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Rationale & Objective: Matrix metalloproteinase 2
(MMP-2) plays an important role in the develop-
ment of fibrosis, the final common pathway of
chronic kidney disease (CKD). This study aimed to
assess the relationship between repeated mea-
sures of MMP-2 and CKD progression in a large,
diverse prospective cohort.

Study Design: In a prospective cohort of Chronic
Renal Insufficiency Cohort (CRIC) participants
(N =3,827), MMP-2 was measured at baseline. In
a case-cohort design, MMP-2 was additionally
measured at year 2 in a randomly selected
subcohort and cases of estimated glomerular
filiration rate (eGFR) halving or kidney
replacement therapy (KRT) (N = 1,439).

Setting & Participants: CRIC is a multicenter
prospective cohort of adults with CKD.

Exposure: MMP-2 measured in plasma at baseline
and at year 2.

Outcomes: A composite kidney endpoint (KRT/
eGFR halving).

Analytical Approach: Weighted Cox proportional
hazards models for case-cohort participants.

Results: Participants were followed for a median of
4.6 years from year 2 and 6.9 years from the
baseline. Persistently elevated MMP-2 (2300 ng/
mL at both baseline and year 2) increased the
hazard of the composite kidney endpoint (HR,
1.61; 95% CI, 1.07-2.42; P=0.09) after
adjusting for covariates. The relationship of
persistently elevated MMP-2 was modified by
levels of inflammation, with a 2.6 times higher
rate of the composite kidney endpoint in those
with high-sensitivity C-reactive protein < 2.5 g/dL
at study entry. Heterogeneity of effect was found
with proteinuria, with a baseline MMP-2 level
of 2300 ng/mL associated with an increased risk
of the composite kidney endpoint (HR, 1.30;
95% Cl, 1.09-1.54) only with proteinuria 2 442 mg/g.

Limitations: The observational study design limits
causal interpretation.

Conclusions: Elevated MMP-2 is associated with
CKD progression, particularly among those with
low inflammation and those with proteinuria.
Future investigations are warranted to confirm the
reduction in risk of CKD progression among
these subgroups of patients with CKD.
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hronic kidney disease (CKD) is a leading cause of death
in the United States and a public health burden affecting
~ 15% of American adults." CKD is typically characterized
by progressive loss of kidney function and structural kidney
damage and is associated with high morbidity and mortality
and an increased risk of cardiovascular disease (CVD).”
Many heterogeneous disease pathways result in CKD;
however, the final common manifestation of nearly all
chronic and progressive nephropathies is kidney fibrosis.”"’
This fibrosis is perpetuated by chronic injury resulting in
unchecked fibrotic matrix deposition that results in loss of
kidney function and progression toward the need for kidney
replacement therapy (KRT).’
Matrix metalloproteinase 2 (MMP-2), or gelatinase A, is
a zinc-containing, matrix-degrading protease that regulates
key cellular events relating to fibrosis.” Normally found at
low levels in the kidney, MMP-2 is rapidly upregulated
during the progression of fibrosis.” MMP-2 has been
identified as a biomarker that is prognostic of fibrosis on
biopsy,5 and higher levels of MMP-2 have been found in
those with CKD.®” MMP-2 has also been found to be
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associated with longitudinal decline in kidney function as
measured by estimated glomerular filtration rate (eGFR) in
nondiabetic, nonproteinuric patients with coronary artery
disease and CKD'® and in prospective kidney disease
interventional studies of patients with type 2 diabetes. "'
Proteinuria is associated with increased risk of KRT and
death, and early decline in proteinuria has been found to be
associated with decreased risk of KRT or death, particularly
in those with a high baseline proteinuria.'” It has been
shown that MMPs play a role in the development of pro-
teinuric kidney diseases'’ and MMP-2 has been shown to
independently correlate with proteinuria in humans.'* In
animal models of kidney disease, including aldosterone and
sodium induced kidney damage,'” mesangial cell-mediated
forms of glomerulonephritis,'® Alport syndrome,'” and
type 1 diabetes,'® development of proteinuria or albumin-
uria was blocked or reversed through inhibition of MMP-2.
This suggests that there may be a causal relationship be-
tween MMP-2 and proteinuria in some CKD etiologies.
The objective of this study was to investigate whether
baseline or 2-year patterns of MMP-2 levels were
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PLAIN LANGUAGE SUMMARY

Matrix metalloproteinase 2 (MMP-2) is a matrix-
degrading protease involved in fibrosis and elevated in
chronic kidney disease (CKD). Longitudinal patterns of
MMP-2 have not previously been assessed as a predictor
of CKD progression in a large prospective cohort. Here,
we found that a higher baseline level and an increasing
or persistently elevated 2-year pattern of MMP-2 were
associated with CKD progression, independent of all
covariates except proteinuria. The association of base-
line MMP-2 with CKD progression differed by level of
proteinuria, whereas levels of inflammation modified
the associations of 2-year MMP-2 patterns with CKD
progression.

independently associated with CKD progression among
men and women enrolled in the Chronic Renal Insuffi-
ciency Cohort (CRIC) Study.

METHODS

Study Design and Population

From June 2003 to August 2008, 7 clinical centers across
the United States enrolled 3,939 adults with moderate to
advanced CKD in the CRIC Study. Baseline analyses used
the entire cohort with available plasma. To investigate the
2-year patterns of MMP-2 with CKD outcomes, a case-
cohort study design was used for its combination of effi-
ciency and ability to minimize bias in estimates through
inverse probability weighting of cases and a representative

subcohort.'” In this study design, a subcohort of 1,300
participants was randomly selected from the 3,939 original
CRIC participants. This subcohort, combined with cases of
the primary outcome, a composite kidney endpoint (eGFR
halving or KRT), or secondary outcome KRT, are the
populations eligible to be included in the 2-year pattern
case-cohort analyses. The subcohort alone was used to
estimate the eGFR slope. Because outcomes were assessed
in 2-year pattern analyses beginning at year 2, those who
withdrew, died, did not have a year 2 visit, or did not have
plasma available at both baseline and year 2 were
excluded, resulting in a maximum of 990 subcohort
members that were included in analyses (Fig 1). Further
study design information and baseline analysis methods
are included in Item S1: Supplementary Methods.

Primary Exposure

Plasma was available for assessment of MMP-2 for 3,827
participants at baseline. For 2-year-pattern analyses, base-
line, and year 2 ethylenediaminetetraacetic acid (EDTA)
plasma was available for assessment in 990 participants in
the randomly selected subcohort and 449 nonsubcohort
cases who initiated KRT or had eGFR halving after their
year 2 visit (analysis flow chart in Fig 1).

Two-year patterns of MMP-2 were defined as Low/Low
(MMP-2 <300 ng/mL at baseline and year 2), Low/High
(baseline < 300 ng/mL and year 2 = 300 ng/mL), High/
Low (baseline = 300 ng/mL and year 2 <300 ng/mlL),
and High/High (=300 ng/mL at both time points). The
cut point of 300 ng/mL was selected after examining the
shape of a multivariable adjusted restricted cubic spline of
baseline MMP-2 and outcome that showed an increased
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Figure 1. Baseline and 2-year change in MMP-2 analysis flow chart.
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hazard with an increasing level of MMP-2 until reaching
the median (309 ng/mL), at which point the hazard pla-
teaued. Given this nonlinear relationship, continuous 2-
year change was only assessed as a secondary outcome.”’
MMP-2 was measured using an enzyme-linked immu-
nosorbent assay (R & D Systems), run in duplicate and
averaged for each sample, at the CRIC Central Laboratory at
the University of Pennsylvania. The coefficients of varia-
tion for control samples with concentrations of 4.02 ng/
mL and 20.9 ng/mL were 9.4% and 9.7%, respectively.

Outcomes and Censoring Events

The primary CKD progression outcome was time to initiation
of KRT or eGFR halving (composite kidney endpoint). Time
to KRT and change in eGFR over time (eGFR slope) were
assessed as secondary outcomes. Outcomes were ascertained
as described in Item S1. Participant follow-up was censored at
loss to follow up, death, or the end of the follow-up period.
For baseline analyses, outcomes were assessed after study
entry for a median of 6.9 years of follow-up. For 2-year
pattern analyses, outcomes were assessed beginning at year
2 with a median of 4.6 years of follow-up.

Covariates

Covariates in a series of nested models were age, sex, race
or ethnicity (non-Hispanic White, non-Hispanic African
American with low-risk APOL1 genotype [0 or 1 copies of
APOL1 Gl and G2 risk alleles], non-Hispanic African
American with high-risk APOL1 genotype [2 copies of
APOL1 G1 and G2 risk alleles], Hispanic, and other), level
of education, eGFR, body mass index, systolic blood
pressure (SBP), current smoking, diabetes, history of CVD,
urine neutrophil gelatinase-associated lipocalin to creati-
nine ratio (NGAL/cr), serum phosphate, high-sensitivity
C-reactive protein (hsCRP), high-sensitivity Troponin T
(hsTnT), N-terminal pro-B-type natriuretic peptide
(NTproBNP), and urine protein to creatinine ratio (UPCR).

For baseline analyses, covariates were measured at
baseline. For 2-year-pattern analyses, year 2 covariate
measurements were used with the exception of UPCR and
variables not measured at year 2 (hsCRP, phosphate, hsTNT,
NTproBNP, and NGAL/cr), for which baseline measure-
ments were used. The baseline measurements of UPCR were
used to avoid potential overadjustment of MMP-2 through
the inclusion of contemporaneous measurements of an in-
termediate variable hypothesized to be on the causal
pathway to outcomes.”' Further covariate information and
data collection methods are described in Item S1.

Statistical Analysis
Summary statistics were assessed using xz, analysis of
variance, or Kruskal-Wallis, where appropriate. To reduce
the potential bias introduced by missing data, multiple
imputations were performed to replace missing covariate
values, as described in Item S1.

Cox proportional hazards models were used to model the
hazards of the composite kidney endpoint or secondary
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outcome, initiation of KRT. For case-cohort analyses assess-
ing associations of 2-year patterns of MMP-2, participants in
the randomly selected subcohort and all cases with both
baseline and year 2 MMP-2 measurements who experienced
the event of interest after their second annual visit were
included in the case-cohort analyses (composite kidney
endpoint N=1,373; KRT N=1,298). A flow chart of
participant inclusion in analyses is depicted in Fig 1. For these
case-cohort analyses, the Barlow method of weighting was
used,”” which is described further in Item SI.

A priori determined models stratified by study site were
used to assess the relationship between MMP-2 and the
composite kidney outcome, or KRT, as follows: unadjusted
(Model 1), adjusted for age, sex, race or ethnicity, educa-
tion, baseline eGFR, body mass index, SBP, current smok-
ing, history of diabetes, and CVD (Model 2), adjusted for
variables from Model 2 and urine NGAL/cr, serum phos-
phate, hsCRP, hsTNT, and NTproBNP (Model 3), and
adjusted for variables from Model 3 and UPCR (Model 4).
Covariates were included in continuous form unless other-
wise indicated with right-skewed variables (UPCR, NGAL/
cr, hsCRP, hsTNT, and NTproBNP) log transformed. The
UPCR and eGFR were modeled as restricted cubic splines
with knots placed at the 25th, 50th, and 75th percentiles.
Effect modification in Cox proportional hazards models was
explored by an a priori selected set of covariates, including
UPCR (<132.6, 132.6-441.9, or=442mg/g), age
(<or= 60 years), sex, and race or ethnicity (non-Hispanic
White or other), SBP (<or=z=120mm Hg), hsCRP
(or=2.5g/dL), and eGFR (< or =30 mL/min/1.73m?).
Multiple comparisons were controlled for in effect modifi-
cation testing using the false discovery rate.

Linear mixed effects models with random intercepts and
random slopes and an unstructured covariance structure
were used to model the change in eGFR over time (eGFR
slope). The same a priori determined covariates are used in
Cox proportional hazard. Models 1 through 4 were used in
eGFR slope models, with the difference that study site and
baseline eGFR were included as additional covariates in all
models. Two-year-change eGFR slope analyses included
only members of the randomly selected subcohort of 1,300
with both baseline and year 2 MMP-2 measurements and 1
or more eGFR measurements from their year 2 annual visit
or later (N =927). All participants with baseline MMP-2
measurements were included in the baseline eGFR slope
analyses (N = 3,827).

Statistical analyses were performed using SAS software
v9.4 (Cary). An a of .05 was used to determine the sig-
nificance. All hypothesis tests were 2-sided. Statistical an-
alyses are described in further detail in Item SI.

RESULTS

Baseline Analyses

Characteristics of the cohort participants (N =3,827) are
shown by the baseline level of MMP-2 in Table 1. The
baseline characteristics and results are described further in
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Table 1. Baseline Demographic and Clinical Characteristics of Participants According to Level of Baseline MMP-2

Characteristic Quartile 1 Quartile 2 Quartile 3 Quartile 4 Total
Range (ng/mL) 0.4-241.4 242.0-308.8 309.0-396.5 397.0-1379.0 0.4-1379.0
N 951 958 961 957 3,827 P
MMP-2, ng/mL
Median (IQR) 205.0 (179.9-222.0) 275.0 (259.0-290.2) 348.0 (327.0-369.0) 4770 (433.0-538.2) 309.0 (242.0-397.0)
Demography
Age (y), mean + SD 55.2+11.7 58.2+10.6 589+ 104 58.4+11.0 57.7+11.0 <0.001
Female sex, n (%) 465 (48.9) 422 (44.1) 431 (44.9) 407 (42.5) 1,725 (45.1) 0.04
Racial/ethnicity, n (%)
NH-White 428 (47.2) 439 (47.7) 386 (42.0) 345 (37.8) 1,598 (43.7) <0.001
NH-African American, APOL1 low-risk 274 (30.2) 276 (30.0) 301 (32.8) 295 (32.3) 1,146 (31.3)
NH-African American APOL1 high-risk 74 (8.2) 76 (8.3) 61 (6.6) 65 (7.1) 276 (7.5)
Hispanic 88 (9.7) 94 (10.2) 136 (14.8) 170 (18.6) 488 (13.3)
Other 43 (4.7) 36 (3.9) 35 (3.8) 39 (4.3) 153 (4.2)
Education level, n (%)
Less than high school 135 (14.2) 193 (20.2) 214 (22.8) 260 (27.2) 802 (21.0) <0.001
High school graduate 179 (18.8) 180 (18.8) 186 (19.4) 177 (18.5) 722 (18.9)
Some college 292 (30.7) 287 (30.0) 251 (26.1) 276 (28.8) 1,106 (28.9)
College graduate or higher 344 (36.2) 298 (31.1) 310 (32.3) 244 (25.5) 1,196 (31.3)
Anthropometry
BMI, kg/m?
Mean + SD 32.1+73 320+ 74 32.1£8.0 32.3+85 32.1+78 0.88
Blood pressure
Systolic, mmHg
Mean £ SD 122.2+18.6 125.8 £ 20.9 130.6 £ 22.2 135.6 + 24.4 128.6 + 22.2 <0.001
Medical history, n (%)
Diabetes 303 (31.9) 393 (41.0) 510 (53.1) 655 (68.4) 1,861 (48.6) <0.001
Current smoker 157 (16.5) 120 (12.5) 114 (11.9) 102 (10.7) 493 (12.9) 0.001
History of CVD 222 (28.3) 312 (32.6) 339 (35.3) 404 (42.2) 1,277 (33.4) <0.001
Kidney function measure
eGFR, mL/min/1.73m?
Mean + SD 50.1£185 45.8+16.0 440+ 16.0 395+ 14.6 448+ 16.8 <0.001
Kidney injury markers
UPCR, mg/g
Median (IQR) 93.7 (46.9-324.4) 124.6 (52.2-483.5) 165.3 (61.9-907.0) 393.4 (84.9-2167.6) 152.9 (57.5-777.0) <0.001
NGAL/Cr, ng/mg
Median (IQR) 19.2 (8.7-47.9) 20.1 (8.7-49.1) 28.7 (10.1-60.7) 33.1 (12.2-96.5) 23.4 (9.8-61.0) <0.001
Metabolic marker
Phosphate, mg/dL
(Continued)
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IQR, interquartile range; MMP-2, matrix metalloproteinase-2; NGAL, neutrophil gelatinase-associated lipocalin; NH, non-Hispanic; NTproBNP, N-terminal pro-B-type natriuretic peptide; SD, standard deviation; UPCR, urine

protein to creatinine ratio; yr, year.

Item S2: Supplementary Results. Crude incidence by
quartile is shown in Table S1.

In adjusted analyses, baseline MMP-2 was found to be
independent of all covariates except proteinuria (Table 2).
Proteinuria was found to be a significant effect modifier,
with elevated MMP-2 levels (=300 ng/mlL) related to
increased hazard of the composite kidney endpoint (HR,
1.30; 95% CI, 1.09-1.54) only in those with
UPCR = 442 mg/g (Fig 2). A similar relationship was found
with KRT (Table S2 and Fig S1). In models including base-
line MMP-2 as a restricted cubic spline without adjustment
for UPCR or only including those with UPCR = 442 mg/g, a
plateauing of hazard was found, in which the hazard of time-
to-event CKD outcomes increased until median levels of
MMP-2 (309 ng/mlL), at which point the hazard did not
increase further (Fig S2). This plateauing of hazards
informed the decision to investigate 2-year patterns of
MMP-2 as above or below 300 ng/mL.

Two-year Change Analyses

Two-year change analyses were performed, including a cat-
egorical predictor indicating whether participants had above
or below 300 ng/mL MMP-2 at baseline or at year 2. The
baseline characteristics of the 1,439 participants included in
the 2-year primary or secondary analyses are shown in Table
3 and described further in Item S2. The crude rates of out-
comes for the subcohort are shown in Table S3.

Compared with those in the Low/Low MMP-2 group
and after adjustment for Model 3 covariates, the Low/High
MMP-2 two-year pattern is associated with over one and a
half-fold rates of the composite kidney endpoint (HR,
1.65; 95% CI, 1.09-2.50) and the High/High 2-year
pattern is associated with nearly 2-fold rates of the com-
posite kidney endpoint (HR, 1.86; 95% CI, 1.26-2.75;
Table 4). With adjustment for baseline UPCR in Model 4,
the hazard ratio for High/High 2-year pattern was still
significantly different from the Low/Low pattern (HR,
1.61; 95% CI, 1.07-2.42) though the overall type 3 P value
testing for differences between all levels of the variable was
marginally nonsignificant at P = 0.09.

Adjusted for Model 4 covariates, a significant interac-
tion was detected by level of inflammation, with those
with hsCRP < 2.5 mg/L having over two and a half times
the rates of the composite kidney endpoint (HR, 2.60;
95% CI, 1.40-4.82) with the High/High 2-year pattern
compared with those with the Low/Low pattern, whereas
those with hsCRP = 2.5 mg/L did not have a significantly
elevated hazard (HR, 1.18; 95% CI, 0.63-2.21; Fig 3).

Two-year patterns in MMP-2 were also tested for as-
sociations with secondary outcomes, initiation of KRT, and
change in the eGFR over time (eGFR slope), described
further in Item S2. Associations with these outcomes were
similar to those with the composite kidney outcome, with
the highest associations found in those with persistently
elevated MMP-2 and significant effect modification with
low inflammation at the initiation of XRT (Tables S3 and
S4 and Fig S3).
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Table 2. Hazard Ratios of the Composite Kidney Endpoint by Quartile of Baseline MMP-2

Model 1 Model 2 Model 3 Model 4
HR (95% CI) P HR (95% CI) P HR (95% CI) P HR (95% CI) P
Composite kidney endpoint (KRT/eGFR halving)
Quartile 1 (Reference) <0.001 (Reference) <.001 (Reference) 0.007 (Reference) 0.41
Quartile 2 1.26 (1.04-1.51) 1.23 (1.01-1.48) 1.19 (0.98-1.45) 1.11 (0.92-1.35)
Quartile 3 1.69 (1.41-2.02) 1.39 (1.15-1.67) 1.31 (1.08-1.58) 1.18 (0.97-1.43)
Quartile 4 2.67 (2.25-3.16) 1.66 (1.39-1.99) 1.38 (1.14-1.67) 1.13 (0.93-1.37)

Model 1: Unadjusted. All Cox proportional hazard models were stratified by study site.

Model 2: Adjusted for age, sex, race/ethnicity, level of education, eGFR, body mass index, systolic blood pressure, current smoking, diabetes, and history of car-
diovascular disease.

Model 3: Adjusted for variables from Model 2 and urine neutrophil gelatinase-associated lipocalin to creatinine ratio, serum phosphate, high-sensitivity C-reactive
protein, high-sensitivity Troponin T, and N-terminal pro-B-type natriuretic peptide.

Model 4: Adjusted for variables from Model 3 and urine protein to creatinine ratio.

Results are pooled from 20 imputed datasets and shown by quartile of MMP-2 (ranges, ng/mL: Quartile 1 [0.4-241.4]; Quartile 2 [242.0-308.8]; Quartile 3 [309.0-
396.5]; Quartile 4 [397.0-1379.0]. Analyses included 3,827 participants with 1,192 composite kidney endpoint events.

Abbreviations: Cl, confidence interval; eGFR, estimated glomerular filtration rate; HR, hazard ratio; KRT, kidney replacement therapy; MMP-2, matrix metalloproteinase-
2; SE, standard error.

Change in the MMP-2 from baseline to year 2 was also  kidney endpoint was found with 1 standard deviation
explored as a continuous predictor and is characterized in (136 ng/mL) increase in MMP-2 from baseline to year 2
Table S5. A significant increase in hazard of the composite ~with adjustment for baseline MMP-2 and all covariates

Baseline MMP-2: Composite Kidney Endpoint
MMP-2 2300 ng/mL Interaction

Subgroup Events/N Hazard Ratio HR (95% CI) FDR q value
Overall 1192/3827 I—F—| 1.05 (0.92, 1.20) -
UPCR (mg/g) 0.005
<132.6 146/1739 —a—— 0.85 (0.60, 1.20)
1132.6-441.9 204/742 - 0.78 (0.58, 1.05)
2442 775/1187 \—=——  1.30(1.09,1.54)
Age (years) :
<60 689/1915 [ — 1.09 (0.91, 1.29) 0.55
260 503/1912 1.00 (0.81, 1.23)
Sex i
Male 698/2102 1.04 (0.88, 1.24) 0.67
Female 494/1725 - 1.11 (0.90, 1.37)
Race :
NH White 326/1598 — - 0.95 (0.75, 1.21) 0.28
Other 806/2063 H+--— 1.12 (0.95, 1.31)
Diabetes :
No 419/1966 —t— 1.06 (0.87, 1.30) 0.9
Yes 773/1861 - 1.06 (0.89, 1.26)
SBP (mmHg) ;
<130 277/1450 — 1.08 (0.88, 1.33) 0.88
2130 914/2376 - 1.08 (0.91, 1.29)
]
hsCRP (g/dL) ;
<25 583/1877 1.01(0.83, 1.23) 0.68
225 609/1949 - 1.08 (0.90, 1.29)
eGFR (ml/min/1.73m?) :
<30 482/781 -——=—  1.25(1.00, 1.56) 0.1
230 71013046 - | 099(084,1.17)

i
N -
(&)

0.5 0.75 1 1.5

Figure 2. Effect modification of elevated baseline MMP-2 on the composite kidney endpoint Heterogeneity of the effect of elevated
matrix metalloproteinase-2 (MMP-2; 2300 ng/mL) on the composite kidney endpoint of initiation of kidney replacement therapy (KRT)
and estimated glomerular filtration rate (€GFR) halving across subgroups was tested through inclusion of interaction terms. Models
were stratified by study site and adjusted for Model 4 covariates: age, sex, race or ethnicity, level of education, eGFR, body mass index,
systolic blood pressure (SBP), current smoking, diabetes, history of cardiovascular disease, urine neutrophil gelatinase-associated lip-
ocalin to creatinine ratio, serum phosphate, high-sensitivity C-reactive protein (hsCRP), high-sensitivity Troponin T, and N-terminal pro-B-
type natriuretic peptide, and urine protein to creatinine ratio (UPCR). The UPCR, age, race or ethnicity, SBP, hsCRP, eGFR, and base-
line MMP-2 were categorized as shown for effect modification testing and included as main effects and interactions with all model vari-
ables. A false discovery rate correction (FDR q value) was used to correct for multiple comparisons using the P values from the
interaction term between elevated MMP-2 and the indicated subgroup variables. Results are pooled estimates of 20 imputed datasets.
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Table 3. Baseline Demographic and Clinical Characteristics of Participants According to Level of Baseline and Year 2 MMP-2

MMP-2 ( Baseline: Low Baseline: Low Baseline: High Baseline: High
-2 (ng/mL)
Low <300, High (=300) Year 2: Low Year 2: High Year 2: Low Year 2: High Total
N 322 307 187 623 1,439 P
MMP-2 at baseline, ng/mL
Median (IQR) 230.5 (193.0-266.0)  250.0 (215.0-275.8) 371.0 (333.0-436.0)  409.0 (349.1-493.0) 322.0 (252.0-416.0)
MMP-2 at year 2, ng/mL
Median (IQR) 2445 (218.0-274.0) 385.0 (338.0-443.0) 250.0 (228.0-275.0) 4270 (361.0-514.0) 3470 (270.0-442.0)
MMP-2 A, ng/mL
Mean £ SD 13.8 £58.9 159.9+91.2 -146.1 £ 90.7 13.6 £ 1271 24,1 £+ 1355
Demography
Age (y), mean + SD 565+ 11.3 572+11.0 56.8+11.8 58.4+10.3 573+ 10.9 0.001
Female sex, n (%) 158 (49.1) 122 (39.7) 082 (43.9) 260 (41.7) 622 (43.2) 0.09
Racial/ethnicity, n (%)
NH-White 145 (46.6) 133 (44.9) 081 (44.0) 202 (33.9) 0561 (40.5) <0.001
NH-African American, APOL1 low-risk 087 (28.0) 096 (32.4) 054 (29.3) 210 (35.3) 0447 (32.3)
NH-African American, APOL1 high-risk 030 (9.6) 025 (8.4) 018 (9.8) 044 (7.4) 0117 (8.4)
Hispanic 027 (8.7) 034 (11.5) 023 (12.5) 109 (18.3) 0193 (13.9)
Other 022 (7.1) 008 (2.7) 008 (4.3) 030 (5.0) 0068 (4.9)
Education level, n (%)
Less than high school 040 (12.5) 059 (19.2) 036 (19.3) 162 (26.0) 0297 (20.7) <0.001
High school graduate 058 (18.1) 058 (18.9) 033 (17.6) 112 (18.0) 0261 (18.2)
Some college 096 (29.9) 089 (29.0) 053 (28.3) 171 (27.4) 0409 (28.4)
College graduate higher 127 (39.6) 101 (32.9) 065 (34.8) 178 (28.6) 0471 (32.8)
Anthropometry
BMI, kg/m?
Mean + SD 32.1+72 32.1+76 31.5+75 32.5+8.2 32.2+78 0.45
Blood pressure
Systolic, mm Hg
Mean £ SD 122.2+18.6 1274 £ 194 126.0 £ 21.6 136.3 £ 23.9 129.9+ 223 <0.001
Medical history, n (%)
Diabetes 112 (34.8) 140 (45.6) 085 (45.5) 422 (67.7) 0759 (52.7) <0.001
Current smoker 046 (14.3) 034 (11.1) 025 (13.4) 066 (10.6) 0171 (11.9) 0.34
History of CVD 086 (26.7) 108 (35.2) 055 (29.4) 242 (38.8) 0491 (34.1) 0.001
Kidney function measure
eGFR, mL/min/1.73m?
Mean + SD 48.2+ 178 43.0+15.4 46.1 £ 176 39.3+13.6 43.0+15.9 <0.001
Kidney injury markers
UPCR, mg/g
Median (IQR) 118.5 (53.0-445.5) 243.1 (57.5-978.6) 253.7 (64.5-905.2) 480.0 (105.2-2135.7) 2679 (68.1-1186.3) <0.001
(Continued)
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except UPCR, which attenuated the effect enough to
become marginally nonsignificant (Table S6; HR, 1.17;
95% CI, 0.98-1.40). KRT followed a similar pattern to the
composite kidney endpoint, but the eGFR slope was not
associated with a continuous 2-year change in MMP-2 after
adjusting for baseline eGFR (Table S6).

<0.001
<0.001
<0.001
<0.001
<0.001

DISCUSSION

In this large, well-characterized, and diverse prospective
cohort of adults with CKD, we report associations between
baseline and persistent (2-year) elevation of MMP-
2=300ng/mL with an increase in the hazard of the
composite kidney endpoint and KRT, independent of key
demographic, kidney function, medical history, anthro-
pometric, and inflammation covariates, with the exception
of proteinuria. Proteinuria significantly modified the effect
of elevated MMP-2 (=300 ng/mL), with an increased risk
of the composite kidney endpoint and KRT found only in
participants with UPCR = 442 mg/g. Effects of persistent
elevation were significantly modified by level of inflam-
mation, with a 2.6-fold higher rate of both CKD pro-
gression outcomes in those with a high-sensitivity C-
reactive protein of <2.5 g/dL at study entry. We report
associations between a single measurement of MMP-2 with
CKD progression, independent of all tested covariates
except proteinuria.

Potential reasons for the increased hazard of outcomes
with a 2-year pattern of elevated MMP-2 among those with
a C-reactive protein of <2.5g/dL at study entry are
manyfold and would require a complex analysis approach
that is beyond the scope of this observational study. First,
the relationship between MMP-2 and inflammation is
complex. MMP-2 has previously been found to positively
correlate with CRP in those with angina’”*** and coronary
artery disease.”” However, CRP has not been found to have
a substantive correlation with MMP-2 in multiple studies
in the setting of CKD,”*?” including this one (Spearman
p =—0.1). A potential cause of the association or lack
thereof between MMP-2 and CRP among different pop-
ulations could be that MMP-2 synthesis can be regulated
by different factors such as proinflammatory cytokines or
oxidative stress, which has previously been shown in
multiple disease settings, including CKD.”*”' Medication
usage could potentially affect inflammation or MMP-2
expression. A recent publication by Kopanko et al,’’
found differential expression of MMP-2 and inflamma-
tory biomarkers and the relationship between those
markers in subgroups with different medication usage;
B-blocker usage was associated with lower MMP-2 and
inflammation markers interleukin 6 (IL-6) and tumor
necrosis factor-a, whereas calcium channel antagonists
were associated with higher levels of these factors. In the
group not using B-blockers, variations in MMP-2 levels
were associated with the oxidative stress marker Cu/Zn
superoxide dismutase (Cu/Zn SOD) and CKD etiology,
neither of which are available in the CRIC cohort. In

Total

1,439

25.4 (10.2-67.0)
3.7+0.7

2.4 (1.0-5.6)

12.9 (6.3-26.4)
173.5 (71.7-430.8)

Baseline: High
Year 2: High

32.7 (12.0-88.8)
19.5 (9.9-37.5)
264.2 (120.4-597.4)

623
2.0 (0.8-4.9)

3.8+0.7

Baseline: High

Year 2: Low

20.7 (10.2-53.6)
0 (0.9-5.0)

10.2 (5.1-17.9)

157.9 (62.2-376.7)

187
3.7+0.6

Baseline: Low
Year 2: High

19.5 (9.0-56.5)
12.5 (5.9-22.6)
139.1 (64.4-334.7)

307
2.7 (1.1-6.2)

3.7+0.7

Baseline: Low
Year 2: Low

22.4 (8.3-54.2)
85.6 (43.4-206.3)

322
8.0 (4.1-15.1)

3.0 (1.3-7.2)

3.6+0.6
IQR, interquartile range; MMP-2, matrix metalloproteinase-2; MMP-2 A, Change in MMP-2 from baseline to year 2; NGAL, neutrophil gelatinase-associated lipocalin; NH, non-Hispanic; NTproBNP, N-terminal pro-B-type

Abbreviations: BMI, body mass index; Cl, confidence interval; Cr, creatinine; CVD, cardiovascular disease; eGFR, estimated glomerular filtration rate; hsCRP, high-sensitivity C-reactive protein; hsTNT, high-sensitivity Troponin T;
natriuretic peptide; SD, standard deviation; UPCR, urine protein to creatinine ratio; yr, year.

Note: Sl conversion: To convert serum phosphate to mmol/L, multiply by 0.323.

Table 3 (Cont'd). Baseline Demographic and Clinical Characteristics of Participants According to Level of Baseline and Year 2 MMP-2

MMP-2 (ng/mL)

Low <300, High (=300)
NGAL/Cr, ng/mg
Median (IQR)
Metabolic Marker
Phosphate, mg/dL
Mean + SD
Inflammatory marker
hsCRP, mg/L

Median (IQR)
Cardiovascular risk markers
hsTNT, pg/mL

Median (IQR)
NTproBNP, pg/mL
Median (IQR)
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Table 4. Hazard Ratios of the Composite Kidney Endpoint by MMP-2 Baseline and Year 2 Levels

MMP-2 (ng/mL)

Low <300,
High 2300 Model 1 Model 2 Model 3 Model 4
Baseline Year 2 HR (95% CI) P HR (95% CI) P HR (95% CI) P HR (95% CI) P
Composite kidney endpoint (KRT/eGFR halving)
Low Low (Reference) <0.001 (Reference) 0.004 (Reference) 0.01 (Reference) 0.09
High Low 1.34 (0.93-1.93) 1.45 (0.90-2.35) 1.37 (0.84-2.25) 1.10 (0.65-1.86)
Low High 2.11 (1.565-2.90) 1.71 (1.13-2.60) 1.65 (1.09-2.50) 1.34 (0.87-2.06)
High High 3.12 (2.38-4.10) 1.94 (1.34-2.82) 1.86 (1.26-2.75) 1.61 (1.07-2.42)

Model 1: Unadjusted. All models were stratified by study site.

Model 2: Adjusted for age, sex, race/ethnicity, level of education, eGFR, body mass index, systolic blood pressure, current smoking, diabetes, and history of car-

diovascular disease.

Model 3: Adjusted for variables from Model 2 and urine neutrophil gelatinase-associated lipocalin to creatinine ratio, serum phosphate, high-sensitivity C-reactive

protein, high-sensitivity Troponin T, and N-terminal pro-B-type natriuretic peptide.
Model 4: Adjusted for variables from Model 3 and urine protein to creatinine ratio.

Results are pooled from 30 imputed datasets and included 1,373 subcohort members and incident cases after year 2 with 663 events.
Abbreviations: Cl, confidence interval; eGFR, estimated glomerular filtration rate; HR, hazard ratio; KRT, kidney replacement therapy; MMP-2, matrix metalloproteinase-

2; SE, standard error.

addition, though inflammation can be elevated at various
stages of CKD progression and vary depending on the
underlying cause, it can be particularly pronounced in the
early stages of kidney fibrosis when injury triggers an in-
flammatory response in the injured cells and inflammatory
cells in the kidney, which can in turn promote the activity
and expression of MMP-2 and the development of renal
interstitial fibrosis.”” It is possible that for some partici-
pants, the co-occurrence of elevated CRP and MMP-2 was a
result of early stages of fibrosis and thus less likely to be
associated with the hazard of outcomes during the follow-
up period of this study. Last, MMP-2 is involved in mul-
tiple mechanistic pathways of multiple diseases, with some
resulting in kidney damage and others in vascular dam-
age.'” There is the potential that for some participants, co-
elevation of CRP and MMP-2 was caused by a comorbid
condition rather than kidney fibrosis. These complex re-
lationships between inflammation and MMP-2 warrant
further mechanistic studies to fully elucidate the relation-
ship between inflammation and MMP-2 within specific
CKD etiologies and subpopulations.

MMP-2 has also been shown to have an increasing trend
with increasing CKD sta\ges;34 however, we did not find
effect modification by eGFR, suggesting the interaction
between MMP-2 and proteinuria cannot fully be explained
by CKD stage. MMP-2 has previously been found to not be
associated with eGFR decline in a general nondiabetic
population.”” Of the outcomes assessed in our study, the
association of MMP-2 with eGFR slope, ie, rate of eGFR
decline, was the weakest.

MMPs, including MMP-2, effect CKD and CVD through
multiple pathophysiological mechanisms'” and are involved
in healthy vascular remodeling and acute kidney injury
repair, and inappropriate vascular remodeling and kidney
fibrosis.”**” Dimas et al’® suggested an approach of consid-
ering MMPs as beneficial regarding angiogenesis before the
development of proteinuria and harmful after the early stages
of atherosclerosis, nephritis, and glomerular basement
membrane structural defects. Although potentially useful,
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this approach does not explain 2 previous prospective cohort
studies finding MMP-2 to be an independent predictor of
CKD progression in specific nonproteinuric or combined
proteinuric and nonproteinuric subpopulations, in which
cohorts were limited to those without diabetes with coronary
artery disease'? or those with diabetes, "’ respectively. Pro-
teinuria is considered a marker of systemic vascular damage '’
and also occurs consistently with diabetic kidney disease.” A
possible explanation of these seemingly inconsistent findings
with our study and previous reports may be that these high-
risk or “pro-proteinuric” populations have already traversed a
threshold of disease progression after which increased MMP-
2 expression is more likely to be due to upregulation of MMP-
2 during the progression of fibrosis than to angiogenesis.
Reductions in proteinuria, especially in those with high
baseline proteinuria, have previously been associated with
a decreased risk of KRT or death.'” In multiple animal
models of kidney disease, development of proteinuria or
albuminuria was blocked or reversed through inhibition of
MMP-2,"*"® which has previously suggested MMP-2
could be a potential target for intervention in specific
proteinuric CKDs. Here, we show participants that reduced
their MMP-2 levels from above 300 ng/mL at baseline to
below 300 ng/mL at year 2 had a similar risk of kidney
endpoints as those with persistently low levels after 7 years
of follow-up, which lends further support for MMP-2 as a
potential promising target for intervention in established
CKD. Specific and broad spectrum synthetic MMP in-
hibitors and inhibitory antibodies have been developed
and used in animal models."”*” Renin-angiotensin-
aldosterone system inhibitors, which have been shown
to reduce the risk of CKD progression and to reduce pro-
teinuria,”” have been shown to inhibit MMP gelatinases. "'
Strengths of this study include the large size and di-
versity of the CRIC cohort, with follow-up for as long as
9.8 years from the baseline. Inclusion of covariates
informed by previous research reduces the likelihood of
unmeasured confounders. Effect modification testing
elucidated the relationship between single measurements
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Two-year patterns of MMP-2: Composite Kidney Endpoint

High/High vs Low/Low Interaction
Subgroup Events/N HR (95% CI) HR (95% Cl) FDR q value
Overall 663/1373 —— 1.61 (1.07, 2.42) -
1
UPCR (mg/g) :
<£)26.6 o 99/522800 -, o.gg (o.ge, (13.20) 0.08
132.6-441. 131/ - = > 2.99 (1.30, 6.89)

2442 409/519 — 1.61 (0.84, 3.08)
Ag%c()years) 302/562 : 1.82 (1.00,3.35) 0.79
< —=—————— ) .00,3. .

260 361/811 H—— 1.64 (0.91, 2.96)
"
Sex 1
Male 386/777 —— 2.42 (1.32, 4.46) 0.06
Female 277/596 —— 1.28 (0.68, 2.39)
‘
Race 1
NHWhite 199/553 . 2.08 (1.06, 4.07) 0.82
Other 428/770 —— 1.55 (0.89, 2.68)
Diabetes .
No 249/620 ——— 0.93 (0.46, 1.87) 0.15
Yes 414/753 — 2.36 (1.30, 4.28)
SBP (mmHg) i
<130 278/758 —a 1.92 (1.10, 3.33) 0.51
2130 380/608 ——— 1.84 (0.86, 3.95)
hsCRP (g/dL) '
<25 328/711 ' = > 2.60 (1.40, 4.82) <.001
>2.5 335/662 [ - 1.18 (0.63, 2.21)
eGFR (ml/min/1.73m?2) '
<30 403/500 — 1.55 (0.81, 2.98) 0.78
>30 2600873 _ l: & _ 200(1.19,3.36)

005115225335445

Figure 3. Effect modification of baseline and year 2 levels of MMP-2 on the composite kidney endpoint. Heterogeneity of the effect of
high Matrix metalloproteinase-2 levels (MMP-2; 2300 ng/mL) at baseline or year 2 on a composite kidney endpoint of initiation of kidney
replacement therapy (KRT) and estimated glomerular filiration rate (¢€GFR) halving across subgroups was tested through inclusion of
interaction terms. Hazard ratios (HRs) are shown for participants with high MMP-2 levels at both baseline and year 2 (High/High) in
comparison to participants with low levels of MMP-2 at both baseline and year 2 (Low/Low). A false discovery rate correction (FDR
q value) was used to correct for multiple comparisons using the overall P values from the interaction term between the MMP-2
two-year pattern (4-level variable) and indicated subgroup variables. All models were stratified by study site and adjusted for Model
4 covariates: age, sex, race or ethnicity, level of education, eGFR, body mass index, systolic blood pressure (SBP), current smoking,
diabetes, history of cardiovascular disease, urine neutrophil gelatinase-associated lipocalin to creatinine ratio, serum phosphate, high-
sensitivity C-reactive protein (hsCRP), high-sensitivity Troponin T, N-terminal pro-B-type natriuretic peptide, and urine protein to creat-
inine ratio (UPCR). The UPCR, age, race or ethnicity, SBP, hsCRP, and eGFR were categorized as shown for effect modification
testing and included as main effects and interactions with all model variables. Results are pooled estimates of 30 imputed datasets.
Participants included in above models were members of the subcohort and cases that experienced the event of interest after year 2.

of MMP-2 and proteinuria and 2-year patterns of MMP-2
and hsCRP. Multiple imputations of missing data (Table
S7) reduced the potential bias in estimates and preserved
sample size and statistical power. This study is the first to
report associations between MMP-2 and CKD progression
within a large prospective cohort containing a diverse CKD
population or to report the relationship between 2-year
patterns in MMP-2 and CKD outcomes, which were
confirmed in sensitivity competing risk analyses (Table
S8). This is also the first to report a higher risk associ-
ated with persistent elevation of MMP-2 in those with

10

lower levels of inflammation. To our knowledge, the
observation that a single measurement of MMP-2 is pre-
dictive of CKD progression in those with proteinuric CKD
has not been reported elsewhere.

There are several limitations of this study. A major
limitation is that we are unable to differentiate whether
increased hazard with elevated MMP-2 is a direct effect of
circulating MMP-2 in the kidney or whether the leakage of
kidney-derived MMP-2 is largely responsible for the in-
crease in MMP-2 levels that is associated with CKD pro-
gression. The CRIC Study population is not entirely
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representative of all patients with CKD in the United States,
and it is possible that important covariates have not been
considered.

Single elevated measurements of MMP-2 are associated
with CKD progression in those with proteinuria. Persis-
tently elevated MMP-2 over 2 years above 300 ng/mL is
associated with CKD progression, with a 2.6-fold higher
rate of the composite kidney outcome in those with C-
reactive protein <2.5 g/dL at study entry. Future in-
vestigations should confirm if elevation of the fibrosis
marker MMP-2 relates to an increased risk of CKD pro-
gression among these subgroups of patients with CKD.
Further mechanistic studies identifying MMP-2’s role in
specific proteinuric CKD pathways are warranted.
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