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Abstract

Interferon regulatory factor 4 (IRF4) is a transcription factor (TF) and key regulator of immune 

cell development and function. We report a recurrent heterozygous mutation in IRF4, p.T95R, 

causing an autosomal dominant combined immunodeficiency (CID) in seven patients from six 

unrelated families. The patients exhibited profound susceptibility to opportunistic infections, 

notably Pneumocystis jirovecii, and presented with agammaglobulinemia. Patients’ B cells showed 

impaired maturation, decreased immunoglobulin isotype switching, and defective plasma cell 

differentiation, whereas their T cells contained reduced TH17 and TFH populations and exhibited 

decreased cytokine production. A knock-in mouse model of heterozygous T95R showed a severe 

defect in antibody production both at the steady state and after immunization with different types 

of antigens, consistent with the CID observed in these patients. The IRF4T95R variant maps to 

the TF’s DNA binding domain, alters its canonical DNA binding specificities, and results in a 

simultaneous multimorphic combination of loss, gain, and new functions for IRF4. IRF4T95R 

behaved as a gain-of-function hypermorph by binding to DNA with higher affinity than IRF4WT. 

Despite this increased affinity for DNA, the transcriptional activity on IRF4 canonical genes was 

reduced, showcasing a hypomorphic activity of IRF4T95R. Simultaneously, IRF4T95R functions as 

a neomorph by binding to noncanonical DNA sites to alter the gene expression profile, including 

the transcription of genes exclusively induced by IRF4T95R but not by IRF4WT. This previously 
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undescribed multimorphic IRF4 pathophysiology disrupts normal lymphocyte biology, causing 

human disease.

INTRODUCTION

Inborn errors of immunity (IEI) are a heterogeneous group of gene defects characterized 

by increased susceptibility to infections, autoimmunity, autoinflammation, allergy, and, in 

some cases, cancer. During recent years and after the advent of high-throughput sequencing, 

the rate of discovery of new genetic lesions causing IEI has skyrocketed (1). Yet a 

large percentage of patients with an IEI lack a genetic diagnosis. Furthermore, because 

of the complexity of designing gene-tailored experiments to assess the pathogenicity of 

genetic variants and the scarcity of patients with similar genetic diseases, the molecular 

consequences of many IEI-causing mutations are poorly understood (2).

The human interferon (IFN) regulatory factor (IRF) family is a group of nine transcription 

factors (TFs) that regulate critical innate and adaptive immune processes (3). The IRF family 

is typically characterized by the ability to recognize promoters containing the IRF consensus 

sequence (GAAA) (4). IRF4 is a predominantly hematopoietic TF that is pivotal for the 

development and function of B and T cells as well as dendritic cells and macrophages (5-7). 

IRF4 binds to the canonical IFN-stimulated response elements (ISREs) as a homodimer, 

and it engages erythroblast transformation-specific IRF composite elements (EICEs) and 

activating protein 1 (AP-1)–IRF composite elements (AICE1 or AICE2) as a heterodimer 

requiring PU.1 or SPIB, or AP-1 family members, respectively, for high-affinity interactions 

(5, 8, 9). Irf4−/− mice have severely impaired B and T cell activation and differentiation, 

along with a profound reduction in serum immunoglobulins (Ig) of all isotypes (3).

Here, we describe a human immune disorder identified in seven patients from six unrelated 

families across four continents. This newly described form of combined immunodeficiency 

(CID) is caused by the same heterozygous germline mutation in the DNA binding 

domain (DBD) of IRF4 (p.T95R), and mouse knock-in models accurately recapitulated the 

human phenotype. Particularly notable was the mechanism of this human disease with a 

simultaneous multimorphic combination of dominant loss, gain, and new functions for IRF4.

RESULTS

Heterozygous T95R IRF4 variant identified in seven patients with profound CID

We investigated seven patients with profound CID from six kindreds of diverse ethnic 

origins (Fig. 1A). All affected individuals suffered with early onset (<1 year of age) 

recurrent sinopulmonary infections, with the opportunistic pathogen Pneumocystis jirovecii 
causing pneumonia in most individuals. Other clinical features indicative of their substantial 

immune compromise were severe viral infections [notably cytomegalovirus (CMV) and 

Epstein-Barr virus (EBV)], localized infection with weakly pathogenic [i.e., vaccine-strain 

Bacille Calmette-Guerin (BCG)] or pathogenic mycobacteria, (i.e., Mycobacterium bovis), 

and chronic diarrhea (Fig. 1B and table S1; patient summaries in Supplementary Materials 

and Methods). Next-generation sequencing was performed on all patients, with Sanger 
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sequencing and familial segregation used for confirmation (fig. S1, A and B). All seven 

individuals carried the same heterozygous variant in the gene IRF4 (IRF4 NM_001195286.2 

c.284C>G, p.T95R; henceforth designated as IRF4T95R) (Fig. 1C). This variant was de novo 

in all patients, except in the case of kindred six (P6 and P7), where the mother was found 

to be mosaic with 4 of 124 reads mapping to the variant in peripheral blood genetic testing 

(fig. S1B). The IRF4T95R variant has not been reported in population databases of controls 

(fig. S1C) and is predicted to be pathogenic by a variety of in silico pathogenicity models 

(table S2). IRF4T95R has been reported in the Catalogue of Somatic Mutations in Cancer 

associated with adult T cell leukemia (10).

IRF4 mRNA and protein is expressed normally in IRF4T95R patient lymphocytes, but broad 
immune architecture is disrupted

Because IRF4 is highly expressed in lymphocytes, we investigated how the IRF4T95R variant 

affects the total IRF4 mRNA and protein expression in these cells. We found that total IRF4 
mRNA expression was comparable with controls in activated CD4+ T cells (Fig. 1D, left). 

Sanger sequencing of cDNAs extracted from both activated CD4+ T cells (Fig. 1D, right) 

and EBV-immortalized B (EBV-B) cells (Fig. 1E) suggested that the wild-type (WT) and 

mutant alleles are likely expressed at similar levels. We also found that IRF4 protein levels 

of the patients were comparable to those of controls in unstimulated CD3+ T cells (Fig. 1F), 

CD19+ B cells (Fig. 1G), expanded T cell blasts (fig. S1D, left), activated CD4+ T cells (fig. 

S1D, right), and EBV-B cells (fig. S1E). In combination, these results show that the T95R 

mutation does not affect the total IRF4 mRNA and protein levels.

The infection pattern experienced by the individuals carrying IRF4T95R was not consistent 

with a defect in just one immune compartment, suggesting a broad immunological 

phenotype. To define the overall immune architecture caused by IRF4T95R in an unbiased 

manner, we applied cytometry by time of flight (CyTOF). Combining unsupervised analysis 

with manual clustering, we found that the distribution of B cells and CD4+ and CD8+ T cells 

was different between healthy controls and patients (fig. S2, A to C). These data suggested 

that IRF4T95R causes a broad immunological phenotype, most notably affecting B and T 

cells, that we set out to systematically decipher.

IRF4T95R patients have multiple defects in B cell development and function

IRF4 is critical for B cell development and differentiation (7, 11). All patients were virtually 

agammaglobulinemic with severely reduced serum concentrations of IgM, IgG, and IgA 

(Fig. 2A and tables S3 to S9). B cell enumeration revealed that all patients had reduced but 

not absent total CD19+ B cells, with a developmental arrest characterized by increased naïve 

B cells, reduced class-switched memory B cells, and decreased plasmablasts (Fig. 2A and 

tables S3 to S9). The B cell differentiation defect was further refined in high-dimensional 

space using CyTOF (Fig. 2, B to D, and fig. S2, A to C), flow cytometric analysis (fig. S2, 

D and E), and single-cell RNA sequencing (scRNA-seq) on sorted CD19+ B cells (Fig. 2, 

E and F). Pseudotime inference indicated that IRF4T95R transitional B (TrB) cells matured 

toward entirely different fates than those from a healthy control (Fig. 2E) and further 

confirmed an accumulation of TrB and naïve B cells with few terminally differentiated B 

cell subsets (i.e., memory B and plasma cells) in IRF4T95R B cells (Fig. 2F). Moving beyond 
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peripheral blood analysis, we confirmed that IRF4T95R patient bone marrow (fig. S2F) and 

lymph node (Fig. 2G) also had scant CD38+ or CD138+ plasmablasts.

Having demonstrated a marked impairment in B cell differentiation in patient peripheral 

blood using multiple complementary technologies (Fig. 2, A to D, and fig. S2, A to E), 

we designed experiments to determine whether this defect was intrinsic or extrinsic to the 

IRF4T95R B cells. To test this, we isolated naïve B cells from patients and controls and 

exposed them to classic B cell stimuli. When compared with healthy controls, purified naïve 

IRF4T95R B cells or total peripheral blood mononuclear cells (PBMCs) generated fewer 

class-switched (Fig. 2H and fig. S2G) and memory B cells (Fig. 2I), and the induction of 

plasmablasts (Fig. 2, J and K, and fig. S2, H and J) and Ig secretion was lost or greatly 

reduced (Fig. 2L and fig. S2, I and K). Reduced B cell differentiation was not due to 

impaired cell proliferation (fig. S2L). Collectively, these data demonstrate that IRF4T95R B 

cells have an intrinsic defect in differentiation into memory B cells, plasmablasts and plasma 

cells, as well as Ig secretion.

IRF4T95R patient T cell differentiation is largely intact, but effector function is abnormal

In contrast to the notable impact on B cell differentiation and biology, IRF4T95R patients 

had relatively normal numbers of total T cells in peripheral blood (Fig. 3A). Appreciating 

that IRF4 has been linked to both CD4+ and CD8+ T cell effector function and that both 

P. jirovecii infection and mycobacterial disease are not commonly found in patients with 

isolated B cell deficiencies (12), we proceeded with higher-resolution phenotyping and 

functional interrogation. The proportions of naïve, central memory (CM), effector memory 

(EM), and EM re-expressing CD45RA (EMRA or TEMRA) T cells among the CD4+ 

population were relatively normal (Fig. 3A, top panels), whereas CD8+ CM, EM, and 

TEMRA cells were reduced in some patients (Fig. 3A, bottom panels). In multidimensional 

space, both CyTOF and scRNA-seq revealed an abnormal distribution of CD4+ and CD8+ 

T cells (Fig. 3, B to D, and figs. S3, A and B and S4 and S5). Further functional studies 

confirmed that in IRF4T95R T cells, T cell receptor Vβ (TCRVβ) usage was not affected (fig. 

S3C), and T cells were activated and proliferated normally upon TCR (i.e., anti-CD3/CD28) 

stimulation (fig. S3, D and E). Cytokine production is another critical effector function of 

T cells. Stimulated IRF4T95R T cells produced less interleukin-2 (IL2) and IFN-γ and had 

less polyfunctional cells that produced both tumor necrosis factor–α (TNFα) and IFN-γ 
(Fig. 3, F and G). T helper (TH) cell commitment, evaluated by flow cytometry and CyTOF, 

showed that TH1, TH2, regulatory T (Treg), and T follicular regulatory (Tfr) cells were 

similar to healthy controls (Fig. 3H and table S10). In contrast, TH17 and T follicular 

helper (TFH) cells were reduced in most patients (Fig. 3H and table S10), and in vitro 

differentiation to TFH cells was reduced (Fig. 3, I and J). When considered in the context 

of the patients’ infectious history, these data indicate that IRF4T95R T cells have a defect in 

subset differentiation and function, although this defect is more subtle than that observed in 

B cells.

IRF4T95R patient monocyte and NK cell evaluation showed no gross abnormalities

Monocyte and natural killer (NK) cells were evaluated as part of a comprehensive 

description of a unique IEI. Frequencies of classical, intermediate, and nonclassical 
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monocytes were within normal ranges in patients analyzed (fig. S3E and table S11). CD107a 

degranulation studies of NK (fig. S3F) and CD8+ T cells (fig. S3G) were also within normal 

ranges in patients tested. Further and deeper studies will be required to rule out more 

nuanced defects in these cells.

Heterozygous p.T95R IRF4 knock-in mice recapitulate patient phenotype and provide 
additional insights into T95R pathophysiology

To obtain additional insights into the pathophysiological mechanisms of the disease 

caused by IRF4T95R, we generated knock-in mice carrying the same p.T95R variant in 

the heterozygous state (Ifr4T95R/+) and compared them with Itf4+/+, Irf4+/−, Irf4−/−, and 

Irf4T95R/T95R mice. Replicating the patient phenotype, Irf4T95R/+ splenocytes and B cells 

had IRF4 protein expression comparable to WT mice, whereas Irf4+/− had reduced protein 

expression and Irf4−/− were IRF4 protein deficient (Fig. 4A). Total numbers of B and T cells 

in the spleen (fig. S6A) and of B220+ B cells in the bone marrow and lymph nodes (fig. 

S6, B and C) were comparable among Irf4+/+, Irf4T95R/+, Irf4+/−, and Irf4−/− mice, although 

there was a moderate increase in B220+ cells in peripheral lymph nodes of Irf4T95R/+ 

relative to Irf4+/− mice (fig. S6C). Irf4−/− mice had barely detectable levels of serum Igs, 

whereas Irf4+/− mice had normal levels of serum IgA and total IgG but reduced IgM, IgG2c, 

and IgG3 levels (Fig. 4B). Notably, serum Ig levels were further reduced in Irf4T95R/+ mice 

compared with Irf4+/− mice and were very close to those found in Irf4−/− mice (Fig. 4B). 

Similar to Irf4−/− mice, T95R homozygous mice (Irf4T95R/T95R) had barely detectable levels 

of serum Igs (Fig. 4B). Total germinal center (GC) B cells were expanded in the spleens, 

mesenteric lymph nodes, and Peyer’s patches of Irf4T95R/+ mice at the steady state (fig. 

S6D) and in the spleen after immunization with sheep red blood cells (SRBC) (fig. S6E) 

or Plasmodium sporozoites (fig. S6F). Such expansions of GC B cells were not observed 

in Irf4−/− mice, consistent with previous studies (13-15), nor in Irf4T95R/T95R mice (fjg. 

S6D). In the Plasmodium sporozoite model, GC B cells specific for the immunodominant 

circumsporozoite protein (CSP) were decreased in Irf4T95R/+ mice compared with Irf4+/+ 

mice (Fig. 4, C and D), suggesting that there is an expansion of nonspecific GC B 

cells at the expense of antigen-specific GC B cells in Irf4T95R/+ mice. After Plasmodium 
immunization, Irf4T95R/+ mice generated few malaria CSP-specific CD138+ plasmablasts 

(Fig. 4, E and F) and had lower levels of CSP-specific IgM and IgG antibodies (Fig. 

4G). Further defining the antibody production defect, IgG2c production after immunization 

with formalin-fixed Bordetella pertussis (TH1-dependent) was reduced in Irf4T95R/+ mice 

compared with Irf4+/+ and Irf4+/− mice (Fig. 4H, left), and IgG1 production against chicken 

γ-globulin (CGG) immunization (TH2-dependent) was also reduced in Irf4T95R/+ mice, 

although the difference between Irf4T95R/+ and Irf4+/− mice was not significant (Fig. 4H, 

right). After immunization of 4-hydroxy-3-nitrophenyl acetyl (NP)-conjugated to CGG (NP-

CGG), the production of NP–specific IgM and both low- and high-affinity NP-specific IgG1 

antibodies were barely detectable in Irf4T95R/+ mice compared with Irf4+/− mice (Fig. 4I). 

In line with earlier findings in Irf4−/− mice (16-18), Irf4T95R/+ mice also showed altered 

distribution of various T cell subsets (fig. S7, A to C).

To clarify whether the impaired production of antibodies in Irf4T95R/+ mice was due to B 

cell–intrinsic defects in plasma cell differentiation, we cultured purified splenic B cells in 
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medium alone or in the presence of CD40L + IL4 + IL21 (CI21) or lipopolysaccharide 

(LPS) for 72 hours. The percentage of B220inCD138+ cells in cultured Irf4T95R/+ B cells 

was lower than those in WT and Irf4+/− B cells and was indistinguishable from that in 

Irf4−/− B cells (Fig. 4J). In addition, the frequency of antibody-forming cells was reduced in 

Irf4T95R/+ B cells compared with WT or Irf4+/− B cells (Fig. 4, K and L). Further defining 

the B cell defect, we found that when splenic B cells from WT or Irf4T95R/+ Blimp1–green 

fluorescent protein (GFP) reporter mice were stimulated with LPS, Irf4T95R/+ B cells were 

able to activate Blimp1 transcription but failed to up-regulate CD138 expression (fig. S7, 

D and E), suggesting that Irf4T95R/+ B cells initiate, but fail to complete, plasma cell 

differentiation.

IRF4T95R B cells fail to undergo appropriate differentiation due to failure to activate IRF4 
target genes critical for plasma cell differentiation

To understand why IRF4T95R B cells fail to appropriately differentiate into antibody-

secreting plasma cells, we leveraged a variety of complementary model systems to assess 

different aspects of B cell development. First, mouse C57BL/6 splenic B cells were 

stimulated and transduced with IRF4WT, IRF4T95R, or control (MIG-ctrl) retroviruses 

(Fig. 5A and fig. S8A). Ectopic expression of IRF4WT robustly enhanced the formation 

of CD138high B220low plasmablasts compared with the MIG-ctrl (Fig. 5A). In contrast, 

IRF4T95R failed to enhance plasmablast formation (Fig. 5A). We next isolated IRF4WT-, 

IRF4T95R-, or MIG-ctrl–transduced B cells for RNA-seq analyses. Overall, IRF4T95R-

transduced cells clustered separately from control or IRF4WT cells, indicative of a distinct 

gene expression program (Fig. 5B). Specifically, IRF4T95R regulated fewer (Fig. 5C, top) 

and unique (Fig. 5C, bottom) genes, with only a small overlap with genes differentially 

regulated by IRF4WT (Fig. 5C, fig. S8B, data file S1). Through comparison to other gene 

expression profiles, we found that IRF4T95R virtually lost the ability to regulate IRF4-driven 

and plasma cell–specific gene expression (Fig. 5D).

To further define the B cell defect, we studied Ig class-switch recombination (CSR) in 

CH12 cells transduced with different IRF4 variants (WT and T95R) or GFP alone without 

further activation, and GFP+ cells were analyzed for the IgA+ population. IRF4T95R and 

GFP alone failed to induce IgA+ cells and failed to induce Aicda transcription (Fig. 5, E to 

G). To quantify plasma cell differentiation, we transduced the IRF4 variants into a human 

Burkitt’s lymphoma cell line, Raji, which endogenously expresses extremely low levels 

of IRF4. IRF4T95R failed to up-regulate genes encoding CD38, BLIMP1, and XBP1 (fig. 

S8, C to E). To assess the antibody secretion, we used the fact that Ramos cells (human 

Burkitt’s lymphoma cell line) spontaneously secrete low levels of IgM. After disrupting 

the endogenous IRF4 gene using CRISPR-Cas9–mediated genome editing (Fig. 5H), IRF4-

deficient Ramos cells were transduced with the IRF4 variants, and IRF4T95R was unable 

to increase the frequency of antibody-secreting cells nor enhance IgM secretion (Fig. 5, 

I and J, and fig. S8, F and G). Co-expression of T95R with WT IRF4 in IRF4-deficient 

Ramos cells suppressed WT IRF4-induced plasma cell differentiation (fig. S8, H to J). In 

addition, ectopic expression of T95R, but not empty vector, suppressed the generation of 

CD138+ cells in human tonsil B cells activated with CD40L + IL21 (fig. S8K). These results 

revealed the antimorphic properties of T95R. To define the difference between IRF4WT 

Page 6

Sci Immunol. Author manuscript; available in PMC 2024 January 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and IRF4T95R at the transcriptome level, we performed RNA-seq on Raji cells expressing 

either version of IRF4. IRF4WT up-regulated 132 genes, including key regulators of B cell 

development such as PRDM1, XBP1, ERN1/IRE1, TNFRSF17, SLAMF7, and CD38 (Fig. 

5, K to L). IRF4T95R up-regulated the expression of 38 genes, 19 of which are shared 

with IRF4WT. IRF4T95R did not hyperactivate the expression of anti-plasma cell TFs such 

as BCL6, BACH2, and ID3 (fig. S8L). Consistent with the predominant role of IRF4 as 

a transcriptional activator in B cells, few genes were down-regulated by either variant. 

When considered in aggregate, this series of experiments demonstrates that IRF4T95R is 

unable to induce CSR and plasma cell differentiation due to failure to up-regulate the 

expression of key target genes, including AICDA, PRDM1, and XBP1. However, IRF4T95R 

also demonstrated neomorphic functions by up-regulating a unique set of genes.

IRF4T95R has increased affinity for DNA, enhanced nuclear localization, and altered DNA 
binding specificity

We next defined the intrinsic molecular mechanism of action of the IRF4T95R allele. 

Because of the additional positive charge introduced by the arginine, we hypothesized 

that IRF4T95R would have increased affinity for DNA (which is negatively charged) 

compared with IRF4WT. Moreover, protein affinity for DNA is associated with increased 

nuclear localization (19). Using both imaging and immunoblotting, we established that the 

subcellular localization of IRF4T95R was altered, with an increased nuclear-to-cytoplasmic 

ratio compared with IRF4WT (Fig. 6, A and B). Next, using surface plasmon resonance to 

quantify the interaction between the IRF4 and specific DNA sequences, we demonstrated 

that IRF4T95R has two- to threefold higher binding affinity [i.e., lower dissociation 

constant (KD)] than IRF4WT for the ISRE, AICE, and EICE motifs (Fig. 6C). This higher 

binding affinity of IRF4T95R was independently assessed by single-molecule fluorescence 

microscopy, showing that IRF4T95R makes both more and longer (i.e., specific) interactions 

with DNA than IRF4WT (Fig. 6D). Furthermore, electrophoretic mobility shift assays 

(EMSAs) biochemically confirmed the higher affinity of IRF4T95R for an ISRE DNA probe 

(Fig. 6E).

Alignment of the nine human IRF protein sequences revealed that the arginine at position 

95 of IRF4T95R is analogous to the arginine at position 78 of IRF3 (fig. S9A). This 

arginine allows IRF3 to bind to nonconsensus DNA sites (20). Hence, we hypothesized 

that IRF4T95R would also be able to bind to nonconsensus DNA sites. High-throughput 

systematic evolution of ligands by exponential enrichment (HT-SELEX) analysis revealed 

that, in addition to binding to the consensus IRF GAAA sequence, IRF4T95R had gained 

the ability to bind to GATA-containing sequences (Fig. 6F). This neomorphic ability of 

IRF4T95R to bind to GATA sequences was verified by EMSA, which also demonstrated 

that IRF4WT is unable to bind to this sequence (fig. S9B). Together, IRF4T95R showed an 

increased nuclear localization paired with increased DNA binding affinity and the ability to 

target additional DNA motifs that were not recognized by IRF4WT, further supporting the 

hypermorphic and neomorphic functions associated with IRF4T95R.

Although IRF4T95R could bind to both GAAA- and GATA-containing ISRE sites, it 

remained unclear whether it could actually activate target gene transcription. To test 
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this possibility, we performed luciferase reporter assays to assess the ability of IRF4WT 

and IRF4T95R to activate transcription from reporter constructs containing a canonical 

(GAAACCGAAA) or a noncanonical ISRE (GATACCGATA). Although IRF4WT activated 

the canonical ISRE construct in a dose-dependent fashion, IRF4T95R exhibited hypomorphic 

activity (Fig. 6G, top). However, confirming IRF4T95R neomorphic activity, IRF4T95R 

activated the GATA-containing construct in a dose-dependent fashion, whereas IRF4WT 

could not activate this construct at all (Fig. 6G, bottom).

T95R changes both the genome-wide binding landscape of IRF4 and the transcriptome

To evaluate the genome-wide landscape of IRF4 binding in patient cells, we performed 

IRF4 chromatin immunoprecipitation followed by sequencing (ChIP-seq) of immortalized 

EBV-B cells from an IRF4T95R patient and an IRF4WT healthy control (data file S2). 

Overall, IRF4T95R B cells had more IRF4 ChIP-seq peaks than IRF4WT B cells (Fig. 

6H). Emphasizing the neomorphic activity of IRF4T95R, more than 35% of the peaks 

(versus <10% in IRF4WT) corresponded to “non-ChIPable” IRF4 regions [i.e., they are 

not reported in the ReMap database (21), which aggregates IRF4 ChIP-seq data from B 

cells, T cells, plasmablasts, and various cell lines], and about 33% do not overlap any 

of the >1 million candidate cisregulatory elements from ENCODE (22) (versus ~7% in 

IRF4WT). Applying a new deep learning tool, ExplaiNN (explainable neural networks) (23), 

we separately identified motifs de novo in four different datasets, including the patient 

and healthy control ChIP-seq datasets and two custom datasets describing the binding of 

IRF4 to either AICE or EICE sites in GM12878 cells. Next, we used these motifs to 

initialize a “surrogate” ExplaiNN model in a process known as transfer learning with which 

to evaluate their importance toward the IRF4T95R-specific, IRF4WT-specific, or common 

component of the ChIP-seq data (fig. S9C and full data in data file S3). In the patient 

dataset, ExplaiNN identified a noncanonical, GATA-containing ISRE motif, matching the 

results of the HT-SELEX analysis, and various noncanonical AICE motifs that were 

important for IRF4T95R-specific peaks but detrimental for IRF4WT-specific peaks (Fig. 6H). 

In contrast, identified EICE motifs in the different datasets were regarded as detrimental 

for IRF4T95R-specific peaks compared with IRF4WT-specific and common peaks (Fig. 6H). 

PU.1 cofactor-independent binding of IRF4T95R was observed at EICE; however, increasing 

amounts of IRF4T95R outcompeted the formation of PU.1-IRF4T95R composite complexes at 

this site (fig. S9D), providing a possible explanation for the irrelevance of EICE motifs in 

the patient-derived ChIP-seq peaks. Furthermore, increased co-factor-independent IRF4T95R 

binding to EICE depended on the presence of a C in position +1 in relation to the GAAA 

motif (fig. S9E), suggesting that nucleotides adjacent to the core-binding motif influence 

IRF4T95R binding capacity. Together, these data confirmed the neomorphic DNA binding 

capacity of IRF4T95R to noncanonical ISRE and noncanonical AICE sites in primary patient 

cells.

Next, through matching of RNA-seq and ChIP-seq data on the same cells, we found 

an association between IRF4 binding and gene expression levels (Fig. 6I). Specifically, 

genes that were highly expressed in IRF4T95R patient cells compared with IRF4WT cells 

had more IRF4T95R ChIP-seq peaks around them (longest transcript ±50 kb) (Fig. 6Iand 

data file S2). To validate the functional impact of this neomorphic binding activity of 
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IRF4T95R, we focused on CXCL13. CXCL13 is a key chemokine involved in GC activity 

and lymph node architecture (24), and CXCL13 was the most differentially expressed 

gene in patient IRF4T95R B cells when compared with healthy controls (log2 expression 

fold change = 11.98; data file S2). The ±50-kb region around the longest CXCL13 
transcript (hg38:chr4:77,511,752 to 77,611,834) harbored 15 IRF4T95R peaks, of which 

two overlapped with the only two IRF4WT peaks in the region (fig. S9F). Two of the 15 

IRF4T95R peaks encompassed noncanonical AICE sites (designated as CXCL13 sites A, B, 

and C), none of which contained the canonical GAAA half-ISRE motif. EMSA analyses 

confirmed strongly increased (CXCL13 site A) or exclusive (CXCL13 site C) neomorph 

binding of IRF4T95R compared with IRF4WT in the presence of the AP-1 factors JUNB 

and basic leucine zipper transcriptional factor ATF-like (BATF) (Fig. 6J and fig. S9G). 

However, at CXCL13 site B, which is located within the same peak and only 81 bp away 

from site A, both IRF4T95R and IRF4WT showed similar binding patterns. To investigate 

the functional impact of this binding pattern, we analyzed the activity of a luciferase 

reporter construct containing the two AICE sites, CXCL13 site A and CXCL13 site B (Fig. 

6K). Whereas IRF4WT only slightly increased luciferase activity above the AP-1–induced 

activity, IRF4T95R induced robust luciferase activity in the presence of AP-1. Last, to 

analyze whether this IRF4T95R-mediated transcriptional increase is mirrored by biochemical 

changes in vivo, we measured CXCL13 serum or plasma levels of five IRF4T95R patients 

and found that they had consistently 3- to 4.5-fold increased CXCL13 levels compared with 

healthy controls (Fig. 6L). In combination, these data confirm the functional impact of the 

neomorphic IRF4T95R binding activity.

DISCUSSION

Foundational to our understanding of genetics are “Muller’s morphs,” where Muller 

suggested that a mutant allele can be classified into one of five types: amorph, hypomorph, 

hypermorph, neomorph, and antimorph (25). Here we have defined a previously undescribed 

mechanism of human disease caused by the “multi-morphic” activity of IRF4T95R. The 

T95R amino acid change results in an unanticipated combination of hypermorphic, 

hypomorphic, and neomorphic functions in the TF, causing the clinical and immunological 

phenotype we document in the seven patients with CID. IRF4T95R behaves as a gain-of-

function hypermorph by binding to DNA with higher affinity than IRF4WT. Despite this 

increased affinity for DNA, the transcriptional activity on IRF4 canonical genes is reduced, 

showcasing the hypomorphic activity of IRF4T95R. Simultaneously, IRF4T95R functions as 

a neomorph by binding to noncanonical DNA sites to alter the gene expression profile, 

including the transcription of genes exclusively induced by IRF4T95R but not by IRF4WT. 

In combination, this multimorphic activity of the IRF4T95R variant leads to a transcriptional 

space, which is detrimental to activation and differentiation of immune cells.

Similar neomorphic functions have been reported in other TFs. In most cases, these 

neomorphs and the ensuing altered expression of genes predisposes to malignancies (26-28). 

Furthermore, neomorphic germline mutations cause osteogenesis imperfecta in SP7 (29), 

anemia in EKLF (30), and arteriopathy in NOTCH3 (31), to mention a few. However, we 

are not aware of human diseases caused by the multimorphic combination of hypermorphic, 

hypomorphic, and neomorphic activity as displayed by IRF4T95R. Overall, our findings 
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highlight a distinct molecular mechanism for human disease and expand the spectrum of 

diseases originated from mutations in IRF4.

The heterozygous IRF4T95R variant found in multiple unrelated families caused a fully 

penetrant, severe very early-onset immunodeficiency characterized by greatly enhanced 

susceptibility to opportunistic pathogens such as P. jirovecii and weakly pathogenic 

mycobacteria. In contrast, IRF4 haploinsufficiency caused by the heterozygous loss-of-

function variant IRF4R98W found in a single family was associated with age-dependent, 

incomplete penetrance of Whipple’s disease, an inflammatory intestinal disease caused 

by Tropheryma whipplei (32). Early and severe disease onset was also reported in a 

single IRF4-deficient patient carrying a homozygous splicing mutation in IRF4 due to 

uniparental isodisomy (33). Given the very complex genetics of this isolated case of IRF4 

deficiency, the possibility of other contributing factors cannot be excluded. Nevertheless, 

some immunological features are shared between the heterozygous IRF4T95R patients we 

describe here, the IRF4-deficient patient (33), and Irf4 knockout mice (3, 34), including low 

percentages of memory B lymphocytes in peripheral blood, very low levels of plasma cells 

in the bone marrow or lymph nodes, agammaglobulinemia, polyclonal T cell repertoire, and 

low percentages of TH17 and TFH cells.

Our analysis of heterozygous p.T95R Irf4 knock-in mice recapitulates the human phenotype 

and further establishes the causal role of the IRF4T95R mutation. The reduced production 

of antibodies after immunizations and infections and the absence of plasma cells after in 

vitro differentiation point to a failure of IRF4T95R to support terminal B cell differentiation. 

However, our finding that Irf4T95R/+ mice have reduced formation of antigen-specific GC B 

cells, despite an overall increase in the number of GC B cells observed in naïve Irf4T95R/+ 

mice, suggests a broader dysregulation of the GC reaction and a very different mechanism 

for the lack of high-affinity antibodies than a simple loss of IRF4. Together, our data suggest 

that altered subcellular localization, higher DNA binding affinity, and noncanonical binding 

of IRF4T95R perturb the dynamic spatial and temporal expression of IRF4, resulting in 

dysregulated GC reactions, impaired Ig CSR, disturbed T cell differentiation, and decreased 

plasma cell differentiation.

In conclusion, we describe a human immune disorder caused by the heterozygous germline 

IRF4T95R mutation. The simultaneous multimorphic combination of dominant loss, gain, 

and new functions for IRF4T95R represents a new mechanism for human disease. We suggest 

that this new human disease be named “multimorphic IRF4 CID” (or MICI). Because IRF4 

is primarily expressed by cells of the immune system, IRF4T95R manifests disease as a CID. 

However, we anticipate that variants with multimorphic activity may be more widespread 

in health and disease, particularly variants in TFs that alter the genome-wide binding and 

transcriptional landscapes.

MATERIALS AND METHODS

Study design

The objective of this study was to elucidate the pathophysiology of a combined 

immunodeficiency caused by a recurrent, de novo missense heterozygous IRF4 variant. We 
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performed extensive phenotyping of the patients’ peripheral blood cells by CyTOF, scRNA-

seq, and conventional flow cytometry to reveal the immune cell abnormalities associated 

with the disease. Functional defects of B cells, T cells, and myeloid cells were then 

analyzed by inducing their activation and differentiation under in vitro culture conditions. 

We further generated knock-in mice with the identical T95R substitution and confirmed that 

the IRF4T95R heterozygous mice recapitulated the immunodeficient phenotypes observed 

in these patients. We uncovered the altered DNA binding specificity and transcriptional 

activity of IRF4T95R by multiple approaches, including surface plasmon resonance, single-

molecule fluorescence microscopy, EMSA, HT-SELEX, luciferase assay, ChIP-seq, and a 

deep learning tool (ExplaiNN).

Patients and healthy controls

All study participants and/or their parents/guardians provided written informed consent. 

Research study protocols were approved by local institutions, specifically the University 

of British Columbia Clinical Research Ethics Board (H15-00641 and H18-02853); ethics 

committee of the Children’s Hospital of Fudan University (registration no. NCT03383380); 

Comité de Protection des Personnes Ile de France II, Paris, France (reference: 2015-01-05; 

2015-01-05 MS2); the Vanderbilt University Medical Center Human Research Protection 

Program (Institutional Review Board no. 200412); the French Advisory Committee on Data 

Processing in Medical Research (Comité Consultatif sur le Traitement de l’lnformation en 

matière de Recherche dans le domaine de la Santé, Paris, France; reference: 15.297bis); the 

University of Ulm ethics board, Germany (application number 156/11); and the National 

Institute of Allergy and Infectious Diseases, National Institutes of Health (NIH).

Mice (Shanghai)

Irf4T95R mutant mice and conventional Irf4−/− mice were generated by CRISPR-Cas9-

mediated genome engineering. For the Irf4T95R mutant allele, a guide RNA (gRNA) that 

targets exon 3 of the Irf4 gene and single-stranded donor oligonucleotides were synthesized 

at Integrated DNA Technologies. The gRNA, Cas9, and donor oligo were coinjected into 

C57BL/6 fertilized eggs (Cyagen, Suzhou, China). The sequences of the gRNA and donor 

oligo are as follows: gRNA, 5′-CGTAATCTTGTCTTCCAAGT-3′ and donor oligo, 5′-

GGCTTGGGCATTGTTTAAAGGCAAGTTCCGAGAAGGGATCGACAAGCCAGATCCT

CCTACGTGGAAGAGAAGATTACGATGTGCTCTGAACAAGAGCAATGACTTTGAGG

AATTGGTCGAGAGGAGCCAG-3′. For conventional Irf4 knockout, double gRNAs were 

designed to delete exons 3 to 6 of the Irf4 gene. The sequences of gRNAs are as follows: 

gRNA1, 5′-AGGGACTCACACGGGGTCGG-3′ and gRNA2, 5′-

TGTCTGCTTCCACGGAGTGT-3′. The gRNAs and Cas9 were coinjected into C57BL/6 

fertilized eggs (Cyagen, Suzhou, China).

Male and female mice at 8 to 12 weeks of age were used for the functional and biochemical 

analysis. All mouse strains were bred and maintained in the specific pathogen–free animal 

facility of Fudan University. All animal studies were conducted in accordance with the 

Animal Experiment Committee of Fudan University and used the committee’s approved 

protocols.

Page 11

Sci Immunol. Author manuscript; available in PMC 2024 January 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://clinicaltrials.gov/ct2/show/NCT03383380


Mice (ANU)

Irf4T9SR and Irf4−/− mice were generated by CRISPR-Cas9–mediated genome engineering 

in an in-house facility. For generation of the T95R point mutation, gRNA1 (5′-

CGTAATCTTGTCTTCCAAGT-3′) and a single-stranded donor Oligo (5′-

TCTGGAACAATCCTGTACACCTTGTATGGGTCAGAGATATCCAGCTGGCTCCTCTC

GACCAATTCCTCAAAGTCATTGCTCTTGTTCAGAGCACATCGTAATCTTCTCTTCC

AAGTAGGAGGATCTGGCTTGTCGATCCCTTCTCGGAACTTGCCTTTAAACAATGCC

CAAGCCTAAGAACGATGAGA-3′) from Integrated DNA Technologies were coinjected 

into fertilized C57BL6/N zygotes [Cas9 (50 ng/μl),gRNA (10 ng/μl), and ss oligo (100 ng/

μl)] in a form of a ribonucleoprotein complex. For generation of Irf4−/−, mice gRNA1 (5′- 

CGTAATCTTGTCTTCCAAGT-3′) and gRNA2 (5′-GAACAAGAGCAATGACTTTG-3′) 

were coinjected into fertilized C57BL/6N zygotes [Cas9 (50 ng/μl) and sgRNA (10 ng/μl)]. 

Irf4−/− mice contain a 47–base pair (bp) deletion leading to a frame shift from AA92 of the 

IRF4 protein and a premature stop codon. Lack of protein expression was confirmed by 

Western blot (fig. S6A).

C57BL/6 mice, Irf4T95R/+, and Irf4+/− were maintained on a C57BL/6N background and 

bred in pathogen-free conditions at the Australia National University (ANU, ACT, Australia) 

Phenomics Facility. Unless stated otherwise, all mice used were aged between 8 and 12 

weeks. All animal experiments were approved by the ANU Animal Experimentation Ethics 

Committee on protocols A2014/058, A2017/54, and A2020/45 according to the National 

Health and Medical Research Council Australian code of practice.

Cells

Human embryonic kidney (HEK) 293T, Ampho, Raji, and Ramos cells were obtained from 

the American Type Culture Collection. CH12 cells were provided by T. Honjo (Kyoto 

University).

Genetic analysis

Genomic DNA was extracted from the whole blood or PBMCs and fibroblasts of the patients 

and their parents. Next-generation sequencing of the genomic DNA was performed using 

an Illumina sequencing platform using either whole exome or a targeted panel approach. 

Bioinformatics analysis for detection of rare sequence variants was performed as described 

previously (35, 36).

Mutations in IRF4 were confirmed using Sanger sequencing. Primers used for sequencing 

are listed in table S13.

Functional predictions of the IRF4 variant

Predictions of the functional relevance of the detected IRF4 variant were performed using 

the dbNSFPv4 database (https://sites.google.com/site/jpopgen/dbNSFP) (37).

Measurement of Ig plasma levels

Plasma IgG, IgA, and IgM levels were determined by an automated clinical chemistry 

analyzer (Erba, model: XL-200) as previously described (36) or by immunoturbidimetric 
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assays (Roche Diagnostics, Switzerland). Serum IgE was measured by UniCAP 

(Pharmacia).

Cell isolation and culture

Human CD4+ and CD8+ naïve T cells (defined as CD45RA+ CCR7+ or CD45RA+) were 

isolated (>98% purity) with a FACSAria II cell sorter (BD Biosciences) or using the 

MojoSortTM Human CD4 Naïve T Cell Isolation Kit (BioLegend, USA) according to 

the user manual. Human naïve B cells were isolated from PBMCs using a human naïve 

B cell enrichment kit (STEMCELL Technologies) or the MojoSort Human Naïve B Cell 

Isolation Kit (BioLegend) together with biotinylated anti-human IgG beads to remove 

IgG+ cells or human pan B cell isolation kit (BioLegend) [memory B cells were removed 

by a second isolation step using biotinylated anti-human CD27 and F(ab′)2 anti-human 

IgG and IgA antibodies binding to streptavidin-coupled paramagnetic beads and a Mojo 

magnet as described (38-41)]. Mouse bone marrow cells were flushed from femurs and 

tibias with cold fluorescence-activated cell sorting (FACS) buffer [phosphate-buffered saline 

(PBS) supplemented with 2% FBS], and spleen and Peyer’s patch cells were obtained 

by gently teasing these tissues onto a 70-μm cell strainer. Spleen B cells were purified 

using a negative sorting kit (BD Biosciences) or a magnetic-activated cell sorting B cell 

isolation kit (Miltenyi Biotec). Erythrocytes were removed by using ACK (ammonium-

chloride-potassium) buffer.

Purified human naïve B cells, human naïve T cells, human PBMCs, mouse purified spleen 

B cells, Raji cells, Ramos cells, and CH12 cells were cultured in RPMI 1640 (Gibco) 

containing 5 × 10−5 M2-mercaptoethanol (Sigma-Aldrich), penicillin (100 U/ ml), and 

streptomycin (100 μg/ml) (Gibco) supplemented with 10% heat-inactivated fetal bovine 

serum (FBS) (Gibco). Stimuli were freshly added as described in the figure and figure 

legends. 293T and Ampho cells were cultured in Dulbecco’s modified Eagle medium 

(Gibco) supplemented with 10% FBS. All cells were cultured at 37°C in humidified air 

and 5% CO2.

For in vitro plasma cell differentiation, enriched human naïve B cells were activated with 

F(ab′)2 anti-human (2 μg/ml) plus 0.6 μM CpGODN 2006 and IL2 (10 ng/ml; CMIL2) or 

CD40L (200 ng/ml) and IL21 (50 ng/ml). Mouse B cells were activated with 0.1 volume of 

CD40L plus IL4 (20 ng/ml) and IL21 (20 ng/ml) or LPS (20 μg/ml).

For the induction of the differentiation into TFH and Tfr cells, purified naïve human CD4+ 

T cells were incubated in AIM-V medium (Gibco, USA) supplemented with IL12 (5 ng/ml; 

Pepro-Tech, Germany), Activin A (100 ng/ml; PeproTech, Germany) and one bead per cell 

Dynabeads Human T-Activator CD3/CD28 (Gibco, USA) for the specified times (42).

Establishment of EBV-B cell lines

EBV-B immortalization was performed as previously reported (43).
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Cytometry by time of flight

The Maxpar direct immune profiling assay (Fluidigm, #201325) in combination with 

Maxpar direct T cell expansion panel 2 (Fluidigm, #201406) was used for the high-

dimensional immune profiling of PBMCs. For each sample, cells were thawed, washed 

once, and checked for viability (>80%). After a 10-min incubation with an FC blocker 

(TruStain FCX, BioLegend) in MaxPar staining buffer, cells were directly transferred into 

the antibody-containing tube. Cells were then incubated for 10 min in 1.6% formaldehyde 

solution, washed once, transferred into an intercalator ID solution, and incubated overnight 

at 4°C. Immediately before acquisition, the cells were washed, resuspended in Maxpar 

cell acquisition solution (1 million cells/ml), and mixed with 10% (v/v) EQ calibration 

beads. An average of 500,000 events were acquired per sample on a Helios mass cytometer. 

The acquisition data were analyzed with CyTOF software (version 6.7.1014, Fluidigm), 

enabling Maxpar-Pathsetter automated single-cell analysis at the Cytometry Facility in Pitié-

Salpetriere Hospital (Paris, France).

For multidimensional analysis, Flow Cytometry Standard (FCS) files were pregated 

in Flowjo 10.7.2 (Becton, Dickinson, and Company, Ashland, OR) following standard 

procedures (44). The pregated data were then imported into RStudio and analyzed using 

the package CATALYST (45). Unsupervised clustering and cluster characterization were 

performed with FlowSOM (46) and marker enrichment modeling (MEM) (47). Additional 

gating was performed in Flowjo. We used ggplot2 and Prism 9 (GraphPad Software, San 

Diego, CA) for data representation.

Single-cell RNA sequencing

To compare gene expression in single B cells, we sorted CD19+ cells from PBMCs using 

MoFlo XDP (Beckman). Either CD19+ B cells or PBMCs were processed using the 10x 

Genomic Chromium Single Cell Platform at a concentration of 700 to 1000 cells/μl as 

described in the manufacturer’s protocol. About 8000 to 10,000 cells were loaded onto 30 

library chips following the Single Cell 30 Reagent Kits (v2) User Guide. The cells were 

then partitioned into gel beads in emulsion in the GemCode instrument, where cell lysis 

and barcoded reverse transcription of RNA occurred, followed by amplification, enzymatic 

fragmentation, 50 adaptor, and sample index attachment. The libraries were constructed 

using Chromium Single Cell 30 Reagent Kits (v2), Single Cell 30 Library and Gel Bead 

Kit v2 (PN-120237), Single Cell 30 Chip Kit v2 (PN-120236), and i7 Multiplex Kit 

(PN-120262) (10x Genomics). The generated scRNA-seq libraries were sequenced using 

an Illumina HiSeq 4000 platform as 150-bp paired-end reads at one full lane per sample.

Shanghai NovelBio Co. Ltd. performed scRNA-seq data analysis using the NovelBrain 

Cloud Analysis Platform. scRNA-seq reads were aligned to the Genome Reference 

Consortium Human Build 38 (GRCh38), normalized for batch effects, and filtered for cell 

events using the Cell Ranger software (v3.0.0). Cells expressing fewer than 200 genes 

and cells with a mitochondrial unique molecular identifiers (UMI) rate higher than 20% 

were excluded. Mitochondrial genes were removed from the expression matrix but used for 

cell expression regression to avoid the cell status effect for clustering analysis and marker 

analysis of each cluster. The Seurat package (version: 2.3.4) was used for normalization 
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based on the expression matrix according to the UMI counts of each sample and percentage 

of mitochondria rate to obtain the scaled data. Using the graph-based cluster method, we 

acquired the unsupervised cell cluster results on the basis of the principal components 

analysis top 20 principal. To identify differentially expressed genes between the control and 

disease groups of the same cell type, we used the Seurat package FindMarkers function 

using the Wilcox rank-sum test algorithm under the following criteria: (i) log fold change 

(logFC) > 0.25, (ii) P value < 0.05, and (iii) min.pct > 0.1.

Immunohistochemistry of lymph node tissue

Immunostaining of formalin-fixed and paraffin-embedded tissue sections (2 μm) were 

carried out by the avidin-biotin-complex method (48). The antibodies used are listed in 

table S12.

Mouse immunizations

For humoral immune responses, mice were immunized intraperitoneally with 25 μg of NP-

CGG (Biosearch Technologies) in 4.5% alum in 200 μl of PBS. NP-specific IgM and IgG1 

antibodies were measured by enzyme-linked immunosorbent assay (ELISA) as described 

(49). Antibody responses to CGG and formalin-fixed B. pertussis in mice were determined 

14 days after immunization as described previously (50).

GC analysis in mice

For induction of GC reactions, each mouse was intravenously injected with 200 μl of 

the SRBC suspension containing 2 × 108 SRBCs, and spleens were analyzed at day 10. 

Alternatively, Plasmodium berghei parasites engineered to express Plasmodium falciparum 
CSP (PfCSP) in place of the endogenous P. berghei CSP molecule (Pb-PfSPZ) (51) were 

used. Parasites were maintained by serial passage through Anopheles stephensi mosquitoes. 

Mice were immunized intravenously with 5 × 104 irradiated (15 kRad) Pb-PfSPZ dissected 

by hand from the salivary glands of A. stephensi mosquitoes as described previously.

For the detection of PfCSP-specific cells, a nine-times repeat of asparagine-alanine-

asparagine-proline (NANP)9 peptide was sourced from Biomatik (Ontario, Canada) 

and was biotinylated with the Sulfo-NHS-LC Biotinylation Kit (Thermo Fisher 

Scientific) at a ratio of 1:1 according to the manufacturer’s instructions. Biotinylated 

antigens were incubated with premium-grade streptavidin-phycoerythrin and streptavidin-

allophycocyanine (Molecular Probes) at a molar ratio of 4:1 and added four times with 

15-min incubation at room temperature.

Quantitative PCR

Cells were lysed in RNAiso Plus (TaKaRa) and stored at −80°C. Total RNA was extracted 

following the manufacturer’s instructions. cDNA was synthesized using the First Strand 

cDNA Synthesis Kit (Yeasen). Quantitative polymerase chain reaction (PCR) was performed 

using a Light Cycler 480 Instrument II (Roche) with TB Green Premix Ex Taq (TaKaRa). 

Primers used for quantitative PCR are listed in table S13.
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Establishment of IRF4-deficient Ramos cells

Two gRNAs were designed to target genomic DNA within the second and third exons of the 

IRF4 gene by online software (www.crispr-cas.org/), which predicted high-specificity and 

protospacer adjacent motif target sites in the human exome. Construction of lentiCRISPR 

vector and collection of lentivirus have been described (52). Ramos cells were cultured in 

the presence of viral supernatant and selected for the correctly targeted clones as described 

(52).

ELISPOT assay

This assay was performed as described previously (49). Briefly, multiscreen high-

throughput screening plates (Millipore) were coated with goat anti-human Ig (50 

μg/ml; SouthernBiotech) or rabbit anti-mouse Ig (SouthernBiotech). Serially diluted 

cells were added to individual wells in triplicate and then incubated at 37°C for 

2 hours in a CO2 incubator. The plates were further incubated with biotin–anti-

human IgM or IgG (SouthernBiotech) followed by alkaline phosphatase–conjugated 

streptavidin (SouthernBiotech) or directly with AP-conjugated anti-mouse IgM or IgG1 

(Southern-Biotech). Spots were revealed by 5-bromo-4-chloro-3-indolyl phosphate/nitro 

blue tetrazolium reagent (MOSS Inc.), and colonies were counted using an enzyme-linked 

immune absorbent spot (ELISPOT) reader (Autoimmun Diagnostika GmbH).

RNA-seq of splenic B cells

RNA-seq data from mouse splenic B cells were processed using PiGx RNA-seq pipeline 

(53). In short, the data were mapped onto the GRCm38/mm10 version of the mouse 

transcriptome [downloaded from the ENSEMBL database (54)] using SALMON (55). The 

quantified data were processed using tximport (56), and the differential expression analysis 

was done using DESeq2 (57). Genes with fewer than five reads in all biological replicates 

of one condition were filtered out before the analysis. Two groups of differentially expressed 

genes were defined—a relaxed set containing genes with an absolute log2 expression FC 

of 0.5 and a stringent set containing games with an absolute log2 expression FC of 1. The 

FC was deemed significant if the adjusted P value was less than 0.05 (Benjamini-Hochberg 

corrected).

Splenic B cell per sample heatmap was constructed by calculating the pairwise Pearson 

correlation coefficient between samples. The expression values were normalized using 

DESeq2. The heatmap was visualized using the ComplexHeatmap package (58). Human 

and mouse genes were mapped through the orthologous assignment using the ENSEMBL 

database. Monocyte, B cell, and plasma cell expression profiles were extracted from the 

ARCHS4 database (59).

RNA-seq of Raji cells

Total RNA was extracted using RNAiso Plus (TaKaRa) from Raji cells transduced with 

retrovirus-expressing WT or mutant IRF4. RNA-seq was performed by BGI (Beijing 

Genomic Institute, Shen- Zhen, China) using the BGISEQ-500 platform, paired-end 100 

bases read lengths. The sequencing data were filtered with SOAP-nuke (v1.5.2). The clean 

reads were mapped to the reference genome using HISAT2 (v2.0.4). After that, Ericscript 
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(v0.5.5) and rMATS (V3.2.5) were used to identify genes and differentially spliced genes, 

respectively. Bowtie2 (v2.2.5) was applied to align the clean reads to the gene set, a database 

for this organism built by BGI with known and novel coding transcripts included, and 

then the expression level of each gene was calculated by RSEM (v1.2.12). Heatmaps were 

drawn by pheatmap (v1.0.8) according to the gene expression levels in different samples. 

Essentially, differential expression analysis was performed using the DESeq2 (v1.4.5) under 

the following criteria: (i) logFC > 1, (ii) q value < 0.001, and (3) read counts > 10 and 

fragments per kilobase of exon model per million mapped fragments (FPKM) > 0.5.

Immunofluorescence

Transiently transfected HEK293T cells were fixed by incubation with 4% paraformaldehyde 

for 15 min on coverslips and permeabilized in a 10-min incubation with 1× PBS–5% 

BSA/0.1% Triton X-100. Cells were washed with filtered PBS, blocked by a 40-min 

incubation with PBS–5% BSA, stained for IRF4 (Cell Signaling, #4948) for 1 hour, 

washed, and incubated with a secondary antibody (anti-rabbit fluorescein isothiocyanate, 

Jackson ImmunoResearch, #50784). 4′,6-diamidino-2-phenylindole (DAPI; Chemometech, 

#910-3018) and phalloidin (Cell Signaling, #8940) were added for 40 min. After several 

washes, fluorescence was detected with a confocal Leica SP8 microscope. Images were 

analyzed with Fiji software.

HT-SELEX

HT-SELEX with the randomized 40 bp–based synthetic ligand was performed as described 

in (60). To compute 8-nucleotide oligomer (i.e., DNA sequences with a length of 8) 

enrichments, for each dataset, we obtained the number of occurrences of each 8-nucleotide 

oligomer in the first and last SELEX cycles was obtained using Jellyfish (version 2.2.10) 

(61). Then, the enrichment of each 8-nucleotide oligomer was computed as the logarithm 

to the base 2, resulting from the division between the number of occurrences of that 

8-nucleotide oligomer in the last and first SELEX cycles. Motifs were obtained using 

ExplaiNN (23) (see the “Deep learning models” section in the Supplementary Materials and 

Methods).

ChIP-seq

For ChIP-seq analysis, 10 × 106 EBV-B cells from P3 and a healthy control C1 were 

fixed with freshly prepared 1% formaldehyde (Sigma-Aldrich, #F-8775) for 15 min, 

quenched with 0.125 M glycine (Sigma-Aldrich, #G-7403) for 5 min, and washed twice 

with 1× PBS containing 0.5% IGEPAL CA-630 (Sigma-Aldrich, #I-8896) and 1 mM 

phenylmethanesulfonyl fluoride (in the second wash only). Cell pellets were snap-frozen 

and subjected to ChIP-seq. Chromatin extraction, immunoprecipitation with an anti-IRF4 

antibody (Cell Signaling, #4948), library preparation, next-generation sequencing, and a 

model-based analysis of the ChIP-seq data (47) were performed by Active Motif.

Matched ChIP-/RNA-seq analysis

Genes were grouped into 21 different bins, ranging from −10 to +10 according to their 

log2 expression FC in patient (i.e., IRF4T95R) versus healthy control cells (i.e., IRF4WT; 
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data file S2). For example, genes whose log2 expression FC was smaller than −9.5 were 

assigned to the “−10” bin, between −9.5 and − 8.5 to the “−9” bin, between −8.5 and − 

7.5 to “−8” bin, etc. For each gene, the number of IRF4T95R-specific, IRF4WT-specific, and 

common ChIP-seq peaks were obtained using BEDTools intersect on the genomic window 

encompassing the longest transcript of that gene, according to RefSeq definitions (62), ±50 

kb. Peak counts were further normalized by applying a normalization factor, which, for 

each gene, was obtained by dividing the median genomic window size across all genes (i.e., 

127,269 bp) by the genomic window size of that gene.

Electrophoretic mobility shift assay

Preparation of whole cell and nuclear extracts as well as Western blotting was performed as 

previously described (63, 64). Custom single-stranded IRDye 700–labeled oligonucleotides 

were ordered from Integrated DNA Technologies, and double-stranded oligonucleotides 

were generated by annealing in Tris-EDTA (TE) buffer (pH 7.9) supplemented with 33.3 

mM NaCl and 0.67 mM MgCl2. The annealing conditions were 95°C for 3 min followed 

by cooling overnight at room temperature. Supershift assays were performed with 15 μg of 

nuclear protein lysate incubated on ice for 30 min with either IRF4 (#4964S, Cell Signaling) 

or IgG (611-145-002, Rockland) or hemagglutinin (HA)–tag (C29F4, Cell Signaling) 

antibodies and then incubated at room temperature for 20 min with probes shown in table 

S13. Protein-oligonucleotide-antibody mixtures were then subjected to electrophoresis in 

5% acrylamide/Bisacrylamide 19:1 gels in 1% Tris-borate EDTA migration buffer for 60 

min at 70 V. A LI-COR Odyssey infrared imager (LI-COR Bioscience) was used for 

imaging.

Luciferase reporter assay

For canonical and noncanonical ISRE reporter assay, HEK293T cells in a 24-well plate were 

transiently transfected with 500 ng of a 1xISRE reporter plasmid (which contains one ISRE 
sequence) or pGL3 basic backbone plasmid, thymidine kinase (TK)-cypridina vector (an 

internal control, 50 ng/well), and increasing amounts of pFLAG-CMV-5a vector expressing 

WT or mutant IRF4 using the Hieff Trans Liposomal Transfection Reagent (Yeasen). Cells 

were harvested 24 hours after the transfection, and the luciferase activity was measured with 

the Dual Luciferase Reporter Gene Assay Kit (Beyotime) according to the manufacturer’s 

protocol. Each transfection was performed in duplicate, and reporter activity is expressed as 

fold induction relative to cells transfected with the empty vector. At least three independent 

experiments were performed for each reporter plasmid. For the CXCL13 reporter assay, 

a gBlock DNA fragment was cloned into the pGL3-Basic plasmid (Promega, USA) using 

the Sma I restriction site. The sequences of the DNA fragment were listed in table S13. 

The plasmid was checked by Sanger sequencing using the primer pGL3-Basic/PromF. The 

HEK293 cell line was cultured as previously described (63). For analysis of luciferase 

activity, HEK293 cells were transfected by electroporation in OPTI-MEM I using Gene 

Pulser II (Bio-Rad) with 960 μF and 0.18 kV with 5 μg of pGL3-based reporter constructs, 

together with 150 ng of pRL-TKLuc as an internal control. Where indicated, cells were 

additionally transfected with 5 μg of PcDNA3-FLAG-JUNB, 5 μg of pcDNA-FLAG-BATF, 

or 40 μg of the respective pHEBO-IRF4 variants. Forty-eight hours after transfection, the 

ratio of the two luciferases was determined (dual luciferase kit; Promega).
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Statistical analyses

For Figs. 1 to 6, SciPy (version 1.7.1) (65) was used for mul. Two-group data were 

compared using the Welch’s t test (one-tailed), and multiple-group data were compared 

using the Tukey’s honestly significant difference test. For figs. S1 to S9, Graphpad Prism 

(version 8) was used for statistical analysis. Multiple-group data were compared using 

one-way analysis of variance (ANOVA) and post hoc test, and two-group data were assessed 

by two-tailed unpaired Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 

0.0001. P values smaller than 0.05 are considered statistically significant. Error bars show 

the means ± SD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Identification of a unique heterozygous mutation in the IRF4 gene in seven CID patients.
(A) Pedigrees of seven patients from six unrelated families with an identical IRF4 
mutation (c.284C>G, p.T95R). Affected individuals are indicated by the filled symbols. 

(B) Summary of the major clinical features in these patients. (C) Schematic representation 

of the IRF4 protein (isoform 2; National Center for Biotechnology Information accession#: 

NP_001182215.1). LKD, linker domain; IAD, IRF association domain; AR, autoregulatory 

region. The T95R substitution is indicated by a red arrow. A recently identified heterozygous 

loss-of-function (LOF) mutation (c.292C>T, R98W) associated with Whipple’s disease and 

a homozygous splicing mutation (c.1213-2A>G, p.V405Gfs*Ter127) causing human CID 

are also indicated. Bottom: alignment of the amino acids in the DBD of IRF4 from different 

species. T95 is shown in red. (D) Left: CD4+-naïve T cells from P5 were stimulated with 

anti-CD3/CD28 beads, IL12, and Activin A for 2 and 5 days. Total RNAwas isolated from 

500 cells and analyzed by reverse transcription PCR (RT-PCR). Right: Sanger sequencing of 

RT-PCR products. HC, healthy controls. (E) Sanger sequencing of RT-PCR products of EBV 

B cells from P3. (F and G) Flow cytometric analysis (intracellular staining) for IRF4 protein 

expression in gated CD3+ T cells (F) or CD19+ B cells (G) Left: representative profiles. 

Right: mean fluorescence intensity (MFI) of IRF4 protein from P6 and P7, their parents, and 

two HC.

Page 28

Sci Immunol. Author manuscript; available in PMC 2024 January 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. Impaired Ig gene CSR and defective memory B and plasma cell differentiation in 
IRF4T95R patients.
(A) Total number of B cells, proportions of naïve B, switched memory B and plasmablasts 

among CD19+ B cells and serum Ig levels in the seven patients. Age-matched reference 

ranges are shown in gray. Detailed data are shown in tables S3 to S9. (B to D) CyTOF 

analysis of the B cell cluster from fig. S2 (A to C) performed in P3, P4, and five HC. 

(B) Dimensional reduction by uniform manifold approximation and projection (UMAP) of 

the two major populations obtained by unsupervised clustering using FlowSOM. (C) MEM 

heatmap and tags showing the markers that characterize each population. (D) Proportions of 

clusters 1 and 2 among total B cells from fig. S2 (A to C). (E and F) Pseudotime analysis 

based on scRNA-seq of purified peripheral blood B cells performed in an HC and P1. 

(E) Pseudotime analysis of transitional and naïve B cell subpopulations. TrB, transitional 

B. (F) Pseudotime analysis of B cell differentiation into memory B and plasma cells. (G) 

Immunohistochemical staining of lymph nodes of P5 and an unaffected control (Ctrl). H&E, 

hematoxylin and eosin. PB, plasmablast. PC, plasma cell. (H) Purified naïve B cells of an 

age-matched HC and P1 were cultured with CD40L plus IL4 for 6 days and analyzed for 

the percentages of IgG+ cells by flow cytometry. (I) Purified naïve B cells of four HC and 

P1 were stimulated with CpG ODN 2006 alone, CpG + F(ab′)2 anti-IgM and IL2 (CMIL2), 

or CD40L + IL4 for 6 days and analyzed for the generation of CD19+IgD−CD27+ memory 

B cells. (J to L) Purified naïve B cells of HC and P1 were stimulated with CMIL2 for 

6 days and analyzed for the induction of CD20−CD38+ plasmablasts and Ig secretion. (J) 

Representative FACS profiles. (K) Results of three HC and two experiments of P1. (L) IgM 

and IgG levels in the culture supernatants.
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Fig. 3. Altered T cell differentiation and reduced T cell activation and cytokine production in 
IRF4T95R patients.
(A) Total number of CD4+ (top left) and CD8+ (bottom left) T cells and percentages of 

naïve, CM, EM, and EM re-expressing CD45RA (TEMRA) cells among CD4+ (top) and 

CD8+ (bottom) T cells. (B to D) CyTOF analysis of the CD4+ and CD8+ cell clusters 

in P3, P4, and five HCs from fig. S2 (A to C). (B) Dimensional reduction by UMAP 

showing the two major clusters in the CD4+ population and the three major clusters of the 

CD8+ population obtained by unsupervised clustering using FlowSOM. (C) MEM heatmap 

and tags showing the markers that characterize each population. (D) Proportions of the 

different clusters among CD4+ (top) and CD8+ (bottom) cells from fig. S2 (A to C). (E) 

PBMCs from two HC and P6 and P7 were labeled with CellTrace Violet and stimulated 

with anti-CD3/anti-CD28 dynabeads for 4 days. Top: gated CD4+T cells. Bottom: gated 

CD8+T cells. NS, nonstimulation. (F) PBMCs from HC and P1 were stimulated with 

anti-CD3 and anti-CD28 for 24 hours and analyzed for the amount of IL2 and IFN-γ 
in the culture supernatants. Results of six HC and two to four independent experiments 

of P1 are shown. (G) Intracellular staining of TNFα and IFN-γ in CD4+ T cells from 

a HC and P2 before and after phorbol 12-myristate 13-acetate + ionomycin stimulation. 

Mean ± SD of four experiments was shown. (H) TH cell subset distributions in T95R 

patients and HC. The proportions of TH1, TH2, TH17, Treg, TFH, and Tfr among peripheral 
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CD4+T cells were determined by flow cytometric analysis for P1, P2, and P5 to P7 and 

by CyTOF for P3 and P4 (table S10). (I) Purified naïve T cells (CD3+CD4+CD45RA+) 

of P5 and five HC were subjected to a TFH/Tfr differentiation assay and were analyzed 

by flow cytometry on days 0, 4, 5, and 6. Left: representative FACS profiles on day 6. 

Right: Proportions of Tfr-like (FOXP3highCD127−) and TFH-like (FOXP3lowCD127+/−) cells 

among the CD4+PD-1+CXCR5+T cells were quantified. Red dots show means of three 

biological independent P5 replicates. Bars represent mean percentages of HC. Statistical 

significance was assessed by one-tailed Welch’s t test (F and G). *P < 0.05 and **P < 0.01.
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Fig. 4. Heterozygous p.T95R IRF4 knock-in mice recapitulate the immunodeficiency phenotypes 
observed in IRF4T95R patients.
(A) WT and mutant IRF4 protein expression in total splenocytes and purified B cells 

from WT (Irf4+/+), Irf4T95R/+, Irf4+/−, and Irf4−/− male mice. (B) Serum Ig levels in male 

and female mice were measured by ELISA. (C) Irf4+/+, Irf4T95R/+, and Irf4+/− mice were 

immunized with Plasmodium sporozoites and analyzed for the proportions of GC B cells 

within the Tet+ CSP-specific B cells, ns, not significant. (D) Percentages of Tet+ (antigen-

specific) cells within all GC B cells (left) and number (right) of Tet+ (antigen-specific) 

GC B cells (left). (E) Irf4T95R/+ mice were unable to generate CD138high PBs. FSC, 

forward scatter. (F) Percentages (left) and number (right) of Tet+ PBs in the spleen.(G) The 

production of CSP-specific IgM and IgG antibodies. Absorbance at 405 nm was measured, 

and the area under the curve was calculated in Prism 8 from the log (dilution) on the x axis 

and the absorbance at 405 nm on the y axis, fitting a sigmoidal curve. OD405, optical density 

at 405 nm. (H) Left: IgG2c production after immunization with formalin-fixed B. pertussis. 

Right: IgG1 production in response to CGG immunization. (I) WT and Irf4T95R/+ female 

mice were immunized intraperitoneally with 25 μg of NP-CGG in alum. Serum levels of 

NP-specific IgM and low and high-affinity IgG1 were determined each week by ELISA. (J 
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to L) Naïve B cells purified from WT and mutant male mice were cultured for 72 hours in 

the presence of CI21 or LPS. The cells were then analyzed for the generation of CD138+ 

plasma cell by flow cytometry (J) and IgG1 and IgM secretion by ELISPOT (K and L). 

Each dot represents data from an individual mouse. AFC, antibody-forming cell. Statistical 

significance was determined by Tukey’s post hoc test (B, D, and F to H). *P < 0.05, **P < 

0.01, ***P < 0.001, and ****P < 0.0001.
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Fig. 5. IRF4T95R failed to induce plasma cell differentiation due to the inability to activate IRF4 
target genes involved in plasma cell differentiation.
(A) Mouse C75BL/6 splenic B cells were cultured with LPS + IL4; transduced with 

control retrovirus (MIG-ctrl), IRF4WT, or IRF4T95R; and analyzed for CD138 and B220 

expression in transduced GFP+ cells. Top left: representative FACS profiles. The percentage 

of GFP+ cells is indicated. Left bottom: CD138 and B220 expression in gated GFP+ cells; 

the percentage of CD138+B220low cells is indicated. Right: summary of four independent 

experiments. Mean ± SD is shown. SSC-A, side scatter-A. (B) Spearman correlation 

coefficient between RNA-seq derived expression values of isolated mouse splenic B 

cells transduced with IRF4WT, IRF4T95R, or MIG-ctrl. (C) Top: number of differentially 

expressed (DE) genes in IRF4WT and IRF4T95R when compared with MIG-ctrl samples. 

Bottom: Genes differentially up-regulated by IRF4WT and IRF4T95R show limited overlap. 

(D) Comparison of genes differentially regulated by IRF4T95R with gene expression of 

selected lymphoid cell types. Genes associated with plasma cell differentiation are marked 

by a rectangle. (E to G) CH12 B cells were transduced with retrovirus expressing GFP 

alone, IRF4WT, or IRF4T95R and analyzed for the proportion of IgA+ cells in gated GFP+ 

cells 48 and 72 hours later. (E) Representative FACS profiles showing the virus-transduced 

GFP+ fraction (left) and IgA expression among the GFP+ cells (right). (F) Class switch to 

IgA at 48 and 72 hours after transduction of retrovirus expressing GFP alone, IRF4WT, 

or IRF4T95R. Mean ± SD of three independent experiments is shown. (G) Real-time 

PCR analysis of IRF4 and Aicda expression in sorted GFP+ CH12 cells after retrovirus 

transduction. The level of IRF4 and Aicda in CH12 cells expressing GFP alone was set to 
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1. (H) Generation of IRF4-deficient Ramos cells. Immunoblot for IRF4 protein expression 

in WT and IRF4-deficient Ramos clones 1-9 and 2-2 derived from 1# and 2# gRNA. (I 
and J) IRF4-deficient Ramos cells (clone 1-9) were transduced with retrovirus expressing 

GPF alone, IRF4WT, or IRF4T95R. The GFP+ cells were sorted 3 days later and analyzed 

for IgM-secreting cells by ELISPOT. (I) Left: Representative images of ELISPOT. Right: 

the number of IgM-secreting spots. Mean ± SD of triplicate wells is shown. (J) Sorted 

cells were further cultured for 5 days and analyzed by ELISA for IgM secreted into the 

culture supernatant. (K and L) Raji cells were transduced with retrovirus expressing GPF 

alone, IRF4WT, or IRF4T95R, and the GFP+ cells were sorted for RNA-seq. (K) Number of 

differentially expressed genes in Raji cells expressing IRF4WT or IRF4T95R as compared 

with Raji cells expressing GFP alone. (L) Expression heatmap depicting the differentially 

expressed genes shown in (K). Average transcripts per kilobase of exon model per million 

mapped reads (TPM) values of three independent samples standardized by z score are 

shown. Statistical significance was assessed by Tukey’s post hoc test (A, F, I, and J). *P < 

0.05, **P < 0.01, and ****p < 0.0001.
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Fig. 6. IRF4T95R showed increased nuclear localization and affinity for DNA, altered specificity, 
and a different IRF4-binding landscape.
(A) 293T cells were transfected with an empty vector (EV) or a vector-expressing IRF4WT 

or IRF4T95R. Nuclei were stained with DAPI (blue), cytoplasm with phalloidin (red), and 

IRF4 with an anti-IRF4 antibody (green). Left: representative images. Right: a summary of 

randomly chosen cells. (B) Ratio of nuclear to cytoplasmic IRF4 in Raji cells transduced 

with retrovirus expressing IRF4WT or IRF4T95R. Left: representative immunoblot. Right: 

mean ± SD of three independent experiments. PARP, poly(adenosine diphosphate–ribose) 

polymerase. (C) IRF4T95R showed increased affinity for an ISRE, two AICEs, and an 

EICE site. (D) Fractions of all bound SiR-HaloTag- IRF4WT and IRF4T95R molecules (left) 

and molecules long bound for >2 s (right) as determined by single-molecule fluorescence 

microscopy with interlaced time-lapse illumination. (E) HEK293 cells were transfected 

with control plasmid (−), IRF4WT, or IRF4T95R. Nuclear extracts were analyzed by EMSA 

using 3xGAAA ISRE. Supershifts (ss) of WT and T95R extracts using HA-tag antibody 

or IgG control are shown at the far right. Note that IRF4T95R binds more strongly to 

ISRE compared with IRF4WT. Dashed lines indicate cuts of the scan for presentation. (F) 

Top: IRF4WT (left) and IRF4T95R (right) motifs found in the HT-SELEX data. Bottom: 

8-nucleotide oligomer containing GAAA (left) or GATA (right) enriched in IRF4WT (x 
axis) or IRF4T95R (y axis). (G) 293T cells were transfected with a TK-cypridina luciferase 
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vector (an internal control) and either a canonical (ISRE)1–driven luciferase vector (top) 

or a noncanonical (ISRE)1–driven luciferase vector (bottom), together with a pFLAG-CMV 

empty vector (400 ng) or increasing amounts of plasmids encoding IRF4WT or IRF4T95R. 

The luciferase activity was compared with that induced by the empty vector, which was set 

to 1. Mean ± SD of two to four independent experiments is shown. (H) ChIP-seq analysis 

of immortalized B cells from P3 compared with a HC. Top left: overlay of IRF4 ChiP-seq 

peaks in EBV-B cells of P3 and HC. From left to right: ISRE, AICE, and EICE motifs found 

in IRF4T95R, IRF4WT, AICE, or EICE ChIP-seq data (indicated at the left of the motifs). 

The importance of each motif toward the IRF4T95R-specific (purple), IRF4WT-specific 

(green), or common (gray) component of the ChIP-seq data is shown to the right of each 

motif. Noncanonical motifs are surrounded by a purple line. (I) Normalized IRF4WT-specific 

(green, top), common (gray, middle), and IRF4T95R-specific (purple, bottom) ChIP-seq peak 

counts (y axis) for different groups of differentially expressed genes. (J) HEK293 cells 

were transfected with AP-1 (JUNB and BATF) with or without IRF4WT or IRF4T95R, as 

indicated. Nuclear extracts were analyzed for binding to various CXCL13 sites, as indicated. 

Note that IRF4T95R shows strongly increased (CXCL13-A) or exclusive (CXCL13-C) 

binding compared with IRF4WT. (K) HEK293 cells were transfected with CXCL13 reporter 

construct encompassing CXCL13 sites A and B together with AP-1 (JUNB and BATF) and 

IRF4 variants, as indicated. Luciferase activity is shown as fold activation compared with 

control transfected cells (far left), which is set as 1. Mean ± SD of three independent 

experiments is shown. (L) FC of CXCL13 levels in serum or plasma from P3 to P7 

compared with HC. Statistical significance was determined by one-tailed Welch’s t test 

(A, B, D, and G) and by Tukey’s post hoc test (K). *P < 0.05, **P < 0.01, and ****p < 

0.0001.
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