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Emerging multisystem biomarkers
in hereditary transthyretin
amyloidosis: a pilot study
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Hereditary transthyretin (ATTRv) amyloidosis is a rare, adult-onset, progressive, multisystemic
condition caused by TTR pathogenic variants. Reliable biomarkers are needed to allow early diagnosis
and to monitor disease severity and progression. We measured serum concentrations of growth
differentiation factor-15 (GDF-15) and uromodulin (Umod) in ATTRV patients to evaluate correlations
with standard markers of disease severity (FAP stage and PND score). Blood samples were collected
from 16 patients diagnosed with ATTRv amyloidosis and a verified TTR variant and from 26 healthy
controls. ATTRv patients were stratified by clinical phenotype (neurologic vs. mixed), genotype
(V30M vs. non-V30M), and disease severity. We found significantly higher levels of serum GDF-15 in
ATTRYv patients compared with controls. Mean serum Umod levels were significantly lower in patients
with ATTRv than controls. A positive correlation was found between serum Umod and estimated
glomerular filtration rate (eGFR), while an inverse correlation was found with cystatin C levels.
Conversely, GDF-15 showed a negative correlation with eGFR, and a direct correlation with cystatin
Clevels. No correlation was demonstrated between GDF-15 or Umod levels and traditional cardiac
biomarkers. The results identify alteration of serum levels of GDF-15 and Umod in ATTRv amyloidosis.
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Hereditary transthyretin (ATTRv) amyloidosis, a rare, adult-onset, and progressive multisystemic condition
caused by pathogenic variants in the TTR gene, is inherited as an autosomal dominant disorder with highly
variable penetrance'?. The disease is caused by the progressive aggregation of transthyretin (TTR)—a liver
transport protein of thyroxine and retinol—and the subsequent extracellular deposition of amyloid fibrils in
various organs, predominantly affecting the somatic and autonomic peripheral nervous systems and the heart,
with frequent ocular, gastroenterological, and renal manifestations®=°. Due to its heterogeneous presentation,
diagnosing ATTRv can be challenging for clinicians, leading to a delay in initiating therapy. As of today, several
disease-modifying drugs have been approved for ATTRv, making it a priority to identify reliable disease biomark-
ers to support an early diagnosis and increase patients’ survival. In our previous studies on patients with AT TRy,
we have already investigated the possible role of both inflammatory and metabolic molecules as biomarkers of
the disease. Our population showed elevated IFN-alpha and IFN-gamma levels indicative of immune activa-
tion and lower IL-7 levels suggesting disrupted lymphocyte homeostasis®. Additionally, reduced serum levels
of palmitic acid suggested a dysregulation in lipid metabolism, potentially linked to mitochondrial dysfunction
and neuroinflammation’.

Growth differentiation factor-15 (GDF-15) is a transforming growth factor- superfamily cytokine with a
role in a variety of biological processes and pathological conditions, including inflammation, cellular responses
to stress signals, and tissue repair after acute injuries®. This stress-responsive cytokine was reported as a useful
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marker of disease development, progression, and prognosis in patients with cardiovascular disease®!®. GDF-15
has been documented to be a valid prognostic marker in patients with light-chain amyloidosis"!, and to be a diag-
nostic biomarker in a specific subgroup of neurogenetic disorders defined as primary mitochondrial diseases!?.

Uromodulin (Umod) is a kidney-specific protein mainly produced by tubular epithelial cells and involved
in electrolyte handling and the regulation of sodium transport processes. Umod has emerged as a novel early
biomarker for renal function and the detection of kidney disease due to the correlation of Umod urinary and
serum levels with tubular mass and renal function'>™.

In this study, we measured serum concentrations of GDF-15 and Umod in the cohort of ATTRv patients,
comparing them with the control group and evaluating the possible correlation between these values and clinical
or laboratory markers of disease severity.

Materials and methods

Patient population

Details of the patient population have been published in Luigetti et al. 20227. In brief, blood samples were col-
lected from a case series of individuals with a confirmed pathogenic TTR variant and a diagnosis of ATTRv
amyloidosis with a confirmed polyneuropathy, with or without multisystem involvement. Control blood samples
were collected from healthy individuals with no evidence of neurologic, cardiac, or renal disease. All serum
samples were stored at— 80 °C until analysis’.

The study was conducted in accordance with the ethical standards as laid down in the 1964 Declaration of
Helsinki and its amendments and approved by the Ethics Committee of Fondazione Policlinico Universitario
A. Gemelli IRCCS, Rome, Italy (protocol ID 5470). Informed consent was obtained from all subjects involved
in the study.

Biomarker profiling

Protein detection was performed with Luminex xMAP technology using the bead-based Human Luminex’
Discovery Assay (R&D Systems) according to the manufacturer’s instructions. All samples were analyzed for
cystatin C, uromodulin, and GDF-15; serum samples were centrifuged at 16,000 g at 4 °C for 4 min and then
diluted two-fold and run in duplicate. Analyte-specific antibodies pre-coated onto magnetic microparticles
embedded with fluorophores at set unique ratios were incubated with samples. Biotinylated antibodies specific
to the target analytes were added to each reaction well. Following repeated washing, streptavidin—phycoerythrin
conjugate was added to measure the amount of analyte bound to the microparticle. The process utilized > 50
beads per analyte, and median fluorescence intensities were measured using Luminex-200 technology (Luminex,
Bio-Rad) and analyzed with Bio-Plex Manager software version 6.1 (Bio-Rad). A CCD camera with a set of filters
to differentiate excitation levels was used. Standard curves for each cytokine were generated using the premixed
lyophilized standards provided in the kits. Serial threefold dilutions of the standards were run. Cytokine con-
centrations in samples were determined according to the manufacturer’s protocol utilizing 5-point regression
to transform mean fluorescence intensities from the standard curve into concentrations. Each sample was run
in duplicate and averaged to provide the measured concentration.

Clinical assessment scores and laboratory evaluations
A specialist in ATTRv amyloidosis disease conducted a complete neurological and neurophysiological evalua-
tion of all patients, assessing several outcome measures, including familial amyloid polyneuropathy (FAP) stage,
polyneuropathy disability (PND) score, the Neuropathy Impairment Score (NIS), and the Quality of Life-Diabetic
Neuropathy (Norfolk QoL-DN) questionnaire’. Electrochemical skin conductance measurements on all enrolled
patients using Sudoscan were performed as previously described™. Other laboratory data and outcome meas-
ures, including high-sensitivity troponin (hs-TnT), N-terminal pro-B-type natriuretic peptide (NT-proBNP),
and creatinine were collected. Interventricular septum (IVS) thickness and estimated glomerular filtration rate
(eGFR) were also measured. eGFR was obtained with the Chronic Kidney Disease Epidemiology Collaboration
(CKD-EPI) equation, based on serum creatinine alone (2021 CKD-EPI Creatinine equation) and serum creati-
nine and cystatin C combined (2021 CKD-EPI Creatinine-Cystatin C equation).

ATTRy patients were stratified according to genotype (V30M vs. non-V30M), clinical phenotype (neurologic
vs. mixed), and disease severity according to FAP stage and PND score.

Statistical analysis

Data were summarized as frequencies (number/percentage) or mean + standard deviation (SD), and as median
and IQR, as appropriate. The Kolmogorov-Smirnov and Shapiro-Wilk tests were used to assess variable distribu-
tions. Levene’s test was performed to assess homogeneity of variance. Comparisons between two independent
groups were performed with independent samples t-test or Mann-Whitney U test as appropriate.

A Spearman’s rank-order correlation test was used to identify any potential linear relationship between
explored biomarkers and demographic, clinical and laboratory data in the ATTRv group (age at evaluation, dis-
ease duration, NIS, Norfolk QoL-DN questionnaire, Sudoscan of lower and upper limbs, IVS thickness, standard
cardiac and renal biomarkers). A two-tailed p-value <0.05 was considered statistically significant. Statistical
analysis was performed using the IBM SPSS Statistics software (version 25.0).

Institutional review board statement
The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Ethics
Committee of Fondazione Policlinico Universitario A. Gemelli IRCCS, Roma, Italia (protocol ID 5470).
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Results

A total of 42 subjects were included in the study. As reported in Luigetti et al. 2022, there were 16 ATTRv
patients and 26 healthy controls (HCs). Median age of patients in the control group was 50.0 years (interquartile
range [IQR] 45.25-59.25), of whom 50% were male. In the ATTRv patients, median age was 69.5 years (IQR
65.75-75.00), of whom 81.3% were male. The main demographic and clinical data of the cohort of the ATTRv
patients have been reported earlier® and are summarized in Table 1. Laboratory results are summarized in Table 2.
At the time of the study, most patients (14 out of 16) were on disease-modifying therapies: specifically, 5 patients

Subject and Ageat Systemic Norfolk Sudoscan LL | Sudoscan UL
sex TTRvariant | Age at onset | evaluation FAP stage | PND score | involvement | NIS QoL-DN CADT | (uS) (uS)
M #1 F64L 72 75 1 2 GI 47.0 46 20 58 80
M#2 V32R 57 65 2 3b H, Dys, K, GI | 148.00 |84 7 30 40
M #3 F64L 69 80 2 3a H, Dys, GI 76.75 | 58 13 47 36
M #4 F64L 70 75 2 3a H, Dys, GI 112.75 |98 11 22 23
M#5 V30M 62 66 2 3a /1 65.00 |47 17 26 56
M #6 V30M 58 66 2 3a H,GI 98.00 |52 18 31 45
M #7 V3oM 64 69 1 2 H 69.50 |73 17 31 71
M#8 V30M 64 75 1 1 H, GI 38.50 |32 11 80 30
M#9 F64L 51 53 1 1 GI 28.50 |18 19 76 73
F #10 F64L 58 60 1 1 1l 23.00 |13 15 75 79
M #11 F64L 63 70 2 3a H, Dys, K, GI 77.75 | 100 15 45 67
F#12 F64L 75 75 1 1 /1 2.00 |56 13 59 71
M #13 V30M 54 54 1 1 H 12.00 |2 20 76 89
F#14 Fe4L 61 69 1 2 Dys, GI 86.00 |78 9 71 73
M #15 A109S 65 78 2 3b H, Dys, GI 138.50 |61 10 18 10
M #16 V30M 56 70 1 2 H, Dys, GI 92.00 |46 11 19 24

Table 1. Baseline demographic and clinical characteristics of the patients with hereditary transthyretin
amyloidosis (n=16)°. CADT Compound Autonomic Dysfunction Test, Dys dysautonomia, F female, FAP
Familial Amyloid Polyneuropathy, GI gastrointestinal, H heart, K kidney, LL lower limbs, M male, NIS
Neuropathy Impairment Score, Norfolk QoL-DN Norfolk Quality of Life-Diabetic Neuropathy questionnaire,
PND Polyneuropathy Disability score, TTR Transthyretin, UL upper limbs.

NT-proBNP Creatinine (mg/ | Cystatin C eGFR creat eGFR creat-cyst | GDF-15 (pg/
Subject and sex | hs-TnT (pg/mL) | (pg/mL) IVS (mm) |dL) (mg/L) (mL/min) (mL/min) mL) Umod (ng/mL)
M#1 20.00 1600 15 0.78 0.97 93 88 412.81 96.47
M#2 6.00 502 18 1.42 1.24 55 58 671.68 28.76
M #3 0.67 440 16 0.67 1.03 94 85 701.54 136.99
M #4 19.34 96 13 0.72 0.89 95 96 1042.99 72.16
M #5 0.30 337.6 10 0.97 1.24 86 71 959.49 48.59
M #6 2.00 500 13 0.67 1.24 103 77 441.15 4523
M #7 25.00 637 15 0.76 1.24 97 75 990.25 32.50
M #8 7.30 1420.2 19 1.02 1.12 77 72 1265.41 47.27
M #9 5.00 68 9 0.97 0.90 93 96 236.02 48.82
F #10 9.33 403.3 10 0.93 1.41 70 57 2112.84 26.89
M#11 5.70 53 22 1.22 2.04 64 42 868.19 25.77
F#12 15.70 87 12 1.06 1.09 55 61 927.00 113.34
M #13 22.00 549 15 1.37 0.80 61 87 573.23 127.13
F#14 31.30 101 10 0.59 0.45 97 124 623.16 123.43
M #15 21.00 520 19 1.12 1.33 67 60 1552.21 35.96
M #16 6.00 639 17 1.17 1.74 67 49 1999.72 54.59

Table 2. Laboratory results of the patients with hereditary transthyretin amyloidosis (#=16). eGFR estimated
glomerular filtration rate, eGFR creat eGFR calculated using the 2021 CKD-EPI creatinine equation, eGFR
creat-cyst eGFR calculated using the 2021 CKD-EPI creatinine-cystatin C equation, F female, GDF-15 growth
differentiation factor_15, hs-TnT high-sensitivity troponin, IVS intraventricular septum thickness, M male,
NT-proBNP N-terminal pro-B-type natriuretic peptide, Umod uromodulin.
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were taking a TTR-stabilizer (Tafamidis) and 9 patients were on gene silencers (8 patients with Patisiran and 1
patient with Inotersen).

Umod levels were significantly lower in the ATTRv group (median 48.70 ng/mL, IQR 33.36-109.12; p=0.004)
compared with HCs (median 105.39 ng/mL, IQR 85.97-132.22). Conversely, GDF-15 levels were significantly
higher in ATTRv patients (median 897.60 pg/mL, IQR 585.71-1209.81) than in HCs (median 445.59 pg/mL,
IQR 330.78-638.02; p=0.002), as were cystatin C levels (median 1.18 mg/L, IQR 0.92-1.31 in the patient group
vs. median 0.33 mg/L, IQR 0.24-0.48 in HCs; p <0.001).

Considering the laboratory and instrumental biomarkers, we found a statistically significant direct correlation
between serum Umod levels and the eGFR calculated through the 2021 CKD-EPI creatinine-cystatin C equa-
tion (rg=0.648, p=0.007), and a strong, inverse relationship between serum Umod levels and cystatin C levels
(rs=-0.772, p<0.001). Conversely, GDF-15 levels showed a negative correlation with the eGFR (2021 CKD-EPI
creatinine-cystatin C equation; rg=— 0.587, p=0.017), and a positive correlation with cystatin C levels (rs=0.563,
p=0.023). No correlation was found between either Umod or GDF-15 levels and the eGFR calculated through
the equation based on creatinine alone. Analogously, neither Umod nor GDF-15 levels showed any correlation
with cardiac biomarkers (NT-proBNP, hs-TnT, and IVS thickness).

As regards clinical data, the only statistically significant relationship was an inverse correlation between GDF-
15 values and Sudoscan values from upper limbs (rg= —0.513, p=0.042). No statistically significant difference
in terms of Umod or GDF-15 levels was found stratifying ATTRv patients based on genotype (V30M vs. non-
V30M), clinical phenotype (mixed vs neuropathic) or disease severity (PND score of FAP stage).

Discussion

ATTRv is a severe multiorgan disease caused by the extracellular accumulation of amyloid fibrils, and it can
manifest with different clinical phenotypes: an axonal sensory, autonomic, and motor neuropathy (FAP), an
infiltrative hypertrophic cardiomyopathy (familial amyloid cardiomyopathy), or a mixed phenotype that includes
both!. The clinical course is progressive and disabling and leads to death within 4-15 years from onset if left
untreated. However, the development of disease-modifying therapies over the past years has changed the natural
history of the disease, especially when treatment is started early. For this reason, there is an urgent need for reli-
able biomarkers to reach an early diagnosis and to monitor disease severity and progression.

In patients with FAP, as well as in patients with a mixed phenotype, the use of serum biomarkers such as NT-
proBNP and eGFR has now been validated and incorporated into clinical practice to determine disease staging,
prognosis, and to stratify patient enrollment in clinical trials investigating novel therapies'. Our study aimed to
investigate whether non-traditional biomarkers, such as GDF-15 and Umod, can identify patients with ATTRv
and determine disease severity when correlated with clinical scales or instrumental evaluation.

As noted, GDF-15 is a stress-responsive cytokine prominently expressed in several tissues, including the heart,
gastrointestinal tract, liver, kidney, brain, and skeletal muscle®!”. Cardiac myocytes produce and release GDF-15
in response to various triggers such as oxidative stress, stimulation with proinflammatory cytokines, ischemia,
and mechanical stretch'®-?". As a result, plasma GDF-15 concentrations increase in hypertrophic cardiomyopathy,
ischemia, and at various stages of heart failure, reflecting the increased left ventricular mass index, even in the
preclinical stage'®?2. For this reason, GDF-15 has been evaluated as a prognostic biomarker in cardiovascular
disease, in addition to conventional cardiac markers, such as NT-proBNP and hs-TnT?>-%¢,

In patients with light chain amyloidosis, higher levels of serum GDF-15 are associated with an increased
risk of early mortality, poor overall survival, and progression to dialysis, independently of other conventional
biomarkers. Considering the widespread distribution of this cytokine, these findings may reflect both the degree
of cardiac stress and the systemic proinflammatory condition caused by direct toxic effects related to amyloi-
dogenic light chains'"?". Regarding ATTRy, a retrospective study by Okada et al.*® revealed increased levels of
plasma GDEF-15 even in asymptomatic subjects with TTR variants, and a significant correlation between these
values and cardiac biomarkers, including serum BNP and hs-TnT values, IVS thickness, and cardiac magnetic
resonance imaging results. Another interesting finding that emerged from the study was the detection of varying
levels of GDF-15 in patients with different TTR genotypes, suggesting that different types of TTR fibrils may
affect cardiac involvement and, consequently, the production of GDF-15.

A key role in the expression of GDF-15 is played by the integrated stress response, an elaborate signaling
pathway activated in mammalian cells in response to several known cellular stress factors, including amino
acid deprivation, hypoxia, and endoplasmic reticulum stress?**’. More specifically, numerous recent published
papers have documented both in mouse models and human mitochondrial myopathy that the mitochondrial
integrated stress response is associated with profound metabolic rewiring occurring in muscle and systemically
via secretion of myokines such as fibroblast growth factor-21 and GDF-15°1-%,

Considering what has been documented so far, it is unsurprising that GDF-15 is considered a valid biomarker
in primary mitochondrial diseases'?. Furthermore, increased serum levels of GDF-15 have been detected in
several muscle-related conditions such as sarcopenia, autoimmune and viral myositis, as a part of tissue stress
response®*. Whether the induction of GDF-15 primarily benefits or detrimentally affects muscle recovery remains
unclear, as this stress-responsive cytokine can activate very different pathogenetic pathways, resulting in fibrotic
changes and myoblast proliferation®. Analogous to mitochondrial disease, in ATTRv, a redox imbalance effect
underlying tissue damage caused by the deposition of misfolded and aggregated proteins can be hypothesized.
Notably, results of in vitro studies with Schwannoma cell lines suggest that aggregated TTR stimulates the produc-
tion of reactive oxygen species, leads to lower levels of endogenous antioxidants, and decreases overall cellular
antioxidant capacity®>*. The relationship of mitochondrial DNA and TTR mutations is intriguing, as reported
in a patient with mitochondrial myopathy and pathogenic TTR variant in which multiple mitochondrial DNA
deletions have been detected in muscle biopsy™’.

Scientific Reports |

(2024) 14:18281 | https://doi.org/10.1038/s41598-024-69123-x nature portfolio



www.nature.com/scientificreports/

Our data documented higher levels of GDF-15 in ATTRv subjects compared to healthy controls, supporting a
potential role of GDF-15 in the diagnostic work-up. However, no differences were observed in terms of GDF-15
levels stratifying ATTRv patients based on genotype, clinical phenotype, and clinical scales used to assess disease
severity and progression. This underscores the necessity of integrating serologic testing with comprehensive
clinical evaluation, neurophysiological assessments, and imaging studies to achieve precise patient stratifica-
tion. In contrast to the finding of Okada and colleagues, our study found no correlation between GDF-15 levels
and other traditional cardiac biomarkers. This discrepancy may be attributed to the composition of our cohort,
where no patient presented with a pure cardiological phenotype but rather with an exclusively neuropathic or
mixed phenotype, in which cardiac involvement is less pronounced.

Umod, also known as Tamm-Horsfall protein, is the most abundant urinary protein, primarily produced by
tubular cells in the thick ascending limb of the loop of Henle and to a lesser extent in the distal kidney tubule.
Present in the urine in large aggregates, Umod serves several important physiological functions and is known
for its immunoregulatory properties, involvement in protecting against urinary tract infections and kidney
stone formation, and regulation of ion transportation®®. While tubular cells express Umod primarily at the api-
cal membrane, it is also found to a lesser extent at the basal membrane, contributing to its presence at very low
concentrations in the blood*. Umod has been evaluated as a biomarker of tubular function in healthy individuals
and dysfunction of tubular cells in patients with kidney disease*. The relationship between the urinary Umod
excretion and glomerular filtration remains controversial, with some studies showing positive correlations while
others do not*!. In multivariate analyses, spot Umod concentration and 24-h Umod excretion have shown linear
and positive associations with eGFR*.. Even in healthy subjects, serum Umod concentrations correlate with uri-
nary Umod excretion, although Umod concentrations in urine are approximately 1000-fold higher than those in
serum®. Previous studies have demonstrated that serum Umod decreases with declining kidney function, with
positive correlations between serum Umod levels and eGFR observed in patients across chronic kidney disease
stages 1-5, those with chronic obstructive nephropathy, and healthy people aged > 60 years***°.

In our cohort, mean serum Umod values were lower in patients with ATTRv compared with healthy controls.
These data support the use of serum Umod measurements in addition to eGFR, which is already a validated
marker for cardiac amyloidosis according to the Gillmore staging system'®. A positive correlation was found
between serum Umod levels and eGFR based on the 2021 CKD-EPI creatinine-cystatin C equation, while an
inverse correlation was found with cystatin C levels, in line with the results of other studies!****¢. The relation-
ship of GDF-15 and Umod with the cystatin C-related equation appears to be determined by cystatin C itself,
given its inverse relationship with eGFR. The lack of relationship between GDF-15 and Umod with eGFR based
on creatinine alone suggests differential glomerular filtration results using the two different equations in this
cohort. Cystatin C-based eGFR equations may provide more accurate estimations of glomerular filtration in
patients with body weight loss and muscle wasting, such as those with ATTRv. This discrepancy highlights the
potential for creatinine alone to overestimate glomerular filtration in these patients, impacting drug indications
related to eGFRY.

No correlation was demonstrated between Umod levels and traditional cardiac biomarkers, and no difference
was observed stratifying ATTRv patients based on genotype, clinical phenotype, or disease severity. As for GDF-
15, this result may be explained by our cohort not including patients with pure cardiomyopathy or, alternatively,
by the mild or sub-clinical renal involvement in late-onset ATTRv>*5.

Furthermore, our study is limited due to the small number of patients recruited and because the patient
and control groups are not balanced with respect to age and sex. Patients with ATTRv were older than healthy
controls, and the male-to-female ratio was different between the two groups.

Conclusions

The data reported here result from preliminary investigations of a large study aimed at characterizing and
validating disease biomarkers in ATTRv (ClinicalTrials.gov ID: NCT05929209). Specifically, the results suggest
that modifications in serum levels of GDF-15 and Umod are characteristic of ATTRv amyloidosis. Larger and
longitudinal studies, including patients with more pronounced, if not exclusive, cardiac involvement, are needed
to determine whether these markers can be used in clinical settings in addition to those already validated to
assess disease severity and treatment response.

Data availability
The data that support the findings of this study are available from the corresponding author, upon reasonable
request.
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