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Thy28 protects against anti-CD3-mediated thymic cell death

in vivo
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Abstract Apoptotic cell death plays a pivotal role in the
development and/or maintenance of several tissues
including thymus. Deregulated thymic cell death is asso-
ciated with autoimmune diseases including experimental
autoimmune encephalomyelitis (EAE), a prototype murine
model for analysis of human multiple sclerosis. Because
Thy28 expression is modulated during thymocyte devel-
opment, we tested whether Thy28 affects induction of EAE
as effectively as antigen-induced thymocyte deletion using
Thy28 transgenic (TG) mice. Thy28 TG mice showed
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partial resistance to anti-CD3 monoclonal antibody (mAb)-
induced thymic cell death in vivo, as assessed by annexin
V-expression and loss of mitochondrial membrane poten-
tial. The resistance to anti-CD3 mAb-induced cell death in
Thy28 TG mice appeared to correlate with a decreased
c-Jun N-terminal kinase phosphorylation and reduced
down-regulation of Bcl-xL. Moreover, thymic hyperplasia
was detected in Thy28 TG mice, although thymocyte
development was unaltered. Development of peripheral
lymphoid tissues including spleen and lymph nodes was
also unaltered. Thy28 TG spleen T cells showed an
increased production of IFN-vy, but not IL-17, in response
to both anti-CD3 and anti-CD28 mAbs. Finally, Thy28 TG
mice displayed accelerated induction of EAE as assessed
by disease incidence, clinical score, and pathology fol-
lowing immunization with myelin oligodendrocyte glyco-
protein compared with control WT mice. These findings
suggest that modulation of Thy28 expression plays a cru-
cial role in the determination of thymic cell fate, which
may contribute to the development of EAE through pro-
inflammatory cytokine production.

Keywords Thy28 - Thymic cell death - Apoptosis -
Thymic hyperplasia - Experimental autoimmune
encephalomyelitis

Abbreviations

DP Double positive

JNK  c-Jun N-terminal kinase

EAE  Experimental autoimmune encephalomyelitis
MS Multiple sclerosis

MOG Mpyelin oligodendrocyte glycoprotein

Ty Helper T cell

TG Transgenic

WT Wild type
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MAb  Monoclonal antibody

MMP Mitochondrial membrane potential
AP-1  Activator protein 1

CFA  Complete Freund’s adjuvant
Introduction

Apoptotic cell death plays a pivotal role in the develop-
ment and maintenance of homeostasis in several tissues
including thymus [1]. The majority of CD4*CD8" double
positive (DP) thymocytes, derived from CD4 CD8~ dou-
ble negative (DN) cells, die by neglect when they fail to
receive survival signal(s) because of failure to recognize
self major histocompatibility complex (MHC)/peptide
complex molecules [2]. Only a minor portion of DP thy-
mocytes that bind the self-MHC/peptide complex with
intermediate affinity differentiate into CD4"CD8~ or
CD4 CD8" single positive (SP) cells through positive
selection. Moreover, the DP cells with high affinity for the
self-MHC/peptide complex undergo apoptosis through
negative selection, contributing to acquisition of self-tol-
erance. Although the positive—negative selection is affected
by several factors including Bcl-2 family proteins [3], Nur
77, and mitogen-activated protein kinases (MAPKSs) [4, 5],
much remains unknown.

Apoptosis is accompanied by a loss of mitochondrial
membrane potential (MMP), caspase activation, and
annexin V-expression in multiple tissues including lym-
phocytes in response to a variety of stimuli [6-8]. Apop-
totic cell death is regulated by several factors including
Bcl-2 family members comprising proapoptotic (Bax and
Bad) and anti-apoptotic (Bcl-2, Bcl-xL, and Mcl-1) com-
ponents [3, 9]. MAPKs affect induction of apoptosis
through modulation of Bcl-2 family members [10-12].
Inactivation of c-Jun N-terminal kinase (JNK)1 and JNK2
partially abrogates the apoptotic cell death of DP thymo-
cytes on anti-CD3 administration in vivo [13]. Antigen-
induced apoptosis in B cells involves JNK-mediated
modulation of Bcl-2 family members [5].

Lymphocyte survival has some effect on the induction
and/or enhancement of autoimmune diseases including
experimental autoimmune encephalomyelitis (EAE), mur-
ine model for analysis of human multiple sclerosis (MS)
[14, 15]. EAE is mediated mainly by CD4" T cells specific
for autoantigens such as myelin oligodendrocyte glyco-
protein (MOG) [15], which migrate into the central nervous
system resulting in demyelination. The severity of an
inflammatory lesion is regulated by complex interactions
among T cell subsets including helper T-cell (Ty)1, T2,
T,17, and regulatory T cells [16, 17]. CD4™ T cell-derived

IFN-vy plays a crucial role in directing the site of patho-
genesis from the central nervous system [18, 19]: IFN-y
mediates the inflammation of classical EAE dominated by
inflammatory lesions in the spinal cord, while preventing
pathogenesis in the cerebellum and brain stem. IL-17 is
considered to be a mediator of EAE [20, 21], which can be
dampened by IL-4-producing T}2 cells [16].

We have recently cloned Thy28 cDNA, the sequence of
which is highly conserved among bacteria, yeast, and ver-
tebrates [22]. Thy28 protein (32 kDa) is substantially
expressed in several tissues, including thymus, spleen, and
testis, with low amounts in muscle, lung, and heart [23].
Interestingly, Thy28 protein expression is transiently down-
regulated in the DP stage during thymocyte development
[24]. Over-expression of Thy28 partially protects against
antigen-mediated apoptosis in B cells [25]. To examine
whether Thy28 expression levels are implicated in the fate
of thymocytes in vivo, we established a line of Thy28
transgenic (TG) mice driven by a CAG promoter. DP thy-
mocytes of Thy28 TG mice displayed partial resistance to
anti-CD3-induced death in vivo, possibly resulting in thy-
mic hyperplasia. Interestingly, Thy28 TG mice showed
accelerated induction of EAE in response to MOG. A
possible role for Thy28 in the physiological development of
thymocytes and also in pathogenesis of EAE is discussed.

Materials and methods
Mice

Thy28 TG mice (C57BL/6 background) and control WT
mice 8-12 weeks old were bred and maintained at the
animal facility of Tokyo Medical University. TG mice
were established by microinjecting a transgene construct
(Thy28-V5-His6/pCAGGS) into a fertilized egg from a
C57BL/6 mouse. The murine cDNA for Thy28 tagged with
V5-His6 was amplified by a standard polymerase chain
reaction (PCR) method, which was inserted into a TOPO
vector (Invitrogen, Carlsbad, CA, USA). The amplified
Thy28-V5-His6 was inserted into a pPCAGGS vector (a gift
from K. Miyake, Nippon Medical School, Tokyo, Japan)
that contains a CMV enhancer, a chicken B-actin promoter.
Three independent lines (Thy28-19, Thy28-121, and
Thy28-123) were established. All experiments were
approved by the Ethical Committee of Animal Experiments
of Tokyo Medical University.

Western blotting
Protein samples from various tissues resolved on a 12.5 %

SDS-PAGE were transferred to PVDF membranes, as
previously described [26]. The blots were incubated with
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anti-V5 monoclonal antibody (mAb) (Invitrogen), rabbit
anti-Thy28 Abs [24], and anti-actin (Sigma, St. Louis, MO,
USA), followed by several washes. The blots were devel-
oped with ECL Plus Western Blotting Detection System
(GE Healthcare, Buckinghamshire, UK) according to the
manufacturer’s recommendations.

RT-PCR

Reverse transcription-PCR (RT-PCR) was done as previ-
ously described [24]. Briefly, total RNA was isolated from
each tissue with Tri Reagent (Molecular Research Center,
Inc, Cincinnati, OH, USA), according to the manufac-
turer’s recommendation. For preparation of cDNA, RNA
was reverse transcribed using an RNA PCR kit version 2.1
(Takara, Kyoto, Japan). The sequences of the primer pairs
used, 5’ and 3’ were the following: mThy28, GAATTC
CACCATGCCGAGACCCCGCAAGAG and GCG GCCG
CTTATTTCTCTAGCCGGCTTTCTG (fragment of 200
bp); mThy28-V5, GAATTCCGGTATAGACATGAAGTT
CAGCATCGAGG and ATGACCGGTACGCGTAGAAT
GG (fragment of 550 bp); GAPDH, ACCACAGTCCATG
CCATCAC and TCCACCACCCTGTTGCTGTA (fragment
of 551 bp).

Flow cytometry of thymic, spleen, lymph node,
and bone marrow cells

Cells from thymus, spleen, lymph node, and bone marrow
were stained with APC-labeled anti-CD3 (BD Bioscience,
Franklin Lakes, NJ, USA), FITC-anti-CD4, PE-anti-CD8,
PE-anti-CD21, FITC-anti-IgD (BioLegend, San Diego,
CA, USA), APC-anti-CDl1l1c, PE/Cy7-anti-CD93, PE-,
APC-, APC/Cy7-anti-B220 and APC-anti-IgM (eBio-
science, San Diego, CA, USA) mAbs, followed by analysis
using a flow cytometer (FACSCanto II, BD Bioscience).

Thymic cell death in vivo

Thy28 TG and WT control mice were injected intraperi-
toneally with 10 pg anti-CD3 mAbs (145-2C11) (Bio-
Legend) per mouse. Two days later, thymocytes were
stained with APC-anti-CD4, and PerCP-Cy5.5-anti-CDS§
mAbs (BioLegend), followed by analysis using a flow
cytometer. Numbers of thymocytes were determined by
trypan blue dye exclusion. For determination of MMP,
cells were stained with 2 uM JC-1 for 30 min at 37 °C
using a MitoProbe JC-1 Assay Kit (Molecular Probes,
Eugene, OR, USA), as previously described [27].
Alternatively, the percentage of cells undergoing apop-
tosis was evaluated by staining 1 x 10° cells with FITC-
annexin V in combination with 7-amino-actinomycin-D (7-
AAD) using Annexin V-FITC/7-AAD Kit (Beckman
coulter, Marseille, France), according to the manufacturer’s
instruction. The annexin V/7-AAD assay was used to dis-
tinguish viable (annexin V/7-AAD DN), apoptotic
(annexin V1/7-AAD™), and secondary necrotic (annexin
V/7-AAD DP) cells [28]. In some experiments, the cells
were permeabilized with cold 50 % MeOH/PBS and
stained with Abs specific for PE-anti-phospho-JNKs and
FITC-anti-Bcl-xL (Cell Signaling Technology, Danvers,
MA, USA), followed by analysis on a flow cytometer.

Proliferation assay

Thymocytes and spleen cells at various cell density were
cultured in RPMI-1640 medium supplemented with 10 %
v/v fetal bovine serum, 50 uM 2-mercaptoethanol, and
100 pg/ml kanamycin at 37 °C in a humidified atmosphere
of 5% CO, for 3 days and pulsed with 0.5 pCi/well
(1 mCi = 37 MBq) tritiated thymidine for the final 6 h, as
previously described [29].

Fig. 1 Establishment of Thy28 WT TG
TG mice. Levels of Thy28
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determined by Western blotting kDa o & \9\>\p @Q&@@°@§° Q,@&‘Q PO Q\pb@ Q’@o\y\g\}
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Fig. 2 Thymic hyperplasia with unaltered development of T cells and B
cells in Thy28 TG mice relative to control WT mice. (a) Bone marrow,
thymus, spleen, and lymph nodes from Thy28 TG and WT mice were
removed. The total cell number of tissues from individual mice (n = 8
for thymus; n = 3 for other tissues) was enumerated. The results are
represented as the mean £ SE. *p < 0.05. (b) Development of immune
cells from each tissue (two mice pooled) is evaluated as follows: thymus,
CD4 CD8,CD4"CD8*',CD4"CD8 ", and CD4~CD8™"; bone marrow,

SSC

precursor-B (B220TIgM " IgD ™), immature B (B220"IgM gD "), tran-
sitional B (IgM™IgD™™1%), mature recirculation B (IgM*IgD™) gating on
B2207 cells, as reported [42]; spleen, B (B2207CD3 ™), marginal zone B
(IgM*CD21™) and follicular (IgMTCD21"™°) B gating on
B2207CD93™ cells, T (B220"CD3%), CD4TCD8™ T, CD4 CDS8™' T,
DCs (CD11c™) cells; lymph node, T (CD3™) cells and B (B220™) cells.
The data are representative of three independent experiments

CD11c
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Fig. 3 Partial resistance to anti-CD3 mAb-induced reduction of
CD4*CDS8™ cells in Thy28 TG mice relative to control. Thy28 and
control WT mice were injected intraperitoneally without or with
10 pg/ml anti-CD3 mAb. (a) Two days after injection, thymuses from
Thy28 TG and WT mice injected without or with anti-CD3 mAb were

Measurement of cytokine production

Spleen naive CD4™ T cells were isolated on an autoMACS
ProSeparator (Miltenyi Biotech, Auburn, CA, USA) with a
CD41TCD62L* T cell isolation Kit IT (Miltenyi), respec-
tively. T cells were stimulated with microplates coated
with anti-CD3 mAb (5 pg/ml) in the presence of anti-CD28
mAb (1 pg/ml) for 5 days and incubated with GolgiStop
(monensin) for 5 h before fixation and permeabilization
with BD Cytofix/Cytoperm Plus Fixation/Permeabilization
Kit (BD Biosciences). The cells were stained with PE/Cy7-
anti-IFN-y, APC-anti-IL-4 (BioLegend), PE-anti-IL-17
(BD Biosciences), PE-anti-PD-1 (eBioscience), and APC-
anti-CXCR5 (BioLegends) mAbs together with surface
staining for FITC-anti-CD4 (BioLegend).

Induction of EAE

Thy28 TG and control WT mice were immunized by
subcutaneous injection with 150 pg of MOG35-55 peptide
(MEVGWYRSOFSRVVHLYRNGK) (Life Technology
Corporation, Carlsbad, CA, USA) emulsified in a complete
Freund’s adjuvant containing 5 mg/ml H37RA (Difco

@ Springer

TG

WT

shown. (b) Number of total viable cells without or with anti-CD3
mAb was enumerated. ¢ Number and percentage of DP cells without
or with anti-CD3 mAb administration were shown. The results are
represented as mean £+ SE (3 mice/group). **p < 0.01, *p < 0.05.
Experiments were done six times, with essentially similar results

Laboratories, Inc., Detroit, MI, USA). On day 0 and 2 after
immunization, 200 ng pertussis toxin (List Biological
Laboratories, Inc., Campbell, CA, USA) was given intra-
venously. Animals were scored every 2-3 day for clinical
signs: 0, no clinical signs; 1, limp tail; 2, hind limb
weakness; 3, hind limb paralysis; 4, hind and forelimb
paralysis; 5, severe morbidity; 6, death.

Histological staining

Animals were perfused with 20 % formalin in buffered
saline under deep anesthesia. Spinal cords were taken, post
fixed in the same fixative, and embedded in paraffin. They
were cut into 6-8 um sections on a vibrating microtome,
followed by staining with H & E or Luxol fast blue to
observe cellular infiltration or demyelination, respectively.

Statistical analysis

Data are expressed as means + SE for each group. Sta-
tistical significance was determined by Student’s 7 test and
was set at 0.01 or 0.05.
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Results

Establishment of transgenic mice that carry Thy28
cDNA

To examine the role of Thy28 in lymphoid development,
we generated three strains of TG mice (Thy28-19, Thy28-
121, and Thy28-123) that harbor Thy28 cDNA under the
control of a CAG promoter. The Thy28 transgene product
in Thy28 TG mice (Thy28-123) was detected in several
tissues including kidney, testis, and parts of the immune
system such as thymus, bone marrow, spleen, and lymph
node (Fig. 1). Thy28 expression in lymphoid organs
including thymus, bone marrow, and spleen was also
confirmed in another line Thy28-121 (Supplemental data
1). Thus, the Thy28-123 line was used in this study.

Development of thymus, bone marrow, spleen,
and lymph node cells in Thy28 TG mice

To examine whether Thy28 modulates lymphocyte develop-
ment in vivo, total cell numbers and surface markers of
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Fig. 4 Partial resistance to anti-CD3 mAb-induced cell death in
Thy28 TG mice. Thymocytes from anti-CD3 mAb-injected TG
(n = 3) and control (n = 3) individual mice were stained with

A¥m (%)

thymus, bone marrow, spleen, and lymph node cells from
Thy28 TG and control wild type (WT) mice were analyzed by
flow cytometry. The number of total thymocytes was sub-
stantially increased in Thy28-TG mice, although the numbers
in bone marrow, spleen, and lymph node were comparable to
those in control mice (Fig. 2a). The proportions of thymus
subpopulations (CD4 CD8~, CD4TCD8*, CD4"CDS",
CD4~CD8") from Thy28 TG mice were comparable to those
from control mice (Fig. 2b). Similarly, the development of
bone marrow (precursor B, immature B, transitional B, mature
recirculation B cells), spleen (T, B, marginal zone B, follicular
B, DCs), and lymph node (T, B cells) from Thy28 TG mice
was unaltered compared with control WT mice (Fig. 2b).
These results suggest that Thy28-TG mice display thymic
hyperplasia, but that the proportion of cells in lymphoid tissues
is comparable between Thy28 TG and control mice.

Administration of anti-CD3 mAb results in cell death,
which is substantially reduced in Thy28 TG mice

Programmed cell death of DP cells in response to anti-CD3
mAb in vivo is reported to mimic negative selection [30],

anti-CD3 stimulation

WT TG
7 -
S
* ~ >~ 5 4
L o»
> = 4 4
[)
£ O 3 *%
X +
20 24
21
0 4
TG WT TG

JC-1 (a) or annexin-V/7-AAD (b), followed by flow cytometric
analysis. The data are represented as the mean + SE from one (b) and
two (a) independent experiments. **p < 0.01, *p < 0.05
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which is inhibited by some agents including cyclosporin A
and IL-2 deficiency [31, 32], resulting in autoimmunity.
Thy28-TG and control mice were injected with 10 pg anti-
CD3 mAb, followed by a flow cytometry assay. Forty eight
hours later, thymus from anti-CD3 mAb-administered WT
mice was substantially decreased in size, whereas Thy28
TG mice showed a partial resistance to such treatment
(Fig. 3a). The partial resistance to anti-CD3 mAb treatment
in Thy28 TG mice was also demonstrated by percent
reduction of cell number after anti-CD3 mAb administra-
tion (44.6 % in TG vs. 88.6 % in WT) (Fig. 3b). It is of
note that thymus size of Thy28 TG mice was moderately
bigger that that of WT mice (Fig. 3a). The decline in the
proportion of DP cells relative to controls in Thy28 TG
mice was partially prevented (from 84.7 to 53.1 % vs. 84.6
to 14.0 %) (Fig. 3c). Essentially similar results were
obtained from other independent line Thy28-121 (Supple-
mental data 2).

Number of apoptotic cells was determined by flow
cytometric analysis of loss of MMP and annnexin V/7-
AAD assay, as reported [7, 8]. Following anti-CD3 mAb
administration, loss of MMP in Thy28 TG mice was
moderately reduced compared with the control (Fig. 4a).
Moreover, number of dead cells with annexint/7-AAD™
and annexin V*/7-AAD™ was also diminished in anti-CD3
mAb-treated Thy28 TG mice relative to control (Fig. 4b),
suggesting that Thy28 TG mice are relatively resistant to
anti-CD3 mAb-mediated apoptotic cell death in vivo.

Anti-CD3 mAb-mediated JNK activation
and modulation of Bcl-xL are partially prevented
in Thy28 TG mice

To examine whether the anti-CD3 mAb-induced loss of
MMP is associated with modulation of Bcl-2 family
members, Bcl-xL expression levels in DP thymocytes from
Thy28 TG and control mice were determined by flow
cytometry after anti-CD3 mAb administration. Thy28 DP
thymocytes showed resistance to anti-CD3 mAb-mediated
down-regulation of Bcl-xL relative to WT controls (% Bcl-
xL expression (median channel): 79 in TG vs. 63)
(Fig. 5a).

Receptor-mediated modulation of Bcl-xL is preceded by
JNK activation in a variety of cell types following apop-
totic stimuli [4]. Compared with the control, levels of anti-
CD3 mAb-mediated JNK phosphorylation were partially
reduced in Thy28 TG DP thymocytes relative to the WT
(% pJNK expression (median channel): 175 in TG vs. 248)
(Fig. 5b), probably contributing to apoptosis resistance to
anti-CD3 mAbs in vivo. Thus, Thy28 protects against the
antigen-induced apoptosis through the JNK-Bcl-xL sig-
naling pathway.

@ Springer

Cytokine production of Thy28 TG spleen T cells
in response to anti-CD3 plus anti-CD28 mAbs

To examine whether Thy28 influences cytokine produc-
tion, naive spleen T cells were stimulated with both anti-
CD3 and anti-CD28 mAbs for 5 days, followed by incu-
bation with GolgiStop for 5 h. The cells were then stained
intracellularly with anti-IFN-vy, anti-IL-4, and anti-IL-17
mAbs. The frequency of IFN-y-positive T cells on anti-
CD3/anti-CD28 mAbs stimulation was increased in Thy28
TG mice compared with WT controls (72.7 vs. 27.0 %)
(Fig. 6). In contrast, the proportion of high IL-4" cells was
decreased in Thy28 TG mice (1.0 vs. 3.3 % in WT),
although T cells producing total IL-4 and IL-17 were
almost comparable in frequency between Thy28 TG and
control mice. The proportion of follicular helper T cells
expressing PD-1 and CXCRS in Thy28 TG mice in
response to anti-CD3/anti-CD28 mAbs was also similar to
that of WT mice. These findings indicate that Thy28 TG
mice have an increased proportion of IFN-y* cells with a
decreased proportion of high IL-4% cells in response to
anti-CD3 and anti-CD28 mAbs.
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Fig. 5 Partial resistance to anti-CD3 mAb-induced Bcl-xL. down-
regulation and JNK phosphorylation in Thy28 TG DP cells relative to
control. Thymocytes (n = 3) from each animal injected with anti-
CD3 mAbD (solid line) or control PBS (shaded) were stained with anti-
CD4 and anti-CD8 mAbs, and then intracellularly stained with anti-
Bcl-xL (a) and anti-phospho JNK Abs (b). Median channel from each
group was shown. The data are representative of two independent
experiments, with essentially similar results
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Thy28 TG mice showed accelerated induction of EAE
after immunization with MOG in vivo

Because the proinflammatory cytokine IFN-y plays a
crucial role in the induction of autoimmunity including
EAE [18, 33, 34], Thy28 TG and control WT mice were
immunized with MOG, followed by assays for disease
onset, clinical score, and pathological criteria. Thy28 TG
mice showed earlier onset of MOG-induced EAE that was
more severe compared with WT mice, as assessed by
disease incidence and clinical score (Fig. 7a). Accumu-
lation of inflammatory cells in the spinal cords was sub-
stantially increased in Thy28 TG mice relative to controls
on day 10 and more severe on day 30, accompanied by
demyelination as revealed by H&E and Luxol fast blue
staining (Fig. 7b). Essentially similar findings were
observed in several other independent experiments (Sup-
plemental data 3). Thus, Thy28 affects EAE induction
after MOG stimulation.

Discussion

Thy?28 is expressed in several tissues including the immune
system [22], and Thy28 expression is transiently down-reg-
ulated in DP stage [24], where positive—negative selection is
proposed to take place [2]. We recently demonstrated that
antigen-mediated apoptotic cell death was partially prevented
by Thy28 in vitro [23, 25], suggesting an anti-apoptotic role
for Thy28. Cell death, including apoptosis and necrosis, has
been demonstrated to be associated with inflammation such as
that caused by autoimmune diseases [35, 36]. To elucidate the
possible action of Thy28 in vivo, we generated Thy28 TG
mice driven by a CAG promoter. Thy28 TG and control WT
mice were evaluated by anti-CD3 mAb-mediated deletion of
thymocytes and MOG-induced EAE [14, 15], a useful model
to dissect the cellular and molecular mechanisms underlying
autoimmunity.

Anti-CD3-mediated thymic apoptotic cell death is sup-
posed to mimic negative selection in vivo [30, 37].
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Fig. 6 Increased IFN-y production by Thy28 TG spleen naive T cells
following stimulation with anti-CD3 and anti-CD28 mAbs in vitro.
Spleen naive T cells (three mice pooled) were stimulated with anti-
CD3 together with anti-CD28 mAb for 5 days. The cells were stained
with anti-CD4, anti-PD-1, and anti-CXCR5 mAb, and then

permeabilized for intracellular staining with anti-IFN-y, anti-IL-4,
and anti-IL-17 mAbs. The data are representative of four independent
experiments. IFN-y-positive cells (%) are represented as the
mean £ SE from four independent experiments. *p < 0.05
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myelin sheath (e, f) was shown

by arrows. The results are the

mean £ SE. *p < 0.05.

Experiments were done six

times, with essentially similar

results

Apoptotic cell death in various cell types including lym-
phocytes is accompanied by loss of MMP and annexin
V-expression [6-8]. Thymocytes from Thy28 mice were
resistant to anti-CD3-mediated apoptotic cell death, as
assessed by total viable cell number, annexin V-expression,
and MMP (Figs. 3b, 4a, and 4b). Apoptotic cell death is
regulated by several components including the Bcl-2
family consisting of pro-apoptotic (Bax, Bad) and anti-
apoptotic Bcl-2 (Bcl-2, Bcl-xL, Mcl-1) members [3].
Down-regulation of anti-apoptotic protein Bcl-xL was
found in DP thymocytes after anti-CD3 mAb administra-
tion to WT control mice, and it was substantially impaired
in TG mice (Fig. 5a), favoring survival.
Anti-CD3-mediated death of thymocytes was impaired
in JNK-deficient mice [4, 13]. Consistent with these find-
ings, a diminished anti-CD3 mAb-mediated JNK activation
in TG DP thymocytes was found relative to the control
(Fig. 5b). The decreased JNK activation in Thy28 TG DP
thymocytes appeared to correlate with reduced down-reg-
ulation of Bcl-xL on anti-CD3 mAb administration (Fig. 5a
and b). Because JNK activation modulates functions of
Bcl-2 family members such as Bcl-xL [4, 5], resulting in
cell death, it may be concluded that Thy28 regulates the
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JNK-Bcl-xL signaling pathway leading to apoptotic cell
death. Although the precise molecular mechanisms
underlying Thy28-mediated JNK inactivation remain
unclear, it is possible that the nuclear protein Thy28
somehow affects molecule(s) responsible for activator
protein 1 (AP-1) activation because JNK phosphorylation
results in AP-1 activation, which regulates cell behavior
including proliferation, cell death, and inflammatory
responses [4].

A partial resistance to anti-CD3-mediated cell death in
Thy28 TG mice may lead to thymic hyperplasia (Fig. 2), as
reported [38]. Moreover, the augmented proliferation of
thymocytes in response to a low concentration of anti-CD3
mAbs in Thy28 TG mice might also contribute to sponta-
neous thymic hyperplasia (Toyota et al. unpublished
observation). However, lymphocyte development in thy-
mus, bone marrow, lymph node, and spleen was unaltered
in Thy28 TG and control WT mice. Thymic hyperplasia
has been reported to be associated with autoimmune dis-
eases including myasthenia gravis [39]. Consistent with
this notion, Thy28 TG mice displayed a more severe EAE
in response to MOG relative to control (Fig. 7a and b),
suggesting that threshold for positive—negative selection in



Apoptosis (2015) 20:444-454

453

thymus plays a crucial role in the induction of autoimmune
diseases including EAE, as proposed by Gatzka and Walsh
[40]. Although the causal relationship between the Thy28-
mediated thymic hyperplasia and accelerated induction of
EAE remains unclear in the present study, it is possible that
auto-reactive proinflammatory T cells escaping the posi-
tive—negative selection somehow play a critical role in the
induction of EAE. However, the participation of Thy28 for
human MS has not yet been reported. Further studies will
reveal these points.

Effector T cells and their derived cytokines, such as
IFN-v and IL-17, play crucial roles in the development of
autoimmune central nervous diseases including EAE [17,
41]. The proportion of IFN-y-positive CD4" T cells from
Thy28 TG spleen was increased on stimulation with anti-
CD3/anti-CD28 mAbs relative to control WT mice
(Fig. 6), whereas that of IL-4T T cells was decreased,
favoring a balance toward Thl cytokine production.
However, the frequencies of IL-17" and follicular helper T
cells were unaltered in Thy28 TG and control WT mice.
The higher production of Thl cytokine IFN-y may con-
tribute to the development and/or enhancement of the
classical spinal form of EAE, as reported previously [18].

Together, the present studies clearly demonstrated that
Thy28 partially prevents deletion of DP thymocytes in
response to anti-CD3 mAbs in vivo. The partial resistance
to antigen-induced cell death may contribute to T cell
repertoire shifts as well as spontaneous thymic hyperplasia,
which can result in organ-specific autoimmune disease
such as murine model of MS, EAE. Murine EAE was
induced by immunization with the auto-antigen MOG in
the presence of complete Freund’s adjuvant and pertussis
toxin, which mimic environmental insults including
microbial pathogens. These findings have implications for
understanding auto-antigen-mediated self-tolerance and
also auto-immunity in vivo.
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