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Abstract

A new model of diabetic nephropathy in T1D emerged from our studies of Joslin Clinic patients.
The dominant feature is progressive renal decline, not albuminuria. This decline is a unidirectional
process commencing while patients have normal renal function and, in the majority, progresses
steadily (linearly) to ESRD. While an individual’s rate of renal decline is constant, the eGFR slope
varies widely among individuals from =72 to —=3.0 ml/min/year. KDIGO guidelines define rapid
progression as rate of eGFR decline <=5 ml/min/year, a value exceeded by 80% of patients in
Joslin’s T1D ESRD cohort. The extraordinary range of slopes within the rapid progression
category prompted us to partition it into “very fast”, “fast” and “moderate” decline. We showed for
the first time that very fast and fast decline from normal eGFR to ESRD within 2-10 years
constitutes 50% of the Joslin cohort. In this review we present data about frequency of fast
decliners in both diabetes types, survey some mechanisms underlying fast renal decline, discuss
methods of identifying patients at risk and comment on the need for effective therapeutic
interventions.

Whether the initiating mechanism of fast renal decline affects glomerulus, tubule, interstitium or
vasculature is unknown. Since no animal model mimics progressive renal decline, studies in
humans are needed. Prospective studies searching for markers predictive of the rate of renal
decline yield findings that may make detection of fast decliners feasible. Recognizing such
patients will be the foundation for developing effective personalized methods to prevent or delay
onset of ESRD in diabetes.
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1. Risk of ESRD in Type 1 Diabetes Remains High

For Type 1 diabetes (T1D) patients in the USA, ESRD remains the major cause of premature
morbidity and mortality. Lifetime risk of ESRD for these patients is 10-15%1-3. Typically, it
develops decades after the onset of T1D and results from a period of progressive renal
decline.l: 3-6 Despite almost universal implementation of reno-protective therapies over the
last 20 years and attempts to improve glycemic control, the risk ESRD in T1D is not
decreasing but increasing.* Based on data from the US Renal Data System (http:/
www.usrds.org/), the number of new cases of ESRD attributed to T1D in the US Caucasian
population increased steadily from 3400 in 1990 to 4600 in 2006, an average increase of
about 9% per year. The age distribution of cases, however, changed as shown In Figure 1.
While the number of cases aged 20-39 years declined slightly, the number of cases aged 40—
49 years almost doubled. This pattern suggests the risk of ESRD increased at the same time
that improved care of T1D during the last 20 years, perhaps, postponed onset of ESRD to a
longer duration of T1D and older age (see data in Table 1).

Limited success in reducing the risk of ESRD in T1D, as reflected by the numbers in Figure
1, provides motivation to seek new strategies for developing more effective therapeutic
programs to prevent ESRD or postpone its onset by many years or even decades, i.e. into the
fifties and sixties. In this review, we focus on the subset of diabetic patients whose renal
function loss is so fast that only an interval of 2 to less than 10 years separates normal
function from ESRD.® We call them “fast decliners”, and they account for the majority of
ESRD cases in T1D. Our aim is to spotlight this subgroup of diabetic patients that deserves
special attention and is in urgent need of more effective interventions. As the underlying
pathophysiology may differ from patient to patient, the treatment may need to be
individualized, i.e. a need for precision medicine. As literature relevant to fast decliners is
lacking, our review predominantly uses published, reanalyzed and unpublished results for
T1D and T2D obtained from the Joslin Kidney Studies. As the concept of “progressive renal
decline as a new paradigm of diabetic nephropathy” was previously reviewed by us, only
some aspects of it will be discussed briefly.”

2. Joslin Kidney Studies

Established more than a century ago to provide long term diabetes management for patients
of all ages, Joslin Clinic currently follows about 4000 T1D and 16,000 T2D patients. The
majority resides in Eastern Massachusetts and 85% are Caucasian. A large proportion
remains under the Clinic care for a long time. Over the last 20 years we have enrolled these
patients into our Joslin Kidney Studies. The studies include the Joslin Proteinuria®® and
ESRD Cohorts,8 cross-sectional groups of patients for studies of the genetics of diabetic
nephropathy,”~10 and multiple cohorts of patients assembled for prospective follow-up
studies that focused on determinants of albuminuriall-12 and early and late renal function
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decline in T1D*13-18 and T2D.19-20 Altogether about 5000 Joslin patients (half with T1D)
have been enrolled.

3. How do patients with diabetes progress to ESRD?
The Joslin ESRD Cohort

To generate empirical data about trajectories of the decline of renal function to ESRD, we
assembled the Joslin T1D ESRD Cohort®. This cohort comprises 364 Caucasian residents of
Eastern Massachusetts with T1D who were under the care of the Joslin Clinic for many
years and developed ESRD between 1991 and 2011. These patients could be considered as a
representation of the patients depicted in Figure 1. Characteristics of our cohort are typical
of T1D patients (see Table 1). From the archives of the Joslin Clinical Laboratory, we were
able to retrieve many years of serum creatinine determinations before onset of ESRD for the
majority of them and used the determinations to trace eGFR trajectories preceding its onset.
The median interval spanned by the determinations was 6.6 years (15t and 3" quartiles 4.2
and 9.9 years, respectively).

For most, renal replacement therapy began with dialysis. A few (4.7%) received a
preemptive transplant, and the proportion of such early interventions has recently doubled.?
Renal replacement therapy was not registered in the USRDS for 17.3% of the cohort
because they died at diagnosis of ESRD or soon after.

Renal function declines linearly to ESRD

While most eGFR trajectories appeared linear by inspection, we sought to validate this
impression statistically by fitting both linear and spline models to each patient’s data.® For
48% of patients, the linear model was not rejected statistically and their trajectories were
classified as linear (Figure 2A). For another 39% of the patients the data rejected the linear
model but the non-linearity had a clinically inconsequential effect on the predicted time of
ESRD (Figure 2B). Thus, linear renal decline was seen in the vast majority of patients (i.e.
87%). The remaining 13% of trajectories were sufficiently non-linear to have clinically
consequential impacts on the anticipated time to ESRD: the trajectories of 6% of the patients
accelerated (Figure 2C) and 7% decelerated (Figure 2D). In summary, a linear inexorable
progression to ESRD was the predominate pattern of eGFR decline in this large cohort of
T1D - the least biased study group reported so far. This is in agreement with our previous
findings in the Joslin Proteinuria Cohort.

Linearity of renal decline was postulated four decades ago for various kidney conditions.?!
However, those studies were unpersuasive due to various shortcomings. The reciprocal of
serum creatinine concentration, used to approximate GFR, has been plotted to predict ESRD
onset.21-23 Subsequent studies using other creatinine-based eGFRs to trace trajectories
included only a few patients reaching ESRD. Some studies concluded that the trajectories
were linear 22: 24-26 while others found significant variation and non-linearity.27-29 All these
studies were small, included many patients with advanced renal failure, and often had short
follow-up time. Our study in a large cohort of T1D patients who progressed to ESRD
overcomes these shortcomings.

Kidney Int. Author manuscript; available in PMC 2018 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Krolewski et al. Page 4

Renal decline to ESRD in the majority of the cohort was fast

To characterize the distribution of rates of eGFR decline in the Joslin ESRD Cohort, we
extracted the linear component of each trajectory as a simple slope. The distribution of
eGFR slopes was highly skewed with the tail to the left — toward steeply negative slopes
(Figure 3, Panel A). The first quartile was a slope of —14.9 ml/min/year, the median a slope
of —9.1 ml/min/year, and the third quartile a slope of 5.8 ml/min/year. Thus, 80% of this
cohort meets KDIGO guidelines’ definition of rapid progression, a rate of eGFR decline
exceeding 5 ml/min/year.3°

The dramatic difference between the steepness of eGFR slopes in this large cohort of T1D
patients with ESRD, reported for the first time, and the slopes reported in the literature
cannot have escaped the reader’s notice. Published findings were derived from follow-up
studies of non-decliners mixed with decliners with quite variable rates of decline, including
many with little chance of progressing to ESRD during life time. As a result, the median
eGFR slope in the published studies was very shallow and varied from —4.0 to —1.5 ml/min/
year39 Joslin data in Table 2.

Not only did 4 out of 5 slopes in the Joslin ESRD cohort qualify as rapid progression
according to the KIDGO guidelines, but they also spanned an extraordinarily wide range
from, =72 to —5.0 ml/min/year. Such heterogeneity carries implications of an equally
heterogeneous etiology and potentially diverse strategies for clinical management. So, we
subdivided the whole range of rapid progression (in ml/min/year) into three partitions/
categories: (=72 to —15), (-15 to —10) and (=10 to -5). The non-rapid progression (= -5
(ml/min/year) constitutes a fourth group. These divisions between categories are close to the
exact quartile values -14.9, -9.1, —-5.8 (ml/min/year) so the four groups are roughly equal.
An alternative way of representing slopes is to express them as the estimated time needed to
reach ESRD from a starting point such as an eGFR of 100 ml/min (Figure 3, Panel B). The
ranges in the four categories of slopes, when translated into ranges of time to ESRD yielded:
2-6 years, 6-10 years, 10-20 years and 20-45 years. These values suggested names for the
categories: Very Fast, Fast, Moderate, and Slow, respectively.

At present, we have no etiologic or pathophysiologic basis for categorizing the diversity of
slopes. Transforming the ranges of slopes to ranges of time gives a helpful guide to thinking
about the window of opportunity for interventions. For example, very fast and fast decliners
have less than a decade from onset of decline to ESRD. This short window adds urgency to
early diagnosis while renal function is normal. To be adequate, an intervention must be
prompt and very effective. If efficient means can be developed to diagnose fast decliners
early, aggressive “last resort” interventions will be well targeted.

Patient characteristics according category of renal decline

Clinical data were retrieved for almost all of Joslin TLD ESRD Cohort patients back to a
time when their renal function was closest to normal. These are summarized in Table 1
according to the four categories of renal decline. It appears that neither sex, age at diabetes
onset nor duration of T1D at entry into follow-up impacted the rate of renal decline. In
contrast, higher HbAlc and ACR in fast and very fast decliners are both consistent with
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known associations of these covariates with the rate of decline.® 3! Interestingly, the first
quartile of the ACR (0.5g albumin/1g creatinine) was identical across the four categories,
indicating that very fast and fast renal decline developed in a significant proportion of
patients with only mild to moderate albuminuria. Paradoxically, median eGFR at entry was
highest in very fast decliners and lowest in slow decliners. Most likely, the slow decliners’
low eGFR at entry reflects that the onset of their slow decline began many years before entry
into the study and was not captured in our data. By design, the median eGFR slope was
progressively less steep from the very fast to slow categories. As a reflection of that, time
from entry to the onset of ESRD was progressively longer, and age at onset of ESRD was
progressively older. This was in striking contrast to very similar age and duration of T1D at
the entry/onset of renal decline in all categories of progressive renal decline.

Does acute kidney injury (AKI) contribute to renal decline

AKI has been defined as a rapid decrease in kidney function as measured by increases in
serum creatinine over a period ranging from hours to weeks and less than 3 months.32 The
risk of AKI increases in the general population and affects older individuals
disproportionally due to coexisting co-morbidities, including diabetes33. Patients who
survived AKI have an increased risk of development of ESRD. Although little research has
been done regarding this issue in diabetes, it is important to consider whether AKI could
account for any of the findings presented in Figures 1 & 2 and in Table 1. The high density
of measurements of serum creatinine in the Joslin T1D ESRD cohort allowed us to evaluate
the occurrence of episodes of AKI in the trajectories of eGFR that ended up with ESRD.
Two scenarios were possible.

First, a single severe AKI episode could have led to ESRD rapidly — within 3 months.
However, none of the cases with ESRD in our cohort had such rapidly declining renal
function. The fastest decliner, shown in Figure 2, needed 18 months to progress from eGFR
120 to 10 ml/min, and the trajectory of renal decline was linear based on multiple
measurements of serum creatinine. Second, less severe AKI episode(s) could have resulted
in rapid decreases in renal function with subsequent plateaus or even recoveries. The
occurrence of such episodes would result in non-linear eGFR trajectories. Contrary to this
pattern, most trajectories in our ESRD Cohort were linear. Representation of renal decline as
a single slope was appropriate for the vast majority (i.e. 87%) of patients. Similarly, we
found comparable results when we evaluated smoothed eGFR trajectories by a Bayesian
approach.8

In summary, the empirical data obtained in the Joslin TLD ESRD Cohort do not support the
hypothesis that AKI significantly contributes to renal decline leading to ESRD in T1D. This
does not exclude the possibility that AKI is an important factor in the development of ESRD
in T2D as some authors have postulated.2’
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4. When does fast decline begin and how frequent is it in patients with

diabetes?

To determine how frequently fast decline occurs in patients with T1D and T2D in the clinic
population, we recall our findings from the prospective 15t and 2" Joslin Kidney Studies. A
particular focus of these studies is to find means to identify such patients early, while renal
function is normal, so interventions can be undertaken to stop or slow the decline. With that
goal, we concentrated first on learning when fast decline begins. For this purpose, we
studied decliners in normoalbuminuric patients with T1D.17 For decliners we plotted eGFR
trajectories during the 6-12 years of follow-up. They were divided arbitrarily at the median
entry eGFR (105 mL/min): above in panel A and below in panel B. The difference between
panels is striking. Whereas almost all those above median had several years of stable eGFR
(horizontal trajectories) before progressive decline developed, all of those below median
were progressively declining from entry. This finding is novel and suggests that in patients
with T1D, the onset of progressive renal decline (blue circle) happens suddenly when
patients have normal renal function and for the majority normal urinary albumin excretion.
Once decline begins, it continues at an almost constant rate so the majority of trajectories of
eGFR decline can be represented as simple regression slopes. The slopes, however, varied
tremendously among patients, ranging from a loss of 50 to a loss of only 3 ml/min per year.
Fastest decliners would reach ESRD within 2-10 years, while the slowest might need 20-40
years. Note the red eGFR trajectories in two cases with very fast renal decline. While
normoalbuminuria was present in all of these decliners at enrollment, microalbuminuria
developed in half of them during follow-up and a few progressed to proteinuria.’

Frequencies of renal decline in T1D and T2D patients who were followed for 6-12 years in
the 15t and 29 Joslin Kidney Study are shown in Table 2 according to category of renal
decline and category of albuminuria at enrollment. All patients had normal renal function
(eGFR >60 ml/min) at enrollment. Among patients with normoalbuminuria, significant (at
least 3 ml/min/year) progressive renal decline developed in 9% of T1D and 20% of T2D
patients. Most declines were slow or moderate, and fast decline (eGFR slopes <-10.0
ml/min/year) was rare, about 1.0%. Among those with microalbuminuria or proteinuria at
entry, significant decline developed more frequently, and fast decline developed in 3-5% of
microlbuminurics and 17-21% in proteinurics. Interestingly among the fast decliners, ESRD
developed in many within 10 years. Note that in the Joslin population, the proportion of fast
decliners in T1D and T2D are very similar in each category of albuminuria. It has not been
possible to evaluate how well these findings agree with other populations due to a lack of
published data.

5. Mechanisms underlying renal decline in diabetes

Disease processes underlying the onset and the rate of progressive renal decline are
unknown. Similarly unknown is which kidney compartment (tubules, interstitium,
vasculature or glomerula) is initially involved and whether the processes change between
early and late decline (Figure 2). In the absence of an animal model (34), answers to these
unknowns have to be derived from studies in humans.
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Renal impairment has been perceived as a consequence of progressive albuminuria.
Recently, however, progressive renal decline is being recognized as the primary clinical
manifestation of diabetic nephropathy that begins while patients have normal renal function
and frequently in the absence of albuminuria.”- 17- 35 This together with wide individual
variation in rate of decline prompted studies on genetics, metabolomics and proteomics
profiles associated/predictive of progressive renal decline. Positive findings of such studies
may inform us about mechanisms which underlie this decline. In our studies in the Joslin
population we used various types of follow-up study designs in which biologic specimens
were obtained at various points during follow-up and stored in biobanks. The specimens
were analyzed with recently developed high through-put technologies that assay levels of
large numbers of proteins, metabolites, mMRNAs and miRNAs. The following are results of
our studies regarding the role of TNF related proteins.

Circulating TNF related proteins and risk of fast decline to ESRD in diabetes

Almost 20 years ago Hasegawa et al. implicated TNFa in the pathogenesis of diabetic
nephropathy.3¢ While subsequent studies in animal models have supported a causal role of
TNFa in the development of diabetic nephropathy, 37: 38 animal models do not develop
progressive renal decline.3* Clinical studies conducted in the early 2000s attempted to
correlate serum and urinary levels of TNF related proteins with various manifestation of
diabetic nephropathy and other diseases. The results were difficult to interpret. In some
studies, serum TNFa was measured, while in others serum levels of TNF receptors (TNFR1
or TNFR2) were used as proxies for serum of TNFa.3%-42 None were a comprehensive
assessment of the independent effects of TNFa (free and bound) and TNFR1 and TNFR2
on risk of diabetic nephropathy in human studies.

To investigate these issues, we conducted a series of follow-up studies to examine the role of
circulating TNF-related proteins (TNFa free, TNFa bound, TNFR1 and TNFR2)
specifically in the development of progressive renal decline. In the first study Niewczas et al.
showed that high levels of circulating TNFR1 or TNFR2 (levels of both highly correlated)
predicted ESRD in T2D during 8-12 years of follow-up.1® The renal decline was fast in the
majority of these cases of ESRD. While elevated circulating levels of free and total TNFa
were also associated with the risk of ESRD in univariate analysis, those associations
disappeared when examined in multivariate analysis with TNFR1 or TNFR2 included.1® The
strong association of TNFRs with the risk of ESRD was replicated in our subsequent studies
of T1D*3 and T2D.# Similar results were found in Pima Indian T2D, including a lack of
association between serum levels of TNFa and risk of ESRD.#® Our findings were
confirmed recently in other populations.#6: 47 Elevated levels of circulating TNFR1 and
TNFR?2 are also predictors of early progressive renal decline in diabetes, but that association
was not examined for its specificity for fast decliners.16: 17. 48

In summary, elevated levels of circulating TNFR1 and TNFR2 are strong predictors of fast
renal decline to ESRD. Whether high levels of circulating TNFR1 and TNFR2 are causal
factors or only markers of progressive renal decline in human diabetes is unknown. An
important consideration is that the effects of high circulating levels of TNFR1 and TNFR2
on the risk of ESRD do not need to be mediated through TNFa., although that conclusion
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was drawn from animal studies. In all of our studies, the associations of circulating TNFa
(free or bound) and renal decline disappeared when circulating levels of TNFR1 or TNFR2
were considered. The recent CRIC study may be a case of misinterpretation of the role of
circulating TNFa. During 6 years of follow-up of patients with impaired renal function, the
risk of significant renal decline was associated with serum levels of TNFa at baseline.
Although many covariates were considered, the study did not measure and adjust the results
for circulating levels of either TNFR1 or TNFR2.49

6. How to diagnose fast decliners?

Currently, two legacy tests are used to diagnose diabetic nephropathy: ACR and creatinine-
based eGFR. However, they are of little value for distinguishing non-decliners from
decliners, let alone which declines will be fast, moderate, or slow. Serial measurements of
serum creatinine can distinguish decliners from non-decliners but only if the measurements
are frequent (at least once a year) and extend over period of time (i.e. 3-5 years).>:30 These
requirements limit the utility of this approach as a prognostic tool for a clinical setting,
although it can be of value as an outcome measure in longitudinal studies and clinical trials.

Intensive research is underway to find an effective prognostic marker that identifies decliners
at a single clinical encounter. Three goals motivate this effort. The first goal is to discover a
marker that reveals a mechanism underlying progressive renal decline so appropriate
therapy, existing or newly developed, can be applied (see discussion in section 5). The
second goal is to identify a marker that distinguishes fast decliners from moderate and slow
decliners. These may be used to develop prognostic tests that enable physicians to accurately
predict whether the patient has a short or long interval of time to ESRD so adequate
treatment can be selected (See Figure 6). The third goal is to develop from these markers
enrollment criteria for selecting study groups for clinical trials evaluating new interventions
to reduce the risk of ESRD. The effectiveness of prognostic markers for these goals needs to
be considered separately for patients with normal (eGFR >60 ml/min) and patients with
impaired renal function (eGFR <60 ml/min).

Consider the latter group of patients first. In our recent study, Yamanouchi et al. sought to
develop criteria to identify fast decliners among diabetic patients with chronic kidney
disease (CKD stages 3 or 4), so they could be enrolled into clinical trials.** Toward this end,
we examined baseline and follow-up data from patients enrolled into the T1D Joslin
Proteinuria Cohort. A similar cohort of patients with T2D was used as a validation cohort.
Fast decliners were patients who developed ESRD or lost = 40% of baseline eGFR during 3
years of observation (typical duration of clinical trial).

To search for optimal criteria we considered four markers measured at baseline: the two
legacy markers, ACR and eGFR, plus two novel nephropathy markers, elevated serum
TNFR1 or TNFR2. We used an example of machine learning methods, Classification and
Regression Trees (CART), to identify markers and the cut-points in each of them that
maximized separation of fast decliners from moderate, slow and non-decliners. Only two
markers were important. The highest cumulative risk of ESRD within the 3-year follow-up
was for patients with baseline serum TNFR1 >4.3 ng/ml (cut-point selected by CART)
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regardless of the values of other markers. Similarly, the cumulative risk of ESRD was high
for patients with baseline serum TNFR1 between 2.9 and 4.3 ng/ml if baseline ACR was
>1.9 g/g. These two sub-groups were combined into one high-risk group, and all other
patients comprised the low risk group (Figure 6). The multi-marker (composite) criterion
had a sensitivity of 72% and prognostic value of 81%, a very efficient prognostic test to
identify fast decliners. Its application would increase the efficiency of clinical trials of new
interventions for preventing or postponing onset of ESRD.

The cumulative risk of ESRD is shown in Figure 5 according to duration of follow-up and
whether the multi-marker criterion was positive and negative. The cumulative risk of ESRD
after the 3" year reached 70-80% and 15%, respectively. Within 10 years, ESRD developed
in 100% of the criterion-positive group, while it remained in the 35-45% range in the
criterion-negative group. Note that risk of ESRD was almost identical for T1D and T2D in
the criterion-positive and -negative groups. As of now, for moderate decliners who
developed ESRD during the 4t to 10t years of follow-up, we do not have an efficient
prognostic criterion to distinguish them from slow or non-decliners who remained without
ESRD beyond the 10t year. Undoubtedly, such prognostic test would help physician to
stratify patients according to risk of ESRD and would foster clinical trials that would focus
on development of interventions in moderate decliners.

Regarding diabetic patients with normal renal function, we do not have a good prognostic
test to identify fast and moderate decliners. Several new markers that are predictors of
progressive renal decline have been identified in these patients 15 16-18 However, none of
the markers have good prognostic performance, singly or together. With these markers we
were able to design a prognostic test to identify patients with fast and moderate renal decline
that has 50% sensitive and 58% positive predictive value (our studies in cohort described in
Table 2B, Krolewski et al. personal communication). More efficient prognostic markers are
needed to identify patients with fast and moderate progressive renal decline when they have
still normal renal function. Such a tool is critical to the development of early interventions
against ESRD in diabetes (see Figure 6).

7. Decliners and interventions

Intervention strategies for modifying the natural history of progressive renal decline are
outlined in Figure 6.

Prevention of onset of early renal decline

At present interventions to prevent onset at this stage are few. In the DCCT/EDIC study of
healthy T1D patients, CKD stage >3 developed in 5% of the standard treatment group
between the 10th and 20th years of follow-up. In the experimental group with intensified
glycemic control, the onset of CKD stage =3 was delayed by 5 years. It developed in the first
case after 15 years, in 2.5% after 20 years, and in 5% after 25 years of follow-up.2? Since
the cumulative risk curves were paralleled but shifted by 5 years, one may postulate the
intensive glycemic control delayed the onset of early renal decline (see Figure 4A) but did
not change the distribution of rates of renal decline. Overall this intervention, although
successful, was very expensive when applied to everybody before their risk status was
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known. If a patient’s risk status could be determined beforehand, the effort and expense
could be allocated more efficiency.

The other global strategy postulated in the 90s was to treat all diabetic patients with RAS
inhibition as a preventive measure against nephropathy. Despite high enthusiasm, however,
this strategy was shown to be unsuccessful in T1D.51 52 |n T2D, a meta-analysis of trials
was able to detect a reduced risk for microalbuminuria, but it is unknown whether this
intervention postponed the onset of early renal decline or the rate of decline.>3 Recently,
treatment of T2D patients with Empagliflozin (SGLT2 inhibitor) has been shown to stabilize
renal function.>* Remarkably, the eGFR tracing became a horizontal line over the 4-year
trial duration, while it declined progressively in the placebo arm. It is unclear whether this
intervention delayed the onset of early renal decline as well as reducing the rate of decline. It
has not been tested in T1D.

Early vs. late treatment of patients with renal decline

Another effect of intervention is a slowing of the rate of eGFR loss in patients who already
have progressive renal decline. Since renal function decline seems to be linear, early
implementation of an effective treatment, i.e. in patients with normal renal function, would
result in greater postponement of the onset of ESRD in comparison with implementation of
the same treatment in patients with CKD stage =3 (see Figure 6). An illustrative example
was recently reported. The combined data from several studies in T2D revealed that early vs
late RAS intervention delayed ESRD by 4.2 years as compared to 1.4 years, respectively.>®
Since average values were reported it is unknown whether this intervention’s effect was
equal across the spectrum of rates of decline or differed in very fast, fast, moderate and slow
decliners.

Evaluation of effectiveness of therapies according to early and late treatment is hampered by
the FDA regulations regarding the reliable end-points for trials in diabetic kidney diseases.
The approved outcome measures (doubling of serum creatinine or significant postponement
of the onset of ESRD) for use in clinical trials may not be sensitive enough to detect effects
that are less than dramatic, particularly in the most relevant patients with early renal function
decline and well preserved GFR. The proper outcome measure is a change in the rate of
renal decline, as in the ongoing study Preventing Early Renal function loss in Diabetes
(PERL) clinical trial which investigates the effectiveness of allopurinol treatment in reducing
the rate of GFR loss in T1D.5® The challenge being the need for 3 years of follow-up with
GFR determinations with precise GFR measurements (iohexol plasma clearance).

Current standards of care in diabetic nephropathy emphasize good control of glycaemia,
blood pressure (including RAS inhibition) and lipids and cessation of smoking.%’
Multifactorial intervention in T2D delayed ESRD and reduced mortality 58 and clinical data
showed similar effects in T1D%9, but these findings need to be replicated in different
settings.

Delayed effect of therapies to treat renal decline

The disease process that underlies progressive renal decline to ESRD is not only complex
but also long lasting. Effective interventions in this process may be followed by a lag period
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of several years before the therapeutic effect can be demonstrated (see Figure 6 dotted lines).
For example, implementation of an effective treatment that has a lag period in patients with
CKD stage 3 will not be demonstrable in fast decliners for the disease will outrun the
response. On the other hand, the effect of the same treatment initiated in patients with
normal renal function would be detectable in a clinical trial that was carried out long
enough. Furthermore, the effects will be more pronounced in moderate and slow decliners,
as we recently demonstrated for the effect of improved glycemic control on postponing onset
of ESRD in T1D patients with proteinuria 31.

New therapies to treat renal decline

Application of markers to enrich the study population for fast decliners and/or responders to
intervention would increase efficiency. In an ongoing study in albuminuric T2D patients of
the effect of treatment with a selective endothelin A receptor antagonist on hard renal
endpoints, all patients are initially receiving an active study drug before randomization. So
the study is enriched for patients responding with a decline in albuminuria (Clinical Trial
identifier: NCT01858532).

If the underlying pathophysiology of kidney disease in diabetes varies among patients,
treatment may need to be more personalized in the future. The lack of targeting interventions
to appropriately enriched study groups may have contribute to the failure of several recent
trails in diabetic kidney disease. A number of new treatment strategies affecting different
pathways, such as inflammation, fibrosis, and oxidative stress, are being tested for
effectiveness in diabetic kidney disease.®? In order to address fast renal decline we may have
to learn from the approaches being developed in other areas such as oncology. For the most
aggressive cancer cases where a treatment is not known, which could be compared to the
patients with very fast progressive renal decline, phase 1 trial units have been established
where patients are profiled with tumor and germline genomics, tumor transcriptomics, and
potentially other “omics” in an attempt to characterize the pathophysiology of the disease
and subsequently identify a potential (new) drug fitting to the patient’s individual profile,
thereby maximizing the likelihood of success.51

Transcriptomic profiles in kidney biopsies from patients with diabetic kidney disease and
animal models of diabetic kidney disease pointed to the JAK/STAT pathway as a key
pathway in diabetic kidney disease. A subsequent clinical study of intervention with the
JAK/STAT inhibitor baricitinip reduced albuminuria.®? If this approach to identifying new
pathways for intervention is taken to the individual level, it may be an option for aggressive
precision medicine in patients with fast renal function decline.83 We are therefore aiming at
identifying diagnostic markers and putative targets that can be the basis for personalized
treatment of diabetic nephropathy.
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Figure 1.

Year of onset of ESRD

Number of new cases of ESRD in the white US population attributed to diabetes between
1990-2006 according to age of onset of ESRD. In these patients, TLDM is the predominant
diabetes and the almost exclusive type in those with sufficient diabetes duration to develop
diabetes-associated ESRD.

The data were obtained from the US Renal Data System (http://www.usrds.org/). Figure
adapted from Rosolowsky et al. JASN 2012.4

Using data presented in Table 1, one may interpret that patients with ESRD onset between

aged 20-39 years
slow decliners.

were enriched for fast decliners and those 40-49 years for moderate and
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Figure 2.

Examples and frequencies of trajectories of eGFR decline in the Joslin ESRD cohort,
classified as linear or non-linear by a linear spline approach.

Trajectories were classified by comparing linear (solid gray line) and spline (solid black
line) regression models. Dots represent eGFR observations, horizontal gridlines are
boundaries of CKD stages, and vertical interrupted line indicates onset of ESRD. Grey area
distinguishes late from early progressive renal decline.

Figure adapted from Skupien et al. Diabetes Care 2016.5
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Distribution of eGFR slopes in 364 patients in the Joslin ESRD cohort

Panel A: Histogram of the distribution of slopes of eGFR; insert — a trajectory of renal

decline in a patient with the steepest slope(indicated with the arrow).

Panel B: Proposed categories for the slopes in Panel A
Re-analyzed data from Skupien et al. Diabete Care 2016.5
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Figure 4.

eGFR trajectories in T1D patients with normoalbuminuria who developed progressive renal
decline during 6-10 years of follow-up, plotted according to whether baseline eGFR was
above (Panel A) or below (Panel B) the median (105 mL/min). Onset of early progressive
renal decline was observed only in patients with eGFR above 105 mL/min.

Lines in red indicate patients with very fast renal decline. Proteinuria developed in them
after the onset of early renal decline. Microalbuminuria developed in half of the decliners in

both panels by the end of follow-up.

Adapted from Krolewski et al. Diabetes Care 2014.17
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Figure 5.
Cumulative risk of ESRD during 10 year follow-up in the two Joslin cohorts with chronic

kidney disease according to value of multi-marker criterion at entry into the follow-up.

The following markers at baseline were considered: ACR, eGFR, TNFR1 and TNFR2 to
develop the multi-marker criterion to identify patients (fast decliners) at risk of ESRD during
the first 3 year of follow-up using data from T1D cohort. The performance of the criterion
was replicated in the data from T2D cohort.

Positive criterion: at baseline serum TNFR1 >4.3 ng/ml disregarding the other markers, or
serum TNFR1 between 2.9 and 4.3 ng/ml and ACR >1.9 g albumin/g creatinine in urine.
Negative criterion: at baseline serum TNFR1 <4.3 ng/ml and ACR <1.9 g/albumin/1 g
creatinine in urine, or serum TNFR1 <2.9 ng/ml disregarding values of other markers.

It was extraordinary that the multi-marker criterion that was developed in the T1D cohort
produced almost identical stratification according to ESRD risk in T2D cohort. The T2D
cohort had very different clinical characteristics than the T1D cohort.

Re-analyzed data from Yamanouchi M et al. Kidney Int 2016 (under review).*4
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Figure 6.
Schematic representation of eGFR trajectories in fast decliners and their modifications in

response to different interventions to reduce the rate of decline and postpone the risk of
ESRD.

Intervention with a treatment that effectively reduces the rate of decline will postpone the
onset of ESRD by a longer interval depending on how soon after the onset of decline the
intervention occurs (dashed red and blue lines).

Evidence of an effective treatment may not be visible until after a lag interval (as described
by Skupien et al. JASN 201431). That effect will not be realized, however, if the treatment is
initiated too late (dotted red and blue lines).

In moderate and slow decliners, the effects of the treatments illustrated above, will be more
pronounced. An immediate treatment effect (straight lines) would result in a greater delay in
ESRD, and a lagged treatment effect (curves) would result in a higher residual eGFR.
However, demonstrating these effects would require clinical trials longer than 3 years and
different definition of end-point measures, e.g. deceleration of eGFR slopes or other more
sensitive surrogates.
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Table 2

Distribution of categories of progressive renal decline during 6-10 years of follow-up in patients with T1D
(Panel A) or T2D (Panel B) in the Joslin Kidney Studies according to category of albuminuria at entry into
follow-up. At entry, eGFR was normal in all patients.

eGFR Loss per mL/yeard® Normo-Albuminuria | Micro-Albuminuria | Proteinuria | Total
% (N) % (N) % (N) % (N)
A. In Type 1 Diabetes
<29 91% 78% 49% 81%
3-4.9 6% 11% 16% 8%
5-9.9 2% 7% 19% 7%
> 10 1% 4% 16% 4%
Total 100% (932)% 100% (525)% 100% (275)€ | 100% (1732)
B. In Type 2 Diabetes
<29 80% 67% 32% 2%
3-4.9 13% 18% 17% 15%
5-9.9 6% 12% 30% 10%
>10 1% 3% 21% 3%
Total 100% (681) 100% (418) 100% (82) | 1009 (1181)¢

a - L I . . . s . S .
Methods of serum creatinine determination and calibration for all patients involved in the Joslin Kidney Studies are described in Skupien et al.

Diabetes Care 2016.4 eGFR slopes were estimated using linear regression and multiple serum creatinine measurments performed during 6-12
years follow-up observations.

bPatients from the 15t and 2" Joslin Kidney study in T1D were included. More information about these studies are provided in publications by
Perkins et al0 and Krolewski et al.17

cPatients from the Joslin Proteinuria Cohort, Skupien et al. Kidney Int. 2012.5

Patients from the 2Nd Joslin Kidney study in T2D were included, (Krolewski et al. personal communication).
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