Letter to the Editor

Expanding the spectrum of recombination-
activating gene 1 deficiency: A family with
early-onset autoimmunity

To the Editor:

Lymphocyte receptor diversity is generated by recombining
variable, diversity, and joining (VDJ) gene segments of the
immunoglobulin and T-cell receptor (TCR) loci. V(D)J recom-
bination requires DNA breakage, a process mediated by
recombination-activating gene (RAG) 1 and 2. RAG deficiency
was initially described in patients with the T B~ severe
combined immunodeficiency (SCID) phenotype'; however, the
spectrum of the disease has expanded to include Omenn
syndrome, cytomegalovirus infection with yd T-cell expansion,
combined immunodeficiency with granuloma, and isolated
CD4" lymphopenia.”® The pleomorphic manifestations of
RAG deficiency are partially explained by residual RAG activity,
with null mutations producing an SCID phenotype and hypo-
morphic mutations presenting more Variably.2’7 Although autoim-
munity is a known feature of aberrant RAG function, it has
never been described as the primary manifestation of the disease
in an infant. We describe a novel presentation of RAG defi-
ciency characterized by the presence of B cells and early-onset
autoimmunity.

A full-term female infant (patient B) with undetectable T-cell
receptor excision circles was identified by means of newborn
screening, indicating a concern for SCID. The baby was born
to nonconsanguineous parents and vigorous at birth. Further
immunologic evaluation revealed T-cell lymphopenia with poor
lymphocyte proliferation to mitogens (Table I).

Of concern, the couple’s first daughter (patient A) had died at 2
years of age after a prolonged disease course characterized by
autoimmunity and recurrent infections. Initially, patient A was
healthy, aside from recurrent urinary tract infections and a
respiratory syncytial viral infection that required an intensive
care unit admission. At 6 months, she had fleeting rashes and
digital necrosis. Angiography demonstrated multifocal irregular-
ities in vessels of the hand suggestive of thrombotic disease and
vasculitis. Shortly thereafter, patient A had hypotonia with
increased muscle enzyme levels (aspartate aminotransferase,
566 U/L; alanine aminotransferase, 1041 U/L; and aldolase,
34 U/L), although the creatinine kinase level was normal.
A muscle biopsy specimen was suggestive of an inflammatory
myopathy, showing foci of mononuclear cells, whereas a liver
biopsy specimen demonstrated mild lobular hepatitis with no
signs of infection. Progressive cytopenias were noted with a
direct Coombs-positive hemolytic anemia, anti-platelet anti-
body-mediated thrombocytopenia, lymphopenia, and neutrope-
nia. Other auto antibodies with increased levels included
anti-nuclear antibody at a titer of 1:40, cardiolipin IgG (31.2 IgG
phospholipid units [GPL]; normal value, <19 GPL) and IgM
(13.7 IgM phospholipid units [MPL]; normal value, <10 MPL),
thyroid peroxidase (42.2 IU/mL; normal value, <14.9 IU/mL),
and thyroglobulin (37.0 IU/mL; normal value, <24.9 IU/mL).
Inflammatory markers were consistently increased (erythrocyte
sedimentation ratio, 80-100 mm/h). The C4 level was decreased,

with a nadir of 6 mg/dL (normal value, 14-42 mg/dL), whereas the
C3 level and total complement activity were normal. Malignancy
was excluded based on results of a bone marrow biopsy and
imaging of the chest, abdomen, and pelvis.

Immune dysregulation secondary to an underlying immuno-
deficiency was suspected, and an immune evaluation was
performed at 1 year of age, while patient A was receiving
glucocorticoids. There was severe T-cell lymphopenia with poor
lymphocyte proliferation to mitogens, normal natural killer cell
numbers, partially preserved B-lymphocyte numbers, and normal
to increased levels of serum immunoglobulins (Table I). Tetanus
and Haemophilus influenzae b titers measured at 11 months of
age were nonprotective: tetanus antibody level of less than 0.10
IU/mL (protective titer, >0.15 IU/mL) and H influenzae b
antibody level of 0.31 pg/mL (protective titer, >1.0 pg/mL).
Test results for mutations in genes responsible for T"B* SCID
(IL7R,JAK3, CD3D, and CD3E) were negative, and no mutations
were identified in the ADA and PNP genes. Results of a compar-
ative genomic hybridization array for copy number variation was
normal.

Medical treatment was initiated with glucocorticoids, intrave-
nous immunoglobulin, enoxaparin, and rituximab (375 mg/m?),
administered weekly for a total of 4 doses. There was significant
clinical improvement. The child remained stable for the next year
until prednisolone was decreased to 1.5 mg/d and the Raynaud
symptoms returned, along with recurrence of increased inflamma-
tory markers. New-onset choreiform movements in the upper
extremities led to magnetic resonance imaging/magnetic
resonance angiography of the brain, which showed white matter
lesions. The clinical worsening and persistent immunologic
abnormalities (Table I) were thought to be consistent with a novel
immunodeficiency, and plans were made for a hematopoietic stem
cell transplantation. Unfortunately, the child died from an
Enterobacter species central line infection before the transplanta-
tion could be performed.

Because of patient A’s death, the younger sister (patient B)
was immediately started on sulfamethoxazole/trimethoprim
(Bactrim) prophylaxis and intravenous immunoglobulin and
never had infections or clinical manifestations of autoimmunity.
Similar to her sister, she was also found to have severe T-cell
lymphopenia, with normal natural killer lymphocyte numbers,
partially preserved B-cell numbers, and normal immunoglobulin
levels (Table I). The patient underwent a 10/10 HLA-matched
unrelated bone marrow transplantation at 3 months of age.
Conditioning consisted of intravenous busulfan (adjusted to
achieve an area under the curve of 1026 pwmol*min), cyclophos-
phamide, and antithymocyte globulin. Neutrophil engraftment
was achieved on day +30, with no complications. Fourteen
months after transplantation, the patient is in excellent condition
with full immune reconstitution (Table I), and she remains off im-
munosuppression with no evidence of graft-versus-host disease.

We sought to further evaluate the cause of early-onset autoim-
munity and T-lymphocyte immunodeficiency in this family.
Genetic testing in patient B revealed compound heterozygous
missense mutations in RAGI (c.2522 G>A, p.R841Q; ¢.2920
T>C, p.F974L). Analysis of frozen genomic DNA from patient
A confirmed identical RAGI mutations, and the father and mother
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TABLE I. Hematologic and immunologic characteristics of patient B and her older sister (patient A)

Patient A (12 mo) Patient A (24 mo) Patient B (6 wk) Patient B, 1 y s/p BMT
WBC (cells X 10™%/uL) 6.37 9.63 6.09 8.81
IgG (mg/dL) 1,570 1,480% 371 736
IgA (mg/dL) 77 187 22 50
IgM (mg/dL) 230 133 67 127
IgE (IU/mL) 227 — 38 —
CD3" (cells/pL [%]) 89 (11) 160 (25) 34 (5) 3,584 (68)
CD4" (cells/pL [%]) 59 (8) 108 (17) 30 (4) 2,372 (45)
cDpg* (cells/nL [%]) 7(1) 10 (2) 4 (0) 1,055 (20)
CD16"CD56™" (cells/uL [%]) 320 (40) 340 (55) 395 (56) 655 (13)
CD19" (cells/uL [%]) 359 (45) 81 (13)* 265 (38) 908 (17)
CD3"CD4"CD45RA™ (%) — — 13.9 73.1
CD3"CD4"CD45RO™ (%) — — 86.1 26.5
CD3"CD8"CD45RA™ (%) — — 63.2 433
CD3"CD8"CD45RO™ (%) — — 36.8 42.7
PHA (cpm [% control]) 21,254 (15.0) 32,916 (25.3) 6,408 (14.5) 108,861 (70.2)
ConA (cpm [% control]) 6,097 (6.1) 2,243 (1.9) 10,730 (53.4) 102,455 (100)
TREC (copies/pL) — — Undetectable 658
RNAse P (copies/pL) — — 11,876 21,819

BMT, Bone marrow transplantation; ConA, concanavalin A; cpm, counts per minute; s/p, status post; TREC, T-cell receptor excision circles (measured as described from dried
blood spots with RNAse P control gene determination).
*Laboratory tests performed after intravenous immunoglobulin and rituximab were administered.
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FIG 1. Immunologic characteristics of patients A and B. A, Expression of RAG1 protein in the Abelson-
immortalized lines transfected with the R841Q mutation, the F947L mutation, mock vector, and wild-type
RAGT1. Actin is a loading control. B, Recombinase activity of the RAGT mutations as measured based on
green fluorescent protein expression in the Abelson-immortalized lines transfected with the R841Q
and F947L mutations. C and D, Expression of TCRVpB families in patient B's CD3" lymphocytes before
(Fig 1, C) and after (Fig 1, D) bone marrow transplantation. Open circles, Less than normal values, closed
squares, within range; open triangles, greater than normal values.



J ALLERGY CLIN IMMUNOL
VOLUME mmm, NUMBER um

were both carriers (paternal allele: p.R841Q; maternal allele:
p-F974L; see the Methods section and Fig El in this article’s
Online Repository at www.jacionline.org). Interestingly, a patient
homozygous for R841W mutations in RAGI has been described
with preserved B cells, although this patient presented with
Omenn syndrome.®

RAGI expression and function were assessed by using
Abelson-immortalized murine RAGI '~ pro-B cells transduced
with vectors encoding either wild-type or mutant RAGI alleles
(see the Methods section in this article’s Online Repository).
The R841Q mutant showed lack of protein expression and
recombinase activity; in contrast, protein expression was
preserved in the F974L mutant, and recombinase activity was
reduced (Fig 1). Patient B’s TCR repertoire was moderately
oligoclonal, with only 8 of 24 TCRf variable region families
falling in the normal range (Fig 1 and see the Methods section
in this article’s Online Repository). The TCR diversity corrected
after transplantation (Fig 1).

The cases presented here demonstrate that the clinical spectrum
of RAG deficiency must expand to encompass early-onset auto-
immunity with preserved B lymphocytes. The clinical and
immunologic phenotype of this condition is expected to diversify
through early recognition by the universal newborn screening for
SCID. In this family the younger sister was asymptomatic, likely
because of the lack of environmental exposures triggering
immune activation, coupled with early initiation of definitive
treatment. The pathogenesis of autoimmunity in patients with
RAG deficiency remains unclear, although potential mechanisms
based on mouse models include dysfunctional B-cell receptor
editing, autoreactive B-cell survival promoted by increased B-cell
activating factor levels, and an inflammatory milieu with chronic
innate immune system activation.’ Regardless of the cause,
patients who present with early-onset autoimmunity should be
evaluated for an underlying immunodeficiency, particularly
RAG mutations, even in the presence of B cells.
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METHODS

Mutation analysis

Genomic DNA from patient A, patient B, the mother, and the father was
extracted from whole blood by using the Gentra Puregene Blood Kit (Qiagen,
Valencia, Calif). Exon 2 of RAG] was amplified with Phusion Hot Start IT High
Fidelity DNA Polymerase (New England BioLabs, Ipswich, Mass).

Recombinase activity

Recombinase activity of the R841Q and F974L mutations was explored by
using Abelson-immortalized murine Ragl I~ tg.Eu-bcl2 pro-B cells with an
intrachromosomal inverted green fluorescent protein (GFP) cassette flanked
by recombination signal sequences.®’

Generation of retroviral vectors. The pBMN-IRES-hCD2 retroviral
vector was derived from the pBMN-IRES-GFP vector by exchanging GFP for
hCD2. The RAG! coding region was inserted into the Xhol cutting site in the
pBMN-IRES-hCD?2 retroviral vector. The pBMN-RAG1(2522 G>A)-IRES-
hCD2 and pBMN-RAG1(2920 T>C)-IRES-hCD2 vectors were generated by
using the Phusion Site-Directed Mutagenesis Kit (catalog no. F-5418S,
NEB). The pMX-RSS-GFP/IRES-hCD4 (pMX-INV) retroviral vector has
been described.*?

Cell culture. Ragl '~ mice were crossed with Eu-Bcl-2 transgenic mice
to create Ragl ™~ tg.Ep-bcl-2 mice. Bone marrow was harvested from these
mice and cultured with the pMSCV-v-abl retrovirus to generate v-abl-trans-
formed pro-B-cell lines.®® The Pro-B Abelson line (10%mL) was infected
with pMX-INV. A clone containing a single-copy pMX-INV inverted GFP
cassette flanked by recombination signal sequences was selected and further
infected with virus containing either pBMN-RAGI1(2522 G>A)-IRES-
hCD2, pBMN-RAG1(2920 T>C)-IRES-hCD2, or pBMN-wild-type RAGI1-
IRES-hCD2. Cells were treated with 3 pmol/L. STI-571/Imatinib (Novartis,
East Hanover, NJ), an Abl kinase inhibitor, for 96 hours to promote cell differ-
entiation. Cells were analyzed by using fluorescence-activated cell sorting for
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recombination-dependent expression of GFP. Recombinase activity for each
of the RAG1 mutants was calculated as follows:

(Percentage of GFP™ cells in the mutant sample/Percentage of GFP™ cells
in wild-type RAGI sample) X 100.

Immunoblot analysis

Pro-B Abelson lines transduced with either RAG1 2522 G>A, RAGI1 2920
T>C, or mock wild-type vector were stimulated with STI-581 (Novartis). Forty-
eight hours after stimulation, the total cell lysates were separated by using SDS-
PAGE and transferred to polyvinylidene difluoride membranes. The following
antibodies are used for immunoblot analysis: anti-RAG1 (D36B3; Cell Signal-
ing, Danvers, Mass) and anti—B-actin (4970, Cell Signaling).

Assessment of TCR diversity

Expression of TCRV families in CD3™" cells was detected by using spe-
cific mAbs conjugated to either fluorescein isothiocyanate, phycoerythrin,
or fluorescein isothiocyanate and phycoerythrin for 24 families, according
to the manufacturer’s specifications (Beckman Coulter, Brea, Calif), and coun-
terstaining with allophycocyanin-conjugated antibodies to CD3 (UCHTI;
BioLegend, San Diego, Calif).
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FIG E1. Mutation analysis. Analysis with genomic DNA from whole blood demonstrating missense
mutations in RAG1. The father carries the c.2522 G>A, p.R841Q mutation; the mother carries the ¢.2920
T>C, p.F974L mutation; and the daughters are both compound heterozygotes.
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