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Elevated Urinary Matrix Metalloproteinase-7
Detects Underlying Renal Allograft Inflammation

and Injury
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Background. The urinary CXC chemokine ligand (CXCL)10 detects renal transplant inflammation noninvasively, but has limited

sensitivity and specificity. In this study, we performed urinary proteomic analysis to identify novel biomarkers that may improve the
diagnostic performance of urinary CXCL10 for detecting alloimmune inflammation in renal transplant patients. Methods. In pre-
liminary studies, adult renal transplant patients with normal histology (n = 5), interstitial fiorosis and tubular atrophy (n = 6), subclin-
ical (n = 6) and clinical rejection (n = 6), underwent in-depth urine protein compositional analysis with LC-MS/MS, and matrix
metalloproteinase-7 (MMP7) were identified as a potential candidate for the diagnosis of renal allograft inflammation. Urine
MMP7 performance was then studied in a larger, prospective adult renal transplant population (n = 148 urines from n = 133 pa-
tients) with matched surveillance/indication biopsies. The diagnostic performance of urinary MMP7 and CXCL10 in combination
was next evaluated using concordance (C-) statistics, net reclassification improvement and integrated discrimination improvement
indices, to determine whether it was better than CXCL10 alone. Results. Urinary MMP7:creatinine (Cr) was lower in normal
transplants compared to those with inflammation: glomerulonephtritis (P = 0.009), viral nephropathies (P = 0.002), interstitial fibrosis
and tubular atrophy and inflammation (P = 0.04), borderline (P = 0.08), subclinical (P = 0.01) and clinical rejection (P = 0.0006), and
acute tubular necrosis (P < 0.0001). Urinary MMP7:Cr and CXCL10:Cr significantly distinguished noninflamed from inflamed biop-
sies (area under the curve, 0.74 and 0.70, respectively). The addition of urinary MMP7:Cr to CXCL10:Cr improved the diagnostic
performance for subclinical and clinical inflammation/injury by integrated discrimination improvement (P = 0.002) and net reclassi-
fication improvement (P = 0.006) analyses. Conclusions. Urinary MMP7:Cr improves the overall diagnostic performance of uri-
nary CXCL10:Cr for distinguishing normal histology from subclinical and clinical inflammation/injury, but not subclinical

inflammation alone.
(Transplantation 2016;100: 648-654)

/

ne of the major challenges of transplantation is the opti-
mization of immunosuppressive therapy to balance the
risk of rejection from underimmunosuppression against the
risk of infection/malignancy from overimmunosuppression.'
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Immunosuppression regimens require sensitive, noninva-
sive tools for serial monitoring after drug minimization/
withdrawal protocols to detect subclinical inflammation be-
fore injury, and also to follow the response to antirejection
treatment.

Multiple noninvasive biomarkers have been evaluated for
the detection of acute cellular rejection.” Several groups have
demonstrated that the urinary chemokines CXC chemokine
ligand (CXCL)9 and CXCL10 are sensitive markers for in-
flammation and are associated with acute rejection.*'* Fur-
thermore, urinary CXCL9 and CXCL10 levels increase
before the rise in serum creatinine (Cr) >'®" and decrease af-
ter treatment of rejection.>”'! Finally, early elevations in uri-
nary CXCL10 and CXCL9 have been associated with
decreased renal allograft function at 6 and 24 months,
respectively.>'°

Although urinary CXCL9, CXCL10, granzyme A, and
perforin can detect subclinical inflammation,’ %2 only uri-
nary CXCL10 has had its diagnostic performance for sub-
clinical inflammation validated in independent cohorts.’”
However, urinary CXCL10 achieved only modest discrimina-
tion for subclinical rejection (area under the curve [AUC],
0.69), suggesting that a panel of markers may be needed.’
Therefore, the goal of this study was to use in-depth mass
spectrometry analysis to identify novel biomarkers that
might improve the overall diagnostic performance of uri-
nary CXCL10.

MATERIALS AND METHODS

Discovery Proteomics Cohort

All analyses were conducted with informed consent and
the protocol approved by the University of Manitoba Health
Research Ethics Board. Urinary proteomics was performed in
a small, highly selected cohort of adult renal transplant pa-
tients with matched biopsy and clinical data (n = 23 urines
from 14 patients). Maintenance immunosuppression con-
sisted of mycophenolate mofetil, prednisone, and a calcine-
urin inhibitor (cyclosporine, n = 7; tacrolimus, n = 7).
Urines were collected before surveillance or indication biop-
sies and frozen at -80°C for analysis. Multiple samples were
evaluated from individuals to control for inter-individual var-
iability. Biopsies were scored according to the Banff 2007
criteria.!® The groups were:

(1) Normal renal transplant function and histology (n = 5):

(a) Acute: 10 t0 vO g0
(b) Chronic: ci0 ct0 ¢v0 cg0

(2) Interstitial fibrosis and tubular atrophy (IFTA, n = 6):
(a) Acute: i +t <1 v0 g0

(b) Chronic:ci>1ct>1=cv>1cgl

(3) Subclinical rejection (n = 6):

(a) Acute:1>2t>2v0 g0

(b) Chronic: ci0 ctO = ¢v > 1 ¢g0

(4) Clinical rejection (n = 6):

(a) Acute:1>2t>2v0 g0
(b) Chronic:ci+ct <1 xcv>1cg0
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Quantitative Test Cohort

A candidate biomarker identified from the in-depth
LC-MS/MS analysis was quantitatively studied in a larger, se-
lected adult renal transplant population.” In brief, this popu-
lation consisted of 148 urines from 133 patients with
matched surveillance or indication biopsies. Maintenance
immunosuppression was predominantly mycophenolate mo-
fetil, prednisone, and tacrolimus; and high immunological
risk patients received thymoglobulin induction therapy. The
groups were:

(1) Normal transplant function and histology (n = 22):

(a) Acute: i0-1 t0 g0 vO
(b) Chronic: ci + ct < 1 cv0 cg0

(2) Glomerulonephritis (GN) (n = 15)

(a) Recurrent IgA nephropathy, n = 11
(b) Recurrent focal segmental glomerulosclerosis, n = 3
(c) De novo membranous, n = 1

(3) Viral (n=7)

(a) Polyoma nephropathy with polyoma virus viremia, n = 6
(b) Adenovirus nephropathy'*n =1

(4) IFTA (n = 20):

(a) Acute: i0-1 t0 g0 vO
(b) Chronic:ci>1ct>1=cv>1=cg>1

(5) IFTA and inflammation (n = 13):

(a) Acute: i1-2 t1 g0 vO
(b) Chronic:ci>ct>1=cv>1=cg>1

(6) Borderline tubulitis (n = 13):
(a) Acute: 11-2 t1 g0 vO

(7) Subclinical rejection (n = 17):

(a) Acute:i>2t>2
(b) Serum Cr < 20% from baseline.
(c) All subclinical tubulitis biopsies were surveillance biopsies.

(8) Clinical T cell mediated rejection (TCMR) (n = 17):

(a) Acute:i>2t>2
(b) Serum Cr > 20% from baseline.
(c) All clinical tubulitis biopsies were indication biopsies.

(9) Antibody mediated rejection (AMR) (n = 10):

(a) Donor specific antibody positive.
(b) C4d positive, with peritubular capillaritis.

(10) Acute tubular necrosis (ATN) (n = 14)

(a)Serum Cr > 20% from baseline.

Proteomics Analysis

Monoclonal antibodies were produced against purified
human serum albumin, protein A, apolipoprotein, p2-
microglobulin, haptoglobin, and human IgG, and validated
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by enzyme-linked immunosorbent assay (ELISA), Western
blot, or mass spectrometry (data not shown). A depletion col-
umn was prepared with these antibodies to deplete urine
samples (3 mL) of high abundance proteins. Urines were
then concentrated, reduced, alkylated, digested, and analyzed on
2-dimensional LC-MS/MS as previously described"® (details in the
Supplemental Methods, SDC, http:/links.lww.com/TP/B179).
Proteins that were common and unique to each histopathological
group were identified and the lists annotated using PubMed and
Uniprot. Matrix metalloproteinase-7 (MMP7) was identified as
a potential biomarker candidate for further evaluation.

ELISA Analysis

Urinary CXCL10 was quantified by ELISA; the sensitivity
was 1.95 pg/mL, and the intra-assay and interassay coeffi-
cients of variation were 3.90 and 4.54 %, respectively.’”” Uri-
nary MMP7 was quantified by ELISA (R&D Systems,
Catalog DY907). The sensitivity was 7.8 pg/mL, and the
intra-assay and interassay coefficients of variation were
2.71% and 6.15%, respectively. The ELISAs were read on
a Biotek Synergy 4 microplate reader (Gen 5 software, Fisher
Scientific). Urine Cr was measured with a Cobas analyser
(Roche Diagnostics) and used to correct for dilutional
factors.

Statistical Analysis

Statistical analysis was performed using SAS Institute ver-
sion 9.3, Copyright 2012 SAS Institute Incorporated, Cary
NC software. Results are presented as means = SD for contin-
uous variables. Frequencies of categorical variables are pre-
sented as counts and percentages. Mann-Whitney U tests
were used for nonparametric data. Urinary MMP7:Cr and
CXCL10:Cr were analyzed in both native units and log
transformed variables. Univariate logistic regression was
performed and a receiver operating characteristic AUC
was generated using urinary MMP7:Cr and CXCL10:Cr
as continuous variables. A range of sensitivities and speci-
ficities were generated for urinary MMP7:Cr based on dif-
ferent AUC cutoff values.

Using the methods of Pencina et al,'® the following were
calculated: the increment in the C statistic occurring with ad-
dition of urinary MMP7:Cr to CXCL10:Cr; the net reclassi-
fication improvement (NRI) of the enriched versus base
model; and the integrated discrimination improvement (IDI)
of the enriched model versus base model. We determined that
urinary MMP7:Cr would be a clinically useful test if its addi-
tion to CXCL10:Cr resulted in statistically and clinically
meaningful improvements in all 3 measures, defined as an in-
crease in C-statistic greater than 0.05, NRI greater than 10%,
and relative IDI greater than 10%.

RESULTS

Discovery Proteomics

Protein compositional analysis was performed on 23
urines from 14 patients and their demographics are detailed
in Table S1 (SDC, http:/links.lww.com/TP/B179). As ex-
pected, renal function was better in the normal and subclini-
cal rejection groups as compared to the IFTA and clinical
rejection groups. Proteinuria was not different between
groups. The subclinical and clinical rejection biopsies oc-
curred earlier after transplantation than IFTA biopsies, but
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this did not reach statistical significance likely due to the
small numbers.

The number of proteins identified in individual urines
ranged from 157 to 617 (Table S2, SDC, http:/links.lww.
com/TP/B179). Eighteen proteins were common to the sub-
clinical and clinical rejection groups, whereas 137 and 77
proteins were unique to each group, respectively. The
MMP7 (Uniprot P09237) was identified as a candidate (clin-
ical rejection n = 4, subclinical rejection n = 1, IFTA n = 1 and
normal transplant n = 1) to be evaluated in the quantitative
test cohort, whose patient and urine/biopsy characteristics
are described in Tables 1A and 1B.

Urinary MMP7:Cr Identifies Inflamed/Injured
Renal Allografts

Urinary MMP7:Cr (ng/mmol) was low in noninflamed al-
lografts with normal histology and IFTA, respectively
(264 = 168, 469 = 678, P = 0.41). Conversely, urinary
MMP7:Cr was significantly elevated with GN (616 = 450,
P = 0.009); viral nephropathies (1033 = 1063, P = 0.002);
IFTA + inflammation (471 = 350, P = 0.04), subclinical
(735 + 693, P = 0.01) and clinical rejection (906 = 896,
P = 0.0006), and ATN (14300 = 39695, P < 0.0001) com-
pared to normal. Urinary MMP7:Cr also showed a trend to
significance in borderline inflammation (468 = 387) com-
pared to normal renal allografts (P = 0.08). Importantly, uri-
nary MMP7:Cr was significantly elevated in subclinical
rejection (Fig. 1A).

As expected, urinary CXCL10:Cr was elevated in viral ne-
phropathies, borderline, subclinical, and clinical TCMR”"”
(Fig. 1B). Interestingly, urinary MMP7:Cr distinguished un-
derlying GN from normal histology (P = 0.009), whereas
CXCL10:Cr did not. The AMR demonstrated low urinary
CXCL10:Cr as previously reported,® and this was mirrored
by low MMP7:Cr levels (Fig. 1). We postulate that urinary
biomarkers only detect inflammation/injury in the tubulo-
interstitial compartment, whereas microvascular injury may
be better identified with serum biomarkers. The AMR was
therefore censored from the diagnostic performance analysis.

Urinary MMP7:Cr and CXCL10:Cr Individual
Diagnostic Performance

Urinary MMP7:Cr distinguished noninflamed (normal
transplant and IFTA) from inflamed/injured allografts
(GN, viral nephropathies, IFTA + inflammation, borderline,

TABLE 1A.

Patient characteristics, n = 133

Patient characteristics n

Recipient age, y 46 +12

Sex, male 88 (66)

Race, white 91 (68)

Delayed graft function, dialysis within the first 177131 (13)
week after transplantation

Maintenance immunosuppression, mycophenolate 97 (73)
mofetil/tacrolimus/prednisone

Donor, living 62 (47)

Donor age, y 39+14

HLA mismatch 32+x14

Reported as mean + SD, or count (%).

Copyright © 2016 Wolters Kluwer Health, Inc. All rights reserved.
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FIGURE 1. Urinary MMP7:Cr and CXCL10:Cr distinguish healthy from inflamed/injured renal allografts. IFTA + i indicates IFTA with inflamma-

tion; SC TCMR, subclinical TCMR.

utility in combination with CXCL10 and with additional di-
agnostic categories.
MMP?7 is a downstream effector of the canonical Wnt sig-

it has pleiotropic functions, including the degradation of ex-
tracellular matrix proteins. The MMP?7 is not detectable in
normal renal biopsies,”* but localizes to the apical region
of renal tubular epithelial cells in chronic kidney disease,

nalling pathway and its expression is regulated by 3-Catenin;

TABLE 2A.

Urinary MMP7:Cr distinguishes normal histology from inflamed renal transplant parenchyma

Group Model C-Statistic (95% ClI) Odds Ratio (95% Cl) P
Normal/IFTA versus IFTA and MMP7 (1 100) 0.74 (0.65-0.83) 1.19 (1.06-1.34) 0.005
inflammation/borderline/subclinical/clinical/GN/viral/ATN MMP7 > 200 0.60 (0.52-0.68) 3.46 (1.43-8.36) 0.006
MMP7 > 400 0.67 (0.59-0.75) 4.23(1.90-9.42) <0.001
MMP7 > 600 0.66 (0.59-0.72) 6.62 (2.18-20.04) <0.001
MMP7 > 800 0.63 (0.58-0.70) 9.69 (2.20-42.70) 0.003
MMP7 > 1000 0.62 (0.57-0.68) 15.45 (2.02-118.14) 0.008
Normal/IFTA versus IFTA and inflammation/borderline/subclinical MMP7 (1 100) 0.66 (0.54-0.78) 1.11(0.99-1.24) 0.08
MMP7 > 200 0.56 (0.47-0.66) 1.89 (0.71-5.01) 0.20
MMP7 > 400 0.61 (0.51-0.71) 2.69 (1.08-6.69) 0.03
MMP7 > 600 0.60 (0.52-0.69) 412 (1.22-13.92) 0.02
MMP7 = 800 0.57 (0.50-0.64) 4.57 (0.91-22.97) 0.07
MMP7 > 1000 0.58 (0.52-0.64) 9.37 (1.12-78.64) 0.04

95% Cl indicates 95% confidence interval.

Copyright © 2016 Wolters Kluwer Health, Inc. All rights reserved.
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C-Statistic comparisons between models with CXCL10 + MMP7 compared to CXCL10 only model
CXCL10 Only C-Statistic
C-Statistic Model C-Statistic Improvement

Group Model (95% CI) (95% CI) (95% CI) P
Normal/IFTA versus IFTA and CXCL10 + MMP7 0.70 (0.61-0.79) 0.76 (0.67-0.84)  0.06 (-0.01t00.12) 0.10

inflammation/borderline/subclinical/clinical/GN/viral/ATN - CXCL10 + MMP7 > 1000 0.70 (0.61-0.79) 0.73 (0.64-0.81)  0.02 (-0.01t0 0.05) 0.11
Normal/IFTA versus IFTA and CXCL10 + MMP7 0.74 (0.63-0.84) 0.74 (0.63-0.84) 0.001 (—0.04 t0 0.04) 0.96

inflammation/borderline/subclinical CXCL10 + MMP7 > 1000 0.74 (0.63-0.84) 0.75(0.64-0.85) 0.01 (-0.02t0 0.04) 0.44

consistent with tubular secretion.?*** Conversely, CXCL10
is secreted by infiltrating inflammatory cells, renal tubular
and mesangial cells.*** CXCL10 acts as a chemotactic
agent for leukocyte recruitment in renal allograft rejection
and helps mediate the Th1 helper response.”*** Notably,
B-Catenin signalling appears to be independent of chemokine
induction. In a mouse model of cellular inflammation using
Citrobacter rodentium infection, B-Catenin inhibition had
no impact on interferon-y, CXCL10 and CXCL9 induc-
tion.”® Conversely, there is no literature to suggest that
CXCR3 chemokines can activate Wnt/p-Catenin. We dem-
onstrated that MMP7 combined to improve the overall diag-
nostic performance of urinary CXCL10 alone for subclinical/
clinical injury, and we postulate that this is because they act
via different pathophysiological pathways. However, this is
strictly an observational study in which association can be
determined but not causation.

Although the role of MMP7 in renal allograft rejection re-
mains uncharacterized, it is known to be elevated in response
to injury. In a mouse model of obstructive uropathy and focal
segmental glomerulosclerosis, He et al*' demonstrated that ac-
tivation of Wnt/B-Catenin signalling resulted in increased re-
nal MMP7 expression which closely correlated with urinary
MMP7 excretion. Interestingly, MMP7 induced E-cadherin
degradation in a time- and dose-dependent manner in proxi-
mal tubular epithelial cells, suggesting that it may be upregu-
lated to help mediate renal tubular epithelial cell repair.*?

The development of novel biomarkers has been broadly
categorized into the following phases: discovery, perfor-
mance evaluation, and impact determination®’; and this
last validation step has been performed by few transplant
biomarker studies to date.**® An important strength of
this study is that it spanned biomarker discovery to impact
determination and had multiple levels of validation to care-
fully characterize the clinical utility of urinary MMP7.
First, the mass spectrometry results were confirmed with
ELISA, demonstrating a significant association of MMP7 with
inflammation/ injury. Second, evaluation of subclinical rejection

demonstrated that urinary MMP7 outperforms the clinical
standard, serum Cr. Third, urinary MMP7 was evaluated
against and in combination with another biomarker with
demonstrated ability to detect subclinical alloimmune inflam-
mation: urinary CXCL10. Finally, these results were also exter-
nally consistent with the published literature.

There are some limitations to this study. First, the clinical-
pathological classification of patients in both cohorts was depen-
dent on allograft histology, which may be subject to sampling error.
Second, this is a retrospective analysis and there is insufficient
data on peritubular capillaritis (Banff ptc score), peritubular
capillary C4d deposition, and donor-specific antibody status,
to reclassify all patients according to the updated Banff 2013
schema.”” Therefore, it is possible that mixed rejection pheno-
types may contaminate the cellular rejection groups. Never-
theless, the observed low urinary CXCL10 levels in AMR
are externally consistent with the reported literature.” These
low CXCL10 and MMP7 levels suggest that if the TCMR
group is contaminated with mixed rejection, the overall effect
would be to dilute the findings and not inflate them. Finally,
paricalcitol inhibits both renal MMP7 expression and uri-
nary MMP7 excretion in a mouse model of adriamycin ne-
phropathy."” Our group consistently uses calcitriol, and not
paricalcitol, for the treatment of secondary hyperparathyroid-
ism. However, it is possible that calcitriol may have a similar
inhibitory effect on MMP7 expression and excretion, and this
was not controlled for in this study.

In conclusion, urinary MMP7 is elevated in renal allograft
inflammation/injury and has moderate discrimination for
subclinical rejection. MMP7 elevation likely reflects activa-
tion of the Wnt/B-catenin signalling pathway in response to
injury. Urinary MMP7 in combination with CXCL10 im-
proves the overall diagnostic performance when considering
subclinical and clinical pathologies, likely indicating that its
role in these processes is different from that of CXCL10.
Thus, MMP7 may provide additional insights regarding the
pathologic processes involved in renal injury associated with
allograft inflammation.

TABLE 2C.

IDI and NRI between models with CXCL10 + MMP7 compared to CXCL10 only model

Group Model IDI (95% Cl) DI, P NRI (95% CI) NRI, P
Normal/IFTA versus IFTA and CXCL10 + MMP7 ~ 0.05 (0.02-0.08) 0.0016 0.51(0.17-2.77) 0.006
inflammation/borderline/subclinical/clinical/GN/viral/ATN -~ CXCL10 + MMP7 > 1000  0.03 (0.01-0.06) 0.0062 0.48 (0.10-2.58) 0.01
Normal/IFTA versus IFTA and CXCL10 + MMP7  0.007 (-0.01 t0 0.03)  0.47 0.13(-0.26 t0 0.51)  0.56

inflammation/borderline/subclinical CXCL10 + MMP7 > 1000  0.02 (-0.01 t0 0.06) 0.17 0.32 (0.07-0.58) 013
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