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Immunoproteasome inhibition prevents chronic
antibody-mediated allograft rejection in
renal transplantation
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Chronic antibody-mediated rejection is the major cause of
fading allograft function and loss after renal
transplantation. Currently, pharmacological agents for the
suppression of chronic antibody-mediated rejection are
lacking. Non-selective proteasome inhibitors suppress
antibody-mediated allograft rejection. However, extensive
adverse side effects of these inhibitors severely limit their
application. In contrast, immunoproteasome inhibition is
effective in preclinical models of autoimmune diseases and
was applied over weeks without obvious adverse side
effects. ONX 0914, an immunoproteasome subunit LMP7
(b5i)-selective inhibitor, impeded the chronic rejection of
kidneys transplanted from Fischer to allogeneic Lewis rats.
ONX 0914 inhibited immunoproteasome induction both
in immune organs and renal allografts. Selective
immunoproteasome inhibition reduced the numbers of B
and plasma cells, and suppressed donor-speciﬁc
alloantibody production. The inﬁltration of T cells, B cells
and macrophages as well as interferon-g, interleukin-17,
IgG and complement deposition were reduced in renal
allografts of ONX 0914-treated recipients. Chronic
nephropathy was ameliorated and renal allograft function
preserved, enabling long-term survival of recipients. Thus,
our studies deﬁne a critical role of the immunoproteasome
in chronic kidney allograft rejection and suggest
immunoproteasome inhibition as a promising therapeutic
approach to suppress chronic antibody-mediated rejection.
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R

enal transplantation is the most effective therapeutic
approach for the loss of kidney function. Immunosuppressive agents have effectively inhibited T cell–
mediated acute rejection after kidney transplantation.1,2
However, the long-term survival rate of renal allografts is still
limited by chronic rejection. In recent years, alloantibodymediated humoral immunity has been identiﬁed as the major
cause of chronic allograft rejection.3 Nevertheless, an effective
approach to suppress humoral immunity and prevent chronic
rejection is lacking.
Bortezomib, a broad spectrum proteasome inhibitor,
inhibits alloantibody production through induction of
apoptosis in plasma cells from patients with kidney
transplantation.4 Bortezomib inhibits the active sites of all
types of 20S proteasomes, which contain 2 copies of 7
different a and 7 different b subunits each. In most human
tissues the constitutive proteasome containing the 3 active
site subunits b1, b2, and b5 is the predominantly expressed
type of 20S proteasome.5,6 The 20S proteasome fulﬁlls
numerous functions ranging from signal transduction to
cell cycle control and from transcription regulation to
apoptosis.7–10 Consequently, nonselective proteasome
inhibition results in dose-limiting adverse effects and
allograft injury.
A much more attractive alternative would be to selectively inhibit proteasomes in cells of the immune system
involved in graft rejection after organ transplantation. In T
and B lymphocytes, antigen presenting cells, and inﬂamed
tissues that are exposed to interferon (IFN)-g or tumor
necrosis factor (TNF), the catalytic subunits of the constitutive 20S proteasome are replaced by their cytokineinducible counterparts b1i (LMP2), b2i (MECL-1), and
b5i (LMP7) during the assembly of the 20S immunoproteasome.5,11,12 Apart from its role in antigen processing, the
immunoproteasome regulates the production of proinﬂammatory cytokines and the differentiation of Th17/
Th1 cells involved in the pathogenesis of autoimmunity and
transplant rejection.13 The inhibition of immunoproteasomes with the LMP7-selective irreversible epoxyketone
inhibitor ONX 0914 (formerly designated PR-957)
prevents the development and exacerbation of numerous
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autoimmune diseases.14–18 Remarkably, bortezomib and
ONX 0914 reduces the number of antibody-secreting
plasma cells and anti-DNA antibodies in lupus-prone
mice, and bortezomib does so in humans as well.17,19,20
Nevertheless, the role of the immunoproteasome in
alloantibody-mediated chronic rejection after transplantation has not been investigated.
In this study, we tested the effect of immunoproteasome
inhibition on chronic rejection after kidney transplantation in
the rat. Selective immunoproteasome inhibition suppressed
the humoral immune response, which alleviated chronic
allograft nephropathy and prolonged the long-term survival
of recipients. We conclude that the immunoproteasome is
centrally involved in chronic renal allograft rejection and
propose the immunoproteasome as a promising new therapeutic target for the avoidance of chronic allograft rejection
after kidney transplantation.
RESULTS
ONX 0914 inhibits immunoproteasome induction after kidney
transplantation

In this study, we applied the LMP7 inhibitor ONX 0914 to
explore the role of the immunoproteasome in chronic renal
allograft rejection in rats. First, we subcutaneously injected
different doses of ONX 0914 in Lewis rats to determine the
appropriate dose for in vivo treatment. Guided by the dose
of ONX 0914 required for selective LMP7 inhibition in
mice,14 0 mg/kg (vehicle), 3 mg/kg, and 5 mg/kg of ONX
0914 were subcutaneously injected. One day after treatment,
rats were killed to purify 20S proteasomes from spleens and
bone marrow. The activities of proteasome subunit b5c and
immunoproteasome subunit b5i (LMP7) were tested using
their speciﬁc ﬂuorogenic substrates Ac-WLA-AMC and
Ac-ANW-AMC, respectively. In comparison with vehicle,
treatment with 5 mg/kg inhibited LMP7 activity >80% in
spleen and >90% in bone marrow but only inhibited <10%

of b5c activity (Figure 1). Bortezomib inhibited antibodymediated chronic renal allograft rejection21 and therefore
served as positive control. Our data suggest that ONX 0914
selectively and sufﬁciently inhibited LMP7 in vivo at a dose
of 5 mg/kg.
At 3 weeks after allogeneic kidney transplantation from
F344 rat donors to Lewis rat recipients, when alloantibodies
are emerging in this model, vehicle, ONX 0914 (5 mg/kg),
and bortezomib (0.2 mg/kg) were injected twice weekly into
recipients for 7 weeks. At 10 weeks after transplantation, recipients were killed and the expression of the immunoproteasome was analyzed in spleens, bone marrow, and renal
grafts. In contrast to samples from syngeneic recipients, the
expression of LMP2 and LMP7 was signiﬁcantly increased in
spleens, bone marrow, and renal grafts from allogeneic
recipients. Treatment with ONX 0914 or bortezomib signiﬁcantly reduced the increase in the amounts of LMP2 and
LMP7 after transplantation (Figure 2a) most likely because
immunoproteasome expression in the kidney is cytokine
(mainly IFN-g)-dependent, and bortezomib and ONX 0914
were shown to reduce IFN-g production by Th1 cells14 (see
also Figure 5b below). Immunohistoﬂuorescence staining
further demonstrated that the immunoproteasome was
induced in renal allograft. The evaluation of the microscopic
images conﬁrmed that treatment with ONX 0914 or bortezomib effectively suppressed expression of LMP2 and LMP7
in renal allografts (Figure 2b). In parallel, the activities of
LMP2 and LMP7 as determined via the hydrolysis of LMP2and LMP7-selective ﬂuorogenic substrates by 20S proteasomes puriﬁed from transplanted kidneys were also
upregulated in spleens, bone marrow, and renal grafts from
vehicle—but not from bortezomib—or ONX 0914–treated
allogeneic recipients. Apparently ONX 0914 and bortezomib
inhibited the IFN-g and TNF-responsive upregulation of
LMP2 and LMP7 expression and activity after transplantation
(Figure 2c).

Figure 1 | Titration of immunoproteasome inhibition by ONX 0914 in rats. Vehicle, 3 mg/kg, and 5 mg/kg of ONX 0914 were
subcutaneously injected into naïve Lewis rats 1 day before killing. Spleens (left panel) and bone marrow (right panel) were then collected to
purify the 20S proteasome. Activities of b5c and b5i (LMP7) subunits from each group of spleens and bone marrow were measured by speciﬁc
substrates. The activity percentages of b5c and b5i from each group were normalized to vehicle group. Treatment with 5mg/kg of ONX 0914
in vivo signiﬁcantly inhibited more than 80% of the activity of LMP7 both in spleens (left panel) and bone marrow (right panel) but inhibited less
than 10% of the activity of b5c. Data are expressed as mean  SEM of each group (n ¼ 5) from 3 separate experiments. *P < 0.05 versus vehicle
group.
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Figure 2 | Treatment with ONX 0914 inhibits immunoproteasome induction after kidney transplantation. Ten weeks after kidney
transplantation from F344 donor to Lewis recipient rats, the expression and activity of immunoproteasome subunits LMP2 and LMP7 were
signiﬁcantly increased in kidneys, spleens, and bone marrow from allogeneic recipients. Treatment of allogeneic recipients with ONX 0914 (5
mg/kg) or bortezomib (0.2 mg/kg) for 7 weeks from the third week after transplantation onward signiﬁcantly inhibited this (continued)
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Figure 3 | Immunoproteasome inhibition by ONX 0914 reduces production of donor-speciﬁc alloantibodies after kidney
transplantation. Donor-speciﬁc IgG1, IgG2a, and IgG2b were produced by recipient Lewis rats starting at 2 weeks after transplantation and
continuously increased in allogeneic recipients until death at 4 or 5 weeks after transplantation. Treatment of allogeneic recipients with ONX
0914 (5 mg/kg) or bortezomib (0.2 mg/kg) for 7 weeks from the third week after transplantation onward reduced the increases in donor-speciﬁc
IgG1, IgG2a, and IgG2b until the end of the experiment at 10 weeks after transplantation. The right kidneys were surgically removed 2 weeks
after transplantation of the left kidney in all experiments. Data are expressed as the mean  SEM of each group (n ¼ 5) from 3 separate
experiments.

Immunoproteasome inhibition by ONX 0914 suppresses
donor-speciﬁc alloantibody production after kidney
transplantation

One week after renal transplantation, the levels of donorspeciﬁc alloantibody IgG1, IgG2a, and IgG2b in allogeneic
recipients did not increase compared with those in syngeneic
recipients. At 2 weeks after left kidney transplantation, when
the right recipient kidney was resected, IgG1, IgG2a, and
IgG2b levels began to increase in allogeneic recipients. In
recipients that were treated with vehicle, the alloantibodies
continuously increased until their death at 4 or 5 weeks after
transplantation. In contrast, treatment with ONX 0914 or
bortezomib beginning the third week after transplantation
prevented the further increase of alloantibodies in allogeneic
recipients and maintained them at a relatively low level until
the end of the experiment at 10 weeks after transplantation
(Figure 3).
Immunoproteasome inhibition by ONX 0914 suppresses the
elevation of B cells and plasma cells after kidney
transplantation

Flow cytometry revealed that CD45RþIgMþ B cells,
CD45R-CD138þ plasma cells, and CD3þCD4þ T helper cells
as well as CD3þCD8þ cytotoxic T lymphocytes were signiﬁcantly increased in spleens and bone marrow from allogeneic
recipient rats after kidney transplantation. Treatment with
ONX 0914 or bortezomib for 7 weeks signiﬁcantly reduced
the increase of B cells and plasma cells but only had a slight

effect on T cells (Figure 4a and 4b). Enzyme-linked immunospot (ELISPOT) assays further demonstrated that IgGsecreting cells were also increased in spleens and bone
marrow from allogeneic recipients, and treatment with ONX
0914 or bortezomib inhibited the increase of IgG-secreting
cells in allogeneic recipients (Figure 4c).
Immunoproteasome inhibition by ONX 0914 inhibits the
inﬂammatory immune response in renal allografts

After 10 weeks of kidney transplantation, inﬂammatory cells
including T cells, B cells, and macrophages had signiﬁcantly
inﬁltrated into renal allografts in comparison with isografts as
determined by immunoﬂuorescence microscopy (Figure 5a).
Further analyses by immunohistochemistry revealed that
deposition of complement, IgG, and the proinﬂammatory
cytokines IFN-g and IL-17 were also signiﬁcantly enhanced in
renal allografts but not in isografts (Figure 5b). Treatment
with ONX 0914 or bortezomib efﬁciently suppressed inﬁltration of immune cells and deposition of complement, IgG,
and proinﬂammatory cytokines in renal allografts (Figure 5).
Immunoproteasome inhibition by ONX 0914 ameliorates
chronic allograft nephropathy

Chronic graft nephropathy is characterized by glomerular
sclerosis, interstitial ﬁbrosis, tubular atrophy, and interstitial
arteriosclerosis.22 At 10 weeks after transplantation the lesion
area containing glomerular sclerosis, interstitial ﬁbrosis,
tubular atrophy, and interstitial arteriosclerosis was over 70%
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Figure 2 | (continued) increase of expression and activity of LMP2 and LMP7 in spleen, bone marrow, and transplanted kidney. (a) Representative Western blots (upper panel) and densitometric analysis (lower panel) of LMP2 and LMP7 normalized to g-tubulin in transplanted
kidneys, spleens, and bone marrow from syngeneic and allogeneic recipients. (b) Representative immunoﬂuorescence staining (upper panel)
and relative positive area (lower panel) of LMP2 (top row) and LMP7 (bottom row) in renal isograft and allograft. Bar ¼ 50 mm. (c) Activities of
LMP2 and LMP7 in puriﬁed 20S proteasomes from transplanted kidneys, spleens, and bone marrow from syngeneic and allogeneic recipients
were measured with LMP2- and LMP7-speciﬁc ﬂuorogenic substrates. Data are representative images or are shown as individual spots per
animal with means or are expressed as the mean  SEM of each group (n ¼ 5) from 3 separate experiments. *P < 0.05 versus syngeneic
recipients. #P < 0.05 versus allogeneic recipients treated with vehicle. To optimize viewing of this image, please see the online version of this
article at www.kidney-international.org.
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Figure 4 | Immunoproteasome inhibition by ONX 0914 reduces the number of B cells and plasma cells after kidney transplantation. Ten
weeks after allogeneic F344 to Lewis rat kidney transplantation, B cells, plasma cells, IgG-secreting cells, and T cells were signiﬁcantly increased
in spleens and bone marrow from allogeneic recipients. Allogeneic recipients were treated with ONX 0914 (5 mg/kg) or bortezomib (0.2 mg/kg)
for 7 weeks beginning in the third week after transplantation, which signiﬁcantly inhibited increases of B cells, plasma cells, (continued)
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on average in allograft kidneys. The luminal stenosis of
interstitial arteries also reached to approximately 70% in
allograft kidneys. Treatment with ONX 0914 or bortezomib
signiﬁcantly reduced the lesion areas and alleviated lumen
stenosis of interstitial arteries in allograft kidneys (Figure 6a).
As a characteristic of chronic glomerulopathy in renal allograft, glomerular basement membrane (GBM) thickening
also occurred in allografted kidneys when compared with
isografts. Treatment with ONX 0914 or bortezomib signiﬁcantly inhibited GBM thickening in allograft kidneys
(Figure 6b), demonstrating that immunoproteasome inhibition effectively ameliorates chronic allograft nephropathy.
Immunoproteasome inhibition by ONX 0914 prevents
allograft renal function impairment and prolongs survival of
allogeneic recipients

To test the impact of immunoproteasome inhibition on
allograft renal function and long-term survival of allogeneic
recipients, the native right kidneys of recipients were removed
2 weeks after left kidney transplantation. One week after
resection of the native right kidney, the blood concentration
of creatinine and urea nitrogen was increased in allogeneic
recipients. In vehicle-treated rats, the renal function continuously deteriorated until their death at 4 or 5 weeks after
transplantation. However, due to the treatment with ONX
0914 or bortezomib, the increase of blood creatinine and urea
nitrogen was inhibited and they remained at a relatively low
level (Figure 7a). All allogeneic recipients that were treated
with vehicle had died within 3 weeks after native right kidney
resection. In contrast, all allogeneic recipients that had been
treated with ONX 0914 or bortezomib survived until 10
weeks after transplantation, as did the syngeneic recipients
(Figure 7b).
DISCUSSION

Chronic rejection is a bottleneck in the maintenance of graft
renal function and long-term survival after kidney transplantation. The alloantibody-mediated humoral immune
response has emerged as the major mediator of chronic
rejection. Remarkably, bortezomib suppressed chronic rejection after kidney transplantation, but nonselective proteasome inhibition has a limited applicability in the clinic
because of the numerous adverse effects.23 Broad-spectrum
proteasome inhibitors such as bortezomib and carﬁlzomib
are used at the maximally tolerated dose, which is acceptable
for short-term treatment courses in multiple myeloma but
inadequate for the suppression of antibody-mediated

rejection for many years after transplantation. At the maximally tolerated dose, bortezomib might not achieve the
required degree of proteasome inhibition in solid organs that
may be required for impeding chronic allograft rejection,
which could explain its limited efﬁcacy for this indication.
Selective inhibitors of the immunoproteasome, in contrast,
can be applied 10- to 30-fold below their maximally tolerated
dose and still retain their therapeutic efﬁcacy.14,16 At the dose
of 5 mg/kg of ONX 0914, 80% to 90% inhibition of LMP7
activity was achieved (Figure 1) without obvious adverse effects. This difference is probably due to the unique expression
proﬁle of immunoproteasomes coined by very high expression in B cells, T cells, macrophages, and dendritic cells24–26
but not in other cell types.27,28 This expression proﬁle raises
the question of which of these immunoproteasome-rich cells
are functionally affected, leading to protection from renal
graft destruction. Because this process is predominantly
antibody mediated, plasma cells as the main producers of
alloantibodies move into focus, in particular because we
found their numbers to be reduced in renal transplant
recipients (Figure 4). Because plasma cells need a high proteasome capacity to degrade misfolded antibody chains,
immunoproteasome inhibition probably leads to the induction of the unfolded protein response and ultimately to the
induction of apoptosis.29
However, in addition to an interference with the humoral
response against the transplanted allogeneic kidneys, we also
found that ONX 0914 treatment resulted in a reduced inﬁltration of T cells (Figure 5a). LMP7 inhibition reduced IL-2
and IFN-g production by splenic T cells in vitro and biases
T helper cell differentiation against the development Th1 and
Th17 cells.13,14,16,30 Consistently, we found less IFN-g and IL17 in tissue sections from transplanted kidneys from ONX
0914 when compared with vehicle-treated rats (Figure 5b).
Lower levels of IFN-g probably contribute to the reduction in
the expression of LMP2 and LMP7 in the transplanted kidneys of ONX 0914–treated recipients (Figure 2), which should
be beneﬁcial for the transplanted organ because immunoproteasome inhibition will not block its ubiquitin-proteasome
system. Because Th1 cells, Th17 cells, and CTL also
contribute to chronic renal transplant rejection, their diminution very likely contributes to graft preservation by ONX
0914 treatment as well. While we were writing the present
manuscript, a new noncovalent LMP7 inhibitor, designated
DPLG3, was reported to interfere with acute cardiac allograft
rejection and promote long-term graft survival in mice in
synergy with CTLA-4-Ig fusion proteins.31 Like ONX 0914,
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Figure 4 | (continued) and IgG-secreting cells but only slightly reduced T cells in spleens and bone marrow. B cells, plasma cells, and T cells in
the (a) spleen and (b) bone marrow from syngeneic and allogeneic recipients were measured by ﬂow cytometry after staining with indicated
surface markers. Left panels show representative ﬂow cytometry dot plots, and the quantitation is shown in the right panels. The gates and
percentages of positively gated cells are shown. (c) IgG-secreting cells in spleens and bone marrow from syngeneic and allogeneic recipients
were measured by enzyme-linked immunospot (left panel), and the quantitation is shown in the right panels. Data are representative
images (left panels) or are expressed as individual spots per animal with means of each group (n ¼ 4/5, right panels) from 3 separate
experiments. *P < 0.05 versus syngeneic recipients. #P < 0.05 versus allogeneic recipients treated with vehicle. To optimize viewing of this
image, please see the online version of this article at www.kidney-international.org.
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Figure 5 | Immunoproteasome inhibition by ONX 0914 suppresses leukocyte inﬁltration and the inﬂammatory response in renal
allografts. Ten weeks after kidney transplantation, immune inﬂammatory cells, complement, IgG, and cytokines were signiﬁcantly elevated in
the renal allograft. Allogeneic Lewis rats were treated with ONX 0914 (5 mg/kg) or bortezomib (0.2 mg/kg) for 7 weeks starting at the third week
after transplantation, which signiﬁcantly inhibited inﬁltration and accumulation of immune cells, complement deposition, IgG, and cytokines in
the renal allograft. (a) Representative immunoﬂuorescence staining (left panel) and percentages (right panel) of immune inﬂammatory cells in
renal isograft and allograft. Bar ¼ 50 mm. (b) Representative immunohistochemistry (left panel) and relative positive areas (right panel) of C5b-9,
IgG, and cytokines in renal isograft and allograft. Bar ¼ 50 mm. Data are representative images or are expressed as individual spots per animal
with means of each group (n ¼ 5) from 3 separate experiments. *P < 0.05 versus renal isograft. #P < 0.05 versus renal allograft treated with
vehicle. To optimize viewing of this image, please see the online version of this article at www.kidney-international.org.
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Figure 6 | Immunoproteasome inhibition by ONX 0914 alleviates chronic graft nephropathy. Ten weeks after kidney transplantation from
F344 donors to Lewis rat recipients, renal allografts developed into chronic graft nephropathy, which is characterized by glomerular sclerosis,
interstitial ﬁbrosis, tubular atrophy, and interstitial arteriosclerosis. Allogeneic recipients were treated with ONX 0914 (5 mg/kg) or bortezomib
(0.2 mg/kg) for 7 weeks from the third week after transplantation onward, which signiﬁcantly alleviated chronic graft nephropathy. (a)
Representative hematoxylin and eosin and periodic acid–Schiff staining of renal graft to show glomerular sclerosis, interstitial (continued)
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Figure 7 | Immunoproteasome inhibition by ONX 0914 ameliorates allograft renal function impairment and prolongs survival of
recipients. The native right kidneys of recipient rats were resected 2 weeks after left kidney transplantation. (a) Blood creatinine and urea
nitrogen were continuously increased in allogeneic recipients from 1 week after right kidney resection until death at 3 weeks after right kidney
resection. Allogeneic recipients were treated with ONX 0914 (5 mg/kg) or bortezomib (0.2 mg/kg) for 7 weeks from the ﬁrst week after right
kidney resection onward, which signiﬁcantly reduced increases in the concentration of blood creatinine (left panel) and blood urea nitrogen
(right panel) in allogeneic recipients until the end of the experiment 10 weeks after transplantation. (b) The survival rate curve shows that
allogeneic recipients treated with vehicle were all dead at 3 weeks after right kidney resection. Treatment with ONX 0914 or bortezomib
enabled long-term survival of allogeneic recipients. Data are expressed as the mean  SEM of each group (n ¼ 5) from 3 separate experiments.

DPLG3 was not toxic but inhibited T cell proliferation and IL17 production by CD4þ T cells recovered from LMP7inhibited mice. However, whether alloantibodies were
reduced in this model was not investigated. We have tested
recently whether ONX 0914 can be employed to interfere
with acute T cell–mediated rejection of allotransplanted skin
in mice, but no prolongation of graft survival was achieved,
not even in combination with cyclosporine A.32 Also in an
MLR performed with allogeneic C57BL/6 and BALB/c mice,
ONX 0914 was unable to interfere with T cell proliferation, in
contrast to cyclosporine A. Therefore, we think that the
suppression of chronic renal allografts shown in this study
relies on the inhibition of plasma cells rather than T cells.
In conclusion, we have identiﬁed the immunoproteasome
as a pivotal enzyme in the chronic antibody-mediated rejection of allogeneic renal transplants and show that LMP7 is a
promising new drug target for the pharmacological interference with the functional decline and loss of donor kidneys in
transplanted patients. Such interference with chronic renal
transplant rejection has remained an unmet medical need,
and the good tolerability of LMP7 inhibitors adds to their
promise as potential drugs. The efﬁcacy of ONX 0914 in
models of autoimmune diseases and the availability of the
high-resolution structure of the immunoproteasome has
spurred interest in the development of more potent and
selective immunoproteasome inhibitors.5,31,33,34 At least 1
LMP7 inhibitor has entered clinical testing for the treatment
of autoimmunity, but based on this study it may be readily
tested for application in transplantation medicine as well.

METHODS
Animals
Inbred male F344 and Lewis rats (200 g to 250 g) were purchased
from Charles River (Sulzfeld, Germany). Animal handling procedures were conducted in compliance with guidelines for the Care and
Use of Laboratory Animals published by the U.S. National Institutes
of Health, and all animal experimental protocols were approved by
the Review Broad of Regierungspräsidium (Freiburg, Germany; G15/137).
Kidney transplantation
Left kidney transplantation was performed between male F344 and
Lewis rats as described previously.21 Cold ischemia time was 35
minutes and warm ischemia time was 40 minutes on average. No
immunosuppressive agents were used within the ﬁrst 3 weeks after
transplantation to allow the production of donor-speciﬁc
alloantibodies.
Pharmaceutical treatment and tissue harvest
At the third week after transplantation, the allogeneic recipient rats
were subcutaneously injected with ONX 0914 (5 mg/kg; Kezar Life
Sciences, South San Francisco, CA) in an aqueous solution of 10%
(w/v) sulfobutylether-b-cyclodextrin (Captisol; Ligand Pharmaceuticals, San Diego, CA) and 10 mM sodium citrate (pH 6), or with
Captisol alone as vehicle control, or were i.v. injected with bortezomib (0.2 mg/kg; Selleck Chemicals, Houston, TX) in phosphatebuffered saline twice a week for 7 weeks.
Puriﬁcation of 20S proteasome and activity measurement
Puriﬁcation of 20S proteasome and proteasome activity assays were
performed as previous described.35 The activities of puriﬁed 20S
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Figure 6 | (continued) ﬁbrosis, and tubular atrophy (top and middle rows) as well as interstitial arteriosclerosis (bottom row). Arrows indicate the
internal elastic lamina of interstitial arterioles. The percentages of nephropathy lesion areas and lumen stenosis of interstitial arterioles were
determined by a pathologist in a blinded manner (lower panels). Bar ¼ 50 mm. (b) Representative silver staining (upper panel) of renal grafts to
show glomerular basement membranes (GBM) and fold changes (lower panels) of thickened GBM in renal allograft normalized to renal isograft.
The dashed squares outline the higher magniﬁcation image of GBM. Bar ¼ 50 mm. Data are representative images or are expressed as individual
spots per animal with means of each group (n ¼ 5) from 3 separate experiments. *P < 0.05 versus renal isograft. #P < 0.05 versus renal allograft
treated with vehicle. To optimize viewing of this image, please see the online version of this article at www.kidney-international.org.
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proteasome subunit b5c and immunoproteasome subunits LMP2
and LMP7 were examined with the speciﬁc ﬂuorogenic substrates
Ac-WLA-AMC, Ac-PAL-AMC, and Ac-ANW-AMC, respectively.
Western blotting
Western blotting was performed as detailed elsewhere.36
Donor speciﬁc alloantibody analysis
Donor-speciﬁc alloantibody measurement was performed as
described by Huang et al.37
Flow cytometry
Cells were doubly incubated with FITC-conjugated anti-CD45R (1
mg/106 cells; eBioscience, Thermo Fisher Scientiﬁc, Waltham, MA)
and PE-conjugated anti-IgM (1 mg/106 cells; BD Biosciences, Heidelberg, Germany), FITC-conjugated anti-CD45R (1 mg/106 cells;
eBioscience) and PE-conjugated anti-CD138 (1 mg/106 cells; Abcam,
Cambridge, UK), FITC-conjugated anti-CD3 (1 mg/106 cells; eBioscience) and PE-conjugated anti-CD4 (0.5 mg/106 cells; eBioscience)
as well as FITC-conjugated anti-CD3 (1 mg/106 cells; eBioscience)
and PE-conjugated anti-CD8 (0.125 mg/106 cells; eBioscience),
respectively. The percentages of CD45RþIgMþ B cells,
CD45R-CD138þ plasma cells, and CD3þCD4þ and CD3þCD8þ T
cells were determined through a lymphocyte gate by ﬂow cytometry
(BD Accuri C6, BD Biosciences).
ELISPOT assay
ELISPOT was performed as detailed previously.38 The spots were
assessed with an ImmunoScan reader (CTL, Bonn, Germany).
Immunohistoﬂuorescence
Parafﬁn sections (5 mm) were deparafﬁnized and rehydrated and
then subjected to antigen retrieval by boiling in 10 mM citric acid
solution (pH 6.0) and were then blocked in phosphate-buffered
saline containing 10% species-appropriate normal serum for 1
hour at room temperature. The sections were incubated with primary antibodies against LMP2 (1:150; Abcam), LMP7 (1:150;
Abcam), CD4 (1:200; Santa Cruz Biotechnology, Dallas, TX), CD8
(1:150; Abcam), CD45R (1:100; eBioscience) and CD68 (1:150;
Abcam) overnight at 4 C in a humidiﬁed chamber. The appropriate
isotype-matched IgG served as negative control. After washing, the
bound antibodies were detected with FITC- or Cy3-conjugated
secondary antibodies (1:200; Abcam), and images were acquired
using a ﬂuorescence microscope.
Immunohistochemistry
Parafﬁn-embedded sections (4 mm) were incubated with primary
antibodies against C5b-9 (1:100; Santa Cruz Biotechnology), IgG
(1:200; Abcam), interferon (IFN)-g (1:200; Santa Cruz Biotechnology), and interleukin (IL)-17 (1:100; Abcam) overnight at 4 C in
a humidiﬁed chamber. The bound antibodies were detected using
biotinylated secondary antibodies and incubated with HRPStreptavidin (Vector Laboratories, Burlingame, CA) at 37 C for 20
minutes. After washing, speciﬁc expression was visualized using a
yellow or red diaminobenzidine reagent kit (Vector Laboratories)
according to the manufacturer’s instructions, and specimens were
counterstained with hematoxylin.
Histology and morphometry
Histological analysis was performed by using hematoxylin and eosin
(H&E), periodic-acid Schiff (PAS), and silver staining kits according

to the manufacturer’s instructions (Sigma-Aldrich, St. Louis, MO).
Morphometric analysis of digital images of stained sections was
performed by an independent pathologist blinded to the experimental design using Image-Pro Plus (Media Cybernetics, Rockville,
MD). Arteriosclerosis measurement was performed for the areas
surrounded by the luminal surface and internal elastic lamina of each
vessel. The intimal area was calculated by subtracting the luminal
area from the area deﬁned by the internal elastic lamina.
Renal function assessment
Blood creatinine and urea nitrogen concentrations were tested by
using kits according to the manufacturer’s instructions (SigmaAldrich).
Statistics
Data were presented as means  SEM. After demonstration of
homogeneity of variance with Bartlett test, 1-way analysis of variance,
followed by Student-Newman-Keuls test where appropriate, was used
to evaluate the statistical signiﬁcance. Values of P < 0.05 were considered statistically signiﬁcant. Experiments were performed in triplicates.
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