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Background: CLEC16A intron 19 has been identified as a
candidate locus for common variable immunodeficiency
(CVID).
Objectives: This study sought to elucidate the molecular
mechanism by which variants at the CLEC16A intronic locus
may contribute to the pathogenesis of CVID.
Methods: The investigators performed fine-mapping of the
CLEC16A locus in a CVID cohort, then deleted the candidate
functional SNP in T-cell lines by the CRISPR-Cas9 technique
and conducted RNA-sequencing to identify target gene(s). The
interactions between the CLEC16A locus and its target genes
were identified using circular chromosome conformation
capture. The transcription factor complexes mediating the
chromatin interactions were determined by proteomic
approach. The molecular pathways regulated by the CLEC16A
locus were examined by RNA-sequencing and reverse phase
protein array.
Results: This study showed that the CLEC16A locus is an
enhancer regulating expression of multiple target genes
including a distant gene ATF7IP2 through chromatin
interactions. Distinct transcription factor complexes mediate the
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chromatin interactions in an allele-specific manner. Disruption
of the CLEC16A locus affects the AKT signaling pathway, as
well as the molecular response of CD41 T cells to immune
stimulation.
Conclusions: Through multiomics and targeted experimental
approaches, this study elucidated the underlying target genes
and signaling pathways involved in the genetic association of
CLEC16A with CVID, and highlighted plausible molecular
targets for developing novel therapeutics. (J Allergy Clin
Immunol 2024;nnn:nnn-nnn.)

Key words: AKT, autoimmunity, chromatin interaction, CLEC16A,
common variable immunodeficiency disorder, primary
immunodeficiency

Coexistence of symptoms and phenotypic overlap are
frequently observed between autoimmune diseases and primary
immunodeficiency disorders (PIDDs).1,2 Among patients with
PIDD, there is a high prevalence of autoimmune diseases.2 For
example, hypothyroidism, alopecia areata, vitiligo, type 1 dia-
betes, rheumatoid arthritis (RA), and systemic lupus erythemato-
sus (SLE) frequently occur to patients with common variable
immunodeficiency (CVID), which makes CVID a human model
disease for comorbid autoimmunity and PIDDs.3,4 The molecular
mechanism underlying these ‘‘paradoxical’’ immune actions is of
particular interest and importance for the development of clinical
therapeutics.

The intronic region of CLEC16A has been identified of having
associationswith both PIDDs5 and autoimmune disorders, such as
type 1 diabetes (for which CLEC16Awas first reported by its alias
KIAA0350 by our group and others),6-8 multiple sclerosis,9

SLE,10 and RA.11 CLEC16A has been suggested as a possible
link between autoimmunity and immunodeficiency according to
our previous study.5 However, molecular mechanisms of this
pleotropic locus in the immune system have been poorly under-
stood. For the intron 19 of CLEC16A, the promoter of DEXI
has been shown to have long-range chromosomal interaction
with this region in EBV-transformed B cells and monocytes.12

However, its pleiotropy in autoimmune disorders implies that
the intron 19 of CLEC16A might function as an enhancer regu-
lating different genes in a variety of cell types.

To dissect the role of CLEC16A in the pathogenesis of CVID,
we fine-mapped this locus in a CVID cohort, which has been
densely genotyped by the Immunochip (Illumina, San Diego,
Calif), and identified rs11642009 as the candidate functional
SNP at this locus. Using gene-editing, genomic, epigenomic,
1
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Abbreviations used
CHOP: C
hildren’s Hospital of Philadelphia
CVID: C
ommon variable immune deficiency
DEG: D
ifferentially expressed gene
FC: F
old change
GWAS: G
enome-wide association study
KO: K
nockout
MS: M
ass spectrometry
PIDD: P
rimary immunodeficiency disorder
PMA: P
horbol-12-myristate-13-acetate
RA: R
heumatoid arthritis
RNA-seq: R
NA-sequencing
SILAC: S
table isotope labeling with amino acids in cell culture
and proteomic approaches, we demonstrated the regulation of the
expression of multiple target genes through cell type–specific
chromatin interactions. Distinct transcription factor complexes
mediate the chromatin interactions in an allele-specific manner.
Perturbation of CLEC16A locus affects immune and metabolic
pathways and molecular response of CD41 T cells to phorbol-
12-myristate-13-acetate (PMA) stimulation. These findings offer
potential opportunities for developing novel therapeutics.
FIG 1. The design of the study. The experiments and the aim of each step

are shown. eQTL, expression quantitative trait loci.
METHODS
Detailed methods are presented in the Methods section in this

article’s Online Repository (available at www.jacionline.org).
Briefly, the imputed Immunochip data of patients with CVID
(n5 299) and controls (n5 900) were selected from the database
of Center for Applied Genomics, the Children’s Hospital of
Philadelphia (CHOP) and were used to compute the linkage
disequilibrium between SNPs at the CLEC16A intron 19 region
for fine-mapping. Ethical approval was obtained from CHOP
Institutional Review Board and carried out in accordance with
the nationally approved guidelines. CRISPR/Cas9 genome editing
was conducted on T-cell lines (Table E1 in this article’s Online Re-
pository at www.jacionline.org) followed by RNA-sequencing,
quantitative real-time PCR (Table E2 in this article’s Online Re-
pository at www.jacionline.org) and reverse phase protein array
analysis. Circular chromosome conformation capture and data
analysis were performed. Stable isotope labelingwith amino acids
in cell culture (SILAC) experiment and oligonucleotide pull-down
were conducted followed by mass spectrometry (MS). Small
interfering RNA and Western blotting were also performed.
RESULTS

SNP rs11642009 is associated with several

autoimmune disorders and is a candidate functional

variant for CVID
To dissect the contribution of the pleotropic locus CLEC16A

intron 19 to CVID, we conducted an extensive bioinformatic
and experimental study by integrating genomic, epigenomic,
transcriptomic, and proteomic data (Fig 1).

Our previous genome-wide association study (GWAS) on 778
CVID cases and 10,999 controls reported thatCLEC16A intron 19
locus is strongly associated with CVID based on the Immunochip
data.5 We performed fine-mapping and found an imputed SNP
rs11642009 (associated with CVID at P 5 2.46E210)5 is
predicted to be in a 95% credible set with posterior probability
higher than the other SNPs based on multiple fine-mapping tools
(Fig 2, A). The SNP overlaps with enhancer-specific modifica-
tions in multiple immune cell types, including T cells (Fig 2, B,
and Fig E1 in this article’s Online Repository at www.
jacionline.org). It is correlated with the expression level of
CLEC16A, ATF7IP2, DEXI, RMI2, and SNX29 at nominally sig-
nificant level in CD41T cells and other genes in other cell types in
expression quantitative trait loci studies (Table E3 in this article’s
Online Repository at www.jacionline.org). The SNP is associated
with several immunological traits and immune diseases,
including lymphocyte counts (b 5 20.0138, P 5 2.81E210),13

SLE (b 5 0.19, P 5 1.65E212),14 and atopy (b 5 20.0612,
P5 5.69E220)15 (Fig 2, C, and Table E4 in this article’s Online
Repository at www.jacionline.org). The CLEC16A intron 19 re-
gion was also highlighted of significant association with PIDD in-
dexed by SNP rs2286974 in another study.16 However, rs2286974
lacks major enhancer/promoter histone modifications in T cells or
B cells, in contrast to the various epigenomic histone marks

http://www.jacionline.org
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FIG 2. Genomic and epigenomic analyses of the CLEC16A locus. A, The regional association plot of

rs11642009 associated with CVID. The SNP rs11642009 is at the intron 19 of CLEC16A, and it is most strongly

associated with CVID at this locus. The color of the dots represents the 95% credible set membership

(brown: most contribution; yellow: some contribution; gray: no contribution). The plot was generated via

LocusZoom web portal. B, ChIP-seq (Chromatin immunoprecipitation followed by sequencing) signal of

H3K4me1, H3K27Ac, and ATAC-Seq (assay for transposase-accessible chromatin with sequencing) signal

from Roadmap database in the vicinity of SNP rs11642009 in T cells, B cells, andmonocytes. C, Immunolog-

ical traits and immune disorders associated with the SNP rs11642009.
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overlapped with SNP rs11642009 (Fig E1). Therefore, the genetic
and epigenomic data suggest that rs11642009 is a functional
variant for CVID at this locus.
The genomic region harboring rs11642009 regulates

the expression of multiple genes
With rs11642009 as a potential enhancer in T-cell lineage and

the important roles of CD41 T cells in CVID and autoimmu-
nity,2,17,18 we used Jurkat cells (a CD41 T-cell line) for molecular
experiments to delineate the regulatory roles of rs11642009. We
generated a 443-bp deletion of the genomic region harboring
rs11642009 in the Jurkat cells (Fig 3, A and B), followed by
RNA-sequencing (RNA-seq) analysis. On deletion of
rs11642009, 1291 genes showed significantly differential expres-
sion (with a Q value cutoff of <_0.05 and a fold-change [FC] >_2),
among which 787 genes were downregulated and the remaining
504 were upregulated (Fig 3, C, and Table E5 in this article’s On-
line Repository at www.jacionline.org). GWAS functional vari-
ants and their target genes are likely to reside in the same
topologically associating domain within which most enhancer-
promoter cis-regulatory contacts happen. Among the 15 genes
located in the flanking region of rs11642009 (within 1 Mb dis-
tance), the genes CLEC16A, SOCS1, and CIITA, which have
been implicated in the pathogenesis of autoimmune diseases,19

showed decreased expression on deletion of the rs11642009 re-
gion, though not reachingQ < 0.05. Interestingly, a distal geneAT-
F7IP2 was significantly reduced (FC 5 2.0; Q 5 4.61E220).
Additional 6 genes also showed expression change of FC > 1.2,
Q < 0.05, including GSPT1, ZC3H7A, LITAF, SNX29, RMI2,
and TVP23A (Table E6 in this article’s Online Repository at
www.jacionline.org). We tested 3 genes with the most significant
statistics (Q < 1.0E210) by quantitative PCR and confirmed their
expression change (Fig 3, D). To further confirm the transcrip-
tional regulatory effect of rs11642009, we similarly deleted a
482-bp genomic region containing rs11642009 in another human
T-cell line CCRF-CEM, and subsequently conducted an RNA-seq
experiment. The expression level of 12 genes among 15 genes
located in the flanking region of rs11642009 showed the same di-
rection of change as in Jurkat cells, especially ATF7IP2, which
demonstrated consistent profound reduction on the deletion of
rs11642009 region (Fig E2 and Table E7 in this article’s Online
Repository at www.jacionline.org). These genes in the proximity
to rs11642009 are likely to be directly impacted by the deletion of
rs11642009, rather than as a consequence of indirect downstream
signal transduction.
SNP rs11642009 interacts with the regulatory

region of multiple genes
Because SNP rs11642009 is located in the intron of CLEC16A

but distant to other genes, especially ATF7IP2, we speculated that
rs11642009 may function as an enhancer affecting gene expres-
sion level via chromatin loops. We then carried out a circular
chromosome conformation capture sequencing (4C-seq) experi-
ment in Jurkat cells to find the physical contacts between the
genomic region harboring rs11642009 and the regulatory region
of target genes. We found 44 peaks mapped to 19 nearest genes
(Fig 4, A). As expected, we detected strong interactions between
rs11642009 and the promoter regions of CLEC16A and SOCS1,
which are also enriched for H3K4me3 and H3K27ac based on
the ENCODE (Encyclopedia of DNA Elements) database (Fig
4, A and B). We observed a distal interaction between the
rs11642009 genomic region and the upstream region of ATF7IP2.
H3K27me3 peaks were detected in this region (Fig 4, A and B),
which represents a dynamic and important epigenetic modifica-
tion during CD41 T-cell activation.20 This chromatin interaction
persisted under insulin or PMA stimulation (Fig E3 in this arti-
cle’s Online Repository at www.jacionline.org).We also observed
interaction between the rs11642009 genomic region and the up-
stream region of ATF7IP2 in other CD41 T-cell lines (CCRF-
CEM and Molt4 cells) (Fig E4 in this article’s Online Repository
at www.jacionline.org).

To examine the cell type specificity of the chromatin in-
teractions, we carried out 4C-seq experiments in cell lines K562
and LCL, which are human erythroleukemic cells and immortal-
ized B-lymphoblastoid cells, respectively. There are 29 4C-seq
peaks mapped to 11 genes in K562 cells and 32 peaks mapped to
14 genes in LCL cells (Fig 4, A). We found that 4C-seq peaks
shared by Jurkat cells, and these 2 cell lines are located at the pro-
moter region of 6 genes (Fig 4, A, C, and D, and Table E8 in this
article’s Online Repository at www.jacionline.org). In addition, a
number of peaks were uniquely found in 1 cell line (Fig 4, C,
Table E8). These data suggest the shared and cell type–specific
chromatin interactions between the CLEC16A intronic region
and the regulatory regions of other genes.

We further detected a stronger interaction between the G allele
of rs11642009 andATF7IP2 than the Tallele of rs11642009 in Ju-
rkat cells through 4C experiment, suggesting the allele-specific
effect (Fig E5 in this article’s Online Repository at www.
jacionline.org).
Distinct transcription factor complexes mediate the

allele specific chromatin looping
We next sought to explore the transcription factor complex

mediating the chromatin interactions between rs11642009 and
the target genes. We performed SILAC experiment followed by
MS, to identify the proteins that bind to the 61-bp oligonucleo-
tides containing the 2 alleles of rs11642009, respectively (Fig 5,
A). Jurkat cells were grown in SILAC medium containing regular
lysine and arginine (light medium) or 13C6-lysine and 13C6-
arginine (heavy medium), so that the cells grown in these 2 con-
ditions were labeled with light and heavy isotopes, respectively.
The nuclear extracts from the ‘‘light’’ cells were used to pull
down the G allele and those from the ‘‘heavy’’ cells were used
to pull down the T allele in this ‘‘2-way’’ oligo pull-down exper-
iments, and then were 1:1 mixed for SDS-PAGE and MS.
A reverse pull-down experiment was performed with the
SILAC-labeled extracts switched to assess the reliability and
reproducibility of the experimental approach. The proteins pulled
down were quantified by MS, and multiple proteins showed dif-
ferential binding to the 2 alleles of rs11642009 (FC of peptide
abundance in the pull-down complex was consistently >1.5 be-
tween the alleles). The differentially bound proteins include tran-
scription factors RUNX1, YY1, ZNF143, and KLF16, which
were predicted to bind the genomic sequence where SNP
rs11642009 is located (Fig 5, B). Interestingly, RUNX1 is
involved in regulation of DNA-methylation at hematopoietic
gene promoters.21 CD41 T cells with Runx1 knockout (KO)
tend to have spontaneous activation, leading to the development
of autoimmune disease in mice.22,23 Higher level of RUNX1
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FIG 3. Generation of Jurkat cell line with the deletion of SNP rs11642009 genomic region.A, PCR confirming

the 443-bp deletion at rs11642009 genomic region. PCR primers are located at the flanking region of

rs11642009. The PCR product for the Jurkat cells is 1748 bp (lane 1) and that for the cells with the deletion

is 1305 bp (lane 3). Molecular marker is shown in lane 2. B, Sanger sequencing confirmed the deletion of

rs11642009 genomic region. The deleted sequence is represented by colors: blue for G, red for C, purple

for T, green for A. C, The volcano plot showing RNA-seq result comparing rs11642009 deletion cell line

versus parental Jurkat cell line. The significantly upregulated genes are shown in red and the significantly

downregulated genes are shown in blue. D, Quantitative PCR validation of the expression level change of

genes in the vicinity of rs11642009. *P < .05, ***P < .001.
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binding was detected for the G-allele of rs11642009, which
showed a stronger chromatin interaction with ATF7IP2 upstream
region. Differential analysis demonstrated that the abundance of
peptides from 38 proteins was higher for G allele than T allele,
while the peptide abundance for 25 proteins was higher for T
allele (Table E9 in this article’s Online Repository at www.
jacionline.org). Many of these proteins are known to interact
with each other (Fig 5, C). As expected, these proteins are
involved in pathways related to transcriptional regulation (Fig
5, D, and Table E10 in this article’s Online Repository at www.
jacionline.org). The results suggest transcription factor
complexes may bind to the genomic sequence of rs11642009 in
an allele-specific manner to mediate its interaction with target
genes.
SNP rs11642009 deletion induces potent immune

signaling alteration
In RNA-seq analysis, the deletion of rs11642009 induced the

altered expression of 1291 genes. Pathway analysis demonstrated
the overrepresentation of primary immunodeficiency pathway
that included 7 differentially expressed genes DEGs: BTK, CD4,
CD79A, CD8B, IGLL1, RAG1, and RAG2 (Fig 6, A). BTK and
CD79A function in the B-cell receptor signaling pathway;24

CD4 and CD8B play important roles in T-cell receptor
signaling;25 and RAG1 and RAG2 initiate V(D)J (variable [diver-
sity] joining gene segment) recombination, which is critical for B-
cell and T-cell function.26 The genes carrying deleterious muta-
tions for familial forms of CVID also fall into these 3 important
functional categories.27 The discovery of these DEGs suggests

http://www.jacionline.org
http://www.jacionline.org
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FIG 4. The 4C-seq analyses showing the chromatin interactions between rs11642009 and other genomic

regions. A, The 4C-seq signals in Jurkat, K562 and LCL cells. The viewpoint is shown in gray; the significant

4C-seq peaks are shown in red; themost significant peak in or close to genes ATF7IP2, CLEC16A, and SOCS1

in Jurkat cells are shown in blue. B, The 4C-seq signals in or close to genes ATF7IP2, CLEC16A, and SOCS1

overlap with the different histone modifications from Roadmap database. C, The shared and unique 4C-seq

signals in Jurkat, K562, and LCL cells. D, Circos plots of cis-chromatin interactions between rs11642009 and

other genomic regions on chr6 shown in our study. The viewpoint rs11642009 is indicated in red. The 4C-seq

interactions from the viewpoint to other genomic regions on chromosome 16 are indicated with a line

colored according to the cell type: blue: Jurkat cells; red: K562 cells; yellow: LCL cells.
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FIG 5. The experiment of SILAC showing the transcription factor complexes bound to the 2 alleles of

rs11642009. A, The workflow of SILAC experiment. B, The peptide abundance of 4 transcription factors is

significantly different between the 2 alleles of rs11642009. C, The protein-protein interactions between

the 38 proteins showing higher peptide abundance in the protein complex pulled down by the G allele or

the 25 proteins showing higher peptide abundance in the protein complex pulled down by the T allele

(FC > 1.5) in the SILAC experiment. D, The overrepresented pathways among the 38 proteins or the 25 pro-

teins for the G allele or the T allele, respectively.
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the validity of our study. Furthermore, the pathway hematopoietic
cell lineage was highly significantly overrepresented (Table E11
in this article’s Online Repository at www.jacionline.org). Inter-
estingly, genes in the mitogen-activated protein kinase signaling
pathway and PI3K/AKT pathway showed significant change on
rs11642009 deletion (Fig 6, A). In gene-set enrichment analysis,
pathway antigen processing and presentation showed highly
significant negative enrichment (Fig 6, B). Deletion of the
rs11642009 genomic region in CCRF-CEM cells similarly re-
sulted in alterations of the PI3K/AKT pathway and various

http://www.jacionline.org


FIG 6. Pathway analysis of DEGs from RNA-seq. A, The result of pathway overrepresentation analysis on

the DEGs in RNA-seq experiment. B, The result of pathway enrichment analysis on the RNA-seq result.

ECM, extracellular matrix; KEGG, Kyoto Encyclopedia of Genes and Genomes; MAPK, mitogen-activated

protein kinase.
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immune signaling pathways (Fig E2, and Table E12 in this arti-
cle’s Online Repository at www.jacionline.org). These results
suggest the deletion of rs11642009 leads to potent immune
signaling alterations, which are likely to be transduced by the
genes within its vicinity.

The transduction of immune signaling usually occurs via a
series of translational modifications. To examine the cellular
change at the protein level and decipher the alteration of immune
signaling pathways, we conducted a reverse phase protein array
experiment to evaluate 306 proteins in Jurkat cells and
rs11642009-deletion cells (Fig 7, A). We observed the decreased
level of 30 proteins or phosphoproteins and increased level of 11
proteins (FC >1.5) (Fig 7, B, and Table E13 in this article’s Online
Repository at www.jacionline.org), including genes YAP1,
NR2F2, GAB2, and VCL, which have been involved in immune
regulation.26,28-30 The phosphorylation level of AKTwas promi-
nently enhanced (Fig 7, C, and Fig E6 in this article’s Online Re-
pository at www.jacionline.org).

ATF7IP2 is likely to be one of the genes mediating the effect of
rs11642009 region deletion on the AKT signaling. Copy number
loss at the chr16:9624870-10467886 (hg18) covering genes AT-
F7IP2 and GRIN2A was found among CVID cases but not in
3031 controls31 (Fig E7 in this article’s Online Repository at
www.jacionline.org). ATF7IP2 is abundantly expressed in CD41

T cells and other immune cell types32-35 (Figs E8 and E9 in this ar-
ticle’s Online Repository at www.jacionline.org), but the expres-
sion level of GRIN2A in immune tissues and cells is very low.
Therefore, ATF7IP2 is likely to be the key gene in this region
contributing to the CVID pathogenesis. ATF7IP2 encodes an
epigenetic mediator interacting with MBD1, SETDB1, and SP1
and that is involved in forming transcriptionally silent heterochro-
matin domains.35 In our study, knocking down ATF7IP2 expres-
sion in Jurkat and CCRF-CEM cells by small interfering RNA
led to the increased phosphorylation level of AKT (Fig E10 in
this article’s Online Repository at www.jacionline.org).
rs11642009 deletion induces profound changes in

response to stimulation
To investigate how signaling pathways involved in T-cell

activation were affected by rs11642009 deletion, we treated
Jurkat cells and rs11642009-deletion cells with immune stim-
ulants. PMA activates protein kinase C andmultiple intracellular
signaling pathways, leading to T-cell activation. With the
deletion of rs11642009, Jurkat cells exhibited distinct molecular
changes from its parental cell line on PMA treatment (Fig 7, A).
Though it has been shown that insulin receptor signaling con-
trols T-cell proliferation and cytokine production through regu-
lation of cell metabolism,36 the molecular changes on insulin
stimulation is much weaker than those under PMA treatment
(Fig 7, A). Twenty-two proteins showed distinct response to in-
sulin or PMA treatment in rs11642009-deletion cells compared
to Jurkat cells, as defined by the criteria that a protein in one cell
line showed significant change (FC >_2 between treatment group
and no treatment) but not in the other cell line. These proteins
interact with each other and impact on immune systems and
metabolism (Fig 7, D-F, and Table E14 in this article’s Online
Repository at www.jacionline.org). We observed an increase in
the levels of AKT–phosphorylated S473 and AKT–
phosphorylated T308 levels following PMA treatment in Jurkat
cells, consistent with AKT activation in response to immune
stimulation. However, the phosphorylation levels at these 2 res-
idues were reduced in rs11642009-deletion cells on stimulation
(Fig 7, F). We further validated this observation byWestern blot-
ting (Fig E6). These results suggest that rs11642009 deletion has
an impact on the molecular response of Jurkat cells to PMA
stimulation.
DISCUSSION
Understanding the molecular mechanism behind the coexis-

tence of autoimmune diseases and PIDD is critical for the
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FIG 7. The experiment of reverse phase protein array examining alterations at the protein level on

rs11642009 deletion. A, The heatmap showing the level of 306 proteins in 2 cell lines (Jurkat cells and Jurkat

cells with rs11642009 deletion) under 4 conditions: no treatment, insulin treatment for 30 minutes, insulin

treatment for 3 hours, PMA overnight. B, The 14 proteins with FC >2 in Jurkat cells and Jurkat cells with

rs11642009 deleted. C, The overrepresented pathways among the proteins with FC >_1.5 in the 2 cell lines.

D, The overrepresented pathways among the 22 proteins showing different changes in Jurkat cells and Ju-

rkat cells with rs11642009 deletion under insulin/PMA treatment. E, Interactions among the 22 proteins. F,

Examples of proteins that showed different changes in Jurkat cells and Jurkat cells with rs11642009 deletion

under insulin/PMA treatment. AGE, advanced glycation end product; RAGE, receptor for AGE.
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FIG 8. The model showing the enhancer role of rs11642009 in CD41 T cells. The CELC16A intronic SNP

rs11642009 functions as an enhancer regulating the transcription of multiple genes. The cell type–

dependent chromatin interactions between rs11642009 and the other genomic regions are mediated by

different transcription factor complexes in an allele-specific manner, which may result in different interac-

tion strength.
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development of effective therapeutics.2 CLEC16A intron 19 has
been identified of association with numerous immunological
traits and autoimmune diseases.5 This locus is also associated
with atopic diseases.15 However, the effect size in this context
is very small (b 5 20.0612) when compared to its association
with CVID (b 5 20.402). The highly significant P value (P 5
5.69E220) for its association with atopy is driven by the
extremely large sample size (n [cases] 5 180,129; n
[controls] 5 360,838). Therefore, the strong association of
CLEC16A intron 19 with CVID is unlikely to be confounded by
contribution from atopy and it might offer a potential key to ex-
plaining the comorbidity of autoimmunity and PIDD.

The identified CLEC16A intronic variants are usually common
variants with minor allele frequency >5%, while their associated
autoimmune diseases and PIDD, such as type 1 diabetes, multiple
sclerosis, and CVID, are of much lower prevalence. The contribu-
tion of common variants to such uncommon or even rare diseases
has been reported in many studies.37-40 Common variants play
important roles in the pathoetiology of rare diseases in several as-
pects. Common variants confer disease susceptibility and predis-
position, though not as the detrimental disease-causingmutations.
Common variants can have disease-modifier effects on the pene-
trance or severity of the diseases, even for Mendelian disease.41

Another aspect would be the less well-studied interactions be-
tween common variants and rare variants and common variants
and environmental factors. Therefore, complex human diseases,
including both common diseases and rare diseases, are shaped
by the interplay among common SNPs, rare variants, and environ-
mental factors.42,43 Given the well-recognized contribution of
common variants in different types of complex human diseases,
the molecular mechanisms underlying the genetic findings re-
mained elusive to our knowledge.

Through multiomics approaches, we elucidated a molecular
mechanism underlying the genetic susceptibility of CVID and its
comorbid autoimmunity mediated by CLEC16A variants. One of
the plausible reasons for the difference in disease susceptibility
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between the 2 alleles of the locus could be the diverse chromatin
interactions mediated by differential binding of transcription fac-
tors to the 2 alleles. ATF7IP2, an interesting epigenetic mediator
in this locus, is highlighted for potential gene-environmental in-
teractions (Fig 8).

The association of CLEC16A intronic region with immunode-
ficiency and autoimmune diseases is related to its role as a cell
type–dependent enhancer. In addition to B-cell defects, T-cell ab-
normalities frequently occur in patients with immunodeficiency
and autoimmune comorbidity.44-47 In our study, we showed the
enhancer role of rs11642009 in CD41 T cells, which adds to
our previous finding that CLEC16A KO in mice results in
B-cell defects.5 Others have shown that CLEC16A intronic
SNPs are associated with higher expression of CLEC16A in
CD41 T cells and T-cell activation stimulates CLEC16A expres-
sion, but CLEC16A knockdown did not affect T-cell activation.48

Our results showed that multiple genes in the proximity of
rs11642009 exhibited much more profound alteration than
CLEC16A in CD41 T cells with the deletion of CLEC16A intron
deletion, suggesting that these genes are the major target genes of
this locus and the contribution of the CLEC16A intronic SNPs to
immune disorders may be mediated by different genes in diverse
cell types. Gene expression of CIITA, DEXI, and SOCS1 did not
show significant change could be due to redundant regulation in
the other genomic regions.49

ATF7IP2, one of the target genes regulated by CLEC16A in-
tronic variants, encodes an epigenetic mediator involved in form-
ing transcriptionally silent heterochromatin domains. The KO
mice for ATF7IP2’s interacting proteins—MBD1, SETDB1, or
SP1—each showed defects in the immune system. The
outstanding phenotypes include increased mean corpuscular he-
moglobin (MBD1 KO), increased CD41, a/b T-cell number
(SETDB1 KO), and decreased erythroid progenitor (SP1 hetero-
zygous null).50 ATF7IP, the ortholog of ATF7IP2, represses IL2
production by the deposition of H3K9me3 in the Il2-Il21 inter-
genic region. T cells with ATF7IP deletion had abnormally
increased production of IL-2 on T-cell receptor stimulation and
deficient TH17 differentiation.

51 Our study showed the prominent
reduction of ATF7IP2 expression on rs11642009 deletion, as well
as the chromatin interactions between rs11642009 and proximal
regions of ATF7IP2 in Jurkat cells and CCRF-CEM cells. Given
the important functions of its ortholog ATF7IP and its interactors
in T cells, the involvement ofATF7IP2 in the immune system rep-
resents an intriguing epigenetic mechanism mediated by the
CLEC16A locus.

Dysregulation of the balance between subtypes of CD41 T
cells including TH1, TH2, TH17, and regulatory T cells is a major
factor driving pathogenesis of autoimmune diseases.52 AKT
signaling plays a crucial role in the development, differentiation,
activation, and function of CD41 T cells. The regulation of AKT
signaling by ATF7IP2 interactors have been demonstrated in can-
cer cells, but have been less investigated in T cells.

It has been shown that CLEC16A KOmice exhibited increased
AKT phosphorylation levels in whole splenocyte lysates, which
was effectively reversed by PI3K inhibitor Wortmannin, suggest-
ing the induced activation of Akt signaling in CLEC16A KO
mice.53 In our study, the mRNA level of CLEC16A did not
show remarkable change with rs11642009 deletion. In contrast,
we observed simultaneously the prominent elevation of AKT
phosphorylation level, suggesting that differential expression of
other target gene(s) of rs11642009 also contributes to the altered
PI3K/AKT signaling in CD41 T cells. It is in line with the asso-
ciation of this locus with autoimmunity in which abnormality of
CD41 T-cell activation occurs. On antigen stimulation, for
example, by PMA under experimental conditions, AKT phos-
phorylation was reduced with rs11642009 deletion, suggesting
that rs11642009-deletion cells altered their ability to further
respond to stimulation signal. AKT signaling has been an impor-
tant therapeutic target for inflammation, autoimmunity, and can-
cer.54,55 The findings in our study may direct the development of
novel therapeutics targeting at AKT signaling for PIDD and auto-
immune diseases.

There are limitations in our study, due primarily to technical
constraints. First, our approach involved deleting a 443-bp
genomic region rather than a single nucleotide. In this region,
SNP rs11642009 is the only common variant, with all other 149
variants having a minor allele frequency <0.001.56 None of these
variants has been reported in ClinVar,57 identified as expression
quantitative trait loci variant,58 recognized as functional rare ge-
netic variation,59 or predicted to affect splicing.60 However, the
possibility that this region contains additional, yet unrecognized,
functional variants cannot be ruled out. Second, the use of a ho-
mozygous deletion approach limits our ability to pinpoint allelic
or haploinsufficiency effects, an area that warrants further inves-
tigation. Third, we employed CD41 T-cell lines. In the future, the
inclusion of primary cells would enhance the study’s relevance
and applicability. The genetic diversity inherent in different indi-
viduals necessitates the comparison of multiple subjects,
including those without the variant, to obtain comprehensive in-
sights. In addition, it would be highly advantageous for future
studies to employ single-nucleotide editing techniques on
rs11642009 within primary CD41 T cells. Such an approach
would allow for a more nuanced and accurate investigation of
the SNP’s effects, facilitated by an isogenic background and con-
ditions that more closely mimic physiological realities, thereby
providing a clearer understanding of the specific impacts of
rs11642009.

In summary, throughmultiomics approaches, we elucidated the
transcriptional regulatory role of CLEC16A intron 19 locus by
which it may contribute to the pathogenesis of CVID. We
demonstrated that the rs11642009 functions as an enhancer,
regulating the expression of multiple target genes, while the latter
(especially AKT signaling) represents plausible targets for devel-
oping novel therapeutics for autoimmunity and primary
immunodeficiency.
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Clinical implications: The CLEC16A intronic variants may
contribute to the pathological development of CVID and its
autoimmune comorbidity by affecting its target genes and the
AKT signaling, which represent plausible targets for developing
novel therapeutics.
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