
Frontiers in Immunology

OPEN ACCESS

EDITED BY

Dae-Hyun Ko,
University of Ulsan College of Medicine,
Republic of Korea

REVIEWED BY

Fatemeh Masjedi,
Shiraz University of Medical Sciences, Iran
Shruti Gadre,
Cleveland Clinic, United States

*CORRESPONDENCE

François M. Carlier

francois.carlier@uclouvain.be

†These authors have contributed equally to
this work

RECEIVED 03 October 2025
ACCEPTED 29 December 2025

PUBLISHED 15 January 2026

CITATION
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Telomeres are repetitive nucleotide sequences at the ends of chromosomes that

preserve genomic integrity. Defects in telomere maintenance mechanisms lead to

premature telomere shortening, resulting in cellular senescence, apoptosis, and

organ dysfunction, collectively termed telomere biology disorders (TBDs). Short

telomere length is associated with an increased risk of end-stage fibrotic disease of

the lung and/or liver, which may necessitate lung or liver transplantation. Beyond

pulmonary and hepatic involvement, TBDs can also affect cardiac and renal function.

Importantly, the bone marrow function is often also compromised, which can

significantly influence transplant outcomes. Although evidence remains scarce,

particularly in non-lung solid organ transplant recipients, post-transplant

immunosuppressive therapy, typically including corticosteroids, calcineurin

inhibitors, and cell cycle inhibitors, may exacerbate the underlying hematopoietic

fragility in TBD patients. Hematological complications may result from both the

intrinsic TBD and the additive myelotoxic effects of immunosuppressive agents (e.g.,

azathioprine, mycophenolate mofetil) or anti-infectious prophylaxis (e.g.,

trimethoprim-sulfamethoxazole, valganciclovir). Early recognition of TBDs prior to

transplantation is essential. Assessment of telomere length and genetic testing

should be considered in at-risk candidates, particularly those with early-onset

pulmonary fibrosis, unexplained cytopenia, cryptogenic liver disease, or a family

history suggestive of TBD. A multidisciplinary approach involving pulmonology,

hepatology, hematology, and transplant specialists is crucial to optimize patient

selection, perioperative management, and post-transplant care. This review

summarizes current knowledge on hematological complications following solid

organ transplantation in TBD patients and describes expert-opinion strategies for the

pre-transplant evaluation and post-transplant management of these high-

risk individuals.
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1 Introduction

Telomeres are non-coding DNA fragments at the ends of

chromosomes that protect the genome from degradation and act

as a natural “biological clock”, as they shorten after each cell

division, ultimately leading to cell senescence. Natural telomere

shortening is partially compensated by the enzymatic telomerase

complex, although the expression of telomerase-related genes is

highly variable in different organs and cell types (1). Telomere

biology disorders (TBDs) are mono- or multi-organ diseases

characterized by defects in telomere maintenance, often

associated with premature telomere shortening and cellular

senescence. Telomerase dysfunction and telomere attrition affect

the ability of progenitor cells to self-renew (2), with varying

consequences across different organ systems: bone marrow failure

(aplastic anemia), cutaneous manifestations such as early hair

greying, liver cirrhosis, or pulmonary fibrosis are the most typical

presentations of TBD (3).

Most TBD cases involve germline mutations in telomere-related

genes (TRG), such as TERT, TERC, RTEL1 and PARN, associated

with telomerase complex dysfunction. However, in a large

proportion of patients the underlying genetic background remains

unknown, as no variant is identified in some patients with a typical

clinical phenotype and a substantial part of identified variants is of

(yet) unknown significance. In idiopathic pulmonary fibrosis, the

most frequent TBD, up to half of individuals display short telomeres

(4, 5), while a pathogenic mutation in TRG is only found in

10%-15%.

TBDs are increasingly recognized as an important risk factor for

hematologic and immunologic dysfunction: having short telomeres

is associated with poorer outcomes in septic shock (6), COVID-19

infection (7) and increased risk of hematological complications

related to immunosuppressive drugs (8, 9). This latter point is

crucial in the setting of solid organ transplant recipients as it could

impact post-transplant survival. While the impact of TBDs has been

studied in some aspects of lung transplant recipients, especially

those with interstitial lung disease (10), their impact on post-

transplant outcomes across other organ systems remains

poorly understood.

In this review, we will synthesize current knowledge on the

hematological complications in solid organ transplantation

recipients with TBDs and highlight the underlying mechanisms,

both from a genetic and biological perspective. Finally, we will

discuss the clinical implications for transplant eligibility,

management, and long-term outcomes.
2 From genetic mechanisms to
phenotype

2.1 Genetic basis of TBDs

Known telomere maintenance proteins include components of

the telomerase complex, shelterin, the Ctc1-Stn1-Ten1 (CST)

complex, DNA polymerases and factors required for hTR
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maturation (11–13). Mutations in 19 genes encoding telomere

maintenance proteins have been found to underlie different types

of TBDs, and telomere gene mutations can lead to disease

manifestations in different organ systems. Table 1 summarizes the

currently recognized genes implicated in telomere maintenance,

their molecular functions, associated TBD entities, and typical

inheritance patterns.
2.2 Functional and cellular consequences
of genetic variants implicated in TBD

In all organs, critically short or dysfunctional telomeres lead to

cellular senescence or apoptosis (174). In high-turnover tissues such

as bone marrow or skin, replicative attrition alone can be sufficient

to cause dysfunctional telomeres and lead to disease. In slow-

turnover tissues, other acquired hits are thought to be necessary

for disease development (175) although the inherited telomere

length at birth is crucial in this regard. In the lungs, the key cells

affected by telomere dysfunction are the type 2 alveolar epithelial

cells, though other cells including lung fibroblasts and immune cells

are also influenced by telomere shortening. Critically short

telomeres in type 2 alveolar epithelial cells increase susceptibility

to exogenous injury, and predispose to a fibrotic response in mouse

models (2). In the liver, hepatocyte regenerative capacity is inversely

related to telomere length, and it is thought that other hits to the

liver contribute to the final development of disease (175, 176).

In general, patients with similar telomere gene mutations may

develop different disease manifestations, and patients with similar

disease manifestations can carry different mutations. For example,

family members with the same telomere gene mutation may display

different organ diseases (177). Importantly, individuals carrying

TRG variants who inherit shorter telomeres from an affected parent

usually develop telomere-related diseases earlier in life, a

phenomenon known as genetic anticipation (175). This explains

why successive generations in a family develop pulmonary fibrosis

at an earlier age. Additionally, successive generations carrying

mono-allelic variants that are usually associated with later-onset

TBD, can also present with early-onset hematological disease or

dyskeratosis congenita (DKC) (175). There is potential for a latency

period, where an acquired mutation only leads to disease after

several successive generations of carriers (87). A complicating factor

is that inheritance of short telomeres can also predispose individuals

to disease, even when the individual did not inherit the causative

genetic mutation (178).
2.3 Strategies for diagnosing TBD

Clinical criteria in combination with leukocyte telomere length,

along with screening for genetic mutations, are commonly used for

the diagnosis of TBD (179). There are, however, no official

guidelines for diagnosing later-onset TBDs, although guidance is

provided by the European Respiratory Society statement on familial

pulmonary fibrosis (180). Current methods for establishing TBD
frontiersin.org
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diagnosis include phenotypic screening, measurement of leukocyte

telomere length, and genetic testing for pathogenic mutations

in TRGs.

For patients with pulmonary fibrosis, any of the following

features qualifies a patient for genetic sequencing:
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1. Phenotypic screening for features suggestive of TBD,

including.

a. Early greying of hair (<30 years),
b. Otherwise unexplained macrocytosis or cytopenia,

myelodysplasia or leukemia,
TABLE 1 Telomere maintenance genes with mutations described in TBD patients with their reported disease manifestations and affected alleles.

Gene Function TBD entity
Alleles
affected

References

TERC Part of telomerase complex
DKC, Hoyeraal-Hreidarsson syndrome, hematological disease,
pulmonary fibrosis, liver disease

Mono-allelic (3, 14–32)

DKC1
Part of telomerase complex,
stabilization of hTR

DKC, Hoyeraal-Hreidarsson syndrome, hematological disease,
pulmonary fibrosis, liver disease

X-linked (20, 33–72)

NOP10
Part of telomerase complex,
stabilization of hTR

DKC Bi-allelic (73)

Pulmonary fibrosis, hematological disease Mono-allelic (74, 75)

NHP2
Part of telomerase complex,
stabilization of hTR

DKC, Hoyeraal-Hreidarsson syndrome Bi-allelic (76–79)

Pulmonary fibrosis, liver disease Mono-allelic (75, 77, 80)

TERT Part of telomerase complex

DKC, Hoyeraal-Hreidarsson syndrome Bi-allelic (53, 81–86)

DKC, hematological disease, pulmonary fibrosis, liver disease Mono-allelic
(3, 14, 21, 22,
24–28, 52, 87–
104)

NAF1 Part of telomerase complex
DKC, hematological disease, pulmonary fibrosis, emphysema,
liver disease

Mono-allelic (105)

TINF2 Part of shelterin
DKC, Hoyeraal-Hreidarsson syndrome, Revesz syndrome,
hematological disease, pulmonary fibrosis, liver disease

Mono-allelic (80, 106–125)

POT1 Part of shelterin Coats-plus syndrome Bi-allelic (126)

Pulmonary fibrosis, liver disease Mono-allelic (127)

ACD Part of shelterin
DKC, Hoyeraal-Hreidarsson syndrome Bi-allelic (128–130)

Pulmonary fibrosis, hematological disease, liver disease Mono-allelic (130–132),

STN1 Part of CST-complex Coats-plus syndrome Bi-allelic (133–136)

CTC1 Part of CST-complex
DKC, Coats-plus syndrome Bi-allelic (136–146)

Hematological disease, pulmonary fibrosis Mono-allelic (147, 148)

PARN
Exoribonuclease involved in
hTR maturation

DKC, Hoyeraal-Hreidarsson syndrome, Pulmonary fibrosis Bi-allelic (149–156)

Pulmonary fibrosis Mono-allelic
(27, 75, 125,
155, 157–160)

ZCCHC8 Involved in hTR maturation Pulmonary fibrosis, hematological disease Mono-allelic (32, 161, 162)

RTEL1
DNA-helicase that facilitates
telomerase function

DKC, Hoyeraal-Hreidarsson syndrome, hematological disease Bi-allelic (163, 164)

DKC, pulmonary fibrosis, hematological disease, liver disease Mono-allelic (75, 125, 165)

RPA1
Facilitates telomere
replication

DKC, hematological disease, pulmonary fibrosis Mono-allelic (166)

DCLRE1B
Required for telomere
stability

DKC, Hoyeraal-Hreidarsson syndrome Bi-allelic (167)

POLA1
DNA-polymerase required
for telomere replication

DKC, hematological disease, pulmonary fibrosis X-linked (168)

POLA2
DNA-polymerase required
for telomere replication

Coats-plus syndrome Bi-allelic (169)

WRAP53
Facilitates telomerase
localization to Cajal bodies

DKC, Hoyeraal-Hreidarsson syndrome, liver disease Bi-allelic (170–173)
CST, Ctc1-Stn1-Ten1 complex; DKC, dyskeratosis congenita; TBD, telomere biology disorder.
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c. Hepatic abnormalities (cryptogenic elevated liver

enzymes, portal hypertension, hepato-pulmonary

syndrome, liver cirrhosis),

d. A recognized telomere syndrome such as DKC

(characterized by nail dystrophy, oral leukoplakia,

abnormal skin pigmentation);
2. Young age at onset of disease (<50 years);

3. Family history of pulmonary fibrosis (in one or more first-

or second-degree family members),

4. Identified relative carrying a genetic variant that is

pathogenic or likely pathogenic and is known to cause

interstitial lung disease (180).
Among potential transplant candidates suffering from other

conditions, guidance is much less established and largely relies on

personal experience and expert center proposals. For example, among

patients with severe emphysematous chronic obstructive pulmonary

disease (Global Initiative for Obstructive Lung Disease stage 3 or 4)

diagnosed before the age of 65, 1-2% have been found to carry a TRG

mutation (181). No recommendation for testing currently exists, and

testing for TRG mutations is not routinely performed unless other

clinical features suggestive of a short telomere syndrome are present.

Similarly, formal guidance on when to screen for and how to diagnose

TBDs is lacking for patients with liver disease. Niewisch and

colleagues recommend measuring leukocyte telomere length in all

patients with unexplained liver disease (including cirrhosis, fibrosis,

hepatopulmonary syndrome, and portal hypertension), as well as in

patients with a history of alcohol abuse or hepatic infections who also

present with other features suggestive of a TBD (182).

Finally, an analogous lack of consensus exists for patients with

bone marrow failure or myelodysplastic syndrome. A proposed

approach was to evaluate leukocyte telomere length in all patients

with a new diagnosis of aplastic anemia, as well as in any patient in

whom a TBD is clinically suspected. Genetic testing is then advised if

lymphocyte telomere length is below the 10th percentile for age (88).
2.4 Measurement of leukocyte telomere
length

Very short leukocyte telomere length can aid in the diagnosis of

a TBD in patients without a known genetic mutation, those carrying

a previously undescribed mutation, variants of uncertain

significance, or in cases of suspected genetic anticipation. A

telomere length below the first percentile for age is highly

suggestive of a telomere-related disease, although not all patients

with TBDs exhibit this finding. Leukocyte telomere length between

the 1st and 10th percentiles for age may also support the diagnosis in

the appropriate clinical context but can be observed in individuals

without telomere-related disease (4). Importantly, a normal

leukocyte telomere length does not necessarily exclude TBD.

Several techniques are available for measuring leukocyte telomere

length, including flow cytometry with fluorescence in situ hybridization

(FlowFISH), quantitative polymerase chain reaction (qPCR), next-

generation sequencing, and Southern blotting. FlowFISH is
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considered the clinical gold standard for diagnostic use, due to its

high inter-laboratory reproducibility and the availability of nomograms

that are consistent across populations. However, it requires fresh blood

samples, specialized equipment, and technical expertise, which limits its

accessibility. By contrast, qPCR is more widely accessible because it

does not require specialized instrumentation, but it demonstrates lower

reproducibility across laboratories (183, 184).
3 Mechanistic links between TBD and
hematologic diseases in the setting of
solid organ transplant

3.1 Links between TBD, bone marrow
failure and altered immunity

3.1.1 TBD and bone marrow failure
The bone marrow is one of the highest turnover compartments

of the body, meaning that hematopoietic stem cells (HSC) are under

constant replicative and selective pressure. Unsurprisingly,

telomerase activity can be detected in HSC and normal telomere

length supports their proliferative potential, even though telomeres

naturally shorten as they proliferate, even in this cellular population

(185, 186). Based on experimental murine evidence, HSC with short

telomeres accumulate DNA damage at the quiescent stage, which

triggers the initiation of apoptosis and senescence pathways at the

transition from quiescent to active HSC (90). The activation of p53

and p21 results in impaired proliferation capacity, increasing the

replicative burden on the effective survivor population, leading to

increased cell divisions and telomere attrition, culminating in stem

cell exhaustion (187, 188). In humans, the bone marrow of

(pediatric) TBD patients displays signs of p53 activation and

apoptosis (188) and bone marrow aspirates of DKC patients have

decreased cellularity, pointing toward similar processes.

Consequently, patients with TBD are at risk of developing bone

marrow failure, particularly within the DKC population, where it

affects 80-90% of individuals by age 30 and represents a leading

cause of death (189). Nonetheless, even adults with later-onset

symptoms are at risk. In one cohort, 70% of adult TBD patients

without clinical features of DKC displayed stigmata of bone marrow

fai lure , most frequent ly in the form of leukopenia ,

thrombocytopenia and anemia, alongside bone marrow

hypoplasia or aplasia (190). In addition, 40% of a selected

population of patients presenting with pulmonary fibrosis and

short telomeres were found to have a hypocellular bone marrow

(191). Further highlighting the impact of short telomeres, 30% of

patients with aplastic anemia have telomere length below the 1st

percentile (14), and approximately 5-10% carry a mutation in a

TRG (89, 192). Overall, patients with TBD are therefore at increased

risk of bone marrow exhaustion and related hematologic diseases.

3.1.2 TBDs are associated with immunologic
alterations

Multiple immunologic alterations may arise in patients with

TBD, with lower T-cells counts manifesting in 45% of cases (193,
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1718107
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Carlier et al. 10.3389/fimmu.2025.1718107
194), but also B-cell lymphopenia or neutropenia (193, 195). T-cell

lymphopenia is characterized by depletion of naïve CD4+ and CD8+

T-cells alongside a partially decreased thymic output mirroring the

T-cell changes witnessed in older adults with normal telomere

length (193–195). Similarly to aging, these lymphocytes also

display augmented signs of apoptosis, albeit they show a disease-

specific upregulation of p53, as could be expected from the signal

elicited by short telomeres (194). In a more recent report, T-cell

lymphopenia was absent in a subset of patients with short

telomeres, hinting at stochastic processes or additional factors. In

fact, HSC from mice with short telomeres do not show signs of

apoptosis, but present a skewed differentiation toward

megakaryocytic/myeloid lineage differentiation with impaired self-

renewal, which is also present in TERT/TERCmutated patients and

may (partly) drive T-cell lymphopenia (196). In theory, impaired

DNA damage tolerance mechanisms could additionally be involved

in these observations, as mice deficient for DNA damage tolerance

similarly present with a decrease in lymphoid progenitors and HSC

fitness, reminiscent of premature aging (197). Finally, T-cells in

TBD patients show not only signs of aging, but also markers of

activation and exhaustion, underlining the complex immunological

environment present in these patients (195).

Recent screening of 419 patients with common variable

immune deficiency identified a variant in a TRG in 1% of the

cohort (198), suggesting that B-cells may also be severely affected by

TRG mutations. Although B-cell composition is less frequently

altered in TBD patients, an overall reduction in B-cell numbers is

observed, alongside a reduction of the unswitched and IgM+ B-cell

pools. These immature B-cells show signs of apoptosis, with an

increased proportion of CD95(Fas)+CD19+ cells (195). Similarly,

TBD patients also show decreases in IgM levels and, to a smaller

extent diminished IgG and IgA levels (194). The extent to which

these humoral immunity changes affect the clinical phenotype of

patients is currently unknown. While TBD patients are at increased

risk for opportunistic infections, the reported infections mainly

include varicella zoster reactivation, severe cytomegalovirus

infection, and Pneumocystis jirovecii pneumonia, which are more

indicative of T-cell immunodeficiency rather than B-cell

dysfunction (194).
3.2 TBD carriers are at increased risk for
malignancy

3.2.1 Links between short telomeres and cancer
Critically shortened telomeres can trigger a DNA damage

response, resulting in apoptosis or senescence, two key

mechanisms of tumor suppression (199, 200). Consequently,

telomeres can act as protective mechanisms against oncogenesis

by restricting the replication of precancerous cells. In line with this,

experimental in vitro and in vivo models, in which telomere

function was altered, display impaired tumor cell growth as well

as signs of apoptosis and senescence (199, 201, 202). Dysfunctional

telomere sensing results in the activation of p53 and p16 signaling

(203–206), which acts as key components of these oncogenic
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safeguards. Indeed, short telomeres require p53 to exert a

protective effect in several murine cancer models and loss of p53

in combination with short telomeres results in shortened tumor

latency (207). In addition, tumors derived from late-generation Myc

mTR-/- mice (deficient in the RNA component of telomerase),

present with a loss of this protein in this model of Burkitt

lymphoma with short telomeres due to mouse telomerase RNA

deficiency (199). When the p53 or Rb tumor suppressors pathways

become dysfunctional, cells can bypass this proliferative barrier,

leading to further cell division, extensive telomere shortening and

uncapping with the activation of DNA damage response (208–210).

During this telomeric crisis, end-to-end fusions between

chromosomes or non-telomeric double strand breaks can occur,

giving rise to dicentric chromosomes and genomic instability (207,

209, 211). These chromosomal anomalies will trigger cell death

through autophagy and innate immune pathways (210, 212),

thereby serving as a second barrier to malignant transformation.

However, the chromosomal instability generated during crisis may

also provide a substrate for oncogenic progression. Indeed, cancer

associated mechanisms, including translocations, amplifications,

loss of heterozygosity and chromothripsis (a shattering of a

chromosomal region, followed by random rejoining) can be

found during this phase (207, 208). As a consequence, cells that

escape death after telomere crisis, either because of the restoration

of telomerase activity or (undocumented) alteration of autophagy

may progress toward oncogenesis (213). Supporting this model, in a

majority of cancers telomere shortening is present as compared to

related healthy tissue (214), and telomerase activity is largely

detectable alongside TERT reactivation and alternative

lengthening of telomeres mechanisms (214).

3.2.2 Cancer in TBD patients
In patients with TBDs, cancer frequency is heightened but

remains a relatively rare entity, affecting 10-15% of individuals

(215–217). Myelodysplastic neoplasms (MDS), acute myeloid

leukemia (AML) and oral squamous cancers are the most

prevalent in this population with an up to 145-times higher

frequency than would be expected in a sex, race and gender-

matched population (218). DKC patients seem to be at particular

risk for squamous cell cancers (216, 218), as they are

overrepresented in individuals developing these malignancies

(219). Notably, whole genome sequencing of squamous cell

cancers from patients with short telomeres revealed the

overwhelming presence of TP53 loss-of-function alterations,

shortened tumor telomere length and activation of telomere

maintenance mechanisms (217). Evaluation of telomere-driven

genomic instability did not show signs of chromothripsis or

translocations surrounded by telomere repeats (217), suggesting

the involvement of other mechanisms. Importantly, T-cell

deficiency has been linked with the development of solid cancer

(mostly squamous cell cancers) in patients (193), while

implantation of immunogenic tumor cells in late-generation

mTR-/- mice, which mirror this T-cell lymphopenia, results in

tumor implantation and development, in contrast to early-

generation or wild-type T-cell competent animals (217).
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3.2.2.1 Myelodysplastic neoplasms

MDS constitute a heterogeneous group of clonal HSC disorders

characterized by ineffective hematopoiesis and a high risk of

progression toward AML, with dysfunctional HSC and progenitor

cells playing an important role (220–222). MDS patients display

significantly shorter telomere lengths compared to healthy controls

(223), and short telomeres are a negative prognostic marker in the

disease (224, 225), suggesting potential links with TBD. As a matter

of fact, 2.7% of MDS patients without prior suspicion for TBD

harbor rare variants in TERT (226). Congruently, MDS is the most

frequent oncologic manifestation in TBD patients, representing

60% of malignancies in this population, and occurs on average 20

years earlier than in the general population. Prognosis remains poor

even though mortality is also related to extra-hematopoietic

manifestations of TBD (218).

Bone marrow aspirates from these patients show signs of

hypoplasia in 50% of cases, in contrast to the 10-20% observed in

the general MDS population. Patients are typically diagnosed three

decades later than those with aplastic anemia, suggesting an adult

TBD-associated permissive telomeric environment that allows

oncogenic drift over time (218, 227). Nonetheless, cytogenetic

analysis do not reveal major differences compared to unselected

MDS patients; for example, rates of monosomy 7 are similar (218),

and somatic reversion mechanisms fueling malignancy remain rare

(228), hinting that additional drivers contribute to disease

pathogenesis. Experimental data from a TERT murine model

show that telomere dysfunction and DNA damage can lead to

aberrant splicing, hindering progenitor differentiation and leading

to decreased levels of key factors such as DNMT3A, a DNA

methyltransferase associated with hematologic malignancies,

thereby promoting epigenetic changes that may further drive

malignancy (229).

3.2.2.2 Acute myeloid leukemia

AML can arise primarily, or as a secondary event following

MDS, complicating 5-35% of cases depending on risk group

stratification (230). AML originates from uncontrolled

proliferation of clonal hematopoietic cells and carries a dismal

prognosis, with a 5-year overall survival of approximately 30%

(231). Patients with AML have significantly shorter telomeres

compared to healthy controls (232), and a study of an unselected

AML cohort identified TERT variants with reduced enzymatic

function in 8% of patients (233). In addition, cytogenetic analysis
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of these patients revealed karyotypic anomalies in all of them, with

higher rates of inversion 16 and trisomy 8 than expected (233), even

though this was not confirmed in a later well-characterized TBD

cohort (218). Finally, patients with TBDs represent a high-risk

group for AML, with an observed frequency approximately 20 times

higher than expected, and AML accounting for 17% of all cancers in

this population (218).

Overall, patients with TBDs are at increased risk for

hematologic disease, with presentations influenced predominantly

by age and telomere length. Very short telomeres lead to stem cell

proliferative failure and aplasia, whereas longer telomeres permit

limited replication, potentially facilitating oncogenic drift and the

subsequent development of MDS and AML. Additional factors can

also influence hematological risk and are probably cumulative.

Figure 1 schematizes the relative burden of shortened telomere

length, the presence of pathogenic variants in telomere maintenance

genes, as well as the importance of cumulative factors (e.g., MDS,

age, familial history, cytopenia) in determining the risk of

hematological complications after solid organ transplant.
4 Implications of telomere biology
disorders in solid organ
transplantation

The relevance of TBDs, including both short telomeres and

genetic variants in telomere maintenance-related genes, to

outcomes following solid organ transplantation remains largely

unexplored, except in lung transplantation. In this field, the

literature has expanded steadily over the last decade, though it

has mostly focused on patients with interstitial lung disease (ILD).
4.1 Telomere biology disorders in lung
transplantation

TBDs have emerged as clinical ly relevant in lung

transplantation, particularly among candidates with ILD. Patients

with TBD are overrepresented among lung transplant candidates,

and pathogenic or likely pathogenic variants in telomere

maintenance genes have been reported in up to one quarter of

lung transplant candidates with idiopathic pulmonary fibrosis (IPF)

(234). Severe emphysema has also been linked to TBD, broadening
FIGURE 1

Schematical risk model for hematological complications following solid organ transplantation (SOT) based on current knowledge.
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1718107
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Carlier et al. 10.3389/fimmu.2025.1718107
the spectrum of telomere-related lung diseases (181). However, the

clinical impact of TBD in the context of lung transplantation for

COPD remains unknown.

The first observational cohorts of lung transplant recipients

with TBD unequivocally highlighted the high rate of hematological

complications induced by immunosuppression. Silhan et al.

reported a seminal series of 8 TBD patients transplanted for IPF,

7 of whom carried TERT or TERC variants. All experienced

hematological complications, particularly transfusion-

requiring thrombocytopenia and leukopenia necessitating

immunosuppressive regimen reduction to two drugs instead of

the standard three-drug maintenance therapy. Frequent renal

failure and prolonged hospital stays were also noted (235).

Similarly, Borie et al. described 9 IPF patients with TERT or

TERC variants who displayed high rates of myelodysplastic

syndrome (MDS), anemia, and neutropenia post-transplant.

Notably, these complications were more common in patients with

pre-transplant thrombocytopenia or MDS, suggesting limited

baseline bone marrow reserve (236). These findings were

reinforced in another cohort of 14 ILD patients with TERT or

TERC variants: 12 developed leukopenia, all 14 anemia, and 5

developed thrombocytopenia (15).

Larger studies focusing on age-adjusted telomere length have

since provided further, though sometimes conflicting, evidence. In a

cohort of 82 ILD lung transplant recipients, those with short

telomeres (n=26, <10th percentile) showed no difference in

hematological complications compared to controls (n=56), but

had reduced chronic lung allograft dysfunction (CLAD)-free

survival, higher mortality, and more frequent grade 3 primary

graft dysfunction (237). Conversely, in a cohort of 175 lung

transplant recipients with COPD, ILD, pulmonary arterial

hypertension or cystic fibrosis, those in the lowest telomere length

quintile had higher rates of leukopenia, but not thrombocytopenia

or anemia (238). This was partially supported by another study of

69 real-world lung transplant recipients (including ILD, COPD, and

cystic fibrosis patients). Recipients in the lowest tertile of telomere

length were more likely to develop GM-CSF-requiring leukopenia.

Interestingly, post-transplant telomere shortening rate was

explored, but not associated with outcomes (239). In a

comparative study of 262 lung transplant recipients, patients with

variants in TERT, RTEL1, or PARN (n=31) were more likely to

develop anemia than non-variant carriers (n=231), but not

leukopenia or thrombocytopenia, again supporting the concept of

impaired bone marrow reserve in lung transplant recipients with

TBD (240). Similarly, Hannan et al. compared 72 IPF and 72

matched non-IPF lung transplant recipients, showing that

patients with short telomeres (≤ 10th percentile) were more likely

to require immunosuppressive tapering due to cytopenia, as well as

bone marrow biopsy for dysfunction (241). A recent genetic study

further emphasized the hematological burden of TBD in lung

transplant recipients. All 38 ILD lung transplant recipients with

TERT, TERC, or RTEL1 variants developed anemia; two-thirds

developed thrombocytopenia, and one-third developed

neutropenia requiring GM-CSF or immunosuppressive

reduction (242).
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While the evidence consistently indicates increased bone

marrow insufficiency in TBD lung transplant recipients – likely

due to combined exposure to intensive immunosuppression and

myelotoxic anti-infective agents such as valganciclovir and

trimethoprim-sulfamethoxazole – data remain limited regarding

other hematologic complications such as MDS, post-transplant

lymphoprol i ferat ive disorders (PTLD) or thrombotic

microangiopathy (TMA). Borie et al. reported a high incidence of

MDS post-transplant (50%), but this largely occurred in patients

with pre-existing bone marrow abnormalities (236). Subsequent

studies have not confirmed this association. With regard to PTLD,

IPF has recently been recognized as a risk factor for EBV-mediated

PTLD after lung transplant (243). Given that impaired T-cell

immunity in TBD patients reduces CMV control after

transplantation (244), one could hypothesize similar mechanisms

may impair EBV control, potentially predisposing to PTLD,

although this has not been mechanistically proven. Finally,

although TMA cases have been reported in lung transplant

recipients with telomere maintenance gene mutations (236, 242),

sometimes with fatal outcomes, the scarcity of reports prevents

firm conclusions.

Taken together, these findings suggest that TBD are consistently

associated with hematological complications after transplantation,

particularly in ILD recipients. Associations with immunological

outcomes such as acute rejection and CLAD have also been

reported, though inconsistently, likely reflecting heterogeneous

study designs, patient populations, and telomere measurement

methods (245). Importantly, TBD are not considered an absolute

contraindication to transplantation, but their recognition has major

implications for risk stratification, peri-transplant counseling, and

individualized immunosuppressive management (246, 247).

Emerging data also suggest that donor telomere length may

influence lung transplant outcomes (238), further supporting the

need to integrate telomere biology into future prospective studies.

Overall, the literature published over the past decade is marked

by substantial heterogeneity, limiting the ability of clinicians to

draw firm conclusions regarding the true impact of TBD on

hematologic risk after lung transplantation. Considerable

variability exists in the methods used to assess telomere length,

ranging from Southern blot to qPCR and flow-FISH, as well as in

the reference populations and normative datasets applied.

Correspondingly, the thresholds used to define “short” telomeres

differ widely across studies. Moreover, some reports center

exclusively on telomere length, whereas others investigate

pathogenic variants in telomere-related genes, and only a

minority integrate both approaches within the same cohort.

Finally, most available data derive from small, retrospective,

single-center series, with a notable absence of prospective or

multicenter studies. Table 2 summarizes these methodological

differences across published cohorts and underscores the need for

greater standardizat ion in future research, including

(1) harmonization of telomere length measurement techniques,

(2) consistent and assay-appropriate telomere length cut-offs,

(3) combined assessment of telomere length and telomere-related

gene variants to improve interpretability and reproducibility and
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TABLE 2 Comparative overview of published cohorts, case series, and case reports describing hematological complications following solid organ transplantation in patients with telomere biology disorders.

Age Mutations TL
surement
hnique

TL cut-off
Study
design

Ref.

lowFISH <1st percentile
Retrospective

cohort
(235)

thern blot
Comparison to age-
matched controls

Retrospective
cohort

(236)

NA
Retrospective

cohort
(15)

qPCR <10th percentile
Prospective
observational

cohort
(237)

qPCR
Lowest quintile of study

population
Retrospective

cohort
(238)

qPCR
asured after
LTx)

Lowest tertile of study
population

Prospective
observational

cohort
(239)

NA
Retrospective

cohort
(240)

FISH and
lSeq assay

≤10th percentile
Retrospective

cohort
(241)

qPCR NR
Retrospective

cohort
(242)

NR
Low: <10th percentile,

Very low: <1st percentile
Retrospective

cohort
(248)
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Organ(s)
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Study population
Organ disease
(n patients)
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Tx*

Gender
(F/M)

Countries
Inclusion
period

reported
(n patients)

mea
te

Lung 8 LuTR with TBD IPF 52 4/4
USA,

Australia,
Sweden

2004-2013
TERT (5)
TERC (2)

F

Lung 9 LuTR with TBD Pulmonary fibrosis 50 2/7 France 2009-2013
TERT (6)
TERC (3)

So

Lung 14 LuTR with TBD
UIP (8)

Other ILD (6)
60.5 5/9 USA, Australia 2005-2014

TERT (10)
TERC (1)

Lung
82 LuTR with ILD:
- 26 with short TL
- 56 with normal TL

IPF (50)
CTD-ILD (10)

HSP (8)
Other (14)

59
(mean)

25/57 USA 2007-2014 NA

Lung 175 LuTR

COPD (43)
PAH (11)
CF (21)
ILD (100)

54
(mean)

83/92 USA 2000-2015 NA

Lung
69 LuTR

(56 with TL)

ILD (32)
COPD (18)
CF (13)
Other (6)

57.9 23/46 USA 2014-2018 NA (! m

Lung
262 LuTR

- 31 with TBD
- 231 without TBD

IPF (213), CTD-ILD
(30), NSIP (19)

65 58/204 USA NR
TERT
RTEL1
PARN
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144 LuTR

- 72 with IPF
- 72 non IPF

IPF (72)
COPD (50) Other

(22)
65

IPF: 16/56
Non-IPF:
34/38

USA 2015-2019

TERT (2)
TERC(1)
RTEL1 (6)
PARN (6)
TINF2 (1)
NAF1 (1)
DKC1 (2)

Flo
Te

Lung 38 LuTR with TBD

IPF (27)
Unclassifiable ILD

(4)
Other ILD (7)

53.6 12/26
France,
Belgium,

Switzerland
NR

TERT (23)
TERC (9)
RTEL1 (6)

Liver

40 advanced hepatic
disease with TBD

- 20 LiTR
- 20 no LiTR

Cirrhosis (9)
HPS (14)

29 12/28
USA,

Germany,
Italy, Brazil

NR

TERT (12)
TERC (1)
RTEL 1 (2)
DKC1 (3)
PARN (2)
c
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TABLE 2 Continued

Age
Inclusion
period

Mutations
reported

(n patients)

TL
measurement
technique

TL cut-off
Study
design

Ref.

TINF2 (9)
CTC1 (1)

NR TERT (1) NR <1st percentile Case series (249)

NR NA FlowFISH <5th percentile Case report (250)

2013 NA NA Case report (251)

2015 TERT (1), TERC (1) NA Case series (252)

2017 NA FlowFISH <1st percentile Case report (253)

NR POT1 qPCR <10th percentile Case series (127)

NR TINF2 NA Case report (254)

NR DKC1 FlowFISH <1st percentile Case report (33)

NR TINF2 NA Case report (255)

NR NR NA Case report (256)

renal disease; ILD,. interstitial lung disease; IPF, idiopathic pulmonary fibrosis; HPS, hepatopulmonary syndrome; K, kidney; LiTR, liver
L, telomere length; Tx, Transplantation; UIP, usual interstitial pneumonia.
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Organ(s)
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Organ disease
(n patients)

at
Tx*

Gender
(F/M)

Countries

Liver 2 LiTR with TBD HPS (2) 23, 29 1/1 USA

Liver, Lung 1 sequential Li/LuTx
Cryptogenic
cirrhosis, IPF

57 0/1 USA

Liver 1 LiTx
DKC, cryptogenic

cirrhosis
34 0/1 India

Liver, Lung
1 sequential Li/LuTx, 1
combined Li/LuTx

HPS, IPF 35, 52 0/2 Belgium

Liver, Lung 1 combined Li/LuTx HPS, IPF 52 0/1 Switzerland

Liver, Lung
4 TBD patients, 1

underwent sequential Li/
LuTR

HPS, IPF 35 0/1 Netherlands

Liver, Kidney 1 combined K/LiTx
ESRD, congenital
hepatic fibrosis

22 0/1 India

Liver 1 LiTx HPS 11 0/1 USA

Liver, lung 1 combined Li/LuTx HPS 5 0/1 Corea

Liver 1 LiTx
HPS associated to

Coats plus
syndrome

16 0/1 Japan

COPD, chronic obstructive pulmonary disease; CTD, connective tissue disease; DKC, dyskeratosis congenita; ESRD, end-stage
transplant recipients; LuTR, lung transplant recipients; NA, not assessed; NR, not reported; TBD, telomere biology disorder; T
* Reported ages represent median ages for cohort studies, except where mentioned otherwise.
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(4) implementation of prospective, multicenter, ideally

international studies to generate robust, generalizable evidence.
4.2 Telomere biology disorders in non-
lung solid organ transplantation

In contrast to lung transplantation, evidence on TBD-related

hematological complications after other solid organ transplants

(kidney, liver, heart) is extremely limited and mostly restricted to

case reports and small series. This is likely due to both the less

established role of TBDs in the underlying diseases of these organs

and the lower enrichment of TBDs among heart and kidney

transplant candidates.

Notably, a recent cohort study retrospectively reported the

outcomes of 83 patients with TBD-related hepatic disease (i.e.,

cirrhosis and hepatopulmonary syndrome), with TBD-related

defined as short telomeres (<10th percentile), pathogenic variant

of telomere maintenance-related genes and/or clinical presentation

(248). Among them, liver transplantation was performed in 20

patients (5 of which were already published in two previous case

series/reports (33, 257). The authors observed improved survival as

compared to non-transplanted patients. In some patients, anemia

and bone marrow cellularity improved post-transplant, possibly

due to the resolution of cirrhosis-related gastrointestinal bleeding,

while one patient developed aplastic anemia. No hematological

malignancy was reported.

Several small case series and individual reports have described

liver transplantation in patients with TBDs. Oseini et al. reported

two patients – one with nodular regenerative hyperplasia and a

TERT mutation, and one with DKC without a reported mutation –

who underwent liver transplantation for hepatopulmonary

syndrome several years after bone marrow transplantation. Both

patients had relatively uneventful post-transplant courses under

standard immunosuppression and demonstrated progressive

resolution of hypoxia (249). In another report, a patient with

short telomere length (<5th percentile for age, no genetic testing

performed) underwent liver transplantation for cryptogenic

cirrhosis and later developed pulmonary fibrosis requiring single-

lung transplantation; no specific complications were reported 18

months post-transplant (250). Finally, a living-donor lobar liver

transplantation was performed in a patient with DKC (no mutation

reported) who had liver cirrhosis and hepatopulmonary syndrome.

As in the previous case, no specific complications were observed

during 22 months of follow-up, and hypoxia resolved despite

preexisting ILD lesions (251). Of note, in TBD patients

undergoing liver transplantation, pulmonary disease beyond

hepatopulmonary syndrome has been reported. For example, an

early report described two patients – one with a TERTmutation and

one with an RTEL1 mutation – who underwent liver

transplantation for hepatopulmonary syndrome and subsequently

developed progressive pulmonary fibrosis. In one case, this

occurred within 18 months of transplantation, while in the other

it developed 12 years later (258). Although not specifically focused

on hematologic complications after organ transplantation, these
Frontiers in Immunology 10
reports nevertheless suggest that such procedures are feasible in

patients with TBDs.

Other reports involve multi-organ transplantation. Two

patients with TERT or TERC variants underwent combined liver-

lung transplantation (one sequential, one simultaneous) with

divergent hematological outcomes: either improvement or

worsening of pre-existing thrombocytopenia, the latter requiring

repeated transfusions. These discrepancies may reflect differences in

transplant timing (252). In another report, a patient with very short

telomere length (<1st percentile for age, no mutation identified)

successfully underwent combined lung and liver transplantation for

pulmonary fibrosis and hepatopulmonary syndrome. This patient

had pancytopenia prior to transplantation, which normalized

following the procedure, although after receiving danazol therapy

(253). Another report described a patient with a POT1 mutation

who underwent liver transplantation for cirrhosis, followed two

years later by lung transplantation for pulmonary fibrosis. Although

the patient had a prior history of anemia and thrombocytopenia,

both had resolved before the liver transplant. No hematologic

complications occurred under standard immunosuppression;

however, the patient experienced recurrent fungal and bacterial

infections (127). Although kidney transplantation is not commonly

reported in patients with TBD, a case report describes a combined

liver-kidney transplant in a patient with a mutation in TINF2,

which was complicated by postoperative pancytopenia and bone

marrow hypocellularity, with thrombocytopenia persisting at 9

months post-transplant (254).

More specifically, there are also several reports of successful

liver transplantation in children with DKC. In one case, suspected

PTLD developed but resolved fol lowing reduction of

immunosuppression, and no additional infectious or hematologic

complications were reported during 10 years of follow-up (33).

Another pediatric patient with a TINF2 mutation underwent

combined liver-lung transplantation for hepatopulmonary

syndrome two years after bone marrow transplantation.

Outcomes were favorable 11 months post-transplant, with no

specific hematologic or infectious complications reported under

standard immunosuppression (255). Finally, a patient with Coats

plus syndrome who developed hepatopulmonary syndrome

underwent living-lobar liver transplantation, which successfully

resolved hypoxia, and the patient remained well at one-year

follow-up (256).

Overall, the evidence regarding TBD-related complications in

liver (or other non-lung solid organ) transplantation is even more

limited and heterogeneous than in lung transplantation, consisting

almost entirely of isolated case reports and small case series, with

the exception of a single larger retrospective cohort. This scarcity of

systematically collected data makes it difficult to assess true

hematologic risk, to distinguish TBD-related manifestations from

organ-specific complications, or to establish standardized

management strategies. Table 2 summarizes the available reports

and highlights the variability in patient populations, genetic

characterization, and telomere length measurement techniques,

underscoring the need for more consistent data collection and

prospective multicenter studies in this setting.
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To date, no studies have systematically evaluated hematological

complications of TBDs in isolated heart or kidney transplantation.

The scarcity of data likely reflects the fact that TBD-related diseases

rarely affect these organs directly. This lack of evidence prevents

drawing any conclusions regarding the eligibility of TBD candidates

for such procedures or formulating recommendations on post-

transplant immunosuppressive management in this subset

of patients.
5 Screening and mitigation strategies
in TBDs

Given the scarcity of systematic data, optimal screening and

management of TBD patients prior to solid organ transplantation

remain undefined, although emerging recent literature arises in the

field (259). Table 3 provides a structured overview of practical

considerations for pre-transplant evaluation, risk stratification, and

post-transplant monitoring in this patient population. These

recommendations are primarily based on the clinical experience

of the authors and limited reports from other centers and are

intended to highlight potential areas of concern, rather than to serve

as formal guidelines.

Telomere length measurement and genetic screening for TBDs

should be offered to lung transplant candidates who display clinical

features suggestive of such disorders (180). A similar approach may
Frontiers in Immunology 11
be expanded to patients with severe emphysema, although

supporting data remain very limited. For liver transplant

candidates, we likewise recommend this strategy. A TBD can be

confirmed by the identification of a known pathogenic mutation. In

the absence of such a mutation, low leukocyte telomere length

(<10th percentile for age, and particularly <1st percentile for age) in

the appropriate clinical context can also support the diagnosis of

TBD. The management suggestions outlined below are specific to

patients with confirmed TBD, but may be considered in patients

with suspected TBD, in whom a high index of suspicion should

be maintained.

Pre-transplant assessment of both lung and liver transplant

candidates with a known or suspected TBD should include

hematology consultation, with bone marrow biopsy considered in

the presence of unexplained blood count abnormalities (246). This

evaluation is more challenging in liver transplant candidates, where

splenomegaly secondary to portal hypertension can also cause

anemia and thrombocytopenia. In patients with established bone

marrow disease related to TBD, hematology input is essential to

assess post-transplant risk of cytopenia and hematological

malignancy. In rare cases, bone marrow transplantation may be

considered prior to or after solid organ transplantation.

In lung transplant candidates with a TBD, pre-transplant

evaluation should include liver enzymes testing and liver imaging,

including elastography (e.g., Fibroscan), with abnormal findings

warranting hepatology consultation. Candidates with unexpectedly
TABLE 3 Considerations for screening for TBD, as well as pre- and post-transplant management in lung and liver transplant candidates with a TBD.

Clinical context Lung transplantation Liver transplantation

Whom and how to evaluate for
TBD prior to transplantation

Genetic testing in patients with pulmonary fibrosis if:
• Other clinical features suggestive of a TBD#

• Family history of pulmonary fibrosis in 1st or 2nd degree
relative
• Disease onset prior to age 50 years
• Family history suggestive of a TBD*
• Relative carrying a genetic telomere-related variant that is
pathogenic

Genetic testing in patients with liver cirrhosis or HPS if:
• Other clinical features suggestive of a TBD#

• Family history suggestive of a TBD*
• Relative carrying a genetic telomere-related variant that is
pathogenic

Pre-transplantation evaluations in
patients with (suspected) TBD

• Hematology consult, bone marrow biopsy in case of
unexplained cytopenia
• Liver ultrasound, fibroscan, hepatology consult of abnormal
• Saline-agitated echocardiogram if abnormally low diffusion
capacity or known liver disease

• Hematology consult, bone marrow biopsy in case of
unexplained cytopenia
• Saline-agitated echocardiogram to assess hepatopulmonary
syndrome
• Spirometry, diffusion capacity, HRCT-chest, pulmonology
consultation if abnormal

Post-transplantation considerations
in patients with (suspected) TBD

• Basiliximab favored as induction therapy
• MMF favored over azathioprine as maintenance therapy
• Reactive tapering of immunosuppressive therapy in case of
cytopenia, CMV viremia, or clinically relevant
immunodeficiency
• Consider life-long prophylaxis in CMV-negative recipients
with CMV-positive donors, preference for letermovir over
valganciclovir
• Consider atovaquone instead of trimethoprim-
sulfamethoxazole in case of refractory cytopenia

• Basiliximab favored as induction therapy
• MMF favored over azathioprine as maintenance therapy
• Reactive tapering of immunosuppressive therapy in case of
cytopenia, CMV viremia, or clinically relevant
immunodeficiency
• Consider life-long prophylaxis in CMV-negative recipients
with CMV-positive donors, preference for letermovir over
valganciclovir
• Consider atovaquone instead of trimethoprim-
sulfamethoxazole in case of refractory cytopenia
• Yearly monitoring for lung disease with pulmonary function
testing and HRCT-scan of the chest
# Clinical features suggestive of a TBD include early greying of hair (<30 years), otherwise unexplained macrocytosis or cytopenia, myelodysplasia or leukemia, hepatic abnormalities (cryptogenic
elevated liver enzymes, portal hypertension, hepato-pulmonary syndrome, liver cirrhosis), pulmonary fibrosis, or a recognized telomere syndrome such as DKC (nail dystrophy, oral leukoplakia,
abnormal skin pigmentation).
* Family history suggestive of a TBD includes liver disease, hematological disease, DKC, and pulmonary fibrosis.
CMV, cytomegalovirus; HPS, hepatopulmonary syndrome; HRCT, high-resolution computed tomography; MMF, mycophenolate mofetil; TBD, telomere biology disorder.
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low diffusion capacity for their degree of pulmonary disease,

or with established liver disease, should also be evaluated

for hepatopulmonary syndrome using sal ine-agitated

echocardiography. In the case of severe liver disease, referral to a

hepatologist is recommended, and combined or sequential lung-

liver transplantation should be considered.

For l iver transplant candidates with a TBD, pre-

transplant evaluation should include standard screening for

hepatopulmonary syndrome. Pulmonary assessment in these

candidates should also encompass pulmonary function tests,

including diffusion capacity, as well as high-resolution computed

tomography of the chest to detect interstitial lung abnormalities or

ILD. If abnormalities are identified, consultation with a transplant

pulmonologist is recommended to determine their relevance to the

proposed liver transplant and to assess whether combined or

sequential lung-liver transplant should be considered.

For organ transplant candidates with a TBD who are CMV-

seronegative, an organ from a CMV-negative donor is preferred.

However, this is often difficult to achieve due to the general shortage

of donor organs, and we, in line with Courtwright and colleagues,

do not recommend delaying lung transplantation to wait for a

CMV-negative donor (247).

Post-transplantation immunosuppressive therapy for both lung

and liver transplant recipients can be tailored for TBD patients.

Induction therapy with basiliximab should be preferred over other

agents, as they may induce prolonged T-cell depletion. For

maintenance therapy, mycophenolate mofetil is preferred over

azathioprine, which is more commonly associated with bone

marrow suppression. Experts in the field have suggested upfront

modification of immunosuppression in lung transplant recipients

with TBD and short telomere length (246). However, we favor a

reactive approach, adjusting immunosuppressive therapy in

response to cytopenia or CMV viremia, since these complications

are generally manageable, and many of these patients tolerate

standard immunosuppressive treatment well. This approach may,

in turn, be associated with a lower risk of CLAD, although this

hypothesis remains speculative.

For persistent cytopenia, consultation with hematology should

be sought, and a bone marrow transplant can be considered in

selected patients. There is not enough evidence to recommend the

use of danazol for bone marrow disease after solid organ

transplantation in patients with TBD (260).

Antimicrobial agents with myelosuppressive potential should be

avoided whenever possible. Prophylactic trimethoprim-

sulfamethoxazole to prevent Pneumocystis jirovecii pneumonia

can be substituted with atovaquone or aerosolized pentamidine,

as suggested by some authors (246, 261). In our experience,

however, low-dose trimethoprim-sulfamethoxazole is usually well-

tolerated and can be proposed as first-line prophylaxis, with a

potential switch to atovaquone or pentamidine if hematologic

complications arise.

Determining the optimal strategy for CMV prophylaxis is more

challenging. In particular, for mismatched recipients (CMV-

seronegative recipients receiving an organ from a CMV-positive
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donor), lifelong CMV-prophylaxis should be considered (247).

Valganciclovir is the most commonly used agent, but it carries a

high risk of myelosuppression in both lung and liver transplant

recipients (262). Alternative agents without myelosuppressive

effects, such as letermovir, are preferred; however, their use is

currently limited by higher costs (263). In our experience,

reducing immunosuppression, switching cell cycle inhibitors to

everolimus, or using CMV-specific intravenous immunoglobulins

can be considered as treatment options for transplant recipients

with TBD who develop refractory CMV viremia or cannot tolerate

antiviral therapy.

In lung transplant recipients without evidence of liver disease

prior to transplantation, we do not recommend routine liver-

specific monitoring beyond standard liver function tests during

regular follow-up visits, as the prevalence of clinically significant

liver disease in these patients appears lower than in the reverse

scenario. In contrast, liver transplant recipients with a TBD

frequently have lung involvement, with lung disease present in up

to 40% of patients (248). Therefore, we recommend annual

monitoring with pulmonary function testing and high-resolution

computed tomography of the chest, even in the absence of pre-

transplant lung disease. For patients with pre-existing lung disease,

more frequent pulmonology evaluations are warranted to enable

timely initiation of antifibrotic therapy and consideration for

potential lung transplantation.
6 Conclusions and future perspectives

Although large studies specifically designed to address

hematologic complications after solid organ transplantation in

patients with TBDs are still lacking, the literature – particularly in

lung transplantation – is steadily expanding, yielding intriguing but

sometimes conflicting results. Three major limitations of the

current data should be considered before summarizing any

recommendations. First, the definition of “TBD” varies widely

across studies, with terms such as “short telomere syndromes,”

“telomeropathies,” and “TBD” often used interchangeably.

Thresholds for defining short telomeres also differ, ranging from

below the 1st percentile to <10th percentile, or even the lowest

quartile or tertile of study populations. This variability complicates

direct comparisons, further compounded by differences in telomere

length measurement techniques, as qPCR and FlowFISH offer

distinct reproducibility and inter-laboratory consistency profiles.

Moreover, while initial studies focused primarily on TERT and

TERC, subsequent work has expanded to include a growing number

of TRGs, suggesting that earlier reports may have underrepresented

the true prevalence of pathogenic variants due to methodological

limitations. Second, the largest and most robust studies have been

conducted in the setting of lung transplantation, almost exclusively

among ILD patients. Data on other respiratory indications remain

scarce, particularly for COPD, which nonetheless accounts for

approximately 30-35% of lung transplantation procedures (264).

This selection bias makes it difficult to generalize findings to other
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transplant indications, although two larger studies included some

patients with COPD, cystic fibrosis, and pulmonary arterial

hypertension (238, 239). Third, evidence outside the lung

transplantation field is extremely limited. Only one moderate-

sized cohort (248) and a few case series have reported on liver

transplantation, while data on heart and kidney transplantation are

virtually absent. Although TBDs are not typically associated with

cardiac or renal disease, recipients of these organs may still harbor

unrecognized TBDs and remain susceptible to complications from

immunosuppressive drugs, particularly cytopenia. Still, the burden

of TBD-related complications appears greatest in the lung

transplantation setting, both because these recipients are enriched

for TBDs and because post-lung transplant immunosuppression is

significantly heavier.

Taken together, the current literature suggests that TBDs are

associated with an increased risk of hematologic complications

following lung transplantation, most notably thrombocytopenia,

anemia, and neutropenia. Whether these translate into worse long-

term outcomes, such as reduced survival or higher rates of

CLAD, remains uncertain, as existing studies are likely

underpowered to address such outcomes. By contrast, liver

transplantation in TBD patients does not appear to confer the

same hematologic burden. In fact, several reports describe

improvements in anemia and thrombocytopenia post-transplant,

possibly reflecting resolution of portal hypertension-related

gastrointestinal bleeding and hypersplenism, although this

explanation remains speculative.

Management of this at-risk group remains an area of

uncertainty, both at the screening level and in the post-

transplantation setting. In particular, the optimal timing for more

invasive investigations of TBD-related conditions, such as bone

marrow biopsy, is largely undefined. Furthermore, while

immunosuppressive therapy is a recognized risk factor

for hematologica l complicat ions , i t remains unclear

whether proactive or reactive adjustments to the chronic

immunosuppressive regimen should be applied, as they might

participate in the increased rates of CLAD observed in some

studies (238). The management proposals made by the authors

are based on limited evidence and on their clinical experience and

will likely evolve as knowledge advances regarding these disorders.

Although awareness of TBD is increasing, particularly in the field of

interstitial lung diseases, major knowledge gaps persist in the

transplant context, underscoring the need for collaborative

research to improve patient stratification and management.
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109. Sarper N, Zengin E, Kılıç S. A child with severe form of dyskeratosis congenita
and TINF2 mutation of shelterin complex. Pediatr Blood Cancer. (2010) 55:1185–6.
doi: 10.1002/pbc.22624

110. Touzot F, Gaillard L, Vasquez N, Le Guen T, Bertrand Y, Bourhis J, et al.
Heterogeneous telomere defects in patients with severe forms of dyskeratosis congenita.
J Allergy Clin Immunol. (2012) 129:473–82, 82.e1-3. doi: 10.1016/j.jaci.2011.09.043

111. Gleeson M, O'Marcaigh A, Cotter M, Brosnahan D, Vulliamy T, Smith OP.
Retinal vasculopathy in autosomal dominant dyskeratosis congenita due to TINF2
mutation. Br J Haematol. (2012) 159:498. doi: 10.1111/bjh.12088

112. Panichareon B, Seedapan T, Thongnoppakhun W, Limwongse C,
Pithukpakorn M, Limjindaporn T. Novel mutation of the TINF2 gene in a patient
with dyskeratosis congenita. Case Rep Dermatol. (2015) 7:212–9. doi: 10.1159/
000439042

113. Du H, Guo Y, Ma D, Tang K, Cai D, Luo Y, et al. A case report of heterozygous
TINF2 gene mutation associated with pulmonary fibrosis in a patient with dyskeratosis
congenita. Med (Baltimore). (2018) 97:e0724. doi: 10.1097/MD.0000000000010724

114. Fukuhara A, Tanino Y, Ishii T, Inokoshi Y, Saito K, Fukuhara N, et al.
Pulmonary fibrosis in dyskeratosis congenita with TINF2 gene mutation. Eur Respir
J. (2013) 42:1757–9. doi: 10.1183/09031936.00149113

115. Khakzad M, Shahbazi Z, Naderi M, Karimipoor MA. de novo TINF2, R282C
mutation in a case of dyskeratosis congenital founded by next-generation sequencing.
Iran BioMed J. (2023) 27:146–51. doi: 10.52547/ibj.3783

116. Roake CM, Juntilla M, Agarwal-Hashmi R, Artandi S, Kuo CS. Tissue-specific
telomere shortening and degenerative changes in a patient with TINF2 mutation and
dyskeratosis congenita. Hum Pathol (N Y). (2021) 25. doi: 10.1016/j.ehpc.2021.200517

117. Tsangaris E, Adams SL, Yoon G, Chitayat D, Lansdorp P, Dokal I, et al. Ataxia
and pancytopenia caused by a mutation in TINF2. Hum Genet. (2008) 124:507–13.
doi: 10.1007/s00439-008-0576-7

118. Gupta MP, Talcott KE, Kim DY, Agarwal S, Mukai S. Retinal findings and a
novel TINF2 mutation in Revesz syndrome: Clinical and molecular correlations with
pediatric retinal vasculopathies. Ophthalmic Genet. (2017) 38:51–60. doi: 10.1080/
13816810.2016.1275019

119. Moussa K, Huang JN, Moore AT. Revesz syndrome masquerading as
traumatic retinal detachment. J aapos. (2017) 21:422–5.e1. doi: 10.1016/
j.jaapos.2017.04.016

120. Sakwit A, Rojanaporn D, Mekjaruskul P, Suriyajakryuththana W, Sasanakul W,
Sirachainan N. Novel mutation of the TINF2 gene resulting in severe phenotypic
Revesz syndrome. Pediatr Blood Cancer. (2019) 66:e27557. doi: 10.1002/pbc.27557
Frontiers in Immunology 16
121. McElnea EM, van der Spek N, Smith O, Fitzsimon S, Patel CK, O'Marcaigh A.
Revesz syndrome masquerading as bilateral cicatricial retinopathy of prematurity. J
aapos. (2013) 17:634–6. doi: 10.1016/j.jaapos.2013.07.016

122. Yamaguchi H, Inokuchi K, Takeuchi J, Tamai H, Mitamura Y, Kosaka F, et al.
Identification of TINF2 gene mutations in adult Japanese patients with acquired bone
marrow failure syndromes. Br J Haematol. (2010) 150:725–7. doi: 10.1111/j.1365-
2141.2010.08278.x

123. Keel SB, Scott A, Sanchez-Bonilla M, Ho PA, Gulsuner S, Pritchard CC, et al.
Genetic features of myelodysplastic syndrome and aplastic anemia in pediatric and
young adult patients. Haematologica. (2016) 101:1343–50. doi: 10.3324/
haematol.2016.149476

124. Alder JK, Stanley SE, Wagner CL, Hamilton M, Hanumanthu VS, Armanios M.
Exome sequencing identifies mutant TINF2 in a family with pulmonary fibrosis. Chest.
(2015) 147:1361–8. doi: 10.1378/chest.14-1947

125. Ley B, Torgerson DG, Oldham JM, Adegunsoye A, Liu S, Li J, et al. Rare
protein-altering telomere-related gene variants in patients with chronic
hypersensitivity pneumonitis. Am J Respir Crit Care Med. (2019) 200:1154–63.
doi: 10.1164/rccm.201902-0360OC

126. Takai H, Jenkinson E, Kabir S, Babul-Hirji R, Najm-Tehrani N, Chitayat DA,
et al. A POT1 mutation implicates defective telomere end fill-in and telomere
truncations in Coats plus. Genes Dev. (2016) 30:812–26. doi: 10.1101/gad.276873.115

127. Kelich J, Aramburu T, van der Vis JJ, Showe L, Kossenkov A, van der Smagt J,
et al. Telomere dysfunction implicates POT1 in patients with idiopathic pulmonary
fibrosis. J Exp Med. (2022) 219. doi: 10.1084/jem.20211681

128. Tummala H, Collopy LC, Walne AJ, Ellison A, Cardoso S, Aksu T, et al.
Homozygous OB-fold variants in telomere protein TPP1 are associated with
dyskeratosis congenita-like phenotypes. Blood. (2018) 132:1349–53. doi: 10.1182/
blood-2018-03-837799

129. Kocak H, Ballew BJ, Bisht K, Eggebeen R, Hicks BD, Suman S, et al. Hoyeraal-
Hreidarsson syndrome caused by a germline mutation in the TEL patch of the telomere
protein TPP1. Genes Dev. (2014) 28:2090–102. doi: 10.1101/gad.248567.114

130. Bertrand A, Ba I, Kermasson L, Pirabakaran V, Chable N, Lainey E, et al.
Characterization of novel mutations in the TEL-patch domain of the telomeric factor
TPP1 associated with telomere biology disorders. Hum Mol Genet. (2024) 33:612–23.
doi: 10.1093/hmg/ddad210

131. Guo Y, Kartawinata M, Li J, Pickett HA, Teo J, Kilo T, et al. Inherited bone
marrow failure associated with germline mutation of ACD, the gene encoding telomere
protein TPP1. Blood. (2014) 124:2767–74. doi: 10.1182/blood-2014-08-596445

132. Hoffman TW, van der Vis JJ, van der Smagt JJ, Massink MPG, Grutters JC, van
Moorsel CHM. Pulmonary fibrosis linked to variants in the ACD gene, encoding the
telomere protein TPP1. Eur Respir J. (2019) 54.

133. Simon AJ, Lev A, Zhang Y, Weiss B, Rylova A, Eyal E, et al. Mutations in STN1
cause Coats plus syndrome and are associated with genomic and telomere defects. J Exp
Med. (2016) 213:1429–40. doi: 10.1084/jem.20151618

134. Passi GR, Shamim U, Rathore S, Joshi A, Mathur A, Parveen S, et al. An Indian
child with Coats plus syndrome due to mutations in STN1. Am J Med Genet A. (2020)
182:2139–44. doi: 10.1002/ajmg.a.61737

135. Acharya T, Firth HV, Dugar S, Grammatikopoulos T, Seabra L, Walters A, et al.
Novel compound heterozygous STN1 variants are associated with Coats Plus
syndrome. Mol Genet Genomic Med. (2021) 9:e1708. doi: 10.1002/mgg3.1708

136. Himes RW, Chiou EH, Queliza K, Shouval DS, Somech R, Agarwal S, et al.
Gastrointestinal hemorrhage: A manifestation of the telomere biology disorders. J
Pediatr. (2021) 230:55–61.e4. doi: 10.1016/j.jpeds.2020.09.038

137. Anderson BH, Kasher PR, Mayer J, Szynkiewicz M, Jenkinson EM, Bhaskar SS,
et al. Mutations in CTC1, encoding conserved telomere maintenance component 1,
cause Coats plus. Nat Genet. (2012) 44:338–42. doi: 10.1038/ng.1084

138. Keller RB, Gagne KE, Usmani GN, Asdourian GK, Williams DA, Hofmann I,
et al. CTC1 Mutations in a patient with dyskeratosis congenita. Pediatr Blood Cancer.
(2012) 59:311–4. doi: 10.1002/pbc.24193

139. Lin H, Gong L, Zhan S, Wang Y, Liu A. Novel biallelic missense mutations in
CTC1 gene identified in a Chinese family with Coats plus syndrome. J Neurol Sci.
(2017) 382:142–5. doi: 10.1016/j.jns.2017.09.041

140. Polvi A, Linnankivi T, Kivelä T, Herva R, Keating JP, Mäkitie O, et al.
Mutations in CTC1, encoding the CTS telomere maintenance complex component 1,
cause cerebroretinal microangiopathy with calcifications and cysts. Am J Hum Genet.
(2012) 90:540–9. doi: 10.1016/j.ajhg.2012.02.002

141. Walne AJ, Bhagat T, Kirwan M, Gitiaux C, Desguerre I, Leonard N, et al.
Mutations in the telomere capping complex in bone marrow failure and related
syndromes. Haematologica. (2013) 98:334–8. doi: 10.3324/haematol.2012.071068

142. Sargolzaeiaval F, Zhang J, Schleit J, Lessel D, Kubisch C, Precioso DR, et al.
CTC1 mutations in a Brazilian family with progeroid features and recurrent bone
fractures. Mol Genet Genomic Med. (2018) 6:1148–56. doi: 10.1002/mgg3.495

143. Han E, Patel NA, Yannuzzi NA, Laura DM, Fan KC, Negron CI, et al. A unique
case of coats plus syndrome and dyskeratosis congenita in a patient with CTC1
mutations. Ophthalmic Genet. (2020) 41:363–7. doi: 10.1080/13816810.2020.1772315

144. Riquelme J, Takada S, van Dijk T, Peña F, Boogaard MW, van Duyvenvoorde
HA, et al. Primary ovarian failure in addition to classical clinical features of coats plus
frontiersin.org

https://doi.org/10.1186/1465-9921-13-64
https://doi.org/10.1002/pbc.25161
https://doi.org/10.1371/journal.pone.0183287
https://doi.org/10.1371/journal.pone.0183287
https://doi.org/10.1080/17843286.2018.1545375
https://doi.org/10.1080/17843286.2018.1545375
https://doi.org/10.1016/j.rmcr.2018.12.005
https://doi.org/10.1016/j.rmcr.2018.12.005
https://doi.org/10.1111/bjh.19176
https://doi.org/10.1007/s10689-024-00399-8
https://doi.org/10.1126/scitranslmed.aaf7837
https://doi.org/10.1126/scitranslmed.aaf7837
https://doi.org/10.1016/j.ajhg.2007.10.004
https://doi.org/10.1182/blood-2008-05-153445
https://doi.org/10.1111/j.1399-0004.2011.01658.x
https://doi.org/10.1002/pbc.22624
https://doi.org/10.1016/j.jaci.2011.09.043
https://doi.org/10.1111/bjh.12088
https://doi.org/10.1159/000439042
https://doi.org/10.1159/000439042
https://doi.org/10.1097/MD.0000000000010724
https://doi.org/10.1183/09031936.00149113
https://doi.org/10.52547/ibj.3783
https://doi.org/10.1016/j.ehpc.2021.200517
https://doi.org/10.1007/s00439-008-0576-7
https://doi.org/10.1080/13816810.2016.1275019
https://doi.org/10.1080/13816810.2016.1275019
https://doi.org/10.1016/j.jaapos.2017.04.016
https://doi.org/10.1016/j.jaapos.2017.04.016
https://doi.org/10.1002/pbc.27557
https://doi.org/10.1016/j.jaapos.2013.07.016
https://doi.org/10.1111/j.1365-2141.2010.08278.x
https://doi.org/10.1111/j.1365-2141.2010.08278.x
https://doi.org/10.3324/haematol.2016.149476
https://doi.org/10.3324/haematol.2016.149476
https://doi.org/10.1378/chest.14-1947
https://doi.org/10.1164/rccm.201902-0360OC
https://doi.org/10.1101/gad.276873.115
https://doi.org/10.1084/jem.20211681
https://doi.org/10.1182/blood-2018-03-837799
https://doi.org/10.1182/blood-2018-03-837799
https://doi.org/10.1101/gad.248567.114
https://doi.org/10.1093/hmg/ddad210
https://doi.org/10.1182/blood-2014-08-596445
https://doi.org/10.1084/jem.20151618
https://doi.org/10.1002/ajmg.a.61737
https://doi.org/10.1002/mgg3.1708
https://doi.org/10.1016/j.jpeds.2020.09.038
https://doi.org/10.1038/ng.1084
https://doi.org/10.1002/pbc.24193
https://doi.org/10.1016/j.jns.2017.09.041
https://doi.org/10.1016/j.ajhg.2012.02.002
https://doi.org/10.3324/haematol.2012.071068
https://doi.org/10.1002/mgg3.495
https://doi.org/10.1080/13816810.2020.1772315
https://doi.org/10.3389/fimmu.2025.1718107
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Carlier et al. 10.3389/fimmu.2025.1718107
syndrome in a female carrying 2 truncating variants of CTC1. Horm Res Paediatr.
(2021) 94:448–55. doi: 10.1159/000520410

145. Bisserbe A, Tertian G, Buffet C, Turhan A, Lambotte O, Nasser G, et al.
Cerebro-retinal microangiopathy with calcifications and cysts due to recessive
mutations in the CTC1 gene. Rev Neurol (Paris). (2015) 171:445–9. doi: 10.1016/
j.neurol.2015.01.566

146. Netravathi M, Kumari R, Kapoor S, Dakle P, Dwivedi MK, Roy SD, et al. Whole
exome sequencing in an Indian family links Coats plus syndrome and dextrocardia
with a homozygous novel CTC1 and a rare HES7 variation. BMC Med Genet. (2015)
16:5. doi: 10.1186/s12881-015-0151-8

147. Shen W, Kerr CM, Przychozen B, Mahfouz RZ, LaFramboise T, Nagata Y, et al.
Impact of germline CTC1 alterations on telomere length in acquired bone marrow
failure. Br J Haematol. (2019) 185:935–9. doi: 10.1111/bjh.15862
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