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double-strand breaks (DNA-DSBs) that are initially covalently sealed
by a hairpin (coding ends [CEs]).% Subsequently, the DNA-PK catalytic
subunit (DNA-PKcs) protein activates DNA cross-link repair 1C
(DCLRELC; also known as Artemis), allowing opening of the hairpin.
The DNA-DSBs are then repaired by proteins of the nonhomologous
end-joining pathway, thereby permitting the juxtaposition of non-
adjacent V-D-J genes.* RAG mutations in humans are associated
with a variety of clinical and immunologic phenotypes that reflect the
biochemical consequences of the mutation and the effect of environ-
mental factors.® In patients with null RAG mutations, complete failure
of V(D)J recombination is associated with complete lack of circulating
T and B lymphocytes, hence resulting in the T~ B~ NK™ form of
SCID. We and others have shown that hypomorphic RAG mutations
that affect, but do not abolish, V(D)J recombination, are often
associated with distinct immunologic and clinical phenotypes with
residual presence of T, and in some cases B, lymphocytes.5® The
presence of autologous, auto-reactive, activated, and oligoclonal
T cells that infiltrate and damage peripheral organs is a hallmark of
Omenn syndrome (OS). In other cases, hypomorphic RAG mutations
may cause delayed disease onset, granuloma formation, autoimmu-
nity, and/or dysgammaglobulinemia.®

Using an in vitro cellular platform in which RAG activity can be
measured by analyzing recombination at an inverted green fluorescent
protein (GFP) cassette flanked by RSS, we have shown that the
phenotypic diversity of human RAG deficiency correlates with the
residual function of the mutant RAG protein.'® We found that
mutations associated with OS have residual, yet markedly decreased,
recombination activity. The observationthat OSand T~ B~ NK* SCID
may occur in affected members of the same family suggests that RAG
mutations associated with these phenotypes can only support, at best,
limited repertoire diversity. However, no studies have compared T-cell
development in patients with RAG mutations associated with OS vs
SCID.

Mouse models have been used to elucidate the functions of genes
involved in PID, and SCID in particular. A mouse model for SCID
was first reported by Bosma et al,** the result of a naturally occurring
mutation in the Prkdc gene.*® Although the scid mouse is initially
deficient in functional T and B cells, some young adult mice generate
a low number of functional lymphocytes, and a leaky SCID phenotype
is observed in most scid mice by 1 year.X® In contrast, the Ragl or
Rag2 null mice result in a nonleaky SCID, with a stringent block at
the CD4~CD8~ CD44CD25™" double negative 3 stage of intrathymic
T-cell development, resulting in absence of B or T lymphocytes.*°
Mouse models of OS and of leaky SCID have been generated, such
as Ragl R972Q,'° the Ragl S723C,’, and Rag2 R229Q" mice. In
addition to the mouse, SCID and SCID variants have also been mod-
eled in the dog and horse.*®*°

Although animal models serve as an important tool for elucidating
gene functions, and how certain mutations result in PIDs, there is a clear
need to study PIDs in a human context. There are differences in
T-lymphocyte development between humans and mice,?® and disease
mechanisms likely differ as well. However, several obstacles exist that
make it difficult to study the developmental pathophysiology of human
SCID atthe cellular and molecular level, including rarity of the disease,
the urgency of treatment, and difficulties in obtaining appropriate tissue
samples. Recent work has demonstrated that T cells can be generated
from human induced pluripotent stem cells (iPSCs) in vitro.?2 2 Thisin
vitro approach can reduce the need for using animal models in place of a
more ethical, rapid, and more cost-effective means to conduct research
within a human context, validating treatment or the repair of a patient’s
defective gene in the context of thymocyte differentiation. A first report
that defective T-cell differentiation associated with SCID can be

modeled using patient-derived iPSCs has been provided by demon-
strating an early arrest of T-cell development of cells carrying an
IL2RG
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Figure 1. Scheme of RAG1 protein and mutations. WT human RAG1 consists of 1043 amino acids and includes an N-terminus domain, really interesting new gene (RING)
finger sequence, zinc finger sequences zinc finger A (ZFA) and zinc finger B (ZFB), the catalytic core, which contains the nonamer- and heptamer-binding regions, and a
C-terminus domain. The amino acid positions affected by mutations identified in patients with SCID (P1 and P2) and with OS (P3), and the respective consequences on amino
acid sequence are shown. P1 and P2 were homozygous for a frameshift (N476Kfs*16) and a missense (R394W) mutation, respectively. P3 was compound heterozygous for a
missense (E722K) and a frameshift (K86Vfs*33). For the latter, an alternative start codon can be used resulting in an N-terminus truncated protein with normal sequence from
Met183 onward with cytoplasmic localization. HBR, heptamer-binding region; NBR, nonamer-binding region.

vitro proliferation to phytohemagglutinin was nearly abolished (2000 cpm vs
172000 in a healthy control). Maternal T-cell engraftment was ruled out by
microsatellite analysis. Molecular analysis demonstrated compound heterozy-
gous RAG! mutations (c.256_257del; c.2164G>A), predicted to cause the
K86Vfs*33 and E722K protein changes, respectively.

On the basis of the Primary Immune Deficiency Treatment Consortium
criteria,® P1 and P2 met the definition of SCID, whereas P3 was diagnosed
with OS.

Online materials

See supplemental Methods, available on the Blood Web site. Online material
includes methods for: (1) analysis of recombination activity of the mutant RAG1
proteins; (2) generation and characterization of RAG1-deficient iPSCs; (3) iPSC
maintenance and differentiation; 4) CD34™ isolation; (5) OP9-DL-4 cocul-
ture and differentiation; (6) flow cytometry; (7) next-generation sequencing
of TRB and TRA repertoires; (8) Quantification of TRECs; (9) single cell gel
electrophoresis (Comet assay); (10) Southern blot analysis; (11) protein
expression and purification for in vitro analysis; (12) in vitro DNA nicking
assays; (13) in vitro binding assays; and (14) statistical analysis.

Results

RAG1 mutations of 3 patients have low recombination activity
and result in cleavage defects

In order to investigate the effects of RAG1 deficiency on human T-cell
development, we generated iPSCs from dermal fibroblasts obtained
from 2 patients with SCID and 1 patient with OS. P1 and P2 with SCID
were both homozygous for distinct RAGI mutations, whereas com-
pound heterozygosity was demonstrated in P3 with OS (Figure 1).
The SCID P1 single nucleotide deletion at residue 1428 is predicted
to result in frameshift and early truncation of the RAG1 protein with
only the nonamer-binding region (NBR) domain of the catalytic core
intact. The SCID P2 and OS P3 substitution mutations within the NBR
or heptamer-binding region respectively, are predicted to severely
limit recognition and/or binding of the RSS. The OS P3 deletion
(c.256_257delAA) was previously reported to produce an N-terminal
truncated RAG1 protein with an intact catalytic domain, due to use of an
alternative start codon; this mutant is severely blocked from entering the
nucleus.?® To characterize the levels of recombination activity of each
of these RAG1 mutants, Abelson-transformed Ragl "~ pro-B-cells
containing an inverted GFP cassette flanked by RSS (pMX-INV
cassette) were transduced with retroviral vectors encoding for the

various RAG1 mutant proteins or wild-type (WT) RAGL1, and GFP
expression was used as a read-out of the recombination activity.'° Total
cell lysates were obtained for immunoblot analysis in order to assess
RAGL expression levels (Figure 2A). The antibody used (D36B3; Cell
Signaling) is N-terminus specific and therefore does not recognize the
product of the ¢.256_257delAA mutation.

As shown in Figure 2B-C, the RAGI mutations associated with
SCID supported extremely low recombination activity when compared
with WT RAGI (P1, ¢.1428delC: 0.10 + 0.05%; P2, ¢.1180C>T:0.10 =
0.04%). One of the 2 mutant alleles associated with OS in P3
(c.2164G>A) had virtually undetectable recombination activity
(0.04% = 0.03), whereas the other allele (256_257delAA) had re-
sidual, though markedly decreased, function (3.48 =+ 0.35%). These data
are consistent with the previous demonstration that the 256_257delAA
frameshift mutation results in a prematurely truncated, catalytically
inactive RAG1 mutant protein, but use of an alternative downstream
translation start site permits expression of an N-terminally truncated
RAGL protein with low recombination activity.?®

RAG1 catalyzes recombination of the VV-D-J genes through
cleaving and rejoining of the TCR locus. To establish whether the
RAG1 mutations identified in patients lead to unresolved, unjoined
DNA breaks, we analyzed the Abelson pro-B-cells expressing
mutant RAGI (Figure 2D-E). As expected, Southern-blot analysis of
the pro-B Abelson cells reconstituted with WT RAGL1 revealed a
band of the expected size for the rearranged pMX-INV cassette
(Figure 2E). Conversely, the RAGI mutations did not support the
generation of detectable levels of pMX-INV rearrangement, with the
exception of the ¢.256_257delAA mutant, for which a very faint
band corresponding to rearranged pMX-INV was observed (Figure
2E), reflecting very low levels of recombination observed in OS
patients. These results are consistent with the residual recombination
activity of this mutant demonstrated by flow cytometry analysis of
GFP expression (Figure 2B-C). Additionally, none of the RAG1-
reconstituted samples showed accumulation of unrepaired CEs, which
are easily detected in a ligase IV ™"~ cell line, thus confirming that the
RAG1 mutants have defects in DNA cleavage.

Generation of CD34* hematopoietic progenitor cells from
RAG1-mutant iPSCs

In order to study the developmental block in T-cell development
associated with different RAGI mutants, we took advantage of iPSCs
that we had previously generated, starting from dermal fibroblasts of
SCID P2 and OS P3,%” as well as of a control iPSC line that had been
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derived from a healthy control.?® To generate iPSCs from SCID P1,
we transduced fibroblasts with a lentiviral vector expressing the 4
Yamanaka factors (OCT4, SOX2, KLF4, and c-MYC). The resulting
iPSC colonies were manually picked and expanded. Mutation analysis
at the RAG1 locus confirmed their patient-specific origin (Figure 3A).
Immunohistochemistry (Figure 3B) and real-time polymerase chain
reaction (PCR) (Figure 3C) demonstrated expression of pluripotency
and stemness markers, as well as silencing of the KLF4 and c-MYC
transgenes. Finally, cytogenetic analysis demonstrated a lack of kar-
yotypic abnormalities (Figure 3D).

To generate CD34" hematopoietic progenitor cells, control- and
RAGI-mutated iPSCs were allowed to differentiate into embryoid
bodies,>* and CD34" progenitor cells were isolated by magnetic-
activated cell separation after 8 to 13 days (supplemental Figure 1).

T-cell development analysis from control- and patient-derived
iPSC lines

To analyze T-cell developmental progression of control and RAG1-
mutated iPSCs, embryoid body-derived CD34" cells were transferred
onto OP9-DL-4 cells in the presence of appropriate cytokines and growth
factors to induce T-lineage differentiation. Flow cytometric analyses after
3 to 4 weeks of coculture showed that control, SCID, and OS-derived
cells had gained CD7 expression, indicative of T-lineage differentiation
(Figure 4A). Additionally, nearly all the cells had downregulated CD34
expression, whereas a majority of the cells also expressed CD5 and
CD38. However, a larger proportion of SCID and OS cells were CD7+
CD5 or CD7" CD38™ as compared with control cells.

Further analysis showed that a larger proportion of RAG1-mutated
cells remained CD45RA™ as compared with what was observed in
control cells. Although both control and RAG1-mutated cells reached a
CD4" stage of differentiation, a larger proportion of control cells

expressed CD4, with nearly half also expressing CD8a and CD8. In
contrast, fewer CD4 ™ cells were obtained in culture of SCID P1and OS
cells, with only ~10% to 30% also expressing CD8« and CD8B
(Figure 4A). At this time point, neither control nor RAG I-mutated cells
showed CD3 expression at the cell surface.

Within 4 to 5 weeks of coculture, as expected, both control and
RAG1-mutated cells expressed CD7 and CD5 (Figure 4B). Control cells
showed a sustained developmental progression, as illustrated by expres-
sion of CD38 and by reaching the CD31" CD45RA ™ stage of T-cell
differentiation, which also includes expression of CD4 and CD8a/B. By
contrast, SCID- or OS-derived cells did not co-express CD38 and CD7,
and were mostly blocked at the CD31 ™" CD45RA™ stage of differen-
tiation, with a virtual absence of CD4 and CD8a/B expression. Cell
surface expression of CD3 was observed in control cells, but not in
SCID- or OS-derived cells. Additionally, intracellular staining for TRB
expression showed that 31% of control cells had a productively re-
arranged TCR, whereas virtually no TCR expression could be detected
in SCID or OS cells (supplemental Figure 2). These results suggest that
although an initial progression toa CD45RA™ CD31" CD4" CD8a/B "
stage of differentiation can be observed in RAG1-mutated CD34 ™" cells
cultured on OP9-DL-4 cells, this is not sustained at later time points, with
the cells showing the more expected block in T-cell differentiation.
Similar results were obtained in at least 3 independent experiments for
each iPSC line (supplemental Figure 3A-K). To assess the extent
of apoptosis/cell death, cells were stained with Annexin V and
SYTOX Green (supplemental Figure 3L), and showed a similar
amount of Annexin V-positive staining for each cell line.

OS cells have a higher propensity for DNA breaks

In order to investigate the potential cause for the lack of sustained
developmental progression observed in OS cells, an alkaline single cell
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Figure 4. In vitro T-lineage differentiation of control and SCID iPSC lines. Flow cytometric analysis of T-lineage developmental progression of control- and patient-derived
cells. iPSCS were allowed to differentiate for 8 days into embryoid bodies, and magnetic bead-purified CD34 ™" cells were cocultured with OP9-DL-4 cells. (A) Cells from P1 and P2
with SCID, and from P3 with OS attained normal expression of early markers of T-lineage differentiation (CD7, CD5, and CD38) upon 3 to 4 weeks of coculture with OP9-DL-4 cells.
(B) After 4 to 5 weeks of coculture, cells from a healthy control progress to the CD4* CD8«B* DP stage of differentiation, with the appearance of CD3" TRA/TRB" cells. By
contrast, SCID- and OS-derived cells were mostly blocked at the CD7* CD31~'* CD45RA™ stage of differentiation, with a virtual absence of CD4 and CD8a/p expression, and lack
of CD3™ cells. In (A-B), cells were pre-gated for lymphocytes (SSCxFSC), DAPI-, and CD45". DAPI, 4',6-diamidino-2-phenylindole; FSC, forward scatter; SSC, side scatter.

gel electrophoresis (Comet assay) was performed,®° that would allow

to detect DNA nicks or breaks, which relax and open regions of the
affected supercoiled DNA resulting in trailing tails (resembling comets)
of DNA. Comets were consistently observed in OS cells sorted from
coculture day 25 (immediately prior to the block observed for SCID or
OS-derived cells), whereas these were absent in equivalent control- or

SCID-derived cells (Figure 5A-B). To determine whether SCID- or
OS-associated mutations within the catalytic core of RAG1 allow the
production of mutant protein capable of DNA nicking, we performed an
in vitro oligonucleotide cleavage assay (supplemental Figure 4A). No
nicking activity was observed for either R394W (SCID) or E722K (OS)
mutants (supplemental Figure 4B). The p.N476Kfs*16 mutant of SCID
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P1 lacks the catalytic core, and therefore it was not possible (nor
necessary) to assay its activity. By contrast, the ¢.256_257delAA
mutant allele of OS P3 is predicted to produce an N-terminus
truncated protein (due to usage of adownstream inframe translation
initiation site), with an intact catalytic domain.?® Consistent with
this, this mutant retained nicking activity, as revealed by the Comet
assay (Figure 5A-B).

V(D)J gene recombination analysis of early T cells from OS- and
SCID-derived iPSC lines

In spite of severe lymphoid depletion in the thymus,*° patients with OS
have a variable number of circulating T cells, which however, lack a
diverse TCR repertoire. To determine to what extent restriction of the
TCR repertoire is already present at early stages of T-cell development

in patients with OS, deep sequencing analysis of the TRB and TRA
V(D)J rearrangements was performed on genomic DNA extracted from
sorted CD4" ISP and CD4* CD8™ DP cells generated in vitro from
control-, OS-, and SCID-derived iPSCs (Table 1). Due to low cell
numbers, the SCID P1 DP population was not analyzed for TRA
rearrangement. A reduction in the proportion of unique and total TRB
and TRA rearranged sequences was evident in OS and SCID samples as
compared with control (supplemental Figure 5A). Broad diversity of
TRBV and TRAV gene usage and of V-J pairing was demonstrated among
both unique (Figure 6A-B) and total (supplemental Figure 5B-C)
sequences from sorted ISP and DP cells derived from control iPSCs,
whereas a dramatic restriction of TRB and TRA repertoires was
observed in equivalent OS and SCID cell subsets (Figure 6A-B;
supplemental Figure 5B-C). To further analyze the ability of control-
and RAG1-mutated cells to accomplish rearrangements at the TRA/S

Table 1. Summary of deep sequencing analysis of the TRB V(D)J rearrangements

Cell line Population Total Unique Productive total Productive unique Clonality
Control CD4" CD8~ 451195 3300 428110 2512 0.52
603 206 6949 478446 2875 0.52
Control CD4" CcD8"* 734020 8775 666 299 6930 0.30
900 284 14151 724 386 8414 0.28
SCID P1 CD4" CD8~ 1026 133 366 1021305 219 0.60
Omenn P3 CD4* CD8~ 132386 120 131048 76 0.49
Omenn P3 CD4" CcD8"* 784927 301 782376 217 0.65
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Figure 6. Next generation sequencing analysis of TCR repertoire upon in vitro T-lineage differentiation of control, SCID (P1 and P2), and OS (P3)-derived iPSCs.
(A) Heat map representation of percentage of TRB VJ (orientated via chromosomal 5’ to 3’ distribution) pairings among unique sequences in ISP (left) and DP (right)
T-lineage cells derived from the indicated patient iPS lines. Results demonstrate 1 representative sample from 2 experiments with similar results. (B) Heat map representation
of percentage of TRA VJ (orientated via chromosomal 5’ to 3’ distribution) pairings among total sequences (all 3 rearrangements excluded from analysis) in ISP (left) and DP
(right) T-lineage cells derived from the indicated patients’ iPS lines among unique sequences. Results demonstrate 1 representative sample from 2 experiments with similar
results. (C) Quantitative PCR analysis of TRECs in control, SCID P2, and OS P3 cells. RNase P was used as an internal control for quality of genomic DNA amplification. (D)
Virtual spectratyping, showing skewing in the distribution of CDR3 lengths among unique TRB or TRA sequences expressed by ISP (top) and DP (bottom) cells in SCID P1,
P2, and Omenn P3 compared with control. (E) Distribution of CDR3 length for 5 more commonly expressed V genes in each sample for unique TRB sequences. (F)
Distribution of CDR3 length for 5 more commonly expressed V genes in each sample for unique TRA sequences. Results demonstrate 1 representative sample from 2

experiments with similar results. RNase P, ribonuclease P.

locus, we quantified the levels of TRECs in sorted DP cells. TRECs
were readily detectable in control, but not in SCID or OS cells
(Figure 6C). Virtual spectratyping analysis of the distribution of TRB
CDR3 length among unique sequences showed a normal distribution
for ISP and DP cells derived from control iPSCs, whereas OS and SCID
cells were characterized by a skewed distribution of CDR3 lengths,
with presence of longer sequences (Figure 6D, top panel). Similarly,
a skewed distribution of CDR3 lengths was also observed when
analyzing the most abundant V-J TRB rearrangements (Figure 6E).

Interestingly, TRA CDR3 length distribution revealed two peaks in
SCID and OS cells, suggesting that some clones have normal CDR3
length whereas others exhibit an abnormally reduced length
(Figure 6D, lower panel). Indeed, when analyzing some of the most
abundant V-J TRA rearrangements, both shortened (VV07-01 and
V25-01) or normal (V12-02 and V21-01) CDR3 lengths can be
seen (Figure 6F).

Finally, tree map representation of CDR3 amino acid sequences
showed increased diversity, and reduced clonotypic expansion, in ISP
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and DP cells from control as compared with SCID and OS cells for both
TRB (supplemental Figure 5E) and TRA (supplemental Figure 5F)
repertoires.

Discussion

Combined immunodeficiencies include a heterogeneous group of
conditions, whose broad clinical and immunologic phenotype depends
on the nature of the gene affected, and the specific mutations in-
volved.®"*2 Here, we initially observed normal expression of markers
corresponding to early stages of T-cell development (CD7, CD5, and
CD38), which was also seen in cells with RAGI mutations associated
with SCID and OS. However, these cells showed delayed expression of
CD5 and CD38, resulting in a partial block at the CD7*CD5 CD38~
stage. Nonetheless, both SCID- and OS-derived cells maintained some
ability to initially express CD4, CD8a, and CD83. Prior observations
in the mouse that RAG1/2 expression occurs at the CD4~CD8™
double-negative stage, but is downregulated by pre-TCR signal to
allow maturation to the CD4*CD8™ DP stage, followed by a second
wave of RAG expression and TRA recombination.®® The emergence of
alow number of DP cells during culture of iPSC-derived CD34 " cells
from patients with RAG1-deficient SCID suggests that the first wave of
RAG1 expression and V(D)J recombination are not strictly required for
the development of DP cells in humans, or that even these seemingly
null RAG1 mutations support minimal levels of recombination activity
that suffice for partial progression to the DP stage. Control cells
continued to mature, as demonstrated by expression of CD3 and
TRAJ/TRB, whereas the presence of DP cells was rapidly lost in
culture of SCID- and OS-derived cells, where only CD5*CD7" cells
were maintained. At later time points, SCID- and OS-derived cells
remained as CD38~,CD31~,and CD45RA ™, which is consistent with
a failure to effectively traverse the pre-TCR-dependent B-selection
checkpoint of T-cell differentiation.

Althoughthe RAG1 mutation associated with OS supported residual
levels of recombination activity when tested with the Abelson pro-B-
cell system, iPSC-derived CD34™ cells from the patient with OS did not
show an enhanced ability to support T-cell differentiation in vitro when
compared with SCID-derived cells. It is possible that the residual
RAGL function in OS-derived cells is sufficient to initiate \/(D)J re-



accumulate and eventually lead to cell death, whereas on-site DNA-
DSBs would yield the observed low-level and skewed recombination
outcomes. To test the SCID and OS mutants directly for nicking
activity, we used the catalytic domain of SCID P2 and OS P3 to conduct
an oligonucleotide cleavage assay, which revealed that these mutants
have no nicking activity nor can they bind DNA (supplemental
Figure 4A-B). Although the N-terminus truncated mutant of OS P3
retains an intact catalytic core, it is predominantly retained in the
cytoplasm, and therefore has severely restricted activity.® However,
OS P3 was a compound heterozygote for the ¢.256_257delAA and the
€.2164G>A (p.E722K) mutations. To explain the presence of comets
and the inability to complete T-cell differentiation in OS P3, we have
developed a model (supplemental Figure 6) that takes into account that
dimerization of RAG1 precedes nuclear translocation of the RAG
complex. Swanson et al have shown that a heterodimer containing
cleavage-competent and cleavage-incompetent components can nick
DNA efficiently.3* Similarly, a heterodimer of the RAG1 mutants in OS
P3 cells could enter the nucleus via E722K and bind DNA through the
N-terminus truncated protein, which can also nick one RSS. However,
the second site cannot be nicked by E722K, which has no activity,
thereby preventing hairpin formation.*2¢ The RAG1 remains tightly
bound to the site of the nick,>” and cells with single-strand DNA breaks
accumulate and are readily observed by the Comet assay. However,
persistence of single-strand DNA breaks in immature T-lineage cells
would culminate in impaired cell survival, and thus failure to sustain
T-cell differentiation.

A recent publication by Teng et al demonstrated that, although
RAG1 can bind ~1800 sites in human thymocytes, off-target activity is
prevented by reducing cryptic recombination signals near RAG1
binding sites,® thereby protecting the genome against oncogenesis. In
light of this, our data indicate that DNA nicks or breaks are largely
resolved when WT RAGL1 is present, or cannot occur in SCID P1 or P3
cells with catalytically inactive RAG1, whereas these breaks persist in
OS P3 cells (Figure 5). Assessing whether some RAGI mutations result
in recognition of different off-target sites would be important, as the
inherent protective mechanisms would not be in place, thereby in-
creasing the risk of oncogenic genome rearrangements.

The observation that in vitro T-cell differentiation was similarly
inefficient, both for SCID and for the OS patient, is consistent with
the notion that OS-associated RAG mutations are very severe and sup-
port minimal levels of DNA recombination. This was also reflected
by the severe restriction of TRB and TRA rearrangements that was
documented in sorted ISP and DP cells from patients with SCID and
OS as compared with control cells. These data also suggest that the
oligoclonality of peripheral T cells that has been reported in patients
with 0S%%C s not solely due to peripheral selection, but also reflects an
intrinsic and severe defect of \V/(D)J recombination that occurs in the
thymus, as also indicated by previous studies from our group in post-
mortem thymic samples from patients with 0S.% Control cells showed
a clear bias for proximal Va (3'-end) and Ja (5'-end) usage, whereas
remarkably this was not the case for RAG1-mutant cells. To date, this is
the first comparison of both TRB and TRA rearrangement of in vitro-
derived SCID and OS T-lineage cells, and further studies are required to
elucidate the causality for the observed lack of proximal bias observed
for TRA rearrangements in RAG1-deficient cells.

In addition to the overall restriction of TRB and TRA rearrange-
ments, in vitro differentiated ISP and DP cells from patients with
SCID or OS revealed a series of additional abnormalities, including

preferential usage of certain V and J genes, and skewing of CDR3
length, with presence of unusually long or short CDR3 fragments.
Similar abnormalities have been recently reported in peripheral T cells
from patients with 0S.** Variability of the length of the CDR3 loop is
determined by V(D)J recombination.*? Although CDR3 lengths are
typically highly constrained for the TRA/TRB chains,*® a slight
decrease in CDR3 length is observed as T lymphocytes mature from the
ISP to the DP stage.** To this end, the increased TRB CDR3 length that
we have observed in sorted ISP and DP cells from patients with SCID
and OS may indicate that these cells express a less mature TCR that may
escape central tolerance, thus allowing autoreactive T cells to exit the
thymus and contribute to the OS phenotype.

In summary, we have demonstrated that iPSCs represent a valuable
tool to study mechanisms of altered T-cell development in patients with
SCID and OS, and may offer unique insights into genotype-phenotype
correlation in patients carrying distinct mutations in the same gene.
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