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Blocking OX-40/0X-40 Ligand Interaction In Vitro and
In Vivo Leads to Decreased T Cell Function and Amelioration
of Experimental Allergic Encephalomyelitis*

Andrew D. Weinberg,?* Keith W. Wegmann, ' Castle Funatake,* and Ruth H. Whitham'™

The OX-40R is a member of the TNF receptor family and is expressed primarily on activated CD% T cells. When the OX-40R

is engaged by the OX-40 ligand (OX-40L), a potent costimulatory signal occurs. We have identified a population of CDI'1lells,

isolated from the central nervous system (CNS) of mice with actively induced experimental allergic encephalomyelitis (EAE), that
expresses OX-40L. Moreover, the expression of OX-40L was found to be associated with paralytic episodes of EAE and w.
reduced or absent at disease recovery. These CD1llzells also coexpressed B7 and MHC class Il. Therefore, to address the§—)
relative contributions of OX-40R/OX-40L and CD28/B7 to the costimulation of myelin-specific T cells, blocking studies were &
performed using soluble OX-40R and/or soluble CTLA-4. CD118 cells isolated from the CNS of mice with actively induced EAE
were able to present Ag to proteolipid protein 139-151-specific T cell lines in vitro. The addition of soluble OX-40R:Ig to CD11b
brain microglia/macrophages inhibited T cell proliferation by 50—-70%. The addition of CTLA-4:1lg inhibited T cell proliferation

by 20-30%, and the combination inhibited T cell proliferation by 95%. In vivo administration of soluble OX-40R at the onset of
actively induced or adoptively transferred EAE reduced ongoing signs of disease, and the mice recovered more quickly from acuté:
disease. The data imply that OX-40L, expressed by CNS-derived APC, acts to provide an important costimulatory signal to EAEo
effector T cells found within the inflammatory lesions. Furthermore, the data suggest that agents designed to inhibit the OX- 40L/‘
OX-40R complex may be useful for treating autoimmune disease.The Journal of Immunology,1999, 162: 1818-1826.
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CD4 and CD8 T cell responses (1). The first signal isfide bonds formed within these proteins are thought to creatga

delivered through the TCR by Ag bound to MHC class | tertiary structure involved with ligand binding. These recepto@
or Il expressed on an APC. The best characterized second signaldppear to be involved in either cell growth and differentiation o2
delivered to the T cell via the CD28 receptor by its ligand CD80 cell death (apoptosis). The 4-1BB, CD30, and OX-40 receptogs
(B7.1) or CD86 (B7.2) expressed on APC (1). The interactionare all involved in T cell activation and have been shown tg
between CD80 and CD86 with CD28 results in increased IL-2deliver costimulatory signals when engaged by their corre—
production and T cell proliferation. CTLA-4, which is expressed sponding ligands or specific Abs (7, 8, 9-12).
on activated T cells, also binds to CD80 and CD86, but this in- Recently, a membrane-bound protein with homology to TN@
teraction appears to deliver a negative signal to the T cell (2). Awas cloned and found to be the ligand for OX-40R (7, 8). Thg
soluble form of CTLA-4 (CTLA-4:1g) binds to CD80 and CD86 OX-40 ligand (OX-40L} is a type Il membrane protein of @
and inhibits T cell proliferation generated by the CD28-mediated~34,000—40,000 m.w. (13) with homology to TNF, which is ex&
second signal (3-5). pressed on activated B cells (14) and activated endothelial cgls

The OX-40R is a membrane-bound protein that is expresse@l5) but not expressed on normal tissue. In addition to deliveririg
primarily on activated CD% T cells (6). It is part of a growing  a costimulatory signal, OX-40R/OX-40L interaction also mediates
family of proteins in the TNF receptor superfamily, many of an adhesion event between endothelial cells and T cells (15). &
which are expressed by lymphocytes, for example, FAS, CD30, The OX-40R is selectively expressed on T cells isolated fron
CD27, the TNF receptors, DR3, CD40, 4-1BB, and lympho-the site of inflammation in a number of disease states, includiﬁg
toxin-B receptor. All of these proteins have several cysteineexperimental allergic encephalomyelitis (EAE) (16, 17), rheumg
toid arthritis (18), and graft-vs-host disease (GVHD) (19), and on
tumor-infiltrating lymphocytes (20). OX-40T cells isolated from
*Earle A. Chiles Research Institute, Robert W. Franz Cancer Research Center, Profh€ inflammatory site in EAE (rat spinal cord) exhibited T cell
idence Portland Medical Center, Portland, OR 972Tezpartment of Neuroimmu-  receptor CDR3 binding motifs that are characteristic of those de-
o, o e ™" 1 scribed for myelin basic protein (MBP) reactivity (17) and pro-
duced proinflammatory cytokines (IL-2 and IFN-(21). Thus,

The costs of publication of this article were defrayed in part by the payment of pageAbS o the OX-40R T cells can be used to ldentlfy and isolate
charges. This article must therefore be hereby madddbrtisemenin accordance autoantigen-specific T cells from the site of inflammation without
with 18 U.S.C. Section 1734 solely to indicate this fact. prior knowledge of the autoantigen. In addition, MBP-reactive
1This work was supported by the Department of Veterans Affairs, Nancy DavisCD4" T cells are activated following costimulation with Abs spe-
Center Without Walls (R.W.), National Institutes of Health Grant NS35421, and cific for OX-40R, and this activation leads to the generation of
Cantab Pharmaceuticals (A.D.W.).
2 Address correspondence and reprint requests to Dr. Andrew Weinberg, Earle A
Chiles Research Institu_te, 4805 I\!E G!isan, Providence Portland Medical Center, Port’Abbreviations used in this paper: L, ligand: EAE, experimental allergic encephalo-
land, OR 97213. E-mail address: weinbera@ohsu.edu myelitis; GVHD, graft-vs-host disease; MBP, myelin basic protein; CNS, central
3 These authors shared first authorship. nervous system; R-EAE, relapsing EAE; PLP, proteolipid protein.

T he combination of two signals is necessary to activateresidues in the extracellular N-terminal domain, and the dis@-
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EAE effector T cells capable of transferring EAE into naive Lewis limb weakness; 2, mild hindlimb weakness; 3, moderate hindlimb weak-
rats (9). These data imply that blocking OX-40R signaling in vivo hess; 4, moderately severe hindlimb weakness; 5, severe hindlimb weak-

should inhibit activation and/or proliferation of autoantigen-spe-"€sS: 6. hindlimb paraplegia; 7, hindlimb paraplegia with mild forelimb
cific T cells at the site of inflammation and may dampen clinical weakness; 8, hindlimb paraplegia with moderate forelimb weakness; and 9,

' hindlimb paraplegia with severe forelimb paralysis.

signs of EAE. Gelatin cubes were placed in cages of animals with severe clinical dis-
In this manuscript we follow the time course of OX-40R ex- ease. In addition to gelatin cubes, animals involved in treatment studies

pression on CD4 T cells and OX-40L expression on CD11b also received injections of sterile saline or human Ig in sterile saline (0.2

cells isolated from the central nervous system (CNS) of SJL micé“l) as a diluent that also served to rehydrate animals.

with relapsing EAE (R-EAE). Dlsegse onset corre_lated with they, quction of adoptively transferred EAE

appearance of OX-40RT cells, which peaked at disease onset,

declined as the disease regressed, and increased during relap STl lines for 3 days in culture with PLE beptide (5pg/ml) and

P + + : 9-151 I
Similarly, OX-40L. CDlllb cells were present "?‘t d'SeaS‘? Onset'irradiated syngeneic thymocytes as APCs. Cells were then washed and
appeared to remain during the acute phase of disease, disappeargguspended in RPMI 1640 and transferred to naive recipient SJL/J mice by
at disease recovery, and reappeared during relapses. These resufisinjection of 5x 10° viable blasts.
suggested that OX-40R:lg-Fc chimeric protein might be useful in . ) -~ )
blocking stimulation of OX-40R T cells by interfering with the ~ Generation of PLP peptide-specific T cell lines o
ability of the OX-40L" CD11b" APC to costimulate via OX-40L/  To generate Ag-specific T cell lines, mice were inoculated s.c. in the flanks
OX-40R interaction. We show that OX-40R:lg was able to inhibit at four sites on days 0 and 7 with a total of 0.3 ml of emulsion containing
peptide-specific proliferation of proteolipid protein (PLP)-specific ;oo rggo‘]ffl\’;mtﬂz‘zrscﬂgi;jggim(%?f‘ir(‘)atg ;’:gi?”MelglUS'r;’ﬂ%‘?n‘gj:Q wdth

. . . . o . , s .

T cell Iln_es when stimulated by either peptldt_e-pulsed thymo_cyteqymph node cells (LNC) were obtained 14 days after immunization ar
or CNS-isolated CD11b cells. The combination of OX-40R:lg  stimulated with PLBs,_,,to produce Ag-specific T cell lines as previ-§
and CTLA-4:1g completely inhibited T cell proliferation in vitro. ously described (25). Briefly, LNC (X 10°ml) were cultured in RPMI
In vivo administration of OX-40R:lg was able to dampen clinical 1640 and 1% normal mouse serum (stimulation medium) for 3 days wi

; ; it ; foi : Ag (50 pg/ml of PLP,54_;5) and then expanded in RPMI 1640 and 10%
signs of acute disease and inhibit relapses if administered durln‘éCS (growth medium) containing human riL-2 (National Cancer Insitutd;

the clinical signs of the relapse. Our data are suggestive of a Critgreqerick, MD) for 4-10 days. The T cell lines (6 10° cells/ml) were
ical costimulatory role for OX-40R/OX-40L interaction in EAE. restimulated with Ag (5ug/ml of PLP,ss_;5) and a 10-fold excess of 3

We hypothesize that the OX-40R is engaged by the OX-40L orirradiated (2400 rad) syngen_eic thymoqytes as APCs_ and then alternaégaly
CD11b" cells during Ag-specific T cell priming in the CNS of cycled between growth medium and stimulation medium. 2
animals with EAE and inhibition of this process leads to dampen- . .
. : . Isolation of brain mononuclear cells
ing of an ongoing autoimmune response.

ptive transfer of EAE was accomplished by stimulating Ag-specific T

wo.y

atelfy
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Mononuclear cells were isolated from SJL/J brains as previously describgd,

; (21, 26, 27). Mice were not perfused before removal of CNS tissue. Briefly,
Materlals and Methods brains were removed from donor animals, and a single cell suspension was
Mice prepared by passage through a wire mesh. Cells were washed in REMI

Female SJL/J mice (5-20 wk old) were obtained from The Jackson Lab}640: resuspended in 7 mi of 80% Percoll (Pharmacia, Uppsala, Swed&),
tand then overlaid with 8 ml of 40% Percoll to form a discontinuous gr@

oratory (Bar Harbor, ME) and housed in the Animal Resource Facility a dient in a 15-ml centrifuge tube. The gradient was centrifuged ab5@0 o
the Portland Veterans Affairs Medical Center under pathogen-free condiz } ' 3
P 9 for 35 min, and the 40—80% interface was harvested. The cells wége

tions according to institutional guidelines. . . - ;
9 9 washed three times with RPMI 1640 and stained for FACS analysis or used
Antigens as APC for proliferation assays. @

og|

Mouse spinal cord homogenates were prepared from SJL spinal cord asnrichment of macrophage/microglia populations from the CN
previously described (22). High-pressure liquid chromatography-purified

PLP; 54 15, (@amino acid sequence HCLGKWLGHPDKF) was purchased The CNS-isolated Ieukocytes were enrichgd forC_D‘ltthIs in a two-step 2
from the Beckman Center (Stanford, CA) or synthesized on an ABI Syn-process. Macrophages/microglia were stained with Mac-1 FITC for 20 mn

n6 Aq4pd

ergy 432A peptide synthesizer (Perkin-Elmer, Foster City, CA). at 4°C and stained with a secondary anti-FITC-labeled microbead (Milt%-
nyi Biotec, Auburn, CA). The CD11blabeled cells were then purified by &
Induction of R-EAE positive selection using a magnetic bead separation column (Miltenyi Big-

tec). Following enrichment, the CD11bcells were analyzed by FACS §

To induce active EAE, female SJL/J mice were inoculated s.c. in the ﬂank%nalysis and found to be:80% pure.

at four sites with a total of 0.2 ml of emulsion of saline containing 160
of PLP,39_315;and an equal volume of CFA containing 2p@ of Myco-
bacterium tuberculosisi37RA. Mice were examined daily by an investi-
gator blinded to treatment for the development of neurological deficits.The in vitro proliferative responses of PLR_,srspecific T cell lines were
Degrees of hindlimb and forelimb weaknesses were assessed as previouglgtermined in 96-well microtiter plates as reported previously (26, 27).
outlined (22, 23). Cells were incubated for 72 h with Ag with the following cell concentra-
Animals with minimal hindlimb weakness were easily flipped onto their tions: PLR.,,_,-rspecific T cell lines 2x 10* cells per well with 2x 10°
backs with a twist of the tail but could easily right themselves. With mild syngeneic irradiated thymocytes per well or 6000 syngeneic CDpbls-
hindlimb weakness, mice had difficulty righting themselves after beingitive brain macrophage/microglia per well as APC. Tritiated thymidine was
flipped onto their backs. Animals with moderate hindlimb weakness couldadded for the last 18 h of culture, and the cpm of incorporated label were

walk with no difficulty but could not right themselves after being flipped determined in triplicate wells by standard liquid scintillation techniques.
onto their backs. Mice with moderately severe hindlimb weakness could

walk upright only with difficulty. Mice exhibiting severe hindlimb weak- gjgw microfluorometry analysis

ness could not walk upright but were still able to move hindlimbs. Animals

with hindlimb paraplegia displayed no volitional leg movement. Immunofluorescence analysis of cells was performed on a FACScan (Bec-
With mild forelimb weakness, mice walked with chests close to theton Dickinson, Mountain View, CA) as described previously (21, 25). T

ground. With moderate forelimb weakness, mice could not lift their chestscell lines and cells isolated from different organs were incubated with the

off the ground but could move around the cages with difficulty. With severespecific mAbs for 15 min at 4°C in staining buffer (PBS with 3% newborn

forelimb weakness, mice could not place forelimbs under their chests andalf serum and 0.1% sodium azide), washed twice, resuspended jal 300

were unable to move around the cage. of staining buffer containing ug/ml of propidium iodide for dead cell
Clinical severity of disease was graded as follows using a modificationdiscrimination, and directly analyzed. Each sample was stained with an

of a previously published grading scale (24): 0, normal; 1, minimal hind-isotype-matched control.

€202
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FIGURE 1. Kinetics of OX-40R expres-
sion on CD4 T cells in spleen and brain
following active induction of EAE. The dot

plots were gated on CD4 positive cells that 23 B3| o7 3 883 |17 23 912 | 98 o3 856 |14
were analyzed for OX-40R expression. o, |- — o, o, o
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spleen at the indicated stages of R-EAE 0X-40 Receptor
(2-3 mice per group). Disease stages of

EAE are as follows: onset (disease score 1, Brain

day 1 of disease, 13 days after immuniza-
tion); peak (disease score 8-9, day 3 of dis-
ease, 13 days after immunization); recov-
ery (disease score 0, 19 days after

Onset Peak Recover

immunization). It should be noted that the < ‘o1 g
same cells were analyzed in Fig. 4. o _ - - E‘,
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Monoclonal Abs comparison, CD% T cells isolated from the brains of mice with ac&

. . . . 3
mAbs used for FACS analysis were as follows: CD4 (clone GK1.5, ratt'vEIy |nduced EA!E expres_sed S|gn|f!cant levels of OX-40R. l_n a reE‘
lgG2b), Mac-1 (CD11b) (clone M1/70, rat IgG2b), and antt-i@lone resentative experiment (Fig. 1), at disease onset (day 1 of dlseas% 13
OX-6, mouse IgG1) were purchased from PharMingen (San Diego, CA)days after immunization) 25% of CD4cells expressed OX-40R, 2
The goat anti-human IgG (Fc-specific) secondary Ab used to detect T cellyhich increased to 40% at peak disease (day 3 of disease, 13 days
;t_amed with relcomblnant human-Ig fusion proteins was obtained fromafter immunization), decreased to 18% at disease recovery (17%20

igma (St. Louis, MO). . S . ]

days after immunization), and increased to 34% at severe disease

Recombinant Ig fusion proteins for FACS staining and in vivo ~ relapse (21-28 days after immunization) (relapse time point was paurt
treatment of a different experiment; data not shown). It should be noted that;@t
The soluble human OX-40R:Fc-Ig recombinant protein was produced b)Peak disease-10-15% of the CD11b cells also express th_e CD4§
deleting the membrane-spanning portion of the OX-40R molecule and fusAd but do not express the OX-40R. Therefore, at peak disease the
ing the gene to the Fc portion of human Ig. The human OX-40R:Ig proteinpercentages of CDA4T cells expressing OX-40R may be underestig
h?SdbgenCShftJV\;)n ;?] bind to t?_e Tu(rige ObX_;j40L S)k;hiTShProtelinb;NaS supmated due to contaminating CD4macrophages. T cells isolated3
plied by Cantal armaceuticals (Cambridge, U.K.). The soluble murin ; fi ;
OX-40L:Fc-Ig was used to detect the murine OX-40R, and the ceII-stainin(?ror.n the spinal cord showed similar trends to thqsg ob§eNed n %e
procedure was as described for the OX-40R:lg construct. This protein Waﬁbra'n (data not shown). However, the number of infiltrating cells 0'51:
supplied by Cantab Pharmaceuticals. CTLA-4:Fc-lg was supplied by sSmithained from a diseased spinal cord was 10-fold less than that obtaiged
Kline-Beecham (King of Prussia, PA) and was used to detect CD80 and/ofrom a diseased brain. Therefore, brains from mice with EAE Wel;ﬁe
CD86 in Fig. A and for some of the in vivo experiments discussed in detail ;e in preference to spinal cord in subsequent experiments. By cgm-

below. The lymphotoxird receptor:Fc-Ig fusion protein was used to detect . . . .
membrane-gou%d Iymgrg\otoxigand Wags Suppligd by Carl Ware (La Jolla Parison, in nonneural tissue such as the spleen, examination df/CD§

for Allergy and Immunology, San Diego, CA). All fusion protein staining OX-40R" T cells obtained from naive spleens and spleens from ah-
was accomplished usingdg of fusion protein to stain X 10° cells and  imals with active EAE demonstrated only a slight increase in OX-40R

. . N . ) . N}
a goat anti-human FITC (Caltag, South San Francisco, CA) was used taxpression with disease onset (11.7% vs 6.7%). Interestingly, thgre

detect staining of the recombinant fusion proteins. Where specified, huma{;{las little variation of OX-40R expression in the spleen during the
Ig (IgG1 isotype) was used as a control for staining as well as in the in vivo P P 9

treatment experiments (Smith-Kline Beecham). For the in vivo experi-time course of disease (onset, 11.7%; peak of disease, 9.8%; and dis-

ments, OX-40R:Fc-lg, CTLA-4:Fc-Ig, and human Ig were given i.p. in 0.2 ease recovery, 14.4%).
ml of saline at the specified concentrations for the individual experiments.

Results Characterization of CD11b cells from CNS in actively induced
Kinetics of OX40R expression on CDZ cells from CNS in EAE
actively induced EAE To characterize the cell type within the CNS capable of pre-

It has previously been reported that the OX-40R was preferentiallysenting Ag to the CD4/OX-40R" T cells, we first examined
expressed on autoantigen-specific CD# cells isolated from the MHC class Il expression at various time points of actively in-
CNS of Lewis rats with EAE (16, 17, 21). Therefore, we used aduced EAE. In normal brain~93% of the cells expressed
soluble murine OX-40L:lg chimeric protein to stain T cells isolated CD11b. However<2% of these CD11b cells expressed MHC
from the brains of SJL mice with R-EAE for the presence of OX-40R.class Il (Fig. 2). The CD11b cells found in the naive brain
Fig. 1 depicts a time course of OX-40R expression on CD4ells ~ were CD4%Y, which is a phenotype consistent with the pres-
isolated from the spleen and brain of mice with actively induced EAE ,ence of brain microglia and not bone marrow derived macro-
compared with T cells from naive mice. Naive animals had very fewphages (data not shown) (28, 29). Upon examination of the
CD4" T cells in the brain, and they expressed little or no OX-40R. By brain infiltrates obtained from animals at various time points of
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FIGURE 2. Kinetics of MHC class Il expression on CD11lzells isolated from the CNS following active induction of EAE. The dot plots show total
CNS mononuclear cells isolated from brains at the indicated stages of R-EAE (2—3 mice per group). Disease stages of EAE are as follows: onset (dise
score 1-2, day 1 of disease, 11 days after immunization), peak (disease score 7-9, day 4 of disease, 16 days after immunization), recovere(disease ¢
0, 20 days after immunization).

active EAE, it is clear that with disease onset a significant popimals with severe disease expressed CD80 and/or CD86 (70%) énd
ulation of CD11b negative cells appear (40% at disease ons@dX-40L (67%) but no surface lymphotoxj®- Others have also &
(see Fig. 2), most of which are CD4T cells). However, in the  reported selective up-regulation of B7.1 (CD80) expression within
CD11b" cell population there is a dramatic increase in the per-the CNS of mice with EAE (30).
centage of cells expressing MHC class Il. At disease onset, 15% Results from Fig. 1 suggested that, in the brain, the percent@e
of the CD11b" cells express MHC class II, which increased to of CD4* T cells expressing OX-40R correlated with active EAE
83% at peak disease (Fig. 2). Interestingly, there is no decreasgisease progression. Therefore, in the same mice, we determinég if
of MHC class Il expression by CD11Ibcells following recov-  OX-40L expression by CD11bcells also correlated with dlseasee
ery from active disease (93%). At peak disease, 62% of theyrogression. As demonstrated in Fig. 4, brain microglia cells of-
CD11b" cells also expressed the CO¥S phenotype, a char-  tained from naive brain were negative for OX-40L expression. %/
acteristic staining profile of bone marrow-derived macrophagegomparison, CD11b cells isolated from the brains of animals3
(data not shown) (28, 29). exhibiting actively induced EAE were shown to express 3|gn|f|cagt

To further characterize CNS-isolated CDI1bells in animals  |eyels of OX-40L. Expression of OX-40L by CD11hcells dra- g
with actively induced EAE, we examined cell surface expressionnatically increased at disease onset (day 1 of disease, 13 days @ter
of costimulatory molecules. Brain mononuclear cells were 'SOlateqmmunlzatlon 58% of CD11b cells) and stayed relatively theu
from animals with severe clinical EAE and stained with severalggme at the peak of disease (day 3 of disease, 13 days after%’n-
soluble chimeric fusion proteins (CTLA-4:1g, OX-40R:lg, or lym- oy nization; 529). OX40L expression was undetectable at dlsease
photoxinf3 receptor:lg) or human Ig as an isotype control. AS recoyery (17-20 days after immunizatioss; 1%), in contrast to §
shown in Fig. 3, the CD11bcells isolated from the brain of an- 1 class Il expression, which remained elevated. Interesting,
OX-40L expression on CD1Ibbrain APC reappeared during%
clinical relapses (43% express OX-40L) (relapse time point wgs
part of a different experiment; data not shown). There was little _ér
no expression of OX-40L in spleens of animals with active diseage
(Fig. 4).

To confirm expression of OX-40L on APC from the brains of
animals with actively induced EAE, we performed RT-PCR té
detect OX-40L mRNA and Western blot analysis to detect OX
40L protein. RNA was extracted from CNS mononuclear cel
isolated from animals with EAE. Following PCR amplificatioré
with OX-40L-specific primers, a band of the correct m.w. fof
OX-40L was visualized. In confirmation of our flow cytometry
data, OX-40L RNA expression was highest at the onset and
peak of disease and less abundant during recovery (data not
shown). Western blot analysis of OX-40L protein synthesis by
mononuclear cells in the CNS of animals with actively induced
EAE also confirmed our previous findings (data not shown).
CNS mononuclear cells and splenocytes were isolated from an-
imals at the acute phase of EAE, and the cell surface proteins
were passed over an OX-40R column. The CNS-derived lysate
showed a single band at 40 kDa, which was identical in m.w.
when compared with the lysate from an OX-40L transfected cell

X . ) - 2 X line. No band was detected when a protein lysate from spleno-

of animals with severe disease following active induction of EAE. Cells . . .
were isolated from the brains of mice at the peak of clinical signs of EAECytes isolated from animals with EAE was passed over the same

(disease score 6-8, day 3 of disease, 14 days after immunization). The d6P1UMN (data not shown). Taken together, these data confirm
plots show total CNS mononuclear cells stained with CD11b phycoerythrinPreferential expression of the OX-40L within the CNS of ani-
and counterstained as indicated. mals with clinical signs of EAE.
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FIGURE 3. Surface phenotype of CD11kcells isolated from the CNS
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OX-40R-specific inhibition of in vitro T cell proliferation blocking OX-40R/OX-40L interaction. Therefore, we treated
Results from Figs. 1 and 4 suggest that OX-40L may be important fof"ic& With OX-40R:lg to bind the OX-40L present on APC an&
prevent OX-40R-specific signaling. Animals were |mmun|zea

costimulating myelin-specific T cells found within the CNS of ani- M, ¢ g
mals with actively induced EAE. To determine whether OX-40L ex- With PLP1so 15, @and CFA and treated with 40g of OX- &
pression by CD11b cells isolated from the CNS of mice with EAE 40R:1g or saline on the first day of disease onset and for tvgo
could act as APC and provide costimulation, we isolated these celldys thereafter. Fig. 6 and Table I (Expt. 1), demonstrate that
from the brains of animals exhibiting active EAE and used them in &n€ group treated with OX-40R:Ig had less severe clinical siggs
T cell proliferation assays. Brain APC were assessed for their abilit?f disease compared with the control group and recovered mare
to present Ag to PLR_,ssspecific T cells in the presence or ab- quickly from the acute phase of disease, although both groups
sence of soluble costimulatory blocking reagents (CTLA-4:lg anddid relapse (Fig. 6). Table | shows two additional treatmergt
OX-40R:Ig). Iradiated thymocytes (used as control APC) or brainxperiments (Expts. 2 and 3). In experiment 2, animals wege
macrophages were placed in culture in the presence of CTLA-4:igiréated with OX-40R:lg, CTLA-4:lg, OX-40R:lg, and CTLA- 5
OX-40R:lg, or CTLA-4:lg and OX-40R:lg for 1 h. The APC were 4:Ig or saline. Treatment was initiated 10 days after active ir@»
added to PLR,,_,57Specific T cells in the presence of specific pep- Munization and continued daily for 5 days. Both OX-40R:Ig
tide. The proliferation results are shown in Fig. 5. and CTLA-4:lg groups showed decreased disease severity, ahd

Using irradiated thymocytes as APC (at an APC:T cell ratiothe combination showed no enhancement over OX-40R:lg Br
of 10:1) (Fig. %), soluble CTLA-4 inhibited T cell prolifera- CTLA-4:lg treatment alone. In addition, 80% of the animal§
tion by 22% when present at2g/ml and by 71% when present receiving saline died due to severity of disease, whereas aIIiof
at 40 pg/ml. T cell proliferation was not inhibited in the pres- the treatment groups survived. Experiment 3 compared OX-
ence of 2ug/ml of OX-40R:lg but was inhibited at 4p.g/ml 40R:lg treatment to a human Ig isotype control. Similar to ex:n
(48%). The combination of CTLA-4:lg and OX-40R:lg at 2 periment 2, 50% of the control animals died, whereas all of the
wg/ml inhibited T cell proliferation by 22%, and when present OX-40R:Ig group survived, and the control group had mo%
at 40 ug/ml it decreased proliferation by 95%. Human IgG was severe disease in comparison to the OX-40R:lg-treated group.
added at 8Qug/ml to the assay and did not significantly inhibit ~ Treatment with OX-40R:lg at disease onset had little or no effect
proliferation. on subsequent disease relapses. Therefore, studies were initiated to

Using irradiated brain CD1Ibcells (> 80% positive) (Fig. B) determine whether soluble OX-40R:lg or CTLA-4:1g administered
as APC (at an APC:T cell ratio of 0.3:1), soluble CTLA-4 at 2 at the time of recovery from acute EAE altered the percentage of
wg/ml inhibited Ag-specific T cell proliferation by 26% and by animals that relapsed. Animals were treated daily following recov-
32% at 40ug/ml. Soluble OX-40R:1g, when present atu@/ml, ery from EAE with 100ng of OX-40R:lg, CTLA-4:1g or human
inhibited T cell proliferation by 15% and at 40g/ml inhibited T Ig for 14 days. OX-40R:Ig was able to prevent relapses during the
cell proliferation by 71%. The combination of CTLA-4:lg and OX- time of treatment (14 days), but once the treatment was stopped,
40R:1g at 2ug/ml inhibited T cell proliferation by 44% and higher the animals relapsed (data not shown). CTLA-4:lg was able to
concentrations (4Qug/ml) inhibited proliferation by 91%. When prevent relapses during and after the time of treatment, while the
Abs directed against MHC class Il (OX-6) were added, T cellcontrol (human Ig) animals relapsed (data not shown). Animals
proliferation was completely inhibited. were analyzed for the presence of Abs specific for OX-40R:lg,

] ] ) ) CTLA-4:1g, and hu:lg after the experiment was concluded. Mice

In vivo therapy of actively induced EAE with soluble OX-40R:Ig {aated with both human Ig and OX-40R:Ig did have Abs specific
The in vitro proliferation data, as well as FACS analysis (Figs.for the Ilg component of OX-40R:lg and human 1gG. The mice
1-5), suggested that it might be possible to dampen an ongoingeated with CTLA-4:1g did not develop any Abs capable of bind-
immune response within the CNS of animals with EAE by ing to CTLA-4:lg, OX-40R, human IgG (data not shown). It is
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FIGURE 5. OX-40R:lg can inhibit the prolifera-

tion of PLP-specific T cell lines in vitro. The same f 40000

PLP T cell line was used ipanels AandB. A, Normal o
thymocytes were used to present RLP 5, (10 g/ 30000
ml) to T cells in the presence of OX-40:lg, CTLA-4:

Ig, or the combination of OX-40:lg and CTLA-4:1g. 20000
The ratio of thymocytes to PLP-specific T cells was

10:1.B, CD11b" cells were isolated from the brains of 10000
mice exhibiting active EAE (days 1-4 of disease, 14

days after immunization) and used to present 0

PLP,39_15, (10 ng/ml) to T cells in the presence of
OX-40:1g, CTLA-4:lg, or the combination of OX-
40:1g and CTLA-4:lg. The ratio of CD11bcells to

PLP-specific T cells was 0.3:1. CD11tcells were B FAE Brain APC (0.3:1)

enriched by positive selection using FITC-labeled ~ 80000
CD11b and anti-FITC magnetic beads 80% puri-

ty). Human Ig (Hu lg) was used as a negative control

for OX-40:1g and CTLA-4:lg panel A. An Ab that

interferes with MHC class Il presentation of peptide to 60000
CD4* T cells (OX-6) was added as an indication of 50000
maximal inhibition of T cell proliferationganel B. In

both experiments the PLP-specific T cells and APC 540000

were incubated with 1Qug of PLP peptide and the &
indicated blocking reagents for 72 h. Tritiated thymi- 30000
dine was added during the last 18 h of in vitro culture.

20000
10000

0

possible that the development of anti-OX-40R:lg Abs caused thevhich did not lead to the generation of anti-CTLA-4:1g Abs an
clearance of OX-40R:lg and resulted in reduced treatment efficacwas able to prevent disease relapse.
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of R-EAE. This is in direct contrast to treatment with CTLA-4:lg,
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FIGURE 6. EAE was induced in female SJL mice by s.c. injection of
150ug of PLP peptide emulsified in CFA. Treatment regimen was initiated
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7
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In vivo therapy of adoptively transferred EAE with soluble
OX-40R:lg

We next assessed whether treatment with OX-40R:lg during tge
acute phase of adoptive (passive) EAE had a therapeutic efféct.
Fig. 7 and Table Il (Expt. A) show that the OX-40R:Ig-treate@
mice had less severe disease than the human IgG-treated mice. In
experiment B (Table Il), the mice were injected with OX-40R:Ig
for 5 consecutive days after disease onset. Forty percent of the
control animals died due to severe EAE, while all of the OX-40R:
Ig-treated group survived and had a lower maximum disease score.
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Discussion

We have shown that blocking OX-40R engagement by the OX-
40L during T cell activation in vitro and in vivo led to a decrease
in T cell proliferation and a diminution in clinical signs of EAE.
The OX-40R and its ligand were selectively expressed at the site
of inflammation on CD4 T cells and CD11b cells, respectively.
The selective expression of the OX-40R and its ligand within the

after animals exhibited clinical signs of disease (day 1) and was adminisc NS suggested that OX-40R-mediated treatment was occurring by
tered daily for 3 days (40pg/day). The arrows on the graph indicate the blocking T cell activation primarily at the site of mflammatlpn. We
days the treatment was administered. Additional data on these mice a@nd others have demonstrated the selective up-regulation of the

presented in Table |, experiment 1.

OX-40R on CD4 T cells isolated from the site of inflammation in
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Table I. Disease severity of actively induced EAE is reduced by in vivo treatment with soluble OX-40R:Ig

and CTLA-4:1g
10-Day
Max. Disease Cumulative EAE
Expt. Treatmerst Treatment Regimen Severity Score Disease Scofe  Deaths
Expt. 1 Day of Disease
n= OX-40R:lg 1,23 5.3 2211 0/3
(400 png/day)
n=3 Saline 1,2,3 7.3 48 16 0/3
Expt. 2 Day After Immunizatioh
n= OX-40R:lg 10, 11, 12, 13 6.6 a5
(400 png/day)
n=5 CTLA-4:g 10, 11, 12, 13 6.2 (0:3)
(400 png/day)
n=5 OX-40R:lg+ CTLA-4:lg 10, 11, 12, 13 5.8 (0:3)
(200 ng + 200 ng/day)
n=5 Saline 10, 11, 12, 13 8.8 NA 4/15
Expt. 3 Day of Disease
n=6 OX-40R:lg 1,2,3,4,5 6.3 0/6
(400 png/day)
n=6 Hu-lgG 1,2,3,4,5 8.5 NA 3/6'
(400 png/day)

20OX-40R:lg, CTLA-4:1g, and Hu IgG were diluted in sterile saline at the appropriate concentration to deliver the indicated
amount in 0.2 ml of saline (i.p. injection).

b At the first sign of actively induced EAE, animals were paired according to clinical disease score and then split equally
between the two treatment groups. Groups were then treated as indicated.

¢ Animals were randomly assigned to individual treatment groups on day 10 after immunization before disease onset. Groups
were then treated as indicated.

9The 10-day cumulative disease score is determined by adding the daily clinical disease score of an individual animal for
the first 10 days of disease.

¢ Not applicable because not all animals survived to day 10 of disease.

f Animals died of disease despite receiving gelatin squares and daily injections of saline alone or as a diluent of Hu IgG.

9 Significant relative to saline treatment groyp= 0.03), as determined by comparison of proportions.

1€/291 /4pd-ajonJe/ounwwif/Bio’1ee sjeulnols/:diy wouy papeojumoq

rheumatoid arthritis, inflammatory bowel disease, GVHD, andnations for the cause of clinical relapses in EAE: 1) The T ce@
cancer (31). Therefore, blocking OX-40R-mediated costimulationthat are initially activated in the CNS recirculate to the peripherg

in vivo might be useful in treating a variety of CDA4T cell- become reactivated, and cross the blood-brain barrier once a@in
mediated human autoimmune disorders, without causing peripheading to a clinical relapse. 2) Naive T cells from the perlphe@
eral immune suppression. are activated by myelin Ags after the acute phase of disease ghd

Our data show that blocking OX-40R/OX-40L interaction dur- migrate to the CNS leading to the relapse. If T cells were able &
ing the acute phase of disease did not prevent animals from havingrculate out of the CNS, then treating with OX-40R:lg did nota
clinical relapses. This suggests that the T cells that cause clinicahduce anergy or cause T cell death at the site of |nf|ammat|cg1_
relapses were not affected by the initial blockade of OX-40R/OX-However, if peripheral naive T cells stimulated by myelin Agg’
40L-mediated T cell costimulation. There are two possible explacaused the relapse, then the T cells responsible for the acute pifase

of EAE within the CNS could have been anergized by treatmeat
with OX-40R:Ig. We are currently exploring whether T cell actiPn

Adopiive EAE e oxare vation blocked by OX-40R:Ig can cause T cell anergy or actlvatéd

- HulgG induced cell death. q

T cells isolated from inflammatory lesions in EAE have an a@
tivated memory phenotype (IL-2R CD45RB°", CD44"9" Mel-
14°%) (32). We hypothesize that T cells invading the CNS in ac-
tive EAE have been Ag primed in the draining lymph nodes, and
within 10—-12 days after stimulation circulate out of the lymph
node and penetrate the CNS. These cells have been characterized
as short-term memory “effector” T cells, and upon encountering
Ag within the CNS produce a burst of cytokines that in turn leads
to clinical paralysis (21). In a TCR transgenic model (33), we are
currently investigating the stage of CDA cell development (na-

v o ive or effector) during which the OX-40R costimulatory event is
L e TR »oaom B R biologically relevant (Gramaglia et al. (34)). Using a MHC class Il
) . . ) .. transfected fibroblast (DCEK) (35) that is capable of presenting Ag
FIGURE 7. Adoptive EAE was induced in female SJL mice by i.p. in- .
jection of 5 1F syngeneic PLP,y_ycrspecific T cells. On the first day to the TCR transgenic T cells, we have cotransfected the OX-40L
of clinical disease, animals received the treatment indicated by i.p. injec® B7-1 géne products individually or in combination. The OX-
tion (400ug/day). The arrows on the graph indicate the days the treatmenfiOL transfected DCEK line did not induce proliferation or IL-2
was administered. Additional data on these mice are presented in Table IRroduction in naive T cells, but provided potent costimulation to
experiment A. both Thl and Th2 effector T cells. In contrast, the DCEK line

Average Clinical Disease Score
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Table Il. Disease severity of adoptively transferred EAE is reduced by in vivo treatment with soluble

OX-40R:lg
Treatment 10-day
Number of Cells Animal Regimefi Max. Disease Cumulative EAE
Transferre@ Number Treatmefit (day of disease) Severity Score  Disease Scofe Deaths
Expt. A
5% 10° n=4 0OX-40R:lg 1,35 5.0 31+ 14.9 0/4
(150 pg/day)
5% 10° n=4 HulgG 1,35 7.5 49.5+ 12.8 0/4
(150 pg/day)
Expt. B
5% 10° n=5 0OX-40R:lg 1,2,3,4,5 5.4 0/5
(150 ng/day)
5% 10° n=5 HulgG 1,2,3,4,5 7.6 NA 2/5
(150 ng/day)

2 EAE was adoptively induced by the transfer of RL§ 1srspecific T cell lines, after activation with specific peptide (5
png/ml) and syngeneic irradiated thymocytes.

b OX-40R:Ig and Hu IgG were diluted in sterile saline at the appropriate concentration to deliver the indicated amount in 0.2
ml of saline (i.p. injection).

¢ At the first sign of adoptively induced EAE, animals were paired according to clinical disease score and then split equally
between the two treatment groups. Groups were then treated as indicated.

9The 10-day cumulative disease score is determined by adding the daily clinical disease score of an individual animal for
the first 10 days of disease.

€ Not applicable because two animals did not survive to day 10 of disease.

f Animals died of disease despite receiving gelatin squares and daily injections of saline as a diluent of Hu IgG.

9 Significant relative to Hu IgG treatment group € 0.03), as determined by Student’est.

transfected with OX-40L and B7.1 provided a potent signal forwould lead to decreased inflammation, thereby making it unn
naive T cell activation and also induced potent costimulation foressary to block both receptors.
effector T cells. In the Lewis rat, we have also shown that the Others have shown thatin vivo injections of an anti-OX-40R AE
OX-40R provides costimulation for long-term MBP-specific T cell in animals with chronic GVHD exacerbates the clinical signs &
lines (9). The data from the TCR transgenics and the Lewis raglisease (36). In chronic GVHD, the administration of anti-OX-40§
model suggest that the OX-40R appears to be biologically activé\bs converted the disease to acute GVHD (36). We have sho#n
on effector or memory effector T cells and can synergize with B7.1that OX-40R" T cells from animals with acute GVHD were thez
to stimulate naive T cells. The data presented here suggest that t&&lls that recognize alloantigen in vivo. We have also observeda
T cells invading the CNS in animals with EAE (memory effector Similar pattern of OX-40R expression in bone marrow transplafjt
T cells) are sensitive to OX-40R costimulation and therefore reatients who have GVHD (T. Tittle, unpublished observationsj,
sponded to the OX-40R:Ig treatment. An alternative interpretatiorCurrently, we have identified a CD11bcell population in the
of the treatment results is that cross-linking the OX-40L on CNSPeripheral blood and lymph nodes of animals with GVHD that
APC induces inhibitory cytokines that can down-regulate T cell€XPresses the OX-40L (T. Tittle, unpublished observations). Fi-
function. ture experiments will be aimed at tempering clinical signs
The OX-40L was originally described as a protein that was up_ng%£¥gtargeting OX-40L cells by in vivo administration of

regulated by the transcriptional transactivating human T cell lym- .
D Our data suggest that the CDTUMHC class II" cells isolated
hotroph t I (HTLV-I t tax (13). E - . : ) .
photrophic virus, type | ( ) gene product tax (13). Expres from the CNS of animals with EAE are presenting Ag to myellng

sion of the OX-40L seems to be quite restricted to APC found o . i o T
o . . . “specific CD4 T cells. Alternatively, myelin-specific T cells could 2
within inflammatory sites or APC that have been activated in V|trobe stimulated by the endothelial cells found at the blood-bra%
(14, 15). Therefore, it appears that OX-40R-mediated costimula; y

s L ) barrier. Others have shown that endothelial cells at the site Bf
tion in vivo may be limited by expression of the OX-40L. We have »

. . blood-brain barrier disruption have an activated phenotype and
found that the OX',A'OL is coexpressed with CDS_O and/or_ CD86 onup—regulate MHC class Il (37). Activated endothelial cells have
the CD11l cells isolated from the CNS of animals with EAE

; . . p recently been shown to express the OX-40L (15). Activated en-
(Fig. 3). This would suggest that if these CD11tells were pre-  yqlia| cells at the blood-brain barrier may be presenting Ag to

senting Ag to OX-40 T cells in the CNS, the T cells would T cgjis that are in the process of penetrating the CNS. If this is the

receive a combination of costimulatory signals through the OX-case then costimulation could occur through an OX-40R/OX-40L-
40R and CD28. Our in vitro studies with the DCEK transfectants e diated step. Inhibition of inflammation in our EAE model may

showed that the combination of B7 and OX-40L provided a stron-gceur by blockig a T cell endothelial cell interaction with the
ger costimulus than either signal by itself. Blocking both signalspx-40R:Ig.

showed the greatest inhibition of T cell proliferation in vitro (Fig.  The colocalization of OX-40L-bearing macrophages/microglia
5), but we saw no enhanced amelioration of EAE when bothand OX-40R T cells within the inflamed CNS tissue of animals
CTLA-4:lg and OX-40R:lg were administered together vs OX- with EAE suggests an important role for OX-40R/OX-40L inter-
40R:lg alone. Whether the combination of both costimulatory sig-action in the immunopathology of EAE. Blockade of OX-40R/
nals are additive in vivo, or the sequential engagement of CD28&X-40L interaction both prevented T cell activation in vitro and
and OX-40R leads to cytokine production and T cell proliferation, most likely led to the in vivo amelioration of clinical signs in EAE.
is unknown. If sequential engagement of both costimulatory re-A significant advantage of using OX-40R and OX-40L as targets
ceptors is necessary in vivo, then blocking one of the receptorfor intervention is their transient expression restricted to activated
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T cells and activated APC. This feature allows targeting of T cells16.
and macrophages at the inflammatory site without affecting the
peripheral T cell repertoire, thereby avoiding global immune
suppression. 17.

Our success in treating EAE suggests that targeting OX-40R/
OX-40L interactions may be useful in treating multiple sclerosis ;g
and other autoimmune diseases. We have previously demonstrated
that T cells in the joints of patients with rheumatoid arthritis se-
lectively express OX-40R (21). As in EAE, targeting activated T ;4
cells and APCs within the sites of inflammation in human auto-
immune diseases may be a promising approach to immunoselec-
tive regulation of the disease process, using reagents that recogm%%
the OX-40L or the OX-40R.
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