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A B S T R A C T

Persistent selective T-lymphocytopenia is found both in SCID and congenital athymia. Without molecular 
diagnosis, it is challenging to determine whether HCT or thymus transplantation ought to be performed. Ex vivo 
T-lymphopoiesis assays have been proposed to assist clinical decision-making for genetically undefined patients. 
We investigated 20 T-lymphocytopenic patients, including 13 patients awaiting first-line treatment and 7 pa
tients with failed immune reconstitution after previous HCT or thymus transplantation. Whilst developmental 
blocks in ex vivo T-lymphopoiesis indicated hematopoietic cell-intrinsic defects, successful T-lymphocyte dif
ferentiation required careful interpretation, in conjunction with clinical status, immunophenotyping, and genetic 
investigations. Of the 20 patients, 13 proceeded to treatment, with successful immune reconstitution observed in 
4 of the 6 patients post-HCT and 4 of the 7 patients after thymus transplantation, the latter including two patients 
who had previously undergone HCT. Whilst further validation and standardization are required, we conclude 
that assessing ex vivo T-lymphopoiesis during the diagnostic pathway for genetically undefined T-lymphocyto
penia improves patient outcomes by facilitating corrective treatment choice.

1. Introduction

Severe combined immunodeficiency (SCID) is due to a heteroge
neous group of inborn errors of immunity (IEI) resulting in impaired or 
absent differentiation of hematopoietic progenitors into mature lym
phocytes with severe T-lymphocytopenia and variable counts of B and 
natural killer (NK) lymphocytes [1]. To date at least 19 monogenic de
fects underlying SCID have been described [2], predisposing to life- 
threatening infections, immune dysregulation and failure to thrive 
during infancy [1]. SCID patients require corrective treatment, most 
commonly with hematopoietic cell transplantation (HCT) [3,4]. Tar
geted treatments, such as enzyme replacement treatment or gene ther
apy, are available for a number of disorders [5,6]. SCID infants are 
increasingly diagnosed shortly after birth thanks to newborn screening 
(NBS) programmes based on T-lymphocyte receptor excision circles 
(TREC) quantification in routinely collected dried blood spots [7–9], 
with superior outcomes post-HCT compared to patients identified after 
developing clinical complications [4,10]. TREC-based NBS also iden
tifies infants with non-SCID persistent T-lymphocytopenia, including 
patients with congenital athymia [11,12]. Whilst athymia is most 
commonly associated with 22q11.2 deletion syndrome (22q11.2DS) or 
CHARGE syndrome, it has also been identified in other rare IEI due to 
monogenic defects or following in utero exposure to teratogenic agents 
[13]. Athymic infants have a T-lymphocyte negative, B-lymphocyte 
positive, NK lymphocyte positive (T-B+NK+) immunophenotype and 
often have co-morbidities with variable syndromic features depending 
on the underlying disorder [13–15]. Left untreated, athymia is a life- 
limiting condition. These patients require treatment with thymus 
transplantation rather than HCT [16–18].

Genetic testing of infants with persistent, severe T-lymphocytopenia 
is crucial to determine a molecular diagnosis prior to corrective treat
ment [19]. This reduces clinical uncertainty, facilitates family counsel
ling and improves outcomes [20,21]. Whilst clinical next-generation- 
sequencing (NGS) platforms with short turnaround times and array 
comparative genomic hybridization (aCGH) are rapidly becoming more 
available [22–24], a significant proportion of infants remain genetically 
undefined [11,12,24]. This represents an important therapeutic 
dilemma for clinicians [9,25–27], as their T-lymphocytopenia may 

either result from a hematopoietic cell-intrinsic defect requiring treat
ment with HCT, or from an athymic defect requiring thymus trans
plantation. The use of research assays to test the intrinsic ability of 
patient hematopoietic stem and progenitor cells (HSPC) to develop into 
T-lymphocytes ex vivo has been proposed as a tool to assist therapeutic 
decision-making [27–29], but their application in this clinical setting 
has not been reported yet [9]. We report here on clinical outcomes after 
the use of these assays to help determine the most appropriate thera
peutic management, HCT or thymus transplantation, in 20 T-lympho
cytopenic patients. Based on our clinical experience, we further define 
their role in the diagnostic pathway for SCID and profound, persistent T- 
lymphocytopenia.

2. Materials and methods

2.1. Patient inclusion and sampling

After completion of comprehensive immunological and genetic as
sessments [19], 20 T-lymphocytopenic patients were referred to Great 
Ormond Street Hospital (GOSH) in London, United Kingdom between 
01/2019 and 08/2024 for additional investigations to provide a ratio
nale for their therapeutic management with either HCT or thymus 
transplantation. Ethical research approval was obtained from the Lon
don Bloomsbury Research Ethics Committee (REC 06/Q0508/16, REC 
07/Q0508/43) and Newcastle and North Tyneside 1 Research Ethics 
Committee (REC 20/NE/0044). Written informed consent was obtained 
and clinical data anonymised. Mononuclear cells were isolated by Ficoll- 
Paque density gradient centrifugation from bone marrow (BM) aspirate 
and/or peripheral blood (PB) samples. If an assay could not be started 
immediately, cells were cryopreserved in fetal bovine serum (FBS) with 
10 % dimethyl sulfoxide. Patient CD34+CD45dimCD3− HSPC were iso
lated by fluorescence-activated cell sorting (FACS) on the BD FACSA
ria™ Cell Sorter [30] (Supplementary Fig. 1A-B). CD34+ HSPC were 
immunomagnetically isolated from control cord blood (CB) and from 
adult control mobilised peripheral blood (mPB); their purity was 
confirmed by flow cytometry (Supplementary Fig. 1C). Patient charac
teristics at referral are detailed in Supplementary materials and 
methods, and summarized in Table 1. In brief, 11/20 patients were 
identified through NBS and 12/20 patients displayed syndromic features 
overlapping with known thymic stromal cell defects. 5/20 and 2/20 
patients had previously been treated with HCT or thymus 1 These authors contributed equally.
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transplantation respectively, yet failed to show signs of immune 
reconstitution.

2.2. Ex vivo T-lymphocyte differentiation

Control and patient HSPC were co-cultured ex vivo for 6–8 weeks 
with genetically modified murine OP9 or MS5 stromal cell lines 
expressing the human Notch ligand Delta-like ligand 1 (hDLL1), 
respectively in a monolayer two-dimensional (2D) assay [31] or in three- 
dimensional (3D) assay in artificial thymic organoids (ATO) [32] in one 
of three collaborating laboratories. Assay choice was determined by 
available research resources. Every other week, differentiating he
matopoietic cells were harvested to determine their differentiation sta
tus by flow cytometry. At each time point, at least 2 replicates for 2D and 
2–8 ATOs for 3D co-cultures were assessed depending on initial CD34+

cell counts. Differentiating cells were stained for 30 minutes in BD FACS 
staining buffer with two different antibody mixes to detect cell surface 
markers characterizing early and late stages of T-lymphopoiesis (Sup
plementary Table 1). Depending on the laboratory performing the assay, 
samples were acquired on BD FACSymphony™, BD LSRFortessa™ or 
Beckmann Coulter Gallios™ cell analysers. CountBright™ Absolute 
Counting Beads were added to determine absolute cell counts from 3D 
co-cultures. Flow data analysis was done using FlowJo 10.9.0. Individ
ual gating strategies for both assays are shown in Supplementary Figs. 2 
and 3. If sufficient differentiating cells were available at co-culture end, 
DNA was extracted from bulk differentiating cells for TREC analysis [33] 

or from sorted CD3+ cells for chimerism analysis [34]. The source in
formation for all antibodies, reagents and cell lines used is shown in 
Supplementary Table 2. Descriptive statistical analyses were performed 
using SPSS version 29, and figures were generated using GraphPad 
Prism version 8.0.

3. Results

Bone marrow-derived CD34+ progenitors undergoing T-lineage 
specification in the thymus express CD7 and CD5 cell surface markers, 
followed by upregulation of CD1a at T-lineage commitment. Immature 
single positive CD4+CD8− cells which are precursors to both αβ and γδ T- 
lymphocyte lineages, undergo β selection to become CD3− CD4+CD8+

double positive (DP) cells and finally CD3+CD4+ and CD3+CD8+ T-cell 
receptor (TCR)-expressing single positive (SP) T-lymphocytes [35–37]. 
These in vivo differentiation stages can be recapitulated ex vivo using the 
2D and 3D assays, in which developmental blocks are associated with 
HC-intrinsic SCID defects and ex vivo generation of mature T-lympho
cytes is preserved in HC-extrinsic athymic defects [28,29,31]. As 
detailed below, in comparison with HSPC from healthy donors (HD) 
(Supplementary Fig. 4 A), we identified 5 patients with developmental 
blocks ex vivo (P1-P5) and 8 patients with successful differentiation ex 
vivo of TCR-expressing cells (P6-P13). We also investigated 7 patients 
with failed immune reconstitution after previous HCT or thymus 
transplantation (P14-P20). 10/20 patients were assessed with the 2D 
assay and 11/20 patients with the 3D assay with one patient (P10) 

Table 1 
Clinical presentation at referral:

Age 
(m)

Initial presentation Co-morbidities and syndromic features Immunophenotyping

CD3+/CD4+/CD8+

(cells/μl)
%nCD4+

(% of 
CD4+)

P1 5 Failure to thrive, PJP, transaminitis None 0/0/0 0.0 %
P2 2 NBS CHD, dysmorphic facies, jejunal atresia 93/53/12 14.0 %
P3 7 Respiratory infections Feeding difficulties 140/110/30 6.0 %
P4 1 NBS None 190/60/90 5.0 %
P5 1 NBS Jejunal atresia 80/60/20 33.0 %§

P6 1 NBS Low set ears, genital abnormalities 80/70/10 10.0 %
P7 1 NBS Hypoparathyroidism, CHD, 

dysmorphic facies
1240/1020/120 1.8 %

P8 2 Omenn-like features Hypoparathyroidism, CHD, 
dysmorphic facies

460/430/40 0.5 %

P9 5 BCGosis Hypoparathyroidism, hyperinsulinism 50/50/0 0.0 %
P10 4.5 PJP Hypoparathyroidism, dysmorphic facies 60/60/0 0.6 %
P11 1 NBS Hypoparathyroidism, CHD, dysmorphic facies, butterfly 

vertebrae, hemivertebrae
60/30/20 0.0 %

P12 14 NBS (lost to follow up), 
persistent lymphadenopathy

None 350/50/260 25.0 %

P13 1 NBS None 370/240/60 10.0 %
P14 2 Omenn-like features, 

respiratory infections
Cleft palate Post-HCT (WB: 100 %): 

400/130/240
1.3 %

P15 150 Post-HCT, lymphoma None Post-HCT (WB: 100 %): 
410/330/30

1.6 %

P16 17 Post-HCT*, EBV viraemia Cleft palate, dysmorphic facies Post-HCT (WB: 40 %, 
T:100 %): 
440/120/130

1.8 %

P17 24 Post-HCT, Omenn-like features, CMV viremia, 
failure to thrive

Nail dystrophy Post-HCT (WB: 29 %, T: 95 
%): 
460/50/130

1.5 %

P18 5 Post-HCT, Omenn-like features Feeding difficulties Post-HCT (WB: 2 %, T: 36 
%): 
0/0/0&

0.0 %

P19 22 Post-thymus transplantation*, CMV viraemia Hypoparathyroidism, 
CHD dysmorphic facies

Post-thymus 
transplantation: 
1260/350/180

3.8 %

P20 32 Post-thymus transplantation*, respiratory 
infections

Hypoparathyroidism Post-thymus 
transplantation: 
300/230/30

12.6 %

Naïve nCD4+ T-lymphocytes: CD4+CD45RA+CD27+ but § CD4+ recent thymic emigrants: CD4+CD45RA+CD31+; * Initially identified through NBS; WB: whole blood 
donor chimerism, T: CD3+ lineage donor chimerism; & under immunosuppressive treatment.
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assessed using both assays; results are shown in Fig. 1. We also show 
representative flow plots for 9 selected patients, using either assay, in 
order to illustrate different clinical scenarios (Figs. 2–4, Supplementary 
Fig. 4 B–C).

3.1. Identification of developmental blocks in ex vivo T-lymphocyte 
differentiation

Using the 2D assay, we identified ex vivo developmental blocks at 
different stages of T-lymphopoiesis in 3 patients (P1-P3) (Fig. 1A). 
Compared to HD HSPC, differentiation of P1 HSPC resulted in low 
proportions of CD7+CD5+ and CD7+CD1a+ lymphoid progenitors with 
no further differentiation into CD4+CD8+ DP and TCR-expressing cells. 
P2 HSPC also differentiated into CD7+CD5+ and CD7+CD1a+ lymphoid 
progenitors (Fig. 2A), but unlike HD-derived HSPC, they only generated 
small proportions of DP cells, with no progression into TCR-expressing 
cells after 6 weeks of co-culture (Fig. 2B). The 2D co-culture of P3 
HSPC generated DP and CD3+ cells but only few TCR-expressing cells 
were identified. Using the 3D assay, we identified early developmental 
blocks in an additional 2 patients (P4-P5) (Fig. 1B). Compared to HD 
HSPC, co-cultured P4 HSPC acquired less expression of early T-lineage 
differentiation markers (Fig. 2C). Similarly, P5 HSPC did not differen
tiate beyond CD7+CD1a+-expressing cells. These ex vivo differentiation 
results suggest hematopoietic cell-intrinsic defects in P1-P5.

3.2. Successful differentiation ex vivo of CD3+ TCR-expressing cells in 
patients awaiting first-line treatment

Similar to HD HSPC, we observed successful differentiation ex vivo 
into CD3+ TCR-expressing cells for 8 patients awaiting first-line treat
ment (hereafter P6-P13). P6-P13 HSPC differentiated into DP cells with 
progression into TCRαβ+ and TCRγδ+ CD3+ cells (Fig. 1). For P6-P10, we 
investigated ex vivo T-lymphopoiesis using 2D co-cultures. For P6-P9, we 
observed distinct populations of TCR-expressing CD3+ cells, comparable 
to proportions seen in HD (Fig. 1A); illustrative plots are shown for P6 
(Fig. 3A). Whilst significant proportions of CD3+ cells were detected for 
P10, there were very few TCRαβ-expressing cells and the expression of 
TCRγδ was not assessed (Fig. 1A and Supplementary Fig. 4 B). We set up 
a 3D co-culture for P10, and here detected ex vivo generation of TCR- 
expressing cells (Fig. 1B and Supplementary Fig. 4 C), as overall 3D 
co-cultures achieve more efficient T-lymphopoiesis than 2D ones (Sup
plementary Fig. 4 A) [29]. Co-cultures were also performed in ATOs for 
P11-P13. In all 3 patients, we show ex vivo generation of CD3+ TCR+

cells (Fig. 1B). For P12 and P13, both BM-derived and unmobilized PB- 
derived HSPC were isolated, and showed similar ex vivo differentiation 
results (Fig. 1B); illustrative plots are shown for P12 (Fig. 3B). By 
showing comparable TREC counts from patient co-cultures to those from 
HD (Fig. 1C), we further confirmed successful ex vivo T-lymphopoiesis in 
these patients. The results for P6-P13 HSPC demonstrate their intrinsic 
capacity to differentiate ex vivo into T-lymphocytes, suggesting possible 
thymic stromal cell-intrinsic defects.

3.3. Assessment of ex vivo T-lymphopoiesis in patients with failed immune 
reconstitution

The remaining 7 patients, hereafter P14-P20, were assessed because 
of failed reconstitution of T-lymphocyte immunity after they received 
first-line treatment either with HCT for genetically undefined suspected 
SCID (P14-P18) or with thymus transplantation for athymia due to 
microdeletions on 22q11.2 or 2p11.2 (P19 and P20 respectively) 
(Table 1). The HSPC from P14 and P15, both post-HCT patients with full 
donor engraftment, were assessed using the 2D assay (Fig. 1A). Distinct 
populations of DP cells were seen for both patients, but TCR-expressing 
CD3+ cells, comparable to HD co-cultures, were only detected in P14 co- 
cultures (Fig. 1A and Fig. 4A), with the co-cultures of P15 discontinued 
after 6 weeks. P16-P20 co-cultures were analysed using the 3D assay 

(Fig. 1B). All patient co-cultures showed differentiation of CD3+TCR+

cells in varying proportions compared to their respective HD co-culture 
(Figure1B). Whilst unmobilized PB samples were collected and pro
cessed for all 5 patients, isolation of sufficient PB-derived HSPC to 
generate multiple ATOs was only possible for P16 (3 ATOs) and P20 (10 
ATOs). For P16-P19, more ATOs (>24/sample) were generated using 
BM-derived HSPC. The 3D co-cultures of BM-derived HSPC from P16- 
P18 generated CD3+ cells with comparable proportions to HD co- 
cultures (Fig. 1B) and comparable TREC counts (Fig. 1C). Given the 
patients’ mixed whole blood chimerism in vivo post-HCT (Table 1), we 
FACS-isolated CD3+ cells at the end of the patient co-cultures (Fig. 4B) 
and demonstrated ex vivo mixed CD3+ cell chimerism, with 85 %, >50 % 
and 100 % recipient-derived cells respectively, confirming the intrinsic 
capacity of P16-P18 HSPC to differentiate into CD3+ cells. For P19 and 
P20, both without any signs of thymic output at more than one year post- 
thymus transplantation (Table 1), we assessed the ex vivo differentiation 
potential of their HSPC before considering a second thymus trans
plantation procedure. We observed ex vivo generation of CD3+TCR+

cells for both patients (Fig. 1B). Compared to the HD, the proportions of 
CD3+ cells were lower for P19, but TREC counts were comparable 
(Fig. 1C). Overall, these data suggest possible thymic stromal cell defects 
in P14-P18, and exclude the likelihood of contributing hematopoietic 
cell-intrinsic defects in P19 and P20.

3.4. Therapeutic management and treatment outcomes

Multidisciplinary meetings, including the referring clinicians, pedi
atric HCT specialists and the GOSH Thymus Transplantation team, were 
organized to discuss the patients’ clinical status, clinical features, 
immunophenotyping, genetic testing and ex vivo T-lymphopoiesis re
sults to determine consensus treatment plans. Treatment plans and pa
tient outcomes are summarized in Table 2. For P1, P2, P4 and P5, in 
whom various hematopoietic cell-intrinsic developmental blocks were 
identified unambiguously ex vivo (Fig. 1), the recommendation was to 
proceed with HCT. With a median time from referral to treatment (RTT) 
of 3 months (m) (range: 2.2–3.6 m; SD: 0.6 m), these patients were 
treated with HCT in their respective centres. P1, P4 and P5 were treated 
with HCT from matched unrelated donors at 10, 4 and 6 m of age 
respectively, and P2 received a haploidentical HCT at 8 m. P1 died 2 m 
post-HCT due to idiopathic pneumonia syndrome. The other 3 patients 
(P2, P4 and P5) are alive and well, showing good immune reconstitution 
at 6 m post-HCT, with 100 % donor engraftment. All three surviving 
patients demonstrate good thymic output post-HCT with proportions of 
naïve CD4+CD45RA+CD27+ (nCD4+) T-lymphocytes between 45 % and 
85 % of CD4+ T-lymphocytes (Table 2). For P3, the 2D co-cultures 
generated good proportions of DP T-lymphocytes, but only low pro
portions of CD3+ T-lymphocytes with poor TCR expression (Fig. 1A). 
Given the variability and low efficiency of ex vivo generation of mature 
T-lymphocytes in the 2D assay (Supplementary Fig. 4 A) [29], some 
uncertainty remained in regard to the accuracy of the assay’s result for 
this patient. Following a research-based analysis of trio whole-genome- 
sequencing (WGS) data, a novel T-lymphocyte defect was identified due 
to a dominant negative ITPR3 variant [38] and the patient received a 
HCT from a matched sibling donor at 33 m of age. P3 is now 2 years post- 
HCT with good recovery of T-lymphocyte immunity including good 
proportions of nCD4+ T-lymphocytes (Table 2).

P6-P13 all showed successful differentiation into TCR-expressing 
CD3+ cells ex vivo (Fig. 1). Except for P12 and P13, they all displayed 
syndromic features overlapping with 22q11.2DS [13], specifically con
otruncal congenital heart disease (CHD) (P7, P8, P11), primary hypo
parathyroidism (P7-P11), and facial dysmorphisms (P6-P8, P10, P11) 
(Table 1). Before completion of the co-culture assay, aCGH results for P6 
identified a microdeletion at 2p11.2, consistent with a thymic stromal 
cell defect [39]. The patient was immediately referred for thymus 
transplantation, and received treatment at 3.5 m of age. P6 is now one 
year post-thymus transplantation and repeated immunophenotyping has 
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Fig. 1. Investigating ex vivo T-lymphocyte differentiation potential in HSPC from 20 T-lymphocytopenic patients. Histograms show the ratios for average 
proportions of CD7+CD5+ and CD7+CD1a+ progenitors, CD4+CD8+ double positive (DP) cells and CD3+ cells expressing TCRαβ or TCRγδ within live CD45+ cells in 
patients versus their respective controls, in 2D co-cultures (A) and 3D co-cultures (B). The dashed line indicates a ratio of 1. Black is used for BM-derived patient 
samples and grey for PB-derived ones. The controls are CB-derived, except when * indicates use of mPB. TREC counts (TREC/106 cells) from ex vivo differentiated 
cells in 3D co-cultures are shown in patients versus their respective controls at the end of co-culture (C).

Z.M. Golwala et al.                                                                                                                                                                                                                             Clinical Immunology 274 (2025) 110453 

5 

Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en mayo 14, 
2025. Para uso personal exclusivamente. No se permiten otros usos sin autorización. Copyright ©2025. Elsevier Inc. Todos los derechos reservados.



not yet shown increasing T-lymphocyte counts (Table 2). Delayed thy
mopoiesis is possibly due to an acute human herpes virus 6 (HHV6) 
infection. P11 was born to a mother with a history of poorly controlled 
diabetes, which has been associated with in utero toxicity occasionally 
underlying thymic hypoplasia [16,40–42]. This patient had CHD, hy
poparathyroidism and vertebral malformations, which have previously 
been described in this condition [40–42]. Based on these findings, P11 
underwent thymus transplantation 7 m ago and is being monitored 
closely for signs of thymic output. In parallel, co-culture assays were 

completed, showing that P6 and P11 HSPC could differentiate ex vivo 
into CD3+TCR+ cells (Fig. 1 and Fig. 3A).

The other 6 patients remained without a molecular diagnosis upon 
completion of the co-culture assays. P7, P8 and P10 were referred for 
thymus transplantation based on the demonstration of successful T- 
lymphopoiesis ex vivo (Fig. 1) and their syndromic features (Table 1). 
They received treatment at 6 m, 7 m and 8 m old with a RTT of 3.4 m 
(range: 2.8–3.7 m; SD 0.5 m). For P7 and P10, evidence of thymic output 
with proportions of nCD4+ T-lymphocytes above 10 % was first seen at 

Fig. 2. Ex vivo differentiation of HSPC revealing developmental blocks in genetically undefined T-lymphocytopenic patients. Flow plots showing pro
portions of differentiating patient- and healthy donor-derived cells expressing early differentiation surface markers CD7, CD5 and CD1a (A, C), and late differen
tiation markers CD4, CD8, CD3, TCRαβ and TCRγδ (B), respectively at 4 weeks and at 6–8 weeks of co-culture. All events displayed are gated on single cells, negative 
for DAPI and positive for CD45. HD healthy donor: CB cord blood or mPB mobilised peripheral blood; P patient: BM bone marrow; 2D two-dimensional and 3D three- 
dimensional assay.
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6 m and 13 m post-transplantation respectively. P10 is more than 3 years 
post-treatment and is clinically well with subnormal T-lymphocyte 
counts (Table 2), which is common after thymus transplantation 
[16,17]. P7 is now 16 m post-thymus transplantation and has good T- 
lymphocyte counts with normal proportions of nCD4+ T-lymphocytes 
(Table 2). P8 died 9 m after thymus transplantation due to disseminated 
cytomegalovirus (CMV) disease before achieving immune reconstitution 
[11]. P9’s co-culture results (Fig. 1A) and syndromic features (Table 1) 
also suggested a possible thymic stromal cell defect, but the patient was 
not a suitable candidate for thymus transplantation due to ongoing long- 
term immunosuppression in an attempt to control Bacillus Calmette- 
Guerin (BCG)-driven hyperinflammation, and died from multi-organ 
failure before a rescue HCT could be attempted. P12 and P13 HSPC 
also differentiated into DP and CD3+TCR+ cells ex vivo (Fig. 1B), but 
neither patient displayed syndromic features overlapping with known 
thymic stromal cell defects (Table 1). In absence of syndromic features, 
possible hematopoietic cell-intrinsic defects, in particular affecting late 
T-lymphocyte development and function, continue to be considered. 
Further genetic investigations are ongoing, whilst the patients are being 
closely monitored. Increasing T-lymphocyte counts have been observed 

in P13, with 65 % nCD4+ T-lymphocytes at last follow up.
Congenital athymia was considered as a possible diagnosis in P14- 

P18 because of failed immune reconstitution after HCT in infancy for 
suspected SCID without genetic diagnosis (Table 1). Their ex vivo T- 
lymphopoiesis results were consistent with possible thymic stromal cell 
defects and 2/5 patients displayed overlapping clinical features with 
22q11.2DS, specifically cleft palate (P14, P16) and facial dysmorphism 
(P16) (Table 1). Three patients with 95–100 % donor T-lymphocyte 
chimerism in vivo (P14, P16, P17) +/− syndromic features (P14 and 
P16), were offered treatment with thymus transplantation (Table 2). 
P14 is now 6 years old and is 4 years post-transplantation with modest 
recovery of T-lymphocyte immunity and low but stable thymic output 
(Table 2). Social isolation has been discontinued, but given the low T- 
lymphocyte counts, they remain on immunoglobulin replacement 
therapy (IgRT) and antimicrobial prophylaxis. P16 acquired Epstein 
Barr virus (EBV) 6 months after HCT. The patient underwent thymus 
transplantation at 22 months old after completing a course of Rituximab, 
and is now 6 m post-thymus transplantation with significant increase in 
absolute CD3+ T-lymphocyte counts (90 % recipient-derived) and 
increasing proportions of naive T-lymphocytes (Table 2). The EBV viral 

Fig. 3. Successful differentiation ex vivo of CD3þTCRþ cells from HSPC from patients with genetically undefined T-lymphocytopenia. Flow plots showing 
proportions of patient- and healthy donor-derived CD4+CD8+ DP cells and CD3+ cells expressing TCRαβ or TCRγδ at 6–8 weeks of co-culture (A-B). All events 
displayed are gated on single cells, negative for DAPI and positive for CD45. HD healthy donor: CB cord blood or mPB mobilised peripheral blood; P patient: BM bone 
marrow or PB (unmobilised) peripheral blood; 2D two-dimensional and 3D three-dimensional assay.
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load remains undetectable. P17 is awaiting treatment. Despite full donor 
chimerism, P15 remained profoundly T-lymphocytopenic post-HCT 
(Table 1) and developed stage III Burkitt lymphoma 13 years post- 
HCT, for which they received chemotherapy and achieved complete 
remission. The patient’s 2D co-culture assay showed successful gener
ation of DP cells, presumably all donor-derived. The co-culture was 
discontinued at week 6, and unfortunately it has not been possible to 
resample the patient in order to establish a new 3D assay to confirm 
generation ex vivo of CD3+TCR+ cells. Despite agnostic re-analysis of trio 
WGS data, no variants of interest have been identified in novel candidate 
genes [43]. Whilst the origin of their T-lymphocytopenia remains un
clear, a thymic stromal cell defect is suspected. The patient is 17 years 
old and for now remains under conservative management with antimi
crobial prophylaxis and IgRT. Post-HCT P18 developed graft failure with 

immune dysregulation due to autologous oligoclonal T-lymphocyte 
expansion (Table 1). Despite ex vivo generation of patient-derived 
CD3+TCR+ cells, in absence of syndromic features and without a mo
lecular diagnosis, the etiology of their T-lymphocytopenia remains un
certain and because of their treatment-refractory immune 
dysregulation, the patient recently received a rescue procedure with a 
second haploidentical HCT from their father. P19 and P20 show failed 
immune reconstitution 24 m and 19 m respectively post-thymus trans
plantation. In P19 this may be due to CMV viremia in P19, which is 
known to be associated with poor outcomes after thymus trans
plantation [11,16,17]. Successful ex vivo T-lymphopoiesis indicates a 
contributory hematopoietic cell-intrinsic defect is unlikely, and both 
patients are under consideration for 2nd thymus transplantation 
procedures.

Fig. 4. Ex vivo differentiation of CD3þTCRþ cells derived from HSPC isolated from patients with genetically undefined T-lymphocytopenia who failed 
immune reconstitution after HCT. Flow plots showing proportions of patient- and healthy donor-derived CD4+CD8+ DP cells and CD3+ cells expressing TCRαβ or 
TCRγδ (gated within live CD45+ cells) at 6–8 weeks of co-culture (A). FACS plots showing the gating strategy for the isolation of CD3+ cells at the end of the patient 
co-culture for the purpose of ex vivo T-lymphocyte chimerism studies (B). HD healthy donor: CB cord blood; P patient: BM bone marrow; 2D two-dimensional and 3D 
three-dimensional assay.
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4. Discussion

Approximately 10 % of infants identified with suspected SCID 
through NBS with persistent, selective T-lymphocytopenia and without 
a clear secondary cause (e.g. lymph leak syndrome, prematurity) remain 
genetically undefined [8,11,12,24,44], posing a diagnostic and thera
peutic dilemma for clinicians [9,19]. Whilst the majority of these pa
tients likely have hematopoietic cell-intrinsic SCID defects, a small but 
significant proportion may suffer from congenital athymia [11,21,45]. 
These athymic infants need to be accurately identified as they require 
corrective treatment with thymus transplantation, not HCT. Yet without 

a definitive diagnosis, it is not uncommon for athymia to be considered 
only after initial treatment with HCT results in failed immune recon
stitution [14,18,45,46]. HCT in athymia is associated with a high risk of 
complications and mortality [47]. A later procedure with thymus 
transplantation can be attempted [16,26], but feasibility is influenced 
by the patient’s clinical status post-HCT [18,48]. Additionally, unlike 
first-line thymus transplantation using unmatched donor tissue [27,49], 
these secondary procedures require selection of a thymus tissue donor 
with the appropriate HLA tissue type at those loci with mismatches 
between the recipient and the HCT donor [16,18]. Ex vivo T-lymphocyte 
differentiation assays have been proposed to assist in distinguishing 

Table 2 
Summary of clinical management and outcome for patients assessed in 2D or 3D co-culture assays:

Patient 
ID

Syndromic 
Features$

Molecular 
Diagnosis

Assay 
details

Treatment 
recommendation

Recovery of T lymphocyte immunity post- 
treatment

CD3+/CD4+/ 
CD8+ (cells/μl)

%nCD4+ (% 
of CD4+)

Months 
post- 
treatment

Developmental blocks in ex vivo T- 
lymphocyte differentiation

P1 No No 2D 
BM, 
frozen

HCT Died 2 m post-HCT due to idiopathic pneumonia 
syndrome

P2 Yes No 2D 
BM, 
frozen

HCT 768/606/81 45.0 % 9 m

P3 Other No 2D 
BM, 
frozen

HCT 1340/780/380 67.3 % 24 m

P4 No No 3D 
BM, fresh

HCT 1730/1110/ 
210

85.1 % 6 m

P5 Other Yes 3D 
BM, 
frozen

HCT 720/580/50 58.6 % 6 m

Differentiation ex vivo into 
CD3+TCR+ cells

P6 Yes Yes 2D 
BM, 
frozen

Thymus 
transplantation

320/240/40 10.9 % 12 m
No immune reconstitution 12 m post-treatment

P7 Yes No 2D 
BM, 
frozen

Thymus 
transplantation

1400/1030/ 
240

83.0 % 12 m

P8 Yes No 2D 
BM, 
frozen

Thymus 
transplantation

Died pre-immune reconstitution due to 
disseminated CMV disease 9 m post-treatment

P9 Yes No 2D 
BM, 
frozen

Thymus 
transplantation

Died pre-treatment

P10 Yes No 2D & 3D 
BM, 
frozen

Thymus 
transplantation

1030/880/120 25.6 % 42 m

P11 Yes MD 3D 
PB, fresh

Thymus 
transplantation

1620/1570/30 0.6 % 7 m
No evidence of thymopoeisis

P12 No No 3D 
BM & PB, 
fresh

Treatment decision 
pending

– – –

P13 No No 3D 
BM & PB, 
fresh

Treatment decision 
pending

– – –

Differentiation ex vivo into 
CD3+TCR+ cells after 
failed first line treatment

P14* Yes No 2D 
BM, 
frozen

Thymus 
transplantation

510/280/140 21.3 % 96 m

P15* No No 2D 
BM, 
frozen

Possible thymus 
transplantation

P16* Yes No 3D 
BM & PB, 
frozen

Thymus 
transplantation

830/400/350 23.6 % 6 m

P17* Yes No 3D 
BM, fresh

Awaiting thymus 
transplantation

– – –

P18* Other No 3D 
BM, fresh

Rescue 2nd HCT 2 m
Immune reconstitution pending

P19§ Yes Yes 3D 
BM, fresh

2nd thymus 
transplantation

Awaiting treatment

P20§ Yes Yes 3D 
PB, fresh

2nd thymus 
transplantation

Awaiting treatment

*post-HCT; §post-thymus transplantation; $syndromic features strongly suggestive of thymic stromal cell defect (i.e. CHD, primary hypoparathyroidism, dysmorphic 
facies, cleft palate, nail dystrophy); BM: Bone marrow-derived HSPC; PB: peripheral blood-derived HSPC.
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between hematopoietic cell-intrinsic and extrinsic defects prior to of
fering corrective treatment [27–29].We report their use in a clinical 
setting for diagnostic and therapeutic decision-making, and evaluate 
their role in correctly referring patients for HCT or thymus trans
plantation based on our clinical experience in 20 T-lymphocytopenic 
patients.

Several assays have been developed for ex vivo T-lymphopoiesis. A 
chimeric human/mouse model was initially developed using a murine 
fetal thymic organ culture system to study T-lineage commitment and T- 
lymphocyte differentiation of human HSPC [50], with limited efficiency 
in supporting human T-lymphopoiesis [51]. Co-culture systems were 
established using murine stromal cell lines expressing hDLL1 or hDLL4, 
in a 2D monolayer system [52–54], and later in a 3D system within ATOs 
[33,55]. The potential of these in vitro assays to replicate in vivo differ
entiation stages of T-lymphopoiesis and model possible deficiencies has 
been demonstrated for multiple IEI, including IL2RG-deficient SCID 
which displayed early developmental blocks [28,29], and 22q11.2DS 
and other rare single-gene defects causing congenital athymia which 
showed normal T-lymphocyte maturation ex vivo [14,28,29]. Others 
have also used feeder cell-free culture systems to investigate ex vivo T- 
lymphopoiesis in IEI [56]. These assays all require several weeks for ex 
vivo generation of CD3+TCR+ cells. DP cells generally appear after four 
weeks of (co-) culture and TCR-expressing CD3+ cells a couple of weeks 
later, regardless of the assay used. When performed to guide therapeutic 
management in severe T-lymphocytopenia, we therefore recommend 
initiating the assay as soon as possible, whilst proceeding with other 
investigations (including WGS) and, importantly, whilst pursuing par
allel planning for HCT and thymus transplantation to avoid further de
lays once the therapeutic plan is agreed.

Whilst we successfully applied both the 2D and 3D assay to aid 
clinical decision-making, our experience highlights several issues. 
Firstly, as reported by others [29,32], we observed more efficient T- 
lymphopoiesis in the 3D assay than in the 2D assay (Supplementary Fig. 
4). Without the spatiotemporal 3D structure of the ATO, the 2D mono
layer assay results in ineffective positive selection thus generating fewer 
mature TCR-expressing CD3+ cells ex vivo [32,57]. This is illustrated in 
our study for P10 who was assessed with both assays, but whose HSPC 
differentiated into CD3+TCR+ cells ex vivo in the 3D assay only, whereas 
the differentiation did not efficiently progress past the developmental 
stage of DP cells in the 2D assay (Fig. 1). In P3 and P15, who were 
investigated with the 2D assay only, the low proportions of TCR- 
expressing CD3+ cells could have resulted from the assay’s in
efficiency in regard to consistent ex vivo generation of mature T-lym
phocytes, making the assay’s results more challenging to interpret, in 
particular in the absence of syndromic features. We therefore, recom
mend using the 3D assay where available. Secondly, whilst it is essential 
to run control samples alongside the patient samples to account for 
efficient culturing conditions, we observed variability between controls 
(Supplementary Fig. 4 A). Variability could in part be explained by the 
source of HSPC, such as better differentiation results with CB-derived 
control HSPC than mPB-derived ones (Supplementary Fig. 4 A). In this 
cohort, patient HSPC were mainly isolated from BM aspirate samples, 
though for a few patients we also isolated HSPC from unmobilized PB 
(including 2 patients with PB samples only). Isolating adequate numbers 
of HSPC from unmobilized PB requires relatively large blood volumes, 
which can be challenging in young infants. In our experience, unmobi
lized PB should only be considered as HSPC source if timely processing 
of a fresh sample for the ATO assay is possible. This requires significant 
coordination between patient families, referring clinical departments, 
and research laboratories, which is not always possible when these are 
located in different centres. Therefore, when feasible, we routinely 
recommend performing a BM aspiration on the patients to ensure suf
ficient patient HSPC can be isolated for co-cultures to be assessed with 
technical replicates at multiple time points, in particular if patient 
samples cannot immediately be processed and mononuclear cells have 
been cryopreserved. Notwithstanding variability in differentiation 

kinetics and efficiency in both assays depending on the source of HSPC, 
mPB and CB remain more accessible control samples than BM, and in our 
experience their use has not compromised result interpretation in the 
clinical context discussed here.

The interpretation of the assays’ results is unambiguous when early 
developmental blocks are identified, as seen and discussed in patients 
P1, P2, P4 and P5. On the other hand, successful differentiation of pa
tient HSPC into CD3+TCR+ cells ex vivo requires careful interpretation. 
The presence of clinical features that are associated with 22q11.DS and 
other thymic defects, including in particular primary hypoparathyroid
ism, CHD of the cardiac outflow tract and facial dysmorphism [13] 
should alert clinicians to the possibility of an underlying thymic stromal 
cell defect. Whilst, as seen in P2, their presence alone is not sufficient to 
conclude that severe T-lymphocytopenia is due to athymia, the coinci
dence of normal ex vivo T-lymphopoiesis and syndromic co-morbidities 
can consolidate the diagnosis of congenital athymia, as seen in this se
ries. In absence of co-morbidities overlapping with known thymic de
fects, ex vivo generation of TCR-expressing CD3+ cells may indicate the 
absence of a hematopoietic cell-intrinsic defect, but one cannot 
completely be excluded. For example, ex vivo generation of CD3+TCR+

cells has been described for adenosine deaminase (ADA) deficient SCID 
[28,29], with stromal cells possibly acting as a source of ADA enzyme. 
Ex vivo CD3+TCR+ cell differentiation has also been reported in IEI 
affecting later developmental stages such as RAG-deficient SCID 
[28,29]. Therefore, agnostic re-analysis of trio WGS data is being un
dertaken for P12 and P13, patients with ex vivo evidence of T-lympho
poiesis but no co-morbidities overlapping with known thymic defects. 
Both remain stable under conservative management and close moni
toring until a corrective treatment decision is made. A thymus-like 
structure was seen on magnetic resonance imaging for P12 but does 
not necessarily exclude thymic hypoplasia and/or dysfunctional thymic 
stroma.

In this series, 13/20 patients received treatment with either HCT (N 
= 6) or thymus transplantation (N = 7) after completing a comprehen
sive diagnostic workup [19], including ex vivo T-lymphocyte differen
tiation. One patient died after HCT (P1) and one after thymus 
transplantation (P8), both due to pre-existing complications. All sur
viving patients showed successful immune reconstitution after treat
ment, except one in whom thymopoiesis seems delayed post-thymus 
transplantation perhaps due to an acute viral infection (P6) and two 
patients who only recently underwent treatment with HCT (P18) and 
thymus transplantation (P11). From the 7/20 remaining patients, one 
patient died before definitive treatment could be attempted (P9), two 
patients are under consideration for second thymus transplantation 
procedures (P19–20), one post-HCT patient has recently been referred 
for thymus transplantation (P17), and three patients are still under 
investigation (P12, P13 and P15), including one post-HCT adolescent 
who has currently opted for conservative management. All three deaths 
are in non-NBS patients with severe infections prior to their assessment.

In conclusion, we report on our clinical experience managing 
genetically undefined, severe T-lymphocytopenia and highlight the 
practical role for ex vivo T-lymphocyte differentiation assays in deciding 
which corrective treatment to offer, HCT or thymus transplantation. We 
show that in combination with TREC-based NBS and broader clinical 
NGS, these assays contribute to improving outcomes for patients who 
face complex diagnostic journeys [21]. We recommend the inclusion of 
ex vivo T-lymphocyte differentiation assays in the diagnostic pathway 
for suspected SCID (Fig. 5), yet further optimization, validation and 
standardization are required before they can be offered by reference 
clinical laboratories.
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Fig. 5. Proposed algorithm for the practical diagnostic assessment and 
therapeutic decision-making in genetically undefined T-lymphocytope
nia. Simplified algorithm for the diagnostic process prompted by abnormal 
TREC-based NBS results or by a clinical history suggestive of SCID. For 
persistent T-lymphocytopenic patients who remain without a causative diag
nosis after conventional immunological and genetic investigations, we recom
mend assessing the intrinsic potential of patient HSPC to differentiate into 
CD3+TCR+ cells ex vivo. An early developmental block indicates a hematopoi
etic cell-intrinsic defect, requiring HCT. Successful differentiation into TCR- 
expressing CD3+ cells, in presence of syndromic features overlapping with 
known thymic stromal cell defects, suggests the patient likely requires treat
ment with thymus transplantation. In absence of overlapping syndromic fea
tures, a T-lymphocyte defect cannot be excluded, and agnostic genetic 
investigations should be pursued in a further attempt to achieve a defini
tive diagnosis.
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