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Abstract

CD74 mediates major histocompatibility complex class-11 (MHC-11) antigenic peptide loading and
presentation, and plays an important role in the pathogenesis of autoimmune diseases, including
systemic lupus erythematosus (SLE). C57BL/6 Fas’ mice that develop spontaneous lupus-like
autoimmunity and pathology showed elevated CD74 expression in the inflammatory cell infiltrates
and the adjacent tubular epithelial cells (TECs) in kidneys affected by lupus nephritis, but
negligible levels in kidneys from age-matched wild-type (WT) mice. The inflammatory cytokines
IFN-g or IL6 induced CD74 expression in kidney TECs /n vitro. The presence of kidney TECs
from FasP’ mice, rather than from WT mice, produced significantly stronger histones, dsDNA,
and ribonucleoprotein (RNP)-Smith antigen (Sm) complex RNP/Sm-induced CD4* T-cell
activation. Splenocytes from CD74-deficient Fas’”’Cd74~~ mice had muted responses in a mixed
lymphocyte reaction and to the autoantigen histones. Compared to Fas”’Cd74%/* mice,
Fas'’PrCd74"~ mice had reduced kidney and spleen sizes, splenic activated T cells and B cells,
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serum IgG and autoantibodies, urine albumin to creatinine ratio, kidney PAS (Periodic acid-Schiff)
score, IgG and C3 deposition, and reduced serum IL6 and IL17A but increased serum IL2 and
TGF-p levels. Study of chronic graft-versus-host (cGVH) C57BL/6 mice that received donor
splenocytes from bm12 mice and those that received syngeneic donor splenocytes yielded similar
observations. CD74 deficiency reduced lupus-like autoimmunity and kidney pathology in cGVH
mice. This investigation establishes the direct participation of CD74 in autoimmunity and
highlights a potential role of CD74 in kidney TECs together with professional antigen-presenting
cells in SLE.
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INTRODUCTION

CD74, also called invariant chain, is a chaperon molecule expressed in antigen-presenting
cells (APCs) and mediates loading of proteolytically processed antigenic peptide onto the
groove of the major histocompatibility complex class-11 (MHC-II) molecule (1, 2). The
mouse long form of CD74, a 41-kDa (p41) polypeptide, which contains type | thyroglobulin
domains (3), undergoes stepwise proteolysis to a 10-kDa (p10) fragment, which cysteine
proteases further cleave, permitting its replacement by the antigenic peptide fragment (2).
Besides assisting MHC-I1 antigen presentation, CD74 has several MHC-I1-independent
activities. It plays a role in B-cell maturation (4) and dendritic cell migration from skin to
lymph nodes (5). CD74 also functions in thymic positive and negative selection (6). CD74
deficiency reduces thymic CD4* T cells and attenuates superantigen responses (7). These
activities determine its detrimental functions in human diseases, including atherosclerosis,
Alzheimer’s disease, diabetes, cancer, and B-cell neoplasia (8). B-cell neoplasms, multiple
myeloma, and renal and gastric cancers express superphysiologic amounts of CD74 (8).
Targeting of CD74 with a humanized CD74 monoclonal antibody, milatuzumab, has
undergone testing in several human trials in cancer patients (8). This antibody reduces naive
B-cell proliferation, migration, and adhesion molecule expression (9).

Increased expression of CD74 also occurred in B cells, kidneys, and brains from mice with
induced or spontaneous systemic lupus erythematosus (SLE)-like autoimmunity and
pathology (10). SLE, a prototypic systemic autoimmune disease, exhibits B-cell
hyperreactivity and production of autoantibodies against nuclear proteins and nucleic acids
(11, 12). CD74-mediated MHC-II peptide loading has a H-2 haplotype-restriction. Earlier
studies demonstrated CD74-mediated antigen presentation in mice carrying the H-2P and
H-29 (13, 14) but not the H-2K, H-25, and H-2Y haplotypes (15, 16). In human B cells and in
splenocytes from H-2P mice, CD74 p10 formed a complex with human HLA-DR or mouse
H-2P. In contrast, in splenocytes from DBA/1 mice (H-29) or SIL/J mice (H-25), the CD74
p10 peptide did not form complexes with H-29 or H-25 (17).

This study used CD74-deficient (Cd74") mice and both the C57BL/6 (B6, H-2P) Fas’"
mice and H-2P chronic graft- versus-host (cGVH) mice to test the direct participation of
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CD74 in lupus-like autoimmunity and pathological findings, and provide support for a novel
CD74-dependent pathway of antigen presentation by kidney tubular epithelial cells (TECs)
to infiltrating T cells.

Fas'P mice (B6, N11, 000485, The Jackson Laboratory, Bar Harbor, ME) were crossbred
with Cd747~ mice (B6, N10) (18) to generate Fas’Cd74%/~ mice breeding pairs to produce
female Fas’P’Cd747~ mice and their female Fas’”’Cd74*/* littermate control mice. Blood
and urine samples were collected from experimental mice starting from week 12 for 12
weeks. Mice were harvested at week 24. To generate cGVH mice, splenocytes were
prepared from both C57BL/6 (B6) wild-type (WT, 000664) mice and B6.C-H22™12/KhEg
(bm12) mice (001162, The Jackson Laboratory). Six-week-old B6 WT (Cd74%/*) and
Cd747~ recipient mice received intraperitoneal injection of 1x108 donor splenocytes in 200
ul HBSS (Hanks balanced salt solution). All mice were sacrificed 10 weeks post splenocyte
grafting, and blood and urine samples were obtained from experimental mice on the day
before transplant and biweekly thereafter. The mouse procedures conform to the Guide for
the Care and Use of Laboratory Animals published by the US National Institutes of Health
and were approved by the Harvard Medical School Standing Committee on Animals.

Renal morphology

After sacrifice, mouse kidneys and spleens were weighed, as were the bodies. Mouse kidney
pieces were fixed overnight in a 4% paraformaldehyde and embedded in paraffin. Serial
sections (6 um) were prepared for PAS (periodic acid Schiff) or H&E (hematoxylin and
eosin) or processed for immunohistochemical studies by immunoperoxidase or alkaline
phosphatase anti-alkaline phosphatase techniques (19). The renal disease was graded from 0
to 3 (from normal, mild, moderate, or severe) using the activity index described from human
lupus nephritis (20). For each mouse, at least 15 glomerular, tubular, or interstitial areas
were graded and evaluated for glomerular cellularity, infiltrating leukocytes, mesangial
matrix expansion, crescent formation, interstitial mononuclear cell infiltrates in the medulla
and cortex, hyaline deposits, fibrinoid necrosis, and tubular atrophy. Glomerulus or
tubulointerstitial scores for each mouse were calculated as the mean of the summed
individual scores for each image, with scores for necrosis and crescent formation weighted
by a factor of 2.

For immunohistochemical analysis, primary antibodies included the following: rat anti—
mouse macrophage (Mac-2, 1:1,00; CL8942AP, Cedarlane, Burlington, NC), hamster anti—
mouse monocyte chemoattractant protein-1 (MCP-1) (1:50; 554440, BD Biosciences), and
major histocompatibility complex class 11 (MHC-I1, 1:250, 556999, BD Biosciences).
Positive Mac-2* cells were counted in 10 consecutive visual fields at the same magnification
and presented as positive number per mm2. The MCP-1 and MHC-11 were measured as
immunostaining signal-positive area.
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Kidney frozen sections (5 um) were prepared for immunofluorescent staining using anti-
human/mouse IgG (1:250, F2761, Invitrogen, Carlsbad, CA) and C3 antibodies (1:100,
F020102-2, DAKO, Carpinteria, CA). Stained specimens were then observed under a
fluorescent microscope. Fluorescence intensity was graded as 0 to 3 (from normal, mild,
moderate, or bright).

Serum autoantibodies were assessed by ELISA as described (21). NUNC maxisorp ELISA
plates were pre-coated with ssDNA (100 pg/ml, D8899, Sigma, St. Louis, MO), dsDNA
(100 pg/ml, D8515, Sigma), histones (20 pug/ml, 10223565001, Sigma), and
ribonucleoprotein (RNP)-Smith antigen (Sm) complex RNP/Sm (20 pg/ml, SRC-3000,
ImmunoVision, Springdale, AR) in PBS at 4°C overnight. Plates were blocked with 3% fetal
calf serum for 1 hour at 37°C, washed, and incubated with 1/300~1/1000 dilutions of mouse
sera for 1 hour at 37°C. Plates were washed, and specific antibodies were detected with a
1/1000 dilution of alkaline phosphatase-conjugated goat anti-mouse 1gG (103605, Southern
Biotech, Birmingham, AL) for 1 hour at 37°C, and developed with a phosphatase substrate
for 30 min at 37°C. Mouse serum total IL6, IL2, transforming growth factor-g (TGF-p),
IL17A, IgG, and IgG1 levels were determined according to the manufacturer’s instructions.
The ELISA kits used in this study include: mouse IL6 DuoSet (DY 406, R&D Systems,
Minneapolis, MN), mouse IL2 DuoSet (DY 402, R&D Systems), mouse TGF-8 ELISA
ready-SET-Go (88-8350, eBioscience, San Diego, CA), mouse IL17A Platinum ELISA
(BMS6001, eBioscience), mouse IgG ELISA Quantitation Set (E90-131, Bethyl
Laboratories, Inc., Montgomery, TX), and mouse 1gG1 ELISA Quantitation Set (E90-105,
Bethyl Laboratories, Inc). Urine albumin was determined using ELISA for mouse albumin
(E90-134, Bethyl Laboratories, Inc.) according to the manufacturers’ instructions. Urine
samples were also collected to determine creatinine concentration using a creatinine assay
kit (500701, Cayman Chemical, Ann Arbor, Michigan).

Real-Time PCR and Western blot analysis

Total RNA was prepared from kidneys using the Qiagen mini kit (Qiagen Inc., Valencia,
CA). RNA concentration and quality were evaluated using the Agilent 2100 bioanalyzer
(Nano LabChip, Agilent Technologies, Santa Clara CA). After the cDNA synthesis, gene
expression was quantified by real-time PCR in an ABI Prism 7900 sequence detection
system (Applied Biosystems, Foster City, CA) using TagMan Gene Expression Master Mix
and TagMan Gene Expression Assays (Applied Biosystems) for mouse B-actin, CD74 and
MHC-II. Each sample was run in duplicate and the mean value of each set of duplicates was
normalized to B-actin and used to calculate relative gene expression by the AACt method.
For immunoblot analysis, an equal amount of protein from each tissue preparation or cell
lysate was separated on a 12% SDS-PAGE, blotted to a PVDF membrane (IPVH00010,
EMD Millipore, Billerica, MA), and detected with different antibodies, including rat anti-
mouse CD74 (p41, p10) (1:1,000, 28221D, BD Biosciences) and p-actin (1:3,000, sc-81178,
Santa Cruz Biotechnology Inc., Santa Cruz, CA).
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Kidney TEC culture and autoantigen presentation

Primary cultures of kidney proximal TECs were prepared using established methods with
modifications (22, 23). Briefly, the kidney cortex was dissected from medulla, diced, and
then digested in a solution of collagenase type 2 (1 mg/ml) for 30 minutes at 37°C in a water
bath rocker. The enzyme reaction was terminated with horse serum. Glomeruli and
remaining tissue clumps were separated by decanting after gravity sedimentation (2
minutes). After washing 2 times in medium, tubules were resuspended in a tubule medium
(DMEM/F-12 with transferrin, insulin, selenium, hydrocortisone, and EGF) and aliquoted
into Matrigel—coated tissue culture grade dishes. Every second day, the medium was
replaced with fresh medium. The TECs were used in assays between day 4 and day 5. To
assess changes in CD74 expression, confluent cells (1068 cells/ml) were treated with IL-6 (5
ng/ml, 300-327P, Gemini Bio-products, West Sacramento, CA), IFN-y (10 ng/ml, 485-
MI-100, R&D Systems), or complete medium alone for 48 hours. TECs (1x10°) from both
8-week-old WT and Fas’ mice were also pre-treated with IFN-y for 48 hours to stimulate
CD74 expression, followed by incubation with CD4* T cells (3%x10%) with and without
histones (20 pg/ml), ssDNA (100 pg/ml), dsSDNA (100 pg/ml), and RNP/Sm (20 pg/ml) for
additional 48 hours to activate CD4* T cells. T-cell activation was assessed by measuring
culture media IL2 levels by ELISA.

Mixed lymphocyte reaction and in vitro autoantigen recall assay

Both the mixed lymphocyte reaction and autoantigen recall assays were performed based on
our previously published protocols (13). Presenter splenocytes were prepared from
Fas’Prcd74** and FasP"Cd74~~ mice and pre-treated with 2 pg/ml of mitomycin-C
(M4287, Sigma) at 37 °C for 30 min. Different numbers of presenters (3x10° to 1x107 per
100 pl) were co-cultured with 5x10° bm12 splenocyte as responders. After 2 days, culture
media IL2 levels were determined by ELISA. For the autoantigen recall assay, splenocytes
were isolated from Fas’ Cd74%/* and Fas’ Cd74~~ mice and incubated (5x108 well) with
50 pg/mL histones in 200 mL of complete RPMI 1640 for 2 days at 37 °C. Culture medium
IL2 levels were determined by ELISA.

Statistical analysis

All data, including those from serum and urine samples were analyzed using non-parametric
Mann-Whitney U test followed by Bonferroni corrections due to small sample sizes and
often skewed data distribution. All data were presented as mean + SEM. £<0.05 was
considered statistical significant.

RESULTS

Increased CD74 expression in lupus-prone Fas!P" mice

B6. Fas’" mice develop mild lupus-like manifestations after 4 months of age (24), and
symptoms become significant when mice reached to 6 to 9 months of age (25, 26). 24-week-
old Fas’ and WT control mice helped test whether development of lupus-like autoimmunity
in Fas’ mice altered CD74 expression. Immunoblot analysis detected negligible CD74
expression in total kidney tissue extracts from WT mice but elevated expression of both the
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p41 and processed p10 fragments of CD74 in the kidney tissues of age-matched Fas’ mice
(Fig. 1A). CD74 immunostaining detected few CD74-positive cells in the kidney
tubulointerstitial space and the glomeruli from WT control mice (Fig. 1B). In kidneys from
the Fas’ mice, however, many cells in the inflammatory infiltrate clusters expressed CD74.
Interestingly, TECs adjacent to the inflammatory infiltrate clusters also expressed CD74,
whereas the same cell type at a distance from the inflammatory infiltrate clusters remained
CD74-negative (Fig. 1C). Compared to those from WT control mice, kidney glomeruli and
tubulointerstitial space contained more CD74-positive cells, likely infiltrated inflammatory
cells (Fig. 1C).

Increased expression of CD74 in TECs next to the inflammatory infiltrate clusters in kidneys
from Fas’”” mice but not those at a distance or those in kidneys from normal mice suggested
that cytokines derived from cells in those inflammatory infiltrates stimulated nearby TEC to
express CD74. The isolation of mouse kidney TECs and stimulation of these cells with 1L6
and IFN-y, common inflammatory cytokines found in lupus nephritis kidneys (27), helped
test this hypothesis. After 48 hours of stimulation, both cytokines greatly increased CD74
(p41) expression in these TECs (Fig. 1D). When kidney TECs from 24-week-old WT and
lupus-prone Fas/" mice were pre-stimulated with IFN-y for 48 hours to induce CD74
expression, followed by additional 48 hours of co-incubation with CD4* T cells in the
absence of IFN-vy, autoantigens histones, sSSDNA, dsDNA, and RNP/Sm increased T-cell
activation as determined by increased IL2 release. TECs from Fas’ mice also showed
significantly higher activity than those from WT mice in T-cell activation after incubation
with histones, dSDNA, and RNP/Sm (Fig. 1E).

As expected, splenocytes from Fas’’Cd74** mice responded to allogeneic splenocytes from
bm12 mice, but splenocytes from Fas’ Cd747/~ mice showed muted responses (Fig. 1F).
Anti-histone autoantibodies are prevalent and are linked to kidney involvement in SLE
patients (28). In lupus-prone mice, there are elevated numbers of histone-specific antibody-
forming B cells from the splenocyte preparation and elevated serum anti-histone
autoantibody titers (29), suggesting that immune cells from lupus-prone mice may have been
pre-primed. Splenocytes from Fas’”’Cd74*/* mice responded to histone stimulation in a
histone autoantigen recall assay, but those from Fas’”’Ca74~~ mice did not respond to
histones (Fig. 1G). Therefore, either TECs or professional APCs may present autoantigens
and contribute to the autoimmunity in SLE-prone mice, a hypothesis previously investigated
in intestinal epithelial cells (30).

CD74 deficiency mitigates SLE-like autoimmunity and pathological findings in Fas'P" mice

The generation of female Fas’”’Cd74~~ mice and their Fas’”’Cd74%/* female littermates by
crossbreeding the Cd74~ mice with the B6-Fas’™ mice, in which their H-2° permitted
functional CD74 for autoantigen presentation (13-17, 31-33), permitted testing of a direct
role of CD74 in a lupus-like disease. Fas’”’Cd74~/~ mice showed a reduction in both kidney
and spleen weight ratio relative to body weight (Fig. 2A). CD74 mediates H-2 haplotype-
restricted APC antigen presentation and is essential to T-cell activation (13-16). As we
expected, splenocytes from H-2P B6-Fas’”’Ca74~/~ mice contained significantly lower
numbers of CD4*CD69* activated T cells and CD19* B cells than those from B6-
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Fas'Prcd74** control mice, although CD74 deficiency did not affect splenic regulatory T-
cell (Treg) or Th17 cell numbers (Fig. 2B-2F). Fas’”’Cd74~~ mice showed reduced serum
total 19gG and IgG1 levels as well (Fig. 2G). In addition to histones, sSDNA, dsDNA, and
RNP/Sm are also common autoantigens from both SLE patients and lupus-like mice. Anti-
ssDNA autoantibodies have been used for clinical diagnosis and follow-up of human SLE
and are associated with the flare of symptoms (34-38). Plasma anti-ssSDNA antibodies, along
with anti-dsDNA, anti-histones, and anti-RNP/Sm antibodies are also increased in lupus-
prone mice (39, 40). We showed that Fas’”’Cd 74~ mice had significantly blunted serum
autoantibodies against histones, sSDNA, dsDNA, and RNP/Sm, compared with those from
the FasP’Cd74"/* mice (Fig. 2H-2K). Fas/P'Cd74~/~ mice also revealed significantly lower
urine albumin-to-creatinine ratio than Fas’® Cd74*/* mice (Fig. 2L).

PAS staining revealed greatly improved kidney glomerular and tubulointerstitial scores in
Fas'PrCd74~ mice compared to Fas’ Cd74** mice (Fig. 3A). Fas’”’Cad74~~ mice showed a
significantly greater reduction of the immunofluorescent intensity of kidney glomerulus 1gG
and complement C3 deposition than Fas®’ Cd74%* mice (Fig. 3B). Fas’”’Cd74”~ mice
revealed reduced Mac-2* macrophages within both the glomeruli and tubulointerstitial
space, along with reduced local expression of chemokine MCP-1 inside the glomeruli and
TECs and reduced inflammation (MHC-I1) (Fig. 3C). TGF-, IL6, IL17, and IL2 are
common cytokines that associate with human and murine SLE development. TGF-p exerts
broad anti-inflammatory and immunosuppressive effects. Its serum levels were lower in
patients with SLE than those in healthy controls and correlated negatively with disease
activity index (41, 42). In lupus-prone mice, TGF-f expression was low in lymphoid tissues
and reduced TGF-B in immune cells predisposed to immune dysregulation and autoantibody
production (43). IL-6 is a key cytokine that determines naive T-cell differentiation to Treg
cells or to Th17 cells (44). Serum IL6 levels were found increased in patients with active
SLE (45, 46) and correlated with disease activity, B-cell hyperactivity, and autoantibody
production (45-47). In lupus-prone mice, serum IL6 was increased as well (48, 49). Serum
IL17 levels were also raised in SLE patients and correlated with disease activity (50). Lupus-
prone mice also had increased serum IL17 and splenic IL17-producing cells (51, 52). In
lupus-prone mice however, serum IL2 levels were reduced (53-55), although T cells were
the main IL2-producing cells (56-58). IL2 is required for thymic development, homeostatic
maintenance, and immunosuppressive activity of Treg cells (59, 60). Low levels of I1L-2
enhanced IL6 production (45, 61) and favored Th17 cell development (62), thereby
promoting autoimmune disorders (63, 64). Consistent with reduced kidney inflammation in
Fas'’PrCd747/~ mice, absence of CD74 in these mice reduced serum levels of pro-
inflammatory cytokines IL6 and IL17A, but increased I1L2 and TGF-B, compared with those
with sufficient CD74 expression (Fig. 3D).

CD74 deficiency also mitigates SLE-like autoimmunity and pathology in cGVH mice

Like the Fas’ mice, B6 mice injected intraperitoneally with bm12 splenocytes develop
cGVH manifested with elevated serum autoantibodies against dSDNA, ssDNA, histones, and
chromatin and severe lupus nephritis (65). Ten weeks after receiving the bm12 splenocytes,
the kidneys of B6 WT mice showed elevated expression of both CD74 fragments p41 and
p10, as determined by immunoblot analysis (Fig. 4A). Immunostaining revealed CD74
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expression in both the interstitial inflammatory cell infiltrates and nearby tubular epithelial
cells in Cd74%* mice received bm12 splenocyte intraperitoneal administration, whereas
kidneys from the same type of mice received B6 splenocytes showed negligible CD74
expression (Fig. 4B), similar to what we detected in kidneys from Fas" mice with lupus-
like manifestations and healthy WT mice (Fig. 1B, 1C). RT-PCR also revealed increased
expression of both CD74 and MHC-I1 in those kidneys (Fig. 4C). Although the kidney
weights relative to the body weights did not differ between the Cd74*/* and Cd747~ mice
after receiving B6 splenocytes or bm12 splenocytes, Cd74~~ mice showed a reduction of
increased spleen sizes after receiving bm12 splenocytes (Fig. 4D). Cd74™~ mice also
showed reduced serum IgG and IgG1, compared with those from the Cd74*/* control mice
after receiving bm12 splenocytes (Fig. 4E). CD74 deficiency reduced serum autoantibodies
against histone, ssDNA, dsDNA, and RNP/Sm (Fig. 4F-41) and urine albumin-to-creatinine
ratio (Fig. 4J) in bm12 splenocyte-treated Cd74~~ mice, compared with those in bm12
splenocyte-treated Cd74*/* mice.

Kidney pathological findings also improved in bm12 splenocyte-treated Cd74~~ mice. PAS
staining revealed that these mice had significantly reduced glomerulus and tubulointerstitial
scores (Fig. 5A). Immunofluorescent examination demonstrated substantially reduced 1gG
and C3 deposition in the glomeruli of bm12 splenocyte-treated Cd747~ mice (Fig. 5B).
Similar to the Fas’ Cd747/~ mice, bm12 splenocyte-treated Cd/74~~ mice revealed blunted
kidney Mac-2* macrophage accumulation in both the glomeruli and tubulointerstitial space,
chemokine MCP-1 expression in the glomeruli and TECs, and kidney MHC-I11 levels,
compared with those from bm12 splenocyte-treated Cd74%/* mice (Fig. 5C). Similar to
Fas'’P'Cd74"~ mice, bm12 splenocyte-treated Cd74~ mice also had reduced serum IL6 and
increased serum TGF-B. Yet, differing from Fas’”’Cd74~ mice, CD74 deficiency did not
affect serum 1L17A but reduced serum 1L2, compared with those from bm12 splenocyte-
treated Cd74"/* mice (Fig. 5D).

DISCUSSION

Previous studies have targeted CD74 as a treatment for autoimmune diseases (31). APCs,
such as B cells and dendritic cells, participate in the immunopathogenesis of SLE by
presenting autoantigens and activating T cells (66-68). Depletion or targeting of these cells
mitigates SLE in humans and animals (69, 70). This study establishes a direct role for CD74
in the development of lupus-like autoimmunity and pathological findings in B6-Fas®" and in
B6 mice developing cGVH after the injection of bm12 splenocytes. However, the
involvement of CD74 in antigen presentation and autoimmune diseases can be restricted to
certain types of H-2 haplotypes. In this study, all mice were on a H-2° genetic background,
which remains essential for CD74 to assist MHC-II antigenic peptide loading (13-17, 31—
33). Several mouse models have been used to study lupus-like manifestations and
pathologies, among which MRL-Fas"" and (NZBxNZW)F1 mice develop more severe
spontaneous lupus-like autoimmunity and at earlier ages than the B6-Fas”" and B6-cGVH
mice that we used in this study. MRL-Fas®" mice start developing lupus-like manifestations
at 12 weeks of age, whereas (NZBxNZW)F1 mice start developing severe lupus-like
autoimmunity around 20 weeks of age (39). From our unpublished data, 8~10 weeks old
MRL-£as™ mice show similar plasma autoantibody levels (against histone, sSDNA, dsDNA,
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and RNP/Sm) to those of 24 weeks old B6-£as” mice. In this study, we did not use MRL-
Fas’" mice or (NZBXNZW)F1 mice to test a role of CD74 in lupus because of their different
genetic backgrounds. MRL-Fas’" mice are on a H-2K haplotype whereas (NZBxNZW)F1
mice are on a H-24 and H-2Z mixed background. Antigen presentation activities of APCs
from H-2K mice are CD74-independent (15, 71, 72), although there is no study to test a
direct involvement of CD74 in antigen presentation in APCs from H-2Z mice. Therefore,
changes in lupus-like flare of symptoms if any from CD74-deficient MRL-Fas’" mice or
(NZBXNZW)F1 mice may be associated with different mechanisms other than antigen
presentation, such as migration inhibitory factor (MIF)-mediated actions.

MIF is a pro-inflammatory innate and adaptive cytokine that has been implicated in several
inflammatory diseases, including SLE. Serum MIF levels are increased in SLE patients and
are correlated with disease severity (73). In both H-2X MRL-£as" mice and H-29 and H-22
mixed background (NZBxNZW)F1 mice, MIF expression is increased in serum and renal
tissues (74, 75). Prior study established a role of MIF in mediating monocyte and T-cell
retention and chemotaxis by binding to a cell surface complex that contained both C-X-C
chemokine receptor type 2 (CXCR2) and CD74 (76). Genetic deficiency of MIF or its
pharmacological inhibition by a MIF antagonist ISO-1 (4,5-Dihydro-3-(4-hydroxyphenyl)-5-
isoxazoleacetic acid methyl ester) or anti-MIF antibody in MRL-Fas® and (NZBXxNZW)F1
mice prolonged mouse survival and reduced urine proteinuria, serum BUN (blood urea
nitrogen) levels, skin lesion prevalence, and kidney glomerulonephritis, including
glomerular scores, interstitial and glomerular inflammatory cell infiltration, kidney
inflammatory cytokine expression. However, either MIF genetic deficiency or inhibition
with ISO-1 or anti-MIF antibody did not affect autoantibody production and T-cell and B-
cell activation in none of these lupus-prone mice (74, 75). These observations suggest an
antigen presentation-independent role of CD74 in MRL-Fas® and (NZBXNZW)F1 mouse
lupus-like pathogenesis by mediating MIF actions, although none of these two studies tested
whether these MIF actions were solely CD74-dependent. Therefore, we conjecture that
CD74 deficiency in MRL-Fas’ and (NZBXNZW)F1 mice resemble the phenotypes from
MIF-deficient and 1SO-1- and anti-MIF antibody-treated MRL-Fas/" and (NZBXNZW)F1
mice, if MIF binding to CD74 is essential to MIF activities in lupus-like manifestation
development in mice.

Epithelial cells also act as APCs, depending on the expression of surface CD74 (77-79).
Quiescent intestinal epithelial cells express negligible CD74. Under inflammatory
conditions, such as inflammatory bowel diseases, these cells may have increased CD74
expression after exposure to inflammatory cytokines, such as IFN-y (30). IFN-y-treated
epithelial cells exhibit antigen presentation activity indistinguishable from conventional
APCs (30). In the stomach, gastric epithelial cells also expressed negligible CD74, but
showed increased expression of CD74 after Helicobacter pyloriinfection (80). In normal
kidneys, TECs also did not express CD74. After inflammatory cell infiltration during the
pathogenesis of SLE, these inflammatory cells may produce IFN-y and IL6 or other
untested cytokines (27) to stimulate CD74 expression from these cells. Increased expression
of TEC CD74 may increase the autoimmunity and promote lupus-like kidney nephritis in
B6- Fas’ mice or in bm12 splenocyte-treated cGVH mice, boosting or complementing
responses evoked by traditional APCs. Therefore, in addition to revealing a direct
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participation of CD74 in experimental SLE, this study suggested a potentially important and
concordant role of TECs together with “professional” APCs in autoantigen presentation and
autoimmunity in human and experimental SLE.

Improved lupus-like manifestations, including serum autoantibodies and kidney
glomerulonephritis from CD74-deficient B6-Fas”” mice and from bm12 splenocyte-treated
cGVH mice suggest that pharmacological inactivation of CD74 has clinical implications,
although we did not test this hypothesis in this study. Milatuzumab is a humanized anti-
CD74 monoclonal antibody. It binds to CD74" B cells and dendritic cells, reduces B-cell
and dendritic cell numbers, enhances cell migration, and reduces cell surface adhesion
molecule expression (81), suggesting its potential efficacy for autoimmune disease therapy
by targeting these CD74* cells. In human/mouse xenogeneic severe combined
immunodeficiency (SCID) acute graft versus host disease (GVHD) mice, in which GVHD
was induced by engrafting human CD4* T cells and dendritic cells, milatuzumab prevented
acute GVHD onset and manifestations (82). Indeed, milatuzumab is currently under the
evaluation in a phase Ib trial for patients with active SLE (150 mg and 250 mg subcutaneous
administration once a week for 4 weeks) (ClinicalTrials.gov identifier: NCT01845740,
Immunomedics, Inc., Morris Plains, NJ), although the outcomes of this trial will be ready by
this coming spring.

In addition to binding to CD74 and affecting the biology of CD74* cells (e.g. B cells and
dendritic cells), milatuzumab has been broadly modified to enhance its activities on targeting
cells or to reduce the off-target risks during the drug delivery process. Incorporation of
milatuzumab with immunoliposome increased antibody cytotoxicity to cultured chronic
lymphocytic leukemia (CLL) cells (83). Milatuzumab-conjugated liposomes also acted as
carrier to deliver corticosteroid to CD74* B-cell malignancies in cultured primary CLL cells
and in a SCID xenograft model, by promoting CD74" cell killing and enhancing therapeutic
efficacy (84). Milatuzumab-conjugated irinotecan showed improved responses to solid
tumor xenografts, and milatuzumab-conjugated doxorubicin increased the drug efficacy
against mouse lymphoma (85), likely by enhancing the drug delivery accuracy to CD74*
cells. Combined therapy also increased antibody efficacy. Anti-CD20 antibody rituximab
alone showed modest activity on mantle cell lymphoma (MCL) cell death. Combined
therapy of milatuzumab with rituximab (86), or with immunosuppressive agent FTY720
(fingolimod, a synthetic analog of sphingosine) (87) expedited MCL cell death, supporting
clinical evaluation of combined milatuzumab therapy in MCL.

Human trials also suggested that modified milatuzumab may exert better efficacy than naked
milatuzumab. In a phase I/1l multicenter dose-escalation trial of 25 patients with relapsed or
refractory multiple myeloma, milatuzumab treatment modestly decreased B-cell levels.
Milatuzumab was rapidly cleared from the circulation with little serum accumulation
(ClinicalTrials.gov Identifier: NCT00421525, Immunomedics, Inc.) (88). Another phase |
trial of 22 patients with previously treated B-cell lymphoma (both non-Hedgkin lymphoma
and CLL), milatuzumab treatment showed no clear evidence of tumor targeting and serum
milatuzumab half-life was only 2 hours (89), suggesting that modified milatuzumab,
including liposomal formulation (84), antibody-drug conjugates (85), and bispecific
antibodies (90), is a better regimen for the purpose of increased therapeutic efficacy. Indeed,
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in a phase I/11 trial of 35 patients with relapsed or refractory non-Hedgkin lymphoma,
combined treatment with milatuzumab together with anti-CD20 antibody veltuzumab
demonstrated greatly improved efficacy (91).

Together, studies from cultured primary cancer cells, mouse tumor models, and human trials
all point to the hypothesis that modified milatuzumab may exert improved efficacy than
naked milatuzumab. It is possible that milatuzumab-immunoliposome conjugation or
milatuzumab conjugation with known SLE immunosuppressors, or combined administration
of milatuzumab with SLE immunosuppressors may increase the efficacy of milatuzumab
(ClinicalTrials.gov identifier: NCT01845740) or SLE immunosuppressors, a hypothesis that
merits future investigation.
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Figure 1.
CD74 expression and antigen presentation activity in Fas’”” mice. A. Inmunoblot detected

CD74 expression, both the p41 full-length products and p10 processed fragments, in kidney
extracts from 24-week-old WT and Fas®" mice. B. Imnmunostaining to detect CD74 (p41)
expression in kidneys from 24-week-old WT mice. Scale: 50 um. C. Immunostaining
detected CD74 (p41) expression in kidneys from 24-week-old Fas®" mice. Scale: 200 pm
and 50 pum, inset scale: 50 pm. D. CD74 (p41) expression in kidney TECs before and after
stimulation with IL6 and IFN-y. E. CD4" T cell culture medium IL2 levels after activation
with TECs from 24-week-old WT and Fas’ mice in the presence or absence of autoantigens
as indicated. F. Mixed lymphocyte reactions of presenter splenocytes from 24-week-old
Fas’Prcd74*/* and Fas/P'Cd74~~ mice and responder cells from bm12 mice. G. Autoantigen
histone presentation assay. ELISA determined IL2 levels in splenocytes from 24-week-old
Fas'Prcd74** and Fas'P’Cd 747~ mice treated with and without histone. Data in E-G are
representative of three independent experiments.
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Figure 2.

Age (week)

Age (week)

CD74 deficiency mitigates SLE-like autoimmunity in SLE-prone Fas’ mice. A. Kidney to
body and spleen to body weight ratio in 24-week-old Fas’?’Cd74%/* and Fas’® Cd74~ mice.
FACS analysis determined CD4*CD69* activated T cells (B), CD19* B cells (C),
CD4*Foxp3™* Treg cells (D), and CD4*RORgt* Th17 cells (E) in splenocytes from 24-week-
old Fas’’'Cd74*"* and FaslP’Cd74~/~ mice. F. Composite FACS analysis of panels B to E.
Data were from six mice per group. G. Serum IgG and IgG1 titers. Serum anti-histone
autoantibodies (H), anti-ssDNA autoantibodies (1), anti-dsSDNA autoantibodies (J), and anti-
RNP/Sm autoantibodies (K), and urine albumin-to-creatinine ratios (L) from 24-week-old
Fas'’PrCd74%/* and Fas’ Cd74™~ mice. The number of mice per group in panels A and G-L

is indicated in each parenthesis.
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Figure 3.
CD74 deficiency mitigates SLE-like pathology in SLE-prone Fas/ mice. A. Kidney PAS

staining and glomerulus and tubulointerstitial scores; B. Kidney 1gG and C3
immunofluorescent staining and glomerulus scores. C. Kidney Mac-2, MCP-1, and MHC-II
immunostaining. D. ELISA determined serum IL6, IL17A, IL2, and TGF-B levels from 24-
week-old FasPrCd74*/* and Fas'P" Cd747/~ mice. The number of mice per group is indicated
in each parenthesis. Representative graphs for A—C are shown to the left of each panel.
Scale: 50 um.
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Figure 4.
CD74 deficiency improves cGVH-induced SLE-like autoimmunity in mice. Immunoblot

analysis to detect kidney CD74 (both p41 and p10) expression (A), immunostaining to detect
CD74 expression in kidneys (B, scale: 200 um, inset scale: 50 um), and RT-PCR to detect
kidney CD74 and MHC-II mRNA levels (C) from B6-Cd74*/* mice at 10 weeks after
intraperitoneal transfer of splenocytes from B6 or bm12 mice. Kidney to body and spleen to
body weight ratio (D), serum 1gG and 1gG1 (E), serum anti-histone autoantibody titers (F),
serum anti-ssSDNA autoantibody titers (G), serum anti-dsDNA autoantibody titers (H),

serum anti-RNP/Sm autoantibody titers (1), and urine albumin-to-creatinine ratios (J) in both
Cd74** and Cd74~~ mice (both on B6 background) at 10 weeks after intraperitoneal
transfer of splenocytes from B6 or bm12 mice. The number of mice per group is indicated in
each parenthesis or bar.
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Glomerulus C3 score

CD74 deficiency improves cGVH-induced SLE-like pathology in mice. A. Kidney PAS
staining and glomerulus and tubulointerstitial scores. B. Kidney IgG and C3
immunoflorescent staining and glomerulus scores. C. Kidney Mac-2, MCP-1, and MHC-II
immunostaining. D. ELISA determined serum IL-2, IL-6, IL-17A, and TGF- levels in both
Cd74** and Cd74~~ mice (both on B6 background) at 10 weeks after intraperitoneal
transfer of splenocytes from B6 or bm12 mice. The number of mice per group is indicated in
each bar. Representative figures in panels A to C are shown to the left. Scale: 50 pm.
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