.

Treg cell production of TGF-B and IL-10 has
been shown to contribute to their suppressive
functions [24, 25]. In this study, we found that
TGF-B1 mRNA expression was increased in
CD24-deficient Treg cells compared to WT Treg
cells. However, the overall expression of TGF-1
MRNA in Treg cells was much lower than Tconv
cells. Thus, it is unlikely that TGF-B1 production
is a major contributor of increased suppressive
functions of CD24-deficient Tregs. In contrast,
we found that IL-10 production was significan-
tly increased in CD24-deficient Treg cells com-
pared to WT Treg cells, and the amounts of
IL-10 production in Tregs was much higher
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than Tconv cells. Thus, it is most likely that
increased IL-10 production by CD24-deficient
Treg cells contributes to increased suppressive
functions of CD24-deficient Treg cells.

Taken together, we have demonstrated that
CD24 is abundantly expressed on Treg cells
and regulates functions of Tregs. This finding
can partially explain the resistance of EAE
development in CD24-deficient mice [19-21]
and CD24 polymorphism-associated suscepti-
bility of human autoimmune diseases [33, 34].
Further investigation of the mechanisms of
CD24 regulation of Treg function may present
a new venue for the immunotherapy of human
autoimmune diseases.
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