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Abstract

Diabetic kidney disease (DKD) and its major clinical manifestation, progressive renal decline that
leads to end-stage renal disease (ESRD), are a major health burden for individuals with diabetes.
The disease process that underlies progressive renal decline comprises factors and pathways that
increase risk of this outcome as well as factors and pathways that protect against progressive
renal decline. Using an untargeted proteomic profiling of circulating proteins from patients in two
independent cohorts with Type 1 and Type 2 diabetes and varying stages of DKD followed for
7-15 years, we identified 3 elevated plasma proteins, fibroblast growth factor 20 (OR=0.69; 95%
ClI: 0.54-0.88), angiopoietin-1 (OR=0.72; 95% CI: 0.57-0.91) and tumor necrosis factor ligand
superfamily member 12 (OR=0.75; 95% CI: 0.59-0.95), that were combined effect of these 3
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protective proteins was demonstrated by very low cumulative risk of ESRD in those who had
baseline concentrations above median for all 3 proteins, whereas the cumulative risk of ESRD was
high in those with concentrations below median for these proteins at the beginning of follow-up.
This protective effect was shown to be independent from circulating inflammatory proteins and
clinical covariates and was confirmed in a third cohort of diabetic individuals with normal renal
function. These three protective proteins may serve as biomarkers to stratify diabetic individuals
according to risk of progression to ESRD, and might also be investigated as potential therapeutics
to delay or prevent the onset of ESRD.

One Sentence Summary:

Global proteomics profiling identified FGF20, TNFSF12 and ANGPT1 as protective against
progression of renal function decline in those with diabetes

Introduction

Over the last several decades, considerable research efforts have been directed toward
understanding the mechanisms of diabetic kidney disease (DKD) in humans with type 1
diabetes (T1D) as well as in type 2 diabetes (T2D). In that research, the major focus

was on factors and markers that were associated with high risk of the development of
various manifestations of DKD (1-6). Recent attention has focused on the search for
factors and biomarkers associated with protection against DKD. It has been postulated that
individuals who remained without late complications despite long duration of diabetes,
so-called survivors with long diabetes duration, could be enriched for such protective
factors/biomarkers. This approach has already provided findings that resulted not only in
the development of a new hypothesis about DKD, but also in the identification of pyruvate
kinase M2 (PKMZ2) as a new therapeutic target to prevent DKD (7).

For individuals with diabetes, the risk of end-stage renal disease (ESRD) remains relatively
high despite improvements in glycemic control and advances in reno-protective therapies
over the last 20 years for the prevention and treatment of DKD (8, 9). Findings from our
Joslin Kidney Study, a longitudinal study of more than 3,500 individuals with diabetes,
demonstrated that progressive renal decline is the major clinical manifestation of DKD that
underlies progression to ESRD (10-13). The onset of progressive renal decline begins when
patients have normal renal function and it progresses almost linearly to ESRD, although

the rate of decline expressed as the slope of the estimated glomerular filtration rate (eGFR)
varies tremendously among those individuals ranging from =72 to 3.0 ml/min/year (11,

13). By analogy to studies of long diabetes duration survivors, it is reasonable to postulate
those individuals with impaired renal function but slow or minimal renal decline might have
been enriched for protective factors/biomarkers against progressive renal decline and the
development of ESRD.

In this study, we searched for such protective factors/biomarkers in two 7-15-year follow-up
studies of individuals with T1D and T2D and moderately impaired renal function. We
measured concentrations of 1,129 plasma proteins at baseline using an aptamer-based
SOMAscan proteomic platform that uses single-stranded DNA aptamers (14, 15). We
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studied baseline plasma proteins that were elevated in those with slow or minimal renal
decline and considered them as candidate protective factors/markers against progressive
renal decline and progression to ESRD. The findings were validated in a cohort of T1D
patients with normal renal function who were at high risk of progressive renal decline and
progression to ESRD.

Characteristics of the exploratory and replication cohorts

Our study included individuals participating in the ongoing Joslin Kidney Study. Two
independent cohorts of individuals with diabetes and impaired renal function (chronic
kidney disease (CKD) Stage 3) were assembled; an exploratory Joslin cohort of 214
individuals with T1D and a replication Joslin cohort of 144 individuals with T2D. These
cohorts were followed for 7-15 years to determine eGFR slope and ascertain time of onset
of ESRD. The clinical characteristics of these cohorts are shown in Table 1. All study
participants included in the Joslin T1D cohort and 92% of study participants in the T2D
cohort were Caucasian. At baseline, in comparison with individuals with T1D, those with
T2D were older, had shorter duration of diabetes, higher body mass index (BMI), lower
hemoglobin Alc (HbAlc) and lower urinary albumin to creatinine ratio (ACR) but similarly
impaired eGFR.

During 7-15 years of follow-up, the majority of participants in both cohorts had progressive
renal decline. However, eGFR slopes varied greatly among individuals, with slopes being
slightly steeper in individuals with T1D than in those with T2D. Figure 1 shows the
distribution of eGFR slopes in the Joslin cohorts with T1D and T2D. The number of slow
decliners (referred to as non-progressors) defined as eGFR loss < 3.0 ml/min/year was

71 (33%) and 69 (48%) in the T1D exploratory and T2D replication cohorts, respectively
(Table 1). These non-progressors had very shallow eGFR slopes, with the median (25t, 75t
percentile) being —1.6 ml/min/year (-2.3, =1.0) and —0.9 ml/min/year (-2.0, 0.4) in T1D
and T2D cohorts, respectively. None of these individuals progressed to ESRD during the
7-15 years of follow-up. In contrast, a large proportion (61% of combined cohorts) of fast
decliners defined as eGFR loss = 3.0 ml/min/year or progression to ESRD within 10 years of
follow-up (referred to as progressors) (Table 1).

Profiling plasma proteins that protect against progressive renal decline

The SOMAscan proteomic platform was used to measure 1,129 plasma proteins (table S1).
These plasma proteins were examined for elevated concentrations in non-progressors at
baseline. The schematic representation of this study is outlined in Figure 2. In the Joslin
exploratory T1D cohort, baseline plasma concentrations of 73 proteins were positively
correlated with eGFR slope at a false discovery rate (FDR) adjusted A<0.005 (table S2),
therefore, elevated baseline concentrations of these proteins were associated with slow or
minimal renal decline during follow-up. These proteins were considered candidate protective
factors/biomarkers against progressive renal decline. Proteins that were negatively correlated
with eGFR slope might be considered candidate factors/biomarkers increasing the risk of
progressive renal decline and progression to ESRD, however, they are the subject of other
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studies. We have recently published in a separate study the association of 194 inflammatory
circulating proteins with the risk of progression to ESRD in these two Joslin cohorts using
the same SOMAscan proteomic platform (5).

The 73 plasma proteins positively correlated with eGFR slope in patients with T1D were
analyzed further in the replication cohort of patients with T2D. Eighteen proteins were
found positively correlated with eGFR slope at a nominal A<0.05 (table S2). Elevated
concentrations of PKM2 in kidney tissue and in plasma were recently demonstrated as

a new biomarker and potential therapeutic target protecting against DKD in individuals
with long duration of T1D (7). To determine whether this protein may be also involved

in protection against progressive renal decline in individuals with impaired renal function,
we included PKM2, along the 18 candidate proteins, in further analyses despite a weak
correlation with eGFR slope in those with T2D. The names of the 19 plasma proteins,
correlation coefficients and AP-values for each positively correlated protein with eGFR slope
in the T1D and T2D cohorts, respectively, are presented in Figure 3A. Correlations were
generally slightly weaker in those with T2D, but all proteins were correlated positively with
eGFR slope.

Multivariable logistic analysis of plasma proteins protecting against progressive renal

decline

As both Joslin cohorts had impaired renal function (CKD Stage 3) at baseline and had
homogenous strength of association with eGFR slope, the SOMAscan results from both
cohorts were combined. The association of baseline plasma concentrations of each of the

19 proteins and the rate of progressive renal decline were analyzed using logistic regression
analysis. Participants from the combined Joslin cohorts were grouped into those with (i) fast
renal decline (eGFR loss = 3.0 ml/min/year) or progression to ESRD; or (ii) slow or minimal
renal decline (eGFR loss < 3.0 ml/min/year). To assess statistical independence of protective
effect from clinical characteristics and risk factors associated with progressive renal decline,
we performed first univariate and then multivariable logistic models adjusted for baseline
clinical covariates. The list of potential confounders included age, gender, ethnicity/race,
duration of diabetes, insulin treatment, renoprotection treatment, BMI, systolic and diastolic
blood pressures, HbAlc, eGFR and ACR. The key covariates, consisting of HbAlc, eGFR
and ACR were included in the final logistic model. Information about selection of covariates
into the logistic models is provided in table S3. The results of univariable and multivariable
analyses are shown in Figure 3B. All models were adjusted for type of diabetes. The

effects are shown as odds ratios (OR) with 95% confidence interval (95% CI) per one
quartile increase in baseline plasma concentration of the specific protein. In the univariate
model, all 19 proteins including PKM2 (Fig. 3B — marked in blue) protected (had OR<1.0)
against progressive renal decline. Elevated plasma concentrations of 8 proteins remained
associated with protection against progressive renal decline in the final model adjusted

for baseline clinical covariates including eGFR, HbAlc, ACR and type of diabetes (Fig.

3B and table S4). These 8 plasma proteins, referred to as “confirmed” protective proteins,
included TNFSF12, SPARC, CCL5, APP, PF4, DNAJC19, ANGPT1 and FGF20 (Fig. 3B
—marked in red). Baseline concentrations of PKM2 were not associated with protection
against progressive renal decline after further adjustment by clinical covariates.

Sci Transl Med. Author manuscript; available in PMC 2022 June 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Md Dom et al.

Page 5

To examine which of the confirmed protective proteins contributed independently to
protection against progressive renal decline, first, relationships at baseline were analyzed
among the 8 proteins and important clinical covariates using a Spearman’s rank correlation.
The correlation matrix shown in Figure 4A indicates that variation in baseline HbAlc

had no impact on variation of the 8 protective proteins, whereas variation in baseline
eGFR correlated weakly with TNFSF12 and FGF20. In contrast, baseline ACR correlated
weakly with all of the proteins (Fig. 4A and fig. S1) except for FGF20. In addition, all of
the protective proteins correlated negatively with plasma tumor necrosis factor receptor 1
(TNF-R1) concentrations, reported by us previously as one of the circulating inflammatory
proteins associated with increased risk of progression to ESRD (5), indicating decreased
plasma TNF-R1 concentrations with increasing concentrations of the protective proteins.
The confirmed protective proteins were grouped into three sub-groups according to their
correlation coefficients with each other (Fig. 4A). Sub-group (A) contained 5 extremely
highly inter-correlated proteins; SPARC, CCL5, APP, PF4 and ANGPT1. Sub-group (B)
contained 2 proteins; DNAJC19 and TNFSF12, that were moderately correlated between
themselves and with proteins in sub-group (A). Sub-group (C) contained FGF20, a protein
not correlated with any of the other proteins except for moderate correlation with TNFSF12.
This pattern of grouping of proteins was preserved and confirmed in the hierarchical
cluster analysis (Fig. 4B). This finding suggests that plasma concentrations of these three
sub-groups of proteins are regulated by different mechanisms. In contrast, the 5 proteins in
sub-group (A) showed such strong inter-correlation that one can hypothesize that they are
regulated by the same mechanisms.

To further test which of these 8 proteins (three sub-groups) independently contributed to
protection against progressive renal decline, a multivariable logistic regression analysis was
performed with backward elimination of proteins and clinical covariates that had no or weak
effects (a>0.1) (table S5). All relevant clinical characteristics and the 8 confirmed protective
proteins were included in the analysis. In the final model, baseline clinical variables, HbAlc
and ACR increased the risk of progressive renal decline, whereas eGFR and three baseline
plasma proteins, ANGPT1 (exemplar of sub-group A), TNFSF12 (exemplar of sub-group B)
and FGF20 (sub-group C) protected against progressive renal decline. The odds ratios (95%
Cl) obtained from the multivariable logistic regression analysis for the clinical covariates
and the exemplar protective proteins are shown in Figure 4C.

Combined effect of the three exemplar protective proteins

To estimate the combined effect of the three exemplar protective proteins on risk of
progressive renal decline and progression to ESRD, an “index of protection” was developed.
The plasma concentrations of the three exemplar protective proteins (ANGPT1, TNFSF12
and FGF20) were evaluated in each individual. Value above median for each protein was
scored as 1 and below as 0; by summing up the scores, an individual could have a total
protection index varying between 0 (all proteins below median) and 3 (all proteins above
median). The association between the index of protection and progressive renal decline

is shown in Figure 5A. The odds ratio (95% CI) for progressive renal decline was 0.56
(0.26, 1.25), 0.20 (0.1, 0.45) and 0.12 (0.05, 0.28) for individuals with the total index of
protection 1, 2 and 3, respectively, when compared with those with the protection index
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value 0. To visualize the combined effect of the three protective proteins, the cumulative
risk of progression to ESRD was analyzed in the combined study cohorts according to the
index of protection. Figure 5B shows the cumulative incidence of ESRD during 7.5 years
of follow-up according to values of the protection index. Individuals with all 3 protective
protein values above median had very low risk of developing ESRD, with a cumulative
incidence of 16% during 7.5 years of follow-up. In contrast, those with the protective index
value O (all three protective protein values below median), had a very high cumulative
incidence of ESRD of 80%. The difference in cumulative incidence of ESRD among the 4
subgroups was highly statistically significant (P = 2.7 x10719),

To examine whether the results shown in Figure 5A could have been confounded by
inflammatory circulating proteins (such as high TNF-R1 plasma concentrations) or clinical
covariates, the logistic regression analysis was performed in the combined Joslin cohorts
(T1D and T2D). In this analysis, the protection index was considered as a continuous
variable as opposed to discrete variable as in Figure 5A. As shown in Table 2, the effect of
index of protection was statistically significant (£<0.0001), the odds ratio was 0.47 (95% ClI:
0.32-0.60). By including into the model one inflammatory protein, TNF-R1, reported by us
previously (5), the protective effect of the index was attenuated, the odds ratio increased to
0.60 (95% CI: 0.45-0.78) but remained statistically significant (£<0.0002). Adding into the
model many clinical covariates did not substantially change the odds ratio for the protective
index.

Validation of the three exemplar protective proteins in early DKD

To demonstrate the robustness of these findings, a validation study was conducted in an
independent Joslin cohort of 294 individuals with T1D who had had albuminuria but normal
renal function at baseline. This cohort was followed for 7-15 years to determine eGFR slope
and ascertain time of onset of ESRD. Plasma samples from the validation study of 294

T1D individuals underwent profiling of the proteins of interest using the same SOMAscan
platform. In contrast to the exploratory and replication cohorts, which had impaired renal
function (CKD Stage 3) at baseling, the validation cohort had normal renal function (CKD
Stages 1 and 2; median eGFR (251", 75™ percentile): 100 (82, 114) ml/min/1.73m2) at
baseline. The clinical characteristics of the validation cohort are shown in table S6.

The plasma concentrations of the three exemplar protective proteins ANGPT1, TNFSF12
and FGF20 were evaluated and the index of protection was calculated. The association
between the index of protection and progressive renal decline is shown in Figure 5C. The
odds ratio (95% CI) for progressive renal decline was 0.48 (0.24, 0.95), 0.46 (0.24, 0.89)
and 0.11 (0.05, 0.27) for individuals with the index of protection value of 1, 2 and 3,
respectively, when compared with individuals with the index value of 0. The cumulative
risk of progression to ESRD was also analyzed in the validation cohort according to the
index of protection. Figure 5D shows the cumulative incidence of ESRD during 7.5 years
of follow-up according to values of the index of protection. None of the individuals with
all 3 protective protein values above median progressed to ESRD during 7.5 years of follow-
up. The low cumulative incidence of ESRD was observed for those with the protection
index values 1 and 2; 14% and 11%, respectively, when compared with individuals with
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the protection index value 0 with the cumulative incidence of 33% during 7.5 years of
follow-up. These differences were highly statistically significant (P= 1.7 x1079).

Protective effect of ANGPT1 versus the risk effect of ANGPT2

ANGPT1 and angiopoietin-2 (ANGPT?2) are both ligands for the Tie-2 receptor. Since
ANGPT1 and ANGPT2 have opposite actions and compete with each other for the receptor,
it is not clear whether the protective effect of ANGPT1 was independent from the variation
of ANGPT2. Since ANGPT2 was measured on the SOMAscan platform and the results were
available for this study, we compared the protective effect of ANGPT1 versus the risk effect
of ANGPT2 as well as the effect of ratio of ANGPT1/ANGPT2 (in favor of ANGPT1) on
the risk of progressive renal decline. The findings of these analyses did not show a stronger
protective effect of the ratio of the two angiopoietins in comparison with the protective
effect of ANGPTL1 alone (table S7), supporting the protective role of ANGPT1 alone against
progressive renal decline rather than the ratio of the two angiopoietins.

Plasma concentrations of protective proteins in non-diabetic and diabetic individuals

Two possibilities may explain the elevated concentrations of protective proteins in non-
progressors vs. those at risk of progression. The first possibility is that non-progressors

had high concentrations of these proteins, whereas those at risk of progression had low
concentrations of these proteins before they developed diabetes, a pattern consistent with
true protection. The second possibility is that diabetes-related abnormalities resulted in
lowering concentration of the protective proteins in individuals at risk of progression but

not in non-progressors, a pattern consistent with protective proteins being just markers

of risk of progressive renal decline. To distinguish between the two possibilities, plasma
concentrations of the protective proteins were compared among healthy non-diabetic parents
of T1D individuals, non-progressors and progressors with T1D and T2D, using the same
SOMAscan platform. Baseline clinical characteristics and baseline values of the protective
proteins among the three study sub-groups are shown in Table 3. The healthy individuals
were older, had normal HbA1c, normal ACR and almost normal eGFR in comparison

with individuals with diabetes. By design, non-progressors and progressors had similarly
impaired renal function at baseline but dramatically different eGFR slopes during 7-15
years of follow-up. With regard to the 8 confirmed protective proteins, the lowest baseline
concentrations were observed in healthy individuals and the highest values were observed in
non-progressors, while progressors’ concentrations fell between the two other sub-groups. A
graphical comparison of plasma concentration of the 3 exemplar protective proteins among
the 3 sub-groups are shown in figure S2.

To examine whether plasma concentration pattern of protective proteins preceded the
diabetic state and the development of early renal decline, a comparative analysis was
performed on plasma concentrations of ANGPT1, TNFSF12 and FGF20 in non-diabetic
parents of two categories of T1D probands, normo-albuminuria or ESRD (or proteinuria).
Baseline characteristics and baseline values of the 3 protective proteins among non-diabetic
parents of the two categories of T1D probands are shown in table S8. Interestingly, parents
of children who remained without kidney complications despite long diabetes duration had
higher concentration of circulating FGF20 in comparison with parents who had children
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with kidney complications (ESRD or Proteinuria) (table S8). We did not observe any
differences among the parents regarding the concentrations of ANGPT1 and TNSF12 most
likely due to small study groups.

Discussion

Through unbiased proteomic profiling, the present study searched for circulating plasma
proteins that were specifically associated with protection against progressive renal decline
and progression to ESRD. We identified 8 circulating proteins. When these 8 proteins

were considered together, only three ANGPT1, TNFSF12 and FGF20, showed a strong
independent protective effect against progressive renal decline. The combined effect of these
3 protective proteins was additive and was nicely demonstrated by very low risk of ESRD
in individuals who had had values for all 3 proteins above median at the beginning of
follow-up. Furthermore, the fact that the concentrations of these protective proteins were
much higher in non-progressors than in non-diabetic parents provides strong evidence that
the proteins or the pathways that they represent, are causally involved in protection against
progressive renal decline. Our study findings are highly generalizable as the importance of
these 3 protective proteins is confirmed in independent cohorts of individuals with different
types of diabetes and those with early and late stages of DKD. Following, we will discuss
the biology of each protective protein and possible mechanisms through which they may
contribute to protection against progressive renal decline.

Angiopoietins (ANGPT) are growth factors involved in angiogenesis and vascular
inflammation. Among the members of the ANGPT family, Angiopoietin-1 (ANGPT1) and
Angiopoietin-2 (ANGPT?2) are both ligands for the tyrosine kinase receptor (TIE-2) (16, 17).
ANGPTL1 is a major ligand and activator of the TIE-2 receptor, maintaining vessel integrity
(18), therefore protecting the endothelium from excessive activation by growth factors and
cytokines (19). ANGPT2, on the other hand, is considered a natural antagonist of ANGPT1
by preventing the binding of ANGPTL to the TIE-2 receptor, consequently reducing
ANGPT1/ TIE-2 pathway activation and promoting blood vessel wall destabilization and
vascular leakage (17, 19). Since ANGPT1 and ANGPT2 are competing with each other

for the TIE-2 receptor and have opposite actions, some authors postulated that it would

be beneficial to measure both angiopoietins to assess the equilibrium of the ongoing
angiogenesis process (20). Disruption of the equilibrium might lead to diabetes-mediated
destabilization of blood vessel walls, promotes inflammation and fibrosis (21). This study
showed that the measurement of circulating ANGPTL1 alone is a sufficient predictor of rate
of progressive renal decline and risk of ESRD.

Tumor Necrosis Factor (TNF) Ligand Superfamily Member 12 (TNFSF12), also known

as TWEAK, is a member of a large TNF superfamily of ligands and receptors (22).
Findings from in vitro and in vivo models have shown that the administration of TNFSF12
increases inflammatory cytokine production in renal tubular cells, such as increased mRNA
and protein expression of monocyte chemoattractant protein-1 and interleukin-6 (1L-6),
whereas the blockage of TNFSF12 prevented tubular chemokine and IL-6 expression,
interstitial inflammation and macrophage infiltration in mice (23). The role of TNFSF12

in the development/progression of DKD remains unclear. So far there has been sparse
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literature devoted to this topic; a few cross-sectional studies have investigated a relationship
between circulating TNFSF12 concentrations and DKD. One study reported decreased
circulating TNFSF12 concentrations in T2D and ESRD individuals (24). The actions of
TNFSF12 in other kidney diseases and other forms of diabetes have also been reported (25—
27). In experimental folic acid-induced acute kidney injury, TNFSF12 deficiency reduced
kidney apoptosis and inflammation and improved renal function (25). A case-control study
involving women with and without gestational diabetes mellitus (GBM) reported decreased
TNFSF12 concentrations in women with GBM compared to pregnant volunteers without
GBM (26). The present study is the only follow-up observation in which very robust
findings point to TNFSF12 as a protective protein against progressive renal decline, contrary
to findings in the aforementioned studies. This finding needs to be explored further in
humans and in animal studies.

Fibroblast growth factor 20 (FGF20) is a member of a large family of 22 fibroblast growth
factors (FGFs), comprising 7 sub-families consisted of secreted signaling proteins and
intracellular non-signaling proteins (28). Seventeen out of 22 FGFs were measured on the
SOMAscan proteomic platform and only FGF20 was robustly associated with protection
against progressive renal decline. FGF20 is a neurotrophic factor that was originally
identified in the rat brain (29) and has been suggested to play vital roles in the development
of dopaminergic neurons (30, 31). In addition, numerous studies have reported correlations
between Parkinson’s disease susceptibility with FGF20 genetic polymorphisms in different
ethnicities (32-34) although some studies reported no evidence of association between
FGF20 and Parkinson’s disease (35, 36). Interestingly, a previous study demonstrated the
essential role of FGF20/ Fgf20in the development of kidney by maintaining the stemness
of nephron progenitors both in humans and in mice (37). FGF20 was expressed exclusively
in nephron progenitors in the kidney. Loss of FGF20/Fgf20in humans and in mice resulted
in kidney agenesis (37), a condition in which one or both fetal kidneys fail to develop and
hence a newborn was missing one or both kidneys.

The present study demonstrates FGF20 as one of the confirmed protective proteins that is
most strongly associated with protection against progressive renal decline and progression
to ESRD in the combined cohorts with T1D and T2D. The association is independent
from circulating inflammatory proteins and relevant clinical covariates. High plasma
concentrations of FGF20 at baseline predicted less renal decline during 7-15 years of
follow-up. This association points to the involvement of FGF20 and its independent role
to retard or decrease the risk of progressive renal decline and development of ESRD. As
such, FGF20 may be a useful target for preventing or delaying the onset of progressive
renal decline and ESRD in diabetes. Another interesting finding from our study was
observed in plasma profiles of non-diabetic parents of two categories of T1D probands,
either normo-albuminuria or ESRD/Proteinuria. Surprisingly, non-diabetic parents of T1D
offspring with ESRD/Proteinuria had lower plasma concentrations of FGF20 than those
parents with T1D offspring without kidney complications. These findings prompt a question
and/or speculation whether a genetic predisposition or component inherited from a parent
may modulate corresponding protein concentrations in their offspring, and if confirmed in
larger studies, could have a profound implication in future research on determinants of
progressive renal decline in T1D (and also in T2D).
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Recent interest in studies on protective factors against late diabetic complications, including
DKD, has been initiated by the Joslin Medalist Study (7). This cross-sectional study enrolled
nationwide individuals who survived with T1D for at least 50 years. Those who remained
without late diabetic complications have been compared with regard to a large number of
characteristics including various -omics profiles of biospecimens with non-diabetic spouses
and with those who developed complications very late in the diabetes course. Comparing
proteomic profiles of kidney tissues obtained from individuals in the three sub-groups,
several glucose metabolic enzymes/proteins were identified in the glomeruli, including
PKM2, which were highly elevated among those who remained without DKD despite
extremely long duration of diabetes. By following this finding with a series of functional
studies, the authors concluded that the upregulation of PKM2 may be a way of preventing
the development of DKD (7).

The present study also searched for protective factors but was very different from the
Medalist study. Where the latter was cross-sectional and searched for candidate protective
proteins to be investigated in cellular and animal studies, this study was a Joslin clinic
population-based prospective observational study that investigated the association between
baseline circulating plasma proteins that protected against progressive renal decline and fast
progression to ESRD during 7-15 years of follow-up. Furthermore, the two studies were
based on two different premises. The Medalist study aimed to find protective proteins
against onset/development of late diabetic complications whereas this study aimed to
identify protective proteins against progressive renal decline in individuals with already
existing mild renal impairment. This is most likely the reason we could not confirm the
PKM?2 finding obtained in the Joslin Medalist study (7).

The strengths of this study include its prospective design, long-term follow-up observations
of three independent study cohorts, the consistency of data in T1D and T2D, and the use

of SOMAscan proteomic platform to measure protein concentrations in all Joslin cohorts.
Furthermore, in this study, we adjusted our findings for key potential confounders and

type of diabetes. However, the present study must be also considered in light of potential
limitations. First, this is an observational study and while these proteins might directly
protect against progression of renal decline, they could alternatively be indirect reporters

of protective processes. Causal explanations of our findings will need to be established
through animal models and clinical trials for confirmation that they are directly protective.
Second, our findings are restricted to Caucasian individuals with diabetes who have chronic
kidney disease and impaired renal function, therefore, the results may not be generalizable to
individuals in other populations and with other kidney diseases. Third, the baseline plasma
samples were not taken at the onset of diabetes or at the onset of renal function decline,
hence, slow or fast progressive renal decline is relative to the time of blood sampling (13).

Materials and Methods

Study design

The primary goal of this observational study was to search for protective proteins against
progressive renal decline and progression to ESRD, not only in T1D patients with impaired
renal function but also in any diabetic patients at any stages of DKD. Therefore, to
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demonstrate the robustness of our findings, we selected three very different cohorts with
different baseline characteristics; the T1D exploratory (T1D patients with late stage of
DKD), the T2D replication (T2D patients with late stage of DKD) and the T1D validation
(T1D patients with early stage of DKD) cohorts. The schematic representation of this study
is outlined in Figure 2.

The study participants were selected among individuals participating in the Joslin Kidney
Study (JKS). The Joslin Diabetes Center Committee on Human Studies approved the
informed consent, recruitment and examination protocols for the JKS, a longitudinal
observational study that investigates the determinants and natural history of renal function
decline in both types of diabetes. A detailed description of the JKS is provided in the
Supplementary Materials. Sample size calculations were not performed in this study.
Randomization and blinding were not applicable to this study.

Joslin Kidney Study

Briefly, the JKS comprises two cohorts, T1D and T2D. Individuals in the T1D cohort
(NV=2,000) were recruited consecutively from among adults 18-64 years old who attended
the Joslin Clinic between 1991 and 2009. Individuals in the T2D cohort (NV=1,500) were
recruited consecutively from among adults 35-64 years old who attended the Joslin Clinic
between 2003 and 2009. All participants enrolled into the JKS had biannual examinations
either during routine clinic visits or were invited for a special visit or were examined

at their homes. These examinations were conducted until they developed ESRD, died,
were lost to follow-up or until the end of follow-up in 2015. Biospecimens obtained at
examinations were stored in —85°C. Serum creatinine was used to determine renal function
at baseline and its changes during follow-up visits. Protocols to calibrate serum creatinine
measurements over time were described previously (38). Estimates of GFR were obtained
using the Chronic Kidney Disease Epidemiology Collaboration formula (39). To estimate
the eGFR slope, we applied an approach described by Jones and Molitoris (40) and used
by Shah and Levey (41), to examine an individual’s serial renal function changes during
follow-up. Details of this approach are provided in the Supplementary Materials and were
also described in our earlier publication (38).

The exploratory, replication and validation cohorts used in the current study

The current study comprises three JKS cohorts; the exploratory cohort of 214 individuals
with T1D and the replication cohort of 144 individuals with T2D, who previously
participated in our study to determine cut-point values of serum TNF-R1 concentrations

for the prediction of development of ESRD in T1D and T2D (42). In contrast to the previous
study which included individuals with CKD Stages 3 and 4, the present study included
individuals in the JKS who had CKD Stage 3 at baseline examination. The validation cohort
consists of 294 individuals with T1D who had CKD Stages 1 and 2 at baseline and was

used to examine the importance of three protective proteins observed in late DKD cohorts in
individuals with an early stage of DKD.

Those with T1D and T2D had macro- (ACR = 300 pg/mg) and micro-albuminuria (ACR
= 30 pg/mg). These individuals were followed for 7-15 years to determine the rate
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of eGFR decline (eGFR slopes) and to ascertain onset of ESRD. All clinical data and
plasma specimens from these individuals were available for the current study. Detailed
descriptions of these cohorts, measurements of clinical characteristics, determinations of
eGFR slopes from serial measurements of serum creatinine, and ascertainment of onset
of ESRD were described in our recent publications (5, 42). In all 3 cohorts, we selected
eGFR loss < 3.0 ml/min/year as the threshold to define those with slow (non-progressors)
or fast (progressors) progressive renal decline. The rationale for such a threshold was well
documented and used in our previous publications (11, 43) and corresponds to the 2.5t
percentile of the distribution of annual renal function loss in a general population (44).

Healthy non-diabetic parents of T1D individuals

During the Joslin Kidney Study, we also examined living parents of individuals with T1D.
The group of non-diabetic parents of T1D individuals was derived from our genetic study
on determinants of DKD in T1D. Parents had baseline examinations performed according
to the same protocols as all participants of the JKS. Biospecimens obtained at examinations
were stored at —85°C. For the purpose of this study, 79 white non-diabetic parents aged
50-69 years at baseline examination were selected to be used as non-diabetic controls. Forty
parents had children who remained without kidney complications despite long duration of
diabetes and 39 parents had children who had advanced DKD (impaired renal function or
ESRD). The clinical phenotype of the T1D offspring of the non-diabetic parents is either
normo-albuminuria (A=40), or ESRD or proteinuria (/A=39). Plasma specimens obtained at
baseline examination were subjected to the SOMAscan analysis.

The SOMAscan proteomic analysis

The SOMAscan proteomic platform uses single-stranded DNA aptamers that measure 1129
protein concentrations (a complete list of the proteins is available in Table S1) in only

50 pl plasma, serum or equally small amounts of a variety of other biological matrices.

The SOMAscan platform is facilitated by a new generation of the Slow Off-rate Modified
Aptamer (SOMAmer) reagents that benefit from the aptamer technology developed over the
past 20 years (45, 46). The SOMAmer reagents are selected against proteins in their native
folded conformations and bind to folded proteins and thus three-dimensional shape epitopes
rather than linear peptide sequences. The SOMAscan platform offers a remarkably dynamic
range, and this large dynamic range results from the detection range of each SOMAmer
reagent in combination with three serial dilutions of the sample of interest. The dilutions
are separated into three pools: the 40% (the most concentrated sample to detect the least
abundant proteins — fM to pM in 100% sample), 1% (mid-range) and 0.005% (the least
concentrated sample designs to detect the most abundant proteins — ~uM in 100% sample).
The assay readout is reported in relative fluorescent units (RFU) and is directly proportional
to the target protein amount in the original sample. The details of the SOMAscan proteomics
platform are described elsewhere (14, 15).

Proteomic profiling was performed using the SOMAscan platform based at the SomaLogic
laboratory (Boulder, CO). The Human Plasma SOMAscan 1.1k kit with a set of calibration
and normalization samples was used following the manufacturer’s recommended protocol.
Data standardization was performed according to the SOMAscan platform data quality-
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control protocols. To standardize SOMAscan assay results, raw SOMAscan assay data was
first normalized to remove hybridization variation within a run (hybridization normalization)
followed by median signal normalization across all samples to remove other assay biases
within the run and finally calibrated to remove assay differences between runs. The
acceptance criteria for hybridization and median signal normalization scale factors are
expected to be in the range of 0.4-2.5. The median of the calibration scale factors is
expected to be within £ 0.2 from 1.0 and a minimum of 95% of individual SOMAmer
reagents in the total array must be within + 0.4 from the median. SOMAscan data from all
samples passed quality control criteria and were fit for analysis.

Validation of SOMAscan measurements of the protective proteins

We further validated ANGPT1 and FGF20 proteins using different platforms. ANGPT1
measurements were validated in a subset of samples (A=32) using the Human Ang-1

MSD R-Plex assay (F21YQ-3, Meso Scale Diagnostics). Assay protocols are provided

in the Supplementary Materials. The Spearman’s rank correlation coefficient between the
SOMAscan and MSD ANGPT1 measurements was rs = 0.76, A<0.0001. To analytically
validate SOMAmer specificity, we developed protocols integrating DNA-based affinity
pull-down of intact proteins with mass spectrometry. Fourteen FGF20 tryptic peptides
spanning amino acids (a.a.) 50-211 of the FGF20 protein sequence were identified in

the FGF20 SOMAmer plasma pull-downs spiked with recombinant FGF20, whereas no
FGF20 peptides were identified in the FGF20 SOMAmer plasma pull-downs that were not
spiked with recombinant FGF20. An example of an extracted ion chromatogram of FGF20
tryptic peptide GGPGAAQLAHLHGILR (a.a. 50-65) is shown in figure S3. This FGF20
peptide was identified in the plasma pull-down spiked with recombinant FGF20 but was not
detected in the plasma pull-down not spiked with recombinant FGF20, thereby verifying the
FGF20 SOMAmer specificity on the SOMAscan platform. A detailed pull-down protocol is
provided in the Supplementary Materials.

Statistical analysis

All statistical analyses were performed using SAS for Windows, version 9.4 (SAS Institute).
All data were presented as either mean and standard deviations, median (25™ and

75t percentiles) or count (proportion) measures, where applicable. Correlations between
circulating plasma concentrations with eGFR slopes, TNF-R1 and clinical covariates were
assessed using a Spearman’s rank correlation (7). Clusters of protective proteins were
identified using a hierarchical cluster analysis (Ward’s method). Baseline protein RFU
concentrations (/AV=1,129) were natural log transformed and then were categorized into
quartiles of their distributions prior to association testing. The distributions of the top

3 protective proteins after natural log transformation in the combined discovery and
replication cohorts, and in the validation cohort are shown in figure S4. Univariable and
multivariable logistic regression models were used to test associations of relevant circulating
plasma proteins measured at baseline with the outcome measure (being a progressor, if
eGFR loss = 3.0 ml/min/year or progression to ESRD) and expressed as odds ratios

per one quartile increase in circulating plasma concentration of the relevant protein with
corresponding 95% confidence intervals. The cumulative incidence rate of ESRD according
to the index of protection — the combined effect of the three exemplar protective proteins,
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was analyzed using PROC LIFETEST in SAS software. Comparisons between plasma
protein concentrations in non-diabetics, non-progressors and progressors were examined
using one-way ANOVA with Dunn’s multiple comparisons test. Significance was defined as
*P<0.05, **P<0.01, ***P< 0.001, and ****P < 0.0001.
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eGFR slope (ml/min/1.73m?/year)
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Fig. 1. Distribution of eGFR dopes (mI/min/1.73m2/year) in the Jodlin Kidney Study cohortswith

T1D and T2D.

Non-progressors were defined as eGFR loss < 3.0 ml/min/1.73m2/year and progressors as
eGFR loss = 3.0 ml/min/1.73m2/year or progression to ESRD. In each cohort, only ESRD
cases that developed during the first 10 years after study entry were considered in the present

study. Dash line indicates eGFR loss equal to 3.0 ml/min/1.73m?2/year.
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Exploratory Panel
Joslin cohort with T1D

(N =214)
- - - - - -——

E Baseline plasma specimens underwent |

4 proteomic profiling using the SOMAscan |

] assay containing 1129 proteins ]

\ 4 1 i

1129 plasma proteins
Relationships of circulating plasma
proteins with eGFR slopes evaluated
based on Spearman’s rank correlation

-

Plasma concentrations of 73 proteins
correlated positively and significantly with
eGFR slope (FDR P value < 0.005)

[o————
| ——

Y
73 plasma proteins Replication Panel
The same set of 73 proteins was — Joslin cohort with T2D
validated in the Joslin cohort with T2D (N =144)

18 candidate protective proteins
Correlated positively and significantly with e GFR slope

(Thresholds for the significance used: FDR adjusted P value < 0.005 in the
exploratory T1D panel and nominal P value < 0.05 in the replication T2D panel)

Fig. 2. Overview of the study design.
Schematic representation of study design showing the study participants in the exploratory

and replication panels and how the candidate protective proteins were selected.
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A
Joslin cohort with T1D _Joslin cohort with T2D
Target Full Name Gene fa P-value* fa P-value*
Alburmin ALB b33 9.2x10° B 30x10°
Tumaor necrosis factor igand supearfamily member 12 TNFSF12 - 2.0 x 10% - 54x10°
Sacrated protein acidic and rich in cystaine SPARC - 1.5x 10" - 12x10%
Adenylate kinase isoenzyme 1 AK1 ‘ 6.6 x 10% ‘ 3.0 x10°
Connective tissue-activating peptide |11 crarn B8R e7x10° [ 27 x10%
MNeutrophil-activating peptide 2 NAP2 - 9.6 x 10° - 22 x10%
C-C motif chemokine 5 CCL5 - 1.3x 10" - 53x10°
Thrombospondin-1 THes1  [ER szx10* A7 44x10%
Amyloid bata A4 protain APP - 3.6 x 10* ‘ 13x10°
Platelet factor 4 PF4 Bz3 sox10® A 12x10%
DnaJ Heat Shock Protein Family Member C19 DNAJC19 [E3 77x10* AT 41 x10%
Angiopoiatin-1 AnGPT1 B3 cex10® [EE 6.1x10°
Fibroblast growth factor 20 FGFzo0 [E8 62x10° [HE 27 x10%
Group 10 secratory phosphalipase A2 pLA2G10 83 sox10* [HEE 6.0x10%
Peaptidyl-prolyl cis-trans isomarase D PPID - 9.0 x 107 m 34x10*
Plasminogen activator inhibitor 1 SERPINE1 [liE2 sax10® [T 19x10°
GTP-binding nuclear protain Ran RAN ‘ 1.4 x 10° -7 44 x10*
Peroxiredoxin-1 rrox1 [0 aax10® [T 47 x10%
Pyruvate kinase PKM pkmz [ 20x10° [ 2.4 x 10"
B Univariate Model Adjusted Model
Protein P-value P-value
H 1
ALB- F—e— 7O0xi* ——H 12x 107
TNFSF12- —— i 20x10% —e— | 18 %102
SPARCH —e— P E1x108 —e—— | 16x 102
: 1
AK1- —e— faxi —— 32x10
: I
CTAPIli~ —— P 34x10t —— 1.1x 107
NAP2- —e— { 24x10% —e—1i 73x 102
cCL5- —e— 40 10% —e— i 18x 102
THES 1 F—e—— :zx10? —e—+ 27x 101
APP- —— P 40x10* |—.—|! azx10°
PE4-] —— i 55x 107 |—.—q 42x 102
DNA.JC 15+ —e—o i 13x10% —e— 30x 107
: I
ANGPT1- e P 16x10° —— ! 64 x10°
FGF20- —e— PRI p——g——] i 20107
PLA2G 10~ —e—— P pBx10® —e— 57x 102
: ]
PPID —e— P 4mxrt —e—— 28x 10"
SERPINE1- —e——  4axi0? |—.—i—| 50x 107"
RAN- —e—ro i 14x10? —e—— 30107
i - 1
PRDX1- —e— i 18x10? p——o—— &1x10"
PKM2- —e—— i 28x10° |—.—i—| &1x10"
T T r T
05 1 05 1
Odds Ratio (95%CI) Odds Ratio (95%CI)

Fig. 3. Candidate circulating proteins associated with protection against progressiverenal
decline.

(A) Spearman’s rank correlation coefficients (rs) between baseline concentration of 19
plasma proteins and eGFR slope in the Joslin cohorts with T1D (N = 214) and T2D (N

= 144). Red bars are a graphic representation of the effect size. Corresponding two-sided
P-values have been provided. *Thresholds for the significance used: FDR adjusted £ < 0.005
in the T1D exploratory cohort and a nominal £< 0.05 in the T2D replication cohort. (B)
Odds ratios (95% CI) for the 19 candidate protective proteins and progressive renal decline
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(eGFR loss = 3.0 ml/min/year) in the combined cohorts with T1D and T2D in univariate
and adjusted logistic regression models. The effect is shown as an odds ratio (95% CI)
per one quartile increase in circulating baseline concentration of the specific protein. The
final model was adjusted for baseline eGFR, HbAlc and ACR with stratification by type
of diabetes. The 8 selected markers are in red. PKM2, included in the analysis based on
previous publication, is in blue.
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\A Sub-group A Sub-group B Sub-group C
r 1 r 1
eGFR ACR SPARC  CCL5 APP PF4 ANGPT1  DNAJC19 TNFSF12 FGF20
HbA1c ns 0.18 *** ns ns ns ns ns ns ns ns
eGFR -0.23™ 012" ns ns ns ns ns 0.31"" 0.35 ™"
ACR 0277 022" .0.26™ 0277 025" 026™  .026™ ns
TNF-R1 027 045”022 025™ .0.20™ 022" 038" .0.19™
SPARC 0.75™**  0.94"*  0.90"™**  0.90*** 0.40™**  0.26"™* ns
cCL5 0.80**** 035 047" 0.11*
APP ‘ 0.44™* 021 ns
PF4 0.46™""" 0.23:: ns
ANGPT1 Scale 0.44"" 0.22 ns
DNAJC19 | _ | S 0.34** s
TNFSF12 - 0.30
- SPARC — = '
]
COLS — eGFR- |—o—|=
Sub-group A -
o g HbA1c —a—{
ACR=
- l—.—'
ANGPT1d |—o—i
ANGPT1 —
TNFSF12- gy
DNAJC19 Sub-group B
FGF20- |—o—j
TNFSF12 .
Sub-group C 0.5 1 3
FGF20 .
Odds Ratio (95%Cl)

Fig. 4. Association of 8 confirmed protective proteinswith clinical covariates and with risk of
progressiverenal decline.

(A) Spearman’s rank correlation matrix among 8 candidate protective proteins with TNF-
R1 and important clinical covariates in the two cohorts adjusted for type of diabetes.
Correlation coefficients (r5) are presented as shades of red (positive) and blue (negative)
which correspond to the magnitude of the effect size. (B) Hierarchical cluster analysis in the
combined Joslin cohorts. (C) Odds ratios (95% CI) of covariates selected from a backward
selection of covariates using the significance criterion a = 0.1. The effects of eGFR and
HbA1c on progressive renal decline are estimated per 10 ml/min/1.73m? increase and per
1% increase, respectively. The effect of ACR on progressive renal decline is estimated as
one unit increase of log1g ACR. The effect of each protein is shown as an odds ratio (95%
Cl) per one quartile increase in circulating baseline concentration of the relevant protein.

* £<0.05; **A<0.01; ***P<0.001; **** P<0.0001; ns, not significant.

Sci Transl Med. Author manuscript; available in PMC 2022 June 30.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Md Dom et al.

A

==}

Cumulative Incidence of ESRD (%)

Page 23
Combined Exploratory and Replication Cohorts C Validation Cohort
Rk
1.5+ b 1.5+ -
P
— *
(1.0 _ (1.0)
x 1 (Reference) RISK g 1 (Reference) RISK
(=] . o 1 ;
= PROTECTIVE s PROTECTIVE
= S
o o
2 (0.56) 7] (0.48)
g 0.5+ § 0.5+ : (0.45)
(0.20)
(0.12) (0.11)
0.0- O
Index=0/3 Index=1/3 Index=2/3 Index=3/3 Index=0/3 Index=1/3 Index=2/3 Index=3/3
(No protection) (Full protection) (No protection) (Full protection)
Index of Protection Index of Protection
D
Ly Combined exp y and replication cohorts : 60 Validation cohort :
Log-rank test P = 2.7 x 10-'¢ | § Log-rank test P = 1.7 x 10°* |
80 ! g 50 i B
! & i
| E a0 |
| © |
60 M
I Index=13 g |
Proteomic profiling in a 30 P " S |
= o roteomic profiling in .
40 baseline samples S baseline samples | Index=1/3
E |
= 2 |
| :
20 | 3 10
] E
! 5]
0 1 0
0.0 25 5.0 75 10.0 0.0 25 5.0 75 10.0

Duration of Follow-up (years)

Duration of Follow-up (years)

Fig. 5. The combined effect of protective proteins FGF20, TNFSF12 and ANGPT1 on risk of
progressive renal decline and progression to ESRD in the combined exploratory and replication
cohorts (A and B), and in the validation cohort (C and D).

Odds ratios for progressive renal decline according to index of protection considered as a
discrete covariate in (A) the combined exploratory and replication cohorts (A= 358) with
both types of diabetes and impaired renal function, and (C) the validation cohort (A =294) of
T1D individuals with normal renal function.

Cumulative incidence of ESRD (%) according to discrete values of index of protection in

(B) the combined exploratory and replication cohorts and (D) the validation cohort. Index

of protection: Value above median for each protein was scored as 1 and below as 0; by
summing up these scores, an individual could have a total protection index varying between
0 (all proteins below median) and 3 (all proteins above median). * A<0.05; **** £<0.0001;
ns, not significant.
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Demographics and clinical characteristics of the Joslin Kidney Study cohorts with T1D and T2D.

Table 1.

EXPLORATORY REPLICATION

Characteristics Jodlin T1D Cohort (N =214)  Joslin T2D Cohort (N =144)  P-value

At baseline
Male, n (%) 104 (49%) 94 (65%) 0.002
Ethnicity <0.0001

Caucasian, n (%) 214 (100%) 132 (92%)

Non-Caucasian, n (%) 0 (0%) 12 (8%)
Age at DM onset (years) 13 (8, 20) 44 (38, 50) <0.0001
Age at study entry (years) 44 (38, 51) 61 (56, 64) <0.0001
Duration of diabetes (years) 28 (23, 36) 15 (11, 21) <0.0001
BMI (kg/m?) 26.4 (23, 28) 33.4 (29, 37) <0.0001
Systolic BP (mm Hg) 133 (124, 147) 139 (128, 150) 0.02
Diastolic BP (mm Hg) 78 (70, 84) 74 (69, 81) 0.04
Insulin Rx, % 100% 65% <0.0001
Renoprotection Rx, % 81% 86% 0.19
HbAlc (%) 8.6 (7.7,9.6) 7.3(6.7,8.3) <0.0001
ACR (mg/g creatinine) 795 (274, 1803) 255 (57, 1096) <0.0001
eGFR (ml/min/1.73m?2) 43.2 (35, 51) 48.7 (40, 57) <0.0001

During follow-up
eGFR slope (ml/min/1.73m?%/year) -4.0(-7.8,-2.1) -3.1(-6.4,-0.9) 0.007

Non—pragressorsa, n (%) 71 (33%) 69 (48%)
Pragressarsa, n (%) 143 (67%) 75 (52%)

New incidence of ESRD during 108 (50%) 35 (24%) <0.0001
10-year follow-up, n (%)
Deaths unrelated to ESRD, n (%) 15 (7%) 8 (6%) 0.58

Page 24

T1D, Type 1 diabetes; T2D, Type 2 diabetes; DM, Diabetes mellitus; BMI, Body mass index; BP, Blood pressure; Rx, treatment; Renoprotection,
Prescription of angiotensin-converting enzyme

inhibitor (ACE-I) or angiotensin Il receptor blocker (ARB); HbAlc, Hemoglobin Alc; ACR, Albumin-to-creatinine ratio; eGFR, Estimated

glomerular filtration rate; ESRD, End-stage renal disease.

aNon—progressors were defined as eGFR loss < 3.0 mI/min/1.73m2/year and Progressors as eGFR loss = 3.0 mI/min/l.73m2/year.

Data presented as median (25th, 75th percentile) or count (proportion) measures.

Differences between the two cohorts were tested using the Wilcoxon-rank-sum test for continuous variables, and the XZ test for categorical

variables.
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Table 2.

Page 25

Effect estimates measured as odds ratios (95% CI) of index of protection on risk of progressive renal decline
in univariable and multivariable logistic regression models in both Joslin cohorts combined.

Model Model comparisons (P-value)
Predictive metrics 1 2 3 2vsl 3vs2 3vsl
C-statistics + SE 0.687 +0.03 0.765 +0.03 0.833 £0.02 0.0005 <0.0001 <0.0001
-2 Log Likelihood 439 401 352
AlIC 443 407 364

Covariates
Protection Index
TNF-R1

HbAlc

ACR

eGFR

OddsRatio (95% CI)
0.47 (0.36,0.60)  0.60 (0.45,0.78)  0.61 (0.45, 0.82)
2.04 (1.61,258) 1.63 (123, 2.15)
1.32 (1.12, 1.56)
2.54 (1.77, 3.63)
0.99 (0.96, 1.02)

Significance (P-value)
<0.0001  0.0002 0.001
<0.0001  0.0007
0.001
<0.0001
0.49

SE, Standard error; AIC, Akaike information criterion; Cl, Confidence intervals; TNF-R1, Tumor necrosis factor receptor 1; HbAlc, Hemoglobin

Alc; ACR, Albumin-to-creatinine ratio; eGFR, Estimated glomerular filtration rate.

Model 1 has been compared to the model with the same protection index in the presence of TNF-R1 (Model 2) and to the model with same
protection index and TNF-R1, in the presence of important clinical covariates (Model 3).
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Table 3.

Page 26

Clinical characteristics and plasma concentrations of 8 confirmed protective proteins in non-diabetic parents of
T1D individuals and in the combined Joslin cohorts, for non-progressors and progressors.

Combined Jodlin cohorts (N = 358)

Characteristics Non-diabetics (N =79) Non-progressors (N =140) Progressors (N = 218)
At baseline
Male, n 40 (51%) 78 (56%) 120 (55%)
Age at study entry (years) 61 (57, 66) 56 (48, 61) 47 (40, 60)
Duration of diabetes (years) - 24 (14,34) 24 (18, 31)
BMI (kg/m?) - 29 (25, 34) 27 (24,33)
Systolic BP (mm Hg) - 133 (122, 148) 136 (126, 149)
Diastolic BP (mm Hg) - 72 (67, 81) 78(70,83)
Insulin Rx, % - 81% 89%
Renoprotection Rx, % - 82% 83%
HbAIc (%) 5.4 (5.2, 5.6) 7.4 (6.9, 8.6) 8.4 (7.4,9.6)
eGFR (ml/min/1.73m?) 71.2 (62, 82) 49 (42,55) 42 (34, 51)
ACR (mg/g creatinine) 5.8(3.9,7.8) 175 (40, 502) 1106 (402, 2232)

During follow-up

eGFR slope (ml/min/1.73m?/year) -

Deaths unrelated to ESRD, n (%) -

Baseline plasma concentrations (RFU)

SPARC
ccLs
APP

PF4
ANGPT1

DNAJC19
TNFSF12

FGF20

757 (640,1189)

540 (484,585)
270 (240, 296)

371 (311, 417)

-1.2(-2.2,-0.31)
10 (7%)

Sub-group A
17775 (13587, 28777)
14900 (7180, 24835)
23162 (17824, 36917)
20031 (9581, 46044)

43192 (30001, 62701)
25351 (13498, 46022)
45776 (29392, 72317)
52730 (21260, 100893)
1564 (1093, 2522)

Sub-group B

587 (540, 675)
201 (269, 316)

Sub-group C

491 (449, 550)

-6.2(-9.8, -4.1)
13 (6%)

33266 (21572, 49352)
18973 (10635, 32056)
35561 (23106, 52307)
31230 (13449, 70052)
1248 (934,1916)

555 (507, 604)
267 (244, 288)

460 (421, 507)

BMI, Body mass index; BP, Blood pressure; Rx, treatment; Renoprotection, Prescription of angiotensin-converting enzyme inhibitor (ACE-I) or
angiotensin Il receptor blocker (ARB); HbAlc, Hemoglobin Alc; eGFR, Estimated glomerular filtration rate; ACR, Albumin-to-creatinine ratio;

RFU, Relative fluorescence unit. Data presented as median (25th, 75th percentile) or count (proportion) measures.
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