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IMMUNODEFICIENCY

Multiomics dissection of human RAG deficiency reveals
distinctive patterns of immune dysregulation but a
common inflammatory signature
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Human recombination-activating gene (RAG) deficiency can manifest with distinct clinical and immunological
phenotypes. By applying a multiomics approach to a large group of RAG-mutated patients, we aimed at character-
izing the immunopathology associated with each phenotype. Although defective T and B cell development is
common to all phenotypes, patients with hypomorphic RAG variants can generate T and B cells with signatures of
immune dysregulation and produce autoantibodies to a broad range of self-antigens, including type | interferons.
T helper 2 (Ty2) cell skewing and a prominent inflammatory signature characterize Omenn syndrome, whereas
more hypomorphic forms of RAG deficiency are associated with a type 1 immune profile both in blood and tissues.
We used cellular indexing of transcriptomes and epitopes by sequencing (CITE-seq) analysis to define the cell
lineage-specific contribution to the immunopathology of the distinct RAG phenotypes. These insights may help
improve the diagnosis and clinical management of the various forms of the disease.
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INTRODUCTION immune deficiency (CID) (3-5). Each phenotype has distinctive fea-

The recombination-activating gene (RAG) proteins RAG1 and RAG2
initiate the process of V(D)] recombination, allowing the development
of mature T and B cells and effective adaptive immune responses (1).
Biallelic loss-of-function mutations in RAG!I or RAG2 cause early ar-
rest of T and B cell development, leading to T~ B™ severe combined
immune deficiency disease (SCID) (2). Hypomorphic variants in the
RAG genes are linked to a spectrum of phenotypes, including Omenn
syndrome (OS), leaky SCID (LS), and delayed-onset combined
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tures. OS is defined by early-onset generalized skin rash, eosinophilia,
elevated immunoglobulin E (IgE), and autologous, oligoclonal T cells
infiltrating skin and various organs. LS is often diagnosed in early
childhood with autoimmune cytopenias and increased Y8 T cell recep-
tor (TCRyYS) T cells (6, 7). CID is typically diagnosed later in life and is
frequently marked by the presence of granulomas and autoimmunity
(8). Excellent survival (~90%) has been reported after hematopoietic
stem cell transplantation (HSCT) in patients with positive newborn
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screening (9). However, delayed diagnosis and chronic organ damage
reduce survival after HSCT in patients with CID (10).

We previously showed that the spectrum of RAG deficiency
phenotypes correlates with recombination activity of the mutant
RAG alleles, with minimal levels in patients with SCID and OS but
residual functional activity in patients with LS and CID (11, 12).
However, this correlation does not provide mechanistic insights
into the immunopathological signatures related to the various phe-
notypes. To address this, we applied a multiomics approach to
characterizing the immunopathology of RAG deficiency in 157 pa-
tients spanning the disease spectrum.

RESULTS

Clinical and immunological phenotype of

RAG-mutated patients

A history of infections was present in all patient groups with similar
frequencies; skin rash and granulomas were typical of OS and CID,
respectively, whereas cytopenias and other autoimmune manifesta-
tions were found to affect almost exclusively patients with CID and
LS (Fig. 1A and data file S1). These manifestations of immune dys-
regulation required systemic immunosuppressants or immuno-
modulatory drugs in 75 of 157 patients before samples were collected.
Systemic steroids were used in 58 patients, and cyclosporine A was
required in 17 patients, most commonly in those with OS (n = 15).
Among biologicals, rituximab was used in 11 patients. Serotherapy
was used in eight patients, seven of whom had OS.

Severe T cell lymphopenia was observed in patients with SCID. The
proportions of naive CD45RA™ CD4 T cells were markedly reduced in
patients with OS but partially preserved in patients with LS and CID
(fig. S1, A to E). Circulating B cells were markedly reduced or absent
in patients with SCID and OS but were present, albeit at lower levels
than normal, in patients with LS and CID (fig. S1F). Consistent with
this, IgA and IgM serum levels were often normal in patients with LS
and CID but absent in patients with SCID (fig. S1, G and H). Last,
natural killer (NK) cells were present in normal numbers in all groups
of patients (fig. S1I).

Functional activity of RAG mutant alleles

Biallelic RAGI variants were identified in 121 patients (77.1% of the
total), whereas 36 patients (22.9%) carried RAG2 variants (data file
S1). We identified 98 distinct variants in RAGI and 32 variants in
RAG2, and using an in vitro recombination assay (11, 12), we as-
sessed the functional activity of 119 of them (data file S2). Upon
evaluating the recombination activity associated with each mutant
allele per patient, we found that patients with CID and LS carried
RAG variants with residual recombination activity (means + SEM,
30.27 + 3.00 and 23.13 + 3.90% of wild-type allele, respectively). By
contrast, variants detected in patients with OS and SCID had almost
null function (4.93 + 1.58 and 4.17 + 1.43%, respectively) (Fig. 1C
and data file S3). This pattern was also observed when analyzing
RAGI and RAG2 variants separately (fig. S1] and data file S4).
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T cell and B cell development in RAG-mutated patients has
common features, with leakier defects in LS and CID

We investigated in vitro T cell differentiation of CD34" cells from 13
RAG-mutated patients in an artificial thymic organoid (ATO) sys-
tem (13). We observed that human RAG deficiency was permissive
for the development of CD4*CD8* double-positive (DP) cells but
impaired the generation of CD3*"TCRap* (or TCRy8") cells, re-
gardless of the severity of the clinical phenotype (Fig. 2A), confirm-
ing our previous observation (14).

Hypomorphic RAG variants affect sequential rearrangements at
the TRA locus, resulting in a lower frequency of rearrangements
involving the 5" TRAV and the 3" TRA]J genes (15). Cells expressing
Va7.2 (the product of the 5" TRAVI-2 gene) represented 4.42 +2.37%
(means + SD) of circulating CD3™ cells from healthy donors (HDs)
but only 0.33 + 0.76% of CD3" cells from RAG-mutated patients,
irrespective of the clinical phenotype (Fig. 2B and data file S5).
Va7.2* cells comprised 2.37 + 1.03% of CD3" cells in heterozygous
relatives of RAG-affected patients, a frequency intermediate between
what was detected in patients and HDs. Similar features were ob-
served when analyzing the proportion of mucosal-associated invari-
ant T (MAIT) cells, a subset of nonconventional T cells expressing
the invariant TRAVI-2 gene and CD161. MAIT cells represented
2.60 + 2.27% of CD3™ cells in HDs, but only 0.21 + 0.35% in RAG-
mutated patients and 1.09 + 0.86% in heterozygous individuals
(Fig. 2C and data file S5). Thus, hypomorphic RAG variants have
profound effects on the composition of the T cell repertoire. Fur-
thermore, RAG haploinsufficiency has a functional impact on the
quality of V(D)] recombination.

Next, we analyzed B cell development in bone marrow aspirates
from 18 RAG-mutated patients (11 CID, 2 LS, 3 OS, and 2 SCID)
and 5 HDs. A significant enrichment in the proportion of pro-B and
pre-B I cells—indicative of an early block in B cell development—
was observed in most patients, irrespective of their clinical pheno-
type (Fig. 2, D and E; fig. S2, A and B; and data file S6). However,
some leakiness of this defect was detected in patients with CID and
LS, as indicated by the residual development of immature B cells and
the accumulation of mature/recirculating B cells (Fig. 2F).

Cutaneous and systemic inflammatory signatures of patients
with OS and CID

Cutaneous manifestations with T cell infiltrates are a hallmark of
RAG-associated OS and CID (8). CD4 and CD8 T cell infiltrates and
abundances of IFNG, CXCL9, and CXCL10 transcripts were detected
in skin biopsies of patients with OS and CID who have granulomas
(Fig. 3, A and B, and fig. S3). However, although expression of the
transcription factor T-bet confirmed a prominent type 1 signature
in granulomatous lesions of patients with CID, the T helper 2 (Ty2)
cell-specific transcription factor GATA-binding factor 3 (GATA3)
was abundantly expressed in skin infiltrates from patients with
OS, along with more limited T-bet expression (Fig. 3, A and B).
Eosinophilia and elevated serum IgE represent biomarkers of Ty2
skewing in OS (8) and were not observed in other RAG-associated
phenotypes (Fig. 3, C and D, and data file S1). To further investigate
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Kruskal-Wallis H test, followed by Dunn’s multiple comparisons test. ****P < 0.0001.

the mechanisms accounting for the Ty2 cutaneous phenotype of
OS, we profiled circulating CD4 and CD8 memory T cells from
RAG-mutated patients for the expression of the skin-homing recep-
tor CD162, which binds P-selectin on the surface of endothelial cells
to allow the transmigration of T cells to the skin (16). Patients with
OS exhibited an increased frequency of circulating CD162" memo-
ry T cells (Fig. 3, E and F, and data file S7). Next, we investigated the
distribution of circulating Ty and T follicular helper (Tgy) cell sub-
sets by analyzing surface expression of chemokine receptors (17). A
markedly increased frequency of T2 cells was observed in patients
with OS (Fig. 3G and data file S7), associated with higher proportions
of circulating Try2 cells (Fig. 3H and data file S7) and lineage (Lin)~
CD127"CD117*CD294" group 2 innate lymphoid cells (ILC2s)

Bosticardo et al., Sci. Immunol. 10, eadq1697 (2025) 10 January 2025

(Fig. 3I and data file S7). Thus, a prominent systemic “type 2” phe-
notype in the context of a broader inflammatory cutaneous response
is a characteristic feature of OS.

RAG-mutated patients exhibit a broad

inflammatory signature

To better characterize the immune dysregulation associated with
RAG deficiency, we quantified the concentration of 33 soluble bio-
markers in the plasma of RAG-mutated patients and HDs. Signifi-
cantly increased levels of a large number of these biomarkers were
detected in RAG-mutated patients (Fig. 4A, fig. S4, and data file S8).
OS emerged as the phenotype with the strongest systemic inflam-
matory signature (Fig. 4A). This included canonical type 2 immune
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Fig. 2. Analysis of in vitro T cell development, distal TCRV«x gene rearrangement usage, and BM B cell development in RAG-mutated patients. (A) Graph showing absolute cell counts
of T cell subsets in the ATOs. Box-and-whisker plots show median and 5 to 95% confidence intervals for all HDs analyzed (n = 11). Each symbol represents a patient’s sample (CID, n = 8;
LS, n=1;0S,n=3;SCID,n = 1). (B and C) Representative flow cytometry plots and bar graphs showing the frequency of (B) CD3*TCRVa7.2* cells in HDs (n = 45), RAG-mutated patients (CID,
n = 35;LS, n=23; 0S, n = 20; SCID, n = 14), and heterozygous individuals (n = 34) and (C) the frequency of CD3*TCRVa7.2*CD161* MAIT cells in HDs (n = 34), RAG-mutated patients (CID,
n=34;LS,n=21;0S,n=19; SCID, n = 14), and heterozygous individuals (n = 31). (D) Stacked bar graph summarizing the frequency of bone marrow (BM) B cell subsets in HDs (n = 5) and
RAG-mutated patients (n = 17). (E) Bar graph with scatter dot plots summarizing the frequency of the combined pro-B and pre-B | cell subsets in HDs (n = 5) and RAG-mutated patients (n = 17).
Bars [(B) to (E)] show mean values + SD. (F) Violin plots with scatter dot plots showing the frequency of mature/recirculating B and plasmablasts/plasma cells (PB/PC) among total BM B cells in
HDs (n = 5) and patients with SCID + OS (n = 5) and LS + CID (n = 12). Violin plots show median and quartiles. In all panels, data from individual experiments were pooled. Data were analyzed
using [(A), (D), and (E)] Mann-Whitney U test, two-tailed, or [(B), (C), and (F)] Kruskal-Wallis H test, followed by Dunn’s multiple comparisons test. **P < 0.005, ***P < 0,001, and ***#P < 0.0001.
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Fig. 3. Inflammatory profile in skin lesions of patients with OS and CID and distribution of Ty cell, Tg4 cell, and ILC subsets in RAG-mutated patients. (A and
B) Representative [hematoxylin and eosin (H&E), CD4/CD8, GATA3, and T-bet] and RNAscope (CXCL9 and IFNG) of skin biopsies from a patient with (A) OS and
(B) CID. Images are x20 magnification, except for IFNG (x40). Scale bars, 50 pm. (C) Absolute eosinophil counts in the peripheral blood of patients with CID (n = 31), LS
(n=19), 0S (n = 39), and SCID (n = 23). (D) IgE levels in the plasma of patients with CID (n = 28), LS (n = 16), OS (n = 30), and SCID (n = 16). The gray area in (C) and (D)
indicates normal range in HDs. (E) CD162*CD4"CD45RO™ cell frequency in HDs (n = 53) and patients with CID (n =31), LS (n=20),and OS (n = 27). (F) CD162"CD8*CD45R0O*
cell frequency in HDs (n = 52) and patients with CID (n = 31), LS (n = 21), and OS (n = 26). (G) Ty cell subset distribution in HDs (n = 64) and patients with CID (n = 29), LS
(n=19), and OS (n = 28). (H) Tey cell subset distribution in HDs (n = 62) and patients with CID (n = 29), LS (n = 18), and OS (n = 27). (I) ILC subset distribution in HDs
(n = 29) and patients with CID (n = 28), LS (n = 18), OS (n = 22), and SCID (n = 9). [(C) to (I)] Data from multiple independent experiments were pooled. Bars [(G) to (1)]
show mean values + SEM. Data were analyzed using [(C) to (F)] Kruskal-Wallis H test with Dunn’s multiple comparisons test. [(G) to (1)] Asterisks reflect significant differ-
ences with HDs as a result of mixed-effects model with Geisser-Greenhouse correction and Benjamini, Krieger, and Yekutieli's multiple comparisons test. *P < 0.05,
*##P < 0.005, ***P < 0.001, and ****P < 0.0001.
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biomarkers, such as interleukin-5 (IL-5), eosinophil-derived neuro-  factor-a (TNF-a), CCL2, and CCL3] (Fig. 4A). High levels of
toxin (EDN), CCL13, CCL17, CCL22, and CCL26. However, OSwas IFN-y and IFN-y-induced chemokines (CXCL9 and CXCL10)
also characterized by elevated plasma levels of molecules involved in ~ and other inflammatory mediators (CCL3, CCL4, CCL17, IL-8,
type l-associated responses [such as IL-12, interferon-y (IFN-y), IL-la, IL-1pB, and IL-6) were detected in all RAG-mutated patient
CXCL9, and CXCL10] and type 3-associated responses (IL-17), as  groups (fig. S4), indicating that a dysregulated proinflammatory re-
well as biomarkers indicative of monocyte activation [tumor necrosis  sponse is common to all forms of human RAG deficiency. By contrast,
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Fig. 4. Broad inflammatory signature of RAG-mutated patients. (A) Radar chart depicting 22 biomarkers in RAG-mutated patients and HDs. The graph shows the me-
dian value for each biomarker in each group. The radar chart is scaled to the maximum and minimum value for each biomarker. Data were pooled from multiple indepen-
dent experiments. VEGF, vascular endothelial growth factor. (B to E) Proteomic analysis in RAG-mutated patients and HDs. Graphs show the top 25 plasma proteins
up-regulated in each group of RAG-mutated patients (n = 5 individuals per group) versus HDs: (B) CID, (C) LS, (D) OS, and (E) SCID. Each group of patients was compared
with an age-matched group of HDs (n = 3 to 6). Results for all groups were obtained in one experiment. Top up-regulated proteins were identified by selecting all proteins
with FDR < 0.05 and P < 0.05 (two-tailed t test) and then ordering them according to increased fold changes expressed in a log, scale (log,FC). Heatmaps inside each
graph show the most significantly enriched pathways for the group comparison, and the statistical significance is expressed as —log(P value). FGF2, fibroblast growth
factor 2; MMP9, matrix metalloproteinase 9; GDF15, growth and differentiation factor 15; CRP, complement-reactive protein; ICAM-1, intercellular adhesion molecule-1;
CSF1, colony-stimulating factor 1; TLR2, Toll-like receptor 2; FTH1.FTL, ferritin heavy chain 1.ferritin light chain; RPS3A, ribosomal protein S3A; FCRL3, Fc receptor like 3;
PRTN3, proteinase 3; FUT5, fucosyltransferase 5; FCN1, ficolin 1; SELE, E-selectin; HGF, hepatocyte growth factor; FCGR3B, Fc gamma receptor lllb; SECTM1, secreted and
transmembrane 1; DPP7, dipeptidylpeptidase 7; LTA4H, leukotriene A4 hydrolase; SNA25, synaptosome associated protein 25; ENPP7, ectonucleotide phosphatase/
phosphodiesterase 3; PIGR, polymericimmunoglobulin receptor; ASGR1, asialoglycoprotein receptor 1; FSTL3, follistatin like 3; TGM3, transglutaminase 3; AMIGO2, adhesion
molecule with Ig like domain 2; REN, renin; RPSA, ribosomal protein SA; CTSZ, cathepsin Z; REG4, regenerating family member 4; FASLG, Fas ligand; CDKN1B, cyclin depen-
dent kinase inhibitor 1B; HIST3H2A, histone gene cluster 3 H2A; H2AFZ, histone 2A family member Z; P13, peptidase inhibitor 3; IMPDH1, inosine monophosphate dehy-
drogenase 1; PFDNS5, prefoldin subunit 5; ANXA2, annexin A2; DCTPP1, DCTP pyrophosphatase 1; HSPATA, heat shock protein family A member 1A; CHIT1, chitinase 1;
HAVCR2, hepatis A virus cellular receptor 2; VWF, von Willebrand factor; ISG15, interferon stimulated gene 15; IDS, iduronate 2-sulfatase; GOT1, glutamic-oxaloacetic
transaminase 1; MPO, myeloperoxidase; CTSH, cathepsin H; YWHAE, tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein epsilon; NSFL1C,
NSFL1 cofactor; FCGR3B, Fc gamma receptor Ilib; LGALS3BP, galectin 3 binding protein; SPP1, secreted phosphoprotein 1; PAPPA, pappalysin 1; SIGLEC14, sialic acid
binding Ig like lectin 14.

Bosticardo et al., Sci. Immunol. 10, eadq1697 (2025) 10 January 2025 7 of 19

920z ‘TT 1nBny Uo ojj01esaQ P PepSBAIUN Te F108ous 105 MMM//SdNY WOl pepeojumoq



SCIENCE IMMUNOLOGY | RESEARCH ARTICLE

high levels of IL-7, a cytokine essential for T cell development and
survival, were detected only in the LS and SCID groups (Fig. 4A and
fig. S4), likely reflecting their T cell lymphopenia.

We next used SomaScan to perform proteomic profiling in the
plasma of 20 RAG-mutated patients and 12 controls. An IFN-y sig-
nature (CXCL9, CXCL10, and CXCL11) was detected in patients
with CID, OS, and SCID (Fig. 4, B to E). All patient groups had
high levels of soluble TNF receptor 1 (TNFR1) (TNFRSF1A) and
TNFR2 (TNFRSF1B) (Fig. 4, B to E). Furthermore, high levels of
CCL3, CCL18, CCL23, and CD163 were also observed, indicative
of macrophage activation. CCL18—a chemokine associated with
atopic dermatitis (18)—was strongly enriched in the plasma of pa-
tients with OS (Fig. 4D). The polymeric immunoglobulin receptor
(PIGR), whose expression is induced by proinflammatory cyto-
kines (19), was particularly abundant in patients with LS and SCID
(Fig. 4, C and E). Pathway analysis demonstrated signatures associ-
ated with cytokine-cytokine receptor interactions, immune re-
sponses, inflammatory responses, and matrisome activation in all
groups of RAG-mutated patients (Fig. 4, B to E). Thus, an IFN-y-
and macrophage activation-dependent proinflammatory signature
is present in all forms of RAG deficiency, whereas a type 2 immune
response is specific to OS.

A wide range of autoantibodies is detected in the plasma of
RAG-mutated patients

We and others had previously demonstrated that the mature B cells of
RAG-mutated patients with CID and LS are enriched for self-reactive
specificities (20-22). To profile these specificities in greater detail, we
subjected plasma from 10 RAG-mutated patients (4 CID, 3 LS, and
3 OS) and 10 HDs to the HuProt microarray. Patients with SCID were
not included because they were agammaglobulinemic. RAG-mutated
patients showed enhanced reactivity to a broad range of self-antigens
(Fig. 5A and data file S9). A broad range of autoantibodies were also
detected in patients with APECED (autoimmune polyendocrinopathy-
candidiasis—ectodermal dystrophy) and those with thymoma, two
conditions associated with abnormal development and function
of thymic stromal cells (23, 24). A strong reactivity against IFN-a
peptides was observed in patients with CID and LS (as well as in pa-
tients with APECED and thymoma), but not in patients with OS
(Fig. 5A). To confirm and expand on these results, we analyzed a
larger group of RAG-mutated patients for the presence of autoanti-
bodies against type I IFN (IFN-a, IFN-, and IFN-o) and of anti—
IFN-A antibodies (data file S10). High levels of anti-IFN-a antibodies
were detected in most patients with CID and LS (31 of 39 and 17 of
29 patients, respectively), but not in those with OS and SCID (Fig.
5B). Furthermore, 28 of 39 patients with CID and 13 of 29 patients
with LS had high levels of anti-IFN-® antibodies (Fig. 5C). In most
cases, these autoantibodies had neutralizing activity (data file S10).
Increased levels of anti-IFN-f} antibodies were detected in 18 of 39
patients with CID and in 10 of 29 patients with LS (Fig. 5D). Elevated
levels of anti-IFN-A antibodies were present in a minority of patients
with CID (14 of 33) and in those with LS (6 of 22) (Fig. 5E). A low
proportion of patients with CID and LS tested positive for other anti-
cytokine antibodies targeting IL-12, IL-17A, IL-17F, IL-22, and IL-23
(fig. S5 and data file S10). Anticytokine antibodies were not detected
in most patients with OS and SCID (Fig. 5, B to E, and fig. S5). Thus,
RAG-mutated patients with LS and CID produce a broad range of
autoantibodies, including neutralizing antibodies to type I IFN.

Bosticardo et al., Sci. Immunol. 10, eadq1697 (2025) 10 January 2025

The peripheral compartments of patients with CID and LS
are enriched in dysfunctional B cells

To further investigate the immune dysregulation of patients with
CID and LS, we analyzed their peripheral B cell compartment and
observed that patients with CID and LS have a lower proportion of
IgD*CD27™ naive B cells and a slightly increased frequency of IgD™~
CD277, unswitched memory (IgD*CD277), and switched memory
(IgD_CD27+) B cells compared with HDs (Fig. 6A and data file S11).
Previous studies have shown a high frequency of CD19"CD21'°
B cells in various conditions associated with prolonged B cell activa-
tion, including chronic infections and autoimmunity (25-28). These
cells are enriched for B cell receptor (BCR) specificities for foreign
antigens upon infection or immunization (26) or for self-antigens in the
course of autoimmune diseases (27). The expansion of CcD19"cD21°
B cells is promoted by an inflammatory milieu, particularly IFN-y (29).
Patients with CID and LS had an increased frequency of CD19"'CD-
21" B cells (Fig. 6, B to D), which correlated with both CXCL9 levels
and the proportion of Trul cells (Fig. 6, E and F). Among CD-
19"CD21° B cells, a subset expressing T-bet and the myeloid mark-
er CD11c has been identified, which, on the basis of the expression
of IgD and CD27, can be further divided into multiple subtypes of
atypical B cells, including CD19"CD21'°CD11c*IgD*CD27" activated
naive B (aNaB), CD19"CD21°CD11cIgD"CD27~ double-negative 2
(DN2), and CD19"CD21°CD11c"CD27* activated memory B (aMeB)
cells (30) (fig. S6). Patients with CID and LS had a significantly higher
proportion of aNaB, DN2, and aMeB cells than HDs (Fig. 6, G to I).
Staining of circulating B cells with 9G4, a monoclonal anti-idiotype anti-
body recognizing polyreactive VH4-34-encoded antibodies (31-34),
revealed that patients with CID and LS have a higher proportion of 9G4*
B cells compared with HDs (Fig. 6, ] and K), including both 9G4" cells
representing B cells expressing surface VH4-34" immunoglobulins
(Fig. 6L) and 9G4™ cells representing B cells decorated by circulat-
ing VH4-34 antibodies (Fig. 6M) (35). The proportion of 9G4™ cells
was enriched within CD21° B cells compared with total CD19% cells,
and, likewise, a higher proportion of CD21" B cells was detected
within 9G4* than within total CD19% cells (Fig. 6, N and O). These
data confirm and extend previous findings (22) that the peripheral B
cell compartments of patients with hypomorphic forms of RAG de-
ficiency are enriched in dysreactive B cells.

Signatures of inmune dysregulation in heterozygous
carriers of RAG mutations and in patients with other

forms of LS

The observation that heterozygous carriers have an intermediate
proportion of Va7.2" T cells between HDs and patients with bial-
lelic RAG mutations prompted us to investigate these individuals for
cellular and molecular signatures of immune dysregulation. CXCL9,
CXCL10, IL-1pB, and CCL4 plasma levels were increased in hetero-
zygous individuals (fig. S7A and data file S8). In addition, a propor-
tion of them had an increased percentage of 9G4* and 9G4™ B cells
(fig. S7B) and modestly elevated levels of anti-type I IFN antibodies,
which, however, were nonneutralizing (fig. S7C and data file S10).
Thus, individuals with heterozygous RAG mutations may present
subtle biological signatures of immune dysregulation, although they
do not manifest clinically overt autoimmune disease.

To investigate whether these signatures of immune dysregulation
are unique to hypomorphic RAG deficiency, we analyzed samples
from 16 patients with other defects of adaptive immunity. Higher
levels of soluble inflammatory biomarkers and of anti-type I IFN
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Fig. 5. Characterization of the autoantibody profile in the plasma of RAG-mutated patients. (A) Heatmap showing the top 50 peptides to which autoantibody reactivity was
detected in plasma from RAG-mutated patients using the HuProt assay. Each column represents a patient sample: CID, n = 4; LS, n = 3; OS, n = 3; APECED, n = 22; thymoma, n = 20;
HD, n = 10. Results for all groups were obtained in one experiment. PPP1R1B, protein phosphatase 1 regulatory inhibitory subunit 1B; CRYGS, crystallin gamma S; NECAP1, NECAP
endocytosis associated protein 1; SERPINB6, serpin family B member 6; CHMP3, charged multivesicular body protein 3; LYSMD2, LysM domain containing protein 2; ESPN, espin; RNF8,
ring finger protein 8; IFNAS, interferon alpha 8; TPSAB1, tryptase alpha/beta 1; APIG1, adaptor related protein complex 1 subunit gamma 1; USP7, ubiquitin specific peptidase 7;
AP2A2, adaptor protein complex 2 subunit alpha 2; FICD, FIC domain containing protein; SERPINB3, serpin family B member 3; TAF10, TATA-box binding protein associated factor 10;
EFHD2, EF-Hand domain family member D2; HES6, HES family BHLH transcription factor 6; CDC45, cell division cycle 45; UBA1, ubiquitin like modifier activating enzyme 1; PPP4R2,
protein phosphatase 4 regulatory protein 2; PAGE2B, PAGE family member 2B; RFTN1, raftin lipid raft linker 1; MACROD2, mono-ADP ribosylhydrolase 2; RSPH1, radial spoke head
component 1; ATP4A, ATPase H+/K+ transporting subunit alpha; SCG2, secretogranin 2; IQWD1, IQ motif and WD repeat-containing protein 1; CUEDC2_FRAG, CUE domain containing
2; ITGA4B7, integrin subunit alpha 4 beta 7; SNRK, SNF related kinase; HECTD3, HECT domain 3 ubiquitin protein ligase 3; SEPSECS, SEP (O-phosphoserine) TRNA:Sec (selenocysteine)
TRNA synthase; FCHSD1, FCH and double SH3 domains 1; PSME3, proteasome activator subunit 3; LAMTORS, late endosomal/lysosomal adaptor MAPK and MTOR activator 5; TP63,
tumor protein P63; KLHL7, Kelch like family member 7; RBM38, RNA binding motif protein 38; KCTD14, potassium channel tetramerization domain containing 14; SOHLH2, spermato-
genesis and oogenesis specific basic helix-loop-helix 2; ANXA11, annexin A 11; NT5C1A, 5'-nucleotidase cytosolic IA. (B to E) Box-and-whisker plots with scatter dot plots showing the
fluorescence intensity of (B) anti-IFN-a, (C) anti-IFN-o, and (D) anti-IFN-p antibodies detected in the plasma of HDs (n = 43) and patients with CID (n = 38), LS (n = 29), OS (n = 30),
and SCID (n = 29). (E) Box-and-whisker plots with scatter dot plots showing the quantification of anti-IFN-A antibodies as reactive luciferase units in the plasma of HDs (n = 67) and
patients with CID (n = 33), LS (n = 22), OS (n = 24), and SCID (n = 23). [(B) to (E)] Data from multiple independent experiments were pooled. The dashed lines in (B) to (E) represent the
upper limit of normal defined as means + 3 SD in HDs. Asterisks in (B) to (E) reflect P values results of Kruskal-Wallis H test, followed by Dunn’s multiple comparisons test. *P < 0.05,
#%P < 0.005, *#*P < 0.001, and ****P < 0.0001.
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Fig. 6. Analysis of B cell subset distribution and dysreactive B cells in peripheral blood of RAG-mutated patients. (A) Stacked bar graph showing the distribution of naive and mem-
ory B cell subsets in the peripheral blood of HDs (n = 7) and patients with CID (n = 16) and LS (n = 5). Bars show mean values + SEM. (B) Representative plots showing the frequency of
CD19%CD21" cells gated on total CD19" cells. (C and D) Bar graphs with scatter dot plots summarizing the frequency of the CD21 °in total B cells (C) and the mean fluorescence intensity
(MFI) of CD19 in CD19*CD21" cells (D). (E and F) Graphs show the correlation between the frequency of CD21" B cells and the concentration of (E) CXCL9 or (F) the frequency of Tey1 cells.
Linear regression curve is shown in each graph along with the Spearman correlation factor (r) and P value. (G to I) Bar graphs showing the frequency of atypical B cells: (G) aNaB, (H) DN2,
and (1) aMeB cells. (J) Representative plots showing the frequency of 9G4-positive cells (9G4*, 9G4", and 9G4™) gated on total CD19™ cells. (K to M) Bar graphs showing the frequency of (K)
9G4™, (L) 9G4™, and (M) 9G4" cells gated on total CD19" B cells. (N and 0) Graphs showing (N) the frequency of 9G4* cells among CD19* and CD19+CD21" cells and (O) the frequency of
CD21"° cells among CD19* and 9G4* cells in patients with CID and LS. The lines connect the values found in the same individual. [(A) to (D) and (G) to (O)] Data were pooled from two inde-
pendent experiments. [(C), (D), (G) to (I), and (K) to (M)] Bars represent means + SD. (A) Mixed-effects model with Geisser-Greenhouse correction and Benjamini, Krieger, and Yekutieli's
multiple comparisons test. [(C), (D), (G) to (1), and (K) to (M)] Mann-Whitney U test, two-tailed. [(N) and (O)] Spearman correlation test. *P < 0.05, **P < 0.005, ***P < 0.001, and **#*P < 0.0001.
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antibodies were detected in several of them, especially in those with
hypomorphic DCLREIC and CD3 chain defects (fig. S7, A and C,
and data file S8). Furthermore, immunohistochemistry and RNA-
scope analysis of a skin biopsy from a patient with hypomorphic
DNA cross-link repair 1C (DCLRE1C) deficiency revealed a strong
IFN-y/CXCL9 signature (fig. S7D). Thus, the inflammatory signa-
tures observed in RAG-mutated patients are not only found in this
condition but can also be observed in other genetic defects affecting
adaptive immunity.

Single-cell profiling reveals phenotype-specific signatures
of inflammation and immune dysregulation in

RAG-mutated patients

To further investigate the immune cell type-specific signatures of
inflammation and immune dysregulation, we performed single-cell
cellular indexing of transcriptomes and epitopes by sequencing
(CITE-seq) in peripheral blood mononuclear cells (PBMCs) from
11 RAG-mutated patients (3 CID, 3 OS, 3 SCID, and 2 LS) and seven
HDs, revealing five major subsets of immune cells: CD4 T cells, CD8
T cells, NK cells, B cells, and myeloid cells [comprising monocytes
and dendritic cells (DCs)] (Fig. 7A). A low frequency of CD4 T cells
that were represented almost exclusively by memory cells was de-
tected in RAG-mutated patients, with a small fraction of naive CD4
T cells and regulatory T cells (Treq) present only in patients with
CID and LS (Fig. 7, B and C). CD8 T cells were present with reduced
frequency in patients with CID and LS and nearly absent in patients
with SCID but were increased in the OS group. However, in all
groups of RAG-mutated patients, CD8 T cells were mostly memory
cells. CD16" cells represented most NK cells in all groups of RAG-
mutated patients and controls. Circulating B cells were nearly absent
in the SCID and OS groups and represented a lower fraction of
PBMC:s in patients with CID but were present at higher frequency in
patients with LS, where they were predominantly represented by B
intermediate cells (36). Last, classical CD14* monocytes represent-
ed a high fraction of PBMCs in patients with SCID, consistent with
the severe lymphopenia of this condition.

Hallmark pathway analysis revealed a prominent inflamma-
tory signature, dominated by TNF-a, IFN-y, and IFN-« response
in multiple PBMC types from all groups of RAG-mutated patients
compared with HDs (Fig. 7, D and E). Signatures of immune activation
in RAG-mutated patients included enrichment for IL-6-Janus kinase
(JAK)-signal transducers and activators of transcription 3 (STAT3),
IL-2-JAK-STATS5, and mammalian target of rapamycin (mTOR)
signaling pathways (Fig. 7D). Apoptosis and hypoxia pathways were
also up-regulated in PBMCs from RAG-mutated patients (Fig. 7D).
Analysis of gene expression profiles of circulating T cells demon-
strated enhanced expression of TBX21 in patients with CID and
of GATA3 in patients with OS (Fig. 7F), confirming the differences
in type 1-type 2 phenotype of these conditions.

To better define the contribution of individual PBMC subsets to
these signatures, we performed RNA-based subclustering within all
major PBMC subsets and identified the relative representation of
each subcluster in HDs and in each group of RAG-mutated patients
(fig. S8 to S12, A to D). The CID group was characterized by CD4
cells with increased surface expression of CD2 and CD48 (fig. S8E)
and enhanced expression of JUN and ZFP36—an RNA binding
protein that regulates the stability of IFNG and other mRNAs in-
volved in inflammatory responses (fig. S8F) (37). Hallmark path-
way analysis revealed TNF-a signaling and hypoxia as signatures of
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CD4 cells (fig. S8G). CD8 cells from patients with CID showed a
prominent IFN-o and IFN-y signature, driven by higher expression
levels of OASL, IFIT3, and IFIT2 and increased surface levels of CD2
and CD48 (fig. S9, E to G). NK cells had prominent IFN-a and
TNF-a signatures, with enhanced expression of IFIT1, ISG20, OASL,
HERCS, and IFIH]I (fig. S10, E to G). CID myeloid cells were pre-
dominantly represented by CD33*CD35" classical monocytes express-
ing higher levels of MAP3K8, which promotes hypoxia-induced release
of TNF-a (38), and were characterized by an IL-6-JAK-STAT?3 and
TNF-a signaling signature (fig. S11, E to G). Thus, multiple immune
cell subsets contribute to the type 1 immunopathology observed in
the CID group.

A similar proinflammatory signature was observed in multiple
PBMC subsets from patients with LS. In particular, their CD4 cells
expressed higher levels of MT2A, a metallothionein family member
with a scavenger function for reactive oxygen species (ROS) (39), and
IRF1, a transcription factor that plays a critical role in Ty1 differen-
tiation (40) (fig. S8F). Pathway analysis identified IFN-a and IFN-y
response, IL-6-JAK-STAT3 signaling, ROS, oxidative phosphoryla-
tion (OXPHOS), and fatty acid metabolism as signatures of LS CD4
cells (fig. S8G). CD8 T cells had prominent TNF-a, IFN-«, and IFN-y
signaling signatures (fig. S9F). A TNF-a signature was also present in
NK cells (fig. S10, D and G). Last, myeloid cells from patients with LS
had higher levels of ID1, IL1B, and CCL3 expression (fig. S11F) and
OXPHOS, ROS, and fatty acid metabolism signatures (fig. S11G).

The predominant type 2 immunopathology profile of OS was sup-
ported by CD4 cells with higher expression levels of CCR4 protein
(fig. S8H), as well as of LGALSI and S100A4 transcripts (fig. S8F).
LGALSI encodes for galectin-1, whose immunomodulatory proper-
ties skew immune response toward a type 2 profile (41). S100A4 is an
alarmin preferentially expressed by effector memory T cells that par-
ticipate in allergic inflammation (42). Pathway analysis showed that OS
CDA4 T cells had a signature characterized by enhanced unfolded protein
response, hypoxia, TNF-a and mTOR signaling, ROS and OXPHOS,
cholesterol homeostasis, and apoptosis (fig. S8G). CD8 T cells from
patients with OS expressed higher surface levels of CD99, which is
associated with the recruitment of T cells into inflamed skin (43) (fig.
S9E), and had strong TNF-a and mTOR signaling signatures (fig. S9G).
OS myeloid cells had increased levels of SERPINB2 and SERTADI (fig.
S11F), which modulate type 1 versus type 2 immune responses (44)
and initiate NLR family porin domain-containing protein 3 (NLRP3)-
mediated inflammasome activation (45), respectively. TNF-« signaling
and OXPHOS were signatures of OS myeloid cells. A similar inflam-
matory signature (driven by TNF-a, IFN-a, and IFN-y) was present in
monocytes from patients with SCID (fig. S11G).

To better define the molecular and cellular basis of autoimmu-
nity in patients with CID and LS, we analyzed the transcriptional
and surface protein profile of circulating B cells. Most B cells from
patients with CID were included in subcluster 10, characterized by
higher levels of CD27 and CXCR3 expression (fig. S12E), suggesting
that they represent memory B cells poised to migrate to inflamed
tissues. The B cell compartments of patients with LS were more het-
erogeneous (fig. S12, C and D) and included a subset of cells (sub-
cluster 9) with high levels of CD19 and CD11c, low levels of CD21
and IgD, and increased expression of CD80, CD86, and ITGAX (en-
coding for CD11c¢) transcripts (fig. S12E), indicative of an atypical B
cell profile. Flow cytometry confirmed that B cells from patients
with CID and LS were enriched in CD21'°CXCR3" cells and in
CD21°CD11c* atypical B cells (fig. S12, F and G). In addition, cells
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Fig. 7. Single-cell CITE-seq profiling of peripheral blood cells of RAG-mutated patients. (A) Uniform Manifold Approximation and Projection (UMAP) visualization of
single-cell clusters based on surface protein expression profiles, obtained from PBMCs of HDs and patients combined. (B) Visualization of cells from each of the patient
groups projected onto the same UMAP. (C) Distribution of the different CD4 T cell, CD8 T cell, NK cell, B cell, and monocyte subclusters in HDs and in each of the patient
groups. (D) Cell type-specific GSEA map obtained by comparing each group of patients versus the HDs for the indicated cell type. Hallmark gene sets/pathways signifi-
cantly enriched in RAG-mutated patients as compared with HDs are represented in each row, whereas each column indicates the cell type and patient group for which a
difference versus HDs has been observed. Dot color denotes normalized gene set enrichment score, and size indicates —logig(adjusted P value). P values were computed
from GSEA test of the whole gene sets and adjusted using the Benjamini-Hochberg method. NES, normalized enrichment score. (E) Violin plots showing the single-cell
distribution of gene set score of selected Hallmark pathways (TNF-« signaling via NF-kB on the left and IFN-y response on the right) in HDs and in each group of RAG-
mutated patients in monocytes (top row) and NK cells (bottom row). (F) Average expression and percentage of cells expressing the transcription factors (TBX21 and GATA3)
among CD4 T memory cells in each of the patient groups and in HDs. Results were from a single experiment in all groups of patients and controls.

in subclusters 0, 1, and 3 from patients with LS shared higher levels
of CD19 and TBX21 transcripts and low levels of CD21 protein (fig.
S12E) and may also represent atypical B cells. Pathway analysis
demonstrated that subclusters of B cells overrepresented in LS

Bosticardo et al., Sci. Immunol. 10, eadq1697 (2025) 10 January 2025

have OXPHOS, ROS, IFN-a, and fatty acid metabolism signatures
(fig. S12H).

V(D)] sequencing analysis demonstrated that all VH4-34" B cell
clonotypes detected in patients with CID were accounted for by B
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cells in subcluster 10 (table S1), whereas the VH4-34" B cell clonotypes
of patients with LS were distributed across various B cell clusters, with
most of them (24 of 44, 54.5%) belonging to subcluster 6, characterized
by an inflammatory signature (IFN-a, IFN-y, TNF-a, and IL-6-JAK-
STATS3 signaling). Overall, the frequencies of VH4-34 B cell clono-
types were not increased in patients with LS and CID (1.3 and 5.3% of
all unique B cell clonotypes, respectively) compared with HDs (6.0%)
(table S1). Somatic hypermutation at the AVY amino acid residues in
the framework region 1 (FR1) and the N-hydroxysuccinimide residues
in the complementarity-determining region 2 (CDR2) has been shown
to redeem VH4-34 antibodies, depriving them of self-reactivity (34).
Missense variants at these positions were detected at a similar fre-
quency in VH4-34 clonotypes from patients with CID (1 of 11, 9.1%)
and LS (6 of 44, 13.6%), as compared to HDs (12 of 92, 13.0%) (table
S1). Thus, an increased frequency of atypical B cells with a proinflam-
matory phenotype may contribute to the immune dysregulation seen
in patients with CID and LS.

DISCUSSION

We used a multiomics approach to characterizing the molecular and
immunological features of human RAG deficiency, identifying both
common and distinctive signatures associated with its clinical phe-
notypes. By analyzing numerous naturally occurring RAG variants,
we expanded on the genotype-phenotype correlation, confirming
that CID and LS phenotypes are associated with residual functional
activity of the mutant alleles (11, 12). We have also confirmed that
human RAG variants allow DP T cell development in vitro, regard-
less of variant severity (14). This developmental block contrasts with
the earlier block at the CD44~CD25" DN3 stage reported in Ragl™'~
and RagZ_/_ mice (46, 47). In the bone marrow of RAG-mutated pa-
tients, we observed a block at the pro-B/pre-B I stage. However, this
block was incomplete in patients with LS and CID, allowing the gen-
eration of a residual number of immature and mature B cells. These
observations have important implications because they suggest that
competition between autologous and allogeneic donor cells may occur
until the DP stage of T cell development and the pre-B I stage of B
cell development after unconditioned HSCT, leading to incomplete
immune reconstitution (48, 49).

By studying the proportion of T cells stained by the V7.2 mono-
clonal antibody, we confirmed that human RAG deficiency is associ-
ated with a skewed pattern of rearrangements at the TRA locus, with
reduced usage of 5* TRAV and 3’ TRA] genes (15). This pattern was
observed irrespective of disease severity. We also found that individu-
als heterozygous for loss-of-function RAG variants had proportions
of Va7.2* T cells intermediate between those of HDs and RAG-
mutated patients. Previous studies have shown higher levels of RAG
expression in DP T cells (50) due to retinoid acid receptor-related
orphan receptor yt (RORyt) binding to a DP-specific component of
the recombination activating genes antisilencer enhancer, driving
RAG expression at the DP stage and facilitating secondary rear-
rangements involving 5 TRAV and 3’ TRAJ genes (51). Consistent
with those reports and mirroring our present findings in individuals
heterozygous for deleterious RAG variants, Ragl*'~ mice show re-
duced usage of these genes (51).

Prominent signatures of immune dysregulation, with common
and distinctive features, were identified in all groups of RAG-mutated
patients. In particular, a strong systemic and cutaneous type 2 signa-
ture was detected in patients with OS. Previous studies have shown
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that PBMCs from patients with OS produce high levels of IL-4 and
IL-5 in vitro (52), consistent with the hyper-IgE phenotype and eo-
sinophilia of OS. In addition, studies in hypomorphic Ragl-mutant
mice have shown that perturbed B cell development may also con-
tribute to the hyper-IgE phenotype through direct class switching
from Cp to Ce in CD93™ B cell progenitors (53). Here, we demon-
strated that OS is characterized by an increased frequency of circu-
lating memory T cells with a T2 phenotype, high plasma levels of
CCL17 and CCL22 (ligands for the Ty2 chemokine receptor CCR4)
(54), as well as CCL13 and CCL26, implicated in cutaneous allergic
disease (55, 56). RNAscope analysis of skin biopsies and CITE-seq
analysis of PBMCs from patients with OS demonstrated increased
proportions of T cells expressing GATA3, the prototypic transcrip-
tion factor involved in Ty2 cell differentiation.

Our CITE-seq data demonstrated that circulating CD4 and CD8
T cells from patients with OS express higher levels of CD99, a glyco-
protein involved in recruiting T cells into inflamed skin (43). To-
gether, these data establish OS as a condition with an increased
frequency of Ty2 cells poised to migrate to the skin, driving tissue
immunopathology. In addition, the increased frequency of ILC2s
suggests that other cell types may contribute to the immune dys-
regulation and enhanced production of IL-4, IL-5, and IL-13, charac-
terizing OS as dominated by a type 2 signature. Unexpectedly, a
strong IFN-y signature was observed in the skin biopsies and pe-
ripheral blood of patients with OS. High levels of IFN-y, CXCL9,
and CXCL10 had been reported in patients with OS and in a mouse
model (RagZRZZgQ/RZZgQ) of this disease (57, 58). It has been suggested
that the immunodeficiency of this condition may favor microbiome
abnormalities and breaches in the cutaneous and gastrointestinal
barriers, leading to bacterial translocation and promoting systemic
inflammation and accumulation of pathological Ty1 and Ty17 cells
in the intestinal lamina propria (57, 58). Broad immunosuppressive
agents (e.g., steroids, cyclosporine A, and tacrolimus) are often
needed to control the inflammatory phenotype of OS. Dupilumab, a
monoclonal antibody targeting the IL-4Ra chain, has been used to
treat severe atopic dermatitis (59). However, the in vitro addition of
dupilumab to CD4 T cells from a patient with OS had only modest
effects on IL-4 production, suggesting that activated T cells from pa-
tients with OS may not depend solely on IL-4 signaling for the
production of type 2 cytokines (60). In vivo treatment with IFN-y
has been proposed to revert the type 2 phenotype of OS. Although
eosinophil count improved, elevated IgE levels and increased propor-
tion of activated/memory CD4 T cells persisted (52), suggesting that
pharmacological agents with a broad effect on T cells and macrophages
are needed to control the hyperinflammatory signature of OS.

A strong type 1 inflammatory signature was also detected in the
granulomatous lesions and plasma of patients with CID, as demon-
strated by the expression of TBX21 and by the IFN-y signature
associated with skin granulomas. Persistence of the rubella virus
vaccine strain has been documented in several patients with RAG-
associated CID (61, 62), including some in this study, and may play
a role in the development of granulomatous lesions and chronic in-
flammation.

The inflammatory signatures of RAG deficiency may be secondary
to recurrent and/or persistent infections, as suggested by similar obser-
vations in patients with other defects of adaptive immunity. Limited
and mostly transient success has been reported with use of biologicals
(e.g., emapalumab, infliximab, adalimumab, and ustekinumab), or of
small molecules, such as JAK inhibitors as anti-inflammatory agents in
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RAG deficiency (63). This approach could help prevent organ damage,
which has a negative impact on the outcome of HSCT (10), but the
potential benefits must be weighed against the increased risk of in-
fections.

In addition to inflammation, autoimmunity is another promi-
nent feature of immune dysregulation in patients carrying hypo-
morphic RAG variants. Analysis of these patients’ peripheral B
cell compartments demonstrated an increased proportion of CD-
19"CD21" B cells, many of which coexpressed CD11c and CXCR3,
suggesting their propensity to migrate to inflammatory sites. It has
been shown that in vitro stimulation of HD B cells with anti-IgM
and IFN-y can induce CD21"° B cells (29). We observed a strong
correlation between the proportions of CD21° B cells detected in
patients with CID and LS and CXCL9 levels and percentages of
Trul cells. The inflammatory milieu and elevated B cell activating
factor (BAFF) levels observed in RAG-mutated patients with CID
and LS may promote the activation of atypical B cells and their dif-
ferentiation into autoantibody-producing plasma cells. The HuProt
autoantibody array revealed a broad spectrum of autoantibody
specificities in patients with CID and LS, similar to results reported
using phage immunoprecipitation sequencing (64). Autoimmune
cytopenias are a frequent complication of CID and LS and are often
refractory not only to steroids but also to rituximab (63), suggesting
that plasma cell-depleting agents (bortezomib and daratumumab)
may be beneficial.

In this study, we observed that 9G4 monoclonal antibody marked
a high proportion of circulating B cells from patients with CID and
LS. However, CITE-seq analysis failed to reveal an increased pro-
portion of B cells expressing VH4-34 immunoglobulin transcripts.
Similar observations have been recently reported (22). It has been
demonstrated that circulating VH4-34 antibodies can also bind to a
CD45 glycoform expressed on the surface of B cells (35). Higher
plasma levels of VH4-34 antibodies may account for the decoration
of circulating B cells from patients with CID and LS observed in
this study.

Among 68 patients with CID and LS for whom we had clinical
data available, 50 tested positive for anti-IFN-a and/or anti-IFN-®
antibodies. Anti-type I IFN antibodies are a hallmark of APECED,
a condition due to AIRE mutations affecting expression of tissue-
restricted antigens (TRAs) in the thymus, resulting in impaired
negative selection of self-reactive T cells (65). Defects affecting the
noncanonical nuclear factor kB (NF-«B) signaling pathway com-
promise AIRE expression and allow production of anti-type I IFN
antibodies (66). Receptor activator of NF-kB (RANK) and CD40
signals provided by CD4" thymocytes promote noncanonical NF-
kB pathway activation in medullary thymic epithelial cells (67). The
reduced generation of CD4" thymocytes in RAG-mutated patients
may be responsible for the impaired expression of AIRE and TRAs
and the abnormalities of the Tr; TCR repertoire that have been
demonstrated under this condition (68-70). Neutralizing anti-type
I IFN antibodies represent a risk factor for life-threatening viral in-
fections (71-74). Among 50 RAG-mutated patients with anti-type I
IEN antibodies included in his study, 31 had a history of severe or
chronic viral infections. Epstein-Barr virus and cytomegalovirus vi-
remia were recorded in 10 and 7 of these patients, respectively. Se-
vere varicella (including vaccine-induced varicella) was observed in
six patients, and severe herpes simplex virus, severe acute respira-
tory syndrome coronavirus 2, and human papillomavirus infections
were detected in five patients each.
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This study has some limitations. Some assays were performed in
a subcohort of patients because of availability of samples and costs.
Moreover, each patient was evaluated at a single time, so no longitu-
dinal assessment of immune status was possible. Last, immuno-
modulatory treatments may also have affected results. Nonetheless,
we were able to characterize the systemic and tissue-specific inflam-
matory and immune dysregulation signatures of human RAG defi-
ciency. This study exemplifies the diversity of immune abnormalities
associated with mutations of different degrees of severity in the
same gene. These results may help design phenotype-specific phar-
macological interventions while preparing for definitive therapy.

MATERIALS AND METHODS

Study design

We aimed to examine the immunological and molecular correlates
of phenotypic heterogeneity of human RAG deficiency, using a mul-
tiomics approach.

Patients

The study included 157 patients with biallelic RAG mutations encom-
passing the entire phenotypic spectrum of the disease: CID (n = 46),
LS (n = 33), OS (n = 44), and SCID (n = 34), 40 apparently healthy
individuals carrying heterozygous deleterious RAG variants, 16
patients with SCID/LS/CID due to other gene defects (IL2RG, n = 6;
IL7R,n=1; DCLREIC,n=1; LIG4,n = 2; CD3E, n=2; CD3G, n =
2, COROIA, n=1; TPP2, n = 1) (data file S2) and 135 age-matched
HDs. PBMC and bone marrow samples were obtained upon writ-
ten informed consent, according to protocols NCT03394053 and
NCT03610802 approved by the National Institutes of Health Insti-
tutional Review Board.

Recombination activity of the mutant RAG alleles
Recombination activity of the mutant RAGI and RAG?2 alleles was
tested using a flow cytometry-based reporter assay as described
(11, 12). Statistical analysis was performed by Kruskal-Wallis test
for multiple comparisons, including for each patient the recombina-
tion activity of each mutant allele.

Immune phenotyping, in vitro T cell differentiation, soluble
biomarkers, proteomics, autoantibodies, and
anticytokine antibodies
Peripheral blood samples were processed using Ficoll (GE Healthcare,
Marlborough, MA). Single-cell suspensions were stained with mono-
clonal antibodies directed against cell surface molecules and analyzed
by flow cytometry (table S3). Ty cells were obtained after gating on
CD4"CD45RA™CD25 CXCR5™ cells, and the different subsets were
identified using the following markers: Ty1 (CXCR3*CCR6 CCR4"),
Tul* (CXCR3"CCR6'CCR4™), Ty17 (CXCR3™CCR6"CCR4"), and
Tu2 (CXCR3™CCR6™CCR4") cells. Try cells were obtained after
gating on CD4TCD45RA™CD25 CXCR5™ cells. Various Tgy cell
subsets were then identified using the following markers: Tgyl
(CXCR3*CCR6 CCR4"), Tpy17 (CXCR3CCR6"CCR4 "), and Trp2
(CXCR3™CCR6™CCR4™) cells. ILCs were obtained after gating
on CD45"Lin"CD127% cells. Various ILC subsets were then identi-
fied using the following markers: ILC1ls (CD117-CD294"), ILC2s
(CD117-CD294"), and ILC3s (CD1177CD2947).

B cell maturation in bone marrow aspirates was assessed by flow cy-
tometry using a panel of monoclonal antibodies directed against cell
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surface markers. Pro-B cells were defined as CD45*CD34*CD19~CD22*
cells, pre-B I cells as CD45"CD347CD19", large pre-B II cells
as CD45*CD34°CD19*CD10*CD207, small pre-B II cells as
CD45*CD34CD19*CD107CD20", immature B cells as CD45*
CD34~CD19"CD10"CD20", mature/recirculating B cells as CD45"
CD34™CD19*CD10~CD20%, and plasma cells as CD45*CD34"
CD19*CD38"CD138".

In vitro T cell differentiation studies were performed in 13 RAG-
mutated patients (8 CID, 1 LS, 3 OS, and 1 SCID) and 11 HDs by
coculturing peripheral blood or bone marrow CD34" cells in the
ATO system and monitoring the progression of T cell differentiation
over time by flow cytometry as previously described (14). Soluble
biomarker plasma levels were analyzed in 127 RAG-mutated patients
(38 CID, 31 LS, 32 OS, 26 SCID) and in 82 HDs using the V-PLEX
Human Cytokine 30-Plex Kit (Meso Scale Discovery) and analyzed
on a MESO QuickPlex SQ 120 reader (Meso Scale Discovery) or
using a customized, magnetic bead-based, multiplex assay (R&D
Systems), depending on the nature of analyte, as previously described
(75). CXCL9 plasma levels were determined by enzyme-linked im-
munosorbent assay as described (76).

SomaScan (SomaLogic) was used to measure 1305 human pro-
tein analytes in plasma from 20 RAG-mutated patients (5 each for
the CID, LS, OS, and SCID groups) and 12 HDs, as previously de-
scribed (75). Statistical analysis was performed using R Studio (R
Core Team, 2020). For each group comparison, top up-regulated and
down-regulated proteins were identified by selecting all the proteins
with false discovery rate (FDR) < 0.05 and P < 0.05. Pathway enrich-
ment analysis was performed on differentially expressed biomarkers
among the groups (CID, LS, OS, SCID, and HDs), using the Molecular
Signatures Database version 7.4, as previously described (75).

IgG autoantibody analysis was performed on plasma samples
from 10 RAG-mutated patients (4 CID, 3 LS, and 3 OS), 22 patients
with APECED, 20 patients with thymoma, and 10 HDs using the
HuProt version 4.0 human protein microarrays and processed by CDI
Laboratories, as previously described (75). The quantile-normalized
HuProt data were log, transformed and filtered to retain autoantibodies
with <0.20 coefficient of variation within each patient group and the
controls, followed by t test for pairwise comparison of patients with
CID, LS, and OS versus HDs to identify the top 50 targeted proteins,
which were ranked on the basis of their P value and shown in Fig. 5A.

Autoantibodies against IFN-a, IFN-f, IFN-, IL-17A, IL-17F, IL-
12,1L-22, and IL-23 were screened in 126 RAG-mutated patients (39
CID, 29 LS, 29 OS, and 29 SCID) and 43 HDs by a multiplex particle-
based assay. Autoantibody neutralizing activity was assessed as pre-
viously described (77). The cutoff for positivity was defined as the
means + 3 SD of the values obtained in HDs. Autoantibodies against
IFN-)\ were measured using a luciferase-based immunoprecipitation
system as described (78).

Tissue immunopathology

Skin biopsies from patients with OS and from patients with CID
who have granulomatous lesions were analyzed by conventional
immunohistochemistry and by RNAscope. For the latter, in situ
hybridization for IFNG, CXCL9, and CXCL10 on formalin-fixed
paraffin-embedded samples was performed using the RNAscope
2.5 High-Definition BROWN Assay Kit (Advanced Cell Diagnos-
tics, Newark, CA) according to the manufacturer’s instructions
(79). POLR2A mRNA labeling was used as positive control for the
RNA quality in samples. The staining procedure was performed as
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described (57). T-bet (Abcam, catalog no. ab150440) (1:500) and
GATA-3 (Roche, catalog no. 760-4897) (prediluted) protein ex-
pression was assessed by immunohistochemistry. Detection was
performed on an automated immunostainer Benchmark Ultra
(Roche) with the ultraView Universal DAB Detection Kit (catalog
no. 760-500) or Ultra-View Universal AP Red Detection Kit (cata-
log no. 760-501). The detection kits were used independently (DAB,
brown; AP, red). Images were taken with an Olympus Bx41 micro-
scope, objective UPLanFI 10x/0.30, 20X/0.5000/0.17, 40Xx/0.7500/
0.17, and 100%/1.30 oil with a U-TV0.5XC adaptor using an
Olympus DP27 camera with an Olympus U-VTO.63XC adaptor,
using CellSens, XV Image Processing imported into Adobe Pho-
toshop CC 2024.

Single-cell CITE-seq processing, sequencing, and clustering

Frozen PBMC samples from 11 RAG-mutated patients (P19, P21,
and P27 with CID; P54 and P68 with LS; P88, P98, and P100 with
OS; and P139, P140, and P141 with SCID) and seven HDs (three
adult and four pediatric individuals) were thawed and processed as
previously described for CITE-seq staining (80) and then subjected
to single-cell RNA sequencing as described (75). Single-cell data
processing, CITE-seq protein denoising and clustering, pseudobulk
gene differential expression analysis, and gene set enrichment analy-
sis (GSEA) were performed as described (80). Specifically, CellRanger
(10x Genomics) version 6.0.1 was used to map cDNA libraries to the
hg19 genome reference and to antibody tag barcodes. Data were fur-
ther quality controlled and filtered using Seurat (v.4.1.1) (81) run-
ning in the R v4.2.1 environment. Upon filtering for single cells on
the basis of demuxlet output, cells with fewer than 150 or more than
4000 detected genes, exceeding 30% mitochondrial reads, cell surface
protein tag, or mRNA counts above 15,000 were excluded. The pro-
tein data underwent normalization and denoising using the double-
strand break method (82). Clusters of major immune cell types were
refined using RNA-based predicted cell type labels transferred from
the Seurat Multimodal PBMC reference (36). Cell subset identifica-
tion was further refined using integration with a reference PBMC
dataset (36). Pseudobulk gene differential expression analysis and
GSEA were performed as described (80). P values were adjusted
using the Benjamini-Hochberg method for the whole gene set list.

TCR and BCR data processing

CellRanger (10x Genomics) version 6.0.1 was used to create V(D)]
contigs (83). Subsequently, the TCR and BCR sequence data were
analyzed as described (75).

Statistical analysis

For comparisons of two independent groups, the nonparametric
Mann-Whitney U test was performed, and two-tailed P values below
0.05 were considered significant. For multiple comparisons, a one- or
two-way nonparametric analysis of variance (Kruskal-Wallis H test)
was applied, followed by Dunn’s test to correct for multiple compari-
sons. For multiple comparisons, in which we compared grouped re-
sults, we used the mixed-effects model with Geisser-Greenhouse
correction and Benjamini, Krieger, and Yekutieli’s multiple compari-
sons test. Analysis of correlation between two parameters was done
using the nonparametric Spearman test. Data graphs and analyses
were generated using PRISM software (GraphPad Software Inc.,
v.10), and error bars display the SDs or SEMs, as indicated in each
figure legend.
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Editor’'s summary

Recombination-activating gene 1 (RAG1) and RAG2 are required for V(D)J recombination, which directs mature B

and T cell development and a fully functional adaptive immune system. Hypomorphic variants of the RAG genes in
humans results in an array of immunodeficiencies, which all have distinct features for reasons not well understood.
Bosticardo et al. performed a multiomics analysis of 157 patients with RAG deficiency who presented with a spectrum
of disease phenotypes along with 135 age-matched controls. Analyzing blood, bone marrow, and other tissue biopsies,
the authors found prominent signatures of immune dysregulation with both common and distinctive features in these
patients. These findings may direct phenotype-specific therapeutic interventions before patients can receive definitive
treatments. —Seth Thomas Scanlon
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