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Abstract

Rheumatoid arthritis (RA) is a debilitating inflammatory autoimmune disease with no known cure.
Recently, we identified the immunomodulatory enzyme indoleamine-2,3-dioxygenase 2 (IDO2) as
an essential mediator of autoreactive B and T cell responses driving RA. However, therapeutically
targeting IDO2 has been challenging given the lack of small molecules that specifically inhibit
IDO2 without also affecting the closely related IDO1. In this study, we develop a novel
monoclonal antibody (mAb)-based approach to therapeutically target IDO2. Treatment with
IDO2-specific mAD alleviated arthritis in two independent preclinical arthritis models, reducing
autoreactive T and B cell activation and recapitulating the strong anti-arthritic effect of genetic
IDO2 deficiency. Mechanistic investigations identified FcyRIIb as necessary for mAb
internalization, allowing targeting of an intracellular antigen traditionally considered inaccessible
to mADb therapy. Taken together, our results offer preclinical proof of concept for antibody-
mediated targeting of IDO2 as a new therapeutic strategy to treat RA and other autoantibody-
mediated diseases.
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1.0 Introduction

Rheumatoid arthritis (RA) is a debilitating inflammatory joint disease that affects
approximately 1.3 million Americans and has no known cure [1, 2]. Even with the
development of new biologic therapies, current treatment strategies for RA still primarily
focus on controlling inflammatory symptoms. Standard treatment regimens include non-
steroidal anti-inflammatory drugs (NSAIDs), corticosteroids, disease-modifying anti-
rheumatic drugs (DMARDS) and biologic response-modifying drugs [3-5], but none are
fully effective. Moreover, alleviation of disease symptoms is often associated with severe
side effects, including liver toxicity, bone marrow suppression and increased susceptibility to
infections and cancer [6-11]. Thus, improved strategies to specifically target the pathogenic
mechanisms underlying autoimmunity are still urgently needed.

Recently, we have explored the indoleamine 2,3-dioxygenases IDO1 and IDO2 as candidate
therapeutic targets for the development of new treatments for inflammatory autoimmunity
[12-18]. IDO mediates the first and rate-limiting step in the catabolism of tryptophan to
kynurenine [19]. Immune modulatory effects of the IDO pathway first described in maternal
tolerance to fetal tissue [20] were later extended to many disease settings [21-23],
particularly in cancer where IDO1 was implicated as a pivotal mediator of immune escape
by tumors [24, 25]. Although primarily considered immunosuppressive in cancer, the role
the IDO pathway plays in autoimmunity is less clear. Human autoimmune patients exhibit
elevated tryptophan catabolism in their blood and urine that correlates with disease
pathogenesis, indicating an immune activating role for the IDO pathway [26—-28]. In murine
models of autoimmunity, some studies have suggested that the IDO pathway is immune
suppressive [29-32], whereas others have demonstrated that it is immune activating and
supportive to pathogenesis [17, 33—-35], a result confounded by the use of the nonspecific
IDO pathway inhibitor 1-methyl-tryptophan (LMT) to assess IDO function [15, 36]. In
addressing this conundrum, we recently presented genetic evidence showing how IDO2
differs from IDOL1 in contributing a pathogenic immune activating function specific for the
establishment and development of autoimmunity [15, 16]. Mechanistic investigations
revealed that IDO2, but not IDO1, was needed to activate CD4* T cells, generate pathogenic
autoantibodies, and drive arthritis development [15]. Notably, IDO2 expression in cognate,
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antigen-specific B cells was both necessary and sufficient to mediate disease, defining a key
pathogenic role for IDO2 specifically in B cells through their interaction with T cells [16]. In
contrast, the role IDO1 plays in the autoimmune response is unclear, with some studies
suggesting a regulatory function [29-31, 37], while others suggest a pro-inflammatory role
[33-35] or no role at all [15, 38]. These results suggest an explanation for the seemingly
opposing roles of the IDO pathway in autoimmune pathogenesis by illuminating a unique
function for IDO2 in driving inflammatory autoimmunity. A therapeutic strategy that
specifically targets IDO2, rather than the broader IDO pathway, could be of great benefit to
clinical disease management

In this study, we present a preclinical proof-of-concept for use of a monoclonal antibody
approach to specifically target IDO2 and treat autoimmunity. Monoclonal antibodies (mAb)
are important modalities for treating cancer and autoimmune disease [39, 40], acting to
eliminate target-expressing cells or their secreted products [41-46] or, more recently, to
disrupt regulatory factors that direct immune responses [47, 48]. While mAb therapies
developed to date have targeted cell surface or secreted antigens, recent preclinical studies
demonstrate that certain mADb can also target intracellular antigens traditionally considered
inaccessible [49-52]. Here, we show that administering a cell-penetrating mAb to selectively
target intracellular IDO2 inhibits autoreactive T and B cell responses and alleviates joint
inflammation in the KRN preclinical model of autoimmune arthritis, fully recapitulating the
effect of genetic IDO2 deficiency in this model. We validate the effect of IDO2 Ig in
alleviating joint inflammation in a second, mechanistically independent arthritis model,
collagen induced arthritis (CIA). Mechanistic studies indicate that IDO2 Ig is able to access
its intracellular target to exert its anti-arthritic effect by internalization via FcyRIIb
specifically on B cells. On the basis of these findings, we propose that antibody targeting of
IDO?2 offers a feasible and disease-selective approach to treat RA and possibly other
autoantibody- mediated autoimmune disorders.

2.0 Materials and Methods

2.1 Mice

Arthritic KRN IDO wt, IDO1 ko, and IDO2 ko mice on a C57BL/6 background carrying the
MHC Class II 1-A97 allele have been described [15]. DBA/1J and FcyRIlb ko C57BL/6
mice were purchased from Jackson Laboratories. C57BL/6 IDO2 ko mice lacking the TCR
alpha chain (TCRa ko) and carrying a single copy of the MHC Class II 1-A%7 allele (TCRa
ko IDO2 ko B6.g7/b) were generated as recipient mice for adoptive transfer of KRN T cells.
T cell donor mice were IDO2 ko KRN TCR tg C57BL/6 mice carrying 2 copies of the I-AP
allele. All mice were bred and housed under specific pathogen free conditions in the animal
facility at the Lankenau Institute for Medical Research. Studies were performed in
accordance with National Institutes of Health and Association for Assessment and
Accreditation of Laboratory Animal Care guidelines with approval from the LIMR
Institutional Animal Care and Use Committee.
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2.2 Generation and purification of monoclonal IDO2 Ig

IDO1 ko BALB/c mice were immunized with KLH-conjugated IDO2 peptidesyg.33g in
complete Freund's adjuvant, boosted twice with the peptide-KLH conjugate in incomplete
Freund's adjuvant, and then injected with the peptide-KLH conjugate in PBS. Spleen cells
from the immunized mice were fused with Sp2/0-Ag14 myeloma cells, plated in
methylcellulose (Stem Cell Technologies) and screened by ELISA and Western blot. A
clonal hybridoma, designated 4-3 (mouse 1gG1/x), was subcloned by sorting single cells on
a BD FACSAria 11 cell sorter. The resulting subclone (termed 4-3.8) was cultured in
Hybridoma-SFM (Gibco, Life Technologies) containing 1% hybridoma enhancing
supplement (Sigma) in CELLine bioreactor flasks (Wheaton) and 1gG from supernatants
purified over protein G.

2.31D0O2 Ig treatment

Male and female KRN.g7, IDO1 ko KRN.g7, and IDO2 ko KRN.g7 mice were injected with
0.5 mg IDO?2 Ig (clone 4-3.8) or control mouse Ig (Jackson Immunoresearch) at 21 days of
age (pre-arthritis regimen) or 28 days of age (post-arthritis regimen). CIA mice were
injected weekly with 0.5 mg IDO2 Ig or control mouse Ig starting the day before primary
immunization. Adoptive transfer mice were injected the day before cell transfer with 0.5 mg
IDO2 Ig or control mouse Ig.

2.4 Western Blot Analysis

2.5 Arthritis

Liver tissue from wt, IDO1 ko, and IDO2 ko C57BL/6 mice was harvested and homogenized
in a polytron blender in the presence of RIPA buffer containing protease and phosphatase
inhibitors. Tissue lysates were centrifuged and protein concentrations determined. Equal
protein per sample (30 pg/lane) was fractioned using standard SDS-PAGE and blotted to
Immobilon-NC membranes (Millipore, USA). After blocking, blots were incubated at 4 C
overnight with primary antibody followed by incubation with an HRP-conjugated secondary
antibody. Blots were developed with HYGLO Quickspray chemiluminescent HRP reagent
(Denville Scientific) and analyzed using a ChemiDoc System with Image Lab Software
(Biorad). Primary antibodies to the following antigens were used: IDO2 (Clone 4-3.8); a.-
tubulin (Santa Cruz Biotechnology); and pFcyRI1b (Cell Signaling Technology). HRP-
conjugated anti-mouse Igx (Jackson Immunoresearch) or anti-rabbit 1gG (Cell Signaling
Technology) were used as secondary antibodies.

incidence

The two rear ankles of experimental KRN.g7 mice were measured starting at weaning (3
weeks of age). Measurement of ankle thickness was made above the footpad axially across
the ankle joint using a Fowler Metric Pocket Thickness Gauge. Ankle thickness was rounded
off to the nearest 0.05mm. At the termination of the experiment, ankles were fixed in 10%
buffered formalin for 48 hrs, decalcified in 14% EDTA for 2 wks, embedded in paraffin,
sectioned, and stained with H&E. Histology sections were imaged using a Zeiss Axioplan
microscope with a Zeiss Plan-Apochromat 10%/0.32 objective and Zeiss AxioCam HRC
camera using AxioVision 4.7.1 software. The images were then processed using Adobe
Photoshop CS2 software.
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2.6 Induction of Collagen Induced Arthritis (CIA)

CIA was induced in 8wk old male and female DBA/1J mice by an intradermal injection
(tailbase) of 100ug bovine collagen 11 (CIl) in complete Freund’s adjuvant (CFA), followed
21 days later by a booster injection of 100ug CII in incomplete Freund’s adjuvant (IFA)
according to standard protocols [53]. Clinical scoring was evaluated on a scale of 0-4 for
each paw for a maximum score of 16 per mouse: (0) no evidence of erythema and swelling,
(1) erythema and mild swelling confined to the tarsals or ankle joint, (2) erythema and mild
swelling extending from ankle to the tarsals, (3) erythema and moderate swelling extending
from the ankle to the metatarsal joints, (4) erythema and severe swelling encompassing the
ankle, foot, and digits, or ankylosis of the limb [53]. Front and rear paws were imaged using
a Nikon D5300 camera and processed using Adobe Photoshop CS2 software.

2.7 IMT treatment

Mice were given 400 mg/kg/dose (100ul total volume) D/L-1MT (Sigma) diluted in
Methocel/Tween (0.5% Tween 80, 0.5% methylcellulose (v/v in water; Sigma) twice daily
by oral gavage (p.0.) using a curved feeding needle (20G x1 % in; Fisher) as described [17].
1MT treatment was started the day before primary injection of collagen (day 0) and
continued for the duration of the experiment.

2.8 Analysis of T helper subsets

Joint draining LN cells from 6 week old control mouse Ig or IDO2 Ig-treated KRN.g7 mice
were harvested and stained for CD4* T cells (BioLegend clone GK1.5) and the following
markers to distinguish Th subsets: bcl6 (Tth, BD Pharmingen Clone K112g1), foxP3 (Treg,
Biolegend clone 150D), gata3 (Th2, eBioscience clone TWAJ), roryt (Th17, eBioscience
clone AFKJS-9), T-bet (Th1, eBioscience clone 4B10). The samples were acquired on a
BDFACSCanto Il flow cytometer using FACSDiva Software (BD Bioscience) and analyzed
using FlowJo Software (TreeStar).

2.9 Intracellular IL-21

Cells from the joint draining LNs of 6 week old control or IDO2 Ig-treated KRN.g7 mice
were harvested and cultured for 4 hours with 50 ng/ml PMA, 500 ng/ml ionomycin, and 3
ug/ml Brefeldin A. After 4 hours, cells were harvested, surface stained for CD4 and CD8
(eBioscience), fixed and permeabilized (IC Fixation and Permeabilization Buffer,
eBioscience), then stained for intracellular IL-21 or isotype control. The samples were
acquired on a BDFACSCanto Il flow cytometer using FACSDiva software and analyzed with
FlowJo software.

2.10 ELISPOT assay

Cells from the joint draining LN (axillary, brachial, and popliteal LNs) from 6 week-old
control mouse 1g or IDO2 Ig-treated KRN.g7 mice were plated at 4 x 10 cells per well and
diluted serially 1:4 in Multiscreen HA mixed cellulose ester membrane plates (Millipore)
coated with GPI-his (10ug/ml). The cells were incubated on the Ag-coated plates for 4hr at
37°C. The Ig secreted by the plated cells was detected by Alkaline Phosphatase-conjugated
goat anti-mouse total g secondary Ab (Southern Biotechnology Associates) and visualized
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using NBT/BCIP substrate (nitroblue tetrazolium / 5-bromo-4-chloro-3-indolyl phosphate;
Sigma).

2.11 Internalization of IDO2 Ig

B cells from spleens of wt or FcyRIIb ko C57BL/6 mice were purified by anti-CD43
negative selection with MACS beads (Miltenyi). B cell purity was routinely ~97%. Purified
B cells were cultured /n vitro for 24h with anti-CD40 (eBioscience, 2ug/ml) + IL-21
(eBioscience, 100ng/ml). IDO2 1g-PE or isotype control-PE was incubated with the cells for
the last 2h of culture. Internalized IDO2 was measured by flow cytometry on a BD
FACSCanto Il and analyzed using FlowJo Software (TreeStar).

2.12 FcyRIlb stimulation assay

B cells from spleens of wt or FcyRIIb ko C57BL/6 mice were purified by anti-CD43
negative selection with MACS beads (Miltenyi). Purified B cells were stimulated for 10 min.
with whole IgM (10pg/ml, Jackson Immunoresearch), anti-FcyRI1b (10ug/ml, clone
AT130-5, AbD Serotec), or IDO2 Ig (clone 4-3.8, 10ug/ml). Cells were lysed in RIPA buffer
containing protease and phosphatase inhibitors and analyzed by Western Blotting as
described in section 2.4.

2.13 Adoptive transfer model of arthritis

Spleen and lymph node tissue was harvested from IDO2 ko KRN TCR tg (IDO2 ko KRN
B6) mice. CD4* T cells were purified by positive selection with anti-CD4 mouse MACS
microbeads (Miltyeni Biotec). For T cell purification, elutant was purified over a second
column to achieve higher purity (~90%). B cells from spleens of wt or FcyRIIb ko 1-A37/0
were purified by anti-CD43 negative selection with MACS beads (Miltenyi Biotec).
Following purification, 3.5x10° CD4* T cells and 1x10° B cells were adoptively transferred
i.v. into TCR ko IDO2 ko B6.g7 hosts. Arthritis was measured starting at the day of adoptive
transfer, as described in section 2.5. Mice were sacrificed after 2 weeks.

2.14 Statistical Analysis

Statistical significance was determined using one way-ANOVAs followed by comparison of
means with Tukey's post-hoc multiple comparison correction or Kruskal-Wallis non-
parametric ANOVA with Dunn's multiple comparison correction as indicated using Prism6
(GraphPad Software, Inc).

3.0 Results

3.11D02 Ig inhibits arthritis in preclinical models of autoimmune arthritis

Genetic deficiency in IDO2 leads to an attenuated level of disease in the KRN.g7 preclinical
model of autoimmune arthritis, implicating IDO2 as a therapeutic target to treat RA [15]. As
a strategy to specifically target IDO2, we developed a monoclonal antibody (IDO2 Ig, clone
4-3.8) that recognizes IDO2, but not the closely related IDO1 enzyme (Fig. 1). KRN.g7
mice treated with IDO2 Ig starting before the onset of arthritis developed arthritis later and
with reduced overall severity (Fig. 2a) compared to those treated with control Ig,
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recapitulating the phenotype of genetic loss of IDO2 in this model. A similar reduction in
arthritis was obtained when IDO2 Ig was started after the onset of arthritis indicating IDO2
Ig is effective in either a preventive or therapeutic experimental design (Fig. 2a). Reduced
arthritis in IDO2 Ig-treated mice was confirmed histologically by a decrease in immune cell
infiltrates, pannus formation, synovial hyperplasia, and cartilage and bone destruction,
compared to control mouse Ig-treated (Fig. 2b) or untreated mice [15]. To validate IDO2 as
the target for IDO2 g /n vivo, arthritis was evaluated in IDO1 ko KRN.g7 and IDO2 ko
KRN.g7 mice treated with IDO2 Ig. Treatment with IDO2 Ig reduced joint inflammation in
IDO1 ko KRN.g7 mice (Fig. 2c), but did not affect the residual disease displayed in IDO2
ko KRN.g7 mice (Fig. 2d), providing a genetic validation for the /in vivo specificity of the
antibody.

To determine if IDO2 Ig could inhibit joint inflammation outside of the context of the KRN
model, we also tested its effects in the well-characterized collagen- induced arthritis (CIA)
model. In this model, arthritis was induced in DBA/1J mice by immunization with
heterologous collagen, as previously described [53]. As a control group, a separate cohort of
mice were treated with the nonselective IDO pathway inhibitor IMT. Treatment with IDO2
Ig or IMT was started at the time of the first immunization and continued through the
duration of the experiment. Control-treated DBA/1J mice developed robust arthritis within
one week of secondary immunization (Fig. 3a, b). Administration of IDO2 Ig significantly
attenuated arthritis (Fig. 3a), with some mice developing only mild arthritis and others no
arthritis at all (Fig. 3b). Furthermore, the limited arthritis that did develop was more isolated
(mouse 1g: 3.2 £0.2; IDO2 Ig: 1.9 £ 0.3 involved paws, p=0.004). Similar to one published
report [54], but not others [31, 55], we found that IMT did not affect the frequency or
severity of arthritis induced by collagen immunization (Fig. 3c). While it is unclear why
1MT affects CIA in some studies, but not others, the lack of consistent results using IMT
may reflect in part the complications inherent in using non-selective pathway inhibitors.
Taken together, our results support the conclusion that IDO2 drives arthritis in two
independent preclinical models and that its targeting with an IDO2-specific antibody is
sufficient to alleviate disease.

3.21D02 Ig inhibits autoreactive T and B cell responses

We next evaluated the parameters of the immune response affected by targeting IDO2. To do
this, we again made use of the KRN model, where it was possible to specifically follow
autoreactive T and B cell responses. We reported previously that the most dramatic
differences in IDO2 ko KRN.g7 mice were their significant reductions in CD4* helper T cell
subsets and numbers of autoantibody-secreting B cells, compared to those with wild-type
(wt) IDO2 [15]. To determine if IDO2 Ig administration could phenocopy these effects, we
measured percentages of differentiated T and B cells in KRN.g7 mice treated with a single
injection of IDO2 Ig in the same manner as before. Differentiated T helper subsets were
examined by measuring the expression of intracellular transcription factors using flow
cytometry. KRN.g7 mice treated with IDO2 g, either before or after the onset arthritis,
exhibited reduced percentages of T-bet* (Thl), Gata-3* (Th2), RoRyt* (Th17), and Bcl-6*
(Tfh) subsets compared to mice treated with control Ig (Fig. 4a). The percentage of FoxP3*
(Treg) cells was not different between the treatment groups; however percentages of cells
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that co-expressed FoxP3 and T-bet, Gata-3, or RoRvyt, so-called effector T-reg cells [56]
were reduced in IDO2 Ig treated mice (Fig. 4b). Likewise, the small population of
FoxP3*Bcl-6* T follicular regulatory cells was also diminished in IDO2 Ig treated mice
(Fig. 4b). Levels of I1L-21, a cytokine that upregulates IDO2 expression [16] and is essential
for T cell-mediated antibody production [57] and induction of arthritis [58], was likewise
decreased (Fig. 4c). T helper function is required to induce the pathogenic autoantibody
response in KRN.g7 mice. Consistent with the reduction in T cell helper function, numbers
of autoantibody-secreting cells were decreased in IDO2 Ig-treated mice (Fig. 4d). Therefore,
IDO2 Ig is able to recapitulate the reduced arthritic response observed in mice that were
genetically deficient for IDO2, at the level of both T cells and B cells.

3.31D0O2 Ig accesses intracellular IDO2 through internalization via FcyRIlb

We next sought to determine the mechanism by which IDO2 Ig is able to access IDO2 in
mediating a therapeutic effect. One mechanism by which antibodies can be internalized into
cells is via FcyRs, specialized receptors for 1gG expressed on a wide variety of cell types,
including macrophages, neutrophils, dendritic cells, and B cells [59]. In previous work, we
used adoptive transfer experiments to define B cells as the critical IDO2-expressing cell type
for mediating arthritis in the KRN model [16]. Therefore, we examined the ability of B cells
to internalize the therapeutic antibody using an /n vitro antibody internalization assay.
Purified B cells were cultured with anti-CD40 + IL-21, a stimulus that upregulates IDO2
[16], and analyzed for their ability to internalize fluorescently labeled IDO2 Ig by flow
cytometry. As a control, B cells were incubated with fluorescently labeled isotype control Ig.
IDO2 Ig, but not isotype control Ig, was able to access the intracellular compartment of B
cells after 2h in culture. However, if the B cells were pre-incubated with an antibody that
blocks FcyRs, IDO2 1g was not internalized (Fig. 5a). To confirm the requirement for
FcyRs, we repeated the /n7 vitro internalization assay but used B cells purified from mice that
were genetically deficient in FcyRIlb (FcyRIIb ko), the only FcyR expressed by B cells
[60]. Notably, IDO2 Ig internalization was abolished completely in the genetic absence of
FcyRIIb, confirming that FcgRIIb-mediated internalization was essential for IDO2 Ig to
access its intracellular target (Fig. 5a).

In the following experiments we sought to rule out the possibility that FcyRI1b signaling
contributed to the therapeutic effect of the IDO2 Ig. Ligation of FcyRIIb on B cells has been
shown to inhibit B cell proliferation and antibody production, through a mechanism initiated
by phosphorylation of the ITIM found in the cytoplasmic domain of FcyRIIb [61, 62]. Thus,
it was possible that some or all of the therapeutic activity of the IDO2 Ig could be due to
binding and triggering FcyRIIb signaling, rather than a direct inhibition of IDO2. To rule
out this possibility, we purified B cells from wt or FcyRIIb ko mice, cultured them with
IDO2 Ig, and then evaluated the phosphorylation status of the cytoplasmic tail of FcyRIIb
(pFcyRIIb) in the cells by Western blotting (Fig. 5¢,d). Wt B cells cultured with whole IgM
or the FcyRIIb-stimulating antibody AT130-5 [63] as positive controls demonstrated strong
phosphorylation of FcyRIIb. As expected, no pFcyRIIb was detected in FcyRIIb ko B cells,
confirming the specificity of the phospho-specific antibody used to detect the receptor.
Importantly, IDO2 Ig did not stimulate phosphorylation of FcyRIIb (Fig. 5¢,d). This result
argued against FcyRI1b-mediated inhibition as a basis for the therapeutic action of the IDO2
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Ig. Overall, we conclude that IDO2 Ig gains access to its intracellular target in B cells
through internalization via FcyRIIb, but does not stimulate its signaling pathway.

3.4 FcyRIIb on B cells is required in vivo for IDO2 Ig therapeutic activity

To determine if FcyRIIb expression on B cells was required for the activity of IDO2 Ig /n
vivo, we made use of an adoptive transfer model of arthritis where contributions of
individual receptors and cell types can be discriminated [15, 16]. In this model, adoptive
transfer of KRN T cells into T cell deficient mice expressing the I-A%” MHC Class 11
molecule required for antigen presentation to KRN T cells (TCRa ko B6.g7/b) results in
robust arthritis 7-10 days post-cell transfer [64]. Using this approach, we previously
demonstrated that transfer of IDO2 ko KRN T cells into IDO2 ko recipient mice (IDO2 ko
TCRa ko B6.g7/b) results in an attenuated level of arthritis relative to wt recipients, similar
to that seen in the IDO2 ko KRN.g7 spontaneous model [15]. Furthermore, addition of wt
but not IDO2 ko B cells fully restored arthritis to wt levels, confirming the critical
requirement for B cells as the IDO2-expressing cell type needed for robust arthritis in the
model [16]. To determine if IDO2 Ig requires FcyRIIb expression on B cells to exert its
effect in vivo, we used a similar approach, transferring B cells purified from C57BL/6 mice
that either express (wt) or lack FcyRIIb (FcyRIIb ko) into IDO2 ko recipients. Arthritis was
induced by transfer of IDO2 ko KRN T cells. The mice were then treated with either IDO2
Ig or control Ig (Fig. 6a). Control treated mice that received wt B cells developed robust
arthritis whereas IDO2 Ig treated mice that received wt B cells had attenuated disease (Fig
6b). Control-treated mice that received FcyRIIb ko B cells developed arthritis at a level
similar to that induced by wt B cells, demonstrating that FcyRIIb is not required on B cells
for arthritis induction. In contrast to its anti-arthritic effect in the wt B cell group, IDO2 Ig
had no effect on arthritis development in mice that received FcyRIlb ko B cells (Fig. 6b).
Taken together, these results demonstrate that to inhibit arthritis development /n vivo, IDO2
Ig requires FcyRIIb on B cells to access intracellular IDO2.

4.0 Discussion

This study establishes the feasibility of antibody-mediated targeting of the intracellular
immunomodulatory enzyme 1DO2 as a therapeutic strategy to treat autoimmune arthritis.
IDO2 Ig treatment inhibits autoreactive T and B cell responses and joint inflammation,
recapitulating the phenotype observed in the genetic absence of IDO2. Although monoclonal
antibodies are generally used to target cell surface or secreted targets due to easy
accessibility, mechanistic studies indicate that IDO2 Ig is able to access its intracellular
target to exert its anti-arthritic effect by internalization via FcyRIIb on B cells. Together, this
work validates IDO2 as a selective contributor to autoimmune pathogenesis and offers a new
approach to therapeutically target IDO2 in the treatment of inflammatory autoimmune
disease.

The IDO pathway has been implicated in both suppressive and supportive roles in
autoimmune responses. Immunosuppressive activity has been suggested by studies using
trinitrobenzene sulfonic acid-induced colitis and experimental autoimmune
encephalomyelitis [29, 30]. In contrast, studies in other models, including the KRN model of
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arthritis [17], as well as models of inflammatory airway disease [33], allergy [34], and
contact hypersensitivity [35], have provided evidence that the IDO pathway plays a positive
role in inflammatory responses. Even within a single model, CIA, conflicting results
regarding the role of the IDO pathway have been reported [31, 54, 55]. Complicating the
interpretation of these experiments has been the use of 1MT, which is not a direct inhibitor
of IDO1 or IDO2, but an indirect inhibitor of the IDO pathway that functions as a
tryptophan mimetic [15, 36]. Recently, studies in IDO1 and IDO2 deficient mice have
helped clarify specific contributions of these enzymes to autoimmune responses. We found
that IDO2 exerted a specific proinflammatory role in the initiation and progression of
autoimmune responses, distinct from IDO1 [15, 16]. Therefore, therapies to specifically
inhibit IDO1 and IDO2 individually could provide great therapeutic benefit in the treatment
of inflammatory disease.

While small molecule inhibitors that target IDO1 have entered cancer clinical trials [65-68],
small molecules that can be used to specifically target IDO2 in vivo have yet to be identified
[69, 70]. Our work demonstrates a novel monoclonal antibody strategy to directly target
IDO2, without concomitant effects on IDO1. Monoclonal antibody targeting of IDO2 is able
to fully recapitulate the strong anti-arthritic effect of genetic IDO2 deficiency. Like genetic
IDO2 deficiency, antibody targeting of IDO2 attenuates, but does not completely eliminate
arthritis in KRN mice. Previous work in our lab demonstrated that IDO2 acts at the initiation
phase of the autoimmune response by affecting T cell help and autoantibody production.
Downstream mediators of inflammation were not affected by the absence of IDO2 [15, 16].
In fact, combining IDO pathway inhibition with RA therapeutics that either reinstate the
initiation phase (B cell depletion) or target downstream inflammation (e.g. MTX) was more
effective than either treatment alone at alleviating arthritis [12, 13]. Together, these data
suggest that an antibody-based approach to specifically target IDO2 offers a rational
direction for drug development either by itself or as a co-therapeutic strategy combined with
current RA treatments.

Targeting strategies using monoclonal Abs have generated effective therapeutics for both
autoimmunity and cancer due to their exquisite specificity [39, 71]. In fact, two of the most
promising new therapies for RA are monoclonal antibodies directed against the B cell
surface receptor CD20 and secreted inflammatory cytokine TNFa or its surface receptor
TNFRI [40, 72-75]. Although predominantly used against cell surface and secreted Ags,
recent evidence suggests monoclonal antibodies can also be effective therapeutics for
targeting intracellular Ags [49, 76]. Proof-of-concept studies demonstrated that monoclonal
antibody treatment or vaccination directed against intracellular tumor antigens neutralized
tumor formation in murine models of metastatic melanoma and breast cancer [49]. Our
findings demonstrate monoclonal antibody targeting of intracellular IDO2 inhibits
inflammation in two independent preclinical models of arthritis and highlight the enormous
and, as yet, unexplored potential of monoclonal antibodies as a therapeutic strategy to target
intracellular antigens in the treatment of autoimmune diseases.

We found that FcyRIIb expression on B cells was necessary for anti-arthritic activity of the
therapeutic IDO2 Ig. Binding to FcyRs is important for the therapeutic activity of other
mADb therapies by several different mechanisms, including FcyR-dependent stimulation of
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macrophages, NK cells, or neutrophils [46], antibody crosslinking to enhance target cell
killing by antibody-dependent cellular cytotoxicity (ADCC) [77], and induction of
immunomodulatory activity [78, 79]. Our work demonstrated a role for FcyRIIb in
mediating the uptake and therapeutic activity of IDO2 Ig by allowing access to its
intracellular target within the B cell where IDO2 exerts its pathogenic function.
Internalization via FcyRIIb also occurs for anti-CD20 antibodies; however, internalization
reduced cell surface expression of the target antigen, diminishing therapeutic efficacy [80,
81]. For an intracellular target antigen like IDO2, FcyRI1b-mediated internalization in the
absence of signaling is beneficial, and could be exploited to help mediate its therapeutic
properties.

5.0 Conclusions

In summary, our data demonstrate that targeting IDO2 with a monoclonal antibody inhibits
autoreactive B and T cell activation and alleviates joint inflammation in two well-
characterized preclinical models of arthritis. The B cell surface molecule FcyRIIb is
necessary for mAb internalization, allowing it to target an intracellular antigen traditionally
considered inaccessible to mAb therapy. Together, these results demonstrate that cell-
permeable small molecules are not the only therapeutic options for intracellular antigens and
open up a new strategy for specific targeting of IDO2 and other intracellular mediators of
autoimmunity.
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Liver protein lysates (10ug) from 1IDO1 ko, IDO2 ko, or wt C57BL/6 mice were
immunoblotted with monoclonal IDO2 Ig (clone 4-3.8) and detected with anti-mouse Ig«x-
HRP. Blots were then probed with anti-atubulin, followed by anti-rabbit-HRP as a loading
control. (A) Representative blot of 3 total. (B) Graph shows the mean ratio of IDO2 /
atubulin £ SEM for n=3 blots. P-values were calculated by one way-ANOVA followed by
comparison of means with Tukey's post-hoc multiple comparison correction. * p < 0.05, n.s.

= not significant
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Figure 2. IDO2 Ig inhibits joint inflammation in KRN.g7 mice
(A,B) KRN.g7 mice were injected once with 0.5mg control mouse Ig or IDO2 Ig before (21

days of age) or after (28 days of age) the onset of arthritis. (C) IDO1 ko or (D) IDO2 ko
KRN.g7 mice were injected once with 0.5 mg control mouse Ig or IDO2 Ig at 21 days of
age. (A,C,D) Rear ankles were measured as an indication of arthritis and represented as
mean ankle thickness £ SEM for n=9 KRN.g7, n=10 IDO1 ko KRN.g7, and n=8 IDO2 ko
KRN.g7 mice per treatment group. (B) Metatarsal joint from KRN.g7 mice treated with
control Ig, IDO2 Ig (pre-arthritis), or IDO2 g (post-arthritis). Representative sections from a
total of n=8 mice per treatment group. Scale bar = 100um. (A) P-values were calculated by
one way-ANOVA followed by comparison of means with Tukey's post-hoc multiple
comparison correction. (C,D) P-values were calculated using a 2-tailed unpaired t-test. *** p
< 0.001, n.s. = not significant
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Figure 3. IDO2 Ig inhibits joint inflammation in second model of arthritis, CIA
CIA was induced in DBA/1J mice by immunization with collagen + CFA (day 0) and

collagen + IFA (day 21, arrows). Mice were treated with (A,B) 0.5mg IDO2 Ig or mouse Ig
(weekly) or (C) carrier or 400mg/kg 1MT (b.i.d) starting on day -1. (A,C) Arthritis is
indicated as a clinical score (04 per paw for a maximum of 16 per mouse). n=18 mouse Ig,
n=18 IDO2 Ig, n=8 carrier, and n=8 1MT-treated mice. P-values were calculated using a 2-
tailed unpaired t-test. (B) Representative front and rear paws from CIA mice treated with
mouse Ig or IDO2 Ig on day 49 post-immunization. Mouse Ig-treated mice developed robust
arthritis (left panel), whereas IDO2 Ig-treated mice developed only mild arthritis (right
panel) or no arthritis at all (middle panel). n=9 mice per group. *** p < 0.001, n.s. = not
significant
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Figure 4. IDO2 Ig alters autoreactive T and B cell differentiation
(A,B) Frequency of CD4* T helper cell subpopulations were measured by flow cytometry by

intracellular staining for the transcription factors T-bet (Th1), GATA-3 (Th2), RORyt
(Th17), Bcl-6 (Tth), and FoxP3 (Treg). Percentages are shown for CD4* cells expressing
(A) a single transcription factor or (B) co-expressing FoxP3 with a second effector
transcription factor. Graphs show mean % + SEM of each subpopulation out of total CD4* T
cells for n=9 mouse Ig, n=5 IDO?2 Ig (pre-arthritis), and n=9 IDO2 Ig (post arthritis) treated
KRN.g7 mice, pooled from 3 independent experiments. (C) Cells from the joint dLNs were
cultured for 4h in PMA (50ng/ml) + ionomycin (500ng/ml) + 3ug/ml Brefeldin A.
Intracellular 1L-21 was measured by flow cytometry. Graph shows % IL-21" cells + SEM
out of total CD4* T cell populations from n=12 mouse g, n=9 IDO2 Ig (pre-arthritis), and
n=9 IDO2 Ig (post arthritis) treated KRN.g7 mice, pooled from 4 independent experiments.
P-values were calculated by one way-ANOVA followed by comparison of means with
Tukey's post-hoc multiple comparison correction. (D) Number of anti-GPl ASCs was
measured by ELISpot. Graph shows mean number anti-GPI ASCs + SEM for n=15 control
Ig, n=11 IDO2 Ig (pre-arthritis), and n=9 IDO2 Ig (post-arthritis). P-values were calculated
with Kruskal-Wallis non-parametric ANOVA followed by comparison of means with Dunn's
multiple comparison correction. * p< 0.05, ** p < 0.01, *** p < 0.001, n.s. not significant.
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Figure 5. IDO2 Ig is internalized, but does not signal via FcyRIIb
(A) Purified wild-type or FcyRIIb knock-out (ko) B cells were cultured in vitro for 24h with

anti-CD40 (2ug/ml) + IL-21 (100ng/ml). IDO2-Ig-PE or isotype control-PE was incubated
with the cells for the last 2h of culture. The cells were then analyzed by flow cytometry;
graph shows internalization of IDO2-Ig (red) overlaid isotype control Ig (gray).
Representative plots or images from 3 independent experiments. (B,C) Purified B cells from
wt or FcyRIIb ko B6 mice were stimulated for 15 min. with 10pg/ml anti-FcyRIIb (AT130-
5), whole IgM, or IDO2 Ig and analyzed for pFcyRI1b by Western blot with atubulin as a
loading control. (B) Representative blot and (C) ratio of pFCyRIIb / atubulin from 3
independent experiments. P-values were calculated by one way-ANOVA followed by
comparison of means with Tukey's post-hoc multiple comparison correction. ** p< 0.01, ***
p < 0.001, n.s. = not significant
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Figure 6. FcyRI11b expression on B cells is required for IDO2 Ig activity in vivo
(A) Schematic of adoptive transfer strategy. 3.5 x 10° IDO2 ko KRN CD4* T cells and

1x106 wt or FcyRIIb ko 1-A97/0 B cells were adoptively transferred into IDO2 ko TCRa ko
IDO2 ko C57BL/6 (1-A97/0) hosts. The day before cell transfer, host mice were injected with
0.5mg IDO2 Ig or control mouse Ig. (B) Rear ankles were measured as an indication of
arthritis and represented as mean ankle thickness + SEM for n=11 mice that received
FcyRIIb ko B cells and n=13 mice that received wt B cells per treatment group, pooled from
3 independent experiments. P-values were calculated by one way-ANOVA followed by
comparison of means with Tukey's post-hoc multiple comparison correction. ** p < 0.01,
n.s. not significant.
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