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NUDCD3 deficiency disrupts V(D)J recombination to
cause SCID and Omenn syndrome
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Akshada Gajbhiyes, Frederic Lamoliatte®, Jose L. Marin-Rubio®§, Lisa Woodbine’,

Henrique Lemos', David J. Swan'{], Valeria Pintar', Kamal Sayes’, Elias R. Ruiz-Morales?,
Simon Easthamz#, David Dixon6, Martin Pretez, Elena Prigmorez, Penny Jeggo7, Joan Boyess,
Andrew Mellor', Lei Huang1, Mirjam van der Burgs**, Karin R. Engelhardt‘,

Asbjorg Stray-Pederseng, Hans Christian Erichsen'?, Andrew R. Gennery1'3, Matthias Trost®,
David J. Adams?, Graham Anderson?, Anna Lorenc?, Gosia Trynkaz'", Sophie Hambleton'3+

Inborn errors of T cell development present a pediatric emergency in which timely curative therapy is informed by
molecular diagnosis. In 11 affected patients across four consanguineous kindreds, we detected homozygosity for a
single deleterious missense variant in the gene NudC domain-containing 3 (NUDCD3). Two infants had severe com-
bined immunodeficiency with the complete absence of T and B cells (T'B” SCID), whereas nine showed classical fea-
tures of Omenn syndrome (OS). Restricted antigen receptor gene usage by residual T lymphocytes suggested
impaired V(D)J recombination. Patient cells showed reduced expression of NUDCD3 protein and diminished ability
to support RAG-mediated recombination in vitro, which was associated with pathologic sequestration of RAG1 in
the nucleoli. Although impaired V(D)) recombination in a mouse model bearing the homologous variant led to
milder immunologic abnormalities, NUDCD3 is absolutely required for healthy T and B cell development in humans.

INTRODUCTION

The molecular dissection of inborn errors of immunity provides
powerful insights into genes and pathways of nonredundant impor-
tance to the human immune system. Nowhere is this truer than in
severe combined immunodeficiency (SCID), a failure of T cell devel-
opment that leaves affected infants exceptionally vulnerable to in-
fection (I). Genes associated with SCID highlight the critical role of
T cell receptor (TCR) rearrangement and signaling, alongside survival
signals via the interleukin 7 receptor (IL-7R) during T lymphocyte
development (2). Omenn syndrome (OS) is a related disorder, in
which an incomplete developmental block allows the dysregulated
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expansion of oligoclonal T cells, causing inflammation of the skin
and viscera as well as SCID-like susceptibility to infection (3). Be-
cause these conditions are both treatable and life threatening, many
nations have recently introduced newborn screening for T cell im-
munodeficiency (4). In affected infants, a specific molecular diagno-
sis may guide precision medicine such as enzyme replacement, gene
therapy, or hematopoietic stem cell transplantation (HSCT) (1).

OS is particularly associated with disorders of V(D)] recombina-
tion, the complex process whereby antigen receptor loci are rear-
ranged to produce functional TCR and immunoglobulin genes (5).
Although this process is absolutely required for the generation of
a diverse adaptive immune repertoire, the accompanying introduc-
tion and recombinatorial repair of DNA double-strand breaks implies
a moment of extreme risk for genome integrity. It is therefore antici-
pated that V(D)] recombination occurs through specialized molecular
machinery, including the T cell- and B cell-specific recombination-
activating gene (RAG) recombinases, whose expression and activity
are tightly controlled (6-8).

RESULTS

A homozygous, hypomorphic NUDCD3 variant in infants
with SCID/OS

In this study, we sought to extend knowledge of lymphocyte devel-
opment by studying patients with classical OS or T'B” SCID who
lacked pathogenic variants in known disease genes, such as those
encoding the recombinases RAG1 and RAG2 or components of the
DNA-repair machinery including Artemis (2, 5). The occurrence of
multiple familial cases within four independent, consanguineous
kindreds from the same ethnic (South Asian) background suggested
that there was autosomal recessive inheritance of a shared ancestral
morbid allele (Fig. 1A and tables S1 and S2). Both family 1 (9) and
family 2 (10) have been previously described. By integrative analysis
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Fig. 1. An autosomal recessive variant in NUDCD3 causes SCID/OS. (A) Pedigrees showing patients affected by OS (black) and T"B” SCID (gray) with letters indicating genotype.
(B) Representative Sanger sequencing chromatogram of patient as compared with reference. (C) Schematic representation of NUDCD3 protein domains with the location of the
G52D substitution highlighted in red. (D) Immunoblot showing reduced protein expression of NUDCD3 in primary patient dermal fibroblasts compared with controls (top) with
corresponding densitometry analysis (bottom) (n = 2, normalized NUDCD3/GAPDH ratio; each data point represents average from each individual). (E) Comparable distribution
of NUDCD3 (red) in representative immunofluorescence micrographs of healthy control and patient fibroblasts costained with nuclear membrane marker lamin A/C (cyan). Scale
bars, 5 pm. (F) Impaired dimerization of NUDCD3%% by comparison with NUDCD3"T upon coimmunoprecipitation with alternatively tagged NUDCD3"T or NUDCD3%? in
HEK293T cells transfected with plasmids encoding corresponding proteins (EV, empty vector; WT, wild type; Mut, G52D variant; IB,immunoblot) (top) and quantified by densitom-

etry (below) (Myc IP/HA IP, ratio to WT/WT, n = 3, one-sample t test. Statistical significance was defined as **P < 0.01).

of whole-exome sequencing (WES) data, we identified a single ho-
mozygous missense variant in the gene NUDCD3 (NudC domain-
containing 3), which segregated with disease in all four affected
kindreds but was absent from the gnomAD and Genome Asia data-
bases, in keeping with a rare disease allele (Fig. 1, A and B, and fig. S1)
(11, 12). This gene appeared to be intolerant of loss-of-function
variation with a LOEUF score (loss-of-function observed/expected
upper-bound fraction) of 0.21 and no instances of homozygous
predicted null variants in the gnomAD database (fig. S1) (12). The

Chenetal., Sci.Immunol. 9, eade5705 (2024) 24 May 2024

missense variant ¢.155G>A introduced a charge change by substi-
tuting aspartate for a glycine residue at position 52 within the highly
conserved N-terminal domain of NUDCD3 (Fig. 1C). Programs
including combined annotation dependent depletion (CADD,
score of 29.9), Polyphen2 (score of 1.0), and VARITY-ER (score of
0.964) predicted that this variant is highly damaging (fig. S1 and
table S3) (13-15).

NUDCD3 is ubiquitously expressed in vertebrates and belongs
to the NudC family of p23 domain-containing proteins that exhibit
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cochaperone and intrinsic chaperone activity (16). This protein fam-
ily emerged at the same time as B-propeller structures within in-
creasingly complex multidomain and multisubunit proteins (17, 18).
Family members NUDC and NUDCL2 have recently been shown to
act as cochaperones in Hsp90-related refolding of client proteins
such as the glucocorticoid receptor and cohesin, respectively (19, 20).

NUDCD3 was specifically linked to dynein intermediate chain
stability and viability through study of NUDCD3 knockdown cells
in vitro (21), whereas its overexpression impaired cytokinesis (22).
The only prior literature linking NUDCD3 to the immune system
reported the appearance of RAG1 among its interactome when as-
sessed by a LUMIER screen of potential client proteins shared with
Hsp90 (18). The same screen noted a predominance for NUDCD3
of binding partners containing kelch-like domains, such as RAG2,
which was, however, not tested in this study (18). In addition, our
reanalysis of data from developing human embryos confirmed the
expression of NUDCD3 transcripts in the thymus and bone marrow
(BM) (23, 24).

NUDCD3 protein expression in patient dermal fibroblasts was
reduced relative to control despite equivalent mRNA expression, in-
dicating hypomorphic behavior of the variant allele (Fig. 1D and
fig. $2). However, NUDCD3% was distributed between the cyto-
plasm and nucleus in a manner indistinguishable from wild-type
(WT) protein, whether endogenously expressed or transfected into
cells in tagged form (Fig. 1E and fig. S3).

Patient cells divided normally and did not show significantly im-
paired resistance to gamma irradiation (fig. S4A). Moreover, NUDCD3
knockdown did not affect the radiation sensitivity of A549 cells, in-
dicating their preserved ability to repair DNA double-strand breaks
(fig. S4B). However, NUDCD3 is an essential gene in many cell lines,
suggesting that homozygosity for a complete null allele would not be
viable (25).

To compare the global properties of mutant and WT NUDCD3,
we prepared mild detergent lysates of transfected cells, separated
protein complexes by size exclusion chromatography, and probed
the resulting fractions for NUDCD3 after SDS—polyacrylamide gel
electrophoresis under denaturing conditions (fig. S4C). Both WT
and variant NUDCD3 participated in protein complexes of diverse
size to a similar extent. However, coimmunoprecipitation experi-
ments in which distinctively tagged mutant and/or WT NUDCD3
were cotransfected showed significantly reduced homodimerization
potential for the G52D variant (Fig. 1F). Thus, the G52D variant
does not grossly alter the physical properties of NUDCD3 but dis-
rupts a specific function of the protein within the immune system,
potentially one requiring its dimerization.

NUDCD3%5?P patients exhibit defective V(D)J recombination

To gain further insight into pathomechanism, we undertook single-
cell studies of cryopreserved peripheral blood mononuclear cells
from patients with OS associated with either the NUDCD3 variant
or pathogenic defects of RAGI or RAG2 (tables S4 and S5). Com-
pared with healthy controls, drastic abnormalities in the distribu-
tion of circulating lymphocyte subsets were readily observed in
patients with OS by flow cytometry, including the complete lack of
B cells and naive T cells (Fig. 2A). Single-cell RNA sequencing
(scRNA-seq) revealed widely divergent distribution across the 39 cell
subpopulations annotated (32 lymphoid and seven myeloid), includ-
ing within each of the mutation groups (Fig. 2, B and C). We detected
yd T cells, for example, in only 8 of 11 patients with OS. However, in

Chenetal., Sci.Immunol. 9, eade5705 (2024) 24 May 2024

two of these individuals, y8 T cells constituted more than 20% of
total T cells, a much higher proportion than in healthy controls.
When present, the CD8* and y8 T cell compartments were ab-
normally skewed toward weakly cytotoxic (e.g., lacking NKG7,
granzymes, granulysin, and chemokines) and non-naive (e.g., high
expression of IL32 and absence of CCR?) phenotypes with low regu-
latory potential toward T cell and natural killer (NK) cell effectors
(Fig. 2C and fig. S5). CD4" T cells were enriched for central memo-
ry and effector memory phenotypes (characterized by high expres-
sion of LGALSI, NEAT1, and GZMA as well as cytoskeletal and HLA
genes) (Fig. 2C and fig. S5). These T cell abnormalities were promi-
nent in both NUDCD3- and RAG-mutated OS patients, as were as-
sociated alterations of the myeloid compartment. The latter included
enrichment for classical monocytes distinguished by a cytotoxic,
proinflammatory, and chemotactic (CCL2) transcriptional signa-
ture (fig. S6).

Analysis of TCR gene usage within our single-cell transcriptomic
data revealed reduced diversity and expanded clonotype size in pa-
tients with OS, as expected (Fig. 2D and fig. S7A). We confirmed the
previously noted skewing of the RAG1/2-deficient TCR repertoire
toward the use of TRA gene segments near the 3’ end of the Va lo-
cus and the 5’ end of the Ja locus (Fig. 2E) (26), a pattern that was
reproduced in the T cells of patients with NUDCD3%*?? (Fig. 2E).
These proximal TRA gene segments are preferentially recombined at
the start of the DP stage of thymocyte development. If the resulting
TCRa chain, alongside the preexisting TCRf chain, is incapable of
self-peptide major histocompatibility complex recognition, then
more distal segments are used in subsequent recombination rounds
until a productive recombination results in the down-regulation of
RAGI expression (27). The predominance of proximal Va and Ja
gene segment usage therefore implied that NUDCD3%**® T cells
were unable to execute repeated rounds of V(D)] recombination
during their development, just as in RAG Omenn T cells. We con-
firmed the reduced diversity of TCRp chain usage in patients with
OS without obvious skewing across the TRB locus (fig. S7, A and B),
consistent with prior literature (28, 29).

These data suggested that there was a primary defect in V(D)]
recombination associated with homozygosity for the NUDCD3%**°
variant. We therefore tested the integrity of RAG-dependent recom-
bination by cotransfecting patient and control fibroblasts with RAG1,
RAG2, and a synthetic substrate for RAG recombination, which
could be detected by polymerase chain reaction (PCR) of the rear-
ranged product. In this preliminary screen, where the expression of
each transfected component could not be assessed at single-cell
level, NUDCD3%*?P patient cells nonetheless appeared highly defective
in supporting RAG-dependent recombination (Fig. 2F). We conse-
quently turned to murine systems in which to model this effect in a
more physiological context.

NUDCD3 plays a conserved role in mouse

V(D)J recombination

To test whether endogenous V(D)] rearrangement was similarly
NUDCD?3 dependent, we took advantage of a mouse pre-B cell line,
103/BCL2, in which this process can be triggered by a shift in tem-
perature and detected by quantitative PCR for kappa-deleting re-
combination excision circles (KRECs) (30). Cells in which Nudcd3
expression had been partially knocked down by small interfering
RNA (siRNA) transfection were defective for V(D)] recombination
(Fig. 2G).
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Fig. 2. Impaired V(D)J recombination underlies OS in infants with NUDCD3%°?°, (A) Representative flow cytometry plots showing a lack of B cells (CD19") and naive
CD4* T cells (CD45RA*CCR7%) and increase of activated CD4* T cells (HLA-DR*) in representative patients with NUDCD3 and RAG1 OS compared with a healthy control.
(B) Proportions of T cell subpopulations determined by scRNA-seq with dot size reflecting the number of cells and the color intensity corresponding to the proportion of
all T cells per individual (one individual per row). Asterisks indicate a statistically significant difference in proportions for the comparison between healthy controls and
patients with OS (patients with NUDCD3 and RAG grouped together) with FDR-corrected Mann-Whitney U test. (C) UMAP representation of CD4, CD8, and y8 T cells
within T cell compartment across healthy individuals, as well as patients with OS with RAG or NUDCD3 variants. (D) T cell clonotype diversity in representative patients
with OS and healthy control. Each tree map illustrates all unique clonotypes from one individual, each rectangle is one clonotype, and its size is proportional to the num-
ber of cells with this clonotype. Colors were chosen randomly to distinguish different clonotypes within a sample, and the same color does not represent shared clono-
types. Representative plots for a healthy individual and patients with OS with indicated underlying mutations. (E) TRAV and TRAJ gene usage distribution in patients with
OS, healthy controls, and across the stages of human thymus development from (24). Each row corresponds to one individual. Genes are ordered according to their ge-
nomic position (left 5’ end to right 3’ end). (F) NUDCD3%?° patient fibroblasts (1.1, 1.2) support reduced recombination of the substrate plasmid pDVG93 upon cotrans-
fection with RAGT and RAG2 compared with healthy control fibroblasts (n = 3) (levels of recombined pDVG93 expressed relative to total levels of transfected pDVG93).
(G) Reduction in KREC production in mouse pre-B 103/BCL2 cells transfected with siRNA-targeting Nudcd3 before a culture temperature shift from 33° to 39°C. DNA and
RNA were harvested for qPCR, evaluating levels of Nudcd3 mRNA transcripts relative to Hprt1 (left) and levels of KREC relative to genomic Alb (right) (n = 3 independent
experiments). In (F) and (G), data are shown as box and whisker plots, and comparison between groups was made by ANOVA/Bonferroni correction and one-sample t test,
respectively. Statistical significance was defined as *P < 0.05 and **P < 0.01.

40f17

Chenetal., Sci.Immunol. 9, eade5705 (2024) 24 May 2024

G202 ‘02 JequisnoN uo A1sleAlun usp i e B10aous 195" Mmm//:Sany Wo.y papeolumod



SCIENCE IMMUNOLOGY | RESEARCH ARTICLE

Given that these data indicated a conserved role for NUDCD3
in murine V(D)] recombination, we used CRISPR-Cas9 technology
to engineer an in vivo mouse model bearing the homologous G52D
missense variant on the C57BL/6 background (Fig. 3A). Mice homo-
zygous for the Nudcd3*?P variant (referred to below as Nudcd37°™)
were born at sub-Mendelian frequency, were significantly smaller
than littermates, and were sterile but appeared otherwise healthy
(Fig. 3, B and C). Expression of NUDCD3 protein was substantially
reduced in Nudcd3%°™ tissues compared with WT tissues (Fig. 3D
and fig. S8A). Thymic cellularity was significantly lower than WT
despite normal corticomedullary architecture (Fig. 3E and fig. S8B).
We observed normal proportions of B and T cells in the periphery
and a normal ratio of CD4 to CD8 T cells (Fig. 3, F to I, and figs. S8,
C to F and S9, A and B). Nonetheless, the ratio of CD44" memory
T cells to naive T cells was consistently increased in the periphery
of Nudcd3"°™ compared with WT littermates (fig. S8, G and H).
Kappa light chain was overexpressed relative to A light chain in pe-
ripheral B cells of Nudcd3™°™ mice, which would be expected in the
context of impaired V(D)] recombination (Fig. 3, ] and K, and
fig. S9C) (31, 32). Immunoglobulin production was preserved in
Nudcd3™™ mice, with slightly increased immunoglobulin M (IgM)
and IgG2b and markedly increased IgE as is also seen in mice bear-
ing RagIR972QR972Q and RagaR?29QU/R229Q variants and in human pa-
tients with OS (Fig. 3L and fig. S9D) (3, 33-35).

Developing thymocytes progress through an orderly series of
stages as they undergo successive rounds of V(D)J recombination,
express the resulting TCR, and traverse positive and negative selec-
tion checkpoints (36). To assess developmental progression, we ana-
lyzed the distribution of thymocytes by surface marker expression,
noting a highly statistically significant excess of CD4 CD8™ double-
negative (DN) thymocytes in Nudcd3™°™ mice (Fig. 4, A and B, and
fig. S10). Subdivision of the DN compartment showed that this ex-
pansion occurred at the DN3 (CDZShiCD44l°) stage (Fig. 4, A and
C, and fig. S10, A to D), specifically the CD27"° DN3a phase, which
precedes pre-TCR signaling (Fig. 4, A and D) (37). Consistent with
a developmental block, the absolute number of DN3a thymocytes in
Nudcd3™°™ mice exceeded that in WT despite a much smaller thy-
mus overall (Fig. 4D and Fig. 3E). Mutant mice also showed a rela-
tive expansion of the earliest DP subset (DP1), in which o chain
rearrangement occurs (Fig. 4, A and E, and fig. S10, E to G). Al-
though expanded, the CD25" DN3 compartment proliferated less as
assessed by Ki67 staining (fig. S10, H and I), whereas the frequency
of Ki67" cells within DP1 was not significantly reduced (fig. S10]).
Subsequent development of CD4 and CD8 single-positive (SP) lym-
phocytes in Nudcd3™*™ mice appeared normal (fig. S11, A to G),
although Nudcd3"°™ mice did exhibit a trend toward an increased
proportion of thymic-derived regulatory T cells and markedly re-
duced invariant NK T (iNKT) cells, as previously described both in
patients with RAG-OS and in a mouse model of this syndrome
(fig. S11, H to K) (34, 38). Thus, there is an incomplete block in
Nudcd3™™ thymocyte development at those stages where V(D)] re-
combination occurs. The expansion of these compartments (DN3a
and DP1) implies a direct effect of Nudcd3"°™ on V(D)] recombina-
tion rather than a primary impairment of survival that shortens the
time available for V(D)] recombination.

To explore this effect in greater detail, we isolated splenocytes
and bulk-sequenced their rearranged TCR-encoding genes Tra and
Trb. In comparison with WT, TCR clonotypes were less diverse
in Nudcd3"°™ mice, and individual clonotypes tended to be more

Chenetal., Sci.Immunol. 9, eade5705 (2024) 24 May 2024

expanded (Fig. 4F and fig. S12, A and B) out of proportion to the
lower fraction of naive cells. Echoing human NUDCD3%?P pa-
tients, Nudcd3"™°™ mice showed strongly skewed Tra gene usage to-
ward V segments from the 3’ end of the V locus and ] segments
from the 5’ end of the J locus and the absence of a similar effect for
Trb or Ig gene segments (Fig. 4G and fig. S12, E to H) (26). This
skewing likely explained the lack of iNKT cells (figs. S11, J and K
and fig. S12C), which strongly favor the use of distal Tra segments
(39). In addition, Nudcd3H°™ mice had fewer nonproductive Trb
chain rearrangements than WT (fig. S12D). These exist only if an
unproductive recombination is followed by a successful second
round of recombination, ensuring T cell survival. Thus, both the
pattern of TCR gene segment usage and the lack of nonproductive
rearrangements suggest a lower frequency of repeated recombina-
tions of Tra/Trb loci in Nudcd3"°™ mice as in humans.

In parallel, we analyzed B cell development through enumera-
tion of successive Hardy fractions in mouse BM by flow cytometry
(fig. S13A). There was a relative accumulation of IgM " IgD™ (frac-
tion D) pre-B cells and a trend toward a reduction in mature
IgM*IgD™ B cells (fraction F) but no effect on pro-B cell populations
(fractions A to C) (fig. S13, A to D). Thus, both T and B cell develop-
ment are perturbed in Nudcd3°*?P mice, although to a lesser degree
than that observed in human NUDCD3%*?P patients or in published
mouse models of hypomorphic RAG deficiency, especially in the
case of B cells (33-35).

To examine whether this alteration of lymphocyte development
was cell intrinsic, we prepared mixed BM chimeras and compared
the ability of Nudcd3°™ and Nudcd3"™" cells to contribute to the
B and T cell compartments of a WT host. Lethally irradiated
mT*CD45.1" WT recipient mice were injected intravenously with
equal amounts of CD45.1" WT and CD45.2" Nudcd3"*™ or Nudcd3™'™
whole BM cells (fig. $13, E and F). Nudcd3"°™ cells failed to develop
normally when in competition with WT cells, as demonstrated by
their underrepresentation throughout T cell development (Fig. 4H).
The reduction at DN1 implied that Nudcd3"°™ had a possible back-
ground effect on early thymocyte fitness relative to WT, which was
not strong enough, however, to prevent the relative expansion of
the subsequent (DN2 to DN3a) stages. However, further marked
skewing of the DN3b compartment toward WT cells (Fig. 4H) indi-
cated defective developmental transition of Nudcd3"°™ thymocytes
from DN3a to DN3b, confirming the impaired DN3a to DN3b pro-
gression observed in steady-state Nudcd3"%°™ mice. This skewing
was exacerbated at the transition to the DP stage, again echoing
the phenotype seen in the steady-state Nudcd3°™ model. By con-
trast, the contribution of Nudcd3"°™ cells to the developing B cell
compartment appeared consistent throughout development until a
reduction in mature IgM*IgD* B cells (fraction F) (fig. S13G).
Nonetheless, the percentage of Igh"CD45.2* Nudcd3Hom cells was
very low (fig. S13H), consistent with defective light chain rearrange-
ment despite the normal proportion of Nudcd3H°™ cells in fractions
DandE.

Although we do not formally exclude an additional contribution
from altered thymic function, the mixed BM chimera experiments
confirm the cell-intrinsic nature of both B and T cell abnormalities
in the Nudcd3™°™ mouse. This is in keeping with the curative poten-
tial of HSCT demonstrated in two of the infants in our case series,
who both achieved long-term B and T cell reconstitution with inde-
pendence of immunoglobulin replacement therapy (table S2). Thus,
NUDCD3%**P appears to produce an incomplete developmental
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Fig. 3. Generation of a knock-in mouse model of NUDCD3%°%°,
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breeding pairs (n = 473 pups). (C) Nudcd3"°™ mice (n = 5) are !
smaller than Nudcd3™" (n = 8) and Nudcd3™et (n = 7) litter-
mate controls, aged 5 to 8 weeks. (D) Immunoblotting shows
reduced expression of NUDCD3 protein in splenocytes from
Nudcd3™™ (n = 4) mice compared with littermate controls
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V(D)] recombination appears to arise from the 3 0 0

Nudcd3 p.G52D mutation rather than an indirect " 550 NS

effect through impaired cell survival.
To gain insight into the molecular mechanism

of this defect, we first considered the possibility that the G52D vari-
ant might disrupt a normal interaction between NUDCD3 and
RAGI and/or RAG2 such as a cochaperone function required for
stabilization and/or localization. By immunofluorescence micros-
copy, we found no evidence of altered subcellular distribution of ei-
ther RAG protein when overexpressed alone in mutant versus WT
cells, suggesting that the nuclear import of folded RAGs was intact
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(Fig. 5B). We did, however, note that the distribution of NUDCD3
was altered by RAG expression in 293T cells, becoming increasingly
nuclear (fig. S14A). Despite this, neither coimmunoprecipitation
followed by immunoblotting nor mass spectrometric (MS) analysis
showed a direct interaction between NUDCD3 and endogenous
RAGs in a RAG-expressing T lymphoblastoid cell line, although we
confirmed other previously reported protein-protein interactions
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Fig. 4. Impaired V(D)J recombination in NUDCD3"°™ mice. (A) Accumulation of DN (CD4~CD8~), DN3 (CD44~CD25"), DN3a (CD27lo), and DP1 (CD5'"°TCR™) thymocytes
in Nudcd3"°™ mice compared with littermate controls. Increased frequency (left) of DN (B), DN3 (C), DN3a (D), and DP1 (E) thymocytes with corresponding enumeration
(right) [gating is as per fig. STOA; WT, n = 7; Het, n = 12; Hom, n = 12 except for (D), where WT, n = 2; Het, n = 4; Hom, n = 4]. In (B) to (E), data are shown as box and whisker
plots with Nudcd3™T (light gray), Nudcd3Het (dark gray), and Nudcd3em (clear). Comparisons between groups were made by ANOVA/Bonferroni, and statistical significance
was defined as *P < 0.05, **P < 0.01, and ****P < 0.0001. (F) Diversity of TCRx and TCRB (as Shannon entropy) in WT and Nudcd3"°™ mice (FDR-corrected P < 0.01, Mann-
Whitney U test). (G) TraV and TraJ usage in WT and Nudcd3""°™ mice. Bottom panel organized as in Fig. 2E, and the top panel shows log, fold change between Nudcd3"o™
and WT mice. Asterisk indicates a statistically significant difference with FDR-corrected P < 0.01, Mann-Whitney U test. (H) Proportion of thymocyte subsets in lethally ir-
radiated mice reconstituted for 28 days with equal mixtures of Nudcd3"" (n = 7) or Nudcd3"°™ (n = 6) CD45.2* and WT CD45.1% BM. Bars (mean with SE of the mean) shown
with CD45.2* (filled) and CD45.1* (white).
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Fig. 5. Sequestration of RAG1 in nucleoli of NUDCD3-deficient cells. (A) In vitro recombination reporter assay in pre-B cell lines generated from Nudcd3™T, Nudcd3™,
and Nudcd3"°™ mice. GFP positivity was used as a marker of RAG-dependent recombination (right) (n = 3 experiments), and comparisons between groups were made by
ANOVA/Bonferroni. (B) Normal intranuclear distribution of V5-tagged RAG1 (magenta) and RAG2 (yellow) was individually expressed in patient fibroblasts, was imaged
by confocal microscopy with counterstain nuclear marker DAPI (cyan) (scale bars, 5 pm), and is represented in schematic (below). (C) Volcano plot comparing differen-
tially interacting proteins between WT and G52D NUDCD3, ascertained by mass spectrometry with significance cutoffs indicated at log, fold change > 0.5 and P < 0.05
(=logig P> 1.3). (D) Aberrant nucleolar localization of RAG1 in patient fibroblasts cotransduced with RAGT and RAG2. Representative confocal microscopy images pseu-
docolored for RAG1 (magenta) and RAG2 (yellow) (scale bars, 5 pm) with schematic representation of data. (E) Quantification of RAG1 signal intensity in nucleoli compared
with the rest of the nucleus, shown in box and whisker plots (n = 65 control and n = 99 NUDCD3%°%° (P1.2) RAG1/RAG2-cotransduced fibroblasts analyzed). (F) Impaired
RAG2-dependent redistribution of RAG1 from nucleoli of NUDCD3-knockdown HEK293T cells. Representative confocal microscopy images colored as in (D) (scale bars, 5 pm) with
schematic representation of data. (G) Quantification of nucleolar signal intensity relative to rest of nucleus as in (E) (n = 43 nontargeting control and n = 61 NUDCD3
knockdown cells analyzed). Further images for (D) and (F) are in fig. S14 (B and D). Comparison between groups was made by ANOVA/Bonferroni in (A) and unpaired t test
in (E) and (G), and statistical significance was defined as **P < 0.01, ***P < 0.001, and *#**P < 0.0001.
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(Fig. 5C, table S6, and data S1) (18, 40). The interactomes of WT and
G52D NUDCD3 were largely overlapping and included several pre-
viously identified binding partners of RAGs such as heat shock pro-
teins, leaving open the possibility of an indirect interaction.
Immunofluorescence imaging demonstrated the previously de-
scribed reciprocal nuclear localization of individually expressed
RAG proteins, either inside (RAG1) or outside (RAG2) nucleoli
(Fig. 5B) (41). Recent reports have emphasized that the nucleolar
retention of RAGI restrains RAG recombinase activity (40) and that
cell cycle-dependent RAG2 coexpression enables the redistribution
of its partner from nucleoli (42). We therefore investigated the im-
pact of NUDCD3%%*" upon RAG2-dependent RAG1 redistribu-
tion by cotransducing primary fibroblasts with fluorescently tagged
RAG1 and RAG2. Control fibroblasts showed partial colocalization
of RAG proteins outside nucleoli, whereas RAG1 was predominant-
ly confined to the nucleoli of dual-transduced patient fibroblasts
(Fig. 5, D and E, and fig. S14, B and C). We confirmed that the nu-
cleolar egress of RAG1 was truly NUDCD3 dependent by perform-
ing a similar experiment in HEK293T cells in which NUDCD3 had
been partially knocked down by siRNA transfection before transient
overexpression of the fluorescently tagged RAGs (Fig. 5, F and G,
and fig. S14, D and E). The mislocalization of RAG1 in NUDCD3-
deficient RAG2-cotransfected cells was accompanied by an overall
increase in RAGI protein expression as assessed by immunoblotting
(fig. SI5A). We were unable to examine the subnuclear localization
of endogenous RAGs in a more physiological context because ap-
propriate antibodies for fluorescence microscopy are currently un-
available. However, immunoblotting of Nudcd3°™ thymic lysates
revealed the overexpression of RAG1 in keeping with its nucleolar
accumulation in the absence of WT NUDCD3 (fig. S15B). Thus, the
redistribution of RAG1 from nucleoli, known to be necessary for its
recombinase function, not only is RAG2 dependent but also re-
quires a specific activity of NUDCD3 that the G52D allele lacks.

DISCUSSION

These studies establish NUDCD3 as a disease gene for T-B- SCID
and OS. Its integrity is required for efficient B and T cell develop-
ment, specifically for RAG-dependent V(D)] recombination, and
consequently the generation of antigen receptor diversity upon
which adaptive immunity depends. The close phenocopy between
human NUDCD3%**"- and RAG-related OS suggests that these dis-
orders would behave similarly in response to treatment. Two of the
eight NUDCD3-mutated patients who progressed to HSCT sur-
vived, whereas the remaining patients succumbed to a variety of
infectious and inflammatory complications (table S1). The generally
poor outcome of this cohort highlights the life-threatening nature of
SCID/OS and the importance of early diagnosis and therapy. Infants
with suspected T cell immunodeficiency, including those identified
through newborn T cell receptor excision circle (TREC) screening,
should be tested for pathogenic variants of the NUDCD3 gene.

The focus of this work was to understand the role of NUDCD3
within the immune system because of the severity of the G52D-
associated immunological phenotype, the absence of consistent
extraimmune features, and the long-term survival of two affected
individuals after HSCT. However, given its widespread expression
and behavior in essentiality screens, it is likely that human NUDCD3
performs other functions that are less sensitive to the G52D sub-
stitution and/or overall NUDCD?3 expression level. That knock-in

Chenetal., Sci.Immunol. 9, eade5705 (2024) 24 May 2024

mice were small and sterile may well reflect the compromise of cer-
tain core functions of murine NUDCD3, perhaps in keeping with
the mouse homolog’s lower protein expression. It is expected that
there would be differences in the degree of redundancy and sensitiv-
ity to individual missense mutations between mouse and human
homologs. Further work will be required to clarify the NUDCD3
interactome and the extent to which NUDCD3’s functions can be
fulfilled by alternative cochaperones among different cell types and
species.

The molecular mechanism by which RAG2 enables the egress of
RAGI from nucleoli has so far been elusive. First described as a hub
for ribosome biogenesis, nucleoli have been proposed to play an im-
portant part in nuclear protein quality control based on the nucleo-
lar colocalization of metastable nuclear proteins with chaperones
such as Hsp70 after heat stress that can enable their refolding (43,
44). The observed nucleolar retention of RAG1 may therefore reflect
its tendency toward aggregation and its possession of a specific argi-
nine- and histidine-rich motif previously determined to be a nucle-
olar retention signal (40). Nonetheless, a regulatory aspect to this
arrangement is implied by the observations that forced nucleolar
exclusion of RAGI favors increased recombination activity (40) and
that decoupling RAG2 expression from the cell cycle leads to ge-
nomic instability and lymphoid tumorigenesis (8). A parsimonious
model would see NUDCD3 cooperating with RAG2 and heat
shock proteins to enable RAG1 to refold and exit the nucleolus, a
cochaperone function reminiscent of that executed by other NudC
family members with respect to distinct client proteins (19, 20).
NUDCD3%?P, possibly because of its impaired homodimerization,
is unable to fulfil this cochaperone function efficiently, leading to
the insufficient withdrawal of RAG1 from nucleoli and diminished
recombinase activity. The milder impact of this variant in mice, es-
pecially on the B cell compartment, implies greater redundancy
with respect to this key immunological function, possibly supported
by alternative cochaperones. Understanding this complex biology
promises additional perspectives on V(D)] recombination and re-
lated disorders.

MATERIALS AND METHODS

Human participants

Patients were cared for by Newcastle upon Tyne Hospitals NHS
Foundation Trust or Oslo University Hospitals. Written informed
consent was provided by all human participants or their legal guard-
ians in accordance with the 1975 Helsinki principles for enrollment
in research protocols that were approved by the Newcastle and
North Tyneside Research Ethics Committee 1, UK (REC reference
16/NE/0002) or by the regional ethical committee for medical and
health research ethics in Norway (REC South East).

Genetic analysis

DNA was obtained from patient peripheral blood mononuclear cells
or dermal fibroblast cultures using QITAGEN’s DNeasy Kit. After li-
brary preparation and target enrichment using the Agilent SureSe-
lect Human All Exon Kit (version 2 or 5), WES was performed on an
Mlumina platform. Alignment, variant calling, and annotation were
performed by standard methods based on Genome Analysis Toolkit
best practice and ANNOVAR (Annotate Variation). Pathogenic
variants in known disease-causing genes were first excluded by
querying against a virtual panel based on the contemporary IUIS
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(International Union of Immunological Societies) classification
(2). Exome data from family 1 (individuals 1.1 and 1.2) were cross-
referenced with family 2 (proband 2.1) to identify shared rare ho-
mozygous nonsynonymous variants, of which NUDCD3 ¢.155G>A
was the sole instance. Exome data from patient 3.1 were obtained
separately but revealed the same homozygous variant. Variant gen-
otypes of cases and their family members were confirmed by
Sanger sequencing (Fig. 1, A and B) using the following sequenc-
ing primers: forward: 5'-GGCAACGTCCAGGATTTCC-3’; re-
verse: 5'-TCCTCCTTTTCCTGGTGTCC-3'.

Plasmid construction

NUDCD3 was cloned into pDONR207, pCR3-C-HA, and pCR3-C-
Myc by Gateway cloning. Site-directed mutagenesis on pDONR207-
NUDCD?3 to generate G155A variant was performed by the Agilent
QuikChange II XL Kit according to the manufacturer’s instruction
using the following primers: forward: 5'-CGGGCGGGAAGTCCA-
TGCGGTCC-3' and reverse: 5'-GGACCGCATGGACTTCCCGCC-
CG-3'. HA-tagged WT/G155A mutant NUDCD3 was cloned into
pCDH-EF1a-MCS*-T2A-GFP for mass spectrometry purposes
using pDONR221-NUDCD3-2XHA purchased from Invitrogen
GeneArt Gene Synthesis as templates. RAGI- or RAG2-containing
pDONR223 plasmids were purchased from Horizon Discovery. De-
pending on the purposes of either transient transfection or lentiviral
transduction, relevant coding sequences were subcloned into pLenti6/
V5-DEST (Invitrogen), pDEST-N-eGFP (Addgene), pDEST-N-mCherry
(Addgene) by Gateway LR reaction. Lentiviral transfer plasmids
pLenti-RAG1-eGFP and pLenti-RAG2-mCherry were created by
substituting V5-tag in pLenti6-RAG1/RAG2-V5 with enhanced
GFP (eGFP) and mCherry CDS cloned from pDEST-N-eGFP and
pDEST-N-mCherry using Bst BI and Age I restriction sites. The
primers for cloning eGFP and mCherry CDS were: forward: 5'-GG
GCCCGCGGTTCGAAATGGTGAGCAAGGGCGAG-3' and re-
verse: 5'-TACTAACCGGTACGTTACTTGTACAGCTCGTCC-3'.
Retroviral transfer plasmids pMSCV-v-Abl and pMGINV were pro-
vided by B.-R. Chen and B. Sleckman (University of Alabama, Bir-
mingham). Bcl2 retroviral plasmid was created by replacing the
expression cassette in TCR OTI-2A.pMIG II (Addgene, #52111)
with murine Bcl2 CDS (NM_009741.5) using Bgl II and Not I re-
striction sites.

Immunoblotting

Relevant cells were washed with phosphate-buffered saline (PBS)
and lysed using radioimmunoprecipitation assay buffer [150 mM
sodium chloride, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1%
SDS, and 50 mM tris (pH7.4)] supplemented with cOmplete Prote-
ase Inhibitor Cocktail and PhosSTOP Phosphatase inhibitor Cock-
tail (Roche, Switzerland). Lysates were centrifuged at 14,000¢ for
10 min, and cleared supernatants were denatured at 70°C for 15 min
with 10% dithiothreitol (DTT) and 1X NuPAGE lithium dodecyl
sulfate (LDS) Sample Buffer (Thermo Fisher Scientific, USA). Sam-
ples were then loaded on to 4 to 12% bis-tris gel alongside prestained
protein ladder (PageRuler Plus, Thermo Fisher Scientific, USA) for
gel electrophoresis in 1X NuPAGE MOPS SDS Running Buffer
(Invitrogen, USA). Either an equal volume of lysate was loaded or
the protein concentration was measured with the bicinchoninic acid
(BCA) protein assay (Thermo Fisher Scientific, USA) before load-
ing. Proteins were transferred to 0.45-pm polyvinyl difluoride mem-
branes (Millipore, USA) at 20 V using 1X NuPAGE Transfer Buffer
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(Invitrogen, USA) in 20% methanol. Membranes were blocked for
60 min using either 5% bovine serum albumin in tris-buffered saline
with 0.1% Tween 20 or 5% milk before immunostaining. Mem-
branes were incubated overnight with relevant primary antibodies,
followed by the appropriate secondary antibody. Membranes were
developed with Immobilon ECL substrate (Millipore, USA), and
chemiluminescent images were visualized with the LI-COR Odys-
sey (LI-COR, USA) with LI-COR Image Studio software version
5.2.5. Primary and secondary antibodies used for immunoblotting
and their normal dilutions are listed in data S2.

Size exclusion chromatography

HEK293T cells were seeded in 100-mm-diameter petri dishes at
4 x 10° cells per plate, followed by polyethylenimine (PEI; Sigma-
Aldrich) transfection with 8 pg of WT or G52D mutant NUDCD3
plasmids (both in pEBB backbone). Transfected cells were lysed in a
lysis buffer with 50 mM Hepes-KOH, 150 mM or 500 mM NaCl,
2 mM EDTA, 5% glycerol, and 0.5% Triton X-100 (pH 7.5). Lysates
were then applied to a Superose 12 column (GE Healthcare) and
eluted in PBS at a rate of 0.5 ml/min. Fractions were precipitated
with trichloroacetic acid using recombinant human insulin (Sigma-
Aldrich) as a carrier, and pellets were resuspended in 100 pl of 1X
LDS sample buffer (Thermo Fisher) with 1 mM DTT. Samples were
then heated and analyzed by immunoblotting as described above.

Coimmunoprecipitation

Cells were lysed in immunoprecipitation (IP) buffer composed
of 25 mM tris (pH 7.4), 1 mM EDTA, 150 mM NacCl, 1% NP-40,
1 mM sodium orthovanadate, and 10 mM sodium fluoride with
Roche cOmplete proteinase inhibitor. The cell lysates were centri-
fuged at 17,000¢ at 4°C for 10 min. Soluble fractions were pre-
cleared for 1 hour at 4°C with Protein G Sepharose 4 beads (Fast
Flow, GE Healthcare) that were blocked with 1% bovine serum albu-
min (BSA) IP buffer for 1 hour. Precleared cell lysates were immu-
noprecipitated overnight with blocked beads that were incubated
with antibody for 1 hour. Protein G Sepharose beads were washed
three times in IP buffer and then boiled with 4X LDS buffer at 95°C
for 10 min to elute the absorbed immunocomplexes. Pulldown sam-
ples were analyzed by immunoblotting as described above. IP for
mass spectrometry is described below.

Lentiviral and retroviral transduction

Lentiviruses were produced using Invitrogen ViraPower Lentiviral
Systems (Thermo Fisher Scientific) or by cotransfection of psPAX2,
pCMV-VSV-G (provided by D. Young) and the relevant lentiviral
transfer plasmid into HEK293T cells using PEI. Viral particle-
contained supernatant was collected 48 to 96 hours after transfection
and filtered with a 0.45-pm sterile filter. Viral particles were purified
by mixing the supernatant with Lenti-X Concentrator (TaKaRa
631231) according to the manufacturer’s instruction, and the mix-
ture was centrifuged at 1500g at 4°C for 45 min before the pellet was
resuspended in 1% of the original volume of supernatant. Patient or
healthy donor dermal fibroblasts or MOLT4 cells were spinoculated
in six-well plates for 1.5 hours at 845g, with target or null control
viral particles serially diluted in a total volume of 0.5 ml of Dulbecco’s
modified Eagle’s medium (DMEM)/RPMI containing hexadime-
thrine bromide (8 mg/ml) (Polybrene, Sigma-Aldrich). Cells were
rested in virus-containing medium for 8 hours and then incubated
in fresh DMEM/RPMI for 48 hours, when they were selected in
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DMEM containing blasticidin (4 mg/ml) (Thermo Fisher Scientific), or
transduced MOLT4 cells were sorted according to GFP intensity.
Blasticidin-containing medium was refreshed every 72 hours.

Retroviruses were produced by cotransfecting HEK293T cells
with pCL-Eco (Addgene, #12371) and relevant retroviral transfer
plasmid using PEI Viral particle-containing supernatant was col-
lected 48 hours after transfection and filtered with a 0.45-pm sterile
filter. Viral particles were purified by centrifuging at 16,639¢ for 4 to
5 hours at 4°C. Mouse mononuclear BM cells were isolated from BM
harvested from femus and tibia by Histopaque 1083 using the man-
ufacturer’s instructions. These mononuclear BM cells were cultured
in BM medium [RPMI supplemented with 15% fetal bovine serum,
5 uM 2-mercaptoethanol (Sigma-Aldrich), 2 mM L-glutamine, pen-
icillin (100 U/ml), and streptomycin (0.1 mg/ml; Sigma-Aldrich)].
A total of 5 x 10° mononuclear BM cells were spinoculated in
48-well plates for 75 min at 1600g with viral particles diluted in a
total volume of 0.2 ml of BM medium containing Synperonic F
108 (1 mg/ml; Sigma-Aldrich) and murine IL-7 (10 ng/ml; BioLegend).
Transduced cells were cultured in 1 ml of BM medium that was
refreshed every 48 to 72 hours.

Coimmunoprecipitation mass spectrometry (ColP/MS)
A total of 2 x 10° MOLT4 cells transduced with empty vector, hem-
agglutinin (HA)-tagged W'T, or G52D NUDCD3 were lysed in 1%
NP-40 buffer by sonication. PureProteome Protein A/G Mix mag-
netic beads were crosslinked with 20 pg of anti-HA antibody (Ab-
cam, ab9110) using 25 mM dimethyl pimelimidate (Thermo Fisher
Scientific) in 200 mM triethanolamine buffer (Sigma-Aldrich) and
quenched with addition of tris (pH 7.4). The immunoprecipitation
was performed by loading precleared lysate to conjugated beads at
4°C overnight before washing and elution with 2.5% SDS in 100 mM
AmBic three times. Samples were digested into peptides by ProtiFi
S-Trap Micro Spin Column kit according to the manufacturer’s rec-
ommended protocol. Proteins were reduced with 20 mM tris(2-
carboxyethyl)phosphine hydrochloride (Sigma-Aldrich) at 37°C for
30 min and alkylated with 20 mM iodoacetamide (Sigma-Aldrich)
in the dark for 30 min. A ratio of 1:10 (w:w) TPCK-treated trypsin
(Worthington-Biochem) was used to digest the samples for 2 hours
at 47°C. Eluted peptides were dried down and resuspended in 5%
formic acid. Peptides were analyzed by nanoflow LC-MS/MS using
a Fusion Lumos Tribrid Orbitrap mass spectrometer (Thermo Fish-
er Scientific) coupled to a Dionex UltiMate 3000 with an active gra-
dient of 60 min, following the conditions published previously (45).
All discovery proteomics RAW mass spectra were analyzed using
MaxQuant (version 1.6.5.0) (46) and searched against a SwissProt
Homo sapiens database (47, 48) as previously described (45). The
statistical analysis was done using the R package Limma with a
Benjamini-Hochberg false discovery rate (FDR) threshold of P val-
ue of <0.05 (49).

Immunofluorescence and microscopy

Fibroblasts transduced with lentiviruses encoding V5- or eGFP-
or mCherry-tagged RAG1 or RAG2, HeLa cells transfected with
plasmids encoding HA- or Myc-tagged WT/G52D NUDCD3, or
HEK293T cells transfected with nontargeting siRNA/NUDCD3
siRNA (Thermo Fisher Scientific, Silencer Select s23709, s23711,
4390843) using DharmaFECT 1 (Horizon) followed by plasmids en-
coding eGFP-tagged RAG1 and mCherry-tagged RAG2 in p-Slide
eight-well ibiTreat chamber slide (ibidi, Germany) were fixed with

Chenetal., Sci.Immunol. 9, eade5705 (2024) 24 May 2024

4% formaldehyde for 15 min and washed with PBS. Slides were
blocked with 10% goat serum and permeabilized with 0.1% Triton
X-100 in PBS and then incubated with relevant antibodies at 4°C
overnight. Slides were then washed with 0.1% Tween 20 in PBS
and incubated with appropriate secondary antibodies for 1 hour at
room temperature, followed by nuclear staining with 4’,6-diamidino-
2-phenylindole (DAPI) (0.2 pg/ml; Thermo Fisher Scientific, USA).
Slides were mounted with ProLong Glass Antifade Mountant (Ther-
mo Fisher Scentific, USA) and imaged on a Leica SP8-STED confo-
cal microscope with a Leica HC PL APO 63x/f1.40 o0il CS2 lens. The
image acquisition was carried out by Leica LAS X software (version
3.3.0.16799). Confocal images were deconvolved and analyzed by
Huygens Essential/Professional software (version 23.04). For the
analysis of nucleolar localization, Leica LAS X software was used to
measure average raw fluorescence intensity of region of interest us-
ing Line Profile and Stack Profile tools, and results are presented as
a simple ratio. The primary and secondary antibodies used are listed
in data S2.

Mouse tissues fixed in 4% formaldehyde in PBS were paraffin-
embedded and sectioned at 8 pm and hematoxylin and eosin-
stained by the Laboratories of the Integrated Laboratory Medicine
Directorate, Newcastle upon Tyne Hospitals NHS Foundation Trust.
Slides were imaged using an Olympus BX43 with an Olympus PLN
Plan Achromat 10x/f0.25 lens, SC50 camera, and cellSens Standard
software (version 1.16, build 15404 software).

Reverse transcription quantitative PCR

RNA was extracted by lysing cells in TRIzol reagent (Thermo Fisher
Scientific). Chloroform was added to 1/5 total sample volume, and
the sample was centrifuged for 15 min at 12,000 g at 4°C. The top
aqueous phase was transferred to a new tube, and 2.5 V of aqueous
phase of 75% ethanol, 0.1 V of 3 M sodium acetate (pH 5.2), and
20 pg of glycogen were added to the aqueous solution and incubated
at —80°C overnight before centrifuging for 30 min at 12,000 g at
4°C. RNA pellets were washed twice with 75% ethanol and dried at
room temperature before resuspending in 30 pl of RNase-free water
by heating at 55°C for 10 min. Reverse transcription quantitative
PCR (RT-qPCR) primers and related probes were designed by
Roche Universal ProbeLibrary System Assay Design. The primer se-
quences and related probes were as follows, unless otherwise speci-
fied in other Materials and Methods sections: NUDCD3 (forward:
5-ACCTTTGACTACCACCAGAAGCTCAGCATCTCATGGAC
TTTCA-3') and UPL probe #21, 18S ribosomal RNA (forward:
5'-CCGATTGGATGGTTTAGTGAG-3; reverse: 5'-AGTTCGAC-
CGTCTTCTCAGC-3') and UPL probe #81, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (forward: 5'-TGGTATCGTGGAAGGA-
CTCA-3'; reverse: 5'-GCCATCACGCCACAGTTT-3") and UPL probe
#87, and HPRT1 (forward: 5'-TGACCTTGATTTATTTTGCATA-
CC-3'; reverse: 5'-CGAGCAAGACGTTCAGTCCT-3’) and UPL
probe #73. Equal amounts of RNA were subjected to qPCR with a
Verso one-step RT-qPCR Mix (Thermo Fisher Scientific) and Ari-
aMx Real-time PCR System (Agilent Technologies) according to the
manufacturer’s instructions.

Radiosensitivity assays

A549 cells were transfected with 200 nM nontargeting siRNA (Ther-
mo Fisher Scientific, 4390843) or siRNA-targeting NUDCD3 (Ther-
mo Fisher Scientific, Silencer Select s23709, s23710, S2371) using a
Neon electroporator (Thermo Fisher Scientific) according to the
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manufacturer’s protocol for 48 hours. Transfected A549 cells were
then trypsinized and y-irradiated by using a '*’Cs source at a dose
rate of 0.04 gray (Gy)/s. Irradiated cells and untreated control cells
were split in six-well plates and cultured for 21 days. Wells were ex-
posed to 100 pl of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo
lium bromide (MTT) (5 mg/ml) in PBS for 2 hours after 21-day cul-
ture. Media then were removed, and 200 pl of isopropanol:HCl
(100:1) was added to dissolve MTT. A total of 100 pl of supernatant
(containing MTT in isopropanol:HCl) was transferred to a 96-well
plate and analyzed at 570 nm to determine cell viability.

Primary dermal fibroblasts (passage 5-9) were trypsinized and
irradiated at a dose rate of 0.09 Gy/s before plating onto feeder cells
prepared 24 hours earlier. Colony survival was analyzed at 3 weeks.

RAG recombination assay

Recombination assays were performed as described previously (50).
Briefly, patient fibroblasts (5 x 10°) were transfected with 2 pg of
pEBB-RAG]I, 2 pg of pEBB-RAG2, and 1 pg of pDVGI3 substrate
plasmids using the Amaxa nucleofection system (Lonza) following
the manufacturer’s instructions. Cells were transferred to a pre-
warmed six-well plate containing 2 ml of complete DMEM and in-
cubated for 48 hours. Extrachromosomal DNA was isolated using a
modified Hirt prep and eluted in 20 pl of H,O. After overnight Dpnl
digestion at 37°C, a qRT-PCR assay was used to detect the amount
of substrate plasmid recombination using the primers DG89 (5'-CAC-
AGCAGCGGCCATATCGAAGGTCG-3') and DG147 (5'-TACAT-
TGAGCAACTGACTGAAATGCC-3'), as well as the probe FM23
(5'-[FAM]CTCCATTTTAGCTTCCTTAGCTCCTG[TAMRA]-
3'). This signal was normalized to total levels of transfected pDVG93
that were detected using the primers DpnI-U (5'-GAGCGTCAG-
ACCCCGTAGAA-3’) and Dpnl-L (5'-TAGCTCTTGATCCGGCA-
AACA-3’), as well as the probe T-Dpnl (5'-[FAM]TTTCTGC-
GCGTAATCTGCTGCTTGCA[TAMRA]-3"). Assays were per-
formed in a reaction volume of 25 pl using 2X TagMan MasterMix
(Thermo Fisher Scientific), 300 nM each primer, 100 nM probe,
and BSA (0.1 mg/ml) using the following program: 2 min at 50°C,
10 min at 95°C, 50 cycles of 15 s at 95°C, and 1 min at 60°C.

scRNA-seq sample processing and analysis
Cryopreserved peripheral blood mononuclear cells in cryovials
were thawed at 37°C and transferred into a 15-ml tube with 10 ml of
prewarmed RPMI-1640 medium (Sigma-Aldrich, R0883) supple-
mented with 10% (v/v) fetal calf serum (FCS) (Gibco, 10270-106),
followed by centrifugation at 500g for 5 min. The cell pellet was re-
suspended in 100 pl of cold fluorescence-activated cell sorting
(FACS) buffer [PBS + 2% (v/v) FCS + 2 mM EDTA] with a mix-
ture of flow cytometry antibodies. Cells were incubated on ice for
30 min in the dark, washed, and resuspended in FACS buffer.
Viability dye 7-amino-actinomycin D (7AAD) was added into cell
suspension before cell sorting and analysis on BD FACSAria Fu-
sion (Becton Dickinson). Sorted cell buckets (i) CD3*/CD19" and
(ii) CD37CD19™ were washed. After cell counts were determined,
cells were loaded onto each channel of a Chromium chip before en-
capsulation on the Chromium Controller (10x Genomics). Three
sample pools (CTRL_1, RAG2_1, NUDCD3_1) contained 12,000
cells within each cell bucket. One sample pool (RAG1_1and RAG2_2)
was loaded twice for each cell bucket, with 12,000 cells in each load.
For one sample pool (RAG2_1 and NUDCD3_1), 24,000 cells
were loaded for each cell bucket. Two sample pools (RAG1_2 and
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RAGI1_6 and CTRL_3 and NUDCD?3_2) were loaded twice for each
cell bucket, with 16,000 cells in each load. Other sample pools
(RAG1_3,RAGI1_4, RAG1_5,and NUDCD?3_3) had 16,000 cells in
each load for each cell bucket.

The single-cell sequencing libraries were generated using the
Single Cell 5’ V1 Kit as per the manufacturer’s protocol. The 5’ gene
expression libraries (for CTRL_1, RAG2_1, NUDCD3_1, and
RAG2_1 and NUDCD3_1 for each bucket separately) were se-
quenced using the Illumina HiSeq 4000 platform, with 10x read pa-
rameters: 26-base pair (bp) read 1, 98-bp read 2, 8-bp index 1, and
0-bp index 2. The 5’ gene expression libraries for the rest of sam-
ples (RAG1_1 and RAG2_2, RAG1_2 and RAG1_6, CTRL_3 and
NUDCD3_2, RAG1_3, RAGI_4, RAG1_5, and NUDCD3_3) were
sequenced using the Illumina HiSeq 4000 platform with read pa-
rameters 28-bp read 1, 91-bp read 2, 8-bp index 1, and 0-bp index 2.
The TCR repertoire was profiled for sorted CD3*/CD19" cells along
with 5’ gene expression, and these libraries were sequenced using
the Illumina HiSeq 4000 platform with read parameters: 150-bp
read 1, 150-bp read 2, 8-bp index 1, and 0-bp index 2.

The antibodies used for cell sorting and immunophenotyping are
listed in data S2. Flow cytometry data were analyzed by FlowJo V10
(BD Biosciences).

scRNA-seq data analysis

Raw scRNA-seq data coupled with TCR data of two healthy controls
from publicly available datasets were used in the analysis of human
TCR sequences (51, 52). Raw scRNA-seq data from all 15 samples—
including healthy controls and patients with RAG1, RAG2, and
NUDCD3—were processed using the Cell Ranger Single-Cell Soft-
ware Suite (10x Genomics, v3.0.2). Reads were first assigned to cells
and then aligned to the human genome using STAR (53), with the
hg38 build of the human genome (GRCh38_15_plus_hs38d1 + en-
sembl_90_transcriptome) as a reference for alignment. Results from
RNA quantification in Cell Ranger were imported into R (v3.8.1)
and analyzed using Seurat (v3) (54).

For doublet detection, DoubletFinder (55), DoubletDetection
(56), and Solo (57) were applied. Cells were marked as doublets and
removed from further analysis if any two algorithms predicted a
cell to be a doublet. For eight samples that were pooled together
for sequencing in pairs (RAG2_1 and NUDCD3_1, RAG1_1 and
RAG2_2, RAG1_2 and RAG1_6, and CTRL_3 and NUDCD3_2),
cellSNP v0.1.6 and vireoSNP v0.1.3 were used to additionally de-
convolute doublets on the basis of genotypes and WES data (58, 59).

For quality control, normalization, and data scaling, cells that ex-
pressed fewer than 300 genes or in which we detected more than 10%
unique molecular identifiers (UMIs) from mitochondrial transcripts
or fewer than 200 UMISs were first excluded. Data were normalized for
library size and log-transformed using default Seurat parameters with
NormalizeData function. A publicly available list of cell-cycle genes
(60) was used to perform cell-cycle scoring and to assign cells to their
respective stage of the cell cycle using Seurat CellCycleScoring func-
tion. The data were then normalized with Seurat’s SCTransform with
default parameters, regressing out the following covariates: number of
expressed genes per cell, number of UMIs per cell, proportion of tran-
scripts mapping to mitochondrial genes, and cell cycle score.

For the eight samples (RAG2_1,NUDCD3_1,RAG1_1,RAG1_2,
RAGI1_6, RAG2_2, CTRL_3, and NUDCD3_2) that were se-
quenced in two batches, sequencing runs were integrated with
Seurat::IntegrateData using all genes as integration anchors.
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Batch-corrected counts provided in the integrated slot of the Seurat
data object were used for further analysis.

Next, for each cell bucket (CD3*/CD19* and CD3"CD19") sep-
arately, we integrated all cells from all 15 samples together with
Seurat:IntegrateData. The integration was performed on 5000 high-
ly variable anchor genes (excluding mitochondrial transcripts, genes
coding TRA and TRB, ribosomal proteins, AL138963, AL133415,
and MALATI because they correlate with cell viability and TCR
specificity rather than with cell type). Principal components analysis
(PCA) with Seurat:RunPCA and uniform manifold approximation
and projection (UMAP) with Seurat:RunUMAP using the first 25
principal components (PCs) were computed. Then, cells were clus-
tered using the first 25 PCs with shared nearest neighbor (SNN)
modularity optimization-based clustering algorithm implemented
Seurat::FindNeighbors and Seurat::FindClusters, testing for optimal
resolution parameter (0.1 to 1.5, step = 0.1).

After the first round of cell clustering, each cell from the lymphoid
bucket was annotated as either T cell or B cell, whereas each cell from
the myeloid bucket was annotated as monocyte, NK cell, dendritic
cell, or other (Fig. 2 and figs. S5 and S6). T and B cells were identified
on the basis of expression of T cell markers (CD3D, CD3E, and
CD3G) and B cell markers (CD19, CD74A, and MS4A1). T cell clus-
ters were further annotated into CD4 T cell subsets (CD4"), CD8 T
cells (CD8A* and CD8B*), yd T cells (TRDV* and TRGV™), and
mucosal-associated invariant T (MAIT) cells (TRAVI-2" and
TRAJ12/20/33"). Monocytes were differentiated from NK and den-
dritic cells on the basis of CD14 and CD16 marker expression, where-
as NK cells were characterized by high expression of NCAM1, NKG7,
and GNLY coupled with expression of chemokines (CCL4 and CCL5)
and granzymes (GZMK and GZMB). Dendritic cells were annotated
on the basis of FCER1A, CD74, and CDI1C expression.

To increase the accuracy of cell-type annotation, a second round
of dimensionality reduction and clustering was performed in which
each of the six cell populations (all lymphoid cells, CD4 T cells, CD8
T cells, y8 T cells, all myeloid cells, and monocytes) were analyzed
separately. Resulting clusters were annotated using known cell type-
specific gene markers and cluster-specific genes that were identified
using the Wilcoxon rank-sum test (figs. S5 and S6). The Mann-
Whitney U test was used to compare frequencies of the annotated
cell subtypes between patients on the basis of the mutation gene
group: (i) NUDCD3 and (ii) RAGI- and RAG2-deficient and healthy
individuals. Owing to the small sample sizes and broad similarity
between (i) and (ii), we grouped all patients with OS together to
perform pairwise comparisons with healthy controls to assess for
statistical differences in cell subtype proportions. A nonparametric
test was used for pairwise comparisons between patient groups and
controls because normality of distribution cannot be established
given the extremely small sample size. To account for multiple test-
ing, FDR correction was applied to all P values obtained in pairwise
comparisons between patients with OS and healthy controls.

For single-cell TCR analysis, raw TCR FASTQ reads were pro-
cessed with a patched version of Cell Ranger v3.0.2 provided by 10x
Genomics. We used GRCh38-alts-ensembl-3.1.0 V(D)] reference to
obtain TRA, TRB, and clonotype assignment. Shannon entropy (H)
was estimated for TRA and TRB chains separately, for productive
sequences only, as

S
H= - ZPilOgPi
i=1
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where p; was a proportion of clonotype i and S was a number of
clonotypes in repertoire.

In the tree plots, each sample is represented as a set of rectangles
corresponding to unique clonotypes. Rectangle size is proportional
to the number of cells with this clonotype. Colors are applied to help
distinguish different clonotypes within a sample, and rectangles of
the same color do not represent the same clonotype.

KREC assay

103/BCL-2 pre-B cells were transfected with Nudcd3-targeting or
nontargeting siRNA (Thermo Fisher Scientific, Silencer Select
$102125, s102126, s102127) using the mouse B cell nucleofector kit
in conjunction with the Amaxa nucleofection system (Lonza) ac-
cording to the manufacturer’s instructions. Transfected cells were
cultured in antibiotic free media in the wells of 12-well plates at
33°C for 48 hours to allow sufficient knockdown. Plates were then
transferred to 39°C or retained at 33°C for a further 48 hours. After
this incubation period, cells were harvested and total DNA and
total RNA were extracted using the QIAamp DNA Mini Kit (QIAGEN)
and ReliaPrep RNA miniprep system (Promega), respectively, ac-
cording to the manufacturer’s instructions. KRECs were detected
using a qPCR assay with a 900 nM final primer concentration
and a 100 nM final probe concentration. The KREC assay signal
(forward: 5'-CTCCAATAAGTCACCCTTTCCTTGT-3'; reverse,
5-GGAGTGGATTCAGGACACTGCT-3" and probe 5'-[FAM]CC
AGTTTCTGCACGGGCAGTCAGTTAG[TAMRA]-3") was nor-
malized to the signal from a genomic albumin assay (forward:
5-TCACCTTTCCTATCAACCCCA-3’; reverse: 5'-CGAAACA-
CACCCCTGGAAAA-3" and probe 5'-[FAM]TCTCCTCCTCCTC-
TTCGTCT[TAMRA]-3"). RNA from the same cells was used to
synthesize cDNA using the M-MLYV reverse transcriptase accord-
ing to the manufacturer’s instructions (Promega). Template cDNA
(5 pl) was used in a final volume of 20 pl using 2X SYBR Green
Master Mix (no ROX) (Bioline) and 400 nM of each primer. Assays
formurine Nudcd3 (forward: 5-TTCGGCTTTCTCTACCGCAA-3’;
reverse: 5'-CCTTGGCCTCTTCCTCCTTT-3') and the housekeep-
ing gene Hprtl (forward: 5-CAAACTTTGCTTTCCCTGGT-3';
reverse: 5'-TCTGGCCTGTATCCAACACTTC-3’) were performed
using the following program: 2 min at 95°C, 40 cycles of 5 s at 95°C,
10 s at 60°C, 20 s at 72°C, and a melt-curve step to check for multiple
PCR products.

Mouse strains

The Nudcd3“™™POWS mice on a C57BL/6N6NTac/USA back-
ground (referred to as Nudcd3™™ in the homozygous state) were
generated by the Wellcome Trust Genome Campus (Hinxton, UK)
by CRISPR-Cas9 editing using the guide RNA sequence 5'-CGC-
CACCCTTCGGACCGCAT-3' and template DNA sequence 5'-GC-
CCGCCGCCTCTCTCCACCTCACCTGCAGCACCAGGGCCT-
GTGCGGCCCCGGGCGGGAAGTCCATGCGGTCC-
GAAGGGTGGCGCAGCAGGCGGTAGAAGTCGGTCTTGCG-
GT-3' (Fig. 3A). Heterozygous Nudcd3"°™ (referred to hereafter

as Nudcd3™") mice were subjected to the International Mouse Phe-
notyping Consortium (IMPC) phenotyping process (61). All mice
were housed in barrier facilities at Comparative Biology Centre
(CBC), Newcastle University, UK. All experimental procedures
were approved by CBC Newcastle University local authorities and
were performed in accordance with UK Home Office regulations.
All mice were housed in groups of seven maximum with a 12-hour
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light/12-hour dark cycle and provided food and water ad libitum.
Nudcd3"™® mice were bred to generate homozygous Nudcd3"™
mice. Progeny mice were genotyped from ear notches taken at post-
natal day 14 (P14). DNA was isolated using a DNeasy Blood & Tis-
sue Kit (QIAGEN) and the “Purification of Total DNA from Animal
Tissues (Spin-Column Protocol).” DNA was amplified by PCR using
the following primers: forward: 5'-CAATCAGCCGGTGTGAG-
GCG-3’ and reverse: 5'-GGGTTTGTGATTCTCTCTGG-3' in the
following reaction volumes: 10 pl of 5X MyTaq reaction buffer, 2 pl
of each primer, 2 pl of template, 0.5 pl of MyTaq HS DNA Poly-
merase (5000 U/ml) (Meridian, BIO-21112), and 33.5 pl of water for
a total volume of 60 pl. The following PCR program was used: 1 min
at 95°C, 37 cycles of 15 s at 95°C, 15 s at 57°C, 30 s at 72°C, 5 min at
72°C, and 10 min at 10°C on an Alpha Cycler 1 PCRmax machine.
Sanger sequencing was performed by Eurofins Genomics using the
following primer: 5'-CCAGAGAGAATCACAAACCC-3'.

The congenic strain of BoyJ] mice used in mixed BM chimera
experiments (see below) was Ly5.1 Mouse (B6.SJL-PtprcaPepcb/
BoyCrl) purchased from Charles River Laboratories. Host recipients
used in mixed chimeras were a double-fluorescent Cre-reporter
mouse with universal expression of membrane-targeted tdTomato
(mT) before Cre excision and membrane-targeted EGFP (mG) after
Cre excision (sourced from the Jackson Laboratory) (62). These
mice were housed at the University of Birmingham Biomedical Ser-
vices Unit. All experimental procedures were approved by the
Birmingham Animal Welfare and Ethical Review Body and were
performed in accordance with UK Home Office regulations.

Flow cytometry (mouse)

Mice were weighed before being euthanized at 5 to 8 weeks of age by
injecting 100 pl of Euthatal (200 mg/ml) (pentobarbitone injectable,
Dipharma) intraperitoneally. Blood was then collected using cardiac
puncture and diluted with 100 pl of heparin (5000 IU/ml). Death
was confirmed by cervical dislocation. Female and male animals
were pooled in the analysis except when comparing weight and
thymic cellularity. For these readouts, only 5- to 12-week-old males
were analyzed. Some younger (3 weeks) and older animals (40 weeks)
from pilot studies were also included. The reduced Mendelian ratios
of homozygous animals born to heterozygous breeding pairs meant
that one litter of six to eight mice often only included one homozy-
gous pup. Animals were analyzed in triplicate alongside littermate
controls (Nudcd3™WT, Nudcd3™e, or Nudcd3H°™) where possible. If
two litter triplicates were 5 to 8 weeks old simultaneously, they were
phenotyped on the same day. Details of independent replicates of
each experiment can be found in data S3. Thymi, spleens, and cla-
vicular, axillary, and mesenteric lymph nodes were isolated by blunt
dissection and transferred to cold Iscove's modified Dulbecco's me-
dium (IMDM) with 0.1% BSA (v/v). Femurs were isolated by cut-
ting just above the hip and below the knee joint. Thymocytes and
lymphocytes were isolated by mechanically dissociating the thymi,
spleens, and lymph nodes either between two sections of nylon
mesh (70 pm in diameter) or between two glass slides. Single-cell
suspensions were counted on a Tali Image Cytometer (Thermo
Fisher Scientific, USA) or using counting beads (Spherotech Ac-
cuCount beads ACBP-100-10). Blood was lysed in ammonium-
chloride-potassium (ACK) lysis buffer (dH,O with 150 mM NH,CI,
10 mM KHCO3, and 0.1 mM EDTA) for 3 min at room temperature.
Single cells were washed and resuspended in cold FACS bufter (PBS
(Gibco) with 5 to 10% FCS and 0.5% sodium azide or PBS (Gibco)
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with or without CaCl, and MgCl,) at a concentration of 0.5 X 10° to
5 x 10° cells per 100 pl with specific surface antibodies on a rocker
in a dark cold room (4°C) for at least 30 min. For analysis of DN
and early T cell progenitor populations, 107 cells were stained with
100 pl of antibody mix. Cells were either stained with a viability
dye before surface staining (Fixable Dead Cell Stain Kit Zombie
Aqua from Invitrogen) or just before acquisition (1:2000; DAPI).
The antibodies used are listed in data S2. Foxp3 and Ki67 stain-
ing were performed using an intracellular Foxp3 kit purchased
from eBioscience (00-5523-00). Streptavidin BV786 (BD Horizon)
(1:100) was used to reveal staining with biotinylated antibodies.
iNKT cells were identified using unloaded PBS57-loaded CD1d tet-
ramers (obtained from the National Institutes of Health Tetramer
Facility). Samples were analyzed using the BD FACSymphony A5 or
the BD LSRFortessa X20 running BD FACSDiva software followed
by analysis in FlowJo V10 (BD Biosciences) and Graphpad Prism 8
or 9. Comparison of population frequency (frequency of parent) or
cell number (frequency of total X organ cellularity counted as
above) was performed using analysis of variance (ANOVA) (Bon-
ferroni and alpha threshold set at 0.05) unless otherwise specified.
Only statistically significant differences are marked in the figures.

Generation of mixed BM chimeras

Host recipients used in mixed chimeras were a double-fluorescent
Cre reporter mouse with universal expression of membrane-targeted
tdTomato (mT) before Cre excision and membrane-targeted EGFP
(mG) after Cre excision (sourced from the Jackson Laboratory) (62)
to allow the identification of host cells (mT™) (fig. S10K). Recipient
mice were lethally irradiated (2 X 5 gray) and reconstituted intrave-
nously with 5 x 10° T cell-depleted adult BM preparations made
from CD45.2 congenically marked Nudcd3"" or Nudcd3"™ cells
mixed at a 1:1 ratio with CD45.1 congenically marked WT cells iso-
lated from Boy] mice. Depletion of T cells was performed using
anti-CD3-phycoerythrin (PE) and anti-PE microbeads (Miltenyi
Biotec) according to the manufacturer’s instructions. Mice were eu-
thanized 28 days after reconstitution, and tissues were analyzed by
flow cytometry described above. The antibodies used in addition to
the panels described above are listed in data S2.

Mouse TCR/BCR repertoire by 5' RACE and analysis

RNA was extracted from approximately 20 mg of sliced and macer-
ated mouse spleen that was snap-frozen in liquid N, upon isolation
using the RNeasy Plus Mini Kit (QIAGEN, Germany) following the
manufacturer’s protocol. RNA concentration and quality (RNA in-
tegrity number) were determined by the Agilent RNA 6000 Nano
Kit using Agilent 2100 Bioanalyzer. Mouse TCR and BCR libraries
were prepared using SMARTer Mouse TCR a/b Profiling Kit and
SMARTer Mouse BCR IgG H/K/L Profiling Kit (Takara Bio USA,
Inc.) following the manufacturer’s protocol. Concentration and
quality of DNA libraries were determined by Agilent DNA 1000 Kit
using Agilent 2100 Bioanalyzer. TCR and BCR libraries were pooled
before being sequenced by Illumina MiSeq Platform using MiSeq
Reagent Kit v3 (2 X 300 bp, 600 cycles). Bioinformatic analysis is
described as follows.

Receptors were reconstructed and quantified from raw FASTQ
reads with MIXCR (v3.0.3, built-in V/D/J/C library: repseqio.v1.5) with
default settings. TCRs with CDR3 containing stop codon or frameshift
mutation were assigned nonproductive status. Diversity estimates were
obtained as for human sequences, with productive sequences only.
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Mouse immunoglobulin ELISA

Mouse whole blood was left undisturbed at room temperature for
30 min to clot and then centrifuged at 1000g for 10 min at 4°C. The
resulting serum supernatant was collected for enzyme-linked im-
munosorbent assay (ELISA). The serum was diluted, and ELISAs
were performed using the following kits: Abcam Mouse IgA ELISA
Kit (ab157717), Abcam Mouse IgG1 ELISA Kit (ab133045), Invitro-
gen Mouse IgG2a ELISA Kit (88-50420-22), Invitrogen Mouse
IgG2b ELISA Kit (88-50430-22), Invitrogen Mouse IgG3 ELISA Kit
(88-50440-22), Invitrogen Mouse IgM ELISA Kit (88-50470-22),
Invitrogen Mouse IgE ELISA Kit (88-50460-22) and according to
the manufacturer’s instructions. The results were read using Tecan
Sunrise Microplate Reader.

Mouse pre-B cell in vitro recombination assay

Heterogenous mononuclear BM cells were first infected with Bcl2
retrovirus or coinfected by Bcl2 and v-Abl retroviruses as described
above. Transduced cells were initially cultured in BM media supple-
mented with IL-7 (10 ng/ml; BioLegend) for 7 days. v-Abl pre-B
cells were then maintained without IL-7 supplement and infected
with pMGINYV reporter virus for 72 hours and subsequently treated
with 5 pM imatinib (Sigma-Aldrich) for 48 hours to trigger recom-
bination. GFP-positive cells were evaluated using flow cytometry.

Statistics
Statistical analysis and verification of normal distribution were con-
ducted using GraphPad Prism software except in the case of single-
cell transcriptomic analysis (see below). For comparisons between
groups, a one-sample ¢ test, an unpaired Student’s ¢ test, or a one-
way or two-way ANOVA with Bonferroni post hoc multiple com-
parisons test was used as appropriate and as described in the figure
legends. Data (biological replicates) are presented as the 25th to
75th percentiles with line at median or means + SEM as described
in the figure legends. P < 0.05 is considered as significant. In all fig-
ures, *P < 0.05, ¥**P < 0.01, ***P < 0.001, and **** P < 0.0001.
For single-cell transcriptomic analysis, the Mann-Whitney U test
to compare frequencies of annotated cell subtypes between patients
and healthy individuals was conducted in Python (v3.10) using the
stats.mannwhitneyu function from the SciPy (v1.8.0) library. The
Wilcoxon rank-sum test to identify cluster-specific genes during
single-cell data analysis was conducted in R (v3.8.1) with the Seurat
(v3) package using FindMarkers or FindConservedMarkers func-
tions applied to Seurat data objects.
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