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Abstract In this observational cohort study, we examined
the prognostic value of growth and differentiation factor 15
(GDF15) in indicating and monitoring general mitochon-
drial disease severity and progression in adult carriers of the
m.3243A>G mutation.

Ninety-seven adult carriers of the m.3243A>G mutation
were included in this study. The Newcastle mitochondrial
disease adult scale was used for rating mitochondrial
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disease severity. In parallel, blood was drawn for GDF15
analysis by ELISA. Forty-nine carriers were included in a
follow-up study. In a small subset of subjects of whom an
echocardiogram was available from general patient care,
myocardial deformation was assessed using two-dimen-
sional speckle-tracking strain analysis.

A moderate positive correlation was found between the
concentration of GDF15 and disease severity (r = 0.59;
p < 0.001). The concentration of serum GDF15 was higher
in m.3243A>G carriers with diabetes mellitus, cardiomy-
opathy, and renal abnormalities. After a 2-year follow-up,
no significant correlation was found between the change in
disease severity and the change in the concentration of
GDF15 or between the GDF15 level at the first assessment
and the change in disease severity. In the subcohort of
patients of whom an echocardiogram was available, the
concentration of GDF15 correlated moderately to longitu-
dinal global strain (» = 0.55; p = 0.006; n = 23) but not to
circumferential or radial strain.

Our results indicate that serum GDF15 is not a strong
surrogate marker for general mitochondrial disease severity.
Its value in indicating myocardial deformation should be
confirmed in a prospective longitudinal study.

Introduction

One of the key aspects of improving the quality of clinical
trials is the identification of biomarkers that are indicative
of clinically relevant outcome (Pfeffer et al. 2013). The
perfect biomarker, correlating closely to clinical disease
severity, would make the follow-up of patients easier,
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cheaper, and less invasive, both in clinical trials and in
regular patient care (Mayeux 2004). Moreover, since
functional measures are subject to bias (including patient
factors influencing performance, report bias, and inter- and
intrarater variability), measuring more objective disturban-
ces of physiology may seem more reliable. Several tests
have been used to indirectly measure the disturbed
mitochondrial energy metabolism in patients with mito-
chondrial disease, including the determination of lactic acid
concentration in the brain by magnetic resonance spectros-
copy or serum and serum fibroblast growth factor 21
(FGF21) (Suomalainen 2011). Although both lactic acid
and FGF21 seemed to correlate to disease severity, the
concentration during follow-up did not correlate to disease
progression (Koene et al. 2014; Lee et al. 2010).

A recent study reported growth and differentiation factor
15 (GDF15) as a potential new diagnostic biomarker for
mitochondrial disease (Kalko et al. 2014). GDF15 was
already known as a quite nonspecific biomarker for cancer,
as well as cardiac, pulmonary, renal, and gynecological
disease (Izumiya et al. 2014; Kempf and Wollert 2013;
Trovik et al. 2014; Yang et al. 2014; Breit et al. 2012;
Montoro-Garcia et al. 2012). However, the concentrations
reported in these disorders are within the 1.000—7.000 pg/
mL range (Dominguez-Rodriguez et al. 2014; Ho et al. 2013;
Izumiya et al. 2014; Montoro-Garcia et al. 2012; Trovik
et al. 2014), whereas concentrations as high as 85.252 pg/mL
were reported in patients with mitochondrial disease (Kalko
et al. 2014). A child with the m.3243A>G mutation, the
most commonly observed mutation leading to mitochondrial
disease, was reported to have a concentration of 6.999 pg/
mL (reference value, 380 pg/mL (95%CI, 59701 pg/mL)).

To evaluate the value of GDFI15 as a surrogate marker
for disease severity and disease progression, we examined
GDF15 in a large cohort of adult carriers of the
m.3243A>G mutation. Since GDF15 was previously
reported as a biomarker for symptoms associated with the
m.3243A>G mutation, such as cardiomyopathy (Hollings-
worth et al. 2012; Xu et al. 2011), diabetes mellitus
(Dominguez-Rodriguez et al. 2014), and renal failure
(Emma et al. 2012; Ho et al. 2013), we assessed these
symptoms and organ functions in more detail.

Methods
Patients
We determined the serum GDF15 concentration in adult
carriers of the m.3243A>G mutation included in our
“national inventory of patients with the m.3243A>G
mutation” study. In each subject, the heteroplasmy percent-

age in buccal mucosa cells, urinary epithelial cells (UEC),
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and leukocytes was determined using pyrosequencing (de
Laat et al. 2012). A heteroplasmy percentage >5% can be
detected using this technique. Subjects with a detectable
heteroplasmy percentage in either buccal mucosa cells,
leukocytes, or UEC were considered to be carriers of the
mutation. In this national inventory, clinical disease severity
is monitored approximately 2-yearly in both symptomatic
and asymptomatic subjects carrying the m.3243A>G
mutation (de Laat et al. 2012). Clinical disease severity is
rated using the Newcastle mitochondrial disease adult scale
(NMDAS), a multidimensional clinical scale encompassing
current function (patient’s opinion), system-specific
involvement (assessment of multisystem disease), and
current clinical assessment (physical examination) (Schae-
fer et al. 2006). Carriers were rated as having asymptomatic
(NMDAS = 0); mild (NMDAS = 1-5), moderate
(NMDAS = 6-20), or severe (NMDAS >20) mitochon-
drial disease (cutoff values based on expert opinion).
Seventy-six carriers were included in the follow-up study,
and serum of 50 of these carriers was available for analysis
(see Fig. 1 for a flowchart). For a more detailed description
of the methods, we refer to our previous study on fibroblast
growth factor 21 (FGF21) concentrations in this population
(Koene et al. 2014). Patients with cancer and pregnant
women were excluded since GDF15 is a known biomarker
for these conditions. Since cardiomyopathy, diabetes
mellitus, and renal failure — for which GDF15 is also a
biomarker — are highly prevalent in carriers of the
m.3243A>G mutation (de Laat et al. 2012), we also
evaluated the influence of these conditions on the GDF15
concentration. Microalbuminuria was defined as an albu-
min-to-creatinine ratio of >2.0 g/mol for men and >2.5 g/mol
for women, measured in a spot sample of urine. Decreased
creatinine clearance was defined as a glomerular filtration
rate <60 mL/min/1.73 m? Carriers were classified as
having decreased creatinine clearance only, microalbumi-
nuria only, both, or neither. The presence and severity of
diabetes mellitus (DM) follows from the NMDAS (the
presence of DM was rated as DM requiring diet or
medication). The measurement of myocardial strain is
explained in more detail later in this section.

Thirty noncarrier family members were included as a
nuclear genetic and environmental matched reference
population. The maternal relatives who showed no signs
of diabetes mellitus, renal disease, or cardiac disease were
included in the study. In these subjects, heteroplasmy
percentages <4% (the assay’s detection limit) in UEC,
leukocytes, and/or buccal mucosa cells were established.

GDF15

All samples were measured in duplicate, following the
instructions of the manufacturer (R&D Biosystems, Minne-
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Cohort of 118 m.3243A>G carriers

samples unavailable or insufficient

severity

97 samples included in analysis of diseases

v

v

76 carriers included in follow-up study

24 carriers underwent diagnostic
echocardiography using the 2D strain protocol

samples unavailable or insufficient

A 4

50 samples included in follow-up study

24 carriers included in 2D strain analysis

1 pregnant carrier excluded

exclusion based on poor tracking or suboptimal image quality

—

49 carrier included in follow-up study

23 valid longitudinal
strain

21 valid

. . . 22 valid radial strain
circumferential strain

Fig. 1 Flowchart of the study cohort

apolis, USA). The inter-assay and intra-assay variability for
high and low values was determined based on high and low
control samples, respectively. The functional sensitivity
determined at 20% covariance (CV) was 9.8 pg/mL. At a
level of 1,695 pg/mL, the within-assay CV was 3.5% and
the between-assay CV was 5.7%. At a level of 729 pg/mL,
the within-assay CV was 3.6% and the between-assay CV
was 2.2%. Samples with an initial intra-assay covariance
(CV) >15% were repeated. The two values obtained from
the duplicated measurements were averaged, and the mean
of these two measurements was used for further analysis.
Samples with a concentration higher than the highest
standard value were diluted and analysis was repeated.
According to the kit’s manufacturer, the assay has no cross-
reactivity with human GDF9 and GDF11. Age- and gender-
based reference values for serum GDF15 were adopted
from the Framingham Offspring Study (Ho et al. 2012)
(elevated GDF15 concentration is above the 97.5th percen-
tile matched for age and gender).

Medical Ethical Approval

This study (“national inventory of patients with the
m.3243 A>G mutation”) was approved by the regional Medical
Research Ethics Committee. All procedures followed were in
accordance with the ethical standards of the responsible
committee on human experimentation (institutional and

national) and with the Helsinki Declaration of 1975, as revised
in 2013 (World Medical Association 2013). Informed consent
was obtained from all patients before being included in the
study.

Myocardial Strain Measurement

As part of general patient care, carriers of the m.3243A>G
mutation regularly undergo diagnostic echocardiography.
Myocardial deformation was only assessed only if an
echocardiogram was performed less than 1 year from an
available GDF15 sampling. The myocardial strain, a
measure for the deformation of the myocardium throughout
the cardiac cycle, was determined using two-dimensional
speckle-tracking strain analysis in accordance with a
previously published protocol (Bulten et al. 2014). Since
echocardiography was done as part of general patient care
and 2D strain measurement can only be performed when
the images are obtained following a specific protocol, only
a subset of carriers was included in this part of the study.
Strain values are dimensionless and are expressed in
percentages. Global longitudinal left ventricular myocardial
strain was calculated by averaging the six segments of the
4-chamber long-axis view. Global radial and circumferen-
tial myocardial strain was calculated by averaging the six
segments of the mid-cavity short-axis view (at the level of
the papillary muscles). If less than four out of six segments
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showed valid tracking of the myocardium (e.g., because of
regional inferior image quality or poor tracking by the
software), the strain measurement was excluded from our
analyses.

Statistics

The absolute difference between two parameters was
calculated by subtracting the first measurement from the
second measurement. All parameters were assessed for
(log)normality. To prevent non-real values for zero values
of the NMDAS including its subdomains and symptom-
specific items, all values were increased by 1 prior to “log
transformation. The changes in GDF15 concentration and
NMDAS score were increased by 3,000 and 10, respec-
tively. Variables with a (log)normal distribution were
compared using parametric tests, and the mean and 95%
confidence intervals are reported. Variables that deviated
strongly from a (log)normal distribution were analyzed by
performing a nonparametric test, and the median and
interquartile ranges are reported. In case a high number of
tests were performed (5 or more), critical p-values were
adjusted using the Bonferroni method (i.e., critical p
= 0.05/n where n = number of tests). Correlation coef-
ficients were interpreted in accordance with the guidelines
provided at the BMJ website (http://www.bmj.com/about-
bmj/resources-readers/publications/statistics-square-one/11-
correlation-and-regression; consulted 31-Jul-2014). Thus, a
correlation coefficient (r) of 0.80—1.0 is considered a very
strong relationship; » = 0.60—0.79 is considered a strong
relationship; » = 0.40-0.59 is considered a moderate
relationship; » = 0.20—0.39 is considered a weak relation-
ship; and » = 0.00—0.19 is considered a very weak or no
relationship.

Several covariates for GDF15 are known from literature
(Ho et al. 2012), including age, presence of diabetes
mellitus (DM), smoking (covariates with higher estimated
coefficient than 0.1), and renal failure. These, together with
other possible clinical covariates (gender, body mass index
(BMI), heteroplasmy percentage in urinary epithelial cells
(UEC) and leukocytes, and disease severity (NMDAYS)),
were included as candidate predictors for GDF15. Gender,
age, BMI, heteroplasmy percentage in UEC and leukocytes,
and the concentration of GDF15 and FGF21 were consid-
ered candidate predictors for disease severity (NMDAS
score). The influence of nominal and ordinal candidate
predictors was determined by comparing between groups;
the influence of continuous data was evaluated in a bilinear
regression analysis. The influence of cardiomyopathy was
studied in more detail in a subgroup of carriers. For the
correlation between the concentration of GDF15 and strain
measurements, only echocardiography examinations per-
formed no more than 1 year from sampling were analyzed.
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Forward and backward iterative multivariate linear regres-
sion models were used to determine the influence of
covariates and to determine the contribution of GDF15 in
predicting or monitoring the disease course. Possible
candidate predictors were only included for iterative
multivariate modeling if they correlated to the dependent
variable during univariate correlation analysis (p < 0.1).
Standardized regression coefficients () are presented for
each variable.

Because 38% of the variance in the concentration of
GDF15 is genetically determined (Ho et al. 2012), we
performed two additional analyses to correct for the effect
of kinship in our analyses. First, we performed a separate
analysis that included only the most severely affected
patient in each family (in case two family members had
the same NMDAS score, we included the youngest person
with that score, assuming a relatively more severe disease
in this person as age-related complaints are also included in
the NMDAS). Secondly, we used generalized estimating
equation models (working correlation structure: indepen-
dence, with robust standard error for correction) to confirm
the contribution of covariates and candidate predictors
found by linear regression models, corrected for kinship.

Because genetic factors between family members are not
likely to influence (intraindividual) changes in GDF15
levels during follow-up, we only used linear regression
models to determine the influence of covariates on the
change in disease severity and the concentration of GDF15
(longitudinal study). The (absolute) change in disease
severity (i.e., NMDAS score) was used as a possible
candidate predictor for the change in GDF15 concentration.
Both the change in the concentration of GDF15 and the
change in the concentration of FGF21 were included as
candidate predictors for the change in disease severity (i.e.,
NMDAS score).

All analyses were performed using IBM’s SPSS statis-
tics software packages, version 20.0.0.1.

Results
Patient Characteristics

We initially included 118 adult subjects in our national
inventory study. For a variety of reasons (e.g., the samples
were not available or had too small remaining volume for
measuring GDF15), we were unable to determine the
GDF15 levels in 21 of these subjects. No data were
excluded because of high intra-assay covariance of
GDF15 assessment. Thus, our final cohort included 97
adult carriers of the m.3243A>G mutation (Fig. 1). The
m.3243A>G mutation is not associated with a higher
prevalence of cancer, and none of our subjects was known
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to suffer from any form of cancer at the time of the study.
One patient did have a history of acute myeloid leukemia
(in remission for 8 years before samples were taken;
[GDF15] 731 (baseline) and 1926 (follow-up) pg/mL).
One pregnant woman was excluded ([GDF15] 43,304 pg/
mL) from the follow-up cohort (Moore et al. 2000). For
patient characteristics, we refer to Tables 1 and 2. Renal
function at the time of the sampling (spread, 6 months) was
known in 86 patients (89% of total). Seventy-one percent of
the total cohort had normal renal function, 17% had
microalbuminuria only, 2% had decreased creatinine clear-
ance only, and 9% suffered from both. Three patients had
had a renal transplant, two of which had moderate
transplant function (GFR 24 and 50 mL/min/1.73 m?) and
one had normal transplant function (GFR >75 mL/min/
1.73 m?). The m.3243A>G carriers came from 41 distinct
families (median, two subjects per family; range, 1-10
subjects per family). This cohort of adult carriers contained
two asymptomatic patients (2%), 18 patients with mild
mitochondrial disease (19%), 46 patients with moderate
mitochondrial disease (47%), and 31 patients with severe
mitochondrial disease (32%). Because sufficient material
was not always available, heteroplasmy percentage in UEC
is absent in two subjects; heteroplasmy percentage in
leukocytes is absent for another two patients. In these four
subjects, heteroplasmy levels >5% were established in the
other available tissue (buccal mucosa cells, leukocytes, or
UECQ).

The Value of GDF15 as an Indicator of Clinical Disease
Severity

Fifty-one carriers (53%) had an elevated concentration of
GDF15 (i.e., higher than the 97.5th percentile of healthy
age- and sex-matched controls) compared to the age- and
gender-matched reference population from literature (Ho
et al. 2012). Carriers with an elevated concentration of
GDF15 had higher NMDAS scores compared to carriers
with normal concentrations of GDF15 (2,440 pg/ml (95%
CI, 1,097-5,431 pg/mL) versus 902 pg/mL (95%CI,
381-2,131 pg/mL); p = < 0.001; independent sample -
test). The correlation between the concentration of GDF15
and total NMDAS score in the cohort of m.3243A>G
carriers at baseline was r = 0.59 (p < 0.001; n = 97,
Pearson’s correlation coefficient) (see Fig. 2). This correla-
tion coefficient is not significantly higher (»p = 0.20; Fisher
r-to-z transformation) than the correlation between
NMDAS score and FGF21 (r = 0.45; p < 0.001; n = 93;
Spearman’s correlation coefficient) in this cohort); 95 out
of 99 patients (96%) of the current cohort are the same as in
the study of FGF21 (Koene et al. 2014). No significant
correlation was found between the heteroplasmy percentage
in UEC and the NMDAS score nor between the hetero-

plasmy percentage in leukocytes and the NMDAS score.
Among the 66 patients with asymptomatic, mild, or
moderate disease, the correlation coefficient between the
total NMDAS score and GDF15 was 0.54 (p < 0.001;
Spearman’s correlation coefficient); among the 31 patients
with severe disease, we found no significant correlation
between the total NMDAS score and the concentration of
GDF15 (Pearson’s correlation coefficient). The correlation
between the heteroplasmy level in UEC and GDF15 was
0.30 (p = 0.003; n = 95; Spearman’s rank coefficient).
The correlation between the heteroplasmy level in leuko-
cytes and GDF15 was 0.22 (p = 0.031; n = 95; Spear-
man’s rank coefficient).

Since the 97 adult carriers came from 41 families, we
minimized the role of kinship in these associations by
analyzing only the most severely affected patient in each of
the 41 families. The correlation coefficient between the
total NMDAS score and GDF15 concentration in this
cohort was » = 0.46 (p = 0.003; Pearson’s correlation
coefficient) and was similar (p = 0.58; Fisher r-to-z
transformation) compared to the full cohort. During itera-
tive multivariate linear modeling, the following parameters
were found to be independent predictors for disease
severity: concentration of GDF15, age, concentration of
FGF21, and heteroplasmy percentage in UEC (B(GDF15)
= 0.38 (p < 0.001); B(age) = 0.32 (p < 0.001); B(hetero-
plasmy UEC) = 0.24 (p = 0.005); B(FGF21) = 0.21 (p
= 0.033; forward multilinear regression modeling)). When
GDF15 and FGF21 were included as the only independent
predictors for disease severity in a linear regression model,
only GDF15 was included (B(GDF15) = 0.59 (» < 0.001);
forward multilinear regression modeling). We found a
moderate correlation between the concentration of GDF15
and the concentration of FGF21 (» = 0.54; p > 0.001;
n = 93; Spearman’s correlation coefficient).

Covariates for the Concentration of GDF15

The concentration of GDF15 was not higher in females
compared to males (p = 0.38; general linear model). The
concentration of GDF15 was not higher among smokers
compared to nonsmokers (p = 0.70; n = 84; general linear
model). Patients without microalbuminuria or decreased
creatinine clearance had lower concentrations of GDF15
compared to patients with microalbuminuria only or both
microalbuminuria or decreased creatinine clearance (p
= 0.031 and 0.002, respectively; Tukey HSD), but not
compared to patients with decreased creatinine clearance
only (p = 0.24; Tukey HSD). The subgroups with renal
abnormalities were comparable with respect to GDFI15
concentrations (Tukey HSD). (see Fig. 3). The concentra-
tion of GDF15 was significantly higher in patients with any
kind of renal abnormalities compared to those without renal

@ Springer



JIMD Reports

74

UDATS A1 [)%S6 PUB UESW JO PEAISUT YOI PUE UBIPIA

uonnquysip [ewiousoy

UQATS 212 YO PUE URIPAUW JO PEAISUT [J%SE PUB UEDIA

auraseq 1V,

S[[99 Teroyyido Areurin Dzy) ‘9[eds Jnpe SeISIP [BLIPUOYIOIW J[ISLOMIN SFWN utod awry o1j10dds jey) je o[qe[ieAr oIom ejep YoIym JO SIOLLIED JO Ioquunu

u ‘(AypedoAw pue ‘er3ojdowreypydo [eurd)xo ‘sisoid ‘ssauyyeom dposnw A10je11dsal “QUBIS[OIUT ASI0IX) SYIAN Y3 Jo swoydwAs orgredoAwr ayy Jo wins 2.400s Ayppdodpy “oFuer o[nenbiojur
YOI ‘S1 10joe] uonenuUINIp pue Ymoisd ¢77go ‘(uontugoo pue ‘Ayyedoreydooud ‘saposido oxij-oons ‘anzids ‘ourerdiu ‘swojdwAs oeryodsd) SYJIAN U Jo swoydwAs ongedoreydoous oy
Jo wns 2.00s Aypdojpydadury YUSWISSOSSE [BOTUID JUALIND € UIDUIOT YUSWIAJOAUT OY102dS-W)SAS 7 UIpuioF “UONOUNY JUALIND | UIDUIO(] “[eAIdIUT QDUIPUOD %66 [D%S6 “XOpul ssewr Apoq JiNg

(¢ woy smI[ouW $9J0QRIP UO 3103S) 9IS SYJAN Y} WOl paureiqo

Sem SMI[[oW $319qRIP Jo oudsald oy, “(3s9)-7 paired 983) YURI-PIUTIS UOXOI[IA QUI[ISB] WO JOUDIIIJIP) UMOYS dIe 1I0Y0d dn-mo[[0J aY) UIYIM JUSWINSBIUW PUOIIS dY) PUE ISIL ) UIIMID]
QOULIPIP Y} 10J san[eA-d ‘os[y (35937 o[dures juapuadapur 591 ) Aowyp—uuR (PAPIS ) 1591 19BXD S IOYSI] {(PApIS ) 1591 2renbs-X ourjoseq je 20UAIMJIP) PIL[NO[ed AIdM SIJLLIED [[B pue
11040 dn-mo[[0] ay) U9IMIAq dUI[ISE] JB IUIIJIP dY) 10J san[eA-4 “dn-mofjoJ 18 (6f=u) 11040d dn-mo[[oJ ay) urym syudned ayj 10J pue dulaseq Je (Le=U4) SIALLIRD J[NPE [[ 10J SONSLIdJORIRY))

LTO 960 T 9LLT—9S SLY—LTT 8LT €6 I6v'1-¢€ PES—THI €9¢ AOT ‘ueIpsy (Twy3d) 124941
7o 990  6F  6SEL0LE  LLST-TLOT oP8FT L6 ITHL-EEE  169°S—11¥ >STST 1D%S6 ‘UedN (Twy3d) [s14aD]
9¢°0 60 LY ¥9-1¢ 6v—S¢ v L6 19-L1 1S—€¢ 8% AOT ‘UeIpsSN [eatsAyd 100
€9°0 o Ly 91 SS—6¢ v L6 9967 SS—1v 8 YOI ‘uepay [eusw 700
(K110A95)
850 860  6F S0 0-0 0 L6 §—0 0-0 0 AOI ‘ueIpay soposida ay1-e3j01
(Ay110A95)
100°0 650  6F S0 S0 0 L6 S0 -0 0 AOT ‘UBIpSN AyyedoAworpie))
(K110A95)
70070 LEO  6F S0 €0 sql L6 $—0 S0 0 AOI ‘ueIpay smI[ow sajRqeI(
8¢°0 860  6b LT-0 S0 oql L6 710 €0 4 AOI ‘ueIpay a100s Aypedoreydooug
110 960  6F ¥1-0 10 »qC L6 11-0 1 4 AOI ‘ueIpay 21008 AyredoAN
96°0 L80  6F €70 ¥1-0 »q€ L6 0Z—0 91 € YOI ‘uepay ¢ urewo(
81°0 180 6F 1£-0 91-0 »S L6 0 6—¢€ S YOI ‘uepay 7 urewoq
1000 S8°0  6b 8¢—0 12-1 9 L6 €20 6-1 14 YOI ‘uepay [ urewo(q
S0 180  6F 61 Lv—T ST L6 960 L9-1 »Cl 10%S6 ‘UedN 21008 SYANN
(%) >dn
0 Ly 96-§ 16-L qelS  S6 96—¥ 69-LT S AOI ‘Uelpoy  ‘aFejuddred Awsedoroloq
(%) sa14003n9[
950  L¥ 6v—C I qu6l 6 6v—C 978 L1 AOI ‘Uelpay  “aFejuddrad Awsedoteloy
(eouareAald)
90 6F ALE L6 6¢ oK o sI[[ow sjRqeI(]
001  8F ST 18 (44 oK o (yuermo) Funjowg
960 6  I'€E-9LI TEE9LI 9€C L6 60v—L91  09T-L0T 8°TC YOI ‘uepay (;w/3y) INd
S9°0  6F ¥9-T¢ ¥9-81 St L6 18-81 L1 S 10%S6 ‘UedN (s1eak) o3y
0Z°0 S9 L6 1L o[BIy %, Jopuan
d d u J3uey peards  onfeA [enua) u J3uey peardg  onfeA [enua)
aurjaseq aurjaseq

WOl 9OUAIIPIJ IB OUARPIQ

(s1o111Bd 6t7) dn-mojo,q

SIOLLIED [V

Hoyoo Qﬂugozow AU} pue dulfaseq je SIALIRd DY LW jnpe [[e Jo 10y0d 3y} Jo SdnsudeIey) [ dqe],

pringer

A



75

JIMD Reports

uonnqgLysip [eulIouso,,

s[190 [erpaynda Areunn Hz7/) ‘9[dS JNpe JSBISIP [BLIPUOYIOIIU J[ISBOMIN
SFANN ‘9]qe[IRAR 2IOM BIBP [OIYM JO S[ONUOI/SIDLLIED JO Jdqunu u ‘o3uel a[nrenbiul yy ‘G| 10108 UONRNUIIQLIP PUB IMOIT ¢ /./FD [RAIDUI UIPYUOD %G6 [D%S6 Xopul sseuwl Apoq JNg

(¢ woy SMI[JoI SAJOqEIP UO 2I09S) d[eds SYIAIN oY} Woij

paureiqo sem SO sajqerp Jo 2ouasaid oy, "(3s93-7 ojdwres juapuadapur $s9) /) ASWIYA\—UURIA ‘(POPIS 7) 1S9} 10BXD S JAYSI] (PApIS ) 1591 arenbs-X ouraseq je 90ULIQYIP) Paje[nofed d1om
SIOLLIED [[B PUE S[ONUOD PAYdjew-A[IWe] oY) UdoMIoq OUI[oseq Je JOUAISHIP Y} I0J SonjeA-g (0g=%) S[ONU0d payojew-A[Iwey oy} J0j pue ourjoeseq e (LG=u) SIOLLIED Jjnpe [[e J0J SONSLIa)oeIey))

100°0> ST TLO'T—€ -0 €l €6 16V 1-¢ YES—ThI €9¢ AOT ‘veIpaN (Twy/3d) [17494]
100°0> 0¢€ L89°1-9¢€T 919°1-CTLT 06% L6 I’ L—€gg 169°6—11% oSTST 10%$6 ‘Uea]N (Twy/3d) [¢14aD]
100°0> I r9—¢¢ 95—¢¥ IS L6 19-L1 15—€¢ 8% AOI ‘UeIpa [eatsAyd 700
v1€0 0¢€ S9-1¢ r9—¢¢ 6¥ L6 99—6¢ SS—1v 4 AOI ‘UeIpa L2LtELE (Vo)
100°0> 0¢€ 70 L1-0 € L6 950 L9-1 Cl 10%S6 ‘Ued 21008 SYAIAN
(%) DAN “e8eyuoorad
100°0> 6T 0 0 I 6 96—t 69-LT St AOI ‘UeIpa Kwserdorooy
(%)
$9)K003N2[ ‘0Fejuodrad
100°0> 0¢€ €0 €0 I S6 6v—C 978 L1 AOI ‘ueIpay AwseldoioloHy
(eouareAa1d)
100°0 0¢ L L6 6¢ sak o, STI[[ou $a)RqEI
9820 €l 8 8 (44 sak %, (yuormo) Funjowrg
£00°0 0€ LE-61 0°€E-L61 07T L6 6'0v—L91 0'92-L'02 8¢ AOI ‘ueIpay (;w/3Y) INd
8150 0¢ 8981 89—0¢ It L6 1881 TL—LI St 10%S6 ‘UedN (s1eak) 98y
001 0¢ €L L6 L o[ewd) v, Topuan
d u J3uey peaxdg an[eA [eNU)D u a3uey peaids an[eA [eNU)D)
QoudIRPI (0§ = u) sjonuod payoyew-AIwe, (L6 = u) S10LLIBD [V

S]onu0d @Dﬂowmaiﬁmaﬁm 1137} pue sIdLIed DY e W Jnpe [[e Jo 1oyod 3y} Jo sousujoerey) ¢ d[qe],

pringer

Qs



76

JIMD Reports

10000

[GDF15] at first assessment (pg/ml)
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Fig. 2 Correlation between the concentration of GDF15 and disease severity in adult m.3243A>G carriers. The correlation between the
concentration of GDF15 and the total NMDAS score (disease severity) is » = 0.59 (p < 0.001). Scales are loglinear
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Fig. 3 GDF15 concentrations in patients with and without renal abnormalities, including decreased creatinine clearance and microalbuminuria.

Significant differences between groups are flagged with an asterisk

abnormalities (2,515 pg/mL (95%CI, 699-9,045 pg/mL)
versus 1,261 pg/mL (95%CI, 373-4,264 pg/mL; n = 61);
p < 0.001; independent samples #-test). Carriers with
microalbuminuria had higher concentrations of GDF15
compared to those without microalbuminuria (2,574 pg/
mL (IQR, 1,937-4,069 pg/mL; n = 25) versus 1,406 pg/
mL (IQR, 781-1,973 pg/mL); p < 0.001; Mann-Whitney
U test). Carriers with decreased creatinine clearance had
higher concentrations of GDF15 compared to carriers with
normal creatinine clearance including those with micro-
albuminuria only (3,418 pg/mL (IQR, 2,463—4,388 pg/mL;
n = 12) versus 1,471 pg/mL (IQR, 867-2,105 pg/mL);
Mann-Whitney U test; p < 0.001).

Carriers with DM had higher concentrations of GDF15
compared to carriers without DM (1,958 pg/mL (95%CI,

@ Springer

579-6,620 pg/mL) versus 1,299 pg/mL (95%CI,
345-4,902 pg/mL); p = 0.003; independent samples ¢-
test). (see Fig. 4). We found significantly higher serum
GDF15 concentrations in patients with cardiomyopathy
according to the NMDAS (including patients with asymp-
tomatic ECG changes; NMDAS cardiomyopathy > 1)
compared to carriers without cardiomyopathy (2,574 pg/
mL (998-6,638) versus 1,371 pg/mL (381-4,937); p
< 0.001; independent samples r-test).

Univariate regression analysis showed that the total
NMDAS score was the only significant contributor to the
concentration of GDF15 (B(NMDAS) = 0.59; p < 0.001).
In our cohort, we found no significant contribution of age
and BMI to the concentration of GDF15. Generalized
estimating equations confirmed the predictive value of
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Fig. 4 GDF15 concentrations in patients with and without diabetes mellitus. Significant differences are flagged with an asterisk

disease severity as a significant contributor to the concen-
tration of GDF15, after correcting for kinship clustering
(» < 0.001; generalized estimating equations).

The Value of GDF15 in Predicting Clinical Disease
Progression

Approximately 2 years after the initial assessment, the
GDF15 concentration and disease severity (NMDAS score)
were measured again in 76 carriers from the initial cohort of
97 carriers. Of these 76 carriers, 50 samples were available
(see Fig. 1). One carrier included in the follow-up group
was excluded because of pregnancy. The remaining 49
carriers in the follow-up study were similar compared to the
total cohort with respect to (distribution of) gender, age,
BMI, GDF15 concentration, presence and severity of DM,
cardiomyopathy, stroke-like episodes, myopathy and
encephalopathy, heteroplasmy percentage in UEC, hetero-
plasmy percentage in leukocytes, and NMDAS total and
subdomain scores (independent Mann-Whitney U test and
2-sided chi-square test). The characteristics of the entire
cohort of m.3243A>G carriers at baseline and the follow-
up cohort are summarized in Tables 1 and 2. In this follow-
up cohort, we found no significant correlation between the
change in the NMDAS score (i.e., the change in NMDAS
score between the first and second follow-up visit) and the
change in the concentration of GDF15 (i.e., the change in
GDF15 concentration between the first and the second
follow-up visit) (»r = 0.006; p = 0.97; n = 49; Spearman’s
correlation coefficient). Moreover, no significant correlation
was found between GDF15 concentration at the first visit
and change in the NMDAS (disease progression) during
follow-up (r = —0.19; p = 0.18; n = 49; Spearman’s
correlation coefficient). Linear regression also revealed that

the change in total disease severity did not contribute
significantly to the change in the GDF15 concentration
(p = 0.72; univariate linear regression). A linear regression
model revealed that the change in FGF21 concentration, but
not the change in GDF15 concentration contributed
significantly to the change in disease severity (i.e., NMDAS
score; B(FGF21) =045 (p = 0.03; n = 24); forward
multilinear regression modeling). There was no correlation
between the change in the concentration of GDF15 and the
change in the concentration of FGF21 (r = —0.047;
p = 0.85; n = 18; Pearson’s correlation coefficient).

Myocardial Strain

Twenty-four subjects underwent echocardiographies as part
of clinical care within 1 year of GDF15 sampling. These
subjects were similar compared to the whole group with
respect to gender, age, BMI, and total NMDAS score and
cardiac and DM subscores (independent Mann-Whitney U
test and 2-sided chi-square test; see Tables 3 and 4).
Qualitative descriptions of gross echocardiography findings
include (not mutually exclusive): left ventricle (LV)
hypertrophy (n = 8), LV systolic dysfunction (n = 3), LV
diastolic dysfunction (z = 8), mild aortic regurgitation
(n = 2), and mild mitral regurgitation (n = 1). Ten carriers
had normal gross echocardiography findings.

The correlation coefficient between the global longitudi-
nal strain and the concentration of GDF15 was 0.55
(» = 0.006; n = 23; Pearson’s correlation coefficient).
There was no correlation between global circumferential
or radial strain and the concentration of GDF15 (» = 0.17,
p=047,n=21and r = 0.20; p = 0.37; n = 22, respec-
tively; Spearman’s correlation coefficients).
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Table 3 Patient characteristics of the cohort of all adult m.3243A>G carriers of which myocardial strain was reported

Cardiac 2D strain cohort (24 carriers)

Difference from
all carriers

Central value

Gender % female 75
Age (years) Mean, 95%CI 44
BMI (kg/m?) Median, IQR 223
Smoking (current) % yes 22
Diabetes mellitus (prevalence) % yes 45

Mean, 95%CI 18°
Mean, 95%CI 56
Mean, 95%CI 20

Heteroplasmy percentage, leukocytes (%)
Heteroplasmy percentage, UEC (%)
NMDAS score

Domain 1 Mean, 95%CI 52
Domain 2 Mean, 95%CI 8
Domain 3 Mean, 95%CI 38
Myopathy score Mean, 95%CI 3
Encephalopathy score Median, IQR 2
Diabetes mellitus (severity) Mean, 95%CI 2
Cardiomyopathy (severity) Median, IQR 0
Stroke-like episodes (severity) Median, IQR 0

QoL mental

QoL physical
[GDF15] (pg/mL)
[FGF21] (pg/mL)

Mean, 95%CI 44
Mean, 95%CI 38
Mean, 95%CI
Median, IQR 321

Spread Range n p

24 0.80
25-63 24-64 24 0.80
21-26 18.3-35.8 24 0.91

23 0.78

24 0.48
7-50 7-49 23 0.22
24-93 23-96 24 0.078
1-54 0-56 24 0.11
0-23 0-23 24 0.11
0-23 0-23 24 0.015
0-16 0-18 24 0.97
0-7 0-7 24 0.57
1-5 0-11 24 0.25
0-5 0-5 24 0.31
0-2 0-5 24 0.06
0-0 0-5 24 0.055
27-61 25-61 24 0.055
18-59 17-60 24 0.081
483-5,791 420-5,981 24 0.41
252-768 4-1,491 24 0.084

Patient characteristics for those adult carriers (n = 24) for whom myocardial strain was measured. The difference at baseline between this cohort
and all carriers was calculated (chi-square test (2 sided); Fisher’s exact test (2 sided), Mann-Whitney U test; independent sample #-test). The
presence of diabetes mellitus was obtained from the NMDAS scale (score on diabetes mellitus item >3)

BMI body mass index, 95%CI 95% confidence interval, Domain 1 current function, Domain 2 system-specific involvement, Domain 3 current
clinical assessment, Encephalopathy score sum of the encephalopathic symptoms of the NMDAS (psychiatric symptoms, migraine, seizure,
stroke-like episodes, encephalopathy, and cognition), GDF15 growth and differentiation factor 15, /QR interquartile range, Myopathy score sum
of the myopathic symptoms of the NMDAS (exercise intolerance, respiratory muscle weakness, ptosis, external ophthalmoplegia, and
myopathy), » = number of carriers of which data were available at that specific time point, NMDAS Newcastle mitochondrial disease adult

scale, UEC urinary epithelial cells
*Lognormal distribution

Family-Matched Controls

The family-matched controls (» = 30) were similar to their
maternal relatives carrying the m.3243A>G mutation with
respect to age (p = 0.52; independent sample #-test), gender
(p = 1.0), and smoking (p = 0.29; Fisher’s exact test), but
not with respect to BMI (p = 0.004; Mann-Whitney U test)
and the presence and severity of DM (p = 0.001; Fisher’s
exact test) (see Table 1 and 2). The mean GDFI15
concentration in the family-matched control group was
490 pg/mL (95%CI, 272-1,616 pg/mL; range,
236—-1,687 pg/mL), which was significantly lower than
their relatives carrying the m.3243A>G mutation
(1,525 pg/mL (95%CI, 411-5,691 pg/mL); range,
333-7,421 pg/mL; p < 0.001; independent samples #-test).

@ Springer

Only one maternal family member had an elevated
concentration of GDF15 (1,560 pg/mL in an 18-year-old
female) compared to age- and gender-matched controls.
None of the maternal relatives was pregnant or known to
have cancer, renal dysfunction, or cardiac problems.

Discussion

This study explored the value of serum GDFI15 in
indicating and monitoring mitochondrial disease severity
and disease progression in adult m.3243A>G carriers. We
found that the concentration of serum GDF15 correlates
moderately to disease severity but does not correlate to
disease progression in m.3243A>G carriers. Analysis of
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Table 4 Echocardiographic characteristics of the cohort of all adult m.3243A>G carriers of which myocardial strain was reported

Cardiac ultrasound findings n %
Normal 10 42
Left ventricular hypertrophy without systolic dysfunction 8 33
Left ventricular systolic dysfunction only 2 8
Ejection fraction <55% 3 13
Left ventricular diastolic dysfunction 8 33
Dilated left ventricle 2 8
Aortic valve insufficiency (mild) 2 8
Mitral valve insufficiency (mild) 1 4
Dilated left atrium 2 8

data obtained in general patient care indicated that GDF15
might be a surrogate biomarker of left ventricular myocar-
dial strain.

So far, a few studies have found promising results
regarding the diagnostic properties of GDF15 in patients
with mitochondrial disease (Kalko et al. 2014; Yatsuga
2014). None of these studies focused on the value of
GDF15 as a surrogate marker for predicting or monitoring
disease progression. We found normal (age- and gender-
matched (Ho et al. 2012)) concentrations of GDF15 in 47%
of our carriers, including both symptomatic and asymptom-
atic individuals and in 97% of our family-matched controls.
The family-matched controls (bearing the same nuclear
genetic and environmental background as the carriers, but
without the m.3243A>G detectable in UEC, leukocytes, or
buccal mucosa cells) had significantly lower GDFI15
concentrations compared to their maternal relatives carrying
the m.3243A>G mutation.

GDF15 has also been reported as a nonspecific bio-
marker for many diseases, including cancer, cardiac,
pulmonary, renal, and gynecological disease (Izumiya
et al. 2014; Kempf and Wollert 2013; Trovik et al. 2014;
Yang et al. 2014). Since several of these conditions are
highly prevalent in m.3243A>G carriers (de Laat et al.
2012; Hirano et al. 2002), including kidney failure (Breit
et al. 2012), diabetes mellitus (Dominguez-Rodriguez et al.
2014), and cardiomyopathy (Montoro-Garcia et al. 2012),
the contribution of these conditions to the concentration of
GDF15 was studied in more detail. We observed higher
concentrations of GDF15 in carriers with renal abnormal-
ities (mainly microalbuminuria) and diabetes mellitus. The
myocardial strain measured in echocardiograms collected as
part of general patient care with a maximum of 1 year apart
from GDF15 sampling indicates that GDF15 may be a
promising surrogate marker for myocardial deformity in
patients with the m.3243A>G mutation. The correlation
between the concentration of GDF15 and longitudinal

myocardial strain, but not between the concentration of
GDF15 and circumferential or radial strain (Lok et al. 2012;
St John Sutton et al. 2014), might be explained by the
observation that changes in longitudinal myocardial strain
precede changes in ejection fraction and global longitudinal
strain is now part of the recommendations in the assessment
of cardiac function, e.g., in monitoring chemotherapy
(Bates et al. 2013; Hollingsworth et al. 2012; Plana et al.
2014; St John Sutton et al. 2014). In summary, GDF15 is a
nonspecific marker that seems to be highly influenced by
several other symptoms frequently seen in this patient
group.

The previously proposed biomarker FGF21 had no
additional value to GDF15 in predicting and monitoring
disease severity in m. 3243A>G carriers. It seems neither
of the two parameters is useful as a surrogate marker for
disease severity and disease progression.

Strengths of our study include the high number of
carriers with different levels of the same mutation in their
mitochondrial genome, resulting in a heterogeneous multi-
system disease that we quantified systematically using a
standardized and quantitative follow-up, enabling us to
draw tentative conclusions regarding the value of GDF15 as
a prognostic biomarker for monitoring disease progression.
Several limitations to our study are worth mentioning. The
period of follow-up is relatively short for this slowly
progressive and often oscillating disease. The NMDAS
used in the follow-up of disease severity is not very
accurate and lacks sensitivity, making it unfit to establish
subtle changes, and in this aspect the study is underpow-
ered. The quality of the serum may have been influenced by
the storage and previous use (freeze thawing) of the
samples used in our study. Since the echocardiograms for
2D strain analysis were collected as part of clinical care, the
level of standardization was suboptimal and samples for
GDF15 analysis were not taken at the same moment as the
echocardiography. Therefore, the results of this pilot study,
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including the responsivity of GDF15 as a biomarker for
myocardial strain, need to be confirmed in a prospective
study. Finally, since only carriers of the m.3243A>G were
included in this study, one may not extrapolate these
findings to other causes of mitochondrial failure

The mitochondrial disease field is diligently looking for
easy-to-measure biomarkers, both for diagnostic and prog-
nostic purposes. In this study, we have demonstrated that
the concentration of serum GDF15 is moderately related to
disease severity, but not to disease progression. Although
the current study does not focus on the diagnostic
applicability of GDF15, the lack of correlation between
the concentration of GDF15 and disease progression in this
2-year follow-up study makes this biomarker unsuitable as
a prognostic biomarker. The moderate correlation between
myocardial strain and the concentration of GDF15 is a
promising starting point for finding a prognostic biomarker
for myocardial deformity but warrants further confirmation,
preferably in a longitudinal study including an in-depth
evaluation of renal function, glucose tolerance, and the
effects of pharmacological interventions.
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