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The nucleoprotein structures located at the ends of chromosomes
are telomeres and protect genetic information from damage and
attrition. Aberrations of telomere maintenance and the cellular
response to unprotected and shortened telomeres cause telomer-
opathy and comprise a diverse spectrum of diseases.' Telomero-
pathies are characterized by bone marrow failure (BMF), lung
fibrosis, liver fibrosis (and cirrhosis), and cancer predisposi-
tion.>™ Short telomere length was demonstrated in children with
dyskeratosis congenita (DC) and in a subset of individuals with
severe aplastic anemia (SAA) already 20 years ago.”~” DC is
associated with extremely short telomere length (<p1), and
age-adjusted values for telomere length provide a quantitative
measure of disease severity.® Hematopoietic stem cell transplan-
tation (HSCT) for telomeropathies is associated with an
increased risk of transplant-related complications, predominant-
ly progressive organ dysfunction, and tissue damage (eg,
mucositis) following conditioning regimen.”'? Therefore, treat-
ing patients with a telomeropathy requires the adjustment of
HSCT protocols, including reduced intensity conditioning (RIC)
regimen and screening of potentially affected (and asymptomat-
ic) family donors.'™™'3 Screening for telomeropathies is of
particular importance in young patients, as the disorder
encompasses a wide spectrum of clinical problems and risks
for therapy, while the phenotype may be subtle. Currently,
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telomere length analysis in patients suffering from bone marrow
failure is not standard procedure, which can lead to delayed or
missed diagnosis of a telomeropathy. Here, we describe 6
pediatric cases illustrating the diagnostic pitfalls and clinical
challenges in patients suffering from a non-classical telomerop-
athy with respect to the outcome of allogeneic HSCT (summa-
rized in Table 1).

Patient A, a 17-year-old male, was diagnosed with SAA. His
medical history was characterized by acne conglobata, behavior-
al problems, and disturbed liver enzymes in the previous year.
Telomere length analysis demonstrated very short telomeres
(Table 1). Organ screening showed no signs of liver or lung
fibrosis specifically. He was scheduled for HSCT from a matched
unrelated donor (MUD) following reduced intensity conditioning
(RIC) (Table 1). Engraftment was established at day 21 (95%
donor signal). The first month after HSCT was characterized by
transient kidney failure and hyperbilirubinemia; abdominal
ultrasound analysis suggested liver cirrhosis, followed by liver
biopsy showing moderate to severe fibrosis and no signs of graft
versus host disease (GvHD). Subsequently, he developed GvHD
grade III with involvement of the intestinal tract (skin stage 1).
The combination of treatment-refractory GvHD and progressive
liver failure led to death of the patient 3 months after HSCT. Post
mortem genetic analysis on pre-transplantation blood samples
revealed a pathogenic DC mutation in RTEL.

Patient B was diagnosed with combined immunodeficiency
(CID), atypical inflammatory bowel disease (IBD), and failure to
thrive. At the age of 12 years, he developed severe bone marrow
failure (cellularity <5%). Pre-HSCT screening tests demonstrated
inhomogeneous hepatomegaly and elevated liver enzymes, and
minor bronchopathy on the HR-CT, explained by chronic
infections. There were no signs of lung fibrosis. He was scheduled
for HSCT from an HLA-identical sibling following a myeloa-
blative conditioning regimen (Table 1) and neutrophil engraft-
ment was established at day 24 (100% donor signal). In the
following weeks, he developed severe multi-organ toxicity,
including mucositis and transient kidney failure. Subsequently,
a rapid deterioration of liver tests (bilirubin >500 pumol/L)
prompted liver biopsy, demonstrating non-specific (toxic)
damage. Next, he showed neurological deterioration, accompa-
nied by white matter abnormalities on MRI. One month after
HSCT, he died of progressive multi-organ failure. Post-mortem
examination revealed extensive organ damage to the liver,
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intestinal tract, brains and lungs. Genetic analysis revealed
compound heterozygous mutations in RTELT.

Patient C, a 4-year-old boy, developed acute liver failure of
unknown cause requiring a liver transplant. Three months after
liver transplantation he was diagnosed with severe acquired
aplastic anemia and was scheduled for MUD-HSCT. Screening
pre-SCT revealed normal liver function, and no signs of lung
fibrosis. Telomere length analysis revealed very short telomeres,
suggesting an underlying telomeropathy. Additional genetic
analysis was not performed. HSCT was performed following RIC
conditioning (Table 1). Engraftment was established at day 16
with 100% donor signal. Early post-SCT follow up was
uneventful. In the second year after SCT, he was treated with
a second liver transplantation after liver graft rejection. Since then
he is in good clinical condition.

Patient D, a 12-year-old girl, was diagnosed with SAA. A pre-
SCT work-up revealed no abnormalities of lungs and liver. Subtle
greying of a part of her hair in combination with SAA prompted
telomere length analysis, revealing very short telomeres. Genetic
screening for DC was negative. She was scheduled for MUD-HSCT
following a RIC regimen (Table 1). Engraftment was established at
day 15 (97% donor signal). After HSCT, she developed severe
mucositis and transient kidney failure followed by acute GvHD of
the intestinal tract and liver (overall grade III), treated with
prednisone. In addition, she developed skin lesions (scaling,
hyperpigmentation), which were attributed to her underlying
telomeropathy. Persistent abnormal liver tests normalized without
intervention, and topical steroids supported recovery of the skin.
Three years after SCT, she is in good clinical condition.

Patient E, an 11-year old girl, suffered from combined variable
immunodeficiency (CVID) accompanied by auto-immune phenom-
ena, including cytopenias, atypical IBD and hepatitis (with severe
fibrosis). Her medical history furthermore revealed premature birth,
anorectal malformation, psychomotor retardation and epilepsy in
the context of a 14q11.2 deletion syndrome (Table 1). Based on the
clinical symptomatology, a functional telomere defect was consid-
ered, which was confirmed by the presence of very short telomeres.
Because of progressive immune dysregulation and liver failure, she
was scheduled for HSCT from a cord blood donor, following RIC
conditioning (Table 1). Engraftment was established at day 14 with
89% donor chimerism. The first month post-SCT, a mild
deterioration of kidney and liver function tests was observed. After
4 months, she developed severe GVHD of the intestinal tract in
combination with multi-drug toxicity, eventually resulting in severe
bleeding complications (intestinal), sepsis and acute respiratory
distress syndrome (ARDS), leading to fatal multi-organ failure. She
died five months after SCT.

Patient F, a 13-month old boy, was previously diagnosed
with microcephaly (no genetic disorder identified with WES),
developmental delay, and mosaicism of chromosome 7
monosomy. At the age of 3 months, macrocytic anaemia
and mild thrombocytopenia were diagnosed, which developed
into pancytopenia the following months, classified as refractory
cytopenia of childhood (RCC), and was accompanied by
unexplained hepatomegaly. Based on the combination of
clinical features, an underlying telomeropathy was suspected,
which was confirmed by telomere length analysis (Table 1). He
was scheduled for HSCT from a cord blood donor, but during
day 2 of the ATG, he developed a fever and respiratory
insufficiency. Within 3 days his clinical condition deteriorated
and he developed irreversible circulatory failure caused by a
pulmonary hypertensive crisis, leading to the death of the
patient.
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In this report, we describe 6 pediatric patients treated with
HSCT in the context of an underlying telomeropathy other than
the classical DC phenotype. We illustrate that telomeropathies
can be characterized by a variety of clinical characteristics,
including BMF, congenital anomalies, liver failure and fibrosis,
and immunodeficiency. Two out of 6 patients had a RTEL1
mutation, both diagnosed post-mortem, and potentially associ-
ated with a severe disease phenotype. Pre-existent liver dysfunc-
tion (elevated liver enzymes, abnormal radiological aspect) was
reported for 4 out of 6 telomeropathy patients (Table 1), and
severe congenital abnormalities were present in 2 patients. As
telomeropathy is associated with pulmonary fibrosis, abnormali-
ties on the HR-CT of the lungs associated with fibrosis were
assessed in all patients but were not found. The high overall
toxicity and treatment related mortality in patients indicates that
screening for telomere disease is important in order to optimize
HSCT procedures and conditioning regimen. The most severe
toxicity was observed in patient B, who received a myeloablative
conditioning regimen. The 2 telomeropathy patients with a good
clinical outcome after transplant (C and D) both received a RIC
regimen, indicating that a timely diagnosis of telomeropathy is
crucial to adjust treatment regimens. Concurrent immunodefi-
ciency and severe immune-mediated colitis and hepatitis were
observed in patients B and E. Immunodeficiency followed by
severe BMF has been reported in previously described telomere
diseases, including Hoyeraal-Hreidarsson syndrome and Revesz
syndrome.'! Interestingly, a recent study showed that mutations
in the telomerase complex genes directly affect the development
and function of the T-lymphocyte compartment, inducing
primary T-cell immunodeficiency in telomeropathies.'* Impor-
tantly, it has been recently demonstrated that that telomere length
analysis in patient care has a good diagnostic specificity for young
patients and can guide genetic counseling and clinical symptom
assessment.”” From our data, we would recommend that for
patients with unexplained BMF and/or immunodeficiency, pre-
HSCT screening tests should include telomere length analysis
regardless of classic DC symptoms. Symptoms of telomere disease
can be subtle, yet transplant related morbidity in these patients
may be severe. Further studies to define the complete telomer-
opathy spectrum in combination with efforts to uncover the
underlying cellular processes driving clinical symptomatology are
needed to improve diagnostics and overall clinical care for this
patient group.
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