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Introduction: The disease trajectory of diabetic kidney disease (DKD) shows a high interindividual vari-
ability not sufficiently explained by conventional risk factors. Clonal hematopoiesis of indeterminate po-
tential (CHIP) is a proposed novel cardiovascular risk factor. Increased kidney fibrosis and
glomerulosclerosis were described in mouse models of CHIP. Here, we aim to analyze whether CHIP af-
fects the incidence or progression of DKD.

Methods: A total of 1419 eligible participants of the PROVALID Study were the basis for a nested case-
control (NCC) design. A total of 64 participants who reached a prespecified composite endpoint within
the observation period (initiation of kidney replacement therapy, death from kidney failure, sustained 40%
decline in estimated glomerular filtration rate or sustained progression to macroalbuminuria) were
identified and matched to 4 controls resulting in an NCC sample of 294 individuals. CHIP was assessed via
targeted amplicon sequencing of 46 genes in peripheral blood. Furthermore, inflammatory cytokines were
analyzed in plasma via a multiplex assay.

Results: The estimated prevalence of CHIP was 28.91% (95% Cl 22.91%-34.91%). In contrast to other
known risk factors (albuminuria, hemoglobin A1lc, heart failure, and smoking) and elevated micro-
inflammation, CHIP was not associated with incident or progressive DKD (hazard ratio [HR] 1.06 [95% CI
0.57-1.96]).

Conclusions: In this NCC study, common risk factors as well as elevated microinflammation but not CHIP
were associated with kidney function decline in type 2 diabetes mellitus.
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D iabetic kidney disease (DKD) develops in 25%
to 40% of individuals with type 2 diabetes
mellitus (T2DM) and is the leading cause of kidney
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failure needing replacement therapy in almost all
industrialized countries." * Incidence and progression
of DKD have been associated with inadequate glycemic
and blood pressure control, dyslipidemia, prolonged
diabetes duration, advanced age, genetic predisposi-
tion, lifestyle factors, and comorbidities.’ However, the
course of the disease shows a considerably high inter-
individual variability that often cannot be sufficiently
explained by conventional risk factors.”’

Clonal hematopoiesis of indeterminate potential
(CHIP) has recently emerged as a novel cardiovascular
risk factor linking the innate immune system to specific
clonal drivers, aging, and

subclinical chronic
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inflammation (microinflammation).”* CHIP is defined as
a clonal expansion in the hematopoietic lineages in the
absence of a hematological malignancy.q It is driven by
somatic variants providing a proliferative advantage to
specific hematopoietic stem cells.”'’ Variants are
mainly observed in the epigenetic regulators
DNMT3A, TET2, and ASXLI, as well as the cytokine
signaling component JAK2 and the tumor suppressor
protein TP53."" "> As somatic variants accumulate in
different cell types throughout life,"” the prevalence of
CHIP increases considerably with advancing age."' "’

In previous studies the presence of CHIP has been
associated with increased risk of coronary heart dis-
ease, ischemic stroke, and heart failure'"'> " as well as
adverse outcomes in patients with established heart
failure'® *’ or degenerative aortic valve stenosis.”'
Experimental data suggest endothelial as well as tis-
sue inflammation and fibrosis via clonally-derived
macrophages and monocytes as possible mechanisms
behind adverse outcomes.'”****

Studies in mouse models simulating myeloid TET2,
DNMT3A, and JAK2 variants revealed increased
atherogenesis as well as myocardial inflammation and
fibrosis.'”***>  Furthermore, increased glomerulo-
sclerosis'” and greater kidney fibrosis when challenged
with angiotensin 1I”* were observed in these models.
CHIP and DKD are both associated with advanced age
and microinflammation and, in both conditions, mac-
rophages seem to play a pivotal role.”** ** On the basis
of these observations, we hypothesized that CHIP may
be associated with inflammatory cytokines and kidney
function decline in patients with T2DM.

METHODS

Study Population and Design

This study is based on participants of the PROVALID
Study, a noninterventional, prospective cohort study
including 4000 patients with T2DM in 5 European
countries (Austria, Hungary, United Kingdom, Poland,
and The Netherlands). Patients with T2DM >18 years
were recruited between 2011 and 2014 at the primary
level of health care and followed up annually with a
tolerance interval of +=3 months. All study visits were
integrated into the routine medical care. Clinical and
laboratory parameters were obtained at baseline and on
every annual follow-up visit. Serum creatinine and
urinary albumin and creatinine were measured by local
laboratories and entered into a web-based data re-
pository. Estimated glomerular filtration rate was
calculated using the Modification of Diet in Renal
Disease equation.”’ For the diagnosis of albuminuria,
successive urinary albumin and creatinine measure-
ments at 3 different time points were used to calculate
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urine albumin-to-creatinine ratios (mg/g). Albuminuria
was then classified on the basis of a two-out-of-three
principle (e.g., normoalbuminuria, normoalbuminuria,
and microalbuminuria was classified as normoalbumi-
nuria). When fewer than 3 urine collections were
available, albuminuria was determined by calculating
the arithmetic mean. Further details regarding the
study design and baseline characteristics of PROVALID
are published elsewhere.”

A nested case-control (NCC) design was used for this
study. The study design has been proposed to be
highly efficient for analyses requiring high-cost tech-
nologies where testing of the whole cohort would not
be feasible and event rates are low.”” A total of 1419
participants from PROVALID were eligible for this
study (selection cohort). Inclusion and exclusion
criteria and the selection process are shown in
Supplementary Table S1 and Supplementary Figure S1,
respectively. The median follow-up was 5.00 years
(25% and 75% quantiles 3.95 and 6.04). Kidney func-
tion decline was defined as reaching a prespecified
composite end point within the observation period.
The composite end point comprised (i) initiation of
kidney replacement therapy, (ii) death from kidney
failure, (iii) decline in estimated glomerular filtration
rate of =40% from baseline to <60 ml/min per 1.73 m?,
or (iv) progression to macroalbuminuria including a
30% increase in the mean urinary albumin-to-
creatinine ratio from baseline. To differentiate inci-
dence or progression of DKD from acute kidney injury
or transient increases in albuminuria, both estimated
glomerular filtration rate decline and progression to
macroalbuminuria had to be sustained over at least 1
year as assessed on 2 consecutive in-study measure-
ments. Initiation of kidney replacement therapy (dial-
ysis or transplantation) and death from kidney failure
were investigator-reported. The components of the
composite end point were selected on the basis of the
proposed definition of major adverse renal events’’ and
the international consensus definition of clinical trial
outcomes for kidney failure.”’ Of 1419 eligible PRO-
VALID participants (selection cohort), 64 patients were
identified who reached the composite end point within
the observation period (cases). Details on the distribu-
tion of the different components of the composite end
point are shown in Supplementary Table S2. Under the
assumption of a CHIP prevalence of 16% (to
33%),'""'%?! the study was powered (80%) to detect
a clinically meaningful harzard ratio (HR) of 2.6 (to
2.1).” Thus, to each of the 64 cases 4 controls were
matched by age decade and country. As in an NCC
design, a subject may act as a control for more than one
case, and a case may serve as control before becoming a
case,”’ this particular stratified random sampling and
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matching procedure resulted in a study population of
294 individuals (NCC sample).

The PROVALID study protocol was approved in
each participating country by the responsible local
Institutional Review Boards. Signing an informed
consent form was a prerequisite for study participation
in all countries. The analysis was further approved by
the Ethics Committee of Medical University Innsbruck
(EK Nr. 1015/2020). This study is in line with the
guidelines laid out by the Declaration of Helsinki.

Sample Preparation

Peripheral blood EDTA and plasma EDTA stored
at —80 °C in the PROVALID study biobank was uti-
lized. DNA was isolated with QIAsymphony DNA Midi
Kit (Qiagen, Hilden, Germany) on QIAsymphony (Qia-
gen) from deep-frozen samples of peripheral blood.
DNA concentrations were obtained by Qubit dsDNA
BR Assay Kit (Life Technologies, Carlsbad, CA) on a
Qubit Fluorometer (Life Technologies).

Next-Generation Sequencing

A targeted sequencing approach for the detection of
CHIP variants was applied, using the TruSight Myeloid
Sequencing Panel (Illumina, San Diego, CA) covering
genes mostly affected in myeloid neoplasms and pre-
cursors thereof. Genes available on the TruSight
Myeloid Sequencing Panel were categorized by being
often, seldom, or not analyzed in the context of CHIP.
Only genes at least once associated with CHIP were
considered for analysis (Supplementary Table S3). Li-
brary preparation with 50 ng DNA per sample was
performed according to the manufacturer. Paired-End
sequencing was performed on MiSeq devices with
151 cycles per direction as specified by the
manufacturer.

Variant Calling and Annotation Strategies

For data analysis and variant calling, the SeqNext
Module of JSI Medical Systems (Ettenheim, Germany)
was utilized to align raw corresponding sequence reads
to the hgl9 build of the human reference genome.
Regions with a minimum coverage of 50 were analyzed.
Common single-nucleotide polymorphisms with a mi-
nor allele frequency of at least 1% in the non-Finnish
European population and synonymous changes were
excluded. In addition, variants present in >10% of the
cohort as well as in >10% of patients per sequencing
run and variants in areas with excessive local noise
were considered technical artifacts and excluded from
the data set. Only coding variants with a variant allele
frequency (VAF) of at least 2%, a quality score of =30,
and a variant read number of at least 15 were included.
Furthermore, variants with a VAF of 0.45 to 0.55 and
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0.98 to 1.00 as well as 0.48 to 0.66 for the gene
NOTCHI, according to statistical analysis of variant
distribution, were not considered in the results to
exclude potential germline variants. The remaining
variants were evaluated via MLLi:db (Database of
Miinchner Leukdmie Labor, https://mlli.com), Cosmic
(Catalogue of Somatic Mutations in Cancer, https://
cancer.sanger.ac.uk/cosmic), HGMD (Human Gene
Mutation Database, https://ihgseql3.helmholtz-
muenchen.de/hgmd/pro/search_gene.php), ClinVar
(https://www.ncbi.nlm.nih.gov/clinvar), and LOVD
(Leiden Open Variation Database, https://www.lovd.nl/)
for exclusion of benign variants.

Cytokine Assay

Multiplex assay for analysis of inflammatory cytokine
release was performed using LEGENDplex Human
Inflammation Panel 1 (BioLegend, San Diego, CA)
following kit instructions on plasma EDTA samples. A
list of all analyzed cytokines is provided in
Supplementary Table S4. Deviating from kit in-
structions, samples were incubated with the primary
antibody overnight and washed 3 times for binding of
low abundant cytokines and background reduction.
Data were collected on a Navios flow cytometer
(Beckmann Coulter, Brea, CA) and analyzed using
BioLegend LEGENDplex Analysis Software Version
2020.11.19 (https://legendplex.qognit.com, San Diego,
CA). The geometric mean of each cytokine is reported
per patient according to the standard curves and cal-
culations performed by the LEGENDplex Analysis
Software. Out of range values were substituted with
the lower limit of detection specific for each analyzed
cytokine, an approach which, according to Pfister
et al.,”” has shown to only marginally bias group dif-
ference estimation and thus not enhance further type II
errors in subsequent analyses. Information on inter-
and intra-assay variability is provided in the
Supplementary Material.

Statistical Analysis

Patient characteristics for continuous variables are
described with mean and standard deviations (SD) or,
when appropriate (e.g., because of skewness), with
median and 25% and 75% quantiles. For discrete
variables, absolute and relative frequencies are pre-
sented. Separate descriptive statistics are shown for
cases and controls and for CHIP carriers and non-
carriers. Bar plots are presented to describe the distri-
bution of CHIP variants, the frequency of mutations
within patients, and the age-specific prevalence of
CHIP in our NCC sample. The prevalence of CHIP in the
selection cohort (n = 1419) was estimated applying an
inverse probability weighting procedure to our
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sarnple.34 For each pair of potential controls, the joint
probability of being sampled in the NCC sample was
derived by simulation. The resulting inclusion matrix
was used to perform a Horvitz-Thompson estimation of
the population mean with a respective 95% confidence
interval (CI).””

The distributions of cytokine concentrations by
cases and controls and by CHIP carrier status are
described with boxplots. In line with theory, plasma
cytokines levels were found to be highly collinear.
Partial correlations were calculated from Pearson cor-
relations to account for and briefly describe their
complex directed interplay. In situations of high mul-
ticollinearity, one has to be wary, as using such data
poses additional uncertainty in any subsequent ana-
lyses, that is, it depletes power and gives room for
discovering spurious relationships. The NCC design
does not allow for structural modeling of the cytokines’
relationships alongside with their effect on the
outcome. Instead, as a mean to reduce the dimension of
the cytokine data to a single variable while retaining a
maximum of variation, a principal component (PC)
analysis was used.”” The first PC (PC1), standardized as
a so-called PC score, turned out to be a solely positively
weighted sum of all cytokines (Supplementary
Table S5) that captures 55.2% of their variation and
mainly consists of interleukin (IL)-18, MCP-1, and IL-8.
PC1 was used in the regression analysis. PCI is inter-
preted as a proxy variable for the degree of
microinflammation.

To not compromise the study design, all analyses are
complete case analyses. To gain efficiency in estimation
and circumvent bias through confounding at the stage
of sampling, we matched cases on each control’s age
decade and country. Both variables capture unob-
served heterogeneity and very likely affect the
outcome as well as potentially the risk factor of primary
interest—the CHIP carrier status.”” For each of the 64
cases, stratified incidence density sampling of 4 con-
trols was performed.’” *' Under this sampling scheme,
the conditional logistic likelihood can be exploited to
estimate (hazard) rate ratios comparable to those of the
underlying cohort as proposed initially in Liddell
et al.””"* " We reweight the Breslow estimator with
the inverse of the incidence density sampling proba-
bilities to estimate the cumulative incidence for CHIP
carriers and noncarriers as also explained by Samuelsen
et al.”* To explore crude absolute risk, we present the
estimated cumulative incidence of the composite end
point in the selection cohort compared with corre-
sponding inverse probability weighting estimates for
CHIP carriers and noncarriers from the NCC sample.

We ran unadjusted and adjusted regressions to es-
timate the effect of CHIP on the outcome. Risk factors
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at baseline known from the literature were employed in
the adjusted models to reduce bias due to the omission
of relevant (confounding) variables. Adding these
variables to the regressions significantly increased the
concordance statistic of the CHIP (DNMT3A/TET2)
specification from 50.6% (51.6%) to 83.2% (81.6%),
which hints toward their prognostic power.””** To
measure relative risk, we present HRs with 95% CIs.
Continuous variables used to adjust models were
standardized. We allow for a type 1 error of 5%, and all
hypotheses are two-sided. All calculations were carried
out using R 3.6.3."

RESULTS

CHIP was identified in 87 of 294 individuals, with a
total of 127 aberrations affecting 27 of 46 analyzed
CHIP-associated genes (Supplementary Table S6). On
the basis of the occurrence of CHIP in the NCC sample
(m = 294), the prevalence of CHIP in the selection
cohort (n = 1419) was estimated to be 28.91% (95% CI
22.91%—34.91%). The median VAF was 4.60 (25% and
75% quantiles 2.55 and 9.55). Baseline characteristics
of the whole cohort as well as grouped by cases and
controls and by CHIP status are shown in Table I.
Variants were most commonly found in DNMT3A,
TET2, BCORLI, and TP53 (Figure la). Most in-
dividuals had 1 CHIP-associated variant; however, in
some individuals, up to 4 variants were found
(Figure 1b). The occurrence of CHP increased with
advancing age (Figure lc).

CHIP and Kidney Outcome in T2DM

In this NCC study of patients with T2DM, CHIP was
not associated with worse kidney outcome (HR 1.06
[95% CI 0.57-1.96]). A subanalysis only considering
variants in DNMT3A and TET2 showed similar results
(HR 0.78 [95% CI 0.35-1.72]) without change on
adjusting the model for different covariates and
possible confounders or inflammatory cytokines (HR
0.66 [95% CI 0.28-1.53] and HR 0.40 [95% CI 0.14—
1.15]). In addition, on analysis of larger CHIP clones
(VAF >0.05, >0.1, or >0.15) no effect on kidney
outcome could be observed. While there was no asso-
ciation between CHIP and the composite outcome,
known risk factors such as albuminuria, higher he-
moglobin Alc, heart failure, and smoking were asso-
ciated with kidney function decline. Crude and
adjusted analyses as well as covariates that were used
to adjust the models are shown in Figure 2. In Figure 3,
the cumulative incidence rate of the composite end
point in the selection cohort is compared with the
corresponding inverse probability weighting estimates
for CHIP carrier and noncarrier in the NCC sample. The
curves show closely resembling patterns for the
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Table 1. Baseline characteristics
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Characteristics

n
Country, n (%)
Austria
Hungary
UK
Sex (male), n (%)
Age, yr

Duration of T2DM, yr
Duration of hypertension, yr

Insulin use, n (%)
HbAlc, %
Systolic BP, mm Hg

Diastolic BP, mm Hg

Total cholesterol, mg/dl
LDL cholesterol, mg/dl
HDL cholesterol, mg/dl

Triglycerides, mg/dl

eGFR, mi/min per 1.73 m?
UACR, mg/g creatinine

Albuminuria, n (%)

Normoalbuminuria

Microalbuminuria
Macroalbuminuria
CRP, mg/dl
Hemoglobin, g/dI
BMI, kg/m?
Smoking, n (%)
Never
Current smoker
Former smoker
Heart failure, n (%)
CAD, n (%)
PAD, n (%)
CD, n (%)

Diabetic retinopathy, n (%)

No
Yes
Unknown

Overall

294

95 (32.3)
166 (56.5)
33 (11.2)
165 (62.7)
65.26 (9.80)

10.00 [5.00-16.00]
12.00 [8.00-19.00]

80 (27.2)
6.80 [6.20-7.50]
138.32 (17.59)

80.00 (9.53)
183.84 (45.82)
104.52 (41.04)
48.65 (12.82)
163.29 (80.29)
76.39 (25.24)

11.29 [5.36-36.84]

217 (73.8)
20 (6.8)
57 (19.4)

0.72 (1.56)

13.72 (1.55)
31.34 (5.54)

160 (54.4)
31 (10.5)
103 (35.0)
14 (4.8)
57 (19.4)
27 (9.2)
19 (6.5)

223 (75.9)
44 (15.0)
27 (9.2)

Controls

230

74 (32.2)

130 (56.5)

26 (11.3)

119 (61.7)

65.24 (9.86)
8.00 [4.00-15.00]

12.00 [7.75-17.25]

54 (23.5)
6.70 [6.20~7.39]
138.05 (16.91)
80.24 (9.16)
185.78 (45.30)
106.54 (40.17)
48.98 (12.84)
162.14 (79.67)
77.54 (21.90)
8.50 [4.63-20.65]

191 (83.0)
6 (2.6)

33 (14.3)

0.72 (1.63)

13.90 (1.39)

31.15 (5.41)

136 (59.1)
22 (9.6)
72 (31.3)

6 (2.6)
37 (16.1)
22 (9.6)
12 (5.2)

182 (79.1)
32 (13.9)
16 (7.0)

Cases CHIP — CHIP +
64 207 87
21 (32.8) 67 (32.4) 28 (32.2)
36 (56.2) 116 (56.0) 50 (67.5)
7 (10.9) 24 (11.6) 9 (10.3)
36 (56.2) 112 (54.1) 43 (49.4)
65.30 (9.63) 63.68 (9.94) 69.01 (8.38)

12.50 [8.00-19.00]
15.00 [9.50-22.50]

26 (40.6)

6.95 [6.50-7.67]

139.30 (19.99)
79.12 (10.79)
176.86 (47.35)
97.26 (43.59)
47.46 (12.77)
167.44 (82.98)
72.25 (34.62)

52.49 [14.57-294.06]

10.00 [5.00-15.00]
12.00 [8.00-18.00]

53 (25.6)
6.80 [6.23-7.50]
136.92 (17.78)

79.90 (9.79)
185.49 (46.36)
105.22 (41.85)
48.70 (12.96)
166.42 (80.56)
78.60 (24.97)

10.56 [5.30-31.65]

9.00 [4.50-17.50]
13.00 [9.00-20.00]
27 (31.0)
6.70 [6.20-7.30]
141.64 (16.77)
80.23 (8.93)
179.92 (44.52)
102.86 (39.24)
48.52 (12.54)
155.86 (79.63)
71.14 (25.27)
14.30 [5.78-47.26]

26 (40.6) 157 (75.8) 60 (69.0)

14 (21.9) 12 (5.8) 8 (9.2)
24 (37.5) 38 (18.4) 19 (21.8)
0.71 (1.26) 0.64 (1.08) 0.91 (2.32)
13.09 (1.90) 13.74 (1.57) 13.66 (1.50)
32.02 (5.98) 31.49 (5.71) 30.98 (5.15)
24 (37.5) 112 (54.1) 48 (55.2)

9 (14.1) 24 (11.6) 7 (8.0)
31 (48.4) 71 (34.3) 32 (36.8)

8 (12.5) 9 (4.3) 5 (5.7)
20 (31.2) 40 (19.3) 17 (19.5)

5 (7.8) 23 (11.1) 4 (4.8)

7 (10.9) 13 (6.3) 6 (6.9)
41 (84.1) 164 (79.2) 59 (67.8)
12 (18.8) 27 (13.0) 17 (19.5)
11 (7.2) 16 (7.7) 11 (12.6)

BMI, body mass index; BP, blood pressure; CAD, coronary artery disease; CD, cerebrovascular disease; CHIP, clonal hematopoiesis of indeterminate potential, CRP, c-reactive protein;
eGFR, estimated glomerular filtration rate; HbA1c, hemoglobin Alc; HDL, high-density lipoprotein; LDL, low-density lipoprotein; PAD, peripheral artery disease; T2DM, type 2 diabetes

mellitus; UACR, urine albumin-to-creatinine ratio; UK, United Kingdom.

Categorical variables are presented as counts (%). For continuous variables, mean (SD) or median [25% and 75% quantile] are presented.

selection cohort and the NCC sample but no significant
differences with regard to the CHIP carrier status.

CHIP and Inflammatory Cytokine Profiles in
T2DM

A set of 13 inflammatory cytokines was measured in
plasma samples of all 294 individuals in the NCC sam-
ple. Analyzed cytokines are listed in Supplementary
Table S4. Cytokine plasma concentration varied
greatly among participants, ranging from being not
detected to above physiological levels. Values for IL-
1B, IFN-0:2, IFN-Y, TNE-0, IL-6, IL-10, IL12p70, IL-
17A, IL-23, and IL-33 could not be obtained from all
individuals, because of a physiologically low plasma
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concentration. This was also described by the assay
reference plasma samples.

In this study, no difference in plasma cytokine levels
between CHIP carriers and noncarriers could be
observed (Figure 4). Plasma cytokine levels in cases and
controls are shown in Figure 5.

Partial correlations in Figure 6 show that the
measured cytokines were highly interdependent.
Because of these strong mutual influences, it was not
possible to identify direct causal origins of the indi-
vidual cytokines’ effects on the outcome. Thus, in the
regression analysis, a PC score (PC1) derived from the
cytokine data was used as a proxy variable for the
degree of microinflammation. Elevated micro-
inflammation as represented by PCl was associated

Kidney International Reports (2022) 7, 876-888
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Figure 1. CHIP in individuals with T2DM; (a) Frequencies of identified variants (n = 127) in CHIP-associated genes, (b) occurrence of 1 and more
variants in individuals with CHIP, (c) Prevalence of CHIP by age decade. (a) Frequency distribution of affected genes. A detailed list of all
identified variants is provided in Supplementary Table S6. (b) Proportions of CHIP carriers with 1 or more variants in CHIP-associated genes. (c)
Prevalence of CHIP by age decade at baseline. CHIP, clonal hematopoiesis of indeterminate potential.

with an increased risk of incidence or progression of
DKD (HR 1.37 [95% CI 1.01-1.86]).

DISCUSSION

The prevalence of CHIP in our study was higher as
compared with studies utilizing genome- or exome-
wide sequencing approaches, which were among
others conducted in 22 cohorts in type 2 diabetes as-
sociation studies.'"”'” This is mostly due to a higher
sensitivity of targeted sequencing, as previously dis-
cussed by Buscarlet et al."® Petzer et al."’ could also
show a higher prevalence of CHIP using our same
sequencing approach as compared to studies using
genome- or exome-wide sequencing. However, besides
the sensitivity of the sequencing technique, the

Kidney International Reports (2022) 7, 876-888

prevalence of CHIP also depends on how CHIP-
associated genes and variants are defined.'' Dor-
sheimer et al.'® used a similar approach to ours and
analyzed 56 genes via targeted amplicon sequencing in
bone marrow—derived mononuclear cells of 200 in-
dividuals with chronic ischemic heart failure. VAF are
highly concordant between blood and bone marrow
samples, thus allowing a comparison with our results.”
The mean age was 65 years as it was in our study;
however, only 36% had diabetes.'® They reported a
prevalence of CHIP of 18.5%.'° There might be an
enrichment of CHIP in populations with T2DM, as
previously suggested by Jaiswal et al.'' An unhealthy
diet quality and a higher body mass index have also
been previously associated with a higher prevalence of
CHIP.”"
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Risk Factor Hazard Ratio Lower 95%Cl Upper 95%CI
CHIP unadij. —_— 1.06 0.57 1.96
CHIP adj. —_— 0.66 0.28 1.53
DNMT3A/TET2 unadj. —_— 0.78 0.35 1.72
DNMT3A/TET2 adj. 0.40 0.14 1.15
Female N 2.08 0.81 5.35
Current Smoker 5.01 1.37 18.27
Ex-Smoker —_— 3.34 1.36 8.22
Microalbuminuria ——— 5.31 218 12.93
Macroalbuminuria 28.66 7.01 11717
eGFR _—— 1.38 0.91 2.09
HbA1c — 1.62 1.08 244
Insuline —_— 1.49 0.59 3.77
T2DM Duration ———— 1.23 0.78 1.93
Systolic BP —_— 0.95 0.59 1.53
Diastolic BP —_— 0.81 0.51 1.27
BMI — 1.01 0.68 1.50
HDL Cholesterol —— 1.46 0.92 2.32
LDL Cholesterol —_— 0.74 0.49 1.1
Triglycerides e 0.90 0.56 1.46
Heart Failure 8.97 1.69 47.61
PAD 0.77 0.21 2.89
CAD —_— 0.77 0.30 1.99
CD 1.74 0.45 6.78
PC1(Cytokines) [t 1.37 1.01 1.86

I T T T T T T T T 1
012 025 050 1.0 2.0 40 80 160 320 64.0

Figure 2. Kidney outcome by CHIP carrier status and influence of risk factors. Relative risks are presented as hazard ratios with 95% Cls.
Continuous variables used to adjust models were standardized. All listed variables were used to adjust the model for CHIP and DNMT3A/TET2.
The hazard ratios of the adjustment variables in the DNMT3A/TET2 model are not shown as they did not differ. The vertical axis is on a
logarithmic scale. adj., adjusted; BMI, body mass index; BP, blood pressure; CAD, coronary artery disease; CD, cerebrovascular disease; CHIP,
clonal hematopoiesis of indeterminate potential; eGFR, estimated glomerular filtration rate; HbA1c, hemoglobin Alc; HDL, high-density lipo-
protein; LDL, low-density lipoprotein; PAD, peripheral artery disease; T2DM, type 2 diabetes mellitus; Unadj., unadjusted.

In our population, most variants were found in
DNMT3A and TET2, and most individuals with CHIP
carried a single mutation. These findings are in line
with previously published data.”*®

Multiple studies indicate an increased cardiovascu-
lar risk in CHIP,'""” ' presumably via increased

Selection cohort
— (n=1419)

0.08
0.06
0.04

0.02

Cumulative Incidence of Renal End points

microinflammation. Marked glomerulosclerosis and
increased kidney fibrosis when challenged with
angiotensin II were described in mouse models repre-
senting a setting with TET2 and DNMT3A vari-
ants.'”*” Thus, it seemed reasonable to hypothesize
that CHIP would also increase the risk of kidney

NCC sample (IPW Estimates)
— CHIP- (n =207) — CHIP+ (n =87)

Years

Years

Figure 3. Cumulative incidence of the composite end point in the selection cohort and corresponding IPW estimates for CHIP carrier and
noncarrier in the NCC sample. The cumulative incidence rate of the composite end point in the selection cohort is shown in the left figure; the
corresponding IPW estimates for CHIP carrier and noncarrier in the NCC sample are shown in the right figure. Dashed lines indicate 95%
confidence bands. CHIP, clonal hematopoiesis of indeterminate potential; IPW, inverse probability weighting; NCC, nested case-control.
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Figure 4. Plasma cytokine levels in CHIP carriers and noncarriers. Boxplots of plasma cytokine levels by CHIP status. The notch around the
median indicates the 95% Cl. CHIP, clonal hematopoiesis of indeterminate potential; IL, interleukin.

function decline in T2DM, a condition where micro-
inflammation plays a major role. However, in this
study, we did not find an association between CHIP
and a prespecified composite end point in patients with
T2DM (HR 1.06 [95% CI 0.57-1.96]). Results did not
change when different covariates and possible con-
founders or inflammatory cytokine levels were added
to the model (HR 0.66 [95% CI 0.28-1.53]). In addition,
exploratory analyses using alternative definitions of
CHIP (DNMT3A/TET2 only, different VAF cut-offs)
yielded similar results. These exploratory analyses
were based on reports of kidney damage in mouse
models having TET2 or DNMT3A variants' ** and on
data suggesting a dose-response association between
VAF and cardiovascular outcome.'®'® Although we
could not find an effect of CHIP, strong known risk
factors such as albuminuria, higher hemoglobin Alc,
heart failure, and smokingl were associated with kid-
ney function decline in our cohort. It has been sug-
gested that CHIP increases cardiovascular risk via

1000

100

pg/ml

endothelial inflammation that promotes atherogen-
71> It is possible that CHIP, via this patho-
mechanism, contributes primarily to macrovascular
complications and has less impact on the microvascu-
lature of the kidney. As elevated microinflammation
was associated with worse kidney outcome but CHIP
was not, it is also possible that other mechanism of
microinflammation outweigh CHIP in DKD.
Inflammation is a possible trigger for oxidative stress
associated DNA damage. An inflammatory environment
therefore may enable CHIP emergence.”” ~ On the
other hand, CHIP has been proposed to increase
inflammation itself.””’ TL-1P and IL-6 expression was
previously reported to be increased in mice simulating
TET2-variant CHIP."”°° °® Increased levels of TL-8, TL.-
6, and TNF-0. were detected in plasma of individuals
with CHIP."””” Furthermore, monocytes of patients
with DNMT3A- or TET2-variant CHIP showed
increased expressions of IL-1B, IL-6R, and the NLRP3
inflammasome complex.”’ Bick et al.'” found that,

esis.

IFNy IFN a2 IL10  IL12p70 IL17A IL18

IL1B IL23 IL33 IL6 IL8 MCP 1 TNF a

controls =2 cases

Figure 5. Plasma cytokine levels in cases and controls; Boxplots of plasma cytokine levels by cases and control. The notch around the median

indicates the 95% CI. IL, interleukin.
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Figure 6. Partial correlations of cytokines. The correlogram displays the partial correlations of the cytokines with blue indicating a positive and
red a negative observed relationship between the row and column cytokines. IL, interleukin.

among carriers of large CHIP clones, genetically
reduced IL-6 signaling abrogated the increased risk of
incident cardiovascular disease. Furthermore, CHIP
carriers were reported to have 21% higher hs-CRP
levels.”’ Here, we analyzed plasma levels of IL-1f,
TNE-a, MCP-1, IL-6, IL-8, IFN-0.2, IFN-Y, IL-10, IL-
12p70, IL-17A, IL-18, IL-23, and IL-33. We could not
observe any differences in plasma concentrations be-
tween CHIP carriers and noncarriers. Results might be
explained by competing inflammatory mechanisms in
individuals with T2DM and DKD, as many other pro-
cesses and stimuli—besides CHIP—can influence
cytokine release. It is possible that CHIP does not
significantly contribute to the already elevated micro-
inflammation in this patient collective.
Microinflammation is an established contributor to
the incidence and progression of kidney disease in
T2DM.’**> Thus, we aimed to analyze whether
increased microinflammation, as assessed by a panel of
13 inflammatory cytokines in plasma, is associated with
the composite end point regardless of CHIP. Although
cytokine concentrations were observed to have strong
positive correlations (i.e., when one cytokine was high
in a subject, other cytokines tended to be high as well),

884

when looking at partial correlations, a more differen-
tiated picture of mutual influence became apparent.
This finding was not surprising, as cytokine in-
teractions in the course of an inflammatory response are
known to be complex. Owing to these strong mutual
dependencies, direct causal origins of the individual
cytokines” effects could not be identified. Thus, we
reduced all cytokine measures to a single score that
proxies microinflammation. To a large extent, the score
captured the variation in IL-18, MCP-1, and IL-8.
Higher circulating IL-18 levels have been previously
proposed as a predictor of progression of DKD.**"’
Furthermore, IL-18 seems to contribute more to the
progression of DKD than to other diabetic complica-
tions.”’ MCP-1 has also been reported to promote
inflammation, kidney injury, and fibrosis via macro-
phage accumulation in the kidney,”” and increased
plasma levels of MCP-1 were found to be associated
with kidney disease progression.”” Serum IL-8 levels
were positively correlated with markers of podocyte
damage and with albuminuria in T2DM patients.””**
This study has several limitations. Although we
believe that we would have been able to identify a
strong effect of CHIP on the composite end point,

Kidney International Reports (2022) 7, 876-888
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subtle effects may have been missed in this NCC study.
This study is a first report of CHIP in the context of
DKD, and we would like to encourage further studies
in larger cohorts. As an NCC study only allows the
analysis of a single prespecified end point, it was not
possible to analyze any other nonsampled outcome.
Thus, we were not able to assess whether increased
cardiovascular and all-cause mortality risks among
CHIP carriers could be reproduced in our cohort.
However, an NCC design is a cost-effective design to
analyze a clearly defined hypothesis.

The cytokine assay was selected to cover inflamma-
tory cytokines considered most relevant in the context
of CHIP and DKD on the basis of existing literature.
However, we cannot exclude the involvement of other
cytokines that were not part of the assay. The rationale
for the cytokine analyses was to add information on
microinflammation to the study. These analyses were
conceptualized to be exploratory, and the study was
not primarily designed to detect differences in cytokine
levels between CHIP carriers and noncarriers. Thus,
small or complex effects may have been missed.

Although the cytokines were assumed to act as a
proinflammatory mediator on the causal pathway from
CHIP to the outcome, it has to be pointed out that the
regression analysis merely shows an association be-
tween the cytokines and the outcome, as the design
does not allow for causal inspection of the relationship
between CHIP and the cytokine levels.

Cytokines other than IL-18, MCP-1, and IL-8 were less
represented in PCl. This may be in part due to lower
variation and plasma levels of certain cytokines (espe-
cially TL-1f, TEN-Y, IL-10, IL12p70, IL-17A, and IL-33).
Although it was not possible to analyze the effect of
single cytokines on the composite end point, our results
confirm that an increased inflammatory environment is
associated with worse kidney outcome in T2DM.

In conclusion, in this NCC study common risk factors
as well as markers for elevated microinflammation but
not CHIP were associated with kidney function decline
in patients with T2DM. To the best of our knowledge,
this is the first study to analyze whether CHIP contrib-
utes to the incidence or progression of DKD.
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