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Introduction
In humans, severe combined immunodeficiency (SCID) results 

from inborn errors of immunity causing a cell-intrinsic lack of 

autologous αβ and γδ T cells (1). Combined immunodeficiency 

(CID) results from inborn errors of αβ T cells, which are present, 

but in abnormally small numbers, or functionally compromised, at 

least in terms of their ability to proliferate in response to antigens 

in vitro. Patients also display a B cell defect in vivo that is either 

intrinsic or secondary to the T cell deficit (2). The T cell defect in 

patients with CID may be intrinsic or secondary to a deficiency  

of antigen-presenting cell (APC) function, such as inherited HLA 

class II deficiency (3, 4). Antigen-dependent T cell prolifera-

tion in vitro is normal for patients with other inborn errors of T 

cells not classified as CID (5). In the 2019 International Union of 

Immunological Societies (IUIS) classification of inborn errors of 

immunity, there were 57 CIDs with (syndromic CID) and 35 CIDs 

without (isolated CID) extrahematopoietic manifestations (5, 6). 

Patients with isolated or syndromic CID experience a broad range 

of infectious, autoimmune, autoinflammatory, allergic, and/or 

malignant phenotypes. Clinical manifestations vary among cas-

es and are dependent on various host and environmental factors. 

These manifestations largely reflect the T and B cell phenotypes, 

which are dependent on the patient’s genome, the gene mutated, 

and the mutant genotype itself. The severe infections observed in 

CID include a broad range of viral, bacterial, fungal, and parasit-

ic diseases, in addition to pyogenic bacterial infections typically 

caused by the B cell defect (7). Age at onset and the range and 

severity of infections also depend on T and B cell phenotypes and 

the extent of abnormalities affecting other cell types, particularly  
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T cells are defective (20). Genetic studies of CID patients infect-

ed with multiple pathogens or of patients with isolated infections 

therefore constitute 2 powerful and complementary approaches to 

determining the molecular basis of T cell immunity to infection 

(8). In this context, we studied a child with BCG disease, CMC, 

cryptosporidiosis, CMV disease, and shingles, whose overt T and 

B cell deficiencies suggested that she had a rare form of CID.

Results
A private homozygous essential splice site mutation of REL. We per-

formed whole-exome sequencing on a patient (P; II.1) born in 

2011 to first-cousin parents originating from and living in Moroc-

co (Figure 1A). P had various infections from early childhood 

onwards: CMC, including recurrent esophagitis; chronic CMV 

viremia with recurrent fever; recurrent oral herpes simplex virus 

1 (HSV-1) lesions; chronic replication of adenovirus and entero-

virus in the gastrointestinal tract; 1 episode of thoracic shingles; 

disseminated BCG disease following vaccination (BCG-osis), 

with bone, lung, and lymph node involvement; and chronic chol-

angitis due to Cryptosporidium parvum (Figure 1B). P had no 

overt extrahematopoietic clinical manifestations, such as neuro-

logical anomalies, growth retardation, or anhidrotic ectodermal 

dysplasia (21). PBMCs from P did not proliferate, or only weakly 

proliferated, in vitro in response to any of the physiological stim-

uli tested: tuberculin (PPD), candidin, tetanus toxoid, and CMV 

antigens (Supplemental Table 1; supplemental material available 

online with this article; https://doi.org/10.1172/JCI150143DS1). 

The patient’s infectious phenotypes were cured by hematopoiet-

ic stem cell transplantation (HSCT) performed in 2017. The rate 

myeloid cells. It is difficult to obtain a complete understanding 

of the pathogenesis of most of these infections from studies per-

formed in mouse models alone (8).

The molecular and cellular bases of some of the infections 

associated with T cell defects observed in patients with SCID or 

CID have been clarified by the identification of inborn errors of 

immunity underlying specific infections in otherwise healthy 

individuals (9, 10). For example, severe disease caused by weakly 

virulent mycobacteria, including Bacillus Calmette-Guérin (BCG) 

vaccines, in otherwise healthy patients is known as Mendelian sus-

ceptibility to mycobacterial disease (MSMD) (11, 12). Patients with 

MSMD carry inborn errors of IL-12–, IL-23–, or ISG15-dependent 

IFN-γ–mediated immunity (12). Patients with SCID are therefore 

probably vulnerable to BCG because of a lack of T cell–dependent 

IFN-γ production. Another example is provided by chronic muco-

cutaneous candidiasis (CMC), a fungal infection seen in patients 

with SCID and various CIDs. It is also seen in otherwise healthy 

patients with selective defects of IL-17F–, IL-17RA–, and IL-17RC–

dependent immunity, implying that impaired IL-17A and IL-17F 

production by αβ T cells is probably at least partly responsible for 

this disease in patients with SCID or CID (13–18). The parasit-

ic infection cryptosporidiosis was recently described in several 

patients with inherited IL-21R deficiency, potentially implicating 

the lymphokine IL-21 in other patients with CID, such as those with 

MHC class II or X-linked (XR) CD40 ligand (CD40L) deficiency, 

who are also susceptible to this parasite (5, 19). The molecular and 

cellular basis of the other infections seen in patients with CID, 

such as CMV disease and recurrent shingles, remains largely elu-

sive, apart from the observation that multiple effector functions of 

Figure 1. A private homozygous essential splice site mutation of REL. (A) Familial segregation. (B) From left to right: Disseminated BCG-osis with bone 
and lung lesions, cholangitis due to C. parvum, esophageal candidiasis. (C) REL genomic DNA electropherograms for a control (Ctl), P, and her mother. (D) 
Schematic representation of REL isoforms. The mutation is in the acceptor splice site of exon 5. The impact of the mutation is indicated.
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of P’s REL variant (c.395-1G>A), located in the essential acceptor 

splice site of exon 5 common to the 2 known REL isoforms, which 

differ solely by the alternative splicing of exon 9 (Figure 1, C and 

D). The skipping of exon 5 is predicted to generate a frameshift 

and a premature stop codon at position 134 in the mRNA (Figure 

1D). The parents were heterozygous (Figure 1C). The variant was 

not found in the gnomAD, BRAVO, or Greater Middle East (GME) 

databases, or in our in-house database of exomes from more than 

9000 patients with various infectious diseases. The CADD score 

of 26.7 for this allele (Supplemental Figure 1B) is well above the 

MSC of 2.31 for REL (24). Moreover, no predicted loss-of-function 

(pLOF) REL alleles (nonsense, frameshift deletions/insertions, or 

essential splice variants) in the homozygous state were reported in 

gnomAD. The consensus negative score (CoNeS) (28) for this gene 

is –0.9725, indicating that REL is under strong negative selec-

tion, consistent with an autosomal-recessive (AR) inborn error of 

immunity (Supplemental Figure 1C). Together, these findings sug-

gested that P had AR c-Rel deficiency.

of homozygosity in her exome was high (3.26%), consistent with 

parental consanguinity (22). On the basis of this finding, we select-

ed homozygous nonsynonymous and essential splice site variants 

with a minor allele frequency (MAF) of less than 0.01 and a com-

bined annotation-dependent depletion (CADD) score above the 

mutation significance cutoff (MSC) (Supplemental Figure 1A and 

refs. 23, 24). We also excluded variants that were common (MAF 

>0.01) in our in-house database of more than 9000 exomes, but 

absent from public databases (1kG, ExAC), corresponding to the 

“black list” (25). We identified variants of 22 genes, including a 

candidate nucleotide substitution of REL (c.395-1G>A), which 

encodes c-Rel, 1 of the 5 canonical and noncanonical NF-κB 

proteins (26). Rel–/– mice have no overt spontaneous infectious 

phenotype, but rather display a profound impairment of T and B 

cell proliferation in vitro and impaired Ab responses in vivo (27). 

None of the other 21 variants was a plausible candidate, given the 

expression and function of the corresponding genes (Supplemen-

tal Table 2). Sanger sequencing confirmed the homozygous nature 

Figure 2. An aberrant transcript underlies 

a loss of c-Rel production and function. 
(A) PCR of full-length REL cDNA from 
EBV-B cells, showing a deletion of 14 
nucleotides (r.395_408del) in exon 5 in P 
and a predicted termination codon (p.Va-
l132Alafs*3). (B) RT-qPCR on total mRNA 
extracted from EBV-B cells from 3 controls 
(Ctls) and P. Data are displayed as 2-ΔCt 
after normalization to GUS expression. 
Data indicate the mean ± SEM. n = 3. (C) 
Western blot of extracts from HEK293T 
cells transfected with a pcDNA3.1 plasmid 
encoding an empty N-terminal DDK tag 
(empty vector [EV]), or encoding the WT 
or mutant (c.395_408del) REL allele. Two 
Abs were used: an Ab against the DDK 
tag and an Ab against GAPDH. Results 
are representative of 3 independent 
experiments. (D) Top panel: Luciferase 
activity of HEK293T cells cotransfected 
with an NF-κB reporter plasmid plus the 
pcDNA3.1 EV and a plasmid encoding the 
WT or c.395_408del REL allele. Results 
show the fold induction of activity relative 
to EV-transfected cells. Data indicate the 
mean ± SEM. n = 2. Each dot represents 
the mean of 9 technical replicates. Bottom 
panel: RT-qPCR results. Data are displayed 
as 2-ΔCt after normalization to GUS 
expression. Data indicate the mean ± SEM. 
n = 1. Each dot represents the mean of 3 
technical replicates.
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nucleotide substitution was confirmed by exon trapping, which 

also showed a lack of leakiness (Supplemental Figure 2, B–D). 

Real-time quantitative PCR with a probe spanning exons 5 and 6 

showed that EBV-B cells from P had about a tenth as much REL 

mRNA as healthy control cells, suggesting that the mutant tran-

script undergoes nonsense-mediated mRNA decay (Figure 2B). 

We then transfected 293T human embryonic kidney (HEK) cells 

with plasmids containing a cDNA corresponding to either the WT 

or the mutant (c.395_408del) REL allele (Mut), with an N-termi-

nal DDK tag, and analyzed the protein products of the plasmid by 

Western blotting (Figure 2C; see complete unedited blots in the 

supplemental material). We detected no protein product for the 

mutant allele and no product of lower MW suggestive of a trun-

cated protein. We also assessed the ability of WT and Mut c-Rel 

An aberrant transcript underlies a loss of c-Rel production and 

function. We studied the functional consequences of the variant 

for REL RNA splicing by performing reverse transcription PCR 

(RT-PCR) on mRNA extracted from the patient’s EBV-trans-

formed B cells (EBV-B cells). The full-length REL cDNA was of 

similar MW in P, her heterozygous mother, and in healthy con-

trols (Supplemental Figure 2A). As predicted in silico, the clon-

ing and Sanger sequencing of these PCR products showed that 

the c.395-1G>A REL variant was associated with a deletion of 14 

nucleotides (r.395_408del) in exon 5 and the presence of a prema-

ture termination codon in the region encoding the REL homology 

domain of the protein (p.Val132Alafs*3; Figure 1D and Figure 2A). 

We performed TA cloning of the cDNAs and found that 100% of 

the clones analyzed lacked the 14 nucleotides. The impact of the 

Figure 3. c-Rel deficiency 

alters the development of 

some lymphoid subsets. 
Immunophenotyping of 
PBMCs from 31 adult con-
trols, 5 pediatric controls, 
and P. (A) UMAP (uniform 
manifold approximation 
and projection) plots. The 
legends indicate the differ-
ent leukocyte subsets, as 
defined by surface markers 
(provided in Methods). (B) 
Frequencies of monocyte 
subsets in total PBMCs. (C) 
Frequencies of cDCs and 
pDCs in total PBMCs. (D) ILC 
phenotyping showing the 
frequencies of ILC progen-
itors (ILCP) and ILC type 2 
in total PBMCs. (E) NK cell 
phenotyping showing total 
NK cells and the frequency 
of CD56bright cells in total 
PBMCs. (F) Frequencies of 
iNKT cells, MAIT cells, γδ 
T cells, and Vδ1 and Vδ2 
subsets in total PBMCs. 
(G) Frequency of Tregs 
in total PBMCs. (H and I) 
Frequencies of total CD4+ 
(H) and CD8+ (I) T cells in 
total PBMCs, and of naive, 
Tcm, Tem, and Temra  cells 
within the CD4+ and CD8+ 
T cell compartments. (J) 
Frequencies of Th cell 
subsets in total PBMCs. (K) 
Frequencies of total B cells, 
naive B cells, and memory 
B cells in total PBMCs. Error 
bars represent the mean 
and SD.
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tor (TCR) Vβ repertoire (Supplemental Table 5). Despite chronic 

infections with BCG, fungal, viral, and parasitic pathogens, P had 

relatively low frequencies of memory CD4+ T cells, in the lower 

range of those of pediatric controls (Supplemental Table 4). By 

contrast, P had a high frequency of effector memory (Tem) cells 

and a low frequency of terminally differentiated effector memory 

CD45RA+ (Temra) CD8+ T cells (Supplemental Table 4). In-depth 

immunophenotyping of PBMCs from P revealed naive and mem-

ory subsets of CD4+ T cells within the range for pediatric controls 

(Figure 3H). Analysis of CD8+ T cells in P showed that the fre-

quencies of naive and central memory T (Tcm) cells were similar 

to those in the pediatric controls, whereas Tem cell frequencies 

were higher and Temra cell frequencies were lower than those in 

the pediatric controls (Figure 3I). For memory CD4+ T cells, P had 

low frequencies of Th1 and Th1* cells, while Th2 and Th17 cells 

were in the lower part of the range for pediatric controls (Figure 

3J). Total B cell counts were high, with very high frequencies of 

CD24++CD38++ transitional B cells and lower frequencies of CD24–

CD38++ plasmablasts and CD27+ memory B cells than those in 

healthy pediatric controls (Supplemental Table 4 and Figure 3K). 

Overall, these findings suggest that c-Rel is essential for the gen-

eration and/or maintenance of NK cells, CD8+ Temra cells, and 

memory CD4+ T cells, including Th1* and Th1* cells, Tregs, and 

memory B cells.

Normal baseline transcriptome in c-Rel–deficient leukocytes 

at the single-cell level. We further investigated the development 

and phenotype of leukocyte subsets in P, by performing sin-

gle-cell RNA-Seq (scRNA-Seq) on cryopreserved PBMCs from 

P and her mother, together with cryopreserved PBMCs from 6 

other healthy controls. Integrated sample clustering of the vari-

ous immune subsets identified 13 distinct major subsets: CD14+ 

and CD16+ monocytes, pDCs, mature (CD56dim) and immature 

(CD56bright) NK cells, γδ T cells, Tregs, naive and memory CD4+ 

T cells, naive and memory CD8+ T cells, and naive and memory 

B cells expressing either the κ or λ light chain (Figure 4A). We 

then compared the frequencies of cells attributed to the differ-

ent clusters for P and the healthy controls. Consistent with the 

results obtained by immunophenotyping, P had low frequen-

cies of Tregs and memory B cells (Figure 4B and Supplemental 

Figure 5A). She also had relatively low frequencies of memory 

CD4+ T cells, contrasting with her higher frequency of memo-

ry CD8+ T cells (Figure 4B and Supplemental Figure 5A). The 

frequencies of the other immune subsets were similar between 

P and the controls (Supplemental Figure 5A). We then evaluat-

to induce a luciferase transgene under the control of the NF-κB 

promoter. WT c-Rel induced high levels of luciferase activity, 

unlike Mut c-Rel, which did not induce luciferase activity, despite 

the production of similar amounts of the mutant and WT mRNAs 

(Figure 2D). Overall, these findings indicate that the private c.395-

1G>A variant disrupted REL mRNA splicing, with no leakiness, 

resulting in a loss of expression (LOE) and a LOF of c-Rel due to 

the presence of a premature termination codon in the aberrant 

transcript that was the sole product of the mutant allele.

c-Rel deficiency alters the development of some lymphoid subsets. 

REL mRNA is expressed in various human tissues, but its levels 

are 3 to 10 times higher in nucleated hematopoietic cells relative 

to levels in other cell types (BioGPS, The Human Protein Atlas). 

We assessed the impact of the homozygous c.395-1G>A mutation 

on endogenous c-Rel expression. No c-Rel protein was detected in 

EBV-B cells from P, by Western blotting or flow cytometry (Supple-

mental Figure 3, A and B; see complete unedited blots in the sup-

plemental material), or in her leukocytes by flow cytometry (Sup-

plemental Figure 3C). By contrast, c-Rel was strongly expressed 

by control EBV-B cells and was detected in all leukocyte subsets 

from healthy donors, the highest levels being recorded for γδ T 

cells, naive CD19+ B cells, CD16+ monocytes, and CD141+ con-

ventional DCs (cDC1s) (Supplemental Figure 3D). We performed 

flow cytometry on whole blood (Supplemental Tables 3 and 4) 

and PBMCs (Figure 3, A–K) from P to evaluate the impact of c-Rel 

deficiency on the distribution of the various leukocyte subsets 

relative to age-matched controls. P had normal counts of granulo-

cytes, monocytes, and DCs, with frequencies of CD14+ and CD16+ 

monocytes, cDC1s, cDC2s and plasmacytoid DCs (pDCs) within 

the range of pediatric controls (Supplemental Table 3 and Figure 

3, A–C). The total helper innate lymphoid cell (ILC) frequency 

was high, with normal frequencies of ILC precursors (ILCP) and 

IFN-γ+ ILC type 1 cells, and a high frequency of IL-13+ ILC type 

2 cells (Figure 3D and Supplemental Figure 4A). NK cell counts 

and proportions were low (Supplemental Table 4 and Figure 3E), 

with a normal distribution of the CD56dim NK and CD56bright sub-

sets on evaluation of a separate batch (Supplemental Figure 4B). 

Analysis of other innate-like lymphocyte subsets revealed levels 

of iNKT and Vδ2+γδ T cells similar to those in pediatric controls, 

whereas the levels of MAIT and Vδ1+γδ T cells were higher (Figure 

3F). Tregs, defined as CD4+CD25+FOXP3+ cells, were present at 

levels below the lower limit of the range for the adult and pediatric 

controls (Figure 3G). P had normal counts of total CD4+ and CD8+ 

T cells (Supplemental Table 4), with a diversified T cell recep-

Figure 4. Normal baseline transcriptome in c-Rel–deficient 

leukocytes at the single-cell level. (A) UMAP clustering integrat-
ing scRNA-Seq data for PBMCs from P and 7 controls. Major cell 
clusters are labeled on the basis of enrichment in cell markers. B 
cells were extracted and clustered with UMAP to identify subsets 
on the basis of heavy- and light-chain usage and the naive versus 
memory state. Mo, monocytes; progenitors, hematopoietic stem 
cells. (B) Overlay of P’s cells captured by scRNA-Seq over the cells 
from controls (same UMAP as in A).
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ed the effect of c-Rel deficiency on the baseline transcription-

al program of PBMCs by performing a differential expression 

analysis for each leukocyte cluster. Single-cell gene expression 

levels were extracted and aggregated for each individual and 

for each cell subset. We then focused on genes with expression 

levels of more than 10 copies per million (cpm) and compared 

normalized gene expression between P and the controls. No 

significant differences in transcription were observed between 

the cells of P and the control cells for any of the subset clus-

ters (Supplemental Figure 5B). The sc-RNA-Seq data provided 

additional evidence that c-Rel deficiency results in poor devel-

opment of memory CD4+ T, Tregs, and memory B cells. They 

also suggested that c-Rel deficiency had no effect on the overall 

transcriptomic profile in the basal state.

c-Rel deficiency affects the production of IL-12 by some, but not 

all, myeloid cells. We then investigated the cellular mechanisms 

underlying severe BCG disease in P. Mouse c-Rel is essential 

for the production of IL-12 and IL-23 by DCs ex vivo, or by in 

vitro–derived macrophages and DCs, following stimulation 

with IFN-γ, TLR agonists (LPS, CpG, poly-IC), anti-CD40 Ab, 

or CD40L (29–35). We therefore investigated the impact of 

human c-Rel deficiency on the production of these cytokines. 

We first measured the production of IL-12p40 and IL-12p70 

(comprising IL-12p40 and IL-12p35) in whole blood from P 

in response to BCG alone or together with IFN-γ. BCG plus 

IFN-γ substantially increased the secretion of IL-12p40 and 

IL-12p70 in whole blood from healthy controls (Figure 5A and 

Supplemental Figure 6A). By contrast, IL-12p40 production 

was strongly impaired, and that of IL-12p70 was barely detect-

able in whole blood from P. CD1c+ (cDC2s), derived in vitro 

from CD34+ cells isolated from P, produced normal amounts 

of IL-12p40, IL-12p70, IL-23, and CXCL10 in response to BCG 

plus IFN-γ, whereas all these cytokines, except CXCL10, were 

barely detectable in the supernatants of cDC1s derived in vitro 

from CD34+ cells isolated from P (Supplemental Figure 6B). 

Similarly, monocytes derived from control cells stimulated with 

LPS produced large amounts of IL-12p40, IL-23, and IL-1β (but 

no IL-12p70, data not shown), whereas the monocytes of P pro-

duced IL-1β but not the other cytokines tested (Supplemental 

Figure 6C). This impaired production of IL-12p40 and IL-12p70 

Figure 5. c-Rel deficiency affects the 

production of IL-12 and IFN-γ. (A) ELISA 
results for IL-12p70 and IFN-γ produc-
tion in whole blood from controls (n = 
10) and P, after a 48-hour incubation 
with different ligands. Data indicate the 
mean ± SEM. n = 3. iono, ionomycin. (B) 
ELISA results showing IL-12p70 and TNF 
production in P’s EBV-B cells that were 
not transfected (NT), or transfected 
with an empty retroviral plasmid (EV) or 
a plasmid encoding the WT c-Rel (WT); 
in cells from patients with complete 
AR IL-12p40 deficiency (p40–/–, n = 2); 
and in cells from controls (n = 3), after 
a 24-hour incubation with PDBu (10–7 
M) or PMA (400 ng/mL). Data indicate 
the mean ± SEM. n = 3. (C–E) IFN-γ 
expression after 24 hours of stimulation 
of leukocytes from 11 controls, 1 patient 
with AR IL-12Rβ1 deficiency, and P. (C) 
UMAP plots are presented with legends 
indicating the different leukocyte 
subsets, as defined by surface markers 
(indicated in Methods). (D) UMAP plots 
show Tbet and IFN-γ expression in 
leukocyte subsets from 2 representative 
controls, 1 patient with AR IL-12Rβ1 
deficiency, and P. (E) Dot plot graphs are 
shown with the values obtained in D. 
Error bars represent the mean and SD. 
Technical replicates are shown for P.
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we observed in cells from P was c-Rel dependent, as EBV-B 

cells from P transduced with an empty vector displayed nor-

mal TNF induction, but no induction of IL-12p40 or IL-12p70 

in response to phorbol esters (PMA or PDBu), in contrast to the 

EBV-B cells from controls, and this defect was rescued by trans-

duction with WT REL cDNA (Figure 5B and Supplemental Fig-

ure 6D). We then evaluated IFN-γ production by whole blood. 

Stimulation with BCG alone strongly induced IFN-γ production 

in whole blood from heathy individuals, whereas whole blood 

from P failed to respond to BCG (Figure 5A). The addition of 

IL-12 to BCG further increased IFN-γ secretion by whole-blood 

cells from controls and rescued the secretion of this cytokine 

by whole-blood cells from P. PMA plus ionomycin also induced 

a robust and comparable production of IFN-γ in P and controls 

(Figure 5A). Overall, these results suggest that the endogenous 

IL-12 production defect of the myeloid cells of P accounts, at 

least partly, for the impaired production of IFN-γ by whole 

blood in response to BCG.

c-Rel deficiency affects the production of IFN-γ by some, but not all, 

lymphoid cells in response to BCG plus IL-12. We then assessed the pro-

duction of IFN-γ by the innate lymphoid cells, innate-like lymphoid 

cells, and T cells of P. We first evaluated the Mycobacterium-specif-

ic IFN-γ response of Tbet+ lymphoid cells. We previously showed, 

in healthy donors, that NK, MAIT, Vγ2+γδ T, CD4+, and CD8+ αβ 

T cells were the dominant producers of IFN-γ upon BCG stimula-

tion, whereas invariant NKT (iNKT), Vγ1+γδ T, and B cells produced 

much smaller amounts (36). We detected IFN-γ production by 

Vγ2+γδ T, Vγ2-γδ T, mucosal-associated invariant T (MAIT), iNKT, 

NK, and CD4+ and CD8+ T cells from healthy donors in response 

to BCG plus IL-12, whereas cells from an IL-12Rβ1–deficient patient 

did not respond to such stimulation (Figure 5, C–E). By contrast, the 

production of IFN-γ by Tbet+ lymphoid cells from P was subnormal 

to normal relative to that in controls, except for the patient’s CD4+ 

T cells, which produced IFN-γ in quantities below the lower limit of 

the control range (Figure 5, D and E). Stimulation with PMA and ion-

omycin also resulted in poor IFN-γ production by CD4+ and CD8+ T 

cells and, to a lesser extent, by NK and Vγ2+γδ T cells (Supplemental 

Figure 6E). These results suggest that the weakened IFN-γ produc-

tion in response to BCG observed in whole blood from P resulted 

from the impairment of IL-12 production observed in whole blood 

and in in vitro–derived cDC1s and monocytes. Furthermore, the 

addition of exogenous IL-12 rescued to some extent the impaired 

IFN-γ production in response to BCG in all lymphoid cells except 

CD4+ T cells (Figure 5E). In contrast to what was observed for CD4+ 

T cells, c-Rel deficiency did not substantially affect the intrinsic 

abilities of innate and innate-like lymphoid cells to produce IFN-γ.

c-Rel deficiency impairs the upregulation of costimulatory mol-

ecules on peripheral cDCs and contributes to poor T cell responses to 

antigen. Monocytes and DCs display high levels of c-Rel expres-

sion (Supplemental Figure 3, C and D). We therefore investigated 

the effects of c-Rel deficiency on DC function. We evaluated the 

basal expression of HLA-DR, CD80, CD83, and CD86 on sorted 

pDCs, cDC2s, and cDC1s derived in vitro from CD34+ cells isolated 

from P and healthy controls and found that the expression levels 

were similar between P and the controls (Supplemental Figure 7, A 

and B). Given the rarity of these cells ex vivo, it was not possible to 

assess the induction of these costimulatory molecules on primary 

DCs. Instead, we used primary naive B cells, which are also potent 

APCs, to evaluate the induction of these molecules following stim-

ulation with anti-IgM Ab, CD40L, CpG, or CpG plus anti-IgM Ab 

(Figure 6A and Supplemental Figure 8, A and B). The basal levels of 

CD40, CD80, and CD86 were similar between P and the controls. 

Upon stimulation, the control B cells exhibited a strong induction of 

CD86 under all conditions tested, whereas CD40 was upregulated 

principally by CpG (alone or in combination with anti-IgM Ab), and 

CD80 was induced only slightly by CpG plus anti-IgM. The induc-

tion of CD86 and, to a lesser extent, the upregulation of CD40, was 

strongly impaired in cells from P, whereas the weak induction of 

Figure 6. c-Rel deficiency impairs the upregulation of costimu-

latory molecules on peripheral cDCs and contributes to poor T 

cell responses to antigen. (A) PBMCs from controls (n = 3) and P 
were incubated with the indicated ligands for 12 hours. Expres-
sion of CD86 was assessed on CD19+CD27– naive B cells. Max, 
maximum. (B and C) CFSE-stained PBMCs from P were cultured 
for 7 days under Th0 conditions, or with sorted Lin–HLA-DR+ 

CD11c+ cDCs from a control donor (cDC HD) or P’s mother (cDC 
het) in 2 different proportions (0.5% or 10%), with or without 
various doses of IL-2 (ng/mL) or tuberculin (PPD; 5 μg /mL). (B) 
Flow cytometric plots showing CFSE dilution for viable CD4+ T 
cells and (C) analysis of the percentage of dividing cells. n = 1.
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of exogenous IL-2 induced a response 

that was half as strong (Figure 6C). 

However, the addition of both IL-2 

and syngenic cDCs to P’s PBMCs 

induced a strong response to PPD. 

These data show that the impaired 

upregulation of CD40 and CD86 

by c-Rel–deficient APCs partially 

account for the defective antigen-spe-

cific CD4+ T cell responses observed 

in P (Supplemental Table 1).

c-Rel deficiency impairs CD4+ T cell 

proliferation, IL-2 production, and effec-

tor function. We then investigated the 

impact of c-Rel deficiency on T-lym-

phocyte function. The polyclonal stim-

ulation of fresh PBMCs from P with 

beads coated with mAbs against CD3 

and CD28, or CD2, CD3, and CD28 

(Th0), resulted in levels of prolifera-

tion of CD4+ and CD8+ T cells from P 

that were apparently similar to those 

for control cells, as shown by CFSE 

dilution (Figure 7A and Supplemental 

Figure 9A, left panels). However, the 

response of P’s CD4+ and CD8+ T cells 

to phytohemagglutinin (PHA) was 

markedly weaker than that of the con-

trol cells (Figure 7A and Supplemental 

Figure 9A, right panels). The addition 

of exogenous IL-2 to PHA-stimulated 

PBMCs from P restored both CD4+ 

and CD8+ T cell proliferation and the 

expression of CD25 on CD4+ T cells 

(Figure 7A and Supplemental Figure 

9, A and B). Despite the apparently 

normal proliferation under polyclonal 

stimulation, the number of live CD4+ 

T cells was much lower for P, in all 

conditions, as shown by labeling with 

tracking dyes (Supplemental Figure 

9C). IL-2 is required for T cell surviv-

al and proliferation. We thus assessed 

IL-2 expression in fresh PBMCs from 

P, in terms of both frequency and MFI 

in CD4+ T cells, following stimulation with anti-CD3/anti-CD28 

mAbs or PMA and ionomycin (P/I). A smaller proportion of CD4+ 

T cells from P expressed IL-2, with a much lower MFI than that 

seen in control cells (Figure 7B). We assessed TNF expression lev-

els in P’s cells and found that they were slightly lower, but within 

the range of expression levels in control cells, whereas IFN-γ lev-

els were lower following stimulation with anti-CD3/anti-CD28 

mAbs (Supplemental Figure 9D). We then analyzed the function 

of sorted naive CD4+ T cells from P. Under Th0 conditions, we 

observed markedly lower proliferation of naive CD4+ T cells from 

P (Figure 7C) and less IL-2 production compared with naive CD4+ 

T cells from healthy controls, as shown by flow cytometry and 

CD80 in these cells was similar to that observed in controls. The 

expression and upregulation of costimulatory molecules at the sur-

face of APCs and T cells are important for antigen-specific T cell 

responses (37). We therefore measured the proliferation of CD4+ 

T cells from P by stimulating her PBMCs with tuberculin in the 

presence of syngeneic HLA-similar  sorted CD11c+ cDCs from her 

mother, at a physiological ratio of 1:200, in the presence or absence 

of IL-2 (Figure 6, B and C, and Supplemental Figure 8C). The 

mother’s cDCs were not alloreactive, whereas the control HLA–

mismatched cells were. After 7 days of culturing, CD4+ T cells from 

P displayed a robust response to tuberculin (PPD) in the presence 

of her mother’s cDCs, whereas PPD in the presence of high doses 

Figure 7. c-Rel deficiency impairs CD4+ T cell proliferation, IL-2 production, and effector function. (A) Fresh 
PBMCs from controls (results for 1 control are shown) and P were incubated for 4 days with beads coated 
with anti-CD3/anti-CD28 mAbs, anti-CD2/anti-CD3/anti-CD28 mAbs (Th0), or PHA (1 μg/mL) with or without 
IL-2. Histograms show CFSE dilution for CD4+ T cells. Representative results from 3 independent experiments 
are shown. (B) Fresh PBMCs from 4 controls and P were cultured for 6 hours with anti-CD3/anti-CD28 mAbs 
or PMA (20 ng/mL) and ionomycin (10–7 M) (P/I). The percentage of IL-2+ cells and MFI of IL-2 in CD4+ T cells 
are shown. (C) Sorted naive CD4+ T cells from controls (n = 4) and P were incubated for 4 days under Th0 condi-
tions. Flow cytometric analyses of CFSE dilution were performed, and the percentage of cells in each division 
was analyzed. Data indicate the mean ± SEM. Representative results from 2 independent experiments are 
shown. (D) Percentage of IL-2+ cells, analyzed by flow cytometry, in sorted naive CD4+ T cells from controls 
(n = 11) and P, after 4 days culturing under Th0 conditions. Data indicate the mean ± SEM. n = 3. (E) Analysis 
of cytokine production by sorted naive CD4+ T cells cultured under Th0 or Th1- or Th17-polarizing conditions. 
Cells were obtained from 40 (Th1 culture) and 30 (Th17 culture) controls and P, and cytokine production was 
measured after 5 days. Data indicate the mean ± SEM. Representative results from 2 independent experi-
ments are shown. (F and G) Cytokine production by sorted memory CD4+ T cells from controls (n = 32) and P 
was measured after 5 days of culturing under Th0 conditions. Data indicate the mean ± SEM. Representative 
results from 2 independent experiments are shown.
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tiate into the Th1 and Th17 lineages 

in vitro after 5 days in Th-polarizing 

conditions. Naive CD4+ T cells from 

P secreted only very small amounts 

of IFN-γ, IL-17A, and IL-17F, despite 

normal induction of the TBX21 and 

RORC genes, which encode canonical 

transcription factors for Th1 (Tbet) 

and Th17 (RORγt) cells, respectively 

(Figure 7E, Supplemental Figure 9G, 

and ref. 38). We then measured the 

production of effector cytokines and 

IL-2 by sorted memory CD4+ T cells 

from P and healthy controls that had 

been cultured under Th0 conditions 

for 5 days. We found that cells from 

P secreted much smaller amounts of 

Th1, Th2, and Th17 cytokines (Figure 

7F) and of IL-2 (Figure 7G). This like-

ly resulted from poor expansion of 

memory Th cells, as the frequencies 

of the cells expressing most cytokines 

were within the control range, with 

the exception of IFN-γ–expressing 

cells (Supplemental Figure 9H), con-

sistent with the lower frequencies of 

Th1 and Th1* cells, as determined by 

surface phenotype (Figure 3J). Over-

all, these results show that c-Rel–

deficient naive and memory CD4+ T 

cells have intrinsically defective IL-2 

production and proliferation, contrib-

uting to the broader defect of cyto-

kine production by memory CD4+ T 

cells ex vivo and the compromised in 

vitro differentiation of naive CD4+ T 

cells into Th1 and Th17 cells.

c-Rel regulates the expression of a 

restricted set of genes at early stages of 

CD4+ T cell activation. In mouse and 

human T cells, treatment with anti-

CD28 mAb or PMA leads to nuclear 

translocation of c-Rel, where it binds 

the IL2 gene promoter (39–42). In 

these conditions, mouse c-Rel–defi-

cient T cells display impaired IL-2 

production and lower levels of prolif-

eration after 72 hours (27). We char-

acterized human c-Rel function at the 

early stages of T cell activation by per-

forming RNA-Seq on purified naive 

CD4+ T cells from P, 2 hours after 

activation with PMA, anti-CD3 mAb 

alone or together with anti-CD2 or anti-CD28 mAbs. Dimension 

reduction analysis showed that the type of stimulation accounted 

for most of the differences observed between samples (principal 

component analysis [PCA], PC1: 75.1% and PC2: 6.3%), where-

ELISA (Figure 7D and Supplemental Figure 9E). Exogenous IL-2 

increased the proliferation of naive CD4+ T cells from P, but not to 

the levels observed in healthy controls (Supplemental Figure 9F). 

We then assessed the ability of P’s naive CD4+ T cells to differen-

Figure 8. c-Rel regulates the expression of a restricted set of genes at early stages of CD4+ T cell activation. 
(A) Heatmap showing log

2
 FC of expression in PMA-stimulated naive CD4+ T cell at 2 hours. Only genes both 

differentially expressed in response to stimulation in controls (adjusted P < 0.05 and | log
2
 FC | >1) and differentially 

expressed in P (adjusted P < 0.05 and | log
2
 FC | >2) are shown. For selected genes, the log

2
 FC between controls and 

P is indicated. (B) DNA binding motifs at PMA-induced c-Rel binding peaks. The de novo motif discovery P value 
and family of transcription factors are shown. (C) Bubble histogram showing the association of P’s dysregulated 
genes with c-Rel genomic binding sites as defined by ChIP-Seq in PMA-stimulated naive CD4+ T cells and located 
within 10 kb of their transcription start site. The association was computed for all c-Rel peaks and for a subgroup 
of peaks for which c-Rel binding increased by more than 5-fold following stimulation (1309 peaks). The circle size 
represents the significance of the association (–log

10
 Fisher’s exact test P value). The color gradient shows the 

ratio of the number of peaks proximal (within 10 kb) to these genes relative to randomly selected gene sets. (D) 
Genomic snapshots of selected genes with lower levels of expression in P. The top 3 tracks show the control input 
DNA and ChIP-Seq for c-Rel in nonstimulated (NS) and PMA-treated naive CD4+ T cells from 3 controls; blue boxes 
indicate significant c-Rel binding peaks. Below the gene structure are shown the normalized RNA-Seq profiles for 
naive CD4+ T cells from controls (overlaid) and P, at steady state or after stimulation. (E) RT-qPCR after 2 hours of 
activation of naive CD4+ T cells from 4 controls and P with anti-CD3 mAb with or without anti-CD28 mAb. Data are 
displayed as 2-ΔCt after normalization to GUS expression. Error bars represent the SD. n = 1.
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BIZ, no. 146; NFKB2, no. 260; TNFAIP3, 

no. 284); members of the AP-1 complex 

(FOSL1, no. 12; FOSL2, no. 39; FOS, no. 

74; JUNB, no. 117; FOSB, no. 197; JUND, 

no. 301; JUN, no. 305); surface costim-

ulatory or inhibitory receptors, such as 

PDCD1 (no. 30), and CTLA4 (no. 90); 

and BHLHE40 (no. 185), a transcription 

factor involved in IFN-γ production and 

in the proinflammatory activity of CD4+ 

T cells (43). Among these top-ranking 

genes, we identified those for which 

induction differed significantly between 

P and the controls. We compiled a list of 

23 genes with lower levels of expression 

in P’s cells and 1 gene with higher levels 

of expression in P’s cells than in control 

cells (Figure 8A). Under these condi-

tions, IL2 was induced at normal levels 

in P’s cells after 2 hours of stimulation 

(Supplemental Table 6A, GSE166873). 

However, induction was significantly 

impaired for REL itself, TNFAIP3, and 

NFKBIZ (two NF-κB negative regula-

tors); FOSL2, FOS, FOSB, and JUN (AP-

1 proteins); and BHLHE40. All these 

genes harbor NF-κB consensus binding 

sequences in their promoter regions. We 

then performed ChIP-Seq on purified 

naive CD4+ T cells from 3 donors after 

2 hours of PMA stimulation (Supple-

mental Table 7, A and B, GSE167185). 

We detected strong enrichment in c-Rel 

binding sites upon stimulation, with 

1309 peaks displaying enrichment of 

at least 5-fold relative to the medium 

(Supplemental Figure 10C). NF-κB and 

AP-1 binding motifs ranked number 2 

and number 3 among the motifs with 

the greatest enrichment (Figure 8B). 

Statistical analysis (see Supplemental 

Methods) revealed a strong correlation 

between these peaks and genes with 

lower levels of expression in P’s cells (P 

= 9.4 × 10–9; Figure 8, C and D). RT-qPCR on control purified naive 

CD4+ T cells stimulated with anti-CD3 mAb alone or with anti-

CD28 mAb showed that the expression of REL and all AP-1 genes 

peaked after 2 hours, whereas the expression of IL2 and BHLHE40 

peaked after 8 hours. We further confirmed the lower levels of 

expression of REL and AP-1 genes in activated naive CD4+ T cells 

from P, together with lower levels of IL2 expression and the abo-

lition of BHLHE40 upregulation at 8 hours under the same con-

ditions of activation (Figure 8E and Supplemental Figure 10D). 

Thus, c-Rel controls its own upregulation and that of a restricted 

set of genes, including AP-1 genes and BHLHE40, at early stages 

of CD4+ T cell activation, but it is not directly involved in early (2 

hours) IL2 induction.

as the genetic status for the REL gene accounted for 2.3% of the 

difference (PC3) (Supplemental Figure 10A). As a result, no overt 

major differences were observed between P and healthy controls 

in terms of the genes that were significantly induced or repressed 

under each set of stimulation conditions (Supplemental Figure 

10B). PMA is a potent activator of NF-κB. In naive CD4+ T cells 

from healthy donors, 479 genes were upregulated, while 394 genes 

were downregulated, with a log
2
 fold change (FC) threshold of at 

least 2 (4-fold change; Supplemental Table 6A, GSE166873) upon 

stimulation with PMA. The list of upregulated transcripts includes 

those encoding for the high-affinity IL-2Rα receptor chain (rank 

no. 10), and IL-2 itself (rank no. 36); NF-κB proteins and their cog-

nate negative regulators (REL, rank no. 46; NFKB1, no. 128; NFK-

Figure 9. The B cell response is impaired in c-Rel deficiency. (A) Naive B cells from controls (n = 20) and 
P, cultured with CD40L, alone or in combination with anti-IgM mAb and CpG or IL-21 for 7 days. IgM secre-
tion was assessed by IgH chain–specific ELISA. n = 2. Data indicate the mean ± SEM. (B) Heatmap repre-
senting the log

2
 FC of expression in naive B cells stimulated with CD40L at 2 hours. Only the genes both 

differentially expressed in response to stimulation in controls (adjusted P < 0.05 and | log
2
 FC | >1) and 

differentially expressed in P (adjusted P < 0.05 and | log
2
 FC | >2) are shown. For selected genes, the log

2
 

FC difference between controls and P is indicated. (C) DNA binding motifs enriched at CD40L plus anti-
IgM–induced c-Rel binding peaks. The de novo motif discovery P value and family of transcription factors 
are shown. (D) Genomic snapshots of selected genes with altered responses to CD40L in P. Shown, from 
top to bottom, are the normalized sequence read profiles for control input DNA and ChIP-Seq for c-Rel in 
nonstimulated and CD40L plus anti-IgM–treated naive B cells from controls (blue boxes indicate signifi-
cant c-Rel binding peaks), together with RNA-Seq profiles for nonstimulated and CD40L-treated controls 
(overlaid), P, and a CD40-deficient patient. (E) Genomic snapshots of selected genes for which expression 
in P’s EBV-B cells was rescued by retroviral transduction with a plasmid encoding the WT c-Rel. Shown, 
from top to bottom, are normalized profiles for control input DNA and ChIP-Seq for c-Rel in nonstimu-
lated and PDBu-treated EBV-B cells from controls (blue boxes indicate significant c-Rel binding peaks), 
together with RNA-Seq profiles for nonstimulated EBV-B cells from P that were not transfected, or that 
were transfected with an empty retroviral plasmid or a plasmid encoding the WT c-Rel.
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CD4+ T cells was markedly impaired by c-Rel deficiency under 

Th1-polarizing conditions (Supplemental Figure 11E). Thus, the 

Ab deficiency seen in P probably results from both T cell– and B 

cell–intrinsic defects.

c-Rel deficiency compromises the expression of CD40-dependent 

target genes involved in naive B cell maturation. In mice, c-Rel is 

crucial for B cell proliferation, which precedes differentiation in 

Ab-secreting cells and efficient humoral immunity (27). Our data 

on P’s naive B cells support the existence of both proliferation 

and survival defects. We further studied transcriptomic changes 

in naive B cells isolated from P, after incubation for 2 hours with 

CD40L, anti-IgM mAb, or PMA, all of which trigger NF-κB acti-

vation. Cells from a patient with AR CD40 deficiency were used 

as a negative control for CD40L simulation. We observed no overt 

major difference between the P’s cells and control cells in any of 

these conditions (Supplemental Figure 12A). Upon CD40L stim-

ulation of control cells, 216 genes were significantly upregulated, 

with at least a 4-fold increase in expression levels (Supplemental 

Table 6B, GSE166873). The upregulated genes included those 

encoding transcription factors and cytokine receptors involved in 

B cell maturation, such as MYC, BCL2L1, IRF4, IL21R, and IL2RA. 

Nine of these genes were significantly less strongly induced in 

P’s cells (by a factor of at least 4), and these genes included MYC, 

BCL2L1, and CD86 (Figure 9B). In marked contrast, we observed 

no significant difference between cells from P and those from 

controls following BCR or PMA stimulation (Supplemental Table 

6B, GSE166873). MYC expression was upregulated in all condi-

tions, whereas BCL2L1 expression was induced only upon CD40 

stimulation in the controls’ cells. REL was also upregulated in all 

conditions tested in cells from controls. Although a 4-fold differ-

ence relative to controls was not achieved, the levels of induc-

tion of REL in cells from P were lower in response to stimulation 

with CD40L (P = 0.04; log
2
 FC: –0.9) and PMA (P = 0.003; log

2
 

FC: –1.3) (Supplemental Table 6B, GSE166873). These data sug-

gest that c-Rel may control the expression of a particular set of 

genes downstream from CD40L. ChIP-Seq on control naive B 

cells following a 2-hour stimulation with CD40L/anti-IgM mAb 

or PMA revealed strong enrichment at c-Rel binding sites, with 

1509 and 304 peaks, respectively, and an enrichment of at least 

5-fold relative to the medium (Supplemental Table 7, C and D, 

GSE167185; Supplemental Figure 12B). The NF-κB site was the 

second most enriched motif (P = 10–28; Figure 9C). Notably, c-Rel 

bound to the promoters of MYC, BCL2L1, and REL, and the lev-

els of expression of these genes were lower in cells from P and a 

CD40-deficient patient (Figure 9D). Furthermore, an isogen-

ic comparison of RNA-Seq results for EBV-B cells from P, which 

were stably transduced with an empty vector or WT REL cDNA 

(Supplemental Figure 12C), demonstrated a statistically signif-

icant c-Rel–dependent rescue of basal expression levels for REL 

(P = 2.7 × 10–65), BCL2L1 (2.2 × 10–22), and CD86 (5.5 × 10–9) (Sup-

plemental Table 6C, GSE166873; Figure 9E), and for expression 

levels of TNFAIP3, JUNB, JUN, FOS, and FOSB, which were found 

to be impaired in the RNA-Seq experiments performed on purified 

naive CD4+ T cells from P after 2 hours of stimulation with PMA 

(Supplemental Table 6A, GSE166873; Figure 9E). These findings 

are consistent with the significant enrichment in c-Rel binding 

sites in the promoters of these genes, as shown by ChiP-Seq on 

The B cell response is intrinsically and extrinsically impaired in 

c-Rel deficiency. Despite having normal serum IgG concentrations 

and normal numbers of circulating CD19+ B cells, P had no detect-

able specific Ab responses following vaccination with protein and 

polysaccharide vaccines and had abnormally low allohemag-

glutinin titers (Supplemental Table 8). P also had extremely low 

levels of circulating memory B cells (Supplemental Table 4). We 

assessed the ability of P’s naive B cells to differentiate in vitro into 

Ig-secreting plasmablasts. After 7 days of stimulation with CD40L 

together with CpG and B cell receptor (BCR) agonists, naive B cells 

from healthy donors produced substantial amounts of IgM, but no 

IgG or IgA (Figure 9A and Supplemental Figure 11A). However, 

addition of IL-21 to cultures of CD40L-stimulated naive B cells 

from healthy donors induced the production of large amounts of 

IgM, as well as switched Ig isotypes (Figure 9A and Supplemen-

tal Figure 11A). In marked contrast to cells from healthy donors, 

c-Rel–deficient naive B cells produced very low, if at all detectable, 

levels of IgM (Figure 9A) and failed to undergo class switching to 

produce IgG or IgA upon in vitro stimulation with CD40L/CpG/

BCR agonists or CD40L/IL-21 (Supplemental Figure 11A). Similar 

results were obtained when we assessed the ability of transitional 

B cells from P to differentiate into Ig-secreting cells in vitro (data 

not shown). We were unable to investigate the functional defects 

of memory B cells because of the scarcity of these cells in P. As 

class switching and the differentiation of B cells into Ig-secreting 

cells increase with cell division (44), we assessed the proliferative 

capacity of naive B cells from P. Her naive B cells underwent cell 

division in response to diverse stimuli, but the extent of prolifera-

tion observed was always lower for these cells compared with naive 

B cells from healthy donors (Supplemental Figure 11B, upper pan-

els). Coupled with this proliferation defect, the survival of B cells 

from P following CD40L stimulation was severely compromised, 

as shown by flow cytometric determinations of the frequency of 

dead cells (Supplemental Figure 11B, lower panels). The survival 

of c-Rel–deficient B cells was partly rescued by additional stimuli 

(i.e., CpG, BCR agonist, IL-21), but remained markedly lower than 

that of naive B cells from healthy controls. Thus, the overall sur-

vival and proliferation of naive B cells from P were substantially 

compromised. Together, these defects prevented effective B cell 

differentiation, resulting in poor plasma cell generation and low 

levels of Ig secretion in vitro. These defects are also consistent 

with the extremely low counts of circulating memory B cells in this 

patient in vivo. We then investigated the possible contribution of 

B cell–extrinsic defects to the impairment of B cell responses in 

vivo. T follicular helper cells, which express CD40L, ICOS, and 

IL-21, are the key CD4+ T cell subset responsible for T-dependent 

B cell responses, class switching, and long-lived humoral mem-

ory B cells (45–47). We therefore measured the induction of the 

expression of these molecules on naive CD4+ T cells. ICOS upreg-

ulation in response to Th0 conditions was unaffected by c-Rel 

deficiency (Supplemental Figure 11, C and D, upper panels). By 

contrast, CD40L expression on activated naive CD4+ T cells from 

P was reduced. This reduction was even more noticeable when 

CD40L expression was measured on ICOS-expressing CD4+ T 

cells (Supplemental Figure 11, C and D, lower panels). Further-

more, the acquisition of expression of IL-21, a potent inducer of 

human B cell proliferation and differentiation (45–48), by naive 
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of c-Rel deficiency on the development of leukocyte subsets not 

studied (ILCs, iNKT cells, MAIT cells, γδ T cells), or not charac-

terized (Th1* cells; refs. 54, 55) in mice. We also studied myeloid 

subsets derived in vitro. Our results indicate that, in humans, c-Rel 

is essential for the production of IL-12 and IL-23 in monocytes and 

cDC1s, but not in cDC2s. This is consistent with the normal levels 

of IL-12 in whole blood of individuals who selectively lack cDC2s 

because of AD IRF8 or AR SPPL2A deficiency (64, 65). Consis-

tently, exogenous IL-12 compensated for the impaired IFN-γ pro-

duction by c-Rel–deficient innate and innate-like lymphoid cells in 

response to BCG, but not for that of CD4+ T cells, highlighting the 

distinct c-Rel requirements of lymphoid cells for intrinsic IFN-γ 

production. We also focused on IL2, the transcription of which is 

mediated by the nuclear factor of activated T cells (NFAT), AP-1, 

and NF-κB proteins (66). By coupling ChIP-Seq and RNA-Seq, we 

showed that c-Rel acted indirectly as a rheostat at early stages and 

promoted the optimal induction of IL2 at later stages by inducing 

both AP-1 and REL. However, exogenous IL-2 only partially res-

cued antigen-specific T cell proliferation, due to the previously 

unsuspected role of c-Rel in the control of CD86 and, to a lesser 

extent, CD40 upregulation in DCs.

Our findings provide a cellular explanation for the patient’s 

susceptibility to BCG. Complete AR deficiencies of IL-12p40 

or IL-12Rβ1 underlie MSMD, due to the impairment of IL-12–

and IL-23–dependent IFN-γ production by T cells (11, 12, 55). 

In this context, mycobacterial disease in patients with com-

plete AR c-Rel deficiency probably results from impaired pro-

duction of IL-12 and IL-23 by cDC1s and monocytes as well 

as from impaired IFN-γ production by lymphoid cells. As in 

IL-12Rβ1–deficient patients, we found that the in vivo develop-

ment of Th1 and Th1* cells was impaired, with Th1* cells being 

enriched in Mycobacterium-responsive clones (54, 55). Further-

more, c-Rel deficiency altered the in vitro development of Th1 

cells from naive CD4+ T cells, probably reflecting poor expan-

sion in culture. We also assessed the genotype-dependent 

effect on the generation of cytokine-producing CD4+ T cells 

by culturing purified memory (CD45RA–) CD4+ T cells under 

polyclonal nonpolarizing conditions (Th0). The patient’s cells 

produced only very small amounts of all cytokines, reflect-

ing the poor expansion in vitro, as the overall frequencies of 

cytokine-expressing cells were similar to those of controls, 

except for IFN-γ, for which the frequency was lower in P, prob-

ably because of the low frequencies of Th1 and Th1* cells in 

the patient. We further studied in vivo Mycobacterium-specific 

IFN-γ production. In controls, upon BCG infection, all IFN-γ 

–producing cells produce large amounts of Tbet (36). These 

cells consist predominantly of CD4+ and CD8+ T cells and NK, 

MAIT, and Vγ2+γδ T cells (36). IFN-γ production in response 

to BCG plus IL-12 was much more strongly impaired in CD4+ 

T cells than in other lymphoid cells. The role of c-Rel in IFN-γ 

expression in CD4+ T cells has yet to be determined. ChIP-Seq 

did not detect c-Rel binding to the IFNG promoter in activat-

ed CD4+ T cells, and we observed no significant induction of 

IFNG mRNA after 2 hours of activation in controls. We found, 

however, that BHLHE40 TF was one of the most strongly 

induced genes in activated CD4+ T cells, that its expression 

was significantly lower in the patient’s cells than in control 

control EBV-B cells (Supplemental Table 7, E and F, GSE167185; 

Figure 9E). Overall, the combined RNA-Seq results for P’s naive B 

cells and the ChIP-Seq results for control naive B cells after short 

periods of stimulation support the hypothesis that CD40L/CD40 

signaling relies on c-Rel to regulate the expression of a small set 

of transcription factors involved in B cell maturation and survival, 

such as MYC, BCL2L1, and REL itself.

Discussion
We describe AR complete c-Rel deficiency as a genetic etiology 

of CID in a single child. Our study fulfills the prerequisites of 

the 2014 criteria for single-patient genetic studies (49), thereby 

establishing a causal relationship between the patient’s REL gen-

otype and phenotype. Since 2014, a total of 29 new inborn errors 

of immunity have been reported in individual patients, highlight-

ing similarities to and differences from the corresponding mouse 

mutant, when such mutants are available, as recently exempli-

fied by a study in a patient with inherited Tbet deficiency (36). 

Moreover, another c-Rel–deficient patient was recently reported 

with an infectious phenotype consistent with that of our patient 

(50) (Supplemental Table 9). We show that c-Rel was essential 

for the development and/or maintenance of NK cells, Temra 

CD8+ T cells, memory CD4+ T cells, including Th1 and Th1*, 

Tregs, and memory B cells. In myeloid cells, c-Rel was required 

for the production of IL-12 and IL-23 and for antigen-specific T 

cell responses, at least through the regulation of CD86 expres-

sion and, therefore, APC function. In lymphoid cells, c-Rel reg-

ulates a later phase of IL-2 expression by CD4+ T cells, which 

probably accounts for the lower frequencies of Tregs (51), mem-

ory CD4+ T cells, and Temra CD8+ T cells (52, 53). The low lev-

els of IL-12, IL-23, and IL-2 production together contribute to 

the poor development of Th1 and Th1* cells in vivo (54–56). The 

IL-2 production defect also affects the patient’s T cell prolifera-

tion, accounting for the broader defect in cytokine production by 

memory CD4+ T cells ex vivo and the defective differentiation of 

naive CD4+ T cells into Th1 and Th17 cells in vitro. Finally, c-Rel 

deficiency affects the CD40-mediated induction of antiapoptot-

ic MYC and BCL2L1 in naive B cells, compromising the survival 

of these cells and thereby affecting their proliferation and differ-

entiation into Ab-secreting cells (57). This deficiency also affects 

the expression of ICOS, CD40L, and IL-21 by activated CD4+ T 

cells, suggesting that defective Tfh cells also contribute to abnor-

mal mature B cell responses.

Our results confirm the salient observations made in Rel–/– 

mice (Supplemental Table 9). Mouse c-Rel binds to the promoter 

of the IL12b gene (29), and its absence leads to lower IL-12 produc-

tion by Rel–/– macrophages and DCs (31–35). Rel–/– mice have low 

frequencies of Tregs (58), and Rel–/– T cells display impaired IL-2 

production following stimulation with anti-CD3/anti-CD28 mAbs 

or PMA, and their T cell proliferation capacity is low (27). Rel–/– 

mice also have an impaired Th1 response to challenge with Leish-

mania (59) or Toxoplasma (60), and this impaired response is also 

seen in models of experimental autoimmune encephalomyelitis 

(30). Finally, Rel–/– mice display poor Ab responses (27), memory 

B cell development (61), and Tfh cell function (62, 63). Our study 

also sheds new light on functions of human c-Rel that have not, to 

our knowledge, been documented in mice. We describe the impact 
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Methods
RNA-Seq and ChIP-Seq. ChIP and RNA-Seq experiments are detailed in 

the Supplemental Methods. The ChIP-Seq data are available in the NCBI’s 

Gene Expression Omnibus (GEO) database (GEO GSE167185), and the 

RNA-Seq data are available in the NCBI’s SuperSeries (GEO GSE166873).

Study approval. The experiments were conducted in accordance 

with local, national, and international regulations and were approved 

by the local ethics committee (Comités de Protection des Personnes 

[CPP] Ile-de-France 2, ID-RCB: 2010-A00636-33), the ANSM 

(French National Agency for Medicines and Health Products Safe-

ty, B100712-40), and by the French Ministry of Research (IE-2010-

547). Informed consent was obtained from the patient’s family, as 

the patient is a minor, in accordance with World Medical Association 

rules, the Declaration of Helsinki, and European Union directives.
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cells, and that c-Rel bound to its promoter in CD4+ T cells 

and in other cell types (activated naive B cells or EBV-B cells; 

Supplemental Table 6, A–C, GSE166873). Interestingly, mice 

lacking BHLHE40 are highly susceptible to Mycobacterium 

tuberculosis because of poor IFN-γ production (67, 68). BHL-

HE40 is also predominantly expressed by Th1 and Th1* cells in 

humans, and the association of its expression with NF-κB acti-

vation defines a core signature associated with inflammatory 

properties of human CD4+ T cells (43).

Similarly, the CMC in this c-Rel–deficient patient probably 

resulted from impaired IL-17A and IL-17F production by Th17 

cells. CMC was more severe in P than in patients with IL-12p40 

or IL-12Rβ1 deficiency, who have low frequencies of Th17 cells 

(18, 69, 70). This suggests that the CMC observed in this patient 

reflects poor expansion of Th17 cells and low production of 

IL-17A and IL-17F and/or that the production of IL-17 cytokines 

by other lymphocytes is profoundly affected. The patient had 

no pyogenic infections. However, the patient’s c-Rel deficien-

cy would be predicted to predispose her to pyogenic infections 

through its effects on Ab responses and Tfh cell function. The 

occurrence of such infections was probably prevented by early 

IgG replacement therapy. The pathogenesis of biliary crypto-

sporidiosis is less clear. It may not be coincidental that the few 

inherited genetic defects conferring a predisposition to Crypto-

sporidium parvum infection identified to date are XR CD40L, 

AR CD40, HLA class II, NIK, and IL-21R deficiencies (3, 19, 

71–73), although the cellular mechanism controlling C. parvum 

infection remains elusive. Susceptibility to cryptosporidiosis 

in this patient may be secondary to the impairment of CD40L 

and IL-21 production by activated CD4+ T cells. In addition, 

or alternatively, CD40-CD40L interaction may trigger c-Rel 

expression in myeloid cells in a NF-κB–inducing kinase–depen-

dent (NIK-dependent) or NIK-independent manner, potential-

ly controlling IL-21 production by T cells and immunity to the 

parasite. Finally, the infectious diseases of the other recently 

reported c-Rel–deficient patient include tuberculosis, chron-

ic cryptosporidiosis, and CMV disease, consistent with our 

patient’s infectious phenotype (50). Overall, this experiment of 

nature demonstrates the essential role of human c-Rel in diverse 

effector functions across the 3 key leukocyte subsets governing 

adaptive immunity: DCs, T cells, and B cells. It is also essential 

for certain functions of innate immunity. The simultaneous 

correction of the immunological and infectious phenotypes 

by HSCT confirmed that the patient’s immunodeficiency was 

caused by severe intrinsic defects of leukocytes. In the absence 

of human c-Rel, innate and adaptive immunity to various infec-

tious agents is severely compromised by a broad and profound 

defect of myeloid and lymphoid leukocytes.
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