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Abstract

It is well established that T lymphocytes undergo homeostatic proliferation in lymphopenic en-
vironment. The homeostatic proliferation requires recognition of the major histocompatibility
complex on the host. Recent studies have demonstrated that costimulation-mediated CD28,
4-1BB, and CD40 is not required for T cell homeostatic proliferation. It has been suggested
that homeostatic proliferation is costimulation independent. Here, we report that T cells from
mice with a targeted mutation of CD24 have a remarkably reduced rate of proliferation when
adoptively transferred into syngeneic lymphopenic hosts. The reduced proliferation cannot be
attributed to abnormal survival and homing properties of the CD24-deficient T cells. T cell
proliferation in allogeneic hosts is less aftected by this mutation. These results demonstrate a
novel function of CD24 expressed on T cells. Thus, although distinct costimulatory molecules
are involved in antigen-driven proliferation and homeostatic proliferation, both processes can

be modulated by costimulatory molecules.
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Introduction

The immune system maintains a relatively constant number
of lymphocytes by two distinct mechanisms. Activation-
induced cell death (1, 2) results in the removal of lympho-
cytes after massive antigen-induced clonal expansions. When
the lymphocytes are depleted, naive T cells undergo rapid
expansion to replenish the T lymphocyte pools (3, 4). This
phenomenon is termed homeostatic proliferation (5, 6). Ho-
meostatic proliferation appears to be driven by self antigens
(5, 7). In addition, activated T cells acquire features of mem-
ory T cells (8, 9). However, homeostatic T cell proliferation
is distinct from antigen-driven proliferation in its require-
ments for costimulatory molecules. Although CD28-B7 in-
teraction is required for optimal antigen-driven proliferation
(10), several groups have reported that the lack of CD28 on
T cells did not have an appreciable impact in homeostatic T
cell proliferation (5, 8, 11). Moreover, interaction between
4-1BB and 4-1BBL, which is required for allogeneic T cell
response in vivo (12), is unnecessary for homeostatic prolif-
eration (11). Likewise, CD40—CD40L interaction, which is
known to be indirectly involved in antigen-specific T cell
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response, is also not required for homeostatic proliferation
(11). These observations lead to the hypothesis that homeo-
static proliferation is driven by TCR signal only and does
not require costimulation (11).

CD24 (heat-stable antigen) is a cell surface glycosyl-
phosphatidylinositol-anchored protein (13) with a broad
expression on a variety of cell types, including developing
T (14) and most B lymphocytes (15) and a variety of APCs
(16, 17). Although CD24 is down-regulated when T cells
reach maturity (14), it is rapidly induced after the engage-
ment of the TCR-CD3 complex (18, 19). Although we
and others have demonstrated that CD24 on APCs medi-
ates a CD28-independent costimulatory pathway for both
CD4 and CD8 T cell responses (17, 20-24), the role of
CD24 on T cells is largely unknown. Here, we report that
CD24 expression on T cells is required for optimal homeo-
static proliferation of both CD4 and CD8 T cells. Our re-
sults reveal an important function of CD24 expressed on T
cells and suggest that homeostatic proliferation of T cells is
regulated by T cell costimulation.

Materials and Methods

Mice and Antibodies. C57BL6/] and BALB/c mice were pur-
chased from Charles River Laboratories through a contract with
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the National Cancer Institute. B6. Thyl.1 mice were purchased
from The Jackson Laboratory. Mice with the targeted mutation
of CD24 were produced using embryonic stem cells from
C57BL/6 mice as described previously (25) and were maintained
under specific pathogen-free conditions in the animal facility at
the Ohio State University. All studies involving animals have
been approved by the Ohio State University Institutional Labora-
tory Animal Care and Use Committee.

All conjugated antibodies used here were purchased from either
eBioscience (Thyl.2, CD44, and CD62L) or BD Biosciences
(CD4, CD8, H-2K®, CD25 and IFN-v, and isotype control).

Analysis of T Cell Division In Vivo. T lymphocytes were pu-
rified from pooled spleen and lymph node cells by negative se-
lection. In brief, pools of spleen and lymph node cells were in-
cubated with a cocktail of antibodies specific for CD11b (Mac-1),
Fc receptor (2.4G2), B220, and CD11lc. The Dynal beads
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coated with goat anti—rat IgG were used to negatively select T
cells. The purity of the cells was checked by flow cytometry to
be >95%. The purified T cells (Thy1.2*, H-2% were labeled
with CFSE and injected intravenously into irradiated (600 R)
recipient mice that were either congenic in Thyl locus (B6.
Thy1.1") or allogeneic BALB/c (H-24) mice, at a dose of 5 X
10%/mouse. At given times after adoptive transfer, spleen cells
were harvested and analyzed for the intensity of CFSE dye and
other cell surface markers. In some experiments, mononuclear
cells were harvested from the liver after perfusion with PBS as
described previously (26).

Flow Cytometry. The cell surface markers, including CD4,
CD8, CD24, CD44, CD62L, Thyl1.2, and H-2K", were analyzed
by three- or four-color flow cytometry, using fluorochrome-conju-
gated monoclonal antibodies purchased from BD Biosciences.
Apoptosis of T cells was analyzed by staining with PE—annexin V.
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Figure 1. Expression of CD24 on T cells
does not affect the distribution and survival of T
cells upon adoptive transfer to lymphopenic
host. (@) WT (top) and CD24~/~ (bottom)
spleen cells were stained with anti-CD3 in con-
junction with either anti-CID24 or isotype con-
trol. (b) Levels of CD24 expression on T cells
on days 1 (left) and 4 (right) after adoptive
transfer into a lymphopenic environment. Puri-
fied T cells (Thy1.2%) were adoptively trans-
ferred into Thy1.1" congenic mice that received
600 R of y-irradiation before adoptive transfer.
At difterent times after adoptive transfer, the
spleen cells were analyzed. Data shown are
FACS profiles of a representative mouse in each
group and have been reproduced at least three
times. (c) Percentage of donor T cells in the re-
cipient at 6 and 18 h after adoptive transfer.
Data shown are a summary of three to five in-
dependent experiments involving at least eight
mice per group. The apparent reduction ob-
served at 18 h is not statistically significant (P =
0.085). (d) Apoptosis of newly transferred T
cells was not affected by CD24. Spleen cells
were harvested at 18 h after adoptive transfer
and stained with Thyl1.2 (to marker donors),
CD4, and annexin V. Data shown are profiles
of gated Thyl.2 donor cells and have been re-
produced three times.
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To assess intracellular cytokine production, spleen or lymph
node cells were cultured for 4-6 h with 50 ng/ml PMA, 500 ng/
ml ionomycin, and 2 pM GolgiStop (BD Biosciences). Cells
were stained for cell surface markers CD4 and CD8 followed by
intracellular staining for IFN-y and/or isotype control using the
CytoFix/CytoPerm kit (BD Biosciences).

Results and Discussion

Expression of CD24 on T Cells Is Not Required for Its Sur-
vival upon Adoptive Transfer. We analyzed CD24 expression
among WT T cells before and after adoptive transfer. CD24™/~
T cells were used as a control. As shown in Fig. 1 a, in com-
parison with CD247/~ T cells, WT T cells expressed signifi-
cant levels of CD24 before adoptive transfer. The specificity of
the antibody binding was confirmed both by the uses of iso-
type control and mice with targeted mutation of CD24. Upon
adoptive transfer into lymphopenic hosts, the levels of CDD24
were maintained from days 1 to 4 (Fig. 1 b).
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To determine if CD24 was required for T cell survival
and homing to the spleen, we compared the number of
WT and CD247/~ T cells at 6 and 18 h after adoptive trans-
fer. As shown in Fig. 1 ¢, the percentage of donor T cells in
the spleen was essentially identical in the two groups at 6 h
after adoptive transfer. Although the number of CD24™/~ T
cells was slightly lower at 18 h, the difference was not statis-
tically significant (P = 0.085). Similar results were observed
when donor T cells in the blood were analyzed (unpub-
lished data). We also analyzed the rate of cell death by stain-
ing the spleen cells with annexin V. As shown in Fig. 1 d,
low and comparable apoptotic cells were observed in both
groups. Thus, the data presented in this section demon-
strated that expression of CD24 does not affect distribution
and survival of T cells upon adoptive transfer.

CD24 Expression on T Cells Is Necessary for Homeostatic
Proliferation, but Less So for Response to Allogeneic Antigens.
To test whether CD24 expression on T cells plays a role in
homeostatic proliferation, we isolated T cells from WT and
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A critical role for CD24 on T cells in homeostatic proliferation in a lymphopenic host. Purified T cells (Thy1.2%) were adoptively trans-

ferred into Thy1.1* congenic mice that received 600 R of y-irradiation before adoptive transfer. At different times after adoptive transfer, the spleen cells
were analyzed for the rate of division (a and d) and accumulation of donor cells (b, ¢, and ¢). Donor cells used in a—d were labeled with CFSE before
adoptive transfer, whereas those in e were not labeled. Data in a are representative profiles of groups of two mice and have been repeated four times. Data
in b are representative profiles of gated Thy1.2% T cells from five independent experiments, each involving three mice per group. Data in d are represen-
tative profiles of an experiment with three mice per group. Data in ¢ are summary of three experiments in which the initial “take” of T cells was con-
firmed identical (Fig. 1). Similar data were confirmed with four other experiments in which the initial takes of T cells were not monitored. Data in e are

a summary of an experiment involving four mice per group.
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CD247/~ C57BL/6 mice and injected them into irradiated
Thy1.1 congenic mice. At 4 d after adoptive transfer, we
isolated the spleen cells and compared them for the rate of
division based on CFSE intensity. As shown in Fig. 2 a, a
substantial proportion of WT CD4 T cells had undergone
one or more divisions, whereas few CD24~/~ CD4 T cells
had divided. In comparison, CD8 T cells divided faster
than CD4 T cells. The majority of WT CD8 T cells accu-
mulated was the product of two to four divisions. In con-
trast, the majority of CD24~/~ CD8 cells had not under-
gone any divisions. Correspondingly, the percentage of
WT donor cells was fourfold greater than that of the
CD247/~ donors (Fig. 2, b and ¢), although it is unclear
whether the difference can be solely attributed to the rates
of proliferation. Over a 6-d period, the difference in divi-
sion further increased (Fig. 2 d). The difterential division
rate resulted in an almost 20-fold difference in the number
of donor T cells in the recipients at 3 wk after adoptive
transter (Fig. 2 e). Consistent with previous papers (5, 11),
targeted mutation of CD28 had no effect on T cell homeo-
static proliferation in our model (unpublished data).

An interesting issue is whether CD24 is required for an-
tigen-driven proliferation. To analyze this issue in a poly-
clonal T cell pool, we transterred CFSE-labeled WT and
CD247/~ T cells into irradiated BALB/c¢ mice. Because of
a strong allogeneic-reactive T cell response, a robust pro-
liferation of donor T cells was observed, regardless of
whether WT or CD247/~ T cells were used as donors. As
shown in Fig. 3 a, >30% of the spleen cells in the host
spleen are of donor origin. In the allogeneic hosts, the do-
nor cells were larger in size in comparison with the host
cells. Although the amount of WT T cells was consistently
higher than that of the CD24/~ T cells, the difference was
usually not >40% (Fig. 3 b). When the number of T cell
divisions was analyzed by CFSE intensity of the donor
cells, it was clear that most of the WT and CD24~/~ donor
T cells had undergone more than seven divisions. Among
CD4 T cells, the distribution of CFSE intensity was grossly
similar between WT and CD24~/~ donors (Fig. 3 c, left).
However, among the CD8 compartment, more WT than
CD247/~ T cells reached the maximal number of divisions
that can be traced by CFSE (Fig. 3 ¢, right). Thus, CD24 is
less crucial for the division of T cells in response to alloge-
neic antigens in vivo, especially for CD4 T cells. The dif-
terence of ~40%, mostly among CD8 T cells, can be at-
tributed to the role of CD24 in homeostatic proliferation
and/or antigen-specific proliferation. Because the host is
both allogeneic and lymphopenic, the contribution of each
component cannot be easily determined at this point. The
lesser contribution of CD24 to antigen-driven proliferation
is consistent with our previous reports that the targeted
mutation of CD24 alone does not have a significant impact
on CD4 and CD8 T cell responses (20, 22).

It has been reported that homeostatic proliferation of T
cells is accompanied by the acquisition of memory markers
(8, 9). To test whether CD24 plays a role, we analyzed the
memory markers on WT and CD24™/~ T cells, including
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Figure 3. Alloantigen-driven T cell proliferation is less dependent on

CD24 expression on T cells. T cells from WT or CD24~/~ C57BL/6
mice were labeled with CFSE and adoptively transferred into irradiated
BALB/c mice. At 3 d after adoptive transfer, the spleen cells were ana-
lyzed for the accumulation (a and b) and proliferation of donor T cells.
(a) Percentage of donor T cells in the host spleen cells at 3 d after adop-
tive transfer. (b) Summary of experiments involving three mice per
group. (¢) Division of CD4 (left) and CD8 (right) donor T cells in the
host spleen at 3 d after adoptive transfer. Data shown are representative of
three independent experiments, each involving three mice per group.

CD44 and CD62L. The data are presented in Fig. 4 a.
Consistent with previous reports, the majority of WT CD8
T cells expressed high levels of CD44 upon adoptive trans-
fer. A significant proportion of donor cells also down-regu-
lated CD62L. Compared with CD8 T cells, there was less
up-regulation of CD44, but more down-regulation of
CD62L among WT CD4 T cells. As expected, the
CD247/~ cells were less activated. This was demonstrated
by substantially fewer CD62LPYCD44bgh cells and more
CD44ovCD62LMeh cells.

Memory T cells differ from naive T cells in their ability
to produce cytokine within hours of stimulation (27). We
stimulated spleen cells from mice that received WT or
CD247/~ T cells with PMA and ionomycin and analyzed
the intracellular IFN-y production. As shown in Fig. 4 b,
~12% of the WT CD#4 cells synthesized IFN-y within 6 h
of stimulation. In the same experiments, the percentage of
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[FN-y—producing cells among the CD247/~ CD4 T cells
was ~~2.5=3-fold less than their WT counterpart. Although
more CD8 T cells produced IFN-y, there was also a two-

to threefold reduction among CD24~/~
percentage of cytokine-producing cells.

Reduction of Dividing CD24~/~ 'T' Cells Was Not Due to
A potential explanation for the re-

Accelerated Apoptosis.
duced number of divided CD24~/~ T
phopenic host is that CD24 may be

survival of dividing T cells. To test this possibility, we
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donor cells in the

Figure 4. (a) Expression of
CD24 on T cells promotes acqui-
sition of memory cell markers.
WT or CD247/~ T cells were
adoptively transferred into the irra-
diated congeneic mice. At 4 d after
adoptive transfer, the spleen cells
were harvested and analyzed for
acquisition of memory markers.
The differential expression of ac-
tivation markers has been repro-
duced in three independent ex-
periments, each involving two to
three mice per group. (b) Pro-
duction of IFN-y after short-
term stimulation with PMA and
ionomycin. Spleen cells from 4-d
reconstituted mice were harvested
and stimulated for 6 h. The intra-
cellular IFN-y was analyzed by
flow cytometry. Pools of three
spleens were used in each group.
Data shown are representative of
two independent experiments.

analyzed the apoptosis of the dividing T cells based on
their binding to annexin V and intensity of CFSE. As
shown in Fig. 5 a, very few, if any, annexin V' donor T
cells were found in the spleen, and the proportion of an-

nexin V7 cells was similar in the two groups. Because the

cells in the lym-
required for the
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liver is the site for apoptosis of activated T cells, one may
expect an increase in CD247/~ T cells in the liver if CD24
deficiency promoted T cell death. Therefore, we analyzed
migration of donor T cells in the liver. As shown in Fig. 5
b, approximately three- to fivefold fewer CD24/~ than
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Figure 5. CD24 deficiency promotes neither apoptosis of dividing T

cells nor their migration into the liver. WT or CD247/~ T cells were
adoptively transferred into the irradiated congeneic mice. At 4 d after
adoptive transfer, the spleen cells (a) or liver mononuclear cells (b) were
harvested and analyzed for apoptosis (a), accumulation (b, top), or rate of
division in the liver (b, bottom). Data shown in a and b (bottom) are
gated donor cells, whereas those in b (top) are gated liver mononuclear
cells. Data shown are representative of two to three independent experi-
ments, each with two to three mice per group.

WT T cells were detected in the liver. Moreover, the ma-
jority of WT T cells in the liver were products of multiple
rounds of divisions, whereas CD24~/~ T cells barely di-
vided. Thus, the reduction of the dividing CD24~/~ T
cells was neither due to accelerated apoptosis nor traffick-
ing to liver. Nevertheless, it is unclear at this stage whether
the difference in the accorded numbers of accumulated T
cells in the spleen is solely due to differential proliferation
of T cells.

Together, the data reported here revealed a crucial role
for CD24 in homeostatic proliferation of T cells in a lym-
phopenic environment. Although CD24 is widely used as a
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marker for T cell differentiation, its function has remained
elusive. Hubbe et al. reported that anti-CD24 can syner-
gize with anti-CD28 in inducing T cell proliferation in
vitro (18), which suggests that the CD24 expressed on T
cells is capable of transducing a costimulatory signal. In ad-
dition, we showed that although CDD24 was not essential in
the priming of autoreactive T cells in the mouse model of
experimental autoimmune encephalomyelitis, CD24~/~ T
cells failed to induce experimental autoimmune encephalo-
myelitis when transferred in WT hosts (28). It would be of
interest to determine whether its contribution to homeo-
static proliferation explains its critical role in the pathogen-
esis of CD4 T cells in the experimental autoimmune en-
cephalomyelitis model.

Much like antigen-driven proliferation, homeostatic pro-
liferation requires the expression of MHC molecules and
intact antigen-processing machinery (5, 7). Thus, both pro-
cesses require engagement of the TCR. However, unlike
antigen-specific T cell responses, homeostatic proliferation
was not affected by blocking costimulation mediated by
CD28-B7, CD40-CD40L, and 4-1BB—41BB-L interac-
tions (5, 7, 11). The latter observation leads to the hypothe-
sis that homeostatic proliferation is independent of costimu-
lation (11). Our results demonstrated that CD24 on T cells
plays a major role in the homeostatic proliferation of T cells
in the lymphopenic environment. To our knowledge, this is
the first demonstration of any costimulatory molecules play-
ing a significant role in homeostatic proliferation.
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