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Abstract:
Pathogenic germline variants affecting proper telomere maintenance result in premature telomere
shortening and cause telomere biology disorders (TBDs). While classical dyskeratosis congenita in
children is rather well defined, late-onset (“cryptic”) TBDs remain underrecognized, resulting in
underdiagnosis and inadequate treatment in affected adults. Here, we present a series of adult TBD
cases collected through the German TBD reference center between 2014 and 2024. Patients ≥18 years
with an age-matched telomere length (TL) < 10th percentile in lymphocytes and detection of either a
variant of uncertain significance, a pathogenic or a likely pathogenic variant in TBD-associated
genes, and available clinical data were included in this analysis. On this basis, a novel point-
based algorithm for categorization into proven, probable and suspected-only TBD cases,
respectively, was developed. Out of a total of 1,537 TL analyses, 42 patients with proven (n=29) or
probable (n=13) TBD were identified. Median age at first clinical manifestation and at diagnosis
was 20.0 years and 34.1 years, respectively. Bone marrow failure (BMF) was the most frequent
manifestation observed in our cohort (73.8%), followed by liver or interstitial lung diseases
(50.0% and 41.5%, respectively). Immunosuppressive therapy was carried out in six patients with
BMF, none of them responded. In comparison, eight of eight evaluable patients treated with androgen
derivatives showed hematologic response. Our data provide novel real-world insight into the
clinical manifestation spectrum, diagnosis as well as clinical course and treatment of TBD in
adult, late-onset cases of this hereditary disease.
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Abstract 57 

Pathogenic germline variants affecting proper telomere maintenance result in 58 

premature telomere shortening and cause telomere biology disorders (TBDs). While 59 

classical dyskeratosis congenita in children is rather well defined, late-onset 60 

(“cryptic”) TBDs remain underrecognized, resulting in underdiagnosis and inadequate 61 

treatment in affected adults. Here, we present a series of adult TBD cases collected 62 

through the German TBD reference center between 2014 and 2024. Patients ≥18 63 

years with an age-matched telomere length (TL) < 10th percentile in lymphocytes 64 

and detection of either a variant of uncertain significance, a pathogenic or a likely 65 

pathogenic variant in TBD-associated genes, and available clinical data were 66 

included in this analysis. On this basis, a novel point-based algorithm for 67 

categorization into proven, probable and suspected-only TBD cases, respectively, 68 

was developed. Out of a total of 1,537 TL analyses, 42 patients with proven (n=29) or 69 

probable (n=13) TBD were identified. Median age at first clinical manifestation and at 70 

diagnosis was 20.0 years and 34.1 years, respectively. Bone marrow failure (BMF) 71 

was the most frequent manifestation observed in our cohort (73.8%), followed by liver 72 

or interstitial lung diseases (50.0% and 41.5%, respectively). Immunosuppressive 73 

therapy was carried out in six patients with BMF, none of them responded. In 74 

comparison, eight of eight evaluable patients treated with androgen derivatives 75 

showed hematologic response. Our data provide novel real-world insight into the 76 

clinical manifestation spectrum, diagnosis as well as clinical course and treatment of 77 

TBD in adult, late-onset cases of this hereditary disease. (word count: 250)  78 
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Key points 79 

- Clinical manifestation patterns of TBDs in adults differ significantly from children and 80 

adolescents.  81 

- TBDs are still severely underdiagnosed in adults, and proper diagnosis is often 82 

substantially delayed following first clinical manifestations.   83 
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Introduction 84 

Telomeres shorten with each cell division but can be re-elongated by the enzyme 85 

telomerase [1, 2]. Telomere biology disorders (TBDs) are characterized by premature 86 

telomere shortening leading to organ failure due to replicative senescence/apoptosis. 87 

Pathogenic (P) variants in genes responsible for proper telomere maintenance have 88 

been identified as the cause of TBDs. Until now, 20 TBD-associated genes have 89 

been discovered (ACD, DCLRE1B, CTC1, DKC1, NAF1, NHP2, NOP10, NPM1, 90 

MDM4, PARN, POT1, RPA1, RTEL1, STN1, TERC, TERT, TINF2, TYMS-ENOSF1, 91 

WRAP53, ZCCHC8). TERT and TERC, the main functional components of human 92 

telomerase are among the most frequently affected genes [3-8]. While TBDs overall 93 

follow different modes of inheritance, autosomal dominant (AD) inheritance is the 94 

predominant pattern in adults. The gold-standard and functional screening for 95 

underlying TBDs is the determination of telomere length (TL) deviation in peripheral 96 

blood (PB) lymphocytes using flow cytometry and fluorescent in situ hybridization 97 

(flow-FISH) [9-12].  98 

The best-characterized clinical disorder within the group of TBD is dyskeratosis 99 

congenita (DC) [5]. Classical DC is characterized by the mucocutaneous triad of oral 100 

leukoplakia, nail dysplasia and abnormal skin pigmentation. Frequently, and 101 

increasingly over time, multiple organ systems are involved in DC, eventually 102 

resulting in e.g. bone marrow failure (BMF), interstitial lung disease (ILD) or liver 103 

disease (LD) [3, 5, 13-15]. In addition, prognosis of affected individuals is significantly 104 

impaired by a substantially increased risk for the development of hematologic or solid 105 

malignancies [16]. Particularly in adults, growing evidence shows that TBDs initially 106 

often present mono- or oligosymptomatically. However, organ systems affected, age 107 

of onset, as well as clinical significance of organ dysfunction are highly 108 
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heterogeneous between affected individuals, somewhat linked to the underlying 109 

genetic variant [16]. This heterogeneity, in combination with its ultra-rarity, results in 110 

adult-onset, cryptic TBDs both being severely underdiagnosed and often remaining 111 

hidden behind so-called “idiopathic” BMF syndromes, predominantly aplastic anemia 112 

(AA), idiopathic pulmonary fibrosis or liver cirrhosis, immune defects or other disease 113 

states [17, 18]. For the affected patients and their families, this is particularly 114 

unfortunate, since TL, measured by flow-FISH - a well-established and even 115 

functional screening parameter - is available to identify the vast majority of at-risk 116 

cases and trigger complementary genetic work-up for defects in genes linked to 117 

altered telomere maintenance. Even more importantly, a missed diagnosis of an 118 

underlying inherited TBD may have dramatic consequences for both, the correct 119 

treatment of the affected patient (including best selection of potential allogeneic 120 

family donors), as well as for potentially co-affected family members themselves. Due 121 

to the rarity and limited recognition of adult-onset TBDs, recommendations for 122 

diagnostic algorithms for these patients remain limited, and more data are needed to 123 

develop better diagnostic and management strategies for TBD, ultimately improving 124 

patient outcomes and quality of life [3, 19]. In our study, we provide a comprehensive 125 

registry analysis on adult TBD patients collected over a decade within the German 126 

TBD reference center. The focus is on the clinical characterization of disease 127 

manifestation patterns in adult TBDs with the aim to increase clinical awareness for 128 

these disorders.   129 
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Materials and methods 130 

Patient recruitment and history 131 

Patients of the AA-BMF-Registry und Aachen Telomeropathy Registry, included from 132 

October 2014 to April 2024, were considered for this analysis if the following criteria 133 

were met: 1.) TL < 10th percentile for age in PB lymphocyte subsets analyzed by 134 

flow-FISH or 2.) genetic data with variant of uncertain significance (VUS) or P/likely 135 

pathogenic (LP) variant in a TBD-associated gene detected via panel based next 136 

generation sequencing (NGS) or whole exome sequencing (WES) and 3.) age at last 137 

follow-up ≥18 years and 4.) sufficient clinical data allowing TBD diagnosis.  138 

Medical and family history as well as patient follow-up were obtained by patient 139 

interview and/or medical records and reviewed by June 30, 2024. All patients signed 140 

written informed consent for registry inclusion and genetic analyses (EK332/20, 141 

EK225/14; RWTH Aachen University). Recruitment and work-up of the registry were 142 

carried out as published previously [9]. All variants, except those in TERC, were 143 

classified according to the American College of Medical Genetics and Genomics 144 

(ACMG) guidelines for the interpretation of sequence variants: class 3 (VUS), class 4 145 

(LP), and class 5 (P) [20]. Since TERC encodes a non-coding RNA, many of the 146 

ACMG criteria supporting pathogenicity are not applicable. Therefore, for the 147 

classification of TERC variants, we added shortened TL as a moderate pathogenicity 148 

criterion as published before [9]. Time of confirmed TBD diagnosis was defined as 149 

either the time point of detection of significantly shortened TL or the genetic result of 150 

a TBD-associated variant.  151 
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TBD classification  152 

The diagnosis of TBD in this study was established as follows: patients with P/LP 153 

variants in a TBD-associated gene were classified as proven TBD. Patients with VUS 154 

in TBD-associated genes were categorized into probable TBD (≥ 4 points, maximum 155 

score 9 points) or suspected-only TBD (< 4 points) using refined diagnostic criteria 156 

including parameters such as the degree of telomere shortening observed, positive 157 

family history of a TBD as well as presence of TBD related clinical features. We 158 

adapted these diagnostic criteria from those proposed by Niewisch et al. [16] (see 159 

Supplemental Methods and Supplemental Figure S1).  160 

 161 

Statistical analysis 162 

Survival probabilities for overall survival were calculated using Kaplan Meier 163 

estimates. Survival probabilities were compared by the log-rank test. P-values lower 164 

than 0.05 were considered significant. Data were collected via Microsoft Excel 2007 165 

and analysed using GraphPad Prism (GraphPad Software version 9.0.0, La Jolla, 166 

CA, USA). 167 
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Results  168 

Out of 1,537 patients undergoing TL screening during the designated ten year study 169 

period from 2014 to 2024 at the German TBD reference center in Aachen, 253 170 

patients underwent further genetic work-up. Among them, 57 patients were identified 171 

to fulfil the inclusion criteria for the study mentioned above (Supplemental Figure S1). 172 

Of those, 29 patients had a P/LP variant in a TBD-associated gene, and, accordingly, 173 

were considered as proven TBD. Of the 28 remaining patients with VUS in TBD-174 

related genes, 13 patients were classified as probable TBD (≥ 4 points), and 15 175 

patients (< 4 points) were considered as suspected-only TBD (Supplemental Figure 176 

S1). Patients classified as suspected-only TBD exhibited significantly better survival 177 

outcomes compared to those with probable and proven TBD (median survival: 80.2 178 

and 60.1 years, respectively; p=0.01; Supplemental Figure S2A). Given this 179 

significant prognostic difference, we defined the TBD cohort for further analysis as 180 

the 42 adult patients with probable and proven TBD. 181 

 182 

Clinical and molecular characteristics of the adult TBD cohort 183 

Clinical and molecular characteristics of the patient population are depicted in Figure 184 

1. Twenty-two out of 42 adult TBD patients were female (52.4%). TL measured in PB 185 

lymphocytes by flow-FISH [9, 11, 12] was below the 1st percentile in 31 patients 186 

(73.8%), between the 1st and 10th percentile in nine (21.4%) and above the 10th 187 

percentile in two patients (4.8%), respectively. The most common underlying pattern 188 

of inheritance was AD, with variants detected in TERC (n=17), TERT (n=12), RTEL1 189 

(n=5), and CTC1 (n=1), respectively. One female patient had a heterozygous X-190 

chromosomal DKC1 variant and was included in the AD analysis, one patient with 191 
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shortened TL was heterozygous carrier of a NHP2 variant and was also included in 192 

the AD analysis. Three patients carried autosomal recessive variants (AR; CTC1, 193 

n=2 and WRAP53, n=1). One patient had a homozygous variant in TERT 194 

(categorized for analysis as AR) and one male patient an X-linked (XL) DKC1 variant 195 

(detailed list see Supplemental Table 1). In this combined prospective/retrospective 196 

analysis, the median prospective follow-up after inclusion into the registry was 2.0 197 

years (range: 0 to 8.0 years).  198 

Overall, of 36 patients evaluable for the TBD related clinical features, only 16 patients 199 

(44.4%) expressed typical DC skin stigmata and surprisingly, in none of these (adult) 200 

patients detection of typical DC skin manifestations was reported as first 201 

manifestation (FM) or led to the diagnosis of the underlying TBD.  202 

In comparison, 31 patients developed suspected BMF (73.8%), most frequently 203 

presenting with leukopenia (73.8%, n=31) followed by thrombocytopenia (71.4%, 204 

n=30) and anemia (66.7%, n=28), and in 31 of 33 evaluable patients (93.9 %) in 205 

conjunction with bone marrow hypoplasia or aplasia. Retrospective classification of 206 

cytopenias according to the Camitta criteria for AA [21] was not possible for most of 207 

the patients due to insufficient data on the exact bone marrow cellularity or 208 

distribution of cellular subtypes (e.g. missing reticulocyte counts). Despite of these 209 

limitations, which were mainly related to the retrospective nature of this part of the 210 

analysis, BMF was considered the FM of the TBD in 25/42 (59.5%) patients. 211 

Nineteen of 38 patients (50.0%) evaluable for BMF manifestation of an adult TBD 212 

developed LD; in four patients (10.5%), LD even represented the FM of the TBD. 213 

Similarly, 17 of 41 patients (41.5%) evaluable for this manifestation developed ILD 214 

and again, in four of those patients (9.8%), this represented the FM of the TBD. 215 
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Malignancies were reported in eight out of 41 patients with information being 216 

available (19.5%), two of which (4.8%) were head and neck squamous cell 217 

carcinoma (HNSCC, also representing FM of a yet unknown TBD) and 218 

myelodysplastic syndrome (MDS), respectively. The remaining cases were 219 

endometrial cancer, breast cancer, spindle cell carcinoma and diffuse large B-cell 220 

lymphoma (n=1 each).  221 

In six cases, patients were presumably asymptomatic (#2, #12, #31, #38, #39, #41), 222 

i.e. without a clinical features suggestive of TBD (three patients had mild skin 223 

abnormalities that did not trigger diagnostic work-up [#2, #12, #41]) and detected 224 

accidentally, e.g. during screening for related allogeneic stem cell donorship. In 20 225 

out of 35 patients (57.1%), early hair greying (described qualitatively) was reported, 226 

however, in none of the cases this clinical feature was either the FM of the TBD or 227 

triggered the diagnostic work-up.  228 

Notable selected additional clinical features reported, albeit with less stringently 229 

established causal relation to TBDs, were enteropathies (n=5) [22], psychiatric 230 

disorders (n=9), osteonecrosis (n=4), combined variable immunodeficiencies (CVID, 231 

n=2) [17] or growth retardation (n=1).  232 

Twenty-seven of 38 patients with this information being available (i.e. 71.1%) 233 

reported a positive family history for a TBD-related disease.  234 

 235 

Treatment 236 

Based on the records and received treatment, six patients (14.3%) of our cohort were 237 

initially diagnosed as acquired AA and treated with anti-thymocyte globulin (ATG) 238 

and/or cyclosporine-A (CSA)-based immunosuppressive therapy (IST). Expectedly, 239 
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none of these patients had a sustained response to treatment, confirming the genetic 240 

rather than immunologic cause of these TBDs. Four patients (9.5%) received 241 

eltrombopag without response, five (11.9%) received tyrosine kinase inhibitor 242 

nintedanib for ILD. Androgen treatment with danazol or oxymetholone was given in 243 

12 patients (28.6%) of whom all eight patients with available follow-up showed a 244 

response in at least one hematological lineage (no follow-up data were available on 245 

response in four patients). For patients with ILD, adequate follow-up data were not 246 

available to allow a proper assessment of the response to androgen or nintedanib 247 

treatment. Four patients (9.5%) received allogeneic transplantation, one of them was 248 

reported to have died during follow-up (16 years after allogeneic transplantation). No 249 

patient underwent lung transplantation for ILD, only one patient received liver 250 

transplantation for hepatic disease.  251 

 252 

Survival of the TBD cohort, age at FM, and time to diagnosis of TBD 253 

Previous data reported a substantially reduced life expectancy in patient cohorts with 254 

TBDs comprised mostly of pediatric patients with classical DC. Therefore, we were 255 

particularly interested in the analysis of the disease course and overall survival of this 256 

adult cohort of TBDs. The median survival according to Kaplan Meier analysis was 257 

found to be 60.1 years (Figure 2A). Given that the underlying genetic defect can 258 

influence outcomes, we next examined the impact of genotype on survival. We 259 

observed a trend towards reduced median survival in patients with AR/XL inheritance 260 

compared to those with AD inheritance (p=0.07, Figure 2B). 261 

 262 
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Despite the lack of data on the exact causes of death in our patients, we 263 

hypothesized that the severity of BMF or the presence of ILD or LD might contribute 264 

to adverse outcomes. We found significantly better survival for patients without BMF 265 

(n=11, according to our definition, median survival not reached) compared to those 266 

with BMF (n=31, 51.2 years, p=0.02; Figure 2C). Similarly, a trend towards impaired 267 

median survival was also found in patients with (n=17) compared to patients without 268 

(n=24) evidence of ILD (p=0.07, Figure 2D) and in patients with (n=19) compared to 269 

patients without (n=19) evidence of LD (p=0.07, Supplemental Figure 2B).  270 

Given the substantial concern of underdiagnosis of adult TBDs, we were particularly 271 

interested in investigating the age at FM and the time from FM to diagnosis of TBD 272 

(DOT) in affected patients. Median age at FM was 20.0 years, 16 of 36 patients with 273 

clinical manifestations developed their individual FM already before their 18th 274 

birthday (Figure 3A). Twenty-five percent of the patients developed their FM of TBD 275 

only after the age of 36.4 years. Median age at DOT by Kaplan Meier analysis was 276 

34.1 years (Figure 3B), 25% of the patients included here were only properly 277 

diagnosed for an underlying TBD above the age of 47.5 years (Figure 3B). Among 278 

the 36 patients that had already developed clinical manifestations of TBD at the time 279 

of this analysis, the median duration from FM to DOT was 6.4 years (range: 0 to 47.3 280 

years). Median time from FM to death or last follow-up by Kaplan Meier analysis was 281 

25 years (Figure 3C).  282 

The underlying genotype might influence the age at FM. We observed that affected 283 

individuals with AR/XL inheritance tended to develop first clinical features earlier 284 

(median age: 13.4 years), compared to those with AD inheritance (median age: 21.6 285 

years, p=0.13; Supplemental Figure 2C). Notably, median time from FM to death or 286 
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last follow-up did not seem to differ between these two groups of inheritance patterns 287 

(Supplemental Figure 2D).   288 
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Discussion 289 

TBDs are defined by a common pathophysiology based on impaired telomerase 290 

activity leading to altered telomere maintenance [23, 24]. Consequently, the clinical 291 

manifestations usually result from telomere-mediated replicative cellular exhaustion 292 

in organs or tissues characterized by high cellular turnover such as the hematopoietic 293 

compartment. Pediatric patients with classical DC typically first develop clinical signs 294 

at the age of 5-13 years [25]. However, a significantly more heterogeneous, multi-295 

organ clinical manifestation pattern beyond childhood, the ultra-rarity of the disease 296 

as well as the lack of stringent diagnostic criteria triggering telomere screening and 297 

eventually genetic work-up for an underlying TBD result in a significant risk of 298 

underdiagnosis of TBDs in adults.  299 

In this study, we aimed to propose refined diagnostic criteria for the diagnosis of adult 300 

TBDs in the subcohort of patients screened by flow-FISH and follow-up genetic work-301 

up in whom a VUS had been detected in a TBD-associated gene. Based on the 302 

degree of telomere shortening detected, weighed clinical parameters and family 303 

history, these VUS could then either be classified as probable TBDs and added to 304 

the cases with proven TBDs or categorized as suspected-only cases. Our results 305 

showed that patients with proven and probable TBDs exhibited significantly poorer 306 

survival compared to suspected-only cases. Notably, the survival outcomes of our 307 

proven and probable TBD group closely aligned with those reported by Niewisch et 308 

al. for confirmed TBD cases [28]. Further and again consistent with the findings 309 

reported by Niewisch et al., we found that patients with AR or XL TBD tended to have 310 

worse overall survival compared to those with AD inheritance pattern.  311 

 312 

In line with previous studies aimed at the incidence of TBDs within clinically defined 313 

cohorts such as BMF syndromes [9, 26], immunodeficiencies [17] or other underlying 314 
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diseases [27], we can confirm that TL once being measured by flow-FISH [10, 11, 28-315 

30] provides a highly efficient screening tool for patients with TBD even beyond 316 

childhood [9, 16], reviewed in [3]. 317 

We demonstrate that more than half of our TBD patients do not exhibit first clinical 318 

features until adulthood, and in 50% of the patients, diagnosis of TBD was only 319 

established after the age of 34 years. Moreover, approximately 70% show only one 320 

or two major clinical features, consistent with a mostly mono-/oligosymptomatic 321 

course of the disease in adult patients [31, 32]. Similarly, no signs of vascular disease 322 

- commonly observed in children - were reported in this cohort. Corresponding to this 323 

observation, signs of the classical DC triad were not regularly identified in adult 324 

patients and did not trigger further diagnostic work-up for an underlying TBD. While 325 

TBD is typically considered as a potential differential diagnosis in pediatric patients 326 

with related clinical features, most physicians treating adult patients may not consider 327 

TBD as a possible underlying cause, given that a FM of a hereditary disease in adults 328 

is a rare (and therefore underappreciated) event. This underscores the importance of 329 

raising awareness among healthcare professionals about TBDs, particularly in older 330 

adult patients with cryptic or subtle clinical presentations affecting a highly 331 

heterogeneous pattern of organ systems.  332 

Ten patients within our cohort were initially misdiagnosed and treated as acquired AA 333 

with IST or a thrombopoietin agonist without any response. In comparison, twelve 334 

patients were reported to be treated with androgen derivatives of whom eight had 335 

sufficient follow-up data available. All these eight patients exhibited at least a single-336 

lineage response.  337 

The dramatic difference in probability of response to IST versus androgen therapy in 338 

patients with acquired (mostly immune-mediated) AA compared to hereditary AA 339 

based on an underlying TBD further underscores the importance of considering TBD 340 
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as a differential diagnosis also in adult patients with newly diagnosed AA [26, 33, 34]. 341 

This is even more urgent once patients with AA have shown no or unsatisfactory 342 

response to first line IST and are considered to be treated with a second round of 343 

alternative ATG while an underlying TBD had not yet been ruled out in the first place. 344 

 345 

Although primarily retrospective in nature, our data obtained from real-world clinical 346 

registries on the screening of patients with AA or suspected TBD provide valuable 347 

insight into the natural clinical course of adult TBDs as well as their initial 348 

manifestation patterns. Median overall survival (or data of last follow-up) was 60 349 

years, and half of the patients survived 25 years after the onset of first clinical 350 

features, for the most part, changes in blood counts. Consistent with previous case 351 

studies in adult TBD patients, BMF, ILD and LD are the predominant clinical 352 

manifestations observed in our cohort, two patients were diagnosed on the basis of a 353 

malignancy as FM of TBD [13, 35-38]. Overall, 24% of our cohort were diagnosed 354 

with solid or hematological malignancies, a proportion similar to previously published 355 

data [39, 40].  356 

The high prevalence of BMF with bi- or pancytopenia as most frequent clinical feature 357 

in this cohort can be attributed to the clinical scope and the inclusion criteria of the 358 

registries, which primarily focusses on individuals with hematological abnormalities 359 

[9]. No patient in our cohort exhibited a variant in the PARN gene, which is in line with 360 

the relative predominance of pathogenic variants in PARN being detected in a 361 

subgroup of patients with pulmonary fibrosis that is typically not associated with 362 

relevant hematological phenotypes [31]. Regarding DKC1, we identified a male 363 

patient exhibiting the characteristic X-linked mode of inheritance. Notably, we also 364 

identified a female patient with DKC1 who presented with TBD manifestations as 365 

reported in previous studies [41] . While we lack definitive causal data regarding 366 
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patient mortality, patients with BMF showed a higher mortality compared to those 367 

without BMF. Previous data suggest that upon the onset of symptomatic lung 368 

disease, individuals with TBD typically experience rapid decline, possibly contributing 369 

to the observed increased mortality associated with lung disease [42]. In line with this 370 

observation, patients both with ILD and LD in our cohort tended to have shortened 371 

overall survival.  372 

 373 

Our multicenter pro- and retrospective registry analysis has obvious limitations. We 374 

present an analysis of mostly retrospective clinical registry data, which may lead to 375 

underreporting of clinical features of TBD. Furthermore, we cannot ascertain the 376 

definitive causes of death in most patients included. And, although continuously 377 

collected via a German reference center over a period of ten years, due to the ultra-378 

rarity of the disease, our sample size is still limited. Further validation of our refined 379 

diagnostic criteria is beyond the scope of this study scope and warrants future 380 

research. 381 

In summary, our study provides novel insights into the initial manifestation and 382 

natural time course and manifestation pattern of telomere diseases with particular 383 

focus on adult, late-onset TBD. Our data show that adult TBD is often mono-384 

/oligosymptomatic, rarely characterized by the classical mucocutaneous triad and 385 

likely underdiagnosed, despite a highly convenient and robust blood-based assay 386 

available for both screening and facilitating genetic work-up in suspected individuals 387 

and their families. Too many patients still undergo several lines of unspecific and 388 

often ineffective treatments before an accurate diagnosis is established. This can 389 

take years up to decades despite early signs and manifestations of clinical features 390 

which should prompt TBD directed diagnostics. Increased awareness and systematic 391 
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inclusion of TBD patients in specific registries are urgently needed to allow for 392 

progress in diagnosis, management and counseling of patients and their families.   393 
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Figure legends 540 

 541 

Figure 1. Clinical characteristics of all patients with a probable and proven 542 

telomere biology disorder (TBD, n=42).  543 

# patient identification number, bold numbers: presumably asymptomatic patients; f: 544 

female; m: male; red: Telomere length (TL) < 1st percentile; yellow: TL ≥ 1st but < 545 

10th percentile; green: normal TL. Inheritance pattern is depicted in blue for 546 

autosomal dominant and brown for autosomal-recessive/X-linked inheritance. 547 

Presence of TBD manifestations are shown in grey. Dark grey represents first 548 

manifestations of clinical TBD features. Sufficient clinical data were defined as the 549 

documentation of a reported physical examination and family history, accompanied 550 

by a detailed list of pre-existing conditions or diagnostics addressing typical TBD 551 

symptoms, such as liver disease (LD) or interstitial lung disease (ILD). Where no 552 

relevant conditions were reported and/or specific diagnostics were not conducted, 553 

conditions were marked as not available (n.a.) and not done (n.d.), respectively. 554 

Family members are marked with asterisks (§, ʘ and ■). One patient was compound 555 

heterozygous (/), one patient was a heterozygous NHP2 variant carrier (//), and one 556 

patient was a heterozygous X-chromosomal carrier (///). Patients with CTC1 typically 557 

carry two pathogenic variants and follow an autosomal recessive inheritance pattern. 558 

In case #36, a variant in the other allele was not identified by WES (¶). One patient 559 

One patient received liver transplantation (x).  560 

BMF, bone marrow failure; BM, bone marrow; DC, dyskeratosis congenita; CVID, 561 

common variable immune deficiency; ATG, anti-thymocyte globulin; CSA, 562 

cyclosporine-A; BMT, bone marrow transplant 563 

 564 

Figure 2. Survival curves of probable and proven adult telomere biology 565 

disease (TBD) patients by Kaplan Meier analysis. A: Probability of survival of the 566 

cohort (median survival 60.1 years (y), n=42). B: Probability of survival dependent on 567 

mode of inheritance with a trend to better outcome for patients with autosomal 568 

dominant (AD) inheritance pattern (60.1 y) compared to autosomal recessive/X-linked 569 

(AR/XL; 36.4 y). C. Comparison of patients with bone marrow failure (BMF) and 570 
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without BMF shows significantly better survival for patients without BMF (median 571 

survival not reached) versus those with BMF (51.2 y). D. Probability of survival shows 572 

a trend to better survival for patients without evidence of interstitial lung disease (ILD) 573 

compared to those with evidence of ILD.  574 

FU, follow-up 575 

 576 

Figure 3. Course and follow-up of probable and proven adult telomere biology 577 

disease (TBD) patients. A: Swimmer plot showing the course of clinical TBD 578 

manifestations in years (y) without first manifestation (FM; blue), y after FM (orange) 579 

and y after diagnosis of TBD (DOT; green) for each patient. a.) patients with FM <18 580 

y, b) patients with FM ≥18 y and c) patients without FM. Vertical red line marks the 581 

age of 18 y. (*), patient deceased; (#), autosomal recessive/X-linked inheritance 582 

pattern, (/) compound heterozygous, (//) heterozygous NHP2 variant carrier, (///) 583 

heterozygous X-chromosomal carrier, all others had autosomal dominant inheritance 584 

pattern. B: Kaplan Meier curve showing the age at DOT: Median age was 34.1 y, 585 

25% of the patients were above the age of 47.5 y. C: Median time from FM to death 586 

or last follow-up (FU) by Kaplan Meier analysis was 25 y.  587 

 588 
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