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Ly-6A is critical for the function of double negative
regulatory T cells

Zhu-Xu Zhang', William L. Stanford? and Li Zhang'

' Departments of Laboratory Medicine and Pathobiology, Immunology, University of Toronto,
Multi Organ Transplantation Program, Toronto General Research Institute, University Health
Network, Toronto, Canada

2 Institute of Biomaterials and Biomedical Engineering, University of Toronto, Toronto,
Canada

We have recently demonstrated that CD3*CD4 CD8™ double negative (DN) T cells can down-
regulate allogeneic immune responses both in vitro and in vivo by killing activated syngeneic
CD8* T cells. The goal of this study was to identify molecules that are crucial for DN T cell-
mediated suppression. We demonstrate that Ly-6A (Sca-1) is highly expressed on DN T
cells. Incubation with IL-10 significantly reduced Ly-6A expression and the function of DN T
cells. DN T cell-mediated killing was significantly reduced when Ly-6A was blocked. Ly-6A-
deficient mice showed an accelerated allograft rejection when compared to wild-type con-
trols. Furthermore we demonstrate that pretransplantation donor lymphocyte infusion (DLI)
led to activation and proliferation of recipient DN T cells and prolongation of bm1—B6 skin
allograft survival. However, when the recipients were deficient in Ly-6A, the beneficial effect
of DLI on allograft survival was abolished. Moreover, deficiency in Ly-6A did not affect the
activation and proliferation of DN T cells. Rather, it impaired the ability of DN T cells to kill
activated anti-donor CD8* T cells. Taken together, our data indicate that Ly-6A plays a cru-
cial role in DN T cell-mediated regulation in vitro and in vivo, perhaps by enhancing DN-CD8*
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T cell signaling.
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1 Introduction

There is a compelling evidence to support a role for
regulatory T cells in the down-regulation of immune re-
sponses to self or allogeneic antigens [1-5]. However,
the molecular mechanisms by which regulatory T cells
exert their function remain unclear. Previous studies have
demonstrated that single MHC class | locus mismatched
pre-transplantation donor-lymphocyte infusion (DLI) can
enhance donor-specific allograft survival [6-10]. Be-
cause none of the recipients were thymectomized, the
function of newly released anti-donor T cells from the
thymus must have been inhibited to maintain the allo-
grafts. Indeed, alloantigen reactive CD8" T cells are
inhibited [7-9, 11]. We have demonstrated that double
negative (DN) regulatory T cells are able to specifically
suppress anti-donor CD8* T cells in vitro and in vivo by
eliminating activated syngeneic CD8* T cells through
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direct cell-cell contact [12]. The regulatory function of DN
T cells requires signals through both TCR-MHC and Fas-
Fas ligand interaction [12]. As there is no detectable
expression of conventional costimulatory molecules
CD4, CD8, CD28, CD44 and CTLA-4 on DN T cells [12],
the goal of this study was to identify accessory mole-
cules that are important for the function of DN regulatory
T cells. cDNA subtraction and differential screening of
RNA between regulatory and non-regulatory DN T cell
clones identified several genes, including Ly-6A, which
may be involved in the function of DN regulatory T cells.

Ly-6A is a glycosyl phosphatidylinositol (GPI)-anchored
cell surface protein belonging to the Ly-6 gene family. It
is widely expressed on different cell types, including
hematopoietic stem cells, most lymphocytes, thymo-
cytes, monocytes, kidney epithelial cells and osteoblasts
[13-16]. Ly-6A expression is up-regulated upon T cell
activation [13-15, 17]. The function of Ly-6A remains
controversial. Several studies have shown that cross-
linking of Ly-6A can activate both CD4 and CD8 T cells
[18-20]. The activation function of Ly-6A is directly
through TCR signal transduction pathway [18, 19, 21,
22]. T cell activation via the TCR was substantially
reduced if Ly-6A was mutated or inhibited by antisense
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nucleotide [16, 23]. Furthermore, Ly-6A associates with
the Src family tyrosine kinases, p56'* and p59"", that are
known to be required for normal TCR signaling [22, 24].
Additional studies suggested that Ly-6A mediates cell-
cell adhesion by binding to a ligand expressed on lym-
phoid cells [25]. These results suggest that expression of
Ly-6A is important for TCR signaling and T cell activa-
tion. In contrast, others have reported that activation of T
cells by using cross-linking antibodies to both Ly-6A and
CD3 down-regulates IL-2 production [18, 19], suggest-
ing an inhibitory role of Ly-6A in T cell activation.

Thus, Ly-6A appears to function differently depending
upon the stimuli that are applied to T cells. We undertook
a genetic approach to determine the function of Ly-6A in
T cell activation. We have demonstrated that CD4* or
CD8* T lymphocytes from Ly-6A null mice exhibit a
higher and sustained proliferation both in vivo and in vitro
in responding to antigen or mitogen stimulations that act
through the TCR [26]. These data support the notion that
the function of Ly-6A is to down-modulate proliferation
of immune effector cells [18, 19, 26]. However, whether
Ly-6A exerts its effect directly on CD4 and CD8 cells, or
indirectly through other cells or molecules is not known.
Moreover, whether Ly-6A has any effect on the function
and mechanism of DN regulatory T cells has not been
studied. Here we demonstrate that Ly-6A is a repressor
for allogeneic immune responses, which exerts its role,
at least partially, through enhancing the function of DN
regulatory T cells.

2 Results

2.1 Treatment with IL-10 reduces the
suppressive function of DN regulatory T cells

Previously, we have demonstrated that DN T cells pos-
sess regulatory function and can specifically kill synge-
neic CD8" T cells activated by the same antigen [12].
PCR analysis showed that DN T cells, unlike CD4 regula-
tory T cells reported by others [1-3], do not express IL-
10 RNA at any time after activation [12]. To determine
whether exogenous IL-10 could modulate the function of
DN T cells, the DN regulatory T cell clone TN12 was pre-
treated with IL-10 before being used as a suppressor
cells in a standard suppression assay. As shown in
Fig. 1, the ability of the DN T cells to suppress the prolif-
eration of CD8" T cells was significantly diminished after
IL-10 treatment compared with non-treated TN12 DN T
cells. The DN T cells were sensitive to IL-10 at concen-
trations as low as 10 ng/ml. Similar results were obtained
when other DN regulator T cell clones (CN0O2 and CN04)
were studied (data not shown). These data demonstrate
that IL-10 inhibits the regulatory function of DN T cells.
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Fig. 1. Abrogation of 1B2*'DN regulatory T cell-mediated
suppression by IL-10. Purified naive CD8* T cells from
(2Cxdm2)g; mice were used as responders and stimulated
by irradiated (B6xBALB/c); splenocytes. 1B2'DN regulatory
T cell clone TN12 was either preincubated with IL-10 and
washed (black bars) or left untreated (white bars) before
being used as putative suppressor cells. A non-regulatory
1B2*CD8* T cell clone (C02, grey bars) was used as a con-
trol. Responder and suppressor cells were co-cultured at
ratio as indicated. Cell proliferation was measured by
[PH]dThd incorporation. The results represent three indepen-
dent experiments each with triple replicates. Similar results
were obtained when other DN regulatory T cell clones (CN02
and CNO04) were used.

2.2 IL-10 down-regulates Ly-6A expression and
DN regulatory T cell-mediated cytotoxicity

To understand the molecular mechanisms by which IL-
10 abrogates the function of DN regulatory T cells the
gene expression pattern between IL-10-treated and non-
treated DN TN12 clones was compared. The DN TN12
cells were incubated in the presence or absence of IL-
10, and total mMRNA was then purified. The cDNA from
non-IL-10-treated TN12 cells was then subtracted
by using the cDNA from IL-10-treated TN12 cells.
The remaining cDNA species that were differentially
expressed between the regulatory and non-regulatory
DN T cell clones were cloned and sequenced. One of the
identified gene fragments that demonstrated higher
expression in IL-10-non-treated TN12 cells than in IL-10-
treated cells was a 343-bp gene fragment of Ly-6A.

To confirm that Ly-6A gene expression is down-
regulated by IL-10, the total mRNA was collected from
non-treated or IL-10-treated TN12 clones as well as a
non-regulatory CD8" T cell clone C02. Northern blot
analysis in Fig. 2a indicates that the regulatory DN T cells
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express a higher level of Ly-6A mRNA than non-
regulatory T cells. Treatment with IL-10 abolished the
suppressive function as well as down-regulated Ly-6A
mMRNA expression in the DN T cells. Furthermore, immu-
nofluorescence staining confirmed that Ly-6A protein
expression on the DN T cells was also down-regulated
after IL-10 treatment (Fig. 2b). In contrast, treatment with
IL-4, another Th2 cytokine, did not alter the expression
of Ly-6A on DN T cells (data not shown). These findings
demonstrate that expression of Ly-6A RNA and protein is
significantly higher on DN regulatory T cells than on the
IL-10-treated non-regulatory DN or CD8* T cells. To
determine whether Ly-6A plays a role in DN T cell-
mediated killing of CD8* T cells, the DN regulatory T cell
clone TN12 was pre-incubated with soluble anti-Ly-6A
monoclonal antibody (mAb) to block the binding of Ly-6A
to its ligand before being used as effector cells in cyto-
toxicity assays. We found that the DN T cells that were
pre-treated with soluble anti-Ly-6A mAb significantly
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4 Fig. 2. Down-regulation of Ly-6A expression and function of

DN regulatory T cells by IL-10. (a) Northern blot analysis of
Ly-6A expression. Ly-6A gene fragment was obtained from
cDNA subtraction, labeled with with [*P]JdCTP and used as
the probe. Total RNA (15 pg) from TN12, IL-10 treated TN12
and C02 clone was separated on a 1.2% denatured agarose
gel and transferred onto a nylon membrane. Hybridizations
were carried out according to standard protocol. The mem-
brane was stripped and re-probed with GAPDH. (b) The DN
regulatory T cell clone TN12 was cultured in the presence or
absence of IL-10 for 5 days. The cells were collected and
stained with purified anti-Ly-6A mAb followed by FITC-
labeled secondary Ab, and analyzed using flow cytometry.
The non-IL-10-treated TN12 cells were stained with second-
ary antibody and used as a negative control. (c) Preincuba-
tion of DN T cells with soluble anti-Ly-6A mAb inhibits DN T
cell mediated cytotoxicity to syngeneic CD8* T cells. TN12
DN T cells were either incubated with soluble anti-Ly-6A
mAb (dotted line) or anti-CD4 mAb RM4-5 (solid line) for
60 min and washed before being used as effector cells. Acti-
vated 1B2*CD8" T cells were labeled with 10 uCi/ml of
[*H]dThd and then co-cultured with the DN T cell effectors
for 18 h in the presence of fresh irradiated allogeneic spleno-
cytes. Specific cell lysis was calculated as described in
Sect. 4. The experiment was repeated three times and simi-
lar results were obtained.

reduced ability to kill activated syngeneic CD8" T cells
when compared with the cells that were incubated with
the isotype-matched control mAb (Fig. 2c). Similar
results were found when other DN regulatory T cell
clones (CN02, and CNO04) were used (data not shown).
These results indicate that Ly-6A is an important mole-
cule for the function of DN regulatory T cells in vitro.

2.3 Deficiency in Ly-6A accelerates allograft
rejection

We have previously demonstrated that T cells from Ly-
B6A-deficient mice exhibited higher and sustained prolif-
eration in response to alloantigen stimulation in vitro than
T cells from wild-type littermate controls [26]. To deter-
mine the role and mechanism of Ly-6A expression in reg-
ulating allogeneic immune responses in vivo, we first
studied whether lack of Ly-6A expression in recipients
would accelerate allograft rejection. B6 wild-type and B6
Ly-6A-deficient mice were transplanted with allogeneic
skin grafts from single MHC-class | locus-mismatched
bm1 mice. The skin grafts were inspected daily. As
shown in Fig. 3a, Ly-6A-deficient mice reject the bm1
skin grafts much faster than normal B6 mice [mean sur-
vival time (MST)=9.6 days, n=6 versus MST=15.6 days,
n=6, p<<0.001]. This result indicates that deficiency in Ly-
6A in transplant recipients leads to accelerated allograft
rejection.
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Fig. 3. Deficiency in Ly-6A in skin graft recipients acceler-
ates allograft rejection. (a) B6 wide-type (filled circles) and
Ly-6A null mice (open circles) were transplanted with alloge-
neic skin grafts from bm1 mice as described previously [7,
12]. The skin grafts were inspected daily until rejection. MST
for B6 mice was 15.6 days and for Ly-6A null mice was
9.6 days (p<0.001). (b) B6 (filled squares) or B6 Ly-6 null
mice (open squares) were infused with viable spleen cells
collected from bm1 mice. One week later, all mice were
given skin grafts from bm1 mice. Survival of the skin grafts
was monitored and scored for 120 days. MST for B6 mice
was 80 days and for Ly-6A null mice was 18.5 days
(p<0.0007).

Previously, we and others have demonstrated that single
MHC class | locus-mismatched pre-transplant DLI could
enhance allograft survival [6-10]. Recently, we have fur-
ther demonstrated in 2C-transgenic mice that DLI acti-
vates recipient DN regulatory T cells which can kill anti-
graft CD8* T cells ([12] and Young et al., submitted for
publication). To test the hypothesis that the absence of
Ly-6A may reduce DN regulatory T cell function and
abrogate DLI-induced allograft survival, age- and sex-
matched B6 and B6 Ly-6A-deficient mice were given DLI
from bm1mice. One week later, each recipient was trans-
planted with a bm1 skin allograft. As shown in Fig. 3b,
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the bm1 skin graft survival was significantly prolonged in
DLI-treated B6 mice (MST=80 days, n=11) compared to
DLI-non-treated controls (MST=15.6 days, n=6), which is
consistent with previous reports [8-10]. Of DLI-treated
mice 40% permanently accepted bm1 skin allografts
(>120 days). In contrast, all the bm1skin grafts were
rejected by DLI-treated Ly-6A null animals within 36 days
with MST=18.5days (n=8), which was significantly
shorter than that seen in DLI-treated B6 wide-type
skin graft recipients (MST=80 days, n=11, p<0.0007,
Fig. 3b). These data clearly demonstrate that the lack of
Ly-6A expression in recipients leads to acceleration of
allograft rejection in both non-treated and DLI-treated
recipients.

2.4 Normal DN T cell proliferation and impaired
depletion of CD8* T cells after DLI

The accelerated allograft rejection seen in Ly-6A null
mice could be due either to an enhanced proliferation of
anti-donor T cells or reduced number and/or function of
regulatory T cells as indicated by the sustained T cell
proliferation in Ly-6A null mice [26] and the impairement
of DN T cell-mediated killing of activated syngeneic
CD8* T cells by the pre-incubation of the DN regulatory T
cell clones with soluble Ly-6A mAb (Fig. 2c). To under-
stand the mechanism by which Ly-6A modulates alloge-
neic immune responses, we monitored the fate of recipi-
ent CD4*, CD8* and DN T cells in vivo. B6 and Ly-6A null
mice were given DLI followed by skin grafting from bm?1
mice. At various time points after DLI, the spleens were
harvested and the cells were triple-stained with anti-
CD3-FITC, anti-CD4-PE and anti-CD8-Cy-chrom. The
percentage of CD3*CD4*, CD3*CD8" and CD3'DN T
cells was analyzed using flow cytometry. No significant
change in the percentage of CD4* T cells was observed
in B6 or B6 Ly-6A null mice (data not shown). However,
there was a significant reduction in the percentage of
CD8" T cells in the spleens of B6 mice within the first
3 weeks after DLI (Fig. 4a). The percentage of CD8* T
cells gradually recovered at a later stage. In contrast, no
reduction in the percentage of CD8" T cells in the
spleens of Ly-6A null mice was seen after DLI and trans-
plantation (Fig. 4a). In fact, the percentage of CD8" T
cells in transplanted Ly-6A null mice was higher than
what was seen in naive Ly-6A null mice. These data
demonstrate that the lack of Ly-6A expression in DLI-
treated recipients results in the accumulation of acti-
vated CD8" T cells. Furthermore, the proportion of DN T
cells in both B6 and B6 Ly-6A null mice was increased
more than 2-fold one week after DLI (Fig. 4b). These
results indicate that the lack of Ly-6A expression does
not affect the proliferation of DN T cells in recipients, but
leads to accumulation of peripheral CD8* T cells.
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Fig. 4. Kinetics of CD8* and DN T cells after DLI. B6 wide-
type (dotted line) and Ly-6A null (solid line) mice were given
DLI followed by skin grafting from bm1 mice. At various time
points after transplantation, recipient mice were sacrificed
and spleens were harvested. The splenocytes were triple-
stained with anti-CD3-FITC, anti-CD4-PE and anti-CD8-Cy-
chrom. The percentages of CD8"* T cells (a) and DN T cells
(b) in CD3* T cells were analyzed using flow cytometry. The
percentages of CD8" T cells (a2) and DN T cells in CD3"* cells
in the spleen of non treated B6 and Ly-6A null mice were
also determined and served as day O controls. Each time
point represents data collected from at least three mice.

2.5 Lack of Ly-6A expression reduces DN
regulatory T cell-mediated cytotoxicity to
syngeneic CD8* T cells

There are at least two possibilities that may explain the
increase in Ly-6A null and the decrease in B6 mice of
CD8" T cells after DLI. One could be that Ly-6A is
involved in causing death of activated CD8* T cells either
by sending a negative signal directly or together with
TCR to CD8* T cells. The lack of Ly-6A expression there-
fore would result in the accumulation of CD8* T cells in
Ly-6A null mice. It is well known that cross-linking CD3
or TCR on activated CD8" T cells can elicit activation
induced cell death. To test this possibility, the activated
CD8* T cells from both wild-type and Ly-6A null B6 mice
were purified and cross-linked by plate-bound anti-CD3
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Fig. 5. (a) Ly-6A does not send negative signal to CD8" T
cells. Activated allogeneic CD8" T cells (1x10%well) from B6
wild-type or Ly-6A null mice were cultured in 24-well plates
pre-coated with anti-CD3, anti-Ly-6A mAb or both for 3 h.
Cells were harvested and stained with FITC-Annexin V and
analyzed by flow cytometry. Data are expressed as percent
apoptotic cells in the total population. Similar results were
obtained after 8 h of cross-linking. (b) Ly-6A-deficient DN T
cells have impaired cytotoxicity to syngeneic CD8" T cells.
DN T cells were purified from B6 (solid line) and Ly-6A null
(dotted line) mice as described in Sect. 4, stimulated by irra-
diated bm1 spleen cells and used as effector cells. CD8* T
cells were obtained from B6 mice and stimulated by irradi-
ated bm1 splenocytes and used as targets. Percent killing of
B6 anti-bm1 CD8* T cells by DN T cells was calculated as
described in Sect. 4. The data are expressed as mean per-
cent killing of three replicate cultures. The experiment was
repeated four times and similar data were obtained.

mADb in the presence or absence of anti-Ly-6A mAb to
mimic ligand binding [18-20]. Apoptosis of CD8" T cells
was analyzed by flow cytometry at 3 and 8 h after cross-
linking. Apoptosis levels were not increased by either
cross-linking of CD3 on Ly-6A”~ CD8" T cells or cross-
linking both CD3 and Ly-6A on B6 CD8* T cells when
compared to cross-linking CD3 on B6 CD8* T cells
(Fig. 5a). These results indicate that it is unlikely that Ly-
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6A sends a negative signal either directly or together with
TCR to CD8" T cells.

We have demonstrated that DN regulatory T cells can Kkill
syngeneic CD8" T cells that are activated by the same
alloantigen [12], and that Ly-6A expression affects the
function of DN regulatory T cell clones (Fig. 2c). To test
the possibility that Ly-6A may modulate CD8" T cells
indirectly through regulating the function of DN T cells,
DN T cells and CD8* T cells were purified from B6 wild-
type and Ly-6A null mice and stimulated with irradiated
bm1 spleen cells. The activated DN T cells and CD8* T
cells were used as effector and target cells, respectively,
in cytotoxicity assays. As shown in Fig. 5b, a significant
loss of killing capability was observed when Ly-6A~~ DN
T cells were used as effector cells, compared to B6 wild-
type DN T cell effectors. Similar results were obtained
when the number of CD8" T cells before and after co-
culture with DN T cells was assessed by flow cytometry
(data not shown). These findings are consistent with the
results using 1B2* DN T cell clones (Fig. 2c) and demon-
strate that Ly-6A is critical for DN T cell-mediated killing
of activated syngeneic CD8" T cells. These results
together with the finding that DN T cells proliferated
equivalently in both wild-type and Ly-6A null mice sug-
gest that the high number of CD8* T cells and acceler-
ated skin graft rejection seen in Ly-6A null mice may be,
at least partially, due to impaired killing of activated CD8*
T cells by DN T cells.

3 Discussion

IL-10 is a well-documented immunosuppressant that
represses multiple activities of immune responses by
inhibiting cytokine production [27, 28] and down-
regulating surface protein expression of MHC class I,
ICAM-1 and B7 [27, 29-31]. However, the function of IL-
10 in vivo remains unclear. Studies have shown that
administration of exogenous IL-10 prolonged murine
cardiac graft survival [32, 33]. In addition, CD4" regula-
tory T cells have been shown to secrete IL-10 and sup-
press CD4* and CD8" T cells that cause autoimmune dis-
eases and transplant rejection [1, 2, 5]. In contrast, other
studies have demonstrated that IL-10 does not prevent
or even exacerbated graft-versus-host diseases and
allograft rejection [34-36]. In the present study we found
that IL-10 could down-regulate Ly-6A expression on DN
regulatory T cells and impair the immunosuppressive
function of DN T cells. This finding provides direct evi-
dence that IL-10 can also inhibit the function of immune
regulatory T cells that are involved in promoting immune
tolerance, which helps to explain the contradictory
effects of IL-10 reported by others [32-36].
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We and others have demonstrated that pre-transplant
infusion of single MHC class | locus-mismatched lym-
phocytes from allograft donors leads to significant pro-
longation of donor-specific skin graft survival [6-10, 12].
It was also shown that anti-donor CD8* T cell were elimi-
nated after DLI [7-9], and that regulatory T cells may be
involved in DLI-induced donor-specific transplantation
tolerance [12, 37]. However, the mechanism by which
regulatory T cells mediate antigen-specific suppression
remains unclear. In this study, we demonstrate that sin-
gle MHC class | locus-mismatched DLI leads to a more
than twofold increase in the number of DN regulatory T
cells in both wild-type and Ly-6A null B6 mice (Fig. 4).
This is a first report that DLI can elicit DN regulatory T
cells activation that relates to donor-specific transplanta-
tion tolerance. However, elimination of CD8* T cells and
prolonged survival of skin allografts was only seen in
wild-type, but not Ly-6A null mice (Fig. 3 and 4). These
data indicate that Ly-6A is not important for activation
and proliferation of DN regulatory T cells, but may be
involved in DN regulatory T cell-mediated killing of acti-
vated CD8"* T cells. Indeed, we found that the ability to
kill activated syngeneic CD8" T cells by Ly-6A null DN T
cells were markedly reduced in vitro (Fig. 5b). This may
explain the observation that even though the number of
DN T cells was increased after DLI, the anti-donor CD8*
T cells in Ly-6A null mice was not efficiently eliminated
compared to that seen in wild-type mice (Fig. 4). These
data, together with the results generated from transgenic
DN T cell clones (Fig. 2c), demonstrate that Ly-6A plays
an important role in regulating allogeneic immune
responses, at least in part, by enhancing DN regulatory T
cell-mediated killing of activated CD8" T cells. Deficiency
in Ly-6A in recipients impairs peripheral deletion and
accelerates graft rejection in both untreated and DLI-
treated mice.

The molecular mechanism by which Ly-6A enhances DN
regulatory T cell-mediated suppression remains elusive.
Our cross-linking results indicate that Ly-6A does not
seem to send negative signals directly to CD8* cells
(Fig. 5a). Several studies have shown that Ly-6A can
function as an accessory molecule to enhance cell-cell
interaction, presumably through receptor-ligand interac-
tions [38, 39]. Previously, we have demonstrated that
direct cell-cell contact is necessary for DN T cell-
mediated cytotoxicity to CD8" T cells [12]. Because DN
regulatory T cells do not express CD4, CD8, CD44, CD28
and other well-characterized accessory molecules [12],
but do express a high level of Ly-6A (Fig. 2), it is plausible
that Ly-6A functions as an important accessory molecule
for DN T cells, perhaps through recognition of its ligand
on target T cells [25, 39], which may increase adhesion
between DN and CD8* T cells, thereby indirectly increas-
ing Fas-FasL interaction and T cell killing.
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Another possibility could be that Ly-6A enhances the
function of DN regulatory T cells indirectly by sending
signals through other molecules or pathways. GPI-
anchored proteins, including Ly-6A, are shown to medi-
ate cell signaling during ligand-receptor engagement by
interacting with receptors and secondary signaling mole-
cules in glycosphingolipid cholesterol “rafts” that form
microdomains within the plasma membrane [40, 41].
These microdomains function as platforms to co-
ordinate the induction of signaling pathways. Analysis of
TCR activation has demonstrated that following ligand
binding, the activated TCR complex, the Src family
kinases p56'* and p59"", the tyrosine kinases ZAP-70,
Syk and Ras, and the adapter protein Shc co-localize in
microdomains [24, 42, 43]. However, direct analysis of
Ly-6A signaling cannot be performed until the ligand for
Ly-6A is identified.

In summary, we have demonstrated for the first time that
Ly-6A is an important molecule for DN regulatory T cell
mediated inhibition of allogeneic immune response both
in vitro and in vivo. The lack of Ly-6A expression and/or
signaling leads to a significant reduction of DN regulatory
T cell-mediated killing of activated syngeneic CD8" T
cells, and accelerated allograft rejection. Further investi-
gation is required to determine whether Ly-6A can also
play a role in modulating other regulatory T cells, and the
molecular mechanism by which Ly-6A transduces its
signal.

4 Materials and methods

4.1 Mice

C57BL/6 (B6, H-2°, (B6xBALB/c) (H-29), BALB/c-H-2-
dm2 (dm2, a BALB/c L° loss mutant), B6.C-H-2°™ (bm1)
mice were purchased from Jackson Laboratories (Bar Har-
bor, ME). B62C-transgenic mice express a transgenic TCR
reactive against L° class | MHC, which can be detected by a
clonotypic mAb 1B2. B62C-transgenic mice were bred with
dm2 mice and the subsequent (2Cxdm2)g; mice (H-2°¢, L,
anti-L* TCR*) were used for studies. The mice were main-
tained in the animal facilities at the Ontario Cancer Institute
or The Samuel Lunenfeld Research Institute.

4.2 Isolation of DN and CD8* T cells

To isolate DN T cells, spleen and lymph node cells were
obtained from B6 or Ly-6A null mice, depleted red blood
cells, and passed through a nylon wool column to enrich the
T cell population. The cells were then treated with depletion
antibodies specific for murine CD4 (RL172, rat IgM) and CD8
(3.168.8, rat IgM) at 4°C for 45 min followed by the addition
of rabbit compliment (Cedarlane, Canada) at 37°C for
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45 min. To isolate CD8* T cells, only CD4 depletion antibody
was applied. The viability and purity of cells were monitored
by flow cytometry and were more than 96%. The purified DN
or CD8* T cells were stimulated with irradiated BALB/c or
bm1 spleen cells in a-MEM supplemented with 10% FCS
and 30 IU/ml IL-2 [12].

4.3 Treatment of 1B2* CD8* and 1B2'DN T clones
with riL-10

DN T cell clones TN12, CN0O2 and CNO4 were prepared as
previously described [12], and cultured in a-MEM supple-
mented with 10% FCS and 30 U/ml rIL-2, 30 U/ml rIL-4 and
irradiated L% cells. For IL-10 treatment, 100 ng/ml recombi-
nant IL-10 (Schering-Plough, NJ) was added to cultures for
5-8 days. T cells were then washed before being used as
effector cells or for RNA subtraction.

4.4 cDNA subtraction

Total RNA was extracted with TriZol reagent (Gibco/BRL).
cDNA was synthesized from Poly(A)* RNA purified from total
RNA using oligo(dT) cellulose chromatography (Pharmacia
Biotech). The PCR-Select cDNA subtraction kit (Clontech)
was used to subtract TN12 cDNA from cDNA isolated from
IL-10 treated TN12 cells. The remaining cDNA was directly
inserted into T/A cloning vector (Invitrogen). The cloned
cDNA was sequenced (ABI Prism 377 DNA Sequencer) after
plasmid purification using spin columns (QIAGEN). The
sequences were analyzed using the Blast nucleotide
research database (www.ncbi.nlm.nih.gov:80/Blast).

4.5 Northern blot analysis

The genes isolated from cDNA subtraction were confirmed
by Northern blot analysis. The probes were synthesized
using inserts isolated from the cloned plasmids with EcoRI
and purified on agarose gels, then labeled with [*?P]dCTP
(Amersham) by using T7 Quick Prime kit (Pharmacia Bio-
tech). Total RNA (15 ug) from the TN12 T cell clone was sep-
arated on 1.2% denatured agarose gels and transferred
onto nylon membranes (Amersham). Hybridization and
washing were carried out using standard protocols. The
membrane was stripped between each hybridization and
reprobed with the housekeeping gene glyceraldehyde phos-
phate dehydrogenase (GAPDH).

4.6 Cell surface marker staining

T cell clones at various time points after activation were
stained with fluorescence-conjugated mAb specifically rec-
ognizing the a-TCR (1B2), CD3, CD4, CD8, CD28, v5-TCR,
NK1.1 anti-Ly-6A/E mAb (E13-161.7), and Fas (all from
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PharMingen). Data were acquired and analyzed on an
EPICS® XL-MCL flow cytometer (Coulter Co. Miami, FL).

4.7 Mixed lymphocyte reaction (MLR) and suppression
assays

Naive splenic (2Cxdms);; CD8" T cells (1,000 cells/well)
were co-cultured in 96-well plates with irradiated (20 Gy)
sex-matched splenocytes (3x10° cells/well) from (B6x
BALB/c)g; mice in a-MEM supplemented with 10% FCS and
30 U/ml of rlL-2 and rIL-4. Varying numbers of purified DN
regulatory T cells were added to MLR. After a 3-day incuba-
tion, 1 uCi of [*H]dThd was added to each well. Eighteen
hours later, cells were harvested and counted in a beta scin-
tillation counter. Cultures to which no DN T cells were added
were used as controls.

4.8 Cytotoxicity assays

Target cell death resulting from co-culture with DN T cells
was measured as previously reported [12]. Briefly, DN T cells
were stimulated by irradiated allogeneic splenocytes for
2-3 days in the presence of IL-2/IL-4 (30 U/ml). Viable DN T
cells were used as effector cells. CD8" T cells were stimu-
lated with appropriate antigens in vitro for 2-3 days, labeled
with 10 uCi/ml of [*H]dThd at 37°C overnight and used as
targets. After co-culture with the effector cells at 37°C for
18 h in the presence of fresh irradiated allogeneic splenocy-
tes (20 Gy), the cells were harvested and counted in a beta
scintillation counter. Specific cell lysis was calculated using
the following equation: % Specific kiling = (S-E)/S x100,
where E (experimental) is cpom of retained DNA in the pres-
ence of effector cells, and S (spontaneous) is cpm of
retained DNA in the absence of effector cells.

4.9 DLI and skin grafting

B6 or B6 Ly-6 null mice were either infused with
5x10"-7x107 viable spleen cells collected from bm1 mice or
left untreated as controls. One week later, all mice were
given skin grafts from bm1 mice as previously described
[7, 12]. Survival of the skin grafts was monitored and scored
for 120 days.

4.10 Cross-linking assay

The 24-well tissue culture plates were coated with anti-CD3,
anti-Ly-6A mAb or both (2 ug/ml, PharMingen) in PBS at 4°C
overnight. The plates were washed with culture medium
twice before being used. Activated allogeneic CD8" T cells
were added to the plates (10%/well). At various time points
after culture, cells were harvested and stained with FITC-
Annexin V (R&D) and analyzed by flow cytometry. Activated
CD8* T cells cultured in the same plate without cross-linking
antibody were used as controls.
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