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Abstract. Transplantation has emerged as an effective treatment for patients with end-stage organ failu� re. Current
r� egimens of non-specific immunosuppressive drug treatment, which are needed life-long to preve	 nt graft rejection,
have numerous adverse side effects and increase the risk of opportunistic infections and ma
 lignancy. A major
g� oal is to develop immunotherapeutic protocols that achieve specific tolerance. Such protoco� ls would decrease
a
 nd eventually eliminate the reliance on non-specific drug therapy. We showed that portal vein d



elivery of donor

a
 ntigen prolongs the survival of vascularized and non-vascularized allo- and xeno-grafts, and that increased graft
survival is associated with altered cytokine production and augmented expression of the molecule OX2. This
r� eview documents further evidence for a more general immunoregulatory role for the interac� tions of OX2 and its
ligand, OX2L.
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I
�
ntroduction

Immunological tolerance has been described in
t

�
erms of three models: d

�
eletion, in which TCR+ cells

a
 re eliminated from the T cell repertoire3
�
7, 55; T cell

a� nergy; and s� uppression3
�

5, 39. “Anergy”  models hypo-
t

�
hesize that activation of TCR+�  cells requires antigen-

-TCR triggering (signal 1) and “costimulation” by
o� ther ligand: counter-ligand interactions (signal 2).
C

�
ells encountering antigen without costimulation, when

later rechallenged with antigen in the context of cos-

t
�
imulatory molecules, no longer respond. They are con-

sidered anergized, but not deleted, as determined by the
p� ersistence of clonotypic TCR+ cells11. “Suppression”
o� r “ infectious tolerance” 8 accounts for the observation
t

�
hat in some instances unresponsiveness can be adop-

t
�
ively transferred with cells from tolerant animals. We

p� ioneered analysis of the prolongation of allograft sur-
v� ival in rodents following antigen-specific portal vein (pv)
immunization. Splenic T cells are at least temporarily
a
 nergized by hepatic mononuclear cells15, 29, 30, though
u� nresponsiveness is later transferrable by γδ� TCR+�

Abbreviations used: OX2L – ligand for OX2, MLC – mixed leukocyte culture, DC – dendritic cel
�
ls, Mph – macrophages, mAb

– monoclonal antibody.
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c� ells3
�
0. This potential role for γδ� T

�
 cells in transplanta-

t
�
ion tolerance was a novel and unexpected finding,
t

�
hough such cells had been implicated in immunoregu-

l
�
ation in other models, including pregnancy5

�
3, oral

t
�
olerance induction4

�
6, and suppression of graft-versus-

-host-disease (GvHD) after allogeneic bone marrow
t

�
ransplantation4

�
7.

G
 

raft unresponsiveness following pv immunization
o� ccurred in association with a functionally important
p� referential activation of CD4+ cells producing type-2
c� ytokines (IL-4, IL-10, IL-13 and TGF-β) rather than
t

�
ype-1 cytokines (IL-2, IL-12 and IFN-γ)� 15, 16, 27, 30.

r� IL-12, along with anti-IL-10, reversed graft prolonga-
t

�
ion and the type-2 cytokine predominance which fol-

l
�
owed pv immunization28, while rIL-13, along with

a
 nti-IL-12, extended allograft survival25. Injection of
a
 denovirus vector constructs expressing IL-10/TGF-β
led to more prolonged mouse renal graft survival and
f

!
urther polarization in cytokine production following pv

immunization17, 40.
A

"
ntigen-presenting cells (APC) are thought to regu-

l
�
ate T cell activation for graft rejection vs tolerance.
The function of APC is controlled by their expression
o� f cytokines2, 9, 43, 52 and costimulatory molecules, in-
c� luding CD80, CD86, CD40 and ICAM-1. Many cos-
t

�
imulatory molecules on APC are expressed during ma-

t
�
uration and/or exposure of APC to local cytokines3

�
3, 58,

a
 nd synergistic inhibition of graft rejection has been
a
 chieved by the combination of specific monoclonal
a
 ntibody (mAb) to CD40 and CTLA4Ig, which blocks
C

�
D80/CD86 costimulation3

�
9. However, tolerance is not

reproducibly induced by blocking costimulation alone.
P

#
aradoxically, we found that dendritic cells (DC), the

most potent provider of immunogenic signals, were
a
  powerful tolerogen when infused via the pv2

$
2, im-

p� lying that there was something fundamentally missing
i

%
n the conventional models used to explain tolerance

regulated by T cell: APC interaction.

Evidence that a Novel Molecule, OX2, 
Is Implicated in the Regulation of Graft Rejection

W
&

e found that tolerance in pv-immunized mice was
a
 n correlated with increased expression of a number of
mRNA species2

$
0, one of which encodes OX2. This

member of the immunoglobulin supergene family is
e	 xpressed on the surface of dendritic cells6

'
0 and has

9
(
2% (77%) homology at the amino acid level with the

e	 quivalent rat (human) molecules6
'
. Despite a sequence

h
)
omology between OX2 and CD80/CD86, it signals

T cells differently from other costimulator molecules4
�
,

a
 nd we hypothesized, instead, that OX2 delivers
a
  “ tolerizing”  signal6

'
. Interestingly, a recently de-

v� eloped OX2 KO mouse shows dysregulation of mac-
r� ophage activation along with spontaneous develop-
ment of autoimmune encephalomyelitis (reference
a
 dded in proof).

Evidence that increased expression of OX2 regulates
t* olerance to renal and skin allografts

O
+

ur first evidence confirming that increased ex-
p� ression of OX2 following pv immunization was im-
p� ortant for increased graft survival was that infusion of
a
 nti-OX2 monoclonal antibodies blocked graft prolon-
g� ation, both in mice and rats20, 23. Anti-OX2 also
b

,
locked the polarization to type-2 cytokine production

seen in these animals. Blocking “costimulation”  media-
t

�
ed by interaction of CD80/CD86 with their ligands

(CD28, CTLA4)4
�

8, using a mixture of anti-CD80/-CD86,
a
 cted synergistically with the blockade of OX2.

W
&

e next asked whether continued expression of
O

+
X2 following pv immunization was necessary for pro-

longation of allograft survival. FACS and PCR analysis
indicated that increased hepatic/splenic DC expression
o� f OX2 was seen throughout the first 15–20 days post
p� v immunization, corresponding to the improved graft
survival over this time. By infusing anti-OX2 into mice
a
 t various times following pv immunization and renal
a
 llografting, we showed that abrupt termination of graft
survival followed anti-OX2 treatment, regardless of the
t

�
ime post-transplant at which infusion of mAb began2

$
1.

Termination of this functional increase in OX2 expres-
sion by mAb was followed by a reversal in the altered
c� ytokine production which followed pv immunization.
Finally, we constructed a soluble fusion protein for
O

+
X2 (OX2:Fc), in which the extracellular domain of

m- urine OX2 was linked to a mutated murine IgG2a Fc
region lacking complement and complement-receptor
b

,
inding domains18. OX2:Fc is immunosuppressive and

mimicks the effects of pv immunization on allo- and
xenograft rejection18.

Since successful pregnancy can be seen, immuno-
l

�
ogically, as prolonged allograft survival, we speculated

t
�
hat the immunomodulation mediated by OX2 which

w. e saw in our allograft models might be similarly re-
flected in normal pregnancy. There are a number of
murine models in which inbreeding in certain strain
c� ombinations leads to a high rate of spontaneous fetal-
l

�
oss, and in other combinations leads to low rates of

fetal loss. Interestingly, in the former, we found that
i

%
nfusion of OX2:Fc provided protection (from fetal-loss

syndrome), while in the latter infusion of anti-OX2
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m- Abs resulted in spontaneous abortion of pregnancy7
/
.

Thus we speculated that OX2 was indeed implicated in
t

�
he regulation of the alloimmune response occurring

d


uring normal pregnancy.

The intracytoplasmic region of OX2 has no se-
q0 uence identity with known signaling kinases, nor does
i

%
t have a consensus sequence for either the “ immunore-
c� eptor tyrosine activation motif”  (ITAM) or inhibitor
motif (ITIM)5

�
1, 57. It also lacks typical SH2 or SH3

d


omains to serve as “docking sites”  for adapter mole-

c� ules which might co-opt other protein kinases/phos-
p� hatases in a signaling cascade44, 49. Thus we suggested
t

�
hat the ligand-binding activity of the extracellular do-

mains was the biologically important region of the
m- olecule. This, in turn focused our attention on ident-
i

%
fication of the ligand for OX2 (hereafter OX2L), using

O
+

X2:Fc as a tool.

Characterization of cells expressing OX2L and some
a1 nalyses of their functional properties

U
2

sing FITC-coupled OX2:Fc, we showed that LPS-
-stimulated macrophages, but not DC, bound OX2, as
indeed did a subpopulation of ConA-activated αβTCR+

c� ells and most (>80%) ConA-activated γδ� T
�

CR+�  cells3
�

1.
This was in agreement with an older study from Bar-
c� lay’s group suggesting the existence of a ligand for
O

+
X2 on macrophages5

�
0. Barclay’s group, in association

w. ith DNAX, recently succeeded in cloning an OX2L
from macrophages, finding it to be a novel molecule of
t

�
he Ig supergene family and, simultaneously, confirm-

ing the signaling properties of the cytoplasmic tail of
t

�
his molecule following engagement of OX2 which we

had predicted (BARCLAY and SEDGEWICK, personal com-
munication). We are currently in the process of prepar-
ing rat mAbs to OX2L following cloning of OX2L
u� sing125 I-OX2:Fc as a probe, and an expression library
p� repared by Stratagene (USA), with mRNA derived
f

!
rom a 1:1 pool of LPS or ConA-stimulated mouse

spleen cells. We have already found that stimulation of
O

+
X2L+�  macrophages by OX2:Fc leads to even more

p� ronounced inhibition of allogeneic stimulation in cul-
t

�
ure, as assessed by CTL and cytokine induction, and

o� f graft rejection in vivo3
�

1. The DNAX group has de-
scribed dysregulation of macrophage activation as
a
  prominent phenotype of the OX2 KO mouse. How-
e	 ver, the potential role of OX2L expression on αβ o� r
γδ� TCR+ cells is unexplored. To date it is not even
k

3
nown if the ligand expressed in these different cell

p� opulations is identical. It is thus possible that in
v4 ivo/vitro effects of anti-OX2L, and/or of OX2L:Fc
(also under construction), will be complicated by dif-

f
!
erential effects mediated at the cell surface of these

independent cell types. This may be particularly the
c� ase if binding affinities (of OX2:OX2L) differ at the
c� ell surface in these cell subpopulations.

The role of OX2 in immunoregulation by OX2L+

αβTCR+ or γδ� TCR+ cells

Increased production of IL-10 and TGF-β is impli-
c� ated in increased graft survival following pv immuni-
zation2

$
0, 25. The initial source of the cytokines contri-

b
,
uting to the polarization of T cells5

�
4, and the

m- echanism(s) controlling their production, is unknown.
W

&
e showed that γδ� TCR+ cells are involved in immuno-

r� egulation after pv immunization19, 25, and that persist-
e	 nt expression of OX2 was essential for detection of
γδ� TCR+�  cells capable of adoptive transfer of increased
g� raft survival21. As noted above, a subpopulation of
αβT

�
CR+�  cells, and most γδ� T

�
CR+�  cells, were found to

e	 xpress OX2L3
�
1. Possible explanations which incorpor-

a
 te these data include the hypothesis that γδ� T
�

CR+ cells
a
 re relatively insensitive to OX2:OX2L interactions, or
t

�
he alternative hypothesis that they are “hypersensitive”

t
�
o costimulation by the CD80/CD86:CD28/CTLA4 in-

t
�
eraction. Another explanation suggests that OX2:

:OX2L paradoxically stimulates γδ� TCR+ cells. We are
p� lanning to investigate this by stimulating OX2L+αβ
a
 nd γ� δT cell hybridoma cells2

$
4 (selected using anti-OX2L

mAbs) in vitro with purified allogeneic DC or OX2:Fc
o� r with combinations of DC and OX2:Fc.

Regulation of transcription of OX2

T cell activation is regulated by the integration of
signals resulting from TCR and costimulator molecule
e	 ngagement. This ignores (temporarily) the potential
r� ole for exogenous cytokines in cell activation, beyond
t

�
heir role in regulating expression of costimulator mole-

c� ules. For simplification, we can consider, from the
p� erspective of the ligands expressed on APC, the “key”
p� layers in costimulation to be members of the
C

�
D80/CD86 family, CD40 and now, OX2. Under-

standing the manner in which expression of these gene
p� roducts is regulated is important to understanding how
T

�
 cell activation is regulated. The endogenous levels of

e	 xpression of these molecules is controled by cytokines
in the milieu6

'
1, 63, and culturing DC in the presence of

d


ifferent cytokines further alters their costimulatory

f
!
unction4

�
2. IL-12 and IFN-γ�  increases T cell activation

(for IL-2 production), while DCs cultured with IL-10
a
 nd IL-4 have decreased stimulatory activity (for IL-2
p� roduction)4

�
1, 42. Characterizing the regulation of gene
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t
�
ranscription, and the promoter, enhancer and silencer

regions in genes which are responsive to cis/trans-acti-
v� ating factors, can often suggest novel mechanisms for
r� egulating biological function and would provide valu-
a
 ble information on mechanisms involved in the en-
d



ogenous and cytokine-activated differential expression

o� f costimulator molecules. As an example, studies
e	 xamining the chromatin configuration of the human
C

�
D80 gene in intact nuclei from various cell types

i
%
dentified a tissue-specific deoxyribonuclease I hyper-
sensitive site 3 kb upstream of the transcription start
site as a cell type-specific enhancer region6

'
2. This 183

b
,
p region was responsive to both lipopolysaccharide

a
 nd dibutyryl cAMP, which regulate CD80 expression.
D

5
eletional and site-directed mutagenesis revealed the

p� resence of multiple, functionally critical cis elements
w. ithin this region, one of which was a nuclear factor
N

6
F-κB consensus sequence. This is consistent with data

i
%
mplicating members of the NF-κB

7
 family in signal-

-transduction pathways relevant to CD80 expression.
W

&
e have screened a human P1 phage library with

a
  probe for a fragment in the V-region (exon 3) of
human OX2 to isolate clones for the human OX2 gene.
A sublibrary (Sau3A1 endonuclease digestion) was
g� enerated in pBluescript SK II (Stratagene) and
screened with probes representing various regions of
t

�
he human OX2 cDNA. Several clones were identified

w. ith the probe for exon 1, and 5’  sequencing has thus
far provided some 1700 bp of the human OX2 promoter
region (CHEN et al., submitted). Using both primer ex-
t

�
ension and 5’RACE, we have identified a region 58 bp
from the translational start site as the likely transcrip-
t

�
ional initiation site. Current studies using luciferase

reporter constructs with the OX2 promoter region are
p� lanned to investigate in detail the transcriptional regu-
lation of basal OX2 expression in different cell types
(e.g. DC versus non-expressing endothelial cells), as
w. ell as the cis elements responsible for inducible ex-
p� ression of OX2.

The role of OX2:OX2L interactions in tumor
immunity

Interest in the field of tumor immunology has in-
c� reased in the last several years with the growing evi-
d



ence that it is possible to identify, and immunize ani-

mals for protection with, discrete tumor antigens1, 12, 56.
C

�
onsiderable energy has been invested in trying to un-

d


erstand how natural tumor is regulated in vivo, and

how this could be manipulated to the benefit of the
t

�
umor-bearing host. In this regard, a number of groups
have reported on the use of DC coated with tumor antigen,

o� r expressing tumor antigen (following transfection with
c� DNAs encoding the antigen), as immunogens to in-
d



uce tumor rejection10, 14, 32, 38, 41. An alternative ap-

p� roach has used tumor cells themselves, transfected with
g� ene(s) such as those controlling cytokines or expres-
sion of costimulatory molecules (CD80/CD86) on the
c� ell surface, as an immunogen5

�
, 14, 34, 36, 45. In an inter-

e	 sting model using as recipients animals receiving al-
logeneic bone marrow transplantation, which mimicks
a
  therapy used for treatment of leukemia in man, BL

8
A-

ZAR et al.3
�
 reported that it was possible to promote a graft-

-versus-leukemia (GvL) effect, without unwanted GvHD,
b

,
y pre-immunizing tumor-transplanted mice with tumor

c� ells transfected to express CD80, but not CD86.
G

 
iven our evidence that interactions between OX2

a
 nd OX2L were important in the physiological regula-
t

�
ion of immunity per se (as confirmed, for instance, by

t
�
he effect of infusion of OX2:Fc on antibody responses

t
�
o nominal antigen7

/
)

9
 we have recently begun investigat-

ing whether these same interactions might contribute to
r� egulation of tumor immunity. Growth of EL4 tumor
w. as studied in C57BL/6 mice immunized to the synge-
neic tumor cells using either a bone marrow transplant
model (following reconstitution with T-depleted C3H
b

,
one marrow cells), or by immunization with CD80-

-transfected tumor cells in Freund’s Adjuvant. In each
c� ase, using either manipulation with OX2:Fc or anti-
-OX2 mAbs, we could show that tumor growth is sub-
j

:
ect to control by the same OX2:OX2L interactions as

w. e documented in an allogeneic transplant model
(GORCZYNSKI et al., Clin. Exp. Immunol., in press).

Conclusions

T cell activation is regulated by the surface expres-
sion of both costimulatory (CD40, CD80, CD86) and
regulatory (OX2) molecules on APC as well as the
c� ytokine milieu in which antigen is encountered. We
have shown that there exists a synergy in immunosup-
p� ression following blockade of costimulation and trig-
g� ering of OX2L on macrophages by infusion of soluble
O

+
X2:Fc. Under physiological conditions, increased

O
+

X2 expression on DC follows pv donor-specific im-
m- unization, and results in increased allograft survival
a
 nd altered cytokine production in cells from trans-
p� lanted animals, with polarization to type-2 cytokines
(IL-4, IL-10, TGF-β)

9
. OX2L itself is also expressed at

t
�
he surface of activated αβ and γδ� T

�
CR+�  cells. While the

functional role for OX2L expression on activated
T

�
 cells is unknown, γ� δT

�
CR+ cells are capable of adop-

t
�
ive transfer of increased graft survival. One prediction
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o� f our work on immunoregulation following OX2:OX2L
interactions is that organs expressing OX2 as a trans-
g� ene should be accepted as allografts with minimal im-
m- unosuppression. This is under investigation. More re-
c� ent data from our own group, and DNAX (see above),
suggest immunoregulation by OX2:OX2L interaction
c� an be extended to autoimmune disorders, fetal-loss
syndrome, and tumor immunity.

A
;

cknowledgment. This work has been supported by the MRC (Ca-
nada) and Transplant Technologies Inc.

R
<

eferences

 1. ARMSTRONG T. D., PU
=

LASKI B. A. and OS
>

TRAND-RO
?

SENBERG S.
(1998): Tumor antigen presentation: changing the rules. Cancer
Immunol. Immunother., 46,�  70–74.

 2. BINDER J., LEHMANN M., GRASER E., HANCOCK W. W.,
WATSCHINGER B., ON

@
ODERA K., SAYEGH M. H., VO

?
LK H. D.

and KU
=

PIEC-WEGLINSKI J. W. (1996): The effects of nondeplet-
ing CD4 targeted therapy in presensitized rat recipients of car-
diac allografts. Transplantation, 61, 804–811.

 3. BL
A

AZAR B. R., TA
B

YLOR P. A., BO
?

YER M. W., PA
B

NOSKALTSIS-
-MO

?
RTARI A., ALLISON J. P. and VALLERA D. A.. (1997):

CD28/B7 interactions are required for sustaining the graft-ver-
sus-leukemia effect of delayed post-bone marrow transplanta-
tion splenocyte infusion in murine recipients of myeloid or
lymphoid leukemia cells. J. Immunol., 159, 3460–3473.

 4. BO
?

RRIELLO F., LEDERER J., SC
C

OTT S. and SHARPE A. H. (1997):
MRC OX-2 defines a novel T cell costimulatory pathway.
J. Immunol., 158, 4549–4554.

 5. BRADY M. S., LEE F., EC
C

KELS D. D., REE S. Y., LATOUCHE

J. B. and LEE J. S. (2000): Restoration of alloreactivity of melano-
ma by transduction with B7.1. J. Immunother., 2

D
3, 353–361.

 6. CHEN Z., ZENG H. and GO
?

RCZYNSKI R. M. (1997): Cloning and
characterization of the murine homologue of the rat/human
MRC OX-2 gene. Biochim. Biophys. Acta, 1362, 6–10.

 7. CL
A

ARK D. A., KA
B

I Y., LE
E

VY G. and GO
?

RCZYNSKI R. M. 
(2001): Role of a novel molecule, OX2, in regulation of spon-
taneous fetal loss syndrome in mice. Mol. Hum. Reprod., 7,�
189–194.

 8. CO
?

BBOLD S. and WALDMANN H. (1998): Infectious tolerance.
Curr. Opin. Immunol., 10, 518–524.

 9. D’AN
@

DREA A., AS
>

TE-AM
F

EZAGA M., VA
B

LIANTE N. M., MA
B  X.,

KU
=

BIN M. and TRINCHIERI G. (1993): Interleukin 10 (IL-10)
inhibits human lymphocyte interferon g-production by sup-
pressing natural killer stimulatory factor/IL-12 synthesis in ac-
cessory cells. J. Exp. Med., 178, 1041–1048.

10. ES
>

CHE C., LO
?

KSHIN A., SH
G

URIN G. V., GA
B

STMAN B. R., RA
B

BI-

N
@

OWICH H., WATKINS S. C., LO
?

TZE M. T. and SHURIN M. R.
(1999): Tumor’s other immune targets: dendritic cells. J. Leu-
koc. Biol., 6

H
6, 336–344.

11. FA
B

LB D., BR
I

INER T. J., SU
=

NSHINE G. H., BO
?

URQUE C. R.,
LU

=
QMAN M., GEFTER M. L. and T. KAMRADT (1996): Periphe-

ral tolerance in T cell receptor-transgenic mice: Evidence for
T cell anergy. Eur. J. Immunol., 26, 130–135.

12. F
J

I
K
SCHER W. H., ST

L
RATEN P. T., TE

E
RHEYDEN P. and BE

E
CKER J. C.

(
M
1999): Function and dysfunction of CD4(

N
+) T cells in the im-

mune response to melanoma. Cancer Immunol. Immunother.,
4
�

8, 363–370.
13. FLO J., TISMINETZKY S. and BARALLE F. (2000): Modulation of

t
O
he immune response to DNA vaccine by co-delivery ofcos-

t
O
imulatory molecules. Immunology, 1

P
00, 259–267.

14. FREUND Y. R., MIRSALIS J. C., FAIRCHILD D. G., BRUNE J.,
HO

?
KAMA L. A., SC

C
HINDLER-HO

?
RVAT J., TO

?
MASZEWSKI J. E.,

HO
?

DGE J. W., SC
C

HLOM J., KANTOR J. A., TYSON C. A. and DO
?

-

N
@

OHUE S. J. (2000): Vaccination with a recombinant vaccinia
vQ accine containing the B7-1 co-stimulatory molecule causes no
sR ignificant toxicity and enhances T cell-mediated cytotoxicity.
Int. J. Cancer., 85, 508–517.

15. GO
?

RCZYNSKI R. M. (1992): Immunosuppression induced by
hepatic portal venous immunization spares reactivity in IL-4
pS roducing T lymphocytes. Immunol. Lett., 3

T
3, 67–77.

16. GO
?

RCZYNSKI R. M. (1995): Regulation of IFN-γU  and IL-10 syn-
t
O
hesis in vivo,�  as well as continuous antigen exposure, is asso-

cV iated with tolerance to murine skin allografts. Cell. Immunol.,
160, 224–231.

17. GO
?

RCZYNSKI R. M., BRANSOM J., LEI J., WAN Y. and GAULDIE J.
(
M
2000): Synergy in induction of increased renal allograft survi-

vQ al after portal vein infusion of dendritic cells transduced to
eW xpress TGF-β

X
 and IL-10, along with administration of CHO

cV ells expressing the regulatory molecule OX2. Clin. Immunol.,
9
Y

5, 182–189.
18. GO

?
RCZYNSKI R. M., CA

B
TTRAL M. S., CH

G
EN Z. G., HU

=  J. A., LE
E

I

J
Z
., MIN W. P., YU

=  G. and NI J. (1999): An immunoadhesin
i
[
ncorporating the molecule OX-2 is a potent immunosuppres-
sR ant that prolongs allo- and xenograft survival. J. Immunol.,
163, 1654–1660.

19. GO
?

RCZYNSKI R. M., CH
G

EN Z., CH
G

UNG S., CO
?

HEN Z., LE
E

VY G.,
S
\

U
=

LLIVAN B. and FU
=  X.-M. (1994): Prolongation of rat small

b
]
owel or renal allograft survival by pretransplant transfusion

a^ nd/or by varying the route of allograft venous drainage. Trans-
pS lantation, 58, 816–820.

20. GO
?

RCZYNSKI R. M., CHEN Z., FU
=  X.-M. and ZENG H. (1998):

I
_
ncreased expression of the novel molecule OX-2 is involved in

pS rolongation of murine renal allograft survival. Transplantation,
6
H

5, 1106–1114.
21. GO

?
RCZYNSKI R. M., CHEN Z., KAI Y. and LEI J. (2000): Evi-

d
`
ence for persistent expression of OX2 as a necessary compo-

nent of prolonged renal allograft survival following portal vein
immunization. Clin. Immunol., 9

Y
7,�  69–78.

22. GO
?

RCZYNSKI R. M., CO
?

HEN Z., FU
=  X.-M., HU

=
A Z., SU

=
N Y. L.

a^ nd CH
G

EN Z. Q. (1996): Interleukin-13, in combination with
a^ nti interleukin-12, increases graft prolongation after portal
vQ enous immunization with cultured allogeneic bone marrow-
d
`
erived dendritic cells. Transplantation, 6

H
2, 1592–1600.

23. GO
?

RCZYNSKI R. M., CO
?

HEN Z., FU
=  X.-M. and LEI J. (1999):

A
�

nti-rat OX-2 blocks increased small intestinal transplant survival
a^ fter portal vein immunization. Transplant. Proc., 3

T
1, 577–578.

24. GO
?

RCZYNSKI R. M., CO
?

HEN Z., LE
E

UNG Y. and CH
G

EN Z. (1996):
G
a

amma delta TCR(
N
+) hybridomas derived from mice preim-

mb unized via the portal vein adoptively transfer increased skin
a^ llograft survival i

c
n vivo.d  J. Immunol., 157, 574–581.

25. GO
?

RCZYNSKI R. M., CO
?

HEN Z., LEVY G. and FU
=  X.-M. (1996):

A
�

 role for gamma delta TCR(
N
+) cells in regulation of rejection

o� f small intestinal allografts in rats. Transplantation, 6
H

2,�  844–
8
e
51.

26. GO
?

RCZYNSKI R. M., FU
=  X.-M., CHUNG S., SU

=
LLIVAN B. and

R. M. Gorczynski: OX2:OX2L Interaction in Immunoregulation 307



CH
G

EN Z. (1995): Manipulation of xenogeneic skin and/or renal
graft survival in the rat-mouse concordant combination by portal
vein pretransplant transfusion. Transpl. Immunol., 3

T
, 321–329.

27. GO
?

RCZYNSKI R. M. and HO
?

LMESW W. (1991): Specific manipu-
lation of immunity to skin grafts bearing multiple minor histo-
compatibility differences. Immunol. Lett., 2

D
7,�  163–172.

28. GO
?

RCZYNSKI R. M., HO
?

ZUMI N., WO
?

LFE S. W. and CHEN Z.
(1995): Interleukin-12, in combination with anti-interleukin-10,
reverses graft prolongation after portal venous immunization.
Transplantation, 60,�  1337–1341.

29. GO
?

RCZYNSKI R. M. and KIZIROGLU F. (1994): Tolerance induc-
tion to multiple minor histoincompatible cells by activated
B cells is associated with preferential activation of Th2

$  cells.
Transplantation, 58,�  51–58.

3
f
0. GO

?
RCZYNSKI R. M. and WO

?
JCIK D. (1994): A role for non-spe-

cific (cyclosporin A) or specific (monoclonal antibodies to
ICAM-1, LFA-1 and interleukin-10) immunomodulation in the
prolongation of skin allografts after antigen-specific pre-trans-
plant immunization or transfusion. J. Immunol., 1

P
52, 2011–2019.

3
f
1. GO

?
RCZYNSKI R. M., YU

=  G. and CLARK D. A. (2000): Receptor
engagement on cells expressing a ligand for the tolerance-in-
ducing molecule OX2 activates an immunoregulatory popula-
tion which inhibits alloreactivity i

c
n vitro and i

c
n vivo. J. Immu-

nol., 165,�  4854–4860.
3
f
2. HE

E
ISER A., DA

B
HM P., YA

B
NCEY D. R., MA

B
URICE M. A., BO

?
CZ-

KOWSKI D., NAIR S. K., GILBOA E. and VIEWEG J. (2000):
Human dendritic cells transfected with RNA encoding prostate-
-specific antigen stimulate prostate-specific CTL responses i

c
n

vitro. J. Immunol., 1
P

64, 5508–5514.
3
f
3. HU

=
EFLER C., KO

?
CH F. and SC

C
HULER G. (1988): Granulo-

cyte/macrophage colony-stimulating factor and interleukin-1
mediate the maturation of murine epidermal Langerhans cells
into potent immunostimulatory dendritic cells. J. Exp. Med.,
167,�  700–710.

3
f
4. IMRO M. A., DELLABONA P., MANICI S., HELTAI S., CO

?
NSOGNO

G., BE
E

LLONE M., RU
=

GARLI C. and PR
I

OTTI M. P. (1998): Human
melanoma cells transfected with the B7-2 co-stimulatory mole-
cule induce tumor-specific CD8+ cytotoxic T lymphocytes i

c
n

vitro. Hum. Gene Ther., 9,�  1335–1344.
3
f
5. JE

E
NKINS M. K., PA

B
RDOLL D. M., MI

K
ZUGUCHI J., CH

G
USED T. M.

and SC
C

HWARTZ R. H. (1987): Molecular events in the induction
of a nonresponsive state in interleukin-2 producing helper
T-lymphocyte clones. Proc. Natl. Acad. Sci. USA, 8

g
4,�  5409–

5413.
3
f
6. JU

=
NG D., HI

K
LMES C., KN

@
UTHA.d , JA

B
EGER E., HU

=
BER C. and

SE
E

LIGER B. (1999): Gene transfer of the co-stimulatory mole-
cules B7-1 and B7-2 enhances the immunogenicity of human
renal cell carcinoma to a different extent. Scand. J. Immunol.,
50, 242–249.

3
f
7. KAPPLER J. W., RO

?
EHM N. and MARRACK P. (1987): T-cell

tolerance by clonal elimination. Cell, 49, 273–282.
3
f
8. KIM T. S., CHUNG S. W. and HW

h
ANG S. Y. (2000): Augmenta-

tion of antitumor immunity by genetically engineered fibroblast
cells to express both B7.1 and interleukin-7. Vaccine, 18, 2886–
2894.

3
f
9. LARSEN C. P., ELWOOD E. T., ALEXANDER D. Z., RITCHIE S. C.,

HENDRIX R., TU
=

CKER-BU
=

RDEN C., CHO H. R., ARUFFO A., HO
?

L-

L
A

ENBAUGH D., LI
K
NSLEY P. S., WI

K
NN K. J. and PE

E
ARSON T. C.

(1996): Long-term acceptance of skin and cardiac allografts
after blocking CD40 and CD28 pathways. Nature, 381,�  434–
438.

40. LE
E

E W. C., ZH
G

ONG C., QI
K
AN S., WA

B
N Y., GA

B
ULDIE J., MI

K  Z.,
RO

?
BBINS P. D., THOMSON A. W. and LU

=  L. (1998): Phenotype,
f
i
unction, and in vivo migration and survival of allogeneic den-

d
`
ritic cell progenitors genetically engineered to express TGFb.

Transplantation, 66, 1810–1817.
41. LO

?
RD E. M. and FR

I
ELINGER J. G. (1998): Tumor immunother-

a^ py: cytokines and antigen presentation. Cancer Immunol. Im-
munother., 46,�  75–81.

42. LU
=

FT T., PANG K. C., THOMAS E., HERTZOG P., HART D. N. J.,
T
j

R
I

APANI J. and CE
E

BON J. (1998): Type I IFNs enhance the termi-
nal differentiation of dendritic cells. J. Immunol., 161,�  1947–1953.

43. MA
B

NETTI R., GE
E

ROSA F., GI
K
UDIZI M. G., BI

K
AGIOTTI R., PA

B
R-

RONCHI P., PICCINNI M.-P., SAMPOGNARO S., MAGGI E., RO
?

-

M
F

AGNANI S. and TR
I

INCHIERI G. (1994): Interleukin 12 induces
sR table priming for interferon γU  (IFN-γU ) production during dif-
f
i
erentiation of human T helper (Th) cells and transient IFN-γU

pS roduction in established Th2 cell clones. J. Exp. Med., 179,
1273–1284.

44. MA
B

RENGERE L. E. M., WA
B

TERHOUSE P., DU
=

NCAN G. S., MI
K
T-

TRUCKER H. W., FENG G. S. and MAK T. W. (1996): Regula-
t
O
ion of T cell receptor signaling by tyrosine phosphatase SYP

a^ ssociation with CTLA-4. Science, 272,�  1170–1173.
45. MA

B
RTIN-FO

?
NTECHA A., MO

?
RO M., CR

I
OSTI M. C., VE

E
GLIA F.,

C
�

ASORATI G. and DELLABONA P. (2000): Vaccination with mouse
mb ammary adenocarcinoma cells coexpressing B7-1 (CD80) and
B7-2 (CD86) discloses the dominant effect of B7-1 in the in-
d
`
uction of antitumor immunity. J. Immunol., 164, 698–704.

46. MC
C

MENAMIN C., MC
C

KERSEY M., KU
=

HNLEIN P., HU
=

NIG T. and
H
k

O
?

LT P. G. (1995): γU δ T cells down-regulate primary IgE re-
sR ponses in rats to inhaled soluble protein antigens. J. Immunol.,
154, 4390–4394.

47. NA
B

GAI M., AZ
l

UMA E., QI
K  J., KU

=
MAMOTO T., HI

K
RATAKE S.,

H
k

I
K
RAYAMA M., UM

F
EMOTO M., KO

?
MADA Y. and SA

B
KURAI M.

(
M
1998): Suppression of alloreactivity with γδU  T-cells: relevance

t
O
o increased γδ U T-cells following bone marrow transplantation.

B
m

iomed. Pharmacother., 5
n

2,�  137–142.
48. NEWELL K. A., HE G., GU

=
O Z., KIM O., SZOT G. L., RU

=
LIFSON

I
_
., ZH

G
OU P., HA

B
RT J., TH

G
ISTLETHWAITE J. R. and BL

A
UESTONE

J
Z
. A. (1999): Cutting edge: Blockade of the CD28/B7 costimu-

l
�
atory pathway inhibits intestinal allograft rejection mediated by

C
�

D4+ but not CD8+ T cells. J. Immunol., 163,�  2358–2362.
49. PA

B
WSON T. and GI

K
SH G. D. (1992): SH2 and SH3 domains:

from structure to function. Cell, 70, 697–704.
50. PRESTON S., WRIGHT G. J., STARR K., BARCLAY A. N. and

B
m

R
I

OWN M. H. (1997): The leukocyte/neuron cell surface
a^ ntigen OX2 binds to a ligand on macrophages. Eur. J. Immu-
nol., 27,�  1911–1918.

51. RETH M. (1992): Antigen receptor tail clue. Nature, 338,�  383–
3
f
84.

52. SKEEN M. J., MILLER M. A., SHINNICK T. M. and ZIEGLER H. K.
(
M
1996): Regulation of murine macrophage IL-12 produc-

t
O
ion. Activation of macrophages in vivo, restimulation in vitro,

a^ nd modulation by other cytokines. J. Immunol., 156, 1196–
1206.

53. SU
=

ZUKI T., HI
K
ROMATSU K., AN

@
DO Y., OK

o
AMOTO T., TO

?
MODA Y.

a^ nd YO
?

SHIKAI Y. (1995): Regulatory role of γU δ T cells in
up terine intraepithelial lymphocytes in maternal antifetal im-
mb une response. J. Immunol., 154, 4476–4484

54. SW
h

AIN S. L. (1995): Who does the polarizing? Curr. Biol., 5
n
,

8
e
49–851.

55. TANCHOT C. and RO
?

CHA B. (1995): The peripheral T cell reper-

308 R. M. Gorczynski: OX2:OX2L Interaction in Immunoregulation



toire: Independent homeostatic regulation of virgin and acti-
vated CD8+ T cell pools. Eur. J. Immunol., 25,�  2127–2136.

5
q
6. TH

G
EOBALD M., RU

=
PPERT T., KU

=
CKELKORN U., HE

E
RNANDEZ J.,

HAUSSLER A., FERREIRA E. A., LIEWER U., BIGGS J., LEVINE

A. J., HU
=

BER C., KO
?

SZINOWSKI U. H., KLOETZEL P. M. and
SH

G
ERMAN L. A. (1998): The sequence alteration associated

with a mutational hotspot in p53 protects cells from lysis by
cytotoxic T lymphocytes specific for a flanking peptide epi-
tope. J. Exp. Med., 188, 1017–1028.

5
q
7. UN

@
KELESS J. C. and JI

K
N J. (1997): Inhibitory receptors, ITIM

sequences and phosphatases. Curr. Opin. Immunol., 9
Y
, 338–343.

5
q
8. VI

K
DARD l., RO

?
CK K. L. and BE

E
NACERRAF B. (1992): Heteroge-

neity in antigen processing by different types of antigen-presen-
ting cells: effect of cell culture on antigen processing ability.
J. Immunol., 149, 1905–1911.

5
q
9. WA

B
LDMANN H. (1989): Manipulation of T-cell responses with

monoclonal antibodies. Ann. Rev. Immunol., 7,�  407–444.
6
r
0. WEINER H. L. (1996): Oral tolerance: Immunologic mechan-

isms and treatment of autoimmune diseases. In KA
B

GNOFF M. F.
and KIYONO H. (eds.): Essentials of mucosal immunology, Aca-
demic Press Inc., San Diego, 555–561.

61. YA
B

MAGUCHI Y. (1998): Developmental regulation by cytokines
o� f bone marrow-derived dendritic cells and epidermal Langer-
h
s
ans cells. Microbiol. Immunol., 4

�
2, 639–650.

62. ZHAO J. L., FREEMAN G. J., GRAY G. S., NADLER L. M., GLIM-

C
C

HER L. H. (1996): A cell type-specific enhancer in the human
B
m

7.1 gene regulated by NF-κt B
m

. J. Exp. Med., 183, 777–789.
63. ZO

?
U J. P., MO

?
RFORD L. A., CHOUGNET C., DIX A. R.,

BROOKS A. G., TO
?

RRES N., SHUMAN J. D., CO
?

LIGAN J. E.,
BROOKS W. H., RO

?
SZMAN T. L. and SHEARER G. M. (1999):

H
k

uman glioma-induced immunosuppression involves soluble
factor(S) that alters monocyte cytokine profile and surface mar-
k
u
ers. J. Immunol., 1

P
62, 4882–4892.

Added in proof. HO
?

EK R. M., RU
=

ULS S. R., MU
=

RPHY C. A., WRIGHT

G
a

. J., GO
?

DDARD R., ZU
=

RAWSKI S. M., BL
A

OM B., HO
?

MOLA M. E.,
S
\

TREIT W. J., BROWN M. H., BARCLAY A. N. and SEDGWICK J. D.
(
M
2000): Down-regulation of the macrophage lineage through

interaction with OX (CD200). Science, 290, 1768–1771.

Received in July 2000
Accepted in August 2000 

R. M. Gorczynski: OX2:OX2L Interaction in Immunoregulation 309


