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Abstract

Chronic allograft rejection is the most common cause of long-term allograft failure. One reason is
that current diagnostics and therapeutics for chronic allograft rejection are very limited. We here
show that enhanced NF«kB signaling in kidney grafts contributes to chronic active antibody-mediated
rejection (CAAMR), which is a major pathology of chronic kidney allograft rejections. Moreover,
we found that urinary orosomucoid 1 (ORM1) is a candidate marker molecule and therapeutic target
for CAAMR. Indeed, urinary ORML1 concentration was significantly higher in kidney transplant
recipients pathologically diagnosed with CAAMR than in kidney transplant recipients with normal
histology, calcineurin inhibitor toxicity, or interstitial fibrosis and tubular atrophy. Additionally, we
found that kidney biopsy samples with CAAMR expressed more ORM1 and had higher NF«xB and
STATS activation in tubular cells than samples from non-CAAMR samples. Consistently, ORM1
production was induced after cytokine-mediated NFxB and STATS3 activation in primary kidney
tubular cells. The loss- and gain-of-function of ORM1 suppressed and promoted NF«B activation,
respectively. Finally, ORM1 enhanced NFxB-mediated inflammation development in vivo. These
results suggest that an enhanced NFkB-dependent pathway following NF«kB and STATS3 activation
in the grafts is involved in the development of chronic allograft rejection after kidney transplantation
and that ORML1 is a non-invasive candidate biomarker and possible therapeutic target for chronic
kidney allograft rejection.

Introduction

Kidney transplantation is the most effective replacement therapy for end stage renal disease. Data
from the U.S. Renal Data System (2013) (https://www.usrds.org/) indicate that survival after renal
transplantation is significantly better than treatment with dialysis. Improved immunosuppressants
have significantly reduced the risk of acute rejection, and short-term graft survival has similarly
improved (1). However, chronic allograft rejection via slow, progressive diseases such as chronic
active antibody-mediated rejection (CAAMR) has proven a more difficult problem (1,2). Further,
pathological changes occur gradually even without clinical signs followed by dysregulation of the
organ function. Allograft biopsies are considered the gold standard for the diagnosis of chronic
allograft graft rejection (3), but the outcome after diagnosis, especially by episode biopsies, is still
poor. A reliable clinical index to determine when a biopsy should be performed is therefore awaited.
In addition to issues in diagnostic tests, the balance between immunosuppressive agents,
opportunistic infection and other adverse effects is also a major problem in post-transplant treatment
(4). Moreover, there is no effective agent for the treatment of chronic allograft graft rejection
including CAAMR. Thus, sensitive, non-invasive molecular biomarkers and novel therapeutic
molecular targets for chronic kidney allograft rejection are urgently needed.

Recent studies have suggested that chronic inflammation is critical for the development of various
diseases. We have found a molecular mechanism for chronic inflammation originally called the IL-6
amplifier (now termed the inflammation amplifier) (5-7). The amplifier is activated by the
concomitant activation of two transcription factors, NFkB and STAT3, in non-immune cells
including synovial cells, fibroblasts, and endothelial cells (5-7). The co-activation of NFxB and
STAT3 synergistically activates the NFxB signal to enhance the production of various
pro-inflammatory factors, such as IL-6, chemokines and growth factors, and promotes chronic
inflammation in the affected tissues. Inactivation of the inflammation amplifier significantly
improves disease outcomes in mouse models of multiple sclerosis, dermatitis, uveoretinitis and
rheumatoid arthritis (5,8-18). Further, its activation is critically involved in the development of a
murine model of allogenic chronic rejection and is observed in human allogeneic lung
transplantation with chronic rejection phenotypes (19,20). Genome-wide screenings have identified
over 1,000 positive regulators and 500 target genes of the inflammation amplifier machinery in
which human disease—associated genes including transplantation-related ones are highly enriched
(10).

One of the genes identified by the genome wide-screenings was orosomucoid 1 (ORML1, also known
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as al-acid glycoprotein 1), an acute phase plasma protein known to increase during inflammation
(21). Human liver cells are a major site of ORML1 production, but ORM1 can also be produced in
endothelial cells and some tumor cells (22). ORM1 has been reported to function as a transport
protein in the bloodstream (23,24). It is also known to activate NFkB, p38 and JNK pathways in
macrophages, although this effect is weaker than LPS (25). The elevation of urinary ORM1 has been
reported in several diseases such as chronic heart failure, rheumatoid arthritis and bladder cancer,
possibly due to an increased permeability of glomerular endothelial cells (26-28). It is also recently
shown that urinary ORML is increased in patients at the progressive chronic kidney disease stage of
sickle cell anemia (29). However, the cellular sources and biological functions of renal ORM1,
particularly during chronic kidney allograft rejection, are not fully understood.

In the current study, we found that activation of the inflammation amplifier in grafts is involved in
the development of chronic allograft rejection after kidney transplantation and that ORM1 is both a
target gene and a positive regulator of the inflammation amplifier in kidney tubular cells. Injections
of ORML1 aggravated the inflammation amplifier in an arthritis mouse model. Finally, analyses of
clinical specimens suggested that ORM21 produced from Kkidney tubular cells in response to
inflammatory stimuli contributes to the high levels of urinary ORM1 detected in patients with
CAAMR. These results strongly suggest that ORM1 is a candidate therapeutic target and a
non-invasive diagnostic biomarker for chronic kidney allograft rejections.

Materials and Methods

Patients and controls

Serum and urine samples were collected from kidney transplant recipients (KTR) who underwent
protocol allograft biopsies from November 2015 to January 2017 at Hokkaido University Hospital
and Sapporo City General Hospital. All patients had a follow-up period of 3 months or longer after
kidney transplantation. The following patients were excluded from the study: those with microscopic
hematuria (more than 5 red blood cells per high power field), because ORML1 is detected in human
blood at concentrations about 1,000 times higher than in urine; urinary tract infections; severe acute
infection; and malignant disease. Clean-catch urine samples and blood samples from KTR were
collected upon admission for protocol biopsy or upon outpatient visit for follow up. Each urine
sample was centrifuged at 1,500 g for 5 min at 4°C. Blood samples were centrifuged at 3,000 g for
10 min at 4°C. Supernatants of the urine and blood samples were stored at -80°C for further analysis.
Clinical data such as serum creatinine (SCr), C-reactive protein (CRP), urinary protein, urinary
albumin, urinary N-acetyl-p-D-glucosaminidase (NAG), and estimated glomerular filtration rate
(eGFR) were collected. The use of these samples was approved by an ethics committee at Hokkaido
University Hospital. All patients gave written informed consent to participate in the study protocol.
The pathological diagnosis was conducted according to the Banff Classification 2013 (30) by
experienced pathologists at Hokkaido University Hospital.

Cytokine-induced arthritis model mice

F759 mice were backcrossed with C57BL/6 mice for more than 10 generations. All mice were
maintained under specific pathogen-free conditions according to the protocols of Hokkaido
University. The protocols for animal experiments were approved by the Institutional Animal Care
and Use Committees of Hokkaido University. The cytokine-induced arthritis model using F759 mice
was reported previously (8,10,11,13,15-17,31). In this study, to examine the enhancing effect of
ORML1, low doses (10 ng each) of IL-6 (Toray Industries, Tokyo, Japan) and IL-17 (PeproTech,
Rocky Hill, NJ), which do not induce full-blown arthritis, were injected at the ankle joints of F759
mice with or without 10 pg purified al acid glycoprotein (Sigma Aldrich, St. Louis, MI) on days 0,
1 and 2. The severity of the arthritis was determined based on the rigidity of the ankle joints owing
to inflammation. Averages for a single point in one leg ankle joint from each mouse were used for
the clinical assessment (8,10,11,13,15-17,31).

Tracheal heterotopic transplantation model mice
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C57BL/6 and C3H/He mice were obtained from SLC Japan and maintained under specific
pathogen-free conditions according to the protocols of Hokkaido University. The protocols for
animal experiments were approved by the Institutional Animal Care and Use Committees of
Hokkaido University. The transplantation method used was described previously (19,32,33). In brief,
the mice were euthanized, and the trachea were resected. The isolated trachea were incubated with
50 uM of control or mouse ORM1 siRNA (Accell non-targeting siRNA and Accell SMARTpool,
Dharmacon) mixed with an siRNA delivery reagent containing a viral envelope derived from the
hemagglutinating virus of Japan (Genome-ONE Neo, Ishihara Sangyo Kaisha, LTD., Japan) (34-36).
Next, C57BL/6 recipient mice were anesthetized, small horizontal incisions were made, and
subcutaneous pockets were formed by blunt dissection. The trachea graft was placed heterotopically
into the pocket, and the wound was closed with surgical sutures. The grafts were harvested on day
14 after transplantation for H-E staining and immunohistochemistry using anti-mouse CD4 antibody
(RM4-5, eBioscience, Tokyo, Japan). Immunohistochemistry of frozen sections was performed as
described previously (9,12,14,18).

Cells and stimulation conditions

Human primary kidney cells used in the experiments include renal proximal tubule epithelial cells
(RPTEC; CC-2553, Lonza, Switzerland), human renal glomerular microvascular endothelial cells
(HRGEC; ACBRI128, Cell Systems, Kirkland, WA), kidney fibroblasts (HKF; H-6016, Cell
Biologics, Chicago, IL), and human renal mesangial cells (HRMC; #4200, ScienCell, Carlshad, CA).
The cells were plated in 96-well plates (1 x 10* cells/well) and stimulated with some combination of
human IL-6 (100 ng/ml; Toray Industries) plus human soluble IL-6Ra (100 ng/ml; PeproTech),
human IL-17A (50 ng/ml; PeproTech), recombinant human ORMZ1 (1,000 ng/ml; Prospecbio,
Rehovot, Israel), and human TNFa (50 ng/ml; PeproTech) for 3, 6 or 24 hours after serum starvation.
Soluble IL-6Ro. was added, because non-immune cells normally express only IL-6
signal-transducing receptor subunit gp130. Recombinant ORM1 was inactivated by incubating at
100°C for 10 min. The cells were harvested, and total RNA was prepared for real-time PCR. For
mechanistic analysis, RPTEC were immortalized using SV40 large T antigen. Immortalized RPTEC
showed a similar response to primary RPTEC following cytokine stimulation (Supplementary Fig. 1).
Human hepatoma Hep3B cells were stimulated overnight with IL-6/IL-6Ra, IL-17 or their
combination.

Real-time PCR

The 7300 fast real-time PCR system (Applied Biosystems, Tokyo, Japan) and SYBR Green PCR
master mix (Kapa Biosystems, Woburn, MA) were used to quantify the levels of target and GAPDH
MRNA. Total RNA was prepared using an RNA extraction kit and DNase | (NIPPON GENE, Tokyo,
Japan). The PCR primer pairs used for real-time PCR are described in Supplementary Table I.

The conditions for real-time PCR were 40 cycles at 94°C for 15 s followed by 40 cycles at 60°C for
60 s. The relative mRNA expression levels were normalized to the levels of GAPDH mRNA
expression.

ORM1 measurement

ORML1 concentrations in human urine samples or the culture medium were determined using the
Human al-Acid Glycoprotein ELISA kit (R&D Systems, Minneapolis, MN), and ORML1 urinary
levels were normalized to urine creatinine. ORM1 concentrations in human blood samples were
measured by immunonephelometry (LS| Medience Corporation, Sapporo, Japan).

Human small interfering RNAs

Small interfering RNAs (siRNAs) against ORM1 (Sigma-Aldrich) and non-target control (Sigma
Mission SIC-001s; Sigma-Aldrich) were transfected into human RPTEC plated in 96-well plates (1
x 10* cells/well) using Lipofectamine RNAIMAX (Thermo Fisher Scientific, Kanagawa, Japan).
Cells were incubated for 24 hours, and after 2 hours of starvation, they were stimulated with human
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IL-6 (100 ng/ml) plus human soluble IL-6Ra (100 ng/ml) and/or human IL-17A (50 ng/ml) for 3
hours. RT-PCR analysis of the respective target was performed.

Confocal microscopy

RPTEC were stimulated with some combination of IL-6 (100 ng/ml) plus human soluble IL-6Ra
(200 ng/ml), recombinant ORM1 (1,000 ng/ml), and TNFa. (10 ng/ml) for 30 min. The stimulated
cells were fixed in Cytofix solution (Cytofix/Cytoperm kit, BD Biosciences, San Jose, CA) for 20
min, permeabilized with Perm/Wash solution (Cytofix/Cytoperm Kit), and incubated with rabbit
anti-p65 (1:50) for 1 hour. After washing, the cells were incubated with anti-rabbit Alexa Fluor
546-conjugated secondary antibody (1:200) and Hoechst 33342 nuclear stain (1:10,000) for 1 hour.
Phospho-STATS3 staining was performed using rabbit anti-phospho-Stat3 (Tyr705) monocloncal
antibody (1:100, Cell Signaling Technology, Danvers, MA), anti-rabbit Alexa Fluor 488-conjugated
secondary Ab (1:1,000) and Hoechst 33342 nuclear stain (1:10,000), according to the protocol
provided by Cell Signaling Technology. Confocal microscopy was performed with the LSM5 Pascal
system (Carl Zeiss, Oberkochen, Germany). The percentage of cells with more p65 or
phosphor-STAT3 localized in the nucleus than the cytoplasm was counted.

Immunohistochemistry

Paraffin sections were prepared after formalin fixation. Immunohistochemistry of serial sections was
performed using rabbit anti-STAT3 pY705 (1:200, Cell Signaling Technology, Danvers, MA), rabbit
anti-phospho NFkB p65 Ser276 (1:400, Sigma Aldrich), rabbit anti-ORML1 prestige antibody
HPA046438 (1:500, Sigma Aldrich), or control IgG (Cell Signaling Technology). The rabbit 1gG
Elite ABC kit and ImmPACT DAB (Vector Laboratories, Burlingame, CA) were used for signal
enhancement and visualization, respectively.

Statistical analysis

Student t test (two-tailed), one-way ANOVA, Kruskal-Wallis test, and the Bonferroni
multiple-comparison method were used to test for significant differences among three
groups. A p value <0.05 was considered significant.
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Results

ORML1 in urine increased in patients with CAAMR diagnosis

Because the inflammation amplifier is associated with various inflammatory diseases and disease
models including lung allograft rejections (5,8-20), we hypothesized that the amplifier is also
associated with the development and maintenance of CAAMR, a major pathology of chronic kidney
allograft rejections, and that genes induced by the inflammation amplifier may be candidate
biomarkers and therapeutic targets for CAAMR after kidney transplantation. In this study, we
focused on ORM1, a target gene of the inflammation amplifier (10), and measured urinary ORM1
levels in KTR. Among KTR who underwent protocol biopsies, we divided the recipients into four
groups: normal histology (n = 17), interstitial fibrosis and tubular atrophy (IFTA) (n = 30),
calcineurin inhibitor toxicity (CNI-T) (n = 25), and CAAMR (n = 17), according to the Banff
Classification 2013 (30). We did not include an acute rejection group, because these patients are rare
due to the development of effective immunosuppressants (37-39). Patient characteristics are shown
in Table 1. At the time of transplantation, the donor age and the percentage of living donors were not
significantly different among groups. The post transplantation period was significantly shorter in
normal histology patients than the other groups. The percentage of ABO incompatibility was not
significantly different among groups. The estimated eGFR was significantly lower in the CAAMR
group than the normal histology group, implying renal damage due to rejection (Fig. 1A). Serum
ORML1 levels were not changed among the four groups (Fig. 1B). Preliminary experiments suggested
that the expression patterns of several acute phase proteins were similar to that of ORM1 (data not
shown), and the serum CRP levels were not significantly different among groups (Table 1). Urinary
NAG levels, which are an indicator of renal tubular injury (40), were not changed either. However,
the urinary ORM1 level normalized to the creatinine (Cre) level in KTR was significantly higher in
the CAAMR group (40,549.0 + 8,093.6 ng/mg Cre) compared with the CNI-T (11,202 + 2,562
ng/mg Cre), IFTA (9,558.3 £ 1,935.8 ng/mg Cre), and normal histology (4,283.3 £ 1,010.4 ng/mg
Cre) groups (Fig. 1D). Our study used clinical samples from protocol biopsies (not episode biopsies).
Graft biopsies were performed without clinical criteria. Such biopsies are performed at Hokkaido
University Hospital and other Japanese hospitals due to the small number of kidney donors. The
urinary ORM1 and post transplantation periods among all patients were not significantly correlated
(Supplementary Fig. 2), most likely due to the different magnitude of the immune response against
different alloantigens including MHC on each graft. We applied receiver operating characteristic
(ROC) curves to assess the potential utility of urinary ORML in diagnosing CAAMR (Fig. 1E). ROC
analysis provided an optimum cut-off value of 7,090.4 ng/mg Cre, which corresponds to 94.1%
sensitivity and 65.3% specificity. The area under the ROC curve (AUC) of urinary ORM1 for the
diagnosis of CAAMR was 0.867. Thus, urinary ORM1 increases in patients with CAAMR and
might be a sensitive, non-invasive candidate marker for chronic kidney rejection.

Strong expression of ORML1 and activation of NFkB and STAT3 in tubule cells of CAAMR
kidney allografts

We next examined which renal cells express ORM1 in CAAMR. Immunohistochemistry strongly
stained for ORML1 in the brush border of tubular cells in CAAMR allograft samples compared with
allograft samples from recipients with normal histology (Fig. 2A). Our previous study showed that
ORML1 is induced by the inflammation amplifier (10). Consistent with that study, activated
(phosphorylated) forms of NFkB p65 and STAT3 were both strongly stained in the tubular cells of
CAAMR allografts, but phosphorylated NFxB p65 was stained considerably less so in the
glomerular cells of the CAAMR allografts (Fig. 2B and C, red arrows). Consistent with urinary
ORML1 levels (Fig. 1D), ORM1 expression and the phosphorylation of NFkB p65 and STAT3 were
less pronounced in the IFTA and CNI-T groups (Fig. 2A, 2D and 2E). These results suggest a
correlation between ORM1 induction in tubular cells and activation of the inflammation amplifier in
CAAMR samples.

Primary tubule cells express ORM1 after cytokine stimulation, which induces STAT3 and
NFxB activation
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We then obtained various human primary cells that constitute the kidney to examine ORM1
production. We stimulated RPTEC, HRM, HRGEC, and HKF with the STAT3 stimulator IL-6 and
the NFkB stimulators 1L-17 and TNFa or some combination of for 24 hours and measured the
MRNA expression of ORM1. The ORM1 mRNA expression was largely restricted to RPTEC (Fig.
3), which is consistent with the expression of ORML1 in the tubular cells of CAAMR allografts seen
in Fig. 2A. Following stimulation with the combination of IL-6 and IL-17, the protein level of
ORML1 was detected in the culture supernatant of RPTEC (Supplementary Fig. 3). This synergistic
effect of IL-6 and IL-17 was not observed in hepatoma cells even though ORM1 protein was at a
much higher concentration (Supplementary Fig. 3). Additionally, the expressions of IL-6 and CCL2
were synergistically induced in RPTEC (Fig. 3), suggesting activation of the inflammation amplifier
(5,8-20). These results suggest that tubular cells are the primary source of ORML1 in kidney and
enhance inflammation by activating the inflammation amplifier after cytokine stimulation.

ORML1 enhances NFxB activation in vivo and in vitro

Our previous study showed that epiregulin is induced by the inflammation amplifier and also
enhances activation of the inflammation amplifier, forming a positive feedback loop (10). Based on
this finding and the results in Fig. 3A, in which ORM1 was induced in RPTEC, we tested whether
ORML1 creates a similar positive feedback. For these experiments, RPTEC were stimulated with
recombinant ORM1 and IL-6. ORML1 significantly enhanced the expression of IL-6 and CCL2
MRNA in the presence of IL-6, which mimics the low level of inflammation seen with chronic
rejections (16) (Fig. 4A and 4B). The effect of ORM1 was dose-dependent and abrogated by heat
treatment, confirming LPS contamination in the recombinant ORM1 preparation was not a cause
(Supplementary Fig. 4). Consistently, ORM1 knockdown by siRNA significantly suppressed IL-6
mRNA induction after IL-6 and IL-17 treatment (Fig. 4C and 4D).

We then examined the effect of ORM1 on the inflammation amplifier in vivo. Because there is no
good model for CAAMR, we employed an amplifier-dependent mouse model, cytokine-induced
arthritis, by injecting 1L-6 and IL-17 at the ankle joints of F759 mice (8,10,11,13,15-17,31). In this
study, we used low doses of IL-6 and IL-17 to induce only mild arthritis to evaluate the effect of
ORML1. Indeed, adding ORM1 to the cytokine injections significantly enhanced the arthritis (Fig.
4E). Furthermore, knockdown of ORML in the trachea graft improved the graft rejection response,
including epithelial cell desquamation and CD4+ T cell accumulation, in an allogeneic tracheal
heterotopic transplantation model that is dependent on IL-6 and IL-17 (19,32) and behaves as a
chronic rejection model (33) (Supplementary Fig. 5). These results suggest that ORM1 enhances the
activation of NFxB in vivo and in vitro.

ORML1 promotes NF«B signaling

Finally, to investigate the mechanism of the ORML1 action, we investigated the localization of NFxB
p65 by confocal microscopy in RPTEC after stimulation with IL-6, ORM1, or a combination of.
TNFa is a potent NFkB activator and was used as a positive control of nuclear translocation. NFxB
p65 translocation from the cytoplasm to the nucleus was clearly observed by the combination
stimulation, and the percentage of cells with NF«kB p65 localized in the nucleus was significantly
higher (17.7%) compared to single stimulation with IL-6 (1.05%) or ORML1 (2.5%) (Fig. 5). On the
other hand, ORM1 did not affect the nuclear localization of phosphorylated STAT3 (Supplementary
Fig. 6). These data indicate that ORM1 reinforces activation of the inflammation amplifier in
RPTEC by promoting the nuclear translocation of NFkB p65.
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Discussion

In the current study, we investigated potential diagnostic markers and candidate therapeutic targets
for chronic kidney allograft rejection. We show evidence that activation of the inflammation
amplifier in the allografts contributes to chronic kidney allograft rejection at least partially via
ORML1 production and that ORML levels in urine increases in patients with chronic kidney allograft
rejection. Thus, we suggested that the amplifier-mediated ORM1 expression in kidney is a candidate
non-invasive diagnostic marker and a candidate therapeutic target for patients with CAAMR.

Urinary ORM1 levels were significantly higher in KTR with CAAMR than without. Because ORM1
is normally detected in human blood at concentrations about 1,000 times higher (45-98 mg/dL in
males) than in urine (Fig. 1B) and because we found that urinary ORM1 and total protein levels were
correlated (Supplementary Fig. 7A), it is possible that urinary ORM1 was due to a high leaking rate
of proteins from the blood. We question this hypothesis, however. Although urinary total protein
levels were significantly higher in CAAMR patients (Table 1), 8 of 17 CAAMR patients who had a
urinary protein level less than 0.5 g/g Cre (diagnostic threshold) still showed significantly higher
urinary ORML1 levels (Supplementary Fig. 7B and 7C). These results indicate that ORML1 in urine is
a candidate early predictive marker for CAAMR before the manifestation of overt proteinuria
directly from the blood leaking. Nevertheless, occult hematouria and proteinurea sometimes occur
due to the recurrence of the original kidney disease after the transplantation. Therefore, future
studies with higher sample numbers and validation cohorts are needed to verify the potential of
ORML1 as an early predictive marker for CAAMR.

We also investigated the ORML1 function in chronic kidney allograft rejections. We found that
ORML1 is expressed from kidney tubular cells after cytokine stimulation and stimulates the NFxB
pathway to induce inflammatory mediators such as IL-6 and chemokines in the presence of 1L-6. We
also showed that ORM1 enhances development of the inflammation pathology in vivo. The
phosphorylation of NFkB and STATS3 in kidney biopsy specimens from patients with CAAMR was
more evident in tubular cells (Fig. 2B and 2C). Consistent with the phosphorylation in tubular cells,
ORML1 expression was clearly detected in tubular cells of the kidney biopsy specimens and primary
RPTEC (Fig. 2A and Fig. 3A). To our knowledge, this is the first report to suggest the production of
ORML1 in kidney cells. Furthermore, we found that ORM1 together with IL-6 promotes the nuclear
translocation of NFkB p65 in RPTEC (Fig. 5). These effects may be mediated through ORM1
receptors such as CCR5, Siglec-5 and TLR4/CD14 (25,41,42). The detailed mechanism for how
ORML1 enhances NF«B signaling in RPTEC is a matter of future study.

IL-6 is known to be an important inflammatory cytokine in various diseases and disorders (10, 19,
20). Indeed, KTR have been reported to show elevated serum and urinary IL-6 levels when allografts
are undergoing rejection (43-45). In response, tocilizumab, a humanized monoclonal antibody
against the IL-6 receptor has recently commanded considerable attention for the treatment of chronic
kidney allograft rejections including CAAMR (46,47). Our findings on the inflammation amplifier
could explain a molecular mechanism for the IL-6 elevation in KTR and the effectiveness of
anti-1L-6 receptor blockade against CAAMR. Consistently, it is reported that ORM1 transgenic mice
are more susceptible to dextran sodium sulfate-induced colitis and have increased levels of serum
IL-6 (48). On the other hand, several reports have demonstrated that ORM1 has anti-inflammatory
properties. For example, the injection of ORM1 to mice inhibits the lethal shock induced by TNFa
or LPS in combination with galactosamine, but pretreatment of ORM1 is necessary for the
protection (49). In addition, intraperitoneal injections of ORM1 decreased fibrotic and inflammatory
responses including the upregulation of a-smooth muscle actin, TGF-B, and IL-6 in the kidney 7
days after unilateral ureteral obstruction in mice (50). However, the ORM1 treatment did not
significantly suppress the fibrotic and inflammatory responses at an earlier time point (day 3) (50),
suggesting an indirect action of ORM1 on fibrosis and inflammation in this experimental setting. It
is currently unknown what causes these contrasting inflammatory effects by ORM1. They may
depend on the pathological phase, cell type, and/or other factors including 1L-6 family cytokines
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other than IL-6 itself, which are relatively anti-inflammatory (46). Elucidation of the cause is
necessary for future drug discovery targeting ORM1.

In summary, our results suggest that activation of the inflammation amplifier in grafts is involved in
the development of chronic allograft rejection after kidney transplantations and that urinary ORM1,
which is produced by kidney tubular cells in response to inflammatory stimuli, is a candidate
sensitive, non-invasive marker for chronic kidney allograft rejection before clinical manifestation
including proteinuria. Our data also revealed that ORM1 regulates the inflammation amplifier
activation in kidney tubular cells, providing a possible therapeutic strategy for chronic kidney
allograft rejection by targeting ORML.
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Figure legends

Figure 1. Urinary ORM1 is a candidate marker for CAAMR

(A-D) Urine and serum samples were collected from KTR with normal histology (Normal),
interstitial fibrosis and tubular atrophy (IFTA), calcineurin inhibitor toxicity (CNI-T), or chronic
active antibody-mediated rejection (CAAMR). eGFR rates (A) and urinary NAG levels (C) were
obtained from clinical data. Serum ORML levels (B) were measured by immunonephelometry.
Urinary ORML1 levels (D) were measured by ELISA and corrected by urine creatine levels. Data
represent the mean + SEM. Statistical analyses were done by using the Kruskal-Wallis test and
Bonferroni correction. *p<0.05. **p<0.001.

(E) A ROC curve of urinary ORML1 levels was made by a series of 64 urine samples. The optimum
cut off was 7,019.5 ng/mg Cre, and the area under the ROC curve (AUC) for the diagnosis of
CAAMR was 0.87.

Figure 2. ORML1 is expressed in tubular cells in CAAMR Kkidney allograft

(A) Kidney allograft biopsy samples diagnosed as normal histology (Normal), CAAMR, IFTA, or
CNI-T were stained with anti-ORM1 or control antibody.

(B-E) Immunohistochemistry of phosphorylated NF«B p65 (pp65) or phosphorylated STAT3
(pSTAT3) using renal biopsy samples clinically diagnosed as Normal (B), CAAMR (C), IFTA (D),
or CNI-T (E). Red arrows are examples of pp65 or pSTAT3 positive cells.

Bars, 50 um.

Figure 3. Activation of the inflammation amplifier in human primary kidney cells

(A) Renal proximal tubule epithelial cells (RPTEC), human renal mesangial cells (HRMC), human
renal glomerular microvascular endothelial cells (HRGEC), and human kidney fibroblasts (HKF)
were stimulated with IL-6, 1L-17, TNFa, or some combination thereof. ORM1 mRNA expression
levels were measured by RT-PCR.

(B) RPTEC were stimulated with IL-6, IL-17, TNFa, or some combination thereof. 1L-6 MRNA
expression levels were measured by RT-PCR.

IL-6 and CCL2 mRNA expression levels were normalized to GAPDH mRNA expression.

The data represent the mean + S.D. Statistical analyses were done by Student's t tests (two-tailed).
*p<0.05, **p<0.01, and ***p<0.001.

Figure 4. ORML1 is a positive regulator of the inflammation amplifier

(A, B) RPTEC were stimulated with IL-6 (IL6), ORM1, IL-6 and ORM1 (IL6+ORM1), or TNFa.
After 3 hours of stimulation, the mRNA expressions of IL-6 (A) and CCL2 (B) were measured by
RT-PCR. The relative mRNA expression levels were normalized to GAPDH mRNA expression.

(C, D) ORM1 was knocked down using three different sSiRNAs (si1-Orm1 to si3-Orm1l) in RPTEC,
which were stimulated with 1L-6 and IL-17A. The mMRNA expressions of ORM1 (C) and IL-6 (D)
were measured by RT-PCR.

(E) Low doses of IL-6 and IL-17, which induce only mild arthritis, were injected with or without
ORM1 (10 pg per ankle) at the ankle joints of F759 mice on days 0, 1 and 2. Clinical scores of
arthritis are shown. Data represent the mean + S.E.M.

Statistical analyses were done by Student t tests (two-tailed). *p<0.05, and **p<0.01.

Figure 5. ORM1 promotes NFkB signaling

(A) RPTEC were stimulated with IL-6 (IL6), ORM1, IL-6 and ORM1 (IL6+ORM1), or TNFa
(positive control). After 30 minutes of stimulation, the localization of NF«xB p65 (red) was observed
by confocal microscopy. Hoechst 33342 (cyan) was used for nuclear counter staining.

(B) Percentage of cells with NFkB p65 localized in the nucleus is shown. Statistical analyses were
done using Fisher's exact test. *p<0.05, **p<0.01, and ***p<0.001.

Supplementary Table 1.
Primers used in this study.
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Supplementary Figure 1. Activation of the inflammation amplifier in immortalized RPTEC.
Immortalized RPTEC were stimulated with IL-6, IL-17, IL-6 and IL-17, TNFa, or IL-6 and TNFa
for 3 hours. The mRNA expressions of IL-6 (A) and CCL2 (B) were measured by RT-PCR. The
relative mRNA expression levels were normalized to GAPDH mRNA expression. Statistical analysis
was done by Student's t tests (two-tailed). *p<0.05, **p<0.01, ***p<0.001.

Supplementary Figure 2. No significant correlation between urinary ORM1 levels and post
transplantation periods
Correlation analysis of urinary ORM1 levels and post transplantation periods is shown (r2 = 0.0467).

Supplementary Figure 3. Protein levels of ORML in the culture supernatant

RPTEC (A) and Hep3B cells (B) were stimulated overnight with IL-6, IL-17, or IL-6 and IL-17.
ORML1 levels in the culture supernatant were measured by human ORM1 ELISA. The data represent
the mean + S.D. (*** p<0.001).

Supplementary Figure 4. Dose-response and heat-inactivation of ORM1

RPTEC were stimulated for 3 hours with IL-6 and various concentrations of recombinant ORML1 or
heat-inactivated ORM1 (Heat). The mRNA expressions of CCL2 (A) and IL-6 (B) were measured
by RT-PCR. The relative mRNA expression levels were normalized to GAPDH mRNA expression.
Data represent the mean + S.D. Statistical analysis was done by one-way ANOVA. **p<0.01; ns,
not significant.

Supplementary Figure 5. Improvement of chronic rejection response by ORM1 knockdown in
a tracheal heterotopic transplantation model

The trachea of C57BL/6 (B6) or C3H/He (C3H) mice were incubated with control siRNA or ORM1
siRNA, followed by heterotopic transplantation to B6 mice. These trachea grafts were examined 14
days later by H-E staining (A) or immunohistochemical staining of CD4 (B). Quantification of (B) is
shown in (C). Data represent the mean + S.E.M. Statistical analysis was done by one-way ANOVA.
**p<0.01.

Supplementary Figure 6. ORM1 did not enhance the nuclear translocation of STAT3

(A) RPTEC were stimulated with IL-6, ORM1, IL-6 and ORML1 (IL6+ORM1), or TNFa. After 30
minutes of stimulation, the localization of phosphorylated STAT3 (red) was observed by confocal
microscopy. Hoechst 33342 (cyan) was used for nuclear counter staining.

(B) Percentage of cells with phosphorylated STAT3 localized in the nucleus is shown. Statistical
analyses were done using one-way ANOVA. *** p<0.001; ns, not significant.

Supplementary Figure 7. Higher urinary ORML1 levels in CAAMR patients who had urinary
total protein levels less than 0.5.

(A) Correlation analysis of urinary ORML1 and total protein levels in all samples. KTR with normal
histology (Normal), interstitial fibrosis and tubular atrophy (IFTA), calcineurin inhibitor toxicity
(CNI-T), or chronic active antibody-mediated rejection (CAAMR).

(B) Urinary total protein levels less than 0.5 g/g Cre in KTR are shown.

(C) Urinary ORML1 levels in KTR who had urinary total protein levels less than 0.5 g/g Cre are
shown.

The mean + SEM are shown. Statistical analysis was done by the Kruskal-Wallis test. **p<0.01; ns,
not significant.
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CAAMR IFTA CNI toxicity Normal P value
Number of patients 17 30 25 17 n.s.
Gender (Male/Female) 10/7 16/14 12/13 12/5 n.s.
Age at transplant (year) 46.0 44.5 43 38 n.s.
(3-62) (2-67) (14-68) (2-68)
Donor age (year) 52 52 56 57.5 n.s
(35-74) (23-70) (33-78) (24-69)
Post transplant period 10.5 6.25 8.5 2 ** N vs. CNI-T
(year) (3.5-16) (0.5-20) (0.25-25) (0.25-10) | ** Nvs. IFTA
***k N vs. CAAMR

Kidney age 62.5 58 65 58.5 * Nvs. CNI-T
(donor age + post (46-79.5) (35-78) (42-85) (27-72) * IFTAvs. CNI-T
transplantation period
in years)
ABO incompatible (%) 1 (5.8%) 7 (23.3%) 8 (32%) 6 (35.2%) n.s.
Living donor (%) 15(88.2%) | 21 (70%) 21 (84%) 16 (94.1%) | n.s.
CRP (mg/dL) 0.02 0.03 0.03 0.03 n.s.

(0.01-1.64) | (0.02-0.44) | (0.02-0.53) (0.02-0.18)
Serum Cre (mg/dL) 1.47 1.14 1.15 1.05 * CNI-T vs. CAAMR

(0.87-2.85) | (0.49-3.45) | (0.78-2.62) | (0.53-1.73) | ** Nvs.CAAMR
eGFR (ml/min) 41.4 50.3 47.9 50.7 * Nvs. CAAMR

(15.9-58.7) | (19.3-96.2) | (20.6-77.2) (37.8-123)
Urinary TP/Cre (g/gCre) 0.53 0.05 0.03 0.02 * CNI-T vs. CAAMR

(0.001-5.9) | (0.005-2.0) | (0.008-1.58) | (0.007-0.42) |* IFTAvs. CAAMR

* N vs. CAAMR

CAAMR: chronic active antibody-mediated rejection
CNI-T: calcineurin inhibitor toxicity

Cre: creatinine
CRP: C reactive protein

eGFR: estimated glomerular filtration rate
IFTA: interstitial fibrosis and tubular atrophy

N: normal
TP: total protein

* p<0.05, **p<0.01, n.s.: not significant (Statistical analysis were done by using ANOVA and Kruskal-Wallis)
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