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Abstract: Inborn errors of thymic stromal cell development and function which are associated with congenital athymia result in life-
threatening immunodeficiency with susceptibility to infections and autoimmunity. Athymic patients can be treated by thymus
transplantation using cultured donor thymus tissue. Outcomes in patients treated at Duke University Medical Center and Great
Ormond Street Hospital (GOSH) over the past three decades have shown that sufficient T-cell immunity can be recovered to clear and
prevent infections, but post-treatment autoimmune manifestations are relatively common. Whilst thymus transplantation offers the
chance of long-term survival, significant challenges remain to optimise the outcomes for the patients. In this review, we will discuss
unmet needs and offer practical guidance based on the experience of the European Thymus Transplantation programme at GOSH.
Newborn screening (NBS) for severe combined immunodeficiency (SCID) and routine use of next-generation sequencing (NGS)
platforms have improved early recognition of congenital athymia and increasing numbers of patients are being referred for thymus
transplantation. Nevertheless, there remain delays in diagnosis, in particular when the cause is genetically undefined, and treatment
accessibility needs to be improved. The majority of athymic patients have syndromic features with acute and chronic complex health
issues, requiring life-long multidisciplinary and multicentre collaboration to optimise their medical and social care. Comprehensive
follow up after thymus transplantation including monitoring of immunological results, management of co-morbidities and patient and
family quality-of-life experience, is vital to understanding long-term outcomes for this rare cohort of patients. Alongside translational
research into improving strategies for thymus replacement therapy, patient-focused clinical research will facilitate the design of
strategies to improve the overall care for athymic patients.
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Introduction

The thymus is a lymphoid organ in which bone marrow-derived T-cell progenitors complete their maturation into
functional, self-tolerant T-cells. Congenital athymia, due to complete DiGeorge syndrome (cDGS) or rare monogenic
disorders affecting thymus development, is associated with profound T-cell lymphopaenia and susceptibility to oppor-
tunistic infections.! Left untreated, congenital athymia is incompatible with long-term survival. It can be treated
successfully by thymus transplantation, using cultured postnatal thymic tissue obtained from infant donors in whom
a partial or total thymectomy is necessary during cardiac surgery. This technique was pioneered at Duke University
Hospital and more than 100 patients have been treated in the United States of America (USA).? Outside the USA, the
only centre offering this treatment, since 2009, is Great Ormond Street Hospital (GOSH) in London, United Kingdom
(UK).? The procedure involves lymphodepletion of donor thymus tissue over a culture period of 2-3 weeks, after which
the cultured thymus tissue is implanted bilaterally into the quadriceps muscles of athymic recipients.* Immune
reconstitution starts around 6 to 9 months after thymus transplantation after recipient-derived precursor T-cells repopulate
the donor thymus tissue and undergo thymopoiesis. This T-cell maturation process is mainly dependent on lympho-
stromal crosstalk mediated by interactions between T-cell receptors (TCR) on developing T-cell progenitors and human
leukocyte antigens (HLA) on antigen-presenting cells (APC).! The key APCs in normal thymus tissue are thymic
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epithelial cells (TEC), therefore it remains unclear how, in the absence of tissue type matching between donors and
recipients, thymopoiesis is supported in thymic allografts (this has been discussed elsewhere)’® Nevertheless, successful
recovery of T-cell immunity has been reported after thymus transplantation, testifying to the ability of these HLA-
mismatched thymic allografts to support T-cell development with the generation of self-tolerant naive T-cells showing
a diverse TCR repertoire.>

More than 150 patients with congenital athymia have been transplanted to date across both centres, including 105
patients in the USA between 1993 and 2020 and 12 patients in the UK between 2009 and 2014** (and unreported from
GOSH Thymus Transplantation programme). For both cohorts, a similar overall survival of around 75% has been
reported. Mortality is closely related to pre-existing infections and is usually seen in the first year after transplantation
whilst awaiting immune reconstitution. In the remaining patients, T-cell counts, including counts of naive T-cells, have
been reported to steadily increase over a duration of 2 years after thymus transplantation. Longer term immune
reconstitution results have only been reported in a small number of patients, with T-cell counts seeming to stabilise after
peaking during this initial 2-year follow up.>” Though the absolute T-cell counts achieved usually remain below those
seen in age-matched healthy individuals, the levels are sufficient to clear both pre-existing infections and newly acquired
infections.”* In addition to discontinuation of the previously required antimicrobial prophylaxis and isolation precau-
tions, the majority of patients no longer require immunoglobulin replacement therapy. They maintain normal immuno-
globulin levels and, upon immunisation, have been shown to produce satisfactory antibody titres to tetanus toxoid and, to
a lesser extent, to pneumococcal vaccine serotypes.>” Autoimmunity has been reported in a significant number of
patients after thymus transplantation, including autoimmune cytopaenias which are mostly transient, and autoimmune
thyroiditis, as well as other less frequently occurring autoimmune manifestations.”® Overall, even though immune
reconstitution after thymus transplantation is suboptimal, the procedure is life-saving and has become the standard of
care for congenital athymia, resulting in an improved quality of life (QOL) not restricted by infection.>

Congenital athymia is a rare condition and patients often have acute and chronic complex care needs, requiring
extraordinary specialist care with close collaboration across several teams and centres.® Understanding the natural history
of the condition and comprehensively recording outcomes after thymus transplantation, including the QOL reported by
the patients and their families, are crucial to improving the long-term health and social care services available to this
cohort of patients. Analysis of the clinical outcomes after thymus transplantation demonstrates the ability of patients to
live a near normal life from an immunological perspective, yet significant challenges remain in terms of optimising
overall outcomes for many patients with congenital athymia (see Table 1). These include the timely recognition of
congenital athymia, treatment accessibility, systematic long-term follow up, patient and family engagement and transla-
tion of research into the clinic. In this review, we will discuss the unmet needs of patients with congenital athymia,
address the challenges encountered and offer practical guidance based on the experience of the European Thymus
Transplantation programme at GOSH.

Timely Recognition of Congenital Athymia and Referral for Thymus

Transplantation

Inborn errors of thymic stromal cell development are associated with aberrant 3rd pharyngeal pouch (PP) patterning
during early embryogenesis with impaired or absent development of thymic stroma, respectively, resulting in thymic
hypoplasia or aplasia.' The development of other structures which originate from the 3rd PP, such as the parathyroid
glands and the cardiac outflow tract, can also be affected. The triad of congenital thymic hypoplasia/aplasia, hypopar-
athyroidism and conotruncal heart defect constitutes the hallmark features of DiGeorge Syndrome (DGS).° The most
common cause of DGS is 22ql1.2 deletion syndrome (22q11.2DS).'>!" This usually occurs de novo following
chromosomal misalignment with non-allelic homologous recombination during meiosis, though in 5-10% this is
inherited from a parent.'> There is no correlation between the severity of the DGS phenotype and the size of the
microdeletions, but the more distal deletions which do not include the gene TBX1 have been associated with better T-cell
numbers.'> DGS has also been reported in patients with monogenic TBX1 haploinsufficiency.! TBXI encodes a key
transcription factor regulating the expression of thousands of genes and interacting with several other proteins, impacting
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Table | Practical Guidance to Overcome Challenges Resulting in Unmet Needs for Patients with Congenital Athymia

Unmet Need Challenge Suggested Practical Guidance
Early Diagnosis & Treatment | Thymic defects with variable clinical ® Extension of NBS programmes for SCID
penetrance ® Recognition of clinical features of syndromes associated with thymic defects
® Routine immunophenotyping in associated syndromes at birth
Recognition of genetically undefined ® Improve access to rapid NGS (WGS) testing
athymia ® |dentification and validation of novel candidate genes
® Novel diagnostic tools, including ex vivo T-cell differentiation assays
Delays associated with complications ® Prompt initiation of antimicrobial prophylaxis and protective measures
® Avoid/stop breastfeeding if mother CMV seropositive
® Avoid administration of live vaccines
® Regular virological monitoring
® Improve recognition of Omenn Syndrome-like features
Early referral ® Early discussion with thymus transplantation centre
®  Audit time to treatment
Treatment Accessibility 2 centres worldwide ® Increase awareness of thymus transplantation programme
® Increase awareness of referral processes through international networking and education
® Early collaboration with specialised teams to ensure correct treatment pathway is initiated
® Monitor treatment capacity
Sustained accessibility ® Support inclusive and sustainable care pathways
[ ]

Improve utilisation of patient advocacy groups
® |mprove partnership between patient advocacy groups, and clinical/academic/commercial/public
stakeholders

Complex Care Needs Co-morbidities ® Early collaboration across specialties and centres: communication and co-ordination of priorities
® Careful timing of thymus transplantation
® Increase awareness of possible immunological problems through education of and collaboration with
other specialties
® Promote holistic, patient-centred care
® Utilise registry strategy in collaboration with referring teams
Slow immune reconstitution after ® Joint follow up with support of local immunology teams by the thymus transplantation centre and
thymus transplantation protocolised follow up schedule
®  Optimise clinical stability to promote graft uptake: avoid major surgical procedures if possible and use
of systemic corticosteroids
®  Produce accessible information to educate and empower families
® Biopsy procedure at site of implantation to assess status of thymopoiesis before expected immune
reconstitution
Chronic health and social care needs ® Long-term support for patients and families by local health service supported by the thymus
transplantation programme clinical nurse specialist
® Partnering with families and patient advocacy and support networks to improve holistic service
provision
® Educational support to empower patient and families to partner in decision making
Comprehensive Long Term Rare disease with geographical spread ® Continued, long-term collaboration between local teams and thymus transplantation centre
Follow Up of treated patients ® Use of standardised monitoring protocol recommended by thymus transplantation centre
® Centralised immunological assessment at agreed time points after thymus transplantation
® Creation of a registry for congenital athymia to record natural history, clinical treatment outcomes
and significant events
® |nternational collaboration in publication of data
Identification of possible risk factors and [® Promote multi-centre long-term data collection and sharing across centres
complications ® Promote patient engagement to increase patient reported outcomes
® Quality of life data collection alongside clinical reviews
Clinical translational of Improve current treatment approaches |® Maximise opportunities for patient engagement in translational research
research progress ® Develop adequate in vitro and in vivo research models
Develop novel treatment strategies ® Encourage clinical, academic and commercial partnerships
Accessibility of novel research tools ® Research dissemination

PP development during embryogenesis through a complex network of factors.'* For example, TBXI interacts with
CHD7, which equally has been implicated in 3rd PP patterning and thymus organogenesis.' CHD7 haploinsufficiency
underlies CHARGE syndrome, which has overlapping DGS features with 22q11.2DS."° Other less frequent genetic
actiologies' associated with DGS include TBX2 deficiency,'® partial monosomy 10p'’ and FOXI3
haploinsufficiency.'®'® Non-genetic aetiologies, specifically foetal exposure to retinoic acid, alcohol and maternal
diabetes, have also been linked to DGS.' Regardless of the underlying cause, DGS is characterised by incomplete and
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variable penetrance across its clinical features, and no correlation has been established between the severity of the overall
clinical phenotype and the degree of immunodeficiency.'"'"'? Only a minority of DGS patients, approximately 1%, have
¢DGS with life-threatening immunodeficiency due to thymic aplasia.'"'* Increasingly, the implementation of newborn
screening (NBS) programmes for severe combined immunodeficiency (SCID), based on the identification of profoundly
T-cell lymphopaenic infants with low levels of TCR excision circles (TREC),?® facilitates the early diagnosis of cDGS. In
the absence of NBS, it remains crucial to rule out severe immunodeficiency through immunophenotyping of all patients
with DGS features.

Congenital athymia has also been recognised in non-DGS patients with a SCID-like immunophenotype.?' It underlies
the immunodeficiency in patients with otofaciocervical syndrome type 2 (OTFCS2)'* and Nude SCID,"** respectively,
caused by bi-allelic mutations in PAX/ and FOXNI, both genes that encode transcription factors regulating thymus
organogenesis and TEC development and function.! In the absence of NBS for SCID, these PAX1- and FOXN 1-deficient
patients also present syndromic features at birth which can alert to the need for investigating a possible life-threatening
immunodeficiency.”* >’ Additionally, a significant number of SCID patients remain without a genetic diagnosis despite
the expanding access to comprehensive gene panels and next-generation-sequencing (NGS),”® and some of these
genetically undefined patients may suffer from congenital athymia. Overall, it is not uncommon that thymic stromal
cell defects are only suspected after failed immune reconstitution following haematopoietic stem cell transplantation
(HSCT). HSCT outcomes in athymic patients are extremely poor, with a high risk of graft-versus-host-disease (GVHD)
and immune reconstitution in surviving patients solely depending on the transfer of mature donor T-cells.”’ Whilst
a “rescue” thymus transplantation can be attempted,? a second procedure is not always feasible if the patient develops
severe complications after HSCT.*® Timely recognition of congenital athymia, even in genetically undefined T-B+NK+
SCID, is thus necessary to ensure patients receive the correct definitive treatment.>*>' Research assays that allow the ex
vivo study of T-cell differentiation have been proposed as novel tools to assist in distinguishing genetically undefined
thymic stromal cell defects from defects intrinsic to the haematopoietic stem cell.>*>> These assays are based on the co-
culture of CD34+ haematopoietic stem and progenitor cells (HSPC) with murine stromal cell lines expressing the Notch
Delta-like ligand (DLL)-4 in a three-dimensional artificial thymic organoid (ATO).** If HSPCs from a genetically
undefined T-B+NK+ SCID patient show in vitro potential to differentiate into T-cells, a thymic stromal cell defect
should be considered, possibly requiring referral for treatment with thymus transplantation. For genetically undefined
patients referred to GOSH for thymus transplantation, we have used a two-dimensional assay similarly based on the co-
culture of HSPCs and murine stromal cells expressing DLL-1.*> These research assays may however not be readily
accessible and have some limitations, including variable cell yield and seeding efficiency.>*” Additionally, in absence of
a molecular diagnosis, the interpretation of ex-vivo T cell differentiation results should be made with caution if there are
no clinical features suggesting 3rd PP patterning defects, as successful in vitro T-cell differentiation has been reported for
patients with haematopoietic cell-intrinsic defects affecting late T-cell development.**** Even if a (novel) candidate gene
is identified, plausibly underlying a thymic stromal cell defect, uncertainty on the best therapeutic approach can remain
due to the limited data available on disease progression or on treatment outcome if thymus transplantation is completed.
On occasion, an initial “watch and wait” approach is indicated to assess the severity of the disease over time, before
determining the need and type of intervention. This is well illustrated by the recently reported NBS-based identification
of infants with heterozygous FOXNI mutations in whom, despite absent TRECs and profound lymphopaenia at birth,
conservative management seems to be the most appropriate approach with patients rarely suffering significant infections
and T-cell counts increasing and even normalising over time.**-°

Patients with congenital athymia present profound T-cell lymphopaenia with absolute CD3+ T-cell counts below
50x10%L.*° Over time, a significant number of athymic patients develop atypical features due to the oligoclonal
expansion of dysfunctional T-cells which cause an Omenn Syndrome (OS)-like phenotype, with desquamating erythema,
enteropathy, lymphadenopathy and hepatosplenomegaly.* In these patients, T-cell counts will be higher or even normal,
but absent thymic activity is reflected in the negligible TREC levels and the very low proportions of naive CD45RA
+CD27+ (or CD45RA+CD62L+) T-cells and CD45RA+CD31+ recent thymic emigrants, typically below 5% of total
CD4+ T-cells.>*® Early identification through NBS programmes together with NGS facilitates earlier referral for and
treatment with thymus transplantation. Despite protective measures for the prevention of opportunistic infections,
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patients remain susceptible to infections and are at risk of developing OS while awaiting corrective treatment. These two
types of complications make treatment by thymus transplantation more challenging. Infections are associated with
increased mortality before thymus transplantation can be arranged, as well as after thymus transplantation given that
immune reconstitution is slow. As is systematically done in infants with a SCID diagnosis, appropriate recommendations
need to be made regarding breastfeeding depending on maternal CMV status and close monitoring through regular viral
PCRs is required.”*' In athymic patients, CMV and other systemic viral infections can be extremely difficult to control
before and after thymus transplantation whilst awaiting immune reconstitution.”> Therefore, if a matched sibling donor
(MSD) is available, treatment with HCT may lead to a more favourable outcome than proceeding with thymus
transplantation in patients with severe viral infections.**** Additionally, infections can drive inflammatory complications
at the time of early immune reconstitution, as seen in patients with infections including BCG, (vaccine strain) rotavirus
and Norovirus.>** These immune reconstitution inflammatory response-type complications can be life-threatening,
requiring the use of high-dose systemic steroids which significantly compromise developing thymopoiesis. Patients
developing atypical OS-like features before thymus transplantation will require immunosuppression, including
Cyclosporin A (CSA) and, in the days just before the transplantation procedure, lympho-ablative treatment with anti-
thymocyte globulin.*® Overall outcomes after thymus transplantation are similar for patients with and without atypical
features,> but the use of immunosuppression often requires a longer admission in the transplantation centre and the
treatment with CSA needs to be continued after thymus transplantation until thymopoiesis is well established in the
allograft. In summary, every possible effort should be made to proceed with thymus transplantation as soon as feasible,
reducing the overall risk of infections and OS. Early referral and discussion with one of the centres offering this treatment
are important in order to achieve this. It is to be expected, that similar to reported HSCT outcomes in SCID, early

diagnosis and treatment are synonymous with improved clinical outcomes.*°

Treatment Accessibility

Thymus transplantation is currently only offered at Duke University Medical Centre in the USA and GOSH in the UK.
Though tissue preparation and implantation techniques are largely similar in both programmes, there are important
differences when accessing the care pathways. In the USA, thymus transplantation has recently been approved as
a medicinal product by the Food and Drugs Administration (FDA) and is now known as Rethymic® (allogeneic
processed thymus tissue-agdc).** In the UK, the treatment is considered a tissue transplantation, and not a medicinal
product. It remains known as thymus transplantation and is offered through a nationally commissioned transplantation
service, regulated by the UK’s Human Tissue Authority (HTA). Through this process the HTA controls the safe and
ethical use of human tissue and organs and ensures proper consent for use.*® With only two centres, there are challenges
to worldwide accessibility to this treatment, with patients and their families having to travel long distances and across
borders. Nevertheless, the thymus transplantation programme at GOSH has provided treatment and ongoing advice for
patients from more than 40 centres in the UK and Europe, Oceania, the Middle East, India, North and South America
over the last 10+ years (personal communication by the GOSH Thymus Transplantation programme). Despite the UK’s
departure from the European Union (EU) in 2019, thymus transplantation has remained available to EU patients through
continued reciprocal health-care agreements, and treatment has never been declined for funding reasons. For referring
centres outside of the UK and the EU, GOSH offers treatment as international and private care, whereby patients are
funded by their health-care insurance or by country’s health authority or government given that thymus transplantation is
widely recognised as the most appropriate treatment for congenital athymia. Even so, economic and geographical reasons
play a role in limiting awareness of and access to treatment, especially for patients from low- and middle-income
countries who also face barriers in access to specialised immunology centres, early diagnostic testing and essential
therapies.*”*® The programme at GOSH adopts an inclusive policy and the current care pathway remains relatively
affordable, in particular, in comparison with the price for the commercial treatment now on offer in the USA, where the
medicinal product is estimated to cost approximately ten times more than the complete GOSH care package.
Nevertheless, even in high-income countries, economic hurdles in accessing life-saving novel therapies are a growing
concern for patients with rare diseases, especially for those treatments that may not necessarily be workable economically
for commercial manufacturers unless pricing is escalated.**-> Initiatives, bringing together clinicians, researchers, patient
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advocates and commercial partners, to promote sustained accessibility to gene therapies for rare disorders have been

50,51

endorsed by our centre and may also hold valuable lessons for ensuring treatment accessibility for athymic patients.

In part thanks to the ongoing expansion of universal and pilot NBS programmes for SCID across Europe and

elsewhere,>?>°

increasing numbers of athymic patients are being referred to GOSH in consideration for thymus
transplantation.’>>° For example, in the first 2.5 years of universal NBS for SCID in Germany, 7 patients with congenital
athymia have been referred for thymus transplantation,”* whereas in the 10 preceding years we have only treated a total
of 3 patients from Germany (unpublished, GOSH Thymus Transplantation programme). One core rationale for NBS
programmes is to ensure early treatment and given patients with athymic disorders are being equally identified, it is
important that beyond early recognition and initiation of prophylaxis and isolation, we also aim for early corrective
treatment. Most NBS programmes recommend treating SCID patients within 4 months.>” This time frame is not always
achievable for athymic patients, as they often have co-morbidities requiring complex care (see below) in order to achieve
the clinical stability necessary prior to proceeding with thymus transplantation.** To date, the GOSH thymus trans-
plantation programme continues to offer timely treatment, in particular to patients from the UK and Europe, thanks to
a strengthened care pathway.”® Waiting times at GOSH are primarily dependent upon the clinical status of the patients,
with the most stable children often being transplanted well within the SCID recommendation of 4 months.>*>°

In the future, it may be desirable to establish thymus transplantation programmes at additional centres. Whether and
where to do so, however, will need careful consideration based on monitoring of treatment capacity at existing centres,
given that tissue preparation is a very specialised process and patient care is highly complex, both requiring significant
levels of expertise. While there are several renowned Paediatric Immunology centres across Europe, there may be only
one or two athymic children identified every year even in larger European countries,”®>° demonstrating the rareness of
the condition. A thymus transplantation programme requires specialist medical and laboratory staff, and provision of
laboratories and equipment needs to be such that donor tissue is consistently processed according to a strict set of quality
standards. Staff training and maintenance of specialised equipment carry an economic burden, and must be considered,
when analysing whether it is plausible to deliver safe and economically viable care at several sites for such an ultra-rare
cohort of patients. In the USA, the FDA license for Rethymic® is currently restricted to treatment at Duke Medical
Centre only.*> At GOSH, our programme’s capacity and capability are enhanced by the shared use of services, facilities
and personnel with other programmes delivering cell and gene therapies at our site.®* > The delivery and success of the
thymus transplantation programme at GOSH additionally relies on a much wider workforce across sub-specialities with
vital knowledge, skills and experience in caring for patients with such complex conditions. Also essential to our
programme delivery is the presence of a large cardiac surgery department, necessary to ensure continuous access to
donated thymus tissue.

Inborn errors of immunity (IEI) are still going undiagnosed and undertreated across the world.*”**® International
patient organisations such as the International Patient Organisation for Primary Immunodeficiencies (IPOPI), national
primary immunodeficiency charities and patient advocacy groups have a vital role in raising awareness and promoting
a culture of shared learning by providing accurate up to date information, supporting the education of patients, families
and multi-disciplinary clinicians alike.*”****7:%® Such positive partnerships have shown value from the involvement and
engagement of patients and families in both clinical and strategic protocol research and design, with improved patient
opportunity in study design acceptability and recruitment, and also in the dissemination and evaluation of results.®”"°
However, it remains important to implement supportive guidance to safeguard ethical relationships and to manage bias
and incentive for experience.’®’° Surprisingly, even in countries from which patients are being referred for thymus
transplantation, a lack of awareness and access to thymus transplantation has been reported.*® While there is no
registered advocacy group specifically for patients with congenital athymia, patient advocates have independently been
using social media to raise the profile and success of thymus transplantation, often joining up families across geogra-
phical boundaries. The use of social media to raise awareness is not without risk,”""’? however in an ever-changing digital
world, not utilising such resources could be considered a missed opportunity. These platforms provide a space to share
pioneering breakthroughs and innovation in practice, while educating and networking important stakeholders, including
health professionals, policy makers, funders and patient and families.”"”’”> Used correctly, respecting institutional
restrictions and patient confidentiality, they can promote equitable access to information, disseminated from reliable
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and trusted sources. Families with athymic children treated at GOSH have highlighted the lack of patient-focused
resources in Europe providing guidance when considering treatment options for their child and education around acute
and long-term care. Comprehensible leaflets and booklets are known to be an effective method of communicating with

and teaching families’® while empowering them to be partners in decision-making,®”-"*

which is especially important
when families are consenting to novel treatments. A current project involving the families who received thymus
transplantation at GOSH has been undertaken to co-create a digital resource outlining the journey for children receiving
thymus transplantation for congenital athymia at our centre.”> Families have engaged with the clinical nurse specialist of
the thymus transplantation programme to offer their opinion on matters relating to both design and content, and to answer
questions relating to readability and suitability. Engaging patients and families in their care pathways is known to
improve the patient experience with better service design and therapeutic options leading to elevated health and

wellbeing and a health system which is more resourcefully efficient.®”

Complex Care

Athymic infants often have syndromic features, some of which are associated with complex medical and surgical needs,
requiring immediate attention from a variety of specialities. The most common ones in the context of DGS for example
are congenital heart defects (CHD), which may have been diagnosed prenatally and/or become apparent shortly after
birth, breathing and/or feeding difficulties due to anatomical anomalies, and neonatal seizures due to hypocalcaemia.**
As such, the diagnosis of cDGS or congenital athymia is regularly made as a diagnosis within a diagnosis, typically only
recognised after the acute manifestation of these other clinical symptoms. The management of these co-morbidities plays
a fundamental role in the timing of thymus transplantation once congenital athymia has been diagnosed, as clinical
stability is required for safe transfer to the transplantation centre but also for the months after the procedure to facilitate
establishment of thymopoiesis in the allograft. It is therefore essential to attain a stable cardiopulmonary status prior to
proceeding with implantation of the thymic graft to avoid graft failure. In this scenario, it is not uncommon that thymus
transplantation needs to be delayed in athymic patients until after correction of haemodynamically relevant CHD or
upper airway stabilisation. Optimal planning and sequencing of these procedures is best agreed in multi-speciality and
multicentre discussions including the referring clinical team, the thymus transplantation team and appropriate specialists
from both centres to balance the risks related to timing of these procedures against those related to delaying thymus
transplantation and recovery of T-cell immunity. Another pre-requisite for thymus transplantation is sufficient weight
gain, as the thymus tissue is implanted into quadriceps muscle tissue which should not be wasted.? Due to their complex
co-morbidities, athymic patients are frequently at risk of failure to thrive and adequate nutritional and clinical support
measures need to be in place to support weight gain.

In the months following thymus transplantation, all the protective measures remain in place unchanged until
protective levels of immunity slowly develop.* Patients carry on with anti-microbial prophylaxis and social isolation.
This unavoidably limits their access to supportive services, including additional health-care resources, and can impact on
the management of their other complex needs. For example, it is crucial to avoid surgical procedures requiring prolonged
anaesthetics in the months following thymus transplantation and to avoid certain medications until thymopoiesis is well
established in the thymic graft.***7° Systemic steroids in particular will have a negative effect on the developing thymus
tissue. These are standard treatments in the management of respiratory exacerbations in patients with complex airways
problems and for the treatment of autoimmune cytopaenias, in particular autoimmune haemolytic anaemia (AIHA),
which can occur after thymus transplantation.>®’”” Whenever possible, steroid-sparing strategies should be explored until
proof of satisfactory thymic output has been obtained. For patients treated at GOSH, a biopsy procedure at the site of
thymus tissue implantation is typically scheduled at approximately 3 months after transplantation in order to evaluate the

degree of thymopoiesis in the graft™’®

as this can help in therapeutic decision-making should complications arise before
thymic output can be detected in the peripheral blood.

The management of co-morbidities and complications require significant healthcare resource utilization. The US
experience has been well documented with comprehensive guidance for clinicians providing care for children with
syndromic congenital athymia.® The associated heavy economic burden has also been estimated within the American

health system for children receiving supportive care only in the first 3 years of life.”” A comparable burden has been
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reported with many rare diseases in which the nature of their complexity and intense need for supportive health-care
measures create both direct and indirect economic burden.®® Whilst timely curative treatment can reduce the burden of

prolonged supportive care directly related to congenital athymia alone,™*'

many transplanted patients will continue to
have complex health-care needs, requiring specialised and co-ordinated health-care service provision even when
satisfactory T-cell immunity has been attained. Patients with anatomical abnormalities of the respiratory tract and/or
chronic lung damage resulting from pre-transplantation complications often remain at risk of respiratory infections, but
the overall infectious risks will be alleviated after successful thymus transplantation and patients will be able to access
support services more readily. Nevertheless, their medical complexity can be considered to amount to a primary
determinant of unmet needs in society, contributing to disadvantage and burden.®*®* As DGS patients mature, there is

also the additional risk of mental health disorders,* 3¢

84,87,88

which is not always disclosed to families until later in their child’s
development.

As discussed, under the umbrella diagnosis of DGS or other rare syndromes associated with congenital athymia,
patients have multiple diagnoses, and while there are clinical and social support networks focused on the management of
individual specialist areas, for example CHD, hypoparathyroidism, neurodevelopmental delay or autism, they may not be
designed to support a patient with several co-morbidities,* increasing family burden to seek additional support elsewhere
and in some cases, families report feeling the need to fight for services to help their child.®® Advocacy groups specifically
for 22q11.DS or CHARGE syndrome exist but remain sparse and, regardless of geographic location and economic status,
athymic patients and their families do not have access to a singular joined up network of support, therefore creating a gap
in the co-ordinated management and treatment potential for these patients.®” To help mitigate this, clinicians and health-
care providers can offer additional support by partnering with patient advocacy and support networks to increase the
engagement of patients and families in service design, creating the opportunity to learn from real life patient
experience.’’ ®® The European thymus transplantation programme has a dedicated clinical nurse specialist, who acts
as a single point of contact from diagnosis, through admission and ongoing long-term follow up for families. This role
includes patient advocacy and signposting for support services, as well as specialist immunological education and liaison
between teams at GOSH and abroad.

Long-Term Outcomes After Thymus Transplantation and Impact on
Health-Related Quality of Life

While thymus transplantation is recognised as the only known effective, life-saving option for patients with congenital
athymia, limited data are available on long-term immunological outcomes. Mortality most frequently occurs in the
first year after thymus transplantation and is associated with pre-existing infections or infections occurring before
immune reconstitution.” Increase in T-cell counts seems to peak in the second year after thymus transplantation®>
and in a few patients thymic output has been shown to be sustained over several years.” While the US experience
confirms patient survival into adulthood, no detailed clinical and immunological data are available for this cohort beyond
2 years after thymus transplantation.” The European cohort of patients treated at GOSH is younger and patients are yet to
transition into adulthood. Early autoimmune complications after thymus transplantation mainly consist of transient
cytopaenias, including AIHA, thrombocytopaenia and neutropaenia. While there is variability in the evaluation of
treatment-related adverse effects, later and long-term autoimmune manifestations have been reported in a significant
number of patients in both cohorts (2, 3; these publications provide the complete lists of reported adverse effects so far).
This later autoimmunity largely affects the thyroid, which can relatively easily be treated. Other than autoimmune
manifestations, significant late adverse events, such as severe infections or malignancies, have not been reported to
date.>?

Learning from long-term outcomes after HSCT for IEI, it is evident that careful data collection over time is important
in order to recognise late adverse effects and their risk factors.”® Patients treated at GOSH are geographically dispersed
and after thymus transplantation their long-term follow up is managed by their local immunologists. The programme
employs a standardised monitoring protocol advising on which analyses to perform and at what intervals. Some of these
investigations are not routinely performed in most clinical immunology laboratories, such as thymus donor T-cell
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engraftment studies and TREC levels in sorted peripheral T-cells. In an attempt to achieve comprehensive long-term
follow up for this unique and small cohort of patients, the GOSH thymus transplantation team and most local centres
have continued to closely collaborate. Nevertheless, consistent measuring of immunological and clinical parameters,
including adverse events and quality of life, can prove challenging and can falter over time, particularly if post-
transplantation patients are considered to be well and thriving.

More accurate long-term follow up data could be achieved by creating a registry for congenital athymia. Registries
are well recognised as an innovative and patient-centred method to improve pattern recognition, diagnostics, medical
treatments, and service design.*”**:*>°!-2 National and international registries exist for IEI and have proven to be
extremely valuable for sharing information, learning from multicentre experience and improving overall clinical practice
in order to optimise outcomes for this group of rare disorders.”>°® Within IEI registries, congenital athymia does not
feature as its own entity in any current version, making it difficult to establish prevalence and missing the opportunity to
profile details specific to this cohort. Publications presenting patients with congenital athymia mainly relate to treatment
outcomes; however, in our experience, there is an unreported cohort of infants who are referred but do not make it to
transplantation for a variety of reasons, including uncontrollable infection or a decision to treat with palliation only due to
severe co-morbidities. A dedicated registry for athymic patients, who are underrepresented and geographically spread,
would provide a convenient, cost-effective, easily accessible documentation tool, with which to build a central foundation
to further understanding this disease, its progression and comprehensively record outcomes after thymus transplantation.

Development of a registry is not without challenges, including restricted funding, multi-professional training,
harmonisation of protocols and purpose, scientific methods and data structures, sustainability, transparency, and quality
assurance.*®*>?” However, we believe with the growing recognition of congenital athymia and thymus transplantation
treatment, interest and support for a central reference hub will be well supported by the international network of teams
caring for these patients and by their families. Extensive collection and analysis of uniform data sets before and after
thymus transplantation, including long-term clinical results, will undoubtedly contribute to optimising treatment mod-
alities, monitoring and overall outcomes for athymic patients. Examples of excellent use of registries have been reported
in other disciplines.”®® Health services are poorly designed to cope with increasing populations of complex patients with
multiple chronic health and social care needs, such as 22q11DS,*” comprehensive analysis of registry data would have
the capacity to pre-empt care needs and costs. A registry may also promote unified working within the wider multi-
specialist teams to view the child as a whole and not as a patient with multiple differing system disorders, benefiting
a smoother transition of patients with congenital athymia and syndromic health needs to adult health services.
Establishing long term, consistent follow up care for athymic patients into adulthood across multiple specialities is
key to maximising health potential and reducing familial and economic burdens.®

Understanding the impact of rare diseases on a patient’s physical, emotional, and psychosocial development, with
subjective perspective, cannot be fully captured through studying mortality and morbidity data alone. Incorporating QOL
measurements is becoming increasingly recognised as an essential component to holistic investigation, leading to
meaningful discussions between patients, families and their health-care providers when evaluating and planning treat-
ments and interventions.'°"'°! Children living with an IEI, who have not received curative treatment, report consistently
lower health-related QOL (HRQOL) than healthy children,'%*'% and children with comparable chronic conditions.'**
197 Life for children with DGS, often examined in the context of the family unit due to developmental difficulties, is on
a parallel®>®*'%® with increased challenges associated with the severity of symptoms, interventions required and paucity
of support systems available.*® Collectively, this suggests that syndromic patients with congenital athymia are expected
to experience poorer HRQOL than their healthy peers. One initial study indeed reports that athymic children, receiving
supportive care only, face significant burden across all HRQOL domains, resulting in lower HRQOL scores.®’ HRQOL
has not been explored for patients with congenital athymia who received thymus transplantation and the patients’ and
their families’ lived experience following thymus transplantation is not reflected in published data. To understand how
this burden is affected after corrective treatment from a patient-reported perspective, we suggest that HRQOL data is
collected alongside physical health reviews, subsequent to utilising patient advocacy groups in instrument design.® By

providing a unique insight into patient and family lived experience, this knowledge would have the potential to enhance
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and strengthen patient care by improving shared decision-making and offering opportunities for appropriate protective

and preventative interventions, as reported by the patient and their families.®'%°

Translational Research

Thymus transplantation using cultured, postnatal donor thymus tissue has been undertaken without significant changes
over the past decades. It is evident that alongside comprehensive analysis of outcome data for patients having received
thymus transplantation, translational research is crucial for improving the current treatment modalities and for developing
new treatment strategies.’ Better understanding of the mechanisms by which allogeneic thymus transplantation supports
thymopoiesis in the absence of tissue type matching between recipient and donor remains is essential. In normal thymus
tissue, developing T-cell progenitors or thymocytes that have successfully rearranged their TCR are positively selected
and migrate from the thymic cortex into the medulla, where their TCR specificities are tested against tissue-restricted
self-antigens (TRSA) which are promiscuously expressed by medullary TEC." Evidence from murine studies suggests
that negative selection may also be mediated by expression of TRSA on cells of haematopoietic origin, particularly
dendritic cells.'®''% This interaction results in the negative selection or elimination of thymocytes carrying TCR that
strongly recognise self-antigens, while those with TCR with intermediate affinity for self-antigens differentiate into
regulatory T-cells. Upon completion of this developmental programme, thymocytes with low affinity for self-antigens
mature into functional, self-tolerant T-cells. The thymic allograft can successfully educate recipient T-cells towards

tolerance to self and donor tissues''*'!?

and the role of recipient-derived cells of haematopoietic origin in negative
selection may be important here. Nevertheless, it is to be expected that the preparatory pre-implantation tissue culture
together with the lack of tissue type matching may impair lympho-stromal crosstalk in the graft, perhaps explaining the
suboptimal recovery of T-cell immunity and relatively common autoimmune manifestations after thymus
transplantation.” The increasing application of genomic and transcriptomic approaches to biological samples may be

of use here to decipher cellular heterogeneity and cell-cell interactions,''**''*

and patients treated at GOSH are given the
opportunity to participate in research. In theory, partial tissue type matching may improve outcomes after thymus
transplantation, as SCID patients treated by haploidentical HSCT develop normal T-cell numbers and do not suffer
significant autoimmune complications.''> Achieving partial tissue type matching would necessitate the creation of
a biobank for thymus tissue upon confirmation that cryopreserved tissue is equally capable of supporting thymopoiesis.
In a mouse model of thymus transplantation, it was demonstrated that previously cryopreserved human thymus tissue can
support mouse T-cell development.''® Histological assessment of cultured, previously frozen thymus slices shows that
viable thymic epithelium is retained upon thawing.''” Compared to the current use of fresh cultured thymus tissue for
implantation, which requires rapid transfer of the recipient to the transplantation centre upon tissue collection, the use of
cryopreserved tissue would make it possible to proceed following a more predictable treatment schedule, simplifying the
logistics at the referring centre and at the transplantation site, as well as for the patients’ families.

Whilst the use of cultured postnatal thymus tissue is likely to remain the standard treatment for athymic patients for
years to come, increasing levels of research are being dedicated to developing alternative approaches for thymus
replacement therapy.” Re-aggregate thymus organ cultures (RTOCs) using murine stromal cells have been developed
and have been shown to support T-cell differentiation ex vivo, as well as in vivo upon transplantation into athymic
mice.>* These artificial thymic organoids using murine stroma are relatively small and are not suitable for clinical
translation for the treatment of congenital athymia. In normal thymus tissue, TECs are arranged within a complex three-
dimensional (3D) environment supported by the extracellular matrix (ECM), which is important for their function.''® The
ECM proteins, such as collagen, are produced by mesenchymal cells. Recent studies in a Tbx1-deficient murine model
suggest that thymic hypoplasia and aplasia in 22q11.2DS (and possibly in other thymic stromal cell defects) are due to
mesenchymal cell defects and can be corrected by mesenchymal cell replacement.!'® Novel tools have been developed
for delivery of thymic stromal cells in a more appropriate 3D structure than the one achieved in RTOCs by using artificial

collagen scaffolds'?’ 121,122

and decellularized thymuses from rodents, yet both approaches are still not applicable in
a translational setting.’ A significant breakthrough towards successful human thymus tissue engineering has been reached
recently by the optimisation of a whole-organ perfusion system facilitating the retrieval of decellularized ECM from

human thymuses, which has been shown to enable reorganisation of expanded human TECs into recognizable thymic
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Figure | Optimising outcomes for patients with congenital athymia: Diagram reflecting the layering of patient-centred practical guidance to systematically and
comprehensively address the challenges encountered and unmet needs experienced by athymic patients.

stroma and to support thymopoiesis ex vivo and in vitro.'** In the future, such an artificial scaffold may also make it
possible to deliver gene-corrected TECs and other stromal cells differentiated from patient-derived induced pluripotent
stem cells (iPSCs). While iPSC-based differentiation protocols'**'** need further optimisation for the generation of
functional, mature iTECs able to support thymopoiesis, this is an exciting future avenue for autologous thymus tissue
replacement which could reduce the incidence of autoimmune manifestations after thymus transplantation.” Currently,
these novel tools such as RTOCs and iTECs already play an important role in disease modelling and characterisation of

19,22,32,33

novel thymic stromal cell defects, with direct benefits in the current diagnostic and therapeutic management of

athymic patients.

Conclusion

Congenital athymia is a rare, life-threatening disease. Thymus transplantation using postnatal, cultured donor thymus tissue
is a life-saving procedure which is recognised as the best treatment for congenital athymia. In this review, we have discussed
hurdles leading to unmet needs for athymic patients and have proposed practical guidance to overcoming these (summarised
in Figure 1). We have done so based on our experience at GOSH, which has established a successful thymus transplantation
programme providing this essential care in Europe. Improving early diagnosis of congenital athymia is the first step toward
improving outcomes for athymic patients. NBS for SCID and T-cell lymphopaenia increasingly makes early referral for
thymus transplantation possible, but further efforts are required to accelerate the identification of novel genetic aetiologies.
While this specialised treatment is only available in two centres worldwide, limited awareness of the European Thymus
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Transplantation programme and its inclusive referral process further restrict timely treatment for this rare disease, high-
lighting the need to strengthen avenues of communication across specialities and international centres. Detailed recording of
outcomes after thymus transplantation, integrating the patients’ immunological results, as well as data relating to their co-
morbidities and HRQOL, is crucial for the adequate identification of risks and challenges that need to be tackled through
high-quality patient-centred care delivered in partnership with patients, families and patient organisations, in parallel to
clinical and translational research aiming at improving outcomes for patients with congenital athymia.
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