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Abstract

The B7-like protein family members play critical immunomodulatory roles and constitute
attractive targets for the development of novel therapies for human diseases. We identified Ig-like
domain—containing receptor (ILDR)2 as a novel B7-like protein with robust T cell inhibitory
activity, expressed in immune cells and in immune-privileged and inflamed tissues. A fusion
protein, consisting of ILDR2 extracellular domain with an Fc fragment, that binds to a putative
counterpart on activated T cells showed a beneficial effect in the collagen-induced arthritis model
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and abrogated the production of proinflammatory cytokines and chemokines in autologous
synovial-like cocultures of macrophages and cytokine-stimulated T cells. Collectively, these
findings point to ILDR2 as a novel negative regulator for T cells, with potential roles in the
development of immune-related diseases, including autoimmunity and cancer.

The immune system is tightly regulated by a network of positive and negative immune
regulators, including the B7/CD28 family of proteins (1, 2), which belong to the Ig
superfamily (IgSF), and play pivotal roles in fine tuning of immune responses and in
maintenance of peripheral self-tolerance. The importance of these proteins is further
emphasized by their involvement in pathological processes and by their clinical application
in a variety of human diseases, including autoimmunity and cancer (3, 4). As a result of their
fundamental biological importance and therapeutic potential, there has been considerable
interest in the identification of additional members of the extended B7/CD28 family of
ligands and receptors.

The human proteome encompasses hundreds of IgSF proteins, yet only a few are key
modulatory components of the immune system, and of T cell regulation in particular (4, 5).
Proteins of the IgSF tend to evolve quickly (6); therefore, sequence similarity to an
annotated member of the IgSF is a poor predictor of its function. To discover novel immune-
modulatory proteins, we set to identify remote paralogs of known members of the B7-like
family that modulate T cell activity (e.g., programmed death ligand 1 [PD-L1], CD86, B7-
H3, B7-H4, and V-domain Ig suppressor of T cell activation [VISTA]), based on similar
genomic and proteomic characteristics, such as gene structure, protein domains, predicted
cellular localization, and expression pattern, among known B7 family members. Using this
search strategy, we identified an IgSF protein family member, known as Ig-like domain-
containing receptor (ILDR)2, as a new predicted B7-like protein with potential
immunomodulatory function. The experimental work presented in this article confirmed this
prediction.

ILDR2 and its two paralogs, ILDR1 and lipolysis-stimulated receptor (LSR; also named
ILDR3), have been designated as angulin family proteins (angulin-1/LSR, angulin-2/ILDR1,
and angulin-3/ILDR2), following their identification as protein components of tricellular
tight junctions (tTJs), which are required for recruitment of tricellulin to tTJs (7). tTJs are
specialized structures of tricellular contacts (i.e., where the corners of three epithelial cells
meet) that are required for full barrier function of the cellular sheet (8).

/ldr2, the gene encoding the murine ortholog (formerly designated “L/sch-like”) was
originally identified as a modifier of susceptibility to type 2 diabetes in obese mice, and it
was associated with reduced B cell mass and replication rates and persistent mild
hypoinsulinemic hyperglycemia (9). The human gene encoding ILDR2, originally named
Clorf32, is located in a region on Chr1g23-25 that has been associated with type 2 diabetes

9).

Roles in hepatic clearance of lipoproteins and in lipid homeostasis have been described for
LSR (10) and for ILDR2 (11). ILDR1 was shown to regulate gastrointestinal hormone
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secretion through a mechanism dependent on fatty acids and lipoproteins (12). In addition,
involvement in aggressive cancer behavior has been reported for LSR (13).

A recent publication reported upregulation of ILDR2 in human dendritic cell (DC)2 cells, a
subpopulation of polarized DCs that promotes Th2 differentiation (14). However, no
immune-related function has been reported previously for any of the angulin family
members.

In this article, we demonstrate that ILDR2 displays negative-regulatory functions on human
and mouse T cells in various experimental systems. Furthermore, a fusion protein of ILDR2
extracellular domain with an Fc fragment (ILDR-Fc), displays therapeutic effects in
collagen-induced arthritis (CIA), a mouse model of rheumatoid arthritis (RA). We conclude
that ILDR2 represents a novel B7-like ligand that exerts negative immune modulation via
interaction with a putative counterpart receptor expressed on activated T cells, thereby
defining it as a novel immune checkpoint.

Materials and Methods

Mice

SJL/J mice (Harlan Labs, Indianapolis, IN) and DO11.10 and BALB/c mice (The Jackson
Laboratory, Bar Harbor, ME) were housed under specific pathogen—free conditions in the
Northwestern University Center for Comparative Medicine. All of the procedures performed
on animals within this study were conducted in accordance with the guidelines of the
Northwestern University Animal Care and Use Committee. Male DBA/1 mice (Harlan Labs)
were used at 8-12 wk of age. All procedures were approved by the Clinical Medicine
Ethical Review Board and the UK Home Office.

Bioinformatic analysis of ILDR2

Bioinformatic characteristics, such as genomic structure and splice variant identification,
were determined using Compugen’s LEADS platform (15). Prediction for transmembrane
domain was performed with TMHMM (16). Signal peptide was predicted with SignalP 4.0
(17) and validated experimentally by N-terminal sequencing. Ig domain identification was
performed using InterProScan (18). Secondary structures were predicted using PSIPRED
(19) and SCRATCH (20). Multiple sequence alignments were performed with MAFFT (21).
EMBOSS-Needle was used on globally aligned sequences to calculate the level of sequence
identity and similarity (22, 23). The IgV domains of known B7-related proteins were
extracted from Swiss-Prot sequence annotation features (24).

Immunohistochemical analysis

Immunohistochemistry (IHC) was carried out at Rockland Immunochemicals (Gilbertsville,
PA) on formalin-fixed paraffin-embedded sections of normal or diseased human tissue
samples. Inflammatory bowel disease (IBD) biopsies (two samples of Crohn’s disease and
two samples of ulcerative colitis, obtained from US Biomax) were analyzed and compared
with samples of normal small intestine and colon. A rabbit polyclonal anti-ILDR2 Ab,
Ab-13, was used (at 2.5 pg/ml) as the primary Ab, and the principal detection system
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consisted of a secondary Biotinylated Goat Anti-Rabbit IgG Antibody (catalog number
BA-1000), a VECTASTAIN ABC-AP Staining KIT (catalog number AK-5000), and a
VECTOR Red Alkaline Phosphatase (Red AP) Substrate Kit (SK-5100; all from Vector
Laboratories), which was used to produce a fuchsia-colored deposit. Stained slides were
imaged with a DVC 1310C digital camera coupled to a Nikon microscope.

FACS and quantitative RT-PCR analyses of ILDR2 expression on immune cells

Human PBMCs were isolated by Ficoll gradient from buffy coats of healthy donors.
Monocytes were enriched by negative selection using a RosetteSep Human Monocyte
Enrichment Kit (STEMCELL Technologies). To generate macrophages (M®ds), monocytes
were cultured in 100 ng/ml M-CSF (R&D Systems) for 5 d.

For FACS analysis, we used CGEN-AD-28, an anti-ILDR2 human IgG1 mAb identified by
phage display, and Synagis (palivizumab, a human IgG1 anti-RSV mAb; Caligor Rx) as
isotype control. Each Ab was conjugated to Alexa Fluor 647 using an Alexa Fluor 647
Conjugation Kit (Life Technologies), according to the manufacturer’s instructions.
Fluorophore-conjugated mAbs against the following human proteins were purchased from
BioLegend: Pacific Blue—conjugated anti-CD14, PE-conjugated anti-CD56, and FITC-
conjugated anti-HLA-DR. PerCP-Cy5.5—conjugated anti-CD16 was obtained from BD
Biosciences. Prior to staining of cells with Ab, Fcy receptors were blocked by incubating 4
x 10° cells with 400 pug/ml human 1gG (Jackson ImmunoResearch) in FACS buffer at 4°C
for 30 min. Conjugated Abs were used, at 5 pg/ml in FACS buffer, to stain cells at 4°C for
30 min, followed by two washes in FACS Buffer and analysis using a FACSCanto. Captured
data were analyzed with FlowJo software.

For quantitative RT-PCR (gRT-PCR) analysis, RNA was purified from cells using an
RNeasy Mini Kit (catalog number 74014; QIAGEN), according to the manufacturer’s
protocol. cDNA was generated using a High Capacity cDNA Reverse Transcription Kit
(catalog number 4368814; Applied Biosystems). cDNA diluted 1:10 (representing 25 ng
RNA per reaction) was used as a template for qRT-PCR, using TagMan Fast Advanced
Master Mix (catalog number 4444557; Applied Biosystems) and gene-specific TagMan
probes for human ILDR2 (Hs01025494 _m1) and for housekeeping genes (HSKPs; RPL19,
Hs01577060_gH and GUSB, Hs99999908 m1; both from Life Technologies). Analysis was
performed using the ddCt method. The resulting quantities were normalized using those
obtained for the HSKPs.

Ectopic expression of ILDR2 on T cell stimulator cells and T cell activation

Human ILDR2 was ectopically expressed in T cell stimulator cells (hereafter referred to as
“stimulator cells”). Briefly, these cells are Bw5147 cells stably expressing a membrane-
bound anti-human CD3 single-chain Ab fragment [described in detail by Leitner et al. (25)].
Expression constructs encoding for the long or short ILDR2 isoforms were cloned in the
retroviral expression vector pCJK2 and expressed in these stimulator cells. The expression
of these isoforms, which have an identical extracellular domain (ECD), was examined by
FACS analysis using a specific anti-ILDR2 polyclonal Ab (Ab-13). Cells expressing empty
vector and no human costimulatory molecule were used as control. As positive controls for
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positive and negative costimulation, stimulator cells expressing a known positive
costimulatory protein (ICOSL) or a known coinhibitory protein (PD-L1) were used. The use
of ICOSL-, CD70-, or B7-H3—expressing stimulator cells to activate human T cells has been
described previously (25-27).

Stimulator cells were irradiated (2 x 3000 rad) and seeded in flat-bottom 96-well plates at 2
x 10% cells per well, in the presence of 1 x 10° untouched CD3* human T cells, previously
purified from buffy coats derived from healthy donors using Ficoll-Paque (GE Healthcare)
and MACS depletion of CD11b, CD14, CD16, CD19, CD33 and MHC class I1-bearing
cells, as described previously (28). Alternatively, purified CD8" human T cells were used.
After 48 h of coculture with the stimulator cells, T cell proliferation was measured by
[3H]thymidine incorporation, as described by Pfistershammer et al. (29).

Production of ILDR2-Fc fusion proteins

ILDR2-Fc fusion proteins were produced by cloning the ECD of human ILDR2 (aa 1-184)
fused to the Fc region (C and hinge regions) of mouse 1gG2a (ILDR2-mFc) or the ECD of
human ILDR2 (aa 1-184) fused to the Fc region (C and hinge regions) of human 1gG1
(ILDR2-hFc) in mammalian expression vectors. ILDR2-mFc contains a TEV linker at the
ECD-Fc junction. ILDR2-hFc carries a C220S mutation at the hinge domain of human 1gG1
Fc. Various batches of these proteins were produced from stable pools of CHO-S cells at
Catalent Pharma Solutions (Middleton, WI1) or at Cobra Biologics (Sédertélje, Sweden). All
proteins were produced using fed-batch technology and purified from culture supernatants
using standard protein A column affinity chromatography.

Activation of human T cells

Total human PBMCs were obtained from healthy donors’ buffy coats by standard density
centrifugation using Ficoll-Paque Plus (GE Healthcare). Human naive CD4* T cells were
further isolated using a CD4+ T Cell Isolation Kit Il, human (Miltenyi Biotec), according to
the manufacturer’s instructions. Purified naive human CD4" T cells were cocultured with
previously irradiated autologous PBMCs (at 3000 rad) at a 1:1 ratio (5 x 10° T cells with 5 x
10° irradiated PBMCs per well) and activated with anti-CD3 Ab (0.5 pg/ml, clone OKT3)
and anti-CD28 Ab (2 ug/ml, clone CD28.2; both from eBioscience), in the presence or
absence of the stated concentrations of soluble ILDR2-hFc or control Ig (human IgG1;
Synagis). The amount of protein in each well was balanced to a total of 10 ug/ml with
control Ig. After 24 h in culture, cells were pulsed with [3H]thymidine and were harvested
after 72 h in culture. Each sample was tested in duplicate.

An additional human T cell activation assay was carried out using plate-bound proteins: 96-
well plates were coated with anti-CD3 Ab (1 pg/ml, clone UCHT-1; R&D Systems)
overnight at room temperature, followed by coating with soluble ILDR2-hFc or control Ig
(human 1gG1; Synagis) at 10 ug/ml for 4 h at 37°C. Purified human bulk (CD3*) T cells
were obtained from buffy coats of healthy donors using RosetteSep Human T Cell
Enrichment Cocktail (STEMCELL Technologies) and labeled with Cell Proliferation Dye
eFluor 450 (catalog number 65-0842-85). The labeled cells were plated in the precoated
plates, and anti-CD28 (catalog number 302914; BioLegend) was added in a soluble form to

J Immunol. Author manuscript; available in PMC 2019 November 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hecht et al.

Page 6

a final concentration of 2 pg/ml. Cells were collected after 5 d of culture for FACS analysis,
and cell proliferation was assessed as the percentage of eFluor 450°W cells.

For T cell reactivation, human T cell blasts were generated from PBMCs following
stimulation with PHA (2 pg/m) and human 1L-2 (4 ng/ml) for 10 d. T cell blasts were
harvested and frozen for later use. Anti-CD3 (UCHT-1) was used to coat 96-well plates at
0.5 ug/ml (4°C) overnight. Plates were washed with PBS, and tested proteins were
immobilized on the plates at different concentrations. T cell blasts were added at 1 x 10° per
well, and supernatants were collected 24 h later for analysis of IL-2 secretion using a Human
IL-2 Quantikine kit. Recombinant human PD-L1-Fc (B7-H1-Fc) was used as positive
control, and recombinant human IgG1-Fc (both from R&D Systems) was used as negative
control. This assay was carried out by R&D Systems.

Activation of murine T cells

Naive CD4* T cells were isolated from total lymph node and splenocyte populations of
wild-type mice (BALB/c or SJL) using an autoMACS cell separator (Miltenyi Biotec; CD4~
sort plus anti-CD25 to remove CD25* cells from the isolated CD4* T cells, followed by
CD62L* sort). Polyclonal T cell activation was carried out using naive CD4* T cells and
synthetic beads (Dynabeads M-450 Epoxy; Invitrogen) coated with anti-CD3 (0.5 pg/ml,
clone 2C11) and anti-CD28 (2 ug/ml, clone 37.51; both from eBioscience), following the
manufacturer’s protocol. The beads were coated with the above mentioned mAbs in the
presence or absence of the stated concentrations of ILDR2-mFc, or mouse 1gG2a (Bio X
Cell) as negative control. The total amount of protein used for bead coating was completed
with mouse 1gG2a (mlgG2a) to 10 pg/ml. CD4™ T cells were activated with the coated beads
ata 1:1 ratio in flat-bottom 96-well plates, and cellular proliferation was evaluated by
[3H]thymidine incorporation after 72 h in culture.

For Ag-specific T cell activation, naive CD4* T cells were isolated from spleens of DO11.10
mice (transgenic for an OVA3»3_339-specific TCR; The Jackson Laboratory) using an
autoMACS cell separator (Miltenyi Biotec; CD4~ sort plus anti-CD25 to remove CD25*
cells from the isolated CD4* T cells, followed by CD62L" sort). Splenocytes from a
syngeneic BALB/c mouse were collected in parallel, irradiated with 3000 rad, and used as
APCs. Naive DO11.10 CD4* T cells (0.5 x 108 T cells per well) were cultured with
irradiated APCs at a 1:1 ratio in flat-bottom 96-well plates and activated in the presence of
OVA3»3_339 peptide (20 pg/ml). Soluble ILDR2-mFc and Ig control (mouse 1gG2a; Bio X
Cell) were added at the stated concentrations. Cultures were pulsed with 1 uCi of
[3H]thymidine at 24 h and harvested at 72 h.

Binding of ILDR2-hFc to resting and activated human T cells

Human primary CD4" or CD8* T cells were enriched from healthy donor—derived buffy
coats using RosetteSep Human T Cell Enrichment Cocktail (STEMCELL Technologies),
according to the manufacturer’s instructions. For T cell activation, 96-well plates were
coated with PBS in the presence or absence of 1 pg/ml anti-CD3 (clone UCHT-1; R&D
Systems) for 4 h at 37° C. Cells were plated at 0.1 x 10° per well and cultured in a
humidified incubator (5% CO,, 37°C) for 72 h, harvested, and stained with viability dye
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(Fixable Viability Stain 450; BD Biosciences). Programmed death 1 expression on anti-
CD3-treated T cells, but not on resting cells, confirmed the activated status of these cells
(data not shown). Resting and activated T cells were incubated for 1 h at room temperature
with ILDR2-hFc or control Ig (human 1gG1; Synagis) at 100 pg/ml in FACS buffer (0.5%
BSA, 2 mM EDTA, 0.05% NaNj3 in PBS), and ILDR2-hFc binding was detected using PE-
conjugated anti-human IgG (Jackson ImmunoResearch). Cells were washed three times,
gated for singlets (forward scatter [FSC]-H versus FSC-A) and for live cells, and ILDR2-
hFc binding was determined within this gated population. Data acquisition was performed
with MACSQuant Analyzer 10 (Miltenyi Biotec) and analyzed using FlowJo software (v10).

Binding of ILDR2-mFc to mouse CD4 T cells

Untouched CD4*CD25 T cells were isolated from pools of spleens of BALB/c mice, using
a T cell isolation kit (Miltenyi Biotec), according to the manufacturer’s instructions.
Following isolation, cells were left untreated (resting) or were activated using polyclonal
activation of T cells, with plate-bound anti-CD3 Ab (clone-145-2C11; BD Pharmingen,
coated on 96-well plates, at 2 pg/ml, for 4 h at 37°C) and 2 ug/ml soluble anti-CD28 Ab
(clone 37.51; eBioscience). Cells were harvested at different time points after activation (12,
24, and 48 h) and stained with 2 pg/ml anti-CD25 Ab (clone PC61; BioLegend) to evaluate
T cell activation. For binding of tested proteins, biotinylated (using a DSB-X Biotin Protein
Labeling Kit, D-20655; Molecular Probes) ILDR2-mFc or Ig control (mlgG2a) was used. To
prevent binding to Fcy receptors, the ILDR2-mFc protein used for this analysis carries the
N297A mutation, resulting in an aglycosylated Fc domain. Cells were incubated for 30 min
at room temperature with biotinylated ILDR2-mFc or control Ig at 60 pg/ml in FACS buffer
(0.5% BSA and 2 mM EDTA in PBS), washed, and stained with 0.5 mg/ml streptavidin-PE
(Jackson ImmunoResearch) for 30 min at room temperature. Resting or activated CD4* cells
were gated for lymphocytes (FSC-A versus side scatter [SSC]-A), followed by live cells, and
then further gated for singlets (FSC-H versus FSC-A). Further gating on CD25 was carried
out to focus on the population of activated T cells. Data were acquired with a MACSQuant
Analyzer 10 (Miltenyi Biotec) and analyzed using FlowJo software.

CIA mouse model

DBA/1 mice were immunized with type Il bovine collagen in CFA. No further collagen
boost was used in this model. The following proteins were used: ILDR2-mFc, migG2a as
isotype control (BE0085; Bio X Cell), and the ECD of human TNFR fused to human 1gG1
Fc (TNFR-Fc; Enbrel, etanercept; Wyeth Pharmaceuticals). The tested proteins were
administered i.p. (100 pg per mouse) from the day of disease onset (day 1) for each mouse
individually, followed by three times a week until day 10 after disease onset (total of four
administrations). Arthritis severity was assessed using the following clinical scoring system:
0 = normal, 1 = slight swelling and/or erythema, 2 = pronounced edematous swelling, and 3
= joint rigidity. Each limb was graded, thus allowing a maximum score of 12 per mouse. The
animals were sacrificed at day 10 postonset of disease. Statistical analysis was carried out
using two-way ANOVA with repeated measures for all groups, followed by two-way
ANOVA with repeated measures for each test group versus control migG2a.
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Analysis of anti-collagen Abs in serum

Serum was obtained from blood collected from treated mice at study termination, day 10
postdisease onset, by cardiac puncture. Serum was analyzed for anti-collagen mouse 1gG1
(catalog number 559626; clone X56) and mlgG2a (clone R19-15, catalog number 553391;
both from BD Pharmingen) by ELISA using plates that were precoated with 50 pl of type 1l
bovine collagen, diluted to 5 ug/ml in Tris-HCI, overnight at 4°C. Because of the large
variability in anti-collagen Ig levels, each sample was serially diluted so that comparisons
between samples are made on the linear portion of the titration curve. Each sample was then
normalized to control serum from arthritic mice.

Autologous cocultures of cytokine-activated T cells and M®s from healthy donors or RA

patients

Monocytes and CD4* T cells were isolated from healthy donors’ or RA patients’ blood or
buffy coats. T cells were cultured with the following cytokines (obtained from PeproTech)
for 6 d to induce cytokine-activated T cells (Tcks): TNF-a (25 ng/ml), IL-6 (100 ng/ml),
and IL-15 (100 ng/ml). Mds were differentiated from monocytes with M-CSF (50 ng/ml;
PeproTech) for 6 d. Autologous Tcks and Mds were cocultured for 24 h in the presence of
various concentrations of ILDR2-hFc or control Ig (human 1gG1; Synagis). TNF-a secretion
was evaluated by ELISA using a Human TNF-a Cytoset (Invitrogen). Additional cytokines
and chemokines were evaluated by Luminex, using a human 30-Plex Panel (Thermo Fisher
Scientific).

gRT-PCR analysis of normal human tissues

RNA samples from normal human tissues were obtained from different sources (ABS,
BioChain, Ambion, Asterand, Genomics Collaborative, Tel Aviv Sourasky Medical Center,
and Magen David Adom in Israel Blood Services Center). cDNA was synthesized by reverse
transcription (RT) of each total RNA sample, previously treated with DNase | (Ambion),
using Random Hexamer primers (Invitrogen), RNasin (Promega) and Multi-Scribe
polymerase. gRT-PCR was carried out using these cDNA samples as template in a SYBR
Green | assay (Applied Biosystems) with UNG enzyme.

Primers were specific for the short transcript: forward primer spanning the junction of exons
5and 6: 5'-TGTGGAGATTATGCCAGAGTGG-3" and reverse primer derived from the
intracellular region: 5"-GACATTTCTCTCGATCGCTCTGT-3’. Fluorescence was detected
using a PE Applied Biosystems SDS 7000. The cycle in which the reactions achieved a
threshold level of fluorescence (Ct = threshold cycle) was registered and was used to
calculate the relative transcript quantity (Q) in the RT reactions, using the equation Q =
efficiencyCt. The efficiency of the PCR reaction was calculated from a standard curve,
created by using serial dilutions of several RT reactions. To minimize inherent differences in
the RT reactions, the resulting relative quantities were normalized using a normalization
factor calculated by assessing the relative quantity (Q, as described above) for several
HSKPs in each cDNA sample and dividing by the median quantity of this gene in all panel
samples to obtain the “Relative Q rel to MED.” Then, for each sample, the median of the
relative Q rel to MED of the selected HSKPs was calculated and served as the normalization
factor of this sample for further calculations. For each RT sample, the expression of the
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specific amplicon was normalized to the normalization factor calculated from the expression
of different HSKPs. The HSKPs that were used for the calibration of the “normal panel”
were HPRT1, SDHA, and G6PD.

Evaluation of murine T cell apoptosis

Results

CD4*CD25~ murine T cells were stimulated with plate-bound anti-CD3 (2 ug/ml) alone or
in the presence of 10 ug/ml ILDR2-mFc or control Ig (mlgG2a). Live gated and ungated
CDA T cells were analyzed by FACS at 24 and 48 h poststimulation for the cell death marker
7-aminoactinomycin D and for the expression of the early apoptosis marker annexin V, using
an PE Annexin V Apoptosis Detection Kit | (BD Biosciences).

Structural analysis of ILDR2

Human ILDR2 mRNA (GenBank accession: NM_199351, https://www.ncbi.nlm.nih.gov/
nuccore/NM_199351) encodes a 639-aa type | membrane protein containing a signal peptide
at its N terminus, followed by a large V-type Ig (IgV) domain of 148 aa, a stalk region of 19
aa, a transmembrane domain of 20 aa, and an intracellular tail of 433 aa (Fig. 1A). This
protein shows 94% overall homology to its murine ortholog, 1ldr2 (GenBank accession:
NM_001164528, https://www.nchi.nlm.nih.gov/nuccore/NM_001164528), with 96%
identity and 98% similarity in the ECD. Alignment of the protein sequences of ILDR2 and
its two paralogs reveals overall homology of 39 and 44% to ILDR1 and LSR, respectively.
There is 36% identity and 52% similarity between the ECDs of ILDR2 and ILDR1 and 47%
identity and 66% similarity between the ECDs of ILDR2 and LSR (Fig. 1B). A stretch of
amino acids enriched in cysteine and proline residues (cysteine and proline [CCP]-rich
domain) is located at the juxtamembrane region of the intracellular domain of human and
mouse ILDR2 (Fig. 1A). This CCP-rich domain is also found in the two other paralogs:
ILDR1 and LSR (Fig. 1B).

The structure of the human /LDRZ2 gene is depicted in Fig. 1C. Shown are the splice variants
of ILDR2, with the longest transcript (comprising 10 coding exons) encoding the membrane
protein described above and presented in Fig. 1A. A novel shorter isoform, revealed by
Compugen’s LEADS platform (15), encodes a type | membrane protein with the same ECD
but a significantly shorter and distinct intracellular tail of 48 aa. Both the long and short
isoforms contain the CCP-rich domain. A third splice variant predicted by LEADS encodes
a protein lacking the transmembrane domain and, thus, is expected to be a secreted isoform.
In addition, RT-PCR analysis revealed another transcription variant, in which the fourth exon
(an exon of 57 bp that codes for the 19-aa stalk region) is spliced out. This variant contains
the transmembrane domain but has a shorter ECD without the stalk region. A similar
alternative exon of 57 bp coding for the stalk region appears in LSR (7). Interestingly, an
exon of 57 bp, which codes for the stalk region, is also present in the gene coding for
VISTA, another B7-like protein (30).

Splice isoforms of the mouse //dr2 gene have been described. Four mouse isoforms were
reported by Dokmanovic-Chouinard et al. (9), and three of them have the same structure as
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the human long isoform, soluble isoform, and Skip 4 variant depicted in Fig. 1B. Seven
mouse splice isoforms were later described by Higashi et al. (7), two of which have the same
structure as the human long and soluble isoforms shown in Fig. 1C. In that study, the Skip 4
variant murine version was also detected but in the context of the long isoform (exons 1, 2,
3, 5-10), whereas the human Skip 4 variant that we identified was in the context of the short
isoform (exons 1, 2, 3, 5-5").

Aligning the sequence of ILDR2 to the National Center for Biotechnology Information
Reference Sequences (RefSeq) record of non-redundant proteins (https://
www.nchi.nlm.nih.gov/refseg/about/nonredundantproteins/) using the Basic Local
Alignment Search Tool revealed low sequence homology to other B7-like proteins. Pair
alignments between ILDR2 and these proteins show various similar signatures along the IgV
domain. This domain was found to mediate the interaction of B7-like ligands with their
counterpart receptors on T cells, as shown, for example, in the case of CD80 and CD86 (see
PDB 1185 and PDB 118L) (31, 32). The sequence identity and similarity between ILDR2
IgV and that of other B7-like proteins ranges between 15 and 21% and between 24 and 36%,
respectively (Table I). This degree of homology is similar to that exhibited among other
members of the B7 family (33).

Multiple sequence alignment between the IgV domains of ILDR2 and that of other B7-like
proteins (Fig. 1D) reveals shared canonical cysteine residues and the DxGxYXC motif. In
addition, a unique long helical loop containing two noncanonical cysteines is evident
between the C and C” strands of the ILDR2 IgV structure (Fig. 1D, 1E). The two ILDR2
paralogs, LSR and ILDR1, also have an extended loop with two noncanonical cysteines
between the C and C” strands.

Expression of ILDR2 in human and mouse tissues

Information on expression of human /LDR2mRNA was extracted from the Genotype-Tissue
Expression (GTEX) database (34). The results presented in Fig. 2A indicate high expression
in testis and high to moderate expression in brain. Lower expression is observed in other
tissues, such as kidney, heart, and colon. gRT-PCR analysis using primers specific to the
short ILDR2 transcript on RNA samples from various human normal tissues (Supplemental
Fig. 1) also showed highest expression in brain and testis, moderate expression in kidney,
PBMCs, and stomach, and low expression in various other tissues. Support for the
expression of ILDR2 protein was obtained by querying the Proteomics Database (https://
www.proteomicsdb.org/proteomicsdb/#overview) and the Human Proteome Map (http://
www.humanproteomemap.org/query.php) of protein mass spectrometry data; peptides
derived from ILDR2 were identified in testis, brain frontal cortex, and retina.

The relative expression pattern of murine //adr2 mRNA was extracted from the data available
at the GNF Gene Expression Atlas (35). The results point to a roughly similar expression
pattern as that described above for human /LDR2mRNA, indicating high to moderate
expression in various regions within the brain (Fig. 2B). High to moderate expression was
also observed in different structures in the eye (retina, iris, eye cup, lens, ciliary bodies),
which are not part of the data available at GTEx for human RNA expression. Moderate
expression also appears in kidney, and no or significantly lower expression occurs in other
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tissues. Unlike the high /LDR2 mRNA expression observed in human testis, no murine //dr2
mRNA was detected in mouse testis.

Expression of ILDR2 on immune cells

Expression of the ILDR2 protein on inflamed samples obtained from IBD patients
(ulcerative colitis and Crohn’s disease) was evaluated by IHC analysis using an anti-ILDR2
polyclonal Ab. Results point to increased ILDR2 expression in reactive epithelium and
immune cells in IBD samples compared with normal colon and small intestine (Fig. 3).

We further evaluated the expression of ILDR2 on immune cells by FACS analysis using an
anti-ILDR2 mAb. Human PBMCs were gated to lymphocytes and monocytes and stained for
immune markers (Fig. 4A) to identify immune cell subtypes. Further staining with anti-
ILDR2 Ab (shown in Fig. 4B) indicated ILDR2 expression on the three monocyte subtypes,
identified based on their relative expression of CD14 and CD16 [reviewed in Wong et al.
(36)]. The highest ILDR2 expression was observed in the CD16* monocyte subsets (i.e.,
CD14* CD16" “intermediate monocytes” and CD14!°% CD16* “nonclassical monocytes™).
Weak staining for ILDR2 was also observed on CD56" lymphocytes (mostly NK and NKT
cells). The other immune cell subsets tested did not show significant or consistent staining.

ILDR2 protein expression was upregulated on human monocyte—derived M®s (Fig. 4C). In
agreement, RT-PCR analysis indicated that the expression of /L DRZ mRNA was higher in
monocyte-derived Mds compared with monocytes (Fig. 4D), suggesting that ILDR2 is
upregulated following differentiation of human monocytes into Mds by M-CSF.

ILDR2 inhibits T cell activation

The functional effect of the ILDR2 protein on T cell activation was tested following ectopic
expression of the full ILDR2 protein in stimulator cells. These are Bw5147 cells (a murine
thymoma cell line) engineered to express membrane-bound anti-human CD3 single-chain
Ab fragments (25). The long and short isoforms of ILDR2, which have the same ECD, were
tested. Stimulator cells expressing the known costimulator ICOSL served as positive control
for positive costimulation, whereas cells expressing the coinhibitory ligand PD-L1 served as
positive control for coinhibition. Expression of the long or short isoforms of ILDR2 on
stimulator cells exerted an inhibitory effect on bulk (CD3) human T cell activation, and an
inhibitory effect was also observed when the well-established coinhibitory ligand PD-L1
was expressed on these cells (Fig. 5A). The stronger T cell inhibitory effect observed with
cells expressing the short isoform might stem from an ~10-fold higher surface expression of
this isoform compared with the long isoform on stimulator cells (data not shown). Using the
same experimental system, we show that ILDR2 expressed on stimulator cells also inhibited
activation of isolated human CD8 T cells (Supplemental Fig. 2A).

To further examine the immunomodulatory role of ILDR2 on human and mouse T cell
responses, we used ILDR2-Fc (ILDR2-hFc or ILDR2-mFc).

A clear dose-dependent reduction in T cell proliferation by soluble ILDR2-hFc was
observed when human CD4* T cells were activated with anti-CD3 and anti-CD28 in the
presence of irradiated autologous PBMCs (Fig. 5B). Similarly, plate-bound ILDR2-hFc
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inhibited proliferation of human CD4 and CD8 T cells in the presence of coimmobilized
anti-CD3 and soluble anti-CD28 (Supplemental Fig. 2B). A pronounced inhibitory effect of
ILDR2-hFc was also evident using human T cell blasts, following their reactivation with
anti-CD3 (Fig. 5C). The inhibition displayed by ILDR2-hFc was substantially stronger than
that observed with PD-L1-Fc, used as positive control (EDsg = 0.54 and 1.3 pg/ml,
respectively).

Similar results were obtained with mouse T cells activated with anti-CD3/CD28-coated
beads. Upon coimmobilization on beads, ILDR2-mFc suppressed murine CD4" T cell
activation, manifested as a reduction in T cell proliferation, in the two mouse strains tested
(SJL and BALB/C, Fig. 5D). ILDR2-mFc in soluble form also displayed pronounced and
dose-dependent inhibition of Ag-specific T cell activation, following OVA3,3_339-induced
activation of CD4* T cells from DO11.1 (OVA3,3_339-TCR transgenic) mice in the presence
of syngeneic irradiated APCs (Fig. 5E).

The inhibitory effect of ILDR2-Fc on human or murine T cell activation was also evident
when additional readouts were used, including cytokine secretion and expression of T cell
activation markers (data not shown).

Of note, ILDR2-Fc present in a soluble form did not exert inhibitory effects on purified T
cells (data not shown). Such effects were displayed only upon immobilization of ILDR2-Fc
on beads or plates or when APCs were also present in the T cell assays. This observation
implies a requirement for cross-linking of ILDR2-Fc to a surface, such as beads, or onto
APCs via their Fcy receptors. Further support for this notion was obtained from experiments
using a N297A Fc mutated variant of ILDR2-mFc, resulting in an aglycosylated Fc domain
with greatly reduced ability to bind Fcy receptors. This variant showed inhibitory activity
upon its cross-linking to beads or plates, but no such activity was displayed when it was
tested in a soluble form in the presence of APCs (Supplemental Fig. 3, data not shown).

To assess whether induction of T cell apoptosis contributes to the inhibitory effect of
ILDR2-Fc on T cell proliferation, we evaluated the levels of annexin V (marker of
apoptosis) and 7-aminoactinomycin D (cell death marker). The results indicate that the
levels of early and late apoptosis were not enhanced; rather, they were somewhat reduced in
the presence of ILDR2-Fc (Supplemental Fig. 4), implying that apoptosis does not underlie
the inhibitory effect of ILDR2-Fc on T cell responses.

ILDR2-Fc binds activated T cells

Based on the robust inhibitory activity observed for ILDR2 on T cells, we asked whether T
cells express a putative counterpart for ILDR2 and tested the binding of ILDR2-Fc to resting
or activated T cells. The results show binding of ILDR2-Fc to human or mouse activated T
cells but no detectable binding to resting nonactivated T cells (Fig. 6). Binding of ILDR2-
hFc was detectable on CD4* or CD8* activated human T cells (Fig. 6A, 6B, respectively).
The kinetics of such binding was tested using ILDR2-mFc and mouse CD4" T cells and
indicates weak binding, which was already evident by 12 h post cell activation (Fig. 6C).
Similar binding kinetics was observed using activated human CD4" T cells (data not shown).
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These findings suggest inducible expression of a counterpart receptor for ILDR2 following
T cell activation.

ILDR2-Fc displays beneficial effects in the CIA model of RA

The robust inhibitory effect on T cell activation displayed by the ILDR2-Fc protein in
various in vitro experimental systems prompted us to test its effect in vivo, using the CIA
mouse model of RA, in which effector T cells have been shown to play a critical role in the
induction and maintenance of inflammatory joint disease (37). Therapeutic administration of
ILDR2-mFc showed a clear trend toward a reduction in clinical score, although this did not
reach statistical significance (p= 0.079 versus PBS) (Fig. 7A). We also analyzed the serum
levels of murine IgG1 and 1gG2a Abs to type Il collagen. 1gG subclass expression is
influenced by multiple factors, including the prevailing cytokine environment. Isotype
switching to 1gG2a or IgG1 is induced by Thl or Th2 cytokines, respectively. Thus, these
isotypes are valuable in vivo indicators of Thl and Th2 responses. The results indicate a
statistically significant increase in the 1gG1/1gG2a ratio in mice treated with ILDR2-mFc (p
= 0.041 versus PBS) (Fig. 7B). These results point to a Thl to Th2 shift taking place
following in vivo ILDR2-mFc treatment and are evidence of an immunomodulatory effect
toward a less pathogenic immune response (i.e., a shift from proinflammatory Th1l to anti-
inflammatory Th2) and restoration of immune homeostasis.

Inhibitory effect of ILDR2-Fc in a translational assay mimicking interactions of T cells and
M®s in the RA synovium

The therapeutic potential of ILDR2-Fc for treatment of RA was further studied using
cocultures of Tcks and Md®s from healthy donors and from RA patients. Such cocultures
have been suggested to mimic the deleterious interaction of these cells in the RA synovium,
which drive the secretion of proinflammatory cytokines (in particular TNF-a)) and play a
major role in the pathology of RA. This experimental system provides a translational tool to
evaluate potential therapies for RA (38).

As shown in Fig. 8A, addition of ILDR2-hFc to these synovial-like cocultures induced a
dose-dependent inhibition in TNF-a secretion. ILDR2-hFc downregulated additional
proinflammatory and regulatory cytokines and chemokines in these cultures, with
pronounced inhibitory effects on CCL3, CCL5, GM-CSF, IL-12, IFN-vy, IL-1RA, IL-5, and
IL-6 (Fig. 8C). Mild inhibition was observed for secretion of IL-17, IL-13, and soluble
IL-2R, whereas the production of IL-10, IL-15, IFN-a, and IL-7 was not affected (data not
shown). ILDR2-hFc also inhibited the secretion of TNF-a. in such cocultures from RA
patients (Fig. 8B), demonstrating that the ILDR2 pathway is functional and responsive in
these patients. Binding of ILDR2-hFc to Tcks suggests upregulation of the putative ILDR2
receptor in these cells to a similar extent as that observed with anti-CD3-or anti-CD3/
CD28-activated T cells (data not shown).

Discussion

This article presents ILDR2 as a novel member of the B7-like family of immunomodulators.
Taken together, our data show that ILDR2 exerts robust inhibitory effects on human and
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mouse T cells when tested as an Fc fusion protein (ILDR2-Fc) or upon overexpression of the
full membrane protein. Similar to other B7-like negative regulators [e.g., B7-H4 (39) and
VISTA (30)], ILDR2 negatively regulates T cell responses by suppressing early TCR
activation and cell division but without enhancing apoptosis. The robust inhibition of T cell
activation exerted by ILDR2 is most likely due to its agonistic activity on an inhibitory
receptor, rather than inhibition of a T cell-stimulatory pathway. Two key observations
support this notion: the ability of ILDR2-Fc to inhibit activation of purified T cells (i.e., in
the absence of APCs or other ILDR2-expressing cells) and the need to cross-link ILDR2-Fc
(to beads, plates, or to Fcry receptors) for it to exert its inhibitory activity.

Although the counterpart receptor of ILDR2 has not been identified, the binding studies
presented in this article indicate expression of an inducible counterpart for ILDR2 on
activated T cells, which can be detected during early TCR activation. This observation is
reminiscent of other negative receptors of the B7-like family that are upregulated on T cells
following activation, such as CTLA4, programmed death 1 (PD-1), and T cell
immunoreceptor with Ig and ITIM domains (TIGIT). Furthermore, the higher expression
observed for ILDR2 in immune-privileged tissues, such as brain, eye, and testis, is
reminiscent of the expression pattern observed for other negative immunomodulators of the
B7/CD28 family, including PD-L1, which are part of the mechanisms of immune tolerance
induction operating in immune-privileged sites (40, 41).

We describe the protein structure of ILDR2 and its two paralogs, ILDR1 and LSR (ILDR3),
and demonstrate that, although these proteins show similarities to those of known B7-like
family members, they share unique structural features, such as the presence of a CCP-rich
domain located at the juxtamembrane region of the intracellular domain and a unique
extended loop with noncanonical cysteine residues in the IgV within their ECDs.

ILDR2 and its two paralogs, ILDR1 and LSR, have been identified as protein components of
tTJs, specialized structures where the corners of three epithelial cells meet that are required
for full barrier function of the cellular sheet (8); thus, they function as a type of cell adhesion
molecule. Members of the IgSF account for a large proportion of cell adhesion molecules
(42). Some IgSF proteins that have properties of adhesion molecules have also been shown
to perform important immunological functions, including immune checkpoint regulators.
For example, poliovirus receptor (PVR)/CD155 belongs to the family of nectin-like
adhesion proteins and is a ligand of TIGIT (also designated as Washington University
adhesion molecule), a known immune checkpoint in NK cells and T cells. The PVR-TIGIT
interaction plays dual roles in cell adhesion and cell signaling (43), including adhesion of T
follicular helper cells to follicular DCs (44). Another example in this family is PVRL2/
CD112/Nectin-2, a member of the nectin family of adhesion molecules, which is a ligand of
CD226 (a prominent costimulatory receptor in the TIGIT pathway) and of a novel
checkpoint CD112R/PVR Ig (45). Recently, another adhesion molecule, PSGL-1, was
characterized as a novel negative regulator of T cell function that is upregulated in activated
T cells (46). Similar to these IgSF proteins, ILDR2 seems to play dual roles, as a tTJ
component and as a novel immunomodulator (presented in this article).
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In this article, we also present the therapeutic effect of ILDR2-mFc in CIA, a mouse model
of RA. In addition to its beneficial effect on disease score, administration of ILDR2-mFc led
to an increase in the 1gG1/1gG2a ratio, pointing to a shift from proinflammatory Thl
responses to anti-inflammatory Th2 responses. The ILDR2-Fc—mediated
immunomodulatory Th1/Th2 shift is supported by additional in vitro and in vivo findings
reported by Podojil et al. (47). Of relevance is the strong upregulation of /LDR2mRNA
upon polarization of human DCs to DC2 cells (14), which promotes the differentiation of
Th2 cells.

To further substantiate the immunomodulatory activity of ILDR2-Fc in the context of RA,
we used a translational assay that mimics the deleterious interaction of immune cells in the
RA synovium. In this assay, ILDR2-hFc decreased the secretion of TNF-a and other
proinflammatory cytokines and chemokines that play a major role in the pathology of RA.
These findings further demonstrate the immunomodulatory activity of ILDR2-Fc and its
potential to affect autoimmune processes and inflammation in patients.

The therapeutic efficacy and mode of action of ILDR2-Fc were further characterized using
additional models of autoimmune diseases and a translational assay, focusing primarily on
multiple sclerosis and its mouse model, EAE, as reported by Podojil et al. (47). The results
point to ILDR2-Fc as a promising novel therapeutic agent that displays a unique mode of
action, combining immunomodulation and regulation of immune homeostasis, as well as
regulatory T cell induction and re-establishment of Ag-specific immune tolerance, leading to
durable amelioration of autoimmunity.

To summarize, ILDR2 is a novel negative regulator of T cell responses, with potential roles
in the modulation of immune responses, as well as critical implications for the development
of autoimmunity and other diseases, such as cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Identification and characterization of ILDR2 as a novel B7-like protein. (A) Amino acid

sequence alignment and topology of human and mouse ILDR2. The signal peptide and
transmembrane domains are outlined in blue rectangles, 1gV boundaries are marked by
brackets, cysteines are in black rectangles, and the CCP-rich domain is outlined in red. (B)
Amino acid sequence alignment and topology of human ILDR2, LSR (ILDR3), and ILDR1.
Protein domains are marked as described in (A). (C) Gene structure and transcription
variants of human ILDR2. Shown are exons of alternative spliced transcripts from human
ILDR2. The coding regions are depicted as open boxes, and the untranslated regions are
represented by black boxes. (D) Multiple sequence alignment of the IgV domains of ILDR2
and other proteins of the B7 family. The DxGxYXC motif is highlighted in pink. The
canonical cysteine residues in the gV domain, which are known to form a disulfide bridge,
are highlighted in yellow. Noncanonical cysteine residues are highlighted in gray. (E)
Secondary structure prediction of ILDR2 IgV domain and B-strand organization. Predicted
B-strands are marked by the letters A, B, C, C’, C”, D, E, F, and G. IgV canonical cysteines
are highlighted in yellow, and noncanonical unique cysteines are highlighted in gray. The
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sequence presented spans the entire ECD, from the signal peptide (SP) to the transmembrane
domain (TM).
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Expression profile of /LDRZmRNA. (A) /LDRZmRNA expression data from normal
human tissues were extracted from the GTEx database. The y~axis depicts expression levels
as reads per kilobase of exon per million fragments mapped (RPKM). (B) Expression data of
murine //dr2 mRNA in normal mouse tissues were extracted from the GNF Gene Expression
Atlas. Values shown on the y~axis are arbitrary units of microarray gene expression levels.
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Crohn’s Disease

FIGURE 3.
ILDR?2 protein expression in inflamed tissues. IHC of ILDR2 expression within inflamed

tissue samples of ulcerative colitis and Crohn’s disease, as well as normal controls (colon
and small intestine), was carried out using anti-ILDR2 polyclonal Ab, Ab-13, as described
in Materials and Methods. Shown are representative staining out of two samples for each
tissue and condition. Original magnification x40.
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ILDR2 protein expression on immune cell subpopulations. (A) Gating strategy for monocyte
and lymphocyte subpopulations derived from human PBMCs. Lymphocytes were identified
by low FSC/SSC, and monocytes were identified by high FSC/SSC and by HLA-DR*
staining. Monocyte subtypes were defined based on relative expression of CD14 and CD16
(see text for details). HLA-DR* CD14~ CD16" cells most likely consist of various other
myeloid cells. Lymphocyte populations were defined based on CD56 or HLA-DR
expression (CD56%, mostly NK and NKT cells; HLA-DR*, mostly B cells; and CD56~
HLA-DR™, mostly T cells). (B) PBMCs from healthy human donors were subjected to FACS
analysis and gated as in (A), following staining with Alexa Fluor 647—conjugated anti-
ILDR2 Ab (Ab-28) or with isotype control (human IgG1). Shown is one representative
healthy donor of seven. (C and D) ILDR2 expression on human monocyte-derived M®s.
Human Mds were obtained by in vitro differentiation of blood monocytes using M-CSF, as
described in Materials and Methods. (C) ILDR2 protein expression was evaluated on
monocytes (day 0) or on monocyte-derived M®ds (day 5, i.e., after incubation of monocytes
with M-CSF for 5 d) by FACS analysis using anti-ILDR2 mAb (Ab-28 or isotype control
[human IgG1]). Results are shown for one donor and are representative of four donors. (D)
ILDR2 mRNA expression was evaluated by gRT-PCR using RNA derived from the
monocytes and monocyte-derived M®s in (C). Bars show relative ILDR2 expression
(normalized to HSKPs) in monocyte-derived macrophages relative to untreated monocytes
(i.e., day 0). Results are shown for one donor and are representative of four donors.
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FIGURE 5.
ILDR?2 inhibits activation of human and murine T cells. (A) Membrane-expressed ILDR2

inhibits human T cell activation. Stimulator cells (a murine thymoma cell line engineered to
express membrane-bound anti-human CD3 single-chain Ab fragments) were transfected
with expression constructs encoding the long or the short splice variant of human ILDR2.
Cells transfected with the empty vector served as negative control. Proliferation of human
CD3* T cells was evaluated upon coculture with stimulator cells expressing the ILDR2 short
and long variants, as well as ICOSL or PD-L1, as reference. Shown is a representative
experiment of four experiments carried out with a total of three donors. Data are mean +
SEM of triplicate samples. (B) Soluble ILDR2-hFc inhibits activation of human T cells.
Naive CD4* T cells obtained from human PBMCs were activated by soluble anti-CD3 and
anti-CD28 in the presence of irradiated autologous PBMCs. ILDR2-hFc or isotype control
(human IgG1; Synagis) was added at the specified final concentrations. Cell proliferation
was evaluated by [3H]thymidine incorporation at 72 h. Shown are representative results
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obtained with three human donors. (C) Immobilized ILDR2-hFc has an inhibitory effect on
reactivation of stimulated human T cells. Human T cell blasts, obtained by stimulation of
human PBMCs with PHA and human IL-2 for 10 d, were reactivated for 3 d in 96-well
plates coated with anti-CD3, in the presence of ILDR2-hFc or isotype control (recombinant
human IgG1-Fc) at the indicated concentrations, as described in Materials and Methods.
IL-2 secretion was measured by ELISA after 24 h. PD-L1-Fc (recombinant human B7-
H1/Fc) was used as positive control. Shown are representative results for one of three
experiments. (D) Bead-immobilized ILDR2-mFc reduces polyclonal murine T cell
proliferation. Naive CD4" T cells were isolated from two mouse strains, SJL or BALB/c,
and activated in the presence of beads coated with anti-CD3 and anti-CD28, as described in
Materials and Methods. The beads were also coated with the indicated concentrations of
ILDR2-mFc or isotype control (mlgG2a). Cells were activated with the coated beads ata 1:1
ratio, and cell proliferation was evaluated by [3H]thymidine incorporation after 72 h. (E)
Soluble ILDR2-mFc reduces Ag-specific murine T cell activation. Naive CD4* T cells from
DO11.1 mice were activated by 20 pg/ml OVA3»3_339 peptide and coincubated with
irradiated APCs at a 1:1 ratio in the presence of different concentrations of ILDR2-mFc or
isotype control (mlgG2a). Proliferation was evaluated by [3H] thymidine incorporation after
72 h. **p< 0.01, ***p< 0.001, *p < 0.0001 versus empty vector.
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FIGURE 6.

ILDR2-Fc binds to activated T cells. Binding of ILDR2-hFc was analyzed on resting and
activated human CD4* (A) and CD8* (B) T cells. Isolated human CD4* or CD8* T cells
were left untreated or were stimulated with plate-bound anti-CD3 for 72 h, as described in
Materials and Methods. Cells were incubated with ILDR2-hFc or isotype control (human
IgG1; Synagis) at 100 pg/ml, followed by staining with PE-conjugated anti-human 1gG Fc,
and evaluated by flow cytometry. The results, shown as line graphs of ILDR2-hFc and
isotype control (human IgG1) binding, are representative of two independent experiments.
(C) Binding kinetics of ILDR2-mFc to resting and activated mouse CD4" T cells. CD4*
CD25~ T cells were isolated from BALB/C splenocytes and activated using plate-bound
anti-CD3 and soluble anti-CD28, as described in Materials and Methods. Binding of
biotinylated ILDR2-mFc and isotype control (mlgG2a) was tested at different time points of
T cell activation and evaluated by flow cytometry. Results are shown as line graphs of
ILDR2-mFc and isotype control (mlgG2a) binding.
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FIGURE 7.

Therapeutic effect of ILDR2-mFc in a CIA model of RA. (A) DBA/1 mice were immunized
with bovine type Il collagen in CFA and treated from the day of disease onset (day 1) with
ILDR2-mFc (100 pg per mouse), TNFR-Fc (100 pg per mouse), or PBS (vehicle control),
three times a week for 10 d. Average clinical scores (£ SEM) are shown for 7= 8 or 9 mice
per group. Shown is one representative study of two. Data were analyzed using ANOVA,
followed by the Dunnett posttest. PBS versus ILDR2-mFc, p= 0.079. PBS versus TNFR-Fc,
p=0.047. (B) At day 10 postdisease onset, serum levels of IgG1 and 1gG2a anti-type Il
collagen Abs were evaluated by ELISA. Data are shown as the 1gG1/IgG2a ratio. PBS
versus ILDR2-mFc, p=0.041. PBS versus TNFR-Fc, p=0.095.
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ILDR2-hFc inhibits RA-related cytokines in translational autologous cocultures of
“synovial-like” Tcks and monocyte-derived M®s established from PBMCs of healthy
controls or RA patients. ILDR2-hFc or isotype control (human 1gG1) were added at the
indicated concentrations to Tck and M® cocultures derived from healthy donors’ PBMCs, as
described in Materials and Methods. (A) After 24 h, supernatants were analyzed for TNF-a
secretion by ELISA. (B) TNF-a secretion in M® and Tck cocultures derived from PBMCs
of RA patients was evaluated by ELISA. (C) Supernatants from four of the donors in (A)
were evaluated for secretion of additional RA-related cytokines and chemokines by
Luminex. Cytokine values were normalized to those obtained in cultures without any added
compound (No compound). Dots represent individual donors. Bars represent average *
SEM. *p< 0.05, **p < 0.01, ***p< 0.001, ¥p < 0.0001 versus the corresponding

concentration of control Ig.
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Table I.

Identity and similarity of ILDR2 IgV to other B7 family proteins

Protein IgV  Identity (%) Similarity (%)
VISTA 19.5 34.0
PDL1 17.9 30.8
PDL2 175 244
B7H3 20.8 35.6
B7H4 16.9 27.1
ICOSL 17.2 35.2
CD80 16.4 315
CD86 15.3 27.0
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