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Targeting IL-15 Receptor-Bearing Cells with an Antagonist
Mutant IL-15/Fc Protein Prevents Disease Development and
Progression in Murine Collagen-Induced Arthritis’

Sylvie Ferrari-Lacraz,>* Eric Zanelli,” Manfred Neuberg,” Elina Donskoy,” Yon Su Kim,**
Xin Xiao Zheng,* Wayne W. Hancock,” Wlodzimierz Maslinski,** Xian Chang Li,*
Terry B. Strom,* and Thomas Moll**

It has been suggested that the inflammatory cytokine IL-15 plays an important role in the development of several autoimmune
diseases, including rheumatoid arthritis. We have generated a unique lytic and antagonistic IL-15 mutant/Fcy2a fusion protein
(CRB-15) that targets the IL-15R. In the present study we examined the effects of targeting the IL-15R on the prevention and
treatment of collagen-induced arthritis (CIA) in mice and probed the possible mechanisms of action of this IL-15 mutant/Fcy2a
protein. Upon immunization with type II collagen, DBA/1 mice develop severe articular inflammation and destruction. Treatment
of DBA/1 mice with a brief course of CRB-15 at the time of type II collagen challenge markedly inhibited the incidence and severity
of arthritis. Moreover, in animals with ongoing established arthritis, treatment with CRB-15 effectively blocked disease progres-
sion compared with that in control-treated animals. The therapeutic effect of CRB-15 on either disease development or disease
progression is remarkably stable, because withdrawal of treatment did not lead to disease relapse. A detailed analysis revealed that
treatment with CRB-15 decreased synovitis in the joints; reduced bone erosion and cartilage destruction; reduced in situ pro-
duction of the proinflammatory cytokines TNF-«, IL-1(, IL-6, and IL-17; and decreased the responder frequency of autoreactive
T cells. Our study suggests that the effective targeting of IL-15R-triggered events with CRB-15 can be of therapeutic importance

in the treatment of rheumatoid arthritis.

heumatoid arthritis (RA)® is an autoimmune disorder
R characterized by synovial inflammation and the erosion

of bone and cartilage, ultimately leading to the destruc-
tion of the affected joints. The dysregulated intra-articular expres-
sion of proinflammatory cytokines, in particular, TNF-« and IL-
18, plays a key role in the pathogenesis of RA (1), a finding that
has been corroborated by the successful treatment of RA patients
with therapeutic agents targeted at inhibiting the activity of either
of these cytokines (2-7). Although often successful in clinical
practice, blocking, for instance, TNF-« is not effective in all pa-
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tients and does not lead to a remission of the disease. This may be
due in part to the complexity of the cytokine network involved in
inflammatory lesion formation, and it is likely that cytokines or
growth factors other than TNF-a and IL-18 participate in the
pathogenesis of RA. Recently, the proinflammatory cytokine IL-15
was identified as one of the factors likely to play an important role
in RA disease progression (8).

IL-15 is a member of the four-a-helix bundle cytokine family
with closest homology to IL-2 and IL-21 (9-11) and which, under
physiological conditions, is involved in the differentiation and pro-
liferation of NK and T cells (12, 13; for review, see Ref. 14).
Furthermore, IL-15 is an important proinflammatory cytokine, pro-
duced, e.g., by activated macrophages (9, 15), that stimulates the
activation, proliferation, survival, and effector functions of a vari-
ety of immune cells (14, 16—19). For instance, we have demon-
strated that IL-15 is a critical growth factor for the proliferation of
Ag-activated T cells in response to immunological stimuli in vivo
(20), and increased IL-15 expression has been described in a va-
riety of immunological disorders (14). Overexpression of IL-15 in
patients with active RA was initially suggested by Mclnnes et al.
(8), a finding since confirmed by various other groups (21, 22).
These authors also demonstrated that in the rheumatoid lesion,
IL-15 may act as a chemotactic and proliferation-inducing factor
for synovial T cells and may increase synovial macrophage TNF-«
production via a process requiring direct contact between T cells
and macrophages (23, 24). These findings were extended by the
observation that IL-15 mediates T cell extravasation into arthritic
tissue in vivo (25). In addition, we have recently demonstrated that the
activities of IL-15 in RA are not limited to T cells and macrophages,
but also extend to synoviocytes, because IL-15 not only triggers IL-17
production (26), which, in turn, induces inflammatory cytokine ex-
pression by synoviocytes (27) and macrophages (28), but also directly
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stimulates the proliferation and survival of hyperproliferating primary
human fibroblast-like synoviocytes (29).

In view of the large body of evidence suggesting an important
role of IL-15 in RA disease progression, we hypothesized that
therapeutic targeting of IL-15R™ cells should be beneficial for the
treatment of RA. To test this, we have constructed a recombinant
fusion protein consisting of a point-mutated IL-15 and the constant
region of murine IgG2a. This IL-15 mutant/Fcy2a fusion protein
(CRB-15) binds the IL-15R with high affinity, but does not trigger
signaling events, thereby blocking, e.g., IL-15-driven cell prolif-
eration in vitro and acting as a receptor-specific antagonist (30).
The Fc portion of this fusion protein confers in vivo longevity and
is designed to target IL-15R-bearing cells, such as activated T
cells, macrophages, and synoviocytes for deletion by the innate
immune system. Previous studies using CRB-15 have demon-
strated that this fusion protein is indeed remarkably effective in
blocking delayed-type hypersensitivity responses and alloantigen-
driven T cell proliferation in vivo (30). Also, CRB-15 can induce
stable allograft survival in a murine model of islet transplant re-
jection (31). In the present study, using the murine model of type
II collagen (CII)-induced arthritis (CIA), we examined the effect of
CRB-15 on both the initial development and established ongoing
arthritis and studied the possible mechanisms involved. We found
that CRB-15 treatment not only could prevent the development of
arthritis, but was also remarkably effective in blocking disease pro-
gression in a model of established ongoing disease. Intriguingly,
we observed that the effects of CRB-15 treatment were sustained
after discontinuation of treatment in both the disease onset and
established disease models, suggesting a long term beneficiary ef-
fect of CRB-15 even after a short treatment regimen. We further-
more show that apart from reducing IL-18, IL-6, IL-17, and
TNF-a expression in the joints, CRB-15 treatment also decreases
lymphocytic infiltration, reduces bone erosion and cartilage de-
struction, and decreases the responder frequency of Ag-reactive T
cells.

Materials and Methods
Expression and purification of CRB-15 protein

The design and construction of the CRB-15 DNA construct were previ-
ously described (30). Briefly, glutamine residues 101 and 108 within the
fourth « helix of IL-15 were mutated to aspartic acid via site-directed and
PCR-assisted mutagenesis. This mutant IL-15 was then genetically linked
to the constant region of murine IgG2a and cloned into an expressing
vector. NS-1 cells (American Type Culture Collection, Manassas, VA) or,
alternatively, CHO-K1 cells (DMSZ, Braunschweig, Germany) were stably
transfected with a plasmid carrying the construct encoding the CRB-15
fusion protein (30). The transfectant cells were cloned and cultured in
serum-free Ultraculture medium (BioWhittaker, Walkersville, MD) con-
taining 100 wg/ml zeocin (Invitrogen Life Technologies, San Diego, CA).
CRB-15 protein in the culture supernatant was purified by protein A affinity
chromatography and, in some instances, ion exchange chromatography.

Induction of CIA

Male DBA/1 mice (The Jackson Laboratory, Bar Harbor, ME), 8-9 wk of
age, were used in all experiments. CII derived from chicken sternal carti-
lage (Sigma-Aldrich, St. Louis, MO) was dissolved in 0.1 M acetic acid at
2 mg/ml at 4°C overnight. The CII solution was then emulsified with an
equal volume of CFA (1 mg/ml Mycobacterium tuberculosis (H37Ra,
American Type Culture Collection 25177; Sigma-Aldrich) as previously
described (32). To induce CIA, 200 ug of CII was injected intradermally
at the base of the tail of DBA/I mice. Twenty-one days after immunization,
the animals were challenged with 200 ug of CII i.p. in PBS.

Treatment of animals

After immunization and subsequent challenge with CII, animals were di-
vided into two groups: one group received a daily i.p. injection of IgG2a
(BD Biosciences, San Jose, CA) at 1.5 ug/injection/day. The other group
received a daily i.p. injection of CRB-15 (1.5 ug/injection/day). The data
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shown are for a total of 38 CRB-15-treated and control-treated animals,
respectively, and summarize five independent experiments. Treatment was
given at the time of CII challenge and was continued for 10 consecutive
days; no treatment was given thereafter. Mice were evaluated every day for
signs of arthritis based on the following criteria: grade 0, normal joints and
no swelling; grade 1, mild swelling and/or erythema; grade 2, pronounced
edema or redness of the paw or several digits; and grade 3, severe swelling
of entire paw and/or ankylosis. As each limb was individually graded, the
maximal clinical score for each mouse was 12. Animals from each group
were kKilled at different time points after the onset of arthritis (days 4, 7, 11,
and 21) for histological and molecular analysis (n = 12). The remaining
animals were followed until 42 days postchallenge.

Treatment of animals with established arthritis

DBA/I mice were immunized and challenged with CII as described above
and monitored every day for signs of arthritis based on the following cri-
teria: grade 0, normal joints and no swelling; grade 1, mild swelling and/or
erythema; grade 2, pronounced edema or redness of the paw or several
digits; grade 3, severe swelling of entire paw; and grade 4, ankylosis. When
animals developed overt arthritis with a minimal clinical score of 2, they
were randomly assigned to treatment groups and given either IgG2a (5
ung/injection/day) or CRB-15 (5 pg/injection/day) for 14 consecutive days.
Only animals developing arthritis were included in the analysis. On day
120 after the initial challenge, the paws of the animals were prepared for
histological evaluation. In some instances DBA/1 mice were immunized
with 100 ul of solution containing 100 ug of bovine CII in CFA containing
1 mg/ml M. tuberculosis, injected intradermally at the base of the tail. On
day 21, all the animals received a boost immunization of 100 ul of solution
containing 100 pg of CII in IFA, again intradermally at the base of the tail.
Mice were subsequently scored daily for signs of arthritis. Similar results
were obtained with this immunization protocol (data not shown).

Histology

Paws were removed postmortem, fixed in 1% paraformaldehyde for 3 days,
and decalcified in 5% EDTA for 2 wk before being embedded in paraffin
for sectioning. Serial sagittal sections were made, mounted on glass slides,
and stained with H&E. Tissue sections were analyzed by light microscopy
and graded blindly. For the quantification of joint inflammation and de-
struction in animals with established disease, joints were removed on day
120 after initial immunization, fixed, decalcified, and paraffin-embedded as
described. Histopathologic changes in the joints were evaluated on five
serial sections through the entire joint, spaced 70 wm apart. Tissue sections
(5 wm thick) were stained with H&E. Synovial membrane thickness was
scored from 0—4 (0 = normal thickness, | = minimal inflammatory in-
filtration, 2 = synovial thickness less than the depth of the epiphysis, 3 =
equal, and 4 = more). Cartilage destruction was separately graded on the
basis of chondrocyte degeneration, ruffling of cartilage surface, and/or dys-
trophic cartilage on a scale from O (normal cartilage) to 4 (complete loss of
the articular cartilage). Bone erosion was scored on a scale of 0—4, ranging
from no abnormalities to complete loss of cortical and trabecular bone (0 =
no erosion, 1 = erosion <25% of the articular surface, 2 = 26-50%, 3 =
51-75%, and 4 = >75%). The joints studied were digits (front and hind
paws), wrists, elbows, knees, and ankles. In some cases shoulders were also
included. For each complex joint (digits, ankle, and wrist), a progression
score was used, based on the number of joints (per complex joint) that
showed disease: 0 = no joint involved; 1 = one joint involved; 2 = two
joints involved; and 3, more than three joints involved. The progression
score was used as a factor to calculate the total score per complex joint as
follows: total score = progression score X histological score in the com-
plex joint. The scores were used to compare treatment/control groups
(maximum score = 12).

Immunohistology

The following rat anti-mouse mAbs and isotype-matched control mAbs
were purchased from BD Pharmingen (San Diego, CA): anti-CD4
(H129.19), anti-CD8 (53-6.7), and anti-CD11b (M1/70). The mAbs against
IL-18 (MAB401) and TNF-a (MP6-XT22) were obtained from R&D Sys-
tems (Minneapolis, MN). Cryostat sections of paws (four per group) were
fixed in paraformaldehyde-lysine-periodate for analysis of leukocyte Ags
or in acetone for localization of cytokines as previously described (33).
Sections were briefly counterstained in hematoxylin and mounted for ex-
amination. Isotype-matched mAbs and control Abs were analyzed for en-
dogenous peroxidase activity in each experiment. The specificity of cyto-
kine labeling was controlled by overnight mAb absorption with cytokines
(IL-1B and TNF-a) using Ag-coated ELISA wells (4°C; 1-5 ug/ml) before
immunohistologic labeling. Sections were evaluated in a blinded manner,
and the numbers of cytokine-positive cells in 10 consecutive high power
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fields were enumerated, with data expressed as labeled cells per high power
field (mean * SD).

RNA isolation and RT-PCR

Paws of animals were collected for RNA analysis on days 3, 6, 9, 12, 15,
18, and 21 after initial disease development (eight per time point). Skin,
muscle tissue, and other nonjoint bone materials were removed, and the
samples were frozen in liquid nitrogen and stored at —80°C. Tissue sam-
ples were homogenized with a Polytron (KINEMATIKA, Lucerne, Swit-
zerland), and total cellular RNA was extracted using RNASTAT 60 (Tel-
Test, Friendswood, TX) according to the manufacturer’s instructions. RNA
was then quality-controlled for traces of chromosomal DNA by PCR anal-
ysis, and the concentrations of the RNA samples were determined with a
spectrophotometer (DU 640; Beckman Coulter, Fullerton, CA). Two mi-
crograms of RNA was reverse transcribed and quality controlled for the
expression of the housekeeping gene GAPDH or, alternatively, cyclophylin
(34). Subsequently, the relative abundance of inflammatory cytokines (IL-
1B, IL-6, IL-17, and TNF-a) was determined by TagMan real-time PCR
analysis with the ABI 7000 sequence detection instrument (Applied Biosys-
tems, Foster City, CA) and normalized against the housekeeping gene cyclo-
phylin. Primers and probes for IL-13, IL-6, and TNF-a were purchased from
Applied Biosystems. Primers for IL-17, cyclophylin, and GAPDH were: IL-17
forward, GAAAGCTGGACCACCACATGA; 1L-17 reverse, GCTCTCAG
GCTCCCTCTTCA; IL-17 probe, TTCTGTTCTCATCCAGCAAGAGATC
CTGGT; cyclophylin forward, GCCTGGATGCTAACAGAAGGA; cyclo-
phylin reverse, GTTCATCCCGTCGCTATGGT; cyclophylin probe,
ATGACAAGGATGCCGGGCAAGTGT; GAPDH forward, TGCACCAC
CAACTGCTTAGC; GAPDH reverse, CCCTTCCACAATGCCAAAGT;
and GAPDH probe, CCCCTGGCCAAGGTCATCCATG.

A
100 4
—0— CRB-15
80 —e—lgG2a

% free of arthritis

mean disease severity
2

Days post-challenge

IL-15 MUTANT/Fcy2a PROTEIN BLOCKS CIA

In vitro T cell proliferation assay

Peripheral lymph node cells (PLN) from DBA/1 mice immunized and chal-
lenged with CII and treated with IgG2a (1.5 pg/day) or CRB-15 (1.5 ug/
day) for 10 days were removed, and single-cell suspensions were prepared.
PLN from nonimmunized DBA/1 mice were used as controls. Cells were
plated at 1 X 10° cells/well in U-bottom, 96-well plates in RPMI 1640,
supplemented with 10% FCS, 100 U/ml penicillin, 100 pg/ml streptomy-
cin, 1% glutamine (BioWhittaker), and 2-ME (5 X 107° M; Sigma-
Aldrich). Cells were incubated at 37°C for 84 h in plates coated with 100
g of CII, followed by addition of 1 uCi of [*H]TdR for an additional 16 h.
Cells were then harvested and [PH]TdR incorporation per well was mea-
sured and averaged for each triplicate.

CFSE labeling and analysis of T cell proliferation in vivo

Twenty-one days after immunization with CII, spleen cells from DBA/1
mice were harvested, and cell suspensions were prepared in HBSS (Bio-
Whittaker). Hypotonic shock was used to lyse RBC, and mononuclear
leukocytes were washed, resuspended in HBSS, and labeled with fluoro-
chrome CFSE (Molecular Probes, Eugene, OR) at a final concentration of
5 nM, as described previously (35). Recipient DBA/I mice were lethally
irradiated (1000 rad; GammaCell irradiator; Ontario, Canada) before in-
jection of the CFSE-labeled cells (30 X 10° cells/recipient) via the lateral
tail vein. The same day, recipient mice received a boost of CII (an i.p.
injection of 200 ug of CII in PBS) and daily treatment with 1.5 ug of
control IgG2a or CRB-15 for 8 days. Adoptive transfer using naive host
and recipient mice was also performed as a control. On day 8 recipient
spleen cells were removed, and cell suspensions were processed as before.

FIGURE 1. A, Short term treatment with CRB-15 decreases the incidence and severity of CIA. Mice were immunized with CII and after 21 days were

challenged by i.p. readministration of CII. On the day of challenge, mice were randomly divided into two groups and were treated with either CRB-15 (1.5
ug/mouse/day; O) or control IgG2a (1.5 wg/mouse/day; @) for a total of 10 days. Both the incidence (upper panel) and severity (lower panel; maximum
score per animal, 12) of disease were monitored during treatment and for a period of 32 days after discontinuation of treatment. Treatment with CRB-15
prevents disease development and progression not only during treatment, but throughout the observation period (*#, p < 0.01). The results shown are for
a total of 38 CRB-15- and control-treated animals, respectively, and summarize five independent experiments. Mean disease severity scores = SEM are
given. B, CRB-15 treatment reduces articular inflammation and joint destruction. After development of the first symptoms of arthritis, joints from CRB-15-
and IgG2a-treated animals (n = 6) were removed, formalin-fixed, and decalcified, and H&E stains were prepared. Representative sections of ankles from
paws with a disease score of 2 on day 7 after disease onset are shown (magnification, X40). Whereas IgG2a-treated animals show severe joint cartilage
erosion and joint space narrowing (upper panel), joints from CRB-15-treated animals show an essentially normal morphology (lower panel).
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Cells were stained with anti-CD4-PE-conjugate (2 wg/ml) or anti-CD8-
PE-conjugate (2 wg/ml; BD Pharmingen) for 30 min at 4°C. After staining,
cells were washed once and resuspended in 0.5 ml of HBSS for analysis by
flow cytometry using a FACS-Sort and CellQuest software (BD Bio-
sciences, Mountain View, CA). Live events were collected and analyzed by
gating onto CD4"CFSE™ or CD8"CFSE™ cells.

Calculation of the frequency of proliferating CD4™ T cells

Analysis of CD4™ T cell proliferation in response to Ag stimulation was
performed according to Noorchashm et al. (36). With each round of cell
division, the CFSE dye is divided equally between daughter cells. Using
the FACS acquisition software (CellQuest), the total number of cells in
each generation of proliferation can be established, and an estimate of the
number of precursors that generated the daughter cells was determined
using the following formula: y/2" (where y is the absolute number of cells
in each peak, and n is the number of cell divisions). Calculation of the
frequency of proliferating T cells was then analyzed by dividing the total
number of precursors by the total CFSE-labeled cells under each peak.

Statistics

The incidence of arthritis (percentage) was analyzed using a Kaplan-Meier
cumulative plot for the cumulative percentage free of arthritis and com-
parison between groups was performed using a log rank test for event time
(Fig. 1A, upper panel). The disease severity of arthritis as well as the
histological scores (Fig. 1A, lower panel, and Fig. 3) were analyzed using
a two-tailed nonparametric Mann-Whitney U test. A value of p < 0.05 was
defined as significant (StatView 5.1 (SAS Institute, Cary, NC) and PRISM
3.02 (GraphPad, San Diego, CA)). For gene expression analysis, cDNA
samples were analyzed in triplicate by TagMan real-time PCR. The auto-
matic baseline was determined by the ABI 7000 sequence detection in-
strument, followed by manual quality control. The normalized calculated
mean values for each sample were imported into the GraphPad PRISM
software for statistical valuation, and linear regression analyses as well as
two-tailed Pearson correlation analyses were performed.

Results
Treatment with CRB-15 decreased the incidence and severity
of CIA

After initial immunization and subsequent challenge with CII 21
days later, development of a severe progressive form of arthritis
was observed in a majority (81%) of the IgG2a-treated DBA/1
mice (Fig. 14). The joints affected exhibited prominent swelling
and edema, eventually resulting in restricted mobility and anky-
losis. Histologically, the synovial membrane was heavily infil-
trated with mononuclear leukocytes (see, e.g., Fig. 2); joint carti-
lage was severely eroded, and joint space narrowing, leading to
direct bone apposition, was observed (Fig. 1B, upper panel). Treat-
ment with 1.5 ug of CRB-15 for 10 consecutive days and starting
on the day of challenge with CII resulted in a marked decrease in
the incidence of arthritis, with 59% of the treated mice free of
clinical arthritis at the end of the observation period compared with
only 19% of control IgG2a-treated mice (p < 0.01; Fig. 1A, upper
panel). Also, the severity of arthritis was attenuated in mice treated
with CRB-15 compared with that in the controls (Fig. 1A, lower
panel). Even though treatment with CRB-15 was discontinued af-
ter 10 days, no relapse was observed in mice receiving the com-
pound, and both disease incidence and severity remained low
throughout the observation period (Fig. 1A). Interestingly, the dis-
ease progression and severity in CRB-15-treated animals that did
develop disease (15 of 38 animals) were also significantly lower
than those in control treated animals with disease, both at the end
of treatment on day 10 (disease severity: CRB-15, 1.19 = 0.27;
1gG2a, 2.81 = 0.39; p < 0.01) and at the end of the observation
period on day 42 (disease severity: CRB-15, 3.00 = 0.41; IgG2a,
5.00 = 0.58; p < 0.05). Histological examination of CRB-15-
treated animals confirmed these findings and revealed a strong re-
duction in articular inflammation and destruction. This was true
even in animals that developed symptoms of disease (Fig. 1B,
lower panel), and compared with the control-treated animals the
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FIGURE 2. A, CRB-15 treatment reduces T cell infiltration into the
joints. After development of the first symptoms of arthritis, joints from
CRB-15- and IgG2a-treated animals (n = 4/group) were removed, and
immunohistologic stains were conducted on hematoxylin-counterstained
cryostat sections. Representative sections of ankles from paws with a dis-
ease score of 2 on day 7 after disease onset are shown (magnification,
X100). Animals treated with control IgG2a show a dense periarticular
infiltrate containing CD4" and CD8™ T cells. In contrast, CRB-15-treated
animals present only rare periarticular CD4™ T cells and no CD8 " T cells.
Large purplish areas are articular cartilage and bone fragments. B, CRB-15
treatment reduces articular IL-13 and TNF-« protein expression after CIA
induction. Representative sections of joints on day 7 after development of
disease symptoms (n = 4/group) are shown (magnification, X100). Serial
sections show marked joint disruption, tissue infiltration by various mono-
nuclear cells, and TNF-a (upper panel) as well as IL-1B (lower panel)
protein expression in mice treated with IgG2a. Animals receiving CRB-15
show almost normal histology, without mononuclear cell infiltration or ex-
pression of TNF-« or IL-1B3. Large purplish areas are articular cartilage and
bone fragments. Arrows indicate positive cell staining for TNF-« and IL-1p.

overall appearance of the joints on day 7 after disease induction
was normal. Immunohistology also showed that infiltration by
CD4™" and CD8™ T cells (Fig. 2A) was significantly reduced in
mice treated with CRB-15 (Table I), as was the extent of cellular
IL-1B and TNF-« cytokine expression (Fig. 2B and Table I), com-
pared with controls. Similar beneficial effects of CRB-15 vs con-
trol therapy were obtained throughout the first 3 wk after disease
onset (data not shown).

Therapeutic effect of CRB-15 treatment on ongoing CIA

To determine the efficacy of CRB-15 on disease progression in
animals with already established arthritis, treatment of immunized
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Table 1. Analysis of cell infiltration and cytokine expression in joints of
CIA mice at day 7 of disease®

Control IgG2a CRB-15 P
CD4* 219 = 64 9+7 <0.0001
CD8* 95 £ 48 3+2 <0.0001
TNF-a™ 64 =23 3x3 <0.0001
IL-18* 142 * 69 2+1 <0.0001

“ Immunohistology was performed on the joints of control IgG2a- and CRB-15-
treated mice (n = 4/group) 7 days after first signs of disease were detected, as de-
scribed in Materials and Methods. Sections were evaluated in a blinded manner, and
the numbers of labeled cells in 10 consecutive high power fields were counted and
expressed as cells per high power field (mean * SD). Statistical evaluation was
performed by unpaired ¢ test; data are representative of three independent
experiments.

mice was delayed until mice developed overt arthritis with a mean
disease severity of at least 2 (mean disease severity, 3.1 = 0.2 and
2.8 = 0.3, respectively, for CRB-15 and IgG2a groups), and mice
then received either control 1gG2a (5 wg/day) or CRB-15 (5 ug/
day) i.p. for 14 days. As shown in Fig. 3A, treatment with control
IgG2a did not affect the progression of arthritis. In striking con-
trast, treatment with CRB-15 displayed a strong therapeutic effect,
with a complete halt of disease progression during the course of
treatment and reduced disease progression for a prolonged period
after discontinuation of CRB-15 administration. This therapeutic
effect was highly significant both at the end of the treatment win-
dow (day 14; n = 7; p < 0.01) and 5 wk after discontinuation of
treatment (day 49; n = 5, p < 0.01). Histological examination and
quantification of intra-articular disease 120 days after the initial
immunization revealed that CRB-15 treatment led to a statistically
significant reduction in synovial inflammation and bone and car-
tilage destruction (Fig. 3B). This therapeutic effect was realized
despite the aggressive nature of the CIA model, in which synovial
infiltration and bone erosion were observed 3 days after the disease
was initially diagnosed (data not shown). Of note this disease
model also involved strong osteoclastic activity (data not shown).
Hence, treatment with CRB-15 is remarkably effective in both the
prevention and the treatment of established arthritis in the CIA
model.

Treatment with CRB-15 inhibited the expression of
proinflammatory cytokines in joints of animals with established
disease

In view of the finding that CRB-15 treatment reduced intra-artic-
ular TNF-a and IL-18 expression in the prophylactic treatment
protocol (Fig. 2) and to further characterize the effects of targeting
the IL-15R with CRB-15 on arthritis disease progression, we an-
alyzed the effects of CRB-15 treatment on the in situ gene expres-
sion of the cytokines TNF-a, IL-18, IL-6, and IL-17 in the paws
of animals in which treatment was initiated only after the animals
had developed overt arthritis. To do so, RNA was prepared from
paws of mice at different time points after disease onset and ini-
tiation of treatment, and the cytokine expression profiles were an-
alyzed by real-time PCR. Sampling time points ranged from days
3-21 after disease onset (n = 8 paws/time point; n = 56 total). As
shown in Fig. 4A, the expression of the cytokines IL-1(3, IL-6, and
IL-17 was elevated in the joints of mice developing disease. Whereas
we were not able to detect any temporal correlation in the cytokine
expression patterns during the first 3 wk after disease onset (data not
shown), we did observe a statistically significant linear correlation
between disease severity in individual paws and cytokine expression
levels in both the CRB-15 and control treatment groups. Given the
overall reduced disease severity in the CRB-15-treated animals (see

IL-15 MUTANT/Fcy2a PROTEIN BLOCKS CIA
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FIGURE 3. A, CRB-15 is effective in preventing disease progression in
mice with established arthritis. After intradermal immunization and i.p.
challenge with CII, mice were monitored daily for arthritis development.
Treatment with either control IgG2a (5 pwg/mouse/day; @), or CRB-15 (5
pg/mouse/day; O) was initiated as soon as a disease severity of at least 2
was scored in individual animals. The treatment was discontinued after 14
days, and disease progression was further monitored. Mean disease sever-
ity scores = SEM are given. Treatment with CRB-15 prevents disease
progression during the treatment period (n = 7; #*, p < 0.01 on day 14).
Interestingly, disease progression is reduced also after discontinuation of
treatment, suggesting a long term effect of CRB-15 treatment (n = 5; s,
p < 0.01 on day 49). Using a different immunization protocol involving
intradermal immunization with CII and intradermal challenge with CII
(compared with a challenge i.p.), very similar results were obtained (data
not shown). The results shown are representative of at least three indepen-
dent experiments. The maximum score per animal is 16 (see Materials and
Methods). B, CRB-15 significantly reduces long term articular inflamma-
tion and destruction. H&E-stained paraffin sections from the joints of CRB-
15- and IgG2a-treated animals in A were prepared 120 days after the initial
immunization and were evaluated for synovial inflammation as well as
bone and cartilage destruction. Quantification of the findings was per-
formed as described in Materials and Methods. A 14-day course of treat-
ment leads to a significant reduction of articular inflammation and joint
destruction (n = 5 animals; *, p < 0.05; **, p < 0.01). Mean disease
severity scores = SEM are given.

Fig. 3A), we therefore observed an overall reduced expression of the
inflammatory cytokines IL-1p, IL-6, and IL-17 in the CRB-15-treated
animals. In paws of CRB-15-treated animals that did develop disease
symptoms, the expression of these inflammatory cytokines was sim-
ilar to that in controls. Intriguingly, a different expression pattern was
observed for TNF-a. Although TNF-« expression correlated with dis-
ease severity in the paws of control-treated animals and was elevated
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FIGURE 4. A, The articular expression of the inflammatory cytokines IL-13, IL-6, and IL-17 correlates with disease severity. RNA was prepared from
paws of CRB-15- or control-treated arthritic mice at different time points during the treatment and until 7 days after discontinuation of treatment (n = 8
paws/time point; n = 56 total). Expression levels of IL-183, IL-6, and IL-17 were determined by RT and real-time PCR analysis and normalized against
the housekeeping gene cyclophylin. The expression levels in individual legs are plotted against disease severity in those legs (maximum score per leg, 4).
A statistically significant correlation between the expression levels of the inflammatory cytokines IL-1f3, IL-6, and IL-17 and disease severity is observed
in both control (dotted line) and CRB-15-treated (solid line) animals (IL-18: p = 0.02; r> = 0.87; IL-6: p = 0.01; 1> = 0.91; IL-17: p = 0.004; r* = 0.96).
B, The articular expression of TNF-«a correlates with disease severity in control animals, but is reduced in CRB-15-treated mice. Joints from CRB-15- or
control-treated animals were analyzed for TNF-a mRNA expression as described in A, and the results were plotted against disease severity. The expression
of the inflammatory cytokine TNF-« correlates well with disease severity in control-treated animals and is elevated in joints that develop disease (p = 0.004;
? = 0.96; top panel). In contrast, no correlation between disease severity and TNF-a expression is observed in CRB-15-treated animals (middle panel).
Rather, TNF-« expression levels remain at the basal levels observed in legs with no apparent inflammation, even in animals with severe disease (slopey, regr. =
0.02 = 0.02; p = NS), suggesting that CRB-15 treatment has a direct effect on TNF-a expression levels in the joints of treated animals. A direct comparison
of the TNF-« expression levels in the paws of the animals with apparent symptoms of disease (paws with disease scores of 1-4), from either control- or

CRB-15-treated animals, shows that TNF-a expression is strongly reduced in the CRB-15-treated animals (bottom panel; p = 0.006).

in the paws of control-treated animals, we found that in CRB-15-
treated animals, the expression of TNF-a was reduced to the level
seen in paws with no apparent disease, even in legs with severe ar-
thritis (Fig. 4B), suggesting that a functional IL-15R may be required
for TNF-a cytokine expression in the joints.

Effect of CRB-15 on immunological responses

Given the well-established function of IL-15 as a T cell activation
and survival factor, the effects of targeting the IL-15R with
CRB-15 on T cell responses to CII were analyzed both in vitro and
in vivo. In a first set of experiments, peripheral lymph node cells
from DBA/1 mice immunized and challenged with CII and treated
with either CRB-15 (1.5 pg/day) or control IgG2a (1.5 ng/day) for
10 days were isolated and cultured in the presence of CII. As
shown in Fig. 5, T cells from IgG2a-treated animals proliferated
well in response to CII in vitro. In contrast, the proliferation of
cells from CRB-15-treated animals was significantly reduced. Fur-

thermore, using an adoptive cell transfer system, splenocytes from
DBA/1 mice immunized with CII were isolated, labeled with the
long-lived fluorescent dye CFSE, and reinjected into lethally irra-
diated, ClI-immunized, DBA/1 recipient mice. After 8 days,
splenocytes were isolated from these recipient mice, and CD4™
and CD8™ T cells were monitored for their anticollagen prolifer-
ative response by FACS analysis. We observed that mice treated
with CRB-15 displayed a decrease in the frequency of proliferating
primed CD4™ and CD8™ T cells compared with control 1gG2a-
treated mice or untreated mice (Fig. 6). Although the responder
levels observed in this type of in vivo assay system are generally
very high, the elevated frequencies seen in this experiment are also
supported by the fact that this experiment monitors a secondary
recall response. Nevertheless, a significant reduction of the T cell
response to type II collagen after treating CII-immunized mice
with CRB-15 was observed both in vitro and in vivo. Hence, treat-
ment with CRB-15 inhibits the development and progression of
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FIGURE 5. CRB-15 treatment reduces the proliferation of PLN in vitro.
PLN from DBA/1 mice immunized and challenged with CII and treated
with either CRB-15 (1.5 ug/day) or control IgG2a (1.5 ug/day) for 10 days
were isolated, cultured in the presence of 100 pg/well CII for 84 h, and
then pulsed with [*H]thymidine for 16 h. Radioactivity (dpm X 10?) in-
corporated into proliferating cells from IgG2a- and CRB-15-treated, im-
munized animals is shown and plotted against PLN from nonimmunized,
collagen-naive animals. Cells from IgG2a-treated, immune animals prolif-
erated well in response to CII in vitro (*, p = 0.01 vs naive PLN). In
contrast, the proliferation of cells from CRB-15-treated immune animals
was strongly reduced (**, p = 0.005 vs IgG2a-treated PLN).

CIA and blunts the responder frequency of proliferating CD4 " and
CD8™" T cells in the periphery.

Discussion

The proinflammatory and antiapoptotic cytokine IL-15 emerges as
a factor that may play a multifaceted role in chronic inflammatory
lesions, such as in RA. Not only does IL-15 stimulate the activa-
tion, proliferation, survival, and effector functions of a variety of
immune cells (14, 16—19), but IL-15 is also a potent survival and
proliferation-inducing factor for activated epitheloid cells express-
ing the IL-15R, such as synovial fibroblasts. In fact, we have re-
cently shown that IL-15 stimulates the proliferation of primary
human fibroblast-like synoviocytes expressing the IL-15R and also
affects apoptosis in these cells by up-regulating Bcl-2 and Bcl-x;
(29). This suggests a function for IL-15 at different stages of RA
disease progression. As TNF-a production in synovial macro-
phages is stimulated by T cells in an IL-15-dependent manner (24),
and IL-15 also stimulates IL-17 production (26), IL-15 emerges as
a cytokine playing a central and upstream role in the inflammatory
cytokine cascade contributing to RA disease development. In ad-
dition, the findings that IL-15 is expressed by activated synovial
macrophages and fibroblasts (21, 37) and that these cells, in addi-
tion to T cells, express the IL-15R and are responsive to IL-15 (24,
29), suggest that IL-15 may, in fact, act in an autocrine or paracrine
fashion to sustain their continued survival and proliferation. IL-15
may therefore not only play a role in the development of RA, but
may also be important for the progression and maintenance of the
chronic inflammatory lesion. In view of this, it seemed of potential
therapeutic relevance to investigate the effects of targeting the IL-
15R and IL-15R™ cells on RA disease progression.

In the present report we have demonstrated that treatment with
CRB-15 can block arthritis development and progression of on-
going disease in the murine model of CIA. Moreover, we have
observed that targeting the IL-15R and IL-15R™ cells with
CRB-15 produced a long-lived therapeutic effect, and there were

IL-15 MUTANT/Fcy2a PROTEIN BLOCKS CIA

no relapses after discontinuation of treatment throughout the ob-
servation period in both a disease induction and an established
disease model. Both the observed efficacy during treatment with
CRB-15 and the long term beneficial effect seen after discontinu-
ation of treatment are in line with a central role of the IL-15/IL-
15R pathway not only in the inflammatory cytokine cascade, but
also in sustaining a chronic inflammatory response, by supporting
the survival and propagation of effector cells involved in lesion
formation. We found that treatment with CRB-15 leads to a re-
duced expression of the inflammatory cytokines IL-18, TNF-c,
IL-6, and IL-17. The effect on TNF-« is particularly striking, be-
cause treatment with CRB-15 strongly reduces expression of this
cytokine in both the disease induction and the established disease
models. Low levels of TNF-a expression are observed even in
animals that do develop strong inflammation, joint destruction, and
ankylosis. These results suggest that TNF-a expression in the
joints may be dependent on a functional IL-15R pathway in vivo
and extend the earlier in vitro findings in human cells (24). These
results also suggest that arthritis development in the CIA model is
not strictly TNF-a dependent. Indeed, CIA can be induced in TNF-
a-deficient animals (38).

In addition to the reduction of inflammatory cytokine expres-
sion, we observed both a reduced T cell responsiveness to CII in
vitro and in vivo and a reduced lymphocytic infiltration of the
joints in CRB-15-treated animals. These results are consistent with
previously reported data supporting a role for IL-15 in various
aspects of T cell function (8, 10, 20, 30). Overall, treatment with
CRB-15 led to a reduction in synovial inflammation, bone resorp-
tion, and cartilage destruction for prolonged periods of time also
after discontinuation of therapy. The long term therapeutic effects
seen in our studies may be attributed to a breaking of the positive
feedback loop of cellular activation and inflammatory cytokine
production, but may also be due to the use of a protein, CRB-15
(IL-15 mutant/Fcy2a), with not only antagonist properties, but also
cytocidal potential for cells bearing the IL-15R. Because the Fcy2a
part of CRB-15 bears Fc sequences that support complement ac-
tivation and fixation and the activation of FcR-bearing phagocytes,
treatment may, in addition to creating receptor site blockade, de-
stroy a portion of the IL-15R™ activated mononuclear leukocytes
and synoviocytes in the inflamed joints. This would lead to a de-
pletion of effector cells involved in disease progression, an effect
that may be sustained after discontinuation of treatment.

In an earlier study, Ruchatz et al. (39) used a recombinant sol-
uble IL-15R o« subunit (sIL-15Ra) to antagonize IL-15 and
showed that IL-15 inhibition is effective in preventing disease de-
velopment in the CIA model during the time window of treatment.
During this period, inhibition of IL-15 prevented joint inflamma-
tion and destruction and reduced T cell and humoral responses
against collagen. Our results, obtained by targeting the IL-15R,
rather than IL-15, are consistent with these findings. This includes
the effects of IL-15R blockade on T cell and humoral responses,
because in our studies we observed a linear correlation between
autoreactive anti-mouse collagen IgG2a Ab titers and disease se-
verity in arthritic mice during treatment and up to 14 days after
discontinuation of treatment (data not shown). We extended these
results by showing that CRB-15 treatment leads to a reduction of
expression of the inflammatory cytokines IL-13, TNF-«, IL-6, and
IL-17, and that TNF-« expression in the inflamed joints may be
dependent on a functional IL-15R. We furthermore demonstrated
that CRB-15 is effective in preventing disease progression in es-
tablished ongoing arthritis. These new findings are of particular
relevance with respect to the potential utility of inhibiting the IL-
15/IL-15R signaling pathway in human therapy, because they un-
derscore the efficacy of IL-15R blockade in established disease,
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which is more relevant for human disease, and they demonstrate
the effects of IL-15R blockade on TNF-« expression in an in vivo
system. Interestingly, our findings are quite distinct from this ear-
lier report with respect to disease progression after discontinuation
of treatment. Although apparently discontinuation of IL-15 block-
ade with the sIL-15Re leads to a relapse and development of ar-
thritis (39), we found that blockade of the IL-15R with CRB-15 for
a brief period (10 or 14 days, respectively) could induce a stable,
arthritis-free state in the disease induction model, and in the case
of established ongoing arthritis led to a moderation of disease pro-
gression for several weeks after the end of treatment. The reasons
for these differences are not resolved, but 1) the pharmacodynam-
ics of antagonizing the IL-15R, rather than neutralizing IL-15, may
be quite distinct; and 2) CRB-15 and sIL-15Ra are likely to have
different pharmacokinetic properties. In addition, CRB-15, through
its Fc terminus, has the capacity to target macrophages, synovio-
cytes, and T cells in the inflammatory lesion for destruction by
complement or phagocytosis, an effect that would not be achieved
with an IL-15-neutralizing agent. Again, these differences are
highly relevant and have a clear impact on the design of potential
therapeutics targeting the IL-15/IL-15R pathway for the treatment
of disease in RA patients.

The therapeutic successes of TNF-a antagonists and, more re-
cently, IL-1 antagonists have clearly outlined the importance of
targeting inflammatory cytokines for the treatment of RA. At the
same time, anti-TNF therapies that are effective in the majority, but
by far not all, RA patients have suggested that other cytokines may
contribute to RA disease progression. Our data support the idea
that targeting of the IL-15R might be an attractive additional strat-
egy for the treatment of RA.
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